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As we approach the millennium, the importance of the earth
sciences in shaping our future grows larger than ever. Not

only must we continue to address the issues that were so press-
ing during the past century—energy and water resources,

ground water and surface water pollution and natural hazards—

we must face the challenges of the coming century. The poten-
tial for global climate change and the need for safe and secure

nuclear waste management have emerged at the forefront of the
concerns faced by our nation and others around the world. As

one of the U.S. Department of Energy’s national laboratories, our

mission is to provide a robust scientific foundation to better
understand and identify solutions to these pressing issues.

This year has been an exciting one. We have launched several

new initiatives to prepare ourselves for the future, and we have

made great strides in our ongoing research programs. In this
report we present examples of both new and continuing

research. While it is not a complete accounting, it is representa-
tive of the nature and breadth of our research effort.

New programs in regional climate modeling, carbon cycling in
the oceans and terrestrial biosphere, methane hydrates and car-

bon sequestration are the cornerstones of a major new research
thrust related to global environmental change. Signflcant

progress has already been made in each of the following areas:

● The Regional Climate System Model (RCSM) has been used to

predict California stream flow in a double C02 environment.

● We have been selected, in partnership with Lawrence

Livermore National Laboratory, to create the new DOE

Center for Research in Ocean Carbon Sequestration.
● A reservoir simulator for predicting production from

methane hydrate reservoirs has been developed.
● ESD researchers have played a leading role in defining the

national research agenda for sequestration of C02 in geologic
formations.

This has also been an exciting year for many of our ongoing

research programs. Our core fundamental research program in

flow and transport, geochemistry and subsurface imaging con-
tinues to push the state of the art and provide the foundation for

new insights, approaches and technologies that are relevant to
all of our mission-focused programs. Furthering our understand-
ing and quantification of vadose zone flow in fractured and het-

erogeneous rocks continues to be a cenmtl goal of our funda-

mental research program. This year’s highlights include new
insights about the episodic and chaotic nature of vadose zone
flow in fracture media, better models of colloid transport and a

greater understanding of the range of conditions over which film
flow on fracture faces may occur.

Our fundamental research program in geochemistry, with pri-
mary emphasis on isotopes and reactive transport modeling, has

broadened to include experimental and theoretical research in
molecular geochemistry. Development of TOUGHREACT, a ver-

sion of the TOUGH2 family of codes that simulates reactive sub-
surface transport, represents a major new research capability for

our group. Our subsurface imaging program focuses on devil-
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oping higher resolution imaging methods for geologic struc-

tures, transport properties and fluid composition. This year an
award-winning project to construct permeability maps from high

resolution cross-borehole seismic tomography was compIeted,

providing the launching point for a new initiative in joint inver-
sion of hydrologic and geophysical imaging data.

Scientists working in our Nuclear Waste Program continue to
provide leadership in identifying and addressing key research

questions related to flow and transport in the unsaturated zone
at Yucca LMountain—a site in Nevada that is being investigated as

a potential repository for spent nuclear fuel from commercial
power plants. As our understanding of the natural flow system
improves, we are focusing on the interaction between the waste

package and the natural environment. One key question is: How
much water will actually seep into the drift and contact the
metal canisters that encIose the spent nuclear fuel rods? We have

conducted a set of field experiments and theoretical studies
which show that only a small fraction of the water percolating

through the mountain will seep into the drifts. Some experi-
ments even suggest that there may be a threshold below which

no water wiIl seep into the drifts. If this is true, canister corrosion
rates and radionuclide fluxes will be lower than currently

expected. Over the next several years researchers will address
these and other issues about the interaction between the engi-
neered and natural systems.

Scientists and engineers in our Energy Resources Progmm
work closely with the fossil fuel and geothermal industries to

develop more effective methods for locating and producing
energy resources. This year we have made a major step toward

development of new seismic methods for characterizing frac-
tured reservoirs, a probIem of utmost importance to the oil, gas

and geothermal industries. At the Conoco Oil Company Test Site
in Oklahoma, we completed the first successfd field demonstra-

tion of high resolution single-well seismic imaging of fluid-tilled
fractures.l%ese same tests provided field validation of new theo-

retical models for the seismic response of fractures developed as
part of our core fundamental research program.

Looking closer to home, researchers in the Environmental
Remediation Technology Program continue to lead the soil and

groundwater cleanup activities taking place at our own site.
Since the inception of Lawrence Berkeley Laboratory in the mid-

1%0s, the site has been used as a major research facility. With
that comes the pollution typically associated with light industrial

opemtions. Several plumes of mixed solvents, hydrocarbon fuels,
freon and tritium are located across the site. The complexity of

the geoIogic environment here makes locating the source of
these plumes, tracking their migration and designing effective

remediation schemes a major challenge. Persistence, a good deal

of hydrogeologic sIeuthing and a pragmatic approach to remedi-
ation have resulted in significant progress towards resolving site

cleanup issues. From this and many related experiences we have

come to believe that detailed source characterization is the nec-
essary foundation for all successful and cost-effective groundwa-
ter remediation activities. Circumventing this time-consuming

and often costly step will be paid for many times over.
Finally, one of the major highlights of the year was an

International Symposium on the Dynamics of Flow in Fractured

Rocks held in honor of Dr. Paul Witherspoon’s 80th birthday. Dr.

Witherspoon, the founding director of the Earth Sciences
Division, continues to play an active role in many of our activi-

ties. In honor of his birthday, at which he gave a keynote speech
on “Thirty Years of Fmcture Flow Research at Berkeley,” more
than 250 participants from around the world joined us for an out-

standing technical workshop.

Organization of this Report

This report is divided into five sections that correspond to the
major research programs in the Division:

● Fundamental and Exploratory Research
● Nuclear Waste

● Energy Resources
● Environmental Remediation Technology

● CIimate Variability and Carbon LManagement
These programs draw from the each our disciplinary depart-

ments: Ecology, Geophysics and Geomechanics, Geochemistry,

Hydrogeology and Reservoir Dynamics, and the Center for

Environmental Biotechnology. Short descriptions of these depart-
ments, along with a listing of our personnel are provided as intro-

ductory material. A Iist of publications for the period June 1997
to June 1$)99 are provided in Appendix A.
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The current expertise of the Ecology Department (ED) is

focused on bioremediation, ecosystem engineering, microbial
ecology and environmental risk assessment. Department scien-
tists support research in the Environmental Remediation

Technology Program, Center for Environmental Biotechnology,
Energy Resources Program, Nuclear Waste Program and Climate

Change and Carbon Management Program.

Bioremediation

Ecology Department staff are internationally known for their

research in bioremediation. This work has included both in-situ,
ex-situ and end-of-pipe treatments and natural attenuation
(intrinsic bioremediation) .The department has published papers

on bioremediation of chlorinated solvents, polycyclic aromatic
hydrocarbons, poly-chlorinated biphenyls, fuels, BTEX, MTBE,

actinides, selenium, uranium and chromium. In addition to
Department of Energy and Department of Defense waste sites,

ED researchers have also studied municipal landfills, agricultural
drainage areas, sewage treatment systems, groundwater treat-

ment systems, pulp mills, oil refineries, oil production areas,
explosives-contaminated soil, nuclear waste storage areas, sol-

vent-contaminated sites, canneries, cresote treatment areas and

nitrogen fertilizer factories. Researchers have seveml patents on
bioremediation technologies, many of which have been licensed
and are being used at sites around the world. A fascinating new
area has developed over the last two years using the unique cap-

atiblities at LBNL’s Advanced Light Source (ALS). Ecology
Department researchers have shown that by using irtftm-ed

analyses they can detect the juxtaposition of bacteria, toxic met-

als and solvents on basalt rocks from DOE waste sites. Indeed,
they have shown that naturally occurring bacteria can detoxify
Cd to Cr3, which is very stable. This promises to be a rapidly

developing area for basic research in bioremediation.

Ecosystem Engineering

The Ecology Department has researched selenium transport

in the Grassland Water District for many years. Recent research
has focused on better methods for compliance monitoring and

management. The U.S. Bureau of Reclamation has sponsored this
work in an effort to better manage selenium loading in the San

Luis Drain. Microbial studies have shown that selenium in-transit
losses occur and that the fate of this selenium is bed sediments.

Manipulation of the microbial ecology of the drain may stimulate
the bioremediation of selenium from the water, thereby reducing

the mass loading of selenium to the San Joaquin River.

Microbial Ecology

The Ecology Department has considerable expertise in moni-

toring and chamcterizing microbes in all types of soil, groundwa-

ter, food, freshwater, marine, animal and human environments.
Researchers have developed a large number of state-of-the-sci-

ence techniques to detect and ident@ microorganisms in the
environment using nucleic acid probes, polymerase chain reac-

tion (PCR), polar lipid fatty acids, fatty acid methyl esters, signa-
ture enzymes, fluorescent antibodies and direct fluorochrome

staining. Ecology department researchers have been actively char-
acterizing microbes from the Chernobyl nuclear site and from

-77------------ ,
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Lake Baikal in Siberia. The department has also developed expert-
ise using the AM to visualize individual microbes on mineral sur-
faces and identify their juxtaposition -with minerals and organic

compounds in-situ.

Environmental Risk Assessment

Using the ILLS and various new techniques for enzyme assays,
ED researchers have developed unique methods for a physio-

logically based protocol to estimate bioavailability and health
hazards of petroleum products from soils to humans. This

research is providing practicaI and realistic tooLs for evaluating
various remedial technologies that cost-effectively protect
humans-especially children-from exposure to residual petro-

leum hydrocarbons in surface soils of petroleum-contaminated

sites.

Funding

Ecology Department research is funded by several DOE pro-

grams: (1) Office of Science, Office of Biological and
Environmental Research; (2) Office of Environmental

iManagement, Offices of Science and Technology and
Environmental Restoration; (3) Office of Fossil Energy, Office of

Gas and Petroleum Technologies; and (4) Office of Non-prolifera-
tion and National Security, Office of Research and Development.

Support is also received from the Department of Defense, U.S.
Army Corps of Engineers; Department of the Interior, Bureau of

Land lManagement; and from the State of California, Department
of Water Resources and Department of the Interior, Bureau of

Reclamation under the CALFED program. Finally, funding is
received through LBNL’s Labomtory Directed Research and

Development Program.
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The Geophysics and Geomechanics Department performs a

wide variety of work ranging from fundamental to applied
research.

Scientific Thrusts

The department is organized into four different groups:

● Center for Computational and Applied Seismology

● Potential Methods

● Geosciences Measurement Center
● Rock and Soil Physics

These groups work closely together to address issues in sub-
surface imaging. The scient~lc thrusts have been in joint inver-

sion, wave propagation in complex media (seismic and electro-

magnetic), coupled-process definition and heterogeneity defini-
tion. Much of the work focuses on developing and applying high-
resolution geophysical methods to derive physical 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) pro-
gram for the bacterial injection work. Another primary thrust is

using geophysical methods for fracture quantification. This is

evident in fundamental to very applied studies for DOES Fossil
Energy, Environmental Restoration, Nuclear Waste and

Geothermal programs.
The Geophysics and Geomechanics Department is unique

within the national laboratory and academic communities in
having equally strong theoretical, modeling, lab, field/data acqui-

sition 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 for

not only characterizing static properties of the subsurface, but for
estimating the dynamic properties as well.We plan to accomplish

this through an integrated effort of theoretical, laboratory and

field programs. A specitic thrust will be in the joint use of seismic
and electrical methods for subsurface imaging. We have found

that to address complex issues such as site remediation, flow and
transport in fracture systems, vadose zone transport, C02 seques-

tration and reservoir stimulation and deftition we must use an
integrated approach to geophysics and geomechanics.

Funding

The work of the Geophysics/Geomechanics Department is
derived from a variety of DOE and Work-for-Others sources.Tbe
primary funding is received from DOE’s Office of Science (Basic

Energy Sciences/Geosciences and Office of Health and
Remediation), Fossil Energy, Geothermal Technology,

Environmental Remediation and Nuclear Waste Isolation. 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 Reduction Program.
Support has also been received from a variety of oil companies,

including Chevron, Conoco,Texaco, Exxon and Shell Oil.
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The Earth Sciences Division’s Geochemistry Department com-

bines expertise in chemical and isotopic analysis, molecular envi-

ronmental science and mineralogy, along with data-gathering
methodology over the full tange of earth environments to enable

characterization of geochemical systems from the macroscopic to

the molecular. The department comprises four groups with com-
plementary interests and capabilities, as described below.

Aqueous Geochemistry

Studies in this group address issues of environmental contam-

inant sequestration, migration, dissolution and oxidation-reduc-
tion via a variety of natural and anthropogenic operants. Recent

work has included characterization of the selenium speciation,
transport and reaction rates within soil horizons at the Kesterson

Reservoir, where national attention has focused on the selenium
poisoning of wildlife from buildup of agricultural runoff. Other

work has determined inorganic chemical processes that reduce
the dangerous selenite species to elemental selenium. Related

investigations have examined arsenic transport and redox reac-
tions in soils, and microbial effects on the speciation of selenium

in hydrologic systems. The important but overlooked effects of
the vadose zone air-water interface on the transport of colloids

has been identtiled and quantilled by department scientists.
Fundamental studies on the nature of the aqueous solu-

tion/mineral interface, and on the structure of near-aqueous sol-
vated ions and colloids are also being performed, with the aim to

provide improved modeling capability for contaminant migra-
tion and other surface processes, such as weathering, sediment

transfer, ion exchange and the biogeochemistry of nutrient

cycles. Current work includes: state-of-the-art molecular dynam-

ics modeling of the interlayer solvated cations in clays; studies of

the solvation environment of contaminant and nutrient molecu-
lar units in aqueous solution; determination of the molecular

identity of initial iron oxide precipitates on quartz surfaces; and

characterization of the “acid-mine-drainage” mineral schwert-
mamite via simulation, x-ray scattering and x-ray spectroscopy

methods. Many of these efforts involve newly developed capa-
bilities utilizing synchrotrons x-ray sources. Important new work

on the aqueous behavior of humic and fulvic acids, hydroxyl spe-
ciation near cations in water, and the nature of organic contami-
nants on mineral surfaces has been carried out recently at

Berkeley Lab’s Advanced Light Source.

Isotope Geochemistry

The Isotope Geochemistry group operates the Center for
Isotope Geochemistry, which was established in 1988 and

includes six important analytical facilities: stable isotope, noble
gas and cosmogonic isotope laboratories; a soil carbon labora-

tory an analytical chemistry laboratory; and a thermal ionization

mass spectrometry laboratory located on the UC Berkeley cam-
pus. These facilities provide state-of-the-art characterization of all

types of earth materials for research throughout the department
and elsewhere in the division. Further, they support the Center’s

goals of finding new ways to utilize isotopic mtio methods to
study earth processes, and applying isotopic and chemical analy-

sis procedures to specilic environmental and energy problems of
national interest.

—.—————. ..—. .. —-
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Current research programs inchde: (1) the development of
models that use isotopic composition data from element pairs in
fluids to constrain the geometry and spacing of fractures in rock

matrices; (2) the analysis of rock samples from the San Andreas
fault zone to determine the source of fluids that produce the

lubrication and hence reduce the friction on this fauk; (3) the
implementation and analysis of large-scale experiments simulat-
ing the effects of nuclear waste heat generation within the

nuclear repository in Yucca Mountain; (4) the application of
helium and neodymium isotopes to determine magma chamber
recharge mtes in areas having possibIe volcanic hazards or the

potentiaI for geothermal energy extraction; and (5) the use of

general atmospheric circulation modeling in concert with wild-
fire historical anaIysis to study the effect of climate on wildfire

severity in California.

Atmosphere and Oceans

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 com-

bined with other hydrospheric data to explain and predict cli-
matic change. The group operates the Regional Climate Center

(RCC), where large-scale simulations using the Regional Climate
System LModeI (RCSiM) are used for weather forecasts, climate
prediction and basic research. The RCC’S numerous ongoing col-

laborations include: streamflow simulations with the US

Geological Survey; runoff contaminant monitoring and manage-

ment with the US 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 “DOE/ACPI (Accelerated

Climate Prediction Initiative) collaborators. Researchers in the

group are currently working with the NationaI Energy Research
and Scientific Computing Center (NERSC) at LBNL to develop a

new high-performance version of the RCSIM.

The U.S. Department of Energy has also recently funded LBNL
as co-host (with Lawrence Livermore National Laboratory) for

the development of a new center for global climate change. The

Center for Research on Ocean Carbon Sequestration wilI be

headed at LBNL by ESD’S Jim Bishop, and will incIude collabora-
tors from LMassachusetts Institute of Technology, Rutgers

University, Scripps Institute of Oceanography, IMOSS Landing
,Marine Laboratories and the Pacific International Center for High

Technology Research. At Lawrence Llvermore the Ieader wilI be
Ken Caldeira.The goal of the center wiII be to research the feasi-

bility, effectiveness and environmental acceptability of ocean car-
bon sequestration. The other new DOE center will concentrate

on carbon sequestration in terrestrial ecosystems. .

Geochemical Transport
A major effort of this group is the simulation and study of COLE

pled mineral-water-gas reactive transport in unsaturated muhi-
phase systems, in particular fractured rock and nonisotherrnal

systems. This allows the prediction of processes accompanying
the emplacement of high-level nuclear waste at Yucca IMountain,

Nevada, and can be utilized to study several types of natural geo-
chemical systems. The simulation has been implemented by
introducing chemical reactivity into the existing multiphase flow

code TOUGH2, developed at LBNL, resulting in a general reactive
chemical transport code called TOUGHREACT

TOUGHREACT was first developed on a PC, and after testing
on other platforms, has been ported to the Cray T3E supercom-

puter at NERSC, where a parallelized version has been imple-
mented. TOUGHREACT has been applied to several different
reactive transport scenarios: (1) supergene copper enrichment

processes deriving from the oxidative weathering of pyrite

(FeS2) and chaIcopyrite (CuFeS2). Here the associated acid gen-
eration activates metal ion transfer into the unsaturated zone
where ore deposits of chalcocite (CUS) and covellite (CU2S) can

form; (2) prediction of the hydrothermal and chemical processes
introduced by a strong heat source in unsaturated fractured rock

such as atYucca iMountain, which also complements work by the
isotope geochemistry group in identifying tmnsport paths and

mechanisms at that site; (3) refinement of kinetic models of dis-

solution and precipitation of silica and calcite at low (10- 100”C)

temperatures. The naturaI evolution of groundwater chemistry at

Yucca Mountain is also being interpreted using extant chemical

analyses of pore and ground waters. This work will be coordi-
nated with ongoing TEIM studies of devitrified tuff at Los Alamos

NationaI Laboratory, New LMexico, that will identify the mineral
phases and their relation to rock texture and void geometry.

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
iMaterials Sciences, and Engineering and Geosciences; DOE

Office of Environmental Managment, Office of Science and

Technology DOE Office of Energy Efficiency and Renewable

Energy, Office of UtiIity Technologies, Office of Geothermal
Technologies; 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;
and the Laboratory Directed Research and Development

Promam at LBNL.
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The Hydrogeology and Reservoir Dynamics Department
(HRD) is “one of the most active groups in the world doing

research in different fields of hydrogeology and reservoir engi-

neering. HRD conducts research for various projects of the
Department of Energy in the areas of nuclear waste geological
disposal, environmental management, fossil fuel development,

geothermal engineering and basic energy sciences. The depart-

ment is also involved in projects with the U.S. Environmental

Protection Agency and U.S. Department of the Interior, and par-
ticipates in various international collaborative projects with

Japan, Sweden, Russia and others.
HRD research covers several areas, briefly described below.

Contaminant Hydrology

Work conducted in this area covers various theoretical and
experimental studies, including a major evaluation of contamina-

tion at LBNL. In this multi-year evaluation, details of the hydrogeo-

logic structure of the site were explored, measured and modeled,
then the contaminant plumes (which are relatively minor) were
characterized, monitored and studied. Finally, a control and reme-

diation strategy was developed in collaboration with local and fed-
eral regulatory agencies. The work involves the multidisciplinary

effort of geologists, hydrologists, geophysicists and hydrogeo-

chemists, characterizing many of ~’s research projects.

Another major effort is the development and study of in-situ
barriers and their emplacement for control and containment of
contaminant plumes. This includes the choice of gelling barrier

materials, their characterization in laboratory studies, develop-
ment and optimization of emplacement methodology through

modeling studies and pilot studies in the field. Besides these two
efforts, advanced well-test methods are also being designed for

characterization of the subsurface hydrology, and various analy-
sis and modeling techniques are being developed.

Vadose Zone Hydrology

The study of the soil and geologic layer between the ground

surface and the water table is a very active area of HRD’s

research, with applications in both the nuclear waste disposal
and environmental remediation programs of DOE. A number of

basic studies were made on fast paths in the vadose zone, such
as the development of flow channeling in the unsaturated
medium and on the chaotic model of flow in such systems.

Various field-testing techniques have been developed, including
new geophysical methods of measuring soil tension and new

designs for studying water percolation in unsaturated fracture-

porous media in the field.The latter are especially noteworthy, as
they are being applied a series of experiments in the under-
ground “exploratory shaft” at Yucca Mountain, Nevada. There, the

effects of fractures, a major fault and a porous matrix on the flow
through the system and the threshold for seepage into the tun-
nel are being studied.

Another major set of experiments was conducted at Idaho
National Engineering and Environmental Labomtory, where a
multi-scale study was made to study the characteristics of unsat-
urated flow through complex structures that strongly vary with

scale, ranging from centimeters to tens of meters. Extensive mod-
eling efforts accompany these field activities both for the exper-
imental design and for data evaluation.
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Heterogeneous/Fracture Flow Systems

For more than two decades, HRD has been active in the field of
fracture hydrology being one of the f~st groups to develop a frac-

ture network model and a channehng model of flow through vari-
able-aperture fracture systems, and to apply the ameaIing modeI
to fracture hydrology Our work is characterized by close interac-

tion between modeling and field data evaluation, with comple-
mentary laboratory studies.This work continues and has been fur-

ther generalized to research into strongly heterogeneous media,
including data evaluation of heterogeneous porous-fracture sys-

tems and studies with the stochastic continuum and double-per-
meability models. A hierarchical model has also been developed
for the study of muIti-IeveI fracture systems. Furthermore, new field

measurement techniques are being developed to measure strongly
varying permeabiIities in the borehole. General considerations of

predictive evaluation have been developed with recotnmenda-
tions for an approach to iterative site chamcterization and per-
formance modeling for such heterogeneous systems.

Integrated Site Characterization

The need for a well-designed and optimal site characterization

program at a site is well recognized for many geosciences-related
problems of national concern. HRD research emphasizes field
measurement using hydrologic, geophysical, chemical and geo-

mechanical methods and integrates the analyses of these differ-
ent types of data to obtain the best conceptualization of the site.

A large-scale example is the characterization of the fracture tuff
formation at Yucca ,Mountain, where DOE is conducting an eight-

year heater test over a block of the order of 100 m with temper-
atures of up to 200”C.TO understand the flow of fluids, including

evaporation and condensation, in the complex unsaturated frac-
tured porous rocks, measurements of air permeability, water sam-

pling with isotope chemistry analysis and ground penetrating
radar, are conducted in the same area. Integrated analysis of the

data helps provide a good understanding and characterization of
the system. In addition to such major field studies, basic studies

related to integrated data analysis techniques are also performed.

Fiow and Transport Modeling

HRD has a long history in numerical modeling of flow and
transport in geological media. A suite of numericaI models using

finite difference finite element and integrated finite difference

methods has been developed. The most well-tested and applied

computer code is the TOUGH family of simulators, which calculates
flow and transport of multi-phase, multi-component fluids in com-

plex fmcture-porous media.A number of equation-of-state packages
were developed for different fluids appropriate for environ- .

