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Preface

The rapidly changing world situation has raised concerns regarding the proliferation of nuclear

weapons and the ability to monicor a possible clandestine nuclear testing program. To address these

issues, Lawrence Livermore National Laboratory's (LLNL) Treaty Verification Program sponsored a

symposium funded by me U.S. Department of Energy's (DOE) Office of Arms Control, Division of

Systems and Technology. The DOE/LLNL Symposium on Technologies for Monitoring Nuclear Tests Related to

Weapons Proliferation was held at the DOE's Nevada Operations Office in Las Vegas, May 6-7,1992. This

volume is a collection of several papers presented at the symposium.

Several experts in monitoring technology presented invited talks assessing the status of monitoring

technology with emphasis on the deficient areas requiring more attention in the future. In addition,

several speakers discussed proliferation monitoring technologies being developed by the DOE's weapons

laboratories. The quality of these presentations and discussions was excellent, and all of these speakers

were responsible for the success of the symposium. Finally, Jay Zucca, Padmini Sokkappa, Amy Sands

(LLNL), Roy Woodruff (Los Alamos National Laboratory), Larry Turnbull (Central Intelligence Agency),

and Jim Lewkowicz (Phillips Laboratory) provided excellent advice and assistance in suggesting topics

and arranging for speakers; Liz Garrett (LLNL) provided administrative support; and Paul Kunichika,

Sam Thompson, and Linda Ames (Raytheon Services, Nevada) handled security arrangements at the

Nevada Operations Office. We greatly appreciate the efforts of all these people.

Convenors

Keith Nakanishi, LLNL

James O'Donnell, DOE/NV
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Goals for Monitoring Nuclear Explosions
in a Proliferation and Comprehensive

Test Ban Environment1

Lawrence Turnbull

Central Intelligence Agency

General Introduction
The genesis for this talk grew out of the discussions at the AFGL/DARPA Keystone meeting in

October of 1991. The repercussions from the attempted coup in the then Soviet Union and the
heightened concerns of nuclear proliferation—primarily due to the information learned on the Iraqi
program after Desert Storm—were fresh on everybody's minds. At Keystone, questions were asked by
the seismic research community, both domestic and foreign, on where the emphasis should lie for
seismic monitoring. The purpose of this talk is to provide a technical perspective on (1) the types of
nuclear explosion monitoring problems we should expect to face in the 1990s, and (2) the possible
initiatives that the seismic collection and analysis community should undertake to help solve these
problems.

The technical points that I will make in this talk should be taken as just that—technical points.
What I am presenting is a perspective on the monitoring issues that I mink we will have to deal with.
As a person that is frequently called on by the policy community to explain ambiguous events, I would
like the collection assets and analysis capability available to rapidly explain the origin of an event. I
am also realistic about making these judgments in a very resource limited environment. I hope my talk
leaves you with two basic messages:

(1) We will need a monitoring capability that will be able to confirm with a high probability the
origin of an event This will probably require multiple independent sources of evidence.

(2) The seismic research community will need to focus their resources on the development of robust
regional discriminants with strong location and depth estimation capability.

Talk Outline
• A Fifteen-Month Historical Perspective on Worldwide Nuclear Testing

• Examples of Monitoring Problems That Could be Encountered in the 1990s

• Countries and Areas of Monitoring Concern

• Examples of Underground Monitoring Goals

• Multilateral Monitoring Through the Use of "Open Seismic Stations"

The text of this talk has been updated to include recent events in nuclear testing and arms control up to 30
November 1992.



A Fifteen-Month Historical Perspective
Until August of last year, the primary focus of the nuclear explosion monitoring community was in

providing support to U.S. verification efforts to the Threshold Test Ban Treaty, and in particular to the
two announced Soviet tests at the Shagan River test area that were scheduled for December. We have
also recently been informed that we would have had to deal with a third test.

In mid-September of mis year. Major General Safonov—the deputy director of the Semipalatinsk
test site—indicated that a device "designed to study the processes of radiation" was mothballed after
the attempted coup in September 1991. Reportedly the Kazakhs and the Russians are working out
options for the safe removal of the device from the adit where it is emplaced.

like almost everything else that dealt with the Soviet Union, the focus of the U.S. nuclear
explosion monitoring community has been dramatically changing over the past 15 months. Within the
much larger events surrounding the collapse of the Soviet Union, there have been important decisions
made by the former Soviet Union on the conduct of nuclear tests. These decisions have had a differing
effect on the other nuclear testing powers. Some of the events that have occurred and irr portant
decisions taken since the attempted Soviet coup include:
• The Kazakhs dosed Semipalatinsk in September 1991, and the test site is being converted to a
scientific research center.

• The Commonwealth of Independent States and the Russians declared a one-year testing
moratorium beginning in October 1991.

• In February of this year Yeltsin issued a decree which gave the Russian nuclear weapons design
laboratories the authority to prepare for a resumption of testing on Novaya Zemlya, but not the
authority to begin testing.

• In April of this year the French announced a nuclear test moratorium to last through the end of
1992.

• On 25 May the Chinese conducted a megaton class nuclear test, dearly the largest nudear
explosion in over a decade.

• On 24 September the US. Congress passed an amendment, as part of the Energy and Water
Appropriations Bill, which requires the Administration to submit to Congress by 1 March 1993 (1) a
schedule for resumption of the Nuclear Testing Talks with Russia, and (2) a plan for achieving a
multilateral comprehensive ban on the testing of nuclear weapons on or before 30 September 1996. This
bill was signed into law by President Bush. We expect President-elect Clinton to vigorously implement
the measures of this amendment

• On 25 September the Chinese conducted another test

• On 19 October Yeltsin extended the Russian moratorium on nudear tests until 1 July 1993, this move
an obvious response to the nine-month U.S. testing moratorium which is scheduled to end on June 30,
1993.

• On 3 November the French Foreign Minister Dumas proposed the "representatives of the five
nuclear powers at the Geneva Disarmament Conference engage soon in a reflection on the question of
nuclear tests."

The US. nuclear explosion monitoring community is now faced with the job of re-orienting itself to deal
with two somewhat similar problems. Both problems, monitoring for nuclear explosions in a
proliferation environment and monitoring for a comprehensive test ban, require the worldwide
discrimination of nuclear explosions from other natural and manmade phenomena. This is rather
different from what we have been doing for the past decade—estirnatine; the yields of underground
nuclear explosions form the former Soviet Union.



Today I would like to present some general comments on the kinds of technical monitoring
problems—particularly those from the underground environment—that we will probably face in the
coming decade, and the areas where the seismic research community should put its emphasis.

Examples of Monitoring Problems That Could Be Encountered in the 1990s
• The Peaceful Nuclear Explosion of 16 September 1979 (from 27 June 1992 Izvestiva article)

— Located in the Ukrainian Donetsk Oblast, Yunkom coal mine, beneath the town of
Yunokommunarovsk.

— Purpose was to eliminate or reduce presence of methane gas in the mine by creating fissures and
fractures.

— Device was detonated next to the mine afts* 8000 residents were evacuated as part of a "civil
defense drill." They returned after one-half day, and the miners went to work the next day.

— Detonated at noon on 16 September 1979; one-third kiloton; one kilometer deep.
An informal analysis of this event was conducted between seismologists in the US. and those at
NORSAR. This analysis provides a good example of some of the problems that we are faced with in
die monitoring community and that we have had to deal with for other ambiguous events. Some of the
interesting points were:

— This event was not listed in the PDE, ISC, Soviet, or Ukrainian catalog.
— Examination of the automatic, unedited NORSAR bulletin from 1979 listed an event

seven seconds before the announced time and about five degrees from the town location with a
magnitude of 33. A signal was visib'e on four subarrays but with poor signal coherency across
the array. The analyst did not consider the solution of sufficient quality to include in the
monthly bulletin. This area also has a history of rock bursts.

— When the seismic location of the event was adjusted to the announced location, the estimated
origin time was very close to the announced time. These scientists were left with the conclusion
that the event detected at NORSAR was the Soviet PNE.

Lessons learned from mis type of event:

— To monitor low yield events, we will need multiple seismic stations located at regional
distances from the area of interest.

— We will need good location estimates to use other collection assets. The large seismic location
errors for this event—in excess of 500 km—present us with a very difficult situation.

— We will need robust regional discriminants for rock bursts, chemical explosions, and
earthquakes.

— We will need to implement an operational philosophy mat includes close examination of
sparsely recorded low magnitude events.

— We will need to deal with the ambiguous nature of imagery signatures when looking over a
very large area mat may include population centers.

— We will probably need the ability to confirm the presence of radioactive debris.

• The 28 April 1991 "Suspicious Event Located in the Rajasthan Desert"

— Pakistanis detected a seismic event at 9:00 p.m. local time near the Indian test site with a
Richter magnitude of 5.6. The event had no aftershocks.

— The Pakistanis queried the U.S. Ambassador who contacted, among others, the U.S.
Geological Survey.



— The USGS assessed the event to be an earthquake located in Pakistan with an mb of 4.6 at 8:33
p.m. local time.

Lessons learned (from this type of event:

— Incorrect analysis of sparse seismic data can alarm countries having political difficulties with
their neighbors.

— The U.S. should be ready to quickly respond to queries from third countries concerning
ambiguous events.

— This problem can be reduced through the implementation of "open seismic stations" and
encouraging development of analytical expertise in explosion monitoring.

General Goals for Nuclear Explosion Monitoring in tiie 1990s

• The U.S. should not only have the capability to confirm that a nuclear explosion has taken place,
but also to confirm if one has not taken place.

— These means we not only need to have the capability to resolve ambiguous events generated
from within our own collection systems, but also those that are generated by third parties that
ask for our assistance.

— The need for the rapid acquisition of high-quality data from multiple collection systems for
event source identification.

— The utilization of all rapidly available seismic data to improve event locations and seismic
source identification.

Countries and Areas of Monitoring Concern
• Nuclear Weapons States

— Republics of the Former Soviet Union

Russia: Novaya Zemlya

Kazakhstan: Semipalatirtsk(?)

— China: LopNur

— France: Pacific Test Areas

• De-facto Nuclear Weapon States

— India: Thar Desert Test Area

— Israel

— Pakistan

— South Africa (joining NPT)

• States in Remission But Could Quickly Develop Capability

— Brazil

— Argentina

— South Korea

— Taiwan



• Developing the Capability Over the Long Term

— Iran

— Algeria

— Libya

Each country of interest will need to be analyzed for seismic discrimination factors, attenuation
related factors, seismic location estimates, and possible evasion environments.

One additional evasion scenario, as suggested by the South Atlantic flash of 1979, is the conduct of
a test beyond country borders to avoid attribution, particularly in the broad ocean areas of the far
southern latitudes.

Examples of Underground Monitoring Goals
An example of the kinds of goals being discussed in the technical community are given by the

results of the DARPA Identification Workshop on 18-19 May 1992. These goals will give you an idea of
me advances required in the seismic research community needed to discriminate and locate at low
seismic magnitudes. I would like to emphasize that I am not endorsing these specific goals, but use them
purely as examples for discussion.

• Monitor countries of high interest at the one kiloton fully decoupled level (approximately mb 2.5).

• Have a global capability to detect, locate, and identify decoupled 10 kiloton explosions
(approximately mb 3.0 to 35).

— Recent numerical studies strongly suggest that high decoupling levels can be attained in
asymmetric cavities (aspect ratio of 4 to 1) and in cavities that are overdriven.

• Obtain location estimates to within 10 kilometers to facilitate the collection by other sensors.

Analytical Developments Needed to Attain Goals of This Type

• Emphasis on seismic monitoring at regional distances (250 to 1500 km). This will require the
development of robust regional discriminates.

— The discriminants will need to address the identification problem between small nuclear
explosions, chemical explosions, rock bursts, and earthquakes.

• The development of accurate epicenter locations based on regional data. We will need detailed
geological data and "calibrated" travel time curves.

Multilateral Monitoring Through the Use of "Open Seismic Stations"
Proliferation and multilateral arms control monitoring regimes will need seismic stations that are

accessible by all countries. This will help all countries monitor their neighbors and reduce the
unnecessary tension caused by ambiguous events.

The "open station" concept is one that will help every country achieve their monitoring goals.
These stations should have the following characteristics:



• Modern digital, high dynamic range, broadband data, with near real-time, on-demand digital
data transmission.

• Locp'Jy owned and operated.

• Data validation can be achieved through redundant coverage (the monitoring goal can be met
using open stations outside the country in question).

High-quality stations currently being installed worldwide, such as the IRIS stations, and the "open
station" concept as discussed in the Seismic Experts Group that meets as part of the Conference on
Disarmament, offer mechanisms for the building of open station seismic networks.
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GEOLOGIC FACTORS AFFECTING SEISMIC MONITORING
OF UNDERGROUND NUCLEAR EXPLOSIONS

IN COUNTRIES OF NUCLEAR PROLIFERATION CONCERN

William Leith
Jack Rachlin

U. S. Geological Survey
928 National Center
Reston VA 22092

Summary

To support efforts to define and implement effective monitoring of seismic sources in
countries of nuclear proliferation concern, we have undertaken to research and identify,
for eleven countries of interest, those geological and geophysical factors that affect
seismic event discrimination, explosion coupling, and crustal and upper mantle
attenuation, and to identify opportunities in each country for decoupling an underground
explosion. The principal factors considered were: the levels of both shallow natural
seismicity and industrial (mining-related) seismicity; "bias"-related parameters,
such as Pn-wave velocity, heat flow and recent volcanic activity, that could indicate the
attenuation characteristics for seismic body waves; opportunities for cavity
construction at depth; the existence of naturally-occurring materials (e.g., salt deposits
or unsaturated, porous rocks) that could be exploited to achieve partial decoupling of an
underground explosion. The problem was limited by assuming that a country's first
nuclear test would be a fission bomb and would have a yield of about 10 kilotons (tamped
or decoupled), and that an attempt would be made to contain the radioactive debris and
gas. This will require a depth of burial of at least 200 meters. There is considerable
geologic variability within the geographic areas considered, and it is not reasonable to
apply a single magnitude-yield formula to a single country in most cases. While few
areas have a deep water table in porous rocks, salt deposits suitable for solution mining
are widespread, and hard-rock mining techniques would allow any country to excavate an
underground space sufficiently large to partially decouple a small (10 kt) explosion.

Introduction

To support efforts to define and implement effective seismic monitoring of underground
nuclear explosions in countries of nuclear proliferation concern, we present here some
preliminary work toward defining those geologic factors that pertain to eleven countries. Those
countries are compared to the USSR, China and the continental United States. The eleven
countries we considered are, in alphabetical order2; Argentina, Brazil, India (which conducted
a nuclear test in 1974), Iran, Iraq, Israel, N. Korea, S. Korea, Pakistan, South Africa and
Taiwan. This work is based on a preliminary study of these countries, and is not definitive.

iThis report is preliminary and has not been reviewed for conformance with USGS editorial standards.

