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INTRODUCTION

Current seismic yield estimates are based on scaling laws which relate the seismic

source spectrum to the yield and depth of burial (Mueller and Murphy, 1971; Helmberger

and Hadley, 1981; von Seggern and Blandford, 1972). Since these scaling laws do not

contain any physics relating to the inelastic source regime, they must be calibrated for each

site using shots of known yield to fit source parameters. However, there is reason to

expect that the source parameters in such scaling laws are especially sensitive to the pre-

shot fracture spectrum in the source emplacement rock. Non-linear processes like crack

growth and amplitude dependent attenuation are known to depend on the density and length

distribution of preexisting cracks. By implication, both the size of the elastic radius and the

pulse shape at that radius should depend on the fracture spectrum. The ultimate goal of the

research reported below is to formulate a source function with parameters which can be

determined from measurable physical parameters of the source rock such as velocity,

density, porosity, initial fracture spectrum, and degree of water saturation. Such a scaling

law would allow more accurate corrections for variations in the emplacement medium

without requiring extensive calibration shots.

There is observational evidence that the source function is sensitive to the fracture

spectrum in the emplacement medium. Rimer et al. (1987) performed numerical

calculations of the particle velocity measured in the free field for underground tests in

granite. Using laboratory data for rock strength, they were unable to predict pulse-width

successfully. In order to make the models correspond to the field data, much lower

fracture strength than those in the lab were required. Sammis (1989) offered the

explanation that the weaker rheology was the direct result of larger fractures in the field.

More recently, McEvilly and Johnson (1989) have measured the seismic radiation from a

.--ics cf chemical explosions as a function of depth in a limestone quarry. As illustrated in

Fig. 1, the" oh':-. a pI-onounce1 shuft towar h,,t. ", aS ic deptl tn bu,ia

increased. We hypothesize that this is due to the suppression of crack nucleation and
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growth with confining pressure. In a recent review of source models and scaling laws,

Denny and Johnson (1991) conclude that the cavity radius, the seismic moment and the

corner frequency of explosions are all dependent on the depth of burial. They reference

Larson's (1994) work which suggests that these effects may result from the increase in

shear strength with depth. Indeed, since shear failure in the damage mechanics model is a

simple consequence of the growth of fracture damage to a critical level (where the stress-

strain curve becomes unstable) the suppression of crack growth by confining pressure is

equivalent to an increase in shear strength with depth.

If the nucleation and growth of fractures in the non-linear source regime can

significantly broaden the source pulse and change the elastic radius, then the process may

significantly reduce the radiation of seismic waves at the high-frequency end of the seismic

spectrum. This is especially significant since recent yield verification and source

discrimination schemes increasingly utilize higher frequency local phases as the joint

verification program has allowed more local seismic monitoring. The spectrum of initial

fracture sizes at a test site may turn out to be as irnportant as emplacement rock type in

determining the yield from seismic radiation.

SEISMIC SOURCE FUNCTIONS

The uncertainty in seismic yield determination can be broken down into

uncertainties associated with the propagation of the seismic waves and uncertainties

associated with the source coupling. The recent use of high-frequency local phases such as

Lg (see e.g. Ringdal, 1990) has significantly reduced uncertainties associated with

propagation, but our understanding of the effects of the emplacement medium on seismic

coupling has not significantly improved since the 1971 work of Mueller and Murphy.

The Mueller-Murphy source assumes a step function followed by an exponential

decay of the pressure source which acts on a spherical surface at the "elastic radius" rel.

p(t) = (poe - at + Poc) H (t) (1)
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This time function was chosen because it mimics near-field velocity records. The elastic

radius is chosen such that it contains all the non-linear source phenomena; the medium is

assumed to be perfectly elastic for r > rel.

The elastic radius is defined by the assumption that the peak stress, Pos, at the

elastic radius is a fixed fraction of the overburden pressure at the drth of burial h.

Pos = 1.5 pgh (2)

The peak shock pressure in the non-linear regime is assumed to be of the form

rn  (3)

They further assume that n is independent of the emplacement medium and m n/3, so the

final scaling relation is

, ' 1/n 1/3 1/n
rel (WPcs2~

ro 2 A2 ) W2  (4)

which, when the explosions are in the same medium, reduces to

r.11 = ( 1/3 1/n

reI2 W2 h (5)

P wave amplitude spectra in the far-field were used to determine the empirical constants: n

= 2.4, Asalt/At-r = 12, Aswae/At-r = 5.3, and Avt/At-r = 0.23 (where subscripts t-r = tuff-

rhyolite and vt = volcanic tuff). The constant (x in equation (1) is assumed to be of the

form

cc= k r.(6 )

where c is the p-wave velocity and k depends on the source rock: for tuff, k = 1.5;

rhyolite, k = 2.0; shale, k = 2.4; and salt, k = 4.5. The broad pulses observed in granite

imply a very small k, which suggests that k may reflect the fracture structure as well as the

porosity. Using our damage mechanics model, it should be possible to relate k to the initial

damage spectrum.

3



Hence, the Mueller-Murphy source makes a number of reasonable assumptions

about the source, and then uses calibration shots to fix the values of the media dependent

parameters A, n, and k. One objective of the work described below is to use recent

developments in the damage mechanics of brittle solids to make a physical interpretation of

the coupling parameters of the Mueller-Murphy source model in terms of physical,

measurable, properties of the source emplacement medium, thereby eliminating the need for

calibration shots at each new Ate, and allowing an estimate of the variation in the source

function as a function of geological setting at a given test site.

To help focus the discussion, consider the schematic diagram of buried explosive

source shown in Fig. 2a. For our purposes, we simplify the source and identify three non-

linear regimes as indicated in Fig. 2b: the "hydrodynamic regime" in which rock flows, the

"damage regime" in which the rock behaves as a solid but stresses are large enough to

extend existing cracks, and the non-linear attenuation regime (not shown in 2a) in which

stresses are large enough to produce amplitude dependent attenuation by motion on

preexisting fractures but not sufficiently large to cause additional fracture. The

hydrodynamic radius, rh, depends on the equation of state of the emplacement medium and

is the subject of high pressure shock wave studies. The damage radius, rd, is defined by

the condition that the peak radial stress has fallen to a level which is just sufficient to

nucleate fractures from initial flaws in the emplacement medium.