Current development involves the mplementation of reactive
chemistry into theTOUGH codes.This includes both homogeneous

reactions, such as aqueous complexation and redox reactions, and
heterogeneous reactions such as ion exchange, adsorption, minetxl

dissolution and precipitation, and gas dissolution and exsolution.

Coupled Processes in Fractured Rocks

The coupling of mechanical stress and temperature effects on

permeability of fractured rocks is important in injection testing,
stimulation of oiI and gas reservoirs and nuclear waste repository

performance. HRD’s work involves the development of a coupled
thermo-hydromechanical (TIRM) simulator, with fully coupled HLM
processes and thermal convection and temperature-dependent
property parameters. Recent improvement of the code to handle

processes in unsaturated systems has been motivated by nuclear
waste storage in unsaturated media and isolation of waste canisters

in bentonite near-field barriers. The developed model has been
tested against a number of laboratory measurements and applied to

a study of a majorTHii experiment in the Kamaishi lMines in Japan.
The capability of the coupled THNl code has also been applied to
the understanding of Hii effects occurring in pressure injection

tests of a borehole intersecting fractures in hard rocks.A number of
field tests in Sweden and Iceland are being analyzed to understand
injection-induced fracture opening and propagation.

Production Optimization and Testing

HRD is also very active in the study of oil and gas reservoirs.’Illis

includes optimization and controI theory to maximize oil produc-

tion with the hydrofracturing process, using injection wells.
Advanced and unconventional weI1-test methods to determine and

characterize production zones have been developed. Pore network
models are being deveIoped to understand dminage and imhibitioo

processes in reservoir rocks during flooding operations. An inter-
esting application being studied is the diatomic fields, which rep

resent potentially billions of barrels of highquaIity oiL However,
production from the diatornites requires a secondary recovery

process because of their low permeability, even though they have
high porosity. Research into hydrofracturing with flooding is being

conducted to explore optimal production strategies.

Funding

Funding for the Hydrology and Reservoir Dynamics Department

comes primarily from the U.S. Department of Energy, including:

Office of Science, Office of Basic Energy Sciences, Division of
Engineering and Geosciences; Office of Biological and

Environmental Research; Assistant Secretxy for Ener&~ Efficiency
and Renewable Energy, Office of Geothermal Technologies;

mental, nuclear waste disposal, oil and gas and geothermal
. v.

7

~ Office of Civilian Waste lManagement; and Assistant
reservoir applications. Associated with these codes are the r r r r r r r Ill Secretary for Environmental lManagement. Other funding
iTOUGH codes, which perform the inverse calculations of

1*
is provided through the Laboratory Directed Research

parameter estimation for such complex systems.
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The Center for Environmental Biotechnology (CEB) is a virtual

center for integmted multidisciplinary research in three main
focus areas: biogeochemical transformations, environmental diag-

nostics and environmental health risk assessment based on

bioavailability. The Center’s core staff members represent four
major LBNL divisions: Earth Sciences, Life Sciences,

Environmental EnerWTechnologies and Engineering. In addition,
the Center has collaborating scientists from Information and
Computing Sciences, Accelerator and Fusion Research, Nuclear

Physics, Materials Sciences and the Advanced Light Source.
CEB’S responsibilities are to coordinate, integrate and provide

multi-disciplinary research teams to address specitlc environ-
mental problems at Department of Energy sites (mixed wastes)

and Department of Defense sites (explosives, polycyclic aro-
matic hydrocarbons, polychlorinated biphenyl and heavy metals)

and within the State of California (mining, forestry, waster qual-

ity and agricultural). CEB also manages the U.S. Army Core of
Engineers’ BEST (Bioremediation, Education, Science and

Technology) Program and houses the Cal/EPA Bioremediation

Validation and Certification Program. In addition, CEB coordi-
nates LBNL’s efforts in non-proliferation detection reagents,

antibiotic discovery and enzyme screening.

Biogeochemical Transformations

Volatile organic compounds (VOCS) are the most common
organic contaminants detected in polluted subsurface soil and
fractured rock

biodegradation

vadose zones. We are examining this microbial

in fractured rocks by investigating the use of

intrinsic endolithic (rock-inhabiting) bacteria to transform VOCS,

with respect to the range of critical environmental factors. In
addition, stable isotopes are used to monitor the biotransforma-

tion processes. Comparative analysis of results from the agar
printing-off experiment suggest that at the mesoscale level, there

is a significant heterogeneity in the distribution and diversity of
cultivable microbial consortia inside the vesicular basalt. It

appears that many of the endolithic microorganisms live in pore
space with or without dhect connection with the surface.

Infrared Microspectroscopy

Pollution of subsurface geologic zones and the possibility of

using the intrinsic endolithic (rock/mineral-inhabiting) bacteria to

either detoxify or immobilize the pollutants have stimulated new
interest in the exploration of endolithic bacteria and their long-
term survival in the geologic environment.We have developed and

demonstrated the applicability of surface-enhanced infrared
absorption-reflection (SEIRA) microspectroscopy to study—

quickly and with minimum sample preparation-in-situ relation-

ships between the microbial localization and the microscopic

physiochemical structures of geologic materials such as rocks.
Unlike traditional microscopy approaches, SEIRA microspec-
troscopy can provide researchers simultaneously the biological,

geochemical and physical characteristics of the intact environ-
mental samples. This study has demonstrated that surface-

enhanced infrared absorption-reflectance (SEIRA) microspec-
troscopy using a metal-overlayer is a promising tool for studying

the in-situ localization of bacteria within geologic materials.
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Biodegration of Fuels

Another focus area in biogeochetnical transformations is our
work on the biodegradation of methyl tert-butyl ether, MTBE, an
additive in gasoline that is a potential carcinogen. By designing a

bioreactor that simulates the actual “process reactor; we have
isolated indigenous microorganisms attached to the carbon

material that have the capability of biodegrading.These microor-
ganisms are currently being identified and optimized for use in
an ex-situ bioreactor. A pilot plant has been constructed in

Southern California for treatability studies with Kinder Morgan

Energy Partners, U.S. Filter/Envirex and North Carolina State
University.

Biodegration of Mixed Wastes

We are working on the biosorption of actinides in the pres-
ence of organics and chelating agents and assessing the fate and

transport of actinides.This combination of actinides and organics
represents a truer picture of the actuaI mixtures found at the
Hanford Site near Richland, Wash. Results indicate that the fate

and transport of actinides is very different in a tnixture versus
pure actinides and that certain bacteria are capable of absorption

actinides at high levels. We have also begun a collaboration with
the Seaborg Center for Actinide Chemistry to better understand

environmental parameters affecting the interaction of actinides
and microorganisms.

Algal-Bacterial Selenium Treatment

A selenium and nitrate treatment system has been operated on
agricultural land within the Panoche Water District for the past

three years. Two side-by-side systems consisting of a shallow,

high-rate algal pond, a deep reduction pond, a sedimentation unit
and filter bed were constructed close to the tile sump draining a

1,000-acre field. Removal rates vary from 40 to 80% depending

on the configuration of the system. Ongoing research is focused

on increasing the removal efficiency and throughput of these
systems under a variety of environmental conditions. The ulti-

mate objective is to deveIop a low-cost, easy-to-implement tech-
nology to help farmers reduce selenium loads exported to the

San Joaquin River and San Francisco Bay-DeIta.

Environmental Diagnostics

CEB, in collaboration with Earth Sciences Division’s Center for
Isotope Geochemistry, has been employing stable isotope moni-

toring to validate bioremedial activities in fieId sites. The isotopic

ratios of soil, gas and groundwater compounds are monitored to
distinguish byproducts of biodegradation of petroleum hydro- ~

ways used by the microorganisms to degrade the contaminants.
More recently, we have concentrated on using isotopic measure-

ments to detect in-situ biodegradation of more recalcitrant con-
taminants, such as chlorinated solvents and gasoline oxygenates.

Mass Spectometric DNA Diagnostics

Biological activity has often been attributed to changes in pol-
Iutant profiles found in contaminated soils when abiotic

processes actually caused pollutant removal. LBNL engineers are
working with CEB moIecular biologists to evaluate a monitoring

strategy that relies on the combined use of DNA diagnostic pro-

cedures and mass spectrometry as the detection scheme. The
intent is to track bioremediation by measuring the occurrence of

genes in soil samples that are known to code for enzymes capa-
ble of degrading specific pollutants.This type of testis commonly
performed with PCR and gel electrophoresis, but matrix-assisted-

laser-desorption ionization mass spectrometry offers the possi-
bility for automation and high throughput as needed to tmck the

course of bioremediation over large polluted areas. We are cur-
rently working with the naf gene from Psuedomonas stuterzi.

Environmental Risk Assessment

Assessing environmental risk based on bioavailability, i.e., what

is actually being taken up by human, animal and plant cells, is a

challenge for CEB. There is much data in the literature on high-

dose exposure rates or singIe-dose, single-compound exposure

rates to animals. CEB has taken the approach of examining the
weathered material as it exists in nature and exposing human cell

lines to this material over time. In many instances our cell-line
models consist of co-culturing two different types of cell lines on

thin membranes. We are assessing the effects of ingested weath-

ered PAH mixtures, organochlorines and dioxin by simulating the

human digestion system. One team is examining the digestion of
the material by human enzymes, uptake by intestinal cell lines

(KACOJ and conversion by metabolic cell lines such as liver, kid-
ney and breast celI lines. Using a combination of molecular bio-
markers and the synchrotrons, we can measure what material is

left behind in the intestinal cell lines, what the compounds may

be metabolized to and any DNA damage and repair using specific
molecular biomarker assays developed by our cell biologists.

Partners and Funding

CEB research is funded by the U.S. Department of Energy and
Department of Defense. Industrial collaborators are Kinder Morgan
and Geokinetics and the Petroleum Environmental Research

Forum. Academic partners include the University of California at

Davis, California Polytechnic Institute, University of Utah
carbons (e.g., C02, CHi) from other potential sources.

7
Furthermore, distinctive shifts in the isotopic compositions r r r r r r r

~ and the BEST Progmm partners: Jackson State University,
Ill Ana G. lMendez University System, Southern University of

of the contaminants and metabolic byproducts have been
I*

iMississippi,University of Texas at El Paso and University
used to differentiate between specitlc metabolic path-
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The Fundamental and Exploratory Research Program (FERP)

area covers fundamental earth sciences research conducted in

support of the Department of Energy’s science mission, which

includes research in the natural sciences to provide a basis for

new and improved energy technologies and for understanding

and mitigating the environmental impacts of energy use. This

part of the Earth Sciences Division’s progmm also includes

explomtory research in important new energy and environmen-

tal topics conducted under the Laboratory Directed Research

and Development (L.DRD) program. The scientific insights and

breakthroughs achieved in FERP often become the underpin-

nings for projects that support DOE’s applied research and
development progmm offices.

Over the years, the basic earth sciences research program at

Berkeley Lab has focused on three broad earth sciences prob-

lems, described below.

● Fundamental studies of chemical and mass transport in geo-

logic media with special reference to predictive modeling of

multiphase, multicomponent, non-isothermal fluid flow in
saturated and unsaturated fractured rocks.

● The development of new isotopic techniques for under-

standing the nature of a broad range of global processes—

from the relatively short-term effects of natural fluid migra-

tion in the crust to longer-term global climate variations.

● Fundamental studies in the propagation of waves through

geologic media with emphasis on new computational tech-

niques for analyzing seismic/acoustic and broadband electro-
magnetic signals for high-resolution imaging of near-surface

structures, such as possible fracture flow paths, and for infer-

ring the types of fluids present in pores and fractures.

Results from these research endeavors have had major

impacts on applied energy, environmental and radioactive waste

management programs. Current research projects are briefly

described in the following sections.

Fluid-Chemical
Transport Investigations

Building on their previous findings that fdm flow is an impor-

tant mechanism for fast fluid transport along fractures in the
unsaturated zone, researchers can now demonstrate that even in

rocks with low matrix permeability (<10-1 5 m~) but containing

fracture apertures larger than 50 microns, fast paths for fluid

flow will occur in the vadose zone, and these films will transport

colloids. This work verifies that contaminants sorbed onto col-

Ioids smaller than the film thickness may be transported effec-

tively from the vadose zone to the ground water.
Efforts continue to accurately model subsurface multiphase

fluid and heat flow, along with solute transport and chemical
reactions. By incorporating reactive chemistry into the frame-

work of the exiting TOUGH2 code, ESD researchers have been

able to model ore-forming processes such as supergene copper

enrichment and to predict the thermal, hydrological and chemi-

caI processes that are likely to occur around a thermal source that

simulates conditions in a high-level nuclear waste repository.
Molecular modeling of cesium cation (137CS+) - smectite clay

interlayer systems has confirmed the previous findings from bulk

diffusion experiments that clay liners will impede the mobility of

radioactive 137CS+, a fact important to the design of nuclear
waste containment facilities. Prior to this study, detailed experi-
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metmd characterization of this system proved difficult due to the
high degree of disorder within these clays.

Isotope Geochemistry

The Center for Isotope Geochemistry (CIG) is a state-of-the-art
analytical facility established in 1988 for the measurement of

concentrations and isotopic compositions of elements in rocks,

minemls 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 the way man-
tlederived or deep crustal fluids move through the crust.

In a effort to reconstruct global climate and climate changes
during the past 20,000 years, CIG researchers measured the oxy-

gen and hydrogen isotope ratios (61S0 and 6D) in Antarctic ice

cores from three locations to develop a model that relates iso-

topic compositions to water available in the ancient atmosphere
and past surface temperatures. They have found clear evidence

in the ice cores for the tempemture transition from the last gla-

cial maximum to the warmer and wetter Holocene, and found

evidence that temperatures during the last glacial maximum
were substantiality lower than previously estimated on the basis

of i51S0 data and the modern spatial relationships.

The presence of He, C, and O isotopes in approximately 250
samples of fault gouge, breccia and host rocks coIlected aIong

the San Andreas and adjacent faults confkms that a significant

fraction of He is of mantle origin and is accompanied by deep

crustal water and COz.These finthgs support earlier results sug-

gesting that deep crustal and mantle fluids enter and lubricate
the fault zone, thus causing the low-friction conditions observed

from seismological and deformation data.

In their continuing study of a present-day voIcanic system,
researchers have found that co-variations between He and Nd

isotopes in olivines from continental basalts can be used to dif-

ferentiate between separate magma chambers and to assess the

mtes for heat and magma recharge into the crust.

Advanced Computation
for Earth Imaging

The Center for Computational Seismology (CCS) serves as the
LBNL and UC Berkeley nucleus for seismic research related to

data processing, advanced imaging and visualization. In recent

years, a great deal of cross-fertilization between seismologists and
other geophysicists and hydrogeologists has developed within

the tilvision, resulting in collaborations on a wide variety of fun-

damental imaging problems, some of which are reported here.

Researchers have successfully demonstrated the use of joint

geophysical-hydrological data sets for estimating stochastic

hydrologic parameters of a test site. Using data collected at the

Oyster, Vs., bacterial transport test site, they have been able to
integrate hydraulic conductivity information from flowmeters

and radar cross-hole tomograms to obtain improved images of

permeability.

Researchers have completed a major study of wave propaga-

tion along the San Andreas fault zone as part of the Parkfiekl

Prediction Program. On the basis of more than 6,OOO natural

earthquakes and 720 source-receiver paths obtained from a con-

trolled-source program, they have developed a detailed ektstic

model confirming that there are temporal velocity changes

occurring in a region suspected to be the nucleation area for past
and future magnitude-6 earthquakes. These velocity variations

are strongly believed to be related to changing fluid conditions

in the shallow section of the fault zone.

Researchers have also developed and tested advanced tech-

niques for modeling elastic and electromagnetic wave propagation
through metla heterogeneous in two and three dimensions. In one

study they treated elastic wave propagation as a series of forward

scattering problems, where the medium is described as a random

distribution of scatterers of various sizes and physical parameters.

Analytical results based on simple models compare welI with

numerical simulations for a wave propagating through a medium

containing a mndom distribution of spherical scatterers.

In another study, researchers developed a new coupled inte-

gral equation-differential equation approach for the nonlinear
inversion of electromagnetic, seismic velocity and hydrologic

conductivity data sets. lNew GILD and SGILD methods provide a

high-resolution, robust and stable algorithm suitable for high-per-

formance paralIel machines.

Funding

Funding for research in the Fundamental and Exploratory

Research Progmm comes from a variety of sources, including pri-

marily the Office of Basic Energy Sciences, Department of

Engineering and Geosciences, and Office of Biological and

Environmental Research, both in the Office of Science of the U.S.

Department of Energy, and the Laboratory Directed Research and

Development Program at LBNL. Additional support comes from

DOES Office of Environmental Management, Environmental

Iklanagement Science Program.
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Identifying Limits of Film Flow
In Unsaturated Fractures

Research Objectives

In an earlier study (Tokunaga and

Wan, 1997), we identified film flow as

Tetsu K. Tokunaga
and Jiamin Wan

a mechanism that can contribute to Contact:
fast flow along unsaturated fractures. Tetsu Tokunaga

The combination of low-permeability (510) 486-7176, tktokunaga@?lbl. gov

rock, large fracture aperture and near-

zero matric potential was qualitatively identKled as necessary for
development of fast film flow. However, more quantitative deter-

minations of the ranges of matrix permeabilities, fracture aper-

tures and matric potentials that permit development of thick,

tmnsmissive films along fracture surfaces remained unspec~led.

This study is directed at identifying the approximate region of

stability for thick fdms, within the parameter space defined by

rock matrix permeability, local fracture aperture and matric

potential.

Approach

Our initial studies on flow in unsaturated fractures identified
film flow as a mechanism capable of permitting fast flow and
transport. That study revealed limitations of earlier conceptual

models for unsaturated flow in fractured rock, introduced the
film flow hypothesis and provided experimental results sup-
portive of the hypothesis. The water “fdms” investigated in the

previous study as well as the present one develop on rough sur-

faces typical of rock fractures, range in average thickness from

about 1 to 50 pm and flow in the laminar regime. The initial
study showed that film flow becomes important when matric

potentials along rock surfaces are high enough (less negative) to
effectively saturate the surficial rock matrix. Here, more specitlc

constraints are identfled for parameter ranges within which fdm

flow can occur.

The first step in this study
consisted of identi@ing a sin-

gle parameter to represent
each of the primary system
components, the rock

matrix, fracture and water. In
this simplification, the

selected parameters were

the rock matrix permeabil-
ity, fracture aperture and

matric potential, respec-
tively. Since the matrix per-

meability and local fracture
aperture are essentially freed

at any given location along a
fracture surface, one can
then consider the range of

matric potentials over which

stable thick films exist. The
lower energy limit will then

be associated with the matric poten-
tial at which the local rock matrix is

effectively saturated (satiated), and
the upper limit associated with local

saturation of the fracture aperture.

The critical matric potential at

which the rock matrix is effectively
saturated and above which water

films can begin to emerge on fracture surfaces is approximately
equal to the air-entry matric potential. Because of hysteresis in

the potential-saturation relation, and also because of generally

unknown wetting history, the actual critical matric potential will

typically have a magnitude between about 50% and 100% that of

the air-entry vahte.The lower range of matric potentials, at which

thick ftis begin to emerge from fracture surfaces, was estimated

through correlations between matrix permeabilities and air-

entry matric potentials of a wide range of porous media, includ-

ing soils, glass bead packs, rocks and ceramics (Figure 1).We seek
only rough correlations since the range of permeability spans

nearly 10 orders of magnitude. This correlation was shown to

predict the air-entry matric potential within one order of magni-
tude, for !92% of the data (N = 76).The correlation was also fairly
consistent with predictions based on MiUer-LMiller geometric

similitude, even though the highly varied sample set does not rig-
orously conform to prerequisites for geometric similitude. The

exponent in the regression fit is -0.425, whereas lMilIer-iMiIler
similitude predicts a value of-0.5.

Upon effectively saturating the rock matrix, local topographic
minima on the fracture surface become progressively water-
fiiled as the matric potential is brought closer to zero. Filling of

local topographic minima on fracture surfaces progresses from

freer roughness features to coarser ones, as the matric potential

is brought closer to zero, in accordance with continuously
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increasing the radius of cur-

vature characteristic of the

air-water interface. Thus, the
average film thickness on
rough fracture surfaces
increases as the matric
potential approaches zero,
primarily because of surface

capillary relations. In this
progression to thicker aver-

age films, the transmissivity

and hydraulic diffusivity also
increase, as shown in earlier
work.

In typical rock fractures,

film thickening has a finite

limit imposed by the fracture
aperture. The upper range of

matric potentials, at which

Figure 1, Correlation between permeabilltles and air-entry matric potentials for a films give way to locally sat-
wide variety of porous media (glass beads, sands, clays, rocks and ceram[cs). urated fracture apertures, is
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Identifying Limits of FfIm Flow in Unsaturated Fracturea

estimated from parallel plate

capillary considerations
used in previous models for

partially saturated fractures.

These two limiting matric

potentials, one for rock
matrLx saturation (satiation),
and the other for local aper-
ture saturation are plotted as

surfaces with respect to
their dependence on matrix

permeability and aperture

size in Figure 2. The combi-
nation of local materiaI

properties for a given seg-
ment of fracture, the locaI

matrix permeability and
fracture aperture, specifies a

given vertical Iine intercept-
ing the base of thk parame-

ter space. The energy status

of water at this location on

b (urn)

_Y=-1.5E5Papm
b

w ‘-3&:)m

“Phase Diagram” for Flow in Fractured Rock

Figure 2. Approximate regions of local stabilityfor(1) unsaturated matrix flow, (2)
fdm flow over effectivelysaturated rock matrix, and (3) seturated fracture flow

stability region for thick
water films in unsatumted

fractures. This finding is of
interest because earlier con-

ceptual models did not rec-

ognize the existence of
thick water films in unsatu-
rated fractures (i.e., the mid-

dle region in Figure 2), and
because a significant vol-

ume of the fracture flow

parameter space is associ-
ated with thick films. Note

that low permeability rock
(with permeability <1 O-IS

m~), with apertures larger
than about 50 ~m have a sig-
nificant near-zero matric

potential range over which
film flow can occur. This

combination of permeabili-
ties and apertures is quite

the fracture surface specitles a particular point along this verticaI

line. Thus, at lower (more negative) matric potentials, character-
ized by unsaturated matrix flow, systems occupy the region
below the lower surface shown in Figure 2. At higher (cIoser to

zero) matric potentials, the local rock matrix becomes effectively
saturated, permitting stable thick films along fracture surfaces.

This condition lies between the two surfaces. At still higher

matric potentials, the local aperture becomes water-saturated,
thereby locally eliminating water films. This last state of local

aperture saturation occupies the upper region of the parameter
space shown in Figure 2.

Significance of Findings

The result summarized in Figure 2 ident~les the approximate

common, indicating that film flow may be important in many

fractured vadose environments.

Related Publication

Tokunaga,T. K., and J. Wan, Water film flow along fracture surfaces
of porous rock, Water Resources Research, 33, pp. 1287-95,

1997.
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Research Objectives

Bubble suspensions, also known as
colloid gas aphrons (CGAS), have

been used for scouring organics from
contaminated aquifers and for deliver-

ing oxygen for bioremediation. CGAS

have typical bubble size ranging from

30 to 100 f.tm.Therefore, bubbles have

Micro bubble Generation,
Stability and Transport:
A Potential Subsurface
Remediation Technique

Fred Gadelle, Tetsu K. Tokunaga
and Jiamin Wan

Contact:
Fred Gadelle

(510) 486-2226, fgsdelle@lbl.gov

ble suspension was injected into the

bottom end of the water-saturated
columns. Microbubbles were gener-

ated either under atmospheric pres-

sure or under pressure (30 psig). For

the microbubbles generated under

ambient conditions, the suspension

was injected using a syringe pump.