2The selection of countries is based on Table 13-2 in Spector (1990), and has no official, U. S.
Government status.
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Factors Considered

The principal geological and geophysical factors that we considered relevant to seismic
monitoring are divided into three general categories:

1) those factors related to seismic event discrimination: specifically, the levels of
natural and industrial (mining-related) seismicity; shallow seismicity of the near
Eastern region is shown in Figure 1;

2) crustal and upper mantle seismic wave propagation: i.e., those "bias-related
factors", such as Pn-wave velocity, heat flow and recent volcanic activity, that could
indicate the attenuation characteristics of the lithosphere for seismic body waves;
Heat flow is considered because, in general, data on Pn velocity are sparse, and a
negative linear correlation has been established between heat flow and Pn velocity
(Horai and Simmons, 1968; Sharma and others, 1991; see Figure 2). Recent
volcanism is considered indicative of high heat flow {and low Pn velocity) for areas
where neither Pn velocity nor heat flow data are available.

3) potential decoupling environments: specifically, opportunities for cavity
construction and the existence of naturally-occurring materials and conditions
(unsaturated, porous rocks) that could be exploited to achieve partial decoupling of
an underground nuclear test. Our consideration of such environments was further
limited by a minimum depth, explained in the next section.

Figure 1. Seismicity of the near-eastern region: USGS PDE catalog of seismic event epicenters
with depths less than 50 km, through 1990. Note the relatively high levels of
seismicity in parts of Iran, Pakistan, Israel and India.

12
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Figure 2. Correlation between heat flow and Pn velocity (from Sharma and others, 1991).
Data on heat flow, where available, are used as an indicator of a region's upper mantle
attenuation characteristics, in lieu of Pn velocity data (see Bias indicators in Table 1).

Potential Decoupling Environments

In evaluating those potential geologic environments in which a proliferating country
might attempt to clandestinely conduct an underground nuclear explosion (i.e., by muffling the
seismic signal to decrease its detectability), we have considered only those environments for
which there is at least 200 meters of rock overburden —this is a depth at which a nuclear
explosion of about 10 kilotons (kt) yield might be effectively contained in hard rock. This ad
hoc assumption presumes: 1) that a first test by a proliferating nation would be of a fission
bomb of at least 10 kt yield; 2) that an attempt would be made to contain the radioactive
releases of the test by burial of the device at sufficient depth; and 3) that sufficient depth for
minimal containment is 90 meters per scaled kiloton (kt1/3) in hard, dense rock (which has
been used by the Soviets, although U.S. standard practice is more conservative, at 120

For cavity construction, we consider only that the mined cavity must have a volume that
is equivalent to that of the initial cavity produced by the explosion (radius of about 10 meters
per scaled kiloton yield in hard rock) —and need not be spherical— in order to achieve
significant, partial decoupling of the test (Stevens et al, 1991). This ad hoc assumption is
sufficiently broad that current, hard-rock mining techniques would allow any country to
excavate an underground space sufficiently large to partially decouple a small (10 kt)
explosion. For low-coupling materials, we have only considered that rocks with an average dry
porosity greater than 20% would be effective in achieving a significant partial decoupling of an

3 The depth of burial required for effective containment is principally related to the overburden
pressure, which varies in accordance with the average density of the rocks above the explosion
point (e.g., see McKeown, 1976). Thus, theoretically, an underground test in dry,
unconsolidated alluvium, which could have an average density of 1.5 g/cc, would have to be
buried at a depth 1.67 times greater than a test in a dense sandstone, with an average density
of 2.5 g/cc.
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underground test. There is ample evidence that a few percent porosity has little effect (see,
e.g., Vergino and Mensing, 1989), but more work may be needed to confidently rule-out partial
decoupling in rocks with porosities in the range of 5-20%. On the other hand, it would seem
unlikely that a country desiring to avoid detection would attempt decoupling in a medium for
which the decoupling factor is rather poorly known.

Certain factors are linked: e.g., a deep water table (i.e., greater than 200 m) and a low
coupling material at depth {>200 m) combine to produce a partial decoupling opportunity (as at
the U. S. Nevada test site). The depth to water table also applies to the potential for reduced
coupling in karst cavities or karstic rock (we consider it technically impractical to drain a
karst cavity); that scenario is not discussed here.

Notes to the Table

Each country is considered as a whole; i.e., if an environment or factor applies to any
part of that country, it results in a positive indication in the Table, and the corresponding box is
shaded (except for the column "NPT Status", where the box is shaded if the country is not party
to the Nuclear Non-Proliferation Treaty). In. those cases where an environment is strongly
limited geographically, a note is made in the table (e.g., the only areas of deep water table in
South Africa are in the Kalahari desert). For the factors under "Potential decoupling
environments," the marks apply to the depth range from 200 to 2000 m below the surface. In
those cases where we consider it "possible" that a factor applies, but have insufficient data at

26
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Figure 3. Estimates of Pn wave velocity along profiles in Iran, and their interpretation in
terms of a broad zone of hot upper mantle extending across the northern portion of the
country (after Asudeh, 1982). Values for Pn velocity less than 7.5 km/s have been
reported from northwestern Iran (lower than the U.S. Nevada test site), and as high as
8.3 km/s for southwestern Iran (higher than the Soviet's Semipalatinsk test site).
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Table 1: Factors Affecting Seismic Monitoring

Country

Ex-USSR

U.S.

CHINA

ARGENTINA

BRAZIL

INDIA

IRAN

IRAQ

ISRAEL

N. KOREA

S. KOREA

PAKISTAN

S. AFRICA

TAIWAN

NPT Statu

NW stale

NW stal«

NW slate

IAEA insp.

IAEA Insp.

IAEA Insp.

AEA Insp.

AEA Insp.

AEA Insp.

SEISMIC

Discrimation

many

natural

seis events

few

in Himal.

in. north

lew

few

rockbursts

many

mining

explosions

-

?

?

?

?

?

Bias indicators

areas ol low

Pn velocity

- /'' J- '

-

areas ol high

heat How

7

? '

• 7

?

Pohanq

Recent

volcanism

Andaman 1

?

in north

Chenlu 1s.

/ ' •

GEOLOGIC

Possible decoupling

Natural Qonditions

Deep water tat
high pore

shalt

7

Kalahari

_j

jle and

iSity materials

adit

' loess

Siwalik3

?

'Slwaiiks

environments*

Cavitv Construction

rshati)

thk. bedded

or dome salt

beds

beds

? (beds)

.beds

ladjH

hard reck

awl/bwl

many

"NW siaie'-nuclear weapons state; "IAEA insp.'-agreed to IAEA inspections 'applies to geology bttow 200 meters depth

the present time, a question mark is inserted in the unshaded box. A shaded box with a question
mark means "probable", but more work is needed to confirm.

Conclusions

• Any country desiring to decrease the seismic signal from an underground nuclear
explosion can do so by detonation in a cavity mined in high-strength, low porosity rock
(e.g., granite). High relief areas are generally present to allow such a cavity to be
built by horizontally tunnelling into unsaturated or low-permeability rocks where
water flow would be easily controllable. However, we have found only one region (the
Siwalik Range, in Pakistan and India) where adits could be constructed into rocks with
porosities greater than 20% (although there are many other areas where adits could
be constructed into rocks with porosities in the range of 5-20%). Similarly, there
are very few areas where a vertical shaft could be constructed above the water table at
200 m depth, and only one area (the Kalahari desert) where rocks at depth may have
porosities greater than 20%.

• Data on Pn velocity are generally poor for most of the Third World countries
considered here, and few of these countries have known areas of low Pn velocity that
would compare with the western U.S. However, Pn is known to vary greatly in some
areas (notably, Iran; see Fig. 3), and it is unreasonable for most countries to assume
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that a single, country-wide, magnitude-yield formula is a reasonable approach to yield
estimation.

• Salt or other evaporite deposits exist in the Middle Eastern and South American
countries, which therefore have the potential for explosion decoupling by detonation in
a dry cavity. However, in Argentina, Brazil, Iraq and India, these evaporites are in
bedded deposits that may be unsuitable for solution mining; cavities would have to be
mined dry.

> Most countries reviewed here routinely use explosives in mining (excepi Pakistan),
although there is little information on the rate and sizes of industrial explosions for
most of the countries presented here. However, explosions as large as 1 kiloton are
extremely rare, so that industrial seismicity is not expected to be a major
discrimination problem for seismic events of this magnitude. On the other hand, in
limited areas of some countries, rockbursts in deep mines can be greater than
magnitude 5 (and occur in areas of underground construction), which could be
confused with explosions of 10 kt or more (see Table 2). Other types of artificially-
induced earthquakes are more rare, but also can have magnitudes greater than 5 (e.g.,
reservr.rinduced seismicity; see Table 3).
To allow geologic information to be used in a timely manner —to flag certain areas as
being of greater interest or in the evaluation of a suspicious seismic event— a detailed
data base needs to be developed for each of target country. This is required because of
the great variability known to be present in most of the countries we have examined.

Table 2: Major rockbursts in South Africa, 1979-1981

mag.
4.1
4.0
4.0
4.1
4.0
4.0
4.2
4.1
4.0
4.1
4.0
4.1
4.0
4.2
4.0
4.0
4.2
3.9
3.9
3.9
3.9

date
24-01-79
25-01-79
25-01-79
18-05-79
27-05-79
13-06-79
23-06-79
26-06-79
06-07-79
25-07-79
27-07-79
05-09-79
26-09-79
02-10-79
30-10-79
07-11-79
19-11-79
10-01-80
17-02-80
22-03-80
03-04-80

time
10h54
16hO4
09h42
15h34
15hll
14h29
07h33
15hl7
03h01
15hO5
20h57
22h46
16hll
18h53
08h50
16h34
07hl8
18h58
20h58
02hl4
22h45

location
Klerksdorp
Klerksdorp
Orkney
Far West Rand
Far West Rand
Far West Rand
East Rand
Far West Rand
Boksburg
Far West Rand
Far West Rand
Boksburg
Carletonville
Klerksdorp
Carletonville
Klerksdorp
Welkom
Far West Rand
Welkom
Krugersdorp
Rrugersdorp

mag.
3.9
4.0
3.9
4.0
4.0
4.5
3.9
3.9
3.9
4.1
4.0
4.1
4.6
4.2
4.0
4.0
4.1
4.0
4.0
4.0
4.8
4.0

date
07-06-80
12-06-80
13-06-80
12-07-80
28-08-80
30-08-80
24-10-80
31-10-80
07-11-80
28-01-81
20-03-81
20-03-81
13-04-81
17-04-81
27-04-81
21-05-81
21-05-81
27-05-81
16-06-81
07-07-81
08-10-81
14-12-81

time
Ilh52
O3hO3
21hl5
15h33
14h39
15h33
15h56
16hO6
Ilh33
16h20
15h06
N/A
N/A
07h07
N/A
15h40
16hl5
13h59
N/A
12h52
02h00
N/A

location
Far West Rand
Klerksdorp
Klerksdorp
East Rand
Klerksdorp
East Rand
Far West Rand
Far West Rand
Klerksdorp
Far West Rand
Far West Rand
East Rand
Orange Free State
Welkom
Far West Rand
Far West Rand
Far West Rand
East Rand
East Rand
Far West Rand
Klerksdorp
Far West Rand
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Table 3. Reservoir-induced Seismicity
Seismic events with magnitude > 4 for the four year period between 1969 and 1974 at
the Koyna reservoir, India (from Gupta and Rastogi, 1974).

Date

January 21, 1969
February 13, 1969
March 7, 1969
June 3, 1969
June 27, 1969
July 22, 1969
November 3, 1969
November 4, 1969
April 16, 1970
May 27, 1970
June 8, 1970
June 17,1970
September 21, 1970
September 25, 1970
September 26, 1970

Magnitude

4.1
4.2
4.4
4.2
4.5
4.0
4.1
4.2
4.0
4.8
4.1
4.1
4.0
4.6
4.6

Date

January 23, 1971
February 14, 1971
August 10, 1971
August 10,1971
May 1, 1972
May 11, 1972
November 11, 1972
April 19, 1973
October 17, 1973
October 17, 1973
October 17, 1973
October 24, 1973
November 11,1973
February 17, 1974

Magnitude

4.2
4.0
4.0
4.3
4,2
4.5
4.1
4.1
4.0
4.1
5.1
4.6
4.6
4.5
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I n t r o d u c t i o n

The characteristic flashes of light from nuclear explosions in the atmosphere
must be discriminated from lightning in monitoring the Limited Test Ban Treaty of
1963. Lightning is very common, and in the vast majority of cases its signal can
easily be recognized by an experienced analyst. But sometimes more work is needed.

These are exactly the characteristics of chemical explosions, in the context of
processing seismic data on a routine basis to monitor for nuclear explosions
underground. There are several thousand chemical explosions in the U. S. alone,
each year, at the level of 50 tons and above (Richards et al, 1992), although there may
be only one or two each year at the kiloton level.

As noted in the 1988 report of the Office of Technology Assessment entitled
"Seismic Verification of Nuclear Testing Treaties," the limit on seismic identification
capability is likely to be set in practice by chemical explosions. This conclusion may
be noted from the following quotation (page 92 of that report):

"...there appears to be agreement that, with internal stations that can
detect down to mt> 2.0 - 2.5, identification can be accomplished in the U.S.S.R.
down to at least as low asmj) 3.5. This cautious identification threshold is
currently set by the uncertainty associated with identifying routine chemical
explosions that occur below this level."

Such a conclusion, reached in 1988, may be presumed to apply to large
continental regions other than the territory of the former U.S.S.R. In this paper we
show several examples of seismic signals from chemical explosions, and describe five
different levels of analysis that have been found useful in making the identification.

Examples of Five Levels of Analysis of Seismic Signals from Chemical
Explosions

We begin in Figure 1 with the problem typically faced by an analyst. There
are thousands of seismometers operated around the world, and this example is from a
high-quality instrument in Germany operated within the array known as GERESS.
Both of these signals come from a source at a distance of about 180 km in the region
known as Vogtland, within which there are both small earthquakes and a number of
quarries. The seismograms are unlabeled, but each contains P waves (the first
arrival), S waves (the beginning of the second and strongest group of oscillations),
and surface waves (arriving towards the end of the S wave group, with a different
appearance in the two examples shown in the figure). In practice the experienced
analyst would have no difficulty in saying which signal came from an earthquake
and which from a chemical explosion. No sophisticated data processing would be
used. Rather, an appeal would be made to a set of characteristics that has been
developed for this region, and that may be applied in a straightforward fashion to
make the identifications. The characteristics are as follows:
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Principal differences between seismograms of earthquakes and blasts
in Vogtland, Germany:

• the amplitude of P wave impulses (much lower for earthquakes)

• the frequency content of 5 waves (higher for earthquakes)

• the excitation of surface waves (Rg) (much stronger for blasts).

