
Cover 
The front cover image portrays 

the concentration and spatial dis
tribution of a hypothetical chemi
cal contaminant sometime after it 
has been released into the subsur
face soil beneath a water table. The 
front portion of the plume has 
been cut away to reveal concentra
tion variations within a red shell 
that defines the outermost extent 
of the contamination. This image 
was constructed from a computer 
simulation of chemical migration 
through a "pseudo-realistic" soil. 
The chemical plume moves with 
the flow of the groundwater, 
spreads out, and becomes diluted 
in much the same way a plume of 
smoke moves througn :he wind, 
although at a much slower rate. 
The images on the back cover are 

three snapshots of such an evolu
tion. The contorted shape of the 
chemical plume is caused by irreg
ularities in the soil character that 
give rise to preferential channels of 
groundwater flow. 

These simulations are based on 
an idealized model of soil hetero
geneity. The soil properties used in 
the model retain a few of the charac
teristics of variability measured in 
real field soils. These simulations 
are used to study the way in which 
contaminants move in variable 
soils, and they provide certain phys
ical insights and perspective into 
actual contamination problems that 
engineers, who are unable to see 
such details, can use when working 
in the field. 
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Overview 
Leland W. Younker 

Earth Sciences Department 

The Earth Sciences Department at Lawrence Livermore National Laboratory (LLNL) 
conducts work in support of the Laboratory's energy, defense, environmental, and basic research 
programs. The Department comprises more than 100 professional scientific personnel span
ning a variety of subdisciplines: geology, seismology, physics, geophysics, geochemistry, geo~ 
hydrology, chemical engineering, and mechanical engineering. Resident technical support 
groups add significant additional technical expertise, including Containment Engineering, 
Computations, Electronic Engineering, Mechanical Engineering, Chemistry and Materials 
Science, and Technical Information. In total, approximately 180 professional scientists and 
engineers are housed in the Earth Sciences Department, making it one of the largest geo-
science research groups in the nation. 

Previous Earth Sciences reports 
have presented an outline of the 
technics' capabilities and accom
plishments of the groups within 
the Department. In this FY 89/90 
Report, we have chosen instead to 
present twelve of our projects in full-
length technical articles. This Over-
i'/ai' introduces those articles and 
highlights other significant research 
performed during this period. 

Energy 
Yucca Mountain Project 

The Yucca Mountain Project is 
the largest single activity within the 
Earth Sciences Department. Yucca 
Mountain is a potential site for the 
permanent geologic disposal of nu
clear waste. Our work is primarily 
focused on characterizing the oper
ating environment and predicting 
the performance of high-level nu
clear waste packages and the engi
neered components associated with 
them. 

Recently, we completed the Proto
type Engineered BarrierSystem Field 
Test (PEBSFT). This test was con
ducted at the Nevada Test Site (NTS) 

in the G-Tunnel Underground Facil
ity in the Grouse Canyon tuff. The 
PEBSFT is a precursor to the Engi
neered BarrierSystem Field Tests 
(EBSFT) that will be conducted west 
of NTS in the Exploratory Shaft 
Facility of the Yucca Mountain 
Project in the Topopah Springs tuff. 

The PEBSFT was conducted to 
evaluate the performance of candi
date hardware, measurement tech
niques, numerical models, and pro
cedures under conditions similar to 
those expected in the EBSFT. Infor
mation obtained from this test will 
be used to characterize the ambient 
environmental conditions to which 
waste packages could be exposed, as 
well as possible perturbations to 
those conditions caused by the em
placement of nuclear waste. For a 
detailed discussion of this topic, 
see the article: Prototype Engineered 
Barrier System Field Tett. 

Geochemical Modeling 

Geochemical modeling plays an 
integral role in predicting the long 
term performance of potential nu
clear waste package repositories. 
We must be able to predict the 

response of repository components 
and of the enclosing host rocks and 
fluids to temperature fluctuations, 
fluid flow, and radionuclide re
leases over periods of u p to 100,000 
years. To meet this challenge, we 
are using the computer codes 
EQ3NR and EQ6 and their thermo
dynamic data base to simulate the 
complex interplay among the pro
cesses that control rates of waste 
form degradation and changes in 
the geochemical environment 
throughout the post-closure period 
of a repository. We are using the 
code EQ3/6 for reproducing and 
evaluating experimental results to 
determine the controls of observed 
phenomena and to guide future ex
perimentation. These codes are also 
being applied to some diverse 
geochemical problems to demon
strate their general utility and flexi
bility. For a detailed discussion of 
this topic, see the article: Geochemi
cal Modeling: An Integrated Approach 
to Nuclear Wn<te Diapomil issnrs. 

Fossil Energy 

Our major eflort in the Fossil En
ergy Program hasbeen in developing 
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a model of the generation and ex
pulsion of petroleum from source 
rocks in the geological environ
ment. We have used our detailed 
chemical kinetic model of oil and 
gas generation and destruction 
and also a simple mechanical 
model of source rock compaction 
to make the first rigorous, nonpro
prietary calculation of oil expul
sion from a generating source rock. 
For a detailed discussion of this 
topic- see the article: Modeling Pe
troleum Generation and Expulsion. 

We are continuing our work in 
modeling particulate flow behavior 
because understanding the flow 
properties of granular solids has 
broad scientific and industrial ap
plications that range from soil me
chanics to process control. The de
velopment of commercial-scale 
svnthetic-fuel processing plants 
will, for example, involve the han
dling and processing of large quan
tities of solids. We have recently ex
tended two-dimensional polygonal 
particle models to three dimensions 
for inelastic, frictional spheres in 
rapid shearing flows and in gravity-
driven flows. We are currently com
paring the results of these simula
tions with laboratory data, and we 
have used the simulations to help 
design LLNL's pilot-scale oil-shale 
retort. VVearenow using well-known 
numerical statistical mechanics 
techniques to extend this work to 
include particulate suspensions of 
sulids in liquids, which can be 
understood m terms of the micro-
structure of the solid phase. 

In another Fossil Energy project, 
we developed z general computa
tional method for calculating the 
forces and torques exerted by 
slowly muving spheres suspended 
in an incompressible fluid. This 
method can be used to determine 
bulk constitutive properties of 
solid-fluid suspensions or particu
late porous media. For a detailed 
discussion of this topic, see the 

article: Hydrodifnainic Interactions 
ami Transport Coefficients in a Sus
pension of Spherical Particles. 

We are also creating o new 
method for analyzing the propaga
tion of induced fluid-driven frac
tures in rock masses that contain 
pre-existing discontinuities such as 
joints, faults, bed interfaces, and 
lens boundaries. This technique is 
based on a two-dimensional time-
dependent model, with coupled 
solid mechanics, fracture mechan
ics, and fluid dynamics. The solid 
and fracture mechanics are solved 
by an implicit finite element ap
proach that provides for mixed-
mode fracture propagation in arbi
trary stress fields. The pressure pro
file inside the crack and the crack 
velocity are provided by a one-
dimensional analytical formula
tion, corresponding to a constant-
height fracture. For a detailed dis
cussion of this topic, see the article: 
Neio Method tc Analyze Fluid-Driven 
Fracturing in jointed Rocks. 

Defense 

Three of our programs primarily 
support defense research; they are 
Nuclear Test Containment, Treaty 
Verification, and Shock Physics. 

The primary objective of the Con
tainment Program is to ensure the 
containment of radioactive debris 
from the Laboratory's underground 
nuclear tests at the Nevada Test Site. 
7 he Verification program supports a 
variety of tasks largely focused on 
developing better methods for veri
fying compliance with nuclear test 
ban treaties and on supporting the 
U.S. Department of Energy (DOE) 
personnel who help formulate arms 
control agreements, negotiate trea
ties, and evaluate treaty compliance. 
The Shock Physics effort provides 
calculations] support to the Contain
ment, Verific.1tion, m d Weapons 
programs at the Laboratory-

Verification Program personnel 
are providing ongoing support to 
the U. S. delegations negotiating 
with the Soviets on the Threshold 
Test Ban Treat (TTBT) protocol. We 
are using our expertise in nuclear 
testing and in seismic and hydrody-
namic monitoring techniques to 
analyze monitoring options and to 
examine both the U.S. and the Soviet 
positions. The results of our techni
cal efforts are being used by DOE 
policymakers and other U.S. agen
cies involved in these negotiations. 

We are continuing our longer 
range research program aimed at as
sessing technical capabilities that 
could be used to monitor possible 
future nuclear test limitation trea
ties. One such capability is the use of 
regional seismic signals to discrimi
nate between nuclear explosions 
and earthquakes. We employed a 
multivariate analysis technique to 
make a detailed discrimination 
study of a large number of NTS nu
clear explosions and western United 
States earthquakes. Weare currently 
analyzing events that were misclas-
sified so that we can assess opportu
nities for evasion and also obtain a 
better physical understanding of 
how the discriminants work. For a 
detailed discussion of this topic, see 
the article: Discriminating between 
Nuclear Explosions and Earthquakes. 
We are also investigating the appli
cation of artificial neural networks 
to the discrimination problem-

All of our defense-related work 
relies to some extent or. our ability 
to simulate the interaction of 
nuclear explosions and geological 
materials. Until 1988, these numeri
cal simulations were performed 
using TENSOR, which is a two-
dimensional, Ligrangian finite-
difference hydrocode. TENSOR was 
operational only on our CDC 7600 
computers, which were taken out of 
service in October 19SS. VVe have 
successfully adapted DYNA2D to 
do all of our containment and 
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verification calculations. We se
lected DYNA2D because it is a 
state-of-the-art hydrocode that is 
used worldwide. The capabilities of 
DYNA2D and DYN A3D will ulti
mately allow us to address em
placement conditions involving 
very complex geological character
istics. For a discussion of this topic, 
see the article: Drveloping Code* to 
Analyze Underground Nuclear Explo
sion* and Shock Propagation. 

Environment 
There is a growing interest within 

DOE to address the issue of environ
mental restoration at DOE sites. The 
LL\'L Earth Sciences Department 
has provided geological, geophysi
cal, hydrological, and project man
agement support to ongoing Liver-
more and Site 300 environmental 
restoration programs. 

The Environmental Technology 
Program was organized in FY 90 to 
research, develop, demonstrate, test, 
and evaluate innovative technolo
gies for reducing the costs and in
creasing the effectiveness of envi
ronmental restoration and waste 
management. The Earth Sciences 
Department supports this Program 
bv conducting research in subsurface 
(groundwater and soil) remediation. 

Expanded computational capa
bilities will be the core element of 
our increased role in hazardous 
waste/environmental restoration 
research. Toward this goal, we en
hanced our modeling codes that 
simulate the transport of contami
nants in complex geological envi
ronments. We also developed a 
theory describing infiltration in 
partially saturated, fractured, 
porous media. 

In another code development ef
fort, we implemented several reactive-
transport codes and began devel
oping a particle-based simulator for 
reactive transport problems in 
porous media. The ability to model 
I he movement and transformation 

of dissolved aqueous or gaseous 
chemicals in porous flow systems is 
important in a number of scientific 
disciplines. With these improved 
codes, we examined the effects of 
material heterogeneities on ground
water flow and transport processes 
and expanded our understanding 
of the nature of the chemical inter
actions that take place in such sys
tems. For a detailed discussion of 
this topic, sec the article: Large-Scale 
Simulation of Solute Transport in 
Heterogeneous and Reactive Porous 
Media. 

Basic Research 
The Earth Sciences Department 

has for some time been actively 
involved in a vigorous basic 
research program. Funded initially 
by the Office of Basic Energy Sci
ences (OBES) Geoscience Program, 
the effort has recently been aug
mented by the Laboratory's Institu
tional Research and Development 
Program. 

Last summer, as part of the Na
tional Continental Scientific Drill
ing Program, we undertook field 
investigations at Katmai, Alaska. 
Katmai, the site of the largest rhy-
olitic eruption in 20 centuries, has 
been proposed as the site of the next 
major scientific drilling project in 
the U.S. 

In the laboratory, we have recent
ly constructed a large-volume split-
cone apparatus capable of reaching 
pressures as high as 230 kbar and 
temperatures u p to 2000°C. When 
completed, this facility will provide 
a capability unique in the western 
U.S. by extending the experimei. 
tally accessible "depth" to pres
sures believed to exist in the earth's 
lower mantle (depths greater than 
600 km). 

In a joint project with the LLXL 
Physics Department, we arc using a 
4h5-m tower in the desert at NTS to 
test Newton's in verse-square law of 
gravity. The first-phase results of 

our search for distance-dependent 
deviations from Newtonian grav
ity show no evidence for a fifth 
force. These high-sensitivity results 
provide an important benchmark 
for grand unification theories. For 
a detailed discussion of this topic, 
see the article: Testing Nezvton's 
Inverse-Square Law of Gravity Using 
the BREN Tower. 

During this reporting period, we 
also applied a method based on 
surface-wave excitation and seis
mic moment-tensor theories to 
obtain the source mechanisms of 
moderate-size earthquakes. This 
method is particularly suited to 
studying remote earthquakes with 
limited seismic station coverage. 
The object of our research was an 
improved characterization of the 
regional stress field in the western 
U.S. to gain a better understanding 
of the geophysical processes that 
modify tectonic evolution. For a 
detailed discussion of this topic, see 
the article: Tectonic Stress and Litiio-
spheric Structure in the Basin and 
Range. 

In another basic research project, 
w e performed oxvgen self-
diffusion experiments on single 
crystals of San Carlos olivine and 
found that oxygen is not the slow
est diffusing species in olivine. We 
compared the activation energy for 
oxygen diffusion to that obtained in 
a majority of measurements of 
creep in single crystal olivine. We 
found that for oxygen diffusion to 
contribute to the control of creep in 
olivine, it must be coupled to 
another process having a non-zero 
activation energy. Fora detailed dis
cussion of this topic, see the article: 
Oxygen Diffusion in Olivine: The Effect 
of Oxygen Ftigaciti/aud Implications 
for Creep. 

Our basic research program has 
been significantly enhanced by the 
rapid development of the Center 
for Consciences in the Institute of 
Geophysics and Planetary Physics 
(IGPP). The primary purpose of the 
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Center is to promote collaborative 
Earth Science research between 
scientists at LLNL and students 
and researchers at University of 
California campuses. Between 10 
and 15 projects have been sup
ported in recentyears with the 
research emphasis on the physics 
and chemistry of the solid earth. 

One project sponsored by 1GPP 
was a study of the great Rat Islands 
underthrusting earthquake ( M w = 
8.7) of February 4,1965, which rep
resented a subduction of the Pacific 
plate beneath the North American 
plate along a 6D0-km segment of the 
western end of the Aleutian Islands. 
We used body-wave inversion 

techniques to determine the spatial 
and temporal heterogeneities associ
ated with this earthquake. For a 
detailed discussion of this topic, see 
the article: Rupture Process of the 1965 
Rni islnmls Etirlhqiinke. 
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Prototype Engineered Barrier 
System Field Test 

Abelardo L. Ramirez 
Major Contributors 

Jane A. Beatty, Thomas A. Buscheck, Richard C. Carlson, 
William 0. Daily, V. Robert LaTorre, Kenrick Lee, Wunan Lin, 

John J. Nitao, Donald F. Towse, Tzou-Shin Deng, 
Donald Watwood, Dale G. Wilder, and Jesse T. Yow 

Yucca Mountain Project 

The Prototype Engineered Barrier System Field Test (PEBSFT) was conducted at the 
Nevada Test Site (NTS) in the G-Tunnel Underground Facility in the Grouse Canyon tuff. This 
test is a precursor to the Engineered Barrier System Field Tests (EBSFT) that will be con
ducted west of NTS in the Exploratory Shaft Facility of the Yucca Mountain Project in the 
Topopah Springs tuff. The EBSFT will consist of in situ tests of the geohydrologic and 
geochemical environment in the near field (within a few meters) of heaters emplaced in welded 
tuff to simulate the thermal effects of nuclear waste containers. The PEBSFT was conducted 
to evaluate the performance of candidate hardware, measurement techniques, numerical 
models, and procedures under conditions similar to those expected in the EBSFT. 

The EBSFT results will be used in waste package design and in waste package per
formance assessments that are needed to meet licensing requirements. Information obtained 
from the EBSFT will define the initial environmental conditions to which waste packages will 
be exposed as well as the perturbations to those conditions resulting from the heat generated 
by nuclear waste containers emplaced in welded tuff. The results from the prototype testing 
will not be used to make conclusions about Yucca Mountain; however, this test was conducted 
in a similar rock mass so that the physical phenomena can be investigated with techniques and 
models that might be useful in the Yucca Mountain tests. 

During this prototype test, we studied the evolution of hydrothermal behavior, including 
rock temperatures, changes in rock moisture content, air permeability of fractures, and gas-
phase humidity in the heater borehole. 

We conducted the PFB5FT exper- Mountain are located in a portion of whether thev can be applied to fu-
iment in theG-Tunnel Underground G-Tunnel (Zimmerman and Finley, ture EBSFr experiments that wi l l be 
Facility, which is located at NTS 1986). conducted in the Exploratorv Shaft 
(Ramirez et al„ 1 MSMJ.Thc G-Tunnel Kesuits from the 1'EBSFT wil l be Facility at Yucca Mountain, t he 
is physically removed from Yucca used to evaluate whether hardware. Engineered Barrier System must be 
Mountain, \evada and is in the measurement technu]ues,numerical appropriately designed (and its per-
Crouse Canyon tuff rather than in models, and procedures developed formance assessed) to meet theob-
the Topopah Springs tuff; however, for this field test can provide the in jectives for nuclear waste packages 
welded tuffs with properties be- formation needed to characterize as slated in the NKH U.S. Department 
lieved to be similar to tuffs in Y'ucca the waste package environment and of Energv, Site Characterization Plan. 
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Engineered Barrier 
Systems Field Tests 

The EBSFT will consist of in situ 
tests of the geohydrologic environ
ment near heaters emplaced in 
welded tuff. As part of the Yucca 
Mountain Project testing program 
in the Exploratory Shaft Facility, a 
series of field tests have been de
signed that simulate the emplace
ment of nuclear waste packages 
containing high-level radioactive 
material. 

Information obtained from the 
EBSFT will be used to characterize 
ambient environmental conditions 
to which waste packages will be 
exposed as well as perturbations to 
those conditions caused by the 
emplacement of nuclear waste. 

The environmental conditions of 
concern for the waste package 
include those that exist during the 
heating phase when rock tempera
tures increase after the waste is 
emplaced, and those that exist in 
the subsequent cooldown phase 
that results from the gradual decay 
of radioactivity and heat output. 
Studies of the environmental condi
tions need to consider: 
• The heating of the rock mass 

adjacent to the waste packages 
and the resulting drying of this 
rock mass. 

* The cooling of that same rock 
mass, the subsequent rewetting 
of the dried-out rock mass, and 
the readjustment of the rock 
mass deformations. 
Meeting the technical challenge 

of being able to predict long-term 
hydrothermal properties of welded 
tuff is critical because of the long 
time frame (10,000 years) of interest 
in performance assessment. 

The performance strategy for 
the waste package is based on limit
ed liquid-water contact with the 
waste package during the first one 
thousand years of the package's 
life. It is important to be able to 

characterize the chemical composi
tion (preferably benign) of any 
water that might come in contact 
with the waste package. This water 
chemistry should be compatible 
with the waste-form release-rate 
investigations performed by other 
researchers. 

The results from EBSFT tests will 
be used in conjunction with labora
tory studies and numerical model
ing simulations to evaluate the 
evolution of the post-closure repos
itory environment with which the 
waste packages must interact. The 
information on the post-closure en
vironment will be used as bound
ary conditions in designing the 
w âste packages and in assessing 
their performance. 

Prototype Test 
This discussion includes the key 

results and supporting data from 
the PEBSFT in which we studied 
the hydrothermal perturbation of 
welded tuff near a horizontally ori
ented heater. 

As part of the PEBSFT, we mea
sured several parameters as a func
tion of location and time so that we 
could examine the effects of heating 
and cooling during a thermal pulse 
that iasted ~195 days. 

A schematic of the hydrologic 
environment expected to develop 
around a heater during thermal 
loading is shown in Fig. 1 (see Yow, 
1985, for additional details on the 
expected environmental condi
tions). This figure depicts the pri
mary mechanisms of bent and fluid 
flow for an idealized example of a 
horizontal heater that is intersected 
by a near vertical fracture. The 
actual heater borehole was inter
sected by more than a dozen frac
tures. The rock mass consisted of 
matrix blocks that were bounded by 
fractures and the borehole wall (for 
blocks immediately adjacent to the 
heater). Under ambient conditions. 

the matrix blocks are partially satu
rated, and the fractures and bore
hole are essentially dry. The heater 
heats the borehole surface primarily 
via thermal radiation. As heat is 
conducted through the fractured 
rock mass, vaporization begins on 
the outer surfaces of the matrix 
blocks closest to the borehole anc 
then proceeds in toward the center 
of each block. Where temperatures 
are in excess of saturation condi
tions, vigorous boiling occurs. For 
water vapor to flow out of the 
matrix blocks, gas-phase pressures 
must increase from the surface of 
the matrix block to its interior, 
resulting in the elevation of the 
boiling temperature with distance 
into the matrix block. Water vapor 
that enters the fractures is subse
quently driven by gas pressure gra
dients (including buoyancy effects) 
within the fracture network. In gen
eral, vapor flow in the fractures is 
directed awry from the center of 
the boiling, either radially outward 
or inward toward the heater hole. 
Vapor flow in the fractures persists 
until condensation conditions are 
encountered. Condensed water in 
the fractures, which is not immedi
ately imbibed by the matrix, flows 
under gravity and capillary forces 
in the fractures either (1) back 
toward the boiling zone where it 
reboils, or (2) out into the condensa
tion zone where it is eventually 
completely imbibed by the matrix. 

Parameters Measured 
The following parameters were 

measured to characterize the be
havior of the rock mass within a 
few meters of the heater before, 
during, and after the thermal cycle. 
This discusion includes the results 
fora subset of the measured param
eters and present interpretations 
pertaining to the evolution of the 
near-field environment around a 
simulated waste package. 
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Figure 1. Schematic of a vertical cross section of a probable hydrologic sce
nario in partially saturated welded tuff subjected lo a (hernial load. 

Rock Mass Temperatures 
Rock mass temperatures were 

used in reconstructing the thermal 
response of the rock and in evaluat
ing the performance of the test 
equipment. 

Rock Mass Gas Pressure 
and Atmospheric Pressure 

Rock mass gas pressure and at
mospheric pressure were used in 
reconstructing the flow regime of 
the air and water vapor in the rock 
mass. 

Borehole Measurements of the 
Relative Dielectric Constant and 
Thermal Neutron Counts 

Crof* borehole measurements of 
the relative dielectric constant of 

the rock and single borehole mea
surements of thermal neutron 
counts were used to infer the spatial 
and temporal changes in the mois
ture content of the rock mass. 

Air Humidity 
Air humidity measurements in 

the rock mass were used to calcu
late the pore pressure gradients that 
drive the movement of liquid water 
within the rock mass. Changes in 
the moisture content and pore pres
sure information were used to 
reconstruct the flow regime of liq
uid water in the rock mass. The spa
tial variations in moisture content 
were used to infer the flow paths of 
the liquid water and to define 
regions that are losing or gaining 
water as a function of time. 

Air Permeability 
The air permeability measure

ments were used to detect changes 
in the permeability of the rock sur
rounding the heater emplacement 
borehole. These measurements 
were made along the heater bore
hole after all of the boreholes were 
drilled and sealed. The measure
ments were repeated after the heat
ing sequence was completed and 
after the heater was removed from 
the borehole. 

Fracture Locations 
and Orientations 

Fracture locations and orienta
tions were measured in all bore
holes by means of a borescope 
and /or by borehole television sur
veys performed before the heater 
was energized. The measurements 
were repeated along the heater 
emplacement borehole after heat
ing was completed, and these data 
were used: 
• To determine the effects of 

heating on the stability of the 
emplacement borehole walls. 

• To interpret the changes in 
fracture permeability caused by 
the heating and cooling cycle. 

• To analyze the flow regime of 
vapor and liquid water in the 
rock mass as inferred from other 
measurements. 

Condensed Volume of Steam 
The measurements of the con

densed volume of steam invading 
the heater borehole were used to 
estimate the amount of gas phase 
humidity that flows toward the 
heater borehole. 

Test Description 
Sandia National Laboratories 

constructed the G-Tunnel Under
ground Facility for the Yucca 
Mountain Project (Fig. 2). This facil
ity consists of drifts driven in 
welded tuff under Rainier Mesa, 
NTS. The PFBSFT was conducted 
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To portal 

NOTE: | This drawing is tor conceptual 
purposes only; the actual locations 
and dimensions of the drill holes 
and excavations may differ. 

Figure 2. G-Tunnel Underground Facility. 

in the rock mass between the small 
diameter heater alcove and the rock 
mechanics drift. 

The test included an accelerated 
thermal cycle to examine the 
effects of the heating and cooling 
sides of a thermal pulse. Figure 3 
shows the test's power schedule. 
The initial thermal loading for 
the 3-m heater was -3.3 kW 
(1.1 kVV/m of heater length). To 
increase the disturbed volume of 
rock within the relati%'ely short 
time available for prototype 
testing and to create sufficiently 
high rock temperatures to drive 
two-phase fluid flow, we set the 
initial thermal load pei mit length 
of emplacement borehole higher 
than the loading expected for a 
tvpical spent fuel container (0.4-
0.7kVV/m). 

The duration of the heating was 
based on the test criteria of heating 
the rock mass until the boiling 
point isotherm moved -0.6-0.7 m 
radially from the heater borehole 
wall. Another test criteria involved 
achieving emplacement heater 
borehole temperatures similar to 
those expected for the repository 
(235°C). The spatial extent of the 
heating affected a volume of rock 
large enough to include severa1 

fractures. 
Figures 4 and 5 show the bore

hole layout and the measurement 
stations for the various instru
ments used. The ??st location with
in G-Tunnel is bounded by the 
small diameter heater alcove and 
the rock mechanics drift, as shown 
in Fig. 4. The heater borehole is in
clined slightly upward (elevation 

increases from the coiiar to the end 
of the borehole) from the rock me
chanics incline. The diameter of the 
heater borehole is 30.5 cm. 

Twelve of the boreholes were 
used to monitor the rock response; 
all of these were nearly horizontal 
and were inclined slightly down
ward. The majority of the boreholes 
were orthogonal to the emplacement 
hole axis, which provided better 
coverage of the spatial variations 
in rock responses that occur paral
lel to the radius of the emplace
ment borehole. This arrangement 
allowed measurements in the di
rection of expected maximum ther
mal and hydrologic gradients. 
Three boreholes were drilled par
allel to the heater borehole axis to 
monitor rock response beyond the 
ends of the heater. 
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Figure 3. Heater power schedule used for the FEBSFT. 

(NE-1 through NE-7) were sampled 
before the heater was turned on; the 
measurements were repei*ed fre
quently after the heater was ener
gized to monitor temporal and 
spa'ia; (.lunges in moisture eon-
tent. A paraffin shield included 
with the probe was sampled ;> the 
beginning and end of each logging 
day to verify that the tool was func-
tiuning properly. 

For each borehole, we calculated 
the differences between the "before" 
and "after" measmements ("after" 
heating minus "before" heating) to 
produce a difference log. We have 
chosen to use differences rather 
than absolute values of moisture 
content because the effects of tht 
borehole liners and the grout with 
in the survey boreholes are still 
unknown. 

A ipatial filter was applied to 
ea^h difference log to smooth the 
spikes in the trace caused by the 
random fluctuations in the num
ber of neutrons generated by the 

Changes in Rock Mass 
Moisture Content 

A thorough understanding of 
local hydrology over the package 
lifetime is central to understanding 
waste package performance. 
Geophysical techniques were used 
to monitor changes in rock mois
ture content during the test. The 
techniques chosen included neu
tron logging in single boreholes 
and high-frequency electromag
netic measurements performed 
between boreholes. In this article, 
we interpret only the neutron log 
results; for the electromagnetic 
measurement results, see Daily 
etal.0989). 

The neutron logging probe con
tains a source of high-energy 
neutrons and a detector for slow 
(thermal) neutrons. When water is 
present in the rock, the hydrogen 
in the water slows the neutrons 
for detection. Seven boreholes 

Small dlamoter heater alcove W s 

Temperature 

Change' In moisture content 
(geophysics), removable 
thermocouples 

^_^ Gaspressu'e, 
{TYJ humidity/suction, 

temperature 

J 
Figure 4. Plan view of the as-built borehole layout. The various line patterns 
idemify the iype of measurement made in each borehole. The locations of the 
rack mechanics incline and the small diameter heater alcove in G- Tunnel are 
shown for reference. 
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Figure 5. Side view of the as-built borehole layout as viewed from the rock 
mechanics incline. The various line patterns identify the type of measure
ment made in each borehole. 

radioac fne source in thi? probe. 
The precision for the filtered data 
is estimated to be ±0.003 g/cnr\ 
This precision estimate means that 
for any one point on a difference 
trace that equals or exceeds 
=0.003 g/cnv\ there is a 95l* proba
bility that the difference is caused 
bv true changes in the measure
ment and a 5(i probability that it is 
caused bv random fluctuations in 
the neutron output of the radioac
tive source. 

Boreholes XE-2A, XE-6, and 
XE-7 are three coplanar boreholes 
located above and below the center 
of the heater as shown in Fig- 5- The 
data collected along thes? bore
holes were combined and plotted 
as a function of radial distance to 
the center point of the heater as
sembly. The changes sho^'n were 
calculated relative to preheating 
moisture measurements. Figures 6-
S consist of two plots each that 
show thesamc-iata ai twodifiVrent 
scales so that the smaller changes 

occurring at the more distant loca
tions can be examined. 

Figures 6 and 7 show radial pro
files of changes in moisture content 
during the drying and rewettirg 
phases of the test. These figuresalso 

• NE-7 
1 

a NE-6 
o NE-2A 

&&&&&< 
•ff 

o 

-
-0.1 - c 

0 
8 

- € (a) 

show the difference traces calcu
lated from day 70 data (the heater 
was energized on day 0) and for 
day 301 (the last data set was col
lected 106 days after the heater was 
de-energized). The data in Fig. 6 
were collected midway through the 
maximum power phase of the test. 
As expected, the rock closest to the 
heater (the shortest distance) lost 
substantial amounts of moisture. 
However, the- rock near borehole 
NE-2A dried at a faster rate than 
the rock near NE-6. Fracture maps 
of the test region suggest that a 
higher concentration of fractures 
mapped along NE-2A may be one 
cause for this faster rate of drying. 
Also note that rock located between 
1.75- and 2.25-m radii showed a 
small increase in moisture content 
as a result of the condensation of 
steam generated in hotter regions 
closer to the heater. 

Between days 70 and 127 (data 
are not shown), the NE-2A profile 
showed very little additional dry
ing when compared to Fig. 6, 
whereas the NE-6 profile showed 
significant additional drying. Both 
profiles are closely matched with 
the caveat that the width of the 

• 1 ' 1 ' 1 1 ' 

a 

A . O , , , 

0 1.0 1.5 2.0 0.5 1.0 1.5 2.G 2.5 3.0 

Radial distance (m) 
Figure 6. Changes in moisturecontent plotted against radial distance after 
70 days of heating (approximately midway through the maximum power 
phase). A subset of the curves in (a) are shown enlarged in (b). Changes 
are calculated relative to the p'eheating moisture conditions. 
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Figure 7. Changes in moisture content plotted against radial distance for 
the next to last day of maximum power heating. A subset of the curves in 
<a> are shown enlarged in (b). Changes are calculated relative to the pre
heating moisture conditions. 

drying region appeared to be 
slightly wider near NE-2A. The 
ci^selv matched profiles suggest 
that the rock near \E-2A and NE-6 
was almost completely dry because 
very little additional drying oc
curred near \E-2A during the 57 
days of continued heater operation 
at maximum power. The radius of 

the dry zone achieved was -0.7 m; 
this is consistent with the test ob
jective of achieving boiling condi
tions within a 0.6-0.7-m radius. 

The radial profile of changes in 
moisture content for day 301 is 
shoivn in Fig. 8. These data were col
lected during the postheating phase 
of the test, 106 days after the heater 

U.l 
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3 - A NE-6 
O NE-2A " 
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1 i 
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Figure 8. Changes in moisture co» tent plotted against radial distance 301 
days after the start of heating (106 days after the heater was de-energized). 
A subset of the curves in (a) are shown enlarged in (b). Changes are cal
culated relative to preheating moisture conditions. 

was de-energized. The data show 
relatively little change in the rock 
near the heater during the power 
rampdown and postheating phase 
of the test. The data also show that 
the rock above the heater (borehole 
NE-6) rewet more quickly than the 
rock below the heater (borehole NE-
2A) for distances less than or equal 
to 0.5 m. This suggests that the 
gravity-driven flow plays a role hi 
the re wetting process. 

We gained further insights into 
the re wetting process by calculat
ing changes in moisture content rel
ative to the last day of full power 
heating. Figure 9 presents changes 
in moisture in borehole NE-2A, 
where "after" nvnus "before" 
changes are calculated relative to 
day 127 (i.e., the "before" data cor
respond to day 127, which was the 
day before the last day of maxi
mum power heating). The data 
were obtained during the power 
rampdown and postheating phases 
of the test when the rock was cool
ing and rewet ting. Also shown are 
fractures mapped along the bore
holes. Note the rock regions that 
show the greatest rewet ting are 
clustered around the fractures in 
NE-2A. The high correlation be
tween fracture locations and high 
rewetting suggests that fractures 
play a dominant role in the rewet
ting process. One mechanism for 
rewetting along fractures may be 
capillary condensation of air hu
midity in the fractures because 
humid air (found in the wetter por
tions of the rock mass) can travel 
with relative ease along the frac
tures. Another mechanism that 
may be playing a role in the rewet
ting process is water dripping 
along fractures; Fig. 8 shows evi
dence consistent with this argu
ment in that the rewetting front has 
penetrated more quickly above the 
lieater (borehole NE-6) than below 
the heater (NE-2A). 
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Figure 9. Changes in moisture content mapped along borehole NE-2A. Changes are calculated relative to the last 
day of full power heating, fractures mapped are shown for comparison. 

Temperature 
Measurements 

Temperature measurements 
were made tu characterize the ther
mal response of the medium 
around the heater. There were a 
total of 112 thermocouples used in 
this test. All of these thermocouples 
were chromel-alumel (Type K) with 
an accuracy of ±l°C Cl.8°F).Ten 
thermocouples were installed with
in the heated portion of the heater 
borehole to monitor container and 
borehole wall temperatures. The 
other 102 thermocouples were lo
cated in boreholes TC-1, TC-2, P-l, 
P-2, and P-3. 

Figure 10 shows the tempera
tures measured in all boreholes 
during the last day of the maximum 
power phase (day 128). The tem
peratures are plotted as a function 
of the natural log of radial distance 
to observe the linearity or nonlin-
earity of the temperature profiles. 
Note that with the exception of the 
P-3 profile, all profiles are fairly 
linear. This indicates that thermal 
conduction is the predominant heat 
transfer mechanism for the regions 
sampled. There are a few tempera
ture values (in both P-2 and P-3) 
that deviate from a straight line for 
values of the radial distance <1 m 
(natural log <0). At these locations. 

fractures were mapped in close 
proximity (within a few centime
ters) of the thermocouple locations. 
This close proximity suggests that 
the depressed temperature values 
within the boiling region are caused 
by fractures. At least two explana
tions can be postulated: 
1. The fractures create more per

ineal: !e flow paths for vapor to 
escape the system. As water is 
converted to vapor and allowed 
to escape, energy is removed 
from these locations. This 
energy is therefore not available 
to elevate the rock temperatures. 

2. The fractures also create flow 
paths along which drilling water 
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Figure 10. Temperatures in various boreholes measured during the last day 
of full-power heating. 

moves downward. Borehole P-3 
is lower in elevation than P-2. 
The matrix adjacent to these 
fractures might have imbibed 
some of the drill water, thereby 
increasing the initial saturation 
near the fractures. This elevated 
saturatiorvwould also tend to 
depress the local temperature 
for the same reason as stated 
above in explanation 1. 
The temperatures along bore

hole TC-2 are generally cooler than 
those in other boreholes at the same 
radial distance. The temperatures 
in P-2 are the highest among the 
five boreholes. Boreholes TC-1, P-l, 
and P-3 registered about the same 
temperatures. These differences in 
temperature are probably due to 
the heterogeneous thermal proper
ties of the rock mass. The almost 
linear portion of these curves at 
larger radial distances indicate that 
conduction is probably the main 
heat transfer mechanism. Also, the 
TC-2 profile shows a more shallow 
slope, which implies that the 

thermal conductivity of the rock 
around TC-2 is higher than at other 
locations. 

A comparison of the P-2 and P-3 
temperature profiles in Fig. 10 
shows that the temperatures in P-3 
are consistently lower than those in 
P-2. This is probably due to the 
higher temperatures measured at 
the top of the container. Air circula
tion within the heater container 
(i.e., hotter air rising to the top of 
the container) may have caused the 
asymmetry in temperatures. 

Figure 11 shows the tempera
tures for thermocouples 86 through 
89 as a function of time- These ther
mocouples are located below and to 
the side of the heater (Fig. 12). Ther
mocouples 86 and 87 show typical 
profiles of temperatures, within the 
boiling region. The temperature 
increased quickly at the beginning 
of heating, then became almost 
linear with time. At these later 
times, the temperature-time plot 

Time (days) 

Figure 11. Evolution of selected temperatures in the P-3 borehole as a 
function of time. Thermocouples 88 and 89 show a flattening of the profiles 
between days 50 and 150 that may be due to the movement of condensed 
water in this region. 
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Tigure 12. Cross section near the heater mid plane, showing thermocouple locations relative to the heater. Data 
for thermocouples 86 to 89 are shown in Fig. 11. 

has no obvious change of slope. A 
change in slope would indicate a 
change in the thermal conductivity 
and heat capacity of the rock. At 
later heating times, changes in 
slope may beattributed to the latent 
heat capacity of the water as the 
water boils or condenses in the rock 
mass. 

Thermocouples 88 and 89 in 
Fig. 11 show very atypical tempera
ture profiles. Note that the maxi
mum temperature for both profiles 
is -97-C. Also the profiles remained 
near the maximum temperature for 
70 or more davs even though the 
rest of the rock mass continued to 
increase in temperature during this 
period (maximum power phase). In 
addition, 'he slope on the left side 
of the flattened portions of these 
two profiles rapidly increased be
fore the flattening occurred. This in
dicates that additional energy was 

being deposited at these locations. 
We postulate that condensed water 
with near-boiling temperature 
moved into this region from regions 
above the heater as illustrated by 
the conceptual model shown in 
Fig. 13. We recognize the possibility 
that this type of temperature signa
ture is due to a heat pipe effect, but 
we consider this unlikely because 
of the rapid increase in slope ob
served prior to the flattening. 

Changes in 
Air Permeability 

Air permeability testing was con
ducted along sections of the heater 
emplacement borehole before heat
ing and at the end of the power 
rampdown phase of the test. The 
objectives of this test were to charac
terize (he in situ permeability of the 
fractured tuff around the healer 

borehole and to determine the 
effect of a heating and cooling cycle 
on rock mass permeability. A 
number of permeability measure
ments were made along packed-off 
sections of the borehole before the 
rock mass was heated and again 
after all heating was completed. 

We used steady-state air-injection 
to measure the permeability. Inflat
able packer^ were placed in prese
lected sections of the borehole to 
isolate these sections for testing. Pre
heating and postheating permeabil
ity values are compared in Fig. 14. 
Equivalent porous medium perme
abilities along the heater borehole 
are also compared with mapped 
fracture locations. The permeabili
ties shown here were measured at a 
nominal pressure of 34 kPa (5 psi). 
The permeability of a 36-cm-long 
test zone varies from a minimum 
of D.04 da rev (D) to a maximum 
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Figure 13. Proposed flow phenomena for a fracture perpendicular to the 
heater axis. The view is along the fracture plane. This conceptual model 
was proposed as an explanation for the atypical temperatures shown by 
thermocouples 88 and 89 (shown in Fig. 11). Also shown are the increased 
regions of the drying and wetting fronts along the fracture. 

of 150 D. The higher permeability 
value corresponds to a highly frac
tured zone, a few inches thick, at 
a depth of about 7.7 m from the 
collar. 

A comparison of the preheating 
and postneating profiles in Fig. 14 
shows ihat portions of the mea
sured region had increases in gas 
permeability as a result of the heat
ing cycle. Note that the greatest 
percentage change occurred near 
the center of the heater element lo
cation. This is also the portion of 
the borehole with the fewest frac
tures mapped. We postulate that 
the increase in permeability is due 
to an increase in the number of 

small fractures (microcracks) inter
cepting the heater borehole. Televi
sion surveys of the borehole 
showed no change in the visible 
fractures relative to the preheating 
survey. This implies that any new 
fractures were small enough to es
cape detection. Given that the low
est permeabilities were measured 
in the region of greatest change, in
creases in microfractures would 
have a relatively greater effect here 
than in regions with a higher pre
heating permeability. Note that the 
increased permeability is low 
when compared with the natural 
heterogeneity in air permeability 
along the borehole. 

Steam Invading the 
Heater Emplacement 
Borehole 

The thermal loading exerted by 
the heater dries the partially satu
rated rock surrounding the em
placement borehole. Vapor pres
sure gradients drive steam into 
pressure sinks such as the emplace
ment borehole and fractures (see 
Fig. 1). Steam may also move along 
the fractures toward the emplace
ment hole or move outward and 
condense where the temperatures 
are sufficiently cool. The moisture 
entering the heater emplacement 
borehole was collected to provide a 
measure of the resistance to vapor 
transport toward the heater relative 
to the resistance to transport away 
from the heater as a function of 
time. 

The moisture migrating into the 
heater emplacement borehole was 
collected using a high-temperature 
inflatable packer fitted to a 51-mm-
i.d. aluminum pipe. The packer 
sealed the borehole 50 cm outward 
(i.e., toward the collar) from the 
heater and allowed the steam to 
flow through the aluminum center 
pipe, condense, and flow to the 
borehole collar and into a collection 
device (the isolated section re
mained unpressurized at all times). 
The heater emplacement borehole 
had a slope of 5° downward to the 
collar to facilitate the collection of 
the condensed moisture. 

Figure 15 presents the results 
from an analysis of the water collec
tion rates during the test. Also 
shown for comparison is the partial 
pressure of water within 15 cm of 
the intake for the steam collection 
system; the partial pressure values 
are calculated based on relative 
humidity r.nd air temperature 
measurements. These data show 
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Figure 14. Gas permeability measurements made along the heater borehole 
before and after the heating of the borehole. 

decreased between days 59 and 90. 
We did not expect this decrease and 
have not yet explained it. Note that 
the partial pressure of the water in 
the air remained approximately con
stant between days 50 and 128. All 
other conditions being equal, we 
expected the moisture collection rate 
to remain constant if the partial pres
sure of the air in the heater borehole 
remained constant- The partial pres
sure of the water started to decrease 
as expected on day 128 when the 
power rampdown phase began. 

Another unexplained aspect of 
the moisture collection rate is the 
abrupt water collection rate de
crease at about day 90. This signa
ture may be an indication oi prob
lems with the sensor; however, 
post-test calibration of the sensor 
did not indicate that the sensor 
was flawed. 

that an insignificant volume of 
water was collected within the first 
two weeks of the experiment. 
Thereafter, the rate of water collec
tion reached a maximum of -0.05 
liters/day, which is less than the 
value of -0.5 liters/day predicted 
by the scoping calculation. The rea
sons for this discrepancy are unclear 
at present. One possible explanation 
is that the packer temperature at the 
intake point for the system is below 
the dew point. This might have 
caused some vapor to condense, 
pond, and possibly drain into frac
tures, instead of entering the center 
pipe at the packer. Temperatures at 
some points on the packer suggest 
that packer surfaces could have 
acted as condensation points. 
Another possible reason for the dis
crepancy is that the scoping calcula
tions assume an infinitely long 
heater. This assumption would 
result in a substantial overestimate 
of the steam produced. Additional 
work is in progress to evaluate the 
impact of this assumption. 

The water collection rate (Fig. 15) 
peaked at about day 50 and then 

100 150 

Time (days) 

Figure 15. Moisture collection rate and partial pressure of water in the 
heater borehole air as function of time. 
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Summary 
The PEBSFT provided valuable 

experience that will improve our 
ability to conduct the Engineered 
Barrier System Field Tests planned 
for the Exploratory Shaft Facility in 
Yucca Mountain. The results from 
the PEBSFT indicate that many en
vironmental conditions expected to 
develop around a heater in welded 
tuff areas described in Fig. 1. The 
test also showed us which of the ap
plied measurement techniques per
formed adequately under realistic 
environmental conditions and 
which ones may need to be modi
fied or replaced. 

The PEBSFT confirmed elements 
of the conceptual model of pre
dicted environmental conditions. 
Test results confirm that a dry zone 
develops around the heater bore
hole (refer to the conceptual model 
in Fig. 13) and that the degree of 
drying increases witli proximity to 
the heater. A "halo" of increased 
saturation develops adjacent to the 
dry region and migrates away from 
the heater as rock temreratures in
crease. Some of the fractures inter
cepting the heater borehole increase 
the penetration of hot-dry condi
tions into the rock mass. A build-up 
of pore gas pressure develops in 
rock regions where vigorous evap
oration is occurring. 

During the portions of the test, 
when the heater power was gradu
ally reduced and eventually fumed 
off, the dry region around the 
heater cooled off and slowly re
gained water (refer to the concep
tual model in Fig. 16). Rewetting of 
the dry region occurred first in the 
rock above the heater and in the 
rock adjacent to fractures. 

To explain the differences in the 
drying and rewetting behavior 
above and below the heater, we 
developed conceptual models that 
are based on the results described 
here and on our numerical model
ing study. In general, we found that 

water vapor generated in a matrix 
block moves toward the closest 
fracture face (or toward the surface 
of the heater borehole if the block is 
adjacent to the borehole). Upon 
entering the fracture, water vapor 
tends to move radially outward 
through the fracture system until 
encountering condensation condi
tions. The heater borehole moisture 
collection system and the conden
sation on the heater packer cause 
some of the vapor in the fractures to 
move radially inward toward the 
heater hole- Water that condenses 
above the heater drains downward 
through the fractures. Much of this 

downward flow intersects the boil
ing zone and is reboiled, thereby 
slowing the upward progress of the 
boiling front. We observed that 
some of the downward flowing 
condensate reboiled at the lower 
flank of the heater, thereby stabiliz
ing the boiling front at that location. 
Water that condenses below the 
heater drains a way from the boiling 
zone. 

Since the matrix imbibition rate 
is slow relative to the condensate 
generation and drainage rates, 
most of the downward draining 
condensate located below the 
heater left the system before it 
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• ^ Vapor flow 

£ Heater 

f x ] Dry region 

• Wet region 
(detectable) 

• Wet region 
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Figure 16. Proposed conceptual model of mechanisms that affect the rock 
rewetting process around a heater. Proposed conceptual model of the 
mechanisms that dominate the dry region rewetting process during 
cool down of the rock mass. A transect along a matrix block intersected by 
a fracture is shown. 
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could be subsequently reb<tiled. We 
also observed that the boiling zone 
effectively acted as an "umbrella" 
shielding the rock below the heater 
from the downward drainage of 
condensate generated above the 
heater. Rewetting of the rock above 
the heater and to one side of the 
heater was partially the result of 
condensate drainage in fractures. 
Throughout the fractured rock 
mass, rewetting also occurred via 
binary diffusion of water vapor 
(driven by relative humidity gradi
ents) and via Da rev flow (driven by 
pressure gradients). As this water 
vapor reached drier rock, it con
densed .ilong the fracture faces (by 
capillary condensation) and was 
imbibed by the matrix. 

Measurements of air permeabil
ity made along the heater borehole 
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prior to heating show that the frac
ture system exhibits a strong heter
ogeneity in fracture permeability. 
Measurements made after the 
heater was turned off show that 
there was an increase in air perme
ability as large as an order of mag
nitude for the rock that reached thf 
highest temperatures. 

The test also yielded some sur
prises in terms of environmental 
conditions. The temperature above 
the heater container was -30"C 
(54°F) higher than below the con
tainer. This condition might be a 
consequence of hotter air accumu
lating at the top of the container; it 
might also be related to the higher 
moisture content below the heater 
borehole. The amount of steam that 
invaded the heater borehole is 
much less than that predicted by 

the scoping calculations. The rea
sons for this discrepancy are not 
clearly understood, but they might 
be a result of an inadequate system 
used to collect and condense the 
steam or might be an indication of 
invalid assumptions used in the 
scoping calculations. 
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Geochemical Modeling: 
An Integrated Approach to 

Nuclear Waste Disposal Issues 
Carol J. Bruton, Brian E. Viani, William L Bourcier, 

Kenneth J. Jackson, and Roger D. Aines 
Geochemical Modeling Project 

The application of geochemical models will play an integral role in predicting the long-
term performance of proposed nuclear waste disposal repositories. To meet waste repository 
licensing requirements, we must be able to predict the response of repository components and 
of the enclosing host rocks and fluids to temperature fluctuations, fluid flow, and radionuclide 
releases over time periods of up to 100,000 years. Results from experimental programs cannot 
be used alone to accurately predict the effect of extended time periods on waste packages and 
on the environment, nor can they be used to evaluate all possible variables that might affect 
the repository system. Experimental results must be translated into quantitative models 
capable of predicting system response. Confidence in these models will be increased if the 
basic chemicai mechanisms controlling system response are understood, and if process-
oriented and mechanistic, rather than empirical, models are developed. We are using the 
computer codes EQ3NR and EQ6 and their thermodynamic data base to simulate the complex 
interplay among processes that control rates of waste form degradation and changes in the 
geochemical environment throughout the post-closure period. Experimental results are being 
reproduced and evaluated with EQ3/6 to determine the controls of observed phenomena and 
to guide future experimentation. These codes are also being applied to some diverse 
geochemical problems to demonstrate their general utility and flexibility. 