The damage mechanics developed by Ashby and Sammis (1990) allows a

quantitative evaluation of rd. Their equation for the radial stress Tr required to initiate flaws

when the hoop stress is o is

(OY = ( + cIO() (7)
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where cI depends on the coefficient of friction g on the starter flaws

11+ ! +
cl = _

The other constant ao is defined as

(To +p -.

where Kic is the critical stress intensity factor for tensile failure and a is the half-length of

the largest initial flaws in the emplacement medium.

It is important to note that the damage radius is not simply a function of rock-type.

In fact, the parameters Kic and ii are almost independent of rock type. Rather, rd is most

sensitive to the size of the largest flaws in the emplacement medium. The effects of ground

wa ter saturation is to reduce the effective 4 on pre-existing cracks thereby increasing rd.

Note that eqn. (7) is of the form assumed by Mueller and Murphy (1971) (eqn.2 above) as

long as the depth of burial is great enough that clao >> co.

The elastic radius rel is more difficult to define because there is no physical cutoff

to the non-linear attenuation. However, if amplitude dependent attenuation is due to motion

on pre-existing flaws, than rel can be expected to scale with flaw-size in a similar way as

the damage radius since a smaller stress is required to produce motion on a larger fracture.

in fact, if the source emplacement medium is heavily jointed, the elastic radius could be

ye r' large indeed. The possible role of joints is under investigation by several groups (see

egn. Iteuz'e et al, 1991)

. ... ... ... .... .. . . . . - - - lmm m in num m lum m5



A DAMAGE MECHANICS SOURCE MODEL

The immediate objective of this project is to determine the change in pulse shape

associated with the extensive rock fracture which occurs between the hydrodynamic radius

and the damage radius (see Fig. 2). Further modification of the pulse caused by amplitude

dependent attenuation beyond the damage radius is being investigated by other groups.

Which process, if either, is more important remains to be determined.

A complete damage mechanics suitable for incorporation into the numerical codes

which simulate underground explosions has two Lomponents:

a) A model for the nucleation, growth and interaction of tensile cracks which

relates ciack length to the applied stress field, and

b) A model for the effective elastic constants as a function of crack length.

Part (a) has been completed and verified by predicting the fracture nucleation and failure

surfaces of wide range of rocks as measured in triaxial laboratory experime-its (Ashby and

Sammis, 1990). We are now focusing our attention on Part (b), which is the main subject

of this report.

Before discussing the elastic constants, it is interesting to see how the damage

mechanics may be incorporated in the numerical source codes.

1) The current stress-state is used in the equations of motion to calculate

displacements, which are used to update the strain field.

2) The elastic constants (which depend on the current state of damage) are used to

calculate a new stress field based on the updated strain field.

3) The damage (crack growth) field is updated based on the new stress field.

4) Return to step (1) for another time increment.

Part (a) of the damage mechanics is used in step (3) to calculate the increase in crack

growth associated with each change in the stress field. We have this part of the problem in

control. Part (b) of the damage mechanics is used in step (2) tc calculate the stress field

from the strain field. This is the subject of current research.
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The difficulty implementing this algorithm is that the elastic constants required in

step 2 are not simple functions of the damage, but depend upon whether new damnage has

been done by the strain increment. The effective elastic constant is less when the cracks are

actively extending as illustrated by the stress-strain curve in Fig. 3. At stresses below the

fracture initiation stress nonlinear attenuation produces hysteresis in the stress-strain curve

but the fracture spectrum remains unchanged. At stresses above the initiation stress the

effective elastic modulus is lower when the cracks are growing than when they are simply

s ,iding. The effective elastic modulus during subsequent loadings at the same stress will be

laiger as illustrated in the figure.

Another problem in modeling the effective elasticity of the damaged rock is caused

by the fact that the crack growth associated with a spherical source is largely radial (pauallel

to the largest principal stress) and this produces an axial elastic anisotropy in each element.

We thus have to deal with five elastic constants:

Er = radial Young's modulus

Et = transverse Youngs modulus

vn = radial - transverse Poisson's ratio

vtr = transverse - radial Poisson's ratio

G = shear modulus.

The elastic constant,; can be found from the fracture energy re,'. se rate using the following

expression:

G(L) K2(L) _ p2 c)C(L)
F7(L) 2b L (8)
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where

G(L) = strain energy release rate

L = current crack length

KI(L) = stress intensity factor

Er(L) = radial Young's modulus which we seek

C(L) = compliance

b = specimen width

p = load

Referring to Figure 4, we see that C=ulp, p=sA, u=eh, and Er=s/e, so

F, A (9)

Substituting (9) into (8) gives

K2(L) = _ V alnE (L)
2 b aL (10)

where V= hA = volume per crack. Integrating (10) gives

In E, I =Q K 2 (L) d

The factor 2b/V can be written in terms of the crack density a;

2_12 = 2 Nv 2/3

V

and the crack density NV can be written in terms of the initial damage DC as

Nv = 3Do ( 3 a

An analytic expression for KI(L) is given in Ash*,,, and Samrin:s (1990) which can be

directly integrated as in (11) to find Er(L).

The transverse modulus, Et , can be estimated using eqn. (4) with

8



K, = T w tan]7 a}

(Vada. 198) for the transversels' loaded array of cracks shown in Fig 5. Integrating in this

C..ase iu1%es:

F exp 2 h w2 In ICOS (ii)I(5)

The Shlear mIodluIS is unaffected by crack growth in this geometry, andl the

PoIsson's ratio,, can he estimnated fromn the crack opening displacements (which are also

unction S of the stressN intensi1ty factors).