Injection of microbubbles generated

a short lifetime (a few hours) and can only flow through large

pores and preferential flow paths. The objective of this research

is to generate small size and long-lasting microbubbles (0.7-15

pm) that present suitable physico-chemical conditions at the gas-

water interface for preferential sorption of contaminants and to

provide a steady flow of microbubbles upward through contam-

inated zones, including those advectively inaccessible zones, for

in-situ remediation.

Approach

The microbubble suspension was generated by mixing sur-
factant solutions at high speeds. The generator, built in-house,

comprises a 5-cm disk mounted at the end of a shaft, two verti-

cal baffles and a 4.5-L mixing beaker. The disk, when rotating at
high speeds, entrains air into the solution; upon hitting the baf-

fles, the entmined air breaks into microscopic bubbles. The
microbubble generator was located in a stainless steel chamber

to generate microbubbles under pressure.This design would also

allow the use of oxygen or other gases as opposed to air.
Concentration, size distribution and stability of rnicrobubbles

generated with several surfactants and surfactant mixtures were

measured to determine the optimal %icrobubble formulation.”

Microbubble transport experiments were conducted in verti-
cal sand columns under steady flow conditions.Three grain sizes

were used: 415-500 pm (coarse sand), 150-212 pm (medium
sand), and 53-106 pm (fine sand). One pore volume of microbub-

Flgure 1a. Photograph of a microbubble suspension. CJbJectiie= 40x.

at 30 psig was controlled with an in-line differential pressure

flowmeter. lMicrobubble concentration and size distribution

were measured using a Coulter iMultisizer II.

Results

Microbubble Generation and Characteristics: Coalescence

between bubbles and gas diffusion from the bubbles toward

water is responsible for the lack of stability of gas bubbles in

pure aqueous solutions. The presence of surface-active com-

pounds such as surfactants greatly improves the stability of the

bubbles by forming a film at the gas-water interface. Formation
of stable microbubbles is accomplished by mixing surfactant

solutions at high speed. Stable microbubbles were only formed
with mixtures of water-soluble surfactants and solid non-soluble

surfactants. The best formulation is a combination of sodium
dodecyl sulfate, SDS, and sorbitan monosteamte, Span 60. The

number of microbubbles greatly depends on the concentration

and size of Span 60 particles. It was found best to grind Span 60

to a fine powder before mixing with SDS.The optimum SDS con-

centration is 1 g/L. Figure la is a photogmph of a SDS/Span 60

microbubble suspension taken seven days after generation. Two

size fractions are shown: <1 pm and 2-5 wm.The microbubble
concentration is 1.5 x 109 bubbles/mL and the size ranged from

0.7 to 7 pm, with 75% of the microbubbles <2 pm (Figure lb).
The specific volume of this sample is 12 x 109 ~m3/mL, which

corresponds to an air volume of 1.2% (assuming the contribution
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Figure 1b. Microbubble .sIzedistributionon a number and volume baws
Concentration = 1.5x109 mlcrobubble/mL and 12.2x109 pm3/mL
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Microbubble Generation, Stability and Transpofi A Potential Subsurface Remediation Technique

of the sttrfactant coating to the

size of the tnicrobubbles is neg-
ligible). Concentrations as high
as ~,j-3.0x10y/mL have been

achieved -with air content of 4

to 7%, as determined by the
muhisizer or by direct gravimet-
ric measurements. Stability
experiments have revealed that
microbubbles, as well as diluted

microbubble suspensions, 1/10
and 1/100 in deionized -water

and salt solution, are stable for
several weeks.

The effect of pressure on
concentration and stability of

the microbubble suspension
was also investigated. For exam-

ple, microbubble concentration
(specific volume) increased
from 1.1 (24.3) to 1.6 (37.0) to

100

80

60
VNO

40

20

0
0 0.5 1 1.5 2 2.5 3

pore volume

Fjgure 2. Mlcrobubble breakthrough curves through water-saturated
sand columns

breakthrough in the medium

sand (size exclusion effect) and
recovery was -67’%. F1oW

through the fine sand was signif-
icantly retarded and recovery
was <3SY0, suggesting significant

losses of microbubbles in the

porous media. lMicrobubblc
losses could be attributed to
microbubble breakage (large air

bubbles were observed in the

column effluent) and/or irre-
versible sorption phenomena.

Significance
of Findings

Generation of long-lasting
and stable microbubble suspen-

sions is accomplished using a
mixture of surfactants (SDS and

1.8 x 10g/mL (38.8 x 109 ~m~/mL) when the pressure under
which they were generated increased from 5 to 18 to 30 psig,

respectively Conversely, microbubbles are signiticantIy altered
when subjected to static pressures sIightly above ambient pressure

(6 to 10 psi): microbubble concentmtion (specific voIume) was
reduced from 1.6 (45.3) to 1.2 (4.o) to 0.76 x 10y/mL (0.79 x 109

pm~/mL) when the appIied pressure increased by 10 and 20 psi,
respectively.These numbers also indicate that the larger microbub-

bles (4 to 15 ~m) are most sensitive to pressure increase.
Microbubble Transport in Porous Medi~ Low-concentra-

tion and small-size (<3 pm) microbubbles, generated under

atmospheric pressure, were injected with the syringe-pump into
coarse sand. Figure 2 shows essentially conservative transport
with some retardation. Approximately 100°/0 recovery was

obtained. Flow experiments through fine sand were inconclusive

as the backpressure caused microbubbles to break/dissolve in
the syringe-pump. To circumvent this problem and to increase

the amount of air delivered, microbubbles were generated under

pressure and then directly injected from the pressure chamber

into medium and fine sand columns. In these experiments,
microbubble size tzmged from 0.7 to 10 pm and concentration

(specific ~olume) was 1.3 x 109 microbubble/mL (ea. 9 x 109
pm3/mL). As shown in Figure 2, microbubbles exhibited early

Span 60). These microbubble suspensions are characterized by
very large specific volumes and concentrations. Good microbub-

ble recovery is achieved in coarse- and medium-size sand
columns, suggesting that microbubbles can effectively be trans-

ported in such porous media. These restdts indicate that
microbubble suspensions could be used to deliver in-situ signifi-
cant amounts of air (or oxygen) for bioremediation of contami-

nated soils and groundwaters. Furthermore, the large specific sur-
face area of the microbubbles, up to 50 cm2/mL, suggests that

microbubble suspensions could potentially be used as a sorptive
phase to remove contaminants from the subsurface.

Related Publication

Gadelle, E ,T.K.Tokunaga and J. Wan,Transport of microbubb]es in

porous media, Environ. Sci.TechnoL, submitted.
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Particle Motion in Film Flow

Research Objectives Srinivas Veerapaneni, Jiamin Wan sphere, additional forces, such as sur-

and Tetsu K. Tokunaga face tension acting along the three-

Transport of colloids through phase contact line between the film

unsaturated subsurface environments Contact: surface, particle and air, and pressure

has significant environmental implica-
Srinivas Veerapsneni

(510) 495-2947, sveerapaneni@lbl. gov force also act on the particle (Figure

tions. For instance, movement of con- 1). The translational and rotational

taminants from vadose zone to the groundwater table may be velocities of the particle can be obtained by balancing all the

facilitated bv their sorption onto the cdoids. Despite is imPOr- forces (in the direction parallel to the solid plane) and torques

tance, the effect of flowing thin liquid fhs on colloid transport (about z-axis) acting on a particle (Equations-l

in partially saturated rock fractures and porous media is poorly

understood. In a recent study, Wan and Tokttnaga presented a
Fdrag + Fgrav + ‘fric + F~U~.ten.+ Fpressure = o

film-straining model to predict the effect of thin water ftis on
colloid transport in partially saturated porous media.

Experimental results cortfhmed model predictions that the l-& + T’ric = o
movement of colloids is inhibited if the particle sizes are larger

and 2)

(1)

(~)

than the film thickness. However, the mechanistic understanding

of the effect of the characteristics of fdms, particles and medium
surfaces on particle motion is still lacking. The objective of this

research is to provide the fundamental understanding of particle
movement in thin water fihns, upon which the predictive mod-

els of unsaturated colloid transport will be based.To address this

issue, a study is undertaken to examine the effect of particle size

(dp)/film thickness (ho) ratio on the motion of a sphere in a liq-
uid film flowing down an inclined flat surface.

Approach

Tlxmredcal consideratiotM The dominant forces and torques

acting on a particle completely submerged in a flowing liquid
film and moving in contact with a smooth plane surface are fluid

The drag forces acting on the particle are corrected for the pres-

ence of the solid boundary beneath the particle. The effect of
free interface above the particle is neglected, limiting the valid-

ity of the model when the free surface influence on particle
motion is significant. Particle roughness, expressed as a percent-

age of particle size, and friction coefficient between particle and

glass plate are used as the adjustable fitting parameters in the
model.The estimation of surface tension and pressure force for a
particle partially submerged in a film requires knowledge of cap-

illary rise h= and angle a (Figure 1). Although these two param-
eters can be estimated by calculating capillary rise profile using

the Young-Laplace C-L) equation, we believe that the interface
profiles for the physical parameters of this study may have sig-

niilcantly larger radius of curvature than predicted by Y-L equa-

tion. Model predictions are therefore limited to particles smaller

drag, friction, lift, buoyancy and gmvity. For-a partially submerged than film thickness (i.e., a’~hc <l).

Figure 1. Forces and torques acting on a particle in a flowing liquid film



m‘- Particle Motion in Film Flow

Experiments A liquid film

is genetated on an inclined
smooth glass plate with film

thicknesses ranging from 140
to 700 pm under steady-state

flow. ,Motions of spherical
hydrophilic particles in the

range of 20 to 800 pm in
diameter were recorded by a

CCD camera attached to a
long working distance micro-

scope. Film velocity and
thickness and particle size
were directly measured. A

schematic of the experimen-

tal setup is shown in Figure 2.

Results

Results from a typical

experiment are shown in

Figure 3. The velocities of the
particles, normalized with

maximum fluid velocity at the
undisturbed air-water inter-
face. me plotted as a function

of particle size, normalized
with the film thickness

(dy}~()). Model predictions for
particles smaller than fihn

thickness me also shown in
the figure as a solid line. Four

regions cm be itientf]ed in
the figure as discussed below.

17=Tl
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Figure 2 Schemattc of the experimental setup
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Figure 3. Normahzed particle velocty as a function of parhcle s!ze

(1) When particle diameters are smaller than 50% of the film

thickness, particle velocity increases nearly linearly -with par-

ticle size, reflecting the motion of the particle in a flow field

characterized by constant fluid shear (linear velocity profile)
that is prevalent at these depths.

(2)When the particle size is in the range of 50-100% of fiIm thick-

ness, the increase in the velocity of the particle -with its size

is relatively low, compared to Region I. This is due to the

decrease in the fluid shear rate, as the velocity profile in this

region is nonlinear. The velocity of the particle peaks when
its diameter is close to the film thickness. The measured
velocities of the particles in regions I and II (i.e., d~ /~0S 1)

agree well with model predictions, as indicated in Figure 3.

(3) When particle size is comparable to or slightly greater than
the film thickness, it is observed that there is a significant

drop in the velocity of the

particle. This may be attrib-

uted to the surface tension
acting on the particle along
the three-phase contact line.

The proximity of the free
interface to the particle sur-

face is also likely to influence
the motion of the particle. It

is interesting to note that
there appears to be a critical

range of dl~bO ratio when

gravity begins to negate the
decrease in particle velocity

caused by surface tension.
(4) When the particles are
larger than the film thick-

ness, the influence of gravity
force increases with particle

stize, resulting in increased

particle velocities with size.

Significance
of Findings

Results from this study

indicate that particle motion
in film flow is strongly

dependent on the particle
size/film thickness ratio.

When particles are strder
than film thickness, signifi-

cant transport of particles
occurs with flow, aided by fluid thag.when particles are compa-

rable to film thickness, surface tension may retard particle
motion considerably. lMotion of particles larger than film thick-

ness may be aided by gravity.

Related Publications

Veerapaneni, S., J. Wan and T. K. Tokunaga, lMotion of particles in

film flow, Environ. Sci.TechnoL, submitted.
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Research Objectives

Laboratory flow experiments on

transparent fracture replicas permit

direct visual investigation of flow

processes and identification of con-

trolling mechanisms of larger-scale

phenomena that are critical in many
areas. These include flow and trans-

port around repositories for high-level

nuclear wastes, contamirtant migra-

tion and remediation and enhanced

petroleum recovery. Fracture flow

visualization experiments have been
conducted in parallel rough surface

ghss plates and fracture casts made

with epoxy resin. Rough glass plates

do not represent actual natural frac-

tures, but can provide water-wetting

characteristics similar to many rock

surfaces. On the other hand, epoxy
fracture casts can provide reasonably
accurate reproductions of natural frac-

ture aperture fields, but have

hydrophobic surfaces. For some pur-
poses it is desirable to combine the

wetting characteristics of glass with
the fracture surface topography repro-

duction obtained through casting.
Glass casts have the combined advan-

tages of closely reproducing natural
fracture surface roughness and of

being treatable to provide the wide

range of wettabilities found for natural
rock surfaces. Here we present a new

method for replicating natural rock
surfaces using molten glass.

Approach

The glass fracture pairs reported in

this paper were cast from two differ-
ent original rock fractures. The larger

(120 x 160 mm) glass fracture cast

replicated a Swedish granite. The
smaller (70 x 70 mm) cast replicated

a fractured gabbro (Dixie Valley, Nev.).
The casting procedure involves five
steps. In the first step, silicone rubber

molds (negatives) are made of each

rock slab. In step two, wax patterns
(positives) are made from the silicone

rubber molds. In step three, invest-
ment molds (negatives) are made by

—

Glass Casts of Rock Fracture
Surfaces: A New Tool for

Studying Flow and Transport

Jiamin Wan, Tetsu K. Tokunaga,
Thomas R. Orr, Jim O’Neill

and Robert W. Connors

Contact:
Jiamin Wan

(510) 486-6004, jmwan@Ibi.gov

Figure 1. Photographs of the surface of a granite fracture
(a), and itsglass cast (b). Both are 120 x 160 mm.
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Figure 2. Comparisons of laser surface profiles on the gran-
ite fracture and glass cast. These (a) 100 mm and (b) 10
mm long profiles were measured m 50pm steps.

burning off the wax positives. In step
four, glass fracture casts (positives) are

made from the investment molds. The

final step entails finishing the glass

fracture replicas. Five sides (4 edges

and back) of each half cast are ground

and polished as a pair.

The topography of a glass cast sur-
face was compared with that of the

original rock fracture using laser pro
kilometers and an atomic force micro

scope (AM). For coarse-scale measure-

ments, surfaces were profded with an

LK-081 CCD laser displacement sensor

(Keyence Corp., Woodcliff Lake, N.J.)

mounted on a View Precis 3000 coor-

dinate measuring machine (View

Engineering Division, General

Scanning, Inc., Sirni Valley, Calif.). For

higher resolution measurements over

smaller areas and narrower topo-
graphic ranges on rock and glass casts,

a UBiM laser (UIXM, Sumyvale, CaIif.)
was used.The UBM laser has a spot size

of 1 Urn,a z measurement mnge of 100
pm, and a z resolution of 0.06 pm.This

system was also used to obtain surface

profiles on the roughened quartz gkt.ss
samples. For higher resolution topogtw
phy, small areas of gktss casts were

scanned with an AIW (Autoprobe iM5,
Park Scientific Instruments, Sunnyvale,

Calif.). We used this AFiM in the stan-

dard contact scanning mode to obtain
information on finer-scale topogmphy

and also to obtain values of surface
roughness for comparison with laser

profilometry resuks.

Results

One set of casts will be discussed
with respect to each characterization

of the finished products. The simplest
characterization is that of visual com-

parisons between an originaI rock
fracture surface and its corresponding

glass cast. A photograph of one side of
the granite fracture (Figure 1a) and its

corresponding finished glass fracture
cast (Figure lb) qualitatively shows

reproduction of fracture surface tex-
ture and roughness. Reflected light
was used for photographing the rock,

.=-———. ..— —. .. . ..— ------ ., .--. , .-.



u- Glass Casts of Rock Fracture Surfaces: A New Tool for Studying Flow and Transport

. I

whiIe only transmitted light photogra-

phy was suitable for the glass cast

(because of strong reflections and glare
under reflected light). Due to differ-

ences in lighting, these photogmphs do
not provide a good comparison of the

detailed surface textures. Differences
between casts and original rock sur-
faces were quantified through surface

profile measurements. In Figure 2a, typi-

cal coarse-scale (100-mm line scans, 50-
~m in-line steps, at 60-mm lateral line

separation) laser profiles of a rock sur-
face and gIass cast are compared. The
root mean-squared roughness (rmsr)
vaIues of the cast along these two pro-

files (2.22 and 1.14 mm) are very similar

to that of the rock original (2.25 and
1.04 mm). However, since the rmsr is

strongly influenced by larger amplitude
features encountered at larger dis-

tances, comparisons over shorter inter-
vals are needed to obtain more direct

information on replication of finer-scale

features. Example profiles of the frac-
ture and cast surface over shorter dis-

tances (1 O-mm lengths) are shown in

Figure 3. A comparison of surface wetfabilitybetween
an epoxy and a glass fracture cast. (a) Drop of water on
fracture surface of an epoxy cast, where the contact
angle IS-90 degrees. (b) Drop of water on fracture sur-
face of a glass cast, where contact angle ISnear zero.

Figure 2b. Note that the rmsr values are substantially lower than
in the longer protle scans, and that rock and gIass casts still yieId

simiIar rmsr values, mnging from 0.63 to 0.84 mm.

Although fair reproduction of individual surface topography is
achieved in glass casts, mated pairs can still exhibit fairly wide

ranges in average aperture and saturated transmissivity.The aver-
age aperture and transmissivity of the granite fracture pair under

5.7 M% average stress were 122 pm and 6.1 x 10-7 mz s-], respec-
tively.Three g[ass casts of this gmnite fracture pair were molded.

The average apertures of three different glass cast pairs were 75,
173 and 255 ~m under the same average normal stress.

Transmissivities of these three glass cast pairs were 2.1 x 10-7,1.0

x 10~, and 1.9 x 10x mz s], respectively. All average apertures

and transmissivities were determined with a relative uncertainty
of &50A.

The artifact of slight bowing of one surface relative to its

opposing surface tends to increase the cast transmissivity, and
this effect will be more problematic with larger area casts. For

purposes of observing flow and tmnsport under a given cast
aperture field, this is not problematic. When transparent fracture
replicas are used in studies of muhiphase fluid statics and flow,

accurate reproduction of surface netta-
bility is a very important factor. Epoxy

cast surfaces are quite hydrophobic.
Water “wets” dry epoxy surfaces with

contact angles of about 90” (Figure 3a).

In contrast, clean glass cast surfaces pro-
vide excellent water-nettability, with
near zero contact angle @lgure 3b).

Previously mentioned techniques can

be used to alter glass surface wettabili-
ties.

Significance
of Findings

A method for casting transparent
gIass replicas of rock fractures was

developed. The gIass casts obtained
using this method provided close repro-

duction of major features of naturaI frac-
ture topography. The glass casts are gen-

erally more water-wettable than epoxy
casts, and can also be treated to exhibit
spec~lc desired wettabilities. Thus, for
visualization studies of muhiphase fluid

environments in fractures, glass casts arc

suitable to use for a wide range of natu-
ral fracture surface wettabilities.They can be used to study mech-

anisms controlling multiphase fluid flow and contaminant trans-

port (including solutes, colloids, microorganisms and NAIls), to

examine remediation techniques at small scale and to conduct
laboratory studies for enhancing petroleum recovery redistribu-

tion seen by the active testing data.

Related Publication

Wan, J., T.K. Tokunaga, T. Orr, J. O’Neill and R.W. Connors, Glass
casts of rock ftactures: A new tooI for studying flow and

transport, Water Resour. Res., in review.
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A Model for Non-Isothermal
Multi phase Multi-Species

Research Objectives Reactive Chemical Transport

Coupled modeling of subsurface
[n Porous and Fracture Media

multiphase fluid and heat flow, solute

transport and chemical reactions can Tianfu Xu, Karsten Pruess,
be used for the assessment of acid Eric Sonnenthal, Nicolas Spycher
mine drainage remediation, waste dis- and George Brimhall
posal sites, hydrothermal convection,

contaminant transport and groundwa- Contact:
Tianfu Xu

ter quality. We have developed a com- (510) 486-7057, tianfu_xu@lbl. gov

txehensive numerical simulation

ently for each component, whereas
the reaction equations are solved on a

gridblock basis using a Newton-

Raphson iteration. An improved equi-

librium-kinetics speciation model for

simulating water-rock-gas interaction

is used. Quasi-stationary approxima-

tion and an automatic time stepping

scheme are implemented in

TOUGHREACT. The code was first

developed on a PC and then tested on
s

model, TOUGHREACT, which considers nonisothermal multi- VAX and UNIX systems. Later, the simulator was ported to the

component chemical transport in both liquid and gas phases. A Cray T3E at the National Energy Research Scientific Computing

wide range of subsurface thermo-physical-chemical processes is Center (NERSC) at Berkeley Lab, and a parallelized version was

considered. The model can be applied to one-, two- or three- developed, resulting in significant improvement of computing

dimensional porous and frac-

tured media with physical and

chemical heterogeneity. The

model can accommodate any

number of chemical species

present in liquid, gas and solid
phases.A variety of equilibrium
chemical reactions is consid-

ered, such as aqueous complex-
ation, gas dissolution/exsoht-

tion, cation exchange and sur-
face complexation. Mineral dis-

sohttion/precipitation can pro-
ceed either subject to local

equilibrium or kinetic condi-

tions.

Approach

The coupled model is imple-

mented by introducing reactive
chemistry into the framework

of the existing nonisothermal
multiphase flow code TOUGH2

(I%uess, 1991), resulting in the
general reactive chemical trans-
port code TOUGHREACT. Our

model uses a sequential itera-

tion approach, which solves the
transport and reaction equa-

tions separately. Flow and trans-
port in geologic media are

based on space discretization by

means of integral finite differ-
ences. An implicit time-weight-

ing scheme is used for flow,
transport and geochernical reac-

tion. The chemical transport
equations are solved independ-
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Figure 1. Simulation of a one-dimensional supergene copper enrichment
system. Top: schematic representation; bottom: results-change of min-
eral abundance after 100 years (positive indicate precipitation).

efficiency.