We may call the comparison between data and this set of characteristics the
"zeroth order" method of analysis, and the outcome in Figure 1 is the conclusion that
the upper event is an earthquake, and the lower is a chemical explosion. In many
different parts of the world, the reality is that such rules are routinely applied to
make the identification of almost all chemical explosions, when identification is
needed. (Note that for the New York State Seismic Array, operated by the Lamont-
Donerty Geological Observatory, there are about 20 chemical explosions recorded per
day. They are routinely identified without sophisticated methods of data processing.
It is a testament to the detection capability of the New York, German, and other
networks and arrays, that so many chemical explosions are observed. In most cases,
such explosions are only a few tons of TNT equivalent.)

1 i •

I 1 I I I I I I T i i I n \ i i i I i

40.000 60.000

1 98 5-309:00.53.20.000

80.000 100.000 120.000 Sec

Figure 1: Short-period vertical component seismograms, of an earthquake
(upper) and a chemical explosion (lower) in the same region (Vogtland,
Germany), recorded at an element of the GERESS array at a distance of
about 180 km. From Wiister (1992).
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If some more objective method of identification is desired, then Figure 2 shows
the application of two measurements that may be made in the time domain on the
original data. These are amplitude ratios, from measurements made in the first few
seconds after the arrival of P, S, and surface waves (designated as "O" in the figure).
The upper panel shows the ratio of S to P amplitudes, and the lower panel shows the
ratio of S to surface wave amplitudes, each plotted against the logarithm of the 5 wave
amplitude. We may call this type of time-domain work the "first order" level of
analysis. The measurements are simple to make, and separate most of the events with
a single decision line. But the separation is not perfect.

Before introducing the next, "second order" level, of analysis, which entails
the computation of spectra, some introductory remarks on how chemical explosions
are actually conducted will be helpful.

Almost all chemical explosions conducted for industrial purposes consist in
practice of a number of small explosions set off in sequence in a style known as
"ripple firing". A ripple-fired explosion typicdly consists of 20 to 50 separate small
shots known as "delays". The formal definition of a delay is the explosive set off
within an eight-millisecond time interval. There are some mines, for example in the
western and midwestem United States, which shoot large blasts made up from
hundreds of delays. However this practice occurs at only a few tens of locations. By
far the most common blasting agent is ANFO (ammonium nitrate and 6% fuel oil),
which releases about 90% of the energy of TNT, per unit mass. Seventy percent of
the total amount of chemical explosive used in the United States is for production of
coal; and in the United States about two megatons of chemical explosive is used per
year. For further details of chemical explosion practice in the U. S., see Richards et al
(1992).

The spectrum of a signal composed of roughly equally-spaced sources in the
time domain is often affected by interference at frequencies related to the time delay
between individual bursts of energy at the source. In Figure 3 (upper panel) is
shown a comparison of the amplitude spectra recorded at NORESS (a short-period
array of seismometers in Southern Norway) for an earthquake (left) and an
industrial explosion (right). Note the effects of interference in the chemical
explosion «pectra, which are shown for each of the four main types of regional wave
(Pn, Pg, Sn, Lg). In the lower panel is shown the seismogram and associated
spectrum from a recording at Albuquerque, New Mexico of a large (180,000 lbs)
chemical explosion a few hundred kms away at a large copper mine. It is found in
practice that the spectrum of the Pg arrival shows characteristic nulls at about 2.8, 4,
and 6.5 Hz.

While this evidence for source multiplicity via spectral peaks and nulls
appears useful, it is well known in seismology that such spectral features may be
caused by seismic waves resonating in crustal layers near the source and/or the
receiver. In order to decide whether spectral interference is caused by the
propagation path, or by the source itself, a number of investigators have
successfully developed what we may call a "third order" level of data analysis, using
spectrograms. So far in this brief review, we have contrasted earthquakes and
chemical explosions, rather than single explosions (possibly nuclear) and chemical
explosions. But in Figure 4 is shown a spectrogram of a single explosion (upper
panel) and a presumed multiple blast (lower panel), both recorded in Kazakhstan in
1988 as part of a research project organized by the then Soviet Academy of Sciences
and the Natural Resources Defense Council. The point of the figure is that these
spectrograms are quite different: the presumed multiple blast (which was
subsequently studied by Cliff Thurber using SPOT photographs and was thereby
identified as having taken place in a coal mine) has a banded structure, with
enhanced amplitudes at around 5, 10, 15, 20, 26, 32, and 38 Hz. Furthermore, this
banded structure appears to persist throughout the seismograms, beginning with the
P wave and continuing on for the more than 50 seconds of the recording.
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Figure 2: Amplitude ratios, for measurements made in the time domain, of
P,S and surface waves for Vogtland seismic sources recorded at
GERESS (see Figure 1). From Wuster (1992).
(upper) S to P amplitudes,
(lower) S to surface wave amplitudes.
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Figure 3: (upper) NORESS spectra for au earthquake (left) and an industrial
explosion (right). From Baumgardt and Ziegler (1988).

(lower pair) Seismogram of a chemical explosion recorded at the
Albuquerque, New Mexico, global digital network station, and spectrum
of 6 s of signal from the Pg wave (Wallace, personal communication,
1992).
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Figure 4: (upper) Spectrogram of a single chemical explosion (distance 157 km.)
recorded at Bayanul, Kazakhstan.

(lower) Spectrogram of a typical chemical explosion (ripple-fired,
distance 264 km.) recorded at Bayanul.

Both examples from Hedlin et al (1989).
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Several different investigators have now successfully demonstrated the utility
of spectrograms for purposes of identifying ripple firing in chemical explosions. As
a project at Lamont, we have looked at about 100 examples of the uses of spectrograms
applied to digital data from Kazakhstan, Norway, and the Northeastern United States.
Our purpose was not simply to confirm the effectiveness of spectrogram methods of
analysis, but rather to push the application of such methods to their limits in order to
see where they begin to fa'I. Here, we first show a small number of examples from
our study recently circulated as the report PL-TR-91-2285 from the Phillips
Laboratory, Air Force Systems Command, and then summarize the conditions needed
for the method to be successful.

First, from the Lamont study, in Figure 5 we show spectrograms of a single
shot conducted in New York as part of the NYNEX refraction line (a joint project of
the Air Force, the U. S. Geological Survey, and the Canadian Geological Survey based
in Ontario). In all of our work, we prefer to make no corrections for instrument
response. Our instruments typically have a response that is flat to ground velocity.

NYNEX thai *1

»-2Sl

Figure 5: Spectrograms of a single chemical explosion in New York. From Kim et
al (1991).
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Figure 5 shows no banding, in contrast to Figure 6 which shows records from quarry
Rl which is near the NYNEX shot. For the NYNEX data there are no bands in the first
two stations. While there is a hint of bands in the third station (at a distance greater
than 100 km), they are not uniform throughout the trace and they are not consistent
at different stations. The spectrograms for the blast at Rl have weak but clear bands
at about 4-5 Hz, 7-8 Hz, 10 Hz, 12.5 Hz, and 15 Hz, thus with equal spacing around 2.5 Hz,
on all stations and for three additional events from the same quarry. Notice also that
the quarry blasts generate S waves efficiently.

We have many more examples from New York and New Jersey. We have also
analyzed an example from Southern Norway, using the high-frequency element of
the NORESS array, for an explosion at a distance greater than 350 km whose detailed
delay pattern is known. The firing pattern is shown in Figure 7, and in Figure 8 can
be seen a peak consistently running at about 22 Hz. This is close to the frequency
expected from Figure 7. Note in this example that the signal-to-noise ratio is rather
poor, and that the 22 Hz peak would not be identifiable with the typical sampling used
for NORESS instruments (40 samples per second, with the Nyquist cut-off at 20 Hz).

NYMEX shol 17
HBVTZ
A.69 3 dm
4*207

Figure 6: Spectrograms of a quarry blast thai took place in New York near the
single shot of Fig. 5. From Kim er al (1991) .
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Figure 8: Spectrogram at the NORESS high-frequency element for the chemical
explosion shown in Fig. 7. From Kim et al (1991).
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As mentioned above, our project at Lamont (Kim et al, 1991) was designed to
discover when spectrogram analysis works, and when it fails. We found it typically
quite successful in identifying chemica.' explosions, but that problems arose if:

• delay times are less than 4 x sampling interval

• delay times are very irregular

• there is inadequate signal to noise ratio

• shots are in rocks of low rigidity.

Moving on to the "fourth order" level of analysis, let us turn to a method that
identifies quarry blasts by comparing them to a set of master events. This is from
work of David Harris (1991), who used an array deployed in Kansas to look at two
source regions about 150 km away. He set up a data base consisting of a few master
events and when a new signal arrives as shown at the top of Figure 9a it is compared
with the best linear combination of master events. This figure shows the residual for
one, two, three, and then four master events. The method works well, in that the
residual is quite small. The method does not work so well, as noted in Figure 9b, if the
master events are some distance away from the new event being analyzed. This part
of the figure shows for an event about 6 km from the referenced cluster of master
events that the residual, when the best linear combination is removed, is still quite
large. Harris's waveform correlation method can also be effective when the event of
interest is hidden within a larger signal from a large chemical explosion.

An example of such a problem would be that of a small nuclear explosion,
conducted at the same time and epicenter as a big ripple-fired shot. While such an
exercise would require some technological sophistication for success in execution, it
has been suggested as a valid evasion scenario for certain countries. The small
nuclear explosion would have to be deep compared to the typical depth of chemical
explosions, in order to achieve containment of radioactive by-products. This
scenario has recently been examined by Smith (paper presented at Seismological
Society of America, annual meeting, Santa Fe, 1992), and he concludes:

"The models suggest that a large, single, deeply buried explosion
dominates the waveform signature if it contains more than 5 - 15% of the total
explosive in the mining blast.... [I]dentification of large simultaneous
designations within a blast may depend upon knowledge of the mine's blasting
practices and its variability from blast to blast."

Comments on how to Estimate Levels of Blasting Activity

In order to estimate the scale of blasting activity in a particular country,
which in turn can become the basis for an estimate of the number of seismic signals
per year from that country which must be discriminated, the following method
suggested by Vitaly Adushkin (Director, Institute for Geosphere Dynamics, Moscow)
may have merit. When told that annual usage of chemical explosives in the United
States was about two megatons, he replied that the total in the former U.S.S.R. in
recent years was in the range one 'o two megatons. He explained the basis for this
estimate by the following three rules:

• "One cubic meter of rock requires one kilogram of H.E. in a typical
quarry operation."

• "One cubic meter of rock at density 3 gm/cm3, weighs three tons."

• "The amounts of quarried rock can be estimated each year for
many countries."
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Figure 9: The signal of a source under analysis is compared with up to four
chemical explosion "master events" from a Kansas mine, (a) Original
signal and residual signals after cancellation with 1 to 4 reference
events. Cancellation is very effective in this case, in which target and
reference events are close to each other, (b) Original and residual
signals for a target event 6 km from the reference cluster. Cancellation
is less effective in this case. From Harris (1991).
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In application to the former U.S.S.R. he noted that the total amount of rock
quarried in the 1980's was about 5 gigatons per year. The above rules imply
5,000,000/3 kilograms of high explosive per year, i.e. 1.65 megatons of high explosive
per year. Subsequent discussion with experts in the U.S. blasting industry confirm
that this method is a valid basis for making approximate estimates of blasting
activity. [The above three rules imply 1/3 kilogram of H.E. per ton. A better figure
may be 0.2 - 0.25 kg per ton.]

Tables 1 and 2 show the amount of copper and zinc produced in different
countries in recent years. Some of these countries (for example Chile, South Africa,
Zambia) also appear on the nuclear non-proliferation special country list issued by
the U. S. Department of Commerce as part of the U. S. Export Administration
Regulations. With little additional effort, a quite complete list of commercial
production activity associated with chemical explosions could be used and made the
basis of approximate estimates of the level of blasting activity.

Summary, Discussion and Recommendations

The appearance of seismic signals from typical chemical explosions is
commonly found to be so different from earthquake signals and from deep single
explosions that (in cases of good signal-to-noise ratio) chemical explosions are
routinely identified in practice without even making measurements of the signal.

Signal processing at four different levels of sophistication has proven helpful
in developing procedures that work when an analysis "by eye" is unreliable and/or
unacceptable.

The first level, is to measure the amplitude ratios of an incoming signal, in the
time domain, of different seismic waves (e.g. P, S, Rg), and to see if these ratios fall
into ranges found by experience to be characteristic of earthquake or chemical
explosion populations. In practice this method is likely to be empirical, and different
in details of execution for different regions.

The second level is to examine the amplitude spectrum of all or part of a
seismic signal, to look for interference effects that are characteristic of a multiple
source (such as a ripple-fired explosion). In practice this method must be able to
avoid the problems, present for some crustal structures, of resonances in the site
response that mimic the interference effects of a multiple source.

The third level, is to compute spectrograms and to search in them for the
banded structure expected for ripple-fired explosions. In general, it may be said that
spectrograms, presented as "wire-frame" diagrams together with the original signal
(e.g. Figures 4, 5, 6, and 8) are an excellent display of the information available in the
data, and can be used for a variety of subsequent methods of analysis. To apply this
method, digital sampling rates must be available that are higher than rates normally
required for teleseismic signal analysis. See Hedlin et al (1989) and Kim et al (1991).

The fourth level, is to build up a database of chemical explosions at known
locations, and to apply methods of waveform correlation to see if new events look like
one or more events already in the database. See Harris (1991) and Riviere-Barbier
and Grant (1992).