[i1cure 6 shIow's thle uniaxial stress-strain curve calculated using eqn (11) compared

wkith me1asurements f~r B~erea Sandstone (This work was done In collaboration with Randy

Nizrt in and X ioi ng lanez at New\, Fn land Research). At low stresses, the negative

curx aiture of the daita is caused by thle closing of cracks and collapse of pores which are not

Iincluded in the model. Hlowever, the positive Curvature of the stress-strain curve near

ai lure P, associated with thle accumulation of damage and Is well modeled, as is the post-

ai]tire decrease in strengthl. Flicutre 7 shows stress strain curves for the different rock types

S.tudied hv A shv and Sarnmi s ( 1989). Fig. 8 shows thle effect of different levels of initial

ditaag on the elasti1c hl .Pg 9 explores thle effect of, confining pressure, andl Fig. I (

w11Ms the effec t Ot a fluid in- reducing, thle coefficient of friction on the preexisting

fraict res. We aire currentilv planning fun her e~xper1iments to test these predictions.

Ihe probleml oIt ui the datmw e Illechan ics modlel in anumerical source Simulation

hit,, Ibeen rcluaed ito thec problem Of finding_ thle stress- strain bhavior_ Of a (latlia3ged

I m ICi iI un 111 11111 IrSln be I 11II M 41)Icause thle tfectVe elastic conIStant (tilt ta~ngenlt

T (Nlhrl I, lo(t .I Niitij)C 11t, lciotn It ciai:k (fati~ae (as It is. for c.~arntple. In thle Biulianskv

'(IT) I( )(Cni I~~ b i A S tT'Tidn t1,,, t1% hit tI I((I dpendS utpon wheither an I icremnIIIti

"C' 1)1 < X It I hica ":S !eit rci ient III c i urs I t h. jIhe proL' mIP is Iurther COMIil ictrn by0



anisotropy introduced by the directional (radial) growth of fractures in an explosive stress

field. A method has been developed to calculate the effective elastic constants from the

stress intensity factors derived by Ashby and Sammis (1990). Preliminary experimental

tests of the theory look promising. Efforts are currently underway to build the damage

mechanics into existing numerical source simulation codes.

REFERENCES

Ashby, M. F. and C. G. Sammis, The Damage Mechanics of Brittle Solids in

Compression, PAGEOPH, 133, 489-521, 1990

Budianski, B. and R.J. O'Connell, Elastic moduli of a cracked solid, Int. J. Solids

Structures, 12, 81-97, 1976.

Denny, M.D. and L.R. Johnson, Explosion source models and scaling laws reviewed, in

Explosion Source Phenomenology, edited by Taylor, Richards and Patton, AGU

Monograph, in press, 1991.

Grady, D. E. and M. E. Kipp, Dynamic Rock Fragmentation, in Fracture Mechanics of

Roc, edited by B. K. Atkinson, Academic Press, New York, pp. 429-476, 1987.

HeImberger, D. V. and D. M. Hadley, Seismic Source Functions and Attenuation from

Local and Teleseismic Observation of the NTS Event Forum and Handley, Bull.

Seism. Soc. Am., 71, 51-67, 1981.

Hueze, F.E., T.R. Butkovich, O.R. Walton, and D.M. Maddix, Explosion

phenomenology in jointed rocks - new insights, in Explosion Source

Phenomenology, edited by Taylor, Richards and Patton, AGU Monograph, in

press, 1991.

McEvilly, T. V. and L. R. Johnson, Regional Studies with Broadband Data, Air Force

Report GL-TR-89-0224, 1989, ADA219215.

Mueller, R. A. and J. R. Murphy, Seismic Characteristics of Underground Nuclear

Detonations, Bull. Seism. Soc. Am., 61, 1675-1892, 1971.

1 0



Rimer, N., J. L. Stevens, and S. M. Day, Effect of pore pressure, fractures, and dilatancy

on ground motion in granite, S-Cubed Report SSS-R-87-8670, 1987.

Ringdal, F. NORSAR Detection and Yield Estimation Studies Proceedings 12th Annual

DARPA/GL Seismic Research Symposium, Key West, Florida, p. 145-151, 1990.

Sammis, C. G., Fractal Fragmentation in a Granular Crust, in Fractals and their Use in the

Earth Sciences, edited by C. C. Barton and P. R. La Pointe, GSA Memoir (in

press) 1990.

Sammis, C. G. and M. F. Ashby, The Damage Mechanics of Porous Rock, Proceedings

11th Annual DARPA/AFGL Seismic Research Symposium, San Antonio, TX, pp.

339-355, 1989.

Sammis, C. G., Seismic Pulse Broadening Associated with Fracture Damage Caused By

Explosions in Crystalline Rock, Air Force Report GL-TR-89-0161, 1989,

ADA216135.

von Seggern, D. and R. Blandford, Source time functions and spectra for underground

nuclear explosions, Geophys. J., 31, 83-97, 1972.

11



a.
42aamn

16• 
20 Ill 2

2 -ns b.

19

U *I U U U
Tim.t. sac li

4 
17 -.

C .
1 7

u .2

'1716

0 12

LOg (Fr euency)( 
HZ

Figure 1. Comparison of three 1000 pound chemical explosions detonated at depths of

42, 106, and 217 meters in a limestone quarry (from McEvilly and Johnson, 1989). Fig.

la compares the first arrivals on the vertical component at one location. The pulses have

been scaled to have the same amplitude. Fig. b compares the amplitude densities of the

isotropic moment rate tensors for the three events while Fig. lc gives the amplitude density

spectra of the pulses in Fig. Ila.
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STRESS

Cracks Grow

Fracture Iinitiation - . . . ..-. . . W

stress

Non-iinear attenuation but cracks
do not grow

STRAIN

Figure 3. Stress-strain curve illustrating the differences in behavior above and below thefracture initiation stress (which is a function of the current crack damage). At the damageradius r the stresses have fallen below the initiation stress of the preexisting fractures in the
emplacement medium.
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Figure 4. Geometry used to estimate the reduction in the radial Young's modulus
associated with crack growth.
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Figure 5. Geometry used to estimate the reduction in the transverse Young's modulus
associated with crack growth.
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MODELING CONSTITUTIVE RELATIONSHIP FOR
BEREA SANDSTONE (confining pressure=3.45 MPa)

60

50 ------------

Cn 40 -- - - --

U'

experimntj

10@1L .
0

0 1 2 3 4 5 6 7 8

AXIAL STRAIN (millistrain)

Figure 6. Uniaxial stress-strain curve for Berea sandstone showing a comparison
between theory and experiment. Note that the reduction in effective modulus near failure is
well modeled.
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MODELING CONSTITUTIVE RELATION OF ROCKS
(data from Ashby and Sammls, 1990)
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S 152 GRNT ... ...