For many year*, geologists have 
studied the changes that occur in 
rucks ns their physical and chemi
cal environments wiry in response 
to geologic events. The storage of 
nuclear waste in underground re
positories wi l l perturb the physical 
and chemical environment of the 
hosl rocks and pore fluids in a man
ner that is analogous to naturally oc
curring geologic events. Quantita
tive, process-oriented models can be 
used lo analyze changes described 
in the field and studied further in 
Ihe laboratory, Ongoing work at 
I.IA'L indicates that geochemical 
modeling techniques in conjunc
tion with experimentation can be 

an invaluable tool for predicting 
the long-term performance of nu
clear waste repositories. 

Before a license permitting nu
clear waste disposal can be issued, 
the performance of a repository 
must satisfy specific safety stan
dards set by government regula
tions. To meet these requirements, 
the responses of the repository 
components and of the enclosing 
host rocks and fluids to tempera
ture fluctuations, fluid flow, radio
nuclide release, and other factors 
must be predicted over time periods 
of up to l(](),()l)I) years. We must 
de\ 'lop quantitative geochemical 
models capable of predicting 

svstem response over these ex
tended time periods. 

Confidence in the models wi l l be 
increased if the basic mechanisms 
controlling system response are un
derstood, and if process-oriented 
and mechanistic, rather than em
pirical, models are developed. 

In this article, we illustrate vari
ous ways in which geochemical 
modeling can be used to address 
some of the key issues in nuclear 
waste disposal. 
• We discuss the necessitv of inte

grating geochemical modeling 
with experimentation. 

• We describe thecomputercodes 
EQ3NK and EQ6, which are 
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representative examples nf 
geochemic.il modeling codes 
widely used today, and their 
thermodynamic data base. 

• We briefly review the proposed 
Yucca Mountain, Nevada, 
nuclear waste repository. 

• We outlinr some of the areas in 
nuclear waste management to 
which geochemical modeling 
can beapplied-

• We discuss how government reg
ulations focus nuclear waste dis
posal research. 

• We present five examples of on
going research projects at LLML 
that involve the application of 
KQ3/f> to n diverse set of geo
chemical problems. 

Integration between 
Geochemical Modeling 
and Experimentation 

Geochemical modeling is being 
used to examine the types of pro
cesses affecting the repository and 
host rocks and to predict reposito; v 
system performance over tens of 
thousands of years. Experimental 
programs form the basis for many 
of the conclusions made thus far 
about system performance. How
ever, geochemical modeling is re
quired to supplement experimental 
programs because laboratory 
experiments; 
• Cannot determine •',:>} effect of 

extended time periods, on waste 
form degradation rates ind on 
geochemical changes in the re
pository and host rock. 

• Can reproduce only a limited 
number of potential variations 
and combinations of variables 
that may impact the repository 
system. 
Models based solely on site-

specific experimental results tend 
to be empirical in nature, and they 
cannot be extrapolated with confi
dence to predict results under dif
ferent sets of conditions. In addition. 

laboratory experiments last a few 
years at most, and their results 
cannot be used to accurately pre
dict the changes that will occur in 
the repository over thousands of 
years. Geochemical modeling codes 
can, however, be used to simulate 
the complex interplay among pro
cesses that control rates of waste 
form degradation and changes in 
the geochemical environment 
throughout the post-closure period, 
provided appropriate process-
oriented models arc available. 

Geochemical simulations can be 
used to reproduce and evaluate ex
perimental results to determine the 
controls of observed phenomena 
and to guide future experimenta
tion. The efficiency and speed of 
computer simulations allow sensi
tivity analyses to be made of the im
pact of various scenarios on reposi
tory performance. Our confidence 
in predictions of system perfor
mance will be improved if we can 
develop a basic understanding of 
the controlling processes. Labora
tory and field experiments, as well 
as natural analogue studies, are re
quired to test and validate the 
geochemical modeling codes and 
their thermodynamic data bases 
prior to making long-term predic
tions of repository performance. 

Geochemical Modeling 
with the EQ3/6 
Computer Codes 
Basic Concepts 

The geochemical modeling code 
package EQ3/6 is used at LLN'L to 
simulate chemical reactions be
tween solids and an aqueous phase 
as a function of changes in the phys
ical and chemical environment 
(Wolerv, 1979). The package consists 
of two codes: FQ3NR {Wolery, 1WO) 
and EQMWoleryand Daveler, 
1989), and their requisite thermo
dynamic data base (Delnny and 
Lundeen, I9H9).EQ3NR carries out 

species distribution calculations in 
which species complexation 
within the aqueous phase is calcu
lated for a given bulk fluid compo
sition at a specified temperature 
and pressure. 

EQ6 is a dynamic, reaction-path 
modeling code that simulates the 
reaction between a fluid and a 
specified set of solid phases or 
another aqueous phase. The code 
solves equations of charge and 
mass balance, mass action, and 
rates of solid precipitation and dis
solution. Basic input to EQ6 con
sists of the following: 
• Mineralogic or chemical compo

sition of the reartant solid, rock, 
or fluid. 

• Starting fluid composition, pH, 
and redox potential. 

• Temperature and temperature 
changes during reaction. 

• Relative or absolute rates of solid 
precipitation and dissolution. 

• Specification of a closed or open 
system. 

The simulation of the reaction be
tween fluids and solids yields: 
• The sequence of solid precipita

tion/dissolution events and the 
amounts and compositions of 
solids produced and/or de
stroyed during the reaction. 

• The changing composition of the 
aqueous phase during the reac
tion, including pH and redox 
potential. 

• The derived physical and chemi
cal parameters such as volumes 
of solid ph.' -̂ es, compositions 
of solid solution precipitates, 
and dissolution affinities for 
reactants. 

For more detailed descriptions of the 
EQ3/6 codes, including detailed de
scriptions of the governing equations 
and numerical methods, see Wolerv 
(1983) and Wolery and Daveler 
(1989). For references to published 
literature on applications of EQ3/f> 
,.».d .ither geochemical modeling 
codes, see Wolery et al. (1989, I984i, 
and Jackson and Houaier (1989). 
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The basic operation of EQfi in
volves the stepwise, irreversible re
action of specified reactants with a 
fluid phase. Rates of reaction can be 
arbitrarily chosen or can be speci
fied by a kinetic rate law (see "Kinet
ics ir. Glass Dissolution," later in this 
article). Temperature can be held 
constant at values from 0 to 300°C, 
or varied as a function of time. The 
driving forces for reaction are thus 
the initial disequilibrium between 
reactants and the fluid, and/or 
changes in temperature. As the re
actants are added to the fluid, the 
fluid composition is changed, and 
the code recomputes the species 
distribution in the fluid. The rates 
of equilibration within the aqueous 
phase are considered to be instanta
neous and reversible. The affinities 
for precipitation of all pnssiblesolid 
phases in the thermodynamic data 
base for the chemical system under 
consideration are checked. If any 
phases aresupersaturated, the most 
supersaturated phase is precipi
tated until the solution comes to 
equilibrium with respect to that 
phase. AH affinities are checked 
again, and additional solids art pre
cipitated until the solution is in 
o\ jra\\ equilibrium with the solid 
precipitates. The code then adds 
more reactsnt to the fluid and re
peats the entire cycle. The reaction 
continues until overall system equi
librium is attained, or until the user 
stops the reaction. 

The application of a geochemical 
modeling code to the study of a 
particular system or subsystem de
pends on whether appropriate sub
models exist in the code to account 
for the significant processes in
volved. Submodels in EQ6 that can 
be invoked as needed to describe 
specific scenarios of repository per
formance include: 
• Solid dissolution and precipita

tion kinetics. 
• Solid solution (see "Solid Solu-

lion Models forCIinoptiloliteand 
Smectites," later in this article). 

• Cation exchange. 
• Thermodynamic properties of 

high ionic strength solutions. 
• Fixed fugacity of gases. 

Wolery et al. (1989) describes 
EQ3/6 capabilities and recent code 
improvements. The incorporation 
of these options into EQ3/6 grcv tly 
increases the realism of applying 
geochemical modeling to the study 
of reactions in the repository and in 
the surrounding environment. 

System Conceptualization 
Required to Formulate 
Code Input 

Effective application of geochem
ical simulations in ivaste disposal 
and in other areas requires that the 
user first conceptualize the physical 
situation to be modeled, and then 
define the starting physical and 
chemical conditions of the system. 
The conceptual model thus derived 
is used as the basis for setting up 
simulation calculations, and it con
trols the usefulness and applicabil
ity of simulation results. 

Natural and even man-made 
systems tend to be extraordinarily 
complex. The initial input to a 
simulation is usually designed to 
simplify the system to its most inte
gral features and to guide system 
evolution through its simplest and 
most direct path. Thus, simulations 
often begin by assuming a closed 
system with fixed rates of reactant 
dissolution and with equilibrium 
precipitation and dissolution of all 
other phases. The initial equilib
rium simulation serves as a base
line calculation from which further 
work proceeds. 

Sometimes the initial baseline 
calculations can be useful in under
standing system evolution (see, 
"Diagenesis in Sedimentary Basins," 
later in this article). The degree of 
match between simulation and 
field and/or laboratory data often 
reveals the adequacy of the initial 
simplifying assumptions. The ini
tial conceptualized system can be 

"customized" by including addi
tional chemical processes in further 
simulations so that a more reason
able match to observed or antici
pated data can be obtained. For ex
ample, a diagenetic system may be* 
modeled as an open system, subject 
to externally imposed variations in 
component concentrations, rather 
than as a closed system (Harrison, 
1989). Later in "Kinetics of Glass 
Dissolution," we describe the for
mulation of a rate equation for nu
clear wasteglass dissolution, which 
exemplifies this approach. 

Thermodynamic Data Base 
Our ability to produce relevant 

and informative simulations of 
chemical processes depends on the 
adequacy of the thermodynamic 
data base as well as the adequacy of 
the models in the geochemical sim
ulator. The thermodynamic data 
base for EQ3/6 currently contains 
data for 78 elements, 619 aqueous 
species, and 886 solids and gases. It 
is much more complete, however, 
for common aqueous species and 
rock-forming minerals than it is for 
aqueous species and solids contain
ing radionuclides. 

The thermodynamic properties 
of radionuclides have been rela
tively recently added to the data 
base and, therefore, are not as thor
oughly tested through years of ap
plications as the remainder of the 
data base. Much effort is required to 
amass a complete and internally 
consistent data base for radionu
clides and to test this data base by 
comparing simulation results with 
laboratory and field data. 

With the addition of improved 
solid solution models and cation 
exchange models in EQ3/6, it is 
crucial to fully test these models 
and their input parameters with ex
perimental and field data. Later 
in this article, we present an exam
ple of an EQ3/6 application that 
focuses on predicting clinoptilolite 
composition as a function of 
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groundwater composition (see 
"Solid Solution Models for Clinop-
tilolite and Smectites") to demon
strate this point. 

Geochemical Modeling 
Applications in Nuclear 
Waste Disposal 
Potential Repository Site 

The feasibility of burving high-
level nuclear waste in the unsatur
ated zone at Yucca Mountain, 
Nevada is currently under study. 
We can use a description of a pro
posed high-level nuclear waste 
repository at Yucca Mountain to il
lustrate some of the potential appli
cations of EQ3/6 to nuclear waste 
disposal problems. 

The potential repository horizon 
at Yucca Mountain lies at depths of 
200 to 400 m in the Topopah Spring 
Member of the Paintbrush Tuff. The 
tuff is densely welded and devitri-
fied at the proposed repository 
horizon, and it contains secondary 
phases such as clays and zeolites. 
The proposed repository horizon is 
located in the unsaturated zone 
above the water table in order to 
limit water access to the repository. 
The waste will consist of spent nu
clear fuel and, in lesser quantities, 
borosilicate glass. Waste ivill be en
closed in a package that, together 
with any overpack'mg materials, 
borehole liners, and repository 
seals, will form an engineered bar
rier system designed to isolate the 
waste as effectively as possible 
from the environment (U.S. DOE, 
1988). 

Scenario of Radionuclide Release 

When the waste package is em-
placed in the repository, the tem
peratures surrounding the waste 
package will rise to a maximum of 
about 250CC within 50 years or less, 
and then will gradually decrease 
(Classley, I486; O'Neal'et al., 1984). 
Fore fluids in the host rock will be 

heated and, possibly, vaporized 
and will migrate in some fashion. 
Fluids will eventually return to the 
waste package as it cools. 

If the engineered barrier system 
surrounding the waste is breached 
at any time, pore fluids may come 
in contact with the waste. The 
radioactive waste form may then 
begin to dissolve into the fluid. If 
this fluid exits the waste package, it 
will carry radionuclides into the 
host rock. 

Heating of the host rock may 
cause mineralogical changes and 
may alter pore fluid chemistry. The 
mineralogical transformations may 
change the transport properties of 
the rock (e.g., permeability), which 
would affect radionuclide transport 
away from the waste package. The 
ability of zeolites and clays in the 
host rock to sequester released radi
onuclides mav also be compromised 
or enhanced (US. DOE, 1988). If the 
fluid chemistry changes signifi
cantly, it will effect the waste pack
age system's susceptibility to corro
sion. Geochernical models are 
especially applicable to these types 
of studies because they were de
signed to study similar problems in 
mineral dissolution/precipitation 
as a function of changes in the 
physical and chemical environ
ment. The modeling codes calcu
late the changes in the composition 
of the fluid phase and the changes 
in mineralogy. 

The rates of radionuclide release 
from the glass and spent fuel waste 
forms over time periods of Lens of 
thousands of years must be known 
in order to predict the magnitude of 
radionuclide release. Radionuclide 
release rate models will also serve 
as the source term for other calcula
tions involving the fate of radionu
clides in solution. Kinetic models 
for both glass and spent fuel waste 
form dissolution must be devel
oped. To be accurate, these models 
must take into account the entire 
range of physical and chemical 

conditions that might be expected 
in the repository. 

The physical and chemical char
acteristics of the fluid phase will 
determine its capacity to hold radio
nuclides in solution. Radionuclides 
may be carried in the fluid phase as 
dissolved species, colloids,and even 
particulate matter. Characteristics 
such as the composition, pH, and 
redox potential of the fluid phase 
can greatly affect radionuclide solu
bility as well as colloid and particu
late formation. Geochemical model
ing can help to predict radionuclide 
solubilities as a function of the 
chemical characteristics of the fluid 
phase. 

Once the radionuclides have 
been released from the waste form 
and incorporated intoa fluid phase, 
their transport away from the waste 
package must be considered. The 
physical aspects of fluid flow away 
from the waste pa :kage must be 
coupled to models that characterize 
the sequestering of radionuclides 
by various components of the engi
neered barrier system and host 
rock. 

Knapp (1989) recently coupled 
EQ6 to a one-dimensional fluid 
flow model to calculate the spatial 
and temporal distribution of solid 
precipitation/dissolution events. 
This code calculates the location 
and movement of reaction fronts 
during fluid flow at a fixed velocity 
through a permeable medium. Dis
solution of host rock mineralogy 
and precipitation of secondary 
phases must be considered, as well 
as the exchange of radionuclides 
and cations in surface exchange re
actions with pre-existing clays and 
zeolites in the host rock tuffs. 
Geochemical models must be ox-
tended to include provisions for 
surface processes such as cation ox-
change reactions and sorption, es
pecially with regard to radionu
clides. Radionuclides could also be 
sequestered as trace components of 
solid solutions; solid solution 
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models (Bourcier, 1985) must be ex
tended to account for these trace 
components. 

There are many other potential 
applications of geochemical codes 
to nuclear waste disposal research 
topics that we do not discuss here, 
however, our examples illustrate 
the different ways in which geo
chemical modeling can be used, 
a..id the variety of study areas to 
which it can be applied. Limits of 
geochemical modeling capabilities 
are set by the availability of com
puter codes to model the processes 
and mechanisms of interest and by 
the adequacy of the thermody
namic data base. 

Impact of Government 
Regulations on Research 

Much of the geochemical research 
in nucleai waste dispose.! done by 
national laboratories such as LLNL 
is primarily devoted ti demonstrat
ing whether or not a specific reposi
tory meets the performance require
ments set by the U.S. Nuclear 
Regulator* Commission (NRC) 
and the U.S. Environmental Protec
tion Agency (EPA). Licensing of the 
waste repository for operation re
quires that the repository perfor
mance meets limits on quantities 
and rates of radionuclide release 
overextended time periods. For 
example, the Code of Federal Regu
lation 10CFR60(NRC, 1983) re
quires a satisfactory demonstration 
that the release rate for a number of 
specific radionuclides will not ex
ceed one part in 10° of the waste in
ventor)' per year in the period fol-
loiving 1GU0 years after closure of 
the repository. The Code of Federal 
Regulation, 40 CFR 191 (EPA, 1985), 
sets limits on the total release of ra
dionuclides to the accessible envi
ronment (Aines, 1986; Oversby, 
1986). Our initial modeling efforts at 
LLXL haw, therefore, focused on 

developing kinetic models for waste 
form dissolution and on determin
ing the controls of radionuclide con
centrations in solution. 

It is significant that Hie federal 
regulations require the prediction 
of system performance over time 
periods of thousands to 100,000 
years. Because laboralory experi
ments are limited in their ability 
to provide us with meaningful ex
trapolations of data over such long 
time periods, the experiments must 
be supplemented and extended by 
process oriented geochemical 
models. 

Applications of 
Geochemical Modeling 
at LLNL 

The following examples illus
trate various facets of EQ3/6 appli
cations relevant to nuclear waste 
disposal issues and other areas of 
research in fluid-rock interactions. 
Note how different aspects of a 
problem are examined. Although 
the entire repository system may 
not be amenable to simulation, 
geochemical modeling can often be 
usefully applied to a given sub
system to elucidate underlying 
reaction controls and to develop 
process-uriented models. For exam
ple, process-oriented models are 
being developed to describe the 
kinetics of glass dissolution by inte-
giating experimental programs 
with geochemical simulations. 
Although the kinetics of spent fuel 
dissolution are not yet known, the 
potential compositions of solutions 
contacting the spent fuel waste 
form are still important. Currently, 
simulations of soent fuel difsolu-
tion are madeby tracking the extent 
of reaction in terns of the amount 
of w.iste form dissolution per mas^ 
of water, rather than tracking the 
reaction explicitly in time. 

Modeling the changing compo
sition of solid solutions .ind their 
stability Is required to tackle 
issues such as the magnitude of 
clinoptilolite-smectite-radionu ciidc 
exchange ah the waste site. Diagen-
esis in sedimentary basins can be 
considered a natural analogue of 
the "accelerated" diagenesi« mat is 
expected to occur in the host rock 
around the waste packages. The 
thermodynamic data underlying 
the models are continuously up
dated (e.g., including data for or
ganic species) to allow more realis
tic simulations of geologic processes 
to be made. 

Kinetics of Glass Dissolution 
Experimental investigations of 

borosilicate glass dissolution indi
cate that the mechanism for glass 
dissolution at near-neutral pH in
volves the formation of two surface 
layers that reach constant thick
nesses at steady state (Fig. 1; 
Abrajano et al., 1988). The inner, 
diffusion layer is a partially hy-
drated surface layer through which 
ions diffuse to an outer gel layer. 
The gel layer releases soluble ele
ments into solution and concen
trates relatively insoluble elements. 
The insoh'ble elements later age 
and cryst ê into secondary 
phases. Secondary phases also pre
cipitate directly on the glass surface 
when the addition of glass compo
nents to the fluid phase causes su-
persaturation (Bourcieret al., 1989). 
Release of elements into solution is 
nonstoichiometric (i.e., element 
concentrations in solution tend to 
change at different rates). 

Recent experiments by Bourcier 
et al. (1989) document the changing 
composition of the fluid phase and 
the gel layer that accompany micleav-
waste borosilicate-glass dissolution 
at temperatures from 100 to 250CC. 
The goal of the geochemical model
ing aspect of their study was to 
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develop a process-oriented kinetic 
model of glass dissolution tli.it is 
consistent with the experimental 
data and the progressive alteration 
oi the glass surface. They conceptu-
a[J2ed thegellaverasa reactantthat 
releases components into solution 
at a rate given by 

^ ^ - < ' - - A K ' ' ' 0 ) 

where c, and v, represent the concen
tration of element / in solution and 
the stoichiometric factor of element i 
in the solid, respectively, and / re
fers to time. AjV is the ratio of the 
surface area of the solid to the vol
ume of the solution. A', represents the 
rate constant for solid dissolution, 
and A denotes the dissolution affin
ity of the solid (Lasaga, 19S4). 

The necessarv rate constant for 
glass dissolution was derived bv 
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lifting simulation results to analyti
cal compositional trends in the 
fluid with time. Experiments are 
now being carried out to obtain rate 
constants independently as a func
tion of pH and temperature. When 
the pH dependency of the rate con
stant is determined, there should be 
no need to use the rate constant as a 
tilting parameter in the model. The 
free energy of the gel layer was cal
culated by assuming an ideal solid 
solution among amorphous oxides 
and hydroxides that are proxies for 
the compositional components of 
the gel layer. 

Bourcier et al. (1989) carried out 
geochemical simulations of glass 
dissolution with EQ6: alternately 
allowing no secondary precipitates 
to form and then allowing a sec
ondary nontronitic clay to precipi
tate. Nontronite was the most abun
dant secondary phase observed in 

/Etching from 

Hydrogen 

Figure 1. Schematic diagram showing surface layers that develop on 
glass during dissolution and the concentration profiles of calcium, so
dium, and hydrogen in these layers (from Bourcier et al., 1989). Surface 
precipitates are also shown. Adapted from Abrajano et al. (1988). 

the experiments. A comparison of 
the two sets of simulation results 
with the experimental results for 
pH and boron concentrations are 
shown in Fig. 2a and b. If second
ary phases are not allowed to pre
cipitate, the curves for the concen
trations of B and for pH level off at 
values consistent with saturation 
with respect to the amorphous sur
face layer (curves labeled "no pre
cipitate" in Fig. 2). The formation 
of a crystalline secondary phase 
forces the solution to remain under-
saturated with respect to the amor
phous su.-face layer, and dissolution 
continues a! a nearly linear rate 
(curves labeled "precipitate" in 
Fig. 2). 

Comparison of the simulation 
results with the experimental data 
(Fig. 2} suggests that the dissolu
tion affinity term in Eq. (1) may 
control the release rate of elements 
from waste glass. The characteris
tic parabolic shape of the release 
rate curves may, therefore, result 
from surface reaction control of 
dissolution, rather than diffusion 
control (Doremus, 1975). 

If dissolution affinity controls 
rates of glass dissolution, these 
rates would be expected to increase 
over timeas secondary precipitates 
form and cause the elemental con
centrations in solution to decrease. 
Asa result, the dissolution affinity 
of the glass may actually increase 
and cause the rate of glass dissolu
tion to increase |Eq. (1)1. This effect 
is illustrated in Fig. 2a by the exist
ence of greater concentrations of B 
in solution at a given time when 
precipitates are allowed to form. 
Further work is required to better 
determine the thermodynamic 
properties of the gel layer and po
tential secondary precipitates. Inde
pendent evaluations of the rate con
stant as a function of temperature 
and pH are also necessary to con
firm the proposed model of glass 
dissolution (Bourcieretal., 1989). 
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Figure 2, (a) pH and (b) boron 
concentration as a function of 
time (days) from closed-system 
SRL-165 glass-dissolution experi
ments (triangles). The curves rep* 
resent the results of EQ6 simula
tions Oi the glass dissolution 
process. The "no precipitate" 
curve represents EQ6 predictions 
when no solid precipitates were 
allowed to form. The "precipi
tate" curve was generated with 
EQ6 when it was assumed that a 
noiltronitic clay phase precipi
tates, as observed in the experi
ments. 

Time (days) 

Dissolution of Spent Fuel 
Waste Form in Groundwater 

Wilson (1987a, 1987b) has carried 
out a sequence of laboratory tests in
volving dissolution of spent fuel 
waste form in J-13 ground water at 25 
and 85'C. J-13 well water is consid
ered to be representative of Yucca 
Mountain vadose water (Harrar 
et al., 1988). Wilson immersed spent 

fuel, with attendant assembly hard
ware and cladding, in (-13 water for 
periods of up to -2 years. In general, 
the concentrations of actinides in 
Wilson's tests tended to increase rap
idly and then dropped tosteadystate 
values. The concentrations of fission 
product elements (e.g., Tc, Cs, I, and 
Sr) increased continuously (Wilson 
and Bruton, 1989>.Geochemicnl 
modeling of spent fuel waste form 

dissolution in J-l 3 water with EQ3/6 
was carried out to determine the con
trols of observed nuclide concentra
tions in solution. 

In the initial simulations of spent 
fuel dissolution, we assumed that 
the waste u ndergoes stoichiometric 
dissolution, without consideration 
of enhanced grain boundary disso
lution. Because no kinetic model for 
spent fuel dissolution was available. 
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we tnicked the extent of reaction, a 
proxy for time, in terms of the mass 
of spent fuel waste form that dis
solved in 1 kg of J-13 water. Experi
mental results can be compared to 
simulation predictions by deter
mining the masses of the spent fuel 
waste form that dissolve in a given 
volume of water dur ing the course 
of the experiment. Simulation pre
dictions can be directly related to 
time when kinetic models for spent 
fuel dissolution become available. 

Simulation of spent fuel waste 
form dissolution at 2 5 C predicts the 
formation of a sequence of second
ary precipitates (Fig. 3) as nuclides 
are released into solution. Figure 4 
shows the correlation between pre
dicted uranium concentrations in 
solution and solid precipitates con
taining uranium. The measured 

steady state concentrations of L' in 
solution in Wilson's HBR-3-25 test at 
25CC are shown for comparison. The 
test results are shown as a bar posi
tioned relative to they axis only; the 
amount of spent fuel dissolution 
during the tests is unknown iBruton 
and Shaw, 1987). 

Precipitates of: 
uranophane 

( C a ( U 0 2 ) 2 ( 5 i ( ^ O H ) r 5 H 2 0 ) , 
soddyite 

«U0 2 ) 2 Si0. j -2H 20), 
and possiblv haiweeite, 

(Ca<U0 2 ) 2 Si*0 , 5 -5H 2 0) 
were identified in Wilson's tests at 
S5°C, but no precipitates were found 
at 2 5 C C In the simulations, haiwee
ite was considered as a proxy for 
uranophane because they are simi
lar in composition and because no 
reliable thermodvnamic data for 

Carbonate—calcite 
Clinoptilolite—ss 

AmOHCOj 

Soddyite 

H NpQ 2 

!ogf o2(g>" 

H Hematite 
I Mesolile 

Schoepite 

- 4 - 3 - 2 - 1 0 1 2 
Log (grams ol dissolved spent fuel/kg water) 

Figure 3. Predicted paragenetic sequence of secondary solid phases formed 
during the dissolution of spent fuel in J-13 water at 25^C and atmospheric 
0 2 (g> and C 0 2 ( g ) fugacities. 

uranophane are available. The 
steady stale concentrations of U in 
Wilson's test are consistent with the 
precipitation of soddyite at 25CC. 

Simulation results suggest that U 
concentrations in solution are de
pendent on the identity of the U 
precipitate and the extent of reac
tion. Uranium concentrations 
might thus be expected to vary with 
time even in a closed system. The 
transition from U-silicates such as 
haiweeite and soddyite to schoe
pite, a hydrous uranium oxide, is 
caused by the depletion of silicon in 
solution owing to the continued 
precipitation of silicates and the ab
sence of Si in spent fuel. The rela
tive rates of the Si supply from 
groundivater and the Si loss from 
precipitation of silicates greatly af
fect the release of Li from fuel disso
lution and the concentration of U in 
solution. If water containing L 
eventually escapes the engineered 
barrier system at Yucca Mountain, 
it will invade the surrounding 
silica-rich tuffaceous rocks. It nii^hi 
be anticipated that the abundant 
supply of Si from the host rock 
would maintain U concentrations 
at relatively low values owing to 
the precipitation of relatively insol
uble uranium silicates. 

The neptunium concentrations in 
solution during the simulations in
creased steadily until the N p 0 2 pre
cipitated (Fig. 5).The N p concentra
tions in equilibrium with N p 0 2 

proved to be highly dependent on 
the fugacity of 0 2 {g), as shown bv 
Lemire (1^84). Simulations made 
assuming an atmospheric CMg) fu
gacity over-estimated \ ' p concentra
tions in solution relative to mea
sured values (Fig. 5). A simulation 
made assuming an 0 2 (g ) fugacity of 
1()"[~ bars more closely matched test 
results. The redox state of the test 
was neither known nor controlled: 
compi led \ ' p concentrations will 
depend on the expected redox state 
in the waste package. 
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Figure 4. (a)Predicted sequence of uranium precipitates and (b) concen
tration of uranium in solution as a function of the amount of spent fuel 
dissolution per kilogram of J-13 water at 25°C (see Fig. 3). Steady state 
concentration of uranium in Wilson's test HBR-3-25 (Wilson and Bruton, 
1989) is shown for reference. 

The identities of the nuclide pre
cipitates and the solution composi
tion have significant impacts on 
nuclide concentrations in solution. 
Figure 6 shows the results of four 
simulations. At a given oxygen 
fugacity, one simulation allowed 
crystalline PuOi to precipitate and 
sequester plutonium, whereas the 
other simulation allowed precipita
tion of amorphous Pu(OH)j. The Pu 
concentrations in solution in equi
librium with Pu{OH)4areabout8 
orders of magnitude greater than 
concentrations controlled by Pu0 2 . 
The measured stcadv-state Pu 

concentration falls between the val
ues for Pu0 2 and Pu(OH)4. The 
experiments of Rai and Ryan (1982) 
show that initial Pu precipitates tend 
to be amorphous, but they age to 
increasingly crystalline forms. 

Comparisons of simulation re
sults with test results are being 
used to better understand the con
trols of nuclide concentrations in 
solution. For example, the above 
simulations emphasize the need to 
characterize parameters such as the 
redox state of the system through 
time. Comparisons also help to 
identify precipitates that may 

control nuclide concentrations 
under various chemical conditions, 
even though the precipitates may 
occur in such small masses that 
they escape analytical detection. 

Solid Solution Models for 
Cfinoptitoltte and Smectites 

Clinoptilolite is a common alter
ation mineral in the silicic volcanic 
rocks at Yucca Mountain. Because 
of its tendency to equilibrate with 
coexisting fluids through cation ex
change, clinoptilolitc may play an 
important role in sequestering radi
onuclides that may escape from de
grading nuclear waste forms. Re
gional variations in fluid chemistry 
should, therefore, be reflected in the 
cation occupancy of clinoptilolite 
exchange sites if clinoptilolite ex
changes rapidly. We used pub
lished experimental data that de
scribes cation exchange reactions to 
derive a solid solution model for 
clinoptilolite. This model will be 
used to test for equilibrium be
tween Yucca Mountain waters and 
co-existing clinoptilolite. Solid so
lution models for dioctahedral and 
trioctahedral smectites were also 
tested and refined using experi
mental and field data in a similar 
manner. Exchange data for radion
uclides will ultimately be added to 
these models in order to evaluate 
the ability of 2eolites and clays to 
sequester radionuclides. 

Viani et al. {1989) derived thermo
dynamic data for component end-
members of a clinoptilolite solid so
lution by using the calorimetric data 
for a single clinoptilolite (Johnson 
et al., 1989) as a starting point. Free 
energies of cation exchange, estima
tion algorithms, and an ideal sile-
mixing model modified to account 
for coupled substitutions of multi
valent cations and vacancies were 
combined to derive the end-member 
data. The modified ideal site-mixing 
model and end-member data were 
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Figure 5. (a) Predicted Np precipitate and (b) predicted concentrations of 
neptunium in solution as a function of the amount of spent fuel dissolu
tion per kilogram of J-13 water at 25°C. Results are superimposed for two 
different simulations: assuming that N p 0 2 controls Np concentrations at 
0 2(g) fugacities of 10"0 , 7 (atmospheric) and 10" n bars. Np0 2 precipitates 
at different stages in reaction progress depending on the 0 2(g) fugacity. 
Steady state concentration of neptunium in Wilson's test HBR-3-25 
(Wilson and Bruton, 1989) is shown for reference. 

then incorporated in the EQ3/6 
computer modeling code. A simple 
molecular mixing model for clinop
tilolite ivas also incorporated into 
EQ3/6 for comparison. 

The solid solution model forcli-
noptilolilc was tested and refined 
by comparing cation occupancies 
predicted tobein equilibrium with 
Yucca Mountain waters with ana
lytically determined ctinoptilolite 
compositions from adjacent areas. 
The simple molecular mixing model 
did not adequately describe the full 
range of analytically determined 

clinoptilolite compositions because 
it was constrained to end-members 
containing one mole of exchange
able cation per formula unit. The 
modified ideal site-mixing model, 
tn contrast, takes explicit account 
of the stoichiometric number of 
cations in the exchange site. 

Figure 7 illustrates the match 
between predictions of Na-Ca 
exchange- in clinoptilolUe using the 
modified ideal site-mixing model 
and binary exchange data deter
mined experimentally by Ames 
(1964). Individual simulations were 

made assuming the existenceof one 
site and two sites. A comparison 
between predicted clinoptilolite 
cation occupancy and analytically 
determined fluid compositions at 
Yucca Mountain is shown in Fig. 8. 
Results for \'a-Ca and K-Ca 
exchange suggest that a two-site 
model better reproduces experi
mental exchange data and observed 
compositional trends ii> natural cli-
noptilolites. In future work, we 
plan to better constrain the propor
tioning of sites and to regress exper
imental data to obtain better esti
mates of the energies at the two 
sites. 

Smectite compositions in EQ3/6 
from Wolery (1978) are insufficient 
to describe the full compositional 
variation of Yucca Mountain smec
tites. Use of an ideal site-mixing 
model (Aagaard and Helgeson, 
1983) to describe compositional 
variations in dioctahedral smectites 
revealed that the mole fractions of 
exchangeable cations were depen
dent on the degree of substitution 
in the octahedral and tetrahcdral 
sites in a manner that was contrary 
to published experimental data. 
The modified ideal site-mixing 
model ofVianietal. (1989), which is 
incorporated in EQ3/6, has the ef
fect of decoupling equilibrium on 
the exchange site from that on the 
structural sites. Viani etal. derived 
end-member stabilities fordiocta-
hedra! smectites bv combining 
published smectite solubility data, 
cation exchange data, and the mod
ified ideal site-mixing model to 
regress best estimates for thermo
dynamic data of the component 
end-members. 

Work is continuing to further 
refine the solid solution models 
for clinoptilolite and smectite. The 
effects of Al/Si exchange in cli
noptilolite, among other phenom
ena, may need to be explicitly 
taken into account in our models. 

Improvements in the solid 
solution modeling capabilities of 
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Figure 6. (a) Predicted plutonium precipitate and (b) predicted concen
trations of Pu in solution as a function of the amount of spent fuel dis
solution per kilogram of J-13 water at 25 C. Results are superimposed 
for four different simulations: assuming that Pu0 2 ( c ) and Pu(OH) 4 , 
alternately, control Pu concentration at O z (g) fugacities of i O ' 0 , 7 (atmo
spheric) and 10" 1 2 bars. Pu0 2 (c ) precipitates immediately in both simu
lations; Pu(OH) 4 precipitates at different stages in reaction progress 
depending on the O z(g> fugacity. Steady state concentration of plutoni
um in Wilson's test HBR-3-25 (Wilson and Bruton, 1989> is shown for 
reference. 

EQ3/6 , such as those described 
above, allow metre accurate thermo
dynamic characterization of solid 
solution phases (e.g., clays, micas, 
feldspars, and zeolites). We can also 
model cation exchange with EQ3/A 
when the exchanger is not in over
all equilibrium with the solution. 
Exchange reactions between an 
exchanger of fixed mass and a 
fluid can be specified using cither 

the Vanselow or Capon conven
tions (Sposito, 1981) in an isother
mal system. This option is required 
to model the cation exchange 
properties of clay-rich backfill 
materials and to calculate the 
extent of the sequestering of cat
ions during fluid flow through 
host rocks composed of minerals 
with relatively constant cation 
exchange capacities. 

Diagenesis in 
Sedimentary Basins 

Diagenetic reactions can signifi
cantly change rock porosity and per
meability, which are major factors 
controlling the quality of petroleum 
reservoirs. If we can understand the 
forces that interact to produce ob
served diagenetic changes in petro
leum reservoirs, we will be better 
prepared to predict reservoir quality 
as a function of geologic setting and 
burial history. Diagenesis in natural 
systems can also be considered a 
natural analogue for the fluid-rock 
interactions that will occur when 
temperatures increase in the host 
rock surrounding an emplaced 
waste package. The man-made 
"accelerated" diagenetic reactions 
may be similar to reactions ob
served in natural systems. 

Diagenetic reactions recorded in 
rocks result from complex fluid-
rock interactions dur ing burial. Ob
servations of reactions preserved in 
rocks, however, form incomplete 
records of a rock's diagenetic evolu
tion. Computer models of fiuid-
ro.:k interactions allow the effectsof 
competing reactions and processes 
to bs quantitatively evaluated in 
the context of the continuous diage
netic evolution of the sediment and 
pore fluids. 

Fluid-rock interactions during 
burial diagenesis can be simulated 
by reacting typical mineralogical 
components of sedimentary rocks 
with basinal fluids (Bruton,1989). In 
the following example, a quartzose 
sandstone is reacted with river 
water from 10&C at the Earth's sur
face to 20CFC to simulate burial di
agenesis in a closed system. Given a 
linear geothermal gradient of 3(PC/ 
km, a temperature of ?00°C would 
be attained roughly at a depth of 
f> km. Solid solutions are treated ac
cording to the modified ideal site-
mixing model described above. 

The representative orthoquartz-
ite sedimentary rock used in the 
simulation is dominated by quartz. 
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Figure 7. Comparison of binary 
exchange data from Ames (1964) 
forNa-Ca exchange in clinoptilo-
lite under ambient conditions 
with adsorption isotherms 
predicted using one- and two-
site modified ideal site-mixing 
models. 
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I I Figure 8. Comparison of compo
sitions of coexisting clinoptilo-
lites and formation waters at 
Yucca Mountain with adsorption 
isotherms predicted using one-
and two-site modified ideal site-
mixing models. Formation water 
chemistry at Yucca Mountain 
was obtained from Benson et al. 
(1983), Benson and Mckinley 
(1985), and Ogard and Kerrisk 
(1984). Clinoptilolite composi
tions were determined through 
microprobe analysis by Broxton 
et al. (1986) and Levy (1984). Pro
duced formation waters were 
matched as closely as possible 
with clinoptilolites from associ
ated stratigraphic horizons. 
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with minor amounts of microcline, 
albite, anorthite, calcite, and*mag
netite (which represents an Fe-rich 
phase) and 14A-clinochlore(ivhich 
represents a Mg-chlorite). Equal 
amounts of albite and anorthite are 
proxies fur the end member compo
nents of an ideal plagioclase solid 
solution with the composition 
An^(). The presence of calcite sug
gests that the quartzose sandstone 
has been subjected to surface 
weathering. The quartzuse sand
stone was reacted with a typical 
river water (Bruton, 1989). 

A generalized synthetic di a ge
netic sequence illustrating typical 
diagenetic events predicted to 
occur during burial of quartzose 
sandstone and river water is 
shown in Fig. 9a. A chronological 
sequence of diagenetic events in 
sandstones deposited in non-marine 

environments deduced through 
petrographic studies by McBride 
(1983) is shown in Fig. 9b for com
parison. The early precipitation of 
clays such as knolinite and diocta-
hedral smectites are both predicted 
and observed during early diagen-
esis. Precipitation of Mg-rich sapo-
nitic clays, calcite solid solution, 
and the two zeolites, mesolite and 
scolecite, dominate the middle 
portion of the predicted sequence 
of events. As temperatures increase, 
a garnet solid solution, tremolite, 
and prehnite precipitate, represent
ing the transition to low-grade 
metamorphism. The closed-system 
simulation did not reproduce the 
dissolution/hydrocarbon migra
tion events observed in some sand
stones that are open to fluid flow. 
With further simulations, we can 
customize thccomputcr simulations 

to provide for known fluid flow re
gimes or other particular charac
teristics of an area under studv 
(Harrison, 1989). 

The change of pH during reac
tion is superimposed on Fig. 9a for 
comparison to the changes in min
eralogy. By the end of the simula
tion, the temperature increases to 
200°C and the pH drops to 6.7. The 
neutral pH at 200°C is 3.64. The ini
tial rise in pH results from the early 
dissolution of the nonfeldspathic 
minor minerals in the quartzose 
sandstone. The pH steadily de
creases when minerals that are in
creasingly poor in Al precipitate, 
starting with trioctahedral smectite. 
The pH is controlled by the relative 
quantities and stoichiometrics of 
minerals that precipitate and dis
solve at each point in time. The 
controls on the pH trends can be 

(b) 

Hematite 

Chlorite 

lllite/smectite 

Kaolinlle 

K-feldspar-albite 

Quartz 

Calcite 

Dolomite 

Dissolution/HC migration 

Kaolinite 

lllite 

Fe-carbonate 
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Depth -

Figure 9. (a) Generalized synthetic diagenetic sequence for reaction between quartzosc s? :dstone and river 
water from 10 to 200' C, calculated using the EQ3/6 computer code package. The pH vali> > during reaction are 
overlaid on the diagenetic sequence, (b) Chronological sequence of diagenetic events ii > sandstones, deposited 
in non-marine environments and deduced through petrographic study (after McBride, 1983). 
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deduced by writing the hydrolysis 
reactions for the minerals of interest 
in terms of the dominant aqueous 
species in solution [i.e., AUOH)^, 
rather than AP + + | . The impact on 
pH during a mineral precipitation/ 
dissolution event is related to the 
ratio of the sum of the cation equiv
alents in the mineral formula, ex
clusive of Al and Si, to the number 
of Al ion? in the mineral formula. 
The pH effects in dilute solutions 
are greatest when the minerals con
tain no Al. 

Simulation results indicate the 
need to rigorously evaluate newly 
acquired calorimetric data for 
zeolites such as mesolite and sco-
lecite (Johnson etal , 1983), relative 
to the stability of phases such as 
Iaumontite. Laumontite iscom-
monlv observed in nature but is 
never predicted to form. Observed 
versus predicted stabilities of zeo
lites relative to clays and other 
phases must also be evaluated fur
ther. The performance of new solid 
solution models for smectites, 
saponites, calcite, garnet, and 
other minerals in EQ3/6 must be 
evaluated by comparing predic
tions with observed mineral occur
rences and associations, both in 
terms of overall pha»e stability and 
composition. 

Significant discrepancies be' 
tween predicted and observed zeo
lite stabilities are introduced when 
the thermodynamic properties of 
zeolites, obtained using silicate cal-
orimetry, are referenced tositicalite 
(Johnson et al., 1987) rather than to 
(/.-quartz. Figure 10 illustrates the 
predicted diagenetic sequence 
when thermodynamic data forcli-
noptilolite is referenced tosilicalite 
rather than to a-quartz (Fig. 9a). 
Clinopiilolite is stable from 25 to 
200C, and its formation precludes 
[he precipitation of kaolinite, mus-
covile, and other zeolites. A series 
of simulations with different rock 
types and the silica lite-referenced 
clinoptilolite data would suggest 

that clinoptilolite precipitation is 
favored in almost all environments 
at temperatures as high as 3O0°C, 
which is not consistent \vith obser
vation. Care must be taken to en
sure internal consistency between 
calorimetric data and data derived 
from phase equilibrium studies. 

The synthetic diagenetic se
quences constructed in the above 
manner are designed as a general 
guide to the controls of diagenetic 
reactions that generate commonly 
observed patterns in diagenetic se
quences (McBride, 1983; Hurst and 
Irwin, 1982). We hope to be able to 
use synthetic diagenetic sequences 
to predict the effects of changes in 
rock composition, fluid chemistry, 
and burial history on the diage
netic evolution of sediments and 
their reservoir quality. Geochemi-
cal simulations of this type may be 
used to evaluate the relative impact 

of geologic events on diagenesis. 
Simulations often reveal potential 
controls of reactions that may not 
have been previously anticipated, 
vet must be considered (Bruton, 
1989). 

Interactions between Organic 
and inorganic Systems 

Even though organic com
pounds, inorganic minerals, and 
aqueous solutions coexist in many 
geologic environments, the chemi
cal interactions between them are 
infrequently studied. The study of 
such interactions is made difficult 
by the lack of thermodynamic data 
for many aqueous organic species 
and because a wide variety of aque
ous species are preserved in meta-
stable equilibrium in natural sys
tems (Shock, 1988). Among other 
potential interactions between the 

Quartz 
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Dioctahedral-smeclHe 

Pyrile p 

Dolomite 
D a 

Trioctahedral-saponite 

Calcite-ss 
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Gamet-ss 
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Depth *-
Figure 10. Generalized synthetic diagenetic sequence for reaction between 
quartzose sandstone and river water from 10 to 200°C, calculated using 
the EQ3/6 computer code package and using calorimetric data for clinopti
lolite referenced to silicalite. 
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inorganic and aqueous organic 
fractions of geochemical systems, 
researchers believe that aqueous or
ganic compounds enhance mineral 
solubilities and rates of dissolution 
(Mem and Lind, l974;Surdamotal., 
19S4; Stumm et al., 1985; Crossey 
et al., 198b) participate in the redox 
and complexation reactions that 
govern transport and deposition of 
some metals (Radtke and Scheiner, 
1970; Giordano, 1985; Sverjensky, 
1986; Drummond and Palmer, 19'86; 
Johnson et al., 1987), and alter the 
ion exchange capacity of clay min
erals through sorption (Raussell-
Colom and Serratosa, 1987). Geo
chemical modeling calculations can 
provide insight into the nature of 
chemical interactions affecting 
these processes (Rose and Jackson, 
1989), but it is prerequisite that the 
data base used in conjunction with 
the modeling codes adequately de
scribes both the morganic com
pounds and the aqueous organic 
components comprising the system. 

Shock and Helgeson (1989) used 
equations of state and correlation 
algorithms developed for inorganic 

aqueous species to generate a ther
modynamic data base for a wide 
variety of aqueous organic species. 
Their data are being incorporated 
into the thermodynamic data base 
for the EQ3/6 geochemical model
ing codes. We are specifically taking 
into account the mctastable persis
tence of suites of organic com
pounds that are out of redox equilib
rium with other carbon-containing 
species. The user specifies explicit 
reactions between each aqueous or
ganic species and "basis species" to 
which the thermodynamic proper
ties of each organic species are ref
erenced. The abundance of each or
ganic species is then computed 
from its designated basis species, 
independent of other organic suites 
in the system, to represent met.v 
stability. Using EQ3/6 with the 
organic/inorganic data base, we 
will be able to calculate various sta
ble and metastable equilibria that 
can be used to assess quantitatively 
the chemical interactions that may 
take place between aqueous or
ganic and inorganic components in 
natural systems. 

We added a representative suite 
of 18 aqueous organic species from 
the Shock and Helgeson (1989) data 
base to the EQ3/6 daui base to repre
sent a small subset of aqueous 
organic species in natural waters 
(Rose and Jackson, 1989). Figure 11 
shows the computed distribution of 
the most abundant aqueous organic 
species as a function of pH when all 
organic species, except for COi and 
CH4, are assumed to be in equilib
rium with acetic acid in a dilute 
groundwater containing -0.001 
molal concentration of organic 
material at 25=C (see Fig. 11 caption). 
The assumption of equilibrium with 
acetic acid may not be appropriate 
in the study of natural systems. 
These calculations can, however, be 
used as an equilibrium "baseline" 
with which to compare natural dis
tributions of organic species with 
future calculations of metastable 
equilibria. We include Fig. 11 as a 
reminder that organic speciation, as 
well as inorganic speciation, varies 
with pH and other solution charac
teristics. The impact of changes in 
both the organic and inorganic 
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a Acetic acid 
„ b Acetate . 
— c Na-acetate _ 
_ d Propanoic acid . 
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Figure 11- Calculated abundances 
of predominant aqueous organic 
components present in metastable 
equilibrium with acetic acid. It is 
assumed that the organic species 
are out of equilibrium with 
respect to the more thermody-
namically stable forms of carbon 
in solution, such as C 0 2 and CH4. 
The overall composition of the 
solution is held constant at each 
pH, and the oxygen fugacity is set 
at an atmospheric value. Activity 
coefficients for the neutral aque
ous species are assumed to equal 
one. Activity coefficients of 
charged species are computed 
using the B-dot extended Debye-
Huckel equations (Helgeson, 1969K 

pH 
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subsystems, and their interactions, 
on fluid-fluid and fluid-rock interac
tions must be considered in order 
tn understand natural processes. 

Conclusions 
Geochemical modeling will play 

an important role in predicting the 
long-term performance of pro
posed nuclear waste repositories. 
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Modelsng Petroleum 
Generation and Expulsion 

Jerry J. Sweeney, Robert L Braun, 
and Alan K. Burnharn 

Petroleum Geochemistry Project 

We have developed a new kinetic model of vitrinite reflectance that will help test 
sediment thermal history models, and we have improved a detailed chemical kinetic model 
of petroleum generation and degradation so thai it can calculate expulsion timing and 
efficiency. We are using the vitrinite reflectance model and a simple model of petroleum 
generation without degradation to predict the characteristics of oil generation in the 
Maracaibo Basin, Venezuela. Once we have gained confidence in our model, we hope to 
predict the location of undiscovered petroleum deposits. 

Traditional petroleum explora
tion has used geophysical techniques 
to locate traps where petroleum (oil 
and gas) mav have accumulated. 
Our general objective is to raise the 
odds of finding oil by improving 
modeling techniques that predict 
whether a given trap is likely to 
contain oil-

Oil is generated from organic 
matter (principally phytoplankion) 
that is deposited in nn oxygen-poor 
environment and subsequently 
heated to 80-160-C by burial to 3 -
6 km over tens of millions of years. 
Once formed, oil may either be ex
pelled from the source rock to accu
mulate in a trap (reservoir) or may 
be converted to gas as it undergoes 
further burial. 