There has not been any detailed survey of these methods, that assesses how
successful they might be if used in monitoring against determined efforts to carry
out a clandestine underground nuclear test. But in practice we find that almost all
chemical explosions greater than 0.01 kt are ripple-fired, and evidence of such
ripple-firing can be seen in digital seismic records with good signal-to-noise for
events of mj greater than about 2.5. To the extent that there is concern over
proliferation of nuclear weapons, and in particular over attempts at clandestine
nuclear testing by a country that signed the Non-Proliferation Treaty as a non-
nuclear weapon state, we can reach the following conclusion: seismic monitoring of
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Table 1: Copper Production

MINE PRODUCTION OF COPPER IN WESTERN WORLD
(1,000 metric tons)

COUNTRY 1986 1987

Chile 1,401 1,418
United States 1,147 1,256
Canada 8 99 794
Zambia 513 527
Zaire 5 03 500
Peru 3 86 406
Australia 248 233
Mexico. 185 248
South Africa 203 197
Papua New Guinea.. 179 218
Phillipines 217 216
Indonesia 9 6 105
Portugal 0.2 1
Aggregate of
these countries 5.777 6,119
Total Western
World 6,4 44 6,711

Source: World Bureau of Metal Statistics (WBMS). Note gain of 333,000 tons in U.S.
production between 1986 and 1989 accounted for almost half of entire gain shown for
the Western World.

1988

1,451
1,420

722
476
465
298
238
274
175
214
218
126

5

6.082

6 , 6 6 2

CHANGE
1986 - 89 (%)

+ 12
+ 29
+ 7
- 2
- 6
- 4
+ 9
+ 43
- 16
+ 6
- 6
+ 41

+ 12

+ 10
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Table 2: Zinc Production

WESTERN WORLD REFINED ZINC CONSUMPTION
(1,000 metric tons)

1,703
997
753

1.423
4,876

1,731
1,052

729
1.518

5,030

1,831
1,089

774
1.564

5,258

1,850
1,090

780
1.630

5 ,350

1985 1986 1987 1988 1989P

Europe 1,665
United States 9 62
Japan 7 80
Other countries 1.338

Total 4,7 45

p - Preliminary
Source: International Lead & Zinc Study Group

WESTERN WORLD ZINC MINE PRODUCTION
(1,000 metric tons metal content)

1985 1986 1987 1988 1989P

Europe 1,138
Canada 1,172
Mexico 291
Peru 5 82
United States 252
Japan 253
Australia 713
Other Countries 749

Total 5 ,150

p - Preliminary
Source: International Lead & Zinc Study Group

,082
,291
265
598
221
222
665
733
097

1,089
1,504

271
612
233
166
721
766

5,362

1,065
1,348

271
485
256
147
739
797

5,108

1,020
1,250

270
530
300
130
785
845

5,130
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the suspected region can greatly reduce the size of any nuclear test that could be
hidden underground, particularly in view of a number of successful methods for
identifying chemical explosions.

To reach a more specific conclusion about the size of an underground nuclear
test that might be hidden, it is helpful to make a number of assumptions that can be
returned to after the conclusion is obtained. Thus, let us assume that:

1) discrimination between chemical and nuclear explosions is harder
than between nuclear explosions and earthquakes;

2) digital seismic data from the monitored region is available with good
S/N for events above mf, 2.5;

3) 1 kt well-coupled has mf, approximately 4, and the slope of the magnitude -
log yield curve is about 0.8;

4) a fully decoupled nuclear shot has the signal of a tamped shot with
yield about 100 times smaller; and

5) for a mixed nuclear (tamped single shot) and ripple-fired chemical
explosion, the total seismic signal is dominated by the nuclear
component if its yield is more than about 10% of the chemical explosive
yield.

A fully decoupled nuclear test having m& less than 2.5 in this case vould have
a yield less than about 2 kt. At m^ 2.5 for the nuclear component alone, the size of
chemical explosive required for effective masking would be large - on the order of
hundreds of tons, at least. While not technically impossible, the point is that such an
exercise would be a substantial technical operation, well beyond the reach of all but a
few countries.

It is probable that such a mixed explosion would be detected seismically,
perhaps even at teleseismic distances, and the evader would have to contend with
uncertainty in how the signals would be analyzed.

It is from this perspective, that it becomes important to document the
occurrence of large chemical explosions (say, greater than 0.2 kt), and associated
mining activity, in countries with a major industrial base that are candidates for
nuclear proliferation. Important also is the continuing improvement in quality and
quantity of seismic instrumentation on global and regional scales.

In the list of five assumptions given above, note in particular that #4 is very
cautious in the context of decoupled shots greater than a kiloton. A recent
manuscript analyses the data for a partially decoupled explosion of a few kilotons
conducted in the Azgir region of Kazakhstan, and states that the seismic signal was
detected at distances up to 4300 km. (Adushkin et al, 1992). The decoupling factor was
considerably less than 100, in this the largest explosion testing the decoupling
hypothesis. (The cavity was made by a previous nuclear explosion about eight times
bigger than the subsequent decoupled shot.)
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Summary

Open seismic stations enhance monitoring and serve as a strong
deterrent to clandestine nuclear weapons testing associated with
proliferation by providing the technical equivalent of a "neighborhood
watch" program. Recent developments in seismic instrumentation and
global communications are making data from dozens of research seismic
stations openly available in near real time. By incorporating the data
from these various national and international networks, seismic
monitoring can be enhanced and coverage can be expanded far beyond
what can be done by any individual nation. In addition, openly
available networks and data allow for a wide range of expertise to be
informally applied to the monitoring task. Redundancy of coverage and
the nature of seismological data, make such an enhancement to the
monitoring system inherently tamper-proof while also providing an
unclassified source of technical data that can be used to challenge
ambiguous events without revealing the full capability of the overall
monitoring system.

Introduction

The White House Office of Science and Technology Policy references the year
1846 as the first known example of the federal government going to universities for
research and development At that time, the Office of Naval Research contracted for the
development of 12 inch guns for the battleship Princeton. When the guns were placed on
the ship to be test-fired, however, they blew up, killing the Secretary of State, the Secretary
of Defense, the Governor of Maryland, three Congressmen, and as described by the
newspapers: "sundry other dignitaries". Despite such an auspicious beginning, the funding
of university research as a contributor to national security continued and, following the
Manhattan project, provided part of the rationale for the formation of the National Science
Foundation. Today, with the increased interest in identifying how basic research can be
applied to issues of national concern, it is appropriate to recognize the contribution to
nonproliferation that can be made by open seismic stations operated by the university
research community.
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Nuclear Testing and Proliferation

Within the last two years, we have seen the breakup of the Soviet Union and the
discovery (or at least open recognition) of an advanced nuclear weapons development
program within Iraq. These two events have dramatically changed the calculus of our
national security. For decades, the United States' first defense priority was to contain
aggressive Soviet power, a task which required a credible deterrent Today, the spread of
nuclear weapons seems a more ominous problem, a problem paradoxically exacerbated by
the former Soviet Union's apparent inability to fully account for all of its nuclear arsenal.
As a result, concern over US/Russian competition on the development of new generations
of nuclear weapons (often referred to as "vertical proliferation") has become secondary to
concerns over the spread of nuclear weapons to non-nuclear states (termed "horizontal
proliferation").

The shift in our national security priorities has placed new emphasis on efforts to
strengthen the non-proliferation regime. Ultimately, a country's decision of whether to
develop nuclear weapons will depend on that individual country's threat assessment and
political ambitions. While export regulations and controls on fissile materials provide the
first line of technical defense against proliferation, the seismic monitoring of clandestine
underground nuclear testing also provides a level of deterrence. It must be recognized
however that the development of at least a simple fission weapon would probably not be
hindered by the lack of ability to test. From the standpoint of nuclear weapons
development, the primary technical reason for the initial testing of a new design would be
to confirm the estimated explosive yield. Confirmation of the yield, in turn, is of minimal
militarily importance; after all, an explosion of only 1/2 of the anticipated yield will still
cover 80% of the expected blast radius. Testing would however be technically important
for developing more advanced weapons, and in evaluating weapons that might have been
obtained from another country. In addition, testing has a practical importance in increasing
the confidence of military and/or political leaders in the successful performance of the
weapons, and has considerable symbolic impact within the foreign-policy arena.

Notwithstanding U.S. arguments about the role of nuclear testing for maintaining
the safety and reliability of the nuclear stockpile, many nations view testing principally as a
means of developing advanced nuclear weapons and as a means of demonstrating their
power and resolve. The large-yield Chinese explosion in May 1992, for example, is
considered by some to have been such a demonstration to India. Consequently, many of
the non-nuclear states view testing as symbolic of the arms race and as a means of equating
national security to a nuclear deterrent They argue that such a relationship is anathema to
the Nonproliferation Treaty, the foundation of which they believe is based on the premise
that the reliance on nuclear weapons for national security is not forever. Efforts on the part
of the nuclear weapon states to restrict the spread of nuclear weapons are therefore viewed
as hypocritical if those nations are simultaneously defending the need to develop more
advanced weapons. Many non-nuclear states view a complete ban on nuclear testing as a
tool for non-proliferation because such a ban would symbolically reduce the discriminatory
nature of die treaty and decouple the continued development of nuclear weapons from
national security. In this sense, a comprehensive test ban is seen not as an end in itself, but
rather as a means to an end.

Furthermore, several non-nuclear states feel that the nuclear powers are obligated to
pursue a Comprehensive Test Ban Treaty. Article VI of the Nonproliferation Treaty binds
each of the Parties "to pursue negotiations in good faith on effective measures relating to
the cessation of the nuclear arms race at an early date and to nuclear disarmament;" and the
preamble of the treaty includes a statement of intent "to achieve the discontinuance of all test
explosions of nuclear weapons for all time". Many nations view Article VI as a
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commitment encompassing a Comprehensive Test Ban Treaty (CTBT), and have linked a
CTBT to extension of the treaty beyond its 25 year term which is up for renewal in 1995.
In 1982, the United States Arms Control and Disarmament Agency shared this view as
stated in its summary of the NPTs negotiating history: "a Comprehensive Test Ban Treaty
prohibiting the testing of nuclear explosives is viewed by many non-nuclear weapon states
as a sine qua non for preventing the emergence of additional nuclear-weapon states and for
preserving the NPT Regime." This language, however, was removed from subsequent
editions, reflecting changes in the position of the U.S. Administration. The Bush
Administration declared that restrictions on nuclear testing were not in the national security
interest of the U.S. and that the United States was under no legal obligation to negotiate a
CTBT.

How Open Seismic Stations Contribute to Monitoring Nonproliferation

For over three decades, seismological research has provided the technical basis for
detecting, identifying, and estimating the yield of underground nuclear weapons tests.
Much of this work, however, has been focused on countries with active testing programs,
in particular, the Soviet Union. Today, the problem has a new focus --the monitoring of
clandestine explosions on a worldwide basis. Global monitoring of underground nuclear
weapons testing is a large scale problem that requires a comprehensive solution. The goal
is to deter testing. To achieve this goal, we need to take advantage of all resources that are
available and apply them to the task in such a way that the monitoring system is greater than
the sum of its parts. In addition, we need an open source of technical data that can be used
to challenge an ambiguous event without revealing the full capability of the overall
monitoring system. Such a comprehensive yet open system contributes to deterrence while
simultaneously allowing for effective enforcement

Globally distributed open seismic stations serve this need because they provide the
technical equivalent of a "neighborhood watch" program. They maximize coverage at the
global, regional, and local scales and they bring a broad spectrum of seismological
expertise to the monitoring task. Because the data source is open, it would be possible to
challenge ambiguous events without revealing the capability of the monitoring system.
Faced with an extensive international monitoring regime, and fearful of an open challenge,
the evader would be deterred from conducting the test

Shared Resources Enhance Monitoring Capability by Improving Coverage

Data from open seismic stations are available without restriction and can be
distributed in near real time. The monitoring system can therefore be shared on an
international basis and contribute not only to nuclear monitoring but also to research related
to earthquake hazard mitigation as well as the structure of the interior of the Earth and
evolution of the planet When needed, die data from these stations can be brought to bear
on the task of monitoring for underground nuclear weapons testing. For example, on May
22,1991 the Soviet Union recorded at their geophysical observatory in Borovoye,
Kazakhstan the small seismic event in Pakistan shown on the following page. Although
the seismic record shows the first motion to be downward (representing a dilation
inconsistent with the interpretation of the event as an explosion, but possible if it were an
earthquake), the downward motion is unusually small. Because the downward signal is so
small, it may be background noise, with the true first motion actually being upward.
Furthermore, the signal did not have the surface wave amplitude that would be expected
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from an earthquake. As a result, the preliminary analysis at Borovoye indicated that the
seismic signal may have been created by an explosion. To resolve die ambiguous event,
the Soviets accessed data from two U.S. open stations installed by the IRIS Consortium
near the cities of Arti and Obninsk in Russia. The analysis of data from the U.S. stations
indicated that the event was in fact an earthquake.

Although the data obtained by the Russians was from the IRIS Global Seismic
Network, other networks and stations can also be used. The figure below (compiled by R.
Butler) shows the locations of current and planned stations of various networks that are
being installed. The data from all of these stations will be openly available without
restriction on an international basis.

Network

Current

(tanned

Australia

*

Canada

+
o

Chins

X
Gcoscope

•
A

Malnet

•

I'oseidna

•
IRIS

•
CTSN

D

In the next few years, the number of seismic stations distributed around the world
will greatly increase. In addition, improvements in global communications are providing
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an opportunity for making the data from &V , these stations accessible in near real time at
low cost In die figure below, goal stations are defined as stations that increase coverage
based on a spacing with a 1000km radius. Non-goal stations provide enhanced coverage at
scales less than 1000km.
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Open seismic stations are well suited to enhance monitoring capability because of
the multiplicity of seismic stations. The process of detecting and identifying seismic events
is an iterative process. What is referred to as detection is not merely the recording at some
particular station of a signal above the noise leveL Detection involves using the data from
several stations to calculate the event's time, depth, latitude, and longitude. In general, if a
network of seismic stations is said to have a certain detection threshold, that means there is
a 90% confidence that the event will be detected at four or more stations. As a result of its
iterative nature, the process of seismic monitoring is inherently tamper proof. Although
seismic stations could be controlled within a given area, seismic signals travel through the
earth without regard to affiliation or political boundaries.

Improvements in Global Communications Enhance the Use of Open Stations

Many ancillary benefits to monitoring are created by the support of open seismic
stations. With data openly available, the general resources of the scientific research
community can enhance monitoring. For example, on May 21,1992 the Chinese detonated
a high-yield (magnitude 6.6) nuclear explosion at their test site in Lop Nor. University
seismologists in the United States accessed the data from the IRIS open seismic station in
Obninsk (outside of Moscow) via a satellite telemetry link and sent the data across the
United States on the Internet system. The figure on the following page, comparing the
record from the explosion to an earthquake of similar magnitude and distance, was made
within a day of the explosion through the collaborative effort of research scientists in
Russia, California, and Colorado.

