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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Global population growth and increased industrialization 
are placing stronger demands on our earth's energy, mineral, 
and water resources, and are adding to concerns about whether 
we, as a global society, will be able to sustain economic growth 
and maintain a clean and safe environment for future genera­
tions. Not surprisingly, the importance of the earth and eco­
system sciences in shaping our future grows larger than ever. 
Not only must earth scientists continue to address the issues that 
were so pressing during the past century-secure and plentiful 
energy and water resources, remediation of contaminated 
ground and surface waters, and prediction of natural geologic 
hazards-but now we must face the challenges of the 21st 
century. Growing concentrations of greenhouse gases in the 
atmosphere and the need for safe and secure nuclear waste 
management have emerged as two important concerns faced by 
our nation and others around the world . As one of the U.s . 
Department of Energy's national laboratories, it is the mission 
of Ernest Orlando Lawrence Berkeley National Laboratory 
(Berkeley Lab) to provide a robust scientific foundation to better 
understand and identify solutions to these pressing issues. 

Our long-standing scientific strengths and fundamental 
research in hydrogeology and reservoir engineering, geophysics 
and geomechanics, geochemistry, microbial ecology, and envi­
ronmental engineering provide the foundation for all of our 
programs. Building on this scientific foundation, we perform 
applied earth science research and technology development to 
support the Department of Energy in a number of its program 
areas, namely: 

• Nuclear Waste Management-theoretical, exp erimental 
and simula tion studies of the unsa turated zone at Yucca 
Mountain, Nevada 

• Energy Resources- collaborative projects with industry to 
develop or improve technologies for the exploration and 
production of oil, gas, and geothermal reservoirs 

• Environmental Remediation Technology-innovative 
technologies for containing and remediating metals, 
radionuclides, chlorinated solvents, and energy-related 
contaminants in soils and groundwaters 

• Climate Change and Carbon Management-geologic 
sequestra tion of carbon d ioxide, carbon cycling in the 
oceans and terrestrial biosphere, and regional climate 
modeling, which are the cornerstones of a major new divi-

http://www-esd.lbl.gov 

sional research thrust rela ted to understanding 
and mitigating the effects of increased green­
house gas concentrations in the atmosphere 
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A PERSPECTIVE FROM THE DIVISION DIRECTOR 
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510/486-5961 
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This year has been another exciting and productive one for 
our division . During the reporting period, we have made great 
strides in all our ongoing research programs, particularly in the 
newer areas of regional climate change and its impact on surface 
and groundwater, and the sequestra tion of carbon dioxide in 
geologic, terrestrial, and oceanic systems. 

In this report, we present summaries of many of our current 
research projects. While it is not a complete accounting, it is 
representa tive of the nature and breadth of our research effort. 
We hope that you will be as excited about our research as we are. 

ORGANIZATION OFTHIS REPORT 
This report is divided into five sections that correspond to 

the major research programs in the Earth Sciences Division : 
• Fundamental and Explora tory Research 
• Nuclear Waste 
• Energy Resources 
• Environmental Remediation Technology 
• Climate Variability and Carbon Management 

These programs draw from each of our disciplinary depart­
ments: Microbial Ecology and Environm ental Engineering, 
Geophysics and Geomechanics, Geochemistry, and Hydro­
geology and Reservoir Dynamics. Short descriptions of these 
departments are provided as introductory material. A list of 
publications for the period June 2000 to June 2001, along with a 
listing of our personnel, are appended to the end of this report. 

ACKNOWLEDGMENTS 
The Earth Sciences Division consists of 60 scientists and 

engineers, another 25 faculty scientists with joint Berkeley Lab­
UC Berkeley appointments, and approximately 50 scientific and 
technical support persons. We gratefully acknowledge the 
support of our major sponsors in the Department of Energy, 
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the Office of Energy Efficiency and Renewable Energy, the Office 
of Civilian Radioactive Waste Management, and the Office of 
Environmental Management. We also appreciate the support 
received from other federal agencies such as the Bureau of 
Reclamation, the Department of Defense, the Environmental 
Protection Agency, and NASA. Lastly, we must also acknowl­
edge and thank our industrial collaborators who provide both 
financial and in-kind support through various partnership proj­
ects, and who bring additional ideas, data, and experience to our 
division. 
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The Hydrogeology and Reservoir Dyna mi cs Departm ent 
(HRD) is one of the world's most active research groups in the 
fields of h ydrogeology and reservoir engineering. Specific 
research areas include the follo wing: 

CONTAMINANT HYDROLOGY 
Work conducted in this area covers various theoretical, exper­

imental, and field studies, including a detailed evalua tion and 
remedia ti on of subsurface contamination at Berke ley Lab. In thi s 
multi year program, the geologic and hydrogeologic s tructure of 
the site was characterized in detail. Plumes of groundwa ter 
contamination were identified, and the ex tent and sources of 
contamination were determined. Various technologies, bo th 
establi shed and emerging, are being tested to determine their 
remediative effectiveness for the Berkeley Lab site. The presence 
of dense nonaqueous-phase liquid s in fine-grained, low-perme­
ability m aterial makes aq uifer clea nup a t Berkeley Lab a very 
challeng ing ta sk. The work involves geo logists, hydrogeologists, 
geophys icis ts, and hydrogeochemis ts in a multidisciplinary ef­
fort, cha racteris ti c of many HRD research projects. 

Other efforts in thi s area include understanding some of the 
conceptual issues governing tracer transpor t in heterogeneous 
media (with particular emphasis on the effect of variable sa tu­
ration regimes), d eveloping advanced numerical and semi­
analytical m odels for transport studies of solutes and colloids in 
porous and fractured complex geologiC m edia, and advanCing 
well-test techniques and borehole-measurem ent me thod s to 
identify and estimate formation parameter values. Another 
subject in which HRD has considerable experience is the 
emplacement of in situ barriers using a new generation of mate­
rials (such as gels) to contain the contaminant plume. This expe­
rience m anifes ts itself both in the choi ce of barrier materials and 
the optimization of emplacement strategy. 

htlp:!lwww'esd,lbl,gov 
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HYDROGEOLOGY AND 

RESERVOIR DYNAMICS 

Chin-Fu Tsang 

UNSATURATED ZONE HYDROLOGY 

510/486-5782 
cftsang@lbl.gov 

While the m ajority of research in HRD in unsa turated zone 
hydrology is stimula ted by the need to unders tand flow and 
transport in the unsatura ted zone at Yucca Mountain, Nevada, 
effor ts are also underway to stud y flow and transport in uncon­
venti onal unsaturated zones . Field measurem ents from acti ve 
flow experim ents along with monitoring of ambient conditions 
in the Ex plora tory Studies Facility (ESF) at Yucca Mountain 
remain the primary focal point for research in HRD. Results 
from the broad field campaign of testing in the ESF are the object 
of analys is by advanced theoretical and numerical approaches, 
including chaotic-flow models. In addition, observations in the 
field have inspired new laboratory work to be carried out a t 
Berkeley Lab on rock samples from the ESF. We are also increas­
ingly active in studies of contaminant migration and remedia­
tion in the unsaturated zone of the Hanford site. As for 
unconventional unsa tura ted zones, HRD is investiga ting the 
flow and transport of CO2 in d eep geologic formations such as 
d eple ted natural-gas reservoirs, as well as flow, transport, and 
biodegrada tion in landfills, a man-made unsa turated zone. 

FRACTURE AND STOCHASTIC HYDROLOGY 
For more than two decades, HRD has been active in the field 

of fracture h ydrology, being one of the first groups to develop a 
fracture-ne twork model and a channeling model of flow 
through variable-aperture fracture system s, and to apply 
almealing modeling to fracture hydro logy. Our work is ch arac­
terized by close interaction be tween modeling and field d ata 
eva lua tion, with complementary labora tory studies . This work 
continues and has been further generalized to research into 
s trongly h eterogeneous media, including studies with 
s tochas ti c-con tinuu111 and double-permeability models . Work in 
HRD demonstrated flow-channeling phenomena in both 3D 
sa turated and unsa turated media . Furthermore, new field m eas-
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urement techniques are being developed to measure strongly 
varying permeabilities in boreholes and along underground 
tunnels . The former includes the further advancement of the 
dynamic borehole fluid-logging method developed at Berkeley 
Lab some years ago. The la tter includes so-called systematic 
testing, which is a repeated set of experiments at regularly 
spaced distances along an underground tunnel to provide unbi­
ased data for stochastic modeling. 

flOW AND TRANSPORT MODELING 
HRD has a long history in numerical modeling of flow and 

transport in geologic media. A suite of numerical models using 
finite-element, finite-difference, and integrated finite-difference 
methods has been developed. The most well-tested and applied 
computer code is the TOUGH family of simulators, which calcu­
lates flow and transport of multiphase, multicomponent fluids 
in complex fractured porous media under isothermal and 
nonisothermal conditions. A number of equation-of-state pack­
ages have been developed for different fluids appropriate for 
environmental, nuclear waste disposal, oil and gas, and geot­
hermal reservoir applications. Associated with these codes are 
the iTOUGH codes, which perform inverse calculations of 
parameter estimation for such complex systems. 

Current development involves a new code that implements 
reactive chemistry into the TOUGH codes. This includes both 
homogeneous reactions, such as aqueous complexation and redox 
reactions, and heterogeneous reactions, such as ion exchange, 
adsorption, mineral dissolution and precipitation, and gas disso­
lution and exsolution. The new code is called TOUGHREACT, 
which has already been applied to analyze several sets of real field 
data with success. Work is also underway on a new code called 
TMVOC, which enhances T2VOC for multicomponent mixtures 
of volatile organic chemicals. 

The coupling of mechanical stress and temperature effects 
of permeability in fractured rock is important for injection 
testing, stimulation of oil and gas reservoirs as well as geot­
hermal reservoirs, and nuclear waste repository performance. 
HRD's work involves the development of a coupled thermal­
hydrologic-mechanical (THM) simulator for modeling of fully 
coupled HM processes in saturated and unsaturated media. 
Another effort has involved the coupling of two powerful 
existing codes, TOUGH2 and the industry-standard code 
FLAC3D. The latter calculates mechanical and THM processes 
in soil and rock mechanics . The joining of these two codes into 
one, named TOUGH-FLAC gives us a new capability for 

6 

addressing these coupled THM problems. So far, we have 
applied the TOUGH-FLAC code to THM problems related to 
the potential radioactive waste repository at Yucca Mountain 
and to CO2 injection into deep brine aquifers . 

RESERVOIR ENGINEERING 
HRD is also very active in the study of oil and gas reservoirs 

as well as geothermal reservoirs. This includes optimization and 
control theory to maximize fluid production through a hydrofrac­
turing process, using injection wells . Advanced and W1conven­
tional well-test methods to determine and characterize production 
zones have been developed. Quasi-static and dynamic pore­
network simulators are being implemented to understand 
drainage and imbibition processes in reservoir rocks during 
flooding operations. Depositional models are being constructed 
and studied using distinct-element methods. Micromechanical 
models of rock damage under compaction are studied and cali­
brated with experimental results, while the dynamics of none qui­
librium co- and colmtercurrent imbibition are also being studied. 

An interesting application for these studies is diatomaceous 
fields, which represent potentially billions of barrels of high­
quality oil. However, production from the diatomites requires a 
secondary recovery process because of their low permeability, 
even though they have high porosity. As a result, research into 
rock damage in primary production and flooding is being 
conducted to explore optimal production strategies. Joint inver­
sions of 3D electromagnetic geophysical data and reservoir data 
are performed. We are also developing stabilized finite-element 
methods for modeling multiphase flow in fractured porous 
media. A novel treatment of the unresolved subgrid scales was 
required for better numerical solutions of difficult problems that 
involve shock and boundary-layer formation. 

FUNDING 
Funding for HRD comes primarily from the U.s. Department 

of Energy, including: Office of Science, Office of Basic Energy 
Science, Geosciences Research Program; Office of Biological and 
Environmental Research; Assistant Secretary for Energy 
Efficiency and Renewable Energy, Office of Wind and 
Geothermal Technologies; Office of Civilian Radioactive Waste 
Management; and the Assistant Secretary for Environmental 
Management. The department also receives funding support 
from the U.S. Environmental Protection Agency. Other funding 
is provided through the Laboratory Directed Research and 
Development Program at Berkeley Lab. 

http://www-esd.lbl.gov 
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The Geophysics and Geomechanics Department p erforms a 
wide varie ty of work, ranging from fundamental to applied 
research. 

SCIENTIFIC THRUSTS 
The department is organized into three different research 

areas: 
• Seismology (including the Center for Computational 

Seismology) 
• Electrical and Potential Methods 
• Rock and Soil PhYSics 
These groups work closely together to address issues in 

subsurface imaging over a wide range of scales. The scientific 
thrusts have been in joint inversion, wave propagation in 
complex media (seismic and electromagnetic), coupled-process 
definition, and heterogeneity definition. New areas of research 
are in fluid imaging and "smart" reservoir exploitation. Much of 
the work focuses on developing and applying high-resolution 
geophysical methods to derive physical, chemical, and biolog­
ical properties affecting flow and transport in heterogeneous 
media. A prime example is the work funded by the Department 
of Energy's Natural and Accelerated Bioremediation Research 
(NABIR) program. for bacterial injection work. Another primary 
thrust involves using geophysical methods for fracture quantifi­
cation. This thrust is evident in the range of studies (from funda­
mental to applied) that we carry out for DOE's Fossil Energy, 
Environmental Restoration, Nuclear Waste, and Geothermal 
programs. 

http://www-esd.lbl.gov 
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GEOPHYSICS AND GEOMECHANICS 

Ernest L. Majer 

510/486-6709 
elmajer@lbl.gov 

The Geophysics and Geomechanics Department is unique 
within the national laboratory and academic communities in 
having equally strong theoretical, modeling, lab, field/data ac­
quisition, and processing/interpretation capabilities. The 
department also works very closely with industrial partners in 
oil and gas and geothermal applications. This both strengthens 
the applied work and provides feedback into the fundamental 
studies. 

INTEGRATED APPROACH TO FUTURE WORK 
The future thrusts of the department are to continue to 

develop, test, and apply high-resolution geophysical methods 
not only for characterizing static properties of the subsurface, 
but for estimating dynamic properties as well. We plan to 
accomplish this through an integrated effort of theoretical, labo­
ratory, and field programs. A specific thrust will be in the joint 
use of seismic and electrical methods for subsurface imaging 
and fluid-proper ties characterization. We have found that to 
address complex issues such as site remediation, flow and trans­
port in fracture systems, vadose zone transpor t, CO2 seques tra­
tion, and reservoir s timulation, we must use an integrated 
approach to geophysics and geomechanics. 

FUNDING 
The work of the Geophysics and Geomechanics Department 

is derived from a variety of U.S. Department of Energy and 
Work For Others sources. The primary sources of funding are 
the DOE's Office of Science (Basic Energy Sciences/Chemical 
Sciences and Office of Biological and Environmental Research), 
Office of Fossil Energy. Other funding sources include the u.s. 
Environmental Protection Agency, U.S. Air Force Office of 
Scientific Research, and the U.S. Geological Survey's Earthquake 
Hazard Redu ction Program. Support has also been received 
from a varie ty of oil and service companies, including BP, 
Chevron, Conoco, Exxon, Schlumbergel~ and Shell Oil. 
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The Earth Sciences Division's Geochemistry Department 
combines expertise in chemical and isotopic analysis, molecular 
environmental science, mineralogy, and multiscale data-gath­
ering methodology to enable geochemical characterization of 
earth systems from the macroscopic to the molecular. The 
department comprises four groups with complementary inter­
ests and capabilities. 

AQUEOUS GEOCHEMISTRY 
Studies in this group address issues of contaminant seques­

tration and migration in the environment, mineral-fluid reac­
tions, and various aspects of aqueous solutions. Recent work 
includes characterization of the selenium speciation, transport, 
and reaction rates within soil horizons at the Kesterson 
Reservoil~ a site where national attention is focused as a result of 
selenium poisoning of wildlife related to agricultural runoff. 
Related investigations examine arsenic transport and redox 
reactions in soils, and microbial effects on the speciation of sele­
nium in hydrologic systems. The important but overlooked 
effects of the vadose zone air-water interface on the transport of 
colloids has been identified and quantified by department scien­
tists. 

Fundamental studies on the nature of the aqueous solu­
tion / mineral interface and on the structure of near-aqueous 
solvated ions and colloids are also being performed. The aim of 
these studies is to provide improved modeling capability for 
contaminant migration, weathering, sediment transfer, ion 
exchange, and nutrient cycles. Current work includes: molec­
ular-dynamics modeling of the interlayer-solvated cations in 
clays; studies of the solvation environment of contaminant and 
nutrient molecules in aqueous solution; determination of the 
molecular identity of initial iron oxide precipitates on quartz 
surfaces; and characterization of environmentally important 
minerals via simulation, x-ray scattering, and x-ray spec­
troscopy methods. Many of these efforts involve newly devel­
oped capabilities utilizing synchrotron x-ray sources. Important 
new work on the aqueous behavior of humic and fulvic acids, 
hydroxyl speciation near cations in watel~ and the nature of 
organic contaminants on mineral surfaces has been carried out 
recently at Berkeley Lab's Advanced Light Source. 

http://www-esd.lbl.gov 

ISOTOPE GEOCHEMISTRY 
The Isotope Geochemistry group operates 

the Center for Isotope Geochemistry, which was 
established in 1988 and includes six important 

GEOCHEMISTRY 

Donald . DePaolo 

510/643-5064 
depaolo@socrates.berkeley.edu 

analytical facilities: stable isotope and noble gas isotope labora­
tories; a soil carbon laboratory; an analytical chemistry labora­
tory; the Inductively Coupled Plasma Multi-Collector Magnetic 
Sector mass spectrometry laboratory, and a thermal-ionization 
mass spectrometry laboratory located on the UC Berkeley 
campus. We also have an affiliation with the cosmogenic isotope 
laboratory in UC Berkeley's Space Sciences Laboratory. These 
facilities provide state-of-the-art characterization of all types of 
earth materials for research throughout the department and 
elsewhere in the division. Furthel~ they support the Center's 
goals of finding new ways to utilize isotopic ratio methods to 
study earth processes, and applying isotopic and chemical 
analysis procedures to specific environmental and energy prob­
lems of national interest. 

Current research programs include: (1) the development of 
models that use isotopic composition data from element pairs in 
fluids to constrain fluid flow rates, water-mineral reaction rates, 
and the geometry and spacing of fractures in rock matrices; (2) 
the development and application of noble gas isotopes as 
natural tracers for injectate return in geothermal reservoirs and 
as natural tracers for fluid source and movement in hydro­
carbon and geothermal systems; (3) the geochemical monitoring 
and analysis of large-scale experiments simulating the effects of 
nuclear waste heat generation within the nuclear repository in 
Yucca Mountain, Nevada; (4) the application of helium and 
neodymium isotopes to determine magma-chamber recharge 
rates in areas having possible volcanic hazards or the potential 
for geothermal energy extraction; (5) the development of C, N, 
and 0 isotope techniques for quantifying in situ bioremediation 
and environmental restoration; and (6) the use of carbon 
isotopes to quantify rates of organic carbon cycling and storage 
efficiency in soils, the impact of climate change on carbon 
cycling, and linkages between carbon, water, and nitrogen 
cycles. A new program is underway to study Fe isotope varia­
tions as a tracer in the oceanic and terrestrial Fe cycles. 

ATMOSPHERE AND OCEAN SCIENCES 
The focus of this group is on the characterization of condi­

tions and chemical components in the oceans and atmosphere, 
and the development of process models using these inputs 
combined with other hydrospheric data to explain and predict 
climatic change. The group operates the NASA-sponsored 
California Water Resources Research and Applications Center 
and the DOE Center for Research on Ocean Carbon 
Sequestration. Both of these centers have made significant 
progress in program development in the ESD Geochemistry 
Department. 

The California Water Resources Research and Applications 
Center has maintained a suite of research and operational tools 
for weather forecasts, climate prediction, and basic research. The 
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core hydroclimate and impacts team has expanded, with new 
projects from the California Energy Commission, CALF ED, and 
the DOE Water Cycle Initiative. Numerous ongoing collabora­
tions include: streamflow simulations with the National Oceanic 
& Atmospheric Administration's California Nevada River 
Forecast Center; runoff contaminant monitoring and manage­
ment with the u.s. Bureau of Reclamation; development of land­
slide-hazard prediction models with faculty at UC Berkeley; 
development of snow-cover and snow-water equivalent maps 
for California with UC Santa Barbara; and development of a 
shared information distribution system with the U.S. 
Department of Energy's Accelerated Climate Prediction 
Initiative (DOE / ACPI) collaborators. Outreach activities for this 
year have included a scientific exchange program with 
AmazonTech. 

Ocean-carbon cycle science has grown significantly at Berkeley 
Lab in the last year, with major new initiatives in the laboratory and 
at sea. Last year, the DOE Center for Research on Ocean Carbon 
Sequestration (DOCS) was established here, with co-hosting at 
Lawrence Livermore National Laboratory. The center's mission is 
to provide answers to scientific questions needed to evaluate the 
feasibility, effectiveness, and environmental/ geochemical conse­
quences of proposed methods to enhance the h'ansfer of CO2 from 
fossil fuel combustion into the ocean. DOCS collaborators include 
scientists from Massachusetts Institute of Technology, Rutgers 
University, Scripps Institution of Oceanography, Moss Landing 
Marine Laboratories, Monterey Bay Aquarium Research Institute, 
and the Pacific International Center for High Technology Research. 

Berkeley Lab is now an ocean-going institution. In the past 
year, Lab scientists led several cruises from Scripps Institution of 
Oceanography in San Diego to test new optical carbon sensors 
and low-power, long-lived, robotic profiling floats for long-term 
carbon cycle monitoring. The robot floats and related platforms 
that can glide tlu'ough seawater (or navigate) are designed to fill 
a major gap in at-sea observations of the ocean's biological 
systems and how they respond to natural and human perturba­
tions. In April this year, the program realized a stunning opera­
tional success when it deployed the first pair of robotic profiling 
observers instrumented with carbon biomass sensors in the 
stormy North Pacific Ocean 1,000 miles west of Seattle. The 
floats, which cycle between the surface and depths as great as 
1,000 m three times every two days, are still operating and are 
relaying their data in real time to Berkeley Lab. In the near 
future, the team will participate in SoFeX, an NSF-DOE-funded 
experiment to evaluate the biotic and carbon system response of 
the nutrient-rich Antarctic Circumpolar Current to iron addi­
tion. 

GEOCHEMICAL TRANSPORT 
A major effort of this group is the simulation and study of 

coupled mineral-water-gas reactive transport in unsaturated 
porous media-particularly in fractured rock under boiling 
conditions. This work has focused mostly on predicting ther­
mally driven processes accompanying the potential emplace­
ment of high-level nuclear waste at Yucca Mountain, Nevada, 
and on the understanding of the evolution of the natural hydro­
geochemical system and such controlling factors as water infil­
tration and water-rock interaction. Collaboration among others 
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in the division brings together essential pieces of the problem, 
including hydrological processes in the unsaturated zone, ther­
modynamics and kinetics of geochemical processes, and isotopic 
effects. 

Current projects include: 
1. Simulation and analysis of an ongoing large-scale under­

ground thermal test. PlalU1ing and design of future under­
ground thermal testing and sample collection. 

2. Prediction of the coupled thermal-hydrological-chemical 
processes around potential waste-emplacement tunnels 
and concomitant changes in water and gas chemistry, 
mineralogy, and flow. 

3. Analysis of geochemical data from Yucca Mountain to 
constrain models of flow and transport in the unsaturated 
zone. 

4. Development of models for reactive-transport in unsatu­
rated systems and improvements in the reactive-transport 
code TOUGHREACT developed at Berkeley Lab. 

S. Evaluation and development of improved thermody­
namic and kinetic databases for water-rock interaction 
modeling. 

6. Research on natural analogue sites, including (a) analysis 
of continuously cored intervals from the Yellowstone 
geothermal system to assess effects of mineral alteration 
on fracture and matrix permeability, (b) study of flow, 
transport, and secondary mineralization at Pena Blanca, 
Mexico, (c) anthropogenic analogues, such as those at the 
Idaho National Engineering and Environmental Lab­
oratory. A comprehenSive review of natural analogues is 
also underway. 

7. Simulation and analysis of lab experiments of boiling in 
fractured tuff. 

8. Modeling of CO2 sequestration. 
9. Evaluation of solvent extraction using room-temperature 

ionic liquids to strip and recover hazardous organic 
contaminants dissolved in ground and surface waters. 

FUNDING 
Funding for the Geochemistry Department comes from a 

variety of sources, including: the u.s. Department of Energy, 
Office of Science, Office of Basic Energy Sciences, Divisions of 
Materials Sciences, and Engineering and Geosciences; DOE 
Office of Environmental Management, Office of Science and 
Technology; Office of Energy Efficiency and Renewable Energy, 
Office of Utility Technologies, Office of Geothermal 
Technologies; Office of Biological and Environmental Research; 
DOE Office of Civilian Radioactive Waste Management; U.S. 
Environmental Protection Agency; U.s. Navy; National 
Aeronautics and Space Administration, Office of Space Science 
and NASA Earth Enterprise; National Science Foundation, 
Office of Polar Programs; the University of California Campus­
Laboratory Collaboration Hydrology Project; National 
Oceanographic Partnership Program (administered by the 
Office of Naval Research); National Oceanic and Atmospheric 
Administration, Office of Global Programs of the u.s. 
Department of Commerce, and the Laboratory-
Directed Research and Development Program at ~ I\, 
Berkeley Lab. ~ 

htlp:/Iwww-esd.lbl.gov 
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SCIENTIFIC FOCUS AREAS 

The Microbial Ecology and Environmental Engineering 
Department (MEEED) maintains the highest quality and highest 
visibility for its research and development in two areas: 

1. Real-time direct environmental assessment 
2. Biological treatment, bioremediation, and natural attenua­

tion 
These two R&D areas are largely integrated, but contain 

some domains that are not inclusive. These two areas are 
considered MEEED's core competencies. (Note: MEEED is also 
increasingly interested in adding bioprocessing as another 
research focus area in the near future.) 

REAL-TIME DIRECT 
ENVIRONMENTAL ASSESSMENT 

The last decade has seen a revolution in information tech­
nology and in the power of microprocessors. It has also seen a 
quantum leap in the use of physical, chemical, and biological 
sensors, as ever-more-sensitive detection techniques have been 
married to these powerful data processing engines. The field of 
environmental assessment has only recently awakened to the 
potential that these new sensors offer. It has also become 
painfully obvious over the past decade that the d ynamics and 
true understanding of functional biogeochemical processes in all 
types of environments cannot be fully understood without 
direct physical, chemical, and biological measurements. Indeed, 
what goes on in the sampling device and sample bottle after 
collection may have nothing to do with the functional dynamics 
of the original environment that the sample was taken from, 
thereby affecting our fundamental understanding of that envi­
ronment and how to characterize, monitor, and control it. 
Hence, real-time direct environmental assessment is an area in 
which MEEED-with its unique facilities in the Center for 
Environmental Biotechnology, engineering, molecular biology, 
chemistry facilities, and access to the Advanced Light Source 
and the Center for Isotope Geochemistry-can demonstrate 
unique R&D capability. 

~ ~ 
~ 
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MICROBIAL ECOLOGY AND 

ENVIRONMENTAL ENGINEERING 

C. Hazen 

510/486-6223 
tchazen@lbl.gov 

Berkeley Lab has long provided scientific leadership in the 
disciplines of experimental physics, physical chemistry, geology, 
hydrology, geochemistry, molecular biology, modeling, and 
(more recently) natural attenuation and bioremediation tech­
nologies. Hence, MEEED is well situated to capitalize on the 
Lab's strengths while advancing the science in real-time direct 
environmental assessment. SpeCific focus areas include: real­
time field sampling and monitoring, field sampling technolo­
gies, environmental sensors, environmental modeling and 
decision support systems, biogeochemical analysis (sample 
collection; microbial physiology; molecular-level analyses 
including DNA sequencing and terminal restriction-fragment­
length polymorphism [T-RFLPJ analysis; fatty-acid methyl ester 
analysis; signature lipid biomarker analysis; synchrotron-based 
x-ray, Fourier Transform infrared [FTIR], and x-ray spectromi­
croscopy techniques; stable isotopic analysis), and environ­
mental risk assessment. 

BIOLOGICAL TREATMENT, BIOREMEDIATION, 
AND NATURAL ATTENUATION 

Biological treatment, bioremediation, and natural attenua­
tion has been a rapidly growing area of science over the past 
decade. The acceptance of natural attenuation as a solution for 
cleaning up contaminated sites, and DOE's recognition that they 
will have long-term stewardship issues that they must address 
at the most contaminated sites, has greatly increased the 
urgency for basic and applied research related to microbial 
ecology and biogeochemistry. This type of research is truly 
enabling for natural attenuation, since characterization, predic­
tions, and verification monitoring require a strong scientific 
basis . Natural attenuation is viewed as the best solution for 
cleaning up many waste sites and will save billions of dollars in 
cleanup costs. Bioremediation, both in situ and ex situ, have also 
enjoyed strong scientific growth, in part due to the increased use 
of natural attenuation, since most natural attenuation results 
from biodegradation. Bioremediation and natural attenuation 
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are also seen as a solution for emerging contaminant problems 
(e.g., methyl-tert-butyl ether [MTBEJ, endocrine disrupters, 
landfill stabilization, mixed waste biotreatment, and biological 
carbon sequestration). 

MEEED scientists and engineers are recognized leaders in 
the field of biological treatment, bioremediation, and natural 
attenuation. The Center for Environmental Biotechnology 
provides the primary facilities used by MEEED, including state­
of-the-art equipment for microbiology and environmental engi­
neering. MEEED investigators have extensive experience in both 
water treatment and bioremediation, especially co-metabolic 
biodegradation and the treatment of inhibitory compounds. In 
addition to basic research, MEEED investigators have been 
involved in various aspects of more than 60 field demonstra­
tions and deployments, and have five patents in this area that 
are licensed to more than 30 companies. The types of contami­
nants in which MEEED investigators have expertise include 
chlorinated solvents, petroleum hydrocarbons, polynuclear 
aromatic hydrocarbons, ketones, MTBE, TNT, inorganic 
nitrogen (N03, NH4), tritium, Pu, Np, Cr, and U. The 
Biotreatment, Bioremediation and Natural Attenuation area has 
both basic research and field application foci for the MEEED. 
The basic research foci are co-metabolism, biotreatability, 
biotransformation kinetics, and modeling of biogeochemical 
processes. Field-application foci are co-metabolic techniques, 
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biogeochemical assessment techniques, and modeling of attenu­
ation and environmental fate. 

FUNDING 
MEEED personnel are funded by DOE Programs in (1) the 

Office of Science, Office of Biological and Environmental 
Research (OBER) (Natural and Accelerated Bioremediation 
Research Program); (2) the Office of Environmental Manage­
ment, Offices of Science and Technology (EMSO) (Subsurface 
Contaminants Focus Area) and Environmental Restoration 
Program (EM40); (3) the Office of Fossil Research, the Petroleum 
Environmental Research Forum, and (4) the National Nuclear 
Security Administration, Office of Nonproliferation Research 
and Engineering (NN20). In addition, support is obtained from 
the Department of Defense, U.S. Army Corps of Engineers, for 
the Bioremediation Education Science and Teclmology (BEST) 
Program; the Department of the Interior, Bureau of Land 
Management, and Bureau of Reclamation under the CALFED 
program, for bioreactor treatment of groundwater containing 
MTBE obtained from a remediation company, as well as several 
projects with remediation companies using DOE-patented tech­
nologies for in situ bioremediation. MEEED personnel are also 
funded by Berkeley Lab's Laboratory Directed Research and 
Development Program in the area of aerobic bioreactor studies 
of landfills. 

http1Iwww-esd.lbl.gov 
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The Fundamental and Exploratory Research Program 
(FERP) covers fundamental ea rth sciences research conducted in 
support of the Department of Energy's science mission. This 
mission i.ncludes research in the natural sciences to provide a 
basis for new and improved energy technologies and for under­
standing and mitigating the env ironmental impacts of energy 
development and use. FERP also includes explora tory research 
in impor tant new energy and en vironmental topics conducted 
under the Laboratory Directed Research and Developmen t 
(LDRD) program. The scientific insights and brea kthrou ghs 
achieved in FERP often become the underpinnings for projects 
that suppor t DOE's applied resea rch and developm ent program 
offices . 

Over the years, the basic ea rth sciences research program at 
Berkeley Lab has foc used on three broad earth sciences prob­
lems: 

1. Fundam ental studies of chemical and mass transport in 
geologic media, with special reference to predictive 
m odeling of multiphase, multicomponent, nonisothermal 
fluid flow in sa turated and unsa turated fractured rocks 

2. The d evelopment of new isotopic techniques for under­
standing the nature of a broad range of global processes­
from the rela tively short-term ffects of natural fluid 
migra tion in the crust to longer- term (i. e., 10-20 thousand 
years) g loba l climate variations 

3. Fundamental s tudies in the propaga tion of seismic / 
acoustic and broadband elec tromagnetic waves through 
geologic m edia, with emphasis on new computa tional 
techniques for high-resolution imaging of near-surface 
and crus tal struc tures (such as possible fracture flow 
paths) and for inferring the types of fluids present in pores 
and fractures 

Results from these research endeavors have had a major 
impact on applied energy, environmental, and radioactive waste 
m anagemen t program s. Current resea rch projects are briefly 
d escribed here . 

~ 
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FUNDAMENTAL AND 

EXPLORATORY RESEARCH 

Ernest L. Majer 

CHEMICAL AND MASS TRANSPORT 
INVESTIGATIONS 

510/ 486-6709 
elmajer@lbl.gov 

Current research in this area is focused on colloid transport 
in unsa tura ted porous media and rock fractures, chemical trans­
port in s tructured porous m edia, unsatura ted fast flow in frac­
tured rock, and production and evaluation of coupled processes 
for CO2 in aquifers. Our recen t colloid resea rch has been foc used 
on quantifying the partitioning of surface-ac tive colloids at the 
a ir-wa ter interfaces. Much effort has been d evoted to character­
izing surface accumulations of colloids. We have recently devel­
oped a simple dynamic m e thod to quantify colloid-surface 

xcesses a t air-water interfaces without requiring assumptions 
concerning the thickness of interfacial regions. 

The studies of chemica l transpor t in structured porous 
media have focused on Cr(VI) diffusion and reduction to Cr (III) 
within natural soil aggregates, to test the va lidity of our previ­
ously reported results from synthetic soil aggregates. 
Expe riments were conducted on intact aggrega tes of Altamont 
clay. Work on unsa tura ted fas t flow in fractured rock concerns 
wa ter films on fracture surfaces under nea r-zero (nega bve) 
matric potentials and examines the possibility of fa s t, unsa tu­
rated How under "tension." We showed that at matric potentials 
grea ter than that needed to sa tu rate the rock matrix, transmis­
sive water film s can develop on frac ture s urfaces. 

In the work on prediction and evaluation of coupled 
processes for CO2 disposal in aquifers, the accuracy of published 
data and correlations for thermophysical properties of CO2 
(density, viscosity, enthalpy) is being evalua ted for the range of 
pressure and temperature conditions of interest in aquifer 
disp osaL Suitable correlations are being implem ented in our 
multipurpose simula tor TOUGH2. Pre-existing models for CO2 
dissol u ti on in aqueous fluids are being enhanced by incorpo­
ra ting salinity and fugacity effects . Special techniques are also 
being d eveloped for describing the movem ent of sharp COr 
water interfaces during immiscible displacem ent of saline brines 
by CO2, 
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ISOTOPE GEOCHEMISTRY 

The Center for Isotope Geochemistry (CIG) is a state-of-the­
art analytical facility established in 1988 to measure the concen­
trations and isotopic compositions of elements in rocks, 
minerals, and fluids in the earth's crust, atmosphere, and 
oceans. Fundamental research conducted at this center is 
directed at finding new ways to use isotopic information to 
study earth processes, such as long-term climate changes, and at 
predicting the chemical transport of mantle-derived or deep 
crustal fluids as they move through the crust. 

One of the major problems being studied at CIG is how to 
estimate fluid-solid reaction rates in natural-groundwater 
higher-temperature geothermal conditions, particularly as these 
rates affect mineral dissolution and secondary mineral precipi­
tation. ESD researchers are developing novel ways of estimating 
reaction rates by using isotopic tracers (primarily Sr, but also U 
and Nd) to determine solid-fluid exchange rates in various 
natural situations. Scientists are able to derive the "reaction 
length," a parameter that depends on the ratio of isotope trans­
port by diffusion and advection to the reaction rate. The ultimate 
objective is to understand the microscopic (as well as pore-scale 
and mesoscale) characteristics of natural systems that have been 
characterized in terms of "field scale" reaction-rate measures. An 
intermediate goal is to establish empirically the natural range of 
fluid-solid reaction rates. 

ADVANCED COMPUTATION FOR 
EARTH IMAGING 

The Center for Computational Seismology (CCS) was created 
in 1983 as the Berkeley Lab and UC Berkeley nucleus for seismic 
research related to data processing, advanced imaging, and visu­
alization. In recent years, a great deal of cross-fertilization 
between seismologists and other geophysicists and hydrogeolo­
gists has developed within the division, resulting in collabora­
tions on a wide variety of fundamental imaging problems. A 
primary thrust in this research has been to jointly develop 
seismic and electrical methods for understanding fluid flow and 
properties within the subsurface. In addition, fundamental 
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studies on improved inversion and modeling of complex media 
in 3D are being carried out to analyze such effects as matrix 
hetergeneity fluid flow and anisotropy. Applications range from 
small-scale environmental problems to oil and gas reservoirs. 

ROCK PHYSICS 
A variety of rock and soil science experiments are being 

conducted through ESD's Geoscience Measurements Facility, 
which supports both field and laboratory work. In one new 
laboratory project, researchers are studying the compaction and 
fracturing of weakly cemented granular rocks. This study exam­
ines the effect of micromechanical properties of weak granular 
rock on macroscopic properties such as load-displacement 
response, ultimate strength, and failure mode. In a second study, 
a fundamental investigation of scattering and intrinsic attenua­
tion of seismic waves in rock with heterogeneous distributions 
of fluids and gas is being conducted. This research represents a 
departure from past rock-physics studies on seismic attenuation, 
in that the emphasis here is not a detailed study of a specific 
attenuation mechanism, but rather to investigate theoretical and 
laboratory methods for obtaining separate estimates of scat­
tering and intrinsic attenuation in rock with heterogeneous 
pore-fluid distributions. 

FUNDING 
Funding for research in FERP comes from a variety of 

sources. These include (primarily) the U.s. Department of 
Energy's Office of Science, Office of Basic Energy Sciences, 
Division of Chemical Sciences, Geosciences, and Biosciences; the 
Office of Biological and Environmental Research; and the 
Assistant Secretary for Fossil Energy, Office of Natural Gas and 
Petroleum Technology, through the National Petroleum 
Technology Office, Natural Gas and Oil Technology Partnership. 
Funding is also provided by the Laboratory Directed Research 
and Development Program at Berkeley Lab. Additional support 
comes from DOE's Office of Environmental Management 
Science Program. 
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GEOCHEMISTRY AND ISOTOPE CONSTRAINTS IN OIL HYDROGEOLOGY 
B. Mack Kennedy, Tom Torgersen, 1 and Th ijs van Soest 

1 Department of Marine Sc iences, University of Connecti cut 
Contact: B. M ack Kennedy, 510/486-645 1, bmkennedy@ lb l.gov 

RESEARCH OBJECTIVES 
This research project eva lua tes the sources and processes 

tha t provide, dissolve, and dis tribute noble gases (He, Ne, Al~ 
Kl~ Xe) and noble-gas iso topes among liquid hydrocarbon, 
gaseous h ydrocarbon, and aqueous phases . On a basin or field 
scale, this information is u sed to evaluate hydrocarbon sources 
and characteristics, groundwater end-members, and migration 
processes, mechanism s, and time scales over which these 
processes occur. 

APPROACH 
The mechanisms, processes, and time scales of fluid flow in 

sedimentary basins are fundamenta l questions in the ea rth 
sciences, with d irect application to exploration and exploitation 
strategies for energy and mineral resources . This project inves­
tiga tes the noble-gas composition of hydrocarbon samples on a 
basin and field scale, where adequate commercial production 
and ancillary information are available, to provide a test of the 
use and applicability of noble gases to delinea te end members, 
m igra tion mechanism, and migra tion pa ths for h ydrocarbons. 

ACCOMPLISHMENTS 
Production fluid from the North Sea's Snorr and Statfjord 

oil fie lds show clear geographi ca l correla tion in their noble-gas 
iso tope and abundance charac teris tics. Mixing relationships 
coup led with the geographica l compOSitiona l 
trends (Figures 1 and 2) suggest tha t (1) both 
reservoirs were fill ed wi th oil from a common 
source, (2) with migra tion in to each reservoir, 
the inherited noble gases from the hydrocarbon 
source area are d iluted wi th noble gases from 
the existing in situ reservoir fluids, and (3) fluid 
flow was from a direction contrary to exis ting 
migra tion scena rios. The fluid in each reservoir 
had a different in situ noble gas composition, 
and the differences may be re lated to the 
regiona l tectonics . Specifica lly, the Viking 
Graben, a zone of ac tive extension, may be the 
source of the 3He-enriched mantle-derived 

carbon provinces constra ins migra tion pathways, reservoir 
filling sequences, and existing (and often uncertain) migr ation 
models, potentially leading to new oil-producing prospects and 
hitherto unexplored fields. 

RElATED PUBLICATIONS 
Kennedy, B.M., and T. Torgersen, Mu ltiple a tmospheriC noble 

gas components in hydroca rbon reservoirs : A s tud y of the 
Northwes t Shelf, Delawa re Basin, SE New Mexico, Geochim 
Cosmochim Acta, 2001 (submitted) . 

Torgersen, T and B.M. Kennedy, Air-Xe enrichments in Elk Hills 
oi l field gases: role of wa ter in migration and s torage, Earth 
Planet. Sci. Lett. 167, 239-253, 1999. 

Van Soest, M., T. Torgersen, and B.M. Kennedy, Rare gas iso topic 
and elemental constraints on oil migra tion and hydrogeo­
logical processes: The Statfjord, Snone, and Gullfaks Fields, 
Norwegian North Sea, Proc. Gold schmidt Conference, 
Cambridge, Sep tember 2000. 

ACKNOWLEDGMENTS 
This project is sup ported by the Di rectol~ Office of Science, 

Office of Basic Energy Sciences, Division of Chemica l Sciences, 
Geosciences, and Biosciences, of the U.S. Department of Energy 
under Contract No. DE-AC03-76-SF00098. 
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fluids found in the Snorre reservoir. 

SIGNIFICANCE OF FINDINGS 
The unique aspects of noble-gas geochem­

is try have led to a be tter unders tanding of 
processes related to the occurrence and distri­
bution of h ydrocarbon resources in large sedi­
m entary basins. A be tter unders tanding of 
which hydrocarbon source areas contribute to 
the different reservoirs within larger hydro-

Figure 1: Map showing the loca­
tion of the Snone and Statfjord oil 
fields in the North Sea. The arrows 
indica te the proposed directi on of 
hydrocarbon migration as infer red 
from trends in the elemental and 
isotopic composition of nob le 
gases associated with the pro­
duced hydrocarbons (see Figure 
2). 

Figure 2: The helium isotopic compositions 
(Rc/ RA) and 22Ne/ 36Ar ratios [F(22Ne)l, 
normalized to their respective values in ail; for 
hydrocarbons produced from the Snorre and 
Statfjord, North Sea reservo irs. The composi­
ti onal trends suggest a C0111111.0n source (the 
intersection of the mixi ng lines, determined 
by a least squares fit to the data sets) with 
subsequent acquisition of noble gases during 
migration. 

hltp:/Iwww·esd.lbl .gov 
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COMPUTATION OF SEISMIC WAVEFORMS IN COMPLEX MEDIA: 
CARBON DIOXIDE SEQUESTRATION IMAGING 

Valeri A. Korneev and Gennady M. Goloshubin 
Contact: Valeri A Korneev, 510/486-7214, vakorneev@lbl.gov 

RESEARCH OBJECTIVES AND APPROACH 
The underground sequestration of CO2 presents a subsur­

face mon itoring problem that requires new approaches. This 
specific CO2 problem is an important example of the need for 
effective tools applicable to subsurface-imaging problems. 
Seismic tomographic imaging methods are compromised 
severely when the target region and/or the background 
medium are complex at the wavelength scale of the probing 
waves. The relationship between seismic response and fluid 
saturation in a reservoir depends on many factors. But there is 
a general connection between the character of porous-layer satu­
ration and seismic response, which has to do with the frequency 
content of reflected waves. Our objective is to explore opportu­
nities to use the frequency dependence of seismic reflections for 
underground reservoir imaging and monitoring. Our approach 
is to model the seismic response of dry and water-saturated 
porous layers in the laboratory, using ultrasonic frequencies to 
find differences in seismic response resulting from the character 
of fluid saturation. 

ACCOMPLISHMENTS 
The effect of stronger reflections and travel-time delays from 

water-saturated layers is observed at low frequencies (Figure 1). 
Measurements of the Q factor for porous layers revealed very 
low values for both dry and water-saturated cases. These values 
are close to seismic extremes, but their existence can be 
explained by very small thicknesses that cannot absorb seismic­
wave energy completely. For the water-saturated layer, we 
found lower values of Q that showed an increase in both "fric­
tional" and "viscous" attenuation. In all cases, Q monotonically 
increases with frequency. While the behavior of the reflection 
coefficient from the attenuative layer is rather complex, the ratio 
of reflection coefficients for water-saturated and dry layers 
reveals a strong monotonic increase in reflection amplitudes at 
low frequencies. The rate of this increase is more profound for 
the reflections from thin layers compared to the reflections from 
a thicker layer or a half space. 

We compared the results of laboratory modeling with a "fric­
tional-viscous" theoretical model and found that low «5) values 
of attenuation parameter Q and its approximate proportionality 
to frequency can explain the effect. The values of Q were deter­
mined in a separate experiment, using recordings of a trans­
mitted field for a thick, porous layer that, when saturated, had 
attenuation of about two times higher than under dry condi-

18 

tions . These findings can be used for detecting and monitoring 
liquid saturated areas in thin porous layers. 

This reflection feature is a useful indicator of attenuative 
properties in thin porous layers . Attenuation for such layers 
strongly depends on the character of liquid saturation. The 
observed reflection travel-time ch ange fits theoretical predic­
tions quite well. Layers with higher attenuation create travel­
time delays that increase as the frequency approaches zero. This 
property was observed on real data and can serve as an addi­
tional indication of liquid saturation in porous layers. The differ­
ences of dry and water-saturated layer reflectivities are clearly 
seen at high- and low-frequency domains . Physical interpreta­
tion of frictional-viscous dissipation terms remains uncertain. 
However, one of the applications for this theoretical model will 
be time-lapse imaging of gas/ steam and CO2-injection experi­
ments in existing oil fields (with the goal of better under­
standing steam floods), CO2 sequestration, gas storage, and 
geothermal reservoir exploitation. 

ACKNOWLEDGMENTS 
This project is supported by the DirectOl~ Office of Science, 

Office of Basic Energy Sciences, Division of Chemical Sciences, 
Geosciences, and Biosciences of the u.s. Department of Energy 
under Contract No. DE-AC03-76-SF0009S. 

Wide frequency 
~S 

High frequency 
~S 

Low frequency 
range (60 KHz) (10 KHz) 

300 300 

Q; 
400 400 >. 

~ 
>. 
0 500 500 

600 600 

Figure 1. Data (left panels) and imaging of thin porous 
layers using common offset gathers by different filtering 
for dry and water-saturated cases. 

http://www·esd.lbl.gov 



Annual Report ,----------------Earth Sciences Division 

Berkeley Lab Fundamental and Exploratory Research Program 2000-2001 

WAVE PROPAGATION THROUGH A POROUS MEDIUM 
CONTAINING TWO IMMISCIBLE flUIDS 
W.-c. Lo, Garrison Sposito, and Ernest L. Majer 

Contact: 510/643-995 1, lowc@ce.berke ley.edu 

RESEARCH OBJECTIVES 
It has been suggested recently that the application of either 

periodic compression and relaxa tion, or continuous perturba­
tion under constant ex ternal pressure, to a fluid-containing 
porous medium can increase fluid flow ra tes. The generalization 
of theory to describe this wave-excitation effect in an unsatu­
rated porous medium is of considerable relevance to many 
applications (e.g., enhanced oil recovery, water-resource 
exploitation, and chemical-pollutant removal). Despite more 
than 50 years of research devoted to explaining the physical 
mechanisms involved in the phenomenon of linear wave prop­
agation and attenuation in an unsa turated elastic porous 
medium, the theory is not well established . The objective of this 
study is to develop a mathematical description of this phenom­
enon in a systematic manner. 