Results

The model was extensively

verified and validated for a wide
range of subsurface physical and
chemical processes. Four appli-

cations were carried out using
TOUGHREA~. Here we report

two applications. The first is
supergene copper enrichment,
which involves oxidative weath-

ering of pyrite (FeSJ and chal-

copyrite (CuFeSJ and associ-

ated acidification, which causes
mobilization of metaIs in the

unsaturated zone, with subse-

quent formation of enriched ore
deposits chalcocite (CUS) and

covellite (CU2S) in the reducing
conditions below the water

table (Figure 1). A total of 52
aqueous species, 10 primary
minerals and six secondary min-

erals are considered. The aque-
ous complexation and gas disso-

lution are assumed at equilib-
rium. LMineral dissolution and

precipitation are subject to
kinetics. The alteration of pri-

mary minerals and the develop
ment of secondary minerals pre-

dicted by our model are consis-
tent with observations in super-

gene copper deposits in the

Atacama Desert, Northern

Chile.
The second application con-

— ——- .,, ,, .— .. ---
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m A Model for Non-Isothermal Multiphase Multi-Species Reactive Chemical Transport in Porous and Fracture Media

Primary Secondary Minerals

-_&2@EY.-. Species and (klS:

HZO C02(aq) HCl(aq) anhydrite
H+ co ;“ KC1(aq) calcite
c~?+ OH- KHso.f(aq) quartz
lMg~+ ~3+ KSOA- cristobalite

lNa+ AI(OH)Z+ Ihlgcl+ amor. Silica
K, HAloz iMgC03(aq) microcline
Si02(aq) ~OHZ+ LMgHC03+ albite
HC03- CaCl+ MgSOg(aq) kaolinite
so:- CaC12(aq) NaCl(aq) illite

cl- CaC05(aq) NaC03- sepiolite

Alo2- CaHC03+ NaHC03(aq) smectite-Na

CaSOA(aq) NaHSiO+ smectite-K

HSiO~ smectite-Ca

smectite-lMg

co@
Iable 1 Aqueous species, minerals and gas considered [n the simulation.

sists of predicting thermal, hydrological and chemical processes
induced by emplacement of a strong heat source in unsaturated

fractured rocks to simulate a high-level nuclear waste repository.
A dual permeability model was used. Aqueous species, minerals
and gas considered in the simulation are shown in Table 1.

,Mineral dissolution and precipitation reactions proceed accord-

ing to kinetics. Preliminary modeling results (Figure 2) indicate
the importance of considering hydrochemical interactions

between fracture and matrix for this type of system. The simula-
tions are useful to investigate mineral dissolution and precipita-
tion under boiling conditions in fractured unsaturated rock.

Significance of Findings

The model is well suited for flow and reactive transport in

variably saturated porous and fmctured media. iMajor features of

the model include heat driven fluid flow and effects on chemical
reactions, and gaseous species transport and interaction with

the aqueous phase. The capabilities of the model have been ilhls-

trated with a few examples. The fulI potential is yet to be
explored.

Related Publications

Pruess, K.. TOUGH2: A general numerical simulator for multi-
phase fluid and heat flow, BerkeIey Lab report LBL-29400,

1991.

Sonnenthal, E., N. Spycher,J.Apps and A. Simmons, Thermo-hydro-

chemical predictive analysis for the drift-scale heater ~
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Figure 2. Hydro-Thermo-Chemical modeling for drift scale heater test.
Top: closeup view of mesh around heater drlfu bottom’ results—change
of mmeral volume.

SPY289M4, Berkeley Lab, MOL. 19981130.0132, 1998.
XU,T., K. Pruess and G. Brimhall,An improved equilibrium-kinet-

ics speciation algorithm for redox reactions in variably satu-
rated flow systems, Computers & Geosciences, in press.

Xu, T., S.F?White and K. Pruess, Modeling of pyrite oxichtion in

saturated and unsaturated subsurface flow systems,
Transport in Porous lMedia, in press.

XU,T., and K. Pruess, Coupled modeling of non-isothermal multi-
phase flow, solute transport and reactive chemistry in

porous and fractured media: 1. LModeldevelopment and vali-
dation, American Journal of Science, submitted.

Xu, T., E.L. Sonnenthal, N. Spycher, K. Pruess and G. Brimhall,
CoupIed modeling of non-isothermal multiphase flow, solute

transport and reactive chemistry in porous and fractured
media: 2. lModel applications, American Journal of Science,

submitted.
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The Center for
Isotope Geochemistry

The Center for Isotope observed and simulated climate fea-

Geochemistry (CIG) was established Donald J. De Paolo tures suggests that the RCMS is capa-

in 1988 with three major goals. The ble of long-term regional climate sim-

first is to maintain a state-of-the-art Contact: ulation. Another project couples gen-

analvtical facilitv for the measurement Donald J. DePaolo eral circulation models, which simu-.
of the concentrations and isotopic

(510) 643-5064, djdepaolo@lbl. gov
late global climate change scenarios,

compositions of elements in rocks,

minerals, fluids and gases in the earth’s crust, oceans and atmos-

phere.The second is to develop new ways of using isotope ratio

measurements to study earth processes. This involves improve-

ments in analytical techniques, as well as exploration of the nat-

ural isotopic variations of key elements and development of con-

ceptual models relating isotopic variations to earth processes.
The third objective is to apply well-known isotopic and chemi-

cal approaches to specflc energy and environmental problems,

such as groundwater contamination and remediation, geother-

mal resource development, nuclear waste isolation and global cli-

mate change.

The Center’s lab facilities include laboratory and field equip-
ment for oceanographic studies, a stable isotope laboratory, a

noble gas laboratory, a cosmogonic isotope laboratory, a soil car-
bon laboratory and an analytical chemistry laboratory. There is a

thermal ionization mass spectrometry laboratory on the
University of California’s Berkeley campus. In the coming year

the Center will obtain a multiple-collector, magnetic sector mass
spectrometer with a plasma ion source, which will greatly

expand its analytical capabilities. ESD researchers have estab-
lished the Regional Climate Center (RCC) and are associated

with the Center for Isotope Geochemistry to take advantage of
the overlap in research interests. The RCC specializes in a

Regional Climate System Model (RCSM) that downscales global

model information to provide research information, climate pre-
dictions and impact assessments on a regional scale. The model

can be applied to weather forecasting, soil water content, river

flow, hydrology at a water-
shed scale, climatic trends,

water resources, crop

responses and ecological

and environmental impacts.

A pressing question in cli-
matology is what the impact

of future climate change will
be on regional and local
scales. Climate researchers,

using a regional climate
hindcast, are evaluating the

effectiveness of the Regional
Climate System Model and

its various components, such

as the Mesoscale

Atmospheric Simulation and
Soil-Plant-Snow models, to
reproduce western U.S. cli-

mate. Agreement between

with California Department of

Forestry wildfire modeIs to predict the impact of future climate

change on the occurrence and magnitude of wildfires at a local

scale. The avemge insured cost of wildlires in the United States is

about $300 million dollars per year. Insurers and climatologists

have long known that f~e danger is intimately linked to climate.

For instance, local and regional droughts linked to the recent El
Niiio led to devastating fires in Florida, Indonesia and elsewhere.

In most cases, climate change driven by a two-fold increase in

atmospheric carbon dioxide wouId Iead to dramatic increases in

both the area of land burned by California wil~lres and the

number of potentially catastrophic fires.

In many natural systems, fracture permeability exerts a domi-

nant influence on fluid flow. A simple model is under develop-

ment to test the feasibility of using the isotopic compositions of
element pairs in fluids to constrain fracture-matrix geometry and

spacing. Fluids acquire heat from matrix blocks by conduction
and volubility and ionic diffusivity limits the exchange of chemi-

cal and isotopic constituents. Therefore, the thermal, chemical
and isotopic evolution of fluids flowing through fractured rock

depends strongly on fracture geometry and spacing. Reservoir
modeling relies on geometric information from rock outcrops
and core, but the geometry of the reservoir fractures carrying

the bulk of the fluid is generally not known.The sensitivity of iso-

topic ratios to matrix block size (or average fracture spacing) is
related to the differing volubility and diffusivity of the elements.

The degree to which a matrix block is isolated from a fracture

fhtid decreases with increasing solubiiity and diffusivity.
Researchers measured

Figure 1. Mono Lake, California. Photo by Roy Kaltschmidt, LBNL.

helium, carbon and oxygen
isotopes in samples from

fault zone gouge, breccia and
host rock of the San Andreas

Fault. Their study conllrms
that a significant fraction of

the helium in the fault zone
fluids has come from the

mantle and is accompanied
by deep crustal or metamor-
phic water and carbon diox-

ide. This supports their ear-
lier work that suggested flu-

ids are entering the fault
from the mantle and acting
to lubricate the fault, which
would explain the well-

known dearth of friction on
the San Andreas Fault. In a
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m The Center for Isotope Geochemistry

project with researchers from the U.S. Geological Survey and

Oxbow Geothermal, it is shown that noble gas concentrations,
water isotopes and chloride concentrations in geothermal pro-
duction streams provide a quantitative measure for tracing the

return of injectate to geothermal reservoirs. The rate at which
cooler injectate fluids invade a production reservoir is extremely

important for establishing injection programs and constraining
future reservoir models. Other research has shown that co-varia-

tions between helium and neodynium isotopes in continental

basahs can be used to differentiate between magma sources or
chambers and to assess the present rate of magma chamber
recharge with new mantle materiaLThis provides valuable infor-

mation for assessing volcano hazards and the potential of a
region for geothermal energy development.

The drift-scale heater test at Yucca Mountain, Nevada, the pro-

posed nuclear waste repository site, is being conducted to test the
effect of heat generated by the stored nuclear waste. Researchers
are monitoring the time evoIution of the C02 carbon isotopic

composition in gas released during the heating test. The changing
isotopic composition will help quantify factors such as the degree
of porewater degassing and identi@ zones of calcite deposition
within the thermally disturbed region which bear directly on

fluid movement and changing permeability of the system.

The Environmental lMeasurements Laboratory (EML) consoli-

dates the inorganic and organic chemical analytical facilities of

the Earth Sciences Division. The EML provides chemical chamc-

terization of soil, rock, mineral and fluid samples for many
researchers and projects within the division and the UC campus.
The EML is equipped with state-of-the-art instrumentation,

including ICP-MS with laser ablation capabilities, atomic adsorp-

tion spectrometry, GC/IMS,HPLC, and facilities for standard wet
chemical analysis.
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Agency, via Energy Efficiency and Renewable Energy, Office of

BuildingTechnologies and State Community Programs of the U.S.
Department of Energy. Research has also been supported by the

U.S. Na~ the Office of Space Science of the National Aeronautics
and Space Administration; the Office of Polar Programs of the
National Science Foundation; and the LBNL Laboratory Directed

Research and Development Program.

+

‘-lrrrrrrr Ill

.4
HTTP: //WWW-ESD. LBl_. GUV



Research Objectives

The 15TCS+ cation, a byproduct

Molecular Modeling of Clay
Mineral Surface Geochemistry:

Hydrated Cesium-Smectites Center (NERSC) at Berkeley Lab.
Molecular dynamics simulations were

of obtained with the code MOLDY, writ---
nuclear fission reactions, has held the Rebecca Sutton,

statusof a significant environmental Garrison Sposito, Sung-Ho Park

contaminant since the late 1940s. An
and Jeffery A. Greathouse

understanding of hydrated Cs-smectite Contact:
interlayer systems is necessary to pre- Rebecca Sutton
diet the permeability of clay liners at (51 O) 643-9951,

nuclear waste containment facilities to
sutton@natu re. Berkeley. edu

137c5+ ~dioactive waste. Detailed

ten by Keith Refson and compiled on
the CrayT3E at NERSC.

Results

h iterative IMC method was used

to determine the number of water

molecules present in stable Cs-smec-

experimental chamcterization of Cs-smectite interlamellar proper- tite systems with layer spacings of -12& Previous experimental

ties has proved difficult because of the great degree of disorder work indicated that a water content of 0.3-0.7 monolayer, or

present in these clays.As a result, the bulk diffusion experiments 0.03-0.07 kg watedkg clay, would suffice. Once we had estab-

performed to study these systems are dfictdt to interpret in terms Lished the water content of a stable Cs-smectite system, we were

of molecular interactions. New information provided by solid-state able to collect thermodynamic information such as layer spac-

NMR spectroscopy of lSSCS+

adsorbed to mineral surfaces adds
detail to the picture of Cs-clay

molecular interactions slowly form-

ing, a picture we can further eluci-
date using molecular modeling

techniques. We have used Monte
Carlo (MC) simulations to deter-

mine the cofilgumtion of water
molecules and Cs+ cations present

instable Cs-smectite structures.The
clays we have examined include

beidellite, a smectite with negative

charge sites from isomorphic sub

stitution present only in the tetra-
hedral sheet, montmorillonite, a

smectite with both tetrahedml and
octahedml charge sites, and hec-
torite, a smectite with charge sites

only in the octahedral sheet.

Comparison of these clay systems
allows us to determine the effect of
clay charge site location on their

thermodynamic properties.

Subsequent molecular dynamics
(MD) experiments on the MC-equil-

ibmted Cs-smectite systems reveal

the trajectories of interlayer ions
and water over time.

Approach

Monte Carlo calculations were
performed using the code MONTE,

written by Neal Skipper and Keith
Refson and compiled on the CrayJ-
90s at the National Energy

Research Scientific Computing
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Figure 1. Y-Z coordinates of Cs+ cations collected every 0.1 ps for
400 ps of MD simulation of Cs-smectite eystems with0.3 monolayer
of water.The z-axis is the same as the cfystallograptic c-axis of the
clay mineral, withthe midplane of the interiayerregion at O and they-
tis is the same as the b-axis. The six colors represent the six differ-
ent Cs+ in each simulation cell. Cations near the edge of the simula-
tion cell can be seen moving into the neighboring cell, resulting in two
clustersof position on either side of the graph shown. The surround-
ing clay surfaces have oxygen center of mass coordinates at = 2.85
A, * 2.95A, and= 2.93 ~ along the z-axis for Cs-beidelhte, Cs-mont-
morillonite,and Cs-hectonte, respectively.

ing, total potential energy, density

profdes and atom-atom radial dis-

tribution functions.

We then performed 800 ps LMD

calculations on the iMC-equili-
brated clay systems in order to col-
lect trajectory information and

learn about the motions of cations
and water in the interlayer.

Comparison of Cs-smectite sys-
tems with the same water content

but different clay minerals

revealed the dramatic effect of clay
charge sites on Cs+ mobility. The

tetrahedrally-charged beidellite

system and the octahedrally-

charged hectorite system both

held Cs+ in a nearly freed location
(Figure 1).The specillc cation loca-
tions varied with the type of clay

charge site, with the near-surface

tetrahedral charges drawing the

Cs+ closer to the surrounding clay
layers, while the more distant octa-
hedral charge held all of the Cs+ at

the midplane of the interlayer.
However, when these two types of

charge sites were combined in
montmorillonite, we did not

observe intermediate behavior in
the location of the cations.

Instead, the Cs+ within montmoril-
Ionite was much less tightly bound

to a particular location, showing a

much greater ease of movement.
A closer examination of the

motions exhibited by Cs+ within

smectite systems reveals very lit-

—-.—— —— ,.. ... . . .... . . ... . . . . ... ... ,. —-- -
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MoIecular Modeling of Clay MineraI Surface Geochemistry: Hydrated Cesium-Smectites

4042PSMDtrajectoriesforCs-hectoritewith0.3water
monolayer
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F[gure 2. X-Y tralectones of Cs+ cations and a selected water mole-
cule over 400 PS of MD slmulat!on. The x-axis is the same as the
crystallographic a-axis of the clay m!neral and the y-axis IS the same
as the b-axis. Two systems are shown. Cs-hectonte with 0.3 mono-
layer of water and Cs-hectonte with 0.7 monolayer of water. In the
Iattarsystem, a Cs+ cat!on (m brown) hovers at the edge of the sim-
ulation cell, Jumpmg from one s[de to the next, creating two trajectory

tle true diffusion over the 800 ps time span examined. Instead,

the Cs+ hovers near clay charge sites, though it is capable of jump

diffusion, especially in the wetter systems (Figure 2). Water is
much more mobile than the ions in the interlayer, exhibiting con-
ventional diffusion behavior. Interlayer water molecules tended

to diffuse more rapidly in -wetter clay systems. These polar mole-
cules were attracted both to the interlayer cations, forming

hydration spheres around them, and to the charged clay surface.

Significance of Findings

The results from these experiments confiim the findings of bulk

diffusion experiments, which predict a low mobility of Cs+ in clays

due to their retention near clay charge sites. Such agreement indi-
cates that the potential functions used to describe the Cs-smectite

system may be reasonably accurate, and provides further evidence
supporting the use of clay liners within nuclear-waste containment

fltcilities in order to retard the movement of l~7Cs+. Cs-smectite
molecular simulations can also aid an understanding of basic geo-

chemistry through comparison of these simulations with those of
other alkali metal-smectite systems in order to identi& trends exhib-

ited by alkali metal cations.

400psMDtrajectoriesforCs-hectontewith0.3water
monolayer

12

. dayO
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..- water
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-12
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clusters. Black points represent the surface oxygens of one of the clay
mmeral surfaces Below the trajectory data he vlsuallzatlons of the
clay system, with the s!mulatlon cell outlined m black Green spheres
represent Cs+ ions, while blue spheres are water O and red spheres
are clay surface O. Small white spheres represent water H and small
grey spheres represent clay mmeral SI
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Isotopic Effects in
Dual-Porosity

Research Objectives

[

l/~
Fluid-Rock Systems Le,i = Di$mpf

R(1 – @m JpsKr/f )
The thermal and chemical behavior

of fractured rock systems depends to Donald J. De Paolo Where r) is matrix porosity, p is

a substantial degree on the average
Contact:

density, and Di is the ionic diffivity. For

spacing between fractures. Fluid mov- Donald De Paolo two elements of differing volubility,

ing through a system of fractures (510) 495-2228, djdepaolo@lbI. gov the ratio of the reaction lengths is:

interacts thermally and chemically

with the matrix blocks between them mainly by heat conduc-
tion and diffusion of chemical constituents dissolved in the pore

fluid or vapor phase. The spacing of fractures can be estimated

in some cases from rock outcrops and cores, but the spacing of

the fractures actually carrying the bulk of the fluid is not usually

known directly.
Isotopic ratios of certain pairs of elements dissolved in fluids

can be used in theory to measure the effective matrix block size

(or avemge fmcture spacing) in some fractured rock systems.The

research described here was aimed at producing a simple theory

that relates isotopic ratios in fluids and rocks to fracture spacing,

and at using available data to assess whether the expected
effects are present in natural systems.

Approach

The sensitivity of isotopic ratios to matrix block size stems

from the differing solubilities of the elements, which can be
expressed in terms of a rock/fluid concentration mtio (Krlf),

and differing fluid-phase ionic
diffusivities. For example, K,,f

for oxygen is about 0.8,

whereas Kr,f for Sr and C is typ-
ically -10 to 1000. The degree

to which the cores of matrix

blocks are chemically isolated
from the fracture fluid is less

for high solubiIity eIements

(large K,lf) than for low volubil-
ity elements.

The degree of isolation of

matrix blocks can be deter-
mined from the diffusive reac-
tion length (fJ, which depends

on the fluid-rock reaction rate
(=R) and the effective diffusivity

for a dissolved element in
matrix pore fluid. If this reac-

tion length is smaller than the
average block dimension (LJ,

then the interiors of the blocks

are not in equilibrium with the
fracture fluid. The reaction
length for element “i” that is

applicable to the matrix blocks
is given by

>[ )
1/2

Le i DiKr/ f(j)-=
Le j DjKr/f(i)

For oxygen versus strontium, for exampIe, this ratio is typically

about 10 to 100. If the average block size falls between Le,sr and

L~,o, then the isotopic effects in the fracture fluids provide infor-

mation on the matrix block size.

In cases where the reaction length is very large relative to the

matrix block size, a steady-state system behaves chemically as if

it had a single-porosity, and reaction effects on the fluid are

determined mainly by the reaction rate, R, which describes the

solution-precipitation rate averaged over the minerals in the

rocks. The advective reaction length, which can be measured in
the field, in this case is:

Le (single)=
Vf(lpf

Reff(l–O)psKr/f

In general, the effective reaction rate as inferred from the
effects of water-rock interaction on the fluid moving through the

fractures in a dual porosity sys-
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g Dual pcrroslty effect on

w fluid Isotope response
to water-rock reaction \:
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Figure 1. Calculated dual porosty effect for fluids moving in fractures and
communicating with matrix blocks by fluid-phase diffusion. R IS the solu-
hon-precipitation time constant m the matrix blocks, and Reti IS the
apparent reaction time constant that IS sensed by fluld moving in the
fractures under steady-state conditions.

tern can be shown to be related
to the actual reaction rate @ in

the matrix (with some simplify-
ing assumptions) by

For L=e Lb, then Reff = R(Le/LJ.

As long as the block dimension
is larger than the reaction

length, diffusion in the matrix
blocks retards chemical and iso-
topic exchange between the

rocks and the fluids by the fac-
tor LC/Lb,

Results

The model was applied to

published data from mid-ocean

ridge hydrothermal systems,
where Sr and O isotopes have

been measured (although they
were not reported on the same

samples). These systems involve
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❑ Isotopic Effects in Dual-porosity Fluid-Rock Systems

circulation of sea-water 0.710
through the basakic rocks of
the oceanic crust. Reaction

is believed to take place
mostly at a temperature of 0.708
about 350”C, so these sys- ~

terns are similar to some 5

commercial geothermal sys- ~
terns. Fluids exit the vents o

* 0.706
with somewhat lower tern- ~~
peratures. A number of ‘~

assumptions need to made, km
m

but several important param-

eters are well known for this
0.704

example — the isotopic

compositions of the initial
and final fluid, the isotopic

composition of the rocks, 0.702

and the concentrations of
the elements in both rocks

1 1 t 1 I t

Mid-Ocean Ridge
Hydrothermal

Systems

Hydrothermal
Vent Ftuids

Water in
Equilibrium :
with MORB

Single /’
Porosity

1 t 1 I 1 I

o 1 2 3

S’80 of fluid
and fluids. The reaction rate Figure 2. calculated relationship between shifts m 87&/86Sr of Sr In hydrothermal

is leS5 weu constrained, it is fluids and shifts of &80. The distribution of available data suggests that fracture

assumed to be 10-3 yrl. spacings are 2 to 4 times the value of LSP

The model calculations

suggest that fracture spacings in the LMORhydrothermal systems

are in the range of 2 to 8 times the reaction length for Sr.The lat-

ter is estimated to be about 10 cm, so the fracture spacings are

estimated to be 20 to 80 cm. The estimated fracture spacing is
proportional to the estimated reaction rate, so if the reaction rate

is lower, the fracture spacings could be larger.

Significance of Findings

It is normally assumed that fluid-rock systems behave as sin-

gie-porosity systems, or that duaI-porosity effects are the same

for all elements. If the model results above are applicable, then

instead it may be possible to use isotopes of multiple elements
to infer important aspects of the structure of geothermal and
groundwater systems. Other elements that have variable natural

isotopic abundances and could be used in a Iike manner include

hydrogen, helium, boron,
carbon, sulfur, lead, ura-

nium, neodymium, thorium
and radon.

In non-steady systems,

for example those with
time-varying flow, the

response time for re-estab-
lishment of a new steady

state between the fracture
fluids and the matrix blocks
will also vary element by

element. This effect could

also be used to estimate the
effective matrix block size

or porosity. It is theoreti-
cally possible to constmin

all of the parameters if iso-
tope ratios of three or four

elements are measured con-
currently.

Related
Publications

Johnson, T.lM.,and D.J. DePaolo, Interpretation of isotopic data in
groundwater-rock systems: iModeI development and applica-

tion to Sr isotopic data from Yucca Mountain, Water

Resources Res., v. 30, pp. 1571-87, 1994.

