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In Memoriam 

Clyde J. Sisemore 

Clyde J. Sisemore, a member of the Containment Group in the Earth Sciences Depart­
ment, died July 25, 1988, of complications from heart bypass surgery. He was born on March 22, 
1934, near Fayetteville, Arkansas. He earned a B.S. in physics at Fresno Slate and an M.S. in 
physics at the University of California, Berkeley. 

He began his career at the Laboratory in 1955, working on the Plowshare Program until it 
ended in the early 1970;.. In this program, Clyde worked on in-situ solution mining of copper 
ores. In cooperation with the Kennecott Mining Company, this work established the feasibility 
of recovering copper from ore broken underground by nuclear or conventional explosives. He 
served as one of the original physicists who worked in the Laboratory's oil shale program. He 
played a key role in planning and coordinating joint field experiments with industry. The most 
noteworthy of these was the $100 million in-situ experiment by the Rio Blanco Oil Shale 
Company in which the Laboratory provided technical support in planning, retort modeling, and 
data acquisition and interpretation. In recent years Clyde had been a member of the Nuclear 
Test Containment Group and also did work for the Seismic Treaty Verificalion Group. 

Clyde was among the originators of SLIFER. one of the first techniques lor making 
hydrodynamic yield measurements of nuclear lesls. These measurements have become the 
preferred U. S. monitoring approach for improved verification of the Threshold Test Ban Treaty. 

Clyde was a respected, thorough scientist, helpful to many, and a loving family man. 
He is missed. 



Introduction 
The Earth Sciences Department at Lawrence Livermore National Laboratory con­

ducts work in support of the Laboratory's energy, defense, and research programs. The 
Department is organized into ten groups. Five of these - Nuclear Waste Management, Fos­
sil Energy, Containment. Verification, and Research - represent major programmatic activi­
ties within the Department. Five others - Experimental Geophysics, Geomechanics, 
Geology/Geological Engineering, Geochemistry, and Seismology/Applied Geophysics -
are major disciplinary areas that support these and other laboratory programs. This report 
summarizes work carried out in 1987 by each group and contains a bibliography of their 
1987 publications. 

The Earth Sdences Department conducts work in 
Mippon of three major lahoru'ory mission ureas -
energy, defense, and hi.ic research. The Nuclear Waste 
Management Program is the largest single program 
within the Department, representing slightly less than 
40'r of our efforts. The major activity of that pro­
gram is to design and evaluate a waste package for en­
capsulating high-level nuclear waste for permanent 
geologic storage in a tuff repository. The Fossil Ener­
gy Program, representing 5 rr of our efforts, supports 
a variety of energy projects focused largely on the is­
sue of alternative sources of liquid fuels. In the de­
fense area three programs - Containment. Treaty 
Verification, and Shock Physics - represent about 35r; 
of the Department's work. The primary objective of 
the Containment Program is to ensure the containment 
of radioactive debris from the Laboratory's under­
ground nuclear tests at the Nevada Test Site. The Ver­
ification Program supports a variety of tasks largely 
focused on developing tetter methods for verifying 
compliance with test ban treaties and supporting De­
partment of Energy personnel as they help formulate 
arms control agreements, negotiate treaties, and evalu­
ate compliance Basic research activities currently rep­
resent about 10rf of the Department's work, roughly 
split between the Office of Basic Energy Sciences 
(OBESt Program and the Laboratory's Institutional 
Research and Development Program (1R&D). An addi­
tional 10rr of the Department's work is devoted to a 
wide array of smaller projects, including Environmen­
tal Protection and Z Program special projects. 

To carry out these programs, the Department is or­
ganized into ten groups - half are program groups and 
half are disciplinary groups. The program groups 
- Nuclear Waste Management. Fossil Energy. Contain­
ment. Verification, and Research - are responsible for 
the oversight and management of the major programs. 
The disciplinary groups - Geochemistry. Geology/ 
Geological Engineering. Experimental Geophysics, 
Seismology/Applied Geophysics, and Geomechunics -

ate the resource from which programs draw their ex­
pertise. Discipline group members often divide their 
work among several programs. Some disciplinary 
work is done for Laboratory programs or divisions 
outside Earth Sciences. 

All of the programs supported by the Department 
are inherently multidisciplinary in nature. The Depart­
ment itself comprises more than 100 professional sci­
entific personnel spanning a variety of subdisciplines: 
geology, seismology, physics, geophysics, geochem­
istry, geohydrology. engineering geology, mining engi­
neering chemistry, chemical engineering, and mechani­
cal engineering. Resident technical support groups add 
significant additional technical expertise, including 
Containment Engineering. Compulations. Electronic 
Engineering, Mechanical Engineering, Chemistry and 
Materials Science, and Technical Information. In total 
180 professional scientists and engineers are housed in 
the Earth Sciences Department complex, making it one 
of the largest gcoscience research groups in the nation. 

The Department organization structure has evolved 
over die years to meet the changing needs of the pro­
grams. Two changes were recently made in response 
to current and anticipated future needs of the Depart­
ment. Two now disciplinary groups were formed - a 
Shock Physics group headed by Lew Glenn, and a Flow 
and Transport group headed by Richard Knapp. The 
scope direction and capabilities of these groups will be 
highlighted in next year's report. 

This is a report of research accomplished by staff 
members of the Earth Sciences Department during cal­
endar year 19S7. It contains a description of the organ­
izational groups in the Department, including details 
of the discipline capability of each group: the programs 
supported by members of the group; and laboratory, 
field, and computational equipment available to com­
plete the research. Each group has provided brief sum­
maries of research projects completed by group mem­
bers as well as a complete bibliography of publications 
by group members during the year. 

I 



Geology/Geological Engineering 
The Geology/Geological Engineering Group applies its expertise in a synergistic 

way to programs and projects both within and outside the Earth Sciences Department. 
The group's expertise embraces rock mechanics; soil mechanics; hydrology; engineer­
ing geophysics; and structural, environmental, and economic geology. We develop and 
perform in situ and laboratory tests. We provide analysis and numerical simulation to 
support experiment planning; data analysis and interpretation; and hydrologic, mechan-
cal, and thermal analyses. Our data acquisition and management capabilities are 
important aspects of the Department's technology base through work in database 
management, data statistics, geologic exploration and mapping, geotechnical instru­

mentation, hydrologic instrumentation, remote sensing, site characterization, technical 
reviews, and well logging. 

Civilian Radioactive Waste Management 

Wo support the Nevada Nuclear Waste Storage 
Investigations (NNWSI I Project h> providing tech­
nical ami administrative leadership lor large-scale in 
Miu lesis of the near-field waste package environ­
ment in partially saturated, welded volcanic luff. 
These lesis examine the hvdrologic and ihcrmo-
mechanical responses of fractured, porous rock to an 
accelerated thermal load cycle conceptually similar 
to that expected from an outplaced waste package. 
Our task integrates computational and experimental 
activities in geohvdrologv. rock mechanics, and geo­
physics. Results from these tests will support per­
formance assessment ami design activities for the 
high-level nuclear waste repository proposed for 
Yucca Mountain. Nevada. 

Our major contributions in technical expertise 
support the NNWSI in live Prototype Engineered 
Barrier Design Tests I PEBDTl for the Exploratory 
Shaft Testing, l ite prototype tests are designed to 
evaluate the technical feasibility of various measure­
ment techniques used to monitor the hvdrologic and 
thcrmomcchanical response of the rock mass during a 
heating and cooling cycle. One lest involves inject­
ing compressed air into preselected sections of a 
healer emplacement borehole. We will measure per­
meability before heating the rock, then again after 
completion of the heating cycle to assess the ther­
mal effects on the permeability of the rock. The 
borehole probe includes a packer assembly compris­
ing three inflatable packers. Test /one pressures and 
temperatures are monitored by pressure transducers 
and thermocouples. 

We are studying the feasibility of modifv ing 
existing geotechnical instruments for use in the 
Waste Package Environment Test i WPETi. The 

effect of high temperatures on instrumentation dur­
ing tests is of special concent. Another instrument 
evaluation includes the analysis of results of labora­
tory tests of a borehole jack in an aluminum block. 
These tests were conducted to address questions 
about I he phenomenology of borehole dilatomeler 
measurements of rock muss dcforniubility. 

Our group continues to sup|Hirt NNWSI in the 
preparation and coordination of the site characteriza­
tion plan for the proposed Yucca Mountain nuclear 
waste repository site. This major Department of 
Energy < DOE) document is required for release lo 
the Nuclear Regulatory Commission (NRCl. the 
stale of Nevada, anil the general public as a step in 
the selection of Yucca Mountain as the first I'.S. 
repository silo for high-level radioactive waste. 

Repository Technology Program 

Based on our expertise in rock mechanics and hy­
drology, we were invited lo participate in the design 
ami performance ol several experiments at the Un­
derground Research Laboratory l l R l . l in Manitoba. 
Canada. We have the lead role among U.S. partici­
pants in developing new techniques for measuring 
fluid How and mechanical behavior in several experi­
ments dealing vv ill) nuclear waste repository sealing 
systems and engineered barriers. 

In a detailed review of state-of-the-art geolech-
nical instrumentation, we identified three areas 
where improved instrumentation and data analysis 
are needed for carry ing out the experiments: earth 
pressure measurement, moisture sensing, and ground­
water tracer detection. Earth pressures are always 
difficult lo measure, particularly at elevated temper­
atures. An experimental and calculalional effort lo 
improve the interpretation of data from existing 

i 
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mechanical devices is under way. To monitor mois­
ture changes in sealing materials. we are working 
with the Engineering Research Division of LI.NL lo 
dev elop a new technique based on measuring changes 
in microwave resonant frequencies. For determining 
groundwater tracer velocity. we are collaborating 
with the Environmental Sciences Division to develop 
fiber optic sensor systems that can he embedded in 
the sealing materials. These systems will eliminate 
the need to retrieve groundwater samples, and there­
by allow continuous monitoring. 

Cil-SASYS tlicotechnical Engineering Analysis 
System I is a two- and three-dimensional hybrid 
boundary-element finite-element code hang devel­
oped for litis program. When completed, it will 
compute the coupled deformation anil lluid-llow 
response of fractured nonporous rock masses subject 
to excavation. We are developing the two- and 
three-dimensional boundary element part of the 
code. An important aspect of its development and 
validation will be its use in simulating the excava­

tion response experiments that are being conducted 
at the I'KL. In addition lo and in support of ihis 
code development work, theoretical models and ex­
perimental methods are being developed lo improve 
our ability to predict the coupled response of frac­
tured rock formations. 

We have used the first version of the (iF.NAS YS 
code to predict the stresses and displacements 
induced by the excavation of Instrument Room 2(W 
at the I'RI.. In this ex|H'timent. which is a inal run 
for the main excavation response experiment, the 
response of the rock mass to the excavation of a tun­
nel m a sequence of nineteen excavation steps was 
measured by an array of instruments that include 
borehole cxlcnsomclcis and siiessineters. The exca­
vation sequence t Fig. 11 consists ol a pilot hole exca­
vated in the first ten steps, then enlarged in nine 
additional slash steps. The deformed cross sections 
at the end ol excavating the pilot hole shown in 
Fig. 2 illustrate the lack ol'symmetry in the three-
dimensional deformation of the rock mass. 

Elevation of excavation sequence 

©@ ® © @© © ® ® 
® p 0 0 © © © © © © 

i z 

Q , • 1 Extensometer EXT-06 anchors 
• 2 
• 3 
- * • Stressmeter N1 

®@ @ @® ® © © © 
© * © © © © © © © © 

© ® @ ® © ® ® ® @ 
Plan of excavation sequence 

Figure I. The nineteen excavation steps needed In construct Instrument Room 2119 at the 
Underground Research Laboratory tl.'RI.i. The pilot hole was excavated in the first ten steps, then 
enlarged in nine additional steps. The approximate location of one cxtensmnclcr (F.XT-OXl and one 
slrcssmcler (Nil are shown. 
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(a) (b) 

(c) 

1 m:2 mm 
I 1 

Figure 2. Cross-seclion geometry and deformed cross sections when the pilot hole has been completel) 
excavated through step 10. fa) Left lace, y = -21.75 m. lb) inilial excavation face, y = 0 m. fcl right fact, 
y = 24.9 m. Displacements shown are magnified 500 limes. 
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Figured. [»\ Principal values uf stress change ul stressmeter M : I hi change in displacement hetuccn anchors 
of exlensometer KXT-OK relative lo the deepest unchor 1. 

I :igure } shows the computed chanties in the 
magnitudes of the principal stresses ami cxtciisome-
ter anchor displacements relative to those of the 
deepest anchor that would be measured by this 
siressmeter and extensometer. These quantities are 
measured from the initial state of stress and defor­
mation induced by the excavation of the initial 
access tunnel (excavation step II in I-'ig. I). The prin­
cipal stresses and relative displacements of the 
exlensometer anchors change rapidly during the first 
few excavation steps of both the pilot hole and the 
additional slash steps, and subsequently reach asymp­
totic \alues that correspond to a uniform hole of in­
finite length as the three-dimensional stress distur­
bance at the excavation face moves away from the 
points of measurement. 

Our calculations assume linear elastic r;K.k de­
formation and primarily account for the three-
dimensional geometry of the excavation and the high­
ly anisotropic in situ stress stale that preclude two-
dimensional idealizations. To model this excavation 
sequence w ilh GKNASYS. we discreli/ed the surface 
of the tunnel using 5(1 to 100 curved quadratic 
boundary elements and 150 to .MKI boundary nodes. 
The computational time for a run ranged from M) to 
61) mm of Cray tune, with input/output operations 
accounting lor a significant fraction of this time due 
to [he oul-of-core solution of the matrix equations. 
Boundary element computations of this kind using 
GKNASYS are accurate and cost effective, with the 
entire sequence computed for less than SKOOO. 

Containment Program 

We are responsible for the Containment Pro­
gram Data Base, ensuring the data are processed, of 
high quality, archived, anil prepared lor presentation 
in a timely fashion to meet Nuclear Test Program 
schedules. The database activities include processing 
ol log and sample data as well as inclusion of event-
related and geologic data. An ongoing task this 
year has been to convert these data bases and the pro­
cessing and modeling codes to a new VAX system. 

The geologists, along with the geophysicists in 
the Containment Program, produce site characteriza­
tion reports, which are thorough descriptions of 
drill hole locations to he used for underground nu­
clear tests. Geologic and geophysical data are inter­
preted to provide information on medium characteris­
tics, samples, geophysical logs, lithology. and geolo­
gy. These reports are utilized by the Containment 
Program in their evaluation of proposed nuclear 
tests and as input lo the Containment prospecti. 

Three members of our group serve as contain­
ment scientists. These roles require evaluation of 
the experiment, emplacement, site description, rele­
vant experience, and phenomenology. The contain­
ment scientist writes the prospectus, describes the 
event and containment activ ilies to the Containment 
Kvalualion Panel, and serves on the Kvenl Manage­
ment Team until the event is detonated. 

file:///alues
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Military Applications 

Our primary contribution to the Military Appli­
cations Evaluation and Planning Program has been to 
aid in the understanding of the survivability and 
effectiveness of various warhead types as earth pene-
trator weapons (EPYV). In particular, we have been 
involved in the characterization of earth materials 
encountered during impact tests con­
ducted into frozen soil in Alaska and into sandv 
soils and concrete at the Tonopah Test Range 
(TTRi. We carried out field studies for both the 
Alaska and 1TR tests: for the Alaska tests, we col­
lected fro/en soil samples for mechanical testing. 
The geologic data are incorporated into predictive 
calculational models in order lo facilitate compar­
isons to real targets. In turn, the calculations will 
be used to choose the most acceptable l-l'W candi­
date from stockpile weapons or front proposed 
designs for a robust pcnctralor. 

Our group has developed a comprehensive plan 
to experimentally investigate shock-wave effects at 
depth in layered geology. Along with the 
Experimental Geophysics and Gcomcchanics Groups, 
we have designed a series of innovative laboratory 
experiments involving chemical explosives in large, 
composite blocks of rock that will simulate certain 
shock-propagation phenomena, including reflection, 
refraction, and energy absorption caused bv layer­
ing. This information, combined with our proposed 
add-on measurements to large-scale explosive tests 
in the field, will help verily calculational models 
of ground shock response for Hard Target Kill. 

Knvironmental Protection 

To assist the Environmental Restoration Divi­
sion of ihc Environmental Protection Department, 
we have continued our direction of Held studies at 
the Laboratory and Site 300. These studies have 
involved drilling monitoring wells and sampling 
soil and rock strata for volatile organic < VOC) anil 
high-explosives (HE) compounds. Analytical data 
were evaluated to develop plume maps and explana­
tions of changes in VOC' concentrations with time. 
The HE data were analyzed mainly with respect lo 
depths of penetration of HE compounds into soils 
beneath abandoned wastewater lagoon sites. On the 
Laboratory site, the two-dimensional transport 
code. SUTRA, from the United Stales Geological 

Survey (USGS) has been used to better understand 
the extent and behavior of contaminant transport by 
groundwater. 

We have contributed to these field studies by 
using a microcomputer lo generate well logs, draw 
geologic maps and contours, make isopach maps, 
and solve hydrogeologie problems. Our stalc-of-ihe-
arl system is capable of reading well information 
from a data base lo generate cross sections and fence 
diagrams. 

In addition lo investigating the extent and na­
ture of conlaminaled groundwater al the 
Laboratory she, we have the responsibility to de­
sign, plan, and implement appropriate remedial 
actions lo clean up these groundwater problems 
while meeting the substance and form of require­
ments from the numerous involved regulator} 
agencies. In Julv l%'7 lite Laboratory site was 
placed on the National Priority List (Superfimd) for 
these activities: we immediately became accountable 
to (he Environmental Protection Agency (EPA) as 
well as the Regional Water Q/ualily Control Board, 
the Slate Department of Health Services, and lite 
City of Livermore. We are continuously negotiating 
with these agencies to ensure compliance with 
Comprehensive Environmental Response Compensa­
tion and Liability Act/ Superfiind Amendment 
Re-Aulhori/alioii Act (CERCLA/SARA) require­
ments as we move forward in the cleanup process. 
The preparation of the Remedial Investigation/ 
Feasibility Study required by the EPA before actual 
cleanup begins will take approximately two years. 

Nuclear Regulatory Commission 

At the request ol the NRC". we provided techni­
cal review and commentary on topical reports 
prepared by she 1X)E and DOE contractors regarding 
aspects of the geology of proposed nuclear waste re-
positorv sites in bedded salt at Deaf Smith County. 
Texas: in basalt al llanford. Washinglon: and in luff 
al Yucca Mountain. Nevada. 