APPROACH 
The theory of continuum mechanics in principle deals w ith 

one component, which is not appropria te for multicomponent 
materials. Therefore, we applied the theory of continuum 
mixtures, which provides a very useful framework for dealing 
with a multicomponen t system, to derive the mass- and 
momentum-balance equations for each phase. Because the 
balance equations are insufficient in number to provide a solu­
tion for all dependent variables, constitutive relationships must 
be constructed to supplement the balance equations. This 
construction is based on requirements of symmetry, objectivity, 
and linearity, along with the entro py inequality-well-known 
constraints used in continuum mechanics. To describe the 
coupling of fluid and solid behavior, we added linear stress­
strain relations for a porous elastic solid containing compress­
ible fluids to the balance equations. 

ACCOMPLISHMENTS -----------------------------------
Mass- and momentum-balance equations, with constitutive 

relationships for a multiphase system containing two compress­
ible fluids and an elastic solid matrix, have been developed. The 
resulting m omentum-balance equations feature new terms 
describing the reaction of the fluids to an accelera tion of the 
solid matrix. The momentum-balance equations can be reduced 
to a set of coupled p artial differential equations after substitu­
tion of the linear stress-strain relations. These coupled equa-

.~ ~ 
~ 
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tions, expressed in term s of the displacements of solid and 
fluids, govern the propaga tion and attenuation of elastic waves. 
When speCialized to the case of a porous medium containing 
one fluid and an elastic solid, they successfully reproduce the 
well-know n Biot theory for a fluid-sa turated porous medium. 

SIGNIFICANCE OF FINDINGS 
Coupled momentum balance equations for a porous 

medium containing two viscous, compressible, immiscible 
fluids have been derived . With the neglect of inertial terms, we 
found that the linearized increment of fluid content and the 
Laplacian of the solid-phase dila tation both sa tisfy a h omoge­
neous diffusion equation with the same diffusivity p arameter. 
Thus, porosity diffu sion, hypothesized to be the phenomenon 
underlying permeability enhancement by a compressional wave 
traveling through a reservoir, has been demonstrated for the first 
time in an elas tic p orous medium containing two immiscible 
fluid s. Because the fluid pressure and the solid stress tensor can 
be described as linear combinations of dila tations of the solid 
and fluid, two different linear combinations of fluid p ressure 
and dila tational stress sa tisfy a Laplace equation and a homoge­
neous diffusion equation, respectively. Under specified initial 
and boundary conditions, the pore pressu re distribution for a 
porous medium containing oil and water can be determined . 
Thus, the time-vari ation of the flow rate can be predicted as the 
function of the frequency of pressure pulSing. 

RElATED PUBLICATION 
La, W.-c., and G. Sposito, The physics of immiscible two-phase 

flows in deformable porous media, Water Resour. Res., 2001 
(submitted). 

ACKNOWLEDGMENTS 
This work has been supported by the Assistant Secretary for 

Fossil Energy, Office of Na tural Gas and Petroleum Technology, 
through the Na tional Petroleum Technology Office, Natural Gas 
and Oil Technology Partnership, of the u.s. Department of 
Energy under Contract No. DE-AC03-76SF00098. This project 
was performed in conjunction with the Seismic Stimula tion 
Project, (Peter Roberts, primary investigator) at Los Alamos 
National Laboratory. 
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MECHANICAL AND ACOUSTIC PROPERTIES OF 
WEAKLY CEMENTED GRANULAR ROCKS 

Seiji Nakagawa and Larry R. Myer 
Co ntact: Se iji Nakagawa , 510/486-7894, snakagawa@ lbl. gov 

RESEARCH OBJECTIVES 

Young, poorly consolidated geological formations (often 
encountered in drilling and exca vation) are composed of rocks 
with weak intergranular cementa tion . Because such rocks lack 
s treng th, they can be a potential threa t to the stability of bore­
holes and other s tress-bearing stru ctures . They are, in addition, 
difficult to ch aracterize because their mechanical behavior is 
intermediate be tween rock and soil. 

One of the fundamental differences between granular rock 
(sandstone) and soil (sand) is the s trength of intergranular cohe­
sion. Because of the lack of thi s cohesion, sand under differen­
tial stress exhibits significant permanent deformation that 
overwhelms the elastic deformation of the grains and grain 
contacts . In contrast, the deform ation of competent sands tone 
(e.g., Berea sands tone) consists of both e lastic deforma tion of 
grains and grain contacts and frictional slip between grains. 

The objective of this study is to understand the effec t of 
micromechanical properties of weakly cemented sandstone 
(such as grain size, shape, porosity (packing density), and inter­
granular cohesion and friction) on macroscopic behavior. 
Among these properties, our m ain focus is on the intergranular 
cohesion. 

APPROACH 
To s tudy the effect of micromechanical properties on 

macroscopic behavior (such as load-displacement response and 
acoustic-wave propagation), we conducted laboratory tests 
using synthetic sandstone samples. These samples were fabri­
cated by cementing pure silica sandi using sodium silicate 
binder. By changing the degree o f compaction and the amount 
of binder, we can control both porosity and intergranular cohe­
sive strength . For a range of porosi ti es and degrees of inter-
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Figure 1. Transition from "soil-like" behavior to "rock-like" 
load-di sp lacement behavior of weakly cemented granular rock 
samples. S(%) is the volumetric ratio of sodium sil icate cement 
occupying the pore space. 
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granular cementation, we performed mechanical measurements 
(including uniaxial compression tes ts and Klc fracture tough­
ness tes ts) and acoustical measurements for wave velocities. 

ACCOMPLISHMENTS 
During uniaxial compression tests, weakly cemented rock 

samples showed large permanent deformation with frictional 
intergranular slip. Such stress-strain behavior is more analogous 
to that of soils than competent rocks. The mechanical behavior 
of samples became increasingly rock-like as the intergranular 
cohesive strength was increased (Figure 1). For a range of 
uniaxial compression strengths (Uc) below 7 MPa, Uc increased 
linea rl y with the cement content within the sample. The amount 
of sodium silica te cement required to achieve these streng ths 
was less than 1% of the pore space, which allowed us to change 
the intergranular cohesive strength of samples independently of 
porosity. For a given amount of cement, a reduction in porosity 
resulted in an increase in Uc, which indicates an increasing 
contribution from intergranular friction and locking to the 
strength of the rock. 

Acoustical measurements were performed on both dry and 
vacuum-sa tura ted sa mples (using high-purity alcohol). For 
weak samples with Uc less than 0.5 MPa, the ve loc ity of the 
compressional wave was as low as 1,000 m / s . For a given 
porosity of samples, both compressional and shear velocities 
increased nonlinearly with increasing intergranular cementa­
tion. Interestingly, howevel~ Poisson's ratios determined from 
the wave velocities were virtually unaffected. 

SIGNIFICANCE OF FINDINGS 
Mechanical tests revealed a transitional behavior of weakly 

cemented granu lar rocks with increasing intergranul ar cohe­
sion. However, the obse rved failure mode of the rock during the 
uniaxial compression tests was always brittle, exhibiting ex ten­
sile fracturing instead of ductile failure (which would be 
ex pected for soils). Acoustical measurements showed a 
Poisson's ratio that was not affected by intergranular cohesion. 
This indicates that it may be possib le to determine the porosity 
of weak rock from Poisson's ratio. 

RElATED PUBLICATION 
Nakagawa, S., and L.R. Myer, Mechanical and acoustic proper­

ties of weakly cemented granular rocks, to be published in 
Proc. for the 38th U.S. Rock Mech. Symp., Washington, D.C., 
2001 . 
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DECOMPOSITION OF SCATTERING AND INTRINSIC ATTENUATION 
IN ROCK WITH HETEROGENEOUS MULTIPHASE flUIDS 

KurtT. N ihei, Toshiki Watanabe, Seiji Nakagawa, and Larry R. Myer 
Contact: KurtT. Nihei, 510/486-5349, ktnihei @lbl.gov 

RESEARCH OBJECTIVES 
This project investigates scattering and intrinsic attenuation 

of seismic waves in rock with heterogeneous distributions of 
fluids and gas. This research represents a 
departure from past studies on seismic 
attenuation in that the focus here is not a 
detailed study of a specific attenuation 
mechanism, but rather an investigation of 
theoretical and laboratory methods for 
obtaining separa te estimates of scattering 
and intrinsic attenuation in rock with hetero­
geneous pore-fluid distributions. 
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We first assume an average velocity model of the subsurface 
or incorporate a more precise velocity model (if this information 

is available from well logs or other sources). 
The direct P-wave is extracted from the 
multicomponent particle-velocity data, 
forming two datasets-one containing only 
the direct P-wave and the other containing 
scattered P-P and P-S waves generated by 
the direct P-wave. The particle velocities 
from the two datasets are applied as sources 
in two finite-difference models. At each time 
step in the finite-difference back-propaga­
tions, an image resulting from the product of 

This project combines laboratory, numer­
ical, and theoretical studies in an investiga­
tion of scattering and intrinsic attenuation in 
rock with heterogeneous fluid distributions. 
The objectives of this project are threefold: 
(1) to adapt and further refine methods for 
decomposing scattering and intrinsic attenu­
ation in rock with heterogeneous multiphase 
fluids, (2) to apply these methods to labora­
tory seismic measurements in porous rock 
with heterogeneous fluid distributions and 
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the particle-velocity divergence of the trans­
mitted P-wave (\7 x yO) and the particle­
velocity curl of the sca ttered wavefield (\7 x 
yS) is formed at each cell in the finite-differ­
ence model. This image is added to the 
image from the previous back-propagation 
time step to form a composite image of the 
features that generated the P-S converted 

Figure 1. Composite image of the frac­
ture formed by taking the product of 
the back-propagated curl (VS) and div 
(VO) wavefields and summing over 
all time steps 

compare these results with direct laboratory measurements, and 
(3) to examine a new m ethod for focusing seismic waves in 
heterogeneous media, using time-reversal mirrors. These objec­
tives are addressed in three tasks to be performed over a period 
of three years. 

APPROACH -----
During the second year of the project, we have focused our 

efforts on full-waveform imaging methods for fracture detection 
using converted waves. Our approach for imaging fractures using 
converted elastic waves is an adaptation of the excitation-time 
imaging condition used in reverse-time migration to acquisition 
geometries, in which a direct wave from a compressional wave 
source is recorded (e.g., crosswell and vertical seismic profiling­
YSP). In this method, we exploit the results of modeling work we 
have conducted, which shows large P-S converted waves that are 
generated at a fracture by an incident P-wave. 

hnp:/lwww·esd.lbl.gov 

waves. Figure 1 displays the back-propa­
gated divergence and curl wavefields and the composite image 
for a Single-fracture model in a YSP configuration. 

SIGNIFICANCE OF FINDINGS 
A simple, full-waveform elastic approach has been devel­

oped for imaging discrete fractures. This method is applicable 
to source-receiver configurations in which the direct wave from 
the source is recorded (e.g., crosswell and YSP geometries). 
Present work is focused on testing this approach for more 
complex stratigraphy (with multiple fractures) and providing a 
mathematical basis for this approach. 

ACKNOWLEDGMENTS 
This project is supported by the Director, Office of Science, 

Office of Basic Energy Sciences, Division of Chemical Sciences, 
Geosciences, and Biosciences, of the u.s. Department of Energy 
under Contract No. DE-AC03-76-SF0009S. 
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DENSITY FUNCTIONAL THEORY CALCULATIONS ON 
THE STRUCTURES OF 2:1 CLAY MATERIALS 

Sung-Ho Park, Garrison Sposito, Rebecca Sutton, and Jeffery A. Greathouse 
Co ntact: Sung-Ho Park, 510/642-9439, sungho_park @lb l .gov 

RESEARCH OBJECTIVES 

The objectives of this project are (l) to assess the validity of 
our density functionality theory (DFT) calculations by deter­
mining the equilibrium structure of the clay mineral pyrophyl­
lite and (2) to determine the structure of the clay mineral 
Na-montmorillonite with varying layer charge created by A13+ 
--.. Mg2+ substitution at octahedral sites. 

APPROACH 
Our approach uses DFT as implemented in the program 

CASTEP in conjunction with ultrasoft pseudopotentials and 
plane-wave basis functions. The structures of pyrophyllite and 
montmoriUonite with differing layer charge were determined by 
energy optimization. The triclinic half-unit cell of pyrophyllite 
[Si4Al20 lO(OHhl was derived from available x-ray diffraction 
data. A half-unit cell of montmorillonite [Si4(Al10 Mg1.0)OlO 
(OH)2l with x = 2.0 e (x = layer charge per unit cell) was obtained 
by substituting one of the octahedral A]3+ with Mg2+ (Figure 1a). 
By doubling the structure shown in Figure la, montmorillonite 
with layer charge x = 1 was created (Figure 1c). An interlayer 
Na+ was then added for these two cases (Figures 1b and 1d). 
Additional simulations were performed by doubling the unit 
cell with and without Na+ (x = 0.5, structure not shown). A 
uniform positively charged background was used for the cases 
without Na+. All CASTEP calculations have been performed on 
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(a) (b) (e) (d) 

Figure 1. (a) to (d) Optimized structure of montmorillonite as 
determined by ab initio energy minimization, based on the local 
denSity approximation using gradient-corrected density func­
tional theory. (Si are shown in gray and 0 are shown in red. The 
substituted octahedra l-sheet cation is Mg2+ [blue] and the inter­
layer cation is Na+ [purple]. Octahedral-sheet A13+ cations are 
shown in pale red.) Note the positions of the proton [white] and 
the angle made by OH relative to horizontal. (e) Top view of 
optimized pyrophyllite structure. (f) Top view of optimized Na­
montmorillonite with layer charge = -O.5e. 

the T3E and IBM SP supercomputers at the National Energy 
Research Scientific Computing Center (NERSC). 

ACCOMPLISHMENTS 
The structure of pyrophyllite determined theoretically was 

compared with x-ray data and showed excellent agreement in 
terms of characteristic structural parameters, including tetrahe­
dral rotation angle (lO.l°t surface corrugation angle (6.7°), and 
all interatomic distances. The calculated structures of montmo­
rillonite were compared to pyrophyllite, which is structurally 
isomorphic to montmorillonite but without charge substitution. 
For example, the angles of surface corrugation (5°) and tetrahe­
dral rotation (3.4°) were less for montmorillonite than for pyro­
phyllite (Figures Ie, If). There was a significant structural effect 
on the OH groups in the octahedral sheet. Those nearest Na+ 
(upper layer in Figure 1b, bottom layer in Figure 1d) moved 
toward the octahedral sheet and away from the interlayer 
cation, while the rest (i.e., all other protons in Figures 1b and 1d) 
either moved Similarly (Figure 1b) or even moved toward the 
interlayer region (Figure 1d). 

SIGNIFICANCE OF FINDINGS 
Detailed DFT structural optimization for pyrophyllite and 

montmorillonite has been achieved for the first time. 
Experimentally unavailable but important features such as OH 
orientation were determined for pyrophyllite (26°) and montmo­
rillonite. These quantum mechanical calculations of electronic 
structure in clay minerals are state-of-the-art and give excellent 
results for both equilibrium structures and total energies. 

RELATED PUBLICATIONS 
Park, S.-H., and G. Sposito, Methane hydrate structure and 

stability in montmorillonite interlayers, 1. Monte Carlo 
simulations, 1. Phys. Chem. B., 2001 (in press). 

Park, S.-H., and G. Sposito, Methane hydrate structure and 
stability in montmorillonite interlayers, 2. Molecular 
dynamics simulations, 1. Phys. Chem. B., 2001 (in press). 

Sutton, R., and G. Sposito, Molecular simulations of interlayer 
structure and dynamics in 12.4 A Cs-Smectite hydrates, 
J. Colloid Interface Sci. 237, 174-184,2001 

Greathouse, J. A., K. Refson, and G. Sposito, Molecular 
dynamics simulation of water mobility in magnesium-smec­
tite hydrates, J. Am. Chem. Soc. 122, 11459-11464, 2000. URL: 
http: // esd .lbl.gov I GEO I aqueous_geochem l index.html. 
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NUMERICAL SIMULATION STUDIES OF MULTIPHASE flOW DYNAMICS 
DURING C02 DISPOSAL INTO SALINE FORMATIONS 

Karsten Pruess and Julio Garcia 
Conta ct: Karsten Pru ess, 510/486-6732, k_pru ess@lb l.gov 

RESEARCH OBJECTIVES 
Disposal of CO2 into brine formations will g ive rise to a tion in wa ter was enhanced by including fugacity e ffects . The 

varie ty of coupled physical and chemical processes . These therm o physica l-pro perti es p ackage was tes ted ex tensively 
processes include pressurization of reservoir fluids, immiscible against experimental d ata and against correlations found in the 
displacement of an aqueous phase by the CO2 phase, p artial literature. EC0 2 is presently limited to supercritical conditions, 
dissolution of CO2 into the aqueous phase, P-r::::!I:Eliii==i2Z:i======-===n i. e., temperatures and pressures in excess of 
chemical interactions be tween aqueous CO2 0.----------:---,--, the critical point of CO2 (Tcrit = 31.04·C, Pcrit = 
and primary aquifer minerals, and changes in 73.82 bar). 
effective s tress . Such processes may alter - 25 The TOUGH2 /EC02 simula tor h as been 
aquifer permeability and porosity, and m ay I applied to analys is of injec tion pressures at a 
give rise to seismicity as well. Noniso therm al :5 - 50 CO2 disposal well, CO2 d ischarge along a fault 

<l 
effec ts may arise from phase partitioning, c?5 zone, and eva luation of the s torage capacity of 
chemica l reacti ons, and (de)compressio l1 -75 brine fo rma tions. The amounts of CO2 tha t 
effects. would need to be disposed of a t large fossil-

The objective of thi s work is to develop and -100.j..--=-,........=~-~-~--1 fu eled power plants are very large . Our simu-
demonstrate accurate and effi cient capabilities 1 2 3 4 5 6 la tions p redict tha t injection of the CO2 Radial distance (km) 
for numeri cal simula tion of CO2 injection into from center of well fi eld genera ted over the life time of a 1,000 MWe 
brine formations. coal-fired plant (10 million tonnes per year for 

APPROACH 
Consid erable ex pe rience with subsurface 

fl ow sys tem s th a t in volve w ater, CO2, and 
dissolved solids ex is ts in geothermal reservoir 

Figure 1. Simulated gas satura­
ti ons after injection of 10 milli on 
[onnes of CO2 per year for 30 

30 years) would produce a plume with an 
app roxim ate 100 km 2 area l ex tent in a typical 
disposa l aquifer (Figure 1). Significant aquifer 
pressuri za ti on (1 bar or larger) would occur 
over an area of severa l thousand km 2 . 

years. 

engineering. The geo thermal wor k generally addresses higher 
tempera tures and lower CO2 partial pressures than would be 
encountered in aquifer disp osa l of CO2, For example, the 
EWASG fluid properties package of our TOUGH2 general­
purpose simula tor was designed to represent H 20 /C0 2 / NaCl 
mixtures for temperatures grea ter than 100·C and for rela tively 
sm a ll CO2 partial pressures, on the ord er o f a few bars . 
Trea tment of CO2 di sposal in to brine formations requires modi­
fications of the thermophys ical-properties d esc ription, so th at 
system s with tempera tures down to approxim ate ly 30·C and 
CO2 pressures of severa l hundred bars m ay be described. 

ACCOMPLISHMENTS 
A new fluid-properties m odule called "EC02" w as devel­

oped. It represents density, viscosity, and enthalpy of CO2 
within experimenta l accuracy by the correlations of Altunin 
(1975), using computer programs kindly provided to us by 
Victor Malkovsky of IGEM, Russia. Treatment of CO2 dissolu-

:~.,Il 
hllp:/lwww-esd.lbl .gov 

RElATED PUBLICATIONS 
Pruess, K., and J. Garcia, Multiphase flow dynamiCS during CO2 

injection into saline aquifers, Env ironmental Geology, 2001 
(in p ress). 

Pruess, K., T. XU, J. Ap ps, and J. Garcia, N umerical mod eling of 
aquifer d isposal o f CO2, Paper SPE-66537, presented at 
SPE/EPA/ DOE Ex plora tion and Production En viro nmental 
Conference, San Antonio, Texas, Febru ary 2001. 

ACKNOWLEDGMENTS 
This p roject is supported by the Direc tOl~ Office of Science, 

Office of Basic Energy Sciences, Division of Chemica l Sciences, 
Geosciences, and Biosciences, of the U.S. Department of Energy 
under Contract No. DE-AC03-76-SF00098. We are grateful to 
Victor Malkovsky of IGEM, Moscow (Russia) for kindly 
providing us with his computer programs of the correla tions for 
CO2 pro perties by v.v. Altunin. 
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MODELING OF HYDROMECHANICAL CHANGES ASSOCIATED WITH 
BRINE AQUIFER DISPOSAL OF C02 

Jonny Rutqvist and Chin -Fu Tsa ng 
Contact: Jonny Rutqv ist, 5 10/486-5432/ jrutqv ist@lbl.gov 

RESEARCH OBJECTIVES 

The objective of this research is to s tudy the impact of rock 
m ech anical ch an ges on the p erforman ce of a CO 2 injection oper­
a t.i on into brine aquifers. 

APPROACH 
Two exis ting computer cod es, TOUGH2 and FLAC3D, have 

been jo ined to form a nume rical simul a tor (TOUGH-FLAC) tha t 
an alyzes coupled THM processes in complex geological media 
under two-phase flow conditio ns. To m odel the geological 
disp osal of CO2, the two cod es were jo ined with tw o h ydrome­
ch anica l coupling function s tha t account for multi phase fluid­
p ressure-induced s tress and poros ity changes and correspond­
ing chan ges in hydra ulic pro pe rt.i es. The n, using labo ra to ry da ta 
on s tress- indu ced poros ity a nd permea bility ch anges, along 
w ith th e TOUGH -FLAC cod e, we conducted a 2D s tud y of 
h ydromech anical p rocesses d uring a d eep-underground injec­
tion of supercritical CO2 in a hyp o thetical brine aquifer / ca prock 
system . As p art of this s tud y, we inves tiga ted the possibility of 
rock m ech anical failure in the fo rm of h ydrauli c frac tu ring or 
sh ear-slip reactiva tion of exis ting faults. 

ACCOMPLISHMENTS 
In thi s m od eling, CO2 was injec ted a t a constant ra te over a 

10-year p eriod a t a depth of 1,300-1,500 m. The injecti on zone is 
overlain by a 100-m e ter-thick ca prock, loca ted a t 1,200 - 1,300 m, 
w hich in on e of the s tudied cases is intersected by a vertica l 
fault. The hy draulic, m ech anical, and hydromech anical 
resp o nses caused by the injecti on were s tudied. This s tu dy 
included the spread of the CO2 plume, e ffecti ve s tress changes, 
ground-surface uplift, s tress- induced pe rmeability changes, and 
a mech a nical -failure an a lys is . Th e a na lys is showed tha t m os t 
h ydrom ech anical ch an ges we re indu ced in the lower part of the 
cap rock, nea r its contac t with the injection zon e, whi Ie the 
sealing m ech anism of the upper part apparently rem ained 
intact, d es pite an injection pressure close to the lithostatic s tress 
valu e (Fig ure 1). 

SIGNIFICANCE OF FINDINGS 
Th e ra te (or am ount) of CO2 tha t ca n be injected into a brine 

aq u i fer is p roporti on al to the injecti on pressu reo The higher the 
pressure, the more CO2 can be injec ted du ring a fixed time 
period. H owever, if the injec tion p ressure approaches the litho-

24 

sta tic stress, strongly coupled h ydromechanical come into play, 
and rock failure m ay occur. Th e simulation sh ows that if rock 
failure occurs, it would a t first be limited to the lower part of the 
caprock, while the up per par t could remain in tact. At this s tage, 
with an immedia te lowering of the injection rate, further p ro pa­
ga ti on of the rock fa ilu re coul d be prevented . 

RELATED PUBLICATION 
Rutqvist, J., and c. -F. Tsan g, A study of caprock hydromechan­

ical changes associa ted with CO2 injection into a brine 
a quifel~ Environmenta l Geology (in press ); Be rkeley Lab 
Report LNBL-48145, 200l. 

ACKNOWLEDGMENTS 
This work was supported by the Di recto r, O ffi ce of Science, 

Office of Basic En ergy Scie nces, D ivision of Chemi ca l Scien ces, 
Geosciences, and Bioscie nces, of the u.s. Dep artment of Energy 
under Contract No. DE-AC03-76SF00098. 
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Pfll / = -0.2 to -3.0 M Pa (small margin) 
100m 

I----l 

o Pflll = -3.0 to -6.0 MPa 
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Figure 1. Potential for fracturing in the aquife r / caprack sys tem 
after 10 years of CO2 injecti on, when the injecti on pressure has 
increased up to the lithostati c stress value. The contour plot 
shows the potenti al for frac tur ing ex pressed in a pressure margin 
(pressure margin is the current fluid press ure minus the cri tical 
fracturing pressure). The whi te dashed lines indi ca te the orienta­
ti on of potenti al hyd raulic frac tures in the lower part of the 
ca p rock. 
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FRACTURE SURFACE-ZONE flOW AND 
THE SORPTIVITY-PERMEABILITY RElATION 

Tetsu K. Tokunaga and Jiamin Wan 
Contact: Tetsu K. Tokunaga, 510/486-7176, tktokunaga@ lbl.gov 

RESEARCH OBJECTIVES 

Fast flow along unsaturated fractures can occur within "frac­
ture surface-zones" when fracture coatings, skins, or micro­
cracked damage zones have higher permeabilities than the 
underlying bulk rock matrix. When the local flux of water is 
high enough to sustain satiated water contents within fracture 
su rface-zones, water is expected to flow preferentially within 
the fracture surface-zone. When the energy of pore waters in the 
fracture surface-zone rises to its near-zero matric potential 
range, film flow becomes possible on the fracture surface. Thus, 
surface-zone flow, local aperture sa turation, and film flow can 
all contribute to flow along unsaturated fractures. The quantifi­
cation of surface-zone permeabilities is difficult because this 
region is typically quite thin and therefore not amenable to 
cutting for testing independently of the bulk rock. We have iden­
tified a theoretical correlation between water imbibition rates 
and permeabilities that appeared promising for deducing frac­
ture surface-zone permeabilities. This study focuses on the 
permeability-sorptivity relation, its experimental testing, and 
identification of significant limitations. 

APPROACHES 
By combining recent analyses by Kao and Hunt-of wetting­

front time dependence during water imbibition into porous 
media-with the classic infiltration analyses of Green and Ampt 
(and of Philip), it can be shown that permeability is proportional 
to the 4th power of the sorptivity. The same proportionality can 
be established from the classic scaling analysis of Miller and 
Miller. This relation appeared promising for determining the 
permeability of thin fracture surface-zones, based upon transient 
imbibition experiments. To test the usefulness of this relation, 
imbibition experiments were performed on tuffs and rhyolites to 
determine sorptivities of their fracture surface-zones and bulk 
matrices. Fracture surface-zone and matrix permeabilities were 
calculated from measured sorptivities. Permeabilities of the bulk 
rock were then measured for comparison with values predicted 
based on sorptivities. Additional sorptivities were measured on 
highly wettable ceramics to extend the permeability range over 
which the sorptivity-permeability relation is tested. 

. ~~ 
~ 
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ACCOMPLISHMENTS 

Transient imbibition tests on some rock samples showed 
Significantly higher sorptivities within visible fracture surface­
zones than in the bulk rock. Based on the sorptivity-perme­
ability relation, it was predicted that permeabilities of some 
fracture surface-zones were about 200 times greater than their 
associated matric rocks. However, direct measurements of rock 
matrix permeabilities conSistently yielded much higher values 
than those predicted from imbibition rates. Such discrepancies 
did not exist in the data set analyzed by Kao and Hunt. Testing 
on ceramics also yielded results in compliance with the sorp­
tivity-permeability relation. Contact- angle measurements on 
the rock samples showed that their air-dry surfaces were not 
strongly water wetting (contact angles ranged from 28° to 57"), 
indicating that imperfect wettabi li ty invalidates the sorptivity­
permeability relation. 

SIGNIFICANCE OF FINDINGS 
The possibility of fast flow along unsaturated fractures 

within fracture surface-zones was identified. A relationship 
between permeability and the 4th power of sorptivity was also 
identified. Experimental testing showed that this relationship 
cannot be used reliably for media with imperfect wettability. 

RELATED PUBLICATIONS 
Tokunaga, TK, J. Wan, and S.R. Sutton, Transient film flow on 

rough fracture surfaces, Water Resour. Res., 36, 1737-1746, 
2000. 

Tokunaga, TK, and J. Wan, Surface-zone flow along unsatu­
rated rock fractures, Water Resour. Res., 37, 287-296, 2001. 

Tokunaga, T K, and J. Wan, Approximate boundaries between 
different flow regimes in fractured rocks, Water Resour. Res., 
2001 (in press). 

ACKNOWLEDGMENTS 
Funding was provided by the Director, Office of Science, 

Office of Basic Energy Sciences, Division of Chemical Sciences, 
Geosciences, and Biosciences, of the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098 . 
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REACTIVE CHEMICAL TRANSPORT IN STRUCTURED POROUS MEDIA: 
X-RAY MICROPROBE AND MICRO-XANES STUDIES 

Tetsu K. Tokunaga, Jiam in Wan, Terry Hazen, Mary Firestone, ' Stephen R. Sutton,2 
Egbert Schwartz,' Matthew Newvi lle,2 and Ke ith R. O lson 
, University of Ca lifomia, Berke ley, 2Un iversity of Chicago 

Contact: Tetsu K. Tokunaga, 510/486-7176, tktokunaga@ lbl.gov 

RESEARCH OBJECTIVES 
Large differences in ch emical composition can be su stained 

in boundary regions such as those at sediment-wa ter interfaces, 
interior regions of soil aggrega tes, and surfaces of fractured 
rocks. Predicting tran sport between various en vironmental 
compartments is currently often unsuccessful, partly because of 
a lack of sufficient spatial and temporal resolution in m easure­
ments. Ba tch s tudies can yield insights into kinetics and equilib­
rium in well-mixed systems, but the subsurface is very poorly 
mixed. Without in situ, spatially and temporally resolved ch em­
ical information, transport between compartments can only be 
described wi th sys tem-specific, nonmechanistic, mass- tra nsfer 
models. We are testing the impact of tra nsport limitations on 
redox-precipitation reactions in sediments. 

APPROACH 
Past efforts in this project focused on selenium transport and 

redu ction in two types of microenvironments: (1) that found at 
surface water-sediment b oundaries and (2) that found within 
soil aggregates . Since FY 1998, the project emphasis has shifted 
to reactive transport of an o ther environmentally important 
contaminant, chromium. The oxidized Cr(VI) species are mostly 
soluble, environm entally mobile, and toxic. Most forms of 
reduced Cr(Ill) are insoluble precipitates of low toxicity. Our 
s tudies on reactive transport of Cr have included flow-through 
and diffusion-limited experiments in soils, including spatially 
resolved, real-time tracking of initial contamination processes. 
Distributions of total Cr, Cr(III), and Cr(VI) are determined with 
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Figure 1. Dependence of the Thiele modulus on }St_ 

order reaction-rate constant and diffusion distance 
(rad ius of soil aggrega te or sediment block). Even rela­
tively small sediment blocks ha ve diffusion-controlled 
reactions for a wide range of rate constants. 

x-ray microprobe and micro-XANES (x-ray absorption near· 
edge s tructure ) analyses condu cted at the Advanced Photor 
Source (Argonne National Laboratory) and the Na ti on a: 
Synchrotron Light Source (NSLS, a t Brookhaven Nationa: 
Laboratory). 

ACCOMPLISHMENTS 
Our comparisons of Cr(VI) reduction rates (whether directly 

or indirectly microbially mediated) with diffusion-controllec 
transport rates sh ow that in water-saturated, microbially actiVE 
sed iments, transport limitations exert two main influences. ThE 
first influence occurs throu gh developing steeply decreasing 
redox potentials w ith distance from oxygenated boundaries, 
res ulting from oxygen diffusion-limited microbial respira tion 
This results in the second influence, increasing Cr(VI) reductior 
ra tes w ith distan ce. Under such conditions, Cr diffusion front~ 
termina te sharply. As a consequence, highly Cr-contamina tec 
zones can coexist with pris tine sediments, with transition zone~ 
as narrow as 1 mm. We have generalized analyses of reactior 
rates and diffusion distances u sing the Thiele modulus to sho", 
that m any subsurface reactions of environmen tal interest an 
transport limited. 

SIGNIFICANCE OF FINDINGS 
These results illustra te the importance of diffusion-limitee 

Cr reduction in sediments and the need for chemical character· 
ization w ith sufficient spa tial resolution to identify redox zona· 
tion. Bulk measurements on samples yield spatially a vera gee 
chemical information. When such averaged measurements an 
ob tained over s teep ch emical gradients, they d o not all o", 
correct interpreta tions. The Thiele an alys is of rates can b~ 
ap plied to many other chemica l species to deduce the relativ~ 
importance of reaction kinetics and transport. 

RELATED PUBLICATION 
Tokun aga, T.K., J. Wan, M.K. Firestone, T.c. Hazen, E. Schwartz 

S.R. Sutton, and M. Newville, Chromium diffusion anc 
reduction in soi l aggregates, Environ. Sci. Techno!., 2001 (ir 
press). 

ACKNOWLEDGMENTS 
This project is supported by the DirectOl~ Office of Science 

Office of Basic Energy Sciences, Division of Chemica l Sciences 
Geosciences, and Biosciences, of the U.S. Department of Energ) 
under Contract No. DE-AC03-76-SF00098. Research was in par 
ca rried out at NSLS, Brookhaven Na tional Labora tory, which i ~ 

supported by the Division of Material Sciences and Division 0 

Chemical Sciences. We thank Tony Lanzirotti and the staff 0 

NSLS. 
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JOINT INVERSION FOR MAPPING 
SUBSURFACE HYDROLOGICAL PARAMETERS 

Hung-Wen Tseng and Ki Ha Lee 
Contact: Ki Ha Lee, 510/486-7462, kh lee@ lb l.gov 

RESEARCH OBJECTIVES 
One of the main objectives of studying geophysical inversion 

is to use the results from inversion to describe various subsur­
fa ce processes involving fluid flow. Hyd rological p roperties 
such as fluid electrical conductivity and rock porosity cannot be 
directly obtained with conventional in version techniques. The 
electromagnetic (EM) field propaga ting through the subsurface 
medium is a function of the bulk conductivity, whi ch in turn 
may be empiri ca lly related to poros ity, pore fluid conductivity, 
saturati on, and occasionally the temperature. Within a par ticular 
medium, seismic travel time along a ray path depends on its 
p ro paga tion velocity, which may again be related to severa'! 
factors (such as porosity, denSity, elastic cons tants, temperature, 
and pressure). The complex interre la tionship among these vari­
ables renders direct mapping of these parameters very difficult. 
However, joint analysis of different geophys ical da ta, along with 
infor mation about the relationships between geophysical and 
hydrologica l para meters, may allow us to achieve direct param­
eter mapping. 

APPROACH 
To assess the feas ibility of deriving hyd rological proper ties 

directl y, we h ave developed a joint-inve rsion technique Llsing 
EM and seismic travel-time data. The objective is to derive the 
fluid conductivity and rock porosity of a medium between two 
boreholes. Archie's law and the Wyllie time-average relations 
are used to relate geophysical parameters to two of the hyd ro­
logica l variables: rock porosity and fluid conductivity. The 
inversion is based on leas t-squares cr iteria tha t minimize the 
misfit be tween the observed data (synthe ti c data in thi s s tudy) 
and that of the inverted hydro logica l model. A smoothness 
cons traint is used to reduce nonuniqueness. To begin with, the 
inversion is tes ted on a two-dimensiona l model. For the EM 
method , the model is axially symmetric near the transmitter 
borehole, and numerical simulation is carried out w ith the algo­
rithm developed by Alumbaugh and Morrison (1995). The bulk 
electrical conductivity used for the EM simulation is estimated 
using Archie's law. A straight ray pa th is assumed for the seismic 
method, and travel-time data are calcula ted based on the simpli­
fied Wyllie equation. 

ACCOMPLISHMENTS 

Based on the preliminary results of this resea rch, we have 
demonstra ted (see Figure 1) that hydrological parameters can be 
obtained directly with joint inversion of two geophYSical survey 
methods. The optimum result of the joint inversion has been 
obtained by alternating the selection of inversion parameters, 

§3ft 
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with only one parameter allowed to ch ange (while the other 
parameter is held fixed) a t each itera tion . 

SIGNIFICANCE OF FINDINGS 
Joint analysis of geophysical da ta for subsurface imaging is 

no t new. Howevel~ the study presented here is the first to 
directly obtain hydrologica I p arameters using different geo­
phys ica l da ta. Successful applica tion of the technique will 
grea tly improve our unders tanding of various subsurface 
processes involving fluid flow. 

RELATED PUBLICATION 
Alumbaugh, D.L., and H.F. Morrison, Theoretical and practical 

considerations for crosswell electromagnetic tomography 
asswning a cylindrical geometry, Geophysics 60, 846-870, 1995. 

ACKNOWLEDGMENTS 
Thi s project is supported by the Director, Offi ce of Science, 

O ffice of Basic Energy Sciences, Di vision of Chemical Sciences, 
Geosciences, and Biosciences, of the U.S. Department of Energy 
under Contract No. DE-AC03-76-SF00098. Contract No. DE­
AC03-76-SF00098. 
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Figure 1. Joint inversion results Llsing both EM and seismic 
da ta. The conductivity is fi xed to obtain a better porosity 
model in a fi rst iteration; the n porosity is fixed for a better 
conductivity model in the nex t iteration. 
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PARTITIONING OF CLAY COLLOIDS TO 
GAS-WATER INTERFACES 

Jiamin Wan and Tetsu K. Tokunaga 
Contact: Jiam in W an, 510/486-6004, jmwan@lbl.gov 

RESEARCH OBJECTIVES ------
Clays, humic acids, and microorganisms have been found 

preferentially sorbed at air-water interfaces in unsaturated soils. 
For solutions containing surface-active molecules, the measure­
ment of changes in surface tension (with changes in solute 
concentration) permits calculation of their surface excess 
through the Gibbs adsorption equation . However, for suspen­
sions of particles, surface-tension changes are often not measur­
able. To quantify colloid partitioning at air-water interfaces 
under surfactant-poor conditions typical of subsurface environ­
ments, an alternative means is needed. Wan and Tokunaga 
(1998) developed a simple d ynamic m ethod to characterize 
colloid-surface excesses at air-water interfaces, without 
requiring assumptions concerning the thi ckness of interfacial 
regions and without the u se of surfactants. The objective of this 
s tudy is to use this newly developed method to measure the 
partition coefficients (K) of different clay minerals and la tex 
microspheres a t the air-wa ter interface, under environmentally 
relevant solu tion-chemistry conditions. 

APPROACH 
The bubble-column method (Wan and Tokunaga, 1998) was 

used to measure the K of different clays (kaolinite, montmoril­
lonite, and illite) and p olystyrene latex microspheres at the gas­
wa ter interface. In the bubble column, air is bubbled throug h a 
vertical column containing the dilute colloidal su spension, with 
an open free surface at the top. The rising bubbles sorb and carry 
the surface-active species upward, then release them back to the 
solution at the free surface, where the bubbles burst. The steady­
state concentration profile along the column reflects the balance 

28 

Figure 1. Scanning electron micrographs of clays used in this 
study: (a) kaolinite, (b) illite, and (c) Na-monhnorillonite 

between upward transport by partitioning onto rising bubbles 
and downward transport by eddy dispersion. By measuring the 
steady-state concentration profile, the partitioning between bulk 
and surface regions can be determined. 

ACCOMPLISHMENTS 
Kaolinite exhibited extremely high affinity to the air-water 

interface at pH values below 7. Na-montmorillonite and 
bentonite clay were found excluded from the air-water interface 
at any given pH and ionic strength. The results show the impor­
tance of electrostatic interactions between the air-water interface 
and colloids, including pH-dependent edge charges on mineral 
colloid s and influences of particle shape (Figure 1). Low parti­
tioning of latex particles at the air-water interface relative to 
kaolinite appears to result from particle charge distribution and 
particle geometry. 

SIGNIFICANCE OF FINDINGS 
The implications of these types of measurements are espe­

cially relevant in the vadose zone, because this portion of the 
environment can have high values of air-water interfacial area 
per unit bulk volume. Because of the common existence of thin 
wa ter films in the vadose zone, the distribution of surface-active 
colloids between bulk water and the air-water interface can be 
significant. Calculated ratios of colloid distribution at the air­
water interface to bulk water ranged from approximately 1:1 to 
1:20 for a wide range of soil saturations and colloid types. High 
par titioning of colloids between the air-water interface and the 
bulk solution has important imp lica tions on colloid transport 
and transformation in vadose environments . 

RELATED PUBLICATIONS 
Wan, Land T.K. Tokunaga, Measuring partition coefficients of 

colloids at air-water interfaces, Environ. Sci. Technol 32, 
3293-3298,1998. 

Wan, Land T.K. Tokunaga, Surface excess of clay colloids at gas­
wa ter interfaces, J. Colloid and Interface Science, 2001 
(submitted). 
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Fe3+ SORPTION ON QUARTZ SURFACES: GRAZING INCIDENCE X-RAY ANALYSIS 
Glenn A. Waychunas, Rebecca Reitmeyer, I and James A. Dav is' 

, U.S. Geo logica l Survey, Water Resources, Menlo Park, Ca li fornia 
Contact: G lenn A. W aychunas, 510/495-2224, gawaychunas@lb l.gov 

RESEARCH OBJECTIVES 

Iron oxyhydroxides are powerful agents for metal scav­
enging in the en vironment. Recently, we have determined that 
the surface reactivity of quartz aquifer grains is dominated by 
coatings consisting of nanometer-thick iron oxyhydroxides. We 
seek to unders tand the processes by which these coatings are 
formed, determine thei r reac tivity compared to bulk iron 
minerals, and describe the structure and crystal chemistry of the 
coa tings as completely as possible on the nanometer-to-micron 
scale. 

APPROACH 
Both laboratory model studies and fi ld sampling have been 

p erformed. In the laboratory, we are using both perfect quartz 
crystals with m-, r-, and c-plane surfaces, and high-surface-area 
aerosil silica for sorption and coating-development experiments. 
In the field, we have emplaced samples of the perfect quartz 
substra tes into wells at the U.s. 

4000 

3600 

As few as 1010 atoms can be detected , equivalent to about 10-14 

moles of material. The analyses show that the surface contains 
Fe, Ca, and a range of other transition metal ions. Mn, Cr, and Fe 
surface concentrations are correla ted with each other, but anti­
correlated with Ca concentration. This is interesting beca use the 
concen tra tion of Ca is very low .in the Cape Cod aquifer waters, 
with calcite unstable under the conditions in the well. The Ca 
may result from colloid transport, or perhaps from microorgan­
ism.s utiliz ing surface Fe3+ and rendered it soluble, while 
releasing Ca and acids at the quartz surface. 

SIGNIFICANCE OF FINDINGS 
Ex tend ed x-ray absorption fine s tructure (EXAFS) analysis 

can be done on even the small amounts of Fe found on quartz 
samples within one year of emplacement, so that the nature of 
the coa ting can be analyzed in terms of mineral structure as well 

Mn 

Geologica l Survey Cape Cod aquifer 
site, as well as in Naturita, Colorado, 
to s tudy natural coa ting formation. 

Samples are being studied by x-ray 
spec troscop y (XAS) at the Stanford 
Synchrotron Radiation Laboratory, by 
high-resolu tion transmission electron 
microscopy (HRTEM) at the National 
Center for Electron Microscopy a t 
Berkeley Lab, and by atomic force 
microscopy (AFM) at the U.s. 
Geological Survey in Menlo Park. 
Grazing incidence XAS measurements 
(GIXAS) allow us to determine the 
molecular structure of sorbed iron 

Qi 

~ 3200 TRXRF well substrates 

as composition. This allows us to 
analyze the mode of forma tion, 
whether via biological, colloidal trans­
port-deposited, or nucleation and 
grow th mechanisms. 

a toms or multinuclear precipita tes, as 
well as their relationship to the surface 
Si a toms. Total reflection x-ray fluores­
cence (TRXRF) allows unprecedented 
sensitivity in chemical analysis. The 
HRTEM and AFM studies prod uce 
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Figure 1. Energy spectrum of the upper 3 nanome­
ters of quartz well samples as determined via 
TRXRF. The diagram shows the geometry of a 
grazing-incident experiment. 

RElATED PUBLICATIONS 
Waychunas, G.A, J.A Davis, and R. 
Rietmeyer, Formation and structure of 
iron-rich oxyhydroxide nanometer 
coa tings: Comparison of laboratory-
produced and aquifer-seeded 
samples, Geosciences Research 
Program Workshop, Gaithersburg, 
Maryland, October 15-16, 2000. 
Waychunas, G.A, R. Reitmeyer, and 
J.A . Davis, Grazing incidence EXAFS 
charac teriza tion of Fe3+ sorption and 
precipitation on silica surfaces, J. 
Colloid Interface Science, 2001 
(submitted). 

nanometer-resolution images that a i.d in relating molecular 
s tructure to nanom.e ter-and-larger surface structures and 
defec ts. 

ACKNOWLEDGMENTS 
This project is supported by th Director, Office of Science, 

Office of Basic Energy Sciences, Division of Chemical Sciences, 
Geosciences, and Biosciences, of the U.s. Department of Energy 
under Contrac t No. DE-AC03-76-SF00098. Rebecca Reitmeyer 
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ACCOMPLISHMENTS 
During the past year, GIXAS and TRXRF spectra have been 

obtained on well samples deposited for 8 and 14 months. One 
set of results from the 14-month samples is shown in Figure 1. 
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THE GEOMETRY OF Zn COMPLEXATION ON FERRIHYDRITE 
Glenn A. Waychunas, Chri stopher C. Fu ller,l and James A. Dav is' 

IU .S. Geo logica l Survey, Water Resources, Menlo Park, CA 
Contact: G lenn A. Waychunas, 510/495-2224, gawaychunas@ lb l.gov 

RESEARCH OBJECTIVES 

Aqueous Znis readily sorbed by fenihyillite and other iron oxyhy- the number of Fe3+ second neighbors is larger. With further 
ill·oxides at modera te pH values. However, experimental sorption increase in aqueous Zn, the complexation changes because new 
isotherms vary trom linearity somefow-orders of magnitude in aqueou s Zn tetrahed ral units poly merize onto exis ting sorbed ones. 
Zn concenb~ation below the sa turation level IP:iIIIIilliEl::llliEDllEllEililmIlililllllZi!llElZi!llEl!Iml!Imililmll===a Finally, a t the highest aqueous Zn concen-
with zinc hydroxide. This suggests that a Bidentate with tra tions, a new type of precipitate forms, 
precipitation process or a change in complex- _ Zn(OH)2 polymer domina ted by octahedrally coordina ted 
ation mechanism is occurring. We wish to • f:::>&~[2.00l Zn and with a layer structure. 
understand the processes that create this Nucleation ~ 'tP H 
nonlinear behavior in the sorption isotherm Brucite-type SIGNIFICANCE OF FINDINGS 

layer structure 
and describe the molecular geometry of Zn-O-Zn 1 
aqueous Zn uptake. High Zn polymerization 

concentration 

Our resu lts show the complexity of 
even this simple sorption sys tem, and 
hen ce the difficulty of predicting sorp­
tion geome try, sorpt ion m echanism, 
and th e chemi ca l fate of certain pollu ­
tant agents w ithout m o lecular informa­
tion. We also find that a simple 
so-called "bond valence" argument 
explains the octahedral-to-tetrahedral 
change in Zn coordination upon sorp­
tion. The oxygen io n has p erfec tly bal­
anced bond va len ce (2.00) at the 
H2-0-Z n aqueous linka ge and also at 
the tetrahedral Zn-OH-Fe linkage. 
Hence, once sorp tion occurs and a 
p ro ton is lost, the change in coordina­
tion returns the ligand oxygen to 
p erfect bond va lence. 

APPROACH 
Samples were crea ted at the U.S. 

Geological Survey to follow the composi­
tion range (i.e ., sorption density and 
aqueous Zn concentration) of the 
isotherm showing nonlinear behavior. 
The samples w ere prepared in both co­
precipitation and sorption m od es (i.e., 
formed respectively with and w ithout Zn 
present). While s till fresh and wet, 
samples were examined by wet chemical 
and x-ray absorption methods (x-ray 
absorption near-edge structure [XANESj 
and extended x-ray absorption fine s truc­
ture [EXAFSJ) at the Stanford Synchrotron 
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Low Zn / 
concentration /p Fe-O-Fe 1 

It[200l [:8~l po:,z:A 
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Aqueous Zn2+ change Bldentate 
complex complex 

Figure 1: Changes in the geometry of Zn 
complexes on ferrihydrite as a function of 
aqueous Zn concentration. The bond valence 
on the re levant oxygen is shown. 