With large numbers of scientists using the data on a routine basis, and by having
local expertise involved in working on the problem, an understanding of the local
seismicity and wave propagation patterns enhances monitoring capability. The second set
of seismic records on the following page, for example, are from a U.S. underground
nuclear weapon test. The Lg magnitude determined from these four stations is 4.0,
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Data Recorded at Obninsk, Russia

OBN Z
Exploiton

5121192 Chines* Nuclear Explosion

12/27/31 Mongolian Earthquake

250 300 750 1250
Time (sec)

indicating an explosive yield of approximately 1 kiloton. The explosion therefore provides
an analog for a clandestine low-yield test Within 30 minutes of the explosion, seismic data
had been retrieved by students at the University of Arizona from four open stations. Note
that a few seconds before the arrival of the signal at the two stations in California (GSC and
PFO), there is recorded the arrival of seismic waves from a local earthquake of small
magnitude.

Station Code
GSC
PFO
BKS
TLJC

Location
Goldstone, California
Pinyon Flat, California
Black Hills, South Dakota
Tucson Arizona

Distanre from Explosion
219 km
312 km
539 km
736 km

GSC V
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ABSTRACT

The teleseismic amplitude resulting from an underground explosion is proportional

to the asymptotic value of the reduced displacement potential (^oo) or, in physical

terms, to the permanent change in volume measured anywhere beyond the range at

which the outgoing wave has become elastic. <j>oo decreases with increasing initial

cavity size (ro) until the cavity is large enough to preclude inelastic behavior in the

surrounding rock, at which point no further decrease occurs. With nuclear explosions,

0oo can also be reduced by decreasing the initial cavity size over a certain range. This

occurs because, in this range of TQW'1^3 (where W is the yield) the thermal pressure

in the surrounding medium increases much more slowly than does the thermal energy.

With chemical explosions, by contrast, roW~1/3 cannot be decreased below the fully

tamped limit because the energy density is bounded above. Moreover, for most of the

cavity expansion period the ratio of specific heats of the chemical explosion products

is substantially higher than the equivalent ratio in a nuclear explosion, so that the

cavity pressure in the former case is higher as well and this further amplifies the

differences between the two. Calculations show that the teleseismic amplitude could

be as much as 50% higher for an equivalent tamped chemical explosion in salt than

was observed in the SALMON nuclear event.
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INTRODUCTION

The seismic response from an underground explosion can be calculated once the am-

plitude of the outgoing stress wave has attenuated to the level at which linear analysis

methods can be used. According to tb*; theory of Latter, Martinelli and Teller [1959],

the teleseismic amplitude is simply proportional to the asymptotic value of the re-

duced displacement potential (̂ >oo) or, in physical terms, to the permanent change in

volume measured anywhere beyond the range at which the outgoing wave has become

elastic. To first approximation, the calculation of 0oo is simply a matter of solving the

quasi-static equations of mechanical equilibrium together with appropriate equations

of state for the rock and explosive, a yield model for the plastic zone, and boundary

conditions that specify continuity of stress and displacement at the interfaces. This

was first accomplished by Haskell [1961] and the results were compared with limited

experimental data from small chemical explosions in salt and a 1.7 kt nuclear explo-

sion in tuff (RAINIER). Haskell assumed an adiabatic explosion of a 7-law gas and a

Mohr-Coulomb yield model in the adjacent (linear elastic) rock. An analytic solution

was obtained with these assumptions.

A most interesting characteristic of the solution is that (f>oo/W is not a monotonic

function of the initial energy density or its inverse-cube-root equivalent, the scaled

initial cavity radius TQW~1IZ (where W is the explosive yield). Haskell found that,

for RAINIER tuff, tfr^/W was 2 - 3 times larger at r0W-^3 = 15 m/kt1 / 3 than at

2 m/kt1/3 and that full decoupling was only achieved beyond about 35 m/kt1/3.

Glenn [1992] elaborated on Haskell's solution and showed that as the source-energy

density grows arbitrarily large an exact, power-law relationship exists between cf>oo/W

and roW"1/3, with the exponent dependent only on the ratio of specific heats, 7, of the

explosion products. It was also shown that the same result obtains when dynamics

is taken into account. An amusing consequence of this result is that a point-source

explosion in an elastic, perfectly plastic medium would generate no seismic signal at

all! The explanation is as follows. For sufficiently high initial source-energy density,

and ignoring for the moment radiation transport effects, virtually all of the explosive

energy is delivered to the adjacent rock via mechanical work, i.e., W « JpdV, where

p is the source pressure and V is the volume. Now, for fixed W, as r$ —> 0, the initial

pressure increases without bound, hence the volume change required to perform finite
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work on the cavity walls vanishes. In this limit, the energy is delivered isochorically to

the rock. This energy must then be entirely in thermal form since there has been no

compression. But the unique characteristic of a Hooke's Law medium is that thermal

energy has no effect on the pressure, which is determined solely by the compression.

Of course, real materials do not behave in this fashion. In more realistic models the

Griineisen parameter (the ratio of the thermal pressure to the thermal energy in the

lattice) is positive so that energy deposited in the rock will generate pressure even

if there is no compression. This pressure will need to be released before the system

can attain mechanical equilibrium and the only way this can be accomplished is for

the rock to expand and in effect create a cavity. Nevertheless, there is a range of

TQW~1^ in which the thermal pressure increases much more slowly than does the

thermal energy and, in this range, effective decoupling can occur. In what follows, we

describe a series of (finite-difference) calculations in which nuclear explosions in salt

were simulated and in which the initial energy density was varied over many orders

of magnitude. Similar calculations were carried out with chemical explosives and the

seismic amplitudes were contrasted. The results indicate that <f><x/W could be as

much as 50% higher from a tamped chemical explosion (in salt) than was observed in

the SALMON nuclear event, with which our calculations are in excellent agreement.

EXPLOSIONS IN SALT

The pressure in the rock surrounding an explosion cavity may be expressed as the

sum of two parts, an elastic component, pei, and a thermal component, pth- Similarly,

the specific internal energy can be represented as e = eei + eth, where the latter

term includes thermal motion of the atoms (nuclei) and the thermal excitation of

the electrons. At large TQW~1I*, both etk and pth are negligible, and there is a one-

to-one relationship between the total pressure and the strain energy. Conventional

decoupling occurs when the cavity pressure is small in comparison with the elastic

moduli. At the other extreme of very small TQW~1^, eei and pei are negligible and

the total pressure depends strictly on the thermal energy. At intermediate values of

TQW~1^, however, neither pressure component can be ignored, and decoupling can

again occur. This happens because the thermal component of the energy increases
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faster than the thermal component of the pressure, so that p is still dominated by pei

while a significant fraction of e derives from etk-

Figure 1 plots the ratio of the thermal component- to the total pressure as a func-

tion of the equivalent specific energy ratio, along the shock Hugoniot, for salt. The

data derive from the QEOS code (More et al. [1988]), which makes use of Thomas-

Fermi physics for the cold compression and for thermal electronic excitations. In

addition, QEOS adds nuclear motion and thermal bonding terms with adjustable

coefficients so that accurate fits to real material properties may be obtained. Each

point on the curve in the figure corresponds to a unique (shock) pressure that can be

equated to the instantaneous cavity pressure, p = 3(7 — l)W/4irrQt so that, except

for (small) variations in 7, an unambiguous mapping to TQW~1^ is possible. This

mapping is shown on figure 1, but is illustrated more clearly in figure 2 where eth/e

and ptk/p are each plotted separately against TQW~1^. It is observed that in the

range 0.1 < roW"1/3 < 3 m/kt1/3, the thermal energy is increasing much faster than

the thermal pressure- This means that, in this range, energy can be delivered by

the explosion products to the cavity wall without a proportional increase in pressure,

thereby effecting a measure of decoupling.

Figure 3 shows the results of radiation-coupled hydrodynamic calculations carried

out over the range 0.02 < r o ^" 1 / 3 < 24 m/kt1/3 with the (QEOS) multi-phase tab-

ular equation of state for salt and an appropriate strain hardening model for the

yield strength {Glenn [1990]). The horizontal dashed line represents the measured

seismic amplitude from the SALMON event {Denny and Goodman [1990]). The cal-

culations are in excellent agreement with the SALMON datum, and also with that

of the STERLING event, which was executed more than two years later inside the

SALMON cavity (Note that the curve in figure 3 was computed assuming no air ini-

tially in the cavity; for STERLING, where the air mass was roughly 27 metric tons

and dwarfed the device mass, the air had to be included to account for the experi-

mentally observed amplitude). It is seen in figure 3 that the peak amplitude occurs

at raW~llz « 3 m/kt1/3 and that the amplitude decreases by roughly 50% with de-

creasing roW"1/3 until roughly 0.1 in/kt1/3; <j>oo/W is unchanged for still lower values

of roW"1/3. This range corresponds exactly with the decoupling range identified in

figure 2. Note that the decoupling that occurs for r0W~1/3 > 3 m/kt1/3 (in which
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both the thermal energy and pressure are insignificant) occurs because the total cav-

ity pressure is simply not high enough to deliver all of the energy in the cavity to the

surrounding rock.

Tamped chemical and nuclear explosions differ principally in that the energy density

of the latter can be varied over several orders of magnitude whereas the value for

chemical explosives is fixed. The curve shown in figure 3 is replotted in figure 4,

with linear, rather than logarithmic, axes. Also shown in figure 4 are the results

of simulations of tamped explosions of TNT (roW'1^ = 5.22 m/kt1/3) and peUetol

(a low density pelletized form of TNT, with rQW~llz = 6.36 m/kt1 '3), as well as

several TNT explosions in which the charge was surrounded by air. At an abscissa

value of 5.22 m/kt1/3, <f>oo/W from the curve labeled 'nuclear source' would be about

555 m3/kt, compared with 415 m3/kt for SALMON. The fully tamped TNT calcu-

lation, however, produced the still higher value of 645 m3/kt. The reason for the

increased amplitude is the value of 7 in the explosion cavity. For the SALMON

event, roW~1//3 was roughly 0.23 m/kt1>/3 (based on the cavity volume) and the initial

temperature in the cavity was in excess of 107 °K; after the cavity was expanded to

its full size, the average value of 7 was approximately 1.19. For the TNT explosion,

the initial temperature in the cavity was three orders of magnitude lower and the final

value of 7 was 1.3. Since the cavity pressure is proportional to (7 — 1), it was roughly

60% higher for the chemical explosion and this higher pressure caused the increased

value of <t>oo/W.

CONCLUSIONS

Chemical and nuclear explosives are fundamentally different in two ways: the energy

density is initially much higher in the latter and, due to thermodynamic source char-

actersitics, the pressure (at the same energy density) is significantly higher in the

former. Calculations of explosions in salt indicate that the asymptotic value of the

reduced displacement potential is more than 50% higher for a tamped TNT explosion

than was observed in the SALMON event (a tamped nuclear explosion in the Tatum

salt dome). The use of a lower energy chemical explosive (like pelletol) would re-

duce the difference somewhat but, to obtain equal amplitudes, the chemical explosion
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would have to be carried out in a slightly untamped configuration, i.e., in a cavity

roughly twice as large as the charge. Although other factors, such as charge shape

and differences in overburden may also influence the comparison, these conclusions

have clear implications to calibration and evasion issues.
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Sandia National Laboratories, PO Box 5800
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Introduction

Today's rapidly changing geo-political climate presents opportunities and challenges
to the Arms Control/Proliferation Monitoring Community. This paper will discuss the
ramifications of these changes from the perspective of underground test monitoring. As
part of this discussion, Sandia's relevant seismic verification activities will be reviewed.

Geo-Political Context

The collapse of the Soviet Union has lessened the east-west superpower conflict, but
at the same time, it has provided new paths for the proliferation of nuclear weapons and
nuclear weapons technologies and has potentially reduced some of the forces acting to
stabilize brewing regional conflicts. This, coupled with recent revelations about the state of
nuclear weapons programs in countries associated with these regional conflicts, has
heightened the need for effective measures for detecting and deterring nuclear
proliferation. Meeting this challenge will require a combination of technological advances
and cooperative international policy actions.

Underground Test Monitoring

The emphasis of the underground test monitoring community in recent years has
been on verifying compliance with the bilateral Threshold Test Ban Treaty (150kt yield
limitation). While this requirement has not gone away, it is clear that the emphasis in
coming years will shift in the direction of ensuring an effective world-wide underground test
detection capability. The resultant need for improved geographic coverage and lower
detection, location, and identification thresholds will challenge the existing assets. The
combination of lower thresholds and increased geographic coverage requirements will
dramatically increase the number of non-nuclear events with which the monitoring
system(s) will have to deal (primarily earthquakes and chemical explosions). This implies a
need for significant improvements in our ability to cost-effectively collect, assimilate, and
process large volumes of geographically distributed data in near real time. This, in turn,
will require improvements in high-reliability, low-cost seismic and data communications
instrumentation and automated discrimination techniques.
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Concept for an International Non-Proliferation Seismic System

One way of meeting the future underground test monitoring needs (Fig. 1) is
through the use of a multi-tiered system (Fig. 2); consisting of 1) national technical means
(NTM); 2) an internationally-sanctioned "backbone" seismic network; 3) augmented data
from "on-request" third party sources (e.g., scientific networks); and 4) provisions
(technology and policy) under which ambiguous events can be resolved through on-site
inspection. In the case of the US, our NTM will continue to be the critical part of this
equation, but the combination of increasingly demanding requirements and declining
budgets will likely require new approaches such as the use of "on-request" third party
sources. An internationally-sanctioned system is needed to satisfy the concerns of countries
who are unable to field a credible NTM system of their own, and who might be reluctant to
rely solely on the NTM of other countries.