Unconventional Gas Recovery Program 

In support of the Unconventional Gas Recovery 
Program, we studied the feasibility of determining 
in MIII deformation moduli from hydraulic fractur­
ing pressure records. Because a hydraulic fracture 
responds to the in sim properties of a large volume 
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of rock, at least as large as itself, fracturing can be 
an attractive means of determining the in sim defor­
mation moduli of a rock mass at different length 
scales. With this motivation, extended analytical 
results were derived for estimating the in situ crack-
opening modulus from bottom hole prcssur.* records 
for in silii conditions that result in the propagation 
of constant-height hydraulic fractures. We devel­
oped and generalized a theoretical formulation (hat 
unifies and extends existing Perkins-Kem-Nordgren 
(PKN) and Christianoviieh-Geerlsma-De Klerk-
Daneshy (CODDi constant-height fracture models to 
obtain a hybrid CCIDD-PKN model that applies to 
constant-height fractures of arbitrary length/height 
aspect ratio. These results are useful for interpret­
ing fracturing data and for designing fractures for 
crack-opening modulus measurements. 

Sensitivity analysis of the uncertainty in the 
crack-o|iening modulus measured from bottom hole 
pressure records shows that the crack-opening modu­
lus compu'.ed from the initial CGDD-type fracture 
extension phase will he much less sensitive to the 
uncertainty in fracture height than that computed 
from the final PKN-type fracture extension phase. 
If the crack-opening modulus is to be computed 
from the usually observed final PKN-type fracture 
extension period, then the fracture height must be 
known with much less uncertainly than the uncer­
tainty in the crack-opening modulus that is to be 
resolved through such measurements. 

We are conducting laboratory experiments to 
understand hydraulic fracture behavior near geologic 
interfaces and thereby develop improved diagnostics 
for stimulation of gas sand reserviors. In the first 
year of this three-year effort, we have investigated 
various means of detecting and controlling fluid-
driven fractures in gypsum cement blocks containing 
sandstone lens structures. We have also developed 
new equipment for applying stresses to the blocks 
to simulate in situ conditions near an underground 
sand lens. We have discovered that the most effec­
tive detection scheme appears to be an externally 
mounted ultrasonic transmitter used in conjunction 
with an array of inexpensive piezoelectric film 

receivers embedded in the block. A distinct signal 
change is noted as a crack passes between the source 
and receiver, thus locating the front in both lime 
and space. This system will be used to track a frac­
ture near an interface and correlate its behavior with 
diagnostic characteristics in the fluid-injection pres­
sure-lime record. 

Z "Vogram Applied Technology and 
International Assessments 

We provide studies of the oil and gas develop­
ment in Hiuzil with emphasis on fulure potential in 
these areas. We also analyze Soviet geology for 
applications related lo treaty verification issues. 
Both these studies contribute to U.S. and world se­
curity. Technical support i\ also provided for 
oilier special projects with geology and geological 
engineering elements. 

Howard University 

In cooperation with Howard University, the 
Earth Sciences Department and the Historic Black 
College Program sponsor a summer field geology 
course at the Nevada Test Site (NTS) (Fig. 4). 
Applied geology and ils problems and techniques are 
emphasized in recognition of growing numbers of 
environmental problems geologists will be required 
lo confront in the fulure. Many unique facilities 
(i.e.. boreholes, tunnels, and trenches) are available 
at NTS and can be used to provide training in various 
techniques and procedures of applied geology. The 
course also provides a background in traditional 
field geology techniques. Instructors include profes­
sionals from Howard University. USCiS. DOE. and 
Ll.NL Earth Sciences Department. 

Many of the students have continued on to 
advanced degrees or expressed an interest in doing so 
upon graduation. Two of the students have returned 
as student assistants in the course. Another student 
currently has a one-sear technical appointment in the 
Earth Sciences Department. 
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Figure 4. Students and faculty from the first cosponsnrcd Laurence Livermore National Laboratory/Howard 
University summer field geology course. From left to right: Oliver Jones, Keiin itacon. Itrian Price, 
Dr. Fred Wilson (HU), and l)r. I.arry McKague ( I . I .M. I . 

Geology/Geological Engineering Publications 

Anderson. G. D.. J. T. Ranibo. A. S. Kusubov, H. A. Dockery. and W. B. McKinnis (1987). "Relalior- hip 
Between Large-Hole Drilling Rates and Compressive Strength of NTS Roek Types." Prat: 4lh Symp. 
on Containment of Underground Nuclear Explosions. Colorado Springs. CO. Sept. 9-12. 1987. 
Lawrence Livermore National Laboratory. Livermore. CA. CONI :-870961. Vol. 2. pp. 155-163. 

Daily. W. D.. and A. L. Ramirez (1987). "In Sim Measurement of Electromagnetic Properiies of Welded Tuff 
Under Compression." IEEE Trans, (ieoscience and Remote Sensing. (iK-25 (ti). 859-861. 

Daily. W. D.. and A. L. Ramirez (1987). Preliminary Evaluation of an Electromagnetic Experiment to Map 
In Situ Water in Healed Welded Tuff. Lawrence Livermore National Laboratory. Livermore. CA. 
UCRL-96816. 

Dockery. H. A., and J. B. Clark, eds. (1987). Alaskan Erozen Soil Impact Tests of the HS.1 C/S anil Strategic 
Earth Penetrator. Lawrence Livermore National Laboratory. Livermore. CA. UCRL-53813. 

8 



1987 Earth Sciences Annual Report 

Kusubov. A. S.. G. D. Anderson, and H. A. Dockery (1987). "Post-Failure Strength of Gypsum Silica-Sand 
Aggregate Stemming Material." Proc. 4th Symp. on Containment of Underground Nuclear Explosions. 
Colorado Springs. CO. Sept. 9-12. 1987. Lawrence Livermore National Laboratory. Livennore. CA, 
CONF-870961/Vol. I. pp. 369-377. 

Kusubov. A. S., H. A. Doekery. and G. D. Anderson (1987). Compilation of Mechanical Properties of 
Geological and Related Materials. Lawrence Livermore National Laboratory, Livermore, CA, 
UCID-20943. 

Ramirez, A. L.. and W. D. Daily (1987). "Electromagnetic Experiment to Map In Situ Water in Healed 
Welded Tuff: Preliminary Results," Proc. 2Sth U.S. Symp. on Hock Mechanics. Tucson, AZ, 
(SME. Inc.. Littleton. CO), pp. 37-46. 

Ramirez. A. L. and W. D. Daily (1987), "Evaluation of Alterant Geophysical Tomography in Welded Tuff." 
./. Geophys. Res. 92. 7843-7853. 

Ramirez. A. I... and W. D. Daily (1987). Underground Research Laboratory • Geotomography Results. 
Lawrence Livermore National Laboratory, l.ivennore,CA, UC1D-21139. 

Rogers. L. L. (1987). Solute Transport Modeling of Organic Compounds in Ground Water West of the 
Lawrence Livermore National Laboratory, l.ivermorc, California. Lawrence Livermore National 
Laboratory. Livermore. CA. UCRL-97356. Presented to the International Ground Water Modeling 
Center Conference. Groundwater Contamination: Use of Models in Decision-Making. October 26-29, 
1987. Amsterdam. The Netherlands. 

Shaffer. R. J.. F. E. Heuze. R. K. Thorpe. A. R. Ingraffea. and R. H. Nilson (1987). "Models of Quasi-Static 
and Dynamic Fluid-Driven Fracturing in Jointed Rocks," Proc. 4th Int. Conf. on Numerical Methods 
in Fracture Mechanics. San Antonio. TX. (Pincridge Press, Swansea, UK), pp. 505-518. 

Shaffer. R. J.. F. E. Hcuze. R. K. Thorpe. A. R. Ingraffea. and R. H. Nilson (1987). "Models of Quasi-Static 
and Dynamic Fluid-Driven Fracturing in Jointed Rocks," Proc. (>th Congress Int. Society of Rock 
Mechanics. Montreal. Canada. (A. A. Balkema. Rotterdam), pp. 257-262. 

Thorpe. R. K.. S. C. Blair, and A. E. Brown (1988). "Physical Modeling of Hydraulic Fracturing Behavior 
Near Geologic Interfaces." Key Questions in Rock Mechanics: Proc. of 29th U. S. Symp., 
(A. A. Balkenia, Rotterdam), pp. 745-746. 

Wagoner. J. L. (1987). "Making Sense of the Mixed Alluvium in the Yucca Flat Basin," Proc. 4th Symp. on 
Containment of Underground Nuclear Explosions. Colorado Springs, CO, Sept. 9-12, 1987. 
Lawrence Livermore National Laboratory. Livcrmore, CA. CONF-870961, Erratum, Conference 
paper G-4. 

Wilder. D. G. (1987). "Influence of Stress-Induced Deformation on Ob.scrved Water Flow in Fractures of the 
Climax Granitic Stock," Proc. 28th U.S. Symp. on Rock Mechanics. Tucson, AZ, (SME, Inc., 
Littleton. CO), pp. 491-500. 

Wilder, D. G.. and J. L. Yow. Jr. (1987). "Effectiveness of Geologic Characterization Techniques, Climax 
Granitic Stock. Nevada Test Site." Bull. Assoc. Eng. Geol. 24. 537-548. 

Wilder, D. G.. and J. L. Yow. Jr. (1987). Geomechanics of the Spent Fuel Test-Climax. Lawrence Livermore 
National Laboratory. Livermore, CA. UCRL-53767. 

Wijesinghe. A. M. (1987), Extended Analysis of Constant-Height Hydraulic Fractures for the Estimation of 
In-Situ Crack-Opening Modulus from Bottomhole Pressure Records. Lawrence Livermorc National 
Laboratory. Livennore. CA. UCJD-20995. 

Yow. Jr.. J. L. (1987), "Blind Zones in Acquisition of Discontinuity Orientation Data," Int. .1. of Rock Mech. 
Min. Sci. andGeom. Ah*. 24. 317-318. 

Yow. Jr., J. L. (1987). "Test Concept for Waste Package Environment Tests at Yucca Mountain," Proc. 28th 
U.S. Symp. on Rock Mechanics. Tucson. AZ, (SME, Inc.. Littleton. CO), pp. 1035-1042. 

Yow. Jr.. J. L.. and R. E. Goodman (1987). "A Ground Reaction Curve Based Upon Block Theory." Rock 
Mech. Rock Eng. 20, 167-190. 

9 



Experimental Geophysics 
The Experimental Geophysics Group conducts research in rock and mineral prop­

erties, high-pressure physics using the diamond-anvil cell, and crystal growth. In 1987 
we measured the physical properties of materials ranging from hydrogen to single crys­
tal olivine over an extremely wide range of pressures and temperatures. This work, 
conducted in support of the Laboratory's energy, defense, and research programs, deep­
ened our understanding of the physics of the earth and planets as well as the physics of 
phase transformations at high pressures. 

Rock Properties 

Shock-Wave Studies 

At the Giant Magnet Experimental Facility, we 
digitally recorded explosion-induced motion in geo­
logic materials. We can simultaneously measure par­
ticle velocity and piezoresislance gage responses to 
determine the multicomponent stress-strain history 
in the test material. This information provides a 
means to validate computer models used in simula­
tion of nuclear underground testing, chemical explo­
sion testing, dynamic structural response, and earth 
penetration response. The facility can accommodate 
geologic samples as laige as I.? ill on a side and. 
with the use of multiple-turn gages, it has been pos­
sible to obtain particle-velocity lime histories at 
strains from I0'1 to as low as 5 x I0'7, or at stresses 
from a few tens of kbars to less than a bar. 

The piezorcsistance measurements provide data 
from triple-material foil gages and from ytterbium 
foil gages for strains below lO' or at stresses 
below about I kba>\ Our analysis shows that the 
triple-material gage containing foils of ytterbium, 
manganin, and constantan provide three independent 
resistivity measurements for the gage oriented in a 
perpendicular direction relative to the radial propa­
gating shock front. Our analysis of the ytterbium 
foil gages, which were tested in both perpendicular 
(normal) and parallel (tangential) directions rela­
tive to the radial shock front, shows that the resis­
tivity responses from these two orientations are 
independent measurements, with both depending 
upon (I) the radial stress history and (2) the two 
tangential strain histories. This analysis indicates 
that the material properties of the foil, the dimen­
sions of the foil, and the material surrounding the 
foil greatly influence the total resistivity response 
of foil gages in a multi-component stress-strain 
field. These piezoresistance gages provide a break­

through in the ability to measure stress-strain lime 
history and validate computer codes used for ground-
motion calculations. 

Physical Properties for the Stilton Sea Scientific 
Drilling Project 

For the Sulton Sea Scientific Drilling Project 
(SSSDP). we measured ultrasonic f- and .V-wave 
velocities, electrical resistivity, and brine permeabil­
ity. Two cores of siltstone from 919-ni and 1158-tn 
depths have been studied at confining pressure, tem­
perature, and pore pressure thai, closely simulated in 
.silu conditions in the borehole. We also obtained 
x-ray tomographs, ultrasonic tomographs, .and im­
pedance images of these samples. Our results indi­
cated that the ultrasonic wave velocities measured in 
the laboratory were comparable to those obtained by 
sonic logging. These cores were found to have strong 
anisolropy in ultrasonic velocities: at in xiiu condi­
tions the P-wave velocity measured along bedding 
was smaller than that measured perpendicular to 
bedding. This was probably caused by the combined 
effects of pressure and temperature on velocity of a 
layered medium. This ultrasonic velocity anisolropy. 
if proven to generally exist in the Sallon Sea rocks, 
is very important for the exploration and under­
standing of geophysics in a gcothcrmal Held. 

Thermal-Stress Microfracturing 

Thermal microfracturing occurs in rock loaded 
by thermal stresses produced either by natural pro­
cesses or engineering applications such as nuclear 
waste disposal. Active and passive acoustic methods 
show promise for monitoring changes induced in a 
rock mass by thermal loads. By monitoring acoustic 
emissions at high temperature and pressure, we have 
demonstrated that relatively more emissions occur 
at lower pressure than can be explained by crack for-
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niation. Our findings suggest that fundamental 
changes in the fracture process occur at pressures 
important to engineering applications. 

Measuring Joint Topography 

Accurate modeling of fluid flow through joints 
in rocks has consequences for a number of important 
applications, from resource recovery to nuclear 
waste isolation: however, the physics of joint behav­
ior and of the flow of fluids between rough surfaces 
is poorly uiidcrslixxl. To increase our understanding. 
»c have designed an experiment to simulate joint 
behavior in the laboratory. By making quaitlilativc 
measurements of joint topography lor a tensile sur­
face in gabbro. then coinhimiu: that data w tilt perme­
ability and joint closure measurements, we have heen 
able to show that the cubic law for fluid flow in a 
single fracture holds for smaller apertures than pre­
dicted by numerical modeling of the flow Held. 

X-Ray and Opiical Studies in the 
Diamond Anvil Cell 

Diamond anvil cell studies concentrated on x-ray 
and optical measurements in the 100-GPa range. 
Structural and volume change data for some rare-
earth elements and actinide elements were collected 
up to 130 GPa 11.3 Mban. We used synchrotron 
x-ray sources at Brookhaven National Light Source 
and Stanford Synchrotron Research Laboratory to 
collect \-ray data at md above 100 GPa pressure. 
An x-ray beam from a synchrotron source collinialed 
to 10 mm or less has enough intensity to permit data 
collection in an hour or two at these pressures. By 
reducing the area of the sample to be x-rayed, the 
pressure gradient (which is 5-6 GPa over 60 nun ar­
ea! could be brought down to I.OGPa. We reported 
that plutonium goes through a structural change at 
high pressure and nxim temperature. Similar struc­
tural changes were also noted in 5-plutonium. We 
discovered a new high-pressure phase in neodymium. 
This triple-hexagonal close-packed phase, missing in 
the rare-earlh-elenieni high-pressure phase-transi­
tion sequence, was later confirmed in gadolinium 
and samarium. 

We have advanced the pressure limits of the 
diamond-anvil cell lor containment of soft samples 
to 2 Mbar. We have successfully contained samples 
and have made in silu optical measurements of xenon 

and hydrogen to this pressure. Our experimental re­
sults for these materials illustrate that the msula-
tor-to-mctal transitions theoretically predicted to 
ivcur at or below 2 Mbar do not occur and must ex­
ist at significant!) higher pressures than previously 
expected. In the case of xenon, we have measured 
the electronic band-gap to be > IM eV at 2 Mbar. in­
dicating that the transition may not occur below 
3 Mbar. We have observed no optical absorption fea­
tures below the diamond absorption edge (2.5 eV> in 
hydrogen up to 2 Mbar. indicating that the insulator-
to-metal transition in this material will occur at 
ev en higher pressures. We have also studied the high 
(-.ressiirc hehav lor of bromine, whose high-pressure 
eleclromc hchav air is thought to Iv an analog for In -
drogen. We have observed the itisulatoi-io-inelal 
transition in bromine at about I Mbar. 

We have studied electrical, opiical. and structur­
al properties of Livable il-'e.SiO,) to maximum pres­
sures between I and 2.25 Mbar at room temperature. 
Results of electrical resistance and opiical absorption 
measurements made up to {).') Mhar extrapolated to 
metallic values above 1 Mbar. However, measure­
ments of infrared reflectivity to 2.25 Mbar indicat­
ed that the transition to a metallic state did not >x-
cur. Subsequent in situ and recovery x-ray measure­
ments indicated that fayalite transforms irreversibly 
to an amorphous state at about 0.4 Mbar. 

Crystal Growth/Electrical Conductivity 

We received the thermal image furnace for our 
crystal growth laboratory in October I9S7. In early 
December, we grew our first oliv ine vv ith a nominal 
iron content of 15 wt'j. Thermal stresses, generated 
by the large temperature gradient inherent in the 
thermal image furnace, cause our crystals to develop 
cracks parallel to the growth axis. We are attempt­
ing to Milve this gradient problem by developing a 
resistance furnace lo heat the sample after it leaves 
the melt /one. Further studies to fully characterize 
the olivine crystals, including electrical conductivity 
measurements, are underway. We have also started 
to grow diopside and melililc for on-going diffusion 
experiments in the l-anh Sciences Department. 

The complex impedance of a core of black shale 
from 5.4 km deep in the Miinsterland I borehole 
near Minister. West Germany, indicates a conductivi­
ty of about I S/m. independent of frequency over the 
range 10 ' to 10* H/. This high conducliviiv. which 
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is equivalent to that measured for either molten ba­
salt or olivine at about 1500-C. is attributed to car­
bon at grain boundaries. The carbon is the residue ol 
pyrolysis reactions that proceeded during diagnesis 
of organic-rich sediments. Such black shales could 
be responsible for some crustal conductivity anoma-
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lies, which could be associated with overlying gas 
or oil. it is also possible that some carbon-rich 
rocks are subducted to greater depths and could con­
tribute to production of upper mantle conductivity 
anomalies. 
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Containment 
The primary goal of the Containment Group is to ensure the containment of 

radioactive debris from LLNL's underground nuclear tests at the Nevada Test Site. 
The main objective of the group is to develop sound technical bases for containment-
related methodology. The containment design of a proposed test takes into account 
many factors, including the geologic setting, the physics design of the experiment, the 
emplacement and stemming of the experiment, and the previous experience with 
similar experiments. 