Radiation Laboratory. EXAFS analysis was done, both on the 
samples and on a set of well-characterized model compounds, to 
ex tract sa mple interatomi c dis tances and coordin ation numbers. 
XANES s pectra were simulated using the ab initio Feff 8.0 code 
to complement the EXAFS analysis. 

ACCOMPLISHMENTS 
The combined analysis shows a remarkable set of changes in 

molecular geometry as a function of Zn solution concentration 
(see Figure 1). In an aqueous solution with pH of 6 to 7, the zinc 
io n is coordi nated by s ix wa ter molecules in an octahedral 
complex (green). Howevel~ this coord ina tion ch anges to te tra­
hedral (green) after sorption on ferrihydri te (represented by red 
Fe06 octahedra) even at the lowest observable sorption densi­
ties . Depending 011 the type of sample preparation (sorption or 
co-precipitation) the number of second-neighbor Fe ions about a 
given sorbed Zn differs . For co-precipitation samples where Zn 
ions have abundant aqueous Fe3+ available during formati on, 
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RElATED PUBLICATIONS 
Waychunas, G.A., c.c. Fuller, J.A. Davis, Surface complexa tion 

and precipitate geom etry for aqueous Z n(II) so rption on 
ferrihydrite: I. EXAFS analYSiS, Geochimica et 
Cosmochimica Acta, 2001 (in press) . 

Waychunas, G.A., J.J. Rehl~ c.c. Fuller, and J.A. Davis, Surface 
complexation and precipitate geometry for aqueous Zn(II) 
sorp tion on ferrihydrite: II. XANES analYSiS, Geochimica et 
Cosmochimica Acta, 2001 (submitted). 
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STRUCTURAL ANALYSIS OF SULFATE IN SCHWERTMANNITE 
Glenn A. Waychunas, Samuel J. Traina,' Jerry R. Bigham,' and Satish C.B. Myneni2 

'Ohio State University, 2Princeton University 
Contact: Glenn A. W aychunas, 510/495-2224, gawaychunas@lbl .gov 

RESEARCH OBJECTIVES 
Schwertmannite is an iron oxyhydroxide with presumed 

intrinsic sulfate that forms in large quantities in acid-mine­
drainage environments at low pH values. It is a powerful sink 
for toxic metals and oxyanions, and its structure appears to be 
similar to that of a hollandite, but with sulfate bonded into the 
tunnel sites of this structure. However, our recent work indicates 
that the proposed structure for schwertmannite must be incor­
rect, and that the nature of the sulfate group in the structure may 
be intermediate between the classical "inner sphere" and "outer 
sphere" complexes. We have investigated this by examining a 
series of synthetic schwertmannites formed with varying sulfate 
contents, and at different pH and water-saturation conditions. 

APPROACH 
L- and K-edge x-ray absorption near-edge structure 

(XANES) spectroscopy can be used to distinguish inner sphere, 
outer sphere, and intermediate hydrogen-bonded sulfate 
groups. This information can be combined with other structural 
studies to full y characterize changes in sulfate binding as a func­
tion of environmental conditions. Sulfate is generally thought to 
sorb as either an inner sphere (IS) (directly bonded to a surface 
metal ion) or outer sphere (OS) (separated from the surface by 
an intervening water molecule) geometry, depending on 
mineral surface chemistry, charge, and topology. However, 
recent work we have done using K-edge XANES spectroscopy at 
SSRL has indicated that schwertmannite may contain a third 
type of sulfa te, a hydrogen-bonded complex intermediate 
between inner and outer sphere geometries. This complex has 
an IR spectrum indicative of an inner sphere complex (because 
there is considerable splitting of IR bands consistent with low 
sulfate symmetry), but a XANES spectrum indicative of an outer 
sphere complex (because no Fe-O-S fea tures are seen). The 
picture is complicated by the effect of drying on samples, which 
can drive the local pH up and thus possibly change the nature of 
a sorbed or bound complex. With this in mind, we are aiming at 
accomplishing two goals with this study: first, determine the 
nature of sulfate and its complexation in schwertmannite (to be 
combined with other data to resolve the full structure); and 
second, determine the evolution of sulfate complexation a t 
lower pH in environmental (and catalytic) materials. 

ACCOMPLISHMENTS 
--- --- -------

Our XANES spectra on the S-K edge shows conclusively that 
in schwertmalmite, sulfate is not bonded in the tUlmels in the 
normal way. It is probably a hydrogen-bonded complex in larger 
tunnel-structure defect regions or is largely hydrogen bonded 

http://www-esd.lbl.gov 
---

on the outside of crystallites. Fe-K-edge extended x-ray absorp­
tion fine structure (EXAFS) spectroscopy indicates that schwert­
mannite has fewer Fe-O-Fe corner linkages than its nominally 
structural cousin akaganeite. This points towards a highly 
disordered structure, probably with larger tunnel sites. 

SIGNIFICANCE OF FINDINGS 
The possibility of sulfate and other anion complexation 

changing from inner sphere to hydrogen-bonded complexes 
with varying pH or other mineral surface characteristics (such as 
water saturation) has important consequences for anion seques­
tration. In particular, vadose zone complexation may differ 
substantially from that in (laboratory) sa turated systems. The 
mode of sulfate incorporation in schwertmannite may also give 
insight into other types of chemical entrapment by natural 
nanocrystallites. 

ACKNOWLEDGMENTS 
This project is supported by the Director, Office of Science, 

Office of Basic Energy Sciences, Division of Chemical Sciences, 
Geosciences, and Biosciences, of the U.S. Department of Energy 
under Contract No. DE-AC03-76-SF00098, and by Laboratory 
Directed Research and Development funding from Berkeley 
Lab. 
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Figure 1. A model for the defect structure of schwert­
mannite showing positions of various types of sulfate_ 
The framework is made up of Fe06 octahedra linked into 
a tunnel structure along the axis normal to the figure. 
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NUMERICAL SIMULATION TO STUDY MINERAL TRAPPING FOR 
C02 DISPOSAL IN DEEP AQUIFERS 

Ti anfu Xu, John A. Apps, and Karsten Pruess 
Contact: Tianfu Xu, 5 10/486-7057, t ianfuJ u@lb l.gov 

RESEARCH OBJECTIVES 

Carbon d ioxide (C02) d isposa l into deep aquifers h as been 
su gges ted as a poten tial means whereby a tmospheric em issions 
of greenllouse gases may be reduced. As a prelude to a fu ll y 
coupled trea tment of physica l a nd ch emical effects of CO2 injec­
tio n, we sought to analyze the impact of CO 2 immobiliza tion 
throu gh carbonate precipita ti on. 

APPROACHES 
We performed batch reaction m od eling to sim ula te the 

geochemical evo lution of three different aqu ifer mineralogies in 
the p resen ce of CO2 at high p ressure. O ur modeling conside red 
(1 ) red ox processes tha t cou ld be impor tant in deep-subsurface 
enviro mnents, (2) the presen ce of o rga ni c ma tte l~ (3) the k ine tics 
of ch emical interaction s between the hos t rock minerals and the 
aqueous phase, and (4) CO2 so lubility d ep enden ce on pressure, 
tempera ture, and salinity of the system . Th e geochemical evolu­
tion under both natural b ackground and CO2 injection condi­
tion s was evaluated. Ch an ges in p o rosity w ere monitored 
during the simula tions. 

ACCOMPLISHMENTS 
M od e ling results indi ca te th a t CO2 seques tra ti on by ma tri x 

minera ls varies considera bl y with rock type. U nder fav ora ble 
condition s, the amount of CO2 tha t m ay be sequestered by 
precipita tion of secondary carbona tes is comparable with (and 
can be larger than) the effect o f CO2 dissolution in pore waters. 
The p recipitation of ankerite and siderite is sen sitive to the ra te 
of redu ction of ferric minera l precursors such as gla uconite, 
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which in turn is d ependent on the reactiv ity of associa ted 
orga nic materia l. The accumula tion o f carbona tes in the rock 
matrix and induced rock minera l a ltera tion cau sed by the p res­
ence o f dissolved CO2 lead to a cons iderab le decrease in 
po ros ity. Figure 1 sh ows s imu la ted minera l abund ances and 
CO2 sequestra tion for Gulf Coast sediments. 

SIGNIFICANCE OF FINDINGS 
These n umerical mode ls provide a detailed unders tanding 

of a particular geochemica l sys tem's dynamic evo lution. A cr it­
ica l eva luation of these mod eling results can provide useful 
insight into sequestra tion mechanisms and contro l of geochem­
ica l conditions and pa ramete rs. 

RELATED PUBLICATIONS 
Xu, T., J. Apps, and K. Pruess, Ana lysis of mineral tra pp ing for 

CO2 disposal in d eep aquifers, Berkeley Lab Rep ort LBNL-
46992, 2000. 

Pruess, K., T. XU, J. A pps, and J. Garcia, Nume rica l m odeling of 
aqu ifer d isposa l of C02, Pa pe r SPE-66537, p resented a t 
SPE/EPA/ DOE Ex plo rati on and Production Envi ronmenta l 
Confe rence, San Antonio, Texas, Febru ary 2001. 
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Figure 1. Mineral abundances and CO2 sequestra ti on obtained with CO2 injected at 260 bar fo r Gulf Coast sediments 
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DEVElOPMENT OF A HIGH-PERFORMANCE MASSIVElY PARALLEl TOUGH2 CODE 
Keni Zhang, Yu -Shu Wu, Karsten Pruess, and Chris Dingl 

1 National Energy Research Scientifi c Computing Center (NERSC) 
Contact: Keni Zhang, 510/486-7393, kzhang@ lbl.gov 

RESEARCH OBJECTIVES 

Large-scaJe simulation (i.e ., at the multimilli.on gridblock 
level) of multiphase fluid and hea t fl ow in he terogeneous reser­
voirs rem ains a challenge. It can be a formidable task for a 
single-processor computer. However, the development of 
parallel-computing techniques m akes it possible to perform 
such large-scale reservoir simula tions. The main objective of this 
work is to parallelize the TOUGH2 code, a general-purpose 
numerical simulation program for modeling multidimensional, 
multiphase, multicomponent fluid and heat flows in porous and 
frac tured med ia . Our work is intend ed to enhance computa­
tional performance of TOUGH2 on multiprocessor computers 
by 1- 2 orders of m agnitude, both in prob lem size and in CPU 
time requirem ents. 

APPROACH 
The two most time-consuming par ts of a TOUGH2 simula­

tion are (1) assembling the Jacobian m a trix and (2) solving the 
linear equa tions. With tha t in mind, the most important aim of 
a paralle l version code is to pa ra llelize these two parts. This goa l 
is achieved by using simula tion d om ain partitioning and 
paralle l tinear solving of linearized equa ti ons. Three par ti ­
tioning algorithms from the METIS package (version 4.0) are 
implem ented for grid d om ain partitioning . The linear so lver 
part of the TOUGH2 code is restructured, and the Az tec parallel 
solver is se lected and incorporated into the para lle l code. 

In addition to parallel computing in the Jacobian m a trix 
asse mbly and linear equa tion solver, efficient use of computer 
m emory is also very important. This is because a several-giga­
byte m emory is genera lly required for a typical large-scale, 
three-dimensiona l simul ation. Then the need arises to dis tribute 
the m emory requirem ent to a ll processors. We have optimized 
the da ta input procedure and made u se of compute r m em ory 
shared by a ll processors. The para llel code is cu rre ntl y imp le­
m ented for TOUGH2 EOS3 and EOS9 modu les. 

ACCOMPLISHMENTS 
The TOUGH2 code has been parallelized for bo th computing 

time and m emory sharing, including optimiza tion for solving 
ex tremely large reservoi r-simul a tion problems. The parallel 
code has been successfully used to d evelop three-dimensional 
m odels of fluid and hea t flow in the unsatura ted zone of Yucca 
Mountain, u sing up to two million gridblocks . One of the 3D 
models uses 1,075,522 gridblocks and 4,047,209 connections to 
represent the unsatura ted zone of the highly heterogeneous frac­
tured tuffs a t Yucca Mountain. This problem involves solving of 
3,226,566 linear equa tions a t each itera tion s tep. Simula tion 
results indica te tha t the developed parall el code is very efficient 
and capable of modeling large-scale problem s with multimillion 

~ 
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gridblocks . Figure 1 shows the speedup of the p arallel cod e for 
this applica ti on problem . 

SIGNIFICANCE OF FINDINGS 
The m ajor benefits of the developed parallel code are that it 

(1) allows accurate representa ti on of reservoirs with sufficient 
sp a tial resoluti on, u sing multimillion gridblocks, (2) allows 
ad equa te description of reservoir heterogeneities, and (3) 
enhances our m odeling capability for solving large-sca le, rea l­
world s imulati ons. 

RElATED PUBLICATIONS 
Elmro th, E., C. Ding, and YS. Wu, H igh-perform ance computa­

tions for large-scale simulations of subsu rface multiphase 
fluid and hea t flow, Journal of Supercomputing 18(3), 
233-256, 200l. 

Zhang, K., YS. Wu, C. Ding, K. Pruess, and E. Elmroth, Parallel 
computing techniques for large-sca le reservoir simula tion of 
multi component and multiphase fluid flow, SPE 66343, 
presented at the 2001 SPE Reservoir Simul a tion Symposium, 
Houston, Texas, February 11- 14, 2001. 

Zhang, K., YS. Wu, C. Ding, and K. Pruess, Applica tion of 
parallel computing techniques to large-scale reservoir simu­
la tion, Proceed ings o f the 26 th Allllua l Workshop, 
Geo therm al Reservoir Engineering, Stanford Uni versity, 
Stanford, California, January 29-31, 2001. 
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The role of the N uclear Waste Program is to assist the u.s. 
Department of Energy, the United States, and other countries in 
solving the problem of safe disposal of nuclear was te through 
high-quality scientific analyses and technology development. 
The prim ary work of the program involves inves tiga ting the 
feas ibility and potential of the Yucca Mountain site in Nevada 
for permanent storage of high-level nuclear waste. The Nuclea r 
Wa ste Prog ram also does coll aborative work on nuclear-was te 
disposa l issues with such countri es as Japan, Sw itzer land , 
Sweden, China, and Romania. The p rogram has established the 
Center for Interna tional Radioactive Was te Studies, the main 
purpose of which is to foster relationships with other countries 
to promote the exchange of ideas and research results. 

The Yucca Mountain site is loca ted about 120 km northwes t 
of Las Vegas in a semi-arid region. The potential repository 
would be loca ted about 350 m below ground surface within a 
thi ck unsa tura ted zone (UZ). Subsurface rocks a t Yucca 
Mountain consist primarily of fractured volcanic tuffs that vary 
in degree of welding. To date, a total of 60 deep surface bore­
holes have been dri lled in the area. In 1996, an 8 km long under­
ground tunnel, the Exploratory Studies Facility (ESF), was 
comp le ted at Yucca Mountain to facilitate more ex tensive 
subsurface testing. 

Berkeley Lab's work a t Yucca Mountain consists of solving 
many problems related to multiphase, nonisothermal flow and 
transport through the UZ. Some of the key ques tions that 
Berkeley Lab scientists are addreSSing include: 

• How much water percolates through the UZ to the repos­
itory a t Yucca Mounta in? 

• What fraction of the water flows in fractures and how 
much flows through the rock matrix blocks? 

• How much of this water will seep into the waste-canister 
emplacement drifts? 

hllp:llwww·esd.lbl.gov 
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• How will radionuclides migra te from the repository to the 
water table? 

• How will coupled TH (thermal-hydrologic), THC (thermal­
hydrologic-chemical) and THM (thermal-hydrologic­
mechanical) processes affect flow and tran spor t? 

To address these questions, the N uclear Was te Prog ram is 
organized into Ambient Testing, Therma l Testing, and Modeling 
groups, with support from geophys icial studies. 

AMBIENT TESTING GROUP 
The Ambient Testing group in vestiga tes how water flows 

through the mOt.mtain and how much of this water will seep into 
the emplacement drifts. The group performs various tests 
within the ESF, including fracture-matr ix interaction tes ts, drift­
to-drift tes ts, the Paint Brush Unit tes t (PTn tes t), and ni che 
(short drift) tes ting. Fracture-m atrix interaction tests are rela­
tively smaLl-scale (i. e., a few meters) tests that focus on the 
components of water flow in fractures and matrix blocks and on 
the inte raction between the two continua. The drift-to-dr ift tes ts 
address the sa me issues, but on a mu ch larger spa ti al sca le 
(10-20 m). The test in the Paint Brush unit, which is an 
unwelded tuff unit, addresses issues of episodic flo w, effects of 
faults and large-scale fea tures, and la teral continuity of flow and 
transport. This unit, directly above the potential repository, is 
key to dispersed frac ture flow from the above fractured units 
and buffers the transient behavior of episodic flow. The ni che 
s tudies address perhaps the most crucial problem of Yucca 
Mountain, i.e., de termining the fraction of water that will flow 
into the emplacement drifts. The ni che studies are carried out by 
introdu cing water into boreholes above the drift opening and 
measuring what fraction actua lly seeps into the opening. 
Results to date sugges t tha t there is a seepage thresh old below 
which no water will seep into the drifts. 
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THERMAL TESTING GROUP 

The Thermal Testing group works in collaboration with 
other national laboratories to evaluate the effects of heat on ther­
modynamic conditions, fluid flow and transport, and penna­
nent property changes at and near the emplacement drifts. The 
Yucca Mountain Project has completed the first in situ heater 
tes t, ca lled the Single H eater Test. The project is now involved 
wi th a large-sca le hea ter test in a 50 m long drift. This second 
test, called the Drift Scale Test (DST), is intended to resemble the 
actual conditions that would exist when the high-level radionu­
clide waste is placed in the emplacement drifts. Berkeley Lab's 
roles in the heater tests are to ch aracterize the heater-test rock 
block (area) prior to testing; monitor p oten tial changes in frac­
ture and matrix saturations through air injections, tracer testing, 
and ground-pen etrating radar measurements; and to perform 
predictive thermal-hydrologic and thermal-hydrologic-chemical 
calcula tions. 

The initial ch aracteriza tions of the hea ter test areas are 
performed with air-injection tests that yield the 3D permeability 
structure of the fracture network. Continued air-injection testing 
during h eating yielded changes that can be attributed to 
changes in fracture saturations or mechanical effects . Crosshole 
radar tomography has also yielded very promising results 
regarding change in global saturations of the system caused by 
h ea ting. Laboratory scientists are also involved with measure­
ments of the isotopic compositions of gases and condensate 
water collected in instrumented boreholes. Detailed 3D thermal­
hydrologic and thermal-hydrologic-chemical calculations were 
used to predict the behavior of the tests. These are being refined 
as the test progresses. 

MODELING GROUP 
Berkeley Lab has the primary responsibility for the develop­

ment of the UZ Flow and Transport Model. This is a com pre-

hensive, 3D, dual-permeability numerical model that represents 
the entire UZ at and near Yucca Mountain. The model is 
intended to integra te, in a single computational framework, all 
of the relevant geological, hydrological, geochemical, and other 
observations that have been made at the surface, in boreholes, 
and in tunnels at Yucca Mountain. The model is ca librated 
against pneumatic moisture tension, matrix potential, tempera­
ture, geochemical, perched water, and other data from the UZ. 
The model is then used to predict all of these variables in new 
boreholes and new drifts to be drilled. The degree of agreement 
between model predictions and subsequent field observations 
indicates the reliability of the model, and provides guidance as 
to what additional data need to be collected and incorporated. 

A very important submodel of the UZ model is the seepage 
model, which is on a tens-of-meters scale, versus the UZ model's 
hundreds-of-thousands-of-meters scale. The seepage model, 
Similarly to the UZ model, predicts the results of the niche tests, 
which are subsequently modified to match the actual observa­
tions. Another submodel of the UZ model is the coupled process 
THC model, calibrated using the heater test data and used to 
estimate the chemistry of water and gas entering the drifts. All 
these models-the UZ model, the seepage model and the THC 
model- are key process models for Total System Performance 
Assessment (TSPA); performance of the potential repository is 
only as reliable as these key models. 

FUNDING 
The Nuclear Waste Program's Yucca Mountain Project 

research is supported by the Director, Office of Civilian 
Radioactive Waste Management, U.s . Department of Energy, 
through Memorandum Purchase Order EA9013MC5X between 
Bechtel SAlC Company, LLC, and Berkeley Lab. The support is 
provided to Berkeley Lab through U.S. Department of Energy 
Contract No. DE-AC03-76SF0009S. 
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FRACTURES AND UZ PROCESSES AT 
YUCCA MOUNTAIN 

Jennifer J. Hinds and Gudmundur S. Bodvarsson 
Contact: Jennifer J. H inds, 510/486-7107, jhinds@lb l.gov 

RESEARCH OBJECTIVES 
The objective of this research is to evaluate the importance of 

fractures at different scales on a variety of processes in the unsat­
urated zone at Yucca Mountain. These processes are ambient 
liquid flow, radionuclide transport, and coupled thermal-hydro­
logical processes. Additionally, we evaluate the importance of 
including all fractures or a subset of mapped fractures in the 
analysis of these processes. 

APPROACH 

Fractures are integral structural fea tures at Yucca Mountain, 
providing highly permeable pathways for air and liquid to flow 
through unsaturated rocks. They are also potential pathways for 
radionuclide migration. Though millions of fractures exist in the 
unsa turated zone, the portion of these fractures relevant to 
assessing the performance of a potential repository depends 
upon the process being evaluated . 

Ambient Flow Processes-Water flows mainly through frac­
tures in the low-porosity welded tuffs occurring in the unsatu­
rated zone at Yucca Mountain. Yet only a fraction of the widely 
dispersed and cOOllected fractures is believed to actively 
conduct water under ambient conditions. Also, within an active 
fracture, only a limited area of the rock matrix is in contact with 
percolating water (as a result of flow fingering). Thus, much of 
the fracture sys tem does not participate in liquid flow, and the 
transfer of water between fractures and the rock matrix is 
limited. 

Radionuclide Transport Processes- Transport patterns are 
expected to mimic flow patterns under ambient conditions. 
Consequently, only fractures contributing to flow are important. 
Howevel~ the exis tence of small fractures and microfractures 
connected to larger fractures that transmit water may be impor­
tant for transport, because they penetrate matrix blocks and can 
enhance matrix diffusion, thereby improving repository 
performance. 

Coupled Thermal-Hydrological Processes - If a repository is 
constructed a t Yucca Mountain, the heat generated from 
radioactive decay may cause boiling and vaporization of pore 
water in the rock surrounding the waste packages. Much of the 
vapor generated will migrate into fractures and be driven away 
from the repository drifts, creating a dryout zone. When the 
vapor encounters cooler rock away from the drifts, it will 
condense, and saturation will increase locally in all fractures . 

~ A 
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Part of the condensate may then imbibe into the matrix, while 
some of the condensate will remain in the fractures, become 
mobile, and drain around the drift opening. 

ACCOMPLISHMENTS 

Tens of thousands of fractures h ave been mapped and 
described as part of the site characterization of Yucca Mountain. 
The majority of the mapped fracture data come from fractures 
with trace lengths greater than 1 m; however, small fractures « 
1 m in length) are far more numerous. Some small-scale fracture­
mapping studies have been conducted in the ECRB Cross Drift, 
and additional studies have been proposed. 

SIGNIFICANCE OF FINDINGS 

Numerical analyses should consider all fracture data in light 
of the processes to be modeled. For mountain-scale ambient­
flow-modeling applications, only fractures that actively 
contribute to large-scale flow are believed to be significant. Since 
the specific fractures transmitting water are unknown, we 
recommend using mapped data for coarse fractures (~ 1 min 
length) to estimate fracture-network characteristics and suggest 
adopting a fracture-matrix interaction variable to match 
observed field data. For mountain-scale transport modeling, 
small fractures and microfractures connected to larger active 
fractures may be important for diffusion and should be evalu­
ated. Coupled thermal-hydrological models should reflect infor­
mation about fractures at all scales within the condensation 
zone, and the full fracture-matrix interface area should be used . 

RELATED PUBLICATION 

Hinds, n., and G.S. Bodvarsson, Role of fractures in processes 
affecting potential repository performance, Proceedings of the 
Ninth International High-Level Radioactive Waste Management 
Conference, Las Vegas, Nevada, April 29-May 3, 2001. 
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MOISTURE MONITORING ALONG A NONVENTILATED SECTION OF TUNNEL AT 
YUCCA MOUNTAIN 

Rohit Salve 
Contact: Rohit Salve, 510/486-641 6, r_sa lve@ lbl. gov 

RESEARCH OBJECTIVES 

The monitoring study conducted in the Enhanced 
Characterization of the Repository Block (ECRB) East-West 
Cross Drift is designed to detect drips in sealed drift sections 
(Figure 1). The ECRB bulkhead sections are located in the area of 
the drift most likely to show seepage under ambient conditions. 
This monitoring effort is an integrated part of the field seepage 
testing and monitoring program at Yucca Mountain. The 
seepage studies, together with hydrological measurements in 
boreholes and benches, provide field measurements and data to 
be used for calibration and validation of unsaturated zone 
models related to seepage. 

APPROACH 

To observe potential seepage, ventilation effects on the 
terminal section of the ECRB were minimized with the construc­
tion of two bulkheads. These bulkheads were installed in the 
ECRB in June 1999. A third bulkhead was installed in July 2000 
to ameliorate (but not eliminate) the influence of some nearby 
heat sources on the tunnel conditions. Along the tunnel bore 
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Figure 1. Terminal 944 m of the ECRB showing the location of 
monitoring stations and three bulkheads 

(before and after the bulkhead) humidity, temperature, and 
barometric pressure are being measured at various stations to 
provide information on moisture dynamics along the ECRB. 
Additionally, psychrometer measurements of water potential 
are being made along the length of boreholes installed before 
and after the bulkhead. 

ACCOMPLISHMENTS 

Six moisture-monitoring stations have been located before 
and after the bulkhead. Data from these stations, along with peri­
odic observations from the nonventilated zone of the ECRB, have 
allowed for a better understanding of moisture dynamics in the 
ECRB. When the bulkhead doors were opened briefly in January 
2001, the cross drift was observed to be dry from the first bulk­
head (17+63 to 19+00 m). While there was evidence of water 
from 24+75 to 24+95 m (between the first and second bulkheads), 
most of it was concentrated between the second and third bulk­
heads. Temperature and relative humidity data from the three 
non ventilated zone (for the first four months in 2001) show that 
the temperature ranged between 24 and 33°C, and the relative 
humidity ranged from -SO% to close to saturation. 

SIGNIFICANCE OF FINDINGS 

Condensation observed in the nonventilated section in the 
ECRB could be from seepage or temperature fluctuations asso­
ciated with air moving through the fault (or with the hot, moist 
air leaking through the third bulkhead). OUf preliminary data 
suggest that the observed condensation could have been caused 
from warmel~ moist air moving away from a heat source into 
cooler zones. Without eliminating the heat source, the cause of 
the observed condensation cannot be identified definitively. 
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SYSTEMATIC HYDROLOGIC CHARACTERIZATION OF 
THE TOPOPAH SPRING LOWER lITHOPHYSAL UNIT 

Paul Cook, Yvonne Tsang, Rohit Sa lve, and Barry Freifeld 
Contact: Pa ul Cook, 5 10/486-6 11 0, pj cook@lb l.gov 

RESEARCH OBJECTIVES 

Over 80% of the potential repository for the permanent 
disposal of high-level radioactive nuclear waste will be situated 
in the lower lithophysal unit of the Topopah Spring welded tuff, 
Yucca Mountain, Nevada. This unit is traversed by a 5 m diam­
eter drift (the East-West Cross Drift) in the Yucca Mountain 
underground testing facility (the Exploratory Studies Facility). 
The welded tuff is intersected by many small fractures (less than 
1 meter in length) and interspersed with lithophysa l cavities 
ranging in size from 15 to 100 cm . Size and spacing of both frac­
tures and lithophysa l cavities vary appreciably a long the 5 m 
drift wa lls over an 800 m stretch . This indica tes that hydrological 
characteristics at one particular loca ti on may not be representa­
tive of the enti re lower lithophysal unit. Therefore, systematic 
testing at regular intervals along the drift, regardless of the pres­
ence of specific features (such as large frac tures, ex tra abun­
dance of fractures, or cavities), is being conducted to understand 
the hydrological characteristics and associated he terogeneity of 
this potential repository unit. 

APPROACH 

Air-injection and liquid -release tests are being carried out in 
20 m long boreholes that are drilled into the crown of the drift, 
paral lel to and inclined at low angle (-15°) from the drift ax is. 
These boreholes are sys tematicall y installed at 30 m intervals 
along the length of the drift. Air-injection tests give a measure of 
fracture permeability, while liquid -release tests determine the 
ability of the open drift to act as a capillary barrier (diverting 
wa ter around itse lf), as well as the potential of water to seep into 
the drift. This is important because water seepage into the drifts 
increases the potential for corrosion of waste canisters and subse­
quent release of radionuclides. 

The sys tema tic tes t equipment is designed to fit on fla tbed 
rail cars, allowing it to be efficiently transported from one test 
station to another along the drift. A schematic of the equipment 
system is shown in Figure 1. Field-scale measurements involv­
ing liquid flow in unsa turated rocks require continuous testing, 
lasting for weeks to months, while the underground facili ty is 
open only eight hours for four days every week. Therefore, the 
control of tes t equipment has been fully au tomated, allowing 
remote manipula tion via computer network when there is no 
human presence at the field site. 

ACCOMPLISHMENTS AND 
SIGNIFICANCE OF FINDINGS 

We are presently at the third systematic test station. Data to 
date are consistent with the conceptual model that lithophysal 
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Figure 1. A schematic of the equipment system: packer assembly, 
water supply, air- injecti on compo nent, seepage-collection 
component, and data acquisi tion and control 

cavities act as capi llary barriers, causing lateral divers ion of 
percola tion flux. We have also found that lithophysal cavities 
(when filled with wa ter) can act as obstructions to fast paths. 
The tests indicate that, until the first arrival of recorded seepage, 
water introduced into the formation was being imbibed and 
stored in the matrix pores. Once seepage was initiated, flow was 
likely to go through the least resistive fast paths (connected frac­
tures) with weak capillary suction. 
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AUTOMATED SEEPAGE TESTING AT 
NICHE 5, EXPLORATORY STUDIES FACILITY, YUCCA MOUNTAIN 

Robert C. Trautz 
Contact: Robert C. Trautz, 5 10/486-795 4, rctrautz@ lbl .gov 

RESEARCH OBJECTIVES 

The objective of this research is to carry out field studies at 
Yucca Mountain, Nevada, to characterize the hydrogeologic 
processes and conditions leading to water seepage into a potential 
und erground was te repository constructed in unsa turated frac­
h.lred rock. Seepage into an underground cavity or d rift depends 
upon the effectiveness of a capilla ry barrier present a t the ceiling 
of the opening. A capillary barrier is created when the relatively 
strong capillary forces in the overlying rock matrix and fractures 
hold the water in the formation like a sponge, preventing it from 
dripping into the drift. Seepage into the potential repository may 
cause premature corrosion and failure of m.e tal cani sters, allowing 
the waste contained therein to migrate . 

APPROACH 

We are tes ting the physical concept of a capillary barrier and 
its ability to prevent or reduce seepage by introducing water at 
different rates into boreholes installed above specially 
constructed drifts (call ed niches) and collecting the seepage (if 
any ) into the nich e . Four niches h ave been cons tru cted and 
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Figure 1. Virtual instrument panel used to control, operate, 
and monitor seepage experiments over the Internet 

tested for this purpose in the Topopah Spring Tuff middle 
nonlithophysal zone (Tptpmn), a densely welded, highly frac­
tured rock containing few natural cavities. These tests were 
performed us ing manua lly opera ted test equipment. 

A fifth niche site (Nich e 5) w as constru cted in the lower 
lithophysae zone (Tptpll), containing abundant lithophysae 
cavities ranging from a few centimeters to over a m eter in diam­
eter. Automated tes t equipment is being u sed at Niche 5, 
allowing the remote control, operation, and monitoring of 
seepage exp eriments over the Internet (Figure 1). (Deployment 
of thi s automated test equipment reduces field tes t costs, 
produces consis tent experimental results, and a llows rea l-time 
monitoring and control of the expe riments.) 

ACCOMPLISHMENTS 

To d a te, over 50 tes ts have been conducted in the Tptpmn 
and initial tests are underway in the Tptpll at N iche 5 to charac­
terize seepage. During the initial test condu cted at N iche 5, 
approximately 300 L of water were released only 1.5 m above the 
drift, but the wetting front did not arrive at the niche ceiling, nor 
did water seep after 38 days of continuou s water injection. In 
contras t, the wetting front typically arrived at the ni che ceiling 
and seeped (after releasing only a couple of liters of water) 
within a few hours of starting the release at the niches 
constructed in the Tptpmn. 

SIGNIFICANCE OF FINDINGS 

Field tes ts conducted in the Tptpmn indica te that a capillary 
barrier is present at the ceiling of an underground opening that 
prevents seepage i.nto the drift; results from Niche 5 are too prelim­
inary to draw this same conclusion for the Tptpll. Initial tests 
performed in the Tptpll, however, indicate that some lithophysae 
cavities may act as dead-end pores that can s tore large volumes of 
water and potentially arrest or slow the progress of a transient 
pulse of natural water before it readles and seeps into a drift. 

RElATED PUBLICATION 

Wang, J.s.y, RC. Trautz, P.J. Cook, S. Fins te rIe, A.L. Jam es, and 
J. Birkholzer, Field tests and model analyses of seepage into 
drift, Journal of Contaminant H ydrology, 38, 323-347, 1999. 
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SEEPAGE INTO DRIFTS LOCATED IN 
A lITHOPHYSAL ZONE 

Stefan Finsterle, C. F. Ahlers, Paul J. Cook, and Yvon ne Tsa ng 
Contact: Stefan Finsterle, 510/486-5205, sa f insterle@lb l.gov 

RESEARCH OBJECTIVES 

Seepage of liquid water into an underground opening such 
as a waste emplacement drift is a key factor affecting the 
performance of the potential national nuclear waste repository 
a t Yucca Mountain, Nevada. Predicting drift seepage relies on 
capturing the relevant flow processes in an unsaturated fracture­
network model as well as accurately representing the conditions 
encountered at the drift surface. The objective of this research is 
to design a strategy for the development, calibra tion, and testing 
of drift-seepage models. This stra tegy is applied to the analysis 
of liquid-release tes ts conducted a t Yucca Mountain, specifica lly 
in the lower lithophysal zone of the Topopah Spring tuff. 

APPROACH 

Air-injection and liquid-release tests were conducted from 
packed-off intervals of a slanted borehole drilled into the crown of 
a drift loca ted in the lower lithophysal zone. Water injection 
occurred over several weeks, during which the water that seeped 
into the drift was collected and its seepage rate measured. We 
then developed a three-dimensional model with a cylindrical drift 
opening. The fractured formation was modeled as a stochasti c 
con tinuum, based on the permeabilities inferred from the air­
injection tests, and lithophysal cavities were added randomly. 
Figure 1a shows the sa tura tion distribution during a simulated 
liquid-release test, revealing flow diversion around the drift as a 
result of the capillary-barrier effect. The model was automatically 
calibrated against seepage-rate data to estimate an effective capil­
lary strength, which is the p arameter most strongly affecting 
seepage and for which direct measurements are not available. 
Calibration by inverse modeling is a critical step in the procedure 

encountered during testing. Lithophysal cavities tend to increase 
seepage because they lead to flow focLlsing and a jagged drift 
ceiling. Both effects increase the probability of capillary-barrier 
failure at a lower percolation flux. Finally, evaporation (currently 
not explicitly modeled) has been identified as a key mechanism 
affecting seepage data and thus the estimated parameters. 

SIGNIFICANCE OF FINDINGS 

The combination of field testing and inverse modeling enables 
the estimation of seepage-relevant parameters that can be used in 
subsequent model predictions and sensitivity analyses of seepage 
into was te emplacement drifts. If test conditions are accurately 
monitored and the key features affecting seepage are included in 
the numerical model, the approach developed in this research can 
provide the means to make seepage predictions even in the 
absence of microscale characteriza tion data. This finding is of prac­
tical interest, specifically for studies rela ted to the performance of a 
potential nuclear waste repository at Yucca Mow1tain. 

RELATED PUBLICATION 

Finsterle, 5., Using the continULU"n. approach to model LUlsa turated 
flow in fractW"ed rock, Water ResoW". Res., 36(8), 2055-2066, 2000. 
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related, seepage-specific flow param­
eters a t the scale of interest. To test 
the ability of the model to make 
seepage p redictions, we p erformed 
Monte Carlo simulations and 
compared them to data from addi­
tional liquid-release tests not used 
during calibration (Figure 1b). 

ACCOMPLISHMENTS 

Detailed analyses of the seepage 
data and model results show that 
average seepage can be both repro­
duced and predicted by the calibrated 
model. However, the estimated 
parameters are specific to the concep­
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tual model and its 
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IMPACT OF ROCK BOLTS ON SEEPAGE 
C. F.Ahlers 

Contac t: Ri ck A hlers, 5 10/486-734 1, ri ck_a hlers@ lbl.gov 

RESEARCH OBJECTIVES 

Ch aracterization of seepage into drifts in unsaturated frac­
tured tuff is a key factor for assessing the long-term viability of 
th e proposed hi gh-level nuclea r waste repos itory a t Yucca 
Mounta in. Rock bolts a re a mong the methods 
proposed for ground control in the empla ce­
ment drifts. Rock bolts may, h oweve r, al so 
prov id e a conduit whereby percola ting water 
that would otherwise bypass the drift will seep 
into the drift (see Figure 1). The objective of this 
s tudy is to assess the impact that the use of rock 
bolts m ay h ave on seepage. 

APPROACH 

has degraded, the effectively open rock-bolt hole will form a 
ca pill ary barriet~ with the water again preferentially flowing in 
the fra cture system (i.e., the grea ter capillary strength of the frac­

ture sys tem will keep water from entering the 
rock bo lt ho le). For the cases in which the 
permea bility and capillary s trength of the rock 
bolt and grout sys tem are on the sa me order as 
that of the fracture system, the model indicates 
that the rock bolts do not enhance seepage, 
which is reasonable considering the small 
volume occupied by the rock bolts. 

SIGNIFICANCE OF FINDINGS 

The impact of rock bol ts on seepage is 
studied using a numerical model that is finely 
discretized around the rock bolt. Severa l 
sources of uncertainty and variability exis t with 
respect to the flow system around the drift and 
rock bo lt. There is uncertainty about the ca pil­
lary streng th of the fra ctures around the drift, as 
we ll as about how the permea bility and ca pil-

Figure 1. Schematic of rock-bolt 
interaction with pe rcolation 
throu gh unsa tura ted frac tured 
tuff 

A simpler model previously deve loped to 
study this problem indicated that for the 
planned rock bolt spacing of 1.5 m, seepage 
would be enhanced by as much as 40%. The 
resu lts of this more detailed study will allow 
the amount of seepage predi cted to ente r the 
drifts to be reduced for the Tota l System 

lary s treng th of the grout (used to cement the steel rock bolts 
into the bolt holes) will change over time. Variabil ity is expected 
in the percolation rates incident upon the drifts, depending on 
location. The uncertainty and variability of these parameters are 
a pproach ed by evaluating the rock-bolt impact over a range of 
values for several m ode l para meters. It is a lso important to 
co nsid er where the las t frac ture ca pabl e o f ca rrying flow away 
from the rock bolt intersec ts the rock bolt. Three models are used 
in whi ch the las t fracture is 0,10, a nd 50 em (respective ly) above 
the drift. 

ACCOMPLISHMENTS 

When the rock bolt and grout are much less permeable than 
the surrounding fractures, as they are expected to be for several 
hundred years a fter ins tallati on, they should not enh ance 
seepage because water w ill preferentia ll y flow in the more 
pe rmeable fracture system. At mu ch la ter times, when the grout 
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Performance Assess ment (TSPA) for Yucca 
Mountain. These resu lts also reduce uncertainty about the 
amount of seepage and thus will reduce uncertainty about TSPA 
results. 

RELATED PUBLICATION 

Ahl ers, CF., YS. Wu, Q. Hu, G Li, H.H. Liu, J. Liu, 1. Pan, 
Unsaturated zone flow processes and ana lysis, MDL-NBS­
HS-000012 REVOO, Bechte l SAlC Company, Las Vegas, 
Nevada, Berkeley Lab, 2001 (subm itted). 
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SEEPAGE ENHANCEMENT RESULTING FROM ROCKFAll 
Guom in Li and Chin-Fu Tsang 

Contact: Guomi n Li, 5WI495 -2202, gm li @lbl.gov 

RESEARCH OBJECTIVES 

Seepage into drifts in unsaturated tuff is an important issue 
for the long-term performance of the potential nuclear waste 
repository at Yucca Mountain, Nevada. Waste emplacement 
drifts are subject to drift-ceiling rockfall induced by excavation 
or long-term degradation caused by seismic or thermal effects . 
The objective of this research is to calculate seepage rates-for 
various rockfall scenarios and different values of percolation 
flux-through the Topopah Spring middle nonlithophysal 
(Tptpmn) and the Topopah Spring lower lithophysal (Tptpll) 
units at Yucca Mountain. 

APPROACH 

Seepage enhancement caused by rockfall is addressed by (1) 

defining a heterogeneous permeability model on the drift scale 
that is consistent with field data, (2) selecting calibrated param­
eters associated with the Tptpmn and the Tptpll units in which 
the potential repository will be situated, and (3) applying rock­
fall scenarios from detailed degraded 

15 

percolation fluxes and for three realizations of the heteroge­
neous permeability field. 

ACCOMPLISHMENTS 

Figure 1 shows that seepage enhancement for the scenarios 
in the Tptpmn unit decreases with decreasing percolation flux. 
The results indicate that seepage enhancement resulting from 
the worst case and the 75th percentile case rockfall ranges from 
o to 5% for percolation flux up to 500 mm/yr. For the scenarios 
in the Tptpll unit, values of percolation flux up to 2,500 mm/yr 
were used because of the low seepage. The seepage enhance­
ment caused by rockfall in the Tptpll is 2% or less . 

SIGNIFICANCE OF FINDINGS 

For both the Tptpmn and Tptpll units, seepage enhancement 
caused by rockfall was predicted to be larger for larger percola­
tion flux. The magnitude of the enhancement appears to be 

limited to the scenarios and parameters 
drift profiles calculated in a separate rock 
mechanical analysis. - -¢' - Tptpmn Unit, worst case 

used. The enhancement does not appear 
to depend on whether the worst (i.e., 
largest rockfall) or 75th percentile case is 
used. 

Detailed 3D degraded drift profiles 
calculated using a discrete-region key­
block analysis were used to define three 
scenarios of rockfa ll from the drift ceiling: 
worst degradation (largest rockfall 
volume) profile, profile at the 75 th 
percentile, and no degradation. The 75 th 
percen tile case corresponds to a rockfall 
valume per unit length greater than the 
rockfall volume per unit length in 75% of 
the overall emplacement drift length for 
that rock unit. Seepage was calculated in 
each of the three scenarios for a series of 
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Figure 1. Seepage percentage as a function 
of percolation flux Qp for three scenarios in 
the Tptpmn unit, Realization 1 
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UPSCALING OF CONSTITUTIVE RELATIONS IN 
UNSATURATED, HETEROGENOUS POROUS MEDIA 

Hui Hai Liu and Gudmundur S. Bodvarsson 
Contact: Hui Hai Liu, 510/486-6452, hhliu @lbl.gov 

RESEARCH OBJECTIVES 

When numerical models are used for modeling field-scale 
flow and transport processes in the subsurface, the problem of 
"up scaling" arises. Typical scales, corresponding to spatial reso­
lutions of subsurface heterogeneity in numerical models, are 
generally much larger than the measurement scale of the param­
eters and physical processes involved. The upscaling problem is, 
then, one of assigning parameters to large (gridblock) scales 
based on parameter values measured on small scales. The focus 
of this study is to determine upscaled constitutive relations 
(relationships among relative permeability, capillary pressure, 
and saturation) from small-scale measurements, for porous 
media with large air-entry values representative of the unsatu­
rated zone tuff matrix at Yucca Mountain, Nevada (the poten­
tial site of a national high-level nuclear waste repository). 

APPROACH 

For porous media with large air-entry values, capillary 
forces playa key role in determining spatial water distribution 
at large scales. Consequently, an approximately uniform capil­
lary pressure exists even for a relatively large gridblock scale 
under steady-state flow conditions. Based on this reasoning, we 
developed formulations that relate upscaled constitutive rela­
tionships to ones measured at core scale. Numerical studies with 
stochastically generated heterogeneous porous media were then 
used to evaluate these upscaling formulations. 

ACCOMPLISHMENTS 

General formulations for up scaling constitutive relations 
were developed for heterogeneous porous media with large air­
entry values. We then applied the up scaled constitutive-rela­
tionship formulations to the tuff matrix in the unsaturated zone 
of Yucca Mountain. Numerical simulation results are in good 
agreement with the relations calculated from the upscaling 
formulations, supporting the validity of these formulations. 

SIGNIFICANCE OF FINDINGS 

Up scaling is always needed for field-scale modeling studies. 
Although considerable progress has been made in upscaling 
flow parameters describing saturated flow, our knowledge 
about upscaling unsaturated flow parameters is very incom-
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plete. This work represents the first effort to rigorously deter­
mine large-scale constitutive relations from small-scale meas­
urements for porous media with high air-entry values. 

RELATED PUBLICATION 

Liu, H.H., and G.s. Bodvarsson, Up scaling of constitutive rela­
tions in unsaturated heterogeneous porous media with large 
air entry values, Water Resour. Res., 2001 (submitted). 
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Figure 1. Comparison between upscaled water 
retention curves and simulated data points. 
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and smallest air-entry values are also shown to 
demonstrate the spatial variability within the 
porous medium used in numerical experiments. 
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CONSTITUTIVE RELATIONS FOR 
UNSATURATED FLOW IN A FRACTURE NETWORK 

Hui Hai Liu and Gudmundur s. Bodvarsson 
Contact: Hui H ai Liu, 510/486-6452, hhliu @lbl.gov 

RESEARCH OBJECTIVES 

The continuum approach is frequently used for modeling 
unsa turated flow in both porous and fractured media. Such a 
continuum model requires specifying constitutive relationships 
(relative permeability and capillary-pressure functions) origi­
nally developed for porous media. While proven successful for 
describing flow in porous media, the applicability of these 
concepts to fra cture networks remains to be demonstrated. The 
objective of this study is to examine the usefulness and limita­
tions of the widely used van Genuchten and Brooks-Corey 
models, and to develop improved models for the specific char­
acteristics of fracture networks. 

APPROACH 

Because it is generally difficult to direc tl y measure constitu­
tive relationships for a fracture network in the field, we have 
determined these relationships from numerical simulations of 
steady-s ta te unsaturated flow in two-dimensional fracture 
ne tworks (Figure 1). In these simulations, a fracture network is 
considered to be an effective porous medium. The rock matrix 
is trea ted as impermeable for the purpose of focusing on the 
fracture continuum . Fracture networks consis t of vertical and 
horizontal fractures with different hydraulic properties. 

ACCOMPLISHMENTS 

OUf investiga tions found that the van Genuchten model 
could reasonably well match the simulated water-retention 
curves except for high satura tions, but both van Genuchten and 
Brooks-Corey models generally underestimate relative perme­
ability values except at low saturations. On the basis of this 
finding, we propose a new relative permeability-saturation rela­
tionship for the fracture continuum by modifying the Brooks­
Corey approach. The combination of this new relationship and 
the van Genuchten capillary pressure-sa turation relationship 
can represent the simulated curves and may provide an 
improved set of constitutive rela tionships for the fracture 
continuum. However, this study is based largely on numerical 
results, and further investigation based on relevant field obser­
vations are needed. 

SIGNIFICANCE OF FINDINGS 

The constitutive relationships developed for porous media 
to describe unsa turated flow in subgrid-scale fracture networks 

http://www·esd.lbl.gov 

may not be valid for a fracture continuum, because the geometry 
of a fracture network is considerably different from pore geom­
etry in a porous medium. Moreover, unsaturated flow behavior 
in a fracture network, which is mainly determined by gravity, is 
not necessarily the same as that in a porous medium. This study 
represents an effort to deal with this important issue. 