Integrated Basin 
Analysis Technique 

Our efforts are specifically di
rected toward improving the re
liability of a technique called 
integrated ba<iti ii/iii/i/s/s, which is 
being developed and applied bv 
the oil industry. This technique in
corporates many aspects of geol
ogy, geophysics, geochemistry, 
and hydrology in an attempt to 

model in a deterministic fashion 
when and where oil is generated, 
migrates, and accumulates. The 
model calculates the thermal his
tory of the basin, combines that 
thermal history with chemical ki
netic expressions to predict when 
and where oil and gas are gener
ated, and then estimates from var
ious physical parameters when 
and where the oil moves- Not only 
must the model predict whether 
oil and gas were formed, but it 
must also predict whether expul
sion from the source rock occurred 
at the right time and geometry to 
fill a trap. A trap may be formed 
before, after, or dur ing expulsion 
by crustal folding, faulting, or ero
sion and redeposition. This model
ing must be accurate, or the results 
will be counterproductive. 

Recently, we have made signifi
cant advances in two aspects of inte
grated basin analysis: 
• We developed an improved chem

ical kinetic model of vitrinite 
maturation and reflectance that 
will better constrain thermal 
history models of sedimentary 
basins. 

• We incorporated fluid equations 
of state, a simple mechanical 

model of source rock compaction, 
and a pst'/iifo-one-dimensional 
calculation of mass transport 
into our detailed chf meal kinetic 
model of oil and gas generation 
and destruction. We then made 
the first rigorous, nonproprietary 
calculation of oil expulsion from 
a generating source rock. 
A crucial aspect in integrated 

basin analysis is deriving a thermal 
history for all sedimentary layers at 
locations throughout the basin. This 
involves calculating the steady-
state heat flow at all historical times 
using inferred sedimentary thick
nesses. There are many approxima
tions required and many possible 
sources of error, so it is necessary to 
have some means to verify the cal
culated thermal history. The reflec
tance of light from vitrinite, a major 
constituent of coal and n minor con
stituent in many other sediments, is 
the most common indicator used to 
constrain geotbermal histories. 
However, there is a long-standing 
disagreement in the literature 
(Barker, 1989; Larter, 1978; Lopatin, 
1971; Price, 1983; Burnham and 
Sweeney, 1989) on how vitrinite 
reflectance depends on time and 
temperature. 
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We have developed an im
proved melhod for calculating vit
rinite reflectance from thermal his
tories. Our model builds on the 
well-known historical correlation 
between vitrinite reflectance and 
its composition, particularly its 
hvdrogen-to-carbon ratio. As vit
rinite becomes more graphitic, its 
reflectance increases. We derived a 
simple chemical kinetic model that 
reproduces changes in vitrinite 
composition (and hence its reflec
tance) for both geological and labo
ratory maturation. The model as
sumes that maturation proceeds by 
four independent reactions elimi
nating water, carbon dioxide, oil, 
and methane from [lie vitrinite 
structure. Each reaction is described 
by a distribution of activation ener
gies. We then use data from the lit
erature (McCartnev and Ergun, 193S; 
Davis, 147S) to derive improved 
correlations between composition 
and reflectance. Combini ig these 
two aspects allows us to calculate 

reflectance for maturation at time 
scales ranging from hours to mil
lions oi years. Measured and calcu
lated reflectance values i\t three 
different time scales are compared 
in Fig. I. 

Once a thermal history for each 
sedimentary layer has been calcu
lated and checked, it can be used 
to calculate the timing of oil gener
ation in various parts of a basin. 
Our calculations for the Uinta Basin 
in Utah have been described previ
ously (Sweeney and Burnham, 
1987). However, the most crucial 
question is not when oil is gener
ated, but when it is expelled from 
the source rock so that it can mi
grate to a trap. While in the source 
rock, oil is continually cracked to 
lower-molecular-weight oil and 
gas, so the delav between genera
tion and expulsion has a large im
pact on theo i l /gas ratio expected in 
a given trap. 

To model this process, we must 
understand the chemical kinetics of 

oil cracking: how oil and gas vol
umes depend on temperature and 
pressure, how the decrease in rock 
porosity (compaction) depends on 
overburden (lithostaHc) pressure, 
how expulsion depends on porosity 
and pore-fluid pressure, and how-
compaction is inhibited by pore 
pressure. To calculate the volumes 
and compositions of the oil and gas 
phases, we added corrected Redlich-
Kwong-Soave equations of state to 
our chemical kinetic model. We al
lowed the source rock to be an 
open, closed, or leaky system. For 
the leaky system, we adopted the 
mechanical model shown in Fig. 2. 
We assumed that the equilibrium 
porosity decreases exponentially 
with the difference between the 
lithostatic pressure and the excess 
pore pressure (pore pressure in ex
cess of hydrostatic pressure). We 
also assumed that the rate of expul
sion was proportional to the effec
tive hydraulic conductivity esti
mated from the Kozenv-Carmen 
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Figure 1. Compar ison of measured and calculated vi tr ini te reflectance values for three drastically different 
t ime- tempera ture regimes: (a) sea led-bomb pyrolysis experiments for samples heated at l 'C /week , 
(b) temperatures of 200-450 'C experienced over 50,000 to 500,000 years as heat d iss ipates from a volcanic 
intrusion (assuming 1143 : C magma), and (c) normal sedimentary heat ing to 180°C over 80 mil l ion years 
caused by deposi t ion and subs idence (geothermal gradient of 24 'C/km). 
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Applied pressure 
P = 2.2P, 

Valve opens 
wfien P> P. 

Leak- (P-P) . 

Ratchet to prevent 
decompaction 

Nonlinear resistance 1o 
compaction such that 
<l» = ' lue-* l p i - ( p - p «>] 

P = Pore pressure 
H= Hydrostatic 
L = Lithostatic 
<t>= Porosity 

Figure 2. Simple mechanical model for source rock compaction and petroleum expulsion. 

equation. Finally, we added a pres
sure relief valve so that the pore 
pressure could not exceed litho
static pressure; activation of this 
valve simulates the process of natu
ral hydrofracturing. 

Figure 3 shows a calculation of 
generation and expulsion for an 
idealized segment of source rock 
buried at 3 c C/mil l ion yr in a geo-
thermal gradient of 2 5 c C / k m . We 
chose the proportionality constant 
for leakage so that the excess pore 
pressures were similar to those ob
served in the oil window of the 
Uinta Basin. We see that oil expul
sion is delayed from generation by 
~10"C (three million years) during 
which time about 30'.; of the oil is 
cracked to gas. Other parameter 
studies show that the relative 
amount of oil cracking prior to ex
pulsion is much larger for a source 
rock witii less organic matter. These 

predictions are qualitatively consis
tent with general observations, but 
quantitative testing will take fur
ther work. 

Application to the 
Maracaibo Basin 

Our support from the U.S. De
partment of Energy, Office of Fossil 
Energy, involves cooperative work 
with INTEVEP, the research arm of 
the Venezuelan National Oil Com
pany. We have been working with 
INTEVEP scientists to apply our in
tegrated basin analysis methods to 
predicting the characteristics of oil 
and gas generation in the exten
sively explored Maracaibo Basin of 
Venezuela. We plan to test the 
method in Venezuela and, once we 
have gained confidence in it, apply 
the same techniques to little ex
plored basins, whore wo hope to bo 

able to predict the location of undis
covered petroleum deposits. 

Geologists at INTEVEP have 
provided us with estimates of the 
thermal history for lithologies in 
80 wells in the Maracaibo Basin, 
where the main hydrocarbon-
producing unit is the La Luna 
shale formation. The La Luna shale 
is a very rich marine source rock 
overlain by the Colon Formation, 
an organically lean shale with low 
permeability- The Colon Forma
tion acts as a seal for migrating 
hydrocarbons, and the La Luna 
source rock can thus be its own 
reservoir (Talukdar et al., 1986). 
Other reservoirs are contained in 
the overlying Eocene and Miocene 
formations and in the Cretaceous 
limestones below the La Luna. It is 
this diversity of reservoir types 
that we hope to use in comparing 
predicted generation characteristics 
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with the characteristics of the 
recovered hydrocarbons and the 
organic residue left behind in the 
source rock. 

The characteristics of the organic 
matter in the La Luna source rock 
are quite uniform throughout the 
Maracaibo Basin, so we are confi
dent that chemical kinetic parame
ters describing hydrocarbon gener
ation determined from a few 
immature samples can be applied 
throughout the basin. In the initial 
part of our study, we determined 
kinetic parameters for oil genera
tion by means of laboratory pyroly-
sis experiments, but we have not 
completed the chmacterizi.tion of 
the kinetic parameters needed to 
model coking and cracking. We es
timate gas generation characteris
tics in the basin by using kinetic 
parameters derived from coal py
rolysis (Rraun etal., ]9HH). 

The first step in the modeling 
process is to verify tilt' accuracy 
of the thermal history estimates; 
this is done using the vitrinite re
flectance modeling described 

above. Figure 4 shows the thermal 
histories of the bottom of the 
La Luna Formation for two wells 
located in the Maracaibo Basin. The 
corresponding vitrinire-depth data 
set, with calculated values of vit
rinite reflectance from our model is 
shown in Fig. 5. Because the wells 
are close together and have similar 
thermal histories, we combined 
these two vitrinite data sets in 
Fig. 5. Values of \dtrinite reflectance 
at depths other than those of the 
bottom of the La Luna Formation 
are calculated with thermal histo
ries that follow the same general 
trend as those in Fig. 4. Originally, 
INTEVEP geologists used a surface 
temperature of 53CC in the models 
to account for a high geothermal 
gradient at shallow depths, but vit
rinite reflectance calculated with 
those values was too high. With a 
surface temperature of 33°C, the 
calculated and measured values 
of vitrinite are in good agreement 
as shown in Fig. 5. The sudden 
increase in vitrinite values at depths 
of -3600 m is due to a higher 

Figure 3. Simulation of oil genera
tion and degradation and of oil 
expulsion for Green River Shale. 
The shale initially contained 3% 
total organic carbon (TOO, was 
heated at 3°C/million yr, and had 
an effective geothermal gradient of 
25°C/km. 

geothermal gradient that exists 
below the top of the Colon Forma
tion. The thick, low porosity Colon 
and La Luna shales have lower 
thermal conductivities and, thus, 
greater thermal gradients across 
them. In the thermal history model, 
we accounted for this by making 
the geothermal gradient -50% 
higher for formations below the top 
of the Colon shale once they 
reached a depth of -2000 m. 

With the thermal histories ad
justed according to the above pro
cedure, our next step was to use 
our simple pyrolysis kinetics 
model to calculate oil and gas gen
eration in the La Luna Formation. 
We found that the oil and gas gen
eration characteristics can be 
grouped into four general catego
ries mainly based on differences in 
the thermal histories in various 
parts of the basin. We used four 
different sets of oil generation ki
netic parameters (determined by 
rapid pyrolysis at several heating 
rates) to calculate the oil generation 
throughout the burial history of the 
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Figure 4. Time-temperature history of Ihe bottom of the La Luna Formation 
in the Ambrosio and Icotea wells, Maracaibo Basin. 

bottom of the La Luna Formation 
{Fig. 6). Differences between the four 
sets of kinetic parameters (QL7A, 
BEIC1P, Pyromat, and Pyromat 
shifted) represent uncertainties in 
the laboratory-determined values; 
Pyromat shifted is the preferred 
value at our present stage of 
analysis. 

Group A consists of wells (Fig. 6a) 
in which all organic matter was 
converted to oil between about 55 
and 45 Ma {million years before 
present). Because the La Luna 
Formation at these locations was 
heated past the point at which all 
organic matter was converted to oil, 
all of the oil at these locations has 
probably been converted to gas. 

Group Bconsists of wells at which 
temperatures in the La Luna were 
high enough starting at about 45 Ma 
to begin oil generation, but burial 
had ceased by 35 Ma, which arrested 
continued oil generation (Fig. 6b). 
Later burial beginning about 15 Ma 
restarted the oil generation, which 
continues to the present day. The 
La Luna Formation at these well loca
tions is generally overpressured (i.e., 
fluid pressures are greater than hy
drostatic pressures) because of on
going oil and gas generation. 

Figure 5. Vitrinite reflectance at 
depth for the Ambrosio and Icotea 
wells. (Circles are measured values 
from well cuttings; line shows calcu
lated values using time and tempera
ture histories for selected depths and 
our vitrinite reflectance model. 

Group C wells are those at 
which burial sufficient to cause oil 
generation began later, typically 
about 10 Ma (Fig. 6c). However, 
burial heating was very rapid, and 
oil generation from the La Luna 
was completed in most of these 
wells, and they are now primarily 
gas producers. 

As with Group C, the La Luna 
Formation in the Group D wells 
(Fig. 6d) also began to generate oil 
only within the past 10-15 Ma, but 
in this group burial rates were not 
as dramatic; consequently, oil gen
eration is still active today, and gas 
generation is just beginning. 

The relative timing of oil and gas 
generation throughout the basin is 
best examined with contour maps 
(see Fig. 7a-d). Data for these 
contour maps are generated by our 
pyrolysis kinetics oil and gas gener
ation models. The contour maps in 
Fig. 7a and b show the relative ex
tent of oil generation by the La Luna 
Formation at 38 and 12 Ma. Early 
generation occurred in the north
east as the basin subsided, with 
deeper water to the northeast, 
during the late Eocene and early 
Oligocene epochs. Later generation 
started in the southwest as the 
Andean foreland developed and as 
that part of the basin subsided 
during the late Miocene. 

If we assume, as indicated by the 
equation-of-state modeling dis
cussed above, that expulsion of oil 
begins when -30% of the kerogen 
has been converted to oil, we can 
produce a map showing the begin
ning of oil expulsion from the 
La Luna Formation (see Fig. 7c). Ex
pulsion occurred early in the his
tory of the basin on its northeastern 
side but has only recently begun in 
the central part. This has an impact 
on the nature of the migrated oil, 
since early-generated oil tends to 
be heavier than late-generated oil. 
We are currently trying to deter
mine when non-Cretaceous struc
tural traps in the basin developed 
so that we can correlate their 
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development with the time of ex
pulsion and the consequent char
acteristics of the oil that may have 
migrated away from the source 
rock. If we assume, as indicated by 
detailed modeling, that secondary 
gas generation begins when ~80'.f 
of the kerogen has been converted 
to oil, then we can generate a map 
(Fig. 7d) that shows when the sec
ondary gas generation from the 
La Luna Formation began. Here 
again, secondary gas generation 
began early in the nor theas^rn 

part of the basin and has only re
cently begun elsewhere. We are 
s tudying o i l /gas ratio data from 
recovered hydrocarbons in the 
wells in order to compare our pre
dictions with field data. 

Comparison of the predicted 
and observed characteristics of the 
hydrocarbon generation in the 
basin is difficult and is partially 
based on inferences because the 
geochemical data set is not com
plete and because the oil may have 
migrated, which means that the 

recovered oil is not necessarily 
located where it was generated. 
Some of our initial results are 
shown in Figs. 8 and 9. Because of 
the chemistry of the hydrocarbon 
generation process, the hydrogen-
to-carbon atomic ratio of the 
residual-source-rock kerogen tends 
to steadily decrease as kcrogen is 
transformed. Measured values of 
hydrogen-to-carbon ratios in the 
La Luna Formation plotted as a 
function of kerogen conversion 
(Fig. 8> agree fairly well with 
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Figure 6. Oil evolution curves for wells representat ive of the four major thermal history types (see text) in the 
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this observation and with a sepa
rate calculation of the ratio. API 
gravity (a measure of the density 
of the oil and, more importantly, 
its market value) tends to increase 
as kerogen is converted to oil be
cause the oil's molecular weight 
and viscosity decrease. This gen
eral observation is confirmed in 
Fig. 9, which compares the API 
gravity of oil, recovered from 
Cretaceous reservoirs near the 
La Luna Formation, with our cal
culated values of the extent of ker
ogen conversion. This data set is 
still preliminary, and many of the 

maturity calculations are based on 
uncertain thermal histories, which 
we are in the process of verifying. 

Our study of the Maracaibo 
Basin is in an intermediate phase. 
We have made initial calculations 
of oil and gas generation character
istics in the basin, and we are begin
ning to compare our predictions 
with geochemical data from the 
basin. We hope to refine the com
parison in the near future after we 
obtain more complete pyrolysis 
data that will allow us to carry out 
calculations with our improved 
chemical kinetics model. 
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Figure 8. Plot of the calculated 
fraction of kerogen converted to oil 
and measured hydrogen-to-c-irbon 
atomic ratio in the residual kerogen 
for wells in the Maracaibo Basin. 
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Hydrodynamic Interactions and 
Transport Coefficients in a 

Suspension of Spherical Particles 
Anthony J. C. Ladd 
Fossil Energy Group 

Particulate suspensions of solids in liquids can be understood in terms of the micro-
structure of the solid phase by using the well-known techniques of numerical statistical 
mechanics. This permits a unified approach to solid-fluid flow problems in which different 
macroscopic behavior arises solely from variations in the structure of the solid phase, which 
is specified explicitly. A long-standing problem in such an approach has been the incorpora
tion of the long-range, many-body hydrodynamic forces between the suspended particles. 
We describe a general computational method for calculating the forces and torques exerted 
by slowly moving spheres suspended in an incompressible fluid. This method can be used 
to determine bulk constitutive properties of solid-fluid suspensions or particulate porous 
media. Numerical results for high frequency transport properties of monodisperse suspen
sions (viscosity, diffusion constant and permeability) have been obtained, and the results 
compare very well with experimental measurements. 

Transport processes in simple 
liquids can be described by linear 
constitutive laws, characterized by 
transport coefficients that depend 
only on the thermodynamic state of 
the system. This is because there are 
large separations of length scale 
and tinu -.cale between the macro
scopic fluxes and the underlying 
microscopic processes. For particu
late suspensions, these scale sepa
rations are not as large and the 
macroscopic constitutive laws can 
be nonlocal in timeand nonlinear in 
the applied fields. These compli
cated constitutive relations can be 
obtained directly from a statistical 
analysis of the microscopic interac
tions (Happel and Brenner, 198M, 
including all of the important 
length scales and time scales explic
itly. In the present context, for 
instance, this means that the com
plete boundarv surface of the solid 
phase must be specified rather than 

just the macroscopic parameters 
such as packing fraction; however, 
the molecular structure of the solid 
a >d fluid phases can be ignored. A 
complete calculation involves first 
determining what the microscopic 
interactions are for a particular con
figuration of solid particles and 
then averaging over an appropriate 
ensemble of configurations to 
obtain macroscopic transport coef
ficients such as viscosity, sedimen
tation velocity (mobility), and 
permeability. This well-defined 
procedure requires as input onlv 
the distribution of solid-particle 
sizes, the viscosity of the suspend
ing fluid (assuming it is a simple 
Newtonian fluid), and a boundarv 
condition at the solid-fluid surface, 
usually the hydrudynamic "nu-
slip" condition. 

Microscopic modeling has two 
basic advantages over a macro
scopic description. l :irst, apparent I v 

diverse phenomena can be under
stood on a unified basis; second, a 
fundamental description of the phe
nomena in terms o f» ell-understood 
physical laws is possible. The first 
application of a statistical theory of 
particulate suspensions was con
tained in Einstein's thesis work 
around 1905 and led to the well-
known expression relating to the 
viscosity r| of a dilute suspension of 
spheres to the viscosity T|n of the 
pure fluid (Einstein, IMrfo), 

'1 n„ = I T T°- (') 

where o is the volume fraction oc
cupied bv the solid spheres. In the 
dilute limit, it is sufficient to treat 
the suspension as an assembly of 
nuninteracting spheres, but at 
higher solid densities the particles 
interact by means of viscous forces 
transmitted through the fluid. 
These hvdrodvnamic interactions 
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cannot be written down in closed 
form except for isolated pairs of 
particles. However, in this paper, 
we indicate how the hvdrodvnnmic 
interactions between arbitrary as
semblies of spheres can be calcu
lated numerically to any desired 
accuracy. Once the hvdrudvnamic 
interactions are known, the method 
of molecular dynamics can be used 
to determine ensemble-averaged 
thermodynamic and transport 
properties. Molecular dynamics is a 
brute-force solution of Newton's 
equations of motion for interacting 
particles (Ciccotti et al., 1987). Its 
use as a statistical-mechanical tool 
to investigate molecular liquids 
was pioneered bv Berni Alder at 
Lawrence Livermore National 
Laboratory in the 19?()s. One sur
prising, but very important, result 
of this earlv work was the realiza
tion that, by u>ing periodic bound
ary conditions, only about 100 
particles were necessary to obtain 
bulk macroscopic properties, with 
errors less than a few percent. This 
is true even for systems of particles 
interacting via long-range forces, 
such as charged ions or dipolar 
molecules. However, in such cases, 
one must be careful to take the peri
odic boundary conditions into ac
count when calculating certain bulk 
properties such as the dielectric 
constant (Pollock and Alder, 1980). 
Similar considerations apply to the 
long-range hvdrodynamic interac
tions in particulate suspensions; we 
will indicate how the boundary ef
fects are incorporated into a calcu
lation of the suspension viscosity. 

Hydrodynamic 
Interactions 

The motion of solid particles sus
pended in a fluid is ,i complex prob
lem, primarily because of the diffi
culties involved in calculating the 
long-range, inanv-bodv hydrodv-
namk interactions. If the relative 
velocities of the solid and fluid 
phases are small, the inertia! terms 

::: the Navier-Stokes equation 
describing the motion oi the fluid 
can be ignored. The fluid flow is 
then stationary in time and incom
pressible, leading to the so-called 
"creeping-flow" equations, for the 
velocity field v and the pressure /> 
(Happcl and Brenner, 1986), 

V • v = n, (2) 

V ;> = n (,V : v , (3) 

where n, 0 is the shear viscosity of the 
pure fluid. Finite Reynolds number 
corrections are generally negligible 
for particle sizes up to 1 mm. How
ever, even with this important sim
plification from the full nonlinear 
Navier-Stokes equation, the calcula
tion of the resulting forces on an 
assembly of moving particles is still 
difficult. 

Since the creeping-flow equa
tions are linear in the velocity and 
pressure fields, the forces F and 
torques T exerted on the particles 
by the fluid can be related to the 
particle velocities U and angular 
velocities Q via the configuration-
dependent friction-coefficient 
matrices L, 

\ 

* - 1 

where the superscripts 7 and R 
refer to the translational and rota
tional components of C, and the 
sums extend over nil JV pa r t i c l e in 
the suspension. Equations (-1) and 
(5) can be inverted to find the corre
sponding mobility matrices u 
defined bv, 

\ 
L \ = ~Z IM,W r.-M,'* T I , (ft) 

" " " X lM,1; * -M™ T.|. (7) 

The friction and mobility coeffi
cients are complicated functions of 
all of the particle coordinates; calcu
lating them for arbitrary assemblies 
of spherical particles is the main 
objective of the method described 
in this work. Specifically, it is 
assumed that the spheres are of 
uniform size and that tvydrody-
namic stick boundary conditions 
apply between the solid-fluid sur
faces. Then the fluid velocity field 
on the surface of a particle is gK'en 
by 

v i r ) = U^iix ( r - R j 

for : r - R = ,i. (8) 

where U, O, and R are the velocity, 
angular velocity, and location of the 
particle, and a is the particle radius. 
Equations (2), (3), and (8), together 
with periodic boundary conditions 
applied to a set of N spheres in a 
cubic unit cell of volume V, com
pletely specify the problem, which 
can be solved by the method of 
induced forces (Mazur and Van 
Saarloos, 1982). 

The stick boundary conditions 
are satisfied by introducing an 
induced-force density on the sur
face of each particle, which is to be 
chosen so that the fluid velocity 
field matches the surface velocity of 
each particle [Eq. (8)J at all points 
on the particle surface. The fluid 
velocity field anywhere in the sys
tem can be written in terms of this 
induced-force density VltK\, 

v m = j T i r - r ' i . F ^ i n . l r ' , (9) 

where T is the Oseen tensor de
scribing the velocity field arising 
from a point force 

T i n - ' | l ~ r r | ; (10) 
Hrti) r 

the vector f denotes the unit vector 
r/r, and I represents the second-rank 
unit tensor. The integral in Eq. (9) 
extends over the macroscopic sam
ple volume V'\,, and includes all the 
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periodic image* of the unit cell. 
Because the Oseen tensor is long-
ran^e, this integral can diverge, and 
therefore it is necessary to take care
ful account of the macroscopic 
boundary conditions. In general, 
there can be no net force on the fluid; 
otherwise, it will accelerate without 
bound. A gravitational force, for in
stance, must always be balanced by 
a compensating pressure gradient, 
With this constraint, we can rewrite 
Eq. (9) in a form consistent with pe
riodic boundarv conditions (Ladd, 
1988), 

1 , '*• r 

vir) = _ £ —^U - kk ! F i h J | k ) , 
v ' k / ii rj / • ' -

(ID 
where F i n J (k) i? a finite Fourier 
transform over the volume I'' of the 
M\\U cell covvtairvmft ^ ^ spWttjs, 

F n n i l k l = J'" ' k r F

1 1 u i , r , l / r " <?2) 
I 

The sum in Eq. (11) includes all k 
vectors commensurate wifh the unit 
cell.The V = 0 term is omitted from 
the summation, as it is assumed that 
there is no net (k = 0) force on the 
system. Results for periodic bound
ary conditions can be directly re
lated to an experimental geometry 
in which a macroscopic sphere, con
sisting of replicas of the basic unit 
cell, is immersed in a fluid of infinite 
viscosity (Ladd and Smith, 19S9). 

Since the induced-force density 
is legalized on the surface of each 
sphere, force multipoles can be 
defined as surface integrals involv
ing the induced traction tF (i.e., the 
induced force per unit area on the 
particle surface) and irreducible 
tensor products of the unit vector f, 
denoting a point on the surface of 
sphere i, relative to its center. Thus, 
the/'th order force muJtipole of par
ticle/is a tensor of rank/' + 1, 

F' ' ' - ' f r ' t iTi.it , (13) 

where S/ indicates an integral over 
the (spherical) surface of particle/. 
The notation i3' is used to indicate 
an irreducible tensor at rank i>. The 
forces and torques exerted by the 
fluid on a particular particle, 
denoted by F, and ljr respectively, 
are related to the first two force 
moments 

F( = -F^T, = w.F?', (14) 

where f h the Levi-Civita tensor 
and F~'' fndiVatcs the part of F 2 that 
is antisymmetric with respect to 
permutation of the Cartesian ill-
dices. Throughout this work, 
tensor products are carried out 
by contracting the last index of 
the first tensor with the first index 
of the second, and so on, e.g.. 

The traceles;* symmetric part of F~ 
is the contribution to Ihe pressure 
tensor arising from the induced-
force density on particle /; it is re
lated to the shear viscosity, as \*'ill 

trace of Ff is related to the induced 
pressure and has no effect on the 
fluid motion because of the incom-
pressibility condition.The total mo
ment F 2 is the sum of these three 
contributions antisymmetric, 
traceless symmetric, and trace; i.e., 

F : = F"' + F 2 " + : j t r f F 2 j l . 

All the properties of tlie suspension 
that are of physical interest can be 
dtti Wsd itc-Tn tivt fasA to* v, {we* 
moments, but the higher moments 
<iru necessary to give an accurate de
scription of the fluid flow in densely 
packed suspensions. 

Irreducible moments of the fluid 
velocity on the surface of each 
sphere can be defined in an analo
gous manner to the force moments 

These moments are similarly related 
to the particle velocities and angular 
velocities 

U, = V,1 ; £2 = -(2,7) 'i::Vf'',a6) 

Bccau-e the stick boundary condi
tions allow no relative solid-fluid 
motion on the surface of tin.* parti
cles, all higher velocity moments, 
including V"", are zero. 

It follows from Eqs. (11), (13), and 
(15) that the force moments and 
velocity moments are linearly 
related, 

v!"' = 2 £ G;;-'•'''*'©if*1. 

where 0 indicates a p' + 1-fold 
contraction between the tensors 

and 

F;''- 1 , 

contracting the last index of 

with the first index of Fj' ' ', etc. By 
substituting the spherical-harmonic 
expansion of the plane wave ('' r in 
the expression tor the velocity field 
Vcx$. \UM, lo£«ttwT wiVA viw cleCmv 
tions of force and velocity moments 
lEqs. (13) and (15)1, it is straightfor
ward to show that (Ladd, 19SS) 

G;; •'-'''-' 
= ( i l f ' l2|n-li!) (2|i, + l)'.! 

k ' | l -kk |k ' ' . (18) 

The computation of these matrix 
elements G' ''' is the most dif
ficult and one of the most time 
consuming parts of the caicu'afion. 
We now have an al^orithmicallv 
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efficient and highly vector/parallel 
code running o.. the Alliant FX/8 
and FX/80 computers (Ladd, 1988; 
Ladd, 1989). The terms in Eq. (18) 
art* summed explicitly within a 
sphere of radius k m n N and then the 
remaining contributions are approx
imated, with sufficient accuracy for 
large enough k m a x , by integrals. A 
typical calculation with JV = 16 parti
cles, including force moments up to 
Pma\ = ** takes about two minutes 
per configuration on the FX/8. The 
computational effort scales as N~ 
and as ^ for /> m l x <3. For 
higher moments, the computational 
effort in calculating the G tensors 
docs not depend strongly on the 
number of force moments because 
the matrix elements linking the 
higher force and velocity moments 
are short-range in real space and can 
be computed without the lengthy 
k-space sums. 

The set of linear simultaneous 
equations represented by Eq. (17) 
can be solved bv triangular decom
position, followed by the appropri
ate backsolves to obtain the friction 
coefficients C = G ', 

;™ = •a2e:C:j;'-2,':E. (19) 

The fiJSf x hN friction-coefficient 
matrix, constructed from the 3x3 
subma trices defined in Eq. (19), can 
be also inverted to determine the 
mobility matrix M . The computa
tional effort required to solve the 
simultaneous equations {Eq. (18)I 
scalesas oV/'r,M1) and thus domi
nates the computation for large 
systems. For the same sample 
problem mentioned earlier (N = 16; 
}Jimi\ - 4), the solution and construc
tion of the friction coefficient matri
ces lakes about one mimife, so that a 
single configuration takes about 
three minutes of central processing 
unit lime. This particular problem 

5f> 

runs at about 15 Mflops on the FX/8, 
which is typical for our current com
puter program, although in some 
instances it runs at over 20 Mflops. 
By comparison, the peak speed of 
the FX/8 is around 50 iMflops. Fur
ther enhancements in performance 
will have to come largely from algo
rithmic improvements; for instance, 
for large numbers of particles, an 
iterative scheme for solving dense 
linear systems would be much faster 
than triangular decomposition. 

When a pair of particles is close 
to contact, the hydrodynamic forces 
diverge as s~ and Ins" , where 
5 = (R\2 - 2u)/(7 is the gap between 
the particles, relative to the radius 
(Jeffrey and Onishi, 1984). Under 
these circumstances, the multipole 
moment expansion described 
above converges very poorly, or 
not at all (Ladd, 1989). To over
come this difficulty, we use the fact 
that these short-range, lubrication 
forces are pairwise additive, since 
they are basically interactions be
tween points rather than surfaces. 
Thus, we can replace the approxi
mate pairwise-additive friction co
efficients IEq. (19)] by the exact 
ones, which are already known 
from other work (Kim and Miflin, 
1985). This is quite staightforward 
since, for two particles, the friction 
coefficients can be written as scalar 
functions of the separation multi
plied by appropriate spherical har
monics to describe the angular 
variation (Kim and Miflin, 1985). 
The scalar functions, computed 
from the approximate and exact 
two-particle friction coefficients, 
are stored in tabular form. The 
interpolation procedure used en
sures that thes - 1 and Ins - 1 singular
ities are handled exactly. 

Shear Viscosity 
In the previous section, we 

showed how to calculate thedissi-
pative hydrodynamic forces acting 
on suspended particles that are 
moving under the influence of exter
nal forces or fluctuating Browninn 

force We are also interested in the 
response of the suspension to an im
posed external shear rate. We ig
nored the effects of the imposed 
flow on the suspension microstruc-
ture and assumed that it is an equi
librium distribution of hard spheres, 
freely moving without hydrody
namic forces and torques. Such a sit
uation can be realized experimen
tally by using an oscillating strain 
rate, with a sufficiently high fre
quency that the solid particles can
not follow it. The following theory 
(Ladd, 1988) and calculations apply 
to that situation. Low frequency 
transport coefficients will be consid
ered in future work. 

In the absence of solid particles, 
homogeneous fluid flow can be 
described by the equation 

v„(r) = E ( ) r , (20) 

where the traceless tensor 
e'(l = (Vv | ()' is independent of loca
tion. Because the hydrodynamic 
equations are linear, the velocity 
fields arising from the induced 
forces and the externally imposed 
flow can be superpo: d, leading to 
a generalization of Eq. (17), 

v !' + 1 = v;;;,1 

(21) 

where the moments of the imposed 
tlow Vj' |')' are calculated from the 
equivalent of Fq. (15), with the 
results 

v'.o'f,. R, ; v,2„ = < „ (22) 

all higher moments being zero. 
The assumption that the spheres 
are freely moving implies that 

V ! = V'.ll' V f = VMC 

and 

F,1 = F;" = o. 
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Thus, the first non-vanishing force 
moments, F 2", are given by 

/ = I 

.V 

= -"2C*' 2 ! ,:<). (23) 

where £ is given by 

^ jH-[r, 
,24) 

C 2 " T and Z2*'R are defined by anal
ogy with Eq. (19). The imposed 
strain rate tensor e„ has been split 
into traceless-symmetric and anti
symmetric parts. The antisymmet
ric part drives the particle rotation, 
but does not affect the stress. 

The induced stress arising from 
a fixed configuration of solid parti
cles in the externally driven flow 
can be calculated by integrating 
1 - r F j n d i r) ] over a spherical vol

ume, radius IT + 5, enclosing a sphere 
i. The resulting contribution from 
particle /' to the stress tensor of that 
particular configuration is 

- f _ 1 n F 2 \ 

Since the ensemble-averaged stress 
tensor is homogei.?r- 's, it can be re
lated to the imposed shear rate via 
the ensemble-averaged dipole-

dipole friction tensor <^~ '" >, 

,v 
<a. t> = - l^ ' r t Y <F2*> 

= na'<C " > '"„, (25) 

where u •= N / V is the number 
density, 

.v 

< 5 2 , ' 2 - > - < N ' x '£2H>> 
>•! 1 

and :...> denotes an ensemble 
average over the JV-particle hard 

sphere distribution function. The 
total stress in the suspension is given 
bv the sum of the induced stress and 
the fluid stress, 

<CT> = 2n ( ) <f > >+ ua2<£"~ >:E,y 
(26) 

The fluid stress is proportional to 
the ensemble-averaged shear rate 
in the presence of the suspended 
particles <i*>. The relation be
tween < £"> and the imposed shear 
rate £*, is dependent on the macro
scopic boundary conditions and 
will be discussed below. 

Since the components of the 
dipole-dipole friction tensor are 
long-ranged, varying as KJ? 
(Beenakker, 1984), its ensemble 

average <C > is also dependent 
on the boundary conditions. This in 
turn affects the average stress in the 
suspension, but the viscosity is in
dependent of the boundary condi
tions because of compensating vari
ations in the average shear rate 
(Felderhof, 1976). Assuming that 
the induced-force density is slowly 
varying over the surface of each 
sphere, then the perturbation in the 
velocity field arising from a fixed 
configuration of spheres [Eq. (9)| 
can be expressed in terms of the 
force moments, beginning with F~". 
The Oseen tensor is expanded in a 
multipole series 

T ( r - S r ) = T(r) -Sr-V T(r)+..., 

and, to lowest order, the strain-rate 
field is given by 

|V v ( r ) r = [V v „ ( r . p 

- f l J ^ { r - R . ] : F f <27) 

The sum extends over all particles in 
the macroscopic system, including, 
if appropriate, all periodic images. 
The propagator j - * - * ( s simply 
V V T, suitably symmeteized, 

After ensemble averaging, and us
ing Eq. (23) to express the induced 
force moments in terms of the im
posed shear rate and the dipole-
dipole friction tensor, then for the 
particular case of an xy shear, the 
average shear rate is 

<£',„> = < ^ J [ V y ( r ) | ^ r : 

= i*a\l+4na2<f~~''> ] T 2 ^ ( r ) r / r } , 

(29) 
where the integrals are again over 
the whole macroscopic volume. The 
factor of 4 arises from the contrac
tions of the 

tensor with T 2 > ' 2 S and e',,. At low 
densities, 

^~-->(10/3)7ITl | ( r t , 

and defining y to be the ratio of 

<c~ > 
to its low-density limit, i.e., 

y = 3<£ 2 ' 2 s >/10rcn t ) i . , 

the shear stress and shear rate are 
given by 

< % > = 2 n l l ( < £ V + 2< ,Y£ (1); 

<exy> = E„(1 + 104>7X>, OO) 

where % is the sample shape depen
dent factor 

x= J n „ T ^ , (3D 

Consequently, the expression for 
the shear viscosity, including the 
sample-shape dependence of the 
shear rate explicitly, is 

% + ( 1 + 1 0 4 > 7 X > ' 
(32) 

It now only remains to evaluate x 
for the various sample geometries. 
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The volume integral in Eq. (31) 
can be transformed into a surface 
integral and, for a spherical sample 
independent of the sample size, 
X = -1 10. For periodic boundary 
conditions-, we find that y, = 0, 
which implies that the shear rate is 
unaffected by the presence of the 
solid particles. This is because the 
absence of a boundary surface pre
vents the development of a back 
flow, in opposition to the imposed 
shear flow. Instead, a larger stress 
develops in the system, as was ver
ified analytically in Ladd (1988). 
Thus, for periodic boundaries, the 
viscositv is given bv 

Transport Coefficients 
The transport properties of a ran

dom dispersion of hard spheres has 
been a subject of theoretical interest 
for a long time (Happel and Bren
ner, 1986). Properties of particular 
interest are: 
• The permeability of a fixed array 

of spheres (Brinkman, 1947; Tarn, 
1969; ltoh, 1983; Kim and Kussel, 
19S5). 

• Thesingle-p-irticleand collective 
mobility coefficients (sedimenta
tion velocity) (Beenakkerand 
Mazur, 1983; Beenakkerand 
Mazur. 19S4L 

• The viscosity (Beenakker, 1984). 
In all cases, the underlying as

sumption is that tiiedistribution of 
configuration of spheres is the 
equilibrium one, unaffected by the 
hydrodvnamic interactions. This 
assumption is valid only at short 
times or high frequencies. Experi
mentally all the transport coeffi
cients, except the collective mobil
ity coefficient, can be measured 
under these conditions. 

Systematic theoretical studies of 
the behavior of the transport coeffi
cients away trom the dilute limit 
began with Batchelor (1972) who 

included the interaction between 
pairs ot particles, leading to expan
sions in packing fraction for the self-
diffusion coefficient (Batchelor, 
1976): 

f>, P | T = l - ^ o + . . . ; (34) 

the collective mobility (Bntchelor, 
1972; Batchelor, 1976): 

u M 0 = I - - V + . . . ; (35) 

and the shear viscosity (Bntchelor 
and Green, 1972): 

n iV = i + s 0 + V 2 + • - ( 3 6 ) 

In these expressions, 

D (/(i ' (.T> = M„ = 6 * V 

is the mobility of an isolated sphere 
of radius a, and % is the viscosity of 
the pure solvent. Batchelor's calcu
lation of A+ = 1.83 and / 1 M = 6.55 are 
in good agreement with recent re
sults (Cichocki and Felderhof, 1988) 
f.-l, = 1.831; .4 l t = 6.5-J6), but his cal
culation of 6 n = 5.2 ± 0.3 was too 
large, as shown by more accurate 
calculations (Cichocki and Felder
hof, 19SS; Ladd, 19S9), which give 
Gfj = 5.00. Batchelor's work has 
been extended to higher densities, 
keeping the assumption of pairwise 
additivity of the hydrodynamic in
teractions but using a density-
dependent pair distribution func
tion (Russel and Gast, 1986; Wagner 
and Russel, 1989). However, it is 
now known that the many-body 
hydrodynamic interactionsnuist be 
included for quantitative results be-
y o n i about a HKr solids fraction 
(Beerakkerand Mazur, 1983). In a 
receiv paper (Ladd, 1989), 1 used 
the method outlined earlier in this 
articli; under "Hydrodynamic In
teractions" to calculate the shear 
viscosity of a random dispersion of 
spheres. Although the method is 
exact if a sufficient number of force 
moments are included, the full ef
fects of the short-range lubrication 
forces were not included and, con
sequently, the convergence of the 

viscosity with increasing numbers 
of force moments was quite poor at 
a high-packing fraction. The result
ing estimates for the viscosity are 
too small by about 5V< at 0 = 0.35 
and about W:< at 0 = 0.45, Phillips 
et al. (1988) included the effects of 
lubrication but only used a low-
order moment approximation to 
the many-body hydrodynamic in
teractions, corresponding to the 
/'mnx = ^ approximation in this 
work. This turns out to give quite 
accurate results for the viscosity 
and self-diffusion coefficients, be
cause lubrication is important in 
these transport processes, but it 
gives only qualitatively correct col
lective mobility (sedimentation ve
locity) and permeability coefficients 
at a high-packing fraction. In this 
work, an exact treatment of lubrica
tion forces is coupled with an accu
rate description of the many-body 
hydrodynamic interactions. The 
convergence of the transport prop
erties with the number of force 
moments and the number of solid 
particles is examined and the ex
trapolated results (| 'm.i\ -> °°, N -»<*=) 
are compared with theory and 
experiment. 

The transport coefficients that 
w e are interested in are related to 
ensemble averages of the appro
priate elements of the friction and 
mobility tensors. The inverse per
meability K~] is defined via Darcv's 
law, relating the macroscopic pres
sure gradient V<p> to the average 
velocity <u>, 

V<p> = - i i ( ] K" '<u>. (37) 

The pressure gradient is balanced by 
the average force per unit volume 
exerted by the particles on the fluid 

= ~V'~'< £ ; , ' / > • < « > - (38) 

where F(' is the total force exerted 
on the fluid by particle / [Eq. (14)]. 
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For an isotropic system, K is a 
scalar quantity, related to Zn via 
Eqs. (37) and (38) 

K~l = 1%V> 'l.r< £ ;lr. <39) 

Our results for the inverse perme
ability are expressed in terms of the 
dimensionless quantity fC()/K, where 

K„ = ^ ' r _ 

is the low density limit of K'K 
The single-particle and collec

tive mobilities describe the velocity 
response of one particle or all N 
particles to an applied force; thus 
from Eq. (6) 

C\ ifrpTi = .V ' J l r < £ n ' ' > (40> 
: - I 

and 
\ 

M - 'V"'^tr< £ M,7/>- <41) 
/ . ; 1 

where 

Finally, the shear viscosity is calcu
lated from the dipole-dipole friction 
tensor t2'2" as described earlier in 
"Shear Viscosity" 

Numerical results were obtained 
by averaging over 100 statistically 
independent configurations of 
hard spheres. For most densities 
(0 > 0.002),theconfigurations were 
obtained from snapshots, equally 
spaced in time, along a molecular 
dynamics trajectory. The time 
spacing was large, of the order of 
the time taken for a particle to dif
fuse over a distance 2/7. At very low 
densities, Tandom configurations 
of spheres were generated, rejecting 
any configurations with overlap
ping spheres. Our results have small 
statistical errors, the 95'i confidence 

limits are within 17( of the mean in 
all cases and in general are smaller. 
Simulations were run for 16,32,54, 
and 108 particles using moment 
approximations from pmax = 1 to 
/'max = 7, corresponding to between 
12 and 192 equations per particle. 
The packing fractions range from 
0 = 0.001 to 0 = 0.45, near the solid-
liquid freezing transition of hard 
spheres at 0 = 0.49. 

Results at the highest packing 
fractions, 0 = 0.45, are shown in 
Tab!-11. For the smallest system 
(JV - 16), we have used a sufficient 
number of force moments to 
ensure that all transport coeffi
cients have converged to within 
1 % of the exact (;»m,1x -> ™>) results 
at all packing fractions. It is not 
computationally feasible at 
present to run the larger systems 
with the same number of force 
moments as the 16-particVe sys
tems; we used force moments up 
*° / W = 5- /'max = 3 ' a n d /'max = 2 
for the N = 32, N = 54, and N = 108 
particle systems, respectively. For
tunately, the higher force moments 
are only important for clusters of 
particles that are relatively close 
together, and therefore their effects 
are more or less independent of 
system size. This can be verified 
from Table 1 by noting that the dif
ference between transport coeffi
cients derived from successive 
moment approximations is essen
tially independent of JV. Thus, we 
can estimate the large pmii>i results 
for all the system sizes considered, 
assuming that the effects of the 
higher force moments are the same 
as for JV = 16. This leads to consis
tent results for thc;» n i i l x -> °° trans
port coefficients even at Q = 0.45, 
where the high-moment effects 
are most important. The fully-
converged transport coefficients 
for the different size systems, over 
a range of packing fractions, are 
shown in Table 2. 

The inverse permeability and vis
cosity are insensitive to system size, 

and the difference between N = 32, 
N = 54, and N=108 is not statistically 
significant (Table 2). However, both 
the single-particle and collective 
mobility coefficients show a strong 
size dependence, deviating from the 
thermodynamic limit bv terms of 
order N" 1 / 3 (Table 2). We can 
understand and quantitatively pre
dict these deviations by first consid
ering the sedimentation of a single 
particle in a periodic system with a 
large but finite unit cell. This prob
lem was solved by Hasimoto (1959), 
who derived the low-density expan
sion for the diffusion coefficient of a 
simple-cubic lattice 

Dsc/D„ = 1-1.7601O1 Vo- . . . . (43) 

We can superpose the effects of 
the neighboring particles and the 
periodic-image particles to relate 
the JV-particle periodic diffusion 
coefficient to its thermodynamic 
limit (Phillips et a!., 1988), 

DjN)/kJ 

= D<-D[]\\.7Mn{<?/N)1 "'-Q/Nl-
(44) 

Equivalent]}' we can derive a cor
rection to the JV-particle diffusion 
coefficient so that 

D̂  = DjN) +n a i r r iJVi , (45) 

with 

D. o r r ( /V)f t p T 

= (67111/1 111.7(M)1 \Q/N)1 1 - p / i V | . 
(46) 

This correction works well at low 
solids packing, but at higher pack
ing fractions the neighboring par
ticles partial!)' screen the effects of 
the periodic images, reducing the 
magnitude of the correction. Since 
the distance between the sedi-
menting particle and its periodic 
images are generally large com
pared with the particle size, we can 
account for this screening by sim
ply replacing the pure-fluid viscos
ity with the suspension viscosity. 
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Table 1. Dependence of the transport coefficients (permeability K, mobility u, self-diffusion D<, and viscosity n) 
on the number of force moments at p = 0.45. In each case, the transport coefficients are scaled by the appropriate 
low-density limit (see text). The statistical errors in the least significant figure (one standard deviation in the 
mean) are given in parentheses. 

>>,: K.IK P'"o Ds/D„ 1 ' % 

1 10.63(5) 0.0982(5) 0.173(1) 5.41(4) 
2 2339(8) 0.0480(3) 0.157(1) 5.29(4) 
3 26.19(8) 0.0439(2) 0.151(1) 5.48(4) 
4 27.68(8) 0.0418(2) 0.152(1) 5.41(4) 
5 28.25(9) 0.0415(2) 0.149(1) 5.54(5) 
6 28.53(9) 0.0412(2) 0.148(1) 5.55(5) 

/ 28.59(9) 0.0410(2) 0.149(1) 5.50(4) 

1 10.37(2) 0.1012(2) 0.1827(6) 5.70(2) 
2 22.99(4) 0.0499(2) 0.1733(5) 5.53(2) 
3 25.85(5) 0.0453(1) 0.1697(5) 5.58(2) 
4 27.35(5) 0.0433(2) 0.1678(5) 5.63(2) 
5 28.04(5) 0.0427(1) 0.1672(5) 5.65(2) 

1 10.40(1) 0.1014(2) 0.1949(5) 5.69(2) 

-> 22.91(3) 0.0505(1) 0.1867(5) 5.55(2) 
3 25.75(4) 0.0460(1) 0.1831(5) 5.61(2) 

1 10.36(1) 0.1018(2) 0.2041(4) 5.73(1) 
2 22.93(4) 0.0507(2) 0.1996(7) 5.52(2) 

Table 2. Variation of the transport coefficients (defined in Table 1) with system size. At high densities, the 
transport coefficients for N = 32, 54, and 108 have been corrected for neglected force moments. Finite-size 
corrections for the mobility and self-diffusion coefficients have been calculated independently (see text) and 
are shown in parentheses, followed by the resulting estimate of the N -» °= transport coefficient. 