In September 1987 the Containment Group cosponsored the Fourth Symposium 
on Containment of Underground Nuclear Explosions, which was held at the U.S. Air 
Force Academy in Colorado Springs, Colorado. At this symposium, members of the 
Containment Group presented 15 papers on topics covering line-of-sight design, 
geology, material properties, stress measurement, stress calculations, geophysics, 
medium properties, cavity pressure, collapse phenomena, and late-time gas flow. 
Some of the advances that we presented at the conference are summarized below. 

Calculations 

We studied geologic structures in which a rela­
tively weak working-point lull medium is located 
between two hard-rock layers. If the hard-rock 
layer is close to the cavity, it can retard cavity 
growth and increase cavity pressure to the point of 
exceeding the residual stress field. In one case, two-
dimensional TENSOR calculations showed that the 
residual stress in the tuff is about the same level as 
the cavity pressure. This leads to the speculation 
thai horizontal seepage could proceed quickly into 
the weak luff. To further study the seepage possibili­
ty, two-dimensional calculations were run w ith the 
CRAM code developed by S-Cubed in La Jolla. 
California. This code uses a new dynamic-fracture 
model that calculates the opening, propagation, and 
closing of cavily-gas-filled hydrofraclures during 
dynamic ground motions. 

A conservative assumption is that the fluid pres­
sure in the entire crack network is identical to cavity 
pressure. The results of the cons :rvative dynamic 
fracture model in CRAM show cavity gas penetrat­
ing the residual stress field horizontally. 

In situ rock strength is a key parameter in con­
tainment calculations. The projectile method 
appears promising for determining rock strength in 
our large-diameter < 2- to 4-m) hole environment. 
We are developing a gas-gun launcher system that 
will be capable of measuring both depth of penetra­
tion and deceleration of a reusable projectile in 
these holes. 

We compared penetration of a U-kg projectile 
fired at about 30 m/s from a prototype launcher to 
penetration of an S4-g projectile fired at about 
500 m/s from a seismic gun. The first targets were 
nO-cm cubes of gypsum cement, mixed to provide a 
range of densities (1.64 to 2.0 g/cc) and strengths 
(3 to 17 MI'ai. We found that penetration depth is 
proportional to projectile kinetic energy for projec­
tiles with the same nose size and shape, impacting 
targets of approximately constant strength. The ra­
tio of kinetic energy to penetration depth is approxi­
mately proportional to target strength. Tests in 
tuff with a wide range of strengths at NTS give a 
similar linear relationship between the ratio of ki­
netic energy to penetration and target strength, as 
well as a linear relationship between deceleration 
and strength (Fig. 5). Thus, penetration can indeed 
he used as a measure of strength. 

Stemming and Plugs 

The stemming design of an emplacement hole 
typically includes six sanded-gypsum-concrete plugs 
that perform as gas impedance barriers or structural 
members or both. The condition of the rock in the 
vicinity of the plug is important in the performance 
of the plug. The in situ acoustic velocity of the rock 
has been examined as a tool to help choose 
plug locations. 

Velocities measured in the walls of large-
diameter boreholes with the dry hole acoustic logger 
(DUAL) are typically lower than velocities across 
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similar geologic media measured farther from the 
borehole wall using other techniques (Vibroseisi. 
This velocity difference is attributed to a disturbed 
zone around the borehole wall that may be due to 
drilling or to weak rock in the presence of overbur­
den stresses. Modeling suggests that lower veloci­
ties should be observed next to the borehole wall, 
and that shear failure of the medium is necessary to 
reduce the velocity. Data indicate that the borehole 
walls for many holes appear to have failed suffi­
ciently to relieve tangential stresses over large dis­
tances along the depth of the hole. From this analy­
sis, it is prudent to consider the possibility thai the 
damaged annulus of the hole is a potential pathway 
for radioactive gas. We conclude that, where exact 
plug locations are not dominated by oilier factors, 
plugs should be placed in regions where the velocity 
measurements indicate minimal annulus damage. 

Phenomena 

Gas samplers at the Nevada Test Site have 
detected radioactive noble gas following several 
events detonated beneath Pahule Mesa. This has 
been attributed to atmospheric pressure cycling 
("breathing") assistina diffusion in enablinu caseous 

radioactive fission debris to reach the surface. The 
geology of an event site, in particular the depth of 
the Rainier Mesa Member of the Timber Mountain 
Tuffs, appears to play a role in the amouni and lim­
ing of this phenomenon. 

By comparing fluctuations in atmospheric pres­
sure and subsurface pressure I measured in postshot 
holes of opportunity). we ha\ e been able to calcu­
late the bulk diffusivity ol chimney regions to quan­
tify the diffusion characteristics of tuff ami alluvi­
um. The diffusivities calculated to dale range from 
about 1 .VI to 31 .<KK) m-'/hi. These diffusivities are 
only one parameter in a gas transport model that is 
under development. Before gas transport predictions 
can be reliably made from transport models, other 
parameters such as fracture number, spacing, and ap­
erture must be known in situ. We are presently ex­
amining methods to determine the other parameters. 

We have made advances in several other measure­
ment techniques. Shear velocities of geologic materi­
al are important parameters in calculations. Relative 
shear-wave velocities can be calculated from signals 
recorded by the two-receiver DHAL. An energy 
packet within the DHAL signals has been identified 
as the Rayleigh wave that travels along the wall of 
the empty borehole. The velocity of the Rayleigh 
energv is related to the shear wave velocilv. The 
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Figure 5. Strength vs ratio of kinetic energy to penetration depth 
I New tons x 10 ? I for 13-kg projectiles (gun I and 84-g projectiles (Betsy I. 
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signals from the two DHAL receivers are Tillered, 
windowed, and cross-correlaled lo obtain ihe best es­
timate of the lime delay between the arrival of this 
Rayleigh energy at each of the receivers. From this 
time delay, the Rayleigh wave velocity is calculated. 
With the borehole diameter and signal wavelengths. 
Vs is calculated. 

Measurements of shot-indicated stress as a func­
tion of time and position provide both an empirical 
basis for phenomenological concepts of containment 
as well as data to validate predictive calculational 
analysis. We studied a triple-material piezo-resis-
tance gage for multicomponcnt stress. The three 

pie/.o-resistance materials used in the gage are ytter­
bium, nianganin. and constantan. The output from 
this gage is a history of the resistivity change for 
each material in the gage. The three diagonal compo­
nents of the stress (strain) tensor can be inferred 
from the resistivity measurements. We compared 
the gage resistivity measurements with the calculat­
ed gage response for spherical shock loading in poly­
methylmethacrylate (PMMA) (Fig. ft). The close 
agreement of the calculated and measured resistivity 
changes shows that the performance of the triple-ma­
terial gage can be used to infer the stress history of 
shock-loaded materials. 

100 102 104 106 108 110 112 114 116 118 120122 
Tknt (MC X 10*) 

Figure 6. Comparison of measured (solid line) and calculated 
(solid squares) piezo-resistance response for the triple-material 
piezo-resislance gage in PMMA. 
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Geomechanics 
The Geomechanics Group is composed of engineers and scientists with expertise in 

the mechanics of geologic materials. Most of the group's activity is related to developing 
and applying sophisticated computer models to the analysis of complex problems of shock, 
fracture, and flow in the solid earth. The phenomena we study generally involve one or 
more couplings between thermal, mechanical, and hydraulic effects. The group provides 
support to LLNL energy projects, such as the isolation of nuclear waste or the recovery 
of deep natural gas, and to defense programs, such as the containment of underground 
nuclear tests or the ground effects of earth penetrator weapons. Pour projects highlight 
the achievements of the group in 1987. 

Multiphase Dynamics of Geologic Media 

The physics of wave propagation in porous rocks 
ami soils is highly dependent upon the degree of flu­
id saturation in the pores. Waves attenuate more 
rapidly in gas-filled porous materials than in liquid-
saturated materials because of pore crushing and col­
lapse. Soil liquefaction may occur when pore-
pressure buildup disrupts the friclional equilibrium 
of normal and shear stresses. The response of geo­
logical materials as affected by the degree of liquid 
saturation has a direct impact on LLNl-'s program­
matic goals in defense-related areas such as contain­
ment, treaty verification, eanh-penetrator weapons, 
and hard targets. 

A new. comprehensive model was developed to 
describe the dynamic response of three-phase media 
to shock. It explicitly treats the tlow of the tluids 
(air. water) independently of the solid matrix. This 

model has been incorporated in the TF.NSOK ground-
motion axle and verified against onc-dimcnsional 
shock-lube calculations for saturated soils (there are 
no independent results for partially saturated soils). 
Figures 7 and K illustrate the importance of the inde­
pendent handling of solid and water, showing the 
solid and water-pressure profiles in the one-dimen­
sional shock lube after rebound of the shock at the 
tube's end. An analog situation in nature would be 
shock reflection at a hard-rock interface of low per­
meability, overlain by pervious softer rocks or soils. 
Because the water pressure is high ahead of the prin­
cipal solid shock, due to the leading returning water 
shock wave, there is a region of very low effective 
solid normal stress ahead of the solid shock. Thus, 
the solid shock will he traveling into a region of 
lowered effective solid strength, thereby increasing 
the extent of damage to the solid matrix, as con­
trasted with what it would be in a dry material. 

25 

Radius (cm) 
Figure 7. Liquid pressure after rebound 
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Radius (cm) 
Figure K. Solid effective pressure alter rebound. 
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New Insight in Cratering Phenomenology 

The phenomenology of explosive cralering in hard 
rocks is of interest in the energy field, defense field, 
and planetary science. Traditionally, the analysis of 
explosive events has been performed by using dynamic 
continuum codes, mostly based on finite difference 
approximations. These codes have been very useful in 
predicting ground shock effects at depth: however, 
they are not adequate for representing the full-crater-
ing process. Figure "• is a case in point. This continu­
um computation of a particular underground explosion 
shows a very large (>60 m) mounding of the surface, 
and sharp displacement discontinuities over a zone 
extending from the cavity to the surface. It is clear 
that extensive rock breakage will lake place in the 
medium, in the mound, and along the displacement dis­
continuity surfaces, prior to material being ejected. 
From there, a large amount of block motion will lake 
place in the ejecta. with attendant dilation due to 
block motion: the above physics is beyond the reach of 
continuum codes. To gain more realistic insight into 
such cralering phenomena we have turned to a different 
modeling technology known as discrete block models. 

Over the past several years, a lew numerical mod­
els have been developed specifically aimed at simulat­
ing the motion of discrete macroscopic, inelastic, fric-
tional panicles. One of these, the LLNL DIBS 
(Discrete Interacting Block System) model is a two-
dimensional polygonal-particle model, which tracks 
the motion of each individual panicle (or element) in 
a system of many as it interacts with other panicles 
and boundaries under applied loads anil gravity. 
Elements have arbitrary polygonal shapes and are them­
selves rigid: however, their contacts, which are corner-
on-side, have both stiffness and damping in the normal 
and tangential directions. They also possess friclional 
and cohesive strengths. These features can simulate 
realistic nonlinear and nonelastic interactions in rock 
masses composed of rock blocks separated by joints 
and faults. 

The calculation stans with a given geometric con­
figuration and a set of initial velocities or applied 
forces. The forces acting on all panicles due to that 
instantaneous configuration (and applied loads and 
gravity) are determined: then, an explicit finite-
difference integration of the equations of motion of 
all panicles is carried out for one small lime-
increment, to determine new positions and velocities 
for all of the particles. The particles are moved, lime 
and velocities are updated, and the procedure repeated. 
The method has been verified by comparison with ana-
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lytic predictions and with laboratory tests of the mo­
tion of individual blocks and assemblies of panicles. 

The SULKY nuclear event w as the object of the 
first of three calculations: it was a W-ton nuclear lesl 
at depth of burial of 27 m. The DIBS simulation is 
shown in Fig. HI. The initial force time-history was 
chosen heuristically to match the known spall velocity 
of 26 m/sec. The peak pressure was 31.4 MPa. declin­
ing to zero in steps, over 65 msec. Ii was applied lo 
the walls of a 10-m diameter cavity, the size of which 
was estimated from 1 -D hydrodynamie calculations of 
the real event. The DIBS/SU1.KY simulation captured 
the approximate height of the rubble and the creation 
of a "retarc." It also showed lite pronounced el'fecl of 
rock mass dilation along the shear surfaces on lite ve­
locity field and hence on the ejecta pattern. A second 
calculation (Fig. 11) showed the expected result for a 
SULKY yield buried at only 15 in: and a third calcula­
tion showed very lillle disturbance at the ground sur­
face lor a 54-111 depth of burial. The DIBS calculated 
the expected spall velocities of the second and third 
explosions within 2r,i and 7'J respectively. 

Discrete block modeling is not a mature technolo­
gy in spite of the interesting results obtained, as above. 
Realistic ground motion models must provide scenarios 
for fragmentation thai takes place between the continu­
um phase and disconlinuum phase. Also, the discrete 
models must be developed to provide realistic three-di­
mensional calculations of rotations and bulking. 

CTCLf. 6'S8B TIME 3.90+00 

Figure 9. Displacement field in a continuum cal­
culation of a particular underground explosion. 
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Figure 10. Cratering simulation of the 
SULKY event (90 tons buried at 27 m). 
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Figure 11. Cratering simulation of a 90-ton 
nuclear explosion buried at 15 m. 
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Geologic Factors Adverse to Nuclear 
Containment 

Decisions made as to the expected sate contain­
ment of nuclear explosions at a given site are based 
upon previous experience and analysis of the new 
site. Once the site geology has been defined, this 
analysis is performed within the geomechanics group 
using ground-motion models such as the TENSOR 
or DYNA codes. Experimentally measured or other­
wise estimated geologic material properties are used 
in parametric analyses of the effects of the given 
explosion. The expectation of containment of the 
radioactive products is based on predicting that a 
/one of residual tangential stresses will develop 
around a nuclear cavity upon rebound of the ground, 
after passage of the initial shock wave, and thai 
these tangenlial stresses will be higher than Ihe cavi­
ty gas pressure. 

Some geologic combinations of layering, layer 
hardness, and material saturation have been deter­
mined to hamper the formation of this residual 
stress field. These insights were gained through the 
extensive calculalional database developed over the 
years, and some measure of site data. Two situa­
tions are selected to illustrate geologies potentially 
detrimental to containment: a shot point in a weak 

- K Axis of 
-4 -^ symmttry 

0 50 100 150 200 250 300 
R axis (m) 

Figure 12. Nuclear event in a weak layer located 
between two strong layers. 

layer located between two strong, hard layers 
(Fig. 12). and a shot point in a hard, saturated layer 
overlain by a soft pervious material (Fig. 13;. 

The figures show ihe extent to which a region 
of tangential stress develops with values lower than 
cavity pressure: this area is shown as dark shaded. 
In Fig. 12. the strong rock layers prevent cavity 
growth in the upper and lower directions resulting 
in elevated cavity pressure. The weaker material lo­
cated between the hard layers characteristically sup­
ports a low residual hoop stress. The figure shows 
an area connected to the cavity that has residual hoop 
stress less than the cavity pressure, 

In Fig. 13. the interaction of the outgoing shock 
wave with the porous layer causes a rarefaction wave-
to return downward into the cavity region. The 
wave reduces the residual hoop stress around the cav­
ity. In addition, the strong rock surrounding the 
cavity influences the cavity growth to be less and 
the cavity pressure to be higher. The combination of 
effects results in cavity pressure greater than the 
residual hoop stress above and at the level of the 
cavity. 

Such situations arc judged conducive to gas 
escape and such sites may be avoided. These numeri­
cal models of nuclear lest effects continue to be a 
key part of containment estimation. 

Figure 13. Nuclear event in a hard, saturated layer 
overlain by a pervious material. 
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Micromechanical Models of Brittle 
Material Response 

Brittle materials loaded under quasi-static or 
dynamic conditions develop internal microcracking, 
which changes their properties and can lead to their 
failure. Today most brittle failure models are phe-
nomenological in nature and use a macroscopic empir­
ical approach to characterize material behavior. An 
alternative modeling approach has been pursued, 
which is more atuned to the internal deformation 
and failure processes taking place in these materials. 
Salient features of the new mieroaack-dependent 
material response are: 

• Stochastic niicrocrack density function that iden­
tifies various species of microcrack by a set of physi­
cal attributes such us microcrack opening, microcrack 
size, microcrack orientation, and their associated 
rates of change; 
• A deformation functional that represents mathe­
matically both the continuous and discontinuous con­
tributions to microcrack-dependent deformation., 
between two atoms in a material body; 
• A thermodynamic internal energy functional that 
represents mathematically the energetics nf micro­
crack creation, niicrocrack area change, and microcraci: 
surface-strain energy. 

This model has been used to interpret experimen­
tal data of microcrack density evolution in polymers 
as shown in Fig. 14. The model has also simulated 
microcrack localization and failure of a brittle materi­
al under quasi-static tensile testing. The most recent 
application has been for dynamic loading due to an 
explosion in a cylindrical borehole (Figs. 15-17). 
As the shock from the explosion propagates outward 
from the borehole, a decrease in microcrack density is 
predicted along a radius (Fig. 15). Figure 16 shows a 
comparison of the particle velocities for a microcrack-
dependent material and an elastic material. The model 
for microcrack-dcpendent material predicts a larger 
radial velocity behind the shock front, because the cre­
ation of microcrucks significantly decreases the uiec-
tive material strength and reduces the hoop (tangential) 
stress component. Figure 17 shows a comparison of 
the hoop stresses vs radius for microcrack-dependent 
and elastic materials. Due to circumferential deforma­
tion from niicrocracks, the hoop stress for the micro-
cracked material is much less than that for the elastic 
material. This dense evolution of niicrocracks behind a 
shock front is responsible for fragmentation failure in 
ivriltle materials. In general, the evolution of niicro­
crack density during the deformation of brittle materi­
als can induce large changes in the values of intrinsic 
material properties. For example, increases in the den­
sity of microcracks change the porosity and the perme­
ability thai influence the transport of fluids through 
porous rocks. 
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Figure 14. Microcrack density for 2.5 kg load 
history. 

Figure 15. Microcrack density vs radius for 
microcracked material. 