DePaolo, D.J., and S.R. Getty, iModels of isotopic exchange in reac-
tive fluid-rock systems: Implications for geochronology in

metamorphic rocks, Geochim. Cosmochim.Acts v.60, no. 20,

pp. 3933-47, 1996.
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Helium Isotopes in Long
Valley Basalts: Implications

Research Objectives For Future Volcanic Activity ‘Pproach

Various geophysical and geochemi- Magmas have higher helium abun-

cal observations in the Long Valley, Allen Dodson, Donald DePaolo dances and sHe/’fHe ratios than the

California, area suggest that magma and B. Mack Kennedy crust into which they intrude, and

may be present at relatively shallow
Contact:

depending on the region of mantle

crustal levels beneath the region. Allen Dodson which has melted, the helium isotopic

Evidence includes infIation of a resur- (51 O) 486-2430, jadodsont@lbl. gov ratios of the magma will be different.

gent lava dome within the Long Valley AMough most of the helium in the

caldera; recent (1989-present) and numerous shallow (6-2 km) magma is lost upon eruption, enough remains trapped in olivine

earthquake swarms beneath Mammoth Mountain, thought to be crystals to be measured.We have measured helium isotope ratios

related to magma injection; increased emissions of cold C02 in olivines from basalts erupted over the past 3.2 million years to

from the flanks and summit of Mammoth Mountain, responsible better understand the relationship between helium isotopic

for significant tree kill zones; and a sigrtilicant increase in mag- ratios currently measured at the Mammoth lMountain Fumarole

matic helium and C02 in gases from a fumarole near the (MMF) and those found in the magma during periods of eruption

Mammoth Mountain summit that coincided with the earthquake and recorded in the rocks.

swarms. Understanding the relationship of these observations to Samples were coIlected flom more than a dozen olivine-bear-

one another, and their relationship to the geologic history of ing basalt flows. From approximately 1-2 kg of rock 0.5 to 1.5

Long Valley, is important both for evaluation of volcano hazards grams of the freshest, largest olivine grains were selected for

and to understand the potential of the region for geothermal analysis. The olivine grains were crushed under vacuum to

energy development (a small geothermal plant already exists in release gases from fluid inclusions, which contain a representa-

the area). tive sample of the magma chamber atmosphere during crystal
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Figure 1. Helium isotopic compositions for basalts associated with the Long Valley-Mono Lake
volcanic complex.
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growth. The chemically puri-
fied and cryogenically sepa-

rated helium -was admitted

into a mass spectrometer for

determination of the isotopic
composition.

Results

A spatial pattern in the
helium isotopic composi-

tion of the different basalt

flows is evident (Figure 1).

Basalts along the edges of
the caldera, ranging in age
from 3.2 million years to Iess

than 100,000 years, have rel-

atively uniform helium iso-
topic mtios of 5.8 to 6.2

times that of air. However,
the three westernmost

basaks in the mea, which are
outside the Long Valley

Helium Isotopes in Long Valley Basalts: Implications for Future Volcanic Activity

E!
...+~-.

asthenosnhere

~ basalts

)

ern basalts
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‘Nd
Figure 2. Correlation between helium and neodynmm !sotoplc composlhons. The
caldera basalts are slmllar to other basalts found along the eastern S!erra. The
western basalts, wh]ch have lower helium Isotopic compos!tlons, may have
evolved from a different magma system

caldera —June Lake (JL), Devils Postpile (DP) and Black Point
(BP) — have much lower helium isotope ratios, from 4.6 to 5.2
times that of air. Since the ages of these basalts overlap with

those of the caldera basalts, it appears that these two groups of

basaks are derived from two different magmatic systems, isolated
from each other in the crust.

Figure 2 illustrates that the caldera basalts are isotonically
similar to others found in the eastern Sierra; they are primarily

melts of mantIe lithosphere with a small contribution from the

convecting asthenospheric mantle. Their helium and

neodymium isotopic ratios lie along a mixing line between

these two types of mantle. The western basalts, on the other
hand, have lower helium isotopic ratios than either the iMiMF

today or other eastern Sierra basalts. Their neodymium isotopic
ratios are similar to those of ihlono and Inyo Craters rhyolites,

suggesting that they may be related to these rocks.

Unfortunately, the mineralogy of the rhyolites is not suitable for
helium analysis.

During the recent period of earthquake swarms beneath
,Mamrnoth hlountain, the helium isotopic composition in gasses
from the ,Mammoth ,Mountain fumarole increased significantly,

to about six to seven times the air ratio. The similarity between
this ratio and those of the caldera-rim basalts indicates that the

magmatic system sampled at the LMIMFis probably the one

responsible for generation of these small-scale basalt flows.

Significance of Findings

i

(SiM) basalts, for instance,

were erupted from source
vents along the western

edge of the caldera and
flowed eastward into the

caldera moat. Recent

drilling into the resurgent
dome found no noticeable
heat anomalies or evidence

for magma at depth, sLlp-

porting this interpretation.
The fact that the MMF

helium ratios are simihr to

those of the caldera-rim
basalts, and are probably

not the same as those of
the iMono and Inyo Craters

rocks, has important impli-

cations for volcanic hazard
evaluation. The Lklono and

Inyo Craters magmas have
undergone significant resi-

dence at depth prior to

eruption, as demonstrated by their silicic nature. This type of

volcanic system requires significant recharge of basaltic magma

to provide heat to the magma chamber, and therefore such sys-
tems can be quite large and produce large, violent volcanic

eruptions.
In contrast, the caldera-rim volcanic system appears to be a

relatively small one in which basaltic magmas frequently rise

through the crust and erupt as small basaltic lava flows. While
this may provide some comfort, the fact that the helium isotope

ratios in the iMLMFfluids are similar to those exhibited by the sys-
tem during eruptive periods suggests that the potential for such
an eruption is signflcant.

Related Publications

Dodson, A., D.J. DePaolo and B.M. Kennedy, Helium isotopes in
lithospheric mantle: Evidence from tertiary basalts of the

Western U.S., Geochimica et Cosmochim-ica Acts 62, pp.

3775-87,1998.
Dodson, A., D.J. DePaolo and B. Mack Kennedy, Helium Isotopes

at Long Valley, California: Indicators of magmatic source
regions and plumbing systems, poster presented at the

Geological Society of America Annual l~ee[ing, Toronto,

Ontario, 1998.
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Research Objectives

Fluids are suspected to play a major

role in earthquake mechanics, espe-

cially in the case of the weak San

Andreas Fault (SAF). Models devel-

oped to explain the weakness of the

fault include either low-friction fault

zone materials or super-hydrostatic

Isotope Constraints on Fluid
Sources: San Andreas Fault

System, California

E. PiIi, B.M. Kennedy,
M.S. Conrad and D.L. Shuster

Contact:
B. Mack Kennedy

(510) 486-6451, bmkennedy@lbI.gov

along the San Andreas and adjacent

faults (the San Gabriel Fault, a deeper

equivalent of the SW, and the Santa

Ynez Fault, a former strand of the SAF)

from South San Francisco to East Los

Angeles. The samples consisted of

gouge, fault breccia, slickenslide, cata-

clasite material from deformation

zones, vein fillings, and their unde-

fluid pressures within the fault zone. Models invoking high fluid

pressures are similar but rely on different fluid sources. During

the earthquake cycle, fault-zone fluid pressure increases to near

Iithostatic values and induces rupture. Dilation accompanies rup-

ture, locally lowering the fault zone fluid pressures, and the cycIe

begins again. Potential fluid sources include meteoric, crustal,

and mantle. A recent study of groundwaters associated with the

SAF found elevated sHe/4He ratios, providing evidence for a geo-

pressured mantle fluid source (Kennedy et al., 1997). Because

mantle fluids must pass through the lower plastic crust, they

enter the base of the fault zone in the brittle upper crust at or

near Iithostatic pressures. In transit, the sHe/4He ratios are
diluted with radiogenic 4He that is produced locally in the crust,
generating a vertical gradient in the fault-zone helium isotopic

composition that depends on the vertical rate of fluid flow.
Calculated flow rates vary from -1 - 10 mm yrl, sufficient to

maintain near Iithostatic fluid pressures at the shallower depths
of the seismogenic zone of the fault.

One can assume that the mantle sHe is associated with other
more abundant mantle volatiles, certainly C02 and perhaps

water. However, using the mantle C02/sHe ratio, the C02 flux

(-3 x 104 kg km-z ser]) inferred from the helium isotopic data
is inadequate, by at least an
order of magnitude, to re-

establish fault-weakening

fluid pressures on a time
scale relevant to earthquake

cycles (Figure 1). This proj-
ect is an isotopic study
designed to (a) compare

deformation zones and vein

fillings with their hosts and
the fluids associated with

these materials to cortfkm
the presence of mantle

helium in San Andreas fault
zone fluids, and (b) identify

and characterize the various
potential fluid sources.

Approach

Approximately 250 sam-
ples from more than 20

localities were collected

-@
t-u
g
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formed host rocks. The samples are being analyzed for helium

isotopic composition in fluid inclusions and the isotopic com-

position of carbon and oxygen in the bulk samples.

Results

The helium isotopic composition of noble gases in fluid inclu-

sions from the various fault zone samples are in the range -0.1-

2.5 Ra (Ra is the sHe/4He ratio in air).This indicates that past flu-

ids percolating through the SAF system contain mantle helium

contributions of -1 to -sz~., similar to that measured in present-

day groundwaters associated with the fault (Kennedy et al.,
1997). This cordhrns the involvement of mantle fluids and
shows, from structural relationships observed in the field and in
thin sections, that these fluids are directly associated with the

process of faulting.
Calcite is the dominant vein material and repeatedly occurs as

an accessory mineral in deformation zones.The C- and O-isotope
compositions of carbonates from veins, deformation zones and

their hosts are summarized in Figure 2. By comparing relative
depletions in the lSC and lSO isotopic compositions of the defor-

mation zone or vein carbonates with host rocks at various scales,

L
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104 ;

103 :

106 I

Elt=220c

($= .02

cr = 10-” pa-’

Permeability

— 10-’9 m2

— 10-20 m2

— 10-2’ m2

— 10-22 m2~
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1E-3 0.01 0.1 1

C02 flux (kg/s-km2)

Figure 1. Computed times required to generate Iithostatlcfluld pressures from
hydrostatic values by C02 flux at a 10 km depth. Vaiues used for rock porosity ($)
and compressibility (Cr) are indicated.

fluid irdNtration can be iden-
tified.

At each sampling site, sev-

eral trends in the C- and O-iso-
tope depletion are observed:

(1)

(2)

(3)

The deformation zone
and vein material are
the most depleted co

pared to their host
rocks.

Veins that cut through

deformation zones are
even more isotonically

depleted.
With increasing dis-
tance from what can be

strttcturaIly defined as
the core of fault zones,

host rocks are less is
topically affected and
the density of veins and

deformation zones
decreases.



m Isotope Constraints on Fluid Sources: San Andreas Fault System, California
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Figure 2, Carbon- and oxygen-isotope compositions of carbonates from gouges, cataclasites,
faultveins, sllckensides (altogether called deformefion zones), veins and host rocks from the San
Andreas, Santa Ynez, and San Gabriel faults.

(4) Host-rock carbonates display progressive evohttion towards
greater depletion in the order limestone, marble, gneiss,

granite and basak, mirroring the increase in metamorphic
grade or deep crustal origin of the host-rocks.

We infer the following from these trends and the isotopic

compositions:
(1) the fault zones have been infiltrated by fluids of deeper ori-

gin during deformation; and

(2) the fluids are dominated by crustal or connate water k C02.
Ihleteoric water does not appear to represent a signitlcant

contribution and the C02 is inferred to have a metamorphic

or mantle origin.

Some or aIl of the C02 may be of deep crustal origin. This sup-

ports the model invoking a deep source of fluids at or near litho-
static pressure weakening the fault zone (Rice, 1992).

Related Publications

Kennedy, B. M.,Y.K. ~araka, W. Evans,A. Ellwood, D.J. DePaolo, J.

Thordsen, G. Ambats and R.H. lMariner, Mantle fluids in the

San Andreas fault system, Science, 278, pp. 1278-81, 1997.
Rice, J. R., Fault stress states, pore pressure distributions, and the

weakness of the San Andreas fault, in Fault IMechanics and
Tmnsport Properties of Rocks, Academic Press, San Diego,

pp. 475-503,1992.
Significance of Findings

Funding
The intltrated deformation zones, veins and host rocks show

that fault zones in the San Andreas system maintain a higher per-
meability than that of adjacent regions. The noble gas and stable

isotope compositions both provide evidence that mantle-derived
fluids are involved in fauking and that the mantle helium is

accompanied by deep crustal or metamorphic water ~ C02.

This project has been supported by the Office of Science,
Office of Basic Energy Sciences, Division of Engineering and

Geosciences of the U.S. Department of Energy under Contract
No. DE-AC03-76SFOO098.
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The Center for
Computational Seismology

Research Objectives for 1999. The list of doctoral thesis

Thomas V. McEvilly,
topics developed with some CCS

The Center for Computational
Ernest L. Majer

resource support over the years is a

Seismology (CCS) serves as the core and Lane R. Johnson good measure of results and major

data processing, computation and visu- accomplishments. On average, two or

alization facility for seismology-related Contact: three Ph.Ds per year are produced

research at LBNL. pursuing an objective Thomaa McEvilly (six in 1998) spanning a wide spec-

of providing modern tools for seismo-
(510) 486-7347, tvmcevllly@lbl. gov

trum of research interests.

logical research, the Center is designed and operated to provide a
focused environment for research in modern computational seis-

mology by scientists whose efforts at any time maybe distributed

among diverse research projects. A large number of varied, sepa-

rately funded research projects from many dfierent sponsors rely

upon this resource for intellectual exchange as well as computa-

tional needs. Users include LBNL scientists, along with collaborat-

ing UC professors, postdoctoral fellows, visiting scientists, graduate

and undergraduate students. Doctotzd theses and journal publica-

tions reveal a spectrum of effort from the most fundamental theo-

retical studies to field applications at all scales.

Approach

CCS provides a specially equipped and staffed computational

facility to support and advance a wide-ranging program of seis-
mological research. Beyond computers, work stations, seismic prc-

cessirtg packages and visualization capabilities, it is a physical facil-

ity in which scientists pursuing individual research interact with
other scientists and technical support staff in a multidisciplinary

intellectual environtnent. The data management and processing

techniques at CCS are integrated with the data acquisition instru-
menmtion in LBNL’s Geophysical Measurements Facility (GMF)

within which field projects are designed and managed.

A wide range of research projects relies upon CCS resources
for development and application of methods for characteriza-

tion, process definition and process monitoring in the rock-fluid-
thermochemical subsurface environment. Consequently, CCS

research reaches from the most fundamental investigations to
those driven by the most applied technologies. CCS supports

research in the general areas of wave propagation, geophysical
inverse methods, earthquake and explosion source theory, seis-

mic imaging, borehole geophysics, fourdimensional process
monitoring and visualization technology.

Results

Results from the diverse seismological program at CCS are

best demonstrated in the CCS research output. Major accom-

plishments flow largely from the breadth of research support

provided by CCS and the cross-fertilization between applications
and fundamental studies. The list of publications, produced with

CCS support to varying degrees, displays the range of research
accomplishments. For example, at the time this report is being
prepared(March, 1999), there are more than 20 articles either

published, in press or submitted to major peer-reviewed journals

Significance of Findings

Findings for a facility and scientific environment such as that
provided by CCS must be defined in the context of the mttltidi~

ciplined research base that is supported there, rather than project-

specilic accomplishments (those appear in other sections of this

report). Significance lies in the enhanced productivity and inno-

vation that are produced by the rich mix of intellectual pursuits

that come together in CCS. It is fair to attribute a large part of the

scientific reputation in seismology at LBNL to the CCS environ-

ment.

Related Publications

Recent Ph.D. theses:
Fan, J., Overlap domain decomposition technique for modeling

wave propagation, 1998.
Hubbard, S., Stochastic characterization of hydrogeological prop-

erties using geophysical data, 1998.
Kaelin, B., Seismic imaging of the shallow subsurface with high

frequency seismic measttrements,1998.
Nakagawa, S., Acoustic resonance characteristics of rock and

concrete containing fractures, 1998.
Parker, l?, Genetic algorithms and their use in geophysical prob-

lems, 1999.
Seifert, I?, Effects of pore fluids in the subsurface on ultrasonic

wave propagation, 1998.
Yi, W., Numerical investigation of wave propagation in fractured

rock, 1998.

Selected 1999 journal publication=

Kaelin, B., and L.R. Johnson, Using seismic crosswell surveys to

determine the aperture of partially water saturated frac-

tures, Geophysics, 64, pp. 13-23, 1999.
Keers, H., L. Johnson and D. Vasco, CrossWell imaging using

asymptotic waveforms, Geophysics, submitted.
Nadeau, R.M., and T.v McEviUy, Fatth slip rates at depth from

recurrence intervals of repeating microearthquakes,

Science, submitted.
Gritto, R., VA. Korneev and L.R. Johnson, Nonlinear 3-dimen-

sional inversion of low frequency scattered elastic waves,
Pure & Appl. Geoph. in press.

Hubbard, S., Y. Rubin and E. lMajer, Spatial correlation structure

estimation using geophysical and hydrogeological data,

Water Resources Research, in press.
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II The Center for Computational Seismology

Center for Computational Seismology
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Research

Subsurface

Objectives

investigations often

require characterization of hydraulic

parameters. Conventional sampling or
borehole techniques for estimating

these parameters are costly, time-con-

suming and invasive. The difficulty of
collecting representative and suffi-

cient hydraulic property measure-
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ments using conventional sampling techniques, the large spatial
variability of hydraulic properties in natural geologic systems

over a wide range of scales and the dependence on the meas-

urement support scaIe render measurement of hydraulic prop-

erties difficult. The purpose of this study is to explore the use of

joint geophysical-hydrogeological data for estimation of hydro-

logical parameters. As the ability to detect changes in physical

and hydrological properties using geophysical data varies with

the method selected, it is becoming more common for site char-

acterizations to use multiple geophysical methods. In this study,

we focus on the improvement to the log-permeability estimate
offered by systematic incorporation of multiple, co-located tomo-

graphic data sets with limited hydrological data. Our estimation
is performed in a stochastic framework using a Bayesian

approach. Here we present the methodology followed by a case

study using co-located hydrological and geophysical data from
the NABIR (Natural and Accelerated Bioremediation Research
Program) Oyster Bacterial Transport Site at Oyster, Virginia.

Approach

Mathematical Statement of the Bayesian Approach: The

goal of the estimation procedure is to estimate Y(x) over the
entire synthetic aquifer, where Y(x)=ht(k(x)) is log-permeability

and x is a vector of coordinates along a vertical plane. The data
assumed available for this procedure include a limited number of

permeability measurements, as well as complete sets of co-
located geophysical data [g(x)], such as seismic velocity, seismic

attenuation, electrical resistivity, dielectric constant or radar
attenuation measurements obtained from high-resolution seis-

mic, electrical and radar tomogmphy data. Log-permeability is
treated as a spatial random function; the available measurements

are assumed to be realizations of this random function and the
distribution of log-permeability at each location within the

aquifer is described by its probability distribution function (pdf).
The geophysical data are used to produce log-permeability esti-

mates using a linear relationship between coincident log-perme-
ability and geophysical measurements; thus the geophysical data
are assumed to be freed for this study. All attributes are modeled

as second-order stationary random fields whose pdfs are

assumed to be normally distributed. The log-permeability pdf is

expressed as: r , ,,,21

(1)

where y is a realization of the log-per-

meability and (y) and rs,, are the mean

and standard deviation of Y that com-

pletely describe the distribution.

A log-permeability pdf can be

obtained from borehoIe permeability

measurements using a variety of esti-

mation or inversion techniques; the

result is considered to be a prior pdf,

and is annotated by fy(X)(y). Log-permeability estimates, obtained
from geophysical tomogmphic data together with petrophysical

relationships, can be used to update this prior pdf in a Bayesian

sense. The updated log-permeability pdf is referred to as a poste-
rior pdf, and is denoted by fY(X$y).The posterior pdf ofy at a sin-

gle location in space, XO,given additional geophysical informa-

tion at that location, ~, is given by

f’Y(xo) (Y)= fY(xo )(Yl@o)) = fY(xo )(YI;Q(XOD) (~)

where $@(xO)) is the prediction of permeability based on geo-
physical data, henceforth abbreviated as ~(xO).This implies that
the conditional distribution of log-permeability given geophysi-

cal measurements is just a function of the predicted log-perme-
ability based on those geophysical methods. Using Baye’s
Theorem (Ang and Tang, 1975), the posterior pdf F’Y(XO~( y) can

be written as:

f’Y (XO) (Y) = *
fi(xo )(~(xoly(xo) = y) fY(xo )(y)

(3)

~ [fi(xo)(~(xo)ly(xo) = Y)]fy(xo)(y)dy
-co

Equation (3) shows that the posterior pdf, f’y(xO), can be

expressed as the product of two pdfs (the numerator) divided by
a normalizing constant.

An iterative Bayesian methodology is used for log-permeabii-
ity estimation. A prior pdf at each location within the aquifer,

fY(X)(y), is defined initially using solely hydrological measure-
ments. This prior is then updated using information from one

tomographic data set and a petrophysical relationship. For exam-
ple, if estimates of log-permeability, obtained from one tomo-
graphic data set @l(x)), are available at a particular location Xo,

the “first posterior” obtained using this conditional information
cart be expressed as:

f’y(xo) (y)= fY(xo)(Yl;@l@lD) (4)

Equation (4) can in turn be updated using information available
from another co-located tomographic data set Q@:

F’y(xo) (y)= fY(xo) (Yl~Q@oD) (5)

L J
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m Log-PermeabiIity Estimation Using MuItiple Geophysical Data Sets Within a Bayesian Framework

Equation (5) yields a log-permeabil-

ity field, which has been updated
using tsvo geophysical data sets, it is
referred to as the “second posterior.”

The second posterior field can in

turn be updated by information
from another co-located data set,
and so on. Using the assumption of

Gaussianity, Baye’s procedure (Eq. 3)

can be implemented using a simpIe
analytical expression. Numerical

simulations show that including
multiple, co-located geophysical

data in the Iog-permeabihty estima-
tion procedure using the iterative
Bayesian technique presented in

Equations (4) and (5) decreases the
error, variance and entropy associ-

w , 1 m
.s G.5 5.6 4.=

0.6 SecondPosteriorEstimatedKWavr ?.6

Frgure 1. Estimated permeabihty using hydrological and geo-
physical data.

ated -with the log-permeability estimate (Hubbard, 1998).

Case Study The Oyster bacterial transport site is located on
the southern Delmarva Peninsula, situated on the eastern coast

of the United States between the Chesapeake Bay and the
Atlantic Ocean. A field-scale bacterial transport study within a

sandy Pleistocene aquifer is being undertaken at the Oyster Site
by a multidisciplinary NABIR research team funded by the

Department of Energy Subsurface Science Program. The purpose

of the study was to evaIuate the relative importance of physical,

chemical and hydrological heterogeneities in controlling bacter-

ial tmnsport.This in-situ bacterial transport investigation was the
first of its kind, and extensive characterization using hydrologi-

cal, geological, geochemical and geophysical methods is required

to build an accurate numerical flow model necessary to predict
bacterial transport.

Here -we integrate hydraulic conductivity information available

from electromagnetic flowmeters and radar tomogmphy data
using the Bayesian approach outlined above. For this study, a sin-

gle tomographic radar proffie, collected using a PulseEKKO 100

system with 200 LMHZcentral frequency borehole antennas, was
analyzed. This profile begins at the bacterial injection well where

flowmeter data were collected, and extends 4.7 m down- gradient

in the expected injectate flowpath, which traverses the locations

of three other flowmeters. The flowmeter data are reported in
hydraulic conductivity ratios, or lSJ~,,e, where i refers to the

measurement interval and ave refers to the average value over the
entire measured interval. The flowmeter and tomographic data
were used to estimate a spatial covariance structure following a

method developed by Hubbard et al. (accepted). This correlation

structure was then used in an ordinary kriging routine, condi-
tional to the flowmeter data, to obtain prior hydraulic conductiv-

ity estimates along the expected injectate flow centerline. -

data.This field was in turn updated
using Equation (5) with hydmulic
conductivity ratio information

obtained from radar attenuation
tomographic data. This second pos-

terior field, obtained using flowme-
ter, dielectric constant, and attenua-

tion data, is shown in Figure 1. The
flowmeter data are superimposed

on top of the estimated hydraulic
conductivity profile. Analysis of

these estimates revealed that mean

error and variance associated with
the estimates, calculated from the
estimated fields and values from

flowmeter data that were not used
in the estimation procedure, were

reduced when geophysical data
were included in the estimation procedure at the Oyster Site.