0 ,V KJK P-'Mo DJD0 tV'<\o 

0.001 16 1.096 0.927 (+0.069 = 0.996) 0.9288 (+0.0696 = 0.9984) 1.00250 
32 1.0S8 0.938 (+0.055 = 0.993) 0.9432 (+0.0553 = 0.9985) 1.00250 
54 1.081 0.947 (+0.046 = 0.993) 0.9520 (+0.0464 = 0.9984) 1.00250 
IDS 1.073 0.960 (+0.037 = 0.997) 0.9615 (+0.0369 = 0.9VS4) 1.00251 

0.05 16 1.96 0.570 (+0.164 = 0.734) 0.688 (+0.223 = 0.911) 1.1383 
32 1.92 0.600 (+0.130 = 0.730) 0.731 (+0.178 = 0.909) 1.1387 
34 1.90 0.621 (+0.109 = 0.730) 0.759 (+0.150 = 0.909) 1.1389 
108 1.89 0.640 (+0.087 = 0.727) 0.789 (+0.119 = 0.908) 1.1391 

0.25 16 7.47 0.162 (+0.039 = 0.201) 0.348 (+0.196 = 0.544) 2.17 
32 7.38 0.167 (+0.031 =0.198) 0.3891+0.157 = 0.546) 2.I7 
54 7.33 0.174 (+0.027 = 0.201) 0.411 (+0.133 = 0.544) 2.17 
I OK 7.31 0.178 (+0.021 =0.199) 0.437: HI. 106 = 0.543) 2.17 

11.45 16 28.6 0.0410 (+0.0041 =0.0451) 0.149 (+0.091 =0.240) 53 
32 28.3 0.0423 (+0.0034 = 0.0457) 0.166 (+0.073 = 0.239) 3.6 
54 28.2 0.0431 (+0.0029 = 0.0460) 0.180 (+0.062 = 0.242) 5.6 
108 28.2 0.0437 (+0.0023 = 0.0460) 0.192 (+0.050 = 0.242) 5.6 
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Thus, the N-dependent corrections 
to the self-diffusion constant can 
be calculated at all densities in a 
simple way, 

£)_ * D^X) + <n/»vD.m r(iV], (47) 

where D l V r T UV) is as given in Eq. (46). 
The corrections to D<r calailated in 
this wav, are shown in parentheses 
in Table 2. It can be seen that a con
sistent estimate of the thermody
namic limit of D̂  is obtained for all 
svstem sizes and all packing frac
tions, verifying our assumptions 

The number dependence of the 
collective mobilitv u is similar to 
the single-particle mobility at low-
packing fractions, but is much 
smallerat high packing fractions. In 
fact, it was undetected in earlier, 
less accurate simulations (Phillips 
et al., 1988). The number depen
dence of u can be quantitatively 
described in a similar fashion to the 
single-particle mobility by consid
ering the sedimenting ,V-particle 
unit cell as a single particle of effec
tive radius RL.,(, where 

R c U / a = u M / M - (48) 

Thus, our expre»-.ion relating the 
infinite system mobility to the 
\-particle mobility is simply 

u = j i ( i V ) 

+ (n /n i 'M/M()>£>airr.N7k/(7". (49) 

These corrections are also shown in 
parentheses in Table 2, and once 
again the estimates of the thermo
dynamic limit of the mobility are 
consistent. We believe the results 
quoted in Table 2 are within 1-2'' 
of the exact results of the creeping-
flow'fluid model. A more complete 
set of transport coefficients is 
shown in Figs. 1-4. 

Results for the inverse perme
ability K of a random assembly of 
spheres are shown in Fig. 1. Our 
results agree quite well with the 
Carman equation (Carman, 1937), 
which is an empirical fit to experi
mental data on fluid flow over 

packed beds of spheres. There is 
an almost constant discrepancy of 
about 1.4 between the simulation 
results for K0/K and the Carman 
equation, which would be unde
tectable at the higher packing frac
tions (6 > 0.6) of the experiments. 
Our simulation results at low pack
ing fraction (Q < 0.01) agree, within 
numerical error, with the known 
asymptotic expansion (Kim and 
Russel, 1985) 

K./K = i + - l 0 i ' ' 2 

•r^<>lnO+16.4560, (50) 64 

but deviate significantly for packing 
fractions greater than about 0.1. 
The permeability derived from the 
Brinkrnan theory (Brinkman, 1947) 
is also shown in Fig. 1. It is consis
tently smaller than both the simula
tion results and the Carman equa
tion, except at low packing fractions 

(<> < 0.1). Attempts to improve the 
Brinkman theory at higher packing 
fractions (Tarn, 1969; ftoh, 1983; Kim 
and Russei, 1935) do not lead to a 
significantly better agreement with 
the simulation results reported here. 

Results for the collective mobil
ity ji are shown in Fig. 2. Experi
mentally n can be measured from 
the sedimentation velocity of the 
solid phase (Buscall et al., 1982; 
Bacri et al., 1986) or from long-
wavelength light scattering (Cebula 
et al., 1981). In both cases, the ex
periments measure only the long 
time transport coefficients; the sed
imentation experiments are steady 
state and the relaxation times 
probed by the light scattering ex
periments, proportional to {Dk2)~], 
are long compared with the relax
ation time for Brownian motion. 
There has been some question as to 
the difference between the long-
and short-time mobilities (Beenak-
kerand Mazur, 1984/, but our results 

i i r 
• Simulation (This work) 

- — Experiment (Carman equation, 1937) 

- — Theory (Brinkman, 1947) 

s 

Figure 1. Inverse permeability of suspended hard spheres. The solid circles 
are the simulation results; the solid line is the Carman correlation function 
(Carman, 1937), which is an empirical fit to experimental data at high packing 
fractions, and the dashed line is Brinkman's theoretical analysis (Brinkman, 
1947). 
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show th.it the differences are in fact 
small, unlike the single-particle 
diffusion coefficient (I'usey and 
van Megen, 1983; Ottewill and 
Williams, 1987; van Megen and 
Underwood, 1989) and the shear 
viscosity (van der Wer/f et al., 1989). 
At low packing fractions, it is known 
thai there is no difference between 
long-and short-time mobilities 
(Batchelor, 1972), and our simula
tion results are consistent with 
the theoretical value /\ f l = 6.55 
(Batchelor, 1972; Cichocki and 
Felderhof, 1988). Experimentally, 
An tends to be smaller than the 
theoretical value (Bacri el al., 
19Sf>>, which is thought lo be due 
to van der Waals forces between 

the spheres (Batchclor, 1972), which 
cause additional clustering at sepa
rations around 2n. Our results indi
cate that there is little structural 
rearrangement during the sedi
mentation of a high-density micro
sphere suspension. 

The dashed lines in Figs. 2-4 are 
theoretical results of Beenakker and 
Mazur (Beenakker, 1984: Beenakker 
and Mazur, 1984), based on calculat
ing the hydrodynamic interactions 
between pairs of particles in an 
effective medium, which represents 
in an average way the many-body 
hvdrodynamic interactions. The the
oretical results ate in good agree
ment overall with the simulations, 
particularly for the viscosity 

(Beenakker, 1984) and self-diffusion 
coefficients (Beenakkcr and Mazur, 
1984). The collective mobility 
(Beenakker and Maznr, 1984) is in 
less good agreement with the simu
lation results, but the worst discrep
ancy around 0 = 0.25, is still only 
about 20^. 

The single-particle diffusion coe -
ficient D s is shown in Fig. 3. The ex
perimental results are derived by 
light scattering from optically tagged 
particles (Pusey and van Megen, 
1983;Ottewill and Williams, 1987; 
van Megen and Underwood, 1989). 
In these experiments, it is possible to 
measure the short-time transport co
efficient so that the comparison be
tween experiment and simulation 
should be precise. Our simulation 
results are in excellent agreement 
with the experiments of Fusey and 
van Megan (1983) and Ottewill and 
Williams (1987), but in less good 
agreement with the most recent ex
periments of van Megan and Under
wood (1989). These diffusion con
stants are consistently smaller than 
those obtained in previous experi
ments but are within the range of 
uncertainty of the experimental re
sults (van Megen and Underwood, 
1989). Our simulation results lie 
within the range of the experimental 
data. 

Finally, the high frequency viscos
ity is shoxvn in Fig. 4. The experi
mental results of van dor U'erff et al. 
(1989) were derived from oscillating 
Couette viscometry. The results 
shown here correspond to a suffi
ciently high frequency that the solid 
particles are unafrected by the im
posed shear flow, so that the distri
bution of configurations is just the 
equilibrium distribution assumed in 
the simulations. At the lower pack
ing fractions (o < 0.35), the experi
mental and simulation results are 
indistinguishable but, at high pack
ing fractions, there is -.onie spread 
in the experimental data depending 
on the particle size. The larger size 
particles tend to have the larger 
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Figure 2. Short-lime sedimentation velocity (mobility) of suspended hard 
spheres. The solid circles are the simulation results; the open symbols are 
experimental results from Buscall et al. (19821 and Bacri et al. (1986). The 
dashed line is the theoretical analysis of Beenakker and Mazur (1984). 
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Figure 3. Short-time self-diffusion coefficient of suspended hard spheres. 
The solid circles are the simulation results; the open symbols are experimen
tal results from Fusey and van Megen (1983), Ottewill and Williams (1987), 
and van Megen and Underwood (1989). The dashed line is (he theoretical 
analysis of Beenakker and Mazur (1984). 

viscosities that are in better agree
ment with our simulations than the 
results for smaller spheres. 

An expression for the viscosity 
has been proposed bv Bedeaux 
(1987) 

i / n ( 1 - ] 

= on - M O M , (5i) 
n/%-5 

which incorporates a mean-field 
description of the hydrudynamic 
interactions when S[Q) = 0. Thus, a 
virial expansion of S(o) should lead 
In a more rapidly converging 
viscosity than the usual expansion 

of n/n„ IEq- (36)1- Van der Werff 
et al. used their experimental data to 
deduce an expansion for S, 

S(p) = (1.41±0.14)Q 

-<U9±0.34)02, (32) 
but this is inconsistent with the 
known second virial coefficient for 
hard-sphere dispersions (Cichocki 
and Felderhof, 1988; Ladd, 1989), 
which implies that, at low packing 
fractions, S((J>) -* 1.00 Q. Our simula
tion data are fitted quite well over al
most the whole density range by this 
simple expression for S. However, 
a best fit to the simulation data 

includes small quadratic and cubic 
contributions, 

S<0) = «> + <>2-2._V. (53) 

Since the viscosity is a rather insen
sitive function of S at low packing 
fractions, the difference in viscosity 
resulting from Eqs. (52) and (53) is 
negligible for 0 < 0.35. At higher 
packing fractions, Eq. (53) fits the 
simulation data and the 76 mm-
sphere experimental data better 
than Eq. (52). 

The excellent agreement between 
the transport coefficients derived 
from simulation and experiment is a 
confirmation of the accuracy with 
which it is now possible to calculate 
hydrodynamic interactions, using 
an ah initio method that does not in
clude any adjustable parameters. 
Current computations require large 
amounts of computer time but im
provements in algorithmic and nu
merical techniques, together with 
parallel-processing computers, 
should make these calculations 
more routine in the future. 

Conclusion 
We developed a method to calcu

late the many-body hydrodynamic 
forces between spherical particles 
suspended in an incompressible 
fluid. The perturbations in the fluid 
flow resulting from the presence of 
the solid particles can be approxi
mated systematically, to any desired 
accuracy, in terms of moments of the 
induced-force density on the surface 
of each particle, combined with the 
pairwise-additivelubrication forces. 
We derived an expression for the 
suspension viscosity applicable to 
samples with periodic boundaries, 
and applied the resulting formula to 
calculations of the viscosity of ran
dom dispersions of spheres. 

Our numerical results demon
strate that it is feasible, with current 
computer technology, to precisely 
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Figure 4. High frequency viscosity of suspensions of hard spheres. The 
solid circles are the simulation results; the open symbols are experimen
tal results with different size spheres from van der Werff et al- (1989). 
The dashed line is Beenakker's theoretical analysis (1984). 

calculate the hydrodynamic interac
tions between small numbers of 
spherical particles. At low-packing 
fractions, this means approximately 
100 particles can be studied, but at 
high-packing fractions, when a large 
number of force moments are neces
sary, the number is reduced to less 
than 20. Nevertheless, we obtained 
accurate estimates for the transport 
properties of random dispersions of 
spheres, which are in excellent agree
ment with experimental results. 

Future work may involve attempt
ing to improve tlieconvergence of the 
moment expansion by resuming 

some of the neglected hydrody
namic interactions. This leads to a 
wavelength dependent viscosity 
that incorporates some of the short-
range interactions {Beenakker and 
Mazur, 1983). However, our initial 
attempts have not been very encour
aging. Alternatively, we may try to 
move away from integral equation 
formulations, which require exces
sive computational resources for 
large systems. Direct N'avjer-Stokes 
is not attractive because of the com
plex and constant problem of ream
ing the system as the solid particles 
move; such simulations are usually 

restricted to point-particle approxi
mations (Fogelson and Peskin, 1988). 

An interesting alternative is the 
use of lattice-gas cellular automata 
to model the fluid phase. Lattice-gas 
models are simplified molecular 
models, in which particles with a 
discrete set of velocities move from 
one node to another of a space
filling lattice, undergoing collisions 
with other particles occupying the 
same nodes. For a sufficiently large 
number of particles, these models 
are equivalent to the continuum 
Navier-Stokes equations, with the 
added advantage that thermal fluc
tuations, which give rise to Brown-
ian motion, are also included (Ladd 
et al., 1988). The essential point of 
cellular automata is that they can be 
updated by local, logical rules and 
are, therefore, very well-suited for 
implementation on massively paral
lel computers consisting of logical 
microprocessors. The combination 
of particle models of the solid-phase 
and lattice-gas models of the fluid 
phase can handle the whole rangeof 
solid-fluid suspensions, from sub-
micron particle sizes where Brown-
ian motion is important to macro
scopic sizeparticles. Moreover, there 
is the possibility of studying gas-
solid suspensions, where the fluid 
flow is often turbulent. Lattice-gas 
models can also be used to study 
fluid flow in porous media, both in 
packed-bed or pore geometries. t 

In the future, both the creeping-
flow and lattice-gas computer-
simulation models of the fluid phase 
will be used to s'udy the Theologi
cal properties of suspensions. 
These simulations will incorporate 
the dynamical effects of the hydro-
dynamic forces on the structure of 
the suspension (Ermak and 
McCammun, 1978); these effects 
are crucial to quantitative predic
tions of suspension rheologv. 
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New Method to Analyze 
Fluid-Driven Fracturing 

in Jointed Rocks 
Frangois E. Heuze, Ronald J. Shaffer, 

and Stephen C. Blair 
Unconventional Gas Program 

We have developed a new method of analysis to describe the propagation of induced 
fluid-driven fractures in rock masses that contain pre-existing discontinuities such as joints, 
faults, bed interfaces, and lens boundaries. The analysis is based on a two-dimensional time-
dependent modeL with coupled solid mechanics, fracture mechanics, and fluid dynamics. The 
solid and fracture mechanics are solved by an implicit finite element approach that provides for 
mixed-mode (I and II) fracture propagation in arbitrary stress fields. The pressure profile inside 
the crack and the crack velocity are provided by a one-dimensional analytical formulation, 
corresponding to a constant-height fracture. Both arbitrary flow-rate and constant borehole 
pressure conditions can be simulated: these may correspond, respectively, to conventional 
two-wing hydrofracturing and to gas-driven tailored-pulse loading for multiple fractures. We 
have verified the model against analytical time-dependent solutions for fracturing in permeable 
and impermeable media. This new coupled model has also been validated against controlled 
physical tests in which we hydrofractured blocks containing sandstone lenses. These blocks 
were loaded independently in three orthogonal directions, and the fracture in each was tracked 
in space and time. These new analysis tools can be used in a wide variety of applications that 
include obtaining a better understanding of the stimulation of unconventional gas reservoirs 
(i.e., lenticular sandstones, coal beds, and Devonian shale), or making improvements in the 
design of underground waste disposal by hydrofracturing, or enhancing the fracturing of 
geothermal reservoirs. 

Fracturing rocks underground, 
using pressurized fluids, is a com
mon procedure for attempting to 
enhance the productivity of certain 
gas and oii resenoirs (Veatch, 
WMa.b; Mendelsohn, lv»K4.i,b; 
Cleary, HHH; IJiiom-et.il.. I W ) 
iind tor estimating in situ stresses 
in rock masses (National Research 
Council, I l 'KD. This procedure lias 
also been used to dispose of un
wanted fhjtijd wastes (Weeren et al., 
|4K2J. Asjgmlkant number of math
ematical simulations have been 
developed fuassjsi jp designing 

such fracturing injections; excel
lent overviews of these models 
have been published by Veatch 
(TJK3a,b), Mendelsohn'(1*)K4a,b), 
and Cleary (f9KK>. 

The remarkable common thread 
throughout these models is that 
they assume the rock medium to be 
continuous. This is significant be
cause it is well-known that rock 
masses in place are seldom, even 
approximately, continuous; typi
cal I v, they are transected bv all man
ner oi discontinuities (e.g., joints, 
shear/ones, faults, bedding contacts. 

and lens boundaries). More impor
tantly, it is also known that these in
terfaces can have a strong detri
mental effect on our ability to 
control and extend fluid-driven 
fractures. Recent innovative field 
tests involving a "mine-back" of 
fracture paths have provided vivid 
documentation of fractures stop
ping at interfaces, branching out 
sideways, or reinitiating in a step
ped fashion after stopping at a con
tact (Warpinski, I4KS). 

With the above considerations 
in mind, we have pursued a course 
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of development and validation of 
ne'V analysis methods to describe 
Ihe piopagalion of fluid-driven 
fractures in discontinuous media 
(Heuze, 1986; Heuze, 1987). These 
methods are embodied in FEFFLAP 
(Finite Element Fracture and Flow 
Analysis Program), which is a two-
dimensional implicit numerical 
model with capabilities to simulate 
steady state flow in fractures and 
joints, as well as t ime-dependent 
fluid-driven fracturing. 

Steady State Analysis 
The steady state model, FEFFLAP 

Version 1.0, was constructed from 
several building blocks to achieve a 
capability for simulating coupled 
solid mechanics, fracture mechan
ics, and flow analysis. The compo
nents assembled into this new 
model were as follows: 
• TheFEFAP two-dimensional 

implicit finite element program 
for solid and fracture mechanics 
(Jngraffea et al., 1984), which 
modeled onlv continuous media. 

• The joint finite elements with 
sophisticated constitutive laws 
as developed in the jPLAXD 
code (Heuze, 19811, which were 
incorporated in FEFAP. 

• The flow-in-fracture algorithms 
contained in theJTFLOW finite 
element model ( \oor i shade ta l . , 
1971). 

The fracture mechanics algo
rithms, the joint models, the flow 
equations, and the logic to couple 
the analysis are reported in detail by 
Ingraffea el al. (1985) and Shaffer 
et al. (1985). The verification against 
analytical results (Sih, 1973; Ouch-
terlony, 19821, and the validation 
against physical model testsarealso 
extensively documented (Thorpe 
etal.,1984;Shafferetal., 1984). This 
informal ion is nut repealed here 
because this earlier work was con
sidered to be a prelude to develop
ing the time-dependent analysis. 

Time-Dependent Model 

Rationale for the 
New Developments 

The value of developing the 
steady state model was two-fold: 
• To establish the procedure for 

coupling solid/fracture mechan
ics and fluid flow analyses. 

• To provide some interesting in
sights into the interplay between 
induced fractures and natural 
fractures. 
However, this model could not 

provide the crucial diagnostics that 
are needed in the field during the 
execution of underground fractur
ing. That is, it would be valuable to 
beable to use time-pressure records 
in the field to determine the type of 
interaction a fluid-driven fracture is 
experiencing with a rock mass and 
to answer questions such as: 
• Is the fracture stopped for a time? 
• Is it branching-out laterally? 
• Is it restarting after an offset at an 

interface? 
These questions are particularly 
relevant when stimulating sand
stone lenses away from wells or 
when containing a hydrofracture 
within a given horizon. 

We pursued the time-dependent 
developments of our analyses with 
the expectation of providing a mea
sure of this forward modeling capa
bility that would show features of 
time-pressure records correspond
ing to induced/natural fracture 
interactions. The new flow model is 
represented by the FAST (Fractur
ing and Simultaneous Transport) 
program (Nilson and Peterka, 1986), 
which is now part of our FEFFLAP 
Version 2.0 model. 

The FAST formuIrHon that we 
adopted was developed for wedge-
shaped fractures of constant height, 
i.e., the Geertsma-DeKlerk tvpe 
(Geertsma and DcKlerk, 19n9) in 
which (he fluid flow along the 
fracture o\n be described bv a 

one-dimensional analysis where 
the fluid pressure, temperature, 
and velocity depend on a single 
independent variable, which is the 
position along the crack length. The 
mathematics of this flow model are 
described bv iXilson and Peterka 
(1986). 

The Coupling of FAST 
to FEFFLAP 

We begin a time step with the 
crack tip located at a fixed point on 
the grid, as determined from 
FEFFLAP's sol id/fracture analy
sis. FAST then generates a provi
sional solution, including the pres
sure profile along the crack and the 
propagation speed. FEFFLAP, in 
turn, calculates new values of 
crack width IT and stress intensity 
factor Kj, corresponding to the new 
pressure profile. Next, FAST uses 
the new values oiw, K, and pres
sure to generate a better candidate 
for the pressure profile, and so on. 
We determine the progress of iter
ations by monitoring the conver
gence of the pressure profile and 
stress intensity. 

FAST only uses the Mode I stress 
intensity factor to adjust the pres
sure profile, because FAST is mod
eling a crack propagating in-plane. 
However, FEFFLAP docs not have 
this restriction; therefore, it can 
propagate cracks in mixed-mode. 
At the end of a FAST cycle, a new 
crack direction can be determined 
by FEFFLAP, if warranted. Thus, 
the effect of the FAST limitation is 
only to restrict crack propagation 
to linear increments. The overall 
fracture can still curve, as guided 
by the stress field and material 
properties. 

To model the interaction among 
multiple fractures, we developed a 
procedure that allows FAST to pro
cess one crack at a time, thereby, 
obtaining a new pressure profile for 
each crack. Once pressure boundary 
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conditions have been determined 
for all the cracks, FEFFLAP simulta
neously calculates the displace
ments along all the cracks so that 
any one crack can influence ail the 
others. Thealgorithms are written in 
a fashion that allows the user to 
monitor the progress of the calcula
tions and interactively tailor the iter
ation sequence to obtain better 
convergence. 

When the FAST/FEFFLAP itera
tions have reached the desired 
degree of convergence, the problem 
is advanced bv a time increment At. 
At this point, tip speeds L are avail
able for all of the cracks, and 
FEFFLAP has determined the direc
tion of propagation for each. Thus, 
if necessary, each of the cracks can 
be shifted forward by A/. = LSI,in 
the direction appropriate for mixed-
mode fracture. 

Verification and Validation 
of FEFFLAP 2.0/FAST 

Analytical Solution for Gas-Driven 
Fractures with Constant Borehole 
Pressure 

Figure 1 shows a geometry of 
interest for gas-driven fracturing 
from a borehole in which two 
fractures have begun to dominate. 
We performed a FFFFLAP analysis 
of that geometry with the following 
conditions: 
• Borehole radius, 0.1 m 
• Borehole pressure, 40 MPa 
• Borehole temperature, 300 kV 
• Confining stress, 10 MPa 
• Fracture toughness, 0 
• Shear modulus, 3 CPa 
• Poisson's ratio, 0.3 
• Surface roughness, 400 pm 
• Rock porosity, 0.3_ 
• Gas viscosity, 10" ̂  Pas 
• Molecular weight, 28 
• Ambient pore pressure, 0.1 MPa. 

We assumed that the rock perme
ability was negligible so that it 

could be compared with an analyti
cal, self-similar solution for the ex
tension of the major cracks (Nilson, 
1981). Figure 2 shows good agree
ment between the FEFFLAP com
putation of the crack speed gradient 

and the analytical solution at a 
crack length exceeding five bore
hole diameters (note that the simi
larity solution requires the cracks to 
be long with respect to borehole 
diameter). 

Figure 1. Geometry for FEFFLAP/ 
FAST analysis of multiple gas-
driven fractures. 
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Figure 3. Close-up view of mesh for a FEFFLAP 2.0 calculation near 'he 
borehole with a constant flow rate. 
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Figure 4. FEFFLAP 2.0 results compared with FAST and with analytical 
flow rate results from Geertsma and DeKlerk (1969). 

Analytical Solutions for Laminar 
Incompressible Fluid Flow 
with Constant Flow Rate 

Geertsma and DeiClerk analyti
cally obtained approximate so'u-
lions for a two-wing wedge-shaped 
fracture driven by the laminar flow 
of an incompressible fluid injected 
at constant flow rate (Geerstma and 
DeKlerk, 1969). At early times, seep
age losses are negligible, and the 
fracture growth can be expressed as 
a traction of crack speed L: 

,; :i f t*,r_£Gli'j" 
3 ( ;_(! - V I M - I 

x J I I "(early) . (1) 

where C is the elastic shear modu
lus of the medium, Q is the flow 
rale, v is the rack's Poisson ratio, 
and u is the fluid's viscosity. 

At late times, seepage losses 
change the growth to: 

,: = !(£)>„. 
where C is the Carter seepage loss 
coefficient (Howard and Fast, 1970). 

In Fig. 4, we compare results of 
EAST calculations in stand-alone, 
and FEFFLAP 2.0/FAST with the 
mesh of Fig. 3, to the above analyti
cal results. The agreement is excel
lent over a wide range of fracture 
speeds and lengths. This is true 
even though the FEFFLAP code 
does not include the inertial effects 
• the solids; however, the maxi-

rn calculated crrck speeds were 
lit lore than aboutlOOm/s, which 
is a small fraction of the shear wave 
speed. Other models could be used 
to estimate the importance of these 
effects at much higher crack speeds 
(Bwenson and Ingraffea, 19B7). 

Validation against 
Physical Block Tests 

Recently, we jjerformed sophisti
cated block tests at LLNL to provide 
physical benchmarks against which 

to validate our numerical develop
ments (see Blair et al., 1989 and 
Heuze et al., 1989 for details). 

We tested three gypsum cement 
blocks (A, 13, and C) in which we had 
embedded sandstone tablets (lenses) 
(Fig. 5). These experiments revealed 
the progression of fluid-driven frac
tures Ihrough the sandstone lenses. 

These fractures were forced to ini-
t> -to and propagate from a high-
pressure steel tube that was slotted 
on one side. 

A wrap-around tape, extending 
out about 2 cm, kept the gypsum 
cement from entering the ste -1 tube 
while the block was being cast, 
and also directed the crack into a 
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sympathetic stress field. The frac
tures were constrained to travel uni
laterally, and the fracture front was 
determined by resistance changes 
denoted by the rupture of thin tung
sten wires embedded perpendicular 
to the fracture plane. 

To maintain constant height, the 
fracture was contained in the verti
cal direction by wire mesh screens 
emKdded near the top and bottom 
of the block and perpendicular to 
the injection tube. The screens and 
sandstone lenses were anchored 
using, piano wire stretched across 
each mold. 

The gypsum cement was pre
pared carefully- according tn pre
planned sifting, wetting, mixing, 
and pouring procedures. A light 
oil was used to propagate the frac
ture, and it was pumped at a steady 
rate with a ball-screw piston. The 
blocks were hVxially loaded for 
the duration of crack propagation. 

The injection pressure was closely 
monitored during the fracturing 
process. 

Figure 6, corresponding to test B, 
is given as an example to provide 
data for comparison with calcula
tions. Crack velocity ivas estimated 
from the breakage times of the em
bedded v- ires (points A and B on 
Fig. 6). After fracturing, the blocks 
were dissected to show the exact 
fracture outline, as well as the 
extent of leakoff. Dissection of the 
blocks showed them to be very 
homogeneoi s. 

A cross section representing the 
gypsum block geometry was 
meshed for analysis with FEFFLAP 
and is shown in Fig. 7. First, two cal
culations were performed without 
modeling the steel injection tube. 
The cracks were advanced to the 
limes when they just reached the 
sandstone lens. Crack length at this 
point was 12.7 cm. Propagation was 

not continued through the Jens in 
the calculation because the sand
stone is more permeable. We believe 
that the crack essentially stopped in 
the experiment while fluid filled the 
lens, ^nd then it restarted. The cur
rent version of FEFFLAP dees not 
have a flow storage capability to 
model such a phenomenon. 

A pressure-time curve was gen
erated from the successive crack tip 
lecations during propagation. For 
comparison, we superimposed the 
cur\e over the experiment record 
(.Fig, 6). Early pressures are not 
expected to compare well because 
of the steel tube and tape used to 
start and initially direct the frac
ture. In fact, the tip location next to 
the borehole where the crack initi
ated is not included in the curve 
because the pressure was not calcu
lated owing to the coarseness of the 
finiteelement mesh at that location. 
Later pressures compare well with 
the experimental results. 

1 he pressure profile dov/n the 
crack and the crack shape from the 
numerical results at 11.5 cm (larg
est crack length before the inter
face is intersected) are shown in 
Figs. 8 and % respectively; results 
are given for both permeabilities, 
k = 3.3 a; d 15 millidarcy (mD). 
When the crack reached 11-5 cm, 
the fluid front had just reached the 
tip of the propagating crack at the 
highest leakoff rate, but it had 
already arrived at the tip at the 
lower leakoff rate. However, at 
early times (not shown) the fluid 
did not reach the crack tip for 
either permeability. T'.e pressure 
profile is slightly higher near the 
borehole for greater ieakuff- For 
either value of k, pressure /nils off 
rather quickly because of leakoff. 
Notice the ballooning of the crack, 
a feature of a single-wing crack in 
which the borehole constrains one 
end of the crack. This ballooning is 
not significantly influenced by the 
value of k Figure 5. Schematic of block-fracturing experiments. The blocks are 

under three independent compressive stresses (c ,̂ a2, andcr3). 
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Figure 7. Finite element mesh for 
FEFFLAP 2.0 analysis of a crack 
propagating from a borehole to a 
sandstone lens in a gypsum block. 
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Figure 8. Pressure profiles as a 
crack nears a lens for two values 
of permeability. 

4.6 6.9 
Crack length (cm) 

Figure 9. Crack shape as it nears 
a lens for two values of 
permeability. 

4.6 6.9 
Crack length (cm) 
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Figure 10. Decayofthecracktipvelociryasthecrackextends(fr=33 mDK 
The experimental value corresponds to an average value computed be
tween points A and B in Fig. 6. 

Figure 10 shows the calculated 
crack tip velocity as a function of 
crack length for k = 3.3 mD. Crack 
velocity decreases quickly as the 
crack extends, and then decreases 
slowly. At later times, the crack ve
locity agrees very well with the ex
perimental value determined from 
points A and B on Fig. 6 (where the 
wires broke). We noted that, for k = 
15 mD, I hi? late-lime crack tip veloc
ity was slowed by a factor of 44, but 
fluid velocity at the inlet was slowed 
by only 3'-J. Another calculation 
with k = 3.3 mD was performed that 
included the elastic effects of the 
steel tube in the borehole. In this 
case, lhe early crack intension re
quired a higher pressure, as shown 

by Point P| on Fig. 6, owing to the 
higher stiffness of the tube. The pres
sure is in reasonable agreement with 
the experimental value. At late 
times, the effects of the rube should 
be minimal. 

Examples of Application 

To illustrate the capabilities of the 
time-dependent model, FEFFLAP 
2.0 was set up to simulate the gas-
driven development of multiple 
frachiii"- around boreholes,as can 
be performed to stimulate gas-well 
production with solid propellants. 

First, we ran a symmetric prob
lem in which six cracks were made 
to emanate from a borehole at 60' 

intervals (Fig. 11). We chose this 
geometry because all cracks are 
identical. Cracks can be extended in 
the model by either specifying n 
length or a time of propagation (the 
model then returns the corres
ponding time or length). In this test 
case, the cracks were extended by 
specifying an equallength for each. 
Once the crack length is specified, 
all the other values are calculated 
in the FEFFLAP model. If the 
FEFFLAP model is working cor
rectly, it will return the same para
metric values for all the cracks. 
These parametric values are given 
in Table 1 for the upper three cracks 
shown in Fig. 11. From symmetry, 
the values for the lower three cracks 
are identical to those for the upper 
three cracks. The aperture repre
sents the crack opening at the bore
hole. All parameters agree well. 
Since the cracks have the same 
speed, they will extend together 
and remain equal in length. 

After this first chejk had been 
performed on the model, less sym
metric problems were addressed. 
We made a small change in the pre
vious configuration, by making 
one of the cracks shorter. For this 
problem, the cracks were propa
gated again in their own plane. 
The FEFFLAP solution is shown in 
Fig. 12. The smaller aperture of the 
shorter crack is clearly seen. Para
metric values for this case are 
given in Table 2. It is interesting to 
note that although the short cracks 
are 60% of the lengili of the longer 
cracks, their speed is about one-
third of that of the longer cracks. 
This means that the shorter cracks 
will die out quickly in favor of the 
longer cracks. 

Figure T3 illustrates what hap
pens when even less symmetric 
cracking takes place. The cracks that 
arc close to each other tend to repel 
each other. To our knowledge, this 
result has not been obtained before. 
In this example, crack tip speed was 
~10(/I of shear-wave speed. 

<SK 1989/90 Earth Sciences Report 



Table 1. Parametric values for a six-fold symmetric crack problem. 

Crack Time Length Speed Aperture 
No. (s) (m) (m/s) (cm) 

1 0.003324 0.403 177.3 0.189 
2 0.003300 0.400 176.4 0.18H 
3 0.003316 0.402 178.9 0.190 

< Figure 11. Six-fold symmetric cracking from a borehole. All cracks 
propagate radially outward at the same speed. 

Table 2. Parametric values for a two-fold symmetric crack problem. 

Crack 
No. 

Time 
(s) 

Length 
<m) 

Speed 
(m/s) 

Aperture 
(cm) 

1 
2 
3 

0.003422 
0.002005 
0.003408 

0.407 
0.243 
0.405 

232.4 
84.6 

232.9 

0.222 
0.085 
0.221 

< Figure 12. Two-fold symmetric cracking from a borehole. The lonp 
cracks are extending nearly three times faster than the short cracks. 

< Figure 13. Cracking from a borehole in which propagating cracks tepel 
each other. 



Summary 
We have pursued a joint numer

ical and experimental program 
designed to gain insight into the in 
teractions between induced fluid-
driven fractures and natural dis
continuities in rock masses. 

The numerics) dt*velopments 
resulted from the coupling of 
several building blocks: 
• A <iolid and fracture mechanics 

model capable of representing 
mixed-mode fracture propa
gation in arbitrary stress fields. 

• Models of rock discontinuities 
that account for nonlinear joint 
behavior. 

• Models of fluid flow fur both 
liquid;, and gases, covering the 
steady state as well as the 
transient time-domain. 
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Discriminating between Nuclear 
Explosions and Earthquakes 

Steven R. Taylor 
Seismic Research Group 

Verification of a Low Yield Threshold Test Ban Treaty or a Comprehensive Test Ban 
Treaty will require the use of in-country seismic stations. One aspect of in-country monitoring 
involves using regional seismic signals to discriminate between nuclear explosions and 
earthquakes. To evaluate our discrimination capabilities, we employed a multivariate 
analysis technique to comprehensively study a large number of Nevada Test Site nuclear 
explosions and western United States earthquakes. We are currently analyzing events that 
were misclassified so that we can assess opportunities for evasion and also obtain a better 
physical understanding of how the discriminants work. We are also investigating the 
application of artificial neural networks to the discrimination problem. 

The primary mission of the 
seismic verification program at 
LI.XI. is to improve this nation's 
ability to monitor and verifv trea
ties limiting or banning nuclear 
tests. The two treaties currently 
in effect are: 
• The Threshold Test Ban Treatv 

(TTBT). 
• The Peaceful Nuclear Explosion 

Treaty <PNET). 
Two possible future treaties are: 
• A Low -field Threshold Test Ban 

Treats- U.YTTJ5T). 
• A Comprehensive Threshold 

Test Ban Treaty <CTBT). 
Our work, is carried out primarily 
for the Office of ArmsControI of the 
U.S. Department of Energy (DOE). 

Our seismic research program 
mainly addresses the tollowbig 
verification issues: 
• Detection and location of events. 
• Discrimination between 

earthquakes and explosions. 
• Yield estimation of nuclear 

explosion*. 
The emphasis of our program is 

on developing seismic techniques 
for monitoring a J,VITBTand possi
bly a CTBT; both will require the use 

of in-country seismic monitoring 
stations to collect data. Thus, it is 
necessary to develop the capability 
to detect and identity seismic 
events having small magnitudes 
(»i/, > 2.5> and occurring at regional 
distances K2000 km) from the sta
tion- Effective discrimination for 
events with Richter magnitudes of 
-4 .0 -4 .5 at teleseismicdistances 
(>2000 km) appears to be feasible 
with todav's instruments and ana
lytical methods (Dahlman and 
Israelson, 1977). This magnitude 
range corresponds to yields of 1-
5 kt for explosions detonated in 
hard rock. However, discrimina
tion of small-magnitude events 
that are not recorded at teleseismic 
distances is more complicated, and 
more research is needed to devise 
techniques 1 for analyzing and inter
preting the data recorded by seis
mic stations at regional distances. 

Although "effective discrimina
tion" involves both technical deter
minations and policy judgments, 
the emphasis of this discussion is on 
the technical aspects of using seis
mic signals to discriminate between 
earthquakes and nuclear explosions. 

In monitoring a CTBT, it will be 
necessary to extend the discrimina
tion to smaller magnitude events 
recorded at regional distances from 
an in-country seismic network. 
Pomcroy e ta l . (1982) summarized 
the use of regional seismic discrim
inants and concluded: 

"most have been tested onlv 
on limited data, usually from 
one geographic region and 
only one or two recording 
stations. X'o systematic anal
yses have been done to deter
mine the best individual 
discriminant or combination 
of them." 

Their major conclusion stated: 

"a systematic and compara
tive evaluation of all the pro
posed regional discriminants 
is now required, utilizing a 
common data base derived 
from ail present-day test 
sites. This evaluation would 
suggest the optimal discrimi
nation procedure using 
regional waves and would 
also define area* of needed 
research." 
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To explore the issue of regional 
discrimination, we analyzed seis
mic signals from a large number of 
western United States earthquakes 
and explosions (Taylor et al., 19S9). 
These signals were recorded by four 
broadband seismic stations operat
ed by LL\L. Using these data, we 
systematically evaluated 12 of the 
most promising of the regional dis
criminants outlined in Pomeroy 
et al. (1982). In this study, we closely 
followed the descriptions given in 
previous studies (i.e., filtering the 
broadband data to simulate the 
different instruments used in the 
original studies, and taking mea
surement in the same velocity win
dows and frequency bands). 

We use .i multivariate analysis 
technique to analyze 11) the perfor
mance of individual discriminants 
and (2) the performance of combi
nations of discriminants from indi
vidual stations and from the four-
station network. 

Our studies include determining 
the impact of source, path, and 
receiver effects on different dis
criminants- This research is cur
rently being extended to include 
new and modified discriminants 
using our broadband capabilities 
with improved propagation correc
tions and measurement parame
ters. We are also closely examining 
misclassified events to discover 
why they were misclassified. This 
information will help us assess 
opportunities for evasion and pos
sibilities fur issuing false alarms. 
Our seismic discrimination studies 
include an evaluation of the utility 
of new recognitiun algorithms 
such a*> artificial neural networks 
(AW). 

The data set for this study con
sists of 233 \uvada Test Site (NTS) 
explosions and 13(1 western L:. S. 
earthquakes in the magnitude 
range of -2.5 to ft.5 recorded at four 
broadband seismic stations oper
ated by UAL (j;ig. 1). These 

stations surround NTS at distances 
of -200 to 400 km, and they are rou
tinely used to obtain rapid esti
mates of explosion yields. The pro
pagation paths for the earthquakes 
range from -175 to 1300 km and are 
confined mainly to the Basin and 
Range. 

The earthquakes in our data '.et 
occurred between 1979 and 1985. 
Generally they lie in the magni
tude range of -2.5 to 6.5 and are at 
regional distances to the LLNL sta
tions (-175 to 1300 km). The explo
sions occurred between 1969 and 
1984 and span approximately the 
same magnitude range as the 
earthquakes. 

Physical Basis 
of Discrimination 

Most of the discriminants that 
we evaluated are based on the 
expected physical differences 
between earthquakes and explo
sions. For example, earthquakes 
result from thesudde-1 release of 
stored elastic energy along a fault 
surface. The shearing along the 
rupture surface releases a large 
amount of shear energy relative to 
compressional energy. Thus, the 
shear phases (S, L^, Rayleigh, and 
Love) are expected to be large rela
tive to the compressional phases (P 
and P .̂). In contrast, a pure explosion 

Figure 1. Map of the western U.S. showing the location of the earthquakes 
and explosions used in Ihis Judy. The distances from NTS to the four LLNL 
stations are approximately: ELK: 400 km, KNB: 292 km, LAC: 313 km, and 
MNV:226km. 
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source is a center of compression 
and, in theory, releases only /' 
waves and vertical-component sur
face waves (surface waves are gen
erated from the complex interaction 
of the curved wavefront' i-ith the 
free surface). A typical explosion 
seismograra is therefore expected 
to have much more compressional 
energy relative to the late-arriving 
shear energy. 

Earliiquakes and explosions are 
also expected to have different time 
histories associated with their en
ergy releases; as a result, they will 
radiate different spectral shape-". 
These spectral shapes are also criti
cally dependent on the physical 
properties of the near-source mate
rial and on secondarv effects such as 
spallation of the surface layers 
above an explosion. 

Transportability of U.S. 
Developed Discriminants 

in the western U.S., we have 
observed that the earthquakes are 
generally richer in high frequencies 
relative to explosions of the same 
size; this observation forms thebasis 
for a promising discriminant. How
ever, because much of the Soviet 
Union's crust has significantly dif
ferent geophysical properties than 
those found in the western U.S, we 
may actually see the opposite pat
tern in the Soviet Union. 

This raises another important 
issue: the transportability of dis
criminants developed in our work 
to studies in the Soviet Union. We 
already know that the seismic-
signal propagation characteristics 
in much of the Soviet Union are 

significantly different than those in 
the western U.S. We also suspect 
that source and near-source effects 
may also differ. Thus, a discrimi
nant that works well in the western 
U.S. may prove to bn disappointing 
in the Soviet Union. It is necessary 
to have a good physical under
standing of how these discrimi
nants work in order to evaluate 
their performance in other geo
physical regions and to assess pos
sible opportunities for evasion. 

Figure 2 shoivs examples of seis-
mograms and associated spectra 
for an earthquake and explosion of 
similar sizes (»i/, - 4.2) occurring at 
NTS and recorded at the station 
ELK. The earthquake is character
ized by strong, late-arriving surface 
waves that are poorly developed 
.or the explosions. This is the basis 

Figure 2. (a) Examples of setsmo-
grams and spectra from an earth
quake and a nuclear explosion of 
similar sizes (»//, - 4.2) both occur
ring on NTS and recorded at the 
station ELK. Note that the large, 
late-arriving surface waves from 
the earthquake are poorly devel
oped for the explosion (although 
the relative amplitudes for (he 
other phases are similar); this is 
the basis of the nif, - Ms discrimi
nant (b) L^ spectra from the (a) 
seismograms. Note the existence 
of more high frequency energy for 
the earthquake relative to the 
explosion; this is the basis of the 
spectral-ratio discriminant. 

Earthquake 

Frequency JK*) 
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of the;;/(, - ,Vf_ discriminant: fur an 
earthquake and an explosion of 
similar »//., the earthquake will gen
erally have a greater M... 

Spectral differences are also ob
served between the two sources. 
Although the low frequency spec
tral levels are similar, the earth
quake is characterized by rm-.K high 
frequency energy than the explosion. 

Assessment of 
Individual Discriminants 

We selected 12 regional discrim
inants from Pomeroy et al. (1982) 
that appeared to have promising 
discrimination potential. These 

can be divided into three broad 
categories: 
• Long-period time-domain 

amplitudes. 
• Short-period time-domain 

amplitudes. 
• Spectral ratios. 

The long-period amplitudes U*J 
the ratios of the surface-wave to 
body-wave amplitudes and include 
both measurements of Love and 
Rayleigh waves and of higher mode 
surface waves. The short-period 
discriminants consist of amplitude 
ratios of the prominent regional 
phases (such as L„ to I7.,). The spec
tral ratios were generally formed by 
comparing the frequency content in 

different frequency bands for a given 
phase. 

The onset times of /'„, /',„ and /,,, 
were measured by an analyst and' 
were used to define measurement 
windows for certain discriminants. 
Thus, a total of 144 measurements 
(based on 36 variables per station x4 
stations) was possible for each 
event. However, because of prob
lems such as weak signals, recording 
or processing errors, and station 
unavailability, none of the events 
has a complete set of reliable mea
surements. 

Examples of discriminants aver
aged for the four-station network 
are illustrated in Fig. 3. Two of the 
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plots in Fig. 3 (a and b) illustrate the 
performance of long-period dis
criminants, comparing the relative 
energy of Love and Kayleigh waves 
tt> body waves. As discussed above, 
an earthquake source is expected to 
generate more shear energy than an 
explosion source. In theory, a pure 
compressional source does nut gen
erate Love waves. I lowever, explo
sions can cauM.1 the release of stored 
elastic energy in the Harth's crust, 
and measurable Love waves arc* 
often observed. 

In general, the performance of 
the long-period discrimi.,cmts was 
quite good. However, small magni
tude events do not efficiently gen
erate long-period surface waves, 
and signai-lo-noise ratios are often 
quite poor. For the mt, - M„ discrim
inant, it was often not possible to 
obtain Rayleigh wave measure
ments for frequencies <IU Liz for 
nil, < 3.5 to 4.1)- In contrast, earth
quake M. values were obtained for 
iin, values down to about 2.5. This 
difference in lower .VJ, thresholds 
for earthquakes than for explosions 
could conceivably be used to dis
criminate between the two popula
tions at low magnitudes (using 
negative evidence). Research is cur
rently underway at l.LXL to find 
frequency bands that have the opti
mal signal-to-noise ratios for the 
surface-wave measurements. 

An example of a short-period 
time-domain discriminant U../P,, 
ampli tude ratio) is illustrated in 
I.g. 3c. This discriminant basically 
compares the short-period ratio of 
shear and compressional energy; 
earthquake sources are expected to 
produce a higher ratio than explo
sions. Vhe data slvnv that there is a 
tendency for the ratio to be higher 
lor earthquakes than for explo
s ions but the scatter in the mea
surements is high, particularly for 
the earthquakes, and the results are 
inconsistent. The results from this 
discriminant are typical of many of 
the short-period disc-iminants. 

The short-period regional phases 
propagate efficiently, and the signal-
to- .loise ratios are generally good 
resulting in many measurements. 
However, the nature of the genera
tion and propagation of many of 
these regional phases is quite com
plex. It has been clearly documented 
from both observational and theo
retical studies that complex crustal 
structure has a dramatic effect on 
regional phases. The long-period 
surface waves have longer wa\ - e-
lengths <~30-KD km) than Lv, and/> 
and tend to smooth out the effects 
of velocity heterogeneity. In con
trast, fA, and P, waves have shorter 
wavelengths <~4—6 km) and can 
be dominated by s e v e r i n g effects 
resulting in very complicated 
signatures. 

An example of an L,. spectral 
ratio discriminant is shown in 
Fig. 3d. This discriminant was com
puted as part of a follow-on pilot 
study and was applied to 72 earth
quakes and 64 explosions. The 
1-2 to 6 - 8 Hz spectral ratio was 
computed for each of the three 
phases (Pn, P^, and LJ. The spectral 
ratio discriminant appears to be as 
good as any of the discriminants 
tested on narrow band recording 
systems, particularly nt low magni
tudes. The apparent success of this 
discriminant is based on the obser
vation that earthquakes produce 
more high frequency energy than 
the explosions for magnitudes less 
than -4.5 to 5.5. As discussed above, 
the long-period discriminants show 
good separation between earth
quake and explosion populations, 
but the measurements are difficult to 
make at low magnitudes. In con
trast, the spectral ratio discriminant 
is easy to measure and involves only 
a simple distance correction. 

Our studies showed that a few of 
the explosions were characterized 
by low spectral ratios and were 
consistently misclassified. These 
explosions were found to be "over-
buried"fi.e., they weredetonated at 

depths greater than necessary for 
containment). 

Subsequent studies have shown 
that the spectral ratio may be 
affected by spallation o.' the surface 
layers above the explosion. Spall is 
defined as the parting of near-
surface layers above a buried explo
sion. It is thought to be caused by 
the tensile failure that is the result of 
the interaction of an upgoing com
pressional wave with a downgoing 
tensile wave reflected from the free 
surface. 

Thespalled surface layers are sent 
into ballistic free fall and eventually 
impact with the earth. The result is 
an energy increase in the 0.2-2 Hz 
frequency band. Thus, the signals 
from explosions detonated at nor
mal containment depths are con
taminated by spall and have a 
higher spectral ratio. In contrast, 
overburied explosions do not gen
erate enough energy near the free 
surface to cause significant spall, 
resulting in relatively less low 
frequency energy and a lower spec
tral ratio. This is of concern be
cause, although (he spectral ratio 
discriminant appears to perform 
well, it may be possible to evade the 
spectral ratio discriminant by over-
burying a n explosion to mask 
surface effects. 

Multivariate Analysis 
The misclassification perfor

mance of individual discriminants 
generally ranges from a few percent 
to a maximum nt 4t)'/« at individual 
stations and to 25fv when network 
averages are used. (Thes .. ^c lass i 
fication percentages o:uy apply to 
those events for which measure
ments could be obtained and gener
ally represent 50-75*; of the total 
available data.) 

To reduce misclassilication 
probabilities, we combined certain 
discriminants. For example, the 
mh - A4. discriminant works well 
for nij. > 4, and the spectral ratio 
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discriminant is effective at low 
magnitude?. Standard multivari
ate classification techniques can be 
used to define a discrimination 
function that combines the dis
criminants in an optimum fashion, 
thereby reducing misclassification 
probabilities. 

We investigated the utility of the 
multivariate discrimination tech
nique at each of the individual 
stations and for the four-station 
network. For each event, the mea
sured discrimination parameters 
can be thought of as forming a vec
tor pointing to a location in multi
dimensional hyperspace. The di
mension of the hyperspace is de
fined bv the number of parameters 
measured for a particular event. 

The multivariate analysis is used 
to compute a discriminant func
tion that defines a surface provid
ing the maximum separation 
between the earthquake and ex
plosion populations (Fig. 4). For 
example, the fourdiscrimmants in 
Fig. 3 form a four-element vector 
that identifies .1 point in a four-
dimensional hyperspace. 