RELATED PUBLICATION 

Liu, H.H., and G.S. Bodvarsson, Constitutive relations for unsat­
urated flow in a fracture network, Journal of Hydrology (in 
press). 
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Figure 1. Computational1y genera ted fracture 
networks with the scanline density of 2.2 (frac­
ture / m) 
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CAPILLARY-BARRIER EFFECTS IN 
UNSATURATED FRACTURED ROCKS OF YUCCA MOUNTAIN 
Yu-Shu WU, Lehua Pan, Jennifer Hinds, and Gudmundur S. Bodvarsson 

Contact: Yu-Shu Wu, 510/486-729 1, yswu@lb l.gov 

RESEARCH OBJECTIVES 

Naturally occurring capillary barriers have been of consider­
able interest for many subsurface flow and contiminant transport 
problems. The objective of this study is to investigate the effects of 
capill ary barriers on water-flow processes in the unsaturated zone 
(UZ) of Yucca Mountain. We identify factors controlling the 
formation of capillary barriers and estimate their effects on the 
extent of possible large-scale lateral flow within the unsaturated, 
fractured rocks. This study indicates that the UZ of Yucca 
Mountain is capable of producing strong capillary-barrier effects, 
which may laterally divert significant amounts of flow. 

APPROACH 

This modeling study uses five different 20 vertical cross­
sectional models to explore capillary-barrier formation and 
lateral diversion under current ambient flow conditions. The 
conceptual hydrogeological framework is based on the one used 
to develop the current UZ flow model of Yucca Mountain (Wu et 
al., 2000). In this framework, the UZ is represented by a stack of 
three-dimensional layers, each with its own set of fracture and 
matrix properties. In addition, these layers are intersected by 
several major faults. 

Numerical simulations in this study are performed with the 
TOUGH2 code. Hydrogeological layers and faults along the 
cross-sectional models are captured by refined numerical grids. 
A dual-permeability approach is used to handle fracture-matrix 
interactions. The bottom model boundary is located at either the 
water table or at the interface between the Paintbrush (PTn) and 
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Figure 1. Simulated mass flux (kg/s/m2) along an east-west 
cross section, showing latera l flow along naturally occurring 
capill ary boundaries and vertical flow along faults 

Topopah Spring (TSw) units of Yucca Mountain, while the top 
model boundary coincides with the bedrock surface of the 
mountain. Surface net infiltration of water is applied to the top 
boundary to approximate present-day mean infiltration rates. 

ACCOMPLISHMENTS 

Examination of simulated percolation fluxes at the PTn-TSw 
interface using the five cross-sectional models reveals that 
significant lateral flow occurs within the PTn unit, w ith a large 
amount of water being diverted to down-slope faults. Faults 
serve as major downward flow pathways crossing the PTn 
under the current conceptualmodeJ. Figure 1 shows two simu­
lated layers within the PTn with high fluxes. These layers 
control lateral flow within the PTn unit as a result of the contrast 
in rock properties between these layers and adjacent layers. The 
figure also shows that major faults provide the main flow path­
ways for vertical percolation flux. 

SIGNIFICANCE OF FINDINGS 

This study indicates that with the current conceptualiza­
tion, significant capillary-barrier effects may exist within the 
PTn unit and, as a result, large-scale lateral flow could occur. 
Faults serve as major downward pathways for laterally 
diverted water. Capillary barriers within the PTn unit are 
mainly the result of contrasts in matrix hydraulic parameters, 
while fracture properties have a less significant impact on 
water flow. Compared with detailed, spatially varying distri­
butions, the magnitude of the average net-infiltration rate has 
a larger impact on flow patterns through the PTn unit. The 
model results also show that capillary-barrier effects are 
strongly correlated with surface infiltration rates, with lower 
infiltration leading to larger lateral flow. 

RELATED PUBLICATION 

Wu, YS., J. Liu, T. Xu, C. Haukwa, W. Zhang, H.H. Liu, and c.F. 
Ahlers, UZ flow models and submodels, Report MOL-NBS­
HS-000006, CRWMS M&O, 2000. 
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AN IMPROVEMENT TO DCPT: THE PARTICLE-TRANSFER PROBABILITY AS A FUNCTION OF PARTICLE'S AGE 
Lehua Pan and Gudmundur s. Bodvarsson 

Contact: Lehua Pan, 510/495-2360, Ipan@ lb l.gov 

RESEARCH OBJECTIVES 
Multiscale features of h·ansport processes in fractured porous 

media make munerical modeling a difficult task, in both conceptual­
ization and computation. In response to this difficulty, investigators 
have fow1d the dual-continuwn particle-h·acker (DCPT) nwnerical 
model an ath·active method for nwnerically modeling large-scale 
problems typically encountered in the field, such as those in the w1Sat­
urated zone (UZ) of Yucca Mountain, Nevada (the site for a potential 
national repository of high-level nuclear waste). This method's partic­
ular advantage is its ability to capture the major featmes of flow and 
transport in fractured porous rock (i.e., a fast fractme subsystem 
combined with a slow matrix subsystem) with reasonably few 
computational resomces. However, as with other conventional dual­
continuum approach-based nwnerical methods, DCPT (vI.O) is often 
criticized for failing to captme the transient featmes of the diffusion 
depth into the matrix. It tends to overestimate the transport of tracers 
tlu·ough the fractmes, especially for the cases with large b.·actme 
spacing, and tl1uS predict artificial early breaktlu·oughs. The objective 
of this Shldy is to develop a theory for calculating the particle-transfer 
probability that captmes the transient featmes of diffusion depth into 
tl1e matrix within the framework of the dual-continmun random­
walk particle method. 

APPROACH 

Our approach is to relate the partide-h·ansfer probability to the 
particle's age by introducing tlle concept of particle activity range. 
Particle activity range is used to describe the transient featw·es of the 
diffusion depth into the matrix. A quantitative rela tionship between 
the activity range of a particle and the particle's age is derived from an 
analytical solution for a system of parallel-plate frachrres (separated 
by porous rock) responding to a pulse injection in tl1e frachrres. The 
method was incorporated into an enhanced version of DCPT (DCPT 
v2.0), used to model particle h·cll1Sport in heterogeneous, frachrred 
porous media, and then verified agaiJ1St proven analytical solutions. 

ACCOMPLISHMENTS 

This new metl10d was verified agaiJ1st analytical solutions for a 
variety of b.·actw·e spacings (Figme 1). Both the old modeling system 
(DCPT vI .O) and new (DCPT v2.0) predict breakthrough curves that 
agree well with the analytical solutions for the case with a frachrre 
spacing of 1 m. However, for the case of the larger fractw·e spacing of 
10 m, the old method seriously overestimates the breakthrough at 
early times (see Figure 1). On the otller hand, Figure 1 shows that 
DCPT v2.0 predicts breaktl1fough cmves that are ahnost identical to 
the analytical solutions for botl1 cases (Figure 1). Thus, the new 
method shows tl1e ability to effectively capture h·ansient feahu·es of 
the diffusion depth into the mah·ix, using only one matrix block to 
represent tl1e mahix. It does not asswne a passive mahix mediwn (as 
required by a residence-time particle tracking approach) and can be 

applied to cases where global water flow exists in 
~ both continua. 
~ I~I This metl10d was then applied to calculate the 
1fuIiI!illiW¥il"'-L breakthrough cmves of radionuclides from a poten­
htlp:l/www·esd.lbl.gov 

tial nuclear-waste repository (i.e., Yucca Mountain, N evada) to the 
water table. Our findings demonstrate the effectiveness of this new 
technique for Simulating 3D, mow1tain-scale transport in a hetero­
geneous, fractmed porous mediwn tll1der variably satmated condi­
tions. The results show that h·ansient effects (of the diffusion depth 
into m atrix) on tl1e breakthrough of radionuclides are significant. 

SIGNIFICANCE OF FINDINGS 

The results of this study show DCPT v2.0 caphITing tran sient 
fea tures of the diffusion depth into fue matrix (using only one 
matrix block to represent t11e m atrix) without assuming a passive 
mah·ix mediwn. DCPT v2.0 thus proves to be a wuquely powerful 
simulation tool, both in terms of accuracy and efficiency, for 
modeling h·ansport in frachu·ed porous m edia. 

The results would also suggest fueimpor tance of transient 
fea tmes in an y further studies. Application of DCPT v.2.0 to tlle 
Yucca Mountain case indicates that h·cll1sient-feahrre effects (of tlle 
diffusion depth into matrix) on solute breakthrough are significant 
in many cases, espeCially when fracture spacing is large and the 
effective diffusion coefficient is small. These effects may need to be 
accounted for in fuhITe modeling of real-world transport problems. 

RELATED PUBLICATION 

Pan, L., and C.5. Bodvarsson, Modeling transport in fractured 
porous media with the ra nd om-walk particle method: The 
transient activity range and the par ticle-transfer probability, 
Water Resour. Res., 2001 (submitted). 
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v2.0, and analytical solutions for the case with smaller frachlre 
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THERMAL-LOADING STUDIES USING 
THE UNSATURATED ZONE MODEL 

Charl es B. Haukwa, Sum it Mukhopadh ay, Yvonne Tsa ng, and Gudmundur S. Bodva rsson 
Conta ct: Charles B. Ha ukwa, 510/495-2933, cbha ukwa @lbl .gov 

RESEARCH OBJECTIVES 

At Yucca Mountain, Nevada, the potential site of a high-level 
radioactive waste repository, several factors affect the thermal­
hydrologic (TH) response of the unsa tura ted zone (UZ) to thermal 
load at the potential repository. These factors include small- and 
large-scale heterogeneity, the thermal load within the repository 
drifts, and the presence of lithophysa l cavities. The objective of 
this study is to use numerical modeling to simulate and quantify 
these factors. 

APPROACH 

Numerical modeling is used to investigate the effects of heat 
on UZ flow, temperature, and liquid sa turation on two spa tial 
scales, for a range of potential repository opera ting m odes. Two 
TH models are d erived from two dual-permeability numerical 
grids. The first model is produced from a refined north-south 
mountain-scale 2D grid. The second model is produced from a 
refined half-drift (1 m grid near drift) 2D grid with several real­
iza tions of spa tially variable fracture permeability for the 
Topopah Spring welded unjt (TSw), the geological unit in which 
the potential repository would be located. 

In the TSw lithophysal units, thermal capaci ty and thermal 
conductivity of the lithophysal units were sca led within these 
models, u sing the lithophysal porosity. The first model provides 
an overview of layer-wise constant-fracture-permeability 
behavior at the mountain scale. The second model includes both 
small-scale «1 m correlation length) he terogeneity in the fracture 
p ermeability and discrete high-perm eability fractures. Monte 
Carlo m e thods were used to generate several realizations of 
spatially variab le fra cture perm eability (up to four orders of 
magnitude) in the TSw, based on the m easured distribution of 
fracture perm eability within the exploration drifts. Above-boiling 
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and below-boiling repository operating modes were investigated 
by varying the initial thermal load and the amount of hea t 
removed by ventilation. The simulations of coupled hea t and 
mass flow were conducted using TOUGH2 (EOS3 module) over 
a simulated period of 100,000 years. 

ACCOMPLISHMENTS 

The models accounted for the uncertainty in repository heat 
load, the effectiveness of the ventilation process, spatial hetero­
geneity in flow properties, and the effect of lithophysal cavities. 
For both the above-bOiling and below-bOiling cases, the drift and 
the zone below (drift shadow) are dry (Figure 1a), but liquid satu ­
ra ti on increases above drifts and within the drift pi ll ars. 
Therefore, while liquid flux up to 5 m above the drifts and within 
the pillars may be enhanced by condensation, the liquid flux 
below drifts is zero (Figure 1 b) or significantly reduced (by a 
combination of thermal and capillary barrier effects) for over 
1,000 years. Spatial heterogeneity in fracture permeability and 
even the presence of highl y permeable features does not substan­
ti ally alter the predicted liquid percolation flu x. 

SIGNIFICANCE OF FINDINGS 

The TH mod els provide insight into how decay heat from 
emplaced waste will affect the magnitude and spatial distribu­
tion of temperature, liquid saturation, and percolation flux 
reaching the potential waste emplacement drifts, which in turn 
affects the potential for seepage into the drifts. Reduced liquid 
percolation below the drift mea ns tha t there is little potential for 
transport of radionuclides away from the drifts for thousands of 
years. Howevel~ the above-bOiling operating mode may result 
in higher-than-desired temperatures in the waste emplacement 

20 25 

drifts as well as parts of other units above and 
below TSw. 

RELATED PUBLICATION 

CB. Haukwa, S. Mukhopadhay, Y.W. Tsang, and 
GS Bodvarsson, Liquid seepage at the reposi­
tory horizon under therm al loading, Water 
Resour. Res., 2001 (submitted). 
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Figure 1a. Fracture liquid sa turation and 
flux at 1,000 yea rs. Spa ti ally variable frac­
ture per mea bility, Var. # 1: 1.45 k W / 111, 50 
years 70% ventil ation. High permeability 
fracture kfx 100 into drift. 

Figure lb. Fracture liquid flu x at drift 
centerline. Variab le fracture per l11e­
abi.lity, Val'. #1: 1.45 kW / l11, 50 years 
70% ventil ation. High permeabi lity 
fracture kfx 100 into drift. U.S. Department of Energy Contract ~ 1\ 

No. DE-AC03-76SF0009S. ~ 
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UNDERSTANDING THE IRREGULAR DATA FROM 
THE LARGE BLOCK TEST 

Sum it Mukhopad hyay 
Co ntact: Sumi t Mukhopad hyay, 510/495-2440, smukhopadhyay@lbl. gov 

RESEARCH OBJECTIVES 
The Large Block Test (LBT) is one of three thermal tests at 

Yucca Mountain, Nevada. The test block, with a size of 3 x 3 x 4.5 
m, is highly fractured, , with at least four-orders-of-magnitude 
variation in permeability. Recent temperature data from the LBT 
contained some features that differed from what would 
normally be expected of thermal-hydrologic coupled processes 
in a fracture continuum. In this project, we attempt to d evelop 
a better und ers tanding of these irregular tempera ture data. 

APPROACH 

The tes t block in the LBT was excava ted from the 
surrounding Topopah Spring fra ctured nonlithophysal tuff in 
the Fran Ridge area of Yucca Mountain. The bottom of the block 
remained attached to the underlying rock, while the top and 
four sid e faces were kept open to the atmosphere. Mapping of 
all the fractures from the four sides and the top surface of the 
block revea led the ex istence of some la rge fractures in the block. 
The presence of such large fractures indi ca ted that the flow of 
water and hea t-induced va por could be very different in 
different zones of the block, with vapor and water flowing more 
easily through the highly permeable fractures than elsewhere. 
It is our hypothesis that the irregular tempera ture d ata arose out 
of thermal-hydrological (TH) processes taking place in the 
heterogeneous fracture system. We show, through simulations 
that incorporated discrete fractures into a 3D dual-permeability 
numerical model (based on the TOUGH2 simul a tor), tha t a 
heterogeneou s frac ture system can indeed g ive rise to the 
observed irregular tempera ture data . 

ACCOMPLISHMENTS 

While certain LBT temperature data at first glance appeared 
anomalous, our studies found that these anomalies can be attrib­
uted to thermal-hydrologic processes in a heterogeneous frac­
tured block. As an illustration of the impact of heterogeneities 
on TH processes, a comparison between measured and simu­
lated tempera tures in a vertical borehole (TTl) is shown in 
Figure 1. The irregular temperature data in Figure 1 can be corre­
lated to a rain event that occurred a t about 4,470 hours of 
hea ting in the LBT. As seen in the figure, simula tions performed 
with a 3D dual-permeability numerical model, sp ecifically 
accounting for rain water flowing down fractures in the vicini ty 
of the temperature borehole, show good agreem ent with this 

hltp:llwww-esd.lbl .gov 

m easured data. As rain water trickled down the fractures in the 
hea ted rock, complex TH processes occurred in its heteroge­
neous environment. Temperatures at Sensor TTl-28 (a t the top 
of the block), originally at 60°C, went up to 100°C before 
declining to 60°C when the rain stopped. However, Sensor TT1-
14, which was at 140°C, fell sharply to 100°C before re turning to 
140°C. As rain wa ter came in contact with the heated rock 
(maximum tempera ture at Sensor TTl-14, closest to the hea ters), 
it vaporized . When the vapor passed upward through cooler 
zones aw ay from the hea ters, temperatures a t those locations 
increased to 100°C. Thus, though certain tempera ture signa tures 
from the LBT appear irregular, they can be explained in terms 
of thermal-hydrologic processes within fracture heterogeneities, 
for which the model provides a good understanding . 
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MODEliNG OF THERMAL-HYDROLOGIC-CHEMICAL 
LABORATORY EXPERIMENTS 

Patrick F. Dobson, Timothy J. Kneafsey, Eric Sonnenthal, and Nico las Spycher 
Contac t: Patri ck F. Dobson, 5 '10/486-5373 , pfdobson @lb l.gov 

RESEARCH OBJECTIVES 

The objective of this research is to use coupled thermal-hydro- tions of the major dissolved constituents for the tuff dissolution 
logic-chemical (THC) models to simulate previously conducted were within a factor of 2 of the measured average steady-sta te 
laboratory ex periments investigating (1) tuff dissolution and (2) compositions (Figure 1). The fracture minera l deposition s imu-
mineral precipitation in a boiling, unsaturated fracture. Mineral lations are ongoing, with initial model results indica ting the 
dissolution and precipitation could affect the total system precipitation of a narrow band of silica at the base of the boiling 
performance of the potential nuclear waste repository at Yucca front. While the overall reduction of fracture poros ity is small 
Mountain, Nevada, where hea t-generating nuclear waste will (-2-3% over 5 days), fracture permeability is reduced by over an 
induce vaporization of water present in the rock matrix and frac- order of magnitude because of the highly focused silica precip-
tures. Vaporized water will migra te via PIIIlIIIIIIlIIIIIIlIIIIIIlIIIIIIlIIIIIIlIIIIIIlIIIIIIlIIIIIIlIIIIIIlIIIIIIlIII_IIIlIIIIIIlIII_1IIlIII1IIlIII1IIIIIIII itation . Both of these results are in agree-
fractures to cooler regions where conden- 15 r---r--'-""'--,---"'---,r--.---, m ent with experimental observations. 
sa tion and mineral dissolution would· (a) 
occur. Mineralized water flowing back 
towards the hea ted zone would boil, 
depositing the dissolved minera ls, 
reducing porosity and permeabiJi ty above 
the repository, and potentially altering the 
flow paths of percolating water. 

APPROACH 

Numerical simulations of tuff disso­
lution and mineral precipitation in a 
fracture were performed using a modi­
fied version of the TOUGHREACT code 
developed at Berkeley Lab by T. Xu and 
K. Pruess. These simulations consider 
the transport of hea t, water, gas, and 
dissolved constituents; reactions 
be tween gas, mineral, and aq ueous 
phases; and the coupling of porosity and 
permeability to mineral dissolution and 
precipitation. Model dimensions and 
initial fluid chemistry, rock mineralogy, 
permeability, and porosity were defined 
to reproduce the ex perimenta l condi­
tions. A 1D plug-flow model was used to 
simula te mineral dissolution in water. A 
2D model was developed to s imulate the 
flow of minera lized water through a 
planar fracture within a noniso therma l 
block of ash flow tuff, where boiling 
conditions led to mineral precipitation. 
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Figure 1. Comparison of measured and simu­
lated results for the tuff dissolution plug-flow 
experiment. Legend descriptions refer to ve r­
sions 2.2 and 2.3 of TOUCHREACT, use of 60 
and 120 mm gra in-size models, and variations 
in model minera logy. Plots show variations 
with time for Na (a) and Si02 (b). 

SIGNIFICANCE OF 
FINDINGS 

This s tudy demonstrates that care­
fully constructed THC models can 
successfully replicate laboratory experi­
ments, thus validating the use of similar 
models in the prediction of changes in 
permeability, porosity, and resulting 
fluid flow for the potential nuclear waste 
repository at Yucca Mountain. 

RELATED PUBLICATIONS 

Kneafsey, T.J ., J.A. Apps, and E.L. 
SOIU1enthal, Tuff dissolution and 
precipitation in a boiling, unsatu­
rated fracture, Proceedings of the 9th 
Inte rnational High-Level Radio­
active Waste Management Confe r­
ence, Las Vegas, Nevada, April 
29-May 3, 2001. 

Sonnenthal, E.L., and N. Spycher, Drift­
scale coupled processes (DST and 
THC seepage) models, Report MDL­
NBS-HS-OOOOOl REVOl, Bechtel SAIC 
Company, Las Vegas, Nevada, Berke­
ley Lab, 2001 . 
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In thi s model, fluid flow was confined to the fracture. Fracture 
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SAlC Company, LLC, and Berkeley Lab. The support is 
provided to Berkeley Lab throu gh u.s. Department of Energy 
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Simu la tions were conducted for both the tuff disso lution and 
fracture mineral deposition experiments. Predicted concentra-
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MOUNTAIN-SCALE COUPLED THERMAL-HYDROLOGIC-CHEMICAL PROCESSES AROUND 
THE POTENTIAL NUCLEAR WASTE REPOSITORY AT YUCCA MOUNTAIN 

Eri c Sonnenthal, Charl es Haukwa, and N ico las Spycher 
Contact: Eri c Sonnentha I, 510/486-5866, elsonnenthal@lbl.gov 

RESEARCH OBJECTIVES 

The objective of this study is to evaluate the therma l-hydro­
logical-chemical (THC) effects on flow and geochemistry in the 
unsaturated zone (UZ) at Yucca Mountain, Nevada, a t a moun­
tain scale. The major THC processes important in the UZ are (1) 
mineral precipitation / dissolution affecting flow and transport 
to and from the potential repository, and (2) changes in the 
compositions of gas and liquid that may seep into drifts . 

APPROACH 

The conceptual model developed for THC processes 
provides the basis for modeling mineral-water-gas reac tions, 
because they influence the chemistry of wa ter and gas and asso­
ciated changes in mineralogy and hydrologic properties. Data 
incorporated in the model include hydrologic and thermal 
properties, geologic layering from the UZ 3D flow and transport 
model, geochemical data (fracture and matrix mineralogy, water 
and gas geochemistry), and thermodynamic and kinetic data. 
Sim ulations included coupling among hea t, wa tel~ and vapor 
flow; aq ueo us and gaseous species transport; ki netic and equi­
librium mineral-water reactions; and feedback of mineral 
precipitation/ dissolution on porosity, permea bility, and capil­
lary pressure for a dual-permeability (fracture-matrix) system . 
Simulations were performed using TOUGHREACT V2.3. 

The effects of coupled THC processes on the evolution of 
flow fields and wa ter and gas chemistry in the UZ were eva lu­
ated for an above-boiling therm al operating mode. A cross 
section was chosen from the UZ 3D flow and transport mod el 
that follows a north-south trend through the potential reposi­
tory. Minerals includ e calcite, sili ca phases, feldspars, zeo lites, 
clays, gypsum, flu orite, and iron oxides with the relevant 
aqueous species. The gas phase consis ts of air, water vapOl~ and 
CO2, The composition of the initial and infiltrating wa ter was 
derived from the matrix pore water ex tracted from the Topopah 

condensation. The areas that show the most effect as a result of 
heating are the zeoli tic units below the potential repository, 
where calcic zeolites dissolve to form alkali feldspars, leading 
to increased aqueous calcium concentra tions and increased 
porosity. The predicted range in pH from 7 to 9 is linked to 
changes in gas-phase CO2 concentrations induced by hea ting of 
pore waters. 

SIGNIFICANCE OF FINDINGS 

The results of these simul ations, based on a limited range of 
input parameters, suggest tha t mineral precipitation/ dissolu­
tion will not significantl y affect the percolation flux above the 
potential repository compared to the effects on flow induced 
solely by increased temperature. Edge effects owing to gas 
convection produce mineral precipitation below the drifts at the 
potential repository edge and in wider ranges in water and gas 
compositions than has been observed in drift-scale THC simula­
tions. The resu lts of this modeling will be used to bound Ullcer­
tainties in potentia l repository performance. 

RELATED PUBLICATION 

Sonnenthal, E.L., and N . Spych el~ Drift-scale coupled processes 
(DST and THC seepage) models, Report MDL-NBS-HS-
000001 REV01, Bechtel SAlC Company, Las Vegas, Nevada, 
Berkeley Lab, 2001. 
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ACCOMPLISHMENTS 

The simulations revealed that 
5,000 years after was te empl ace­
ment, mos t of the region above and 
directly below the potential repos­
itory undergoes a small reduction 
in fracture porosi ty of less than 1 % 
(Figure 1). Above the northern 
edge, a region of slight porosity 
increase persists, owing to 

enhanced vapor 
convection and 
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Figure 1. Porosity changes and temperature contours after 5,000 yea rs. Crosses represent potential 
repository drift locations. 
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TEMPERATURE EFFECTS ON 
SEEPAGE flUID COMPOSITIONS AT YUCCA MOUNTAIN 

Nicolas Spycher and Er ic Sonnenthal 
Contact: N ico las Spycher,5 1 0/495-2388, nspycher@lb l.gov 

RESEARCH OBJECTIVES 

This project investigated the effect of two repository oper­
a ting-tempera ture modes on coupled thermal, hydrological, and 
chemica l p rocesses around potenti a l nuclea r waste-emplacement 
tunnels (dri fts) a t Yucca Mountain, Nevad a. The main objecti ve 
of this stud y was to evaluate the composition of fluids (wa ter and 
gas) tha t could enter the dr ifts, because these data directly relate 
to the p erfo rmance of waste canisters and other in-drift engi­
neered systems over the life of the p otential repository. 

APPROACH 

M ulti component reacti ve trans port simula tions were 
pe rfo rmed using TOUGHREACT, ini tiall y written by T. Xu and 
K. Pru ess a t Berkeley Lab and modified here to h andle hi gh­
tempera ture and boiling environments . 

remain above ambient values, because this gas is exsolved from 
matrix pore wa ters (by hea ting) and transported into fractures. 
Fo r mos t m ajo r ca ti ons and anions, predi cted concentra ti ons 
immedi ately after dryout in the high-tempera ture case are 
s ignifi cantly highe r (one o r mo re orders of m agnitude) th an in 
the low- tempera tu re case, beca use of larger prior evapo rative 
concentra tion. H owever, this effect diSSipates relatively quickly 
as percola ting waters rewet the drift w all after dryout. 

SIGNIFICANCE OF FINDINGS 

During the first simul a ted 5,000 years or so, seepage water 
compositions around dri fts are m ore affected by hi gh th an low 
te mpera tures, primarily as a result of evapora ti ve concentra tion. 

Two rep ository operating- tempera ture 
m odes were inves tiga ted : (1) a high­
tempera ture m ode, w hich considered a 
sh or t preclosure ventilation per iod (50 
yea rs ) and gave rise to above-boiling 
tempe ra tu res in rocks aroun d the d rift 
for hun d reds of years, and (2) a low­
tempe ra ture mode w ith a sm aller hea t 
load and longer preclosure ventil a ti on 
(300 years), yielding temperatures a t the 
surface of the waste package below 85°C 
(a design thresh old) and thu s below 
bo iling conditions. Simul a ti o ns unde r 
ambient conditi ons (no hea t loa d ) we re 
also conducted to serve as a baseline for 
compa ring results of therma I-loa d i ng 
simul a ti ons. 

,, 10000r-----------------------__. 

Howevet~ at tempera tures below boiling, 
the continuous presence of wa ter in frac­
tures around the drift increases the 
poten tial for seep age to occur. In the 
long term (5,000 years o r more), water 
and gas compositions re turn to ambien t 
va lu es along with tempera tu res and 
become largely d ominated by the 
composition of infiltra ting wa tel~ regard­
less of the operating tempera ture mode 
of the repository. Therefore, the vari­
ability of infiltrating wa ter compositions 
is also impor tant in determining the 
va ri ability of fluid compos itions tha t 
could enter drifts. 

ACCOMPLISHMENTS 

For each considered tempera ture 
mode, time profiles of various calcula ted 
the rm a l, h yd rologic, and chemica l 
p a ra meters were genera ted fo r several 
loca ti ons a round a simula ted drift 
(Figure 1). In the high-temperature case, 
fractures around the drift d ry out as 
soon as preclosure ventil a tion ends and 
remain d ry until approx imately 1,500 
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Fi gure 1. Predicted time profiles of thermal, 
hydrologic, and chemical parameters at the 
drift crown in fractures. The model infiltrati on 
rate was increased at 600 years and 2,000 years 
to account for pOSsible future climate changes. 

RELATED PUBLICATION 

Spychel~ N ., and E. Sonnenthal, Section 
6.3.1 in Supplem ental Science and 
Performance Analyses, Scientific 
Bases and Analyses, TDR-MGR-MD-
000007, Vo l. 1, REV OOD (Draft), 
Bechtel SAlC Company, Las Vegas, 
Nevada, Berkeley Lab, 200] . 
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COUPLING OF TOUGH2 AND HAC3D FOR COUPLED THERMAL-HYDROLOGIC-MECHANICAL ANALYSIS 
UNDER MULTIPHASE HOW CONDITIONS 

Jonny Rutqv ist, Yu -S hu Wu, Chin-Fu Tsa ng, and Gudmundur S. Bodvarsson 
Contac t: Jo nny Rutqv ist, 510-486-5432, jl'U tqv ist@lb l.gov 

RESEARCH OBJECTIVES 
The objecti ve of this research is to develop a numerical simu­

lator for coupled thermal-hydrologic-mechanical (THM) analysis 
in complex geological media under multiphase flow conditions, 
with possible coupling to reactive h'ansport modeling. 

APPROACH 

Two ex isting computer codes, TOUGH2 and FLAC3D, have 
been joined to develop a numerical s imul a tor (TOUGH-FLAC) 
for analys is of coupled THM processes in complex geologica l 
m edia under two-phase flow conditions. Both codes are we ll 
established and widely used in their respective fields. The 
TOUGH2 code is designed for geohydro logical analysis of 
multiphase, multicomponent fluid flow and heat transport, 
while the FLAC-3D code is designed for rock and soil mechanics 
invo lving thermo-mechanical and h ydromechanical interac­
tions. The two codes are execu ted on two separate m eshes and 
joined w ith two coupling modules (Figure 1). One se t of 
coupling modules can be exchanged w ith another set, 
depending on the ty pe of rock and the problem being consid­
ered. 

ACCOMPLI SHMENTS 

Two se ts of coupling modules have been developed over the 
past year. One set has been developed for highl y fractured rocks 
and has been app lied to the Yucca Moun tain site in Nevada. A 
second set has been developed for porous rocks and applied to 
geologica l sequestra tion of CO2, Each se t requires two coupling 
modules (Figure 1). The first module is us d to transfer temper­
a ture and mu ltiphase fluid pressures from the therm al­
hydraulic analysis in TOUGH2 to the stress-s train analysis in 
FLAC3D. This also in volves interpola tion of TOUGH2 pres­
sures, sa turation, and temperatures from TOUGH2 nodes (mid­
element) to FLAC3D nodes (element corners). The second 
coupling module takes the stress field calculated by FLAC3D 
and corrects the hydraulic properties for the TOUGH2 simula­
tion. In the case of fractured rock, the aperture is a nonlinear 
function of the stress across each fracture se t. The aperture 
changes are then used to correct fracture poros i ty, permeability, 
and the capillary pressure function . Through various itera tive 
schemes, e ither ex plicitly or implicitly coupled solutions are 
obtained. 

hltp:llwww·esd.lbl .gov 

SIGNIFICANCE OF FINDINGS 

We have successfu ll y constructed a coupled THM numerica l 
simula tor for two-ph ase flow conditi ons, and its use has been 
demonstrated. The results from these s imulations w ill be impor­
tant for performance assessments of geological disposal of CO2 

and spent nuclear fue l, and are also va lu able in other appl ica­
tions such as geo thermal energy ex traction and o il and gas 
reservoir engineering. 

RElATED PUBLICATION 

Rutqvist, J., Y-S. Wu, c.-F. Tsang, an d G. Bodvarsson, Coupling of 
TOUGH2 and FLAC3D codes for aJ1alysis of multiphase fluid 
flow, heat transfel~ and rock deformation, International 
Journal of Rock Mechanics, 2001 (submitted). 
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Fluid and heat transport 

Figure 1. Schemati c of the TOUCH-FLAC numerica l 
simu lator 
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MODELING OF COUPLED THERMAL-HYDROLOGIC-MECHANICAL PROCESSES AT 
YUCCA MOUNTAIN 

Jonny Rutqvist and Chin-Fu Tsang 
Contact: Jonny Rutqv ist, 510-486-5432/ jrutqv ist@lb l.gov 

RESEARCH OBJECTIVES 
The objec ti ve of this s tudy is to inves tiga te the impact of 

s tress-indu ced permeabili ty ch anges (a coupled hydrologic­
m ech ani ca l effec t) on the per fo rmance o f a po tenti al nuclear 
waste re pository a t Yucca Moun ta in, Nevada. 

APPROACH 

The two computer codes TOUCH2 and FLAC3D h ave been 
joined to form a numerica l simulator (named TOUCH-FLAC) 
for an alysis of coupled THM processes in complex geo logica l 
media un der two-phase flow conditions. For the Yu cca 
Mounta in p roject, the two codes are joined with hydromechan­
ical coupling functions that account fo r stress-induced changes 
in frac ture apertures a nd corresponding changes in frac ture 
hyd ra uli C p ro perti es. In our modeling, these hydromechani ca l 
coupling functions are calibra ted agains t severa l field experi­
ments conducted in the Expl ora tory Study Facility (ESF) at 
Yu cca Mountain. Using the calibra ted functions and the 
TOUCH-FLAC code, we then p redi ct THM conditi on s around 
a future po tenti al repository at Yu cca Mountain. 

ACCOMPLISHMENTS 

With was te emplacem ent and therm a l inpu t, the cou pled 
mod el predicts th erm al s tresses th at w ill redu ce permeabi li ty 
around th e en tire p erimeter of th e d rift . In the long term, 
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Figure 1. Distribution of percolation flux for a pure TH 
simulation (left ) and a full y coupled THM simulation 
(ri ght). In the THM calculation (right), the hydra uli c 
properties of the rock mass are a function of sh·ess. 

the rmal effects will ca use permeability chan ges far fro m the 
d rift (up to 100 m ), with most changes occu rring in the 
verti ca l permeability. Permea bility reducti on is a fun ction of 
initial loca l permea bility va lues, w hich are la rge r for in iti a ll y 
low va lues. H owever, d es pite perm ea bility decreases to a 
fac tor of 0.2 in low-perm eability region s, the e ffec t of the 
hydromechanica l coupling on the percolation flu x around the 
d rift is not Significant (Figure 1). The reason is that the w ater­
re tenti on curve a nd th e rela ti ve permeability, w hich can 
cha nge much more th an s tress-induced permea bility, dicta tes 
un sa tu ra ted flow. Fur ther, a s tress-ind uced decrease in 
pe rm eabi lity may be co mpensa ted for by an in crease in re la­
ti ve permea bili ty. 

SIGNIFICANCE OF FINDINGS 

That the stress-induced ch anges in hyd ra ulic properties 
h ave li ttle or no impac t on the flow field indicates th at hydro­
mechanica l coupling fo r thi s p a rticular case scenario is no t a 
significa nt factor in the to ta l sys tem perfo rmance assessment 
of a po tentia l repos ito ry. Wo rk on other scenarios and sens i­
ti vity s tu d ies would be useful for further understanding of thi s 
issue. 

RELATED PUBLICATIONS 

Bodvarsson, C.s., J. Wa ng, A. Unger, J. Liu, Y-S. Wu, J. Hinds, C 
Ha ukwa, E. Sonnenthal, C-F. Tsang, and J. Ru tqv ist, 
Unsa tura ted zone flow, in Chap ter 3 of Supp lementa l 
Science and Performance Analyses, Vo lume I, Scientific 
Bases and Ana lyses, TDR-MCR-MD-000007, REV 00, 
CRWMS M&O, Las Vegas, Nevada, 2001 (in press). 

Finsterle, S., C.s. Bod varsson, CF. Ahlers, C . Li, C-F. Tsang, Y. 
Tsang, E.L. Sonnen th al, and J. Rutqvist, Seepage, in Chapter 
4 of Supplemental Science and Performance Analyses, 
Consisting of Volume I, Scientific Bases and Analyses, TDR­
MCR-MD-000007, REV 00, CRWMS M&O, Las Vegas, 
Nevada, 2001 (in press). 
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YELLOWSTONE AS AN ANALOG FOR THERMAl-HYDROlOGIC-CHEMICAl PROCESSES AT 
YUCCA MOUNTAIN 

Patrick F. Dobson, Ti ll10thy J. Kneafsey, Ardyth Si Il1ll1ons, and Jeffrey Hulen 1 

I Energy and Geosc ience Institute, University of Uta h 
Contac t: Pa tri ck F. Dobson, 5 10/486-5373, pfdobson@lb l.gov 

RESEARCH OBJECTIVES 
Enhanced water-rock interaction resulting from the emplace­

ment of heat-generating nuclear waste in the potential geologic 
repository at Yucca Mountain, Nevada, may result in changes to 
fluid flow (resulting from mineral dissolution and precipitation 
in condensation and boiling zones, respectively). Studies of 
water-rock interac tion in acti ve and foss il geo thermal sys tems 
(natural analogs) provide ev idence fo r changes in permeability 
and porosity resulting from thermal-hydrologic-chemica l (THC) 
processes. The objective of this research is to document the 
effects of coupled THC processes at Ye ll ows tone and then 
examine how differences in sca le 
could influence the impact that 
these processes may have on the 
Yucca Mountain system. 

APPROACH 

Y-8,155.9' 
Penneabi lity=1030 md 
Porosity=29.2% 

fl ow there. Most of the observed fractures have been sealed by 
hydrothermal mineralization. A zone of secondaq silica mineral­
iza tion in the Y-S core corresponds to the location of the imperme­
able cap for the neaT-isothermal, convective geothermal reservoir. 

SIGNIFICANCE OF FINDINGS 

Pred icting changes in permeability and porosity resulting 
from water-rock interaction is important in evaluating the long­
term performance of nuclear was te repositories and for geo t­
he rm al reservoir engineering. Geo thermal sys tems have much 

Y-S, 159.2' 
Permeability=16.9 md 
Porosity=15.0% 

Subsurface sa mples from Yel­
lowstone National Park, one of the 
largest active geothermal sys tems 
in the world, con tain some the best 
examples of hydrothermal self­
sealing found in geo thermal sys­
tems (Figure 1). We selected core 
samples from two U.S. Geologica l 
Survey research drill holes from 
the transition zone between con-
ductive and convective portions of 
the geo therma I system (where 

Figure 1. Sili ca sealing in volcaniclastic sandstone core 
sa mples from Yellowstone. Blue color in photomicrographs 
is dyed epoxy filling pore space in th in sections. Similar 
zones of siLi ca sea ling form an impermeable ca p to the 
convective portion of the Yellowstone geothermal system. 

higher fluxes of hea t and fluid 
flow than those predicted for the 
potential Yucca Mountain repos­
itory, and thus hydrothermal 
mineraliza tion (and the resulting 
permeability and porosity redu c­
ti on) a t Yucca Mountain is Li kely 
to be much less ex tensive than 
th at observed at Yellowstone. 
Sca ling comparisons and THC 
modeling of Yell owstone could 
provid e a more quantitati ve way 
to test THC models used for the 
Yucca Mountain system. 

RElATED 
PUBLICATION 

sea ling was reported to occur). We analyzed the core, measuring 
the permeability, porosity, and gra in density of selected samples 
to evaluate how lithology, tex ture, and degree of hydrothermal 
altera tion influence matrix and fracture permeability. 

ACCOMPLISHMENTS 

We examined core samples from the Y-5 and Y-S drill holes, 
describing lithology, texture, hydrothermal alteration, and veins and 
fractures. Observed varia tions in porosity and matrix permeability 
are primarily controlled by lithology. Volcaniclastic sandstone and 
nonwelded tuffs have high porosity and moderate matrix penne­
ability, while densely welded ash-flow tuffs and rhyolite lavas have 
low porosity and permeability. Fractures are most abundant in the 
latter two litholOgies and provide the dominant pathways for fluid 

http://www·esd .lbl.gov 

Dobson, P , J. Hulen, T.J. Kneafsey, 
and A. Simmons, Permea bility at Yellowstone: A natural 
analog for Yucca Mountain processes, Proceedings of the 9th 
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Conference, Las Vegas, Nevada, April 29-May 3, 2001, 
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U-SERIES TRANSPORT STUDIES AT PENA BLANCA, MEXICO, NATURAL ANALOG SITE 
Ardyth M. Simmons and M ichae l T. Murrell l 

I Los A lamos Nati onal Laboratory, New Mex ico 
Contact: Ardyth M. Simmons, 510/486-7 106, amsimmons@ lbl.gov 

RESEARCH OBJECTIVES ACCOMPLISHMENTS 

Natural analogs provide a line of evidence that supports the 
Lmderstanding of how natural and engineered processes could occur 
over long time frames and large spatial sca les at a potentia l nuclear 
waste repository at Yucca Mounta in, Nevada. Studies of U-series 
disequilibria within and around uranium deposits can provide valu­
able information on the timing of actinide mobility and hence the 
s tability of a potential repository over geologic time scales. The 
Nopal I uranium deposit at Peiia Blanca, Mexico, is situated ill unsat­
urated tuH that is simiJar in composition to the Topopah Spring TuH 
of Yucca Mountain and closely m atclles other evaluation criteria for 
suitable na tural analogs. By modelillg the observed radioactive 
isotope disequilibria at Nopal I, we can estimate the rates of sorption­
desorption and dissolution-precipitation of the radionuclides over 
time. Such information is vital to the testing or validation of perform­
ance assessment models for geologic nucleax waste disposal. 

APPROACH 

A number of boreholes through and surrounding the ore 
deposit will be drilled to the water table (a depth of -200 m); 
from these boreholes, solid core and w a ter sa mples will be 
taken. Isotopes of 234U, 238U, 232Th, 230Th, 228Th, 234Th, 226Ra, 
228Ra, 210po, and 210Pb will be measured in the fluid sa mples . 
Radioacti ve disequilibria in sorbed phases will be obtai ned 
using leaching m ethods on the core samples. To correct for the 
possible effect of evaporative concentration on model results, 
Cl- or 0180 and oD compositions of water samples from the 
unsa turated zone will be compared with those of rainwater. The 
final report will include recommendations on the applica tion of 
mode l results from the Pena Blanca ana log s ite to tes ting the 
unsaturated zone process models tha t prov ide input to pe rform­
ance assessm ent models for Yucca Mountain. 
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Figure 1. Uranium and stable isotope data for water sa mples 
coll ected (black circles) from Peii a Blanca during February 2000. 
Also shown is the position of the global meteori c water line and 
SMOW (Standard Mean Ocean Water). Uranium concentrations 
in parts per billion (ppb) are indicated in parentheses after the 
sample number. Sample locations are shown on key. 
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Shown ill Figure 1 are the stable isotope data and uranjum 
concenh"ations for the samples collected ill 2000. Samples AS-1 and 
AS-2 exhibit higher U concentrations because of proximity to the ore 
body (exposed from 0 to 2 m into the adit), indicating the rapid 
decrease il1 U concentration with dis tance from the ore body. 
Sam pies AS-5 and AS-6 have significantly lower oD and 0180 values 
than the other samples. They probably represent the average compo­
sition for the precipitation at the site. The other samples were all 
collected from an adit ill. the unsaturated zone. Of these, AS-1 lies on 
the GMWL, but probably does not represent a rainwater sample (it is 
relatively enriched in D and 180 for meteoric water at this latitude). 
The other three samples all fall significantly to the left of the GWML 
and may represent abllospheric water vapor that has condensed in 
the cooler, LUldergrowld environment, followed by some evapora­
tion in the collection bottles. 

SIGNIFICANCE OF FINDINGS 

U-series modeling provides a m eans to characterize the 
kinetically controlled radionuclide transport and res idence time 
at Pena Blanca. Using an ea rli er data se t collected by Southwest 
Research Institute, we estimated the 234U alpha- recoil ra te into 
fluids to be 9 dpm / L /y at Pena Blanca versus dissolution rates 
of 8.3 dpm / L /y for 238U and 234u. The kinetic model also allows 
d e termina tion of fluid transit time in the unsa turated zone. 
Uranium-238 increases linearly with increasing transit time, 
while 234U / 238U decreases. The transit time for the seep water 
in filtra ted il1to the ad i t 8 m below su dace is estima ted to be 6-29 
d ays, and th a t for the perched wa te r a t 10.7 m depth in an old 
borehole is 0.4- 0.5 years. The large values of transit time for the 
perched water may re fl ec t the long res idence time of wate r in 
the borehole . Although the water trans it time in the unsaturated 
zone is quite short, d etectable dissolution of U from fractured 
rocks does occur in this low-water flux, high-U concentration 
setting near the Nopal I uranium deposit. 

RELATED PUBLICATION 

Murrell, M.T.; P. Paviet-Hartmann, S.J. Golds te in, A.J. Nunn, 
R.c. Roback, P.A . Di xon, and A. Simmons, U-Series natural 
ana log studies a t Pena Blanca, Mexico: How mobile i ~ 

uranium? EOS Transactions, AGU 80, F1205, 1999. 
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DEVElOPING AN EFFECTIVE-CONTINUUM SITE-SCALE MODEl 
FOR HOW AND TRANSPORT IN FRACTURED ROCK 

Christine Doughty and Kenzi Karasak i 
Contact: Christine Doughty, 510/486-6453 , cadoughty@lbl. gov 

RESEARCH OBJECTIVES 

The objective of this project is to participate in a rnultina­
tional program to inves tigate the uncertainties involved in 
developing conceptual and numerica l models for prediction of 
flow and transport behavior through fractured rock. 

APPROACH 

In a previous study (the H -12 flow comparison), severa l 
inte rnational research organizations conducted numerical simu­
la tions with the sa me starting information regarding a hy po­
theti ca l fra ctured rock mass. The results were subsequently 
compared. In the present work, the exe rcise is applied to a real 
site, a 4 km x 6 km x 3 km region north of the Toki River in the 
Tono area of Gifu, Japan. 

In our conceptual model, stochas ti c perm eability and 
porosity di stributions are used to represent fractured rock as an 
effective continuum. Individua l fra ctures are not modeled 
expli citly. However, large-scal e fea tures such as fault zones, 
Lithologic layering, na tural boundaries, and surface topograph y 
are incorporated de te rmini sti ca ll y. The s tochas tic permea bility 
dist ribution results from h ydrolog ic tes ting that occurs us ing 
packed-off borehole interval s of compara ble length to the model 
gridblock dimensions (- 100 m), giving us confidence that the 
permeability va lues being used in the model are reasonable. In 
contrast, the only data available on which to base porosity esti­
mates are fracture density measurements. These measurements, 
obtained from borehole optical sca nner images and core 
samp les, are typically taken on a much smal ler sca le (a few 
centimeters) than the model grid blocks. Porosity es timates also 
re ly on the cubi c law, which is known to be unre liable. Hence, 
we recognize that there is a large uncertainty associated with 
any model result tha t depends on poros ity, such as travel times 
through the mode l. 

ACCOMPLISHMENTS 

We developed the model shown in Figure 1 and used the 
numerical simulator TOUGH2 to simulate steady-state flow 
through the 4 km x 6 km x 3 km region. Regional topography 
de termines the ex tent of the grid and the bound ary conditions. 
The resulting flow fie lds appear consistent with local infiltration 
data and head profiles in boreholes. Calculated travel times from 
monitoring points to the model boundaries range from 1 to 25 
years. 

SIGNIFICANCE OF FINDINGS 

A major benefit of the present project is the chance for a 
variety of modeling approaches to highlight which aspects of 

hllp:/lwww-esd.lbl.gov 

site characterization need to be improved to increase confidence 
in model predictions. Beca use the field investigation program is 
ongoing, model results can potentially have a significant impact 
on future characterization activities. 

The w id e range in travel times obtained by the different 
research groups for the present exercise (several years to 
millions of years) can be largely attributed to orders-of-magni­
tude differences in the effectiv poros ity assumed for the frac­
tu re ne twork. Coupled with our recognition tha t porosity is one 
of the least well-constrained param eters of our mode l, this 
finding indica tes that a field program aimed at better es tima ting 
e ffec tive fracture porosity is needed . Possible areas of investiga­
tion include using naturally occurring trace elements or isotopes 
to estimate residence times and flow pa ths on a regional scale, or 
active tracer tests using suites of neighboring wells to es timate 
effective porosity on a smaller scale. 
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Figure 1. 3D perspecti ve view of the model used for the 
TOUGH2 simulations of the 4 x 6 kill region. Material 
types are color coded. Surface locatons of wells are black 
symbols. 
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SIMULATING INFILTRATION AT 
THE LARGE-SCALE PONDED INFILTRATION TEST, INEEL 
Andre Unger, Ardyth Simmons, and Gudmundur S. Bodvarsson 

Contact: Andre Unger, 510/495 -2823, ajaungcr a Ib l.gov 

RESEARCH OBJECTIVES 

This work involves us ing ITOUGH2 to simulate the Large­
Scale Ponded Infiltration Test (LPIT) a t Idaho Nationa l 
Engineering and Environmental Laboratory (INEEL) to calibrate 
parameters controlling the infiltration of water in fra ctured 
basalt, using a dual-permeability m odeling approach. This 
supports the higher objec tive of building confidence in the use 
of the dual-permeability approach for modeling flow and trans­
port in unsaturated fractured rock systems. 