22 



1987 Earth Sciences Annual Report 

I I I I 1.0 
2.0 

Microcracked J 'C 0.8 
iiiaterlaL/^" -• y u 

1.6 iiiaterlaL/^" -• y f 

i/s
ec

] 

Elastic / 
g 0 . 6 

£ mattrlaj/ 04 

§ 0.8 s 

s " 

b 
0.2 

101 0 

0.4 - 0 

103 

0 I I I I X. 0 0.8 1.2 1.6 2.0 2.4 
Radius [cm] 

Figure 16. Radial velocity vs radius for micro-
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Geomechanies Publications 
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Verification 
The Verification Group manages and carries out projects that use LLNL's 

seismic, technological, and computational expertise; geologic and seismic data bases; and 
classified national defense and intelligence information to develop better methods for 
verifying compliance with test ban treaties, interpreting intelligence data, and supporting 
DOE personnel as they help formulate arms control agreements, negotiate treaties, and 
evaluate compliance. During 1987 we directed projects in the following areas: 

• Regional seismic systems. 
• Regional arrays and signal processing. 
• Regional discrimination. 
• Evasion and counterevasion. 
• Test ban issues. 
• Verification technologies. 

Regional Seismic Systems Site Selection Studies 

As a major contribution several years ago to the 
development of in-country seismic monitoring tech­
nology. Sandia National Laboratories and LLNL. at 
the direction of the DOE. set up the Regional Seis­
mic Test Network iRSTN). which comprises five 
seismic stations in the United States and Canada. 
This network was designed to model operational con­
siderations that might be encountered in realistic 
monitoring situations. In addition, we installed a 
temporary array in Kansas, where the platform geol­
ogy is similar to that in wide areas of the Soviet 
Union. During 1987. we performed location, site 
selection, and wave propagation studies using data 
from those sources. 

Location Studies 

As part of our research to belter detect and char­
acterize events, we are developing more accurate 
location techniques. We have carried out research on 
means to minimize regional location errors using 
data from the RSTN by (I) enhancing the recording 
signals through filtering. (2) identifying more types 
of seismic signals to give a redundancy for averaging 
errors, and (3) determining velocity variations for 
different travel paths. This effort has enabled us to 
locate smaller magnitude events with better 
accuracy. Location accuracy has been improved to 
about 50 km. 

A viable in-country seismic network for moni­
toring test ban treaties depends upon our ability to 
select suitable sites for seismic stations. High-
frequency signals hold promise in detecting decou­
pled shots. Effective high-frequency stations 
(>I0 Hzl rely on the premise that quiet sites with 
very low seismic noise can be found throughout the 
Soviet Union. 

Our site selection study within the midwestem 
United States addresses these issues. The midwest-
em sites are not quia sites, but they are representa­
tive of agricultural regions and indicate the sensi­
tivity of high frequencies to cultural noise. 

Our study implies that site selection procedures 
designed for short periods are inadequate for high 
frequencies. Above 10 Hz. strong spectral lines 
from mechanical sources and diurnal variations domi­
nate the seismic noise; this cultural noise would 
obscure spectral reinforcement that often character­
izes large chemical explosions and reduce the 
promise of high frequencies as a discriminant of 
decoupled explosions. 

To eliminate the offending sources requires a 
large increase in their distance from a iTospeclive 
seismic station. For example, the minimum distance 
from an active quarry must increase from 5 km to 
between 40 and 90 km. Table I compares our recom­
mended minimum distances to those from the RSTN 
siting criteria and to earlier guidelines for short 
periods. 
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Table I. Recommended minimum distances I'rom noise source 

Sources ot Disturbance 

Miiuiuttin Distances 
Carder 11 "VM 1 WOOVvl Reused 
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h 
15 

II I 15 5(1 IIKI 
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Small Milages iwatei pumps i 1 .1 J5 

Husv highwa> or mecliam/ed farms 1 5 II I III :u 

Ciraded comm roads, high buildings XHI 111 1 ' 2 h 

Low buildings, high trees UNI i l l 5IKIin 

High fence. low trees, large locks 511 in IIHI in 

Carder. D. S.. "The Requirements ol a Hit h-Scnsii i \ i t \ SL isnuier iph St it ion. V I S I A l ' Report 4 4 l l l o 5 \ October I' lh.i. 
a ~ with coastal mountain systems as wes'ern Nonh Ameru. 
b - wi th broad centra! and coastal plains as eastern S m h A uenea 
c - source and seismometer on wideh Jin*. rem formations or u itl iiiterseiiine iiintintaiu ranees or alius lal alk \ s 

d - source and seismometer on same nnnaiion and with IU inters t line mountain ranges ir alius al suitess. 
* - Iroin NOR ESS information. 

These recommendations must also apply to the 
final installation: power poles, fences, and surface 
structures intercept wind: while fans, power genera­
tion equipment, and similar mechanical equipment 
often increase the background noise. Only by empha­
sizing remote station sites can the prerequisite quiet 
sites be located and exploited for seismic verification 
using high frequencies. 

One means of minimizing background noise lev­
els is to emplace the seismometers lielow the surface 
in boreholes. At depth, the effect of seismic wind 
noise is reduced and penetration into unweathered 
rock allows better coupling to competent bedrock. 
Dala from our field deployment near Red Lake. 
Ontario, and its comparison with RSON (an RSTN 
location near Red Lakei point out that interference 
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Figure 18. Comparison of mean acceleration spectra from RSON (solid line) and high-frequency site 
(dotted line) between 0900 and 0930 CDT on July 24.1985. Below 5 Hz the spectra exactly mulch, while a 
dip occurs at 13 Hz—a null from standing wave interference for a seismometer located I (Ml ni below 
the surface. 

of the upgoing seismic wave and its reflection Iron) 
the free surface decreases the amplitude of both noise 
and signals at specific frequencies (broad spectral 
nulls or holes). This affects both the body wave sig­
nals and the noise, and complicates the estimation of 
source parameters (e.g.. corner frequency and high-
frequency asymptote) and decay of high-frequency 
noise. For valid interpretation of borehole data, the 
effect of spectral nulls must be removed 
during analysis. 

Figure IK compares the noise spectra at RSON 
to the spectra from the high-frequency field site. 
Both sites see the same background noise at low fre­
quencies: between 5 and 15 Hz the spectra diverge 
with the borehole seismometer. RSON. as the qui­
etest site by 6 dB. As the spectra approach IX Hz. 
they are again converging. 

The dip in noise power at 13 Hz may actually 
represent a side effect of seismometers outplaced 
within a l(K)-m borehole at RSON. Seismic waves 
vertically incident on a free surface have a null point 
at depth of 1/4 wavelength, and additional null 
points for the standing wave are located every addi­
tional 1/2 wavelength in depth. 

For this structure, the fundamental frequent) 
for the first null occurs at 13.5 Hz. which agrees 
with the maximum divergence in Fig. 18. Between 
the first null (13.5 Hz) and the second null (40 Hz) 
is a point of reinforcement at 27 Hz. which should 
give amplitudes equivalent to the free surface; this 
could explain the convergence of the two noise spec­
tra as the frequency approaches IS Hz. The signal 
spectra should also have the same sequence of nulls 
and reinforcements in its spectra: thus, the decrease 
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Figure 19. Comparison of regional Pn phase at RSON and high-frequency site in equivalent passbands. A 
1- to 17-Hz passband allows direct comparison between the waveforms for an explosion of 380 km on 
August 6,1985. The separation between the stations is 6 km. The field site shows much greater amplitudes 
and signal-to-noise ratio than RSON. The cause may be standing wave interference from emplacement with­
in a 100-m borehole, or perhaps local geologic heterogeneities. A lower-frequency teleseismic event, which 
occurred four days earlier, shows excellent agreement betweeen waveforms recorded at the two sites. 

in noise at ihe null does nol improve ihe signal-lo-
noise ratio (SNR) for detection, but may merely 
produce a more complex spectra. 

For telceismic events at low frequencies (near 
I Hz I. Ihe w aveforms match one another. For Pn 

from a regional explosion at 380 km (Fig. 19). the 
amplitudes from the borehole seismometer at RSON 

are a factor of three smaller at the dominant frequen­
cy (8 Hz) than at the surface site. A broad spectral 
null near this frequency agrees with the theory for 
an incident angle near 45° from vertical. Our SNR 
should remain constant; however, our surface field 
site has a much greater SNR than RSON for this 
regional phase. Different frequencies for spectral 
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nulls from Pn and noise could partially account for 
the poorer SNR at RSON. If the null lor P„ occurs 
at a lower frequency than the noise, the SNR would 
decrease. Alternately, local heterogeneities along 
the path focus and de-focus the regional phase and 
produce high amplitudes for Pn at specific sites. 

Distinguishing between these two mechanisms is 
important for site selection and installation of seis­
mometers. Spectral nulls from borehole emplace­
ment of the seismometer represent a disadvantage 
compared with surface installation, but this disre­
gards isolation from wind noise, which can Ix-
achieved within a borehole. 

Wave Propagation Studies 

In a network installed in the Soviet Union for 
treaty verification, there will be an initial period of 
testing and calibration. Included in this testing 
will be a study of the geologic structure around each 
station from an analysis of the received seismic 
signals. This information will be important to in-
country monitoring because it enables us to make 
allowance for wave propagation in order to analyze 
seismograms for source characteristics. We are un­
dertaking such a study on the dispersion of the Rc 

and trapped SH waves at the temporary array instal­
lation in Kansas. 

At the Kansas array, we collected a large num­
ber of seismograms of quarry explosions al disiances 
ranging from 100 to ISO km. These show pro­
nounced surface waves, which may be used to cali­
brate ths- structure along the path from the source to 
the array. Since the geology is reasonably uniform 
in this platform area, calibration of short regional 
paths provides a calibration of the array site itself. 

Surface waves give a relatively quick method of 
estimating shallow structure around the station. 
Structure is inferred from the dispersion of the sur­
face waves, which is a property of channelled 
waves. The propagation velocity of such waves 
changes with frequency, generally increasing as 
frequency decreases. 

Dispersion occurs because the medium velocity 
typically increases with increasing depth. Surface 
waves occupy a range of depths. Lower frequency 
waves have longer wavelengths and typically sample 
the earth to greater depths than do higher frequency 
waves, thus encountering higher velocity material: 
consequently, they travel faster. Higher frequency 

waves, with shorter wavelengths, are confined to 
shallow surface layers with lower velocity materi­
al: consequently, they travel slower. 

Measured dispersion curves can be used to infer 
the average velocity structure along the path from 
the source to the station. This estimate sheds light 
on the geologic structure around and under the sta­
tion. A knowledge of the geology provides solu­
tions to interpretation problems, such as the causes 
of complexity in signals and the causes of systemat­
ic hearing errors. 

Figure 20 shows one of scores of K surface 
waves recorded by the Kansas array; it shows the sig­
nal tillered into dil'fcrciM frequency bands to demon­
strate lite dispersion phenomenon more clearly. The 
signal in this example comes from a coal mine about 
120 km southeast of the array. Figure 21 presents 
the dispersion curve measured for this wave. 

To turn the measured dispersion curves into an 
estimate of structure involves a series of modeling 
steps in which structures are hypothesized, theoreti­
cal dispersion curves are computed, then they are 
compared against the measured quantity. The mod­
els are adjusted to bring the measured and theoreti­
cal curves into agreement. 

I>SVS/SKC 

As part of DOE's project to design, fabricate, 
and deploy a Deployable Seismic Verification Sys­
tem (DSVSl. we are assembling a System Evaluation 
Center (SEC) to determine the suitability of the 
data for treaty monitoring requirements. We feel 
that in order to adequately check and verify the sys­
tem, the data will have to he processed in a treaty 
monitoring environment. 

The DSVS SEC consists of an integrated data-
analysis package of routines developed al the Labora­
tory in the Treaty Verification research program. 
These routines include SAC. a data analysis and dis­
play code: XAP. a signal-processing routine: and 
MAI', an interactive mapping and plotting pro­
gram. The software is implemented on a UNIX-
based computer system with a local area network. 
Our eventual goal is to develop an environment in 
which both automated and interactive processing 
methods can be used to efficiently develop and lest 
DSVS data and network processing strategics that 
can lie used to verily the operation and capability of 
DSVS. 
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Figure 20. Seismic signal from a coal mine explosion as recorded by the Kansas array and as passed 
through band-pass filters: 0.5-0.7.0.65-0.85.0.K-I.0.0.95-1.15. and 1.1-1.3 Hz. 
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Figure 21. R dispersion curve for signal shown in Fig. 20. 
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Regional Arrays and Signal Processing 

Regional arrays (sets of interrelated seismome­
ters deployed in areas of about 10 km2 or less) offer 
significant monitoring advantages over a single sta­
tion deployed at the same site. The arrays can detect 
smaller signals, identify seismic waves on the basis 
of their propagation velocity across the array, and 
carry out preliminary locations of the source of the 
waves, and they are more robust when faced with 
certain types of spoofing. However, these advan­
tages are not acquired without cost. The arrays are 
more complex systems, and the multiple signals 
they generate require more extensive processing. 
The fact that they occupy more territory than a sin­
gle station may cause them to be viewed as being 
more intrusive. 

Our efforts in the array and signal processing 
area during 1987 were designed to investigate the rel­
ative capabilities of arrays and single stations, to 
compare the array capabilities with those of other 
technologies such as high-frequency monitoring, and 
to develop efficient algorithms for carrying out 
detection, location, and identification functions 
using array data. 

During 1987, we continued our comparisons of 
performance of three-component systems and arrays 
given various SNRs. In addition, we continued to 
develop and/or test algorithms for use on array data, 
some of which involved the application of expert 
systems. 

Event detection and location under high-noise 
conditions are crucial, often overlooked problems in 
the treaty verification context. Most seismological 
research is conducted under conditions of relatively 
high SNR, i.e., low noise, for the compelling reason 
that good results are easy to obtain. However, the 
high SNR condition is not an appropriate assumption 
for an actual monitoring exercise. Under any con­
ceivable treaty, the monitored nation will have 
access to the data from a monitoring network in real 
time, just as the nation doing the monitoring will. 
Should the monitored nation wish to perform a clan­
destine test, it may choose the time of the test, 
selecting a favorable opportunity for evasion. It 
would certainly elect to conduct the test under con­
ditions of high natural (or unnatural, deliberately 
arranged) background noise. 

Against this backdrop, a question arises about 
the limitations that high-noise conditions would 

impose on detection and location. Since arrays and 
three-component stations are. to some extent, com­
peting candidates for use as elements of a monitoring 
network, we need to know how well each would 
perform under severe noise conditions. When consid­
ering the composition of a monitoring network, we 
need to know where arrays are really needed and 
where we can gel by with three-component stations. 

Unfortunately, the performance of an array or a 
three-component station for location is dependent 
not only on the data collected by the instrument, 
hut how the data are processed. To measure the 
exact performance, >ve must specify the exact signal 
or data processing method (algorithm) that will lie 
followed. l:or example, we conducted a comparison 
of array and three-component station location perfor­
mance by simulation, based on a choice of algo­
rithms that we considered to be good. The difficulty 
with this approach is that the results depend on the 
choice of algorithm. The results may be disputed on 
the basis of choice of algorithm, because there are as 
many algorithms as there are people engaged in algo­
rithm research. 

Fortunately, there is a way out of this impasse. 
Recent developments in sonar signal-processing 
theory offer the possibility of estimating the perfor­
mance of the best possible method, even if that 
method is unknown. Formerly, it was possible to 
do this only for high SNR. but now it is possible at 
low SNR. 

We are now in the process of adapting these 
methods for estimating location performance to the 
seismic verification problem. We have begun with 
the simplest case, that of perfectly coherent signals 
and incoherent noise, which produces estimates that 
are relatively easy to obtain, but are too optimistic. 
They are appropriate for certain fairly restrictive cas­
es (limited array aperture, low-frequency signals). 
Figure 22 shows the results comparing array direc­
tion estimation performance and three-component 
station performance with these restrictions. We are 
now in the process of extending the work to more 
realistic conditions of poor signal coherence and spa­
tially correlated noise. With these improvements, 
we expect to obtain information on optimal array 
designs and comparison with single three-component 
stations, particularly regarding maximum usable 
aperture and number of array elements. 

Signal imperfections due to seismic heterogene­
ities can at times cause serious problems in the loca­
tion of seismic events using conventional methods. 
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The purpose of our sludy was lo delermine ways of 
solving the seismic helerogeneity problem. By 
adopting and extending the MUSIC (Multiple Sig­
nal Classification) algorithm to seismic array data 
and to three-component signals, we have made some 
progress on this problem. 

We have completed two important substudies 
using the MUSIC algorithm lor the seismic event 
location problem and using the NORESS seismic ar­
ray data (Fig. 23). The first stibstudy focused on 
calibrating the array with real signals. In many I're-
queney-wavenumber methods, direction and velocity 
estimation is obtained by assuming perfect plane-
wave signals. When signal imperfections distort the 
properties of a plane wavel'ield, the assumption of 
perfect signals can be a source of error in (he estima­
tion process. However, the array calibration strategy 
of MUSIC is an effective way to accurately locale 
seismic sources in spite of signal refraction, scatter­
ing, and weak multipath. The algorithm involves 
computing and storing the eigenvectors for events 
whose locations have been determined by some other 
means. When the location of a new. unknown event 
is to be determined, a matching operation is per­
formed by projecting the eigenvectors of the stored 
events with those of the new. unknown event. The 
best match between the new event and the known 
events determines the location of the new event. 

The second substudy was concerned with design­
ing high-resolution arrays when there is a rapid loss 
of spatial coherence. The array calibration was per­
formed by assuming perfect planewave propagation. 
A bearing estimation study with various configura­
tions of the NORESS array and with events from 
strongly heterogeneous sites (Fig. 23) indicates that 
with the MUSIC algorithm the bias of the direction 
estimate was reduced by an average of -4° in ten of 
the twelve events by adopting a smaller aperture 
suharray (Fig. 24). Improvement in hearing estima­
tion in MUSIC with a reduced aperture might be 
attributed to increased spalial coherency in the array. 
For methods with less resolution, the improved sig­
nal coherency in the smaller array is possibly being 
offset by severe loss of resolution and the presence 
of weak secondary sources. 

We have also extended the MUSIC algorithm 
lo single three-component stations in order to deter­
mine the bearing of the important regional phase. L . 
Our future work will address the extension of 
MUSIC to an array of three-component stations. 

Using expert systems methodology, we are con­
tinuing lo develop a computer capability for rapid 
inspection and analysis of seismic records, such as 
might be obtained from a seismic network involving 
arrays in the Soviet Union. 

As additional aids for seismic interpretation, we 
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Figure 22. Array and three-component station 
mean-square direction estimation error for 2- to 
5-Hz signals and a 13 element NORESS subarray 
with 1.5-km aperture. The array has a smaller 
error and 13-dB advantage in SNR. 

Figure 23. The NORESS array is located near 
Oslo, Norway. The events were located about 1000 
km east ol the arrav. 
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Figure 25. Polarization, reclilinearity, and total power distribution for a seismic signal from a quarry 
blast as recorded at the Kansas arrav. 
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have increased the number of distribution plots avail­
able to the seismic analysis at the Laboratory. 
These now include (1) power as a function of lime 
and frequency: (2) power as a function of time and 
bearing: (3) array coherence as a function of time and 
frequency for a specific velocity and bearing: and 
(4) polarization, reclilinearily. ellipticity. and total 
power of a multichannel signal (usually three-
componem) as a function of time and frequency. 
These distributions are implemented as slack signals 
in the computer program XAP. and can be manipu­
lated just as any other signal. Therefore, the analyst 
can generate new distributions from those listed 
above by suitable operations. 