It is necessary to transform the 
measurements into variables that 
are insensitive to magnitude, path, 
or features of the nuclear test pro
gram. For example, »//, is not accept
able as a discrimination parameter, 
but ni[, - M$ is. If we had chosen only 
earthquakes with «/, < 4 and explo
sions with mi, > 4, Ihen it would ap
pear that any new, low magnitude 

event would be an earthquake. In re
ality, this apparent separation is an 
artifact of our data selection process, 
and it would be possible to detonr.te 
an explosion with »/;, <4 that would 
be misclassificd on the basis of mag
nitude alone. However, ii'i, - M s pro
vides a measure of the body-wave to 
surface-wave amplitude ratio (with 
appropriate distance corrections) 
and has a fundamental physical 
basis for separating earthquakes 
and explosions. 

The multivariate discrimination 
function takes irto account (1) the 
o priori probability that <\ recorded 
ever t ; s an earthquake or an explo
sion and (2) the costs associated 
wi*h misclassification. In monitor
ing a CTBT, most events recorded 
by an in-country network are ex
pected to be earthquakes or indus
trial explosions; therefore, the 
a priori probability of observing an 
explosion would be set <it some 
small number. The misclflssification 
costs depend wholly on political 
judgments. This is illustrated in 
Fig. 5 for the wb - M<_ discriminant. 
The division lines PX are controlled 
by the product C(Q I X)P(X), where 
P{X) is the a priori probability that a 
recorded event is an explosion, and 
CCQIXI is the cost associated with 
misclassifying an explosion as an 
earthquake. In a CTBTcontext, f(X) 
would be expected to be a low 
value. Thus, PX 0.998 indicates a 
high cost associated with misdassi-
fying an explosion \C(Q IX) large!-
This results in numerous false 
alarms. PX 0.002 indicates a high 
cost associated with mi sdassi tying 
an earthquake [C(X IQ) I;irgel-This 
results in many misidentified ex
plosions (missed violations). PX 0.5 
is the line that best separates both 
populations, e.g., C{Q I X) = C(X IQ) 
and P(X) = P{Q). In our technical 
analysis, we assume eqitfl prior 
probabilities and equal misclassifi
cation costs (PX 0.5), which result 

Population A Papulation B 

Discriminant x 

Figure 4. Example of multivariate analysis in two dimensions used to 
compute a discriminant function that defines a surface that provides the 
maximum separation between two populations (e.g., earthquakes and 
explosions). 
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Q 

• Earthquake 
O Explosion 

— PX0.5 
- " PX 0.002 
- PX 0.998 

Figure 5. Examples of different decision lines based on different choices of 
prior probabilities of oc-.'irrence and misclassification costs applied to the 
ni{, - Ms discriminant. 

in minimizing the average estimat
ed misclassification probabilities. 

Applying the multivariate tech
nique to individual stations for the 
entire data set shows misclassifica
tion rate*! ranging from 3-10% for ex
plosions and 4-26% for earthquakes. 

Multistation discrimination shows 
misclassification probabilities of 0-
2% for explosions and of 3-4% for 
earthquakes. 

A breakdown of the misclassifi
cation probabilities as a function 
of mj, is shown in Fig. 6 for the 

individual stations and the net
work. These plots show that: 
• MisclaF^ification rates are 

generally higher for Wj, < 4. 
• Higher misclassification rates 

are observed for earthquakes 
than for explosions. 

• Significant differences in discrim
ination capability are observed 
between the four stations 
The higher misclassification 

rates for the low magnitude events 
may be due to poorer signal-to-
noise ratios, particularly for the 
long-period measurements, which 
appeared to perform so well 
(Fig. 3a and b). Part of this prob
lem may be that, in general, low 
magnitude events had fewer us
able measurements on which to 
base a classification. 

The higher misclassific :tion 
rates for earthquakes are probably 
due to meir having a wider var.iQty 
of propagation paths, distances, 
depths, and source mechanisms. 
Because all of the explosions were 
from the same region, it is difficult 
to separate out complications that 
can be attributed to the source or to 
propagation. If these explosions 
had been more widely distributed 
over the western U.S., more vari
ability in the explosion data set 
might have been observed and 
discrimination performance might 
have been degraded. 

(a) Probability of misclassifylng an explosion 
>. 0.4 

(b) Probability of mlsclassifyina an earthquake 

3 4 5 6 
Body-wave magnitude (n^) 

3 4 5 
Body-wave magnitude (rr^) 

Figure 6. Probabilities for misclassifying (a) an explosion as an earthquake—a missed violation; (b) an earth
quake as an explosion—a false alarm. 
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Misclassified Events 
Our discrimination studies in

clude the examination of misclassi
fied ex-ents (outliers). Understand
ing iy anomalous events are 
anomalous is important because we 
can use this information to identify 
opportunities for evasion. The most 
important question is: 

Was an event misdassifictl be
cause of some factor that can be 
controlled by the count nt con
ducting the test? 

H the answer is ves, this factor pro
vides an opportunity for evasion. A 
classic example of such a factor is 
cavuv decoupling during which 
the ampli tudes of seismic waves 
from an explosion detonated in a 
large cavity (such as a salt dome) 
can be reduced bv a factor of -70 . 
Detailed analysis of anomalous 
events identified in our study has 
led to an improved understanding 
of explosion source physics and the 
generation of seismic waves. We 
have focused our analysis on low 
magnitude events (W;, < 4), which 
pose the most difficulties. 

As discussed above, the long-
period discriminants provide good 
separation between earthquakes 
and explosions. However, for 
uif, < 4, these measurements are 
difficult to obtain because of poor 
signal-to-noise ratios. The short-
period time-domain discriminants 
are obtainable to small magni tudes 
but show relatively poor separa
tion between the two populat ions 
(Fig. 3c). Our pilot s tudy (Taylor 
et al., 19HB) of spectral discrimi
nants showed good separation 
d o w n to at least w/, = 3.5. However, 
a few explosions conspicuously 
plotted lower in the earthquake 
population (Fig. 3d). Two of these 
three explosions weret-verburied 
(i.e., they weredelonated at depths 
greater than necessary for contain
ment) and were characterized by a 
higher frequency content than 

normally buried explosions. In a 
theoretical s tudy using synthetic 
scismograms, we showed how the 
spallation of the surface layers 
above the explosion could cause 
differences in the spectral content 
between normally buried and 
overturned explosions (Tavlorand 
Randall, 1989). 

One explosion, Queso, was not 
significantly overturned but 
showed a low spectral ratio. We 
noticed that a large (-564 m 3 ) 
funnel-shaped region filled with 
unconsolidated sand existed di
rectly above the Queso detonation 
point (Fig. 7). To determine if this 
region could have affected the seis
mic signals, we compared the 

Queso signals with those from a 
nearby explosion, Pera, of similar 
size a *d burial depth (Taylor and 
Rambo, 1989). Comparison of the 
spectra from accelerometer records 
taken 90 m from the explosions 
show remarkable similarities to 
those at 400 km (Fig. S). This indi
cates that the spectral characteris
tics from explosion sources are es
tablished at very close ranges. 

Our modeling suggests that the 
anomalous region above Queso 
may have partially decoupled the 
upgoing energy resulting in a re
duction of low frequency spectral 
levels. Additionally, the unconsoli
dated sand and voids above Queso 
strongly attenuated the outgoing 

Overton sand from 
206 m to top of liner 

Top of grout and magnetite 

Magnetite from 
214 to 206 m 

Diagnostics 
canister-
framework 

Device canister 

Overton sand from 
bottom of liner to 214 m 

Material in this area is the natural fill 
from the hole collapse 

Figure 7. Queso emplacement configuration. 
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Pera Queso 400 km 
pera Queso 90 m i 

0 10 
Frequency (Hz) 

Figure 8. Comparison of surface 
ground zero and far-field spectrum 
for Q u e s o . 

(or weight) that is subsequently 
input to each of the nodes in the next 
layer. These nodes are conceptually 
similar to the neurons ot the human 
brain. The interconnections between 
each of the nodes represent the bio
logical synapses. To represent the 
firing of the synapses, the output 
from each node is weighted by a non
linear transfer function. 

A number of techniques are 
available for training a neural net
work. We use a backpropagation al
gorithm that allows for learning in 
multilayered feedforward networks 
with nonlinear transfer functions. 
The learning phase basically consists 

of feeding data from a training set of 
known events to the input layers 
(e.g., parameter data, spectral data, 
and waveforms) and setting the 
proper weight to the output nodes 
(e.g., 0 for earthquake or 1 for explo
sion). The backpropngation algo
rithm then iterates u itil the differ
ence between the observed output 
from the ANN and the desired out
put is minimized. Once the weights 
are established, unknown events 
can be input and classified. 

We tested the ANN on a set of 
distance-corrected P„, Pg, and /.iV. 
spectra from a set of 83 western U.S. 
earthquakes and 87 NTSexplosions 

shock wave, therefore reducing the 
energv available for pore collapse 
and the fracturing of surrounding 
rock. This, in turn, resulted in the 
radiation of more impulsive, shorter-
duration waveforms that produced 
a less-rapid high frequency spec
tral decav. These two effects re
sulted in a lower spectral ratio for 
Queso. 

Application of Artificial 
Neural Networks to 
Seismic Discrimination 

In addit ion to evaluating 
multivariate-analysis seismic-
discrimination techniques, we are 
also evaluating the application of 
artificial neural networks ( A W s ) 
to the discrimination problem 
(Dowln et ai., 19SM). Artificial neu
ral networks are designed to mimic 
the pattern recognition processes of 
the human brain and are well-suited 
to classification problems. 

An example of an A W is shown 
in Fig. 4; it consists of many nonlinear 
dements operating in parallel and ar
ranged in patterns that mimic those 
of biological neural nets. The A W 
nodes sum the output from the nodes 
of the input laver and obtain a value 

•&• Earthquake (1) 

•>. Explosion (0) 

Neural 
output 

Single node 

Figure 9. Architecture of an ANN. Seismic spectra are input to a 3-layer 
network of interconnected nodes. Each node weights and sums the input 
from each node in the overlying layer. Output passes through a nonlinear 
transfer **' tion that simulates firing of biological synapses and is input 
into each node in the next layer. The final output is a number between 0 
and 1 (0 is an explosion, 1 is an earthquake, and 0.5 is undecided). 
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recorded at the tour broadband 
LLN'L seismic stations. The spectra 
were sampled logarithmically at 
41 points between 0.1 and 10 Hz 
tor each phase and checked for 
adequate signal-to-noise ratios 
(S/N > 2). VVe found that by using 
even simple A W architectures [82 
input units (for the P^ and L,. spec
tra), I hidden unit and 2 output 
units!, powerful discrimination 
systems c.̂ n be designed. For this 
data set, the rate of correct recogni
tion for untrained data was >93lr 
for both earthquakes and explo
sions at anv signal station. Using a 
majority voting scheme with the 
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Developing Codes to Analyze 
Underground Nuclear Explosions 

and Shock Propagation 
Lewis A. Glenn, Bill Moran, 

William C. Moss, and John T. Rambo 
Shock Physics Group 

The Snack Physics Group has the responsibility of performing analyses and simu
lations in support of the Nuclear Test Containment Program, the Treaty Verification Program, 
and the Weapon Effects Program. We duplicated the hydrocode TENSOR'S capabilities to 
simulate underground nuclear explosions by modifying DYNA2D to run on the Cray comput
ers. We also accurately modeled the aspherical shock propagation of a underground nuclear 
explosion to assist in hydrodynamic yield estimation for verification purposes. 

In the United ?.ates, nuclear tests 
are conducted underground to pre
vent the release of radiation and ra
dioactive debris. The geologies in 
which these tests are conducted can 
be complicated—thev often consist 
of many la vers of material with dif
ferent tonsil--strengths, bulk and 
shear responses, water saturation 
and porositv, as well as faults and 
cracks. Failure to recognize the ef
fec t of different material properties 
and geologic features on the shuck 
wave generated bv the explosion 
could lead to a containment failure, 
as exemplified bv the Baneberry 
Event in 1470, which released radio
active debri^ to the atmosphere 
Ihrough shock-generated cracks that 
extended from the working point to 
the surface. Following the ISaneberry 
Event, numerical simulations of un
derground nuclear explosions (in
cluding Baneberrv) were performed 
lo identify potential containment 
weaknesses. 

Until October NtfK, the numeri
cal simulations were done using 
TENSOR (a two-dimensional, 
l.agrangiiin, linite-ditlerence hydro-
tode). TENSOR was uperatiun.il 
only on the O X 7<MK) computers. 

which were shut down in October 
1LWS. In anticipation of the shut
down of the CDC 7600s, efforts were 
initiated by others to make a version 
of TENSOR that could be run on the 
Cray computers, but these efforts 
were unsuccessful. Consequently, 
wechose to use DYNA2D (Hallquist, 
1987), which is a two-dimensional, 
Lagrangian, finite-element hvdro-
code. We selected DYN A2D because 
it isas!ate-of-the-art hydrocode that 
is used worldwide. It is approxi
m a t e d six times faster than TEN
SOR, lias slide-lines, color graphics, 
and portability (it is easily trans
ferred to other machines). There is 
also a three-dimensional version 
that will allow analyses of very com
plex geologies. 

Our immediate goals were to du
plicate TENSOR'S capabilities. The 
reasons for this were practical, not 
technical- The Containment Evalu
ation Panel, which approves events 
tor detonation based on the proba
bility of successful containment, had 
developed confidence in TEN50R's 
calculations over the past 15 wars . 
We did not want to weaken this con
fidence, so we added those features 
of TENSOR to DYNA2D that are 

necessary to do geologic problems: 
geologic material models, de f i n 
ing, and overburden. We also mod
ified the DYNA2D post-processor 
to produce graphical output of 
quantities relevant to containment 
so that TENSOR and DYN A2D out
put could be compared. We will 
first describe containment calcula
tions, then show how this calcula-
tional capability has been recently 
used by the Treaty Verification 
Program 

What is a Containment 
Calculation? 

A typical numerical simulation 
of an underground nuclear explo
sion consists of constructing a two-
dimensional representation of the 
test geology. The results of well 
loggings, analyses of cuttings, and 
geologic surveys are used to con
struct the numerical representa
tion of the test geology. Colors are 
used to represent different materi
als. Although the geology is three-
dimensional, two-dimensional 
laxisvmmetric about t h e ; axis! 
representations have been found 
lo be adequate. 
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The geology is divided into 
small, discrete elements in which the 
equations of motion (conservation 
of mass, momentum, and energy) 
are difference... and solved. The 
parameters for the material model 
are obtained from experimental data 
when possible or from theoretical 
models xvhen data are not available. 
The cavity (centered at r = 0, z = 0) 
contains the device, which is mod
eled as a gas with an appropriate 
pressure-volume relation. Typically, 
the calculation begins at ~3 ms 
(0.1 Mbar cavity pressure) so that ra
diation can be neglected. The calcu
lation is terminated at -I s, which is 
usually long enough for the dy
namic solution to approach static 
equilibrium. 

In order for there to be "good nu
merical containment," we examine 
the stress field around the cavity and 
thespatial extent of material that has 
failed in tension during the calcula
tion. U'e look for a spatially thick re
gion around the cavity in which the 
in-plane and out-of-plane hoop 
stresses are compressive and exceed 
the cavity pressure. We also require 
a thick region of uncracked material 
between the cavity and the surface. 
We do not want to see a pattern of 
cracks (even if they are currently 
closed) that extend from the cavity 
to tin.., rface. 

in general, interpreting the results 
of numerical calculations and mak
ing conclusions about containment 
is subjective and difficult. The nu
merical calculations are useful be
cause they allow us to do controlled 
sensitivity studies to address partic
ular containment issues that arise. 
These sensitivity studies can be 
done quickly and easily with 
DVNA2D. ' 

Comparisons of 
DYNA2D and TENSOR 

Figure 1 shows contours of the 
nilt-of-plane hoop stress at HDD ms 

for an event planned for hole CJ'SII, 
as calculated by DYN A2D and 
TENSOR. Identical meshes, bound
ary conditions, and material proper
ties were used in these calculations. 

The contour levels (colors) are 
identical in both calculations, 
increasing from dark blue to red. 
Compressive stresses are positive. 
The calculations are very similar. 
The complicated material geometry 
and large number of materials (14) 
with different material properties 
assures us that the agreement is not 
fortuitous and that we have incor
porated the relevant features of 
TENSOR'S geologic model in 
DYNA2D. 

We have compared DYNA2Dand 
TENSOR simulations of events that 
showed good, marginal, and poor 
compressive stress fields around the 
cavity at late times. These simula
tions also were in agreement. Conse
quently, DYNA2D is a reliable tool 
for doing containment calculations 
and can be used for all future LLNL 
containment calculations. 

Calculating Shock 
Propagation for 
Treaty Verification 

The Threshold Test Ban Treaty 
(TTBT) was signed by Presidents 
Bush and Gorbachev in June 1990. 
It was subsequently ratified by the 
United States and the Soviet Union 
and is now in effect. The TTBT lim
its nuclear testing to yields below 
150 kt, a practice that lias been 
observed by the United States for 
the last 15 years but was not man
dated by treaty obligation. Verifica
tion of compliance is an important 
element of any treaty, including the 
TTBT. Seismic monitoring, satellite 
observations, and liydrodynamic 
methods can all be combined to 
verify compliance with the TTBT 
Of the three, the latter is generally 
considered to be the must accurate. 

Hydrodynamic Yield 
Estimation 

Hydrodynamic methods of 
determining the yield refer to using 
the measured strength and/or posi
tion of the shock front to estimate 
the yield. The position of the shock 
generated by the explosion is 
obtained by measuring the length 
of a coaxial cable as it is crushed by 
the shock wave from the explosion 
(Fig. 2). 

An instrumentation system 
called CORRTEX (Continuous 
Reflectometry for Radius versus 
Time Experiment) is commonly 
used to obtain the shock position. 
The hydrodynamic yield of a 
nuclear explosion can then be 
determined by scaling the mea
sured shock radius vs time (R/t) 
curve to a standard R/t curve in 
similar media. The standard (R/t) 
curve can be obtained from a 
hydrocode calculation or can be 
measured experimentally from a 
previous test in a geologic site sim
ilar to the explosion in question. 

Figure 3 is a graphical represen
tation of the hydrodynamic yield 
scaling method. The estimated 
yield, W(f), is obtained by scaling 
the experimental R(t) to the stan
dard Rfi(t), for which the yield is IV,, 
using the formula, 

iwi^/w^ivw^tyy 3 

and different values of R/t. In tlu-
strong-shock region, where the 
pressure is large compared with th, 
rock strength, W(t) will be appro\ 
mately constant and equal to the 
explosion yield. 

The yield determination method 
that uses the hydrc-ode-generaud 
calibration curve is called Emulated 
explosion scaling. The yield method 
that uses data from a previous nu
clear test is called >imih\v explosion 
scaling. Simulated explosion scaling 
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Figure 1, Out-of-plane hoop stress at 800ms for an event in hole U8n, 
as calculated by (a) TENSOR and (b) DYNA2D. 
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Figure 2. Schematic showing the crushing of a coaxial 
cable-

Figure 3. Schematic showing hydrodynamic yield 
scaling. 

is considered more accurate 
because it can account for emplace
ment irregularities and highly 
localized geology, but it requires 
accurate descriptions of the nuclear 
source (Moran and Goldvvire, 1989) 
and the equation-of-state (EOS) of 
the rock surrounding the device. 
The EOS is constructed from analy
ses of shock-wave experiments 
with emplacement region samples 
(cores) and borehole logs of the 
rock near the device. 

Shock Propagation 
near a Nuclear 
Explosion 

In a typical underground nuclear 
test, the device is placed in a cylin
drical canister. The shock emerges 
with an aspherical front that con
verges toward sphericity as it prop
agates. Our ability to accurately 
simulate the shock front is crucial to 
the hydrodynamic yield estimates 
that we obtain because, for typical 
rocks, the yield is roughly propor
tional to the sixth power of the 
shock-front radius. We have there
fore implemented a zone-size-
independent technique that locates 
the shock front from our computer 
simulations. Figure 4 shows the 
qualitative progression toward 
sphericity from an initially dspheri-
cal source. The data obtained from 
our calculations are then analyzed 
for yield estimates and can be used 
to determine any bias due to the 
size and shape of the device canis
ter. Furthermore, our calculations 
provide estimates of the pressure 
and mass velocity at the shock front 
that can be used to evaluate other 
methods for yield estimation. 
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Large-Scale Simulation of Solute 
Transport in Heteror* neous and 

Reactive Porous Media 
Andrew F. B. Tompson and Richard B. Knapp 

Flow and Transport Group 

The ability to model the movement and transformation of dissolved aqueous or 
gaseous che., icals in porous flow systems is important in a number of different scientific dis
ciplines. We report here on our efforts to improve and apply several computational tools that 
may allow us to better understand a number of complex chemical and physical phenomena 
that occur in natural subsurface flow systems. In particular, our studies have focused on exam
ining the effects of material heterogeneities on groundwater flow and transport processes as 
well as on understanding the nature of the chemical interactions that take place in such 
systems. Advances in these areas will be critically important in seeking solutions to the variety 
of hazardous and nuclear waste disposal problems now being faced in the United States and 
other industrialized countries. 

The physic*, of fluid flow and 
chemical transport in porous 
mud in has long been or interest to 
scientists in a number of disci
pline?., including agricultural, 
chemical, and petroleum engi
neering, as well as hydrologv and 
geology. The study of these phe
nomena lias traditionally been 
pursued, for example, in the 
iourse of producing domestic 
water supplies from groundwater 
.ujuii'ers, developing economic 
irrigation practice*., designing 
(.huinical processes in l luidized 
iv.utinn beds, optimizing petro-
li ' i im recoven, or gaining a better 
understanding ol long-term dia-
guiietic and other mineral produc
tion processes. More recentlv, a 
-ijgnitjianl amount ol el fort has 
K e n de\oled to the study ot 
tran-.po'*; and reactive processes 
nssoi jaled with aqueous toxj ~ or 
radioactive materials that have 
br i l l <o)'(.oiiht be) released into 
- ( i b s u r f J t e (Joiv - ys l en i s . 

Because groundwater supplies in 
many parts of the U.S. have been 
contaminated with hazardous 
materials leached from landfills or 
other disposal operations, there is 
an interest both in characterizing 
the extent and evolution of these 
contamination problems and also 
in designing ways to clean up the 
affected groundxvater. There is an 
analogous interest in characterizing 
potential contamination events that 
may result from failures of engi
neered nuclear or other hazardous 
waste disposal systems. Vfanvof 
these research ivities wil l rely on 
predictive mathematical models of 
the natural {low and transport sys
tems, which, in turn, must rely on 
an accurate understanding of the 
relevant phvsi'^1, chemical, and 
biological processes. Much of our 
current research has been aimed in 
these directions, with particular 
emphasis on modeling reactive sol
ute transport and physical pro-
cesses within heterogeneous media. 

Solute Transport 
in Heterogeneous 
Formations 

Subsurface porous materials 
typically exhibit a large degree of 
natural variability in terms of their 
type and spatial distribution. Geo
logic formations that act as flow 
conduits are often characterized In
variable, three-dimensional struc
tures consisting of la vers, lenses, 
and, perhaps, fractures, in various 
materials ranging from sands and 
gravels to clays or rocks. Our abili-
tv to fully characterize or simulate 
the detailed local hydraulic behav
ior (Fig. 1) in actual formations 
over large spatial regions is e\ -
tremelv limited. Because of this, a 
substantial amount of research in 
recent years has been devoted to 
developing more systematic and 
predictive modeling techniques 
aimed at the quantitative descrip
tion of hulk hydraulic behavior 
(Fig. 1) over !arge temporal and 
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rigure 1. Local and large scales of observation. In (a), (c), and (d), local variations in the conductivity K, head 
//, flux q, or concentration r may be easily observed from point measurements in the field. Accurate prediction 
of the flux or concentration fields at this scale will require an extremely resolved computational mesh and data 
set 4b). Since this is impossible in most field problems, we seek to operate on a larger scale in which a coarser 
computational and measurement grid can be used (b). In this case, we seel: to solve mean equations based on 
effective coefficients (at to predict mean hydraulic fields (c) and <dl. We also predict approximate bounds 
around the mean predictions in which local measurements should lie. 
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spnti.il scnles while accounting for 
the influence oi small-scale materi
al variabilities (e.g., Gelharand 
Axness, 1983; Dagan, 1984, 1986; 
Celhar, 1984,1987; Mantoglou and 
Gelluv 1987:i-c, Neuman et al., 
1987; Jraham and McLaughlin, 
1988). Many of the new techniques 
involve the adoption of a statistical 
model of the local material struc
ture and the subsequent develop
ment of large-scale balaim equa
tions written in terms of a set of 
mean or effective coefficients. 
Quantitative measures of the error, 
or variance, between predicted 
bulk hydraulic quanf ties and their 
local field counterpart are also 
predicted (Fig. 1). The effective co
efficients and variance estimates 
are functions of the statistical 
characteristics of local material 
variabilities. 

We have developed ai.d applied a 
detailed transport model for study
ing conservative contaminant 
movements through large heteroge
neous flow systems in porous media 
under constant temperature condi
tions. This model is applicable to 
large, three-dimensional problems 
that include the transport of one or 
mureaqueous chemical constituents 
through saturated or unsaturated 
flow systems characterized by spa
tially variable hydraulic parameters. 
The interest in carrying out these 
simulations steins from a desire to 
validate large-scale theories bv ex
amining the detailed spatial and 
temporal effects of variable flow sys-
teiiT- on developing solute plumes. 
I)i particular, the bulk dispersive be
havior induced by such fields on the 
solute mass distribution can be 
qualitatively measur"d and r.nn-
[•.--rcii with the theoretica! benavior 
predicted by a number of the larger 
scalfstniliaslie models referenced 
above. 

Hie modeling approach re
viewed lure envisions the devel
opment " I del.iik-d synthetic flow 
lields tli.it mrrespond to hypotheti
cal, spatially variable hydraulic 

conductivity distributions, the sub
sequent simulation of solute trans
port within these fields, and the 
analysis of the ensuing hydraulic 
and dispersive behavior. The flow 
problem involves solving 

V iKY/t) = 0 (1) 
on a cubic region £lc (Fig. 2) for the 
hydraulic head h(x), along with 
suitable conditions for h on the 
domain boundary d£lc. In typical 
problems, constant values of// will 
be maintained on two opposite 

faces of the domain, while no-flux 
conditions will be enforced on the 
remaining faces. The local medium 
fluid velocity is determined from 

q = ev = -KVA, (2) 
where e is the fluid phase void frac
tion, or porosity. We adopted a 
seven-point finite difference 
scheme using an iterative solution 
method to solve the flow problem 
IEq. (1)1, from which approximate, 
constant cell velocities can be devel
oped from Eq. (2). Specific details 

Figure 2. Computational flow domain ii( used in the flow and transport 
calculations. Th'j head gradient applied between faces 1 and 3 is shown. 
The initial pulse lucation for the three transport problems discussed in 
text is also indicated. The length of the domain in each direction i is 
50Av, = 25/., where /. is the heterogeneity correlation scale and A.v, = 0.5 
(dimensianlessf. 
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regarding the flow model and its 
solution can be found in the work 
of Ababouetal. (1988). 

The hydraulic conductivity field 
K(x) is represented by 

Kix\ = Kc/,y\ (3) 

where fix) is a second-order station
ary, spatially correlated random 
field (Vanmarcke, 1983;Ce1har, 19S4, 
1986) of mean zero and constant vari
ance 07, and KCi is the geometric 
mean of K, assumed also to be con
stant. The degree of variahi'ity in K 
can be described by the magnitude 
of 07, while the spatial "persistence" 
of K values along some direction / 
can be described by the correlation 
structure of fix), or, in an abbrevi
ated sense, by a set of characteristic 
correlation lengths, /*,-. This is a sim
ple and commonly used model of 
spatial variability and is well sup
ported bv field data <e.g., Hoeksema 
and Kitanidis, 1985). Specific real
izations of this field have been gen
erated for use in the flow calcula
tions from a turning-bands random 
field generator (Tompson et al. 1989), 

The general transport problem 
for a single liquid-phase chemical 
constituent /at constant tempera
ture involves solving the mass bal
ance equation 

H ( € C . ) 

--- ~V i r t / v) -V i.-D V«r,> 
-IK, = 0 (4) 

for the concentration 1 / in 12,• over a 
period of time, subject to a set of ini
tial and boundary conditions fort> 
In this equation, D represents the 
local hydrodyjiamic dispersion ten
sor, and K/is the rate of production 
1 if constituent I via homogeneous or 
heterogeneous reaction, decay, or 
phase chaiv,.'. The local dispersion 
tensor is written as 

0 u i ; \ ' - ' / i i l * ( « , - u , i ^ , <^> 

where r/./ and (tf are dispersivity 
coefficients, '."is Uie molecular 

diffusivity in the porous medium, 
and Vis the velocity magnitude, I v I. 
The simulations discussed here 
consider a single nonreactive solute 
(/</ = 0) in one or more saturated 
systems where e, aL, ar, and ©are 
constant. Typical simulations 
involve injecting a pulse of solute 
within the flow fie! J and moni
toring its motion as it moves within 
the domain £lc. 

Particle Transport Model 

The transport simulations have 
been carried out using a particle-
tracking method. These algorithms 
are based on representing the spa
tial distribution of some extensive 
quantity, such as the mass of a par
ticular chemical constituent, by a 
large collection of particles. The 
"state" of the system at some partic
ular time is defined by a set of at
tributes associated with each 
particle, which may include posi
tion, mass, charge, or constituent 
type. A "simulation" involves 
changing the various particle at-
ti ibutes or the number of particles 
with time according to a set of 
"forces" or other conditions deter
mined by some interparticle rela
tionship, space-dependent field 
property, or boundary condition. 
Our simulations will proceed by 
moving particles through space by 
individual advectK'eand diffusive 
steps computed from a random walk 
model. This method is based on 
analogies between mass transport 
equations and certain stochastic 
differential equations. A particle is 
displaced according to the simple 
relationship 

X" = X" l+A(X'' l.f„ ,1.1/ 

^ B ( X " './,, ,) <iW(f,.>, (6) 

where X" is its position at time level 
in, A is a deterministic forcing vec
tor, oW is a random forcing vector, 
and B is a deterministic, square 
scaling tensor. The vector 5W may 

be written as Z7A/, where Z con
tains three independent random 
numbers with mean zero and unit 
variance, and At = l„- f„_i- If a 
large, yet finite number of identical 
particles associated with constitu
ent / are moved simultaneously, 
then their density //(x,t) will ap
proximately satisfy (Haken, 1983; 
Kinzelbach, 1987) 

The balance of mass for a conserva
tive aqueous constituent is given by 
Eq. (4) with R, = 0. As the particle' 
density// is analogous to£cf, the 
particle method succeeds if A and B 
are chosen from 

A s v + V D t - D - V f (8) 

and 

B B r=2D. (9) 
It is useful to mention that the 
particle approach is evolutionary 
in nature, and that "steady state" 
solutions can only be achieved in 
an asymptotic manner by fixing 
steady boundary conditions 
(Tompson and Dougherty, 1988) 
and letting transients resulting 
from initial conditions de ~ay. 

The computa'ional effort per 
time step used h. this kind of ap
proach will be pioportional to the 
number of particles used (Nfl). More 
conventional finite element or finite 
difference methods will involve the 
solution of N^ algebraic equations 
(where JV„ is the number of grid 
points) and a computational ex
pense that is bounded by <V.T. The 
selection of a method based on 
work estimates will thus depend on 
the values tit N',, and \ r , . 

Below, we summarize a set of 
problems conducted on a cubic com
putational domain ilt composed of 
roughly 101 nodes or cells. Given 
that UV to M)4 particles may be suf
ficient for a one-constituent model 
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(Ahlstrom et ah, 1977), it is clear that 
the particle-tracking method is a 
logical choice for these simulations. 
Note that, because the motion of one 
particle is statistically independent 
from that of another, the algorithm 
Eq. (6) is aptly suited for (an even 
faster) implementation on parallel 
architecture computers. 

Examples 

Three different flow fields corre
sponding to three different conduc-
tivitv distributions were developed 
on the computational region pic
tured in Fig. 2. The flow domain 
was discretized into a set of 
50 x 50 x 50 cells of (dimensionless) 
length A.Y, = 0.5 in each coordinate 
direction. The conductivity distri
butions were developed from 
Ecj. (3> with KQ = 1 and an exponen
tial correlation function in which 
'/.;= 1.0 and a,= 1.0, 1.7, and 2.3. 
Each field resulted from solving the 
system of Eqs. (1) and (2) subject to 
the imposition of constant values of 
//(x) = ±0.05 on the two faces (1 and 
3) of Qt. intersecting the x axis and 
no-flow conditions on all other 
faces. Within each flow field, a 
pulse of 8000 particles was intro
duced in a 4x4 x 4 cluster of cells 
centered at x = 1.5,12.5,12.5, near 
the upstream .Y] face. The particles 
were displaced in time according to 
the algorithm IEq. (6)1 until a rela
tively complete breakthrough 
curve was obtained at the down
stream Y[ face. In all simulations, 
the dispersion parameters Of, o.j, 
and './'appearing in Eq. (5) were set 
lo values of 0.05,0.005, and 0, re
spectively, and approximate cell-
constant velocities were used. The 
time step used in each simulation 
was adjusted so that no particle 
ever traversed a distance greater 
than a fraction of a celt's length. 

Lug-contours of a portion of the 
cnndiiitivilv distribution associated 
with thu third flow probk-m (o =2.3) 

are shown in Fig. Z>. Xotice that the 
initial location of the plume associ
ated with this field straddles a dip
ping zone (green) of high conduc
tivity near the upstream face. A set 
of five three-dimensional contour 
images of the plume associated 
with this field at times 0,33,66,99, 
and 132 are shown in Fig. 4a-e. They 
serve to illustrate the expansion of 
the plume with time and the highly 
variable mass distribution associat
ed with the plume's internal struc
ture and external boundaries. They 
also indicate that a portion of the 
plume quickly moved downward 
though the high conductivity zone, 
while another part remained much 
closer to its initial location. Each 
figure was created by using the 
raw particle count in each cell at a 
given time as an approximate con
centration. Thesmoothed contours 
were developed from a three-
dimensional volumetric imaging 

package (courtesy of Dynamic 
Graphics, (nc, Berkeley, Calif.). 

It is clear from the figures that 
the solute mass distribution ini
tially moves in response to local 
velocities and dispersion pro
cesses, but at later times shows a 
bulk motion consistent with some 
"average" velocity and a spread
ing pattern strongly affected by the 
fluctuations in the velocity field. 
The only way for these bulk charac
teristics to be produced in a model
ing exercise is to either use all the 
computational detail shown here 
(with appropriate resolution of the 
data), or to solve a modified set of 
balance equations (similar to 
Eqs. (l)and (2)| for smoothed or av
eraged quantities, vorcona much 
coarser grid- These are, in fact, one 
of the main products of most sto
chastic models (e.g., Gelhar and 
Axness, 1983; Dagan, 1984; Gelhar, 
1984,1987; Neuman eral., 1987). In 

Figure 3. Schematic illustration of a portion of the 
In Kix\ structure used for the thud flow problem 
from (he same perspective as Fig. 2. Green indicates 
regions of higher conductivity; red indicates regions 
of lower conductivity. 
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<») (b) 

Figure 4. Schematic images of the evolu
tion of the plume associated with the 
third flow problem at dimensionless 
times 0,33, 66, 99, and 132. Red-yellow 
indicate low concentrations; green-blue 
indicate intermediate concentrations;and 
purple-pink indicate high concentra
tions. 
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actual field investigations, the aver
age behavior is meant to be deter
mined from a set of mean equations 
written in terms of bulk coefficients 
that are function* of (measurable) 
structural statistics of the medium; 
local measurements are only expect
ed to lie in a band around the mean 
behavior (Fig. 1). Furthermore, the 
computational expense is expected 
to be much more tractable. 

We would like to compare the 
bulk characteristics of the simulat
ed plumes to the analogous charac
teristics predicted by the larger 
scale theories. More specifically, we 
would like to answer the following 
two questions: 
• Will the bulk plume velocity be 

similar to the average theoretical 
field velocity? 

• Will the bulk rate of its spreading 
be quantitatively consistent with 
predicted larger scale dispersion 
processes? 

The "velocity" of a plume can 
be determined by examining the 
rate of change of the plume's center 
of mass, X(/), defined by 

X U ) = ~ 7 X r J ( f ) , (10a) 

where Nfl is the total number of 
particles and X„(/) is the position of 
the ;>th particle at time t. Plots of 
the X:(r) and X 3(0 vs X,(/) are 
shown in Fig. 5a and indicate that 
the plumes generally tend to move 
in the positive .t-j direction after an 
initial developmental period. A 
plot of the path displacement 

_yn = J|rfX(r)| (10b) 
[i 

is shown in Fig. 5b. These curves in
dicate that the plumes gradually 
come to move with constant (albeit 
different) speeds. The mean field ve
locity based on the stochastic analy
sis of Celhar and Axness (1983) can 
be determined from 

fv = -KVh, (11) 

where Kc is an effective conduc
tivity, equal, in this case, to 

v7/ isa mean head gradient, equal, 
in this case, to -0.004i, and E is the 
porosity. Note that the asymptotic 
direction of motion of each plume 
is parallel with v. The (theoretical) 
velocity magnitudes are compared 
in Fig. 6 with the plume speeds 
and the averaged A-J component of 
the computed field velocities. The 
approximate agreement of all these 
values validates, in some sense, 
the mean behavior predicted in 
Eq.(ll). 

One way in which the three-
dimensional "spreading" of a 
plume can be described is through 
the second-order moment tensor, 
corrected for the center of mass, 

ITU)*- X X ; j ( f ) X ; , ( 0 T 

- x m x < / . i 7 . (12) 

The mean concentration c will sat
isfy the balance equation 

3 tee) _ 

-V- jefV'AU) +E / ( l f ( | / | -Vi"} = 0 , 
(13) 

where VA(f) is a time-dependent 
"macroscopic" dispersion tensor 
and E/()nT/ is D of Eq. (5) evaluated in 
terms of v. If v = constant, then it is 
possible to show that 

rf2« 

->2{A(~ j+E ( ) , f ( l / / | r fX / r f / | l 

= constant as/ ->«, (14) 

where A(«0 isa constant, asymptotic 
value. The primary component of 
the diagonalized form of A(°°) has 
been evaluated analytically by 
Gelhar and Axness 0983) to be 

*„(~) = -V, (15) 
r 

where y = e ' . This result is meant 
to be applicable in systems with 
small variances and local dispersiv-
ities (i.e., a~< 1 and ccL. aT « X). 
Based on the plume simulations, 
we have computed the primary 
component of the diagonalized 
form of X~(t) and plotted it versus 
$p for each of the three transport 
simulations (Fig. 7). The asymptot
ic slopes of these curves were used 
to compute experimental values of 
•4 n t 0 0) / which are compared in 
Fig. 8 with the theoretical prediction 
Eq. (15) and a competing theory of 
Neuman et al. (1987) in which y = 1. 
We generally see a closer agreement 
with Gelhar's work, even though 
the theory is somewhat questionable 
for larger values of oy and the full 
development of asymptotic condi
tions (Fig. 7) may not have been 
achieved over the time frame of the 
simulations. 

We close this subsection by sum
marizing our conclusions from 
these results. We found that simula
tions of flow and transport in heter
ogeneous media can be credibly 
performed if they are carried out in 
one of the following ways: 
• With a high resolution (as done 

here) in which a lai-ge amount 
of parametric data and compu
tational power are required, 

* On a larger scale in which only 
the bulk hydraulic characteristics 
are revealed. 
The nature and scale of most 

field investigations precludes any 
detailed simulations of the type 
considered here from being done. 
Realistic and tractable approaches 
must rely on simulating the larger 
scale behavior as pictured in Fig. 1 
and described inEqs. (11) and (13). 
These equations express the conser
vation of bulk fluid momentum 
and solute mass in terms of a set of 
large-scale, effective medium coef
ficients, such as K(. and AU). For 
many types of heterogeneous for
mations, these coefficients have 
been related theoretically to specific 
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Figure 5. (a) Plots of the X2 and X 3 components of the center of mass X</) vs the X| component for each flow/ 
transport problem. Note: 1.3 refers to the first flow problem, where Cf = 1; 2.3 refers to the second flow problem, 
where o, = 1.7; and 3.3 refers to the third flow problem, where oy = 2.3. (b) Plots of the path displacement s vs 
dimensionless time for each problem considered. 
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Figure 6. Plot of the normalized x, velocity component as determined from the motion of the plume, the aver
age of all calculated field velocities, and the theoretical derivations of Celhar and Axness U983) and Neuman 
et al. (1987). (Runs 1.3U, 1.3D, and 1.31 are not discussed in text.) 
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path displacement <r for each transport problem. 
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Figures. Plots of the normalized asymptotic macrodispersivity component vscsas determined from the exa
mination of the sloped Z*j" vs sf, curves and from the theoretical derivations of Gelhar and Alness (1983) and 
Neuman et al. (1987). (Runs 1.3U, 1.3D, and 1.31 are not discussed in text.) 
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measurable clu racteristics of the 
medium heterogeneity (such as 
Kg, Gf, and ).;). The results in Figs. 6 
and 8 suggest that the predictions 
of these coefficients are approxi
mately consistent with the behav
ior observed in the numerical 
experiments. For realistic fie'd 
applications, this means that such 
coefficients (as estimated from 
measured heterogeneity character
istics) may be used with a larger 
degree of reliability to predict 
gross displacement and spreading 
rates of groundwater contamina
tion plumes. Future work will con
tinue along these lines with added 
emphasis on field applications, 
nonstationary media (in which 
KQ, a,, and /., are functions of 
space), and the effects of chemical 
(e.g., sorption) phenomena and 
unsaturated flows. 

Simulation of 
Reactive Transport 

More often than not the chemical 
contaminants introduced into a 
groundwater environment may 
chemically interact with indigenous 
dissolved chemicals, other liquid 
contaminants, or the solid phase 
minerals in the soil matrix. In many 
cases, these types of interactions 
may act to inhibit or hasten the over
all transport of the contaminants. 
Attempts to predict the transport or 
fate of such chemicals must there
fore take these effects into account. 
The kinds of interactions that may 
occur wiJj depend on the chemical 
characteristics of the contaminants, 
the groundwater, and the soil ma
trix, and may be generally large in 
number. Heterogeneities in the 
chemical phenomena may exist in 
addition to heterogeneities in the 
physical flow patterns. Simulation 
of the transport of one or more reac
tive chemicals through a groundwa
ter regime can be much more 
complex than the nonreaclive simu
lations discussed above. Hence, 

some of our current research efforts 
are now being directed toward de
veloping improved computer mod
els of reactive transport in porous 
media. Ultimately, such models may 
be used to look at the same kinds of 
problems discussed above in which 
both chemical and physical hetero
geneities are present. 

Generally speaking, a reactive 
transport problem involves the so
lution of one or more equations of 
the form of Eq. (4) in which the 
source term Rj does not vanish. 
These problems can be quite com
plex in nature, primarily because of 
the number of chemical constitu
ents that must be considered, the 
range of specific types of interac
tions that may occur, and the com
putational intricacies they may 
introduce (e.g., Oran and Boris, 
1987; Yeh and Tripathi, 1989). One 
may often consider systems com
prising / = 1,2,..., N r chemical con
stituents that may exist in liquid, 
solid, or gaseous states. A "precise" 
description of the physical and 
chemical effects that may occur in 
an (isothermal) system would in
volve the simultaneous solution of 
Eq. (2) and a series of equations like 
Eq. (4) for each constituent, where 
R, = Rfci)and K = K(c,,t)r} = 1,2,..., 
Nc. In addition, these equations 
may have to be solved in conjunc 
tion with a set of algebraic con
straints that represent QjiCj) = 0, the 
effects of equilibrium behavior. 
Furthermore, a similar set of equa
tions may have to be solved for 
solid or gas phase behavior, along 
with appropriate momentum bal
ances analogous to Eq. (2). 

Chemical reactions are typically 
classified as homogeneous in which 
all participant constituents are of 
the same phase, or heterogeneous, 
in which they are of different phas
es. Homogeneous reactions in natu
ral systems can include complexing 
reactions or radioactive decay that 
occur in liquid, solid, and gaseous 
pisses. Heterogeneous reactions 

may include solid phase sorption or 
ion exchange phenomena, mineral 
precipitation and dissolution pro
cesses, or even mass exchange re
sulting from phase change. The in
teractions will be highly dependent 
on the chemical composition of the 
medium and host liquids, on the 
nature of the flow field, and on the 
thermodynamic state (pressure and 
temperature). The way in which 
they are treated in mathematical 
models will depend on the follow
ing: the number of constituents 
present; the time and length scales 
associated with the flow, reactions, 
and simulation goals; and the com
putational or d.Ha limitations. 

Extension of the 
Particle Approach 

The direct solution of a noncon-
servative multicomponent trans
port problem such as Eq. (4) using 
traditional finite element or finite 
difference techniques has been 
discussed widely in the hydrologi-
cal literature (e.g., Nguyen et a!., 
1982; Huyakorn and Finder, 1983; 
Cederberg et ah, 1985; Lewis et al., 
1986) and in the literature of other 
disciplines (e.g., Oran and Boris, 
1987). 

We are currently involved in ex
tending the capabilities of the parti
cle transport model introduced 
above to include the treatment of 
some classes of nonconservative 
problems, with the hope that some 
computational advantages will be 
gained. Within the particle ap
proach, the easiest way to treat the 
gain or loss of constituent mass at a 
point is to periodically apply an 
explicit "correction" algorithm in 
which particles of a specific typeare 
added or removed according to 
models of the relevant chemical 
mechanism. Alternatively, the 
masses of particles may be modi
fied to reflect the same behavior. 
Simple reaction models, such as lin
ear adsorption and biiwv ion ex
change, have been accommodated 
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bv a modification similar to this 
(Ahlstrom et al., 1977; Washburn 
et nl., 19811). The inclusion of more 
complicated processes can pose 
some computational difficulties 
(Gnrvennnd Freeze, 1984) and war
rants careful development of spe
cific, efficient chemistry modules. 

If different types of chemical ex
changes are to be examined simul
taneously, then the individual rates 
of their progress may differ and 
should be used to plan the order in 
which the correction algorithms are 
applied (Nguyen et nl., 1982). The 
fastest tvpe of reactions are those 
that are considered to reach equilib
rium over the characteristic time 
step of a simulation. They have no 
"memory" of the travel path. These 
modifications must be made first 
because the slower phenon:<.;ia 
may depend on their products. 

Slower reactions will attain equi
librium after many time steps of a 
simulation; however, their progress 
mnv be modified bv different con
ditions encountered while moving 
through the medium. It is possible 
that the time step of the simulation 
mav be large enough to prevent ac
curate advancement of the reaction 
products, in which case, a smaller 
time step must be chosen, or an im
plicit correction method must be 
adopted. 

In most cases, these source/sink 
mechanisms are modeled in terms 
of mass concentrations and not in 
terms of mass itself. Thus, the effec
tive application of particle methods 
to nonconservntive problems re
quires interpolation methods from 
the discrete particle system to a 
continuum concentration field and 
vice versa (Hockney and Eastwood, 
1981). The simplest of these schemes 
usually lead?, to concentration esti
mate1- that exhibit a "noisy" behav
ior in space. Xoisy concentration 
estimates may affect reaction mass 
corrections, could cause oscillatory 
heterogeneous equilibria, and may 
propagate certain errors forward in 

time. The noise is an artifact of the 
particle method and can be reduced 
by increasing the number of parti
cles Moused fora given constituent. 
Because the reduction is propor
tional to \/{jNif\, less expensive 
approaches may involve the use of 
modified weighting functions or 
the application of filtering tech
niques (e.g., image processing) to 
smooth the solution (Ahlstromet nl., 
1977; Tompson and Dougherty, 
1988). 

The computational effort per time 
step involved in a coupled multicom-
ponent particle model composed of s 
components will be roughly propor
tional to sN„ + C, where N„ is the 
number of particles used for one con
stituent (assuming a similar number 
is used for all others), and G is the 
cost of evaluating the geochemical in
teractions. This may be compared 
with a bounding cost of (sN^)2 + C 
for an explicit finite element or finite 
difference approach. 

Because the particle method 
[Eq. (6)1 is inherently explicit, the 
treatment of any coupling terms 
must, at first glance, proceed simi
larly. However, implicit approaches 
may be preferred for stability or ac
curacy reasons in conventional ap
proaches, and their necessity may be 
dictated by the relative magnitudes 
of the computational time step and 
the characteristic times of the reac
tion rates. Implicit approaches are 
possible in particle models and will 
necessarily add an iterative loop to 
the cost estimate, regardless of 
whether reactions are present. In 
general, then, the particle computa
tional effort will (minimally) in
crease linearly with the number of 
components considered, as com
pared with (at least) a quadratic in
crease with conventional methods. 
Particle models, then, may be most 
competitive in multidimensional or 
densely gridded problems, especial
ly if the constituent mass is, in some 
sense, localized in some small region 
of the flow domain. 

Alternative Purely Advective, 
Lagrangian Approach 

We have implemented a simpli
fied approach to the solution of 
Eq. (4) for multicomponent systems. 
In this approach, we assume that 
transport by advection is much 
greater than transport via disper
sion and diffusion. In addition, we 
transform Eq. (4) into a Lagrangian 
reference frame by employing the 
substantial derivative to represent 
the time derivative and accumula
tion term: 

D(£C.) 

-DT-£RI = °- ( 1 6 ) 

The governing equation now de
scribes the chemical evolution of a 
hypothetical,constant-density fluid 
packet as it flows along a predeter
mined path line. 

A software package solving this 
system of equations [Eq. (16)| for 
polymineralic, multiple-component 
aqueous systems was previously 
developed by Wolery (1979) in the 
EQ3/6 geochemical modeling 
package. EQ3/6 describes the 
chemical evolution of a single fluid 
packet that flows through a rock, 
dissolves minerals initially present, 
and eventually precipitates new 
product phases. However, in real 
systems, there are multiple fluid 
packets and each succeeding fluid 
packet reacts with the previously 
altered rock as opposed to the ini
tial rock encountered by the first 
fluid packet. 