Overview of Sandia's Seismic Verification Program

The emphasis of Sandia's seismic verification program, summarized in Figs. 3-9, has
been the development of "verification-quality" seismic instrumentation and the associated
data communications and processing hardware and software. The core of the program is
our DOE-funded seismic instrumentation research and development, under which we:
1) anticipate future needs and requirements; 2) assess existing capabilities; 3) conduct
advanced research and development of seismic instrumentation components and systems;
and 4) demonstrate system viability through proof-of-concept prototype development. The
resultant technology and knowledge are then applied to meet the needs of the operational
seismic monitoring community through programs executed under external (non-DOE)
sponsorship.
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Seismic Monitoring Needs in the Proliferation Environment

• Global Coverage
- "Backbone" Augmented with Spot Coverage of

Selected Areas

Timely Availability of Location of Suspected Events
- Supports Collection of Corroborating Data
- Requires High-Quality Data and Significant Processing

Capability (Detect, Locate, Discriminate)

Calibrated, Verifiable Data

Internationally Sanctioned, Sharable Data
Figure 1
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Concept for International Non-Proliferation Seismic System

Concept:

Three Tiers:
I) NTM

II) "Backbone" of Internationally-Sanctioned Verification Quality
Stations in Interested Host Countries

III) Augmented with "On-Request" Data From Unvalidated Sources

Central Processing Facility for International Collectors, Sharable Results

Benefits of International System:

• Confidence Building Measure (Show of Good Faith)
• Participants Become Part of Monitoring Community

(Neighborhood Watch)
• Reduces Motivation to Proliferate

Figure 2
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Sandia Seismic Verification Program Overview

• Instrumentation for Data
Acquisition and Processing

• Since Early 60's

• Joint DOE/DoD
-R&DfDOE. DoD)
-Prototyping (DOE/DoD)
-Operational System

Implementation (DoD)

FY92 Funding (%)

DoD 50

DOE 30

USGS 20

Figure 3
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Seismic Monitoring of Underground Nuclear Tests

High Reliability Instrumentation

Desl{na:ed Seismic Station (DSS)

Bon HoleSjHtrHBSSl

System Integration & Test

Data Systems Technology Figure 4
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SNL Seismic Verification Program
Accomplishments
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Sponsor

DOE

DOE/DARPA

DARPA
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Global Telemetered Seismic
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03/10/92 Figure 5
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Designated Seismic Station (DSS)

Bore Hole System (BSS)
Downhole Seismometer Package

Vault System (VSS)

Figure 7
Data Display/Recording (DRB)
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ADSN

Objective

Collect, Display, and Process Data From USAEDS Seismic
and Hydro-Acoustic Networks

Strategy

Modern Open Architecture, Hardware, and Software

• Incorporate DARPA/SAIC Developed IMS Software

Evolutionary Build
Reduce Risk
Improve User/Developer Feedback
Manage Performance, Cost, Schedule Trades From Position
of Knowledge

LSW:9230 Figure 8
n/oi/91
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GTSN

AFTAC/USGS Program to Extend Coverage to
Southern Hemisphere

AFTAC -- Sponsor, Project Direction

USGS/(ASL) -- Project Management, Host
Country Interface, Deployment,
Maintenance

SNL -- System Integration and Test,
Communication System, ADSN
Interface

LSW:923O Figure 9
11/01/91
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ABSTRACT

Seismic discrimination and yield-estimation studies have demonstrated the

importance of explosion-source region phenomenology to the monitoring of nuclear test

ban treaties. In this paper, we examine source-region factors that control spectral ratio

discrimination of NTS nuclear explosions and western U.S. earthquakes. We discuss how

near-source geology controls the shape of the spectral-ratio curve for explosions. An

explosion-source model derived by Denny and Johnson (1991) is used to fit the spectral-

ratio data and illustrates the dependence of the pressure-time history acting at the elastic

radius on the physical state of the materials on the near-source region.

We then summarize two detailed studies of a missed violation (a nuclear explosion

that looks like an earthquake) and a false alarm (a naturally occurring event that looks like a

nuclear explosion). In both cases, source-region effects could be modeled that resulted in

the radiation of anomalous seismic spectrum. These studies underscore the importance that

an improved understanding of source-region phenomenology has on predicting monitoring

capabilities in widely different geologic environments, assessing opportunities for evasion,

and for the resolution of false alarms.

INTRODUCTION

Seismic discrimination and yield estimation studies have illustrated the importance

of near-source effects on radiated seismic signals. Much of the recent work in the western

U.S. has been performed using broad-band seismic data from the four-station network

operated by Lawrence Livermore National Laboratory (c/ Taylor et al., 1989). Recent

studies have involved the analysis of "outliers"; i.e. disturbances that were difficult to

correctly identify. From these studies, it has become apparent that source-region effects (as

opposed to propagation effects) could explain the anomalies. It is important to analyze
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these anomalous events because they lead to an improved understanding of the effects that

source-region phenomenology has on test ban treaty monitoring.

In this paper, we first briefly discuss factors affecting explosion-source spectra

from NTS explosions. Then we analyze examples of two outliers: a missed violation

(QUESO) and a false alarm occurring on May 14,1981 (MAY1481).

SOURCE REGION EFFECTS ON SPECTRAL RATIO DISCRIMINATION

Figure 1 shows a spectral ratio discriminant from a set of NTS explosions and

western U.S. earthquakes recorded on the LLNL broad band seismic network. Details of

the discriminant are given in Taylor et al., (1988). The spectral ratios were calculated for

the Lg phase by taking the spectral amplitude in the 1 to 2 and the 6 to 8 Hz frequency

bands and plotting versus /n& after making a propagation correction. This discriminant

appeared to have the best performance at low magnitudes of a large number tested (Taylor

et al., 1989). However, a number of questions regarding the performance of the

discriminant remained. First, although good separation was observed between the

earthquakes and explosions (particularly at small magnitude), a few outliers were observed.

Additionally, the explosion spectral ratio shows a curious trend in which an increase is

observed up to about magnitude 4.5 at which point it appears to drop and merge with the

earthquake population.

The trend in the spectral ratio data was investigated by Taylor and Denny (1991).

Using the explosion-source model of Denny and Johnson (1991), it was found that by

changing the shape of the explosion reduced velocity potential (RVP) systematically as a

function of depth at NTS, the trends could be matched (Figure 1). The model suggested

that for shallow-depth explosions (above the water table), the spectral rolloff is or3. At

greater depths (in higher strength, saturated rocks) the spectral rolloff evolves to or2. This

accounts for the trends seen in the spectral ratio data. At small magnitudes, corresponding

to small, shallow-buried explosions, the or3 model predicts a deficiency of high

frequencies and a high spectral ratio. Thus, good separation is observed from the

earthquakes, which are characterized by a dislocation source model with a or2 high

frequency decay. At greater magnitudes, corresponding to larger explosions detonated at

greater burial depths, more high frequencies are radiated and a decrease in the spectral ratio

is observed.

Physically, such changes in spectral character are controlled by shock-wave

interactions with the material in the near-source region. The key feature is the shape of the

pressure-time history acting at the elastic radius. For explosions detonated in weak, porous
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rock, the radiated shock wave divides into a two-wave system consisting of an elastic

precursor followed by a plastic wave. The generation of this two-wave system introduces

a rise time into the pressure-time history. In the frequency domain, a second corner

frequency is established in a third-order model, with an or3 high-frequency decay, whose

value is inversely proportional to the time separation of the two waves. In higher-strength,
saturated rocks, (or for over-buried explosions) the effective rise time is short and a
second-order model is appropriate, with an or2 high-frequency decay.

An example of a missed violation is given by the NTS explosion QUESO (Figure

1). The signals from QUESO were compared to those from PERA, a nearby "normal"

explosion of similar size detonated in similar geology (Taylor et al., 1991). Although the

two explosions were of similar size, burial depth, and only separated by 4 km, the 1-2 to 6-

8 Hz regional-wave spectral ratio for QUESO is anomalously low (a factor of 10 smaller

than that of PERA). Examination of the regional and close-in spectra for each event shows

a remarkable similarity (Figure 2) and suggests that QUESO has less low-frequency and

more high-frequency energy than PERA. These observations may be caused by a 564 m3,

funnel-shaped region filled with unconsolidated sand and a possible void directly above the

QUESO detonation point (Figure 3). Close-in observations suggest that this region may

have partially decoupled the upgoing energy from QUESO, resulting in a reduction of the

low-frequency energy. The high-frequency enhancement for QUESO may be due to the

rapid loss of energy to nonlinear effects such as greater pore collapse and fracturing in the

anomalous region. This resulted in the radiation of more impulsive, shorter-duration

waveforms producing a higher corner frequency and less-rapid high-frequency spectral

decay for QUESO. For PERA, the loss of energy to a two-wave system occurred more

slowly and over a larger volume resulting in a broader source pulse typical of explosions in

porous materials. Shock radius versus time data suggest that the shock wave was strongly

affected in the anomalous zone a few meters above the QUESO device.

One-dimensional finite-difference calculations with and without a partial decoupling

region within 8 meters of the device are consistent with the observations. Although

spallation was reduced for QUESO, simulations using a finite spril model indicate that the

spall spectral peak should be centered at about 3 to 7 Hz and probably did not significantly

contribute to the reduced spectral ratio. The remarkable similarity of the PERA/QUESO

spectral ratios taken at distances of 90 m and 400 km (Figure 2) suggests that the spectral

characteristics of explosions are established in close proximity to the source. Although

depth-dependent effects of attenuation acting at small strains may enhance i;? Jifferences in

spectral ratios between NTS explosions and western U.S. earthquakes, these effects are

probably secondary to the high-pressure, high strain-rate dynamic material response to the
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radiated explosion shock wave. These observations point out the importance of upgoing

energy on the generation of regional phases from explosions. Because of reduced

overburden pressures above the detonation point, large, nonlinear deformations

predominate in this region and appear to affect all of the signals except perhaps the very

initial part of the Pn waveform. Additionally, this study points out the large effect that

emplacement conditions (something that can be controlled by a potential evader) have on

radiated verification signals.

The next misclassified event shown on Figure 1 is labeled MAY 1481. This was a

naturally occurring event that plotted with the explosion population. As part of a large

discrimination study in the western U.S. (Taylor et ai, 1989), we had one earthquake that

was consistently classified as an explosion. The magnitude 3.5 disturbance occurred on

May 14, 1981 and was conspicuous for its lack of Love waves, relative lack of high-

frequency energy, low Lg/Pg ratio, and high m& - Ms. Additionally, a moment-tensor

solution by Patton and Zandt (1991) indicated the event had a large implosional component.

The event occurred in the Gentry Mountain coal mining region in the eastern Wasatch

Plateau, Utah. Previous micro-earthquake studies in the region have demonstrated the

existence of numerous small implosional events associated with the mining activities (cf.

Wong etai, 1989).

Mining regions are a cause of concern for monitoring of nuclear test ban treaties

because they present the opportunity for clandestine nuclear tests (i.e. decoupled

explosions). Mining operations can provide a cover for excava'Jig voids for decoupling.

Chemical explosions, seemingly as part of normal mining activities, can be used to

complicate the signals from a simultaneous decoupled nuclear explosion. Thus, most

concern about mines has dealt with the issue of missed violations to a test ban treaty. In

this case, we raise the diplomatic concern of false alarms associated with mining activities.

Numerous reports and papers have been published about anomalous seismicity associated

with mining activities. Naturally occurring events may be recorded that could be

mistakenly identified as a nuclear test This could lead to false accusations of a nuclear test

and increased tensions between neighboring proliferant nations.

From Figure 4, it is seen that the event is more comparable in appearance (at the

broad band station KNB) to the ATRISCO collapse at NTS than to another double-couple

event near the mining region. We are attempting to model the event as a shear-induced

implosion. Using the source mechanism from the earthquake shown on the top of Figure 4

(from Patton and Zandt, 1991), we were able to calibrate the path from the source region to

the broadband station KNB. Preliminary results are shown in Figure 5 showing data and a

calculation simulating a room collapse, represented by an inward directed Mu at mine level.
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The comparison between the data and the calculation is quite good. It should be noted that

the mine was contacted and a large room collapse did occur on May 14,1981. Because of

the availability of good broadband data 300 km from the source region, and adequate

calibration data from nearby earthquakes and NTS events, we were able to determine the

cause of the anomalous event. However, in a poorly-calibrated region with inadequate

seismic coverage, the resolution of the cause of the event would have been difficult

In summary, discrimination and yield estimation studies have highlighted the

importance of source-region effects on radiated verification signals. Source-region effects

can account for both missed violations and false alarms. These effects need to be better

understood in order to predict our monitoring capabilities in different geophysical

environments. This is not to say that propagation effects are unimportant. In a well-

calibrated region, propagation effects are of secondary importance. However, in the

context of nuclear testing in a nonproliferation environment, propagation effects take on a

renewed importance.
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(1988) for details]. Curve labeled SIGMA 25 is from a Brune dislocation
source model, NTS W2 is an or2 model, and NTS W3 W2 is a third-order
explosion source model with a variable rise time (see Taylor and Denny, 1991
for details). Events discussed in text are highlighted
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Figure 2. Lg displacement spectra at LLNL station ELK (distance ~ 400 km) for PERA
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Figure 4. Samples of four different seismic events recorded at the LLNL broadband
seismic station at Kanab, UT (KNB). The top event (52480) is an earthquake
occurring in central Utah. Event 51481 is the anomalous event (MAY1481)
occurring in the Gentry Mountain mining region of central Utah. The bottom
two seismograms are from the ATRISCO collapse and the nuclear explosion
PERA, both from NTS. The distances arc indicated for each seismograin.
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Figure 5 Observed and calculated seismograms for the MAY 1481 Gentry Mountain
mining event The top two traces are the observed and calculated broadband
records. The calculation was done for an inward-directed Mzz dipole acting at
mine level representing a room collapse. The bottom two traces are the same,
but low-pass filtered at 0.1 Hz.
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Introduction

We need to further develop our capability to carry out on-site inspections (OSIs) of suspect

nuclear test sites. This paper discusses how an OSI verifying party could perform geophysical

measurements at a suspect site in an effort to find evidence of the residual effects from an

underground nuclear explosion and thereby determine whether or not a clandestine nuclear test

has occurred.

On-Site Inspections

Qn-site inspections of suspect nuclear test sites were first discussed in 1958 at the Geneva

Conference, and were later discussed in more detail in the late 1970s, during negotiations for the

U.S./Soviet/British Comprehensive Test Ban (CTB). During these discussions, the negotiators

envisioned mat an OSI would be carried out following an indication via remote means that a test

had possibly occurred. Once on site, the verifying party would have the right to perform

measurements to determine if an underground nuclear test had indeed occurred. The CTB

negotiations were never completed, and OSIs were never carried out. Interest in OSIs of suspect

nuclear test sites decreased in the 1980s, while the new protocols for the Threshold Test Ban

Treaty and the Peaceful Nuclear Explosions Treaty were being negotiated. However, interest in

87



OSIs has recently increased due to the collapse of the former Soviet Union and the concomitant

concern with nuclear nonproliferation and to the Clinton administration's declared interest in

seeking a CTB.

In addition to their application toward monitoring a CTB, OSIs could be carried out at a

suspect test site in a signatory country of the Non-Proliferation Treaty. On-site inspections at

suspect nuclear test sites were not envisioned per se in the Non-Proliferation Treaty, but the

special inspections * clause of the treaty allows for on-site inspections not covered under the normal

provisions of the treaty.

On-site inspections can also contribute to building regional confidence. Worldwide seismic

monitoring systems will a'ways detect some events that cannot be identified as having a source

other than an underground nuclear explosion. Before regional tensions escalate in response to

these observations, it is in the interest of the U.S., and the world, to deploy an inspection team to

the suspect site to determine whether or not a nuclear explosion has occurred.