An example of the usefulness of distributions is 
shown in Pig. 25. This is a mining explosion record­
ed by the Kansas array at a distance of about 150 km. 
The bottom trace is the signal recorded at a single 
station of the array. The contour map directly 
above it displays the distribution of power in the 
waveform as a function of direction and time at a 
particular frequency 14 Hz). It shows clearly that 
the first two major waves in this event are arriving 
from about 60° east of north. The fact that they 
arrive from the same direction is consistent with 
both waves originating with the same event: they 
are said to associate. The top contour map displays 
the distribution of signal power as a function of fre­
quency and time. The third major wave arriving at 
about 47 seconds is identifiable as a surface wave be­
cause of its low frequency and the fact that its fre­
quency increases somewhat with advancing time 
(normal dispersion: in fact two modes are clear in 
the distribution). The first wave is identifiable as a 
P wave because of its higher frequency content. On 
the basis of context (ordering or precedence) the sec­
ond is the associated S wave. 

The characteristics of the waves as well as their 
approximate times of arrival are made explicit in 
distributions. This is a great benefit to seismolo­
gists, who must otherwise infer important interpre­
tation characteristics indirectly from the wave­
forms. We have demonstrated the feasibility of 
computing these and other distributions in real lime 
for the NORESS data stream, and have developed an 
interactive graphical tool for examining direction 
and velocity distributions, which is color coded (for 
different frequency bands) to increase the amount of 
information available visually for interpretation. 

Regional Discrimination 

Although most verification analysis recognize 
the importance of having in-country seismic stations 
at regional distances from all source locations, 
little has been done to systematically evaluate the 
discrimination performance of such regional seismic 
stations. In part, this is owing to the recognition 
that the results are highly dependent on the geo­
physical properties of the region. In part, the lack 
of such studies is owing to the lack of a suitable 
database. In 14X7 we continued the systematic study 
of the extensive database of explosions ami western 
II. S. earthquakes thai we began to compile in l')K5. 
We have extended lite study of the discriminant 
based upon relative differences in the body- and 
surface-wave magnitudes generated by explosions 
and earthquakes, have considered discriminants 
based upon spectral content (including some high-
frequency studies), and have done some initial work 
on the use of multivariate statistical techniques 
for discriminaton. 

In our previous work (see the l'JW> luinh Sci­
ences Annual Report), we compared surface-wave vs 
body-wave discrimination results obtained using pub­
lished regional western U.S. magnitude definitions 
with those obtained using a new definition that did 
not include the period of the waves being measured. 

Using the new definition, we significantly low­
ered the misclassification rates (of explosions as 
earthquakes and of earthquakes as explosions). Much 
of our work in l°S7 went beyond the standard mag­
nitude discriminant studies and focused on new and 
modified discriminants. One of these is a modified 
spectral ratio discriminant that takes the spectral 
ratio in the 0.5-1 Hz band to that in the 2—1 Hz 
band for /'„. Pf. and Lf for Nevada Test Site (NTS) 
explosions and earthquakes located near NTS. 
Selecting earthquakes near NTS minimized the iced 
for accurate path corrections. 

In our study we found that similar measure­
ments were less than satisfying; consequently, we 
modified the discriminant by extending the band to 
higher frequencies utilizing our broadband capabili­
ties. We also wanted to see if simple distance cor­
rections could be applied to make the technique 
work for a wide distribution of regional events. In 
a pilot study we tested the technique on 74 western 
U.S. earthquakes and 7X NTS explosions. 
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Figure 26. Good separation of earthquakes and explosions is observed for mh<4.5 for all phases. 
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Figure 28. Overburied explosions show low spectral ratios and may be misclassified. 

After applying simple distance corrections, we 
found the ratio of (l-2)/(6-8) Hz energy worked 
very well for Pn. P, and L down to small magni­
tudes (mb~3; Fig. 26). L performs best, followed 
by P and Pn (Fig. 27); single-station misclassifica-
tion probabilities ranged from 6-20% fori. . 

We noticed that a few explosions were consis­
tently misclassified and discovered these were over­
buried. The left panel of Fig. 28 shows m b vs 
depth, where three overburied explosions are high­
lighted and the rest of the points are close to stan­
dard containment depths. The right panel highlights 
the L spectral ratio for these same three events; 
they are rich in high frequencies relative to normally 
buried explosions. Unless adequate recording band-
widths are available, it may be possible to spoof the 
spectral ratio technique by overburying the 
explosion. 

Figure 26 shows that the Le spectral ratio for 
explosions appears to increase to about m b -4.5, 
then decreases. A similar pattern is observed for P 
and Pn. In contrast, the L spectral ratio for earth­
quakes appears to increase and then level off above 
mh~4.5. Because of NTS containment procedures, it 
is difficult lo determine if the explosion pattern is a 
depth effect or a source scaling effect. 

Figure 29 shows fits to the L spectral ratios 
for commonly used earthquake and explosion source 
models. The latter models have depth-dependent 
effects built into the time function and cavity radius 
terms. The fit to the earthquake ratios is quite good 
for events with reasonable stress drops; however, 
the source model fails to predict the decrease in ra­
tio for m b > 4.5 using a realistic NTS structural 
model. Thus, the existing explosion source models 
may not be accurate at high frequencies, or olher 
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Figure 29. (a) Fitsof Brune dislocation source model for stress drops of 5,10, and 25 bars; and (b) Mueller-
Murphy explosion source model to L spectral ratio (l-2)/(6-H) Hz vs in h. The "spectral crossover" is diffi­
cult to explain using existing explosion source models. 

factors may be contributing to the observations such 
as depth dependence of regional phase excitation or 
effects due to strain dependent attenuation. 

Future work addressing these observations will 
involve calculation of regional synthetic seismo-
grams with explosion source models that include ef­
fects of strain-dependent attenuation. 

Evasion and Counterevasion 

As part of our examination of evasion tech­
niques, we have investigated the phenomenology as­
sociated with the generation of seismic waves by ex­
plosions. These studies have taken two forms: 
I l i a re-examination of the Salmon/Sterlins: data. 
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and (2) the continuation of a comprehensive laborato­
ry study of near-source explosion phenomenology. 

The results of our re-examination of the Salmon/ 
Sterling experimental data are significant with re­
gard 10 seismic monitoring of a potential low-yield 
threshold or comprehensive nuclear test ban. Origi­
nal analysis of data obtained in the Salmon and Ster­
ling experiments indicated a comer frequency for 
Sterling near 10 Hz. a factor of 4 less than predicted 
by the simplest decoupling theory. The fact that 
Sterling apparently did not behave in accordance 
with theory had been disturbing. Our comprehensive 
analysis of the experimental records, based on direct 
spectral analy sis of the free-field data, indicates that 
the Sterling experiment is in near perfect agreement 
with theory. 

The Salmon/Sterling series was designed to pro­
vide experimental confirmation of the cav ity decou­
pling concept for underground nuclear explosions. 
Salmon was a tamped (fully coupled) explosion with 
a yield of 5.3 kl. shot at a depth of 830 in in the Ta-
tum salt dome (near Hattieshurg. Mississippi) on 
October 22. I "64. The explosion created a nearly 
spherical cavity, slightly larger than 17 in in radius. 
It cracked the surrounding salt to an observ ed radius 
near 150 in. Estimates of the "elastic radius" range 
from I74to~o00ni . 

On December 3. 1°66. the Sterling experiment 
occurred inside the Salmon cavity. The device yield 
was 0.3S kt. producing an equilibrium prcssure-lo-
overburden ratio of - 1 . The rule-of-thunib value 
for decoupling is <0.5. By this criterion, the walls 
of the cavity were slightly overdriven. If the re­
sponse were completely elastic, then the spectrum 
of the reduced velocity potential would display a 
comer leigen) frequency. \\ = < /2nH. where < is the 
longitudinal wave speed in the surrounding medium 
and K is the ca\ ity radius. For the Sterling parame­
ters. \\ = 42 Hz. Analysis of the data, however, 
showed that the comer appeared at about 10 Hz. 
This implied that Sterling was only partially decou­
pled and that there was a considerable inelastic zone 
surrounding the cavity. 

We recomputed the reduced displacement poten­
tial IRDP) using only the digitized output from the 
free-field Sterling gages and found that the previous 
analysis was in error. The reason for this discrepan­
cy was traced to the method by which the original 
determination was made. Instead of usine the near-

field data from Sterling, near-field spectral data 
from the tamped shot that created the cavity 
(Salmon) were convolved with the Sterling-to-Salni-
on spectral ratio obtained from more distant seismic 
stations. The SNR of the seismic Salmon data was 
found to approach unity near 10 Hz (where the noise 
is due to the instrumentation not the earth I. thus 
limiting the use of the spectral ratio method to this 
\ alue as an upper bound. 

The results are in very good agreement with 
elastic theory and imply thai the decoupling factor 
of 70 observed in the seismic dala for Sterling corre­
sponds to full decoupling. 

Test Kan Issues 

ID ll)X7 we supported IX)E on lest ban issues in 
specific ways: representation and participation in 
several interagency and international activities and 
further application of an analytic framework to the 
decision-making process of dealing with test ban is­
sues. 

We continued to furnish a technical representa­
tive for the DOE/ISA (for the ninth year) on the 
U.S. Delegation to the Ad Hoc Group of Scientific 
Experts (GSE). which meets twice a year in Geneva. 
The CiSE has a mandate from the U.N. Conference 
on Disarmament (CD) to design a modem system 
for international exchange of seismic data and to de­
sign and carrry out experiments to test various as-
pccls of the design concept. The main purpose of the 
system would he to aid countries in monitoring com­
pliance with a Comprehensive Test Han Treaty 
(CTBTi. if and when one were agreed to. 

The Group achieved consensus on a new organiza­
tion of five study groups and experiment coordina­
tors to further the work. The study group convenors 
will he responsible for drafting material for the 
next report to the CD. The experiment coordinators 
will be responsible for drafting material for coordi­
nating the design and execution of experiments. Our 
representative has been designated as the U.S. Coor­
dinator at National Dala Centers for the 
U.S. Delegation. 

As a byproduct of the GSE activity, we have par­
ticipated in informal cooperative research studies 
with scientists from West Germany and Sweden. 

We furnished technical representatives for DOE 
on U.S. Delegations to the Nuclear Test Experts 
Meetings (NTEMl and the Nuclear Test Talks 
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(NTT) in Geneva, both of which were bilateral dis­
cussions with the Soviet Union related to the 
Threshold Test Ban Treaty (TTBT). 

We played a significant role lor the DOE's par­
ticipation in a comprehensive study of yield estima­
tion by multiple methods for an interagency group: 
the Arms Control and Verification Committee 
(ACVC). As part of the ACVC work, we investi­
gated methods of combining data in order to achieve 
better seismic yield estimates. 

By combining measurements of multiple seismic 
phases (tnh, nih ( > l l. m h l I, we have found that the 
uncertainty of seismic yield estimate is reduced, 
This methodology can be used to improve seismic 
yield estimates of events at Soviet lest sites. 

Our work was sparked by a study done by Ralph 
Alewine of Defense Advanced Research Projects 
Agency (DARPA). who combined three teleseismic 
phases for NTS events and found a significant rccduc-
tion in the uncertainty of the seismic yield estimate. 

We used data from SO NTS events, all of which 
occurred in saturated rock. We combined a teleseis­
mic measurement for the body-wave phase (»ib) 
from Peter Marshall of the Atomic Weapon Re­
search Establishment (AWRE) and two regional 
phase measurements from the LLNL NTS Network 
(LNN) seismic stations, mbPn and mbL . We com­
bined these seismic phase measurements as a weight­
ed average, accounting for any correlations between 
the individual estimates. Although the different 
seismic estimates did show some correlation, the un­
certainty in the combined yield estimate is still 
significantly lower than for any individual estimates 
but not as low as Alewine"s results using leleseismic 
phases. 

Using an objective procedure to combine the 
individual seismic measurements for events at the 
Shagan River Test Site (»ih, mh, . and W0). we 
obtained a combined yield estimate. This uncertainty 
in the combined yield estimate for events at the 
Shagan River Site is also lower than the uncertainty 
in any individual phase estimates at NTS. 

Analytic Framework for Evaluating 
Treaty Issues 

We have formulated an analytic framework 
incorporating decision-analysis methods in order to 

study such test ban issues as quotas. TTBT. and low-
yield threshold lest ban. 

Quotas on Nuclear Testing 

We have recently completed a paper on quota re­
strictions in nuclear testing. Many recent studies 
have focused on treaty provisions involving reduc­
tions in threshold yield levels. In our study we ex­
tend these analyses by focusing on treaty provisions 
involving both quotas and yield reductions. 

Verifying quotas is potentially complicated be­
cause they combine troublesome aspects of other 
test-limiting treaties. To determine compliance 
with yield restrictions, verification systems must be 
capable of accurately estimating the yield of tests. 
This is problematical, even at the relatively high 
150-kt threshold under the current TTBT. 
However, under a quota restriction, allowed tests 
would also have to be scrutinized to assure there 
were no concurrent tests, just as is required with the 
current Peaceful Nuclear Explosions Treaty 
(PNET). Finally, counting the number of tests and 
assuring that none are conducted above the quota re­
striction or in unauthorized locations is similar to 
verifying a CTBT. 

Our paper reviews options for quotas coupled 
with restrictions on the yield of allowed tests. We 
discuss the factors that influence the choice of quota 
and yield levels and the monitoring challenges for 
treaties involving quotas. We also discuss represen­
tative treaty options and verification systems, and 
identify inferior verification options based on a sim­
ple analysis. We conclude with guidelines for 
further analysis of visible treaties and verfication 
systems. 

Threshold Test Ban Treaty 

We are currently developing an analytic frame­
work for evaluating compliance with the TTBT. 
The framework inlegrates analytic techniques to an­
swer two key questions: (I) are the Soviets comply­
ing with the threshold, and (2) how should the U.S. 
respond to evidence of violations'? 

A decision maker's concerns are broader than 
"Do the data indicate a violation?" For the issue of 
evaluating Soviet compliance, several factors must 
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be considered. These include: 
• What do seismic and oilier data loll us'.' 
• How accurate is our monitoring'.' 
• Are violations militarily significant'.' 
• What are Soviet motivations for complying w ith 

or violating the treaty? 

Issues to be considered when deciding how to re­
spond 10 the evidence include: 

• Should we take strong action'.' 
• What are the implications ol' incorrect actions? 
• What are the Soviets expecting us to do? 

The analytic framework should incorporate decision 
makers' judgement in each of these areas. 

There are two outstanding issues related to the 
question of analyzing TTBT monitoring data and re­
sponding to evidence of violations. First, proce­
dures and approaches must be developed to integrate 
information from diverse sources to arrive at consis­
tent estimates of test yields. Most of the earlier 
studies have relied only on evidence from a single-
source of information (e.g.. teleseismic /'-wave 
magnitudes). Second, compliance evaluation ap­
proaches must be extended to consider explicitly the 
wide range of decision makers' concerns mentioned 
above, including the deterrence effects of effective 
monitoring and U.S. and Soviet cost/benefit consider­
ations. These approaches should significantly extend 
the applicability and usefulness of current 
approaches, including those based only on statistical 
error considerations. 

Our goal is to develop a compliance evaluation 
framework to meet these needs. The framework in­
cludes provisions for making explicit judgements 
about uncertainty in monitoring data, significance of 
violations, Soviet motivations to violate. U.S. val­
ues of possible outcomes, and Soviet values 
and expectations. 

In a related task we are assembling existing data 
on Soviet testing, designing the process of calibrat­
ing the monitoring network, and developing proce­
dures for combining monitoring data from all sourc­
es. The data and analysis from this task will be in­
put to the compliance evaluation framework 
discussed above. 

l.mv-Yield Threshold Test Ban Decision 
Framework 

We are developing an analytic framework for 
evaluating low -y ield threshold test ban decisions. 
The analysis focuses on the coupled yield threshold 
decision and verification system decision. The frame­
work incorporates decisions, uncertainties, and val­
ues: it explicitly models the interaction between 
U.S. and Soviet decisions. 

We are currently focusing on two components 
of the framework. An evidence-response model in­
cludes procedures for interpreting monitoring evi­
dence and responding to evidence of violations. The 
approach is the same as for the compliance evalua­
tion framework discussed above. A value model ex­
plicitly takes into account the military value of test­
ing, benefits of arms control, and the disbenefils of 
violations and false alarms. When finished, these 
components will complete the framework. 

Most of our recent efforts have focused on the 
issue of the value of testing as a function of yield. 
Judgements about relative values of testing and 
yield limits are crucial to a variety of treaty deci­
sions, including responding to evidence of viola­
tions, negotiating a low-yield threshold test ban 
treaty, and choosing verification measures at 
given thresholds. 

We have developed an assessment procedure that 
helps quantify experts' knowledge of the value of 
testing. We are currently talking to experts, both 
within the Laboratory and outside, about this issue. 

Verification Technologies 

The Verification Group manages and participates 
in projects designed to enhance existing monitoring 
technologies and develop advanced concepts. 

In 19X7 we continued our program of monitor­
ing extremely low-frequency (ELF) electromagnetic 
(EM) emissions (1-30 Hz) from underground nucle­
ar tests. We have been searching for ELF electro­
magnetic emissions from NTS underground nuclear 
tests to see if a signature can be found to augment 
our capabilities for treaty verification. 

We are looking at the ELF band because only 
those frequencies are expected lo maintain a measur-
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able strength at distances greater than a few hundred 
kilometers from ground zero. In addition, any low-
frequency EM energy that is coupled into the wave­
guide defined by the earth's surface and the iono­
sphere may create a resonance, called a Schumann 
resonance, that may be detected worldwide at 
ELF frequencies. 

Schumann resonance signals are detected using 
north-and-easl-directed magnetometers in the hori­
zontal plane (horizontal 6 field) and a simple anten­
na that detects the vertical electrical field, World­
wide thunderstorm activity provides a constant back­
ground of nonstationery ELF Schumann resonance 
signals that, for our purposes, are considered to be 
background noise. 

We monitored four underground tests and ob­
tained mixed results. For some events, signals were 
delected, mostly at close stations, which may indi­
cate that underground nuclear tests produce EM sig­
nals that excite the earth-ionosphere (Schumann) cav­
ity. Unfortunately, signals are not always detected, 
and. in addition, spurious signals explained only by 
other mechanisms confuse the picture. 