We have successfully modified 
EQ3/6 to model the chemical evo
lution of multiple fluid packets 
(Knapp, 1989). In addition, we have 
incorporated a quasi-stationary 
state scheme suggested by Lichtner 
(1988), which permits large time 
steps to be taken. The quasi-
stationary state concept is based on 
the fact that precipitation fronts in 
natural systems move exceedingly 
slow (uni/yr). The kinetics of heter
ogeneous reactions and the aqueous 
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transport of components occur at 
much faster rates, resulting in the 
development of steady-state profiles 
upstream of each precipitation front. 
The rates of dissolution and precipi
tation in these steady-state areas can 
be linearly extrapolated through 
time until the dissolution rate 
changes significantly, a reactant 
mineral completely dissolves, 
fluid velocity changes, or inlet fluid 
composition changes. Typically 
these times are on the order of hun
dreds or thousands of vears. Times 
define the duration of the stationary-
state and the magnitude of the time 
step; a fluid packet everv hundred 
or thousand of years needs to be 
modeled instead of even,' single 
fluid packet. 

The modified version of EQ3/6 
has been applied to a test case with 
quartz and potassium feldspar as 
readmits and with a dilute acid solu
tion as the initial fluid. Chemical 
evolution after the first fluid nacket 

is as expected, with first gibbsite, 
then kaolinite, then quartz, and 
finally muscovite coming into equi
librium with the fluid and being 
deposited (Fig. 9). The initial disso
lution of quartz and the dissolution 
of K-feldspar throughout the system 
results in a decrease in their total 
mass, a decrease in their total sur
face areas and, consequently, a 
decrease in their dissolution rates. 
The rate of decrease in dissolution 
rates is low so that the mineralogic 
sequence in Fig. 9 persists for about 
200 years. A fluid packet traversing 
the system at this time will experi
ence a slower chemical evolution 
resulting from the slower dissolu
tion rates. In general, subsequent 
fluid packets will not be in equilib
rium with product phasesdept sited 
by earlier fluid packets at their pre
cipitation fronts. At these points, 
previously deposited minerals 
become reactants causing a migra
tion of the precipitation front 

(Fig. 10). After 1000 years, a small 
zone of dissolving gibbsite, kaolin
ite, and muscovite exists before their 
respective current precipitation 
front locations. Precipitation front 
migration rates are indeed low (jam/ 
yr) (Fig. 11), confirming our use of 
the stationary-state concept. These 
results are generally consistent with 
those presented in Lichtner (1988). 

Our future activities will focus 
on coupling some of the logic with
in this simulator with the particle 
simulator. 
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Figure 9. Paragenesis with quartz 
and K-feldspar as initial reactants 
at 1 yr. Gibbsite, kaoiinite, and 
muscovite are products at this 
time; quartz is a reactant upstream 
but becomes a product as quartz 
and feldspar dissolution rates in
crease the dissolved silica concen
tration. There is a small zone 
where gibbsite and kaolinite coex
ist, and there is also a small zone 
where kaolinite and muscovite co
exist. The precipitation fronts 
move downstream with subse
quent fluid packets (arrows) be
cause of a decrease in the 
upstream dissolution rates. 
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Figure 10. Pangenesis with 
quartz and K-feldsparas initial re-
actants predicted at 1000 yr. In con
trast to the conditions at 1 yr 
(Fig, 9), the secondary minerals 
gibbsite, kaolinite, and muscovite 
are both products and reactants at 
this time. Upstream decreases in 
quartz and K-feldspar dissolution 
rates retard the approach to equi
librium for each of ihese minerals; 
this causes precipitation fronts to 
propagate downstream (arrows) 
and causes minerals previously 
deposited at the upstream margin 
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Oxygen Diffusion in Olivine: 
The Effect of Oxygen Fugacity and 

Implications for Creep 
Frederick J. Ryerson and William B. Durham 

Experimental Geophysics Group 

Our oxygen self-diffusion experiments on single crystals of San Carlos olivine 
f~F 0 oJ at 1200CC < T< 1400°C, oxygen fugacities (f0J along the Ni-NiO and Fe-FeO buffers, 
and on silica activity at the olivine-orthopyroxene buffer indicate that oxygen is not the 
slowest diffusing species in olivine. The activation energy for oxygen diffusion is also low 
compared with that obtained in a majority of measurements of creep in single crystal olivine. 
Hence, if oxygen diffusion contributes to the control of creep in olivine, it must be coupled to 
another process having a nonzero activation energy. A subinvestigation of the rate of 
sublimation from polished olivine surfaces, using a high-resolution thermal balance, showed 
surface erosion rates at 1300°C of 0.13 ± 0.10 nm/h. Such values are far too slow to 
noticeably affect our diff.'s!on measurements at < 140G°C. 

Ionic diffusion in minerals plays a 
central role in controlling the rates of 
processes such .is isotopic exchange, 
mineral growth and dissolution, 
solid-state reactions, homogeniza-
tion of zoned crystals, formation of 
exsolution lamellae, and solid-state 
creep. In recent years, much atten
tion has been focused on diffusion in 
olivine, (Fe.Mg)? SiO^, because of its 
direct relevance to solid-state creep 
or rheology of the Earth's upper 
mantle (Weertman, 1970; Weertman 
and VVeertnian, 1975). Upper mantle 
rheology plavs an important role in 
determining the rate of melt segre
gation, diapirism, and ultimately the 
balance of forces controlling plate 
motion and mantle convection. 

Most stead v-state creep mecha
nisms require diffusion. Depending 
on the material and temperature, 
diffusion rates may directly control 
the creep rate. The dependence of 
diffusion on chemical environment 
arises from the presence of crystal
line imperfections (i.e., point defects) 
within the lattice- Without such de-
feels, diffusion would be exceedingly 

difficult. In terms of the Gibbs Phase 
Utile, each type of defect effectively 
represents a new component. The 
chemical activity of these compo
nents must be defined to completely 
describe the thermodynamic state of 
the material {Smyth and Stocker, 
1975; Nakamura and Schmaizried, 
1983). The diffusion coefficient de
pends on the concentration and 
mobility of crystalline defects, 
which in turn are a function of the 
energetics of defect formation and 
migration (Shewmon, 1963). Be
cause defect concentrations are con
trolled by the thermodynamic con
ditions imposed on tin* material, it 
follows that the rates of diffusion are 
similarly controlled, hi minerals 
containing cations with multiple ox
idation states, the fugacity of oxygen 
f0. may be especially important. 

The central interest in olivine con
cerns its modal dominance in the 
Earth's upper mantle, its probable 
role in controlling solid-slate creep 
in this region, and the possibility 
that solid-state creep in olivine mav 
be lattice diffusion-limited. 

Before laboratory measurements 
of lattice diffusion-limited creep 
can be extrapolated to mantle 
strain rates, it must be established 
that creep in the upper mantle is 
similarly lattice diffusion-limited. 
Once established, it may be possi
ble to predict the dependence of 
creep rate on external conditions 
from the dependence of the diffu
sion rate-on external conditions. The 
strongest case for lattice diffusion-
limited creep can be made by dem
onstrating that the creep rate and 
the lattice self-diffusion rate have 
the same dependence on external 
conditions. 

The primary goal of our s tudy is 
to determine the effect of varia
tions in oxvgen fugacity on the rate 
of oxygen self-diffusion in San 
Carlos olivine (~F t ) ). The !\} de
pendence of oxygen diffusion is 
compared to that tor creep to im
prove our physical unders tanding 
of the constitutive law for creep in 
olivine, a necessary step toward 
improving confidence in large ex
trapolations in strain rate. 
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Experimental 
Procedures 
Surface Preparation 
and Orientation 

The starting materials for the 
experiments were two single crys
tals of San Carlos olivine, both 
about 2 cm in diameter, chosen on 
the basis of clarity and the absence 
of inclusions and fractures. We ori
ented the crystals using optical and 
Laue back-reflection techniques. 
We cut slabs ~1 mm thick from the 
oriented crystals using a rotary dia
mond saw. We selected two orienta
tions, parallel to the [0101 and 1100] 
crystallographic planes. We then 
polished the slabs to 0.3-mm AI2O3. 
At this point, we set aside some of 
the material and gave it no further 
surface preparation. The remaining 
material was chemically etched in a 
dilute HF solution (HF:FbO = 1:10 
by volume) for 10-15 s. Again, we 
set aside a portion of this material 
and gave it no further surface prep
aration. We ion-milled the remain
ing material for 4 hr using Ar ions 
under an accelerating voltage of 
4kV,a milling angle of 15e from the 
horizontal, and a beam current of 
150 mA over a target area -20 mm 
in diameter. The surface prepara
tion protocol resulted in three 
groups of oriented olivine samples: 
polished only (P), poiished and 
etched (PE), and polished, etched, 
and milled (PEMJ. Asa final step, 
we cemented the slabs to para
graphic slides and cut them into 
prisms with dimensions of approx
imately 3 x 5 x 1 mm. 

Pretreatment of Olivine Samples 
The diffusion of any atom in a 

crystalline material depends on the 
concentration of the appropriate 
point defects within the :̂ ystal, 
which in turn are determined by the 
chemical parameters of the compo
nents within the system (e.g., 
Kroger, 1974; Schmal/iried, 1981). 

Thus, in an investigation of diffu
sion in crystalline materials, one 
must control as many of the inten
sive chemical variables as possible. 

The time necessary for the point-
defect equilibration in olivine de
pends on the mobility of the point-
defect and the dimensions of the 
sample (e. g., Yurckand Sehmalzried, 
1974). Mobilities can be obtained 
from the relaxation times observed 
in measurements of various point-
defect-rclated phenomena. Follow
ing a change in fa,, relaxation times 
in creep tests in the range 1200-
1400°C are also typically 1 hr or less 
(Mackwelletal.,19S8).Thoseauthors 
concluded that ifcreep is limited Lv 
dislocation climb, re-equilibration 
of minority as well as majority de
fects must occur within the ob
served relaxation time. Electrical 
conductivity is also controlled by 
the concentration of majority de
fects; conductivity measurements 
in olivine attain new equilibrium 
values in times typically less than 
1 hi tor temperatures above 1200CC 
following a change in f0 (Schock 
etal.,1989). ' 2 

The relaxation data on natural 
olivines indicates that the times for 
equilibration of point defects in 
samples on the order of 1 -mm thick 
are relatively rapid, ~1 hr at tem
peratures above 1000°C. To ensure 
that the olivine samples attained 
point defect equilibria prior to the 
introduction of l s O, we prean-
nealed the samples in flowing CO/ 
COT for times greater than or equal 
to those to be used in the diffusion 
anneals, fn all cases, the preanneais 
were longer than 24 hr and the fa, 
and T were always identical to 
those used in the diffusion experi
ments. We performed the prean
neais in a stand; rd Deltech furnace 
equipped with an AUO^ muffle 
tube and gas-mixing apparatus, and 
monitored the fa, with a zirconia 
sensor cell. The sample assembly 
consisted of the prepared olivine 
crystal, which sat in a sample boat 

fabricated from powdered San 
Carlos peridotite sintered at 1100CC 
on the Ni-NiO buffer. We suspended 
the sample assembly from an AhO-* 
rod with Pt-Pt 30% Rh wire; the 
sample boat prevented the Pt-Pt 
30% Rh wire from coming in con
tact with the olivine crystal, thereby 
preventing loss of iron to the wire 
under reducing conditions. 

Surface Sublimation 
Experiments 

An early concern in our study 
was that surface sublimation might 
displace the effective position ot the 
sample surface with respect to the 
diffusion profile during a high-
temperature diffusion anneal. We 
performed an experiment to study 
the sublimation rate of San Carlos 
olivine under conditions duplicat
ing those of our diffusion anneals. 
In addition, we attempted to repro
duce the sublimation in pvire for-
sterite observed by T. Shanklnnd 
(unpublished) and by Durham etal. 
(1979). For both studies, we used a 
high-resolution thermal balance 
built to measure changes in nonsto-
ichiometry in oxides Oiecl mann, 
1981). We cut thesamples into round 
discs with a diameter of -7.5 mm 
and a thickness of -0.9 mm. We ori
ented the forsterite discs normal to 
11001; we did not cut the olivine 
discs to a preselected crystallo
graphy orientation. From the orien
tation of characteristic 10101-plane 
microfractures often observed in 
San Carlos olivine (e.g., Wanamaker 
and Evans (1985)1 and from the 
shape of the starting crystal, we es
timate that the normal to the olivine 
discs was about 70° to ',0101- We 
polished all discs on both sides, but 
did not acid etch or ion-mill them. 

Samples in the thermal balance 
sit in an AI5O3 basket that is sus
pended at the end of a platinum 
wire or, for FU-rich atmospheres, a 
thin Al20;, tube fastened with W 
wire- The activity of oxygen is 
established by flowing CO/C0 2 
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gas through the sample chamber, as 
is done in the prcannc.il of the dif
fusion samples. VoIatilizat'Oii of 
platinum or tlie reaction of plati
num with olivine (alloying of iron 
with platinum depletes the olivine 
in iron causing die formation of or-
tliopvro:.ene and the liberation of 
Cy (Kohlstedt and Mackwc-11,1987; 
Jaoul et al., 19S7). This would lead 
to higher weight losses than that 
caused solely by olivine sublima
tion. Aside from weight losses 
caused solely by die loss of Oi, up
take of Fe by the Pt would not be 
eVietfed t«- rn« ttwrrmal Vjabmte be-
cause the weight monitored is that 
of the entire sample assembly and 
not that of the sample alone. 

Oxygen-Diffusion Experiments 
The meet difficult aspect of the 

oxygen-diffusion experiments is the 
simultaneous control of both oxygen 
fugacity and the isotopic composi
tion of the gas. The /o, must remain 
constant during the course of an ex
periment. It is desirable that the iso
topic composition of the gas reser
voir remain constant. This ensures 
that the experiment does measure 
diffusion in a semi-infinite medium 
from a well-stirred reservoir of con
stant composition. In these experi
ments, we used mi:.£ares of CO and. 
C 0 2 that are 99% enriched in l s O. 
We constructed a closed-system vac
uum furnace in which a small sam
ple '.-160 mL) of isotopically en
riched gas can be recirculated 
through the furnace hot zone and 
then recaptured at the end of the ex
periment (Fig. 1). 

The system is based on a standard 
Deltech funiau1 with a small-bore 
(12.7-mm) A\2Oj muffle tube. The 
muffle tube is connected to a sorp
tion pump and gas-supply system 
by water-cooled vacuum fittings at 
both endsof the tube. Other than the 
muffle tube, all of the valves, tubing, 
and gas-storage bottles in the system 
are standard stainless-steel, high-
vacuum pressure fittings. The upper 

Vacuum furnace 

J], © 
TT 

\J 

Pressure gauge 

jyxl *•""* storage 

u 
5TT 
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pump 
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Figure 1. Schematic of the vacuum furnace, [pump, and gas storage assem
bly used for the oxygen-diffusion experiments. 

fitting on the muffle tube has a vac
uum feed-through to allow position
ing of the sample assembly in the 
furnace. 

We conditioned the muffle tube 
itselt JII 1 8 0 at 1200°C for as long as 
a week prior to any diffusion exper
iments to minimize tlie exchange of 
1 8 0 with the tube during the diffu
sion experiments. As in the prean-
neals, the sample assembly was 
made of boats of sintered San Carlos 
peridotite connected by Pt-Pt 30% 
Rh wire. These boats minimized 
!ine-of-sight contact between the 
noble metal wire and the olivine 
crystal and eliminated contact be
tween the d iffusion sample and the 
wire. This assembly allowed two 
olivine crystals (different orienta
tions) to be pla r 'd in the hot zone of 
the furnace, along with ;;alid buffer 
material (Fig. 2). 

To control frj, during the diffu
sion experiments, wcused solid Ni-
MiO (NNO) and Fe-FeO (IW) buff
ers as an integral par! of the sample 
assembly {Fig. 2). For runs conducted 
at NNO conditions, w*c placed a 

Figure 2. Schematic of the sample 
assembly used in diffusion anneals 
containing pretreated olivi/ie crys
tals and buffers. 

1989/90 Earth Sciences Report 

http://prcannc.il


553 726 
£ (keV) 

Figure 3. Typical a spectra obtained from an oxygen-diffused olivine 
sample during nuclear reaction analysis. 

Xi-met.il cup filled with Xi l s O and 
Xi-metal powders in the sample as
sembly, which we then filled with a 
CO/C0 2 gas that was 99',-J C 0 2 by 
volume. We prepared the Ni 1 sO by 
oxidizing Xi-metal powder in I J ,Oat 
1200cCforl hr. 

At the beginning of each experi
ment, we heated the furnace to run 
conditions. We attached the sample 
assembly to the feed-through sam
ple rod assembly, which we con
nected to the muffle tube with the 
sample rod retracted to keep the 
sample assembly in the cold region 
of the furnace (~30"C). We used a 
sorption pump to evacuate the fur
nace to a pressure of -1 Pa. After 
evacuation, we isolated the pump 
and added the l s O enriched gas to 
the furnace until the pressure in the 
system was -0.1 MPa. We then 
moved the sample from the cold 
end of the furnace to the hot zone. 
The sample reached the experimen
tal temperature in 5-10 m. Because 
most of the diffusion experiments 
lasted longer than 8 hr, the duration 
of sample heating is expected to 
have a negligible effect on the ob
served diffusivities. At the end of 
the run, we retracted the sample 
rod and assembly to the cold end of 
the furnace. The sample assembly 
cooled quickly after retraction. For 
instance, a run at 1205CC cooled to 
170"C within 6 min after being re
moved from the Jot zone. Diffusion 
taking place during sample cooling 
is negligible. Whin the sample 
assembly reached room tempera
ture, w<j pumped the i,K0-enrichod 
gas from tlu furnace with a liquid-
nitrogen-cooled, stainless-steel, 
gas-storage cylinder. 

Analytical Procedures 
We measured the oxygen diffu

sion profiles by the nuclear reaction 
'*0(/». «) H X. This technique has 
been used to obtain depth profiles 
in a number of oxygen-diffusion 
studies (Choudhurv et nl., 1965; 
Robin et a!., 1973; Jaoul et a'. V-W, 

1981; Reddy and Cooper, 1982). 
When a sample containing I R O is ir
radiated with monoenergetic pro
tons, the reaction , s O (p. ot)15N is 
induced, producing a particles. The 
energy of the ct particles as they 
leave the sample depends on the 
depth in the sample from which 
they were generated, whereas the 
intensity of the a-particle signs! at a 
given energy depends on the con
centration of I 8 0 at a particular 
depth. A typical energy spectrum 
from an olivine sample subsequent 
to an O-diffusion anneal is shown 
in Fig. 3. The relationship between 
the energy of a-parricles and their 
depth of emission is illustrated in 
Fig. 4. The protons strike the sam
ple surface with an initial energy 
Ef>. As the protons pass through the 
sample, they lose energy because of 
coulombic interaction with the 
sample. The energy at any depth is 
given by E,i(X), and the rate of 
energy loss is a function of the sam
ple ^imposition. At depth X ,̂ the 
reaction occurs, and an a particle is 
produced. The reaction is exogeric 
(Q ~ 3.97 MeV), and the energy of 
the a particle at depth XK is given 
by Eu(Xfi). As for the protons, o. 
particles leaving the sample lose 
energy; the energy at any depth X is 
a function of X and the depth of 
emission XK and is given as EU(XK, 
X). The rate of energy loss is largely 

a function of sample composition. 
As it leaves the surface of the sam
ple, the a-particle energy is solely s 
function of its depth of origin 
£ a(X R , O). The a-particle energy 
spectrum observed will be a convo
lution of the O depth profile and 
spreading factors due to beam en
ergy spread, the straggling of pro
tons and a particles. The depth 
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Figure 4. Energy-depth relations 
for incident protons and product 
a-particles during nuclear reac
tion analysis. 
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profile is obtained by deconvolu
tion of these effects. 

Data Reduction 
We deconvoluted the energy 

spectra to obtain depth profiles, ' O 
vs depth. We obtained diffusivities 
from the depth profiles by fitting 
the data to a solution to Fick's sec
ond law for one-dimensional diffu
sion into a semi-in finite medium 
from a surface held at constant 
composition (Crank, 1975). As in 
many diffusion experiments, it is 
difficult to obtain the surface con
centration directly from the depth 
profile because of the finite depth or 
spatial resolution of the analvtical 
technique. Following the procedure 
of Watson et al. (1985), we (1) esti
mated the value of C(1 from the 
depth profile. (2) fit a straight line to 
the inverted data using this value, 
and (3) assessed the quality of the 
estimated surface concentration. 

Results and Analysis 

Sublimation Experiments 

We annealed two discs of pol
ished San Carlos olivine and two 
discs of synthetic forsterite in the 
thermal balance. We ran all samples 
at T = 1300°C. The olivine samples 
were run a t / a = 3.3 x 10"2 (NNO 
buffer); we ran the forsterite sam
ples in a gas mixture of 59c H2 and 
95% Arata total pressure of 50 kPa. 

We heated the first olivine run 
for 770 hr. The olivine showed a 
decelerating mass loss amounting 
to 20 mg over the first 10 hr of the 
anneal, 11 mg over the next 90 hr, 
and 2 mg over the remaining 57 hr. 
Blind runs before and after this an
neal showed the balance to be very 
steady. On the basis of a mass loss 
of 2 mg/57 hr, the surface erosion 
rate from the sample averaged 0.13 
nm/hr, or -1 unit cell spacing 

every 5 hr. The resolution of the 
measurement is about 0.1 nm/hr. 
These rates of sublimation are too 
small to affect the measured diffu
sion coefficients. 

Diffusion Experiments 
We conducted diffusion experi

ments between 1200°C and 1400aC 
at both IW and NNO conditions 
for the [1001 and [010] directions 
(Table 1). In all cases, orthopyrox-
ene was in excess (as a component 
of the peridotite sample boat). The 
profiles obtained in all of our exper
iments are in good agreement with 
the solution to Fick's law for the 
idealized one-dimensional geome
try. Potential artifacts caused by dif
ferences in surface preparation 
have been eliminated or at least re
duced to a constant level in this 
study. 

An additional criterion that 
must be satisfied bv all diffusion 

Table 1. Experimental conditions and results. (IW is the Fe-FeO buffer; NNO is the Ni-NiO buffer; P is polished; 
E is etched; M is Ar-ion milled.) 

Sur face T e m p e r a t u r e T i m e D 
R u n p r e p a r a t i o n D i r e c t i o n (°C) B u f f e r (s) (mV 1 ) 

OA-1 I ' 11001 1198 N N O 1 .73x10 ' 2.78 X 1 0 ~ 2 0 

OA-2 PE 1100) 1198 N N O 1.73X10? 3.10 x 1 0 " 2 0 

OA-3 I'EM 11001 1198 N N O 1.73 X 1 0 5 2.75 X 1 0 " 2 ( l 

OA-4 P 11001 1302 N N O 1.75 x l O f 2 . 1 0 X 1 0 " " 
OA-3 PE 11001 1302 N N O 1.75X10' 1.95 X I O " 1 9 

OA-6 PEM 1100) 1302 N N O 1.75 xUf 1 .76X10" 1 9 

OA-7 PHM 1010) 1206 N N O 6.78X10;; 2.78 x 1 0 " 2 " 
OA-8 PEM 1100] 1206 N N O 6.78 x 10 ' 2.06 X 1 D " 2 0 

OA-9 PEM 1010) 1203 N N O 1 .72x10 ' 2.58 x 1 0 " 2 " 
OA-10 PEM [1001 1203 N N O 1 .72x10 ' 3.43 x 1 0 " 2 " 
OA-11 I 'EM 1100) 1300 N N O 7.45 x l o f 1.56 x JO" 1 ' ' 
OA-12 PEM 10101 1300 N N O 7.45 x 10' 4.03 x 1 0 " " 
OA-13 PEM 11001 1398 N N O 2.14 x i n 5 1.04X 1 0 " I S 

OA-14 I'EM 10101 1398 N N O 2.14 x 10; 1.94 x H I " 1 8 

OA-15 PEM H00I 1100 N N O 4.31 x 1(1' 5 . 1 2 x l f l " 2 1 

OA-1 ft PEM 10101 1100 N N O 4.31 X 10 ' 2.66 X 1 0 " 2 1 

OA-17 PEM 11001 1401 IW 2.10 x I f f 1 1.35 x l O " 1 " 
OA-1S PEM 1010) 1401 IW 2.10X10;! 2.04 x 111" " 
O A - I 9 I'EM [0101 1301 IW 2.56 x HP 2.26 x I I ) " 2 ' 1 

OA-20 J'EM 11001 1301 HV 2 . 5 6 x 1 0 ' 1 .56X10" 2 " 
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studies is the constancy of the mea
sured diffusion coefficient as a 
function of time. Failure to meet 
this criterion may indicate the pres
ence of a transport path other than 
lattice diffusion or chemical changes 
in the sample itself. Given the dem
onstrated reproducibility of the 
measurements, the constant value 
of the diffusion coefficient with 
time, and diffusion profiles consis
tent with the idealized initial and 
boundary conditions, we are confi
dent that lattice diffusion is theonlv 
significant transport process being 
measured in these experiments. 

The effect of temperature is 
much more pronounced than that 
of orientation. .Most surprising, 
however, is the magnitude of the ef
fect caused by changing f'o (Fig- 5). 
For instance, runs OA-13 and OA-
17 were both performed at 1400°C 
in the I '(Klj direction for compara
ble durations. OA-13 was con
ducted at W O conditions, while 
OA-17 was conducted at IVV condi
tions, a difference of four orders of 
magnitude in f 0. The resuming 
profiles indicate that diffusion is 
more rapid at W O conditions, i.e., 
oxygen diffusion in olivine has a 
positive t'o dependence. The effect 
of changing the fo from IIV to the 
W O buffer is comparable to that 
produced by a 100C change in 
temperature at fixed f0_ and orien
tation. 

The results of all experiments 
are summarized in Fig. 6 as an 
Arrheniusplot of log D vs l /T .The 
lines on Fig. 6 are least-squares fits 
to the data obtained for a particu
lar buffer and along a particular 
direction. For a typical Arrhenius-
type treatment of the data (Tas the 
only independent variable), the 
slopes of these lines yield the acti
vation energy. It is important to 
recognize that, because the present 
experiments were conducted with 
solid buffers, '/"and f() cannot be 
varied independently. Hence, the 

slopes obtained from fitting the 
data in Fig. 6 yield only "apparent" 
activation energies. The oxygen-
diffusion coefficient varies as a 
function of both T and /Q, , so the 
variation in diffusion coefficients 
obtained along a given buffer 
reflect the effects of varying both 
T and / 0 , . 

There" is a clear separation be
tween the results obtained under 
N N O and IW conditions at all tem
peratures. Diffusion at N N O con
ditions is always significantly 
faster at any temperature and for 
any orientation. Results for the IW 
runs indicate that diffusion in the 
1010] direction may be slightly 
faster than that in the [100]. The 
apparent activation energies for the 
IVV experiments are 481 kj-mol" 1 

and 472 kj-mol" 1 for I0101 and 
[1001, respectively. At NNO, the 
diffusivities for the two orienta
tions are again very similar. How
ever, at temperatures greater than 
1200°C, the 1010] direction is faster 
than the [1001, and at temperatures 

below 120O°C the 11001 direction is 
faster than the 10101. This results in 
apparent activation energies that 
are different for the two directions. 

The true activation energy for 
oxygen diffusion in olivine, 266 
k j m o l - 1 , is significantly less than 
the apparent activation energies de
termined from the N N O and Un
buffered experiments. 

In the context of understanding 
the point-defect chemistry of oliv
ine, the most important result of 
this study is the positive depen
dence of oxygen diffusion on /o , . 
Both oxygen and silicon diffusion 
in forsterite are insensitive to varia
tions in fo,- Our results yield a 
dependence of oxygen diffusion on 
/ o . to the power in ~ 0.2. The value 
oi'm ~ 1 / 6 has also been observed 
for Mg-Fe interdiffusion (Buening 
and Buseck, 1973), and a value of 
0.2 has been observed : >r tracer dif
fusion of Fe in olivine Hermeling 
and Schmalzried, 1984). Because 
both ox\ gen i.:\u silicon diffusion 
in forsterite {Fe-free) are insensitive 

y 0.6 

0 0.5 " " " 1.0 1.5 
X fiim) 

Figure 5. Comparison of depth profiles obtained at N N O and IW conditions 
in the (1001 direction at 1400 C. 
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Figure 6. Arrhenius plot of "apparent diff usivities" for the NNO and IW 
buffers in the |100] and 10101 directions. 

to variations in /Q , the positive de
pendence of diff usivities in olivine 
on /Q I appears to be associated with 
the presence of Fe in the lattice. 

Discussion 
Point-Defect Chemistry 
vs Diffusion 

The point-defect chemistry of a 
crystalline solid is a function of its 
composition and extemnllv imposed 
physical and thermodvnamic con
straints. The point-defect chemistry 
of olivine has been the subject of a 
number of theoretical treatments 

over the last two decades (Smyth and 
Stocker, 1975; Stacker, 1978a, b; 
Stocker and Smyth, 1978; Nakamura 
and Schmalzried, 1983, and others). 
Although diffusion is not necessarily 
impossible in a perfect crystal, steric 
complications argue that, energeti
cally, it should be extremely unfavor
able. The variation in diffusion coeffi
cients with changing external 
conditions can be related to varia
tions in point-defeel chemistry. 

Oxygen-vacancy-controlled dif
fusion is a mechanism commonly 
proposed for oxygen diffusion in 
olivine (e.g., Kicoult and Kohlstcdt, 

1985). Given the size of the oxygen 
anion relative to that of the inter
stices in such crystals, it is reason
able to expect that oxygen diffusion 
will always take place by a vacancy 
mechanism. Oxygen vacancies 
should disappear with increasing 
/o,, causing a decrease in oxygen dif-
fusivity. Hence, an inverse correla
tion between/o, and oxygen diffu
sion is a logical expectation. The 
concentration ofovygen vacancies 
in orthopyroxene-buffered olivine 
varies as the -1 /6th power of fo, 
(Stocker and Smyth, 1978). The va
cancy concentration and D 0 should 
both decrease with increasing / Q , 
D 0 measured in our experiments 
increases with increasing/G,; hence 
we must conclude that oxygen dif
fusion in olivine is not controlled by 
an oxygen-vacancy mechanism. 
However, the concentration of dou
bly charged oxygen intersritials Of 
would control diffusion by either 
an interstitial or interstitialcy mech
anism (Shewmon, 1963). The con
centration of Oj is expected to 
increase as the +1 /6 power of / 0 , 
(e.g., Stocker and Smyth, 1978). ' 
This exponent is close to the value 
of 0.2 measured here. Based on this 
similarity, it is enticing to conclude 
that oxygen diffuses by an intersti
tial mechanism. Indeed, Hobbs 
(1983) and Ricoult and Kohlstedt 
(1985) suggested thai the diffusion 
of oxygen by an interstitial mecha
nism is the diffusive step control
ling olivine deformation. The diffi
culty recognized by both groups 
was the steric complication intro
duced in the close-packed olivine 
structure by a large interstitial 
oxygen anion. The size of the oxy
gen anion (with charges of either -2 
or -1) is simply too large to occupy 
any of the available interstitial sites 
in olivine. 

In summary, the precise diffu
sion mechanism foroxvgen in oliv
ine cannot be determined from the 
currently available data. It can, 
however, be stated thai oxygen 
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diffusion in olivine does not take 
placebv a vacancy mechanism. The 
simplest explanation for the data is 
one of oxygen diffusion by on oxy
gen interstitial mechanism, as the/o, 
dependencies in both buffered oliv
ine and torsterite correlate with the 
concentration of Of expected from 
point-defect chemistry. The over
riding argument against this mech
anism is the large size of the oxygen 
anion relative to that of the inter
stices in the olivine structure. The 
concentration of Of in olivine is ex
pected to vary with the activity of 
enstatite. The exponent for this 
dependence is -2/3 (Stocker and 
Smyth, 1978). Hence, at fixed/a 

and T, DQ should decrease with 
increasing activity of enstatite. 

Implications for Creep 

"Creep" is a process whose pre
cise description (e.g., activation 
energy, f0) depends on external 
conditions. Different creep mecha
nisms abound for po1vcrvst<~!!ine 
olivine Jsee deformation maps. 

e.g., those of Stocker and Ashby 
(1973)1. Within the realm of intra-
crystalline dislocation creep, differ
ent slip systems have different con
stitutive descriptions, and, as re
vealed by a recent study by Bai 
etal. (1991), even thesedescriptions 
have a multiplicity depending on 
whether one buffers the SiO^ activ
ity with enstatite or magnesiowus-
tite. if creep of olivine is limited by 
the oxygen diffusion or diffusion of 
some other component, then there 
should be some similarity in the 
way in which creep and diffusion 
depend on external conditions. 
Table 2 compares the temperature, 
/o., and pressure dependence of 
creep, oxygen diffusion, and static 
recovery. 

Considered in light of the data of 
Bai et al. (1991), it is easy to find 
agreement with our values of m = 0.2 
and Q = 266 kj mol"1. In most cases, 
however, the activation energy for 
creep is well in excess of that mea
sured for oxygen diffusion. This re
sult implies that, if oxygen diffusion 

does play a part in the creep mecha
nism, it may be only part of a rate-
limiting sequence. The entire creep 
process may be composed of a num
ber of processes in such a way that 
the activation energy and in value 
{i.e.,/o, dependence) for creep are 
equal to the sum of the activation en
ergies and m values, respectively, of 
its parts. Note that the m value of 
processes coupled to diffusion in the 
rate-limiting sequence must beclose 
to zero if the m values for creep and 
oxygen diffusion are approximately 
the same (Ricoult and Kohlstedt, 
1985). 

A plausible rate-limiting sequence 
involving self-diffusion is jog forma
tion plus diffusion (Gueguen, 1979; 
Hobbs, 1983; Ricoult and Kohlstedt, 
1985). Ricoult and Kohlstedt (1985) 
argue on the basis of point-defect 
models that the concentration of 
negatively charged jogs should 
show m = -1 /6 and that the concen
tration of positively charged jogs 
should show m = +1 /6. Adding 
these values to our result, m = 0.2 

Table 2. Creep, recovery, and oxygen self-diffusion in olivine. Measurements made under enstatite buffer except 
as noted. ~~ i"{ exp | - < Q + PV~\ /RT |1 

Process 

Creep 

Rec 

QkJmoP 1 V* cm 3 moP 

Value References1* Value 

1/6'1 

0 
0-0.34 

-0.05 ± 0.04'1 

1,2,£ 
1 
3 

523 
448 
240-1000 
564'1 

323'1 

389'1 

Referencesb Value Referencesb 

18'1 

19'1 

14'1 

Oxygen diffusion 0.2 This study 265 This study 

^Unbuffered test. 
''References: 
1. Ricoult and Kohlstedt (1985) 
2. Kohlstedt and Hornack (1981) 
3. Bai etal. (1991) 
4. Coet/eand Kohlstedt (1973) 
5. Kohlstcdtet al. (1980) as corrected by Karato (1981) 

6. Ross et M. (1970) as corrected by Kohlstedt et al. (1980) 
7. Karato and Ogawa (1982) 
8.jaouletal. (1980) 
9. Karato and Sato (1982) 
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covers the extremes in m for creep 
that Bai et al. (1991) found. Both 
tvpes of jogs may limit creep in sin
gle crvstal olivine under different 
crys'.allographic and thermodynam
ic conditions. 

For situations where creep is self-
diffusion limited, there is a possibil
ity that oxygen is not the slowest 
diffusing species and, therefore, 
rate-limiting species. Direct mea
surements by Hotilier et al. (1988) 
show that at 1300°C D S i in olivine is 
two orders of magnitude lower 
than DQ. These results are counter
intuitive if one thinks in terms of 
the ionic radii of Si4" and O2' ions 
as thev attempt to push themselves 
through the lattice. On the other 
hand, we have already stated that 
steric considerations also make Oj 
an unlikely player in oxygen self-
difiusion. 

The main question for upper-
mantle rheology may be the rele
vance of the various creep mecha
nisms in Table 2 to flow in polycrys-
talline olivine. Activation energies 
for the polvcrvstal are consistent 
with the higher numbers in Table 2, 
being somewhat in excess of 500 
kjmol"1 (Karatoetal., 1982; Chopra 
and Paterson, 1984), but as stated 
above, this value can be consistent 
with a diffusion-controlled creep 
mechanism. Creep in polycrystal-
Hne olivine has recently been mea
sured as a function of f0,, yielding 

values of m > 0 (Beeman, 1989). This 
strongly suggests tliat deformation 
in polycrystalline olivine is a com
plex, inhomogeneous blend of 
many individual systems that also 
show in > 0 

The one experiment done to 
measure the effect of oxygen fugac-
ity on dislocation recovery in the 
static (unstressed) situation indi
cated that recovery was faster at 
lower/o, (Karatoand Sato, 1982). 
This is the opposite of what one 
would expect from the creep re
sults. Recovery counteracts the 
growth of dislocation density dur
ing creep; where recovery rate lim
its creep, faster recovery will result 
in a higher rate of deformation. 
Possible explanations are that the 
static recovery process is funda
mentally different from what oc
curs during creep, or that recovery 
did not limit creep for any of the 
measurements in Table 2 (Karato 
and Sato, 1982). 

Conclusions 
The data presented here indicate 

that self-consistent diffusion coeffi
cients and Fickian diffusion profiles 
can be obtained for oxygen diffu
sion in San Carlos olivine by em
ploying methods to(l) prevent 
mass transport between Pt-bearing 
parts of the sample assembly and 
the olivine crystals, >2> remove the 

cold-worked surface of the sample, 
and equilibrate the sample at the 
appropriate/o, prior to exposure to 
the tracer gas, and (3) impose ap
propriate thermodynamic controls 
on other oxide components. For 
C O / C O T mixtures producing / G , 
values between those at the NND 
and IW buffers, surface sublimation 
is sufficiently slow as to have no 
significant effect on measured oxy
gen diffusion coefficients below 
14G0°C. 

The positive fo, dependence 
displayed by these data preclude 
diffusion of oxygen by a vacancy 
mechanism within the/ D , range 
studied. Hence, we must "appeal to 
either diffusion by an interstitial/ 
interstitialcy mechanism, or a cou
pled mechanism such as counter-
vacancy diffusion. For counterva-
cancy diffusion, the migration of 
anions is related to the concentra
tion of vacancies on cation sites. 

The activation energv for oxy
gen diffusion in olivine is similar 
to that of oxygen in forsterite, but 
is lower than that measured for a 
majority of creep processes in oliv
ine. Hence, if oxygen diffusion 
plays a part in any of the$e pro
cesses, it must be coupled with an 
additional process, e.g., formation 
of kinks or jogs <ŝ e Ricoult and 
Kohlstedt, 1985), to account for the 
difference in activation energy 
between creep and diffusion. 
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Rupture Process of the1965 
Rat Islands Earthquake 

Susan L Beck 
Seismology and Applied Geophysics Group 

Institute of Geophysics and Planetary Physics 

The great Rat Islands underthrusting earthquake (Mw = 8.7) of February 4, 1965, 
represents subduction of the Pacific plate beneath the North American plate along a 600-km 
segment of the western end of the Aleutian Islands. Body-wave inversion techniques are used 
to determine the spatial and temporal heterogeneities associated with the Rat Islands 
earthquake. Source time functions deconvolved from long-period teleseismic P-waves show 
three main pulses of moment release. Three asperities along the fault are identified and 
located. The first and largest asperity extends from the epicenter to 100 km in the direction of 
300 °. The second and third asperities are centered -240 and -380 km WNW of the epicenter. 
The overriding plate along the western Aleutian subduction zone is laterally segmented into 
a series of rigid tectonic blocks separated by fault-controlled canyons and extensional basins 
(Geist et ai, 1988). We suggest that the central undeformed parts of the blocks have the 
strongest coupling with the down-going plate and are the sites of the largest moment release 
during an underthrusting earthquake. The three asperities determined from the P-waves 
correspond to the Rat, Buldir, and Near tectonic blocks. Hence, the P-wave seismic moment 
release of the Rat Islands earthquake is controlled by the lateral segmentation of the 
overriding plate 

Although plate boundary seg
ments fail repeated I v in large earth
quakes, the seismic moment release 
and the recurrence intervals for un
derthrusting earthquakes vary dra
matically in successive earthquake 
cycles. This variation indicates spa
tial heterogeneity in the 'tress level 
and material properties along the 
plale boundary. We do not yet un
derstand the temporal and spatial 
heterogeneities associated with the 
faulting nor the interaction of plate 
boundary segments. This lack of 
understanding is due in part to a 
lack of knowledge about the rup
ture process of individual earth
quakes and of more than one earth
quake cycle along the same 
segment uf the plate boundary. The 
asperity model provides a frame
work in which to view manv aspects 

of fault heterogeneities (Kanamori, 
1981; Lay eta!., 1982). In the asper
ity model, a fault consists of patches 
having different failure strengths. 
The strongest regions are often 
termed asperities, and they rupture 
in the largest earthquakes. The dis
tribution and size of the dominant 
asperities, along a plate boundary, 
control the rupture of the largest 
earthquakes. Many studies have 
identified asperities associated 
with an individual earthquake rup
ture (e.g.. Beck and Ruff, 198-1; 
Schwartzand Ruff, 1987). However, 
the physical properties of asperi
ties, the interaction of adjacent as
perities along a plate boundary seg
ment, and the variations between 
successive earthquake cycles are 
not -veil understood. The February 
4, !9f6. Rat Islands earthquake 

0V1V. = 8.7) yields information about 
the details of the rupture of a truly 
great earthquake and provides 
some insight into asperity interac
tion and correlation with the lateral 
segmentation along the plate 
boundary. 

The 1965 Rat Islands earthquake 
is one of the largest underthrusting 
earthquakes to occur since the de
ployment of the World Wide Stan
dard Seismograph Network 
(WWSSN). This earthquake repre
sents subduction of the Pacific plate 
beneath the North American plate 
along a 600-km segment of the 
western end of the Aleutian Islands 
(Fig. 1). We haw studied the tem
poral and spatial heterogeneities 
associated with the rupture of the 
1%5 Rat Islands earthquake. The 
large surface-wave seismic moment 
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Figure 1. Western Aleutian arc showing the epicenter (large black dia
mond) of the February 4,1965, Rat Islands main shock. The diamonds 
are the aftershocks with M > 5 relocated by Spence (1977), occurring 
between the February 4,1965, main shock and March 30,1965. The focal 
mechanism for the main shock determined from surface waves (Wu and 
Kanamori, 1973) is shown. 

of 1-40 ' 1 0 2 7 dyne-cm (Wu and 
Kanamori, 1973) and the long after
shock area (-600 km along the 
strike) allow us to study the fault-
plane heterogeneities associated 
with a great subduction zone earth
quake. We have composed the spa
tial heterogeneities of the main 
shock with the aftershocks and the 
lateral segmentation along the sub
duction zone- There is a good corre
lation between the spatial moment 
release as determined from the P-
waves for the main shock and the 
lateral segmentation uf the overrid
ing plate. 

P-Wave Analysis 
For an earthquake this large all 

the VVVY5SN nondillracted long-
period vertical P-wavesareoff scale. 
Hence, very few studies have been 
done on the body waves of such 
Jorge earthquakes. We have used 
both long-period nondiffracted 

horizontal and diffracted vertical P-
wave seismograms. Horizontal re
ceiver factors were determined by 
comparing horizontal-and vertical-
component amplitudes for the first 
few P-ivave cycles or by using a 
theoretical correction (Bullen, 1963) 
if the vertical component went off-
scale immediately. We used dif
fracted P-waves to increase the azi-
muthal coverage and to determine 
the total source duration. 

The long-period P-waves for the 
February 4,1965, earthquake are 
complex with a long duration and 
an emergent start (Fig. 2). The start 
times for the P-waves were picked 
from short-period vertical compo
nents when possible. Single-station 
source-time functions are decon
volved *\ ith a Green's function dis
tributed over a depth range of 10-
40 km (Fig. 2). The Green's func
tions included the direct P, yP, and 
>P surface reflections and ocean-
layer multiple reflections (Uuff and 

Kanamori, 1983). Figure 2 shows 
some examples of source-time 
functions for single stations with a 
P-wave duration of at least 3 min. 
The source-time functions are com
plex but consistently show at least 
three main pulses of seismic 
moment release (Fig. 2). The three 
pulses of moment release have vari
able character and different dura
tions. 

Thi; first pulse of moment release 
has a duration of 50-55 s with ? 
long ramp at the beginning. The ini
tial ramp rises for -40 s. This pulse 
of moment release is fairly smooth. 
There is observable directivity asso
ciated w-ith the truncation of the 
pulse (labeled AT in Fig. 2). The 
second pulse ^f moment release is 
less coherent from station to station 
and consists of two to three sub-
pulses. Stations to the NW and \* 
showtwosubpulses .S ta t iuns to the 
NE and E show a more complex 
series of three subpulses. It is hard 
to pick consistent features associ
ated with this pulse of moment 
release for directivity analysis. The 
third pulse of moment release has a 
duration of 25-30 s and is consis
tent from station to station. The 
truncation (CI) of the third pulse of 
moment release shows consistent 
directivity. The observable directiv
ity allows us to locate spatially the 
temporal moment release along the 
fault for the consistent features in 
the source-time functions. 

The directivity analysis consists 
of identifying consistent features in 
the source-time functions from dif
ferent stations and of using the 
variation in timing relative to the 
initial onset of the P-wave to spa
tially locate the feature. The 
observed delay time of any feature 
at the ith station relative to theepi-
central arrival time T, is linearly 
related to X and t by T, = T, X -r /, 
where V is the directivity parameter 
for the ith station (product of the 
ray parameter a nd the cosine of the 
angle between the rupture azimuth 
and station azimuth). The distance 
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Figure 2. Deconvolved single-station source-time functions for the February 4,1965/ Rat Island earthquake. 
The solid trace i? the observed seismogram, and the dotted trace is the synthetic seismogram for the source-
time function shown for each station. The station azimuth (AZ), epicentral distance (Dist), and horizontal com
ponent IN, E) if used are shown for each station. The source-time functions show three main pulses of moment 
release <A, B, C). Al, A2, Bl, B2, CI, and C2 indicate the consistent features that can be observed at many sta
tions within each pulse of moment release. 

X and the actual delay time / of the 
feature are given by the slope and i/ 
intercept, respectively, of the best-
fit line through the data (Fig. 3). To 
determine the be*t rupture direc
tion, we step through all possible 
rupture azimuths and find the azi
muth that produces the overall 
best-fit straight line (Fig. 3). 

Although the firsl pulse of mo
ment release is smooth, we were 
able to pick the time at which the 
pulse began logo down (labeled Al) 

for21 stations. The truncation of the 
first pulse (Al) occursot 4i.4 1 0.3 s 
and is located 103 ±11 km WNVVof 
the epicenter. This gives.™ apparent 
rupture velocity of 2.49 km/s. This 
location gives a correlation coeffi
cient of 0.90 for the best-fit straight 
line (Fig. 3). 

The second pulse of moment 
release is variable in character, and 
it is much harder to pick coherent 
features. We looked at the directiv
ity associated with the largest 

subpulse(Bl)at 15 stations and 
found a delay time of 100.8 ± 0.5 s 
and a location 223 ± 18 km WNW of 
the epicenter. However, this i? not 
very reliable due to the variable 
character of the pulse. To determine 
how coherent this second pulse of 
moment release is, we used an 
inversion technique discussed in 
the next section. 

The third pulse is a sharp (ea-
ture on the source-time functions. 
Directivity analysis indicates a 
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Figure 3. Best-fit <1 east-squares) straight lines for the delay time T, vs directivity parameter (p cosO), for each 
station for the three main features identified on the source-time functions. The slope of the line X gives the 
horizontal distance to the feature and the zero-intercept / gives the actual delay time. The best rupture direction 
is 300s for each ft^ «i c The plot in the lower right shows the correlation coefficients of the best-fit straight lines 
as a function of the assumed rupture azimuth for each feature. 

delay of 156.5 ±0.2 sand a loca
tion 386 ± 18 km VVWV of the epi
center for the truncation of the 
third pulse. The correlation coeffi
cient for the besi-fit straight line is 
0.99 for a rupture direction of 300 : 

(Fig. 3). This gives an overall aver
age rupture velocity of 2.47 km/s. 
After the third pulse of moment 
release, we see no coherent moment 
release in the source-time functions. 
However, there could be low-level 
moment release that is not resolv
able in the bodv waves. 

it is hard to determine the seis
mic moment from P-waves for this 
earthquake, because we do not 
have any vertical nondiffracted P-
waves. Stations such as COP (72.8°) 
and PTO (87.7°) give seismic mo
ments of 40 and 34 x 10 2 / dyne-cm, 
respectively. This is much less than 
the surface-wave moment of 
140 x 10 2 7 dyne-cm (VVu and Kan-
amori, 1973). Seismic-moment de
terminations of great earthquake? 
from body waves tend to underes
timate the total seismic-moment 

release because of the limited pass 
band of the instrument. 

However, the body waves are 
sensitive to the rupture complexi
ties. The discrepancy in moment 
release indicates that a long-period 
component of moment release is 
not accounted for in our body-wave 
modeling. This missing moment 
^•lease cannot be confined to the 
individual asperities but must he 
spread over a large part of, if not the 
entire, fault area. This implies that 
there is substantial moment release 
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in the areas around the asperities. If 
we add the long-period seismic 
moment release to the source time 
function as a long-period half-sine 
wave over 240 s so that the total 
moment is 140 * 1 0 2 7 dyne cm, the 
syntheticseisniograms still fit the 
observed seisniogram extremely 
well. 