On-Site Inspection Scenario

Figure 1 shows a theoretical example of a sequence of events that could invoke an 051. This

scenario begins with a shallow seismic event near the border of India and Pakistan—two

countries known to be interested in developing a nuclear weapons capability (Fig. la). If the

event cannot be clearly identified as an earthquake, regional and global authorities will begin to

take note. If the source of the event cannot be determined after further study of data available

from remote monitoring systems, an alarm might be raised causing an increase in tension of

international relations. At this time, either an international agency (e.g., the United Nations or the

International Atomic Energy Agency) or the regional authorities can request an OSI of the

area. The international agency or a neutral third party can carry out the OSI. In both

*See article 71 of the Agreement between the United States of America and the International Atomic
Energy Agency for the Application of Safeguards in the United States. This document is a subsidiary
agreement to the Treaty on the Non-Proliferation of Nuclear Weapons, which is negotiated separately
with each signing country, but is substantially the same for each country.
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cases, procedures and equipment with demonstrated capability for resolving such events will be

needed.

Choosing the correct site for inspection is the next step and a critical element of the seeoario.

Typically, global seismic networks can determine the location of an event within a 300-1,000 knv*

area, depending on the event's magnitude and the local network coverage. Overhead images

taken from a satellite or a specially fitted airplane can reduce the number of targets within the

error ellipse, which is too large to be searched thoroughly during an OSI (Fig. lb)

Once the search region is narrowed down, a ground crew can take over and perform

measurements to determine whether or not a nuclear explosion has occurred (Fig. lc).

Nuclear Explosion Phenomena

Figure 2 shows the phenomena that occur when a nuclear explosive is detonated under-

ground. Some of the energy from the device is radiated away as electromagnetic energy or an

electromagnetic pulse, or as nuclear radiation (e.g., neutrons). Most of the energy, however, is

absorbed into the ground as shock waves and heat. The shock waves travel radially outward

from the explosion. As they propagate, the shock waves crush the rock and alter its physical

properties. The intense heat vaporizes and melts the rock immediately surrounding the device,

forming a cavity. The cavity roof usually collapses, resulting in an upward extension of the cavity

and the formation of a rubble zone with an apical void.

Figure 3 shows a cross section of the earth surrounding the site of a typical nuclear explosion.

The residual cavity consists of the rubble zone, the melt puddle below the rubble zone, and the

apical void. The rock surrounding the rubble zone is cracked and fractured. The groundwater is

initially driven away from the explosion region by the heat and shock waves. Eventually, the

groundwater flows back into the rubble zone. Aftershocks occur when the rubble zone extends

toward the surface causing the surrounding stress field to re-equilibrate. If the rubble zone

reaches the surface, a subsidence crater is formed. Deeply burying a device will usually prevent

the rubble zone from reaching the surface and forming a crater. Severe shaking of the ground



above the explosion may leave cracks on the surface and change its optical properties. Artifacts,

such as an emplacement pipe or arming and firing cables, might be visible at the surface.

Eventually, radioactive products from the explosion diffuse away from the working point. The

radius of a cavity of interest to OSI teams is about 30 m.

Geophysical Measurement Techniques

Evidence of the residual effects from an underground nuclear explosion can be found using

geophysical measurement techniques. However, with the exception of residual radioactivity, no

single measurement can provide conclusive evidence of an underground nuclear test The

following briefly describes some of the geophysical measurement techniques that can be used

di'ring an OSI. The geologic and logistical conditions at each OSI site will determine which of

these techniques has the highest probability of providing evidence.

Radioactive Gas Sniffing

An underground nuclear explosion releases radionuclides into the environment. These

radionudides are men transported away from their source region by gaseous diffusion and water

pathways. To measure radionuclides in the area surrounding a suspect nuclear test site, water

samples can be collected from nearby streams or wells. Gas samples can be collected by

spreading tarps out on the ground surface and then drawing the gas that accumulates under the

tarps into sample bottles. If conditions permit, probes can be driven into the ground to collect gas

samples from a few feet below the surface. These samples should be taken during low

atmospheric pressure conditions to stimulate the flow of gas from the ground. If present, natural

fractures and faults will speed radionuclide transport. The presence of reaction products with

half-lives of weeks in the environment is conclusive proof of a nearby recent nuclear explosion.

The presence of reaction products that are much longer-lived must be measured at significant

levels above background to provide conclusive proof.
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Aftershock Monitoring

Aftershocks occur for several months after an earthquake or an underground nuclear

explosion. After two weeks, the typical aftershock production rate from a nuclear test is about

2 events per day in alluvium and 20 events per day in hard rock. Aftershocks are a good indicator

of event type, and their location can be used to focus other OSI efforts. Aftershocks from nuclear

tests tend to have a roughly spherical distribution around the working point, whereas aftershocks

from earthquakes tend to have a planar distribution and to extend to much greater depths. Some

nuclear tests can result in movement along local faults (tectonic release), which can cause the

seismic source to take on some characteristics of an earthquake. In this case, the aftershock zone

would have both a spherical and planar distribution.

Seismic Imaging

After a nuclear test, the physical properties of the remaining cavity and rulble zone contrast

sharply with those of the surrounding undisturbed rock. For example, the seismic velocity tends

to be lower and the attenuation tends to be higher in the rubble zone. These differences could be

detected from the surface using portable seismic sources and receivers, if seismic wave

propagation conditions are favorable (i.e., the medium is relatively homogeneous and

nonattenuative). The change in physical properties in the rubble zone tends to delay seismic

waves and act as a filter to remove high frequencies. The air-rock interface at the top of the apical

void is a strong reflector of seismic energy and can be imaged from the surface.

Self-Potential Monitoring

Self-potential fields are voltage differences measured on the surface of the earth. Self-

potential measurements have primarily been used to prospect for sulfide ores and geothermal

fields. In the case of geothermal fields, the movement of hot fluids under the surface is believed to

cause die observed potential differences at the surface. A similar movement of the groundwater

occurs around a nuclear explosion's rubble zone. Previous studies of self-potential anomalies
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surrounding explosions at the Nevada Test Site (NTS) failed to find consistent or predictable

anomalies. In a recent study, however, McKague et al. (1992) reinterpreted the results from these

studies and determined some experimental flaws. They collected new data and found consistent

anomalies associated with NTS events.

Electromagnetic Imaging

Active electromagnetic imaging techniques, which require the use of portable-current or

magnetic-field sources, can be used to map underground electrical properties at a suspect nuclear

test site. Metallic artifacts left underground after a nuclear test would be readily identifiable using

electromagnetic imaging because the resistivity of the artifacts would be much lower man the

resistivity of the surrounding geologic media. Artifacts may include an emplacement pipe used to

keep the hole open and cables used to carry diagnostic information away from the device. In

contrast, the resistivity of the rubble zone should be higher than the surrounding geologic

medium.

Overhead Imaging

Images taken from a satellite or airplane can be used to locate the actual site of a nuclear test

or to choose likely OSI targets within the error ellipse of a remote detection system. Visible-light

images would reveal evidence of surface artifacts such as roads, tailings, and cables.

Multispectral images would reveal patches of ground that have been disturbed as a result of

spallation or violent shaking from the interaction between the shock wave and the earth's surface.

Evading Detection

On-site inspection programs will need procedures for working in environments that pose

evasion opportunities. If a country wants their nuclear weapons program kept secret, they most

likely will try to hide evidence of testing to evade detection. A determined evader will probably

try to hide a testing operation within an ongoing legitimate operation, such as an oil or

geothermal field, a mining complex, or a quarry. An oil or geothermal field can provide a cover
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for drilling activities. In an area of active mining, existing tunnels can completely hide the test

operation, and seismic events can be explained as rock bursts or mining explosions. Quarries

pose particularly difficult problems to the verifying party. First, the frequent explosions that

occur at quarries can mask a clandestine nuclear explosion. Second, the earth-moving activities

associated with quarries can mask the drilling, tunneling, or tailings associated with nuclear test

operations. A possible way to mitigate some of the evasion threat from quarries is to perform on-

site measurements during declared large explosions. A country could invite in a verifying party

to perfcrm these measurements as a confidence building measure, or a treaty provision could be

written to provide for on-site explosion monitoring at a limited number of quarries. Possible

verification technologies for on-site explosion monitoring include aftershock and electromagnetic

pulse monitoring.

Decision Making

The number of OSIs carried out under a treaty will be limited by the personnel and

equipment available to the verifying party, and, most likely, by the agreement itself. Therefore,

the decision to deploy an OSI team needs to be made carefully. It is necessary to determine

beforehand what constitutes a sufficient basis for deployment. While in the field, the team leader

needs to know what measurements are critical given the site conditions and time constraints.

Finally, the uncertainties and interrelationships of all the measurement techniques need to be

understood so that a compliance decision can be made with confidence. Decision science could

provide a structured approach to making these decisions and should be an integral part of any

OSI program.

Today's modern communication technology makes it possible to be in real-time

communication with field crews in remote areas. State-of-the-art communication systems, which

can simultaneously broadcast audio, video, and data, enable experts at the central office to assist

the field crews in interpreting data and making decisions. For example, during the recent

inspections of Iraq by the Intenvational Atomic Energy Agency, field crews used satellite
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telephones to remain in constant communication with technical and policy experts in the home

office.

Conclusions

On-site inspections of suspect nuclear test sites can be an important part of both a CTB and a

nonproliferation regime. We now need to develop the capability to carry out these inspections.

Although research was conducted in the 1960s and 1970s, further research that applies recent

technological advances is needed to understand the response of potential measurement

techniques to the various environments in which clandestine nuclear explosions are likely to

occur. The U.S. Department of Energy (DOE) is in an excellent position to cany out this work.

The DOE has been the agency responsible for the U.S. nuclear test program and has extensive

knowledge of nuclear explosion phenomenology.

Reference
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Figure 1. Theoretical on-site inspection scenario, (a) An unidentified event occurs on the
border of India and Pakistan, (b) Overhead imagery reduces the number of targets for an
on-site inspection within the remote monitoring error ellipse, (c) Ground measurements
determine the nature of the unidentified event
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Figure 3. A cross section of the earth's underground structure after a nuclear detonation (based
on the explosion PILEDRJVER that occurred in granite at the Nevada Test Site). In this
example, the nuclear device is buried deep enough so that the rubble column does not extend
to the surface and form a subsidence crater. The actual structure left underground after an
arbitrary explosion will depend on the emplacement material properties, the depth of burial,
and the yield of the device.
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introduction

Over the last several years, as part of Los Alamos verification
activity, low frequency acoustics measurements have been made of
underground nuclear tests (UGTs). The measurements have been
made with arrays at St. George, Utah, and Los Alamos, New Mexico;
both arrays operate continuously, and many earthquakes (EQs) have
been recorded as well. The general frequency range is 0.1 to 10 Hz,
in the infrasonic domain. In this domain the atmospheric signals are
still longitudinal pressure waves. Propagation for frequencies
around 1 hz is excellent with little excess attenuation over simple
geometric spreading. Measured peak to peak pressure levels range
from 0.1 to 60 jibars, where one bar is normal atmospheric pressure.

We employ standard array processing techniques
(beamforming) to derive the usual outputs of correlation coefficient,
trace velocity, duration, power spectrum, and azimuth for sequential
windows of data. Undesired signals can be subtracted from the
beam, and frequency filtering can be used to improve signal to noise
in deshed passbands.

Propagation of Signals

Figure 1 (top) shows the ambient temperature and sound speed
in the atmosphere as functions of altitude. For an atmosphere with
no winds, the sound speed does not exceed its surface value for
altitudes less than about 120 km. Thus for sources on the ground,
acoustic energy will not be totally refracted below this altitude.
Winds at 50 km altitude can be large as shown in Fig. 1 (bottom)
which shows the zonal wind as a function of time of year (months).
These winds provide a duct at 40 to 50 km for propagation in the
east in winter and west in summer. This seasonal variation in the
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upper atmospheric wind has a pronounced effect on received signal
amplitudes as illustrated in Fig. 2. In this diagram, acoustic ray
paths (range and height) are plotted for a source at 0 km. Ray paths
are shown east and west of the source for a typical mid-winter zonal
wind. It is clear from the ray density on the ground that amplitudes
to the east will be larger than to the west for these conditions. We
have derived a normalization procedure which allows measurements
from different times of the year to be plotted on the same scale,
Mutschlecner and Whitaker (1990). This is generally termed the
seasonal correction factor, and acoustic pressure amplitudes are
labeled raw or wind corrected as appropriate-

Thus in this work, we are concerned with acoustic wave
propagation in a moving medium with speeds that are a significant
fraction of the sound speed. Observation distances range (for the
data here) from 200 to 2500 km, with signal energy reaching
altitudes up to 100 km or higher.

UGTs and EQs

For both UGTs and EQs the source of the atmospheric signal is
the surface ground motion above the energy release. The presence
of spall in the UGT ground motion is a significant difference
compared to EQ ground motion; however, for EQs a larger area is
often involved. These factors must be considered in comparing the
two atmospheric signals. Early work in our measurement program
showed that EQ signals had lower frequency content and longer
durations than UGTs. Data from some recent southern California EQs
require a slight modification of the above. Fig. 3 shows summary
data from our array processing program for a magnitude 5.0
California EQ in late 1990. The EQ signal is the high correlation event
at 0642. The bottom panel, band passed at 2.0 to 3.0 Hz, shows a
shorter, though well correlated, signal than the top panel, band
passed at 0.5 to 3.0 Hz. This higher frequency content was not
present in earlier data. Note the extended duration when lower
frequencies are included. This has been a consistent result with our
earthquake data. Figure 4 displays signal duration for UGTs and EQs
as a function of body wave magnitude, mb- The difference between
the two sets is clear, and the mean EQ duration is about 4 to 5 times
the mean UGT signal duration. This result is consistent with EQ
ground motion extending over a larger region.
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Fig. 5 plots wind corrected amplitude versus body wave
magnitude, mb, for the UGT and EQ data. The EQs fall below the UGTs
at a given magnitude and show a reasonable separation. This
separation may be explained with a piston analogy for the ground
motion. The emission for a piston depends on Jl(kr), where k is the
wavenurnber, 271 A, r is the radius of the ground motion , and X is the
wavelength, and Jj is the Bessel function of order 1. With larger r,
EQs will have more vertically directed emission, putting relatively
less energy in the lower duct. This argument simplifies many
aspects of the real processes, but it may help to understand the
phenomena.