As part of our advanced concepts effort, we are 
investigating methods to improve close-in seismic 
yield estimates by using downhole airgun seismic 
calibrations. Close-in seismic estimates of nuclear 
test yields from surface ground-motion measure­

ments are frequently in error by factors of 2 or 
more, particularly at lower test yields. One major 
factor that causes errors in these yield estimates is 
the unknown seismic characteristics of geology in 
the region of the emplacement hole. We are at­
tempting to improve the accuracy of close-in seismic 
yield estimates h\ experimentally determining seis­
mic properties of the emplacement hole region with 
a small downhole airgun source. 

Seismometers mounted at the surface are used to 
measure the travel lime and relative amplitude 
attenuation of the airgun impulse originating near 
the working point of the emplacement hole. Accel-
urometers are later mounted at the seismometer loca­
tions to record the ground movement during the 
actual lest event. The accelerometer recordings can 
then be corrected to account for the influence of the 
local geology along the seismic propagation path by 
using the airgun calibration results to thereby 
improve the final yield estimate. 

This empirical approach requires an accumulation 
of statistically meaningful samples of airgun calibra­
tion with the associated nuclear event recordings. 
Provided that consistent relationships can he 
determined from the data, this approach has the 
potential advantage of improving close-in seismic 
yield estimates. 
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Nuclear Waste Management 
The Nuclear Waste Management Group's primary mission is to manage pro­

jects sponsored by the DOE Office of Civilian Radioactive Waste Management 
(OCRWM) through the Nevada Nuclear Waste Storage Investigations (NNWSI), Salt 
Repository Project (SRP), Repository Technology Program (RIP), and Basalt Waste 
Isolation Program (BWIP) offices. The technical activities are carried out jointly with 
other groups in the Earth Sciences Department, with other divisions and departments 
at LLNL, and with contractors. The OCRWM program at LI.NI. comprises three 
major activities plus support to the DOE in additional areas. These activities are the 
design and evaluation of a waste package for encapsulating high-level nuclear waste 
for permanent geological storage in a tuff repository; the improvement, use, and main­
tenance of the geochemicul code, KQ.V6; and the Spent Fuel Test—Climax (SIT-Cl. 

Waste Package Research 
and Development 

The largest activity in the Nuclear Waste Man­
agement Group is the development of a waste 
package for a repository in tuff. This activity is 
divided into a number of smaller ones: characteriza­
tion of the environment in which the package will 
function: testing of both glass and spent-fuel waste 
forms: testing of metallic materials for the waste 
package containers: evaluation and testing of other 
materials that might affect the waste package envi­
ronment and performance: integrated testing of 
multiple components: the design of the waste pack­
ages and specification of the processes for their 
fabrication, closure, and inspection: field testing to 
support predictions of performance of emplaced 
waste packages: and deterministic and probabilistic 
assessment of the performance of the waste package-
over the extended time scale (thousands of years) of 
the repository function. 

In December 19X7. Congress designated Yucca 
Mountain near the Nevada Test Site as the single 
site that will be characterized for the nation's first 
nuclear waste repository. Because LLNL is responsi­
ble for design of the waste package for the Yucca 
Mountain repository, our studies have become a 
major focal point in this scientific field. Some high­
lights of 1987 in this waste package work follow. 

Dissolution Experiments 

Dissolution experiments for the silicate mineral 
cristobalite were completed as part of the characteri­
zation of the environment in which the waste pack­
age will be stored. This work used natural and syn­

thetic material in flow-through cells. The dissolu­
tion rale was determined over a wide range of tem­
peratures and pit levels. The results expand siguil'i 
canllv. Ihe data available for lliis silicate mineral and 
provide an independent check of dissolution kinetic 
rale laws used in the LO Vfi code. 

Waste Package ICnviriiunient 

Another siudv in environmental characterization 
— extracting water from unsaturated rock has 
been accomplished through the use of a semi-
pcrmeahle-memhrane high-pressure technique. This 
method displaces water in rock pores with a noble 
gas al high pressure. The rock sample, which is in 
hydrologic contact with the semipermeable mem­
brane, is dehydrated in Ihe process. The displaced 
water is collected when il pas es through the mem­
brane. This iechnk|ue has the potential of allow iug 
us to analyze dissolved species in pore water trapped 
in rock. The technique is an extension of a w idely 
used method for analyzing waler in soils. 

Computer Simulations 

We have developed the capability to perform 
computer simulations of the hulrological and ther­
mal processes lhal are expected to occur around a 
waste package. These calculations show the move­
ment and dryim: of ihe water in the host rock due to 
the heal given off by the wasie packages. Because 
these simulations extend over several thousand 
years, extensive mollifications lo ihe original code 
were necessary in improve ils efficiency for our par­
ticular sel of problems. Other enhancements lo our 
physics models turlher improve the usefulness of 
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the code for application to conditions at Yucca 
Mountain. These enhancements will aid in the mod­
eling of future laboratory and field experiments as 
well as in furthering the understanding of the 
long-term hydrological environment around a waste 
package. 

Gas Phase Transport 

Preliminary numerical work was completed on 
an analysis of gas phase adveclive transport of H C at 
Yucca Mountain. The mass fraction of U C in the 
flowing gas phase is controlled by radioactive de­
cay. Retardation is greatest at low temperatures, 
high liquid pH, and high liquid saturations. Accu­
rate prediction of "C transit times requires knowl­
edge of the timing of carbon release from waste con­
tainers, knowledge of the hydrologic conditions, and 
good chemistry. Although there is considerable un­
certainty in these variables, an example calculation 
suggests transit times to the accessible environment 
on the order of the half-life of l 4 C, which is 5,720 
years. 

Hydraulic Properties of Topopah Spring Tuff 

A series of laboratory experiments have been 
performed on samples of Topopah Spring tuff to de­
termine their characteristic hydraulic properties. 
This ongoing work is designed (1) to determine the 
empirical relationships between capillary tension 
and moisture content and relative and absolute 
(saturated) permeabilities, and (2) to ascertain the 
nature of fracture healing that may occur at in­
creased temperatures. Bulk, saturated permeability 
decreases of approximately one order of magnitude 
have been observed when natural fractures are 
present. These occurred at temperatures in the range 
50-100°C over time spans on the order of a couple 
of hours. Current work is aimed at determining 
whether the same processes happen within man-
made, "saw-cut" fractures. 

Ion Microscope Upgrade 

The Cameca ion microscope was upgraded with 
the installation of a new resistive anode encoder. 
This development will allow the quantitative map­
ping of elemental concentrations in materials and 
provide depth profiles with resolution of less than 

one micron. This facility is currently being used to 
determine radionuclide transport properties in tuff. 

Field Experiments in Tuff 

We demonstrated in a field experiment in 
G-Tunnel at NTS that drying and welting phenome­
na in porous, fractured tuff are strongly affected by 
the presence of naturally occurring fractures in the 
rock, The experiment used an electrical heater to in­
duce drying, and wetting occurred after the heater 
was turned off. Spatial distributions of moisture 
content in the rock were mapped using a high-
frequency electromagnetic geotomogruphy technique. 
This successful experiment is leading to more com­
plex experiments in the exploratory shaft facility at 
Yucca Mountain. 

Geochemical Modeling Using EQ3/6 

The regulations established by the Nuclear Regu­
latory Commission for storing high-level waste set 
unprecedented technical performance objectives, in­
volving time periods of 1000 to 10,000 years. Ex­
trapolations to these times can only be done by com­
puter modeling, and these models must be based on 
an understanding of the fundamental scientific pro­
cesses involved. A significant achievement in ad­
dressing design requirements implicit to 10,000-year 
performance was the modeling of complex geochemi­
cal interactions using the EQ3/6 geochemical code. 
In 1987 EQ3/6 was revised to provide faster opera­
tions and the ability to model solid solutions for a 
number of systems including carbonates, clays, and 
feldspars. Improvements in the EQ3/6 database add­
ed the capabilities of using the commercial software 
package (INGRES) to structure input of new data, 
to effectively handle large volumes of data (1400 
species), and to provide the framework for including 
large volumes of data from the Nuclear Energy 
Agency (NEA) and International Union of Pure Ap­
plied Chemistry (IUPAC). A beta test version was 
released with all changes subsequent to 1985, includ­
ing dissolution kinetics, precipitation kinetics, high-
ionic-strenglh solutions, and a fixed-fugacity option 
for gases. 

Using the improved code and database, we mod­
eled the dissolution of spent reactor fuel and nuclear 
waste glass. These simulations involved up to 39 el­
ements, 594 aqueous species, and 586 solids. Com­
mon applications of EQ3/6 or other geochemical 
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Figure 30. Mole percent precipitates in DWPF glass at 90°C. 

codes involve fewer than a dozen elements and far 
fewer aqueous and solid species. Thus, the publica­
tion of these calculations represents a significant 
demonstration of our ability to model the highly 
complex interactions among rock, water, waste, and 
container material in the natural environment. 

Figure 30 illustrates a sequence of solid precipi­
tates that are calculated to form as waste glass dis­
solves. Current laboratory experiments have dis­
solved, at most, about 0.4 g of glass into a kilogram 
of water and have taken up to a year. This simula­
tion extends to dissolution of 10 g of glass per 
kilogram of water, representing much longer experi­
ments than would be practical to perform. Figure 31 
shows how the calculated concentrations of elements 
in solution vary as glass dissolves and the solution 
equilibrates with precipitated phases. The concentra­
tion of radionuclides in solution is the parameter to 
be controlled in the repository. 

Working closely with the Technology Transfer 
Program, we have distributed the code to several 
hundred users including universities, foreign coun­
tries, other national laboratories, and research 
groups as well as commercial users. 

Spent Fuel Test—Climax 

The SFT-C tested storage of spent-fuel reactor 
assemblies in the Climax granitic stock at the north 
end of NTS. The lest was designed and constructed 
from 1979 to 1980. was operated with fuel in place 
from 19X0 to 1983. was monitored and decommis­
sioned through 1984. was analyzed in 1985, and 
final reports were written in 1986. In 1987 all 
reports on the SFT-C were completed and printed, 
providing full documentation of the only test stor­
age of high-level waste material in granitic rock to 
the present. 

The results of the SFT-C are documented in 
more than 50 reports on subjects as varied as the test 
design and construction, data acquisition systems, 
thermal studies, thermomcchanical studies, test geol­
ogy and geomechanics. radiation dose documentation 
and calculations, and transport and handling systems. 
Although work or the SFT-C has been completed at 
LLNL. we continue to receive requests for technical 
information both from within the U.S. and from 
organizations in oilier countries. 
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Figure 31. Variations in the calculated concentrations of elements in 
solution as glass dissolves and the solution equilibrates. 

Canadian Cooperative Technology 

For the pas! several years, die Waste Manage­
ment Group has been involved in a cooperative pro­
gram with the Canadian Nuclear Waste Program to 
transfer technology developed at the SFT-C and oth­
er LLNL expertise to the Atomic Energy of Canada 
Limited (AEC1.) Underground Research Laboratory 
(URL) near Pinewa. Manitoba. In 1987 this work 

continued to concentrate on instrumentation and mod­
eling of coupled geomechanical and hydrologic pro­
cesses. Work was initiated in these processes; much 
of the cooperative work is now directed towards 
planning field tests that will be conducted in the 
URL. Additional details are provided in the 
description of the Geology/Geological Engineering 
Group"s activities. 
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The Geochemistry Group comprises geochemists, petrologists, and physical 

chemists working on a variety of earth science projects. The geochemists and physical 
chemists work primarily in low-temperature geochemistry performing experiments to 
determine the solubility and dissolution kinetics of minerals and to study waste-
form/rock/water interactions as a function of temperature and pressure. In addition, they 
are currently working to develop and apply equilibrium thermodynamic/kinetic reaction-
path geochemical modeling (EQ3/6) and to study the distribution of radioisotopes between 
fluids and solids in natural waters. They are also measuring the chemical properties of 
aqueous electrolytes (density, activity, and diffusion coefficients) and studying the distribu­
tion and chemical reactivity of dissolved inorganic species in surficial and ground waters. 
The petrologists are developing microanalytical techniques—primarily infrared—to study 
the composition of fluid inclusions; studying the isotope systematica and determining the 
age of basalts from the Rio Grande Rift, granulites from Sri Lanka, and ophiolites from 
the Sierra Nevadas; studying crustal metasomatism; studying heat production by natural 
radioisotopes in the lower crust of the earth; and performing material characterizations of 
a variety of solids. 

1987 Accomplishments 

During 1-987 the geochemists conducted experi­
ments to study the durability of glass waste tonus 
and spent fuel, as well as the interaction between 
various waste forms and canister materials jnder 
both saturated and unsaturated conditions. W; stud­
ied the stability of natural volcanic glass to 
hydrolhermal alteration (zeolitization) and (he abili­
ty of zeolites to resist crystallization to mote sta­
ble phases (analcime) using samples taken adjacent 
to a potential nuclear waste repository in tuff. In 
support of database development for the EQ3/6 geo­
chemical modeling code, we determined the solubili­
ty of quartz as a function of ionic strength (NaCI 
concentration) and temperature over the interval 
from 150 to 35()°C. In addition, we determined the 
dissolution kinetics of muscovite as a function of 
time and pH at 70°C and began a similar study to 
determine the dissolution kinetics of cristobalite. 
We began the process of acquiring or synthesizing 
and completely characterizing pure mineral stan­
dards to be used for measuring the basic thermody­
namic properties needed to accurately model their 
geochemical behavior. 

In EQ3/6 code development we upgraded the 
option for using Pii/er's equations to calculate activ­
ity coefficients in high-ionic-strength solutions, we 
improved the ability to model mineral solid solu­

tions, and we began to develop a capability to model 
the dissolution of clay minerals. 

We began the development of a new technique 
to measure the gas contents of fluk: inclusions using 
Fourier transform infrared spectroscopy. During 
this past year we have nearly completed the installa­
tion of completely automated x-ray diffraction and 
x-ray fluorescence analytical laboratories. Activity 
coefficient measurements were completed for 
NaCI-MgH, mixtures and for La(NO,)v 

Pr(NO,),. NiCU. and ZnCI,. Mutual diffusion 
coefficient studies were completed for NaCI-KCI 
solutions. We studied the speciation and high-tem­
perature behavior of trace volatiles (H :, H,0, CO :, 
etc.) in silicates. We .itinued studies of the petro-
logic. chemical, and isotopic nature of the deep conti­
nental crust in Sri Lanka: determined the age and 
studied the Sm-Nd. Sr. and Pb systematics of Rio 
Grande Rift basalts: and determined the age and the 
Sm-Nd. Sr. and Pb systematics ofophiolites from 
the Sierran foo.hills. 

As one example of the research we are conduct­
ing. Fig. 32 shows the results of our measurement 
of the rate of muscovite dissolution as a function of 
bulk solution pH at 7()°C. We find that over 
almost the entire pH range the dissolution rate is a 
function of pi I. Also, there are al least two differ­
ent mechanisms involved in the dissolution process, 
one in acid solutions that involves an activated com-
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plex containing H + on the surface of the mineral and 
one in basic solutions that involves OH". Further­
more, our data suggest that the only other estimate 

available of muscovite dissolution rale is too high 
because of experimental complications from grain 
size and chemical affinity effects. 
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Geochemistry Publications 
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The Fossil Energy (Jroup supports several energy projects in the Earth Sciences 

Department. These projects range from research in oil shale to studies of the granular 
flow of solids and production of gas from unconventional gas reservoirs. Three programs 
were particularly noteworthy in 1987: the granular flow of solid material, petroleum 
geochemistry, and a new program—mild coal gasification. 

Granular Flow of Solids 

Thi" objective oflhis project is to develop a fun­
damental understanding of. and the ability to predict. 
the lion behavior of granular solids. Advancement 
of the science of granular flow has broad scientific 
and industrial applications ranging from under­
standing landslides to the development of technolo­
gies for a variety of new synthetic fuels, including 
coal gasification and liquefaction, oil shale retorting, 
and tar sand processing. 

We are using new mathematical models that cal­
culate the motion of large numliers of interacting 
granules to directly simulate Hows of real granular 
soiids. These molecuiar-dy namics-like calculations 
are providing new insight into the microstruclural 
details of How behavior and are also being used to 
determine relationships between macroscopic quanti­
ties such as stress, strain rale, density, and mean 
kinetic energy of granules. The calculations agree 
with laboratory measurements where such data are 
available, and they agree with theories when 
comparable simplifying assumptions are made in the 
model l such as assuming frietinnless and nearly 
elastic particles). 

Comparisons with annular shear cell tests con­
firm that the model calculations capture the essen­
tial features of rapid shear Hows of granular solids. 
Direct comparisons with laboratory tests of gravity 
flow through arrays of horizontal rods and with 
flows in inclined channels have provided further cor­
roboration (and calibration i of our numerical 
simulation models. The simulations are providing 
guidance for the development of new statistical 
mechanical theories to describe such calculated 
features as anisotropic velocity and stress distribu­
tions wiihin the (lowing granular materials. During 
the coming year we plan to expand our study of 
boundary interactions and also initiate an extension 
of our modeling to include the effects of an 
intersiial fluid. 

Compositional Kinetic Model of 
Petroleum Formation 

The objective of this project is 10 derive and 
verify quantitative chemical kinetic models of 
petroleum generation and expulsion from its source 
rock. We are conducting parallel studies in oil gen­
eration kinetics, oil cracking kinetics, phase-equilib­
rium calculations, and geological modeling lo 
achieve that objective. 

It is now well recognized that the chemical 
kinetics of oil generation derived from laboratory 
experiments covering a lime frame of minutes lo 
weeks extrapolate qualitatively to geological lime 
of millions of years, but there are slill major ques­
tions about how to derive kinetics for quantitative 
use in oil exploration. Related questions concern 
how sensitive the chemical kinetics must be deter­
mined for each source rock. Last year we developed 
and reported a relatively simple technique for mea­
suring oil generation kinetics from micropyrolysis. 
We have made additional measurements during 19X7. 
examining four lacustrine and eight marine source 
rocks and demonstrating that there are significant 
variations in the predicted oil generation tempera-
lures of kerogens of the same general type. We also 
showed that other, more complicated experimental 
procedures are adversely affecled by mass transport 
processes, which cause significant errors in the 
kinetic parameters. We have partially completed a 
comparison of various experimental procedures to 
determine the simplest, most reliable procedure for 
measuring oil generation kinetics. 

The ultimate economic interest is in how much 
oil migrates lo traps, so generation kinetics must be 
coupled lo thermodynamic and transport properties 
to predict the timing of expulsion from the source 
rock. Depending on how efficient the expulsion is 
in various circumstances, variable amounts of oil 
may be cracked to gas before being expelled: this in 
turn affects the driving force (broil expulsion. 
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Moreover, understanding the mass transport contri­
butions to various laboratory experiments is essen­
tial to properly interpret them. To address these is­
sues, we are using more rigorous phase equilibrium 
calculations and have incorporated the Peng-
Robinson formulism into our detailed pyrolysis 
model. We have just started a comparison of model 
calculations with a variety of published experimen­
tal results. We have also begun reexamining 
published literature to improve our oil 
cracking kinetics. 