Tomographic Inversion 
To quantitatively determine the 

moment release along the fault, we 
have used the inversion method 
devised by Ruff (1987). We have 
inverted the previously determine 
single-station source-time func
tions for a space-time image of the 
rupture. This method uses a priori 
estimates of tin? rupture azimuth 
and velocity, and iterative]) deter
mines the moment-release distribu
tion that best fits the observed time 
functions in a least-squares sense. 
Manv rupture azimuths and veloci
ties can be tested easily and quickly, 
and the best overall fit to the time 
functions gives Hie best choice of 
rupture parameters. This method 
assumes the following about the 
earthquake rupture. First, the fault 
length (-60(1 km) is much longer 
than the width (-50 to 70 km), 
therefore, we solve only for one 
spatial dimension. Second, this 
method assumes tort to* *uptare 
front spreads out from the epicenter 
and that most of the displacement 
or moment release occurs as the 
rupture front passes by. In other 
words, a portion of the fault does 
not reruptureafter the rupture front 
has gone by. If tve accept this vieiv 
of earthquake rupture, then we can 
invert for coherent features along 
the one dimension of the fault. 

We first tested a fault with a uni
lateral rupture from 0 to 600 km, 
discretized with a 20-km spatial 
interval and 24('-s source-time 
function duration. We used 12 
source-time functions with a dura
tion of 240s. 

The source-time functions were 
baseline normalized to have zero 
moment in order to determine the 
best rupture azimuth. Synthetic 
source-time functions are produced 
for each model image. The match 
between the synthetic and ob
served source function is measured 
by the parameter c, the ratio of the 
error vector length to the data vec
tor length. After ten iterations there 
was very little decrease in the error 
parameter. To determine the best 
rupture azimuth, the inversion is 
performed systematically for a 
large range of azimuths. A rupture 
azimuth of 300° yields the smallest 
value of c for all rupture velocities. 
We tested for rupture velocity but 
found verv little resolution be
tween 2.0 and 3.5 km/s . We also 
tested for a bilateral rupture to de
termine if there was anv resolvable 
moment release ESE ji the epicen
ter. In this case, the initial model 
estimate has moment release sym
metric about the epicenter, but, 
with each successive iteration, the 
moment release is concentrated in 
the WNW direction. 

Hence, theruptureappears to be 
unilateral to the WNW direction. 
For our final model we used a rup
ture azimuth of 300°,a rupture 
velocity of 2.5 k m / s , and a fault 
length of 500 km (Fig. 4). We nor-
•mafetii totsnuice-ttnw Vcmtviwis. 
to have a seismic moment of 
30 x 1 0 - / dyne cm, the average seis
mic moment determined from the 
/ '-waves. Figure 4 shows the first 
and tenth iteration of the rupture 
image and data. There are three 
main pulses of moment release. We 
find no coherent moment release 
after 160 s, which corresponds spa
tially to beyond -400km WNW of 
the epicenter. This method also 
computes the time-integrated 
moment density along the fault 
(Fig. 5). 

From the /'-waves ive can iden
tify three legions of concentrated 
moment release. We interpret these 

as asperities for the 1965 Rat Island 
earthquake. The first asperity corre
sponds to a smooth rupture occur
ring between the epicenter and 100 
km to the WNW. Theseco.id region 
of moment release is less coherent 
and is probably a series of small 
asperities close together in t imeand 
space. The third asperity is coherent 
from station to station, but much 
shorter in duration and spatial 
extent than the first asperity, and 
occurs between 360-420 km WNW 
of the epicenter. Although the after
shocks extend for -600 km WNW 
of the epicenter, we canno* resolve 
any moment release beyond -400 
km WNW of the epicenter. 

The moment release determined 
from the P-xvaves is less th«tn one-
third the surface-wave moment. We 
have also used the tomographic in
version including the entire surface-
wave moment (140 x 10-' dyne-cm). 
Of course, there is no spatial resolu
tion on the additional moment that 
is added into the source-time func
tions as a smooth half-sine wave. We 
can estimate the peak seismic dis
placement from this momeiit-rate 
density function, assuming n fault 
width and a rigidity. 

For a fault width of 60 km and a 
rigidity of 5 x 10 M dyne /cm", the 
peak resolvable seismic displace
ment is 12 m. For a fault width of 
W tan, Vfie peak cnsptaterfiem is 
7.5 m. A larger fault width would 
decrease the displacement. 

Aftershocks 
The U.S. Coast and Geodetic 

Survey recorded 870 aftershocks 
that were large enough to routinely 
locate. These aftershocks occurred in 
the 45 days following the February 
4,1965, main shock. These events 
covered an area -650 km long and 
-200 km wide. Stauder <19«*> deter
mined focal mechanisms from P-
wave first-motion and S-wave 
polarization data for the largest 
aftershocks. Stauder (I%8) found 
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Figure 4. Final space-time image of the rupture process of the 1965 Rat 
Islands earthquake from the tomographic imaging technique devised by 
Ruff (1987). The data on the right are the previously determined source-
t'me functions shown as the solid traces. The screened traces are the syn
thetic source-time functions for the rupture model shown on the left. The 
rupture image has spatial extent from 0 (corresponding to the epicenter) to 
500 km in the direction of 3003 and an a priori rupture velocity of 2.5 km/s. 
The rupture image shows three pulses of moment release. 

two types of focal mechanisms: 
(!) underchrusting mechanisms 
similar to the main shock from 
events located arc ward of thi trench, 
and (2) normal-fault focal mecha
nisms from events occurring near 
the trench. The largest aftershock 
was a no. mal fault event on March 
30,1965 (M s = 7.5), and \vn? located 
trenchward of the epicenter and 
largest asperity (Fig. 5). 

Spence (1977) relocated the after
shocks for the 1965 Rat Islands 
earthquake for events having 70 or 
more teleseismic P-wave observa
tions (>M ~ 5.3) by the first-order 
arrival time difference (ATD) 
model. P-wave arrival times from 
the nuclear explosion Long Shot 
and from an event on September 27, 
1965, were the reference data for the 
relocation. Figure 5 shows the after
shocks between the main shock and 
the large normal fault aftershock 
(Ms = 75) on March 30,1965. 

The relocated aftershocks define 
an area of -600 km along the strike 
and ~50-60-km wide. We hdve 
used these relocated aftershocks to 
define the width of faulting. There 
is a noticeable lack of large under-
thrusting type aftershocks between 
the epicenter and 130 km WNW 
along the strike (Fig. 5). This region 
corresponds to the location of the 
largest asperity determined from P-
n aves for the 1965 main shock. The 
lack of M > 5 aftershocks suggests 
that the asperity region failed com
pletely during the main shock. 

Lateral Segmentation 
of the Aleutian 
Subduction Zone 

Many studies have identified 
temporal and spatial heterogeneity 
associated with the rupture of 
underthrusting subduction-zone 
earthquakes using body waves and 
have interpreted the heterogeneity 
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Figure 5. Map view of the first-order asperity distribution for the 
February 4,1965, Rat Islands earthquake. The insert shows the moment 
rate-density function along the fault strike based on the tomographic 
imaging. The asperities i.i the map view are constrained to 50 km wide. 
There is a lack of aftershocks occurring in the first and third asperity 
regions. The three regions of moment release or asperities are labeled 
A, B, and C 

in the framework of asperities. 
However, it is not cleat what asper
ities represent physically Efforts to 
identify bathymetric features (such 
as fracture zones and a seismic 
ridges) on the down-going plate 
that correlate with the asperities 
have generally been unsuccessful. 
We find a correlation between the 
lateral segmentation of the overrid
ing plate and asperities determined 
from the P-waves for the 1965 Rat 
Islands earthquake. 

Between 180°W and 170°E along 
the Aleutian trench the overriding 
plate consists of a series of trans
verse tectonic canyons that cut 
through the Aleutian Terrace and 
Aleutian Ridge and trend nearly at 
right angles to the regional slip 
vector of the oceanic Hthosphere 
(Spence, 1977). Gates and Gibson 
(1956) suggested that these cam ons 
are oi tectonic origin rather than of 

an erosional origin based on geo-
morphic evidence. Geist et al. 
(1938) have defined three rigid tec
tonic blocks: from east to w^st, the 
Rat block, Buldir block, and Near 
block (Fig. 6). They suggest these 
blocks formed as a result of clock
wise rotation due to oblique sub-
duction. The transverse canyons in 
the overriding plate are formed by 
differential rotation and along arc 
translation of the blocks (Gei^t et 
al., 1988). The blocks are internally 
undetormed but separated by fault-
controlled canyons and extensionai 
basins (Fig. 6). V s suggest the cen
tral undeformeH parts of the blacks 
have the strongest coupling with 
the down-going piate and, hence, 
are the sites of the largest moment 
release during an underthrusting 
earthquake. 

The first pulse of seismic mo
ment release occurs between the 

epicenter -100 km WXW of the ep
icenter. This pulse of moment re
lease is very smooth with a long 
duration. This region corresponds 
to smooth subducting seafloor and 
the eastern two-thirds of the Rat 
tectonic block. It also corresponds 
to a lack of M > 5 aftershocks 
(Spence, 1977). This suggests that 
this region was probably strongly 
coupled over a large area and failed 
completely during the main shock 
rupture. The second pulse of mo
ment release in the source time 
functions is variable in character 
and consists of several small pulses. 
The locations of these pulses of mo
ment release correspond to the 
Buldir block. Wt- interpret this as an 
indication of several smaller re
gions breaking in a less strongly 
coupled area of the fault. This re
gion also corresponds to JVI • 5 af
tershocks. This would suggest that 
the Buldir block is not as strongly 
coupled as the Rat block. The third 
pulse of moment release occurs 
-400 km WN W of the epicenter and 
within the eastern half of the Near 
Block. This pulse of moment release 
has a spatial dimension of -50 km, 
about one-half of the first pulse. 
The mome'••'• release associated 
with the Fc jary 4,1965, earth
quake corresponds with the lateral 
segmentation of the overriding 
plate along thesubduction zone. 

Previous Earthquakes 
This same segment of the sub-

duction zone had several earth
quakes between 1898 ?nd 1929. 
From east to west they are: 

October 11,1898 {Ms = 6.9), 
August 17,1906 (Ms = 7.8), 
September 9,1910 {Ms = 7.0), 
March 22,1905, (Ms = 7.0), 
June 29,1898 (M s =7.6), 
September 15,1905 (A4S = 7.4), 
March 7,1929 <MS = 7.7) 
September 2,1907 (M s = 7.4), 

(Boyd and Learner-Lam, 1988; Abe 
and Noguchi 1983; Geller rnd 
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Figure 6. Western end of the Aleutian arc showing the tectonic blocks from Geist et al. (1988), and the loca
tions of the asperities identified in this study. 

Kanamori, 1977) (Fig. 7). The relo
cations from Bovd and Learner-
Lam (198S) indicate that the events 
at the rurn-of-the-cenrury cluster at 
the ends of the 1965 aftershock area. 
It is hard to evaluate the reliability 
of the locations for earthquakes at 
the tum-of-tbe-cen fury. The revised 
magnitudes by Abe and Noguchi 
(1983) are smaller than previous 
magnitude estimates. Thereare two 
possible interpretations for the 
earthquakes at the turn-of-the-
cenrurv: 
• These events are not equivalent 

to the 1965 main shock. The en
tire plate segment did not fail. 
The location of the events at the 
edges of the 1965 zone and the 
revised magnitudes indicate that 
these events did not fail the en
tire 1965 zone. The sum of the 
turn-of-the-century events is 
<HY, of the 1965 event. This 
suggests that we have not seen a 

previous earthquake cycle and 
the recurrence interval is longer 
than -65 yr. 

• The events at the turn-of-the-
cenrury represent failure of the 
entire segment that failed in 
1965. This implies a recurrence 
interval of 65 yr as well as a 
variation on the rupture mode 
between successive earthquake 
cycles. 

Sykes etal. (19Sl)suggested that the 
turn-of-the-century earthquakes 
began with smaller initial events 
than the 1965 earthquake and, thus, 
failed to trigger a rupture over the 
entire area as one event. 

Assuming the turn-of-the-
century earthquakes represent an 
earthquake cycle, the accumulated 
tectonic displacement with a con
vergence rate of 8 cm/yr is 5 m. As 
discussed previously, the peak seis
mic displacement is 12 m (assum
ing a 60-km fault width). This value 

is larger than the accumulated tec
tonic displacement between 1900 
and 1965. If we assume the asperi
ties stay locked between subse
quent earthquakes, then the recur
rence interval should be -160 yr or 
more. 

We should consider the possibili
ty that the turn-of-the-century 
events are not the previous earth
quake cycle. These events occurred 
at the edges of the 1965 rupture 
zone, outside the locations of the 
dominant asperities. 

The February-1,1965, Rat Islands 
earthquake failed as a multiple 
asperity event with three identifi
able regions of concentrated mo
ment release. The asperities for the 
Rat Islands earthquake correspond 
to the segmentation of the over
riding plate clong the western 
Aleutian arc. For this earthquake, 
the tectonic blocks in theoverriding 
plate controlled the rupture of this 
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Figure 7. Schematic space-time plot for the western Aleutian Arc. The 
solid bar represents the aftershock area and the hachured bais represent 
the dominant asperities for the February 4,1965, earthquake. The dots 
represent the locations of a series of smaller earthquakes between 1S9S 
and 1929. The events at the turn-of-the-century tend to cluster at the 
edges of the 1965 Rat Island main shock. 

groat earthquake. This is the best 
example of asperities determined 
from seismic waves corresponding 
to tectonic features along the plate 
b o u n d a n . 

Studies of many earthquakes 
along different subduct ion-zone 
plate boundaries have lead to a 
better understanding of the earth
quake process. The asperity model 
has been a successful framework in 
which to interpret the rupture of 
large subduction zone earthquakes. 
Subduction zone underthrusting 
earthquakes fail with the seismic 
moment release concentrated in 
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We performed a test of Newton's universal theory of gravitation at the Nevada Test 
Site (NTS) using the BREN (Bare Reactor Experiment Nevada) tower. We measured gravity 
at 12 heights on this 465-m tower and at 281 locations on the ground. The surface points fell 
within 91 optimally chosen sectors that extended out to 2.6 km from the tower. These data 
were combined with 60.000 additional surface gravity measurements within 300 km of the 
tower. We used a surface integral derived from Laplace's equation to continue the surface 
gravity field upward. The first-phase results from our search for distance-dependent 
deviations from Newtonian gravity show no evidence for a fifth force. These high-sensitivity 
results provide an important benchmark for grand unification theories. 

Three centuries ago, Sir Isaac 
Xewlon proposed the law nf gravi
tation. Tliis law states thai anv two 
particles of matter in the universe 
attract each other with a force that 
acts along the line joining them, 
and that the magnitude of this force 
is proportional to the product of the 
particle masses and is inversely 
proportional to the square of 
Ihe distance between them. This 
last aspect, called the inverse-
square law of gravity, is discussed 
here. 

Newton's law of gravity has with
stood exhaustive testing in the labn-
ralorv with small masses and on the 
planetary scale with natural and 
man-made satellites. Until recently, 
however, il had not been tested in 
theintermediaterangeffrom Kim to 
10 km). Such tests are of particular 
interest because grand uniiu (i:ion 
theories, which seek to unifv the 
force of gravity with the three 
other fundamental forces (>lrong 

interactions, electromagnetism, 
and weak interactions), have sug
gested that Newton 's law may 
break down in this range (Gibbons 
and Whiting, 1981). The effects of 
such a breakdown would be small 
but could be observed using mod
ern equipment. 

Experimental Tests for 
Non-Newtonian Gravity 

The experiments conducted in 
the past century to search for in
stances of non-Newtonian gravity 
(i.e., gravitational behavior that 
departs from that predicted by 
Newton's law) have been mostly of. 
two types: composition-dependent 
tests and distance-dependent tests. 

Composition-Dependent Tests 

In the first type of experiment 
(composition-dependent), one 
searches for a dependence of the 
gravitational force on the tvpe of 

material, not just its mass. The most 
famous experiment in this category 
was reported in 1922 bv Edtvos, 
who placed masses of different 
materials on a torsion balance. The 
motion of the balance showed 
whether the ratio of gravitational to 
Coriolis force was the same for each 
material. Eotvosclaimed to observe 
identical forces for manv materials. 
However, Fischbach el al., reana
lyzed this experiment in 19S6; they 
claimed that thev found evidence 
suggesting the possible existence of 
non-Newtonian gravity or another 
fundamental force—a "fifth force." 
This claim generated a flurry of 
experiments, of which the most 
precise were conducted by Stubbs 
et al. (1987) and Adelberger et al. 
(19S7). They found no evidence for 
a composition-dependent fifth 
force within the sensitivity limits of 
their instruments. The conflicting 
results of these experiments have 
not yet been fully explained. 
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Distance-Dependent Tests 

In the second type of experi
ment (distance-dependent), one 
searches for a deviation from the 
inverse-square law in the distance-
dependence of the gravitational 
force. One approach is to measure 
gravity at a number of different 
locations down a borehole and to 
compare these measurements with 
predictions obtained using Newton's 
law. The reliability of these predic
tions depends on having reliable 
information on the density varia
tions in the Earth. 

In another distance-dependent 
experimental approach, the grav
ity is measured on the surface of 
the Earth around a tower, Laplace's 
equation is used to predict the 
gravity on the tower, and then 
these predictions are compared 
with the actual measurements. 
Knowing the Earth's density dis
tribution is not necessary in this 
approach. Although this proce
dure seems straightforward, it is 
complicated by the following: 
• The Earth does not have a simple 

shape, which is a particularly im
portant fad in the design of a 
gravity stirvev. 

• Gravity measurements cannot be 
obtained everywhere on the 
Earth's surface, so sampling 
uncertainties must be carefully 
determined. 

• Each experimenter uses a differ
ent m Mhod to predict gravity on 
the lower from the surface grav
ity measurements and to deter
mine the corresponding uncer
tainties, making it difficult to 
compare results from different 
experiments. 

Nevertheless, this method, when 
carefully applied, can provide an 
important benchmark for grand 
unification theories. 

Borehole vs Tower Experiments 

Several borehole experiments 
have been conducted byStacey and 

his collaborators in the past 10 years 
(Stacey et al., 1981; Holding and 
Tuck, 1984; Holding et al., 1986). 
Their most famous experiment, 
conducted in a deep Australian 
mine, led them to conclude that 
there is a repulsive intermediate-
rangeinteraction that has a strength 
of about 1CA of Newtonian gravity 
and that decreases exponentially 
over a range of about 200 m. How
ever, other more recent experiments 
do not agree with the magnitude of 
the interaction or even with 
whether it is attractive or repulsive. 
For example, in a tower experiment 
in 1988, Eckhardt et al. (1988) and 
Romaides et al. (1989) claimed to 
observe a breakdown of Newtonian 
gravity that indicated nn additional 
attractive force. 

Because of the conflicting results 
obtained in borehole and tower 
experiments, it is important to con
sider the possible sources of error in 
these experiments. In a borehole 
experiment, the prediction of the 
gravitational force between a 
known mass and the Enrth involves 
a summation of the contributions 
from all directions. This prediction 
would be simple if the Earth were 
spherically symmetric, that is, if it 
were a perfect sphere and if density 
depended only on distance from 
the center of the Earth. Then, by 
employing the Gauss theorem, the 
contribution from the shell of earth 
that is above the measurement loca
tion at Earth radius r would be 
identically zero, and only the mass 
within r would contribute to the 
force. For example, suppose that 
the Earth's density were a constant 
p. The mass within radius r would 
be (4/3)jrr*p,and the gravitational 
force F on a reference mass w,,., at 
distance r would be 

I- =G\(4/3)nr~*p\Unli.,/r)* pr, 

where G is the universal gravita
tional constant. However, because 
we know that the Earth is more 
dense in the center than at the 

surface, we must know with great 
accuracy how the density changes 
with depth in order to predict F. 
Furthermore, any lateral density 
variation inside or outside the mea
suring radius could cause an appar
ent discrepancy between the 
borehole gravity measurement and 
the prediction. This coula be misin
terpreted as evidence for a new 
force. Ceophysicists have known 
for many years that there are den
sity anomalies in the Earth; in fact, 
areal surveys detecting and mea
suring such anomalies are used to 
prospect for mineral deposits. It is 
extremely difficult, at best, to make 
all the required corrections accu
rately enough to reliably detect a 
small variation from the inverse-
square law of gravity in a borehole 
experiment. 

We performed an experiment: 
similar toStacey's in boreholes at 
the Nevada Test Site and also found 
a discrepancy between the mea
sured and calculated variation of 
gravity with depth (Thomas et al., 
1988); in fact, our discrepancy was 
five times greater than Stacey's. The 
difference between the measure
ments obtained in Australia and in 
Nevada is caused by the different 
density structures beneath the 
experimental sites and clearly dem
onstrates the inherent unreliability 
of borehole experiments. 

In a tower experiment, however, 
the difficulty described above can 
be avoided. The predictions of 
gravity on the tower depend not on 
estimates of the Earth's density 
variations but rather on measure
ments of gravity at many locations 
on the ground around the tower out 
to a large distance. Thus, this tech
nique accounts for density anoma
lies at all depths. In mathematical 
terms, the important difference 
between a tower and borehole 
experiment is that in a tower exper
iment one must solve Laplace's 
equation for the gravitational field 
in a source-free region, whereas in a 
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borehole experiment one must 
solve Poisson's equation for the 
gravitational field in the midst of 
sources that must be weil under
stood. Therefore, a tower experi
ment can provide unambiguous 
results. Of course, the quality of the 
tower gravity predictions depends 
on the quality of the ground gravity 
measurements, which must be 
numerous, properly spaced around 
the tower, and sufficiently accurate. 

LLNL's Search for 
Non-Newtonian Gravity 

The LLN'L experiments to test 
Newton's law are a coordinated 
effort involving not only the Seis
mology and Applied Geophysics 
Group but also the Nuclear Test 
Experimental Science Program, 
H Division in the Physics Depart
ment, the Affirmative Action/ 
Equal Employment Opportunity 
Program, and the Nuclear Test 
Operations Department Nevada. 

VVe are conducting these exper
iments at the BREN tower because 
attributes of the tower and the site 
make it possible for us to conduct 
the most sensitive search to date 
for distance-dependent deviations 
from Newtonian gravity. This tower 
is 465 m tall (Fig.l). It was built in 
1962 to support a reactor that has 
been removed, leaving a stable 
structure for making gnv ity mea
surements. The tower ha.-> 12 work 
platforms, spaced -42 m apart, at 
which gravity measurements can be 
made. 

The tower is fr< e from electrical 
interference because it is not used 
for broadcasting; this interference 
can affect gravity measurements. 
Also, Ihe area around BREN is very 
accessible and clear of obstructions, 
which makes it easy to take surface 
measurements. 

BRHN rises above Jackass Flats, 
Nevada, on gently sloping alluvial 
deposits from a ring of hills that 
cover ;bout5()'.f of the horizon. The 

slope of 1.5° is nearly constant out 
to 2 km from the toiler; the sum
mits of the nearest hills are 5 km 
away from the tower; these hills 
rise to about the same elevation as 
the tower. Thus, near the tower, the 
topography is more gentle than in 
the previous tower experiment 
(Eckhardtctal-, 1988; Romaides 
et ah, 1989). At a distance of eight to 
ten tower heights, where the terrain 
is less important but not negligible, 
the BREN site includes more terrain 
variations than the sites used in 
previous experiments. 

Another important advantage of 
using this site is the fact that an 
extensive, high-quality gravity data 
base already exists for the area; it 
was accumulated as part of the NTS 
nuclear test and nuclear waste iso
lation programs. 

We are conducting this experi
ment in two phases. In Phase 1, 
which is described here, the experi
ment was sensitive enough to 
detect a deviation of 1 part in 10' 
between the measured gravity and 
the Newtonian prediction. In 
Phase 2, in progress, the experi
ment sensitivity is three times bet
ter (3 parts in lb 8). 

Tower Survey 
We used LaCoste-Romberg 

gravity meters to measure gravity 
on the tower (Figs. 2 and 3 \ A grav
ity meter is essentially a very accu
rate balance that measures relative 
changes in the Earth's gravity. We 
first measured the gravity (actually, 
the acceleration of gravity on a ref
erence mass) on the tower relative 
to the gravity at the base of the 
tower. We then measured the grav
ity at the base of the tower relative 
to two nearby gravity stations es
tablished by the U.S. Geological 
Survey (L'SGS). Each measurement 
is accurate to about 1 part in 10s of 
the Earth's gravitational field- At 
this level of accuracy, one must 
make certain that systematic errors 
are not introduced. For example. 

Figure 1. The BREN tower at the 
Nevada Test Site is the location of 
our gravity test. It is nearly 465 m 
high, 84 m taller than the 381-m 
tall Empire State Building. The 
BREN tower is far from operating 
machinery or other buildings that 
could cause vibrations or produce 
electrical interference, and the 
long lines of sight over the flat, 
treeless desert allow us to locate 
and measure a dense grid of grav
ity stations on the ground surface. 

the effect of the tidal forces must be 
removed. The instrument must be 
carefully calibrated, and the instru
mental drift must be measured and 
removed. Also, because tower vi
brations can affect the gravity meter, 
we took tower data only when the 
wind speed was <5 km/hr. 
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figure 2. An LLNL researcher uses a gravity meter to measure the force of gravity at the base of the BREN tower. 
The LaCoste-Romberg gravity meters used in this experiment are small and lightweight (20 x 18 x 25 cm, 10 kg), 
highly accurate, and rugged, making them well-suited to such field studies. 

We measured elevations with a 
Leitz REDmini 2 EDM system, 
which we bolted to the railing at 
each level on the tower. We mea
sured the distance from the railing 
to five corner reflectors set on the 
concrete base of the lower and also 
measured the distance from the 
base of the gravimeter to the railing 
to determine the height of the 
gravimeter. U'e repeated the height 
measurements for each gravity 

measurement; all repeats at each 
height fell within 15 mm of the mean. 

The predictions of gravity on the 
tower were based on our measure
ments of gravity on the Earth's 
surface around the tower out to a 
300-km radius. For the region 
within 2.5 km from the tower, we 
measured gravity at 7f>() locations 
on a grid (Fig. 4). Ninety of these 
locations, shown as triangles in the 
figure, were included in the first 

phase of the experiment; the 
results of which we report here. In 
the region between 3 and 10 km, 
we are measuring gravity (in 
Phase 2 of this experiment) at 
about 150 additional locations cho
sen to complement the gravity 
data base provided by the USGS 
and the National Oceanographic 
and Atmospheric Administration 
(XOAA) (Saltus, 1988; Ponce, 
1984). From It) to 31)0 km, we relv 
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Figure 3. Diagram of the zero-length spring gravimeter, as used in the 
LaCoste-Romberg gravity meters. A zero-length spring is prestressed so 
that a force is required to separate the coils. The spring supports a mass 
at the end of a beam. Thus, known relations of the spring force (product 
of the spring constant and the length of the spring), the length of the 
beam, the weight of the mass, and the angular displacement of the beam 
can be combined to determine the gravitational force. 

entirely on the USGS and NOAA 
data base, which contains measure
ments taken about every 700 m 
across NTS. 

In principle, if gravity were 
known tor the entire surface of the 
Earth, we could make an exact 
prediction of the gravity on the 
tower. Of course, practical consid
erations limit us to measuring grav
ity at a finite number of locations. 
The number of locations and their 
spacing were chosen to minimize 
our uncertainties in the gravity pre
dictions on the tower. (The details 
of our error analysis as well as of 
our method for predicting gravity 
on the tower from ground gravity 
data have been presented else
where by Thomas, 1989.) 

In addition to measuring the 
gravity at nume ous locations on 

the surface and on the tower, we 
also had to determine the elevation 
at each of the measurement loca
tions. For this, we used an elec
tronic distance-measuring device 
that emits an infrared pulse that is 
returned along a parallel path by a 
corner cube reflector at a reference 
location. The round-trip time of 
the pulse, when corrected for 
atmospheric effects and Earth cur
vature, allows us to calculate the 
elevation to sufficient accuracy. 
The elevation measurements on 
the tower were obtained at the 
same time as the gravity measure
ments so that expansion or con
traction of the tower with changes 
in temperature would not affect 
the data. We measured the eleva
tions of the many surface gravity 
locations relative to the base of the 

Unver, which was in turn measured 
relative to 10 surveyors' bench
marks located within 3 km of the 
tower. 

Theoretical Basis 
for Non-Newtonian 
Experiments 

The basis of the various experi
mental approaches taken in testing 
Newton's law can be understood 
by writing the Newtonian formula 
for the magnitude of the gravita
tional acceleration g (defined as 
positive downward) at a point R on 
a nonrotating Earth as a volume 
integral over the density distribu
tion p in the Earth: 

g(r) = \VrU(r)\ = Gr' , , 
Ir-r'l" 

(1) 

where C is the universal gravitation
al constant postulated by Newton, 
and U is the gravitational potential. 

We assume a spherical Earth, and 
describe its density distribution 
with two terms: p {n, which is a 
model representing our best guess 
of the average density in each 
spherical shell of the Earth, and 
Ap (r, 8. <{>}, which represents all 
the deviations from that model, 
including the lateral variations of 
density within the Earth. The radial 
component of the Newtonian grav
ity field is given by integrating over 
these density distributions: 

GiFi(r) 
j e r ( r ) = — 

r 
fAp<r'.8\ o'l (r-r ' ) h/V" 

= £^U| ,„ . (2) 
where the Gauss theorem has been 
used to simplify the integral over 
p(?). m m is the mass of the 
model lying beneath the shell of ra
dius r, and the A indicates a unit 
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Figure 4. Contour map of the BREN tower area showing the locations of the surface gravity measurements, 
tin the central region, there are 256 additional locations, which are not shown.) The triangles are the locations 
used in the first phase of the experiment; the locations marked with a plus are being used in the second phase. 
The squares denote locations at which data were taken by the USCS or NOAA. 
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vector. The details of the average 
densitv model below the experi
ment are not important. 

All experiments use this Newton
ian model to predict the difference 
between the gravity values measured 
at two radii. Defining the observed 
gravity anomalv to be 

the value at some height above the 
surface, 

A*, i n -
Cm (r) 

(3a) 

gives the following simple equa
tion to use in an empirical test of 
Newton 's law, 

A'-', <'V - Av\ " '2 1 = ' " V " l ( T : 1 ' 
(3b) 

where the differences in the ob
served gravitv anomalies at differ
ent radii are compared to a volume 
integral over the density anomalies 
in the Earth. 

The integrals on the right hand 
side contain all of the complexities 
associated with (he lateral varia
tions of densitv within the Earth. If 
theseare ignored, Eq. (3b)describes 
an apparently straightforward test of 
Newton's law, first proposed by 
G. B. Airv in 1854 (cited in Hammer, 
1450). In this test, the difference in 
the average-Earth model at two 
radii is usually expressed as the 
sum ol two terms: the free-air gra
dient term and an integral over the 
vertical variations in density. 

Derivation of our 
Method 

If Eq, (1) is correct and if the den
sity of air is neglected, then the grav
itational potential is a solution to 
Laplace's equation V2U - () outside 
[heEarth, and so is rVu ' l / j = n*,. 
Because the solution to Laplace's 
equation is uniquely determined by 
values on a closed boundary, we 
know there is a functional relation
ship f that operates on the values of 
/-,',', on the entire surface to produce 

(air) = /" |r 'v r (surfacel] . (4) 

Furthermore, this relationship holds 
for the Newtonian gravitational 
field of any proposed mass lying 
beneath the Earth's surface. Using 
Eq. (3a) to subtract the effect of the 
average Earth model (5(r) from 
both sides, and dividing through by 
r gives 

C»Ir 

I 
f | r \ \ e f (surface) | . (3) 

Equation (5) describes a test of 
Newton's law that involves a direct 
comparison of observable data, 
with no assumptions about the 
density within the Earth. This 
experiment has two limitations: 
• Our inability to completely 

sample the gravity anomalies on 
the Earth's surface. 

• Our inability to evaluate the 
function F with sufficient 
accuracy. 
Previous experimenters (Eckhordt 

etal. , 19S8;KomaidesctaI., 1989) 
used three different approaches to 
evaluate F and argued that they 
produced similar results. We have 
chosen the simplest approximation 
so that we can treat our gravity 
measurements as if they were col
lected at the same elevation; this 
approach turns the functional rela
tionship into a surface integral. The 
error in this approximation is esti
mated from numerical studies 
described later. The advantage of 
this approximation is (hat when the 
surface integral is "discretized" for 
numerical evaluation, it reduces the 
surface sampling problem to the 
estimation of the mean values of 
the gravity anomalies within areas 
on the Earth's surface, and it 
allows us to use a rather straight
forward analysis to estimate the 

errors caused by sampling and trun
cation of the integral (Thomas, 
1989). 

If the surface data were collected 
on a sphere of radius a, then Eq. (4) 
becomes I'ojsson's equation: 

a~ (.r -a~) r.w-.u.u) = 

j.V, ((7.6.0) 
( r + rt'-2nrcosfi) 

(6) 

where dil is an element of solid 
angle and r is the distance of the 
point of observation from the center 
of the sphere. If z is the elevation of 
the point on the tower above the 
surface (z = r-a) and r i s t hed i s -
tance along the surface of the 
sphere to a measurement point 
(r ' = (?B), then we can expand 
Eq. (6) in powers of z/a, keep lead
ing terms, and find 

S$ (z. 0.0) 
z(]-z/a)-

r r riir'iio 

Jf^nu-.o)— ., 
„ „ \r + z-ti-z/a)] 

(7) 
where the average-Earth mode! 
has been eliminated as in Eq. (5). 
Here and in the following, the sub
script /• is implied. The perturba
tions, caused by ignoring the terms 
of (2/( j ) 2 , are small, about 1 part in 
70 million, as is the effect of the el
lipsoidal shape of the Earth. Equa
tion (7) describes a relationship 
between values measured with a 
gravity meter on the Earth's sur
face and on a tower; we use this 
spherical approximation to test the 
validity of Newton's law. 

Gravity meters measure the 
magni tude of the gravity force vec
tor, described here in units of gal 
(after Galileo), where 1 Gal = 
I c m / s " . The force vector is domi
nated by the 980 Gal attraction of 
p ( n , but also includes the effects 
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of mass anomalies and topography 
(<30 rnGal), the centrifugal effect 
caused by the Earth's rotation 
« 4 Gal), and the tidal forces 
(<0.3 mGal). The magnitude of the 
force vector is always nearly the 
sum of the radial components o( 

lliese effects. Centrifugal effects are 
not harmonic, and tidal forces 
change with time; therefore, these 
effects do not obey Eq. (7) and are 
removed from all gravity data. 

Gravity cannot be measured con
tinuously over the surface of the 
Earth. Thomas (1989) described the 
steps involved in approximating 
the integral in Eq. (7) based on a 
finite set of samples over n limited 
portion of the Earth and has quanti
fied the sizes of the resulting errors. 
The samples are collected in sectors 
Iving in rings around the tower. 
Several steps are involved in choos
ing t lv ring radii and sector sizes. 
We define the experimental observ
able to be the difference in Ay at 
two heights on the tower. This 
modifies the integral in Eq. (7) by 
making the integrand the difference 
of two terms. Next, we reduce the 
integral to a sum over sectors where 
the average gravity value must be 
measured. We derive the expres
sion for the error in the sum based 
on the uncertainty in estimating the 
mean gra vi tv of each sector, using a 
preliminary data set to estimate 
how well a single measurement of 
gravity represents the average 
value as a function of sector size. 

Based on thai preliminary sam
pling information, we chose sector 
sizes to *riniinizc the expected sam
pling error, subject to two condi
tions: a fixed number of nearly 
square sectors and a decreasing 
error with distance so that the sum 
converges. In addition, we esti
mated the truncation error thai 
resulted from limiting the integral 
to .) finite distance- Tint-, we reduced 
///e ,V-.' i',' XfirtiHi'- low to it problem 
ot f-tlimiting Ilii'Hirnwxnivitu value 
in »'wy- around tlw tower, u^in^ " 

weighted *\tnt of tho^e tii'emge> to pre
dict the difference-; in gravity attoiiuih/ 
ivj/iics (7/ different heights on the hnvcr. 

Results 
We calculated the gravity anoma

ly Ay at each point on the tower and 
ground surface, using a slightly more 
complicated earth model than is indi
cated in Eq. (3). We removed the ef
fect of a standard "whole-Earth" 
World Geodetic System model, 19R4 
(WGSS4), which places the entire 
mass o( the Earth (excluding the av
erage atmosphere above the mea
surement point) below thegeoid. The 
latitude dependence of that model 
includes the radial component of 
the centrifugal effect. This step in
cluded the 1/r" factor, as described 
in Eq. (5). 

Tower Measurements 
Our results are shown as a solid 

line in Fig. 5. In this plot, Ay at the 
base of the tower has been removed 
from all measurements. The line 
through the data is a straight line fit 
to the individual points, whose 
scatter is not visible on this plot. We 
can make two observations: 
• The data set on the tower is 

linear and shows no obvious 
curvature caused by non-
Newtonian effects. 

• The data do not agree with the 
predictions of the globally 
symmetric model of the Earth, 
differing by 2.8 mGal at the 
highest station. 
The gravity gradient on the 

BRE.N tower, 6.3030 m g / m , is about 
1 .SVf lower than the model predicts. 
Very little can be concluded from 
these observations alone because 
topographic effects or geologic vari
ations could conspire to produce an 
anomalous gradient or to mask an 
exponential gravitational field. In 
fact, about 50'i of the anomalous 
gradient is predicted by calculating 
the effect of topography, with an 
assumed density of 2.2 g / cm 1 , out 

to 300 km. These results illustrate 
that other measurements arc needed 
to determine the effects of lateral 
variations before one can study the 
reliability of the 1 / r force law from 
a measurement of the vertical varia
tion of gravity. 

Integration of Surface Data to 
Predict Values on the Tower 

We used the surface gravity mea
surements and Eq. (6) to obtain pre
dictions for gravity at each of the 12 
tower platforms (at elevation - rela
tive to the tower base). 

The prediction, &gf}mi{z), was 
obtained from the surface gravity 
measurements, using Eq. (7), and 
is shown in Fig. 5. Next, we calcu
lated the difference in residual 
gravity values between each tower 
height z and the tower base. As 
shown in Fig. 5, we then plotted 
Ay(tf > - Ay(basc) for each of the 12 
locations on the tower as a func
tion of z. In this figure, triangles 
denote tower gravity measure
ments and circles denote predic
tions calculated from the surface 
gravity measurements . 

The good agreement seen in 
Fig. 5 between the measured tower 
gravity values and those predicted 
from the surface measurements 
shows that within the sensitivity of 
our experiment, gravity does indeed 
obey a Newtonian inverse-square 
law. Our predictions are within 
93 uC-al of the observations at all 
heights on the tower, and the uncer
tainties at each height are as large as 
95 uGal. The error bars in Fig. 5 indi
cate the single standard deviation 
uncertainty from sampling errors, 
which are the largest source of error 
in this experiment. At all heights, 
these errors overlap the observed 
gravity, providing no evidence for a 
breakdown of Newtonian gravity. In 
addition, the nonzero values of mea
sured residual gravity values can 
now be related to the inaccuracy of 
the WGSS4 Earth-model for the 
BKEN tower locality. Thus, other 
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Figure 5. Results for two tests of Newton's law. Observed values of A# 
change as a function of height for experiments on the BREN tower. The 
solid lines indicate linear fits to the observations (triangles). The dashed 
lines are linear fits to the predictions (circles) based on Newton's law 
<Eq. 7). The measurement errors are negligible on this scale. The stated 
errors in the predictions are represented by vertical bars. Theanomalous 
gradient we observe on the BREN tower is predicted from the surface sur
vey within our sampling uncertainty. 

experiments that n-'K'solely on this 
symmetric-Earth rnodel in their 
test fur non-XewU>nian gravity 
could encounter similar problems in 
predicting gravity & other localities. 

Possible Sources of 
Systematic and 
Random Error 
Spherical Approximation 
for Upward Continuation 

The surfiiiu field can be uniquely 
translated into a continuous surface-
density distribution from which the 
valuesabove the Earth can be readily 

calculated. For an irregular surface, 
this transformation requires solving a 
Frediiolm integral equation that is 
cumbersome to solve over the dis
tance scales needed for this problem 
(Bhattacharyya and Chan, 1977). 
However, in the approximation 
that the Earth's surface is a smooth 
sphere, this integral equation re
duces loan integral |Eq.<7>! that 
can be evaluated easily. This ap
proximation is potentially our most 
significant source of systematic 
error. Because we cannot correctly 
predict what we would liave mea
sured on the smooth surface, some 
errors result from our estimates of 

giavity on that surface. Analysis of 
the Fred holm integral equation so
lution for irregular terrain does not 
provide insights into the size of this 
effect. 

We are using a digital model of 
the terrain in a 54-km square cen
tered on the tower to estimate the 
magnitude of the errors from the 
spherical approximation. We digi
tized elevation contours {6.1-m 
intervals) within a rectangle extend
ing 6.1 km north, 5.2 km eait, 8.3 km 
south, and 12.0 km west of the tower 
(U. S. Geological Survey, 1983), For 
the rest of the square, we used digi
tal terrain sampled on a 15-s grid 
tPtouff, 1977). The mass of terrain 
was approximated by a 300 x 300 
grid of density 1.8 gm/cm 3, right-
rectangular prisms of an identical 
square cross section, with all ba?es at 
an arbitrary depth (-3318 m below 
sea level) and tops at the height of 
thesmoothed terrain at their centers. 
At greater distances, we assumed 
the Earth's surface to be constant to 
long distances at values determined 
from the averages of the nearest side 
of the 54-km square. We calculated 
the vertical component of gravity 
caused by this mass at all observa
tion points on the tower and at the 
model elevation in each sector 
(Plouff, 1976). Using Eq. (7) to inte
grate the artificial surface numbers, 
we found, thai the spherical apptox-
imation underestimates the calcu
lated magnitudeof A$ (r,) - Ag (r2) 
by -100 uGal for a number of differ
ent gridding options. We are expand
ing this study to include the effects of 
mass anomalies and to evaluate the 
effectiveness of including terrain cor
rections in the definition of Ae. 

Random Errors and Fias 
Caused by Sampling 

Because gravity is strongly corre
lated with elevation, the observa
tions must adequately sample both 
the topography and the effects of 
density variations. Variations in to
pography and densitv (on a scale 
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that is targe compared to the sectors) 
do not contribute to errors in esti
mating the sector means. We bound 
the uncertainty in estimating a sec
tor mean by calculating the sample 
variance of all gravity values in a 
ring of n sectors about the mean 
gravity for the ring, mT„.... The sam
ple variance is a useful bound on the 
ring variance of the ring mean. 

- \ — : 
e\p > (Ai,- - m ) 

^11 -1*~ ' '• 

tm .- in i : - G~ . (S) 

In practice, we improve this esti
mate bv removing long-wavelength 
effects on the scale of the ring radius. 
This is done bv fitting one or two 
interceding planes through A£ (6i 
around a ring and by removing that 
"regional" from the data before the 
ring uncertainty is estimated. 

To estimate the uncertainties in 
the ring means, we assumed that 
the effects of sampling were uncor
rec ted from sector to seo.or. This 
assumption is valid for data taken 
within 2.6 km of the tower because 
we chose locations independent of 
topography. However, because it 
may be easier to take measure
ments in either the valleys or the 
highland^, a sampling bias may 
exist in the elevations of measured 
points beyond 2.b km. It is, there
fore, important to estimate the 
magnitude of elevation bias-

We reduce the effect of the sam
pling by taking averages of many 
sectors per ring, but !he average in 
each sector can be biased if the 

sectors are larger than the topo
graphic features influencing the 
sampling distribution. We used our 
largest sectors (the ring from about 
270 to 300 km from the lower) to 
study the magnitude of this bias. 
Here, the sectors are targe com
pared with the data density and 
comparable in size lo many topo
graphic features in the western 
United States. In many of these sec
tors, there is a preponderance of 
data in valleys, but the mountains 
are sampled on a 4-5 km spacing. 
We estimated the elevation bias in 
our outermost ring by subdividing 
each sector into nearly square sub-
sectors, determining the sector 
means from the sum of the means 
in the subsectors, and calculating 
the ring average as a function of the-
size of the subsectors. The maxi
mum or minimum value as a func
tion of subsector size represents the 
best averaging we can do with our 
data set. 

We found that the best subsector 
size was about 7 km and that the 
ring-averaged total gravity and 
elevation differed from our origi
nal values by - 7 mGal and 31 m. 
These numbers indicate that, for 
this ring. A^ is biased by -2.5 mGal. 
We believe that this represents a 
reasonable estimate of the eleva
tion sampling bias beyond 80 km 
and that, if jt were applied to the 
data beyond 80 km, it would 
change the prediction at the top of 
the tower by only 25 uGal. Inside 
80 km, the sector si^e is below 7 km, 
and more than H5'A of the sectors 
in each ring are filled, except for 

the ring at h.3 km, which has only 
by A of its sectors filled. Based on 
the studies of the outermost ring, 
data density appears to eliminate 
much of the bias in sampling 
topography. 

We have estimated the effects of 
other source;, of error on gravity at 
the top of the tower. These sources 
include ignoring the ellipsoidal 
shape of the Harth, uncertainties in 
gravity-meter calibration and mea
surement error, surveying errors 
near the tower, changes in geoid 
height over the range of o u r sur
face survey, and the effect of our 
trucks on the measurements in the 
tower. Only those sources dis
cussed in detail above appear to be 
important. 

Conclusion 
The results from Pha; i 1 of our 

experiment (Thomas et al., 1JS9) 
support Newton's theory of gravi
tational force. We observed no evi
dence for a fifth force to a sensitiv
ity level of 1 part in 10', although 
previous experiments had been in
terpreted to indicate an effect of 5 
parts in 10 7 . This is the first tower 
experiment to observe a null result 
ai this high level of sensitivity. (In 
Phase 2 of this experiment, our sen
sitivity will be three times greater.) 
The results reported to date set very 
strong limits on the strength and ra
dial dependence of any possible 
fifth force and thus provide an im
portant benchmark for grand unifi
cation theories. 
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Tectonic Stress and 
Lithospheric Structure 

in the Basin and Range 
Howard J. Patton and George Zandt 

Seismology and Applied Geophysics Group 

We review progress in applying surface-wave techniques to the problem of retrieving 
focal mechanisms for earthquakes in the western United States. The aim of this research is an 
improved characterization of the regional stress field to better understand the geophysical pro
cesses modifying tectonic evolution, including intraplate sources of stress and structural 
irregularities affecting plate boundary behavior. This review begins with studies into the atten
uation and dispersion of surface waves. We discuss the results of these studies and the 
inferences about internal earth structure and the variation of structure across the western 
United States. This is followed by the results of a test of the surface-wave method for retrieving 
earthquake mechanism on a well-studied Borah Peak, Idaho, earthquake. Finally, we present 
the results to date of our mapping of the tectonic stress fields in northern California and in the 
Basin and Range. 

The theory of plate tectonics has 
been applied with great success to 
reconstruct the tectonic evolution of 
many areas of the world, especially 
regions near plate boundaries. Re
constructions oi the tectonic evolu
tion oi the western United States 
provide valuable insights into the 
geophysical processes responsible 
for shaping the unique continental 
rift areas making up the Basin and 
Range oi Nevada and western Utah, 
as well as other geological features 
of the Hacific-Xorth American plate 
boundary in California. Information 
on the earth's internal structure and 
the tectonic stress field are vital for 
understanding the nature of plate-
boundary interactions and the ori
gins of the driving forces on tectonic 
plates. 

Althdugh gcophvsicists have 
mapped the tectonic stress field on a 
large scale and have improved the 
global model of plate tectonic--, they 
have also recognized for sume time 
that there can be significant short 
wavelength or regional variations in 

the patterns of tectonic stress that do 
not fit into a simplified view of plate 
tectonics. Sources of regional stress 
can be related to structural irregular
ities controlling plate boundary be
havior a n d / o r intraplate sources of 
stress such as hot spots, topography, 
and crusta! in homogeneities. Little 
is known about the regional stress 
fields of the western U.S. and the 
processes that give rise to them. The 
object of our research is an improved 
characterization of tin? regional 
stress field in the western U.S. to 
gain a better understanding of the 
geophysical processes that modify 
the tectonic evolution. 

From a more practical stand
point, there are facilities of vital 
national interest located in the 
Basin and Range and in other areas 
of the western U.S. th.it will benefit 
from a more complete understand
ing of the tectonic stress field. These 
benefits include better assessments 
of the long-term structural stability 
oi geologic repositories containing 
radioactive wastes, more precise 

constraints for fluid-flow models of 
convective hvdrothermal svstems, 
and seismic hazard mitigation 
through improved assessments of 
seismic risk. 

Three wavs to measure the ori
entation of stress in the lithosphere 
are: (1) in situ measurements from 
hydrofractures and borehole elon
gation, (2) geologic inferences, and 
(3) earthquake focal mechanisms. 
Earthquake mechanisms are par
ticularly attractive in the western 
U. S. because the seismicitv is so 
diffuse that many areas, both pop
ulated and remote, mav bequicklv 
and inexpensively surveyed. This 
approach has been exploited for 
vears in areas monitored bv dense 
seismic-station networks operated 
by the United States Geological 
Survey (USGS) and major univer
sities. Making use of manv short-
period recordings of / '-waves from 
i\\\ earthquake located within the 
network, the / '-wave first-motion 
technique has been widely used 
to find the nodal planes oi the 
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earthquake radiation pattern and the 
directions of the principal stresses. 

Unfortunately, the first-mo lion 
technique has limited applicability 
when the earthquake is located out
side of the seismic networks. Be
cause ul requirements on station 
distributions and signal-to-noise ra
tios, an earthquake located outside 
networks in the western L'. S. must 
have a magnitude greater than 
about 5.0 to determine a reliable 
first-motion solution. This severely 
restricts the number of analyzable 
events, particularly in the Basin and 
Range where the occurrence of 
large earthquakes is rare. In addi
tion, there can be uncertainties in 
stress estimates obtained from the 
first-motion technique in areas 
where the earth structure is poorly 
known, which is often the case out
side of seismic networks. 