APPROACH 

A 3D dual-permeability mesh representing the geological 
conditions a t the LPIT was cons tructed as shown by the cross 
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Results of the calibration to the hydrographs using a fracture­
ma tri x continuum area scaling fa ctor of 0.01 are shown in Figure 
1b and are: basa lt fracture continuum permeability of 3.27 x 
10-10 m2 , basalt matrix continuum permeability of 2.51 x 10-15 

m2, BC interbed permeability of 5.01 x 10-17 m2, BC interbed van 
Genuchten a of 1 x 10-4 Pa- ] and n of 0.28. 

SIGNIFICANCE OF FINDINGS 

The significance of this calibration effort pertains to previous 
modeling efforts conducted at the Box Canyon site at INEEL as 
well as the use of the dual-permeability modeling approach to 
simulate steady-sta te and transient infiltration a t Yucca Mountain. 

.! B04Nll • 

.! C04C ll 

.! B06Nll 

.! C06Cll 

10 20 30 40 
Time (days) 

50 60 

Parameters obtained from 
this modeling effort agree 
closely with those obtained 
in a preliminary study con­
ducted at the Box Canyon 
site. Therefore, we conclude 
tha t the use of the dual-

Figure lao Water sa turation in the fracture continuum (Swf) 35.5 days after the start of the infilh-ation test; Figure 
lb. Field (symbol) and calibrated model (lines) hydrographs. Note that wells B04Nll and B06Nll are located at 
the same radial distance as C04Cll and C06Cll, while "04" and "06" wells are on the same radial angle. 

permeability approach with 
a constant fracture-matri x 
continuum area-scaling fac­
tor is adequate for modeling 
transient infiltration at a 
variety of scales and under 
various wetting histories. 
Successful applica tion of the 
dual-permeability model­
ing approach for Simulating 
the LPIT lend s credibility to 

sec tion on Figure 1a. The geology consisted of surficial sedi­
ments, two separate basalt fl ows (A and B basalts) underl ain by 
a low-permeability sedimentary (BC) interbed, and a lower C 
basalt constituting the bottom of the model. Water was allowed 
to infiltrate from the pond and then pool on top of the sedimen­
tary interb ed. Water pressure was simulated a t four wells 
screen ed wi thin the fractured basalt on top of the sedimentary 
interbed (B04N ll, C04Cll, B06Nll, C06Cll) along two radial 
angles and at two radial distances. Model results were calibrated 
to field d a ta u sing ITOUGH2. 

ACCOMPLISHMENTS 

Five parameters were selec ted for calibration by ITOUGH2: 
(1) basalt fracture-continuum permeability, (2) basalt matri x­
con tinuum permeability, (3) BC interbed permeability, and (4 
and 5) BC interbed van Genuchten capill ary-pressure parame­
ters a and n. In versions were performed using constant fracture­
matrix continuum area scaling factors of: 0.02, 0.01, and 0.005. 
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the use of the same ap­
proach for modeling infiltration (both transient and steady state) 
a t the Yucca Mountain site. 

RElATED PUBLICATION 
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Simmons, A three-dimensional model for simulating ponded 
infiltra tion tests in the variably saturated fractured basalt a t 
the Box Canyon Site, Idaho, Berkeley Lab Report LBNL-
44613,2000. 
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The Energy Resources Progrant (ER) is resp onsible for two 
m ajor program areas: Oil and Gas Explora tion and 
Development, and Geothermal Energy Development. 

OIL AND CAS EXPLORATION AND 
DEVELOPMENT 

Multidisciplinary research is being conducted in reservoir 
charac teriza tion and m onitoring, optimiza tion of reservoir 
perform ance, and environmental protec tion . Using basic 
research studies as a source of innova tive concepts, ER 
researchers seek to transform these concepts into tangible p rod­
ucts of use to indus try within a time-frame consis tent with 
tod ay's rapid grow th in technology. Reservoir characteriza tion 
and m onitoring involves development of new seismic and elec­
trom agnetic techniques focused a t the inter-well scale. Field 
acquisition, labora tory m easurem ents, and numerical simula­
tion p lay important roles in the development ac tivities. 
Optimiza tion of reservoir performance is focused on simulation­
based me thods for enhancing reservoir m anagem ent s tra tegies. 
Emphasis is placed on the integration of geophysical da ta, 
p roduction da ta, and reservoir simula tion. The nex t major s tep 
in resea rch will focus on m e thods to optimize performance 
thm ugh integra tion of monitored geophysica l da ta, p roduction 
d a ta, and reservoir simula tion . 

International and na tional concern about the variable 
clima tic effects of greenhouse gases produced by burning of 
fossil fuels is increasing, while it is also recognized tha t these 
fuels will rem ain a significant energy source well into the nex t 
century. In response to these concerns, ER has ini tia ted research 
focused on development of technologies that will minimize the 
impac t of fossil-fuel usage on the environment. Methane 
h ydra tes cons titute a huge p o tential fuel source with lower 
carbon emissions than coal or oil. ER researchers are developing 
and evalua ting p ossible methods for producing gas from such 
d eposits. Geop hysica l d a ta acquisition and inversion m.ethods 
developed in the ER program are also being applied in a new 
projec t on geologic sequestra tion of CO2 carried out in the 
Clima te Variability and Carbon Managem ent Program with the 
Earth Sciences Division . 

http://www-esd. lbl.gov 

Principal research activities include: 
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Larry R. Myer 

510/486-6456 
Irmyer@lbl.gov 

• Development of single-w ell and crossw ell seismic tech ­
nology, including ins trumenta tion , acquisition and 
processing 

• Applica tions of seismic method s for charac teriza tion of 
fractured reservoirs 

• Laboratory m easurem ent of the seismic properties of 
p oorly consolida ted sands 

• Development of efficient 3D elas tic-wave propaga tion 
codes 

• Improved inversion m e thods for reservoir characteriza­
tion, with a focus on combining production and geophys­
ical d a ta 

• Applica tion of x-ray CT and NMR imaging to s tudy multi­
p hase flow p rocesses 

• Pore-to-labora tory-scale s tudy of p h ysical p roperties and 
processes, with a focus on controlling phase m obility, 
p redicting multiphase flow p roperties and drilling e ffi­
ciency 

• Development of reservoir process-control m ethod s 
• Development of new method s to mitigate en vironmental 

eHec ts of pe troleum refining and use 
• Enhancem ent of refining processes using biological tech­

n ologies 
• N umerical simula tion of subsu rface m e thane h ydrate 

system s 

Since 1994, the major part of the Oil and Gas Exploration 
and Development program has been funded thro ugh the 
N atural Gas and OilTeclu1010gy Partnership Program. Begun in 
1989, the partnership was expanded in 1994 and again in 1995 to 
include all nine Dep artment of Energy multiprogram labora to­
ries, and has grown over the years to becom e an important part 
of the DOE Oil and Gas Technologies p rogram for the national 
laboratories. Parh1ership goals are to d evelop and transfer to the 
domes tic oil industry the new technologies needed to produce 
more oil and gas from the na tion 's aging, m a ture d om es tic oil 
fields, while safeguarding the environment. 
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Partnership technology areas are: 
• Oil and gas recovery technology 
• Diagnostics and imaging technology 
• Drilling, completion and stimulation 
• Environmental teclu1010gies 
• Downstream teclu1010gies 
Projects are typically multiyeal~ are reviewed and repriori­

tized annually by industry panels, and are collaborations 
between national laboratories and industry. 

GEOTHERMAL ENERGY DEVELOPMENT 
The main objective of ER's geothermal energy development 

program is to reduce uncertainties associated with finding, char­
acterizing, and evaluating geothermal resources. The ultimate 
purpose is to lower the cost of geothermal energy for electrical 
generation or direct uses (e.g., agricultural and industrial appli­
cations, aquaculture, balneology). The program encompasses 
theoretical, laboratory, and field studies, with an emphaSiS on a 
multidisciplinary approach to solving the problems at hand. 
Existing tools and methodologies are upgraded, and new tech­
niques and instrumentation are developed for use in the areas of 
geology, geophysics, geochemistry, and reservoir engineering. 
Cooperative work with industry, universities, and government 
agencies draws from Berkeley Lab's 25 years of experience i.n the 
area of geothermal research and development. 

In recent years, DOE's geothermal program has become 
more industry-driven, and the Berkeley Lab effort has been 
directed toward technology transfer and furthering our under­
standing of the nature and dynamics of geothermal resources 
under production, such as The Geysers geothermal field in 
northern California, which has begun to show the effects of 
overexploitation. 

At present, the main research activities of the program 
include: 
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• Geothermal Reservoir Dynamics: development and 
enhancement of computer codes for modeling heat and 
mass transfer in porous and fractured rocks, with specific 
projects such as modeling the migration of phase-parti­
tioning tracers in boiling geothermal systems; modeling of 
mineral dissolution and precipitation during natural 
evolution, production, and injection operations; and 
geophysical-signature prediction of reservoir conditions 
and processes 

• Isotope Geochemistry: identification of past and present 
heat and fluid sources, development of natural tracers for 
monitoring fluids re-injected into geothermal reservoirs, 
bctter understanding of the transition from magmatic to 
geothermal production fluids, and enJlancement of reser­
voir-simulation methods and models by providing 
isotopic and chemical constraints on fluid source, mixing, 
and flow paths 

• Multicomponent 3D Seismic Imaging: development and 
implementation of 3D surface and borehole methods for 
defining permeable pathways in geothermal reservoirs 

• Geochemical Baseline Studies: documentation of geot­
hermal-fluid behavior under commercial production and 
injection operations (e.g., field case studics), with specific 
emphasis on The Geysers field 

• Electromagnetic Methods for Geothermal Exploration: 
development of efficient numerical codes for mapping 
high-permeability zones, using single-hole electromag­
netic data 

Future research will concentrate on the development of inno­
vative techniques for geothermal exploration and assisting in a 
reassessment of geothermal power potential in the U.S. The 
emphaSiS will be on expanding existing fields, prolonging their 
productive life, and finding new "blind" geothermal systems, 
i.e., those that do not have any surface manifestations, such as 
hot springs, fumaroles, etc., that suggest the presence of deeper 
hydrothermal systems. 

FUNDING 
Within ER, The Oil and Gas Exploration and Development 

program receiv s support from the Assistant Secretary for Fossil 
Energy, Office of Natural Gas and Petroleum Technology, 
through the National Energy Technology Laboratory, the 
National Petroleum Technology Office, and the Natural Gas and 
Oil Technology Partnership, under U.S Department of Energy 
Contract No. DE-AC03-76SF00098. Support is also provided 
from industry and other sources through the Berkeley Lab Work 
for Others program. Industrial collaboration is an important 
component of DOE Fossil Energy projects. 

The Geothermal Energy Development program receives 
support from the Assistan t Secretary for Energy Efficiency and 
Renewable Energy, Office of Power Technologies, Office of Wind 
and Geothermal Technologies, of the U.S. Department of Energy. 
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INTEGRATED RESERVOIR MONITORING USING 
SEISMIC AND CROSSWELL ELECTROMAGNETICS 

G. M ichae l Hoversten 
Contact: G. Michael Hoversten, 510/486-5085, gm hoversten@lb l.gov 

RESEARCH OBJECTIVES 

The central problem in petroleum production is the devel­
opment of a model or simulator that guides the drilling of wells, 
the management of the field, and the design of enhanced 
recovery processes. The objective of this research program is to 
integrate both seismic and electromagnetic geophysics for the 
mapping of reservoir properties 

OB-C1 

optimal es timates of reservoir water saturation in the interwell 
volume. 

Crosswell, EM, and seismic field data from the Kern River 
and Lost Hills oil fields have been processed and interpreted. In 
the Kern River case, a detailed reprocessing of the seismic data 

to produce an equivalent CDP section 

OB-C2 between wells. This project will demon­
strate that an integra ted approach can 
be used to assign these properties to the 
flow simulation models of the interwell 
volume and grea tly increase the effec­
tiveness of in-fill drilling, reservoir 
production, and reservoir stimulation. 

-1400"'~---'--....L..--L---+ 

between the wells was used to constrain 
the EM inversion for conductivity. This 
process increased the spatial resolution 

APPROACH 

The project combines feasibility 
studies based on numerica l models with 
the interpretation of fie ld data to inves­
tiga te possible methods of integrating 
electromagnetic (EM) and seismic da ta, 
along with well log information, to 
produce images of reservoir parameters 
(such as pressure and fluid sa tura tions). 
Numerical studies have been carried out 
for a model of a producing North Sea oil 
field supplied by industrial partners. 
This study concentrated on well separa­
tions, which are relevant to offshore 
applications but have not been trea ted 
in fie ld experiments to date. Two field 
data examples provided by indus trial 
par tners have been processed and inter­
preted to demonstrate how well log 
measurements, crosswell EM, and 
seismic data can be combined . 

ACCOMPLISHMENTS 
The numerical feasibility study of 
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Figure 1. Time-lapse change in electrical 
conductivity durin g C02 injec tion. Large 
nega tive changes (blue) indicate an increase in 
oil sa turation and correlate with hi gh-perme­
ability zones. The red line marks a small fault 
mapped from well logs. Changes in electrical 
conductivity truncate at the fault location. 

of the inferred fluid saturations as well 
as the correlation between logs and 
imaged fluid properties. 

In the Lost Hills project, time-lapse 
seismic and EM data were able to predict 
both pressure and saturation changes in 
the inter-well volume. In addition, time­
lapse changes demons trated that small 
internal faults, not previously considered 
significa nt, were acting as barriers to 
flow. Figure 1 shows time-lapse changes 
in electrical conductivity, which directly 
maps changes in water saturation caused 
by an increase in oil. 

SIGNIFICANCE OF FINDINGS 
The addition of conductivity 

mapping via crosswell EM provides a 
robus t es timate of water saturation 
changes that is independent from seismic 
data. 

RELATED PUBLICATIONS 
Hoversten, G.M., G. A. Newman, H.F. 

Morrison, and J.I. Berg, Reservoir 
characterization using crosswell EM 
inversion: A feasibili ty study for the 
Snorre Field, North Sea: Geophysics, 
2001 (in press). 

the Snorre Field demons trates that crosswell EM could be meas­
ured and Llsed to infer reservoir average water sa turations in 
fields where well sep ara tions are on the order of 1 km. This 
represents an increase by a factor of 2 in well separations over 
what has been demonstrated to date in field measurements. This 
s tudy demonstrated the necessity of integrating structural 
control from seismic data along with well control to provide the 

ACKNOWLEDGMENTS 
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HIGH-SPEED 3D HYBRID ElASTIC 
SEISMIC MODELING 

Va leri A. Korneev and Charl es A. Rendleman 
Contact, Valer i A. Korneev, 510/486-7214, vakorneev@ lbl.gov 

RESEARCH OBJECTIVES 
The best tool for understanding and imaging complex struc­

tures and large offset data sets is an accurate, fully e las tic 3D 
algorithm. The applications for such an algorithm are many 
(e.g., survey design, hypothesis testing, AVO evaluation, wave 
field interpre tation, genera tion of test data sets for testing of new 
migration algorithms, and forward-calculation engines in 3D 
pres tack migration algorithms and new full waveform inversion 
algorithms). While such algorithms h ave been developed, 
uniform grid sampling produces costly ove rsampling of high­
velocity regions and unnecessa rily small time- integra tion s teps 
in low-velocity regions. Thus, the scale of the computer 
resources required to model the entire geo logic sec tion, from 
source loca tions to the dep tbs of interest a nd with fully e las tic 
representation, is prohibitive. In addition, the discretiza tion of 
high-contrast boundaries (such as a salt-sediment interface) can 
produce high-energy diffraction events in the modeled data, 
which are often difficult to completely suppress even in 
processing. There is a criti ca l need for an algorithm tha t can 
accurately model and image all of the e las tic effects occurring .in 
a complex structure, and a t the sa me time be effi cient enough to 
run on clusters of ava il ab le workstations in a reasonable time. 
We seek to develop an efficient 3D e las ti c forward-modeling 
algorithm that will address these requirem ents. 

APPROACH 
Two critical concepts will provide for a significant improve­

ment in computation efficiency and accura cy over what is 
currently available. The firs t critical concept is the decomposi­
tion of the original 3D mode l into parts (subdomains) where 

Number of CPU's 

Figure 1. Summary of a set of runs, with the number of compu­
tational zones increasing linea rly with the number of processors 
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wave propagation will be computed, using the optimal spa ti a l 
para meteriza tion fo r each particul a r subdomain. The second 
critical concept is the use of a fourth-order time schem e (as 
opposed to the frequently used second-order schemes). 

The new variable-grid-subdomain finite-difference (FD) 
algorithm is designed for parallel-clus ter computing, utilizing a 
message-passing-interface technique. Using subdomains in FD 
mode ling has severa'! major advantages over current single­
domain algorithms. For one thing, this approach uses fine grid­
ding only in low-velocity regions (sea watel~ loosely compacted 
sediments) where it is required, allowing coarse r g ridding in the 
higher-velocity regions (salt, deep sediments). The innovative 
fourth-order differencing scheme enables improved accuracy in 
time differencing, and therefore increases the time-differencing 
step for the expense of ex tra computation within a single node. 
Since inter-CPU communication speed is a major bottleneck for 
parallel data-processing flow, the fourth-order scheme allows an 
increase in the computation-to-communication ratio, improving 
the effectiveness of parallel computations. The fourth-order 
time-d ifferencing scheme has littl e e ffect on memory usage 
compared to second-order schemes. A required specia l form u­
lati on for absorbing boundary conditions is under development. 

ACCOMPLISHMENTS 
Figure 1 shows a graph summarizing a set of runs performed 

this pas t year using the new variable-grid-subdomain FD algo­
rithm scheme. The g raph shows the number of computational 
zones increasing linea rly with the number of processors. Perfect 
sca ling results would have zero s lope. Cray T3E times are 
encouraging. The IBM SP shows a reduction in parall el perform­
ance with increas ing numbers of processo rs. The performance 
loss is less severe for the fourth-order scheme than for the 
second-order scheme. The IBM has slower interprocessor 
communications (both lower bandwidth and higher latency). 
(Run time reported is wall-clock time.) Cray T3E shows very 
effici ent processor usage for both second- and fourth-order 
schemes. Fourth-order schemes show slower degradation of 
parallel performance with increas ing problem size. 

ACKNOWLEDGMENTS 
This work has been supported by the Assistant Secretary for 

Fossil Energy, Office of Natural Gas and Petroleum Technology, 
through the National Petroleum Technology Office, Natural Gas 
and Oil Technology Partnership, of the U.S. Department of 
Energy und er Contract No. DE-AC03-76SF00098. 
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FREQUENCY-DEPENDENT SEISMIC ATTRIBUTES OF POORLY 
CONSOLIDATED SANDS 

Kurt T. N ihei, Zhup ing Li u, Seij i Na kagawa, Larry R. M yer, Liv iu Tomutsa, and James W. Rector 
Contact: Ku rtT. Nihei, 5 10/486-5349, ktnihei@lb l.gov 

RESEARCH OBJECTIVES 
The objectives of thi s work are to: (1) provide a theoretical 

basis for frequency-dependent amplitu de a ttributes associated 
with multiple fluid (and gas) phases in poorly consolidated 
sands, for a range of consolidation conditions; (2) explore the 
possibility of new seismic a ttributes; (3) use numerica l modeling 
to examine op timum 3D seismi c-acqui siti on geometries and 

i ties obtained from a 3 kHz pulse transmission test on a 0.8 m long 
packing of a coarse grain Monterey sand . Three different styles of 
gas sa turation were introduced into the sample and imaged using 
an x-ray computerized-tomography scanner: (1) CO2 degassing, 
yie lding near-homogeneous gas phase; (2) injection of water into 
a dry horizontal sample, yielding patchy sa turation consis ting of 

hori zontal stratification; and (3) processing schem es for illumi­
na ting these attr ibutes in 
poorly conso lidated sa nd reser­
voirs; and (4) appl y the results 
of these analyses to 4D seismic 

1400 ,-----r----,,----,-----,----~ injection of wa ter into a dry 
vertica l sample, yielding pa tchy 
sa tura tion consisting of verti ca l 
segrega tion. 

imaging. 

APPROACH 
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Thjs research combines labo­
ra tory acousti c measurements, 
theo reti ca I development, and 
3D visco-elas ti c wave simula­
tions. The focus of the acousti c 
measurements and theoreti cal 
development is to obtain a 
frequency- dependent theory 
for wave propaga tion in poorly 
conso lida ted sands, a theory 
that ca n be used to predict the 

water saturation (%) 

Figure 1 shows tha t several 
sta ti c-effecti ve-medium theo­
ries (Gassmann for the homo­
geneous case and Hill for the 
pa tch y-vertical case) show 
good agreement with the meas­
ured ex tens.ional wave ve loci­
ties . These results de mons tra te 
tha t sonic-frequency ve loc ities 
for a coarse-grain sand a re not 
uniqu e functions of the wate r 
sa turation. That is, the details of 
the distribution of the fluid and 

Figure 1. Comparison of measured ex tensional wave velocities 
with Gassmann theory (homogenous saturation) and Hil l and 
Gassmann theory (pa tchy-ver ti ca l sa turation) 

effects of fluid substitution and reservoir compaction on elastic 
waves. The focus of the wave-simu lation effort is to embed this 
rock phYSics model into a nume ri cal s imul ator to predict the 
changes in and effects of fluid di s tributions on acoustic properties 
in the pre ence of different reservo i r s tructures . After a ll thi s 
work, we w ill ana lyze syntheti c data for robust se ismic attributes 
that can be used for 4D monitoring of changes in reservoir 
fluid / gas migration and reservoir conso lida tion. 

ACCOMPLISHMENTS 
The second yeru' of the project has focused on tlu'ee efforts: (1) 

analysis of the measured extensional wave velocities and attenu­
ation (1-9 kHz) using ex isting rock phYSics models, (2) addition of 
tors ional-wave sonic-frequency-measurement capabilities to OLlr 
ex tensional wave apparatus, (3) comp letion of our lab velocity 
and attenua tion measurements on m edium-gra in clean sands 
under a range of gas satura tions and confining pressures, (4) 
desig n of a seismic- frequency (1- 100 H z) s tress-s train apparatus, 
and (5) 3D dynamic poroelas ti c modeling of wave propaga tion in 
medi a with heterogeneous gas distributions. 

H ere, we describe some results for Effort 1. (Efforts 2-5 are 
presentl y ongOing.) Figure 1 displays the ex tensional wave veloc-

. :~.Il 
http://www·esd.lbl.gov 

gas phases have an effect on the 
velocities. Note that measurements to date suggest that the 
attenuation (not show n) may provide additional information 
tha t can be used to deduce the s tyle of sa turation (i.e., homoge­
neous versus heterogeneous). 

SIGNIFICANCE OF FINDINGS 
Se ismi c character iz ation of fluids i.n poorly consolidated 

sands is a problem of grow ing importance, especia lly on the 
Gulf Coas t. A basic understanding of sand acoustic properties 
under moderate stresses and in the presence of multiple fluid s 
and gases is required to relate se ismic a ttributes to fluid distri­
butions. The laboratory and modeling efforts described here will 
provide clearer relations between he terogeneous and homoge­
neous partial-gas sa tura tions in poorly consolidated sands, with 
soni c-frequency ve locities and attenua tion. 

ACKNOWLEDGMENTS 
This work has been supported by the Assistant Secreta ry for 

Fossil Energy, Office of Na tural Gas and Petroleum Technology, 
throu gh the National Pe troleum Tedmology Office, Na tural Gas 
and Oil Technology Partnership, of the U.S. De partment of 
Energy under Contract No. DE-AC03-76SF00098 . 
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IMAGING, MODELING, MEASURING, AND SCALING OF MULTIPHASE FLOW PROCESSES 
Liviu Tomutsa and Tadeusz Patzek 

Contact: Liv iu To mutsa, 510/486-5635, Itomutsa@ lbl. gov 

OBJECTIVE 

Our objective is to develop methodologies based on 
advanced imaging technology for rapid and accurate measure­
ment of petrophysical properties and prediction of engineering 
parameters needed for reservoir s.imulation. 

APPROACH 
To simulate multiphase flow in a reservoil~ for the various 

facies, one needs to know petrophysical parameters such as 
porosity, permeability, relative permeabiJities, and capillary 
pressures. Laboratory measurements of these parameters using 
core plugs are often expensive, time consuming, or unavailable 
because of a lack of core material. Thus, the need exists to 
develop rapid methods that require a minimum of core material. 
One promising approach uses pore-network models to compute 
rock properties. This project addresses (1) obtaining pore­
network data to be used as input for existing network models, 
(2) validating the network predictions with laboratory core 
measurements, and (3) up scaling the core measurements to use 
in field simulation. The work emphasizes extracting the pore 
data needed for network modeling from synthetic sedimentary 
models constructed from grains, using grain-size distribution 
extracted from analysis of small reservoir rock samples not 
amenable to regular core-flooding techniques. This approach 
permits setting the spatial resolution to levels not obta.inable 
experimentally from micro tomography, but which are needed to 
resolve the pore throats in many rocks of economic interest. It 
also presents a very significant time and cost advantage 
compared to micro tomography. 
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Figure 1. Synthetic sedimentary model of sandstone, based on 
grain data 

ACCOMPLISHMENTS 

A synthetic sedimentary model was used to construct 3D 
pore networks based on grain-size data obtained from digitized 
images of grains (in turn obtained from thin sections). The soft­
ware package 3DMA from the State University of New York, 
Stony brook, was used to extract pore-network parameters from 
3D images of pore space. The extracted data were used as input 
in the pore-network model ANETSIM to calculate relative 
permeability and capillary pressure curves. The network simu­
lations for drainage-water-oil relative permeability and capillary 
pressure showed good agreement with experimental data . We 
also completed the development of the quasi-static simulator of 
drainage and imbibition. To provide the ability to image the pore 
structure of many rocks that are of critical economic importance 
to oil and gas production, and to increase the basic under­
standing of pore-scale processes, we are involved in a coopera­
tive project to construct a submicron-resolution rock­
microtomography imaging capability at the Advanced Light 
Source. Also, using x-ray computer-tomagraphy imaging at the 
new Rock-Fluid Imaging Laboratory, we investigated foamy oil 
production and the effect of saturation on wave attenuation. 

SIGNIFICANCE OF FINDINGS 
By reducing the cost and time of petrophysical core meas­

urements, the density of petrophysical data can be signifi­
cantly increased. This higher data density, combined with 
proper upscaling, will yield more accurate reservoir simula­
tions, improved oil-reservoir management, and increased oil 
recovery. 

RELATED PUBLICATIONS 
Patzek, T.W., Verification of a complete pore network simulator 

of drainage and imbibition, SPE 71310, SPEJ, 6, 2144-2156, 
June 2001. 

Liu, Z., KT. Nihei, L. Tomutsa, L.R. Myer, and J.T. Geller, Sonic­
frequency attenuation in partially saturated, unconsolidated 
sand, presented at American Geophysical Union 2000 Fall 
Meeting, San Francisco, California, Dec. 15-19, 2000. 

Liu, Z., J.w. Rect01~ K.T. Nihei, L. Tomutsa, L.R. Myel~ and S. 
Nakagawa, Extensional wave attenuation and velocity in 
partially saturated sand in the sonic-frequency range, 
Accepted for presentation at the 38th U. S. Rock Mechanics 
Symposium "Rock Mechanics in the National Interest," July 
7-10, Washington, D.C., 2001. 
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SINGLE-WELL SEISMIC IMAGING 
Ernest L. Majer, Ro land Gritto, and Thomas M. Da ley 

Contact: Ernest L. Maje r, 510/486-6709, e lmaje r@lbl. gov 

RESEARCH OBJECTIVES 

The continuing objective of this project is to identify and 
provide solu tions to fundamental issues surrounding single­
well seismic imaging to evaluate and develop the technology in 
a timely and cost-effective fashion. Single-well imaging is in its 
infancy, and there are many unanswered questions, but only 
limited resources to address them. Therefore, this technology 
must be developed in an efficient and logical manner to quickly 
identify the fundam ental attributes that must be included in a 
total methodology. Such d evelopment must occur while lever­
aging the best-available resources to ensure the technology'S 
successful application and acceptance. 

APPROACH 
The work is an integra ted approach to spur the development 

and application of a new technology much m ore quickly than if 
it were left to individuals working separa tely. The projec t is 
meant to leverage reso urces to address issues that would not be 
addressed by individual companies. It is a coordinated e ffort 
between three national laboratories working closely with 
indus try and involving university support. In addition to 
Berkeley Lab, the other participating labora tories are Idaho 
National Engineering and Environmental Laboratory (INEEL) 
and Sandia Na tional Laboratories. It recognizes tha t in a time of 
shrinking fund s, we have an obliga tion to spend wisely, while 
creating and maintaining fairness of opportunity to the industry 
(as wen as bringing the appropriate capabilities of the national 
laboratories to complement and catalyze industry's efforts in 
this area). 

The proposed work consis ts of four interdependent activ i­
ties. These activities comprise facets of the technology required 
for the ultimate successful d evelopment of single-well seismic 
imaging and (to some degree) crosswell imaging: 

http://www-esd.lbl.gov 
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Figure 1. An example of the single-well data 
obtained at the Lost Hills oil field in Central 
California. The source was a piezoelectr ic 
bender; the receivers were 16 hydrophones 
with recordings at 2 ft intervals. 

• Hardware: sources/ receivers, telemetry / recording, bore­
hole noise effects, deployment 

• Modeling: synthe tic seismograms, param etric s tudies, 
inversion, designs for hardware/surveys 

• Field tes ting: quality data se ts, evaluation/validation at 
well-characterized si tes. 

• Data process ing and interpre ta tion: algorithms, 3D 
imaging, noise red uction, visualiza tion. 

ACCOMPLISHMENTS 
Several Single-well surveys were run a t Ch e vron' s Lost 

Hills oil field in Central California . Th e obj ec tive of the 
work w as to perform time- lap se imaging of a CO2 flood in 
the dia tomite . In Au gus t 2000 and M ay 2001, two separa te 
surveys w ere run to gain data before inj ec tion and after 
injec tion , res pec tively. Additional objec tives were to tes t 
tube-wa ve damping with a de vi ce d esigned and fabricated 
by INEEL. In each survey, differen t configura tions of 
sources and rece ivers were run, u sing a high -frequency 
piezoelec tric source (500 Hz to 200 Hz) and a low-frequ ency 
orbita l source with both hydrophones and three component 
geophones. In the tube-wave experim ents, a 10-16 dB reduc­
tion of the tube w ave was ob tained with th e INEEL tube 
w ave at tenua tor. Figure 1 sh ows an example of the single­
well data obta ined in the base.line tes t. 

ACKNOWLEDGMENTS 
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TUBE-WAVE SUPPRESSION FOR SINGLE-WElL IMAGING 
Tho mas M. Da ley, Ro la nd Gr itto, a nd Ernest L. Maje r 

Contact: Thomas M. Da ley, 5 10/486-7316, tmda ley@ lb l. gov 

RESEARCH OBJECTIVES 

The objective of this project is to conduct field tests of a bore­
hole tube-wave suppressor (TWS) in conjunction with single­
well seism ic im aging (SWSI). We can quantify the effects of a 
new TWS, developed at Idaho National Engineering and 
Env ironme nta l Laboratory (IN EEL) by using Berkeley Lab's 
si ng le-well equipment. 

APPROACH 
We conducted two field-scale tests. The first was in shallow 

wells a t the University of California's Richmond Field Station 
(RFS). The RFS has four boreholes of 100 m depth and 6 in. 
diameter. These well s are deep enough to deploy the SWSI 
system and TWS. 

A follow-up test at an oil -fie ld site was then schedu led to test 
the equ ipment in a deep we ll situation. We conducted this test 
with Berkeley Lab's SWSI field system a t Chevron's Lost Hills oil 
field. Chevron's CO2 flood pilot site was extenSively used. This 
si te has permanently emplaced observation wells that are avail­
ab le for studies wi thout taking production wells off-line. 
Berkeley Lab has previously acquired crosswell and Single-well 
surveys at this site, which has recently undergone h ydrofrac­
turing and CO2 injection. 

ACCOMPLISHMENTS 
For the first test, we recorded data with hydrophones and 

wall-locking geophones, both with and without the TWS. These 
tests allow quantification of tube-wave attenu a tion as well as 
field testing of the hardware and mechanical / electrical inter­
face. Data were recorded by Berkeley Lab using a fiber-optic 
borehole digitizer. The successful comp letion of these tests indi ­
ca ted a reduction of tube waves of about 10dB, relative to the 
compress io na l P-wave. 

In the follow-up test, the p resumed vertica l fracture zone is a 
particularly attractive imaging target for the single-well acq uisi­
tion geometry. While useful data was acquired in the initial 
surveys (demonstrating the baseline properties of the site), tube 
waves were a major problem. We expect the se ismic data to be 
greatly en hanced by TWS. The comparison of data collected 
w ith and w ithout the TWS is shown in Figure l. We see a 
dramatic reduction of tube-wave·'energy. 

SIGNIFICANCE OF FINDINGS 
We h ave shown that the THEEL TWS can dramatica ll y 

reduce the tube-wave energy in a Single-well seismic survey. 
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This result is very important for the future of single-we ll surveys 
as well as other borehole seismic surveys. 

RElATED PUBLICATIONS 
Daley, TM., E.L. Majer, and R. Gritto, Single-well seismic imaging­

Status report, Berkeley Lab Report LBNL-45342, 2000. 
Daley, TM., Single-well se ism ic-imaging tests: November 1997 at 

Bayou Choctaw Site, Berkeley Lab Report LBNL-42672, 1998. 
Daley, TM., Single-well se ismic imaging in a deep borehole 

using a piezoelectric orbi tal vibrator, Berkeley Lab Report 
LBNL-42673,1997. 
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Techno logy, the Natura l Gas and O il Technology Partnership 
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Figure 1. Single-well seismic-receiver gather from Lost Hills well 
OB-C1. The data were recorded using Berke ley Lab's high­
frequency piezoe lectric source and hydrop hone sensors. A 
dramatic reduction in tube ene rgy is seen whe n the tube-wave 
suppressor is used in the pos tinjection su rvey. 
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FRACTURE QUANTIFICATION IN 
GAS RESERVOIRS 

Ernest L. Majer, Thomas M. Da ley, Larry Myer, Kurt Nihei, and Seij i Nakagawa 
Contact: Ernest L. M ajer, 510/486-6709, elmajer@lbl.gov 

RESEARCH OBJECTIVES 
Berkeley Lab is the lead ins titution of a compreh ensive 

program between the Department of Energy and indu stry for 
integrated fi eld tes ting and analysis. This program is aimed a t 
improving the fundamental unders tanding of seismic-wave 
propaga tion in na tura lly fra ctured gas reservoirs to ex tend frac­
ture ch arac teriza tion to fracture guantifica tion . A coopera tive 
research program has been organized between Berkeley Lab and 
Conoco, Inc., Lynn, Inc., Schlumbergel~ Inc., Stanford 
University, and Virginia Tech. This fie ld-scale effort is focused 
on using fi eld prod uction and tes t facilities for both develop­
ment and valida tion of methods for predicting fractured reser­
voir performance. 

APPROACH 
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We anticipa te tha t wells wi ll be drill ed to validate the results of 
this work. 

The overall work plan can be divided into four broad tasks: 
1. Modeling 
2. Field measurements 
3. Processing and interpreta tion 
4. Reservoir simulation 

ACCOMPLISHMENTS 
Over the p ast year, the effort has focused on reprocessing 

and interpretation of a 20-sguare-mile P-wave, 3D surface, 
seismi c da ta se t. The objective of the reprocessing by Conoco 

was to provide the "best" image for frac­
ture identification by Lynn. The 
process ing improved the past results by 
which Lynn targeted potentially frac­
tured a reas in the subsurface. This was in 
preparation for the nex t phase of fi eld 
work, in which vertical seismic profiling 
(VSP) and single-well surveys will be run 
in two new wells drilled by Conoco in the 
20-sguare-mile study area . 

We a re starting with current sta te-of­
the-art methods and ex tending the 
surface-based informa tion with current 
borehole methods (vertical se ismic 
profiling, crosswell and single well) to 
guantify fracture characteristics. The 
approach will be an industry-coupled 
program, tightly linked to actual field 
cases, ite ra ting be tween development 
and app lica ti on . Past efforts have 
fo cused on fieJd experiments in we ll ­
characte ri zed field sites a t both the inter­
medi a te and fu ll field sca le. We wi ll 
continue w ith this approach, working at 
indus try sites that are representative of 
other sites. 

-1.0e -11 O.Oe+OO 1.0e-11 

Another m ajor thrus t was the 
modeling of seismic waves in fractured 
media . Our approacb is to mod el the 
effects of discre te fractures (in add iLion to 
an eguivalent media approach). Figure 1 
shows an example of this a pproach, a 
multilayer m odel with one layer baving 
many smaller frac tures and the entire 
model cut by several larger fractures 
(faults). The results of using a discrete­
fra cture mode ling approach show tha t 
such effects as sca ttering, tuning, and 
diffraction are ca used by the fractures . 
Future work wi iJ involve validating the 
different sca le effects with fi eld data . 

The proposed fie ld site for this 
year's work was the Conoco property in 
New Mexico's San Juan Basin. The 
criteria we set for the field site are: (1) it 
must be in a n area of ongoing commer­
cial interest; (2) it must have a wealth of 
geologic and other geophysical informa­
tion; and (3) we must be able to have 
ongoing access throughout the project. 
Idea ll y, we a lso would like to be 
involved with the producer to such an 

x-component velocity (m/s) 

Figure 1. Model 113 Horizontal Component 
400 ms. Seismic wavefield throu gh a layered 
media with discrete fractures of two different 
sizes, large through-going "fau lts" ("V' shaped 
image) and smaller fractures within one layer 
(smaller diffractions). The wavefie ld was 
calculated using a fin ite-element di screte-frac­
ture model rather than an equiva lent media 
mode l. 
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SEMI-AUTOMATIC SYSTEM FOR 
WATERFLOOD SURVEILLANCE 
Tadeusz Patzek and Dmitri y B. Silin 

Contact: Tadeusz Patzek, 510/643-5834, patzek@patzek.berkeley.edu 

RESEARCH OBJECTIVES 

A successful waterflood requires proper operation of indi­
vidua l wells in a pattern as well as maintained balance between 
water injection and production over an entire project or field. 
Aggressive or unbalanced injection leads to reservoir rock 
damage and consequent loss of we ll s caused by shear fai lure of 
reservoir rock and overburden . 

Our ultimate goal is to design an integrated system of field-wide 
waterflood surveillance and supervisory control. Recently, we have 
introduced a new element of our system, satellite images of the field 
surface through Synthetic Aperture Radar Interferograms (InSAR). 

APPROACH 
Damage to heterogeneous soft rock caused by water injec­

tion is not well understood yet. Rock damage causes water recir­
culation between injectors and producers without the desirable 
pressure support and increased oil recovery. Water-swept, pres­
surized regions in the reservoir cause less surface subsidence, 
the evolution of which shows up on satellite images with 
remarkable accuracy and clarity. 

ACCOMPLISHMENTS 
1. Illjection iI/to a Layered Reservoir 
Injection into a layered reservoir is extremely difficult. Usua lly, 

"thief-layers" or highly conductive channels of damaged rock 
exist. Recently, we have designed an optimal injection controller 
for mixed transient/ steady-state flow in a layered formation. The 
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Figure 1. Monthly subsidence bowl in cm/month, Lost 
Hills, CA, 1999; Sections 4,5,29,32, and 33 

objective of the controller is to maintain the prescribed injection 
rate in the presence ofhydrofracture growth and injector-producer 
linkage. The history of injection pressure and cumulative injection, 
along with estimates of the hydrofracture size, are the controller 
inputs. After analyzing these inputs, the controller outputs an 
optimal injection pressure for each injector. 

2. InSAR Image Analysis 
Between Apri l 1995 and December 1999, we analyzed ten 

differential InSAR images of the South/North Belridge and Lost 
Hi lls diatomite fields in California (Figure 1). The images show 
that the rate of subsidence has decreased in some parts of Lost 
Hills and Belridge wh ile it increased in others. We have been able 
to demonstrate the remarkable behavior of both fie lds: 

(a) There is recircu lation of injected water through the "tubes" 
of damaged soft rock that link injectors with producers, 
resulting in diminished pressure support from the water­
floods. 

(b) Consequently, despite more water injection, there is more 
subsidence in Sections 29, 34, and 33 in Belridge, and in 
Sections 29, 4, 5, and 32 in Lost Hills. 

(c) Because much of the injected water is recirculated, the rate 
of subsidence is proportional to water production rate. 

(d) Compaction rema ins an important mechanism of hydro­
carbon production. 

(e) In addition to accelerated compaction in the densest and 
most advanced waterfloods, there is a sizable oil produc­
tion response to water injection. 

SIGNIFICANCE OF FINDINGS 
Our work, done in co ll aboration with Chevron and Case 

Services, will result in higher ultimate oil recovery and lower 
well losses in two giant oil fields in California. A preliminary 
patent application has been filed. 

RELATED PUBLICATIONS 
Patzek, TW., and D.B. Si lin, Use of InSAR in surveillance and 

control of a large fie ld project, 21st Annual Int. Energy Agency 
Workshop and SympOSium, Edinburgh, Scotland, 2000. 

Patzek, TW., and D.B. Si lin, Control of fluid injection into a low­
permeability rock: 1. Hydrofracture growth. TIPM, July 2001. 

Si lin, D.B., and TW. Patzek, Water injection into a low-perme­
ability rock: 2. Control model. TIPM, July 2001. 

Patzek, TW., D.B. Si lin, and E. Fielding, Use of satellite radar 
images in surveillance and control of two giant oilfields in 
California, SPE 71610, 2001. 
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GAS-PRODUCTION SCENARIOS FROM HYDRATE ACCUMULATIONS AT 
THE MAlliK SITE, McKENZIE DElTA, CANADA 
George J. Moridis, Karsten Pruess, and Larry R. Myer 

Contact: George J. M oridi s, 510/486-4746, gjmori d is@ lb l.gov 

RESEARCH OBJECTIVES 
The Mallik site represents an onshore permafros t-associated 

m ethane h ydra te accumulation at the McKen zie Delta, 
N orthwes t Territories, Canad a. A 1,150 m deep gas h ydrate 
research w ell w as drilled at the site in 1998 and led to the firs t 

o 5 10 

tion of a t leas t 50% (the rem ainder being pore wa ter). Thermal 
s tim ula tion by circulating hot wa ter in the well was selected as 
the main m ethod of dissociation because of its effectiveness and 
simplicity under the conditions of the planned field test. These 

15 20 25 30 

are Significant fac tors in the effort to 
analyze field param eters of h ydra te 
dissocia tion p erform ance. 

significant body of field d a ta from a 
natural-gas h ydra te dep osit (Dal­
limore et a1., 1999) . An interna tional 
consortium of seven organiza tions 
from five countries is currently plan­
ning a new test well for the analysis of 
dissocia tion under field conditions. 
The objec tive of the Berkeley Lab 
component of this research is the 
analysis and evalua tion of various gas 
production scenarios from several 
hydrate deposits. 

Time (days) 

Sen sitivity s tudies in dica ted tha t 
CH4 release from the hydrate accumu­
la tions a t the Mallik site increases with 
the CH4-hydra te sa tura tion , the hy­
drate initial temperature, the tempera­
ture of the circulating wa ter in the well, 
the well bounda ry condition s, and the 
thermal cond uctivity of the system 
(Figure 1) . CH4 production appears to 
be less sensitive to the rock and 
h ydrate specific heats, the permeability 
of the for.ma tion in the ra nge observed 

APPROACH 
Figure 1. Sensi tivity of dissociation front to the 
thermal conductivity 

The analysis of severa l production 
scenarios currently under consideration was conducted using 
the TOUGH2 genera l-p urp ose simula tor (Pruess, 1991) for 
multicomponent, multiphase fl uid and heat flow and transport 
in the subsurface with the EOSHYDR2 module (Moridis e t al. , 
1998). EOSHYDR2 is designed to model the noniso therm al CH4 
release, phase behavior, and flow under cond itions typ ical of 
CH 4-hydra te deposits (i.e., in the permafros t and in d eep-ocean 
sediments) by solving the coupled equa tions of m ass and hea t 
balance. The m odel acco unts for up to fo ur phases (gas phase, 
liquid phase, ice phase and CH4-h ydrate phase) and up to seven 
components (CH4-hydra te, water, na tive m e thane, d issociated 
me thane, salt, wa ter-soluble in hibitors, and hea t). The model 
can describe h ydra te d issociation involving any combination of 
the p ossible dissocia tion m echanism s (i. e., depressuriza tion , 
thermal s timula tion, salting-ou t effec ts, and inhibitor-induced 
effects). 

ACCOMPLISHMENTS AND SIGNIFICANCE 
Early inves tiga tions indicated tha t production from accu­

mula tions with free gas and/ or w a ter zones underlying the 
hydra te dep osit was n ot promising because of ad verse condi­
tions at the site . The s tudy focused on accumula tions with no 
underlying free gas or wa ter zones, and a CH4-hydrate satura-

hllp:l/www-esd.lbLgov 

a t the si te, and the irreducible gas sa tura tion. A general obser­
va tion of the s tud y is th a t the ex tent of the d issocia tion zone 
appears to be limited w ithin the short operational window of 
the p lanned tes t (necessita ted by adverse climatic conditions a t 
the arctic site). 

REFERENCES 
Dallimore, S.R., T. Uchida, and T.S. Collett, eds., Scientific results 

from JAPEX/JNOC/GSC Mallik 2L-38 gas hydrate research 
well, Mackenzie Delta, Northwes t Territories, Can ada, 
Geological Survey of Canad a Bulletin 544, 1999. 

Morid is, G .J ., J. A. App s, K. Pruess, and L.R. Myer, EOSH YDR: 
A TOUGH2 m odule for CH4-release and flow in the subsur­
face, Berkeley Lab Report LBNL-42386, 1998. 

Pruess, K., TOUGH2-A general-purpose n umerical simulator 
for multiphase flu id and heat flow, Berkeley Lab Report 
LBL-29400, 1991. 
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DYNAMIC RESERVOIR CHARACTERIZATION THROUGH THE USE OF 
SURFACE DEFORMATION DATA 
Donald W. Vasco and I<enzi I<arasaki 

Contact: Donald Vasco, 510/486-5206, dwvasco@li map4.l b l.gov 

RESEARCH OBJECTIVES 
The objective of this project is to d evelop and characterize a 

reservoir though the use of surface-d eform ation d a ta, such as 
displacem ent and surface tilt induced by pumping or injection. 
Obtaining s uch d a ta can be a cos t-effecti ve way of gathering 
information on reservo ir flow geom etry, which is critica l for 
successful reservoir m anagement. 

APPROACH 
When fluid is produced from or injected into a reservoir, it 

cau ses volume ch anges in the reservoir, which in turn induce 
displacem ents on the ground surface. If a preferenti al fl ow path 
su ch as a fault zone exis ts in the reservoir (which is often the 
case in geo therm al rese rvoirs), flow will occur m os tly along the 
fault. Ob ser va tions of surface deformation ca n be used to esti ­
m ate the distribution of the volume changes in the reservoir. For 
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Figure 1. 3D perspective view of the inversion results. Triangles 
show the tiltmeter loca tions. The fractional volume increase at 
depth parall els a known fa ult. 

example, a vertical fa ult zone w ould produce a linear trough in 
the inverted image. The large r the volume change is at a par ti c­
ular loca tion, the more likely fluid has moved in or out of the 
loca ti on. The dis tribution of volume change is ti ghtly cou pled 
with tha t of the reservoir flow properties: permea bility and 
compressibility. 

Surface expression of such reservoir dynamics can be m oni­
tored by using high-precision tiltme ters, global positioning 
sys tem s, laser level gages, and InSAR (Interferometric Synthetic 
Aperture Rad ar). Monitoring of the deformation a t or near the 
surface cos ts ve ry littl e compared to drilling a large number of 
boreholes and instrumenting them with press ure sensors . This 
rem ote-sensing approach also prov ides independent da ta on 
reservoir dynamics that can be used to confirm or refute a reser­
voir m odel based on the borehole d a ta alone. 

ACCOMPLISHMENTS 
In 2000, a to tal of som e 24 tiltme ters w ere used to monitor 

surface tilts a t the Okuaizu Geo thermal Fie ld in Japan . 
Monitoring was timed to coincide with a schedu led field-wide 
maintenance, a t which time all the production and re-injection 
wells were shut-in. The inversion results (Figure 1) indica ted 
that the volume change a t dep th parallels a kn own fault. We 
also in verted InSAR d a ta from the Coso Geotherm al Field and 
showed that the use of bo th ascending- and descending-orbit 
InSAR d a ta is advantageous fo r obtaining better resolution of 
subsurface volume change. 