Significance of Findings

The results presented here suggest that updating prior hydro-
logical measurement estimates with successive geophysical infor-

mation improves the log-permeability estimation. Numerical stud-

ies reveaIed that the offered improvement is more substantial far

from the wellbore, where the prior estimates are more likely to be

diffuse. This approach offers a practical and efficient method of

incorporating multiple, co-located tomogmphic data sets to
improve the hydraulic parameter estimation and retain the spatial

structure.
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Research Objectives

A unique data set for the study of

wave propagation in the San Andreas,
California, fault zone has been

acquired in the Parldeld Prediction

Experiment (PPE) underway in central

California. Data have been collected

with a lo-station borehole network in

a search for evidence of changes asso-
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velocity models for the area all com-

bine to provide well-determined con-

stmints in modeling the observations.
In this study we consider only data

recorded at stations VCA and JCN

from vibrator site VP2.At VP2 we have

the routine Vibroseis monitoring data

from the repeated point source as

well as a cross array of sources with

17 VPS on each leg. We contlned our

ciated with the nucleation process of

the anticipated magnitude-6 earthquake at PaMeld. More than
6,OOOearthquakes have been recorded since 1987 in the magni-

tude twtge -1<Mc5. In addition, seismogmms for 720 source-

receiver paths have been obtained for repeated illumination of

the network using a large shear-wave vibration (using the

Vibroseis machine), from June 1987 until November 1996, when

the program ended.That investigation reported significant travel-

time changes in the coda of S for paths crossing the fault zone

southeast from the epicenter of the 1966 M6 earthquake.
Progressively decreasing travel times in the anomalous region
reached 50 msec or more by the end of the study. Changes in fre-
quency content and polarization were also found and those

effects, too, could be localized to the zone of common nucleation

and rupture onset for the previous M6 earthquakes, and, possibly,
the region of slip initiation for the great earthquake of 1857. The
temporal pattern in these variations appears to be synchronous

with changes in deformation and seismicity measured independ-
ently. Because similar variations are not seen in the waveforms

recorded from microearthquakes in the same part of the fault, in
previous studies we concluded that changing fluid conditions in

the uppermost section of the fault zone in response to deeper,
tectonic stress perturbations are the likely cause of the temporal

variations. Exploring that possibility further for plausible velocity
perturbations in the shallow fault zone, in this study we model

the observed waveform changes numericatIy.

Approach

At ParWleld, the San Andreas fault zone is a striking near-verti-

cal low-velocity zone which very clearly acts as a waveguide for

seismic energy from earthquakes on the fault and from surface
sources. Velocity models there show a high Vp/Vs ratio along the

fault near the surface and at depth within the fault zone, and a
pronounced vertical velocity
gradient in the upper 2 km VCA VP2

modeling exercise to the VP2 data for

VCA and JCN for several reasons. Both source-receiver paths are

in the anomalous region and reveal substantial ttavel-time varia-

tions.The two paths are approximately co-linear and orthogonal

to the San Andreas fault, permitting the use of a 2-D formulation

in simulating wave propagation. The paths sample segments of

similar length on the two sides of the fault zone. Finally, the data

profde from the closely-spaced source array at VT2 defines the

spatial coherency of the wavefield that is helpful in phase iden-

tification and interpretation of the recorded wavefield. The

velocity model used in numerical simulation incorporates the
known properties of the region, where tomographic 3-D veloc-
ity models have already been determined. A major factor con-

trolling the character of wave propagation at short range from a
surface source is the severity of the shallow vertical velocity gra-

dient. We found a velocity gradient model by matching the
observed and computed direct arrivals in the early part of seis-

mograms. For the NE side of the fault, the direct arrivals at JCN
could be matched with a velocity profiIe reduced to 0.76 of that

for VCA, and to 0.5 for the narrow fault zone, modeled as a ver-
tical layer with a thickness of 200 m, bounded by interfaces F1
and F2. Computations were performed using a 2-D elastic finite-

difference formulation with a staggered grid. The model was dig-

itized on a 2200 x 500 grid with 5 m spacing, which yields a

model space of 11 km horizontal and 2.5 km vertical extent, as
depicted in Figure 1.

Results

A snapshot of elastic field development is shown in Figure 1.
Ttvo features dominate the process: energy trapping near the strr-
face by the shallow gradient and wavefield scattering from the

fault zone. Most of the energy is confined to the upper part of the
section in multiple reflections at the free surface, producing a