76 -- **MARBLE

ROCKSALT

0
0 1 2 3 4 5

STRAIN (millistrain)

Figure 7. Comparison of the uniaxial stress-strain behavior of the various rock types
studied by Ashby and Sammis (1990). Note that the more brittle rocks have a more
unstable post-failure regime.



EFFECTS OF INITIAL DAMAGE
200 -
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Figure 8. Effect of the initial damage on the uniaxial stress-strain behavior, Note that the
strength decreases and the post-failure regime becomes more stable with increasing initial
damage.
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MODELING STRESS-STRAIN RELATION
WITH CONFINING PRESSURE

400
, •/J CP.60 MPa

W. 200

(0
i CP=MPa

0 10 20 30 40

AXIAL STRAIN (millistrain)

Figure 9. Effect of the confining pressure on the uniaxial stress-strain behavior. Note
that the strength increases and the post-failure regime becomes more stable with increasing
confining pressure.
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FLUID-WETTING EFFECTS
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Figure 10. Effect of the fluid-wetting of the preexisting flaws on the uniaxial stress-
s train behavior. Not-- that the strength decreases and the )ost- failutre regime becomes more

tahle as the coefficient of the friction ~a is reduced by wetting.



CONTRACTORS (United States) a/o 5/3/91

3rol. Thomas Ahens Prof. Vernon F. Cormier
;eismological Lab, 252-21 Department of Geology & Geophysics
Division of Geological & Planetary Sciences U-45, Room 207
?aliforoia Institute of Technology The University of Connecticut
?osadena, CA 91125 Strrs, CT 06268

Prof. Charles B. Archambeau Professor A-iton W. Dainty
CIRES Earth Resources Laboratory
University of Colorado Massachusetts Institute of Technology
Boulder, CO 80309 42 Carleton Street

Cambridge, MA 02142

Dr. Thomas C. Bache, Jr. Prof. Steven Day
Science Applications Int'l Corp. Department of Geological Sciences
10260 Cal pus Point Drive San Diego State University
San Diego, CA 92121 (2 copies) San Diego, CA 92192

Prof. Miuawia Barazangi Dr. Zoltan A. Der
Institute for theStudy of the Continent ENSCO, Inc.
Conll University 5400 Port Royal Road
Ithaca, NY 14853 Springfield, VA 22151-2388

Dr. Jeff Barker Prof. Lewis M. Duncan
Department of Geological Sciences Dept. of Physics & Astronautics
Statc University of New York Clemson Unversity

at Binghamton Clemson, SC 29634-1901
Vestal, NY 13901

Dr Douglas R. Baumgardt Prof. John Ferguson
ENSCO, Inc Center for Lithospheric Studies
5-4C(, Port Roval Road The Uruversity of Texas at Dall-is
Springfield. VA 22151-2388 P.O. Box 830688

Richardson, TX 75083-0683

Prof. Jorathan Berger Dr. Mark D. Fisk
IGPP, A-025 Mission Research Corporation
Sc'ps lntitudon of Oceanography 735 State Street
Unive-sity of Caiifornia, San Diego P. 0. Drawer 719
La JoWl, CA 92093 Santa Barbara, CA 93102

Dr Gilb.'z Bollinger Prof. Stanley Flatte
ie!ar-nent of Geological Sciences Applied Sciences Building

.,a ? .-echnica institute University of California
21(- ,- 4 Derrna Halt Santa Cruz, CA 95064
BIc.<su~r, VA 2-1061

Dr. Lawrence J. Burdick Dr. Alexander Florence
'v'ocxw ,d-Clyde Consultants SRI International
5, E] Dorado Street 333 Ravenswood Avenue
Pasadena, CA 91109-3245 Menlo Park. CA 91025-3.-193

-: ., Ca, erDr. C'ifford FroIx,:

- :.-:- ", r S~sr:c Studies Insutute of Geopnvcys:s
'- ,th.n St.. Suite 150 3701 North Motac

',. .. .. - :. v ', .. .,o-2C,1..\.:::;. TX "3-'., _.

-m ~ st- Suie '1i 0 1)i

* 797z,



Dr. Holy K. Given Dr. Richard LaCoss
IG PP, A-02 5 MIT-Lirncoln Laborat..ry
Scrips Insntute of Oceanography M-200B
University of California, San Diego P. 0. Box 73
La Jolla, CA 92093 Lexington, MA 02173-0073 (3 copies)

Prof. Henry L. Gray Prof Fred K. Lamb
Vice Provost and Dean University of Illinois at (rrbaru-,Tharpaign
Department or Stadstical Sciences Department of Physics
Southem Methodist University 1110 West Green Street
Dailas. TX 75275 Urbana, IL 61801

Dr. Indra Gupta Prof. Charles A. Langston
Teledyne Geotech Geosciences Department
314 Montgomery Street 403 Deike Building
Alexandria, VA 22314 The Pennsylvania State University

University Park, PA 16802

Prof. David G. Harkrider Prof. Thorne Lay
Seismoiogicai Laboratory Institute of Tectonics
Division of Geological & Planetary Sciences Earth Science Board
California Institute of Technology University of California, Santa Cruz
Pasadena, CA 91125 Santa Cruz, CA 95064

Prof. Danny Harvey Prof. Arthur Lerner-Lam
CIRES Lamont-Doherty Geological Observatory
Univershy of Colorado of Columbia University
Boulder, CO 80309 Palisades, NY 10964