Because there is no rigorous theoretical proof 
that a quantitative extrapolation of chemical 
kinetics to a geological limescale is valid, it must lie 
demonstrated empirically by deriving thermal 
histories of thermal sediments from geological 
models and then comparing the resulling predictions 
with geochemical evidence. Therefore, the 
verification of the chemical kinetic models depends 
on a good understanding of both the geologic 
thermal history as well as how oil migration 
influences the gcochemical evidence. We have 
improved our geological modeling capability by 
writing a computer program for backstripping and 
steady-slate thermal modeling of a sedimentary 
column. Application to the Uinta Basin showed 
that the simple geological model we used a few 
years ago is within the uncertainty of more 
sophisticated geological models. We have also 
analyzed several samples from that basin to improve 
the certainty of our previous demonstration that 
laboratory chemical kinetics extrapolate well to a 
geologic time scale. 

Mild Coal Gasification 

Background and Objectives 

Bituminous coal, heated in the absence of 
oxygen, will pyrolyze to produce approximately 
25ri of liquid product that can be upgraded to liquid 
fuel. The other products from this "mild 
gasification" process are l.W medium-Blugasand 
60% char. The gas would be burned on-site for 
process heat and the char could replace coal in power 
plants, or be upgraded to higher-value products like 
coke. The DOE. through the Morganlown Energy 
Technology Center (METC). has a program to 
develop mild gasification technology using a 
combination of industrial and scientific contractors. 
We have been part of this program since March 

l°-N7. in large part because of our experience in the 
closely related area of oil shale retorting. 

Our primary objective is to identify and develop 
a process that is reliable, efficient, and economic. 
The data, correlations, and operating experience we 
produce are to be used by industry to design, build, 
and operate demonstration or commercial-scale 
plants. Technology transfer to industry, 
particularly the METC contractors, is an important 
aspect of our project. 

Progress 

We have reviewed many mild gasification 
processes. High volatile bituminous coals are 
targeted for mild gasification because they produce 
the highest liquid yields. During pyrolysis these 
coals soften, swell, and become sticky, causing 
severe problems with many processing approaches. 
We have recommended three processes as being the 
best candidates for further development, and we 
will be developing one of these processes—the 
externally heated screw pyrolyzer—to determine its 
ultimate commercial potential. Both single-screw 
and twin-screw methods are possible. The coal is 
heated by contact with the hot barrel and screw 
walls. The oil vapor and gas are removed through 
vents that lead to a condenser. 

The principal disadvantage of a single-screw 
method is that deposits may accumulate in the 
channels, clogging them. We are assembling a 
single-screw pyrolyzer with which to assess the 
severity of (his problem. Fully intermeshing twin 
screws are self«iping and do not have this deposit 
problem, but they are expensive. We measured heat 
transfer rates to coal in a rented twin screw. From 
these data, we can more accurately estimate the size 
and cost of the twin-screw process. 

Technology transfer has also been a main thrust 
of the Fossil Energy Group. We have shared our 
findings, served on an advisory panel, and provided 
technical advice and interpretation on experiments 
and plans to an industrial DOE contractor in 
this program. 

Future Work 

Several specific tasks are planned for Ihe rest of 
FY I'JSS. We will complete assembly of the single-
screw pyrolyzer and run il to evaluate the severity 
of deposit Formation and other potential operating 
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problems. Industry representatives will be invited 
to observe these tests. We will refine our 
throughput and cost correlations for the twin 
screw. Based on these results, we will focus our 
development efforts on either a single- or a twin-
screw pyrolyzer. 

During FY 1989. we will either modify the sin­
gle screw or purchase and install a twin screw so 
that well-instrumented, material-balanced runs can 
be made. The results and attending correlations, as 

well as our operating experience, will allow more 
confident prixess scale-up by industry. In addition, 
during FY 1989 we plan to put considerable effort 
into bench-scale research to improve the liquid yield 
and the liquid quality. 

Longer term work will include developing one 
or bolh of the other two processes we recommended. 
These processes use hot solid particles to heat the 
coal, which offers special advantages but is 
more complex. 
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Seismology I Applied Geophysics 
The Seismology/Applied Geophysics (SAG) Group uses its talents to support 

many programs and projects throughout the Laboratory, including the Seismic Monitor­
ing Project, the Nuclear Test Containment Program, the Nuclear Waste Management 
Program, the Unconventional Gas Program, the LLNL Site Seismic Program, and the 
Basic Energy Sciences Program. The SAG Group emphasizes a multidisciplinary ap­
proach to problems. Expertise in the group covers a very broad spectrum; its 
strengths lie in the areas or seismic research; seismic instrument development; bore­
hole geophysics; geostatistics; logging tool design; structural geology; and seismic pro­
cessing, analysis, and interpretation. In addition, group members provide management 
for several LLNL programs including Seismic Monitoring, the LLNL Site Seismic Pro­
gram, and the LLNL Seismic Observatory. 

Seisr lology and Geophysics to 
Characl rize Processes and Structures 

\ve are conducting a number of studios to devel­
op and utilize geophysical tcchnii|ucs to characterize 
subsurface processes and structures. These studies 
are carried out for the Office of Basic Energy Sci­
ences, the Geolherniai Program, and the lnv:iiution 
of Geophysics and Planetary Physics. 

We have observed how seismic waves are modi­
fied as they propagate through the Earth. By means 
of artificial explosions as seismic sources to produce 
seismic velocity and attentuation images of the 
Medicine Lake volcano, we have related these images 
to processes occurring to the local geothermal sys­
tems. Steve Taylor and Jay /.ucca have participated 
in field programs to utilize the later parts of natu­
ral seismic signals to look for scattered and reflect­
ed energy from anomalous zones in the crust of 
Long Valley. 

Some of our studies measure earthquake mecha­
nisms to understand processes occurring in the 
Earth. Howard Patton is studying the mechanisms 
of large Basin and Range earthquakes to infer the 
state of stress in the Earth's crust. Using data from 
Coalinga. CA. Steve Jarpe has examined the value of 
seismograms from small earthquakes for predicting 
the amplitude of ground motions from major earth­
quakes. Jarpe. Lurrying Hutchings. and Paul 
Kasameyer have installed high-resoluiion seismic 
networks and arrays near the Sallon Sea in Califor­
nia, to look for signals caused by geothermal produc­
tion and injection. 

Our group has been involved in two projects to 
understand thermal processes with the Earth. 
Kasameyer and Robin Newmark are completing a 

study of the near-surface thermal gradients associat­
ed with a portion of the Sallon Sea geothermal field. 
Jerry Sweeney has used geologic data to estimate 
thermal histories for a number of sedimentary basins 
in order to provide input to models of petroleum 
maturation used to predict the depths at which oil 
might be found. 

Our group has also useil innovative methods to 
study geologic structures. Nai-hsien Mao has com­
pleted a geoitatistical study in which he produced 
the best estimate of the shape of the basement sur­
face beneath Yucca Flat using three disparate data-
sets: well logs, gravity, and seismic-reflection 
surveys. 

Seismic and Other Research for 
Treaty Verification 

We carry out many research projects for the 
Nuclear Test portion of the Treaty Verfication Pro­
gram. These projects involve characterization and 
analysis of the nature of seismic sources, propaga­
tion paths, or noise characteristics of recording sites. 
and the application of the insights learned to issues 
related to treaty verification. Many of these studies 
are discussed in the Verification section of this re­
port (pp. 26-43). 

We have studied many aspects of the nature of 
the seismic source. Discrimination between explo­
sions and earthquakes is one important area being 
studied. Our efforts include the use of our exten­
sive database to evaluate a number of traditional dis­
criminants based on data from regional networks, 
and the analysis of newer discrimination techniques 
involving higher frequencies. Patton has applied the 
Nutlli method to explosions in the database to 
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assess yield estimation capabilities. In order to 
assess the effectiveness of cavity-decoupling. Marvin 
Denny has re-examined seismic data from a pair of 
explosions in a salt dome. 

By studying the effects of propagation, and 
structure and local noise on seismogranis. we 
improve our ability to record and interpret seismic 
data accurately. Jarpe and Keith Nakanishi are study­
ing the ways in which regional structures influence 
the origin of the apparent direction of seismic energy. 
Taylor has used post-/' energy to determine the 
crustal structure beneath regional recording stations, 
and Smith has evaluated the propagation of high-
frequency energy over particular paths. Local site 
and system noise has been evaluated for the RSTN 
sites by Taylor and Nakanishi. and at a site-selection 
experiment in Kansas by Smith. In addition, Terri 
Hauk has participated in signal-processing research 
for regional arrays. 

Our research for the Treaty Verification Pro­
gram has also included experimental studies of the 
above-ground propagation of low-frequency electri­
cal signals away from underground nuclear tests, 
rred Followill has participated in the initial evalua­
tion of this approach, and Sweeney is leading a data 
collection effort to determine the size of these sig­
nals at different distances from the explosion. 

Borehole and In Situ Measurements 

The SAG Group has carried out a variety of 
research activities in the development and interpreta­
tion of borehole and in situ measurement methods 
for the Nuclear Test Containment. Nuclear Waste 
Isolation, and Unconventional Gas Programs. Mao 
has developed a concept for a logging tool that mea­

sures velocity differences for shear waves polarized 
in different directions, and uses the results to infer 
the state of stress near a borehole. In response to 
the Containment Program's need to characterize the 
material surrounding an emplacement hole. New-
mark has developed a data processing method to de­
termine shear-wave velocities and Poissott's ratio 
from full wave sonic logs recorded in large, dry 
holes, and has participated in in situ penctrtttor stud­
ies to estimate the shear strength of rocks. Mao has 
evaluated application of geostutistical methods to 
measurements of properties around a buried 
waste canister. 

Programmatic Support 

The SAG Group provides a broad range of pro­
grammatic support to efforts of the Earth Sciences 
Department. Our support covers areas from equip­
ment maintenance and data recording to managing 
large elements of programs and participating in 
support of international negotiations. 

We are responsible for a large number of seismic-
data recording and analysis methods. The Seismic 
Observatory, directed by Norm Burr, is responsible 
for developing, maintaining, and fielding equipment 
for recording seismic data: for design, development, 
maintenance, and operation of a computer system and 
associated software to be used for the cataloguing, 
processing, and interpretation of the data: and for 
networking computers within the Earth Sciences De­
partment. The Observatory maintains a four-sta­
tion, broadband digital seismic system that sur­
rounds the Nevada Test Site. Bob Rohrer routinely 
records signals from NTS events and provides 
vield information. 
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Research 
The primary mission of the Research Group is to expand the basic research 

opportunities available to scientists in the Earth Sciences Department. Current 
activities are distributed across two major programs: Office of Basic Energy Sciences 
Geosciences Program (OBES) and the Laboratory Institutional Research and Develop­
ment Program (IR&D). In addition, the Instilute of Geophysics and Planetary Physics 
(IGPP) provides a vehicle for interactions and collaborations with other research 
institutions in the University of California system. In this report we highlight examples of 
research activities in each of these programs. 

IR&D • Fluid Flow and Transport 
Modeling 

Many LLNL anil DOE programs apply porous 
media flow and transport models to problems in 
nuclear waste isolation, enhanced hydrocarbon iecov 
ery. geothermal energy, subsurface radon migration, 
and groundwater contamination. In many instances. 
the successful development of such models will re­
quire significant advancements in our conceptual 
understanding of the relevant physical processes as 
well as the continued development of numerical 
techniques and modeling philosophies to solve the 
corresponding mathematical statements. Anticipat­
ed applications involve complex, interacting phenom­
ena that occur in a variety of subsurface environ­
ments, including uniform, heterogeneous, and frac­
tured porous media. Flow of multiphase liquid anil 
gases, transport of various reactive chemical species 
in these phases, and transport of energy are among 
the phenomena of interest. 

The ability to simulate relatively simple flow 
and transport processes in heterogeneous porous me­
dia has existed for years. However, the nature and 
complexity of many problems recently encountered 
strain our understanding of the physical behavior of 
these systems as well as the data and numerical tech­
niques required in simulating thern. Consequently, 
improved conceptual and mathematical models must 
be developed. Numerical methods must be refined 
and improved not only to treat the new and diverse 
equation structures but also to develop more effi­
cient and practical tools capable of addressing a 
broad range of large, complex problems. V.^cover. 
improved mathematical models and simulators will 
ultimately require carefully designed and conducted 
experiments in order to calibrate their constitutive 
equations and to provide a basis for model validation. 
In the past year significant ac. rnplishments were 
made in the following areas of our project: (1) the 

development of a theory describing the movement of 
a liquid front in an unsaturated, fractured porous 
system; (2) the development of a very flexible, 
configurable finite-element code for modeling a 
broad range of flow and transport processes in 
porous media: (3) the modification and implementa­
tion of existing geochemical codes to include one-
dimensional transport processes, including advection, 
diffusion, and dispersion, and (4) the initial develop­
ment of a particle-based simulator to handle general 
reactive transport problems in porous media. 

Enhancements made to LLNL's version of the 
TOUGH hydrothermai flow code originally devel­
oped by Preuss at Lawrence Berkeley Laboratory, as 
well as the development of pre- and post-processors, 
have facilitated significant achievements in several 
modeling studies, including several conducted for 
the Nevada Nuclear Waste Storage Investigations 
(NNWSI) Project. For the IR&D project, we con-
dueled a modeling study of partially saturated flow 
in a fractured rock mass subjected to an episodic in­
filtration event. The system was idealized as being 
a semi-infinite set of parallel, vertical fractures. 
Flow in the fracture is dominated by gravity, while 
flow in the matrix blocks is dominated by capillary 
imbibition. Figure 33 is the liquid saturation distri­
bution around a 50-um fracture two days into the 
infiltration event. A parameter sensitivity study 
identified fundamental functional relationships be­
tween the fracture and matrix properties. A critical 
observation was that for noninterfering fractures, 
the fracture penetration depth h varies as r"2 for I 
sufficiently large. 

Many existing codes, including TOUGH, are 
hardwired to address a broad range of flow phenome­
na, many of which may not be relevant to a particu­
lar model application; the result is wasted computa­
tional effort. Moreover, modifying hardwired codes 
to address additional flow phenomena is typically 
lime-consuming. We have designed our new configu-
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ruble, general finite-element code to facilitate con­
figuring the model to account only for flow phe­
nomena that are relevant to the particular applica­
tion. This flexibility is implemented in our simula­
tor by having the code able to take, as input, the 
governing equations for the problem. Through a 
simple list-oriented simulator language, the code 
converts the equations into the appropriate calls to 
the user-supplied constitutive subroutines necessary 
to generate the coefficient matrix used by the numer­
ical solution method. These user-supplied routines 
can be written in Fortran or C. A "tool-box" of 
model-generic subroutines is available for the gener­
ic functions such as I/O and finite-element 
coefficient generation. The file format for the I/O 
data is hierarchically arranged for fast searching dur­
ing postprocessing and is consistent with the list 
structure of our high-level simulation language. 

The first phase of code development was to de­
velop the basic generic portions of the code, such as 
the high-level language translator, finite-element 
operator functions, numerical solution, I/O func­
tions, and a postprocessor. This phase is now essen­
tially completed. The next phase is to configure the 
code to specific problems and to perform code verifi­
cation on these problems. We have begun code veri­
fication on the comparatively simple problems of 
(1) flow in saturated porous media and (2) the diffu­
sive release of a radioactive material in water. The 
latter problem is important to the study of the un­
derground storage of radioactive materials. 

In addition to the simple reactive chemical trans­
port implemented in LLNL's version of the TOUGH 
code, we have made significant progress in modifying 
and developing codes capable of predicting changes in 
fluid composition and mineral donation as a fluid 
flows through and reacts with a porous media. Reac­

tions of interest are irreversible dissolution and pre­
cipitation, equilibrium precipitation, adsorption, 
ion/isotope exchange, and radioactive decay. Trans­
port processes include advection. diffusion, and dis­
persion. Accomplishments include: (1) modifying 
an existing reactive transport simulator: (2) modify­
ing LLNL's EQ6 code to simulate high-Peclet-
number reactive transport: (3) developing general 
criteria for evaluating the validity of the local equi­
librium assumption: and (4) initiating the develop­
ment of a more general, particle-based reactive trans­
port simulator, 

A general, one-dimensional reactive iransport 
code MCCTM developed by Lichlner was identified 
and implemented on LLNL's computers. During im­
plementation it was fourd that the code was unable 
to handle certain types of reactions and became very 
inefficient when reaction fronts were encountered. 
The code has been modified to handle more general 
reactions and to be more computationally efficient. 
Although computational problems still remain in 
treating reaction fronts, it has proven to be a useful 
tool for scoping calculations on simplified systems. 

With its EQ6 code, LLNL has been a leader in 
reaction path modeling of spatially static water-
rock interaction. We have successfully modified 
EQ6 to simulate one-dimensional, high Peclet num­
ber reactive transport in a Langrangian reference 
frame. The modifications to EQ6 include the appli­
cation of stationary-state theory. Reaction fronts 
that develop in natural systems move at a slow rale 
relative to transport and reactio; rates. The fronts 
are considered to be station; <y until inlet solution 
vomposition. fluid velocity, or reaction rates change 
upstream or until one of the reaclant minerals com­
pletely dissolves. In this situation, steady-state con­
centration profiles develop upstream from a reaction 
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Figure 33. Liquid saturation distribution around a 50-|im fracture two days into the infiltration event. 
The figure is rotated 90° counterclockwise, and the horizontal distances are exaggerated by a factor of 
100. 
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front, and precipitation and dissolution rales can be 
linearly extrapolated for the duration of the station­
ary state. Typically, stationary slates endure for 
104 years, permitting a model time step of compara­
ble magnitude, which greatly accelerates 
computations. 

Computations are further accelerated if a condi­
tion of overall local equilibrium (LEQ) can be as­
sumed. LEQ is a good approximation if an initial 
disequilibrium condition relaxes to an equilibrium 
state over a distance and time period that is less than 
the spatial and temporal scales-ol'-interest. Spatial 
scales range from subcrystal to 10" m lor laboratory 
investigations and from subcryslal lo Id' m for 
field investigations. The computational lime step 
and grid block size define the scales-of-interest in 
the computer model. An equation for the time and 
length scales is derived and analytically solved for a 
single component (silica), monomineralic (quartz), 
one-dimensional system. The time and distance re­
quired for an impulse of fluid, initially undersalu-
rated with respect to quartz, to relax to equilibrium 
is calculated for a wide range of conditions. LEQ 
appears to be a good approximation for high-
temperature systems. Low-temperature systems 
must be carefully examined before LEQ can be 
confidently applied. 