SIGNIFICANCE OF FINDINGS 
We have shown tha t surface d eformation d a ta such as tilt 

and InSAR da ta can be utilized to charac terize the dy nami cs of 
deep reservo irs. 

RElATED PUBLICATION 
Vasco, D.W., C. Wicks, and K. Karasaki, Geod etic imaging: 

H igh-resolution reservoir monitoring using sa tellite inter­
ferometry, Geophys. J. Int., 2001 (in press). 

Vasco, D.W., K. Ka rasaki, and O. Nakagome, Monitoring reser­
vo ir p rodu cti on using surface deformati on a t the Hijiori test 
site and the Okuaizu geotherm al fi e ld, Japan, 2001, 
Geo thermics, 2001 (submitted) . 
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REACTIVE-CHEMICAL-TRANSPORT SIMULATON TO STUDY 
GEOTHERMAL PRODUCTION WITH MINERAL RECOVERY 

Ti anfu Xu, Kal'sten Pru ess, Minh Ph alll,' Chri stopher Klein,' and Subir Sanya l' 
I Geotherm Ex, I nc , Richmond, Ca I iforn ia 94804 

Contact: Tianfu Xu, 510/486-7057, t ianfu_xu@lb l.gov 

RESEARCH OBJECTIVES 

Vast reserves of dissolved minerals exis t in the hypersa line 
brines of geothermal fields at Imperial Valley, California . 
Recovery of zinc from geo thermal brines is taking place in this 
area, and recovery of silica, manganese, silvel~ lead, and lithium 
has been or is being considered. Consequently, the ability to 
model mineral recovery is very important 
in term s of economic development and 
resource utilization . 

APPROACH 
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observation well is loca ted be tween the injec tion and produc­
tion wells. ) 

SIGNIFICANCE OF FINDINGS 

" 

This "num.erical experiment" provides useful insight into the 
process mechanisms, conditions, and 
para meters controlling z inc recovery in 
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the reservoir. This project also demon­
s trates that TOUGHREACT ca n be a 
useful tool fo r simulating these kind s of 
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RElATED PUBLICATIONS 

The rea cti ve-geochemical-trans port 
simula tor TOUGHREACT (Xu and 
Pruess, 1998) has been used to m odel 
rock-fluid interactions during production 
from and injection into the hypersaline­
brine geothermal sys tem. The modeling 
uses published wate r-chemis try data 
from Imperial Va lley and a simplified 
flow sys tem intended to ca pture realis tic 
fea tures of the hydrothermal sys tem. 
Simula tions were perform ed using 
different production and injec tion rates, 
pH va lues, and silica concentra tions of 
the injection water. 

c I 
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Pruess, Reducing cost and environmental 
impact of geothermal power through 
modeling of chemjcal processes in the 
reservou~ in Proceedings of Twenty-Sixth 
Workshop on Geotherma l Reservo u' 
Engineerulg, Stanford University, 
California, January 29-31, 200L 
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Figure 1. Evolution of aq ueous zinc concen­
tration obtained with a production/ injection 
rate of 8 kg and an injecti on pH of 4 

Xu, T, K. Pruess, M. Pham, C Klein, and S. 
Sanyal, Reactive chemical transport 

ACCOMPLISHMENTS 
Results indicate tha t the evolution of temperature and 

zinc concentra tion dep ends on production a nd injection rate. 
A lower ra te results in a lower te m pera ture drop and higher 
zin c concentra tion. A low injec tion pH Significantly enhances 
the di ssolu lion of spha lerite (Z nS) in the reser voir rock, 
increas ing aqu eou s zinc concentrat ion. A hi gh e r injec tion 
silica concentration lea d s to silica precipitation, but decreases 
the reservoir porosity only slightly (even after 20 yea rs ). 
Simulated evolution of the aqueous zinc concentra tion at 
observa tion and production w ells is shown in Figure L (The 

htlp://www-esd.lbl.gov 

simula tion to study geothermal produc­
tion with mineral recovery and silica scaling, Geothermal 
Resources Council Annual Meeting, San Diego, California, 
August 26-29, 2001. 
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NON-CONDENSABLE GASES: TRACERS FOR RESERVOIR PROCESSES IN VAPOR-DOMINATED GEOTHERMAL SYSTEMS 
Alfred Truesdell and Marce lo Lippmann 

Conlac t: M arcelo Lippmann, 5'10/486-5 035, mjlippmann @lbl .gov 

RESEARCH OBJECTIVES 

At The Geysers field, 75 miles (120 km) north of San 
Francisco, California, the largest known vapor-dominated geot­
hermal sys tem in the world, injecti on of wate r back into the 
rese rvoir began with commercia l exploitation in 1960. This injec­
tion, cons is ting of stea m condensa te and ava il able surface wate l~ 

was limited to 30% of the mass ex tracted. In late 1997, in the 
s team field operated by the Northe rn Ca lifornia Power Agency 
(NCPA ), the amount of injecti on essenti a lly doubled when lake 
w a ter and treated waste water from 

changes over time in steam temperatures and steam fractions 
(from individu al we ll s) shows that s team from well s in the 
center of the N CPA fi e ld origina tes from fairly uniform condi­
tions produ ced by injection . In contrast, s tea m from we ll s in 
periphera l a reas origin a tes from progreSSively drie r rese rvo ir 
zones, which may re turn to nea r-original conditions depending 
on the characteris ti cs of the injection opera tions. 

Contours of total non-condensable gases show tha t changes 

the So uth East Geysers Effluent 
Pipeline w e re delivered to the 
sou thern p art of the system. 
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in the loca tion and amount of liquid 
injected have been very effective in 
limiting gas concentra tions in the 
steam p roduced by mos t o f the 
NCPA well s. The purpose of thi s work is to 

upda te s tudies o f steam chemistry to 
reflec t ch a nges resulting from the 
increased liquid injecti on, to tes t the 
applicability of geochemical analysis 
to steam fie lds with a relative high 
ra te of injection, and to evalu a te the 
use of non-condensable gases to 
id entify reservoir processes. 
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This s tudy confirms the useful­

ness of non-condensable gases to 
identify reservoir processes in 
vapo r-dominated geo therm al sys­
tems, particularly in The Geyse rs 
fi e ld . Varia tions of gas ra tios in the 
produ ced steam ex pl a in processes 
resulting from la rge-sca le produ c­
ti on and from an increasing amount 
of injected liquid. It also illustra tes 
tha t changes in the source (i. e., 
chemical characteri stics) of the 
injec tate are useful in de tec ting the 
va ri ous phenomena occurring in the 
rese rvoir. 
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APPROACH 
The methodology used in this 

stud y is di fferent from that of ea rlier 
work, which was based on oxygen 
and h ydrogen isotopes_ This method 
is no longer effective because 
increased injection of creek and la ke 
w ater and trea ted was te wate r has 
lessened the isotopic contrast be tween 
rese rvoir s team and injecta te. 
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RELATED PUBLICATIONS We use D' Amore's (1991) gas 
geothermometer grids and ch anges 
in total gas contents in the s team to 
construct time-series diagram s for 
individu al NCPA w ell s ove r the ir 
entire production hi s tories. Instead of 
describing the grid diag ram behavio r 

Figure 1. NCPA Geyse rs steam field. Contours of total 
non-condensable gas in the produced steam (in ppm v) 
for 1992, 1997, and 2000. Injection wells in use are 

D'Amore, F, and A H. Tm esdell, 
Calculation of geothermal reservoir 
temperatures and steam fraction 
from gas compositions, Geo-

shown as solid circles. 

of each w ell, the beha vio rs a re di v ided into types and inte r­
pre ted according to their pa tte rns. The di stribution- over space 
and time-of non-condensable gases in the produced stea m was 
also analyzed. 

ACCOMPLISHMENTS 
Grid diagram s for nearly 70 NCPA wells were drawn by a 

computer program using the equ ations given in D' Am ore and 
Truesdell (1985). The we lls have been in producti on from the mid­
to-la te-1980s to 2000 (late r d ata were not ava il able). 

Four ty pes of grid diagrams were recogni zed (linear, hairpin, 
cluste r, and random) by Truesdell et a!. (2001 ). In addition, contour 
figures showing the distribution o f tota l nOll-condensable gas in 
the NCPA fi eld were developed for different years (e.g., Figure 1). 

The application of gas geoche mi stry to de tect and monitor 
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thermal ResoW'ces Council Tra ns­
actions 9(1), pp. 305-310, 1985. 

D'Amore, E, 1991, Gas geochemistry as a link be tween geo t­
henn al explo ra tio n and ex pl oita tion, in Appli cati on of 
Geochemistry in Ceothermal Reservoir Development, edited 
by ED'Amore, UNITAR / UNDP, Rome, pp. 93- 117, 1991. 

Truesdell, A., B. Smith, S. Enedy, and M. Lippmann, Recent 
geochemical tracing of injection-related reservoir processes 
in the NCPA Geyse rs fi eld , Geothermal Resources Council 
Transacti ons 25, 2001. 
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A MODEl OFTHE SUBSURFACE STRUCTURE ATTHE RYE PATCH GEOTHERMAL RESERVOIR 
BASED ON SURFACE-TO-BOREHOLE SEISMIC DATA 

Roland Gritto, Thomas M. Da ley, and Ernest L. Majer 
Co ntact: Ro land Gri tto, 510/486-7 11 8, rgri tto@ lb1. gov 

RESEARCH OBJECTIVES 
Berke ley Lab has cooperated with The Industri al Corporation 

(TIC) and Transpacific Geothermal Inc. (TGI) in s tudies to eval­
uate and apply modern seismic-imaging methods for geothermal 
reservoir definition under the DOE's Geothermal Program. As 
part of this cooperation, a 3D seismic-surface survey was acquired 
in 1998, at the Rye Patch Reservoil~ Pershil1g County, Nevada, to 
d etermine the structure of the reservoir (Fe ighner et al., 1999). 
During the 3D survey, an additional exper iment was conducted 
during which a three-component geophone was installed in a 
borehole at depth. This geophone recorded all se ismic waves 
generated by the surface sources, crea ting a second datase t in 
addition to the seismic reflection data. The second datase t was 
used to m ap variations in the reservoir horizon within the area of 
the reservoir. 

APPROACH 
A high-tempera ture, wall-locking, three-component geo­

phone was ins tall ed in Well 46-28 at 3,900 ft depth. The borehole 
geophone recorded all shots throughout the survey area, 
amounting to a tota l of 2,134 traces. The data quality is good, with 
a frequency content of about 25 Hz for the firs t a rri ving waves. A 
total of 2,005 first-arr ival tra vel times were determined out of the 
2134 poss ib le traces. Most of the picks were re liable beca use the 
well-sampled spa ti a l moveout across the source lines facilitated 
the pickillg. 

Mapping travel-time deviations to elevation changes is a tech­
nique that has been used in seismic-refraction studies m the past. 
The method is an approximation that can be applied in environ­
ments where a low-velocity layer is loca ted above a high-velocity 
layer or basem ent. Under the assumption that the ray path from 
source to receiver is known, any difference between the calculated 
and observed trave l times is converted into a distance using the 
velocity model and applied as a devia tion in the boundary 
between the base ment and the ove rl ay ing laye r. We employ the 
same principle in our approach and derive a velocity model of the 
subsurface at the Rye Patch Reservoir from a vertical seismic 
profile (VSP) that was conducted in 1997 (Feighner et al., 1998). 
Based on this velocity model, travel times are computed for each 
ray path from source to receivel~ and the differences in the 
observed travel times are converted to eleva tion changes. In our 
case, we apply the tota l travel-lime difference for each ray to the 
whole geo logic model, thus assuming that any possible faulting 
affected the whole geologic sequence above the basement. 

ACCOMPLISHMENTS 
Amapview of the basement hori zon eleva ti on is provided in 

Figure 1. Three boreholes (46-28,44-28, and 42-28) are shown for 
reference. It can be seen that the 0 ft eleva tion contour line runs 
through We1146-28, which is expected since the velocity model is 
based on the VSP data acquired in tha t well. Only a small devi­

http://www-esd.lbl .gov 

a tion be tween the modeled and m easured d a ta 
is expected at this location. The map shows the 
contours of an e levated stru cture ex tending 
from eas t to west acro the survey area . The 

north-sou th ex tent of this rise reaches roughly from 2107000 
(north of well 42-28) to 2102000 (between Wells 46-28 and 44-28), 
while the east-west ex tension seems to reach beyond the bound ­
aries of the survey area (Figure 1). The elevation in the reservoir 
could be described by a horst or a ridge structure bound by two 
east-west trending faults to the north and south. The interpreta­
tion of an elevated basement w ith an eas t-west trend, bounded 
by linear features towards the northern and southern ex tension, 
is in agreem ent with 2D tom ographic results (Feighner e t al., 
1999) and possibly with geophysical inves tiga tions undertaken 
in a previous study (Teplow, 1999). 

RELATED PUBLICATIONS 
Feighner, M.A., T.M. Daley, and E.L. Majer, Results of the 

vertical seismic profiling at Well 46-28, Rye Patch 
Geothermal Field, Pershing County, Nevada, Berkeley Lab 
Report LBNL-41800, 1998. 

Fe i ghnel~ M., R. Gritto, T.M. Daley, H. Keers, and E.J. Majel~ Three­
dimens ional seismic imaging of the Rye Patch Geothermal 
Reservoir, Berkeley Lab Report LBNL-44119, 1999. 

Teplow, B., Integra ted geophysica l explora tion program at the Rye 
Patch Geotherm al Field, Pershing County, Nevada, Final 
Report to Mount Wheeler Powel~ 1999. 
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Figure 1. Contour map of the variations in eleva ti on of the base­
ment interface at the Rye Patch Geothermal Reservoir. The bore­
holes are indicated for refe rence. 
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ELECTROMAGNETIC METHODS FOR GEOTHERMAL EXPLORATION 
Ki Ha Lee, Hee Joon Kim, and Mike W ilt' 

I Electromagnetic Instruments, Inc. , Richmond, Ca liforni a 94804 
Contact: Ki Ha Lee, 510/486-7468, khlee@ lb l.gov 

RESEARCH OBJECTIVES ACCOMPLISHMENTS 

The objecti ve of the proposed research is to d evelop efficient 
num eri ca l cod es for mapping hi gh-permeab il ity zones, us ing 

In May 2000, Electromagnetic Instruments Inc. (EMI) conducted a 
field test of the newly built Geo-SILT tool (operated by ChevTOn USA) 

Single-hole e lectromagne ti C (EM) data. 
These codes retain a reasonably hig h 
resolution, a re simple to use, and d o not 
require major computational resources. 
The work is in conjunction with the 
rapid development in ins trumentation 
used for borehole EM surveys in 
producing geo the rmal fields. Mapping 
of fractu res and other hi g h-pe nll e­
abili ty zones are critica ll y impo rtant 
becau se they playa very i mporta n t role 
in developin g and producing geot­
hermal rese rvoirs. 

APPROACH 
A simple 2D inversion code for 

analyzing data obtained in sing le-bore­
hole configurations was developed for 
laboratory use in FYOO. The numerical 
method adop ted is the integral eq ua­
tion, based on a modified Born approx­
imation. The m edium of interes t is 
cy Iindrica 11 y symmetric in this case, 
and the resulting invers ion algorithm 
will be simple enough to be imple­
m ented on PCs operated in the fie ld. In 
FYOl, the 2D inversion code develop­
ment w ill be comple ted and fie ld-tested 
for routine on-si te use. In the next 3 
years (FY02-FY04) the a lgorithm will 
be extended to investigate 3D electri ca l 
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Figure 1. Conducti vity imaging derived from the 
2D invers ion of data obtained from Chevron 
USA. The model started wi th uniform condu c­
ti vity (far left) of 4 Q-m, and after eight itera­
tions, the misfit in terms of rms (shown as 
frac ti onal numbers after the number of iterat ions 
shown at the top of each image) converged to 
about 1%. 

at Lost Hills oil fie ld in southern CaJifolllja. 
Berkeley Lab eva luated the data for futme 
development of the 3D approximate inver­
sion scheme. As part of the final evaluation 
of 2D inversion code, we conducted a data 
inversion using only the Mz-Hz data. The 
result is shown in Figme 1. 

SIGNIFICANCE OF FINDINGS 
An impo rtant imp rove ment has 

been impl emented to the 2D in version 
code developed for analyzing single­
borehole EM data. The efficiency and 
robustness of an inversion scheme is 
very much dependent on the proper use 
of the Lagrange multip lier, which is 
often provid ed manu all y to achieve a 
desired convergence. We have devel­
oped an automatic Lagra nge multiplier 
se lecti on scheme. Successful applica­
tion of the scheme will improve the 
ability of the code to handle field data . 

ACKNOWLEDGMENTS 
The autho rs wou ld like to thank 

Michae l Morea, C hevron USA 
P roducti on Com pany, and the U.S. 
Department of Ene rgy, Na tion a l 
Petroleum Techn ology Office (Class III 
Field Demonstration Project DE-FC22-
95BC14938) for allowing us to publish 

structures in the vicinity of boreholes. The m ed ium will be 
d ivided azimuthally and rad ially to confirm cylindri ca l s truc­
ture, but each e lem ent w ill be assigned different electrica l 
cond ucti vity. 
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THE YANGBAjlNG GEOTHERMAL FIELD, TIBET: HEAT SOURCE AND FLUID FLOW 
Ping Zhao, ' B. Mack Kennedy, David L. Shuster, Ji Dor,2 Ejun Xie, 2 and Sh aoping Du2 

' Insti tute of Geology and Geophys ics, Chinese Academy of Sc iences, Beijing, P.R. China 
2Tibet Geothermal Geology Team, Lhasa, P.R. China 

Contact: B. M ack Kennedy, 510/486-645 1, bmkennedy@lb l.gov 

PROj ECT OBjEC_T_IV_E_S ____ _ 

The chemical characteriza tion of fluid s in a geothermal 
reservoir is essential for realizing optimum utiliza tion of the 
resource. The isotopic composition of elements in fluids 
provides a quantitative measure of material balance, and there­
fore iso topes are ex tremely powerful in unrave ling fluid histo­
ries and tracing flui.d flow. In this regard, conservative elemen ts, 
such as the noble gases (He, Ne, Ar, Kr, and Xe), are ex treme ly 
useful because they preserve iso topic inform ation related to 
initial conditions and sources. 

APPROACH 

The isotopes of the inert noble gases provide long-lasting 
tracers of flu id sou rces, such as large 3He enrichm ents in deep 
fluids originating in the mantle and enrichments in radiogenic 
4He and 40Ar in crus tal fluids. The occurrence and mixing of 
these various components provide tools for identifying specific 
fluid sources, fluid flow paths from source to rese rvoil~ and 
geo thermal-reservoir characteri stics as defined by mixing, fluid 
residence times, and chemica l processes. 

ACCOMPLISHMENTS ------
The Yangbajing geo thermal field, located -94 km nor thwest 

of Lhasa, Tibet, has an ins talled capacity of - 25 MWe. 
Production is fro m liquid-dominated, shallow, moderate­
temperature (150- 165°C) reservoirs. However, Na/K geother­
mometer temperatures and recent drilling in th NW sector of 
the field indicate the presence of a deeper, higher-temperature 
(-300°C) reservoir benea th the sha 1J0w reservoi r. 

The 3He/ 4He ratios in fluids from the Yangbajing Field were 
found to be low (0.26 Ra) rela tive to typical m antle values (8-9 
Ra). Despite the discovery of the high-temperature deepe r 
reservo ir, a deep res isti vity anomaly inferred to be a magma 
bod y, and long-held conceptual models for the Yangbajing Field 
calling on a magmati c heat source, the helium iso topic compo­
sitions suggests very little (if any) involvement of recently 
intruded magmas. If the heat source is a magma body, then the 
helium has been extenSively diluted with radi ogenic 4He by 

http://www-esd.Jbl .gov 

water-rock interaction or roof foundering in the magma 
chamber. Alternatively, the helium iso topes may suggest that 
heat is mined not from a magmatic intrusion but by deep circu­
la tion of meteoric waters along the Yarlu-Zangbo suture. 
Variations in helium abundan ce and isotopic composition are 
consistent w ith the mixing of a deep-high 3He/4He fluid (- 0.26 
Ra) w ith the shallower overly ing reservoir «0.09 Ra) currently 
being produced. 

SIGNIFICANCE OF FINDINGS ----------
The helium iso topic composition of the Yangbajing geo­

thermal fluid s is inconsistent with a strong magmatic influence. 
In light of the helium isotopic data, the inferred significance of 
the resistivity anomaly should be reconsidered . Varia tions in 
helium abu ndance and iso topic composition support mixing 
between th deep and sha llow reservoirs, suggesting that ex ten­
sive exploita tion of the deeper fluids could accelera te depl eti on 
of the shallow resource. 

RELATED PUBLICATIONS 

Zhao, P., B.M . Kennedy, D. Shuster, J. Oor, E. Xie, and S. Ou, 
Implications of noble gas geochemistry in the Yangbajing 
geothermal field, Tibet, Proc. 10th Water-Rock Confere nce, 2, 
pp. 947-950, Villasimus, Italy, July 10- 15, 200l. 

Zhao, P., J. Dor, and J. Jin, A new geochemical model of the 
Yangajing geothermal field, Tibet, Proc. World Geothermal 
Congress, Kyushu -Tohoku, Japan, pp. 2007-2012, May 
28-June 10, 2000. 
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The Environmental Remedia tion Technology Program 
(ERTP) conducts multidisciplinary environmental research on 
charac terization, monitoring, modeling, and remediation tech­
nologies . This research is directed primarily a t Departm ent of 
Energy and Department of Defense waste site problems. Since 
many of the con taminants or closely related compounds found 
a t these sites are also dominant at industrial waste sites, much of 
this resea rch is also applicable to problems faced by the priva te 
sec tor and other government agencies . These projects are both 
basic and applied, and include every thing from molecular 
studies to full-scale field deployments in all types of media (gas, 
wa ter, sediment) in all types of environments (wetlands to 
deserts) . This year's major customers have been DOE Office of 
Environmental Management, DOE Office of Science, Work for 
Others-DOD, and Work for Others (Industry and Other 
Government Agencies). 

DEMONSTRATIONS AND DEPLOYMENT 
ERTP supports DOE's Office of Environmental Management 

in both the areas of Environmental Restoration (EM40) and the 
Office of Science and Technology (EMSO). Ear th Science 
Division (ESD) scientists directly supervise characteriza tion, 
remediation and monitoring, and provide regulatory and 
permitting support to Berkeley Lab's Environmental Health and 
Safety Department for all environmental problems on site . 
During this past year, the program demonstrated and deployed 
technologies for bioventing / soil vapor ex traction of vola tiIe 
organic comp ounds (VOCs) and air sparging of so] vent-con ta.m.­
ina ted groundwa ter. 

ERTP resea rch on viscous liquid barriers for containment 
(patent issued) provides a grea t opportunity for containing and 
controlling solvent, metal, and radionuclide contamination at 
waste sites, DOE's grea test environmental cleanup problem. 
Indeed, this technology was deployed at Brookhaven National 
Laboratory this yea r to contain radionuclide contamination in 

the subsurface at one of their facilities. 
~ II This yea r ERTP, in partnership with the 
~ Savannah River Technology Center and Florida 

hltp:llwww-esd,lbl .gov 
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ENVIRONMENTAL REMEDIATION 

TECHNOLOGY 

Terry C. Hazen 

510/486-6223 
tchazen @lbl.gov 

State University, assisted the Institute for Ecology of Industrial 
Areas in Poland in comple ting a full-scale demons tration of 
biopile (aeration) technologies for cleanup of a pe troleum­
refir'lery waste lagoon. The demonstration has shown that both 
passive and active aera tion s tra tegies ca n mee t cleanup stan­
dards for polycyclic aro.matic hydrocarbons in the soil and that 
ac tive aeration cuts the remediation time in half. This demon­
s tratio n ha s been so successful tha t the pe troleum refinery is 
commercializing the process for other refineries and fuel stations 
in Poland. 

ERTP also supports EMSO with technical exp ertise via the 
Strategic Laboratory Council, the Oakland Site Technology 
Coordina tion Group, the multi-agency DNAPL Technology 
Advisory Group, the Subsurface Contaminant Focus Area 
(SCFA) Vadose Zone Book, the Lead Lab Council for SCFA, and 
the Hanford Vadose-Ground wa ter-River Integrated Program. 

FiElD AND LABORATORY STUDIES 
DOE's Office of Science provides funding for several ERTP 

projec ts . The basic research projec ts funded in this area take 
advantage of the unique facilities at Berkeley Lab, such as the 
Advanced Light Source, where researchers look at the interac­
tions between contaminants, water, and minerals at the 
microscale. ERTP has a projec t funded in the Natural and 
Accelerated Bioremediation Research (NABIR) program, which 
looks at mesoscale biotransform ation d ynamics as the basis for 
predicting core-sca le reactive transport of chromium and 
uranium . 

FiElD DEMONSTRATIONS FOR DOD 
Field tests at McClellan Air Force Base, Sacramento, 

California, for the Dep artment of Defense have shown that 
Vadose Zone Monitoring Systems (VZMS)-instrument p ack­
ages consisting of tensiometers, suction lysimeters, gas 
samplers, pressure transducers and thermistors-p ermanently 
installed at multiple levels provide better monitoring of contam­
inants a t waste sides. The field tests a t McClellan AFB allowed 
identifica tion of significant shallow sources of contamination. 
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DEMONSTRATIONS AND TECHNICAL 
ASSISTANCE FOR INDUSTRY/OTHER AGENCIES 

ERTP h as researched selenium transport in the Grassland 
Water Dis trict, California, fo r m an y yea rs . Recent research has 
focused on be tter m ethods for compliance monitoring and 
m anagem ent. The U.s. Bureau of Reclamation has sponsored this 
work in an effort to better manage selenium loading in the agri­
cultural w aste water of the San Luis Drain. Microbial studies 
this year have shown tha t selenium in-transit losses occu r and 
tha t the fate of this selenium is sediment beds . Manipula tion of 
the microbial ecology of the Dra in m ay s timula te the bioreme­
dia tion of selenium from the wa ter, thereby reducing the m ass 
loading of selenium to the San Joaquin River. 

ERTP also provides technica l con sulta tion to priva te 
industry and o ther government agencies on implem enting 
Berkeley Lab- and DOE-patented technologies a t private and 
government-owned sites . Priva te industry must ha ve a license 
to the technology for use a t priva te sites, and all ERTP expenses 
are reimbursed by the compan y or ano ther agen cy. Several 
contrac ts this year were executed for consulta tion regarding 
biorem edia tion and characteriza ti on . 

ERTP also provides technical advisory sup p ort for the Bay 
A rea Defense Conversion Action Team (BADCAT) and the 
California En vironmental Business Council (CEBC) . 

NABIR PROGRAM OFFICE 
ERTP continued to be the NABIR Program Office for the 

Office of Science. The NABIR P rogram O ffi ce maintains the 
d ynamic NABIR Web horne page (ww w.lbl.gov/NABIR/ ) with 
links to inves tigators, program elem ent m anagers, science team 
lead ers, recent publica tion s, annu al m ee ting registra tion , calls 
for proposals, review documents, and o ther Web sites . In addi-
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tion, the NABIR Program Office also organizes the NABIR 
annual investiga tors m ee ting, with more than 150 participant~ 

and sessions for posters, presentations, and breakout sessions. 
The NABIR Program Office is also producing a new NABIR 
Bioremediation Primer tha t will be available to the public ir 
print or electronically on the NABIR home page. The NABIB 
p rogram office also assis ted DOE-HQ in reviewing, eva lua ting 
and s tarting up the Field Resea rch Center for the NABIR 
p rogram at Oak Ridge Na ti onal Laboratory. 

PARTNERS AND FUNDING 
ERTP receives support from DOE program s in the Offices oj 

Science and En vironmental Management (EM). The EM 
program s include the Environmental Managem ent SciencE 
Program ; the Subsurface Contaminants Focus Area; and thE 
Ch ar ac terization , M onitorin g, and Sen sor Technology 
Crosscutting Program . The Offi ce of Science fun ds the NABIf< 
Program Office a t Berkeley Lab, and the Office of Science, OffiCE 
of Biological and En vironmental Research funds two en viron­
m ental rem edia tion projec ts. Support is also received fron­
DOD, Cal-EPA, other DOE Labs, the University of California al 
Berkeley, and U.s. Bureau of Land Management. O thel 
supporters in 2000 include: Pacific Northwes t Na tionai 
La boratory, Radian Interna tional, Earthtech , Woodward & 
Clyd e, Florida Sta te University, and IT Corporation . Partner~ 
include UC-Berke ley, Stanford U niversity, Wes tinghousE 
Savannah Ri ver Company, Id aho National Engineerin§ 
Labora tory, Lawrence Live rmore Na tional Laboratory, Pacific 
Northwest Na tional Labora tory, Utah Sta te University 
University of Nevad a, and University of Illinois. 
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ISOTOPE TRACKING OF WATER INFILTRATION THROUGH 
THE UNSATURATED ZONE AT HANFORD 

Mark E. Conrad and Dona ld J. De Paolo 
Co ntact: Ma rk E. Conrad, 5 10/486-614 1, msconrad @lb l.gov 

RESEARCH OBJECTIVES 
Significant amounts of radioactive waste were generated by 

the production of fu el for nuclear weapons at the Hanford site in 
Washington. High-level waste is currently stored in tanks, some 
of which are known to be leaking. In addition, large quantities of 
low-level waste were discharged directly to the ground. As a 
result of these practices, radionuclide contamination has been 
detected in the ground water at the site and poses a significant 
threa t to the nearby Columbia River. To examine the pathways 
of fluid and contaminant transport through the vadose zone, we 
und ertook an iso topic and chemical study of pore-water 
samples from a borehole through the unsa tura ted zone. 

APPROACH 

precipitation /Columbia River water. Beneath 2 m, however, 
most of the pore waters are shifted to higher 1)180 values, indi­
cating that they have also evaporated. Two pore-water samples 
from the deeper part of the core did not have an evapora ted 
signal (the 44.7 and 71.8 m samples). The deeper sample is from 
the saturated zone and reflects the isotopic composition of the 
groundwater. The other sample is from a perched water zone 
above a caliche layer in the core. This perched water sample 
was the only pore-water sample with significantly eleva ted 
concentrations of several contaminants (Se, Mo, Cr, U, N0 3- , 

S042-, and possibly 99Tc). 

SIGNIFICANCE OF FINDINGS 
The stab le hydrogen and oxygen 

isotope compositions of water provide 
natural labels for different water sources. 
Further, evaporation modifies the isotopic 
signature of water, producing a distinctive 
signa l that can be used to identify affected 
fluids. In the area of the borehole, the poten­
ti al inputs to the vadose zone (local precip­
ita tion, process wa tel'S de rived from the 
Columbia River) have iso topi c composi­
tions in the same range as the groundwater. 
However, eva poration appears to have 
Significantly affected most of the vadose 
zone waters in the area. To quantify these 
effects, the isotopic compositions of 32 
samples of pore water that were vacuum­
distill ed from vadose zone core samples 
have been analyzed. The chemica l compo­
sitions of the pore waters were also meas­
ured by analyzing 1:1 de-ionized water 
leaches of the core materia l. 

(average 8180 of precipitation 
10 ,--L--------------------, Two key aspects of these da ta have 

significant implica tions for fluid infiltration 
at Hartford: 
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Figure 1. Oxygen iso tope compositions of 
pore wa ter sa mples disti lled frolll a bore­
hole dri lled through the Hanford unsa tu­
rated zone 

• The 2-4% shift in the oxygen iso tope 
composition of most of the pore-water 
samples indicates that they have undergone 
20- 35% evaporation. This has important 
implica ti ons for natura l infiltra tion rates at 
the site. No detailed model is currently 
available for translating the average oxygen 
iso tope shift to an infiltration flux. 
Howevel~ to first ordel~ it can be reasoned 
that the changes observed in these samples 
correspond to infiltration rates of approxi­
mately 2.5-6.0 cm /yr. 

• The iso topic composition of the 
perched water sample is clea rly distinct 
from the pore water above and below this 
horizon, indi ca ting that it was not derived 
from direct, vertical infiltration. Further, the 
eleva ted levels of con tam in ants in the 
perched water imply that this water was 

ACCOMPLISHMENTS 
Most of the measured isotopic compositions of the pore­

water samples were shifted by evaporation. The oxygen isotope 
compositions of the pore-water samples are plotted versus 
depth on Figure 1. The 1)180 value of the shallowest sample 
(taken at - 0.5 m depth) is much higher than either local precip­
itation or process water derived from the Columbia River (the 
two potential sources of surface wa ter), signify ing that it is 
strongly evaporated. This is typical o f near-surface soil waters, 
especially in arid and semi-arid environments. At 2 m depth, 
the 1)180 value of the pore water is equal to the average value of 

partially derived from Hanford operations. The most likely 
source of this water is a set of surface holding ponds that were 
located -50 m from the borehole, although it is also possible that 
there could be some input from a tank farm further up gradient. 

~ 
htlp:l/www-esd .lbl.gov 
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FUZZY-SYSTEMS MODELING OF 
IN SITU BIOREMEDIATION OF CHLORINATED SOLVENTS 

Boris Fayb ishenko and Terry C. Hazen 
Contact: Bori s Fayb ishenko, 510/486-4852, bafaybi shenko@ lb1. gov 

RESEARCH OBJECTIVES 

We seek to evaluate the in situ remediation of chlorinated 
solvents carried out at the Savannah River Site in 1992- 93, using 
fu zzy-systems mod eling. This kind of modeling is well suited to 
the ana lysis of imprecise and uncertain concentration measure­
ments in monitoring wells. We hope by this work to determine 
what further applications of this modeling technique would be 
useful for remediation. 

APPROACH 
In 1992-93, a large-scale vadose zone-groundwater va por 

stripping and bioremediation demons tration was conducted a t 
the Savannah Rive r Site. Bioremed iation was carried out by 
injec ting several types of gases (ambient air, methane, nitrou s 
oxide and trie thyl phosphate mixtures) through a horizontal 
well in the groundwater at a depth of 175 ft. Simultaneously, 
soil gas was extracted through a horizontal well in the vadose 
zone at a depth of 80 ft (Hazen et al., 1997). Because of the 
n a tural heterogeneity of soils and complex lithological and 
hydrogeological conditions, significant spatio-temporal varia­
tim,s of volatile organic compounds (VOCs), enzymes, and 
biomass in 11 groundwater-monitoring wells were observed 
over the field site. Such va riations in concentrations make some 
of the results seem ambiguous and d i fficul t to use for describing 
bioremediation processes. 

One of the most powerful modern approaches for analyzing 
such uncertain and imprecise data is fuzzy-systems modeling. 
One of the main advantages of the fuzzy-logic approach is the 
use of the intuitive human ability to conceptualize imprecise 
properties of an object using the concept of a fu zzy number. The 
fuzzy number is a function between the variable and the contin­
uous fuzzy membership function (FMF), which varies from 0 to 
1. Concentration FMFs were determined for each remediation 
campaign (from the probability denSity function [PDF] for a real 
[nominal] data set) by normalizing the PDF to the maximum 
value of the PDF. 

80 

ACCOMPLISHMENTS 

Comparison of FMFs for trichloroethylene (TCE) and 
pentachloroethylene (PCE) mineralizations indi cated that (a) air 
s tripping led to an initial decrease in the TCE minera li za tion 
potential, but an increase in PCE mineraliza tion potential over 
the fie ld scale, and (b) bioremediation by injecting a methane, 
air, nitrous oxide, and triethyl phosphate mixture was very 
effective in wells located close to the injection well. We also 
determined fuzzy relationships between the methanotroph 
densities and TCE concentration by creating a set of continuous 
FMFs and simple fuzzy logic if-then rules. 

SIGNIFICANCE OF FINDINGS 
The fu zzy-systems modeling approach clarified th at 

injecting a balanced mixture of air, methane, nitrous ox id e, and 
triethyl phosphate into the groundwater was the most effective 
bioremediation method. Fuzzy modeling can be used to supple­
ment the conventional statistical and numerical analyses of 
bioremediation for obtaining a better understanding of the 
volume-averaged solvent concentrations over the field scale. 
Future research using these methods could also involve devel­
oping fuzzy-ruled methods to aid in managing remediation 
activities, predictions, and ri sk assessment. 

RELATED PUBLICATION 
Hazen, T.C, K.H. Lombard, B.B Looney, M.V Enzien, J.M. 

Dougherty, C.B. Fliermans, J. Wear, and c.A. Eddy-Dilek, 
Full scale demonstration of in situ bioremediation of chlori­
nated solvents in the deep subsurface, using gaseous 
nutrient biostimulation, in Progress in Microbial Ecology, 
M.T. Martins et al., eds., pp. 597-604,1997. 
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EXPERIMENTAL INVESTIGATION OF 
AEROBIC LANDFILL BIODEGRADATION 

Terry C. Hazen, Sharon E. Borglin, Peter T. Zawislanski , and Curtis M . O ldenburg 
Contac t: Terry C. Hazen, 510/486-622 3, tchazen@lb l.gov 

RESEARCH OBJECTIVES ACCOMPLISHMENTS 

The United States produces approximately 200 million tons of Over the test period, the aerobic landfill bioreactor has shown 
municipal solid waste annually, 57% of which is disposed of in significantly more settling than the anaerobic reactors (see Figure 1). 
municipal landfills. With increasing costs and difficulties in permit- The leachate from the aerobic bioreactor has maintained a neutral 
ting new landfill sites, existing landfill space is becoming a valuable pH and has shown low levels of all measured parameters (metals, 
commodity. Current regulations require capping of landfills to nitrate, phosphate, and total organic carbon). Respiration tests in the 
isolate waste from incoming rainwater and collection ofleachate for aerobic reactor have demonstrated a dependence on refuse age, 
treatment prior to release to the environment, creating what is tempera ture, and moisture content. Live/ dead cell COWltS have also 
termed a "dry tomb" landfill. Resh·icting exposme of air and wa ter shown a decrease in biological acti vity over the same period. The 
to the refuse slows biodegradation rates and increases the time wet, anaerobic bioreactor has shown high levels of all measured 
required for landfill stabilization. The • ___________________ • chemical parameters in the leachate and 

objective of this project is to develop da ta 30.,---------------- has required buffering to adjust the pH to 
to support the concept of Aerobic - Aerobic Wet neutral levels. The dry, anaerobic reactor 
Landfill Bioreactors. In these systems, 25 did not produce any leachate, and 
the refuse mass is kept wet and aerobic, showed a lower settling rate and CO2 rate 

~20+---~~ __ ~~--------
thereby greatly increasing the biodegra- E than the wet, anaerobic reactor. Neutron-
dation rate. The increased rate of ~ 15 t-c.~::::::::::;:;;;;"'~=------ probe measm ements have proven to be a 
biodegrada tion results in faster stabiliza- ~ reli able method for monitoring average 
tion and increased settling, whidl would u.; 10 +.4r--------------- moisture content within the tanks. il" 
allow for input of additional refuse or 
faster land reuse. In addition, aerobic 
systems do not produce noxious odors 

5~~-------------------- SIGNIFICANCE OF FINDINGS 

o +---~ __ --~----~----~--~ This stud y demonstra tes tha t m ain­
taining the refuse as an aerobi c biore­
actor increases the ra tes of se ttling and 
stabiliza tion as well as producing less 
odor and less hazardous leachate. 
OngOing work includes inves tiga tion 

or methane, a powerful greenhouse gas. o 50 100 150 200 250 
Time (days) 

APPROACH 
In thi s study, rates of settling and 

biodegrada tion are measured in large 
labora tory-sca le bioreactors. Three 

Figure 1. Settling of the refuse mass over time by 
type of treahnent 

trea tments are being applied to the bioreactors: (a) aerobic land­
fill (a ir injection with water addition and recirculation), (b) dry, 
anaerobic landfill (no air injection or leachate recircula tion), and 
(c) wet, anaerobic landfill (no air injection, but water addition 
and recircul a tion) . The three bioreactors consist of 55 gal. clear 
acrylic tanks ins trumented to monitor pressure, temperature, 
moisture, humidity, and gas and leachate composition and flow 
rates. All tanks contain 10 cm of grave l at the bottom, overlain 
by a sample of typical municipal waste. Air is injected into the 
bottom of the tanks, and gas is vented out the top . Leachate is 
collected at the bottom of the tanks, recircu lated, and sprinkled 
over the top of the refuse. A neutron probe is used to monitor 
the average moisture content of the refuse. 

Relative degradation ra tes be tween the tanks are monitored 
by CO2 and CH4 production ra tes . Respiration tests were also 
conducted in the aerobic tank by ceasing air injection and moni­
toring the ra te of oxygen consumption. The leachate is sampled 
regularly and monitored for biological activity and chemical 
composition. 

htlp:llwww·esd.lbl.gov 

of the effect of nutrient addition on 
activity and further investiga tion of the effect of moisture and 
air addition on biodegradation rates. A recently developed code 
for numerical simulati on of landfill bioreactors (T2LBM) wi ll 
also be Llsed to model biodegrada ti on in the reac tors. See a 
rela ted report in this publication for de tails on the T2LBM land­
fill biodegradation model. 

RElATED PUBLICATIONS 
Borglin, S., T. Hazen, C Oldenbmg, and P. Zawislanski, Laboratory 

investigation of the aerobic biodegradation of municipal land­
fill materials, Berkeley Lab Report LBNL-47979, 200l. 

Oldenbmg, CM., T2LBM: Landfill bioreactor model for TOUGH2, 
Version 1.0, Berkeley Lab Report LBNL-47961, 2001. 
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SUBSURFACE IMAGING FOR CHARACTERIZING HETEROGENEITY AFFECTING 
MICROBIAL-TRANSPORT PROPERTIES IN SEDIMENTS 

Ernest L. Majer, Su san Hubbard, Kenneth H. Willi ams, John E. Peterson, and Jinsong Chen1 

1 University of Ca lifornia, Berkeley 
Contact: Ernest L. M ajer, 510/486-6709, elmajer@lb l.gov 

OBJECTIVE 

Although heterogeneity occurs a t almost every scale, it is not 
known how key physical and chemical pa ramete rs affect micro­
bi a l beh av io r at different sca les in a na tural environment. A 
prim a ry goa l is to rela te physical and chemi ca l para mete rs­
using geophysica l methods (i.e., param ete rs tha t we have expe­
rience m easuring in situ)-to significant microbial properti es 
and thus predi ct their behavior in the subsurface. 

APPROACH 
This resea rch involves a n integra ted a pproach to cha racter­

iz ing and ide ntifying the fund amenta l prope rti es and sca les 
necessary to image he te rogene ities, us ing geophys ica l methods 
tha t may control transp ort in near-surface sedimenta ry media. 
Particular emph asis is placed on unders tanding tra nspor t 
behavior rela tive to understanding subsurface mi crobial 
behavior. 

This approach u ses controll ed sm all-sca le field sites and 
supplem entary laboratory info rma ti on to characterize the pro p­
e rti es affecting chemical and bacte ri al transport, w hich can be 
im aged w ith in situ ch aracte ri za ti on me th ods. Efforts in this 
research have been made towa rd defining the hie ra rchy of phys­
ica l characte ri s ti cs tha t control tra nsport and geophys ica l p rop­
erties a t the labo ra tory and field sca le. Also, severa l o ther 
imaging techniques (radar, self potential, DC resistivity ) a re 
being used to obta in a more direct measu re of phYSica l, micro­
bial, and ch emica l properti es. 

ACCOMPLISHMENTS 
Work in the past year a t the Oys te r Site in Virginia (as part of 

the De pa rtment of Energy's N ASIR program) has focused on 
correla ting se ismi c-imaging and radar results to hydro logic and 
chemical properti es. Such work will aid in the understanding of 
bacterial transport properties. In addition, geophysica l properties 
are being correla ted to fl ow and transport properties a ffecting 
flow through a geosta ti sti ca l approach. Also being investiga ted is 
the p OSSibility of direct detection of microbes using geophys ica l 
meth ods. Experiments in the lab and fie ld have indica ted tha t 
both elec tri ca l pro perti es and se ismi c p rope rti es will be affected 
by the presence of microbes. The charac- te ri za ti on a t this site is 
fu ll y desc ribed a t http: // www.esd.1bl.gov / people/ shubbard / 
web_page. 
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RELATED PUBLICATIONS 

Chen, J., Y. Rubin, and S. Hubbard, Estimating hydraulic conduc­
tivity a t the South Oyster Site using geophysica l tomographic 
data, Water Resolll:. Res., 2001 (in press). 

Hubbard, S., and Y. Rubin, A review of selected es timation tech­
niques using geophysica l da ta, Journal of Contaminant 
Hydrology, 45, 3-34, 2000. 

Hubbard, S., J. Chen, J. Peterson, E. Majer, K. Williams, D. Swift, B. 
Mailliox, and Y. Rubin, 2001, Hyd rogeological characteriza­
ti on of the D.o.E. Bacterial Transport Site in Oyster Virginia, 
using geophysica l da ta, Water Resour. Res., 2001 (in press). 
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Figure 1. An exam p le of hyd ra uli c-co ndu cti vity est i­
mates obta ined using radar and seismi c tomographic 
data a t the DOE Bacterial Transport Site in Oyster, VA . 
Note the good co rrelation with the actua l fl ow meas­
urements (Chen et a l., 2001; Hubbard et aI., 2001). 
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HIGH-RESOLUTION IMAGING OF VADOSE ZONE TRANSPORT USING CROSSWElL RADAR AND 
SEISMIC METHODS: RESULTS OF TESTS ATTHE HANFORD (WASHINGTON) SISSON AND LU SITE 

Ernest L. M ajer, John E. Peterson, Kenneth H. Willi ams, and Thomas M. Daley 
Contact: Ernest L. M ajer, 510/486-6709, elmajer@lbl .gov 

RESEARCH OBJECTIVES 

At the DOE Hanford site, heterogeneities of interest can range 
from localized phenomena (such as silt or gravel lenses, fractures, 
and clastic dikes) to large-scale lithologic discontinuities . These 
features have been suspected of leading to fUlU1eling and 
fingering, additional physical mechanisms that could alter and 
possibly accelerate the transport of contaminants to underlying 
groundwater. Understanding of contaminant migration through 
the vadose zone has no t onl y been hampered 

during, and after infiltra tion tes ts using fresh wa ter. A total of 
four data collection visits were made to the site, with three of the 
visi ts consis ting of exactly the same d a ta se ts being collected. 
The crosswell seismic imaging data were collected after all of the 
infiltration tests were completed because the wells used for the 
crosswell seismic bad to be filled with wa ter. The piezoelectric 
source emitted energy from 1 to 10 kHz. 

ACCOMPLISHMENTS by inadequate conceptual models, but has a lso 
suffered from inadeq uate monitoring technolo­
gies. Over the last few years, however, cross­
well radar and seismic imaging have emerged 
as possible monitoring solutions. 

POST3 Moisture Content Changes 

x1 x2 x3 x4 In genera l, the radar and seismic results 
were excell ent. At the time of the experiment's 
deSign, we did not know how w ell these two 
me thods could penetrate or resolve the mois­
ture content and structure. It now appears 
that the radar could eas ily go up to 5, even 10 
m be tween boreh oles a t 200 MHz, and even 
fa rther (up to 20 m) a t 50 MHz. The seismic­
im aging results indica te that a t several­
hundred-hertz propaga tion of 20 to 30 m, high 
resolution is poss ible. One of the most impor­
tant results, however, is tha t together, seismic 
and radar are complem entary in their proper­
ties es tim a ti on. The radar was sensitive 
primari ly to changes in m oisture content, 
while the seismic imagin g was sensiti ve 
primarily to porosity. In a time-lapse m ode, 
the radar can show moisture-content changes 
to a high resolution (see Figure 1), with the 
seismic imaging providing high-resolution 

The main questions addressed with cross­
well m ethods are: 

• What parts of the vad ose zone-ground­
water system contro l flow geometry? 

• Wha t physics controls flow and trans­
port in unconso lida ted soils of the 
vadose zone? 

• What is the optimum suite of field tes ts 
and laboratory studies to p rovide infor­
mation for predicting flow and transport 
behavior? 
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• How can the informa ti on obtained 
during site characteriza tion be used for 
building confidence JI1 predictive 
numerical models? 

6543210 
Increase in moisture content 

The primary purpose of crosswell rad ar 
and seismic imaging a t Hanford is to provide 

Figure 1. Moisture changes from 
the time-lapse radar data 

de tailed informa tion on the lithology and s tructure (25 cm or 
less resolution) as well as provide the same level of detail on the 
location of the fluid transport. A second purpose is to eva lua te 
these methods and / or modification of the methods to determine 
their use at the tank-farm scale. 