Prof. Donald V. Helrberger Dr. Christopher Lynnes
Seis,,eocal Laboratory Teledyne Geotech
Division of Geoiolg'cal & Planetary Sciences 314 Montgomery Street
Califo.rnia insutute of Technology Alexandria, VA 22314
Pasadena, CA 91125

Prof. _a ,uene Heroin Prof. Peter Malin
nstiru:e 7or Lhe Study of Earth and Man Department of Geology

Geophysical Laboratory Old Chemistry Bldg.
Southern Methodist Universit"! Duke University
Dallas, TX 75275 Durhan, NC 27706

Prof. Br,'an lsacks Dr. Randolph Martin, III
Correll -n'versity New England Research, Inc.
Dat.:r...7n of Geological Sciences 76 Olcott Drive
SNE: a.' White River Junction, VT 05001

Dr. Rcn -ong Jinh Prof. Thomas V. McEvilly
T -.e ... Gectech Seismographic Station
314 -T crgone:-/ Street University of California

A 22314 Berkeley, CA 94720

'- ' .: - e, . nson Dr. ,-, '' ,. . .. uc,.h i...

, :c Stton .S-CUTBFD
.....r Ciiria A Division of Nlaxweil Laboratori

La Joila, CA 92038- 1620
2



Prof. Wiliam Menke Prof. Charles G. Sammis
Lamont-Duierty Geological Observatory Center for Earth Sciences
of Columbia University University of Southern California
Palisades, NY 10964 University Park

Los Angeles, CA 90089-0741

Stephen Miler Prof. Christopher H. Scholz
SPI International Lamont-Doherty Geological Observatory
333 Ravenswood Avenue of Columbia University
Box AF 116 Palisades, NY 10964
Menlo Pa-k, CA 94025-3493

Prof. Bernard Minster Thomas J. Sereno, Jr.
IGPP, A-025 Science Application Int'l Corp.
Scripps Institute of Oceanography 10260 Campus Point Drive
University of California, San Diego San Diego, CA 92121
La Jola, CA 92093

Prof. Brian J. Mitchell Prof. David G. Simpson
Department of Earth & Atmospheric Sciences Lamont-Doherty Geological Observatory
St. Louis University of Columbia University
St. Louis, MO 63156 Palisades, NY 10964

Mr. Jack Murphy Dr. Jeffrey Stevens
S-CUBED, A Division of Maxwell Laboratory S-CUBED
11800 Sunrise Valley Drive A Division of Maxwell Laboratory
Suite 1212 P.O. Box 1620
Reston, VA 22091 (2 copies) La Jolla, CA 92038-1620

Prof. John A. Orcutt Prof. Brian Stump
IGPP, A-025 Institute for the Study of Earth & Man
Scripps ILs tLe of Oceanography Geophysical Laboratory
University o: California, San Diego Southern Methodist University
La Jolla, CA 92093 Dallas, TX 75275

Prof. Keith Priestley Prof. Jeremiah Sullivan
Of Cambridge University of illinois at Urbana-Champaign

BuLtd Labs, Dept. of Earth Sciences Department of Physics
Madi&gley Rise, Madingley Rd. 1110 West Green Street
Cambrdge CB3 OEZ, ENGLAND Urbana, IL 61801

Dr. Jay J. Pi!Ili Prof. Clifford Thurber
<adi 'S/stcms, Inc. University of Wisconsin-Madison

2 - Cu' , - Suie 203 Department of Geology & Geophysics
R&'die, MD 20850 1215 West Dayton Street

Madison, WS 53706

Prof. Paul G. Richards Prof. M. Nafi Toksoz
Lamont Doherty Geological Observatory Earth Resources Lab

of Columbia University Massachusetts Trnstitute of Technology
Palisades. NY 10964 42 Carleton Street

Cambridge, MA 02142

Dr. ,,m r Rivers Prof. Jchn E. Vidale
Teledyne Geotech University of California at Santa Cruz
3i- !ontorner/ Street Seismolo~ca Laboratory
Alexar .d"a, VA 2:314 Santa C,uz, CA Ofo-

.3



Prof. Terry C. Wallace
Department of Geosciences
Building #77
University of Arizona
Tucson, AZ 85721

Dr. WiU iam Wortman
Mission Research Corporation
8560 Cinderbed Rd.
Suite # 700
Newington, VA 22122

Prof. Francis T. Wu
Department of Geological Sciences
State University of New York
at Binghamton
Vestal, NY 13901



OTHERS (United States)

Dr. Monem Abdel-Gawad Michael Browne
Rockwell International Science Center Teledyne Geotech
1049 Camino Dos Rios 3401 Shiloh Road
Thousand Oaks, CA 91360 Garland, TX 75041

Prof. Keiiti Aki Mr. Roy Burger
Center for Earth Sciences 1221 Serry Road
University of Southern California Schenectady, NY 12309
University Park
Los Angeles, CA 90089-0741

Prof. Shelton S. Alexander Dr. Robert Burridge
Geosciences Department Schlumberger-DoU Research Center
403 Deike Building Old Quarry Road
The Pennsylvania State University Riigefield, CT 06877
University Park, PA 16802

Dr. Kenneth Anderson Dr. W. Winston Chan
BBNSTC Teledyne Geotech
Mail Stop 14/lB 314 Montgomery Street
Cambridge, MA 022?0 Alexandria, VA 22314-1581

Dr. Ralph Archuleta Dr. Theodore Cherry
Department of Geological Sciences Science Horizons, Inc.
University of California at Santa Barbara 710 Encinitas Blvd., Suite 200
Santa Barbara, CA 93102 Encinitas, CA 92024 (2 copies)

Dr. Susan Beck Prof. Jon F. Claerbout
Department of Geosciences Department of Geophysics
Bldg. # 77 Stanford University
University of Arizona Stanford, CA 94305
Tucson, AZ 85721

Dr. T.J. Bennett Prof. Robert W. Clayton
S-CUBED Seismological Laboratory
A Division of Maxwell Laboratory Division of Geological & Planetary Sciences
11800 Sunrise Valley Drive, Suite 1212 California Institute of Technology
Reston, VA 22091 Pasadena, CA 91125

Mr. William J. Best Prof. F. A. Dahlen
907 Westwood Drive Geological and Geophysical Sciences
Vienna, VA 22180 Princeton University

Princeton, NJ 08544-0636

Dr. N. Biswas Mr. Charles Doll
Geophysical Institute Earth Resources Laboratory
University of Alaska Massachusetts Institute of Technology
Fairbanks, AK 99701 42 Carleton St.