We are also in the process of developing a 
particle-based simulator for general reactive trans­
port problems in porous media. This simulator will 
be an extension of an earlier particle-tracking solute 
transport code used lo study the dispersive nature of 
contaminant plumes driven by a spatially heteroge­
neous How field. A conservative, panicle-based 
transport model conceptually represents the mass of 
one or more aqueous chemical components as a large 
collection of particles, much in the same way as in 
particle-based plasma dynamics simulators. The par­
ticles are moved in space over discrete increments of 
time by advective. diffusive, and dispersive forces. 
A reactive transport simulator will, in addition, 
selectively remove or add particles alter each time 
step lo accommodate the loss or gain of component 
mass due to chemical reactions. Particle-based 
transport models can be extremely efficient in large, 
three-dimensional problems, particularly those in­
volving multiple components, as other simulators, 
based on finite elements or finite differences, are of­
ten restricted to two-dimensions because of computa­
tional limitations. The particle-based algorithm is 
also well suited to parallel computer architectures, 
allowing for increased computational efficiency. 

OBES - Continental Scientific Drilling 
Program: Inyo Drilling Project 

Objectives and Approach 

The general goal of research drilling in the Inyo 
Domes volcanic chain of eastern California was to 
improve our understanding of the thermal, chemical, 
and mechanical behavior of magma during its ascent 
toward the surface. The approach was to sample, by 
wireline diamond coring techniques, the subsurface 
portions of an igneous system that is so young as to 
he essentially unchanged by geologic events subse­
quent to its emplacement. In particular, this ap­
proach permits us lo determine the distribution of 
retained magmalic volaliles before these components 
are redistributed by hydration and alteration, and to 
establish the relationship between eruptive and intru­
sive events before delicate tephra layers and struc­
tures are removed by erosion. Under favorable con­
ditions, such an approach would permit measurement 
of the distribution of magmalic heat in an actively 
cooling intrusion. The sampling of intrusive struc­
tures by coring also provides information about sub­
surface features, such as fragile vent breccias, that 
would not survive exposure of such systems by ero­
sion. 

The Inyo chain was chosen for a drilling investi­
gation because (I) it is the youngest of the rhyolitic 
volcanoes in the contiguous United States and hence 
the youngest of easily accessible rhyolitic systems. 
(2) its surface-accessible portions had been well 
characterized, and (3) a well-defined concept had 
been developed concerning its subsurface configura­
tion. That concept, which was based on evidence 
that the linear array of vents had been active contem­
poraneously 600 years ago. was that the eruptions 
and accompanying surface formation were the surface 
manifestation of the emplacement at shallow depth 
of a rhyolile dike. It was suggested that such intru­
sive feeders were the general case for rhyolite volca­
noes, because of the mechanical facility of intruding 
magma as a fracture-filling sheet rather than as a fin­
ger. The geometry of the hypothesized target lent 
itself to testing by drilling. Moreover, because the 
hypothesized dike crossed the structural boundary of 
the Long Valley caldera. the opportunity existed lo 
compare the behavior of the same magma in the con­
trasting geologic environments of caldera fill and Si-
erran basement. A program of drilling (Fig. 34) 
was laid out that would sample the far-vent 
(Inyo-11 and near-vent (tnyo-2) sections of the 
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largest of the lava extrusions, vented (lnyo-2. con­
duit) and unvenled (lnyo-3) portions of the dike out­
side the caldera. and the dike inside the caldera 
(Inyo-4). Specific objectives were to compare the 
structure, chemical zonalion. crystallinily. and vola­
tile content of these igneous units in relation to the 
large variety of conditions in which they were em-
placed, and to determine the relationship of eruption 
products to individual intrusive units and e\ cuts. 

Findings 

Figures 35 and 3o display the general results of 
the four core holes. Subsurface structures encoun­
tered in the Obsidian Dome area were remarkably 
close to predrilling predictions, although there were 
surprises in the distribution of porosity, volaliles. 
and cryslallinity. and in the existence of strong 
chemical gradients within units. In contrast, results 
at South Inyo Crater differed dramatically from a 
predrilling model that took theory, careful surface 
observations, and the previous drilling results into 
account. 
The Obsidian Dome rhyolite lava How was found to 
be about 50 til thick at both sample points, with a 
microcry stalline interior. 20-m-thick glassy cara­
pace, and l()-m-ihick glassy base. Obsidian is re­
stricted to the distal portion of the How: the entire 
near-vent section contains significant primary porosi­
ty (vesicles). Volatile contents throughout the sec­
tions are consistent w ith degassing to atmospheric 
pressure. The (low was led through a conduit that 
is 30 m wide ul 400-5(K)-m depth. This feeder devel­
oped within a zone of lephra-relatcd vent bt;ccia and 
smaller intrusions that is S()-m wide. The conduit 
appears to be an enlarged portion of a simple dike 
that is 6-m wide at WKl-m depth. 1 km south of the 
Obsidian Dome vent. In contrast to the lava How. 
the intrusive portion of the system is wholly crys­
talline except for < 10-cm-thick glassy margins on 
the section through the unxentcd portion of the 
dike. The How was found to have a mafic-down­
ward zonation. from rhyolite to rhyodacile. that 
matches a radial-outward /onalion in the conduit. 
The unvented portion of the dike is chemically more 
uniform and matches a portion of the teplira erup­
tion; hence it is believed to have been emplaced early 
in the eruptive episode, during the explosive phase. 
No thermal anomaly clearly attributable to the in­
trusion was I'ounJ. 

lnyo-3 had encountered a si/able rhxolilic dike 
beneath an area of small phrealic craters and no dis­
cernible surface deformation. In contrast, the por­
tion of the Inyo chain within Long Valley caldera 
that was active WK) years ago is characterized by 
much larger phreatic craters anil spectacular surface 
fractures. Hence, it was postulated that Inxo-4 
would intersect a silicic dike much larger than the 
one intersected by lnyo-3. Although lnyo-4 closely 
followed the planned trajectory across the Inyo 
trend and directly under the largest of the phrealic 
craters, it encountered no young silicic intrusion. In­
stead, it encountered a Uvm-vvidc breccia zone, the 
center of w hich is rich in pillow -like masses of 
caldera-iuoat basalt. The hole encountered basement 
much shallower and temperatures much lower than a 
f'nocal well lMH> in to the southeast. 

Scientific Implications 

Results from drilling in the northern portion of 
the chain confirmed the hypothesized close relation­
ship between shallow dike emplacement and the Inyo 
lava dome eruptions. Kvidence from volatile distri­
bution for the close approach of magma to chemical 
equilibrium al locally controlled lithostatic pressure 
indicated that ascending magma is a chemically open 
system. A model for porous-flow degassing of mag­
ma was developed to explain this behavior and was 
based upon physical and geometrical constraints ob­
tained from the drilling observations. An implica­
tion of the model is that eruptive behavior is strong­
ly influenced by permeability of the shallow intru­
sive environment. Analysis of crystalline and 
glassy rocks al multiple depths permitted recon­
struction of the degassing history and led to the con­
clusion that degassing is a two-stage process, with 
loss of water-rich vapor during isnilicnn.il decom­
pression, and loss of chlorine-rich aqueous vapor dur­
ing isobaric second boiling. Distribution of crystal­
line and glassy rocks within the system indicates 
that water loss plays as great a role as heat loss in 
"quenching'' magma to glass. Chemical zonation of 
the system rellecls a mafic to silicic sequence of 
magma emplacement during dome extrusion that 
apparently repeated a similar sequence during the 
lephra eruption. This may have resulted from an in­
version of reservoir zonal ion during withdrawal, or 
a temporary, unstable /onalion of the magma reser­
voir related to a mixing event. Much of the 
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Figure 34. Inyo project drilling sequence and locations or holes. 
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Obsidian Don* 

Phrtatlc cratKt 

Figure 35. Cutaway section showing Inyo holes 1,2, and 3, penetrating the flow, vent, and dike, respectively. 
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chemical variation can be explained by mixing with 
basaltic magma. This compositional problem 
remains unsolved. 

Because drilling at South Inyo Crater did not in­
tersect a dike comparable in composition to that be­
neath Obsidian Dome, it was not possible to carry 
out the comparison of magmatic behavior in the con­
trasting caldera and basement environments. Howev­
er, the core provides the first view of intrusive 
structures beneath a young phrcatic volcano and is 
now under study by a variety of techniques in order 
to understand the mechanisms of magma-water-wall-
rock interaction that give rise to phrealic events. 
Drilling also constrained the position of a major por­
tion of the structural boundary of the caldera. 
suggesting that much of the western moat is a cold, 
shallow shelf. The problem posed by surface exten­
sion well in excess of intrusion width is unsolved. 
The Inyo drilling was a joint project between Sandia 
National Laboratories. LLNL. USGS. and 
several universities. 

IGPP - Seismic Investigation of the 
Continental Crust 

Studies of the Crust and Upper Mantle— 
Northern California 

G. Zandt is collaborating with K. P. Furlong 
(Penn Stale University) on the study of the seismic 
velocity structure, tectonically driven thermal pro­
cesses, and geologic evolution of northern California. 
The Mendocino Triple Junction (MTJ) currently lo­
cated off Cape Mendocino in northern California, 
represents a profound tectonic and thermal boundary. 
North of the MTJ. the western U.S. is underlain by 
a "cold" subducting oceanic lithosphere; whereas 
south of the MTJ. the base of the thin northern and 
central California lithosphere is exposed to "hot" 
mantle (in the "slabless window"). During the past 
25 million years, western North America lilho-
sphere has been progressively exposed to this tecton­
ic and thermal perturbation as the MTJ migrated 
northward along the California coastline. The devel­
opment and growth of the "slablcss window" has 
produced an evolving system of mantle upwelling. 
crustal melting, volcanism. and crustal accretion in 
central and northern California. The eruption of the 
Clear Lake volcanics and the origins of the Geysers 
Geothermal Area are directly related to this process. 

We believe the evolution of the San Andreas 
Fault System is also controlled by the thermal-
mechanical processes associated with the develop­
ment of a "slabless window." Lithospheric structure 
at the MTJ and the thermal evolution of the litho­
sphere associated with the San Andreas Fault System 
result in a plate boundary where the location for the 
deeper extent < 10-1(H) km depth) of the plate bound­
ary is offset 30-50 km (or more) to the east of the 
surface location of the plate boundary (i.e.. the sur­
face trace of the San Andreas Fault). The two verti­
cal segments of the plate boundary must be connect­
ed along a horizontal or subhorizontal detachment 
surface in the mid- to lower-crust. Seismological 
and geodetic evidence in support of litis hypothesis 
was presented by Furlong and Zandl (IW6). 
Thermally controlled lithospheric strength calcula­
tions based on our tectonic model imply that the de­
velopment of the offset fault is a natural conse­
quence of the formation of the "slabless window." 
and may also explain the apparent inland migration 
of the Pacific-North American plate boundary over 
the past 25 million years. 

Inversion of Teleseismic Receiver Functions 
for Lithospheric Structure 

G. Zandt, G. R. Randall, and S. R. Taylor in 
collaboration with T. J. Owens (University of 
Missouri) are continuing work on the new broad­
band receiver function technique for the determina­
tion of lilhospheric velocity structure. Long-period 
teleseismic body waveforms have often been used to 
infer crustal structure beneath isolated seismic sta­
tions. Recently we have developed an inversion tech­
nique to take advantage of new digital data from 
broadband seismograph stations in order to examine 
the detailed crustal and upper mantle structure be­
neath these stations. We completed the study of the 
Regional Seismic Test Network (RSTN) operated by 
the Department of Energy and found that, at sites 
where other seismic constraints exist, the structures 
inferred from telescismic waveform modeling are 
generally in good agreement with the other studies. 

With the exception of RSSD (in the Black 
Hills. South Dakota), the RSTN sites arc character­
ized by relatively simple structure. This result is 
not unexpected due to their location in Precambrian 
shield regions. Station RSCP (Cumberland Plateau. 
Tennessee) exhibits the most complex waveforms 
which are due to the presence of late Paleozoic sedi-
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mentary sequences at the site and the southern termi­
nation of a Precambrian rift system just to the 
northeast. A gradational crust-mantle boundary is 
observed at RSCP as well as at the RSNY station in 
the Adirondacks. New York. At RSNY a high-
velocity region in the mid-crust correlates well 
with a set of high-amplitude reflectors observed in 
nearby multichannel seismic reflection lines 
(COCORP). The crust beneath stations RSON 
(Ontario. Canada) and RSNT (Northwest Territory. 
Canada) are relatively simple, as indicated hy uncom­
plicated receiver functions. In both cases, the crust-
mantle boundary is abrupt, and RSNT is character­
ized by a remarkably simple cruslal structure. 

Converted Seismic Phases in Volcanic Regions •-
Long Valley Deployments 

Teleseismic /'-waves are often utilized to deter­
mine the velocity structure beneath the recording sta­
tion (see above), nowever. in regions with complex, 
laterally heterogeneous structure, deterministic 
methods such as waveform modeling are not current­
ly practical. Volc.-nic regions are often character­
ized by complex !v. rogeneous structure but also 
by large impedaii, • jnlrast interfaces (e.g.. mag­
ma/solid contact) wnich should generate large PS 
convened phases. Identification of such phases 
would be an important first step in the application 
of teleseismic waveform recording in volcanic re­
gions. 

In 1985 G. Zand! and S. R. Taylor deployed 
three three-component portable seismographs near 
Medicine Lake volcano, a Holocene shield volcano 
situated about 50 km east of Mount Shasta in the 
southern Cascade Range in northern California. 
Despite the voluminous volcanism exhibited at Med­
icine Lake volcano, no velocity feature indicative of 
a crustal magma chamber has been found near Med­
icine Lake. The teleseismic waveforms we recorded 
appear normal, and the vertical components area 
highly correlated over distances of at least 20 km. 

In contrast to Medicine Lake, at Long Valley 
there is abundant geophysical evidence of one or 

more crustal magma chambers beneath the caldera. 
S. Mangino and G. Zandl in collaboration with 
L. Steck and W. Prolhero (U.C. Santa Barbara) de­
ployed portable seismographs within the Long Val­
ley Caldera in eastern California during the summer 
and early fall of 1986. Steck and Prothero deployed 
three 3-component digital, broadband seismic 
stations on the Long Valley resurgent dome for two 
months. Mangino and /andl deployed similar 
instrumentation at three different sites for about 
one month following the UCSH deployment. Sleek 
and Prothero observed anomalously large energy on 
the horizontal components which they interpreted as 
strong S-P conversions, possibly from small magma 
bodies in the crust beneath Long Valley. Mangino 
and /and! observed similar features in the seismo-
grams recorded at sites off the resurgent dome but 
still within the caldera. We felt that the data was 
inconclusive as to whether it represented upward-
traveling, converted shear phases or laterally travel­
ing surface waves produced by /Mo-surface wave 
conversions at the edges of the caldera. In both cas­
es the vertical components were poorly correlated 
over distances as little as 5 km. All the investiga­
tors agreed that a small array deployment was 
necessary to address these questions and identify the 
nature of the large energy on the horizontal 
components. 

in August 19X7. a 3-km diameter array was de­
ployed in the northwest comer of Long Valley 
Caldera as a joint project involving J. Zucca 
(LLNL). G. Zandl (LLNL). L. Stock (UCSB). and 
W. Prolheio (11CSB). The array consisted of 10 
stations telemetered to a continuously recording cen­
tral site and 6 additional individually triggered por­
table recorders. The deployment lasted about Hvo 
months, during which at least a dozen teleseisms. 
several large regional events, and numerous local 
events were recorded. Preliminary analysis of the 
teleseismic data indicates that at least the initial 
portion of the anomalous energy on the horizontal 
components is due to a PS conversions beneath 
the array. 
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Earth Sciences Professional Staff- -1987 
Department Head 

Larry Schwartz 

Deputy Department Head 

Lee Younker 

Associate Department Head 

Jeffrey Fernandez 

Geology/Geological Engineering 

Jesse Yow. Group Leader 
Dave Carpenter 
Holly Dockery 
Bill lsherwood 
Ken Lee 
Larry McKague 
Gayle Pawloski 
Bemie Qualheim 
Abe Ramirez 
Leah Rodgers 
Rich Thorpe 
Don Towse 
Joe Ueng 
Jeff Wagoner 
Ananda Wijesinghe 
Dale Wilder 

Experimental Geophysics 

Al Duba. Group Leader 
Jagan Akella 
Gordon Anderson 
Steve Blair 
Brian Bonner 
Carl Boro 
Bill Durham 
Hugh Heard 
Andre Kusubov 
Don Larson 
Wunan Lin 
Sue Martin 
Alt" Piwinskii 
Bill Ralph 
Robin Reichlin 
Barbara Wanamaker 
Homer Weed 
Morris Young 

Containment 

Norm Burkhard. Group Leader 
Hal Goldwire 
Joe Hearst 
Billy Hudson 
Andy Jorgensen 
Cliff Olsen 
Charlcne Ferderber 
Clyde Siscmore 
Ve'rn Wheeler 
l-rv Woodward 

(leomechanics 

Francois Hcuze. Group Leader 
Armand Allia 
Dave Glenn 
Mike Kamegai 
Ed Kansa 
Bill Moran 
John Rambo 
Ron Shaffer 
Kurt Sinz 
Ray Stout 
Bob Swift 

Verification 

Jim Hannon. Group Leader 
Bob Geil 
Don Springer 
Eileen Vergino 

Nuclear Waste Management 

Larry Ramspoll, Group Leader 
Lyn Ballou 
John Dronkers 
Bill McKenzie 
Virginia Oversby 
Mike Revelli 
Ron Schwartz 
David Short 
Tom Wolery 
Bonnie Zucca 
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Geochemistry 

Kevin Knauss. Group Leader 
Roger Aines 
Bill Bourcier 
Carol Bruton 
Bill Glassley 
Andrea Goins 
Dana lsherwood 
Ken Jackson 
Jim Johnson 
Celia Merzbacher 
Dennis Peifer 
Joe Rard 
Claire Ross 
Wayne Sawka 
Henry Shaw 
David Smith 
Marilyn len Brink 
Howard Tewcs 
Brian Viani 
Tom Wolery 

Fossil Energy 

Art Lewis. Group Leader 
Alan Burnham 
Bob Braun 
Tony Ladd 
Dick Mallon 
Bill Miller 
Otis Walton 

Seismology/Applied Geophysics 

Paul Kasameyer. Group Leader 
Susan Beck 
Norm Burr 
Dick Carlson 
Marv Denny 
Fred Followill 
Terri Hauk 
Larry Hulchings 
Steve Jarpe 
Nai-hsien Mao 
Keith Nukanishi 
Robin Newmark 
Howard Patton 
Bob Rohrer 
Jim Scheimer 
Nick Sharp 
Nevin Sherman 
Al Smith 
Jerry Sweeney 
Sieve Taylor 
Jay Zucca 

Research 

Lee Younker. Group Leader 
Tom Buscheck 
Don Emerson 
Richard Knapp 
John Nitao 
Rick Ryerson 
Andrew Tompson 
George Zandt 
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