APPROACH 
Tests were conducted a t an infiltra tion site where there were 

four PVC-lined h oles spaced 3 to 5m ap art spanning the injec­
tion zone. The ground penetrating radar (GPR) work consisted 
of repeated crosswell tomographic d ata sets that were collected 
be tween the six possible well pairs at the Sisson-Lu site before, 

hllp:llwww-esd.lbl .gov 

lithology. At thi s time, the two different data 
se ts have no t been merged o r jOintly interpreted with each o ther 
or with other da ta se ts, but the potential for providing informa­
tion on fluid flow throu gh vadose zone environments is very 
good. 
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EX SITU TREATMENT OF MTBE-CONTAMINATED GROUNDWATER IN 
FLUIDIZED BED REACTORS 

Keun-Chan Oh and Wi lli am Stringfel low 
Contact: I<eun-Chan O h, 510/486-401 0, kcoh@lb l.gov 

RESEARCH OBJECTIVES 

Contamina tion of groundwater by methyl tert-butyl ether 
(MTBE) is a problem throughout the United States beca use of its 
ex tensive usage as a gasoline oxygenate. Few technologies exist 
for trea tment of MTBE-impacted water. Ex situ trea tment of 
groundwater with granular activated carbon (GAC) is generally 
regarded as the only proven m ethod for MTBE-contaminated 
groundwater remediation. However, the cost of replenishing 
GAC and treating the spent GAC iB prohibitively high. More 
cost-effective and efficient treatm ent technologies are desper­
a tely needed . 

The objective of this research is to understand the biological 
trea tment process of MTBE in fluidized-bed bioreactors and to 
develop a reliable ex situ MTBE treatmen t technology in fluid ­
ized-bed bioreactors that use GAC. 

APPROACH 
Biological treatment of MTBE-impacted groundwater poses 

many problems because of the lack of basic knowledge about 
MTBE biodegradation. Typically, MTBE treatment systems have 
start-up problems with poor process contro l, a nd they become 
unmanageable when they fail. Contr ibuting factors to these 
problems are slow growth rate, low biomass yields, and insta­
bility of the degrading cultures when MTBE serves as the sole 
subs trate. On the other hand, co-metabolic MTBE degradation 
has the advantage of being inducible by co-substrates, such as 
iso-pentane (IP) and propane. The process also has some limita­
tions, however, including possible failure caused by the deple­
tion of co-subs trate and compe titive inhibition between MTBE 
and the co-substra te. 

ACCOMPLISHMENTS 
These metabolic processes were simulated in two laboratory­

scale fluidized-bed bioreactors, using fresh GAC saturated for a 
week with high concentrations of MTBE (>20,000 mg / L). Under 
the same starting conditions and trea tments, Reactor 1 removed 
99.9% of MTBE over the first 80 days, suggesting that MTBE was 
be ing utili zed as the so le subst ra te, while Reactor 2 failed to 
show s ig nifi ca nt MTBE treatment. An IP degrading mi xed 
culture (with IP at 583 mg/L reactor/ day) was then provided for 
Reac tor 2, a nd MTBE trea tment in Reactor 2 began to improve. 
Within a month, MTBE trea tment efficiency was more than 
99.9%, and IP addition was terminated. The reactor maintained 
MTBE removal efficiency without further IP addition. 

As sh own in Figure 1, treatment efficiency in both reactors 
trans ientl y dropped and then rebounded to 99.9% when the 

84 

MTBE loading rate was increased up to 700 mg/L reactor/ day. 
However, the reactors showed different responses to the 
changing loading rate. The ch anging loading ra te had little 
impact on Reactor 1, whereas Reactor 2 took much longer to 
recover to the previous treatment level. 

SIGNIFICANCE OF FINDINGS 
These results show tha t MTBE treatment in fluidized-bed 

bioreactors can be achieved, either through growth-based metabo­
lism or co-metabolism. using iso-pentane- degrading microo rgan­
isms. Also, these shldies demonstrated that the biologica l removal 
of MTBE-impacted groundwater is a highly feasible treatment 
technology at contaminated sites and that MTBE degradation can 
be initiated in treatment systems at these sites by adding iso­
pentane at proper concentrations. 

RElATED PUBLICATION 
Oh, K.-c., and w.T. Stringfellow, Treatment of MTBE in a fluidized­

bed bioreactor using iso-pentane as a co-substra te, 6th Battelle 
Symposium, San Diego, Cali fornia, JW1e 3-7,2001. 
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NUMERICAL SIMULATION OF 
LANDFILL BIODEGRADATION PROCESSES 

Curti s M. O ldenburg, Sharon E. Borgli n, and Terry C. Hazen 
Contact: Curt is M . O ldenburg, 510/486-7419, cmo ldenburg@lbl.gov 

RESEARCH OBJECTIVES 

The need to control gas and leach a te produ ction while mini­
mizing refuse volume in municipal solid was te (MSW) landfills 
has m o tiva ted the development of landfill simulation m od els 
that can be used by opera tors to predict and design optimal 
trea tment processes. Prior models of landfill processes are either 
ba tch models (zero-d imensional), multil ayer batch models (one­
dimension a l), or d o no t cons ider gas production as p art of 
biodegrada ti on. The objective of this research is to develop full y 
three-dimensiona l numerica l s imul a ti on ca pab ilities for landfill 
biodegra da ti on processes, in-
cluding gas p rod uction. In 
this effo rt, we have devel­
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Biod egrada ti on and gas 
producti on in MSW landfills 
is an eno rmously complex 
and variable process . To 
m ake progress in the simula­

Figure 1. Liqu id saturation (51)' tempera ture (T), mass fraction aceti c 
acid (X I-l ACliq)' and aerobicity with li quid velocity vectors at t = 1 day 

less ambient air and mo re 
liquid to be h ea ted. A t thi s 
loca tion, an aerobi c condi ­
tions prevail, w ith corre­
sp ondingly sm all er hea t 
produ ction . The m ass frac­
tion of acetic acid sh own in 
the lower-left panel reveals 
th a t the an aerobic reac ti on 
h as biodegraded m ore ace ti c 
acid than the aerobi c reac­
ti on. In the final pane l, the 
qu antity ca lled aerobi city is 
shown, in which aerobici ty 
eq ual to on e indica tes 
aerobic conditions, and aero­
bicity equal to zero indica tes 
an aerobic cond itions . Most 
of th e d om ain is wea kl y 
aerobic as oxygen in the 

ti on of landfill processes, simpli fica ti ons mus t be made. The 
approach chosen for T2LBM cou pIes the p rocess modeling of the 
fl ow and transpo rt of gas and aqueous ph ases inherent in 
TOUGH2, w ith biodegrada tion and gas-genera ti on processes. 
For sim p li city, T2LBM m odels the bi odegrada tion of a single 
substra te component (aceti c acid , CH3COOH) as a proxy for all 
of the biodegradable fractions in MSW. T2LBM includes six 
ch emical components (H 20 , CH 3COOH, CO2, CH 4 O2, N2) and 
h ea t dis tributed in gaseou s and aqueous phases with p arti­
tioning by Henry's law. This app roach assumes impli citly tha t 
hydrolysis reaction s OCCUI to prod uce ace ti c acid and places the 
mode l foc us on biodegrada tion and associa ted gas produ cti on, 
along with flow and trans port p rocesses (including non­
isothermal effects). 

ACCOMPLISHMENTS 

We h ave develop ed T2LBM and verified its performance 
against results from published labora tory s tudies of aerobic and 
an aerobic biodegrad a tion. In addit ion, we h ave simulated a 
hyp o the tical MSW landfill with leacha te recircul a tion and 

subsequ ent air injec ti on into the b o ttom of the 

http://www-esd.lbl.gov 

ambi ent a ir is s till being consumed, w hile in the low-perme­
ability, hi gh -liquid sa tura ti on reg ion, conditi ons h ave a lready 
become anaerobic. Me thane and CO2 mass frac tion s in the gas 
(no t shown) confirm these interpreta tions. 

SIGNIFICANCE OF FINDINGS 
O ur simula tions to d a te p oin t out the complexity of landfill 

biodegrada tion processes and demonstrate that numerical simu­
lation of th ese processes is possible. Applica tion of T2LBM is 
on going and aimed a t simula ting results of labora tory ex peri­
me nts und field tests o f landfill biodegradation processes. 

RELATED PUBLICATION 

O ldenburg, e M., T2LBM: Landfill bioreactor mo del for TOUGH2, 
Version 1.0, Berkeley La b Report LBNL-47961, 2001 . 

ACKNOWLEDGMENTS 

This work h as been supported by the Laboratory Directed 
Research and Development Program of Berkeley Lab, provided 
by the Direc t01~ Office of Scien ce, of the U.S. Dep artment of 
Energy under Contract No. DE-AC03-76SF0009S. 

85 



Earth Sciences Division 

Berkeley Lab . Environmental Remediation Technology Program 
Annual Report 

2000- 2001 

WATER-TABLE RISE CORRELATES WITH TCE INCREASE AT A CONTAMINATED SITE 
Curtis M. O ldenburg, Preston D. Jordan, Jenni fer Hinds, and Barry M. Freifeld 

Contact: Curtis M . O ldenburg, 510/486-7419, cmo ldenburg@lb l.gov 

RESEARCH OBJECTIVES 

The objective of this study is to correlate water-table elevation 
changes with contaminant concentration changes in monitoring 
wells. The study site is Operable Unit 1 (OU1) at the fonner Fort 
Ord Army Base, along the central Call1ornia coast, where the t.lilcon­
fined A-aqWfer (saturated thickness -8 m) exists in LU1consolidated 
dUl1e sands above a thick sequence of clays known locally as the 
Fort Ord-Sahnas Valley Aquiclude (FO-SVA). This work is part of 
a larger effort to understand the grow1dwater flow and contaminant 
transport in the layered sands and clays at a depth of 30 m (100 ft) 
downgradient from OU1. Historically, solvents and fuels were used 
at OU1 for firefighter training, resulting in grow1dwater contami­
nation consisting of volatile organic compounds (VOCs), primarily 
trichloroethylene (TCE). GroLU1dwater extraction and treahnent 
from the A-aquifer has been w1derway since 1988. Water-table 
elevation readings and groundwater chemical analyses are carried 
out quarterly in nearby monitoring wells. 
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APPROACH 

Approximately 8 Mb of quarterly data on contaminant 
chemistry and water-table elevations provided by Harding 
ESE have been entered into the database management system 
GIS/KEY@ This system is useful for displaying spatial and 
temporal data relevant to the site. The maps created using 
GIS/KEY® have enabled us to correlate water-table rise with 
TCE concentration increases and to observe the downgradient 
propagation of pulses containing TCE-contaminated water. 

ACCOMPLISHMENTS 

Figure 1 shows a map of three representative wells near the 
burn pit at OUI. The three superimposed graphs are plots of the 
temporal changes of the water-table elevation in feet above 
mean sea level (in blue) and the TCE concentration in mg/L (in 
green). The vertical dashed green line is a reference line posi­
tioned in the first quarter of 1998 in each graph. These three 

graphs show that the timing, rate, and magnitude of 
the water-table rise that began in 1998 were similar in 
all three wells, whereas the timing of the TCE concen­
tra tion increase varied. The TCE concentration 
increased as the water table rose near the burn pit 
(well MW-OU1-06-A), but the corresponding TCE 
concentration increases were delayed in the down­
gradient wells by 3 to 6 months for the near well 
(MW-OU1-05-A) and 6 to 12 months for the more 
distant well (MW-OUl-20-A). 

SIGNIFICANCE OF FINDINGS 

This delay suggests that pulses of TCE contami­
nation released from the source area are mobilized by 
water-table rise and then advected down gradient. 
These water-table excursions and subsequent TCE 
increases are likely caused by TCE-contaminated 
water held in a smear zone between the saturated 
and vadose zones near the source area. The 
GIS/KEY® system allowed us to extract and display 
these useful data from the full set of monitoring data 
gathered from 56 wells at OUI. 9 40 60 ~ ~~~~~-;, ID 
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Figure 1. Tempora l evolution of the water tab le elevation and TeE concentra­
tion in growldwater for three wells near the burn pit area of OUI. 
( * Approximate location of former burn pit) 

We thank Buck King, Larry Friend, and Ed 
Heistand of Harding ESE for providing data for OUI. 
This work was supported by the US Army Industrial 
Ecology Center through the Concurrent Technologies 
Corporation Contract No. DAAE30-98-C-1050, Task 
No. 281, CRDL No. B009, administered by the 
University of Californ ia, Santa Cruz, and by Berkeley 
Lab under US Deparhnent of Energy 
Contract No. DE-AC03-76SF00098. 
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flUID flOW, HEAT TRANSFER, AND SOLUTE TRANSPORT AT HANFORD TANK SX-l 08: 
A SUMMARY REPORT ON MODEliNG STUDIES 

Karsten Pruess, Steve B. Yabusa ki, ' Ca rl I. Steefe l,2 and Peter C. Lichtner3 

I Pac ifi c Northwest National Laboratory, 2Lawrence Livermore National Laboratory, 3Los A lamos National Laboratory 
Contact: Karsten Pruess, 5 '10/486-6732, k_pruess@ lb l.gov 

RESEARCH OBJECTIVES 

Of the 15 single-shell tanks at the Hanford 241-SX tank farm, 
ten are known leakers. Fluid flow and solute transport in the 
unsaturated zone surrounding the tanks is affected by radioac­
tive decay heat and by chemical interactions between fluids and 
sediments. Multiphase processes near the tanks include flow of 
aqueous and gaseous phases, boiling and condensation, migra­
tion of solutes, prec ipitation and dissolution, and vapor-liquid 
counterflow. Additional effects arise from variable solute 
concentrations in the aqueous phase, heat genera tion from 
leaked radioactive fluids, interference between the hea t load and 
fluid leaks of different tanks, and suspected (but poorly 
constrained) water-line leaks. 

The purpose of the s tudies reported here is to develop a 
better unders tanding of the unique hydrogeologic system 
crea ted by the Hanford tanks through detailed mechanistic 
modeling of fluid flow, hea t transfer, and mass transport. Our 
aim is to provide support and guid ance for performance assess­
ment, field characterization, and decision-making on remedial 
m easures . 

APPROACH 
We focus especially on Tank SX-I08, which is one of the 

highest hea t-load tanks in the 241-SX tank farm and a known 
leaker. A realistic quantitative model of mass and energy trans­
port near the tanks requires: 

• Comprehensive treatm ent of all significant physical and 
chemical processes 

• Accmate representation of hydrogeologic conditions at the site 
• Realistic parameters for fluids and sediments, and for 

temperature and leak history of the tanks 
These are ambitious goals that can only be achieved through 

a process of iterative refinement, starting from relatively simple 
models. The initial emphasis of the work reported here is on 
process issues, focusing on the extent to which various multi­
phase and nonisothermal processes may impact the migration of 
moisture and aqueous solutes. The Hanford sediments are 
represented as layer-cake stratigraphy, and actual measured 
temperatures are used to specify the tank hea t source. Berkeley 
Lab's general-purpose fluid- and heat-flow simulator TOUGH2 
is used in this work. 

ACCOMPLISHMENTS 
A series of two-dimensional radially symmetric models was 

developed to probe different processes and mechanisms to 

http://www-esd.lbl.gov 

determine what processes are important for contaminant 
behavior and how they can be modeled effectively. Figure 1 
shows the simulated distribution of a conservative solute 
resulting from a tank leak in 1966 estimated at 50,000 gallons. 
Our simul a tions show strong vapor-liquid counterflow effects 
(hea t pipe) in the region surrounding the tank during the period 
of above-boiling tank tempera tures (1956- 1967). These effects 
provide a very efficient mechanism for (1) hea t transfer away 
from the tank and (2) solute transport towards the tank. 
Aqueous solutes are predic ted to concentrate and eventually 
precipitate near the tank. 

ACKNOWLEDGMENTS 
This work was supported by the Assistant Secretary of the 

Office of Environmental Management, Office of Science and 
Technology, of the U.S. Department of Energy, l.mder Contract No. 
DE-AC03-76SF00098 through Memorandum Purchase Order 
248861-A-B2 between Pacific Northwest National Laboratory and 
Berkeley Lab. 
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Figure 1. Model domain showing 
leaked fluid distribution following a 
50,OOO-gallon leak in 1966 
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A DECISION SUPPORT SYSTEM FOR ADAPTIVE REAL-TIME MANAGEMENT OF 
SEASONAL WETlANDS IN CALIFORNIA 

N ige l W. T. Qu inn and W. Mark Hanna 
Contact: N ige l W . T. Q uin n, 510/486-7056, nwq uinn @lb l.gov 

RESEARCH OBJECTIVES 

This project describes the planned applica tion of a decision 
support system (DSS) and the development of a comprehensive 
flow and salinity monitoring program to improve managemen t 
of seasonal wetlands in the San Joaquin Valley of California. The 
En vironmental Protection Agency is in the process of regulating 
salinity disch arges from nonpoint sources to the San Joaquin 
River. This project is seen as a proactive initiative to develop 
new management strategies and gather data to demonstrate the 
likely impac t of regulation on the long-term health and function 
of wildfowl habitat. 

APPROACH 
Seasonal wetlands in the Grassland Water District (GWD) 

are flooded in the fall and drained in the spring to provide habita t 
for migratory waterfowl, shorebirds, and other we tland­
dependent species. The spring draining period is timed to corre­
spond with optimal germination conditions (primarily optimal 
soil temperature) for growing naturally occurring moist-soil 
plants and to make seed and invertebra te resources available to 
migrating birds. Improved coordina tion of wetland releases with 
east-side reservoir releases in the San Joaquin Basin has been 
suggested as a means of improving compliance with San Joaquin 
River water-quality objectives. 

Flow transducers and electrical conductivity sensors have 
been placed at control structures within the GWD. These devices 
take measurements every 15 minutes to provide an accurate 
measurement of salt loads imported and exported from the GWD. 
Data logged at each site is telemetered to Berkeley Lab. Daily 

San Joaquin River / Stockton 
deep water channel 
dissolved oxygen TMDL 

o Geographic Scope of 
This Project 

o Geographic Scope of 
Related Projects 
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Figure 1. Geogra phica l nexus of CALFED-sponsored rea l-time 
flow and water-quality monitoring and management projects 

salinity loading is calculated from the daily mean values, which 
are compared with daily assimilative capacity determinations 
(made using data available from the river monitoring stations). 
Wetland discharge opportunities during the spring months will 
be evaluated weekly by the project team in collaboration with the 
district water master. 

Salinity balances are calculated at two scales-the district 
scale (90,000 acres) and the individual duck club scale (640 acres) . 
A DSS is under development to assist in computing GWD 
wetland water requirements, estimating wetland salinity loads in 
seasonal wetlands, and selecting the best management practices. 

ACCOMPLISHMENTS 
Real-time flow, electrica l conductivi ty, and temperature 

data from the GWD is provided bye-mail and through a Web 
site (http://socrates.berkeley.edu/%7eph299 /Grassland_Realtime 
/Hanna-Grass/RTWQGWD/) as input to the real-time water­
quality forecast model of the San Joaquin River (operated by the 
San Joaquin River Management Program Water Quality 
Subcommittee). This is one of a number of real-time monitoring 
and management projects in the Sa n Joaquin Basin (Figure 1). 
Agencies such as the U.s. Bureau of Reclamation use the San 
Joaquin River Management Project Web-posted forecasts of river 
water quality during periods when water quality in the San 
Joaquin River is impaired. 

SIGNIFICANCE OF FINDINGS 
Information obtained through this project will likely be 

transfera ble and significantly va luable to all we tland s in the 
Grass land Ecological Area, including those wetlands managed 
by s tate and federal wildlife agencies. Successful implementa­
tion of this combined monitoring, experimentation, and eva lu­
a tion program will provide the basis for adaptive management 
of wetland drainage throughout the entire 70,000 hec tare 
Grassland Ecological Area. The project involves local 
landowners, duck club opera tors, and managers of sta te and 
federal refuges in the Grassland Basin. 

RElATED PUBLICATION 
Quinn, N .W.T, A Decision Support System for real-time 

management of water quality in the San Joaquin River, 
California, Environmental Software Systems, Environ­
mental Information and Decision Support (R. Denzer, D.A. 
Swayne, M. Purvis, and G. Schimak, eds.), Kluwer Academic 
Publishers, Massachusetts, 1999. 

ACKNOWLEDGMENTS 
This projec t is supported by a CALFED grant through the 

Grass land Water District, Contract No. 0041000. 

hltp:l/www-esd.lbl .gov 



Earth Sciences Division 

Berkeley Lab Environmental Remediation Technology Program 
Annual Report 

2000-2007 

A NEW METHOD OF WELL-TEST ANALYSIS USING 
OPERATIONAL DATA 

Drni tri y B. Silin and Chin-Fu Tsa ng 
Contact: D rn itr iy B. Si li n, 5 10/495-22 15, ds ili n@lb l.gov 

RESEARCH OBJECTIVES 

A pumping or injection well tes t is common practice in 
hydrology and pe troleum engineering. It is performed to esti­
mate formation hydraulic properties in the vicinity of the well. 
Normally, such a test requires either maintaining a constant 
pumping rate or a full shut-in of the well for a substantial period 
of time at the beginning of the test. We propose to use regular 
monitoring d a ta (from a production or injection well) for esti­
mating the formation properties without interrupting the oper­
ations . Thus, ins tea d of shutting-in the well for a substantial 
time period, we propose to select a portion of the pumping d a ta 
over a certain time interva l and then derive our conclusions 
from these data. 

APPROACH 
A distinctive feature of our approach is that we introduce an 

additional fitt ing parameter, an effecti ve pre-tes t pumping rate, 
to account for the nonuniform pressure distribution at the begin­
ning of the testing time interva l. We derive our model from the 
same assumptions as in a standard pressure-drawdown or pres­
sure-buildup tes t analysis. The effective pumping ra te prior to 
the tes t is a para meter of crucial im portance for our procedure 
because no shut-in period precedes the test during regular oper­
a tions. We seek to show that accounting for this parameter 
improves the analyses of traditional pressure-draw down or 
pressure-buildup tests. 

ACCOMPLISHMENTS 
Traditional methods of well-test analysis assume uniform 

initial pressure distribution near the we Ubore. But this assump­
tion did not hold true when regular pumping data were ana lyzed. 
(Moreovel~ using rigorous residu al term es timates, we d emon­
strated that it may be inaccura te even for a traditiona l well test.) 
Based on this finding, we proposed a modified initial condition 
involving an effective pre- test pumping rate as an additional 
parameter. We then demonstrated tha t the recovered value of the 
effective pre- test pumping rate approximates the actual pre-test 
pumping rate with remarkable accuracy. 

From this, we have developed an efficient estima tion method, 
combining analytical calculations with numerical minimiza tion of 
a function of one variable. As shown in Figure I, data points very 
accura tely match the fitting curve. 

Along w ith this new method, we have developed a procedure 
for es tima ting ambien t reservoir pressure and dim.ensionless 
wellbore radius. For thi s procedure, a well test was simulated, 
using the parameter estimated by the optimization procedure 
m entioned above. In this part of our analysis, we used only the 
simulated data; consequently, no special operations a t the well 
were required. 

hllp;lIwww-esd.lbl .gov 

The new estimation me thod was implemented in a code oper­
ational data analysis (ODA). This code incorporates a special 
curve-fitting procedure, which we designed to significantly 
simplify the problem and reduce the amount of computations. 
The code has a user-friendly interface, and a beta version of it is 
available for testing and evaluation. 

SIGNIFICANCE OF FINDINGS 
We h ave d emonstrated that accounting for pumping that 

occurred before the tes t may be important even in a traditional 
well-tes t analysis . Our m ethod produces results tha t are s table 
with respect to varia tions in the selection of specific test periods 
and also yields more accura te estimates of the aquifer'S hydro­
logical parameters . Moreover, our approach requires a shorter 
tes t time interval and less frequent measurements during this 
interval. Estimation of the initial aquifer pressure and effective 
radius of influence does not require any field operation and does 
not impose any additional cost. 

RELATED PUBLICATIONS 
Silin, D .B., and c.-F. Tsang, Estimation of formation hydra ulic 

properties accounting for pre- test injection or produ ction 
operations, Journal of Hydrology, 2001 (submitted). 

Silin, D.B., and c.-F. Tsang. Estima ti on of formation h ydra ulic 
properties from analysis of regu lar operations data, SPE 
68780, 200l. 
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No. DE-AC03-76SF00098. 
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Figure 1. Well-test data matching, including the effect of injection 
prior to the test. The data points are plotted as circles; the solid 
line is the fitting curve produced by ODA. 
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FAST FLOW IN 
UNSATURATED COARSE SEDIMENTS 

Tetsu K. Tokunaga, Jiamin Wan, and Keith O lson 
Contact: Tetsu K. Tokunaga, 510/486-7176, tktokunaga@ lb l.gov 

OBJECTIVES 

Some highly contaminated unsa tura ted sediments contain 
su bs tantia I frac tions of coa rse sa nds and g ravels. Very coarse­
textured (>1 mm grain-size) media can sus ta in high flow rates at 
relatively low saturations, d oing so by film fl ow rather than by 
flow through an interconnected network of sa turated pores. 
Thus, the physics of fast-flow processes in unsaturated, very 
coarse m edia is fundamentally different from that traditionally 
recognized in finer textured sediments (Figure 1). Our objec­
tives are (1) to quantify the m acroscopic h ydrauliC properties of 
ve ry-coarse- textured sedime nts in the near-zero (-5 to 0 kPa) 
matric pote ntial region and (2) to de termine the microsca le basis 
for fas t unsa tura ted flow. 

APPROACHES 
Studies are being conducted to quantify macroscopic and 

microscopic (grain-film sca le) h ydraulic properties and 
p rocesses in coarse sands and gravels. To obtain results tha t are 
directly relevant to the DOE, mos t of our efforts focus on sedi ­
ments from the Hanford Site (Hanford formation, with g rain­
s izes ranging fro m 0.1 to 50 mm). Additional tes ts a re being 
done on quartz and tuff gravels. The 0 to -5 kPa region is a diffi­
cult energy range to study because of extreme changes in sa tu­
ration and conductance that take place in coarser-textured 
m edia. We have developed new m e thods for bulk measure­
m ents of unsahlrated potential-saturation-conductance relations 
on coarse sediments. These m ethods are variations on suction­
pla te equilibration, unit-gradient infiltra tion, and stea dy-flu x 
techniques. Other methods (pressure- plate and vapor-pressure 
equilibra tion) are used on the sa m e sediments to character ize 
potential-sa tura tion-condu ctance relations over the full range of 
environmentall y relevant conditions. 

ACCOMPLISHMENTS 
The experiments on macroscopic hydraulic characteristics 

focus on the near-zero matric potential range where gra vel pores 
are drained. This energy range was ide ntifi ed from ca pillary 
drainage ca lcula ti ons and from measured sa tura tions. Unde r 
co nditions of drained pores, the measured unsa turated 
hydraulic cond uctivity is film-controlled. Moisture characteris­
tics (matri c potential versus sa turation) and unsa turated 
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hydraulic conductivities are being obtained on Hanford forma­
tion gravels at the column sca le. These column-sca le hydra uli c 
properti es are being compared with g rain-film hydraulic prop­
erties to explain macroscale fl ow and transport through tes ted 
microscale concepts. Initial experiments on film hydraulic prop­
erties have been completed, with results similar to those 
obtained in our previous work on transient film flow (Tokunaga 
et aL, 2000). Tests a t very nega tive matric potentia ls show that 
the Hanford gravels have substantial iJltragranular porosity and 
surface area . 

SIGNIFICANCE OF FINDINGS 
Our analyses of unsa turated flow in coarse sediments are 

showing that a t near-zero matric potenti als, fast film flow is 
p ossible. Magnitudes of fa st, unsa turated flow in gravels a t 
near-zero m atric potentials are consistent with direct measure­
m ents of film h ydraulic properti es. Findings of high intra gran­
ular porosity and surface area are important for understanding 
contaminant transport at Hanford. 

RELATED PUBLICATIONS 
Tokunaga, T.K., J. Wan, and S.R. Sutton, Transient film flow on 

rough fra cture surfaces, Water Resour. Res. 36, 1737-1746, 
2000. 

Tokunaga, T.K., and J. Wan, Approximate boundaries between 
different flow regimes in frachu'ed rocks. Water Resour. Res., 
2001 (in press). 
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DIFFUSION-LIMITED BIOTRANSFORMATION OF 
METAL CONTAMINANTS IN SOIL AGGREGATES: CHROMIUM 
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M atthew Newvi lle, 2 Keith R. O lson, An tonio Lanzirotti ,2 and Wi ll iam Ra03 

1 Un iversity of Ca liforni a, Berkeley, 2Un iversity of Chicago, 3Univers ity of Georgia 
Contact: Jiam in Wa n, 510/486-6004, j lllwan @lb l.gov 

OBJECTIVES - --
Understanding transport and reactions of metal contami­

nants (such as chromium [Cr]) in soils is complica ted by small­
scale variations in physical, chemical, and microbiological 
characteristics. The fate of elements wi th redox-dependent 
solubilities can be complex because strong redox potential gradi­
ents can develop over very short distances . In nature, Cr ex is ts 
in the III and VI oxidation states, with the majority of the former 
species being s table solids and the majority of the latter being 
more soluble and mobile. Transport and reactions of chromium 
in soils are critical concerns because of the carcinogenic effects of 
Cr(VI) . Chromium reduction rates reflect interdependent influ­
ences of physical, geochemical, and microbial processes. In this 
s tudy, this interdependence is examined for Cr(VI) contamina­
tion of soil aggrega tes (cohesive structural units comprised of 
m.any primary mineral particles). 

APPROACH 
Possible Cr redox zonation during contamination of large (90 

to 150 mm diameter) soil aggregates was tested. Solutions 
containing up to 800 ppm carbon as tryptic soy broth were used 
to wet these soil aggregates. Following 17 days of incubation, these 
aggregates were exposed to Cr(VI) solutions (1,000 ppm initial Cr) 
for three days, representing an episodic contamination event 
(Figure 1a). Aggregates were then either frozen or incubated for an 
additional 31 days (room T), resin-fixed, cut to obtain cross 
sections (Figure 1b), and scanned for mapping Cr dis tributions 
(using an X26A x-ray microphobe at the National Synchrotron 
Light Source, Brookhaven Na tional Labora tory). Another set of 
aggregates was cored to characterize profiles of microbial commu­
nities (through phospholipid fatty acid analyses, enzyme analyses, 
and measurement of n1icroorganism denSity and activity). 

ACCOMPLISHMENTS 
Aggrega tes with higher available organic carbon took up 

higher amounts of Cr(VI), and reductively precipitated Cr(III) 
within shorter distances (Figure 1c). Micro x-ray absorption 
spectroscopy showed that transported Cr was largely reduced to 
Cr(III), with only 23, 11, and 4% remaining as Cr(VI) in the +0, 
+80, and +800 ppm organic carbon sys tem s, respectively. 
Chromium diffused into 100%, 80%, and 50% of the available 
soil volume in the aggregates with 0, +80 ppm, and +800 ppm 
organic carbon, respectively. Chromium concentrations 
increased by 212, 406, and 1,350 ppITI Cr, in the contaminated 
regions of the 0, +80 ppm, and +800 ppm organic carbon aggre­
gates, respectively. 

htlp://www-esd.lbl.gov 

SIGNIFICANCE OF FINDINGS 

These results show the importance of intra-aggrega te spatial 
relations for redox-sensitive contaminants as well as for the 
microbial communities responsible for redox gradients and 
reductants. Similar stratification of redox potentials, metal 
contaminants, and microbial communities might occur within 
larger sediment blocks d eeper in the subsurface. In soils and 
sediments comprised of aggrega tes or blocks tha t support 
internal redox gradients, bulk characteriza tion of chemica l and 
microbiological conditions does not allow mechanistic und er­
standing of biogeochemical processes controlling the fate and 
transport of contaminants. 

ACKNOWLEDGMENTS 
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Bioremediation Research Program of the u.s. Department of 
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Cr(VI) diffuses t 
radially Inwardg " 
(3 days) ~ ____ _ ... .. 

if " a. 

(days 3 and 31) 

1.500 [ 
1,000 0.. 

500 .;. 
.. 1-"\II!I!!!!lIWbOO ~ 

E 
1,000 &: 

~-t ' '''' 500 ...:-
100 () 
o -

(

reeze_:ried , resin-fixed, 
and sectioned 

~
---- ~ g ~"OOO Ii ~ I E30Q , ~ - . _- ~ 20 30 ~83 ..:-

Mapped central ~ +? 10 20 30 of- 2~o 300 ~ 
slice-section slice '0 0 0 10 • • ",,,, ~~ 

da 3 0 •. '" 
b. whole aggregate C. y day 31 

Figure 1. Synchrotron x-ray microprobe maps of total Cr in 
sections from six soil aggregates. Each aggregate was incubated 
with either +0, +80, or +800 ppm organic carbon solutions, then 
ex posed to 1,000 ppm Cr(VI) solutions. The black region is 
outside of the aggregate. The more reducing conditions es tab­
lished in the higher organic carbon aggregates result in a more 
rapid Cr(VI) reduction at shorter distances, higher diffusion 
uptake of Cl~ and sharply terminated contaminant fronts. Thus, 
highly contaminated and uncontaminated regions can coexist 
within aggregates and sediment blocks at contaminated sites. 
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COllOID FORMATION DURING LEAKAGE OF HANFORD TANK-WASTE LIQUID 
INTO UNDERLYING VADOSE ZONE SEDIMENTS 

Jiamin W an, Tetsu Tokunaga, Eduardo Saiz, l Keith O lson, and Rex Couture2 

IMateri als Sc iences Divi sion, Berkeley Lab; 2Washi ngton University, St. Louis 
Contact: Jiamin W an, 510/486-6004, jmwan@lb l.gov 

OBJECTIVES 

Leakage of underground tanks containing high-level nuclear 
waste solutions has been identified at various DOE facilities . 
The Han£ord Site is the main facility of concern, with about 2,300 
to 3,400 m 3 of waste liquids leaked. Radionuclides and other 
contaminants have been found in elevated concentrations in the 
vadose zone and groundwater underneath single-shell tank 
farms. We do not yet know the nature of pathways and mech­
anisms responsible for deep vadose zone contaminant transport, 
and such understanding is urgently needed for future remedia­
tion. It is often speculated that colloid-facilitated contaminant 
transport is a major mechanism contributing to rapid contami­
nant migration. Because of the extreme chemical conditions of 
most of these tank waste solutions (very high pH, aluminum 
concentration, and ionic strength), understanding interactions 
between the highly reactive waste solutions and sediments 
becomes crucial for predicting contaminant migration through 
the deep vadose zone. The objectives of this research are to iden­
tify the key processes occurring at the contaminant reaction 
front, including reaction products, kinetics, colloid generation, 
and permeability reduction. 

APPROACHES 
The process of leaking tank-waste solution interacting with 

the underlying sediments was simulated through infiltrating 
simulated redox tank-waste solutions into columns packed with 
Hanford vadose zone sediments. Since the sediments immedi­
ately underlying some Single-shell tanks experience elevated 
temperatures from heat released by reactions within tanks, 
experiments were conducted at elevated (70T) and room 
temperatures. Effluents from columns were co ll ected with frac­
tion collectors and analyzed for turbidity, pH, and chemical 
composition. Secondary colloids collected from e££luents were 
characterized for their major elements using an electron micro­
probe, and mineralogy was determined by x-ray diffraction. The 
morphology of the particles was studied using a scanning elec­
tron microscope. Changes in major elementa l composition 
within the sediment columns were measured using x-ray fluo­
rescence. 

ACCOMPLISHMENTS 
A large quantity of secondary colloids formed because of the 

waste sol u tion and sediment interactions. The secondary 
colloids formed at different infiltration stages (see Figure 1) 
possess different chemical composition and mineralogy. At the 
moving front of the tank waste plume, amorphous silica, calcite, 
and bayerite are the major phases. With in the waste plume 
stage, zeo lite minerals are dominant. During the dilution stage, 
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bayerite is abundant. The majority of precipitates collected from 
effluents were subm icron to micrometer sized. Maximum 
particle formation occurred at the leading edge of the waste 
plume, owing to maximum geochemica l disequilibrium. 
Maximum transport of the secondary colloids also occurred at 
the leading edge, when and where pores have not yet been 
plugged by particle production and new colloids have not yet 
attached to primary grain surfaces. 

SIGNIFICANCE OF FINDINGS 
Our laboratory studies revealed the com plex processes of 

reaction-dependent colloid generation / release, permeability 
change, and flow pathway a lteration that can strongly influence 
flow and transport of redox tank contaminants in the Hanford 
vadose zone. In comparison to the large quantity of secondary 
colloids, the inventory of indigenous colloids is often small. 
Evaluating their carrying capacity of contaminants, degree of 
release, and transport is a critical issue for understanding highly 
sorptive contaminant transport at Hanford and other sites. 

ACKNOWLEDGMENTS 
This work is funded by the Assistant Secretary of the Office 

Environmental Management, Office of Science and Technology 
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76SF-00098. 

Figure 1. Single crystals of zeolites, cancrinite type, 
Nas(AI6Si6024)(N03)2·4H20, formed during the waste­
plume stage. 
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LAND DISPOSAL OF SELENIFEROUS SEDIMENTS: 
A PILOT-SCALE TEST 

Peter T. Zaw islanski , Sa lly M . Benson, Robert TerBerg, and Sharon E. Borglin 
Contact: Peter T. Zawislansk i, 510/486-4157, ptzawislansk i@lb l.gov 

RESEARCH OBJECTIVES 

A pilot-sca le land disposal tes t for selenium (Se) enriched 
sediment is being conducted in the San Joaquin VaHey, 
California. Agricultural drain water from surrounding areas in 
the Grasslands Water District is channelled via the San Luis 
Drain (SLD) toward the San Francisco Bay Delta . The drain 
wa ter carri.es with it and subsequently deposits Se-rich sedi­
ments, which are further Se-enriched through biogeochemical 
processes. The need to periodicall y dredge and remove the 
sediments has prompted research into alternative means of 
disposal. Berkeley Lab's Earth Sciences Division, in collabora­
tion with the u.s. Burea u of Reclamation and local water 
districts, is conducting pilot-scale tests on the viability of low­
cost land disposal of the sediments. 

To assess the long-term environmental safety of SLD-sedi­
ment land disposal, Berkeley Lab researchers are working to 
answer the following specific questions: 

• Under the given geologica l conditions, will Se move 
downward in the soil profile and result in groundwater 
contamination? 

• Will. Se remain geochemica lly stable under surface cond i­
ti ons, such that its solubility and mobility do not signifi­
cantly increase over time? 

• To what degree will Se be taken up by plants? 
• Will increased Se levels in soil red uce crop yields?' 

APPROACH 
Two field experiments are currently underway. In one exper­

iment, 10 cm of dredged sediments from the SLD were applied 
to the adjacent embankment. In the second experiment, 10 cm of 
sediments were placed on top of, and blended with, 75 cm of 
agricultu ra l soils in a nearby cultiva ted farm plot. Soils and sedi­
ments down to the shallow water table were sa mpled once 
before applica tion and severa l times afterwards. Surface soils 
were fractionated with respect to Se using a sequential ex trac­
tion procedure as well as x-ray spectroscopy. Soil water and 
groundwater were periodically sampled and moisture condi­
tions were measured. Plants were identified, sampled, and 
analyzed for Se. In the farm plot, planted co tton was sampled 
and analyzed a t different stages, including a t harvest, when 
biomass was measured. 

ACCOMPLISHMENTS 

Selenium in the applied sediment has been relatively 
geochemically stable. Although slow oxidation of the Se pool has 
occurred, the majority (>90%) is in insoluble forms, dominated by 
elemental Se and organo-Se. Because of the low permeability of 
underlying sediments, par ticularly in the embankment plots, 
concentrations of dissolved Se in the sediment profile and 
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groundwa ter remain at background levels (Figure 1). As a result 
of tillage and irrigation, subsurface Se concentrations in the farm 
plots are higher, but in neither case was a significant effect on 
groundwa ter observed. Analysis of plants from the embankment 
plots has not shown Se emichment, with plant-tissue Se around 
1p g g-l. In the farm plots, co tton yields were comparable to the 
control area, despite enrichment with Se to values ranging from 
5 to 20 Pg g-l, relative to the background value of 1pg g-' . 

SIGNIFICANCE OF FINDINGS 

The findin gs of this s tud y support the use of land disposal 
fo r Se-enriched sediments in the San Luis Drain. Long-term Se 
leaching will be limited by slow Se oxidation and the low 
permeability of underlying sediments. Plant uptake of Se on the 
embankment appears negligible. Uptake of Se by cotton plants 
did not affect cotton productivity or quality. 

RELATED PUBLICATION 
Zawislanski , PT., S.M. Benson, R. TerBerg, a nd S.E. Borglin., 

Land disposal of San Luis Drain sediments, Progress Report, 
October 1998-November 2000, Berkeley Lab Report LBNL-
47861, 200l. 
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Figure 1. Selenium in groundwater underlying the embankment 
plot. Aside from small seasonal fluctuations, no changes in Se 
concentrations were observed relative to the control well s. 
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Climate variability and carbon management research is a 
new and fast-growing program in the Earth Sciences Division. It 
contains research programs and DOE centers focusing on 
regional climate and hydrology, and the biogeochemistry and 
carbon sequestra tion of geologic, oceanic, and terres tri al 
systems. Over the past four years, we have added new staff with 
exp ertise in g lobal- and regional-scale climate modeling, 
ecosystem m odeling, marine geochemistry, and the carbon and 
water cycles to provide a s trong scientific found ation for 
addressing concerns related to carbon emissions and climate 
variability. 

We have also expanded the research focus of our existing 
staff to include issues related to deciphering the isotopic compo­
sition of ice cores, developing methods for modelillg production 
of methane from hydra te formations, geophysica l monitoring of 
underground CO2 illjection, and predicting the reactivity of CO2 
in deep geologic forma tions. Cen tral to making an important 
scientific contribu tion in these important areas is a strong link to 
the Center for A tmospheric Sciences a t UC Berkeley. 

Last year, we made progress on several initiatives, including 
NASA/RESAC (California Water Resources Research and 
Applications Center) and DOCS (the DOE Ocean Carbon 
Sequestration Center). In addition, we have new initiatives: the 
GEO-SEQ projec t for geologic seques tra tion of CO2 and the 
ARM Carbon project, which involves adding carbon and water­
cycle monitoring to DOE's Atmospheric and Radiation 
Measurements Program (ARM). 

Berkeley Lab's RESAC team has continued to produce 
Regional Climate Sys tem Model (RCSM) short-term weather 
and stream-flow predictions, seasonal climate and stream flow 
predictions, long- term climate variability and impac t assess­
ments, and model eva luations. The team has maintained a two­
way flow of information between RESAC and users, has become 
a member of the Earth Science Information Partnership as an 
ESIP 2, contributed to the 2000 Intergovernmental Panel on 
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Climate Change (IPCC) and the U.s. National Assessment, and 
participated in numerous outreach activities. In addi tion to 
RESAC ac tivities, climate variability scientists have a lso 
completed a number of wa ter-quality and sediment-related 
research projects . 

One of the strengths of the Climate Variability and Carbon 
Management Program is its active partnerships with research ers 
in universi ties, industry, and other research labora tories. As a 
DOE Center and Berkeley Lab research enterprise, the ocean 
research group links with Scripps Institution of Oceanography, 
Massachusetts Institute of Technology, Stanford University, UC 
Irvine, WETLabs Inc., Moss Landing Marine Labs, Monterey 
Bay Aquarium Research Ins titute, Rutgers University, and 
l.awrence Livermore Na tional Labora tory. The Berkeley Lab 
ocean biogeochemistry group achieved an important scientific 
breakthrough this yea r by launching robotic floats tha t measure 
organic carbon in the ocean and communicate via sa tellite 
telemetry. The DOCS Center (and the ocean biogeochemistry 
group) will also participate in an advanced iron-fertilization 
experiment near Antarctica in late 2001/early 2002. 

The GEO-SEQ project is a public-priva te partnership to 
develop the informati on and technology needed for CO2 
geologic seques tration by 2015. Partners include Lawrence 
Livermore and Oak Ridge Na tional Laboratories, Stanford 
University, Texas Burea u of Economic Geology, the Alberta 
Research Council, the U.s. Geologica l Survey, and five private 
partners: BP, Chevron, Pan Canadian Resources, Texaco, and 
Statoil. This wide set of partners is essential for the project to 
achieve its highly applied goals. GEO-SEQ will develop 
methods to co-optimize value-added sequestration, p rocedures 
for lowering the cost of sequestration, monitoring technologies 
for oil, gas, brine, and coal formations, and the methodology 
and information for assessing capaci ty and predicting perform­
ance of these formations. 

The carbon cycling and terrestria l biogeochemis try group 
has collaborated with universities and resea rch ins titutes in 
progressing on three main fronts: impacts of climate change and 
land use, sequestra tion, and modeling ecosys tem-atmosphere 
interactions. The ARM Carbon projec t has installed a suite of 
instrumenta tion in the Southern Great Plains (SGP), making it 
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(when complete) the first site in the world to have carbon and 
carbon-isotope monitoring simultaneously from fi elds, tall 
tower, and regular plane flights . The project is dovetailed with 
the ARM-based Water Cycle Initia tive Pilot. The water-cycle 
pilot is using an integration of modeling, field measurements, 
and specialized isotopic measurements to improve our ability to 
predict and budget water cycling in the SGP. 

The Climate Variability and Carbon Management Program's 
research areas are highly relevant to current and emerging 
policy issues, such as climate change and carbon sequestration, 
and contribute to many agency missions and initiatives. This 
has been a very productive year for research and program-
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building, and we believe that this area will continue to grow into 
one of ESD's major research activities in the years and decades 
to come. 

FUNDING 
Climate Variability and Carbon Management Program 

research is fW1ded by the U.S. Department of Energy's Office of 
Basic Energy Sciences, Office of Fossil Energy, Office of 
Geological and Environmental Research, Office of Biological and 
Environmental Research; the U.S. Deparhnent of Commerce, 
National Oceanic and Atmospheric Administration; the 
National Aeronautics and Space Administration; the National 
Science Foundation; and the Office of Naval Research. 
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THE GEO-SEQ PROJECT 
Larry R. M yer and Sall y M . Benson 

Contact: Sa ll y Benson, 510/486-5875, smbenson@lb l.gov 

RESEARCH OBJECTIVES 
The GEO-SEQ Project is a public-private ap plied R&D part­

nership, founded with the goal of developing the technology and 
information needed to enable safe and cost-effective geologic 
seques tration of CO2 by the year 2015. The goals of the project are 
to: 

• Lower the cost of geologic sequestration by (1) developing 
innovative optimization methods for sequestration tech­
nologies, with collateral economic benefits such as enhanced 
oil recovery (EOR), enhanced gas recovery (EGR), and 
enhanced coalbed methane production, and (2) under­
stand ing and optimizing trade-offs between CO2 separation 
and capture costs, compress ion and transportation costs, 
and geologic-sequestra tion alterna tives. 

• Lower the risk of geologiC sequestra tion by (1) providing the 
information needed to select si tes for safe and effective 
sequestration, (2) increasing confidence in the effectiveness 
and safety of sequestration by identifying and demon­
strating cost-effective monitoring technologies, and (3) 
im proving performance-assessment methods to predict and 
verify that long-term sequestration practices are safe, effec­
tive, and do not introduce any unintended environmental 
impact. 

• Decrease the time to implementation by (1) pursuing early 
opportunities for pilot tests with our private sector partners 
and (2) gaining public accep tance. 

APPROACH 
The GEO-SEQ Project consists of four coordinated and inter­

related tasks carried out by a multidisciplinary team from eight 
research organizations: Berkeley Lab (Sally Benson, Larry Myel~ 
Curt Oldenburg, Karsten Pruess, Mike Hoversten, Ernie Majel~ 
Chin-Fu Tsang, Christine Doughty); Lawrence Livermore National 
Laboratory (Kevin Krauss, Jim Johnson, Ca rl Steefel, Robin 
Newmark); Oak Ridge Na tiona l Laboratory (David Cole, Gerry 
Moline, Katherine Yuracho); Stanford University (Franklin Orr, 
Anthony Kovscek); Texas Bureau of Economic Geology (Susan 
Hovocks, Paul Knox, and T. Trembly); U.s. Geologica l Survey 
(Robert Burress); Alberta Research Council (Bill Guntel~ David 
Low); and NITG-TNN, The Netherlands (Bert van der Meer). 

The research is conducted with the participation, advice, and 
coopera tion of DOE's National Energy Technology Laboratory 
and five industry partners: Chevron, Texaco, Pan Canadian 
Resources, British Petroleum, and Statoi!. In addition, through 
ongoing collaborations and our advisory committee, the team 
ex tends to include other univers ities and a number of public and 
private research organizations. 

ACCOMPLISHMENTS 
Highlights of the research conducted to date include: 
• Screening criteria for selection of oil reservoirs that could be 

candidates for co-optimizing COTEOR and CO2 sequestra-
tion were developed. 
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• Numerical simulations based on a conceptual 
model of the Rio Vista Gas Field, in California, 
suggest that it is feasible to inject CO2 into 

depleted natural gas reservoirs to sequester carbon and 
enhance methane recovery. 