We have used a method based on 
surface-wave excitation and seismic 
moment-tensor theories to obtain 

source mechanisms of moderate-
size earthquakes. The method is 
particularly suited to the study of 
remote earthquakes with limited 
seismic station coverage. Surface 
waves with periods less than 30 s 
propagate in the crust, avoiding the 
highly attenuating upper mantle; 
consequently, they are well-recorded 
even at distant stations. A typical 
seisme-gram from a regional earth
quake in the western U. S. illus
trates the very clear surface-wave 
arrivals compared with the small 
first motions of P„ (Fig. 1). Indeed, 
using surface waves, we can lower 
the threshold of anaiyzable earth
quakes to a magnitude of 4.0; hence, 
more earthquakes are candidates 
lor study. Also, the longer wave
lengths in the surface waves permit 
a "point source" view of the earth
quake, smoothing out all of the 
complexities of the rupture process 
that may add noise to / '-wave first-
motion solutions. 

The surface-wave method also 
provides an independent check on 
the results from P-wave first-
motion studies. This is helpful in 
regions where networks have been 
recently installed and where the 
stress fields are unk iown. 

We review the developmental 
work in applying surface-wave 
methodologies to the problem of 
earthquake mechanism retrieval in 
the western U- S. Because of the 
severe effects that the earth's struc
ture has on the propagation of sur
face waves, this review begins, as 
did the course of our studies, with 
investigations into the propagation 
characteristics, including attenua
tion and dispersion. These investi
gations have yielded considerable 
information about the internal earth 
structure and the variations of that 
structure across the western U. S. 
This is followed by the results of a 
test of the surface-wave method to 
recover the source mechanism of a 
well-studied earthquake. Finally, we 
present the results to date of our 
mapping of the tectonic stress fields 
in northern California and in the 
Basin and Range. 

Q Structure of the 
Basin and Range 

In our investigations of propaga
tion effects, we studied events with 
known source mechanisms, usually 
from P-wave first-motion solutions. 
Theoretical excitation of surface 
waves in lavered media is calcu
lated for the source model of an 
earthquake. These calculations are 
used to correct the observations, 
thereby isolating the part caused by 
propagation. 

The epicenters of the events and 
the paths used to measure attenua
tion are shown in Fig. 2. The sta
tions belong to the World-Wide 
Standard Seismograph Network 
(WWSSX), and the paths are for 
Ravleigh waxes that left the sources 
on azimuths well awav from nodes 

40 80 120 160 200 
Seconds alter origin 

Figure 1. Seismograms of the September 24 1982, earthquake in southern 
Nevada recorded by an LLNL-operated station at regional distances. 
Three components of motion are shown. The arrivals of P„ first motions 
are indicated by the arrows. 
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Figure 2. Events, stations, and paths used for measurements of Rayleigh-
and Love-wave attenuation coefficients. The heavy dark line corresponds tc 
1.5 heat-flow-unit energy-flux contour of Blackwell (1978) and was used iri 
the regionalization. 

in the radiation pattern. Similarly, 
we selected Love-wave data that 
avoided complications due to radi
ation nodal planes. 

We divided the western U. S. into 
two provinces for the purpose of es
timating regional attenuation coef
ficients. The boundary between the 
two provinces (Fig. 2) was deter
mined bv the 1.5 heat-flow unit 
contour from the energy-flux map 
of Blackwell (14781 This boundary 
is somewhat arbitrary; however, it 
does result in defining one province 
encompassing all of the physio
graphic Basin and Range and addi
tional areas that, from a rheological 
standpoint, mav be similar to the 
Basin and Range. 

The measurements of Rayleigh-
wave attenuation in the Basin and 
Range are shown in Fig. 3 along 
with shear-wave attenuation mod
els as a function of depth (Palton 
and Taylor, 1984). The four models 
in Fig. -i were obtained from formal 
inversions bv selectivelv changing 
the weighting of the data covariance 
matrix. Variance between the differ
ent models is a measure of the reso
lution of attenuation at depth. All 
models are characterized by fairly 
low Q values in the lower crust (18-
31 km; Q ( J -120) and very low Q 
values at depths greater than 60 km 
(Q|I < 30). 

Figure 4 shows a comparison of 
the Qn'] models versus a Bnsin and 
Range 5-velocitv structure (Priestlev 
and Brune, 1978) and Basin and 
Kane/: geotherms (I.achenbruch and 
Sass, 197S). The rapid increase in 
Q/j - 1 occurs at about the same depth 
as the intersection of the Basin and 
Range geolherms with the dry ba
salt melting curve (-45 km). This is 
also the depth at which a rapid in
crease in electrical conductivity has 
been observed (Porath, 1971). t h e 
shear-velocity model based on 
surface-wave dispersion is charac
terized by a constant velocity lid 
with shear velocity of 4.5 k m / s and 
a sharp lithosphere-asthenospliere 

discontinuity at 60 km. Our s'rudies L 
of velocity structure in the Basin and Q 
Range illustrate that structural mod- w 

els with negative velocity gradients 
in the lid are also consistent with the st 
observed dispersion curves. A sud- d: 
den jump in velocity is not required. ra 
We believe that the low Q values re- Li 
quired in the lower crust and upper pi 
mantle, in conjunction with a host of (F 
geophysical evidence, suggest that ai 
the lithosphere is poorly developed ra 
beneath the Basin and Range and bi 
that the Hthosphere-asthenosphere M 
boundary, whether gradational or m 
abrupt, may extend to the base of the th 
crust. to 

ies Lateral Variations of 
'"£ Shear-Velocity Structure 
nts In the western U. S., we mea-
the sured Rayleigh-wave phase-velocity 
id- dispersion in the 6-60 s period 
ed. range for more than 80 paths and 
re- Love-wave dispersion for about 50 

^er paths. The Rayleigh-wave paths 
t of (Fig. 5) provide dense coverage for 
at areas of the Basin and Range, Colo-
ied rado Plateau, and southern Colum-
1 bia Plateau and Snake River Plain, 
re Most of the measurements were 
r made on WWSSN data following 
[he the single-station method applied 

to earthquakes with known source 
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Figure 3. (a) Shear attenuation versus depth from the inversion of surface 
wave attenuation data. Four different models were obtained from formal 
inversions by selectively changing the weights of the data covariance 
matrix, (b) Observed and calculated Raj. K-igh-wave attenuation for the 
above models. Open squares represent one standard deviation in the 
measurements of attenuation, 100/Q. 

mechanisms and depths, in a few 
instances, we used digital stations 
in \ e v a d a and California operated 
by I J . \ I - and Sandia Laboratory. 
Two-station dispersion curves 
were available between LIA'I. 

stations and between \V\VS5\ sta
tions from the study of Biswas and 
Knnpuff (1974). The total variation 
nt" the Uayleigh-wave velocities on 
these paths was - 1 0 ' ; fur a 5U-s 
period and ]3'> for a 10-s period. 

The data set of phase-velocity 
dispersion curves was analyzed 
for lateral variations using a pure-
path regionnlization method. This 
method has been widely applied to 
long-period observations in the 
oceans and the continents, and in 
numerous global studies. We 
at tempted to remove some subjec
tivity in the choice of regionaliza-
tion zones by employing a block-
province grid (Fig. 5). We used 
blocks in areas with dense, criss
crossing paths and tectonic prov
inces on the perimeter of the s tudy 
area. This permitted a more objec
tive analysis for the lateral varia
tion of velocity in areas of interest, 
specifically the Basin and Range 
and adjacent geologic regions. The 
block-province regionalization 
consists of 20 zones (16 are square 
blocks 300 km on a side and 4 are 
tectonic provinces). The size and 
number of the blocks were chosen 
by taking into consideration the 
number of paths and wavelengths 
of the surface waves. Following 
the standard methodology, the 
observed phase slownesses for all 
paths at a given period were in
verted for the phase slownesses in 
each zone (Taylor and Pattern, 
1986). 

The inversion results showing 
lateral variations of Rayleigh-wavt 
phase velocity In two period ranges 
are presented in Fig. 5(c) and (d), 
where percent deviations from a 
reference dispersion curve for the 
Great Basin (Priestley and Brune, 
1978) are shown. The period range 
from 25-33 s generally samples the 
lower crust and upper mantle and 
the range from 16-24 s mainly sam
ples the mid- to upper-cnisi. The 
results indicate significant lateral 
velocity variation in the Great Basin 
although the spatial-average 
velocity agrees quite well with the 
dispersion obtained by Priestley 
and Brune. Low velocities are 
found in areas oi the Hureka low 
heat-flow (block 12) and in parts of 
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Figure 4. Comparison of shear velocity (Priestley and 
Brunei 1978) and shear attenuation models with esti
mated geotherms (Lachenbruch and Sass, 1978) in the 
Basin and Range. 

southeastern Oregon {block 3). 
High velocities arc found in transi
tion areas such as the Interrnoun-
tain Seismic Belt {blocks 8 and 13) 
and the Mohave Desert (block 15), 
and in the Battle Mountain high-
heat-flow area (blocks 4, b, ind 7). 

The regionalized phase velocity 
curves for b!ocks6,7, T2,13,16, and 
17 were inverted for sSear-velocity 
structure in an nttem ̂ t to develop a 
structural cross section. For each 
block, structural information based 
on results from refraction surveys 
and from previous surface-wave 
studies provided constraints on 
crustal structure, making our crust 
and upper mantle velocities better 
determined. By using these con
straints and results from sensitivity 
studies, we can estimate to within 
5 km the average crustal thickness 
for each block. However, given the 
relatively large size of each block, it 
is expected that the crustal thick
ness varies by this much particu
larly where a tectonic boundary is 
encountered. The preferred veloc
ity models (Fig. 6) represent a 
W-NW toS-SE profile for the six 
blocks extending across the Basin 
and Range into the Colorado Pla
teau. Because of limitations in 
model resolution, small features 
such as single-layer crustal low-
velocity zones are probably not 
significant. 

A principal feature of the profile is 
the presence of a well-developed, 
upper-mantle low-velocity 'one in 
the central Basin and Range (block 
12). The lid thicknesses (Fig. 6) are 
quite thin (-10-30 km) relative to 
that of the Great Basin model (Priest
ley and Brune, W8; -30 km). The 
top of the upper-mantle low-velocity 
zone may actually be a negative 
velocity gradient rather than an 
abrupt velocity discontinuity- How
ever, resolution calculations indicate 
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Figure 5. (a) Seismic stations, tectonic provinces, and the block-province grid employed by the phase velocity 
regionalizr.iion method, (b) Rayleigh-wave paths, (c) Percent deviations from the Great Basin dispersion curve 
of Priestley and Brune (1978). Shading denotes areas with velocities greater than the Great Basin curve, and 
stippling denotes areas with lower velocities. Velocities in unmarked areas are not significantly different from 
the Great Basin curve. 
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that we cannot distinguish be
tween the two possibilities with
out additional constraints such as 
5,, velocities. 

Theentstal thickness u as selected 
primarily to match constraints from 
regional refraction results and ap
pears to be thick (~33 km) in the 
central part of the Basin and Range 
and thin (-23 km) on die outer 
edges. The central part of the Basin 
and Range also appears to be char
acterized by slightly higher veloci
ties in the lower crust compared to 
the northwest block (block 6) that 
has uniformlv low velocities 
throughout its thin crust. 

The upper-mantle lid appears to 
be thicker in the northwestern 
Basin and Range, and its character 
on the Wasatch Front (block 13) be
comes unclear. The location of the 
Moho in block 13 is either at about 
20-km depth or at 43-km depth. 
This feature is very similar to the 
"double Moho" described by Pech-
mann et al. (1984), based on earth
quake and quarry-blast travel 
times in the same region. Surpris
ingly, the S-velocities in this transi
tional block are vers- similar to 
those located to the east in the sta
ble Colorado Plateau block. How
ever, the S-velocities of 4.0" k m / s a t 
depths of 21) to 45 km correspond 
to /''Velocities of about 7.4 k m / s 
(Keller et al., 1M79), while those on 
the Colorado Plateau correspond 
to /'-velocities of about fi.H k m / s . 
These depths in the transitional 
block are characterized by very 
high Poisson ratios (0.29 as opposed 
lo 0.24 in the Colorado Plateau). 

The dramatic increase in the 
Poisson ratio could be due to the 
effect of partial melt or of some 
high-temperature re'axntion 
mechanism acting in this transi
tional region. However, it is not 
clear if the high Poisson ratio layer 
bet'*'"en -20~45-km depth is com
posed of mantle-derived crustal 

3 S 3 
Velocity (km/s) 

Figure 6. Shear-velocity models from the inversion of regionalized Rayleigh-
wave dispersion curves for six blocks across the Basin and Range (see 
Fig. 5). Vertical exaggeration is approximately 10:1. 

material or of -jltramafic mantle 
material whose velocities are 
reduced by high-temperature 
effects. Jn regions undergoing 
crustal underplat ing, significant 
amounts (up to 10 km) of mantle-
derived crustal material can be 
emplaced at the base of the crust. 
Consideration of the resultant seis
mic velocities suggests that, for 
many cases, the added material 
may have velocities intermediate 
between those typical for crust and 
mantle petrologies (Furlong and 
Fountain, 1986). 

Borah Peak Earthquake: 
Test of the Methodology 

The Borah Peak, Idaho, earthquake 
sequence of October 1983, offered 
the oppor tuni ty to s tudy well-
recorded events for the purpose 
of testing our surface-wave meth
odologies against independent 
field data . The source mechanism 
of the aftershock at 19 hr 51 min 
(GMT) on October 29, 19S3 had 
been studied using (1) / ' -wave 
first motions by Richins et al. 
(19S7), (2) digital waveforms of 
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long-period teleseismicbody naves 
bv Kkstrom and Dziewonski (198?). 
and (3) digital waveforms of 
regional P,,r waves bv Patlon and 
Doser 114SS). These three inde
pendent data sets gave remark-
ablv similar source mechanisms, 
and as such, this event was ideally 
suited to lest our Q and velocity 
models and source-parameter 
retrieval methodology. 

Excellent quality surface waves 
were recorded on a number of net
works, both analog and digital, in 
the western U.S. Complex source 
spectra ^vcw extracted from the 
observed signals by making path 
corrections for anelastic attenuation 
and for propagation phase delav 
using the model for lateral varia
tion of surf ace-wave phase veloci
ties discussed in the previous section. 

The surface-wave data were in
verted using the moment-tensor ap
proach developed bv Romanowicz 
(1982). For Rayleigh waves, this ap
proach reduces observations of com
plex source spectra to five so-called 
moment-excitation spectra involv
ing six moment-tensor elements. 
The five moment-excitation spectra 
are in turn inverted for the focal 
depth and the elements of the mo
ment tensor. Because depth enters 
nonlinearly through Green's func
tions, the solution method involves 
repeated linear inversions at trial 
depths. The preferred depth gives 
the smallest residual of all trial 
inversions. 

The propagation-phase correc
tion is critical to the success of the 
moment-tensor inversion, even for 
relatively short regional distances. 
This is demonstrated in Fig. 7(a) 
where-a comparison between two 
residual depth curves is shown. 
One curve is based on source spec
tra computed using a laterally 
homogeneous earth model, and the 
other JS based on spectra for the lat
erally heterogeneous earth model 
in Fig. V A clear minimum at a 
depth ol ID km is present in the 

residual curve when lateral hetero
geneity is accounted for in the path 
phase corrections. Comparison of 
the mechanism at the residual min
imum with the other source mecha
nisms is shown in Fig. 7(b), illus
trating the excellent agreement 
between four independent data 
sets. The agreement between seis
mic momenU'stimntes of 2.8,1.3, 
and 2.4 x 10 1 ' N-m from teleseismic 
P-waves, P„i waves, and regional 
surface waves is quite satisfactory. 
The depth estimate from surface 
waves is in good agreement with 
aftershock distributions of the 
Borah Peak earthquake compiled 
by Richins et al. (1987) from hypo-
center determinations using locally 
recorded P-waves. 

Stress Measurements 
in Northern California 
and Nevada 

The surface-wave method has 
been applied to more than 30 earth
quakes in the western U. 5., and the 
results are beginning to reveal some 
interesting characteristics about the 
regional tectonic stress field. For 
example, source mechanisms for six 
earthquakes in the northern Great 
Basin (Fig. S) show quite uniform 
stress tensors. The minimum com
pressive stress axis (T> is oriented on 
an average N70HV, and the maxi
mum compressive stress axis (P) is 
nearly vertical (normal faulting). 
While the directions of T axes for 
events in southern \ e v a d a (not 
shown in Fig, 8) agree well with 
those in the north, the stress tensors 
are rotated such that the P axes are 
horizontal and the intermediate 
stress axes (B) are vertical (strike-slip 
faulting). Thus, the relative magni
tudes of vertical to horizontal 
stresses appear to change between 
northern and southern Nevada; the 
vertical stress is greater than the hor
izontal stress in the north and vice 
versa in the south. Sources of stress 

possibly related to the thermal state 
of the interior Basin and Range may 
cause this change. On the other 
hand, this could be reflecting 
changes in stress patterns along the 
San Andreas fault in California since 
compressive stresses can be trans
mitted well into the interior of the 
Basin and Range from the plate 
boundary. 

Our stress measurements in 
northern California along with the 
findings for central and southern 
California (Zoback ei al., 1987) are 
evidence for a heterogeneous stress 
field north-south along the San 
Andreas fault system. Zoback et al. 
have compiled an extensive data set 
of stress measurements for central 
California. This data set shows that 
the maximum horizontal compres
sive stress is oriented nearly per
pendicular to the strike of the San 
Andreas fault. For classical shear 
faulting, the maximum compressive 
stress is expected to be oriented 30 to 
45 = from the fault strike. One expla
nation is that the fault zone is weak 
and unable to support shear stresses. 
Because of a small component of 
convergent motion between the 
Pacific and North American plates, 
the resolved maximum congres
sional stress is nearly orthogonal 
to the plate boundary. This "weak 
fault" hypothesis is consistent with 
the absence of the heat-flow anom
aly that is expected if the shear-
stress level is high along the San 
Andreas. 

North of San Francisco, the evi
dence for fault-normal compression 
was less convincing in the study by 
Zoback et al. The L'SGS seismo-
graphic network in northern Cali
fornia has been in operation for less 
than ten years, and P-wavv first-
motion solutions bv Wong et al. 
(1988) showed considerable scatter 
in the stress directions. The r.urface-
wave technique was ideally suited 
for this region, and offered the 
promise of more consistent stress-
orientation indicators (Patton. 1985). 
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Figure 7. (a) Residual-depth curves obtained from moment-tensor inversion 
of surface-wave data for the 19:51 Borah Peak aftershock. The dashed line is 
obtained for a laterally homogeneous earth model and the solid line for the 
earth model with lateral heterogeneity, (b> Focal sphere showing fault planes 
and principal stress directions from the surface-wave inversion. Error el
lipses around principal stress directions are for two standard deviations. 
Also shown are the B (squares), T (circles), and P axes (triangles) from wave
form modeling of teleseismic body waves (open symbols), first motions 
studies (half-closed symbols), and P„i waveform modeling (closed symbols). 

Our results show a variety of 
source mechanisms, yet give a con
sistent north-south orientation for 
maximum horizontal compressive 
stress in northern California (Fig. 9). 
The siress directions plotted in this 
figure are either the B or P axis, 
whichever lies closest to the hori
zontal plane. The mix of B and P 
axes suggests that the magnitudes of 
vertical and horizontal stresses are 
nearly equal in northern California, 
as opposed to the clear division that 
we found in northern and southern 
Nevada. In any case, the observa
tions for the stress directions show a 
remarkably consistent pattern and 
suggest a considerable change in the 
state of stress along the San Andreas 
fault system. 

We believe that this change in 
stress reflects differences in the tec
tonics and mechanical behavior of 
the San Andreas fault system. The 
fault segment in central California 
is very linear and cuts vertically 
through the entire seismogenic 
zone. Here, the fault is observed to 
be creeping aseismically, and ap
parently cannot support shear 
stresses. In other words, the fault 
has very low shear strength. North 
of San Francisco, the tectonics of 
the plate boundary are very differ
ent, as the recent paper by Furlong 
etal. (1989) has shown. 

Model studies by Furlong et al. 
indicate that the thermal and me
chanical evolution of the plate 
boundary are a direct consequence 
of the northward migration of the 
Mendocino Triple Junction and the 
development of an asthenospheric 
window beneath the western edge 
of the North American plate. Spe
cifically, their models predict an off
set in the plate boundary north of 
San Francisco Bay between the sur
face expression, which is the trace 
of the San Andreas fault, and the 
plate boundary at depth. The deep 
boundary correlates well with the 
location of surface volcanics east of 
the fault trace and with the evi
dence for low /'-wave velocities 
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Figure S. Focal iMechanisms for six earthquakes in the northern Great Basin. Error ellipses around principal 
stress directions are for two standard deviations. Also given are estimates of the focal depths from the surface-
wave source inversions of each event. 

from seismic tomographic inver
sions An important feature of their 
model is the formation of new 
faults in the crust of the North 
American plate over the asthenos-
pheric window. Indeed, almost all 
of tlie observed seismicity in north
ern California is located on young 
faults east of the San Andreas fault. 
This suggests the transmission of 
shear stresses into the interior of the 
North American plate; therefore, 

the mechanical behavior of the 
plate boundary is quite different 
from that of the San Andreas fault 
in central California. An estimate of 
the shear strength in northern Cali
fornia is the strength of the earth's 
crust itself since new faults are ap
parently forming there. A north-
south maximum compressive stress, 
as observed from the surface-wave 
results, is consistent with this 
interpretation. 

Conclusion 
We successfully used surface-

wave methodologies to retrieve 
focal mechanisms for earthquakes 
occurring in the western U.S. Start
up phases of this work involved 
measuring surface-wave attenua
tion and dispersion across varied 
landforms. Interpretation of these 
measurements yielded information 
about the internal anelastic and 
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Figure 9. Directions of maxi
mum horizontal compressive 
stress from earthquake mecha
nisms obtained in this study. 
Shown are just the estimates for 
earthquakes located in northern 
California and Nevada. Other 
events that we have studied or 
will be studying are shown by 
small open circles. Large arrows 
show orientation of compressive 
stress in central California from 
numerous geological and geo
physical evidences summarized 
in Zoback et al. (1988). 

propagation corrections derived 
from our models of earth structures 
were satisfactory for isolating the 
e' lects due to the earthquake source. 
We are now analyzing earthquakes 
in northern California and in 
Nevada, and our results are begin
ning to reveal interesting patterns 

in the regional tectonic stress field. 
As our work on earthquake mecha
nisms continues, maps of the region
al stress field will be completed and 
interpretations of the results will 
offer a better understanding of the 
internal forces responsible for con
temporary tectonic activity. 

velocity structures in the Basin and 
Range, which offer clues to the tec
tonic development of continental 
rifting. We tested these focal mecha
nism methodologies on a Borah 
Peak, Idaho, aftershock for which in
dependent field data wereavailable. 
Our results demonstrate that the 
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Ph.D.. Seismology 
University of Michigan 

Norm Burr 
Geophysics, seismology, and com
puter modeling 

M.S.. Geophysics 
Massachusetts Institute of Technology 

(4151422-3918 

Dick Carlson 
Well logging, acoustic and density 
logging, and in situ physical property 
measurement 

B.A., Physics 
San Francisco State University 

(415)422-6439 

Marv Denny 
Signal processing and analysis of 
dynamic systems 

M.S., Mechanical Engineering 
University ol Washington 

1415)422-3919 

Fred Followill 
Solid earth geophysics, seismology. 
treaty verification, and site safety 

B.S., Mathematics 
Texas Technical College, Lubbock 

1415)422-3920 

Peter Goldstein 
Earthquake sources, array signal 
precising, earth structure, strong 
ground motion modeling, and volca
nic signals and sources 

Ph.D.. Physics/Seismology 
University ot California, Santa Barbara 

1415)423-1231 

Phil Harben 
Seismology and applied geophysics: 
verification, real-time, tomographic, 
and instrument development applica
tions 

M.S.. Applied Geophysics 
University of California, Berkeley 

1415)422-3571 

Terri Hauk 
Seismology 

B.S.. Geophysics 
University of Arizona 

(415)423-7332 
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Sieve Jarpe 
Geophysics and seism' \,r,/ 

M.S.. Geophysics 
New Mexico Institute of Technology 

(415)423-7676 
Nal-hsien Mao 

Physical properties of rocks and 
minerals, rock mechanics, and 
geostatisiics 

Ph D.. Geophysics 
Harvard University 

<415)422-3518 
Robin Newmark 

Borehole logging, well logging, data 
synthesis and interpretation, acoustic 
logginc. and marine geophysics 

Ph.D.. Geophysics 
Columbia University 

(415)423-3644 
Howard Patton 

Seismology, source mechanisms. 
discrimination, and source 
characterization 

Ph.D.. Geophysics 
Massachusetts institute of Technology 

1415)422-3924 

Bob Rohrer 
Surface motion studies and seismic 
yield determination 

A.B., Physics 
Washington University. Si. Louis 

(415)422-3913 
John Rundle 

Geodesy, seismology, continuum 
mechanics, critical phenomena, and 
nucleatio 

Ph.D.. Physics/Geophysics 
University of California, Los Angeles 

(415)294-5236 
Nick Sharp 

Seismology technician, and equip
ment and facilities coordinator 

(415)422-3908 
Al Smith 

Seismology, tectonophysics, and 
design and deployment of field 
experiments 

Ph.D.. Geophysics 
Massachusetts Institute of Technology 

(415)422-9739 

Steve Tayfor 
Seismology and treaty verification 

Ph.D.. Geophysics 
Massachusetts Institute of Technology 

(415)423-0616 
Jay Zucca 

Test ban treaty verification, seismic 
imaging of the upper crust, seismic 
data acquisition equipment 

Ph.D., Geophysics 
Stanford University 

(415)422-4895 

Containment 

Norm Burkhard, Group Leader 
Applied geophysics, reflection seis
mology, and inversion theory 

Ph.D.. Physics 
University of California. Los Angeles 

(415)422-6483 
Hal Goldwire 

Hydrodynamic yield determination 
and measurements, instrumentation 
systems, atomic physics calcula
tions, experimental radio astronomy, 
and remote measurements 

Ph.D . Space Physics and Astronomy 
Rice University 

<415)423-0160 
Bemadette Harter 

Resource Manager (or Containment 
Program, for Basic Energy Scienje. 
and tor Institutional Research and 
Development in the Earth Sciences 
Department 

Chabot Cci'ege 
i4l$ 123-3:60 

Joe Hearst 
Well logging un snu physical property 
measurements), density and neutron 
logging oorohole gravimetry and 

design and execution of high explo
sive experiments 

Ph.D.. Physics 
Northwestern University 

(415)422-6490 
Billy C. Hudson 

Nuclear test phenomenology and 
instrumentation 

Ph.D.. Physics 
Kansas State University 

(415)443-1748 
Andy Jorgensen 

Radiation-hydrocatculations, diag
nostics for weapons, and contain
ment phenomena 

B.S.. Physics 
North East Missouri University 

(415)422-0720 
Cliff Olsen 

Containment evaluation, containment 
instrumentation, hydrodynamic yield 
diagnostics, physical chemistry, envi
ronmental impact analysis, and strain 
seismology 

Ph D,. Physical Chemistry 
University of California. Davis 

{415/422-7434 

Paula Tale 
Hydrodynamic yield measurements, 
and containment diagnostics 

M.S.. Forest Management 
Virginia Polytechnic Institute a id 
State University 

(415)423-4858 
Vern Wheeler 

Containment evaluation, containment 
instrumentation, prompt diagnostics, 
and ground motion instrumentation 

B.A.. Physics 
University of California, Berkeley 

(415)422-7436 
Erv Woodward 

High-resolution spectroscopy, 
nuclear radiation measurements, 
and high-speed photography 

Ph.D.. Physics 
University of California, Berkeley 

(415)422-7435 
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Experimental Geophysics 

Al Duba, Group Leader 
Physical property measurements 

Ph.D.. Geophysics 
University of Chicago 

(415)422-7305 

Jagan Akella 
Static high-pressure equation of stale 
of acttnides and lanthanides using 
diamond ceil, mineralogy, petrology. 
and phase equilibna at high pres
sures and high temperatures 

Ph.D.. Geochemistry 
Indian Institute of Technology (India) 

/•it 51423-621? 

Mark Beeman 
Synthesis and rheO'ogy of earth 
materials at elevaWd pressures and 
temperatures 

Ph.D.. Geophysics 
Cornell University 

i415}422-?1Q8 

Steve Blair 
Physical properties of rocks at ele
vated pressure and temperature, and 
microstruclure of recks 

M.S.. Geophysics 
University of Washington 

>415)422-6467 

Brian Bonner 
Ultrasonics, anelasficity. and material 
properties at high pressures and high 
temperatures 

M.S.. Geophysics 
Renesselaer Polytechnic I. rsntute 

i415)422-?080 

Richard Knapp, Group Leader 
Applied heal. mass, and chemical 
transport processes' and coupled 
processes 

P h D . Geosciences 
Universily of Arizona 

{416.423-3323 

Tom Buscheck 
Multiphase heat and fluid flow and 
contaminant transport in fractured 
porous media, hydrogeology. 
petroleum rcser/oir engineering, 
numerical reservoir Simulation. 
byflrojrjermfl) analysis 01 aquiler 

Carl Boro 
High pressure systems, experimental 
problem solving, and fabricating of 
unusual materials and parts for 
experimental systems 

B.A.. Industrial Studies 
California State University. San Jose 

(415) 422-7016 

Bill Durham 
Geophysics. Theology, and micro-
structure of rocks and minerals 

Ph.D.. Geophysics 
Massachusetts Institute of Technology 

(415)422-7046 

Wunan Lin 
Physical and hydrological properties 
of rocks at high pressures and high 
temperatures 

Ph.D., Geophysics 
University of California, Berkeley 

(415) 422- 7162 

Sue Martin 
Diamond anvil cell technology, elec
tron microscopy and photon correla
tion spectroscopy 

California Slate University. Hayward 
(415)422-7338 

Annamarie Meike 
Ultramicrostructure and micro-
mechanics of earth and ceramic 
materials, mechano-cherrical pro
cesses in earth and ceramic materi
als, electron beam optics and 
analysis of materials, crystallography. 
and mineralogy 

Ph.D.. Geology 
University of California. Berkeley 

(616)249-3406 

Flow and Transport 

thermal energy storage, and glacial 
geology 

Ph.D.. Geophysical Engineering 
University ol California. Berkeley 

1415)423-9390 

Charles Cardigan 
Analytical numerical andiaboratory 
modeling of fluid dynamical pre-
cesses, including magma 'ransport 
tectonic-hydrologic coupling, ground 
water flow "•••'action, and thermal 
ccnvectio-

PhD.-Geop ' ,_-ss 
Vrmwyvy eft Cefrforma. V.tfs ftrrg^es 

'415I422 3941 

Bill Ralph 
High pressure system installations 
and u^rations. geophysical labora
tory testing, and geophysical field 
explorations 

(415)422-9201 

Robin Reichlin 
Absorption, reflection, emission and 
Raman spectroscopy, equation Of 
state, and electrical resistance at 
extreme pressure using the diamond 
anvil cell 

M.S.. Geochemistry 
State University of New York-
Stoney Brook 

(415)423-0365 

Rick Ryerson 
Experimental petrology, diffusion 
kinetics, and rheology 

Ph.D.. Geochemistry 
Brown University 

(415)422-6170 

Barbara Wanamaker 
Geophysics 

Ph.D.. Geophysics 
Princeton University 

(415)422-7085 

Homer Weed 
Rock physics, expenmental IR spec
troscopy, rheology of high tempera
ture melts, and dissolution kinetics of 
glasses and minerals 

Ph.D.. Physical Chemistry 
Ohio State University 

(415)422-7184 

Dwayne Chesnut 
Hydrogeology and contaminant 
transport in porous media: petro
leum reservoir engineering, includ
ing enhanced oil recovery and 
unconventional sources; applica
tions ol probability and statistical 
analysis to nuclear and hazardous 
waste disposal: computer modeling. 
especially for implementing analytic 
or semianalytic methods and inter
disciplinary project direction 

Ph.D.. Phys-cal Chemistry 

i415)423-5053 
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John Nltao 
Analytical and numerical modeling of 
multiphase heat and fluid flow, 
vaduse zone contaminant transport, 
fracture-matrix fluid interactions, 
petroleum reservoir engineering sto
chastic systems, numerical analysis, 
and high-lev"? simulators 

Ph.D., Applied l/.athematics 
University of California. Berkeley 

(415)423-0297 

Leah Rogers 
Ground water and hydrogeology 

M.S.. Ground Water Geology 
University of Illinois 

(4151422-3538 

Alan Burn ham, Group Leader 
Applied chemical kinetics, petroleum 
geochemistry, pyrolysis. and oil shale 
chemistry 

Ph.D.. Physical Chemistry 
University of Illinois 

(415)422-7304 

Robert Braun 
Computer modeling ofphysio-chemical 
processes, chemical kinetics, heat 

Kevin Knauss, Group Leader 
Geochemistry (thermodynamics and 
kinetics of aqueous systems), hydro-
thermal experimental methods, isotope 
geochemistry, and geochronology 

Ph.D.. Geological Sciences 
University of Southern California 

14151422-1372 

Roger Afnes 
Geochemistry, solid-state chemistry, 
optical-IR spectroscopy, and leach
ing and solid-state analysis 

Ph.D.. Geochemisry 
California Institute of Technology 

<415>423-7184 

BIN Bourcier 
•iydrothermal solution chemistry, 
hydroihermal experimental methods, 
and geochomical modeling 

Ph.D . Geochemistry and Mineralogy 
Pennsylvania State University 

1415)423-3745 

Andrew Tompson 
Physics of flow and transport in uni
form and heterogeneous porous 
media using continuum and stochas
tic analyses, fluid mechanics, numer
ical modeling, computational physics, 
stochastic processes, and random 
field theory 

Ph.D.. Civil Engineering 
Princeton University 

(415)422-6348 

Ananda Wifesinghe 
Applied solid, fluid, and fracture 
mechanics: constitutive theories for 
materials with microstructure; mul
tiphase fluid and heat flow and 

Fossil Energy 

and mass transfer, oil shale retorting, 
and petroleum geochemistry 

Ph.D.. Physical Chemistry 
University of Washington 

(415)422-6650 

Tony Ladd 
Statistical mechanics, molecular 
dynamics, and hydrodynamic inter
actions, and lattice-gas models 

Ph.D., Theoretical Chemistry 
University of Cambridge (U.K.) 

(415)422-4596 

Geochemistry 
Carol Bruton 

Geochemical modeling of fluid-rock 
interactions, and thermodynamics 
and kinetics of fluid-rock systems 

Ph.D.. Geology 
University of California. Berkeley 

(415)423-1936 
Marilyn Buchholtz-ten Brink 

Environmental geochemistry, chemi
cal oceanography, radiochemistry. 
chemical transport processes in sedi
ment and groundwater, andtrace 
ciement geochemistry, especially 
lanthanides andactimdes 

PhD, Eanh Science 
Lamont and Doherty Geophysical 
Observatory, Columbia University 

(415)423-7662 
Bill Glaialey 

Metamorphic processes in fluid-rock 
systems, petrologic evolution of 
archaean and proterozoic crust. 

deformation of single and naturally 
fractured materials and fluid-particle 
mixtures; petroleum reservoir engi
neering; well test development and 
analysis; well fog analysis; wave 
propagation and attenuation in 
porous media 

Ph.D., Mechanical Engineering 
Massachusetts Institute of Techr ology 

(415)4.3-0605 

Otis Walton 
Material eq« ition-of-state modeling. 
computational physics, and granular 
materials 

Ph.D., Appi-ed Science 
University of California. Davis 

(415)422-3947 

petrology of deep continental crust. 
and packing material evaluation 

Ph.D.. Geochemistry, Tectonics 
University of Washington 

(415)422-6499 

Andrea Goins 
Atomic spectroscopy and analytical 
chemistry 

A.S.. Chemical Technology 
Merritt College 

(415)422-5772 

Ken Jackson 
Thermodynamics of aqueous electro
lytes, geochemical modeling, chemi
cal ecology ot methanatrophic bacte
ria, and aqueous solution chemistry 
of organic species 

Ph.D., Geology 
University of California. Berkeley 

(4151422-6053 
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Jim Johnson 
Thermodynamics of chemical equilib
ria, critical phenomena, heal and 
mass transfer processes, software 
engineering, scientific visualization. 
and relational data base systems 

Ph.D..Geosciences 
University of Arizona 

(415)423-7352 
William McKenzie 

Low to high h ^erature mineral-
solution interactions, geochemical 
cycles and the global environment, 
reactive transport, stable isotope 
geochemistry, and thermochemical 
properties 

Ph.D.. Geology 
University o) California. Berkeley 

(415)423-9248 
Son Nguyen 

Geochemistry (thermodynamics and 
kinetics of uranium minerals}, aque
ous environmental chemistry, radio-
chemistry. neutron activation 
analysis, fossil fuel chemistry, and 
trace element analysis 

Ph.D.. Analytical Chemistry 
Washington State University 

^15)423-7400 

Dennis Peifer 
Engineering geology and subsurface 
investigation, geochemistry rock 

and water interactions, and environ
mental monitoring and remediation 

BA. Geology 
California State University, Chico 

(415)422-5773 

Joe Rard 
Thermodynamic and transport prop
erties of aqueous solutions, and criti
cal reviews of chemical and thermo
dynamic properties of inorganic 
compounds and aqueous species 

Ph.D., Physical Chemistry 
Iowa Slate University 

(415)422-6872 

Nick Rose 
Hydrothermal metasomatism in 
basaltic systems, aqueous organic 
geochemistry, and tertiary geology of 
East Greenland 

Ph.D.. Geology 
Stanford University 

(415)422-0745 

Henry Shaw 
Isotope geochemistry, petrology, cos-
mochemistry, thermodynamics and 
phase equilibria, and high-level 
nuclear waste disposal 

Ph.D., Geology and Chemistry 
California Institute ol Technology 

(415) 423-4645 

Davit* c ->:ih 
Ink uted field and laboratory stud
ies in igneous and low-temperature 
metamorphic petrology and in waste 
disposal: analog studies; microbeam, 
x-ray. trace-element, and field meth
ods applied to the earth sciences: 
and materials characterization 

M.S., Geological Sciences 
University of California, Riverside 

(415)423-5793 

Brian Viani 
Clay mineralogy, x-ray diffraction, 
and colloid chemistry of clays 

Ph.D.. Soil Chemistry 
University of California. Berkeley 

(415)423-2001 

Tom Wolery 
Geochen ileal modeling, modeling 
software development (EQ3/6;, ther
modynamics and kinetics of aqueous 
systems, and/ow-femperafureand 
hydrothermal rock-water interactions 

Ph.D., Geophysical Sciences 
Northwestern University 

(415)422-5789 

Geology 
Jerry Sweeney, Group Leader 

Thermal history modeling of sedi
mentary basins, thermal maturation 
studies, resistivity and low frequency 
EM geophysical methods, geophysi
cal field deployments, structural geol
ogy, and general regional geology of 
California and Nevada 

Ph.D.. Geology 
University cf Illinois 

(415)422-4917 

DaveCaipenter 
Well logging, m situ physical property 
measurement, environmental geol
ogy, neotectomes, and field methods 

M.S., Geology 
Pennsylvania Stale University 

14151422-3976 

Don Emerson 
General geology, mineralogy, and 
petrology 

Ph.D., Mineralogy and Petrology 
Pennsylvania **' ̂ te University 

(415)422-6504 
Larry McKague 

Geology of southwestern Nevada, 
geologic interpretation of geophysical 
data, nuclear explosion phenomenol
ogy, volcanic hazards, and geology 
of serpentinites 

Ph.D., Mineralogy and Petrology 
Pennsylvania State University 

(415)422-6494 

Gayle Pawloski 
General geology, Nevada Test Site 
geology, data management, and 
x-ray diffraction 

S-S., Earth Science 
California State University. Hayward 

{415)423 0437 

Donald Towse 
Economic geology, structure, and 
stratigraphy 

Ph.D.. Geology 
Massachusetts Institute of Technology 

(415)422-6438 

Jefl Wagoner 
Sedimentology of alluvial deposits. 
geology of the Nevada Test Site, and 
site characterization tor underground 
nuclear testing 

M.S.. Geology 
University of California. Riverside 

(415)422-1374 
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Geomechanics 

Francois E. Heuze, Group Leader 
Geomechanics. field testing and 
instrumentation, finite c^^nt and 
discrete element analysis, rock engi-
neering-'rock structures design, and 
rock and joint laboratory testing 

Ph.D.. Civil Engineering/Geological 
Engineering 
University of California. Berkeley 

{415)423-0363 

Dave Glenn 
Shorh physics, instrumentation and 
•experimental designs for measuring 
effects of shock wave propagation, 
and technical writing 

Ph.D.. Physics 
Washington State University 

(415)422-3956 

Jesse Vow, Jr., Group Leader 
Ccupled earth processes and sys
tems, geomechanics. subsurface 
hydrology instrumentation and test
ing, and numerical modeling and 
data analysis 

Ph.D.. Civil Engineering 
University of California, Berkeley 

(415)422-3521 

Bill ts her wood 
Contaminant hydrogeology. geother-
mat systems, potential field geophys
ics, and seismology 

Ph.D., Geologic Sciences 
University ol Colorado 

^415)423-5058 

Ed Kansa 
Computational fluid dynamics in sub
soil and in general fluids, multiphase 
(liquid-vapor-solid) flow, various 
aspects of computational mathemat
ics and computational physics, and 
shock waves and very nonlinear 
physics 

Ph.D.. General Chemistry and Physics 
Vanderfailt University 

(415)423-0151 

Ron Shaffer 
Code development, and multidimen
sional elastic continuum models, 
finite element analysis, and discrete 
element analysis 

P> D., Physics 
New Mexico Institute of Mining and 
Technology 

(415)422-3940 

Jim Berryman, Group Leader 
Inverse problems and tomography, 
image processing methods for rock 
analysis, waves in porous and ran
dom media, and fluid flow through 
poroi >$ media 

Ph.D., Physics 
University of Wisconsin, Madison 

(415)423-2905 

Kenrick H. Lee 
Groundwater hydrology, solute trans
port, field testing, mining engineering, 
rock mechanics, and geotechnical 
engineering 

M.S., Mining Engineering and 
Hydrology 
New Mexico Institute of Mining and 
Technology 

{415)422-8492 

Abe Ramirez 
In situ heater test, underground 
imaging, and geophysics 

M.S.. Engineering Geology 
Purdue University 

(415)422-6909 

Ray Stout 
Stress analysis, micromechanics of 
constitutive equation modeling, diffu
sion analysis, numerical analysis, 
fracture mechanics, fluid mechanics, 
variational principles, similarity analy
sis, borehole slot stress-displacement 
sensitivity analysis, kinematics and 
thermodynamics of chip formation, 
and computer programming 

Ph.D., Engineering Mechanics 
Illinois Institute of Technology 

(415)422-3965 

Tzou-Shin (Joe) Ueng 
Geotechnical engineering, geotech
nical instrumentation, and physical 
modeling tor groundwater treatment 

Ph.D.. Geotechnical Engineering 
University of California. Berkeley 

(415)423-9681 

Dale Wilder 
Engineering geology, geotechnical 
engineering, instrumentation, and 
environmental geology geohydrology 

M.C.E.. Civil Engineering 
Brigham Young University 

(415)422-6908 

Geophysical Imaging and Analysis 

Geotechnical Engineering 
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Institute of Geophysics and Planetary Physics 
George Zandt 

Seismic imaging, institute of Geo
physics and Planetary Physics 
fIGPP). and earth structure 

Ph.D., Seismology 
Massachusetts Institute of Technology 

1415)423-6835 

Nuclear Waste Managsruent 

Lyn Ballou, Group Leader 
Project management field test engi
neering, and civil/construction 
engineering 

B.S.. Civil Engineering 
California State University. San Jose 

(415)421-4911 

Barbara Bryan 
Oversees records, training, and 
project administrative functions 

B.S.. Education 
Bowling Green State 

1415)423-3378 

Perpetua Comstock 
Resofce management, and cost 
control and reporting system 

California State University, 
San Francisco 

(4W -22-0461 

Deborah Kiraly 
Technical and periodic management 
reports and public liaison 

Las Positas College 
(415)423-4571 

John Podobnick 
Budgeting. :.ost schedule control sys
tem, fiscal management and planning 

B.A., Economics 
M.B.A., Business Administration 
University of Montana 

(415)423-1916 
Mike Revelli 

Physical chemistry and Nuclear 
Waste Management Program/Waste 
Package Project 

Ph.D., Chemistry 
University of California, Santa Barbara 

(415)422-1982 

Shock Physics 

Lewis Glenn, Group Leader 
Shock hydrodynamics, applied 
mechanics, computational physics, 
and thermodynamics 

Ph.D.. Engineering 
University of Southern California 

(415)422-7239 

Armand Attia 
Applied mechanics, fluid dynamics, 
fluid-structure interaction, and consti
tutive modeling 

Ph.D.. Applied Mechanics 
University of California. Berkeley 

(415)423 2225 

Mike Kamegai 
Computational physics, radiation 
hydrodynamics, nuclear physics, 
solid mechanics, and geophysics 

Ph.D.. Computational Physics 
University of Chicago 

14151422-7201 

Andre Kusubov 
High pressure physics, equation of 
state, ttrength of materials, penetration 
mechanics, and dynamic compaction 

B.A.. Physics 
University ol California. Berkeley 

(415)422-7183 

Donald Maxwell 
Continuous mechanics, computational 
physics, and constitutive modeling 

B.A., Physics 
Stanford University 

(415)422-3210 

Bill Moran 
Computational physics, fracture 
mechanics, and constitutive modeling 

Ph.D., Applied Science and Engineering 
University of California, Davis 

(415)422-7250 

Willy Moss 
Computational physics, shock hydro
dynamics, and constitutive modeling 

Ph.D., Applied Science and Engineering 
University of California, Davis 

(415)422-7302 

John Rambo 
Computational physics, data man
agement, phenomenology of nuclear 
detonations, and economic modeling 

B.S., Physics 
University of Portland 

1415)422-3944 

Miles Rubin 
Applied mechanics, plasticity, and 
constitutive modeling 

Ph.D.. Mechariical Engineering 
University of California. Berkeley 

(415)423-5834 
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Kurt Sinz 
Lagrangian and multifluid Eulerian 
shock hydrodynamics, models includ
ing high explosives and strength of 
materials, and weapons calculations 

Ph.D.. Physics 
Texas A&M University 

(41514221669 

Bob Swift 
Shock wave physics, rock mechan
ics, constitutive modeling, cratering 
mechanics, blast wave experimental 
applications, and static and dynamic 
experimental applications 

Ph.D.. Geology 
University of Washington 

(415)422-3045 

John White 
Constitutive modeling, computa
tional physics, modeling response of 
earth materials to explosive or impact 
loading, and weapons design 

Ph.D.. Applied Science and Engineering 
University of California, Davis 

(415)422-4587 

Special Assignment 

Paula Krauter 
Research and data analysis on the 
environmental effects of energy con
sumption, and creating and updating 
energy data bases 

M.S.. Biology 
California State University. Hayward 

(415)422-0429 

Don Larson 
Shock wave physics 

Ph.D., Solid State Physics 
Brigham Young University 

(415)422-7108 

Larry Ramspott 
Nuclear waste disposal, environmen
tal and hazards geology. Nevada 
Test Site geology, and project man
agement 

Ph.D., Geology 
Pennsylvania State University 

(415)422-4176 

Treaty Verification 

Jim Hannon, Group Leader 
Verification of compliance with 
nuclear testing limitations, seismol
ogy, and decision analysis applica
tions to nuclear testing verificalicn 
issues 

Ph.D.. Geophysics 
St. Louis University 

(415)422-3921 
flobert Geil 

Experimental ohysics. prompt diag
nostic measurements tor under
ground nuclear weapons tests, and 
veiification technologies for treaties 
limiting nuclear testing 

M.S., Physics 
University of New Mexico 

(415)422-7422 

Keith Nakanishi 
Seismology and normal modes 

Ph.D., Geophysics 
Univprsity of California. Los Angeles 

(415)422-3923 

Don Springer 
Explosion effects, seismology, instru
mentation, seismic monitoring for 
treaty verification, nuclear test prac
tices, seismic detection and discrimi
nation between earthguakes and 
underground explosions, evasion 
methods and scenarios, and global 
exchange of seismic data 

B.A., Physics 
University of California, Santa Barbara 

(415)422-3520 

Eileen Vergino 
Explosion seismology and data base 
applications 

B.S., Earth Sciences 
Massachusetts Institute ol Technology 

(415)422-3907 

Waste Management—QA 
David Short 

Materials science and engineering 
Ph.D.. Philosophy 
Ohio State University 

(415)422-1287 
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Support Personnel 

Chemistry and Materials Science Containment Engineering 

David Camp Tom Brown 
John Reynolds Ray Cornell 

Computations 

Ted Bakowsky 
Brenda Bowman 
Landon Bruce 

Bill Maranville 

John Mercier 

Steve Pratuch 

Electronic Engineering 

Kris Chubb Mike Axelrod 
Stephanie Daveler Farid Dowla 
Maylin Dittmore Dan Ewert 
Sandy Fisher Joe Finkes 
Belsy Foote Dave Harris 
Mandy Goldner Rowland Johnson 
Robert Henick Craig Johnston 
Mary Lou Higuera Cindy Mason 
Kirk Keller George Netzger 
Mike Kurtzer Don Rock 
Joanne Levatin Bob Sear*us 
Lynn Lewis Don Watwood 
Miriam Lohmann Larry Weliern 

Suzanne Lunaeen 
Denise Maddix 
Don Moccia 

Mechanical Engineering 

Liz Campbell 
Jim Blink 

Miki Moore 
Jim Norman 

Technical Information Department 

Tern Quinn 
Janet Ricca 
Bill Richardson 
Adrienne Ridolfi 
John Sayer 
Cheryl Short 
Ken Simerly . 

Pam MacGregor 
Steve Peterson 
Elaine Price 
Priscilla Proctor 
Sue Slull 
Cynthia Talaber 
Sandy Wander 

Ken Sumikawa 
Bill Tapley 
Joe Tull 
Susan West 
John Yio 
Lin Zucconi 
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