Cambridge, MA 021.42

Dr. Stephen Bratt Prof. Adam Dziewonski
Center for Seismic Studies Hoffman Laboratory, Harvard Univ.
1300 North 17th Street Dept. of Earth Atmos. & Planetar ' Scienc
S.)ie 14U 0 ,xford St
Arlington, VA 22209 Cambridge, MA 02138

5



Prof. John Ebel Prof. Roy Greenfield
Department of Geology & Geophysics Geosciences Department
Boston College 403 Deike Building
Chestnut Hill, MA 02167 The Pennsylvania State University

University Park, PA 16802

Eric Fielding Dan N. Hagedorn
SNEE Hall Battelle
[NSTOC Pacific Northwe st Laboratories
Cornell University Battelle Boulevard
Ithaca, NY 14853 Richland, WA 99352

Dr. John Foley Dr. James Hannon

Phillips Laboratory/LWH Lawrence Livermore National Laboratory
Hanscom AFB, MA 01731-5000 P. 0. Box 808

Livermore, CA 94550

Prof. Donald Forsyth Prof. Robert B. Herrmann
Department of Geological Sciences Dept. of Earth & Atmospheric Sciences
Brown University St. Louis University
Providence, RI 02912 St. Louis, MO 63156

Dr. Cliff Frolich Ms. Heidi Houston
Institute of Geophysics Seismological Laboratory
8701 North Mopac University of California
Austin, TX 78759 Santa Cruz, CA 95064

Dr. Anthony Gangi Kevin Hutchenson
Texas A&M University Department of Earth Sciences
Departent of Geophysics St. Louis University
College Station, TX 77843 3507 Laclede

St. Louis, MO 63103

Dr. Freeman Gilbert Dr. Hans Israelsson
IGPP, A-025 Center for Seismic Studies
Scripps Institute of Oceanography 1300 N. 17th Street, Suite 1450
University of California Arlington, VA 22209-2308
La Jolla, CA 92093

Mr. Edward Giller Prof. Thomas H. Jordan
Pacific Sierra Research Corp. Department of Earth, Atmospheric
1401 Wilson Boulevard and Planetary Sciences
Arlington, VA 22209 Massachusetts Institute of TechnologyCambridge, MA 02139

Dr. Jeffrey W. Given Prof. Alan Kafka
SAIC Department of Geology & Geophysics
10260 Campus Point Drive Boston College
San Diego, CA 92121 Chestnut Hill, MA 02167

Prof. Ste.:hen Grand Robe-t C. Kemerait
Urve.?si'. of Texas at Austin ENSCO, Inc.
Department of Geological Sciences 445 Pineda Court

. , -7'- 9 Meibcurr..e, F 3940
6



William Kikendall Prof. Amos Nur
Teledyne Geotech Department of Geophysics
3401 Shiloh Road Stanford University
Garland, TX 75041 Stanford, CA 94305

Prof. Leon Knopoff Prof. Jack Oliver
University of California Department of Geology
Insutute of Ueophysics & Planzary Physics Cell Univeri:"
Los Angeles, CA 90024 Ithaca, NY 14850

Prof. John Kuo Dr. Kenneth Olsen
Aldridge Laboratory of Applied Geophysics P. 0. Box 1273
Columbia University Linwood, WA 98046-1273
842 Mudd Bldg.
New York, NY 10027

Prof. L. Timothy Long Prof. Jeffrey Park
School of Geophysical Sciences Department of Geology and Geophysics
Georgia Institute of Technology Kline Geology Laboratory
Atlanta, GA 30332 P.O. Box 6666

New Haven, CT 06511-8130

Dr. Gary McCartor Howard J. Patton
Department of Physics Lawrence Livermore National Laboratory
Southern Methodist University L-205
Dallas, TX 75275 P. 0. Box 808

Livermore, CA 94550

Prof. Art McGarr Prof. Robert Phinney
Mail Stop 977 Geological & Geophysical Sciz:n,.es
Geological Survey Princeton Uni,,.rsiy
345 Middlefield Rd. Princeton, NJ 08544-0636
Menlo Park, CA 94025

Dr. George Melhnan Dr. Paul Pomeroy
Sierra Geophysics Rondout Associates
11255 Kirkland Way P.O. Box 224
Kirkland, WA 98033 Stone Ridge, NY 12484

Prof. John Nabelek Dr. Norton Rimer
College of Oceanography S-CUBED
Oregon State University A Division of Maxwell Laboratory
Corvallis, OR 97331 P.O. Box 1620

La Jolla, CA 92038-1620

Prof. Geza Nagy Prof. Larry J. Ruff
University of California, San Diego Department of Geological Sciences
Department of Ames, M.S. B-010 1006 C.C. Little Building
La Jolla, CA 92093 University of Michigan

Ann Arbor, NU 48109-1063

Dr. Keith K. Nakanishi Dr. Richard Sailor
Lawrence Livermore National Laboratory TASC Inc.
L-205 55 Walkers Brook Drive
P. O. o 6 Reading,0MA 367
Livermore, CA 94550

7



Dr. Susan Schwartz Dr. David Taylor
Institute of Tectonics ENSCO, Inc.
1156 High St. 445 Pineda Court
Santa Cruz, CA 95064 Melbourne, FL 32940

John Sherwin Dr. Steven R. Taylor
Teledyne Geotech Lawrence Livermore National Laboratory
3a¢,l Shiloh Road L-205
Garland, TX 75041 P. 0. Box 808

Livermore, CA 94550

Dr. Matthew Sibol Professor Ta-Liang Teng
Virginia Tech Center for Earth Sciences
Seismological Observatory University of Southern California
4044 Derring Hall University Park
Blacksburg, VA 24061-0420 Los Angeles, CA 90089-0741