• N umerical simulations have been carried out to show 
changes in mineralogy and porosi ty in a brine-sa tura ted 
sandstone formation resulting from i.njection of impure (i.e., 
containing S02' N02, and H2S ) CO2 waste streams. 

• Software tools that combine the output of reservoir simula­
tors w ith forward and reverse geophysical modeling were 
demonstrated on a gener ic conceptual model to show that 
gravita tiona l, seism ic, and crosswell electromagnetic tech­
niques could be used to track CO2 subsurface migration. 

• Field trails of crosswell seismic and EM for monitoring of 
CO2 migration were carried out at the Chevron Lost Hills 
CO2 EOR pilot. 

• Effec ts of hydrocarbon and clay on isotopic compositions 
need to be taken into account in using isotopic tracers for 
monitoring reservoir processes. 

• State-of-the-art coalbed methane numerical simulators 
were compared, using a test model of CO2 injected into a 
coal bed from a single well. 

• A set of benchmark prob lems was developed and distrib­
uted as a basis for an international comparison study of 
reservoir simulators for oil, gas, and brine formations. 

• An assessment of the capacity for sequestration of all the 
CO2 generated from fossil-fuel-fired power plants in 
California suggests that oil reservoirs, gas fields, and brine 
formations could be sufficient for both short- and long-term 
needs. 

SIGNIFICANCE OF FINDINGS 
The climate of the earth is affected by changes in radia ti ve 

forcing caused by severa l sources, including greenhouse gases 
(C02, CH4 , N20) . Energy production and the burning o f fossil 
fuels are substantially increasing the atmospheriC concentrations 
of CO2. One of severa l proposed strategies to reduce a tmos­
pheric emissions is to capture CO2 from fossil-fuel final power 
plants and seques ter it deep underground. Results of the GEO­
SEQ Project are providing methods and information to enable 
safe and cost effective geologic sequestration. 

RELATED PUBLICATIONS 

Publications of the GEO-SEQ Project, in addition to informa­
tion a bout other research being conducted, can be found a t 
http://esd.lb!.gov/GEOSEQ/ . 
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BOREHOLE SEISMIC MONITORING OF C02 INJECTION IN A DIATOMITE RESERVOIR 
Tho mas M. Da ley, Ernes t L. Majer, a nd Ro land Gritto 

Contact: Tho mas M . Da ley, 5 10/4 86-73 16, tmda ley@ lbl.gov 

RESEARCH OBJECTIVES 

Geologic sequestration of CO2 is one method proposed for 
reducing atmospheric CO2. Ensuring long-term storage is a 
component of any seques tration program. Our goal is to demon­
strate techniques for seismic imaging of subsurface CO2 through 
fi e ld tes ting . These techniques ca n be u sed for monito ring 
geologic sequestration . 

APPROACH 

Previous studies in carbonate reservoirs have shown that 
seismic velocity changes are caused by CO2 injection and that 
these changes can be spa tia lly mapped using crosswell seismic 
surveys (Wang e t al., 1998). The seismic velocity can change up 
to 10%, w hi ch is eaSily de tectable a nd mappable w ith modern 
crosswe ll seismic surveys. Clea rly, borehol e seismi c surveys 
hold grea t promi se for m apping and long- term monitoring of 
sequestered CO2. 

We are using an oil field (a t Lost Hills, California) currently 
undergoing CO2 injection as a test site for borehole seismic 
m onitoring. Previous crosswell and sing le-well seismic studies 
h ave shown the ability to de tect a sing le gas-bearing fracture 
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Figure 1. Time-lapse change in seismic velocity as meas­
ured by the high-frequency piezoelectri c crosswell 
surveys at the Lost Hills CO2 injection fi eld site. 
Regions of large change (blue) indica te a decrease in 
ve locity, indicative of CO2 in the subsurface. 

such as the COr filled hydrofracture at Lost Hills (Majer et al. , 
1997). Berkeley Lab has collected time-lapse borehole seismic 
data using two observation wells, OB-C1 and OB-C2, before and 
after CO2 injection . Two separate crosswell surveys used a 
piezoelectric source and an orbita l vibrator source. 

The third survey was a Single-well imaging experiment (i.e., 
source and receive rs in the sa me well) using the piezoelectri c 
source and both the three-component accelerometers and 
hydrophone sensors. The piezoelectri c source generates high­
frequency data (>2000 H z), giving wavelengths of about 1 m. 
The orbital vibrator source is lower frequency (70-350 H z), 
providing a separate scale of in ves tigation (wavelengths of 
about 6 m). 

ACCOMPLISHMENTS 

We have acquired three time-lapse d ata se ts-piezoelec tric 
and orbital-vibra tor crosswe ll and piezoelectric sing le well. We 
also have acquired postinjection orbita l vibrator single-well data 
as part of a tube-wave suppressor tes t. An alysis of the high­
frequency crosswell shows clear ch anges in velocity (Figure 1). 
Analys is of Single-well imaging indicates poss ible reflection 
imaging of the hydrofracture zone. 

SIGNIFICANCE OF FINDINGS 

Time-lapse crosswell and Single-well methods hold grea t 
promise in aiding our understanding of the fundamental rock 
physics and wave propagation effects that will allow monitoring 
of CO2 subsurface sequestration. 111 situ monitoring will likely be 
a part of any long-term geologic sequestration. 

RElATED PUBLICATIONS 

Daley, T.M., and D. Cox, Orbital vibrator seismic source for simul­
taneous P- and S-wave crosswell acquisition, Berkeley Lac 
Report LBNL-43070, 1999, Geophysics (in press), 2001 . 

Majer, E.L., J.E. Peterson, T.M. Daley, B. Kaelin, J. Queen, P. 
D'On£ro, and W. Rizel~ Fracture detection using crosswell and 
Single-well surveys, Geophysics 62(2), 495-504, 1997. 

Wang, Z., M.E. Ca tes, and R T. La nga n, Seismi c monitoring of a 
CO2 flood in a ca rbonate rese rvo ir: A rock physics study, 
Geophysics 63, 1604, 1998. 
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CAPACITY INVESTIGATION OF BRINE-BEARING SANDS FOR GEOLOGIC SEQUESTRATION OF C02 
Ch ri st ine Doughty, Karsten Pruess, Sall y M. Benson, Chri stopherT. Green, Su sa n D. HovOI"ka,l and Paul R. Knox1 

1 Bureau of Economic Geo logy, Un iversity ofTexas, Austin, TX 
Contact: Chri st ine Doughty, 510/486-6453, cado ughty@lb l.gov 

RESEARCH OBJECTIVES 

Geologic sequestration of CO2 in brine-bearing formations has 
been proposed as a means of reducing the ahnospheric load of 
greenhouse gases. For this procedure to have any meaningful 
impact on the global carbon cycle, vast quantities of CO2 must be 
injected into the subsurface and isolated from the biosphere for 
hundreds or thousands of years. N umerous brine-bearing forma­
tions have been identified as having potential for geologic seques­
tration of CO2, The objective of this research is to go beyond 
identifica tion and do quantitative s tudies of CO2 sequestration 
capacity in realis tic geologic settings. 

APPROACH 

To evaluate CO2 sequestration capacity, we use the numerical 
simulator TOUGH2, which considers all flow and transport 
processes relevant for a two-phase (liquid-gas), three-component 
(C02, watel~ dissolved NaCl) system. In particular, CO2 may exist in 
a gas-like supercritical sta te or be dissolved in the aqueous phase. 

We focus on the Frio formation of the upper Texas Gulf Coast. 
Key fea tures that make the Frio formation well-suited for geologiC 

depends on the time in the sequeSh"ation process at whidl it is meas­
ured: the capacity obtained when the storage-volume spill point is 
fi rs t reached can be much smaller than the capacity obtained for 
quasi-steady flow conditions. 

SIGNIFICANCE OF FINDINGS 

Based on the simulation results, the foUowing factors are favor­
able for sequestra tion capacity: 

• High inh'insic capacity, whidl depends on the relative perme­
ability to CO2 and the viscosity ratio between brine aJld CO2 

• A high geometric-capacity factOl~ which depends on the 
shape of the structure, permeability anisotropy, and the 
density ratio between brine aJld CO2 

• A high heterogeneity-capacity factor, noteworthy because 
preliminary indications suggest that layered-type hetero­
geneities enhaJ1Ce sequestra tion capacity by counteracting 
gravitational forces 

• High porosity, which signifies that large pore volume is avail­
able for sequestration 

sequestration include the ex is tence of many local­
ized CO2 point sources (power plaJltS, refineries, 
chemical plants), large volumes of suitable brine 
formations (unusable as potable water, away from 
petroleum resources), formations that are well 
characterized as a result of stratigraphically and 
structurally analogous petroleum reservoirs, 
extensive use of the Frio for deep-well injection of 
hazardous waste, aJld CO2 injection technology 

Ideal case: homogenous medium, 
full penetration, no gravity 
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developed for improved oil recovery tha t has 
been tested in anaJogous Gulf Coast formations. 

A three-dimensional numerical model is 
developed of a 1 km x 1 km x 100 m region of the 
fluvial-deltaic Frio formation using transition 

Figure 1. Modeled gas sa turation distribution after two years of injection of supercrit­
ical CO2 into a brine-sa turated formation for increasingly complex model assump­
ti ons. Each fra me shows a verti cal cross secti on through the center of the 
three-dimensiona l model; the injection well is shown as a black line. 

probability geostatistics. Permeability varies by nearly six orders of 
magnitude in the model, making preferential flow a significant 
effect. 

We define capacity as the volume fraction of the subsurface 
within a defined sh"atigraphic interval available for CO2 sequestra­
tion and consider it as the product of four factors : (1) the intrinsic 
capacity, conh'olled by multiphase flow and h"aJlsport phenomena; 
(2) a geomeh"ic capacity factOl~ controlled by formation geometry; (3) 
a heterogeneity capacity factOl~ con trolled by geologic variabi li ty; 
and (4) the formation porosity, the fraction of void space within the 
formation. 

ACCOMPLISHMENTS 

Numerical simulation results illustrate how CO2 sequestration 

http://www-esd.lbl.gov 

capacity depends on a combination of factors, 
including multiphase flow processes, formation 
and injection well configuration, geologic hetero­
geneity, and form ation porosity. Capacity also 

RElATED PUBLICATIONS 
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CROSSWELL IMAGING ATTHE WEYBURN FIELD FOR C02 TRACKING 
Ernest L. M ajer and Valeri Korneev 

Contact: Ernest M ajer, 510/486-6709, elmajer@lb l.gov 

RESEARCH OBJECTIVES 
This work is an integra l part of a comprehensive time-lapse 

se ismic-monitoring program for monitoring a massive CO2 

flood in a thi n, fractured carbonate reservo ir in PanCanad ian's 
Weyburn fie ld , located a t Williston Basin in southeas t 
Saskatchewan, Ca nada. The goa ls of the project are to d eploy 
technology that could track the detailed changes in CO2 content 
as a function of time and to validate the monitoring capability of 
the surface seismic data (3-C and 9-C 3D) and 3D vertical 
seismic profiling (VSP), which were collected at the same time. 

APPROACH 

In September 2000, Pan Ca nadian started the firs t phase of 
a n ex tensive long-term COTmiscib le injection at its Weyburn 
field, located at Williston Basin. The Hooding project is expected 
to expand over the fie ld area for many yea rs. To d e termine the 
applicability as well as refine the borehole methods, we carried 
out a comprehensive plan for using geophysical methods for 
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provide the proper scaling rel ationships for understanding 
overall flow behavior of the CO2 fluid at reservoir dimensions. 
Addressed wi ll be the trade-off be tween the spatial resolution 
a nd the spati al coverage of surface ll1e thod s and borehol e 
me thods, respecti ve l y. 

ACCOMPLISHMENTS 

A baseline horizontal crosswell-seismic survey was success­
full y acquired in August 2000 prior to the injection. To accomplish 
the goals in a cost-effective manner and within a production­
constrained time window, we combined cOi led-tubing deploy­
ment of a piezoelectric source with a 48-level hydrophone string in 
two para llel horizonta l we lls. The raw data reco rded exhibit a 
wave field rich in many usefu l wave modes, including compres­
sional, shea l~ and guided waves. A schem atic of the geom etry is 
displayed in Figure 1. The acquisition was performed as follows: 
The source was activa ted with a sweep of 200 to 2000 Hz every 3 

Figure 1. Plan and perspecti ve views of the horizontal well s used in the Weyburn CO2 mon i­
to ring experiment. One producer well was used as the rece iver well, and one injector well was 
used as the sound well. 

m. After the source was dragged along 
the horizontal section of the hole, it was 
pushed back to its starting position for 
another run. The receiver string was 
then pulled three meters and the source 
sweep was repea ted. This was done 
five times, so that a complete crosswell 
survey at three-meter spacing was 
accomplished. Overall , we have 
d emonstrated that crosswell tomog­
raphy is feasible be tween horizonta l 
well s. With carefu l repeat acquisition to 
accommod a te potential positioning 
errors, CO2 monjtoring using velocity 
differencing should be feasib le. 
Crosswell data will be processed for P-

m apping fluid migra tion and dy nami CS. In add ition to the base­
lin e 3-C 3D VSP and surface-seismi c surveys acquired by 
PanCanadian, Co lorado Schoo l o f Mines Reservoir 
C haracteriza tion Project's (CSM/RCP) on-go ing efforts in 9-C 
3D surface seismic and VSP a re being au gmented w ith Berke ley 
Lab's high- resolution crosswe ll and Sch lumberger' s sing le-we ll 
efforts. The higher-resolution borehole d ata will be integra ted 
with the s urface seismic to provide an overall understanding of 
reservoir d efinition and the dy nami CS of fluid migration. The 
crosswell se ism ic is in tend ed to provid e tomograph iC images of 
ch anges in r servo ir prope rti es at a mete r sca le, or less. When 
integrated with the surface se ismi c and VSP, these d a ta wi ll 
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and S-wave images as well as di sper­
sion and ampli tude effects. This w il l be done on a time-lapse basis 
during the course of the project as the data are coll ected. To inter­
pret the results, correlations will be made with the injection data to 
der ive migration-path rela tionshi ps. 
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PILOT STUDY INVESTIGATIONS OF CSEGR 
Curti s M . Oldenburg and Sa ll y M. Benson 

Contac t: Curti s M . O ldenburg, 510/486-74 19, cmo ldenburg@ lb l.gov 

RESEARCH OBJECTIVES 

Carbon sequestration with enhanced gas recovery (CSEGR) 
is the process whereby CO2 is separated from fossil-fuel power­
plant or industrial-process waste gases, pressurized for trans­
port by pipeline to a depleted gas reservoir, and injected into the 
depleted gas reservoir to pressurize the reservoir (and sweep 
CH4 toward production wells) for enhanced CH4 recovery. 
Although enhanced oil recovery by CO2 injection is an estab­
lished technology, enhanced gas recovery by CO2 injection has 
never been a ttempted. We are carrying out numerical simula­
tions of injecting CO2 into depleted natural gas reservoirs for 
CSEGR as scoping calculations that will guide selection of a gas 
reservoir suitable for a pilot study of the injection and gas 
recovery part of CSEGR. 

APPROACH 

We are using a new TOUGH2 module for simulating gas and 
water flow and transport in gas reservoirs. The simulator 
handles five components (water, brine, CO2, tracer, and CH4) 

along with hea t and uses the Peng-Robinson equa tion-of-s ta te 
lTl.odel for gas-mixture densities. By Henry's Law, gas species 
partition between the gas and liquid phases according to their 
temperature- and pressure-dependent solubilities . We have 
applied the simulator to investiga te pressure response and CO2 
transport in a prototypical depleted gas reservoir of area 3.2 km2 

(800 acres), thickness 20 m, porosity 0.20, and p ermeability 1 
darcy. 

ACCOMPLISHMENTS 

Fig ure 1 shows the two-dimensional numerical grid and 
color contours of CO2 m ass fraction in the gas phase af ter one 
year of CO2 injection, a t a total rate of 2 kg s-1 (5,740 ton mo- I ), 

into two wells (AI and ME2). This injec tion corresponds to a 
relatively high rate if delivery is by tanker trucks (capacity 
approximately 50 tons, corresponding to nearly 5 truckloads per 
day per well) . As CO2 is being injected, CH4 is being produced 
equally from wells HJ1, HJ2, and WI at a total rate of 0.3 kg s-1 
(41,000 Mcf mo-1). The inse t of Figure 1 shows the pressure 
response in bars and mass fraction CO2 in ppm in the observa­
tion well (MEl) . As shown, the injec tion ra te of CO2 is small 
relative to the size of the reservoir. Pressure increases, while 
small, are measurable despite the fact that CH4 is being 
produced. 

~ ~ 
~ 
http://www-esd.lbl.gov 

SIGNIFICANCE OF FINDINGS 
Simulations of CO2 injection into a deple ted na tural gas 

reservoil~ carried out with TOUGH2, demonstrate that reservoir 
pressure maintenance or p ressure increases can be produced by 
CO2 injection with minimal contamination on the time scale of 
one year. This investigation suggests that larger sources of CO2 

(e.g., from an existing pipeline with CO2 intended for enhanced 
oil recovery) may be a better prospect for the pilot study than 
CO2 supplied by truck on a smaller scale. 

RELATED PUBLICATION 

Oldenburg, CM., K. Pruess, and S.M. Benson, Process modeling 
of CO2 injection into natural gas reservoirs for carbon 
seques tration and enhanced gas recovery, Energy & Fuels 
15(2),293-298, Berkeley Lab Report LBNL-45820, 200l. 
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Figure 1. Contours of m ass fraction of CO2 in the gas 
phase after one year of CO2 injection with inset 
showing pressure and concentra tion increases over 
time at the observa tion well MEL ([CH4 production is 
from HJl, HJ2, and WI]. CH4 Prod. = 0.3 kg/s = 41,000 
Mcf/mo. CO2 Inj. = 2 kg/s = 5,740 ton /mo.) 
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AN INTERCOMPARISON STUDY OF SIMULATION MODELS FOR GEOLOGIC SEQUESTRATION OF C02 
Ka rsten Pruess, Chin -Fu Tsang, Dav id H. -S . Law, l and Curtis M. O ldenbu rg 

I A lberta Resea rch Counci I, Edmonton, A lberta, Canada 
Contact: Karsten Pruess, 5 ·10/486-673 2, k_pruess@lb l.gov 

RESEARCH OBJECTIVES 
Mathematical models and numerica l simulation tools will 

pl ay an important role in eva lu a ting the feasibility of CO2 

s torage in subsurface reservoirs, such as brine aquife rs, 
producing or depleted oi l a nd gas reservoirs, and coalbeds. We 
have proposed a nd initiated a code intercomparison s tud y that 
aims to ex plore the capabilities of numer ica l simula tors to accu­
rate ly and reliably model the important physical and chemica l 
processes that would be taking pl ace in CO2 disposal systems. 
The overall objective of the study is to advance and document 
the s ta te of the art for mode ling CO2 injection into subsurface 
reservoirs, and to establish credibility for modeling approaches. 

APPROACH 

Code inte rcomparison is viewed as an iterative process, 
progressing from re lative ly s imple and un coupled test cases to 
problems tha t feature comprehenSive process descriptions in 
settings approaching realisti c geo logiC complexity. Key issues 
that need to be addressed include (1) thermod ynamics of sub­
and supercr itica l CO2 and pressure-vo lume-temperature prop­
erti es of mixtures of CO2 with other fluids, including (sa li ne) 
water, oil, an d na tura l gas; (2) fluid mechani cs of single and 
multi phase flow when CO2 is injected into aquifers, o il reser­
voirs, and natural gas reservoirs; (3) coupled hydro-chemica l 
effects resulting from interacti ons be tween CO2, reservoir fluids, 
and primary mineral assemblages; (4) coupled hydromechanica l 
effects, such as porosity and permeability change resulting from 
increased fluid pressures from CO2 injection; and (5) space and 
time di scre ti za tion effects . 

We propose to organize and ma nage the model intercom­
parison stud y; facilitate the development and se lection of app ro­
priate tes t problems; distr ibute the m to interes ted groups of 
scienti s ts and engineers; and so li cit, collect, reconcile, and docu­
m ent solutions. The Internet will be used as a convenient vehicl e 
for organizing thi s effort. Workshops will be held to di scuss 
results, refin e problem definitions, develop new tes t p rob lems, 
and ag ree on future plans and sched ul es. Participants a re 
expectcd to use numer ica l s imulation codes ava ilable to thcm 
and obtain the ir own fund ing. 

ACCOMPLISHMENTS 

A s tan d ard forma t for specifi cat ion of tes t problems was 
d eveloped. A first se t of eight tes t probl ems has been assem­
bl ed to initiate the stud y. The first two problems address issues 
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arising in CO2-enhanced gas recovery. Problems 3 and 4 dea l 
with CO2 di sposa l in sa line aquifers. Probl em 5 involves a 
batch chemical-speciation ca lculation, while Problem 6 
exp lores a coupled hydro mech ani ca l process. Problem 7 
invo lves a 2D fi e ld -sca le aquifer d isposa l p roblem, and 
Problem 8 addresses CO2 injection into an oil reser vo ir. 
Simula tion capabilities for CO2 injec tion into coa lbeds are still 
in an early stage of development; no coalbed-related test prob­
lems are proposed a t the present time, but they m ay be 
included in future problem se ts. 

Full problem specifications were mailed to an address li st 
numbe ring approximately 150 a nd were a lso pos ted o n th e 
Web (http: // esd.lbl.gov / GEOSEQI) to be access ible to gro ups 
worldwide with relevant expertise and access to simula ti on 
tools for geologic seq uestra tion of greenh ouse gases. 

As of this writing, the following ten groups from six coun­
tri es have committed to p articipa ting: (1) Berkeley Lab 
(U.s.A.), (2) Stanford Uni versity (U.s.A.), (3) Lawrence 
Livermore Na tion a l Laboratory (U.S.A.), (4) Los A lamos 
Nationa l Laboratory (U.S.A.), (5) Alberta Research Council 
(Canada), (6) Industrial Research Ltd. (New Zea land), (7) 
CSIRO Petro leum (Australia), (8) Unive rsity of Stuttgart 
(Germany), (9) Institut Fran~ais de Petrol (France), (10) BRGM 
(Geologica l Survey of France). 

RELATED PUBLICATIONS 
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THE CALIFORNIA WATER RESOURCES RESEARCH AND APPLICATIONS CENTER 
Norman L. M il ler, Kathy Bashford, George Bri mhall, Susan Kemball -Cook, W illi am E. D ietrich, 

John Dracup, Jinwon Kim, Phaedon C. Kyriakid is, Xu Li ang, and Nigel w.T. Quinn 
Contact: Norman Mi ller, 510/495-2374, n lmiller@lb l.gov 

RESEARCH OBJECTIVES ---
The CaJifornia Wa ter Resources Research and Applications 

Center is designed around a set of integrated activities that focus 
on issues related to California water resources . Its primary 
objectives are to advance understanding of California climate 
and hydrologic variability and change. Core projects include 
build ing research partnerships that focus on analysis of (and 
educa tional ou treach rela ted to) hydroclimate impact on natural 
system s, society, and infrastructure. The following highlights 
our approach and results . 

APPROACH ------

• Snow cover area and water equivalent maps for California 
with University of Arizona 

• Geostatistical uncertainty analysis of precipitation and 
streamflow simulations 

• Contributions to impact-assessment reports 

ACCOMPLISHMENTS 

Our center became a m ember of the Earth Science 
Information Partnership, providing value-added climate, 
weather, s trea mflow and impact informa tion to the broad u ser 
community and the 2000 U.S. National Assessment and the 

The California Water Resources Research and Applications Intergovernmental Panel on climate ch ange reports. We h ave 
Center uses dynamic and statistical downscaling schemes within comple ted a series of seasonal and multiyear regional climate 
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received national m edia coverage . 

SIGNIFICANCE OF FINDINGS 

The climate change and s treamflow analyses indicate 
that the likelihood of extreme weather events will increase 
and that nighttime temperature will increase at a faster 
rate than daytime temperature . The simulated shift in 
stream p eakflow implies an increase in winter and spring 
high flow (flooding) and a decrease in summe r and fall 

Figure 1. The Regional Cl.imate System Mode l is composed of process s treamflow. We received new support from the California 
models nested between preprocessed and postprocessed output data. The b d 

Energy Commission, CALFED, and DOE ase on our 
models are physica ll y based and represent hydroclimate and impacts at a 
range of sca les. accomplishments. The California Wa ter Resources 

'-- --=- -=-_.....:===== __ ,.= Research and Applications Center has becom e a voice in 
our Regional Climate System Model framework. We produce California clinlate change assessments, increasing the awareness 
hydroclimate simulations at short-term, seasonal, and long-term of potential water resource problems in California and the 
time scales for weather and river-flow forecasts, clima te change United States. 
analyses, uncertainty estimates, landslide modeling, water­
quality monitoring and forecasting; and climate-change assess­
ments of water resources, agriculture, rural economy, and h azards 
(see Figure 1). 

Our applications projects include: 
• Runoff contaminant monitoring and real-time management 

in the San Joaquin Basin with the U.S. Bureau of 
Reclama tion 

• Contaminant identification and monitoring from Sierra 
Foothills mine sites with the University of California Space 
Sciences Laboratory 

http://www-esd.lbl.gov 

• Development of a dynamic sediment-transport 
and landslide-hazards pred iction system with the 
University of California Earth and Planetary 
Science Department 

RELATED PUBLICATIONS 

Kyriakidis, PC, N.L. Millel~ and] . Kim, Uncertainty propaga­
tion of regional climate model precipitation forecasts to 
hydrologic impact assessm ent, J. Hydrometeorology 2, 
140-160, Berkeley Lab Report LBNL-45852, 2001. 

MilleI~ N.L., W.J. Gutowski, J. Kim, and E. Strem, Assessing 
California streamflow for present day and 2040 to 2049 
scenarios, J. Hydrometeorology (submitted), Berkeley Lab 
Report LBNL-47987, 2001. 
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MODELING THE WATER RESOURCE AND ENVIRONMENTAL IMPACTS 
OF CLIMATE VARIABILITY ON THE SAN JOAQUIN BASIN 

Norman L. Mi ller, Nige l W. T. Q uinn, John Dracup, Jinwon Kim, and Richard Howitt 
Contact: Norm an M iller, 5 10/49 5-23 74, nlmi ller@lb l.gov 

RESEARCH OBJECTIVES 
Water-resource planners need to develop contingency plans 

to dea l with the poten tial eHects of global warming an d its 
related impacts on the San Joaquin Basin. The literature suggests 
that precipita tion may be warmer and runoff earlier in the 
season, reducing the reservoir capture of snowmelt and rainfall 

subroutines are implemented within the MMS toolbox, the thirc 
phase of the project will be to complete a series of impact 
analysis rW1S for the San Joaquin BasiJl. We will compare climatE 
change scenarios with histor ic time series to de termine thE 
potential impact on the San Joaquin basin. 

ACCOMPLISHMENTS 
runoff under current reservoir opera­
tional policy. Research also sugges ts an 
increase in the variability of future 
weather and the incidence of extreme 
weather even ts under a global-warming 
scenario. Mathematical models most 
useful to analyze the impacts of climate 
change scenar ios on water resources and 
the environment do not lend themselves 

Climate Change 
The MMS has been imported and i~ 

running on our local workstations, and, 
training session with U.s. Geologica 
Survey personnel took place on Junc 
19- 20,2000, at Berkeley Lab . A paper ha ~ 

been prepared on the initial phase of ou] 
research and was presented at thE 
International Society of Environmenta 
Systems Software conference on June 2 
2000, in Austria. 

Precipitation 
Temperature .. 

Hydrologic Models 
Stream Flow 

+ 
30-year Observed Adjust CC Runoff for 
Streamflow Time ... ~ Bias between 

Series (PC) PC-SIM and PC Runoff .. 
to a system-wide impact analysis. Hence, 
the objective of this research is to 
develop an integrated modeling system 
that simulates a broad array of water 
resource and environmental ilnpacts 
resulting from a range of future climate 
scenarios. The goals of this project are to 
produce a public-domain toolbox, avail­
able on CD, that can be readily used by 
agencies such as the Bureau of 

Compute Monthly 
Water Resou rce Allocation as a Function of 

CC and PC Streamflow SIGNIFICANCE OF FINDINGS 

II Figure 1. Water-resource allocation is being I 
Model integration has become a topic 

of great importance to land and water 
resource agencies, owing to the increasin§ 
complexity of water-resource and environ 

modeled as a linked se t of models within 
our Re iona] Climate S stem Model. g y 

Reclamation and the Department of Water Resources; and to 
analyze the impacts of climate change on water resources and 
the environment. 

APPROACH 

State-of-the-art simulation models have been acquired from 
the U.s. Bureau of Reclamation, Department of Water Resources, 
the U.S. Geological Survey, and the University of California. The 
first phase of the study has involved becoming familiar with the 
various models and making preliminary runs to validate model 
codes. The second phase, begwl in June 2000, will customize the 
Modular Modeling System (MMS), a software platform devel­
oped by the U.s. Geological Survey, and link the models as a 
single toolbox postprocess of our Regional Clima te Sys tem 
Model (see Figure 1). We are building sets of subroutines for 
streamflow, water quality, water demand, sediment transport, 
agro-economics, and related ecosystem response. Once the 
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mental-management problems. Berkeley 
Lab is uniquely qualified to assist in this area of appliec 
research. 

RELATED PUBLICATION 

Quinn, N.W.T, N.L. Miller, J.A. Dracup, L. Brekke, anc 
L.F.Grober, An integrated modeling system for environ 
mental impact analysis of climate variability and extreme 
weather events in the San Joaquin Basin, California 
Environmenta l Software Systems, Environmenta 
Information and Decision Support, IFIP TCS WGS.ll, 3rc 
rnternational Workshop on Environmental Software System! 
(ISESS 2000), Zell Am See, Austria, May 28-June 4, 2000. 
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APPLICATIONS OF REMOTElY SENSED DATA FOR SEASONAL CLIMATE PREDICTIONS IN 
EAST ASIA AND SOUTHWEST UNITED STATES 

Jinwon Kim, Norman L. Miller, R.C. Bales,1 and L.O. Mearns2 

I Hydrology and Water Resources Department, University of Ari zona, Tucson, AZ 
2C limate Impacts Group, National Center for Atmospheric Research, Bou lder, CO 

Contact: No rman M ill er, 5 10/495-2374 , n lmiller@lb l.gov 

RESEARCH OBJECTIVES - ---
The objectives of this study are to improve seasonal-to-inter­

annual climate prediction by incorporating remotely sensed 
land-surface data into more realistic starting values for land­
surface models. The improved climate predictions will provide 
input forcing to water resources, river flow, and agricultural 
productivity models, with climate variability represented. The 
modeling framework,methodology, and data obtained in this 
study will be applied toward advancing seasonal and interan­
nual regional climate predictions and climate impact assess­
ments for East Asia and Southwest United States. 

APPROACH 

We have generated improved land-surface data for snow­
covel~ soil moisture content, and vegetation by combining satel­
lite-observed and station data in collaboration with the 
University of Arizona, NASA Data Centers, and East Asia insti­
tutions. Satellite data to be u sed includes NASA's Earth 
Observing System /Moderate Resolution Imaging 
Spectroradiometel~ the National Oceanic and Atmospheric 
Administration's (NOAA) Advanced Very High Resolution 
Radiometer for snow cover and vegeta tion characteristics, and 
the Advanced Microwave Scanning Radiometer for soil mois­
ture . Improved land-surface data is then used to initialize the 
Soil-Plant-Snow (SPS) model as coupled with the Mesoscale 
Atmospheric Simulation (MAS) model for dynamic down­
scaling. The SPS will be modified to examine the effects of 
different interpretations of satellite-observed surface data. The 
coupled MAS-SPS will be used to investigate the effects of 
improved land-surface data on regional simulations for seasonal 
and interannual time scales (see Figure 1) . Predicted atmos­
pheric data will be used to predict streamflow and agricultural 
production. 

ACCOMPLISHMENTS 

This new NASA IDS (Interdisciplinary Studies) project began in 
March 2000 and is a follow-on from om previous NASA IDS precip­
itation and sh·eam.flow hindcast project. Our preliminary investiga­
tion is focused on an evaluation of om Regional Climate System 
Model and the generation of data sets for this study. We have inves­
tigated the accmacy of the system and the large-scale forCing data. 
Simulations for the 1998 and 1999 East Asia monsoon season have 
been completed, using the large-scale analysis data sets from NOAA 

http://www-esd.lbl.gov 

and the Korean Meteorological Agency. Additionally, an eight-year 
simulation for the western u.s has been completed and is being 
shldied for the effects of vertically varying root density on warm­
season regional climate. Fine-scale global vegetation data sets are 
being analyzed and processed to generate smface-vegetation-char­
acteristic data for the SPS. We are also obtaining hydrologic data for 
several basins i.n China and Korea for sh'eamflow research. 

SIGNIFICANCE OF FINDINGS 

We fow1d a significant difference in the location and intensity of 
East Asian monsoon rain bands simulated with the two different 
large-scale data sets. We have completed a multiyear simulation of 
basin-scale precipitation and streamflow resulting in fair to good 
predictability of the mean monthly stream.flow (Miller et a1. 2001). 
These results imply a potential for dynamic downscaling applica­
tions related to water resources and agriculhlre in this region. 

RElATED PU BLiCATION ---
Millel~ N., J. Kim, and J. Zhang, Coupled precipitation and 

streamflow simulations at the GAME/HUBEX site: Xixian 
Basin, J. Japan. Meteorol. Soc., 2001 (in press). 
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Global Analysis 
and Prediction Streamflow 

Model 

Agricultural 
Model 

Figure 1. An outline of the regional-climate­
prediction exper iment in this study. Black 
arrows indicate one-way data flow; the green 
arrows indicate interactive coupling. 

105 



Earth Sciences Division 

Berkeley Lab Climate Variability and Carbon Management Program 
Annual Report 

2000- 2001 

THE DOE WATER CYCLE INITIATIVE PILOT: MODELING AND ANALYSIS OF 
SEASONAL AND EVENT VARIABILITY AT THE WALNUT RIVER WATERSHED 

Norman L. Miller, Mark S. Conrad, Donald J. DePao lo, and Inez Fling 
Contact: No rman Mi ller, 5 10/495-2374, nlmill er@lbl.gov 

RESEARCH OBJECTIVES 

The DOE Water Cycle Initiative pilot is designed to use 
isotopic measurements of water (deuterium and ( 180) to 
constrain hydroclimate models, assimilate remotely sensed data 
into hydroclimate models, and test process descriptions and 
sensitivities at multiple sca les-to better unders tand water cycle 
variability. The primary research objectives are to (1) eva lua te 
predictions of Walnut Ri ve r water-budget components, using a 
se t of nes ted models baving different spatial resolutions witb 
archived and new field data; (2) evaluate water-isotope modeling 
as a means of tracing sources and sinks; and (3) identify water­
budget-model improvements and data needs. 

APPROACH 

Our approach con s ists of three main tas ks: database deve l­
opment, model advancements, and simulations/ eva luation. The 
firs t task, Berkeley Lab's primary database ac tivity, involves 
building a comprehensive se t of iso topic d ata for all components 
of the water cycle. The second task is the advancem ent of our 
Regional Climate System Model (RCSM) to include w a ter­
isotope mass-conservation equations and introduce d ata assim-

Figure 1. Understanding the water cycle processes at Wa lnut River 
Watershed requires atmospheri c-l a nd surface-hydrologic models 
that adequately simulate moisture advection, eva potranspiration, 
precipitation, runoff, groundwater transport, etc. To trace the 
water cycle, we are including water-isotope mass-conserva tion 
estimates and measurements of hydrologic processes. 

ilation to the land-surface and bydrology model (see Figure 1). A 
gen eric iso tope cloud-phYSics a nd diffus ion sch eme is being 
d eveloped. This will be upg raded as ava ilable meas urements 
provide more realistic rate va lues that take into account in-cloud 
e vaporation, condensation, autoconversion, and accretion, and 
are implemented into the RCSM. An initia l set of deuterium and 
0180 parame teriza tions for surface and subsurface water trans­
port will be implemented to our hydrology model. Iso topic vali­
dation will be based on precipitation and s trea m-sampling data. 
D a ta assimilation will fo cus on tes ting a nud ging scheme for 
fo rcing prog nos ti c equations re la ted to so il moisture and snow 
cover area, us ing remote ly sensed data produ cts. 

The tbird ta sk is a sy nthes is o f the first two tasks combined 
with model s imul a tions and eva lua tion. Be rkeley Lab will be 
responsible for iso topic analysis of aU water samples collected 
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during the pilot study. We will use the resulting water-isotope 
data for model parameteriza tion and prediction studies. 
Satellite-derived data will be evaluated independe ntly, with 
surface observations and model simulations. Multiscale 
Berkeley Lab RCSM simulations at 36 km, 12 kill, and 4 km will 
determine tbe spati al sca les for realistic precipitation and soil 
moisture distributions. Tests of the RCSM, which including 
land-surface h ydrology models with water isotopes, will yield 
information toward reducing unce rtainties in predictability. 

ACCOMPLISHMENTS 

During the sta rt-up period, we ha ve accessed most of the 
land-surface characterization data and some historica l time ser ies 
of weather variables. We have completed an initi a l water-budget 
s imula tion for a s ing le station in the Whitewa te r Watershed 
(using our land-surface and s trea mflow water- and energy­
budge t model) and performed dynamic atmospheric down­
scaling over the United States, nested to 12 km using the MM5 
model. Water-iso tope collection is being prepared for this year's 
wet season at the Walnut Wa tershed. Finally, based on litera ture 
studies (Gedzelman and Arnold, 1994; Hendricks et a I., 2000) and 
communica tion with Globa l Climate Model (GCM) wa ter-isotope 
modele rs (D. Noone, personal communica tion), we have begun to 
eva luate the procedure for simulating water isotopes in mesoscale 
atm ospheric models forced by GCMs. 

SIGNIFICANCE OF FINDINGS 

The significant aspect of this work, in addition to simulating 
hydrologic closure, is the genera tion of a mesosca le wa ter- isotope 
map for the contincntal United States. These resulting abnospheri c 
deuteriLUll and 0180 distributions will help to answer a number of 
paleocl imate questions. The DOE Water Cycle Initi ative pilot is the 
precursor to the DOE Water Cycle Dynamics and Prediction 
Program that was initiated in January 2001 by a team primarily 
composed of hydrologists and meteorologists. Now under review, it 
may become the 2003 phase of this water cycle initiative pilot. 

RELATED PUBLICATIONS 

Gedzelman, S.D., and R Arnold, Modeling the isotopc composition 
of precipitation, JGR 99, 10455-10471,1994. 

Hendricks, M.B., OJ DePaolo, and R C. Cohen, Space and time vari­
ation of del ta 0-18 and delta 0 in precipitation: Can paleotem­
pera ture be estima ted from ice cores? Global Biogeochemical 
Cycles, 14, 851-86], 2000. 
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CARBON MONITORING ATTHE ARM SOUTHERN GREAT PLAINS SITE 
W ill iam Riley, Margaret Torn, Marc Fi scher, Dav id Bill esbach, and Joe Berry 

Contact: W ill iam Riley, 510/486-5036, w j riley@lbl.gov 

RESEARCH OBJECTIVES 
Current challenges in carbo n cycle resea rch include 

bridging plot-scale measurements with regional- and global­
scale models, and linking the fluxes of carbon, water, and 
energy from heterogeneous natural and m anaged ecosys­
tems. To address these challenges, we are developing a 
carbon-monitoring program at DOE's Southern Great Plains 
(SGP) Atmospheric Radiation Measurement (ARM) Cloud 
and Radiation Testbed (CART) site . This site is ideal for 
carbon cycle research because of ARM's comprehens ive 
atmospheri c m.easurements, simple topography, and the 
region's mixture of land uses. 

APPROACH 

We are performing the bulk of our work near the ARM 
Central Facility (CF) located in 
north-central Oklahoma. The land 

<n roN 
'Vi E 0.5 
~Dl 

ACCOMPLISHMENTS 
The portable eddy covariance system compared well in a 

cross-calibration test with a permanent Ameriflux site in 
Oklahoma (Figure 1). The permanent eddy covariance system 
was installed on the 60 m tower at the CF and is now continu­
ously measuring fluxes over spatial scales that cover a mixture 
of land uses. We have tested the high-precision CO2 system in 
the laboratory and installed it on the CF tower; in the tests, the 
system matched the NOAA standard to within 0.05 ppm. The 
land-surface model is acc urately capturing the dynamics and 
magnitude of ecosys tem carbon and energy exchanges at the 
tallgrass prairie site . We have a lso comp le ted integration of 
submodels into LSM1.0 to simulate canopy vapor, leaf water, 
and vertically resolved soil water H 2

180 content; leaf photosyn­
thetic and retro-diffusive fluxes of C1800; root and microbial 

production of CO2; and soil CO2 and 
C1800 diffusive fluxes and equili­
bration with soil water. use in the region consists of crops 

(dominated by whea t), pasture, and 
na tive tallgrass prairie. To be tter 
understand the complex land­
surface carbon exchange, we are 
building and deploying (1) three 
portable eddy covariance towers for 
CO2 and energy fluxes, (2) a precise 
CO2 measurement system at the CF 
60 m tower, (3) an eddy covariance 
system at the CF 60 m towel~ and (4) 
an iso tope sample collection system 
for the CF and portable towers. 

{l-S Z x O+----.~~~~~--,----,--_,----~ 
SIGNIFICANCE OF 
FINDINGS _ :J 
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The good performance of the 
portable eddy covariance tower 
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.g -1.5 +----.--_,---'--,---,----,--_,----r--' 
implies that we can effectively tes t 
the ecosystem model predictions 
over various land uses and m eteoro­
logical conditions. During this year's 
summer fi eld season, we intend to 
characterize the various ecosystems 
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Figure 1. Cross calibra tion of Berkeley Lab-ARM 
system at the Ameriflux tallgrass prairie site in 
Oklahoma. in the CF footprint and tes t the inte­

grated flux measured at the 60 m Simultaneous m easurem ents from 
the three 4.5 m portable towers will be u sed to characterize the 
he terogeneous ecosystem sources impacting concentrations and 
fluxes at the CF tower. We are also applying established models 
(SiB2 and LSM1.0) to simulate CO2 and energy fluxes, and 
developing new methodologies to simulate H 2l80, C1800, and 
l3C0 2 fluxes. Improved understanding of l3C and 180 fluxes 
from ecosystems w ill allow us to more accurately partition ne t 
ecosystem exchange into respiration and photosynthetic uptake, 
thereby improving our abili ty to predict ecosys tem behavior 
under changing environmental conditions. 

http://www-esd. lbl .gov 

tower against the m easured and modeled distributed source. 
This approach will allow us to integra te ecosystem sources and 
sinks from the heterogeneous landscape and predict regional­
scale carbon fluxes . 
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ISOTOPIC ANALYSIS OF CARBON CYCLING AND SEQUESTRATION IN A CALIFORNIA GRASSLAND 
M argaret Torn, M . Rebecca Shaw, and Chri s Field 

Contact: M argaret S. Torn, 5 10/495-2223, mstorn @lb l.gov 

RESEARCH OBJECTIVES 

Anthropogenic ac tivities are altering a tmospheric CO2 and 
clima te as well as increasing nitrogen fi xa tion and dep osition 

(Fig ure 2). There was no treatment effect on the amount of 
Recent C respired . In contras t, the treatments h ad a 

g lo ba ll y. We are inves ti gat in g the 
impac ts of global ch ange on carbon 
cycling in an annual grassland at Jasp er 
Ridge Biological Preserve, Stanford, 
California (Figure 1). Here we report the 
trea tment effects on decomposition of 
soil orga nic m a tter (SOM) and the rela­
tive contribution of "Recent" versus 
"Old" SOM to soil respira tion losses 
from the ecosystem . 

APPROACH 

The Jasp er Ridge experiment has 
grassland plots exposed to elevated CO2, 

warming, increased p recipita tion, an d 
nitrogen (N ) fertilization, singly a nd in 
combina tion , since the fa ll of 1998. The 
foss il source of eleva ted CO2 is deple ted 
in l3C rela tive to the ambient atmos­
phere . This crea tes an isotopic label in 
plant inputs to the elevated CO2 p lo ts 
that we can use to trace carbon cycling 
th rou gh plant inputs, soil organic mater, 
and soi l respira tion . We are using the 
iso topic signa ture to p artition soil respi­
ration into recently (i. e., since the exp er­
iment began) photosynthesized carbon 
(Recent) and carbon fixed in p revious 
years (Old). The ecosystem is dominated 
by annual plants tha t begin growing 
a fter the firs t ra ins in fall and die in la te 
sp ring the following yea r. 

RESULTS 

Figure 1. Jasper Ri dge Global Change Experi­
ment, March 2000 
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Figure 2. Soil resp iration over growing season 
1999-2000 by trea tment. The blue bars are Old 
C (pre-1998 growing season) and the green 
bars are Recent C (1998 growing season and 
later) . The error bars are standard error of 
cumulative season total. 

pronounced effec t on the decomposition 
ra te of O ld soil organic ma tter. The 
warmi ng or wa tering treatmen ts had the 
lowest ra tes of old C respira tion, despite 
m ost models having decomposition 
ra tes increasing with soil m ois ture and 
tempera ture . The two nitrogen-addition 
trea tments s timulated the mos t decom­
p osition . One hypothesized mechanism 
for N stimula tion of decomposition is 
that, under N limita tion, a n increase in 
plant grow th (e .g ., resulting from 
eleva ted CO2) leads to a decrease in 
microbial ac tivity, and fertiliza tion a t 
Jasper Ridge released soil microbes from 
this constraint. 

SIGNIFICANCE OF FINDINGS 

In man y stud ies, eleva ted CO2 causes 
an increase in plant photosynthesis. 
However, sustained plant grow th, and 
thus continued C sequestra tion, is N­
limited in m ost temperate ecosystem s. 
As a res ult, scientists have hypothesized 
that the combination of CO2 and N fertil ­
iza ti on will ca use net seques tra tion in 
ma ny ecosys tems. This is the firs t study 
we are aware of showing that N fertiliza­
tion or increased N deposition can 
increase decomposition of s table soil 
organic matter and thus result in loss of 
C stored in soils. 

ACKNOWLEDGMENTS 

We m easured soil respira tion six times over the second 
growing season (1999-2000) of the experiment. By interpo­
lating between the sampling p oints, we can estimate the cumu­
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LBNL-47353,2001. 

Pruess, K., T Xu, J. Apps, and J. Garcia, Numerical modeling of 
aquifer disposal of CO2, in SPE/EPA/DOE Exploration 
and Production Environmental Conference, San Antonio, 
Texas, February 26-28, 2001, Berkeley Lab Report LBNL-
47135, 2000. 

Rubin, Y, S.s. Hubbard, A. Wilson, and M.A Cushey, Aquifer 
characterization, in The Handbook of Groundwater 
Engineering, CRC Press, Berkeley Lab Report LBNL-46471, 
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Top left: Numerical simulation of effect of shear stress on the anisotropic wave propaga­
tion within a medium containing parallel fractures. Top right: Mammoth Mountain, Long 
Valley Caldera in eastern Ca li fornia, Roy Kaltschmidt, Berkeley Lab. Bottom left: Drill bit 
of the Tunnel Boring Machine (TBM) used to drill the Exp loratory Studies Facility (ESF) at 
Yucca Mountain, Nevada, Roy Kaltschmidt, Berkeley Lab. Bottom right: Contours of mass 
fraction of CO2 in the gas phase after one year, Curt Oldenburg Berkeley Lab. 

Sunset view of Berkeley Lab looking west, Roy Kaltschmidt Berkeley Lab. 

Map defining and monitoring contaminant plumes at the Berkeley Lab site, Iraj Javandel, 
Berkeley Lab. 

Cross-well radar tomography interpretation for changes in moisture content, Ernie Majer, 
Berkeley Lab. 

Analysis of particu late inorganic carbon at sea, August 2001, Roy Kaltschmidt, Berkeley 
Lab. 

Temperature, pressure, and air f low rate are monitored by a data acquisition system, Roy 
Kaltschmidt, Berkeley Lab. 

Effect of shear stress on the anisotropic wave propagation within a medium containing 
parallel fractures. Left: numerical simulation. Right: theory (solid: dynamic theory, dotted: 
static theory), Seiji Nakagawa, Berkeley Lab. 

ESD Nuclear Waste Program staff in front of the TBM dri II-bit used to dri II the ESF at Yucca 
Mountain, Nevada, Roy Kaltschmidt Berkeley Lab. 

Snapshot of elastic wave field propagation modeling for Mahogany sa lt body-Gu lf of 
Mexico, Valeri Kornee~ Berkeley Lab. 

Landfill Bioreactors, Roy Kaltschmidt, Berkeley Lab. 

Berkeley Lab's robotic organic carbon biomass observer at the surface in Ca lifornia 
Current waters, Roy Kaltschmidt, Berkeley Lab. 
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