complex train of surface-

SAF JCS guided waves made up of

~~~aj~~~&nSfJ~~ ====
of the section. The geometry

of the Vibroseis source and

alitv of the fault zone in the ,.. .,
region of the travel-time 0

1 2 3 4 5 6 7 8 9 10
11 VCA at around 1 and 2 sec-

Xb]
anomaly and the existence ends, respectively. At JCN

of detailed P- and S-wave Figure 1. A snapshot of wavefield propagation from VP2 source at 2 seconds. they are seen at 2.2 and 4.4s.
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Modeling the Observed Controlled-Source Waveform Changes at Parkfield

Because the receivers are

located at depth, both up- and
down-going energy are seen,

as well as horizontally propa-
gating turning-point waves.

The signature of the fault
zone and shallow gmdient on

the wavefield is dramatic. In
the interval between the first-

arriving P and S waves at VCA

are the surface-generated
nlultipIes and conversions.
The latter are especially
strong for P--waves, e.g., PS,

PPS, etc. Strong reflections
are also produced by the

fault-zone boundaries, F1 and

F2. PF1E the first F1 reflection

at VCA, is small and masked
by the large direct S-wave just
before it. F2 reflections at

VCA have passed twice
through the fault zone, and

VP2-VCA VP2-JCN
7 -1
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these late phases, such as PFZPP (3.5 s) and SF2S (4.7 s), are quite

strong, arriving -well after the direct waves have passed.AtJCN the

internal fault-zone reflections produce sequences of strong, dis-
tinct arrivals following the direct P- and S-waves. The times in the

synthetic seismograms where large travel-time changes were
observed in the monitoring project at VCA and JCN contain sig-

n~lcant energy that has been scattered from the fault zone. This
result suggests a ready explanation for the cause of the observed
progressively decreasing travel-times. For the path VP2-VCA the

changes were seen at arrival times after 3.5 s, i.e., for our modeI
seismograms, after the direct waves have passed and the fault-

zone reflected -waves are arriving. On the other hand, the travel-
time changes for the VIZ-JCN fault-crossing path begin with the

arrival of the direct P-wave and occur through the entire seismo-
gmm. We take these resuks to be strong evidence that the

observed variations are most likely caused by changes within the

fault zone itsek. To test the fauh-zone hypothesis we modeled
travel-time variations that would be produced by a smaII velocity
change at the fault. To compare with seismograms for the refer-

ence model described above, we computed new seismograms at
VCA and JCN for a velocity increase of 6% localized in the narrow

fault zone. These seismogmms are shown in Figure 2 along with
their differences from the reference traces. As expected, the

changes at VCA appear only after the fault-zone F2 reflections

reach the station, while at JCN the tmvel-time advance begins
with the initial P-wave and increases throughout the seismogram.
The magnitude of the calculated travel-time variations match _

acter, magnitude and timing.
The first unstab[e wavelet at
VCA corresponds well to the

PF2PP reflection from the
fault zone.At JCN the pattern
of steady increase in the

travel-time shift due to pro-
gressive involvement of
slower S-waves is quite clear.

Significance
of Findings

Previous studies clearly

detected real changes in
travel-times in the eight-year

controlled-source monitoring
program at Parkfield, and

localized the anomalous
changes to a region south-

eastward from Middle
lMountain, roughly in the pre-

sumed nucleation zone for
the past and future M6 Parl&eld earthquakes. Their best hypothe-

sis for the phenomenon called for changing fluid conditions in
the shallow section above the fault zone. Our study supports that

hypothesis and offers a more quantitative model for the actual
wave propagation involved. The final link in the puzzle Iies in the

responsible mechanism for the velocity change in the fault zone.
We are inclined to accept the idea of a deeper tectonic deforma-

tion that somehow changes the fluid environment in the shallow
fault zone. The striking importance of the shallow vertical veloc-

ity gradient cannot be overstated. It is clear from this stlldy that
surface sources employed in highly heterogeneous environments
such as the SanAndreas fault zone can be expected to genemte an

overwhelming near-surface wave field that must be dealt with in
looking for deeper images. If the individual phases can be identi-

fied, however, they may provide an important tool for studying
near-surface details of the fault structure.
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Research Objectives

A computationally efficient overlap

domain decomposition (ODD) tech-

nique based on Huygens’ Principle
has been developed for modeling

wave propagation. The ODD tech-
nique divides a large domain into sev-

eral smaller overlapping subdomains
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and allows the exchange of waves

between subdomains through the overlapping regions without
the need for any internal interface connecting conditions.

Calculations are performed independently in each subdomain,

and the wavefleld in the whole domain is then obtained from the

local solutions in the subdomains. The ODD technique is not

restricted to a specific numerical method for solving the wave

equation and different methods can be used in each subdomain.
This flexibility is particularly advantageous because it enables

very accurate but computationally expensive methods to be
used in selected subdomains to achieve a desired level of accu-

racy and computing speed. In addition, calculations can be
“turned-off” in subdomains that do not have appreciable wave

activity, resulting in savings in computing time and memory use.

Approach

A detailed description of the overlap domain decomposition
(ODD) technique is given in Fan (1998). Here, we present a spe-

cific application of the ODD technique to the ftite dtiference

method.
To apply the ODD technique to the ftite difference (FD)

method, we must first determine the appropriate size for the

overlap areas. Starting with the 1-D wave equation for a medium

with a constant density p

1 a2p(xt) = d*p(xt)
~ at2 ax2 ,

(1)

where p is the pressure and c is the velocity. The explicit ftite
difference scheme for fourth-order space and second-order time

(2)
P(xrn, tn+l) = 2P(xrn, tn)-P(x~, tn-1)

[

c2At2 –P(Xm+2! tn ) + lGP(Xm+l, tn )
-l——

12Ax2 –sOP(Xm, tn)+lGP(Xm-l, tn)– P(Xm-2, tn) 1
accuracy is

To apply the ODD technique to Equation (2), we divide the

domain !.2 into two subdomains (2I (dark shaded area) and !22

(light shaded area) shown in Figure 1, where grid points 1, ..,m-
2,m-1, m belong to Cll and grid points m+l,m+2,..,M belong to
422. Grid point m is the last point in QI where the spatial deriva-

tive must be computed. Point m+l is the first point in !22. The

amount of overlap required between these two subdomains can
be determined as foUows.According to Equation (2), in order to

compute p(xm,tn+l) in Cll, the values

of two previous time steps are needed

from the grid points m-2 through

m+2. Assume that the pressures

p(xi,tn) and p(%,tn.l) i=l ,2,..,M at time
step n-1 and n are known values. If (2,

is overlapped to cover the grid points

m+l and m+2, then p(xm,tn+l) can be

solved within Cll.

The grid points m+l and m+2 that

originaUy only belonged to !i2Znow ako belong to QI .Thus, these
points form the overlap region. The pressure p(xm,t.+l) can be

computed from Cll just as in the conventional finite difference
method. Similarly, for the grid point m+l in (,22, the addition of

two grid points m-1 and m to !22 aUows the calculation of

p(x~+l,t~+l) at the grid point m+l in QZ using the values of p
from grid points m-1 and m+3. The total overlap region now

spans the grid points from m-1 through m+2. As can be seen

from this analysis, the overlap region only requires four grid

x: 1 .... m-2m-j---m_p-+j-’~+2Z%’-F3... M

]Ql I “1 I I I I t:n

-1 ~
t

_2

Calculate at grid point m in subdomain ~
, - . - ___--- __-----; ------------- , -----------------
: x: 1 .... nz-2m:l m m+l :

~ W ‘;+l ‘~

, t 1
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i “E!%=d
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Figure 1. Schematic of the overlap domain decomposition scheme for
the 1-D finitedlfterence method wkh 4h order space and 2nd order time
differencing.
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points (Figure 1) to achieve the same

results as the conventional finite differ-

ence method applied to the full

domain f2.Additional grid points in the
ovedap region do not affect the results.

Results

Several advantages of the ODD tech-
nique can be illustmted with the fol-

Iowing example of two-dimensional
elastic wave propagation in a low
velocity layer. The computational

domain is divided into nine subdomains
with overlap areas that are shared

between neighboring subdomains.

These overlap areas aI1ow transfer of
the wave from one subdomain to the

next, as described in the previous sec-
tion.

During the course of the calculation,

the wavefield may not have spread over
the entire domain, particularly at early

time steps. The calculations in these
inactive subdomains are not necessary

and can be “turned off.” Figure 2 shows

snapshots of the wavefield for the nine-

subdomain model. At the earlier time

step, the wavefield is present only in
subdomain f)~. Thus, computation of

-7 : -8
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Figure 2. SnaDshots of the wavefleld at two times com-
p~ted with the ODDfimlte difference method.

computational wave propagation prob-

lem to be divided into many smaller

problems. The technique can incorpo-
rate different numerical methods for

solving the wave equation (e.g., finite
difference, psuedo-spectml, staggered

grid methods) in each subdomain to
achieve a desired level of accuracy,

computing speed and memory usage.
In addition, the ODD technique has the

ability to “turn off” subdornains that
contain little or no wave activity. This
feature can be used to save computa-

tion requirements in problems with
localized wavefields. Finally, the ODD

framework is ideal for parallel comput-
ing because of the modular nature of the

algorithm. Future work will explore the

application of the ODD technique to 3-
D wave propagation problems using

parallel computers.
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Fan, J., Overlap domain decomposition

technique for modeling wave propaga-
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1998.
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Rector, Overlap domain decomposi.

the wavefleld need only be performed in this subdomain. tion technique for modeling wave propagation, Geophysics,
Similarly, at the later time step, computations in all the subdo- submitted.
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Research Objectives

When subjected to compressive
stresses, a granular rock is reduced in

volume by the deformation of the
compliant grain contacts and solid

gtains and by compaction due to fric-

tional slip between grains. While the

first two processes have been studied

Frictional Effects
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extensively in the context of linear

elasticity, fewer studies have examined the role of nonlinear

groin contact deformation and frictional integranular slip on the

volumetric strain of granular rocks. An understanding of these
processes and their contributions to the deformation of rock is

important in many areas of the geosciences, inchtdmg reservoir

production and stimulation. The objective of this work is to

investigate the basic character and effects of groin contact non-

linearity and frictional slip on the volumetric strain of sandstone

using a Hertz-Mindlin sphere pack model and stress-strain meas-
urements on Berea sandstone. Here, we summarize several of the

findings from the analysis of the sphere pack model.

Approach

There are a number of closed-form anaIytic solutions for the
stress-strain behaviors of regular packings of identical spheres
(e.g., simpIe cubic, face-centered cubic, hexagonal close-packed)

that were developed by Mindlin and others. These models have

the disadvantage of lacking groin packing disorder, grain angular-

ity and intergranular cementation that are prevalent in most sand-
stones. However, because these models do include the contribu-

tions of grain contact nonlinearity and frictional slip to the volu-

metric strain, they represent a logical starting point for the inves-

tigation of the effects of friction on

the nonlinear, hysteretic deformation
of sandstones.

To examine the contribution of

friction to the volumetric strain of

granular rock, we use the face-cen-

tered cubic packing (fee) model of

spheres of identical size and proper-
ties (Figure 1). This modeI is one of

the densest regular arrays of elastic

spheres with a porosity of 25.95% and a coordination number of
12. Both the effects of Hertzian grain contact deformation and

Mindlin-type intergratmlar slip are included in the model. The

primary advantage of using an idealized model of rock is that
closed-form stress-strain relations can be derived for loading,

unloading and reloading paths.

Results

Analysis of the fcc packing stress-strain relations for uniaxial

strain consolidation along the z-axis revealed that the elastic
modulus that describes P-wave velocities are path-independent

functions of the axial strain

(1)

where p and v are the shear modulus and Poisson’s ratio of the
grains, respectively. By integrating this moduh.ts, it is possible to

construct a new stress-strain curve that is identical for loading

and unloading paths:

Em

10ckedd&Z =
[

2~(4 – 3v)
O#fi = j C33 13/2 .

%Zz (2)

o 3(1 – V)(2 - v)
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axial stress, o= (MPa)

Figure 1. Face-centered cubic packing of identical spheres

Figure 2. Comparison of the volumetric strain resulting from nonlinear
grain contact deformation and frictional slip compaction for the fcc
sphere packing.
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Frictional Effects on the Volumetric Strsin of Sandstone

Simple inversion of this stress-strain relation yields an expres-
sion for the volumetric strain resulting from nonlinear deforma-

tion of the grain contacts that is path-independent (i.e., it

depends only on the final stresses and not on the historical
sequence of stresses to which packing was subjected):

nontin _

[ 13(1- V)(2-V) 2’343
~zz –

2v(4–3v)

(3)

Using this expression, the total volumetric strain for uniaxial
strain consolidation along the z-axis can be decomposed into

contributions due to (path-independent) nordinear grain contact
deformation and (path-dependent) frictional slip compaction

E
total

E‘on’in + &
friction.

(4)

It is of interest to determine the relative magnitudes of the non-

linear and frictional contributions to the totaI volumetric strain.
Figure 2 shows the volumetric strain of the fcc packtng for a

range of friction coefficients. The frictional slip contribution (for
the loading path) approaches zero for large friction coefficients

and a maximum (54% of the nonlinear contribution) as the fric-
tion coefficient approaches zero. While the nonlinear contribu-

tion dominates, the frictional component can be signtilcant
when the friction coefficient is low.

Significance of Findings

The restdts of this study highlight the importance of consid-
ering frictional effects when attempting to evaluate the volu-
metric strain of sandstone. For the specKtc conditions of this

study (i.e., uniaxial strain loading, unloading and reloading

paths), frictional slip between grains was shown to result in a
path-dependent volumetric strain. However, for these conditions,
the nonfictional part of the volumetric strain can be extracted

by integration of the path-independent, small-strain elastic mod-

uli obtained from seismic velocity measurements made at differ-
ent static Ioads.Additional work is needed to determine both the

magnitude and character of the path-dependence of the volu-
metric strain and the anisotropic elastic mociuli of sandstones,

and to determine if the analysis presented here can be extended
to general three-dimensional loading.

Related Publication

Nihei, K.T., L.B. Hilbert, N.G.W. Cook, S. Nakagaw and L.R. iMyer,

Frictional effects on the volumetric strain of sandstone, Int.
J. Rock Mech., to appear, 1999.
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tions to compensate each other to

sequestration and atmospheric sci-
ences. Many imaging approaches in geophysical research areas

are based on deterministic and traditional nonlinear inversion.

Because the data are often incomplete and contaminated by ran-

dom noise, the deterministic approach does not provide accu-

rate or stable solutions. During the iteration of the traditional

nonlinear inversion, inexact reflections of the artii5cial boundary

condition enter the inversion domain; these degrade resolution
and even cause divergence.The dlscretization of the volume inte-

gral equation is ill posed and its full matrix needs very large stor-
age and lengthy computational time. The conjugate gradient

(CG) method requires a long computation time and often termi-

nates in local minima, thus producing a wrong result. Our objec-

tive is to develop a new parallel stochastic Global Integral and

Local Differential (SGILD) electromagnetic (EM), seismic and
hydrological modeling and coupled inversion.This method cart
overcome the shortcomings of traditional deterministic nonlin-
ear inversion. We have derived new integral equations for mag-

netic, acoustic and flow field in the frequency domain @e and
Li, 1995 and 1997) and time domain @e et al., 1999) We Coupk

the integral equation on the boundary and differential equation
in the interior of the domain to develop SGILD modeling. We
couple the Jacobian volume integral equation on a small selected

sub-domain and variation differential equation on the remaining

large sub-domain to develop SGILD inversion for updating the
electric conductivity/permittivity, seismic velocity and hydrolog-

ical conductivity We use a new hybrid direct-itemtion algorithm
and a regtdarizing method associated with the constitutive law

to solve the equation.

Approach

Stochastic GILDmodeling and inversion The outline of
the SGILD method is as follows: (1) we decompose the domain

into the two subdomains; (2) we use a new stochastic moment

integral equation on the boundary and moment differential equa-
tion in the interior of the domain to calculate the moments of

the wave field in the modeling;(3) we use new Jacobian volume
moment integral equations in the small selected subdomain and

variation differential equations in the remainder large subdo-
main for the joint inversion. Supposing that the parameters and
data are random variables, we derive the new integral and differ-

ential equation system for the statistical moments of the mean,
covariance, and standard deviation. We use our parallel SGILD

algorithm to solve the moment integral and differential equa-
tions and obtain the high resolution imaging of the mean impeda-

nce, covariance standard deviations and conlldence interval for

improve the ill-posed property and

obtain high resolution; (2) replacing the artflcial approximate

boundary condition, we use an exact integral equation on the

boundary to greatly reduce numerical noise; (3) we decompose

the full matrix into several small sparse matrices and one small

full matrix, we solve these small matrices, in parallel, and greatly

reduce computational time and storage; (4) we can use the

SGILD method for large-scale oil exploration, marine explo-

ration, and atmosphere prediction. The basic frame of our SGILD

coupled inversion is the GILD modeling and inversion method.

New Magnetic integral equations in the time domain:
Because most hydrological data is measured in the time domain,

we develop the joint inversion in the time domain. We derive a

new integral equation

‘xH*4vxGw’
and differential equation

‘{+e-:t*tvwh==’M’’(t)’(r;r)

(1)

(2)

for the magnetic field in the time (Xie et al., 1999)

where N is the unit that makes the integral quantity unit of the
right-hand side of the equation a magnetic unit, G‘~ (r’, r) is the

magnetic Green tensor, E~ (r’, r) is the electric tensor, and *t is
a convolution.

Similarly, we derive the integral equation for seismic and
hydraulic inversion in the time domain. The new integral equa-
tion (1) will be important progress in electromagnetic theory
and application.

We use Bayes theory, the new integral equations in the

selected subdomain and differential equations in the remainder
subdomain to develop the SGILD geophysical and hydrological

modeling and coupled inversion in the time domain.

GILD regularizing We find that the ill-posed property of
the inverse problem is relative to the constitutive law. We use a

new constitutive term to construct the new GILD regularizing
operator.
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Figure 1. Coupled SGILD imaging using single hole data.

Results

We use the SGILD algorithm for hydrological conductivity, elec-

tric conductivity and seismic velocity imaging.An axis symmetric

SGILD conductivity code is tested primarily using synthetic data.
Mean conductivity imaging and standard deviations are pre-

sented. In Figure 1, 18 injection point sources are located in a sin-
gle hole. The 72 point receivers are located in the same hoIe.

We use the synthetic model to create head response synthetic

data with Gaussian noise in one and two months; the maximum

standard deviation of data is 5Y0.The imaging of the mean con-

ductivity is obtained (Figure lc). The total maximum standard

deviation (TSTD) of the conductivity is 11.8%. The local standard

deviation (LSTD) of the conductivity of the target at the left side
corner is 6Y.. The local standard deviation of conductivity on the

right side is 18.6Yo; that is because the left side is closed to the
area of the data site in the single hole. The 2-D mesh is 148 x 128,

16x 18 CPU minutes in MPP and 68 iterations are used. The opti-

mized mean regularizing parameter is 0.687456E1 O-6. A coupled
acoustic, electromagnetic and flow head inversion is used to

obtain conductivity imaging as shown in Figure lb. It is obvious

that the conductivity imaging from the coupled inversion has
higher resolution than the single inversion imaging shown in

Figure Ic. SGILD resistivity imaging from practicaI field data in
the geothermal expiration site is obtained. The maximum stan-

dard deviation of the resistivity is 18.8%; the local standard devi-

ation of resistivity near the borehole area is 1 lYo.

Significance of Findings

The preliminary tests show that the SGILD modeling and

inversion is a high-resolution, robust, stable and high-perform-

ance parallel imaging algorithm. There are obvious improvements

of resolution of the moments from the field data. We use these
moments to estimate the uncertainty and construct confidence
intervals and consistent condkions. The GILD and SGILD method

discussed here is capable of overcoming the limitations of the

conventional inversion and can accurately handle high-resolution
through the joint nonlinear inversion of coupled hydrological and

geophysical data. The GILD method can become a powerful imag-
ing tool for DOE environmental remediation, geophysical expir-

ation, C02 sequestration and atmosphere sciences.

Related Publications

Xie, G., and J. Li, 3D extrapolating electromagnetic imaging,

Proceedings of Progress in Electromagnetic Research

Symposium. p. 576,1997.
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Annual Meeting, 1999.
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The role of the Nuclear 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 waste through

high-quality scientific analyses and technology development.The

primary work of the program involves investigating the feasibil-

ity and potential of the Yucca Mountain site in Nevada for per-

manent storage of high-level nuclear waste. The Nuclear Waste

Program also does collabomtive work on nuclear waste disposal

issues with such countries as Japan, Switzerland and Sweden.The

program has established the Center for International Radioactive

Waste .W.tdics, the main purpose of which is to foster relation-
ships with other countries in order to promote the exchange of

ideas and research results.

The Yucca Mountain Site is located about 120 km northwest
of Las Vegas in a semi-arid region.The potential repository will be

located about 350 m below the surface within a thick unsatu-

rated zone (UZ).The subsurface rocks atYucca Mountain consist
primarily of fractured volcanic tuffs that vary in the degree of

welding.To date, a total of 60 deep surface boreholes have been
drilled in the area. In addition, an &km-long underground tunnel,

the Exploratory Studies Facility (ESF), was completed at Yucca

Mountain irt 1996.

Berkeley Lab’s work at Yucca Mountain consists of solving

many ground-breaking problems related to multiphase, non-
isothermal flow and transport through the UZ. Some of the key

questions Berkeley Lab scientists are addressing include:
● How much water percolates through the UZ to the reposi-

tory at Yucca Mountain?

Q What fraction of the water flows in fractures and how much

flows through the matrix blocks?

.

.

.

How much of this water will seep into the waste canister

emplacement drifts?

How will the water containing radionuclides migrate from

the repository to the water table?
How will coupled TH (thermo-hydrological), THC (thermo-

hydrologic-chemical) and THM (thermo-hydrologic-mechani-

cal) processes affect flow and transport?

The Nuclear Waste Program is organized into three main
groups — Ambient Testing, Thermal Testing and iModeling — to

address these questions, with support from geophysical studies.

Ambient Testing Group

The Ambient Testing group investigates how water flows

through the mountain and how much of this water will seep

into the emplacement drifts. The group performs various tests
within the ES~ including the fracture/matrix interaction test, the

drift-to-drift test, the Paint Brush Unit test (PTn test), and niche

testing. The fracture/matrix interaction test is a relatively small-

scale (several meters) test that focuses on the components of

water flow in fractures and matrix blocks and the interaction

between the two continua. The drift-to-drift test addresses the

same issues, but on a much larger spatial scale (10-20 m). The

test in the Paint Brush Unit, which is an unwelded tuff unit,
addresses issues of episodic flow, effects of faults and large-scale

features and lateral continuity of flow and transport. This unit,

being above the potential repository, is key to dispersing frac-
ture flow from the above fractured units and buffering the tran-

sient behavior of episodic flow. The niche studies address per-
haps the most crucial problem of Yucca lMountain; i.e., deter-
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mining the fraction of water that will flow into the emplace-

ment drifts. The niche studies are carried out by introducing

water into boreholes above the opening and measuring what

fraction actually seeps into the opening. Results to date suggest

that there is a seepage threshold below which no water will

seep into the drifts.

Thermal Testing Group

The Thermal Testing group works in collaboration with other

national laboratories to evaluate the effects of heat on thermo-
dynamic conditions, fluid flow and transport, and permanent

property changes at and near the emplacement drifts.The Yucca

Iklountain Project has completed the first in-situ heater test,

called the SingIe Heater Test. The project is now invoIved with a
large-scale heater test in a drift over 80 m long. This second

heater test is intended to resemble the actual in-place condi-

tions when the high-level radionucIide waste is placed in the

emplacement drifts. Berkeley Lab’s role in the tests is to charac-

terize the heater test rock block (area) prior to testing; monitor

potential changes in fracture and matrix saturations through air
injections, tracer testing, and ground penetrating radar measure-

ments; and perform predictive thermo-hydrological and thermo-
hydrologic-chemical calculations.

The initial characterizations of the heater test areas are per-
formed with air injection tests that yield the 3-D permeability

structure of the fracture network. Continued air-injection test-

ing during the heating and cooling phases of the heater test

yielded changes that can be attributed to changes in fracture sat-
urations or mechanical effects.

Cross-hole radar tomography has also yielded very promising

results regarding change in gIobal saturations of the system due

to heating. Detailed 3-D thermo-hydrologic and thermo-hydro-
logic-chemical calculations were used to predict the behavior of

the tests. These will be refined to better fit observations as the

test progresses, Finally, Berkeley Lab scientists are involved with

measurements of the isotopic compositions of condensate

water that have seeped into the boreholes.

Modeling Group

Berkeley Lab has the primary responsibility for the develop-
ment of the UZ flow and transport model. This is a comprehen-

sive 3-D, dual permeability numerical model that represents the

entire unsaturated zone at and near Yucca iMountain. The model

is intended to integrate in a single computational framework all

of the relevant geological, hydrological, geochemical and other

observations that have been made at the surface, in boreboles

and in tunnels at Yucca lMountain.The model is calibrated against

pneumatic moisture tension, matrix potential, temperature, geo-
chemical, 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

the model predictions and the subsequent observations gives a

measure of the reliability of the model and guidance to what

additional data need to be coIIected and incorporated.

A very important sub-model 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, in a

similar fashion as the UZ model, predicts the results of the niche
tests, and is modfled subsequently to match the actual observa-

tions. Another sub-model of the UZ model is the Coupled

Process THC model, which is calibrated using the heater test data

and used to estimate the chemistry of water and gas entering the

drifts. All three 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.
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Research Objectives

The potential exists for a capillary

barrier to form in unsaturated porous

media at the boundary between a

fine-grained unit, such as a highly frac-

tured rock, and an underground cav-

ity. Conditions such as these exist at

the proposed radioactive-waste repo.s-
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itory located at Yucca Mountain, Nevada. If licensed and con-

structed, the monitored geologic repository will include 117 km

of mine openings or waste emplacement drifts housing contain-

ers of radioactive waste. The repository would be constructed in

the unsaturated zone at least 200 meters (m) below the land sur-

face and at least 200-250 m above the regional water table within

the fine-grained Topopah Spring Tuff (Tpt), a densely welded,

intensely fmctured, ash-flow tuff.

It is important to determine whether a capillary barrier will

exist above a waste emplacement drift because such a barrier
can have a direct impact on waste isolation and repository per-

formance. Water introduced at the land surface during a natural
precipitation event, assuming it migrates to the repository level,

may be excluded from seeping into the drift and instead may be
diverted laterally around the opening if a capillary barrier exists.

In contrast, if a capillary barrier does not form, then water may
drip into the opening and come in contact with the waste pack-

age, hastening canister corrosion and failure, and potentially lead-

ing to radionuclide migration to the accessible environment.
An extensive series of liquid-release tests was performed

above a specially constructed drift, called a niche, located in the

Exploratory Studies Facility at Yucca Mountain to determine

whether a capillary barrier exists. In addition, the tests were used
to quantify the seepage

threshold flux, defined as the
liquid-release flux at and

below which water will no
longer seep into the open-

ing.

Approach

Seven 10-m-long bore-
holes were drilled at the

niche to gain access to the
rock for air injection and liq-

uid-release tests prior to min-
ing the niche. Three of the

borings (shown in Figure 1)

were installed approxi-

mately one meter apart, 0.65
m above the crown of the

niche in the same horizontal

limits of the proposed niche and were

subsequently removed when the
niche was constructed and before the

seepage tests were performed. All the

boreholes were installed parallel to

the axis of the niche.
lMore than 200 air-injection tests

were conducted in the boreholes

prior to excavation to determine the

distribution of air permeability within the rock mass and to

select test intervals for subsequent liquid-release tests. Next, a

series of liquid-release tests were conducted by pumping water

containing colored or fluorescent dyes at a constant rate into a

select number of packed-off zones previously tested with air. A

finite amount of dye-spiked water was introduced into each test

interval, with essentially no pressure buildup, to document the

relatively undisturbed flow path traveled by the wetting front.

The niche was excavated dry using a mechanical excavator to

observe and photograph the distribution of fractures and dye
within the rock. Dye was observed along individual fractures as

well as along intersecting fractures to depths ranging from O to
2.6 m below the release points. Two primary types of flow paths
were observed during the mining operation, including: (1) flow

through individual or small groups of high-angle fractures, and

(2) flow through several interconnected low and high-angle frac-
tures creating a fracture network.

Air-injection tests were repeated in the upper boreholes after
the niche was excavated to determine the post-construction dis-

tribution of air permeabilities. The geometric mean air perme-
ability for all the boreholes tested increased dramatically by

nearly two orders of magnitude after the niche was excavated,
probably due to mining-induced damage to the formation.

Waste Emplacement Drift

plane. ‘l%e remain@ bore- Rgure 1, TeStconfiguration above the niche representing a waste emplacement

holes were drilled within the drift.

Forty short-duration seep-

age tests were conducted

after the niche was exca-
vated by pumping water at a

constant rate into the bore-
holes located above the
niche. After water appeared

at the niche ceiling and
dripped into a specially con-

structed capture system

located within the niche

@lgure 2), it was collected
and weighed. The mass of

water captured ranged from

O to 568.6 grams per test.
The seepage percentage,
defined as the mass of water

that dripped into the capture

system divided by the mass
of water released, ranged
from O% for very low per-
meability zones to 56.2% for
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predominately gravity driven
flow through highly saturated

fractures.

Results

The seepage threshold data
were interpreted using an ana-
lytical solution describing the

exclusion of water from a

buried cyhndrical cavity analo-
gous to a niche. The resulting
analysis produced estimates of

the quantity 2a-f defined as the
sorptive length, a useful param-

eter that characterizes the cap-
ilIary properties of the unsatu-

rated medium. Vah.res of 2cc-1

equal to 19.6 and 981 Pascals
were measured and believed to

be representative of flow
through two types of in-situ

fractures, including individual or

small groups of high-angle frac-
tures and fracture networks,

respectively The sorptive num-

ber ci was used along with wet-

ting front wrival times to esti-
mate fracture-water chamcteris-

tic curves (volumetric water

content, (3, versus water poten-
tial, Y) for seveml test zones.

These curves indicate that the
residual Elmay be on the order

of O.1% and that the saturated El

(i.e., effective porosity) may be
as high as 2.4% for the seepage

flow paths tested.

Significance
of Findings

Figure 2. Arrwal of the wetting front containing pyrarme at the niche celling
during a test

.
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Figure 3 Phhp’s et al. (1989) seepage exclusron model versus the expen-
mental results.

Direct field observation, indirect field evidence and analytical
and numerical modeh were used to confhm that a capillary bar-

rier exists above an underground cavity. In addition, the seepage

tests demonstmted that a seepage threshoId flux does exist
below which water wiIl not seep into the opening. The results of

ported by the Director, Office

this investigation and future

studies will be used in part to
design and construct the moni-

tored geologic repository.
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Spatial and Temporal Flow
Variability in the Paintbrush

Research Objectives Nonwelded Tuff Approach

An understanding of processes Field experiments -were conducted

influencing percolation flux, and the I?ohit Salve and in the north face of Alcove 4 within

partitioning of flow between the Curtis M. Oldenburg the Exploratory Studies Facility (&SF).
matrix and fractures and/or faults, is Contact: In the north face of Alcove 4, the PTn

imDortant for the develo~ment of an Rohit Salve is cut bv a normal fault with a small. .
appropriate conceptual model of

(51 O) 486-6416, r_sa!ve@lbl.gov
.

offset (-0.25 m) and a high angle frac-
flow forYucca Mountain, Nevada. Of particular importance is the

role of the Paintbrush Nonwelded Tuff (Pllt), through which

downward percolation must pass prior to reaching the potential

repository horizon (i.e., the fmctured Topopah Spring Welded

(TSw) unit).A fundamental question is whether the IWn is effec-
tive in dampening pulses of localized infiitration, providing a

generally uniform percolation flux to the TSW, or whether flow