Dr. Albert Smith Dr. Gregory van der Vink
Lawrence Livermore National Laboratory IRIS, Inc.
L-205 1616 North Fort Myer Drive
P. 0. Box 808 Suite 1440
Livermore, CA 94550 Arlington, VA 22209

Prof. Robert Smith Professor Daniel Walker
Department of Geophysics University of Hawaii
University of Utah Institute of Geophysics
1400 East 2nd South Honolulu, HI 96822
Salt Lake City, UT 84112

Dr. Stewart W. Smith William R. Walter
Geophysics AK-50 Seismological Laboratory
University of Washington University of Nevada
Seattle, WA 98195 Reno, NV 89557

Donald L. Springer Dr. Raymond Willeman
Lawrence Livermore National Laboratory Phillips Laboratory/ LWE
L-205 Hanscom AFB, MA 01731-5000
P. 0. Box 808
Livermore, CA 94550

Dr. George Sutton Dr. Gregory Wojcik
Rondout Associates Weidlinger Associates
P.O. Box 2 4 44l10 El Camino Real
Scone Ridge, NY 12484 Suite 110

Los Altos, CA 94022

Prof. L. Sykes Dr. Lorraine Wolf
Lamont-Doherty Geological Observatory Phillips Laboratory/LWH
of Columbia University Hanscom AFB, MA 01731-5000
Palisades, NY 10964

Prof. Pradeto Talwani Dr. Gregory B. Young
Depar-ment of Geolozical Sciences ENSCO, Inc.
Uivesinv of South Carolina 5400 Port Royal Road
Coiumota. SC 292U8 Spnngfieid,VA i i-23

8



Dr. Eileen Vergino
Lawrence Livermore National Laboratory
L-205
P. 0. Box 808
Livermore, CA 94550

J. . Zucca
Lawrence Livermore National Laboratory
P. 0. Box 808
Livermore, CA 94550



GOVERNMENT

Dr. Ralph Alewine III Dr. Dale Glover
DARPM.-\N-RO DIAJDT-IB
1400 Wilson Boulevard Washington, DC 20301
Arlington, VA 22209-2308

.Mr. James C. Battis Dr. T. Hanks
Phillips Laboratory/LWH USGS
Hanscom .AFB, MA 01731-5000 Nat'l Earthquake Research Center

345 Middlefield Road
Menlo Park, CA 94025

Harley Benz Dr. Roger Hansen

U.S. Geological Survey, MS-977 AFTA1TI
345 Middlefield Rd. Patrick AFB, FL 32925
Menlo Park, CA 94025

Dr. Robert Blandford Paul Johnson
AFTAC/tT ESS-4, Mail Stop J979
Center for Seismic Studies Los Alamos National Laboratory
1300 North 17th St. Suite 1450 Los Alamos, NM 87545
Arlington, VA 22209-2308

Eric Chael Janet Johnston
Division 9241 Phillips Laboratory/LWH
Sandia Laboratory Hanscom AFB, MA 01731-5000
Albuquerque, NM 87185

Dr. John J. Cipar Dr. Katharine Kadinsky-Cade
Phillips Laboratory/LWH Phillips Laboratory/LWH
Hanscom AFB, MA 01731-5000 Hanscom AFB, MA 01731-5000

Cecil Davis Ms. Ann Kerr
Group P-I15, Mail Stop D406 IGPP, A-025P.O. Box 1663 Scripps Institute of Oceanography

Los Alamos National Laboratory University of California, San Diego
Los Aiamos, NM 87544 La Jolla, CA 92093

Mr. Jeff Duncan Dr. Max Koontz
Office oF Congressman Markey US Dept of Energy/DP 5
2133 Ravburn House Bldg. Forrestal Building
Washington, DC 20515 1000 Independence AvenueWashington, DC 20585

Dr. Jack Evernden Dr. W.-.K. Lee
USGS - Earthquake Studies Office of Earthquakes, Volcanoes,
345 %iddlefield Road & Engineering
.Menio Park, CA 94025 345 )Middlefield Road

Menlo Park, CA 94025

Dr. William Leith
USGS U.S. Geological Survey
92 National Center Mail Stop 928

- , -, Rertcn. VA 22092
10



Dr. Richard Lewis Mr. Chris Paine
Director, Earthquake Engineering & Geophysics Office of Senator Kennedy
U.S. Army Corps of Engineers SR 315
Box 631 United States Senate
Vicksburg, MS 39180 Washington, DC 20510

James F. Lewkowicz Colonel Jerry J. Perrizo
Phillips Laboratory/LWH AFOSRINP, Building 410
Hanscom AFB, MA 01731-5000 Boiling AFB

Washington, DC 20332-6448

Mr. Alfred Lieberman Dr. Frank F. Pilotte
ACDAVI-OA'State Department Bldg HQ AFTAC/IT
Room 5726 Patrick AFB, FL 32925-6001
320 - 21st Street, NW
Washington, DC 20451

Stephen Mangino Katie Poley
Phillips Laboratory/LWH CIA-ACISITMC
Hanscom AFB, MA 01731-5000 Room 4X16NHB

Washington, DC 20505

Dr. Robert Masse Mr. Jack Rachlin
Box 25046, Mail Stop 967 U.S. Geological Survey
Denver Federal Center Geology, Rm 3 C136
Denver, CO 80225 Mail Stop 928 National Center

Reston, VA 22092

Art McGarr Dr. Robert Reinke
U.S. Geological Survey, MS-977 WL/NTESG
345 Middlefield Road Kirtland AFB, NM 87117-6008
Menlo Park, CA 94025

Richard Morrow Dr. Byron Ristvet
ACDAVI, Room 5741 HQ DNA, Nevada Operations Office
320 21st Street N.W Attn: NVCG
Washington, DC 20451 P.O. Box 98539