In summary, EQs have longer duration acoustic signals
compared to UGTs and fall below UGTs in an amplitude versus body
wave magnitude plot. The two sets of acoustic signals seem to be
reasonably differentiated, and this result can be of value in future
monitoring programs for UGT activity.

References

Mutschlecner, J. P. and Whitaker, R. W., 1990, in Proceedings of
the Fourth International Symposium on Long Range Sound
Propagation, NASA CP-3101, William Wiltshire, ed.

103



0 tOO 200 300 400 500 «00

C$m sec1
700

I J J

•«0 -40 0 40 80

Temperature (°C)

>

Figure 1: Top - normal temperature and sound speed versus
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Figure 2: Acoustic ray paths going east and west of a source at
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Note the pronounced differences in bounce positions and ray
spreading.
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The Phillips Laboratory Nuclear Test Monitoring
Seismic Research Program

James F. Lewkowicz
Phillips Laboratory

Geophysics Directorate
Hanscom Air Force Base, MA 01731

The purpose of this extended abstract is to offer a brief overview of the seismic verification
research program of the Phillips Laboratory (PL). The seismic research program is managed
by the Seismology Branch in the Geophysics Directorate located at Hanscom Air Force Base in
Massachusetts. The overall mission of the Geophysics Directorate is to conduct basic and applied
research in geophysics to support systems development and provide solutions to Air Force
related environmental problems. The research results and technology produced by the
Directorate are then transfused to various operational Air Force user organizations. The
primary operational user in the seismology area is the Air Force Technical Applications Center
(AFTAC).

The seismic program consists of in-house and extramural components. This program's
primary focus is on improving our understanding of the fundamental physics involved in the
processes of seismic detection, location and discrimination. It is research, rather than systems
oriented and its objectives are long term and broadly based.

Historically, treaty monitoring efforts have concentrated on specific test sites with a relatively
long history of testing. Now, however, with the disintegration of the Soviet Union, and the
greatly increased concern about nuclear proliferation, the emphasis is on global monitoring.
The current situation is one of monitoring a large number of locations, that are diverse both
geographically and geologically, without the benefit of a testing history. Under the current
proliferation scenario an improved understanding of the underlying physics becomes
paramount. Particularly because one does not have a testing history at these potential test sites
which could provide an empirical data base. Such databases in the past have been invaluable to
develop the necessary verification techniques. Therefor, a broadly based research program,
with both basic and applied components, should be a cornerstone of current and planned US
monitoring efforts.

The programmatic research topics of interest are shown in the last figure. In all cases the
emphasis is on understanding the underlying physics. In addition, a important component of the
program involves the acquisition of seismic data in the former Soviet Union, known as the Joint
Seismic Program. Information from this unique and important program provide a rich database
upon which researchers can develop an improved understanding of the geophysics in areas of
interest.
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Proliferation Environment

The Philips Laboratory Nuciear Test Monitoring
Seismic Research Program

James F. Lewkowicz
Phillips Laboratory

Geophysics Directorate
Hanscom Air Force Base, MA 01731

6-7 May 1992
Las Vegas, Nevada

112



GEOPHYSICS DIRECTORATE
MISSION

Mission - Conduct basic and exploratory development research and
advanced development programs in geophysics to support
systems development and provide solutions to Air Force
environmental problems.

Customer - Air Force Technical Applications Center (AFTAC).
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MISSIONS

Air Force Office of Scientific Research (AFOSR) - Implement a high-quality
basic research program and maintain a strong research infrastructure.

Phillips ' ab/Geophysics Directorate (PL/GP)- Conduct basic and exploratory
development research and advanced development programs in geophysics
to support systems development and provide solutions to Air Force
environmental problems.

Air Force Technical Applications Center (AFTAC) - Monitor nuclear testing.
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Air Force
Nuclear Test Monitoring

Seismic Research Program

In-House

• Three PhD level seismologists

- PKP analysis / Dr Katharine Kadinsky-Cade
- Deep seismic sounding (DSS) study / Dr John Cipar
- Regional wave propagation / Dr Anton Dainty
- Rockburst analysis / J. Battis > S-Cubed

Extramural

• Air Force funded university (primarily) basic research

- Managed by PL/GP and AFOSR

- $10M annually / 50 individual contracts / IRIS Consortium
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Air Force
Nuclear Test Monitoring

Seismic Research Program

Objective - Better understand the underlying physi al principles
associated with seismic treaty monitoring.

Is:

- Research oriented
- Understand physics
- Long Term
- Broadly Based

»Is not:

- Not systems oriented
- Not subject to whims of policymakers
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Air Force
Nuclear Test Monitoring

Seismic Research Program

Research Topics

• Explosion Source Phenomonology (spall, energy balance)

• Evasion Scenarious (decoupling)

• Physical Basis for Regional Wave Propagation (What is Lg, Pg, Pn?)

• Wave Propagation (pP, seismic noise, anisotropy)

• Effects of Source Emplacement Media (Alluvium and salt)

• Quarry and Mining Explosions (How do multiple explosions interact?)

• Rock Physics (Micro- and macro- evaluation of porosity and fractures)

• Enhanced Signal Detection (Improved signal processing schemes)

• Geological Studies (Regional seismicity, geological conditions)

• Acquisition of relevant field data (PASSCAL type experiments)
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Nuclear Monitoring Research Office
Current and Planned Program

Alan S. Ryall, Jr.
Defense Advanced Research Projects Agency
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NUCLEAR MONITORING RESEARCH OFFICE
CURRENT AND PLANNED PROGRAM

Briefing to the Symposium on Technologies for Monitoring
Nuclear Weapons Tests in a Proliferation Environment

7 May 1992

Alan S. Ryall, Jr.
DARPA/NMRO
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Implementation of 1990 Nuclear Testing Treaty

Goal: Provide seismic equipment for OSIA to use to collect data in USSR, and
design seismic stations for Soviet teams to use here

Yield Estimation Research

Goal: Estimate yield of Soviet 1 kt tests, in any medium, to 30% accuracy

Seismic Instrumentation and Signal Processing Systems

Goal: Demonstrate a system to detect, locate and identify a 1 kt nuclear explosion
detonated in the USSR under evasive conditions

Conference on Disarmament Support

Goal: Demonstrate effectiveness of global monitoring system

Automated Data Interpretation

Goal: Reduce manpower requirements in operational monitoring
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Nuclear Monitoring Research Program

IMPLEMENTATION OF 1990 TTBT PROTOCOLS

• Completed design of equipment to be used by OSIA to record tests in
Soviet Union

- Russian testing plans not clear

• Completed design of seismic stations to be used by Soviet teams to
record NTS shots

- Stations have been built, and used by Russian inspectors

• S-Cubed developing a yield estimation system, and Mission Research
is developing a CORRTEX analysis system

- Systems will be tested and completed in 6-12 months
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Nuclear Monitoring Research Program

YIELD ESTIMATION RESEARCH

DARPA research led to correct estimate of official hard-rock mb bias
at 150 kt

DARPA research led to official use of Lg magnitude in unified yield
estimation method

S-Cubed and Mission Research are completing yield estimation
systems for transfer to the Atomic Energy Detection System

A few laboratory and field studies are continuing

- Nonlinear wave propagation studies

- Equation-of-state measurements on various materials

- Effects of test geometry and depth of burial

- Statistical studies
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Nuclear Monitoring Research Program

INSTRUMENTATION AND SIGNAL PROCESSING

Experimental high-frequency arrays

- NORESS, ARCESS, FINESA, GERESS

High-performance digital seismic stations in USSR, PRC

- ""Previous program with IRIS transferred to AFPL

- Have also been approached by Soviet Ministry of Defense
on possible cooperative projects

Nuclear Monitoring R&D systems provide a hardware/software
framework for development of automatic seismic data processing
techniques

- Systems havs been tested with array data and data from a
global network of stations
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Nuclear Monitoring Research Program

CONFERENCE ON DISARMAMENT SUPPORT

GSETT-2 full-scale test - 42 days in April-June 1991

- 33 countries, 59 stations participated

- Washington International Data Center processed average
of 64 events, 1,800 phases per day

- DARPA technology used by WAS, USA, HUB, CHN, PAK,
NOR, POL, MOS, DEU, others

- WAS database has 3,288 events, 82,181 arrivals, 99,344
waveform segments - is available on CD ROMs

- Experiment was significant in laying groundwork for
cooperative international monitoring of test ban treaties

No plans at this time for further experiments, pending evaluation of
GSETT-2
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AUTOMATED DATA INTERPRETATION

Intelligent Monitoring System

Has automated analysis features

- Detection

- Phase identification

- Association

Uses expert system techniques for knowledge acquisition

- Audit trail incorporated into analysis system

- Has performance analysis capability
- Rules changed by seismologist after evaluation of results
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Global Seismic Monitoring System
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NUCLEAR MONITORING RESEARCH
FY1993 PROGRAM

INSTRUMENTATION AND SIGNAL PROCESSING
High-Frequency Seismic Arrays and new Seismic Stations in Scandanavia, Germany,
Russia, PRC Form a Testbed Distributed Processing System

AUTOMATED DATA INTERPRETATION
- Design Intelligent Surveillance System to Process Data from Global Network
- Use Machine Learning Techniques to Auiomate Analysis, Reduce Human Intervention

SUPPORT FOR NEGOTIATIONS
- Develop Long-Range Verification Options for Nuclear Testing Talks

Support Conference on Disarmament to Test Cooperative International Monitoring

NUCLEAR PROLIFERATION MONITORING
Develop Technologies to Enhance Global Surveillance of Production, Testing and
Storage of Nuclear Materials and Weapons

YIELD ESTIMATION SYSTEM
- Complete System to Accurately Determine Explosion Yield, Test for Compliance
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SEISMIC MONITORING PROBLEMS
IN1993ANDOUTYEARS

MAIN OBJECTIVE UNCHANGED:
• Detect, locate and identify decoupled 1 kt explosion

- Equivalent to magnitude 2.5 - i.e., large quarry blast
NEW POLITICAL ENVIRONMENT:

• Focus on potential proliferators - North Korea, Pakistan, others

PROBLEMS:
• Need to lower detection threshold in areas of interest
• Need techniques to locate and identify small events

- Signals more complicated
- Events detected at fewer stations
- Many chemical (industrial) explosions

• Need to automate analysis
- Many more events than at higher thresholds
- Region-specific knowledge important
- Fewer skilled analysts available
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SCOPE OF THE PROBLEM: NUMBERS OF EVENTS

1 kt decoupled
1 Global Earthquakes
2 Events in FSU
3 NW Europe Explosions
4 NW Europe Earthquakes

1.0 2.0 3.0 4.0 5.0 6.0
Magnitude
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PROGRAM TO ADDRESS THE
SEISMIC MONITORING PROBLEMS

1. REDUCE DETECTION THRESHOLD IN AREAS OF INTEREST
• Problem essentially solved by NORESS-type arrays

2. IMPROVE EVENT LOCATION AND IDENTIFICATION
• Seismic Identification Workshop scheduled for May 18-19
• Support data-intensive R&D

- New techniques to exploit higher-quality data
- Arrays, stations in FSU, China, other areas of interest

- Provide testbed to evaluate new techniques

3. AUTOMATE ANALYSIS
• Improve Intelligent Monitoring System (IMS)

- 3d generation now under development, has 1st generation
event-identification capabilities

• Develop machine-learning, machine-discovery techniques
- New initiative
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AUTOMATED IDENTIRCATION SUBSYSTEM

FIRST GENERATION SUBSYSTEM NOW AT CSS

- Developed by SAIC as identification testbed
+ Also serves as framework for incorporating additional

techniques

- Event classification uses "fuzzy logic" approach
+ Conventional IF-THEN rules replaced by rules with fuzzy

boundaries
• represents uncertainties in the input variables
- works well if we can use experience to articulate the

fuzzy rules

- Has new techniques for discrimination at regional distances

AUTOMATED IDENTIFICATION - 4 FEB 92
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Nuclear Monitoring Research Office

GEOLOGICAL-GEOPHYSICAL INFORMATION SYSTEM

• Being developed by LDGO and Cornell University
- Databases will be maintained by contractors
- CSS analysts, researchers can access via high-speed T-1 links

to retrieve data or produce XW plots
• Types of data

- Topographic, bathymetric
- Satellite imagery
- Crust-upper mantle structure
- Digitized geologic maps

• Types of displays
- Structure cross-sections
- Strip maps
- Shaded relief
- Others
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NEW INITIATIVE
IN MACHINE LEARNING

KNOWLEDGE ACQUISITION
- Test and refine current concept for knowledge acquisition
- Exploit knowledge in recently acquired database

EVENT IDENTIFICATION AND CHARACTERIZATION
-- Test and improve 1st generation implementation
- Test new discrimination techniques and incorporate into IMS
- Explore ANN, other intelligent system techniques

OPTIMIZE MAN-MACHINE INTERACTION
- Machine learning to automate knowledge acquisition
-- Visualization to aid in interpreting data
- Exploratory data analysis and machine discovery to evolve new

concepts
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NUCLEAR PROLIFERATION
RESEARCH PROGRAM

DOD REPORT TO CONGRESS

- Summarize existing R&D and recommend future work

- Separate panels for nuclear and CW/BW proliferation

PLANNED ELEMENTS OF PROGRAM

- Detection and identification of nuclear materials production
- Detection and identification of first weapons test in target

countries
- Development and demonstration of components of a global

proliferation monitoring system
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DoD Report to Congress

Surveys existing federal R&D related to technologies for nuclear
proliferation monitoring

Identifies of new technologies areas not presently being pursued

* Emphasizes longer-term base line R&D that could have wide
application in nuclear proliferation monitoring

* DoD advisory panel on technologies reviewed options

-- Dr. Gerald Johnson, Dr. David Kay, Dr. David Dorn, Dr. Paul
Robinson, Dr. Steven Koonin, Dr. Vigdor Terplitz, Dr. Marvin
Atkins
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AREAS IN WHICH R&D IS NEEDED

STAGES OF DEVELOPMENT

Production/Obtaining Materials (incld special nuclear materials)
Development of Nuclear Explosives
Manufacturing of Nuclear Devices
Nuclear Yield Testing
Deployment & Training for Military Use

MONITORING APPLICATIONS

Intelligence Technologies
NTM

Improved On-Site Inspection
International Cooperative Arrangements
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TECHNOLOGY TRANSFER

Incorporat® Intelligent Monitoring System Technology into USAF
Atomic Energy Detection System (Begin FY92 - Complete FY 95)
° Working closely with USAF to transition components as they

are prototyped and tested

Incorporate Yield Estimation System Technology into USAF
Atomic Energy Detection System (Begin FY92 - Complete FY 93)

Maintain Technical Support for Negotiations
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