Las Vegas, NV 89193

Dr. Carl Newton Dr. George Rothe
Los Alamos National Laboratory HQ AFTAC/ITR
P.O. Box 1663 Patrick AFB, FL 32925-6001
Mail Stop C335, Group ESS-3
Los Alamos, NM 87545

Dr. Bao Nguyen Dr. Alan S. Ryall, Jr.
AFTAC/ITR DARPAINMRO
Patrick AFB, FL 32925 1400 Wilson Boulevard

Arlington, VA 22209-2308

Dr. Kenineth H. Olsen Dr. Michael Shore
Los Alaos Scientific Laboratory Defense Nuclear Agency/SPSS
P. 0. Box 1663 6801 Telegraph Road
N-l Stcp U--C6 Alexandria, VA 22310
Los Alamos,N'M 87545 11



Phillips Laboratory
Attn: XO
Hanscom AFB, MA 01731-5000

Dr. Larry Turnbull Phillips Laboratory
CIA-OSVPVNED Arm: LW
Washington, DC 20505 Hanscom AFB, MA 01731-5000

Dr. Thomas Weaver DARPA/PM
Los Alamos National Laboratory 1400 Wilson Boulevard
P.O. Box 1663, Mail Stop C335 Arlington, VA 22209
Los Alamos, NM 87545

Phillips Laboratory Defense Technical Information Center
Research Library Cameron Station
ATT'N: SULL Alexandria, VA 22314 (2 copies)
Hanscom AFB, MA 01731-5000

Phillips Laboratory Defense Intelligence Agency
ATI'N: SUL Directorate for Scientific & Technical Intelligence
KirtlandAFB, NM 87117-6008 (2 copies) Atm: DT1B

Washington, DC 20340-6158

Secretary of the Air Force AFTAC/CA
(S AFRD) (STINFO)
Washington, DC 20330 Patrick AFB, FL 32925-6001

Office of .he Secretary Defense TACTEC
DDR & E Battelle Memorial Institute
Washington, DC 20330 505 King Avenue

Columbus, OH 43201 (Final Report Only)

HQ DNA
Atm: Technical Library
Washington, DC 20305

D ARPA RIO/RETRIEVAL
I-L0 Wilson Boulevard
Arlingtcn, VA 22209

D.-ARM ,.OiSecurirv Off.ce
* Cl ',vison Boulevard

A:li.on, vA 2209

12



CONTRACTORS (FOREIGN)

Dr. Ramon Cabre, S.J.
Observatorio San Calixto
Casila 5939
La Paz, Bolivia

Prof. Hans-Peter Hazjes
Institute for Geophysik
Ruhr University/Bochum
P.O. Box 102148
4630 Bochum 1, FRG

Prof. Eystein Husebye
NTNF/NORSAR
P.O. Box 51
N-2007 KjeUer, NORWAY

Prof. Brian L.N. Kennett
Research School of Earth Sciences
Institute of Advanced Studies
G.P.O. Box 4
Canberra 2601, AUSTRALIA

Dr. Bernard Massinon
Societe Radiomana
27 rue Claude Bernard
75005 Paris, FRANCE (2 Copies)

Dr. Pierre Mecheler
Societe Radiomana
27 rue Claude Bernard
75005 Paris, FRANCE

Dr. Svein Mykkeltveit
NTNF/NORSAR
P.O. Box 51
N-2007 Kjeller, NORWAY (3 copies)

13



FOREIGN (OTHERS)

Dr. Peter Basham Dr. Tormod Kvaema
Earth Physics Branch NiTNF/NORSAR
Ceological Surviey of Canada P.O. Box 51
1 Observaccry Crescent N-2007 Kjeller, NORWAY
Ottawa, Onzario, CANADA KIA 0Y3

Dr. Eduard Berg Dr. Peter Marshall
Institute of Geophysics Procurement Executve
University of Hawaii Ministry of Defense
Honolulu, HIl 96822 Blacknest, Brimpton

Reading FG7-4RS, UNITED KINGDOM

Dr. Michel Bouchon Prof. Ari Ben-Menahem
I.R.I.G.M.-B.P. 68 Department of Applied Mathematics
38402 S t. Martin D'Heres Weizman Institute )f Science
CIe-x, FRANCE Rehovot, ISRAEL 951729

Dr. Hilmar Bungum Dr. Robert North
NTNF/ ORSAR Geophysics Division
P.O. Box 51 Geological Survey of Canada
N-2007 Kjeier, NORWAY 1 Observatory Crescent

Ottawa, Ontario, CANADA K1A 0Y3

Dr. Michel Campillo Dr. Frode Ringdal
Observatoire de Grenoble NTNI/NORSAR
I.R.I.G.M.-B.P. 53 P 0, Box 51
38041 Grenoble, FRANCE N-2007 Kjeller, NORWAY

Dr. Kin Yip Chun Dr. Jorg Schlittenhardt
Geophysics Division Federal Institute for ,.:osciences & Nat' Res.
Physics Depar-nent Postfach 510153
U-ve,sity of Toronto D-3000 Hannover 51, FEDERAL REPUBLIC OF
Onta'.o, C.-N.ADA MSS 1A7 GERMAN Y

Dr. ,an Douglas
Ministry of Defense Universita Degli Studi Di Trieste
Blacknest, Brimpton Facolta Di Ingegneria
Reading RG7-4RS, NITED KINGDOM Istituto Di Miniere E. Geofisica Applicata, Trieste,

ITALY

Dr. Maf,-rd Henger
Federal Ins:ftute for Geosciences & Nat'l Res.
Pcstfach 5 '0153 Dr. John Woodhouse
D-3CCm Hanover 5 , FRG Oxford Uiversity

Dept of Earth Sciences
Parks Road

M4s. Eva :onannisson Oxf' rd 0v 13PR. ENGLAND
Senicr Research Officer
Natcnal Defense Resea.-ch Inst.
P.O. Box ^7322
S '0?. 54 3ockholm, SWEDEN

Dr. 7-&.czdu K~ede
Cec .'sical Obser-iatcri Sc:once Fac"itv
Addis A.-aaca tjrverty

Addis Abaa, E- rUOPIA 14