is localized through preferential flow paths in the PTn.

We have carried out field studies of flow through the variably
altered, nonwelded PTn. The overriding objective of this effort

was to gain insight into flow dynamics along a fault and within

the altered matrix of the PTn. Specflcally, the objectives were to
measure flow velocities, seepage rates and wetting front migra-
tion within a fault and in the matrix of the PTn. The tests were
designed to mimic conditions analogous to the introduction of

focused flow to the PTn from the overlying fractured Tiva
Canyon (TCw) unit during tmnsient high infiltration events.

ture (Figure 1). In-situ flow experiments involved the release of

different volumes and rates of tracer-tagged water in intervals 0.3

m in length along horizontal boreholes intersecting the fault and

matrix.Twelve 0.075-m diameter boreholes were drilled perpen-

dicular to the plane of the north face of Alcove 4 for liquid

release and monitoring. Changes in percolation rates and satutw

tion were monitored using a nest of boreholes installed with psy-

chrometer and electrical resistivity probes (ERPs). A slot 4 m
wide, 4 m deep and 0.3 m high was excavated below the test bed

to collect any injected fluid percolating downward.

The nature of matrix flow in the PTn was investigated using

boreholes 5,6,7 and 8 (Figure 1), located in a section of the test

bed that was determined to be free of fractures and faults. Water
was continuously injected under constant head conditions into
a zone located between 2.44 and 2.74 m from the collar in bore-

hole 5, for a period of 29 days, while changes in saturation and
water potential were monitored along the lengths of boreholes

W%’ l'-""""--""-""":""""---"""--""'-`--"---"-"--""~x`"--"---"--'"-`-"

T 4 6 meters *

. 0.0762 m diameter (NQ) boreholes app roximatedepth6 m

0 0.0254 m diameterboreholes depthof “G” holes 1 m, depthof “C” holes2 m

F[gure 1. Geological sketch and boreholeklot layout for the north face of Alcove 4.
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SpatiaI and Temporal Flow Variability in the Paintbrush Nonwelded Tuff

6,7 and 8.

TWO boreholes (11 and

12) were positioned to inter-
cept the fault at a distance of
-1.4 m from the alcove face

and used to determine spe-
cflc flow cbamcteristics of

the fault. Here, water was
injected under a constant

head condition in borehole
12 at a distance of 1.4 m
from the collar (i.e., along

the fatdt) during seven sepa-

rate release events. During
and after the release events,

changes in saturation and

30+T-’---’W
~ 250

$
\

g 200 Y“ n WI ‘% I

1“’1

21-Ott 23-Ott 25-Ott 27-Ott 29-Ott 31-Ott 2-Nov 4-Nov 6-Nov 8.Nov

water potential were contin-
Flgure 2 Changes m electrical resistance m borehole 11 following In]ect[onof
water along the fault m borehole 12.

uously monitored in bore-
hole 11.

Results

Liquid-release tests suggest that a large variability exists in the
hydrologic response between the fault and matrix in the Alcove

4 test bed .Two components of the test that demonstrate this vari-
ability are the measured rates of liquid release and the capacities

of the matrix and fault to transmit water.

Flow dynamics in the matrix: When -water was released
into the matrix in borehole 5, the rates at which the matrix
absorbed water rapidly decreased from >50 ml/min to <1

ml/min in less than five hours. During this early stage of the test

-1.7 liters of water had been released to the formation. During
the next eight days the liquid release rate to the formation con-

tinued to decrease, asymptotically approaching 0.14 ml/min after
-4.0 liters of water had been released .This rate then persisted for

the remainder of the test.
The wetting front in the matrix was detected 0.5 m below the

point of release 10 days after the test was started. Here changes
in saturation -were detected by a single ERP located 2.9 m from

the collar in borehole 6.
Flow dynamics in the faulfi Liquid-release rates in the fauk

gradually fell from -200 ml/min to 50 ml/min over a period of41
hours, during which 200 Iiters of water percolated into the fault.

A wetting front was observed along borehole 11 over a distance

of 1.5 m following the seven release events in borehole 12.This
wetting front can be inferred from the decrease in resistivity at
various distances from the collar (as shown in Figure 2). Initially,

wetting was observed along

the projected fault, but with

subsequent tests the wetting
width increased. At the fault
(i.e., at a distance of 1.4 m

from the collar), the ERPs
responded to individual

release events, showing a
wetting trend during fluid

injection and a drying trend

between and after the release
tests. Further from the fault,

the probes detected gradual
increases in moisture for the

duration of the tests. The
travel time of the wetting

front within the fault from
the injection zone in bore-

hole 12 to borehole 11, a distance of 1.0 m, was initially 3.3 hours
and gradually increased to 10 hours.

Significance of Findings

These series of experiments have demonstmted for the first
time that active flow tests can be conducted within a fault in the
vadose zone of Yucca iMountain. Techniques developed during

the design of these experiments have permitted investigations of

specific hydrologic properties of a fault located within the PTn.
Results to date suggest that the variably altered PTn matrix at

Alcove 4 dampens flow pulses. Tests in the fault suggest that as
increasing amounts of water are introduced into the fault, the

rate at which water can be released to the fault continuously
decreases. Travel times within the fault were found to be

dependent both on the release rates (i.e., for fast release rates the
travel times were faster), and wetting history (i.e., in successive

injections travel was faster, but with delays of 4-6 days between
injections, travel times were significantly slower).

Funding
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Research Ob

The view of frac

ectives

wes as primary

conduits for flow in the unsaturated

zone of Yucca Mountain, Nevada, has

replaced the belief of the last decade,

which held that flow primarily

occurred through the rock matrix

Field Investigations
Of Fracture Flow
In Welded Tuffs

Rohit Salve and Joseph S.Y. Wang

Contact:
Rohit Salve

(510) 486-6416, r_aalvet@lbl. gov

under ambient conditions. This shift in paradigm has resulted
from indirect evidence of fracture flow as suggested by a rela-

tively young perched water table below the Topopah Spring

Welded (TSw) unit, mineral deposits on fractures, and the detec-

tion of bomb-pulse 36C1 in isolated locations within the moun-
tain. However, direct evidence of fracture flow remains elusive,

largely because of technical difficulties encountered in locating

and measuring fracture flow in this underground site.

This paper presents the results of a field investigation of frac-

ture flow in the Exploratory Studies Facility (ESF) at Yucca

Mountain. The objective of this effort was to estimate hydtzndic
parameters such as formation intake rates, flow velocities, seep-

age rates and fracture porosities using techniques developed for
in-situ testing of flow in fractured rock. Field tests were designed
to mimic conditions analogous to releases of contaminated fluid
from the rupturing of containers or from transient high infihra-

tion events leading to focused flow (i.e., point source releases of
5-20 liters of fluid).

Approach

Field experiments were conducted on the right rib of Alcove

6 in the Main Drift of the ESF (Figure la). The test bed was situ-
ated in the middle nonlithophysal portion of the Topopah Spring

Tuff.’llvo distinct features defined the layout of the field experi-

ment: horizontal boreholes and a slot (Figure lb). Four bore-

Left Rib of
ESF Tunnel

/

1’

Injection ( slot
Boreholes

Alcove 6

(A)

holes were drilled perpendicular to

the alcove wall. Of these, one (bore-

hole A) was used for fluid injection

while the other three (boreholes B, C

and D) were monitored for changes in

moisture conditions. A slot excavated

below the test bed was used to

observe the location and amount of
water seeping from the formation above. There were three dis-

tinct components to the flow investigation: (1) controlled

release of water into isolated zones, (2) borehole monitoring for
changesinsaturation and water potentials, and (3) monitoring of

seepage from the slot ceiling.

Experiments were conducted to determine flow dynamics
resulting from liquid release in two zones of different perme-

abilities within a single borehole (borehole A). These zones were

identified from air-permeability measurements to lie 0.75-1.05 m

(low permeability) and 2.30-2.60 m (high permeability) from the

borehole collar. In both the high permeability zone (HPZ) and
low permeability zone (LPZ), a series of tests were conducted to

determine the temporal changes in the rate at which the forma-
tion could take in water. In the HPZ, a second series of tests was
conducted during which the injection rates were changed and

the seepage rate into the slot was monitored. During the entire
duration of the experiments, saturation and water potential

changes along the monitoring boreholes were continuously
measured, and water that seeped into the slot was periodically

sampled and analyzed for tracer concentrations.

Results

The rate at which water moved into the LPZ steadily
decreased with time, asymptotically approaching a steady rate

(-0.35 ml/min). In the HPZ, the rates varied signii5cantly during

Injection

0’” a. Boreholes
o A

\

1
,
,
I
I
I

L 02.-4-?2--->0’” + jm, 1
, 1
1 t

Monitoring1 l.~m ~
Boreholes , I

t 1, ,

Ywv
SlotwithI Beamsupportrmdwatercollectiontmys ~

Figure 1. Schematic (not to scale) of location (A) and layout (B) of test bed wlthm the ESF at Yucca Mountain.
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m Field Investigations of Fracture Flow in Welded Tuffa
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Figure 2. Seepage response observed in the slot m Alcove 6 m the ESF

and between tests. In the two monitoring boreholes located

below the injection borehole (C & D), changes in saturation were
detected both by the electrical resistivity probes (ERPs) and psy-

chrorneters in response to liquid releases in both the LPZ and
HPZ. For reIeases in the LPZ, large changes were detected

between 0.9 and 1.9 m from the collar; for reIeases in the HPZ,

changes were observed between 1.7 and 3.4 m from the alcove

face.

Seepage into the slot was observed directly beIow the injec-
tion zone during all eight tests in the HPZ. In the first test, after

0.41 liters of water had been introduced to the formation, water
was first seen on the slot ceiling after five minutes. In the second

and third tests, water appeared in the slot within three minutes

after 0.17 and 0.14 liters, respectively, had been injected. In the

final test in this batch, after 1.50 liters of water had been injected
at a rate of 5 ml/min, water appeared in the slot after five hours.

In the second batch of experiments, traveI time for the first
drop of water during the first injection (O.14 liters at a rate of

-69 ml/min) was three minutes. In the two subsequent tests,
after 0.26 and 0.20 liters of water were injected at a rate of 38
and 29 ml/min, the arrival time of the wetting front was seven

minutes. In the final test in this batch, , after 0.90 liters had been
injected into the formation at a rate of 14 mI/min, water

appeared in the slot after just over one hour.

The amount of water recovered in the slot continued to
increase as each test progressed. However, signflcant variability

existed in the percentage of water recovered (Figure 2a) and the
seepage rate (Figure 2b) during and between tests. This variabil-

ity was a function of both the amount of water injected and the
rate at which water was released into the formation. Early in -

recovered approached a relatively constant value. The amount of

injected water recovered was consistently higher for al[ injected
volumes at release rates of 28 and 38 ml/min.

In all of the tests during which there was seepage, 0.5- 1.3

liters of water entered the slot after water supply to the forma-

tion was switched off. The constant head test had a “stepped”

nature to the post-injection recove~, here, during the first 15
minutes, the 0.8 liters of coIlected water appeared in four bursts,

each containing 0.1-0.3 liters of water.

Significance of Findings

From these experiments, we were able to establish the effec-
tiveness of new techniques developed for in-situ characterization

of certain fundamental flow parameters (e.g., travel times, per-

colation and seepage rates). Results from liquid-release tests in

the LPZ and HPZ suggest the presence of both open- and close-
ended fractures and provide estimates of the volume of water

occupied by both fast flow paths and close-ended fractures .This

data, when coupled with data from the seepage response to dif-
ferent liquid injection twes, has Ied to certain hypotheses, which,

when tested, should provide new directions for conceptualiza-
tion of flow within these unsaturated, fractured systems.
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Research Objectives

In-situ measurements of hydrologic

parameters at Yucca Mountain,

Nevada, form an integral part of
efforts directed towards characteriza-

tion of flow and transport in the

unsattuztted zone of this potential site

A Probe for Measuring
Saturation Changes in Rock

comprised two electrical leads sand-

Rohit Salve, Tetsu K. Tokunaga
wiched between pieces of filter paper

and Joseph S. Y. Wang
(Figure la). To maintain a consistent

geometry between probes, all electri-
Contact: cal leads were cut to the same length

Rohit Salve
(51 O) 488-6416, r_salve@lbI.gov

and meshed through a nylon fabric

such that the distance between wires

for high-level nuclear was the same for all sensors. lMeshed nylon fabric was also used

waste disposal. AXIimportant feature in this environment is the to provide a protective outer sleeve for the probes. The size of

fmctured, consolidated rock formation, which contains fractures the probes was determined by the type of application and

of varying densities, orientations, spatial extents and apertures. mnged from squares with 0.02-m sides used for laboratory col-

Because of this, unique problems arise with regard to instrument umn experiments to 0.075 m for borehole monitoring.

placement and sampling techniques. While theories, methods Borehole Sensor Trays: To locate ERPs and psychrometer

and experimental results developed from unconsolidated media in multiple locations along borehole walls, trays were designed to

have initially formed the basis for the characterization of unsatu- permit multiple arrays of sensors to be easily installed and

rated consolidated media,

new techniques are now

required (in addition to those

established) to monitor frac-

tured rocks.

The primary objective of
this effort was to develop a

reliable tool for monitoring
the migration of a wetting
front in boreholes located

within fractured rock envi-

ronments. In this paper we
present the design of

Electrical Resistivity Probes
(ERPs) and Borehole Sensor

Trays (BSTS). We also include

some results from experi-
ments conducted to evaluate

the ERPs in the laboratory
and in boreholes within the

Exploratory Studies Facility
(ILSF) at Yucca Mountain.

Approach

Electrical Resistivity
Probes: The basic concept
defining the working of ERPs

is that increasing water satu-
ration results in decreasing
electrical resistance. Probes

were developed using a piece
of filter paper across which
changes in electrical resist-

ance could be measured. The

paper permits a flexible sens-

ing surface that could be
molded to the contours of
the boreholes. These probes

r, Electricalleadsto
dataacquisitionsystem

1

~

1 FilterPaper

i
7.S;Q !

I

i> j’ ‘

4 ~~

,., Protective

-Wcm .
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A. Electical ResistivityProbes usedin boreholemeasurements
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..”
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B. Components of the borehole monitoring systemused in field investigations

Figure 1. Design of electrical reslhvityprobes and borehole sensor trays.

removed in the boreholes,

independent of bolehole ori-

entation. These trays were

fabricated from PVC pipes.

The outer diameter of each

tmy was selected to match
the diameter of the borehole

being instrumented (Figure
lb). Psychrometer were
located in small diameter

holes (- 3 mm ID) drilled

through the trays. ERPs were
attached to the outer surface

of the trays with strips of
VeIcro.This assembly permit-

ted extensive contact

between the ERPs and the

borehole wall while allowing

the psychrometer to contact
the borehole wall through a

small cavity. On each tray,
psychrometer were

installed at typical distances

of 0.25-0.5 m along the bore-
hole while ERPs were

located at 0.25-m intervals.
Two BSTS were located

along each section of bore-
hole to permit sensors to be
located on opposite sides.To

improve the contact

between probes and the
borehole walI, an adjustable
wedge system was used.

Results

Water imbibition in a

basalt column: To test ERP

. ...... ,. .



m A Probe for Measuring Saturation Changes in Rock

function in the laboratory, six
ERPs (each a square with 0.02

m sides) were attached to the
walls of a basah coIumn (0.20

m height, 0.06 m diameter)
after the column had been

placed in a pool of -water 0.01
m deep.As the column imbibed
water, resistance changes along

the surface -were continuously
measured.

Tempoml changes in resist-
ance measured across the six

ERR show the migration of a
wetting front along the basalt

column (Figure 2a). The initially
low resistance measured in the

two lower ERPs reflects the
cIose proximity of the water

table. The difference in the tem-

poraI response observed in the
two higher zones suggests that
despite the wetting front reach-

ing the higher probes, a gradient
in saturation developed -with

the bottom of the column being
wetter than the higher zones.

Wetting front detection
following tunneling activi-
ties: At the ES~ plumes of water

resulting from tunneling activi-

ties (cutter head cooling, dust

control, etc.) in the vicinity of a
new tunnel -were tracked with

ERPs and psychrometer. To

= ERM- 0.04In

g to
c

ERP2-O.&tm

1
0200 40J6J2138C”31C@t~ i4W31KUiWM

Efawd UrnO(.itt.tas)

A. ChanOesInc.loct,icalresktanceon a base.kC.[”m” LmbltJngwater.labhs I“le”d’aPt.s ID
and dktam fromboltm of column

34 40
325 4M0 4r25 WI W2r all
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Figure 2. ERP responses observed in (a) laborato~ and (b) field
experiments.

monitor the plumes, a 30-m-long borehole (O.10 m ID) was con-

structed sloping dowmvards at an angle of 30° under the pro-
posed path of the tunnel. Twenty-seven psychrometer and 54

electrical resistivity probes located on nine BSTS were installed
in this borehole. Changes in water potential and electrical resist-

ance were monitored along the entire length of the borehole
using psychrometer and ERPs located on BSTS as tunneling

activities progressed through the formation above.

The ERPs responded in a pattern similar to that of the psy-
chrometer located adjacent to the probes. For example, at a

depth of 9.4 m where the water potential increased steadiIy from
-400 m to -70 m, the corresponding ERP measurements followed
a similar pattern (Figure 2b). Large fluctuations in water poten-

tials in relatively short periods of time (-200 m in four days) were

detected by both types of probes. The slower, more gmdual -

Significance
of Findings

We were able to establish

that ERR are effective for Labo-
ratory scale experiments look-

ing at water movement in the
rock matrix, in which both the

test bed and the sampling reso-
lution can be relatively small.

From field investigations, the
response of the ERPs compared

well with the performance of
psychrometer, suggesting that

these probes (with their cur-
rent design) can be effectively

used as a qualitative tool to
detect the arrival (or depar-

ture) of wetting fronts in rock
matrix, fractures and faults.

Unlike psychrometer, these
probes are relatively inexpen-

sive, easy to maintain and have
a low faiIure rate. This makes

them particularly useful for
extensive down-hole monitor-

ing applications in unsaturated
fractured rock environments

such as that found at Yucca
LMountain.

When instalIed on BSTs

along with psychrorneters,
these ERPs provide an effective

compilation of sensors, which

movide data on relative wet-.
ness and water potential changes at high spatial resolution. With

ERPs, the arrival (and departure) of a wetting front can be meas-
ured at time intervals of less that a minute, while the spatial

extent can be measured to a resolution of less than 0.10 m.
Bacl@l is not needed, increasing the accuracy of measurements

and the relative ease of installing and removing sensors.The BSTs

have the potential for further improving our abilities to measure
flow parameters in the unsaturated zone of fractured rocks.
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The Restricted Interval
Guelph Permeameter

Research Objectives the water line.when only water flows

Barry Freifeld and Curt Oldenburg out from the air exit line, the line is

Contaminant transport in arid cli- closed and the test is underway. The

mates is often controlled by thick Contact: volume of water introduced into the

vadose zones. The in-situ determina- Barry Freifeld formation is read off a scale on the

tion of hydraulic conductivity and
(510) 486-4381, bmfreifeld@lbl.gov

lMariotte Siphon reservoir and

other relevant transport parameters in these unsaturated systems

has been hampered by the lack of practical methods for reliably

making measurements and interpreting the results. The

Restricted Interval Guelph (RIG) permeameter has been devel-
oped to fill this void by making measurements in

satttrated/unsaturated systems. whereas the original Guelph per-

meameter is known to produce unreliable results for heteroge-

neous systems, the RIG permeameter was developed spec~lcaliy

to overcome this limitation. A simple analytical method for

reducing the data has been developed based on saturated/unsat-

urated flow theory. The analytical data analysis approach is com-

pared with a numerical simulation that more accurately repro-

duces actual test geometry. Finally, sensitivity analysis is used to

verify the applicability of the RIG methodology for determining

transport parameters for a field application in a rhyolitic tuff.

Approach

The RIG permeameter is

similar to the original

Guelph permeameter, in that
it uses a Mariotte Siphon

reservoir to produce a con-
stant head injection test.

However, unlike the Guelph
permeameter, the region

tested is isolated using either

a single pneumatic packer or
a straddle packer (Figure 1).

This results in a freed inter-

val to be tested, which will
not change even when
changing the applied head.
The applied head, H in

Figure 1, is equal to the dif-

ference in elevation between
the air reference line in the

Mariotte Siphon reservoir
and the elevation of the

borehole zone being tested.
A test is conducted by

first isolating the region of

interest with the pneumatic
packer(s). It should be noted

that the borehole can be ori-
ented in any direction. The

air exit line is opened as
water is introduced through

Mariotte

Siphon

Reservoir

H

recorded as a function of time until a steady-state flow rate is

reached.

By performing two injection tests at the same location using

different applied heads, a method has been developed that

allows for the determination of both the field-saturated hydtadic

conductivity and the sorptive number.A closed-form expression

for flow from a saturated sphere using dimensionless spatial

coordinates, neglecting the influence of gravity, has been derived

by A.W.Warrick, and is used here:

(1)

The above equation is based upon a solution of Richards equation
where water is the mobile liquid phase, and air is immobile. ~(m)

is the head applied during testing and q (mS/s) is the measured
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Figure 1. Schematic of Restricted Intervals Guelph permeameter. N.O.=nor-
mally open and N.C.=normally closed.

steady-state volumetric flow
rate. The field saturated

hydraulic conductivity,
Kf~(m/s), and the sorptive

number, a(rnl), are the
unknowns to be determined

through the simultaneous
application of Equation 1 for

two injection tests conducted
with different heads at the

same location. The radius at
which the pressure head is

applied, taken as an equiva-

lent spherical radius, is r, and
To is the radius of the satu-

rated region (~ = O). The
equivalent spherical radius

corresponds to a sphere with
the same surface area as is
wetted during the actual field

test. The radial coordinates
are nondimensionalized by
a/2.

Forward simulations of

RIG permeametry were car-
ried out using the geneml

mukiphase and multicompo-
nent porous media transport

simulator TOUGH2. Similar
to the analytical approach,
the single-phase equation of
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B The Restricted Interval Guelph Permeameter

Borehole Interval Head (cm) Steady State Analytical Analytical et Numerical Kfi Numerical tx

Length (cm) Q (ml/see) KS (m/s) (m-l) (m/s) (ml)

G1 6.75 33.0 0.0488 1.6x1 O-7 1.3 2.ox1o-7 2.5

G1 6.75 66.0 0.0632
G~ 8.65 25.0 0.0037 7.5XIO”9 0.73 1.ox1OS 1.6
G~ 8.65 42.5 0.0041

Table 1 Results of RIG permeamet~ In an unsaturated rhyohtlctuff showing a comparison between a slmDle analytical model and a numencal model
wh!ch more accurately depicts testing geometry.

state module that governs flow in the numericaI model solves
Richards equation. A radiaI mesh with 871 grid blocks was con-
structed to more realistically reproduce the actual test geometry.

An inverse model based upon the ITOUGH2 code was used to
verify the sensitivity of the volumetric flow rate to the parame-

ters to be estimated, Kf- and U,and validate the RIG methodology.

Results

RIG permeametry was used to estimate the field-saturated
hydrauIic conductivity and sorptive number for an unsaturated

rhyolitic tuff at Yucca ihlountain, Nevada. iMeasurements were car-
ried out at the ends of two 2. 54cm-diameter, l-m-deep, horizon-

tal boreholes. The first borehole, which we refer to as G 1, was

drilled into a high porosity (@=O.44) rhyolitic tuff, containing

abundant coarse pumice and Iithic fragments. BorehoIe G2 was

drilled 0.7 m higher in elevation at the argillicaIly altered upper
portion of the same stratigraphic unit, which had a significantly
reduced porosity of 0.25.

Table 1 lists relevant test conditions for each injection as well as
the steady-state flow rates recorded. Simultaneous application of

Equation 1 was used for each of the two applied heads and meas-
ured steady-state flux rates to solve for the hydraulic conductivity,

K1~,and the sorptive number, a. Ahhough the actual injection

geometry is cylindrical, the test interval is smalI enough that we
use an equivalent spherical radius based on the surface area of the

cylinder.l%e G 1 borehole was determined to have a tield-satumted
hydraulic conductivity two orders of magnitude less than the

hydmulic conductivity calculated for the G2 borehole, which is
located in the argiUically ahered layer.The numerical model pro-
vided simiIar results. Table 1 also shows that the value for a is in

good agreement between the analytical and numericaI model.
ITOUGH2 simulations were used to determine the sensitivity

of the volume of water released to porosity, capillary pressure
parameters, sorptive number, absolute permeability and the ini-

tial liquid saturation. It was determined that the most sensitive
parameter was absohrte permeability, k, followed by sorptive

number, a. Both initial liquid saturation and formation porosity
were shown to play a secondary role in determining the amount

of water introduced into the formation. The capillary pressure
parameters were shown to have minimal effect on test results.

Significance of Findings

The RIG permeameter has shown itself to be a versatile

instrument for vadose zone chamctertzation. Its simplicity and
low cost make it an attractive method for measuring in-situ tield-

saturated hydraulic conductivity and estimating the sorptive

number. Good agreement between the anaIytic and numerical

results indicates that the analytical spherical flow model used is

a valid approach for analyzing the data collected. Furthermore,
the sensitivity analysis shows that RIG permeametry as carried

out here is an effective method for estimating k and a fbr the
nonweIded rhyolitic tuff that was tested.
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Laboratory Measurement
Of Water Imbibition

Research Objectives Into Low-Permeability tion for the buoyant force change was

Welded Tuff
developed and employed to correct

The partitioning of water between the experimental results to obtain

fractures and matrix is determined by
Qinhong Hu, Peter Persoff

“true” water mass imbibed into the

the relative rates of imbibition and core sample.

fracture flow. This partition is very and Joseph S.Y. Wang

important for the repository design Contact: Results
and performance assessment for the Qinhong Hu

(510) 495-2338, q_hu@lbl.gov
proposed high-level waste repository h example of cumulative imbibi-

at Yucca Mountain, Nevada. In this work, laboratory imbibition

experiments were developed to accurately measure water imbi-

bition into welded tuff of low permeability. For water flow

through fractured rocks with low matrix permeability, the fast

flow component is through the fracture network. Some water
flowing along the fractures will imbibe into the matrix blocks

because of strong capillarity from the extremeIy small-sized

pores of the matrix. Imbibition of water into a porous medium

typically proceeds in proportion to the square root of time, with
the proportionality constant denoted as the sorptivity. Sorptivity

is jointly controlled by the permeability and capillary pressure,

and is a useful pammeter for chamcteriziig transient imbibition
processes, especially when the influence of gravity is insignificant.

Approach

-

Rock cores (5.08 cm in diameter and 2.0 cm in length), oven-
dried at 600C, were used for the irnbibition experiment. Cores

were cut and machined from a sample block, which was col-
lected within the middle non-lithophysal zone of the Topopah

Spring welded unit at Yucca Mountain, where the potential
repository for waste canister emplacement will be located.

To measure imbibition rates into cores, the rock core was
placed in a holder that was connected to a bottom-weighing

electronic balance. The rock core was suspended inside a con-

stant humidity chamber,
with the core bottom
immersed into water in a @ 4.0
reservoir at about a l-mm

~ 3.5- \
depth. A PC and IabVIEW .Q

~ 3.0- Core-A
program were used to ~
acquire and store the balance
readings, at a user-specified

~ 2.5-

logging interval, over time. .3 2.0-
The water level in the -g 1 .5-

reservoir fell because of
imbibition and evaporation,

~ l.o -
and the core submergence 5 0.5-
depth decreased. This 0.0
reduced the buoyant force

I I I 1 I
o 500 1000 1500 20’00 2500 3000

on the sample. As a result,

the sample appeared (from
the balance reading) to gain

more water than it actually
did. A mathematical formula-

tion versus time for a tuff sample is shown in Figure 1.The meas-

ured data without corrections are compared with (1) evapora-

tion correction, and (2) both evapomtion and imbibition correc-

tions.The data agree with the final weighing of the core sample,

which was independently measured. Over a total of 109 imbibi-

tion tests, the average difference between the corrected mass for

water imbibition and the balance-indicated mass is 20.7 % (with

a standard deviation of 2.3 Yo).Thus it is important to account for

buoyant force decrease in imbibition measurements.
Plots of cumulative imbibition versus the square-root of time

are shown in Figure 2, with the sorptivity determined from the

slope of the linear segment. Linear segments are evident only for
the “early” times, which differ between the two cores: a relatively

uniform Core-A and a fractured Core-1. Deviation from linearity
in Figure 2 can arise from several sources, inchtding (1) the lead-

ing edge of the wetting front reaching the opposite boundary,
(2) heterogeneities in hydraulic properties along the length of

the sample, and (3) gravitational effects. For these tuff samples
under initially dry conditions and short core length, gravitational

effects can be neglected.

The measured porosity for is 0.160 for Core-1 and 0.0821 for
Core-& the difference is attributed to the presence of the frac-
ture and the altered band regions around the fracture in Core-1.

During imbibition tests for Core-1, it was observed that water
was imbibed preferentially into the band regions, which pre-

indicated mass /
evap corrected

evap+imbib corrected
check weight

\

Time (minutes)

Figure 1. Buoyant force change correction during water imbibition into rock core.

sumably possess a higher
permeability. The wetting
front reached the core top in

less than 20 minutes (which
corresponds to a water satu-

ration of s’j~o for the whole
core); this corresponds very
well to the time when the

cumulative imbibition starts

to show curvature (Hgure
2B). Wetting front propaga-
tion for Core-A imbibition

was more or less uniform,
traveling less than 0.3 cm

from the core bottom in 30
minutes. For Core-A, the lin-

ear segment ends after 29
hours, which is likely related

to the arrival of the wetting
front to the top of the core.
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Laboratory Measurement of Water lmbWRion Into Low-Permeability Welded Tuff

At this time, the water satu-
ration of Core-A is about

80%.

The corrected increase in
mass of -water includes not

only -water imbibed but also
water transported by vapor-
phase diffusion into pore

space and condensation in
pores. The core sample,

treated by coating the core
walls and covering the core

top (but leaving a small hole
for air to escape), was hung

above the water reservoir
inside the humidity-con-

trolled chamber; core weight
gain by condensation was

compared to the non-treated
case. The results indicate that
the coating and coverage can

control/minimize capillary
condensation into the core.
For Core-A, the condensation

component could be as large

as 18Y0.

The measured sorptivity

difference for the core sam-
ple with different coverages

is found to be consistent with
the contribution from capil-

Iary condensation. The aver-

age sorptivity is 33.95 xlo-5 (m
s~.~) for the fmctured Core-1,

and 3.58x10< (m Sa.j) for the
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Figure 2 Relationship of cumulatwe Imbibition and water saturation vs the
square-root of time. (A) Core-A. (B) Core-1.

experiment was long. A for-
mulation was developed to

correct for the apparent bal-

ance increase because of the

buoyancy force decrease.
Weight readings corrected

for this effect agree very
well with independently

measured total uptake. High

contrasts in sorptivities

between fractured and

unfractured cores are

related to high contrasts in

permeabilities between frac-
tures and the tuff matrix.

Capillary condensation can
provide a significant contri-
bution to the water uptake

into cores during imbibition

experiments. Rock cores
were treated by coating and
coverage to reduce this

effect. The method devel-

oped results in an accurate
measurement of sorptivity, as

exhibited from the consis-
tent and reproducible results

of multiple measurements.
The method is expected to

be very useful for measuring

imbibition rates of very Iow

permeability materials

and/or materials with initial

partial saturation.

non-fractured Core-A, with the sorptivity ratio (ScOK.l/ScOrC.J Related Publication
equal to 9.49. Since permeability is correlated to the 4[11power of
sorptivity, the permeability for Core-1 is about 8,100 times greater Hu, M.Q., J. S.Wang, 1?Persoff and R.C.Trautz,Water imbibition and
than that for Core-A. Hence, the permeability for the fracture sur- tmcer penetration into welded tuff, in Proceedings, Fall
face zones that have undergone permeability-enhancing alter- meeting of the American Geophysical Union, EOS Trans.
ations is as large as 8,100 times that of the underlying rock matrix. AGU, 79(45), p. F383, 1998.
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Research Objectives

Field evidence suggests that in

semi-arid environments such as Yucca

Mountain, Nevada, water is able to

migrate downward rapidly along pref-
erential paths through fracture net-

works in partially saturated rocks,

without being imbibed into the rock
matrix. This raises concerns for the

High Resolution Studies
Of Water Seepage in

Unsaturated, Heterogeneous
Rock Fractures

Tai-Sheng Lieu
and Karsten Pruess

Contact:
Tai-Shena Lieu

(510) 486-7083,

disposal of nuclear waste because nuclides may transport down-

stream with water.To help understand mechanisms of fast pref-
erential flow in unsaturated fractures, we have developed a high-

resolution numerical model for simulating fluid flow and trans-
port in unsaturated fractured rocks. Such a numerical model

requires a detailed description of fracture heterogeneity.

Therefore, the objectives of our research are to develop a statis-

tical simulator that is able to capture realistic heterogeneities of

natuml fractures and to provide a

better understanding of water seep-
age behavior in unsaturated frac-
tured rocks by simulating flow in
large ensembles of synthetic het-

erogeneous fractures.

Approach

In this research, we focus on
small-aperture fractures in hard

rocks, such as tuffs, granites and

basalts. Fractures are conceptual-
ized as two-dimensional heteroge-

neous porous media that can be
characterized by a heterogeneous

permeability field. Elements that are
essential for a synthetic fracture to

replicate natural fractures include
the presence of asperity contacts, a

gradual change from asperities
towards larger aperture, small-scale

wall roughness, and a finite-size spa-

tial correlation length. We have
developed a statistical simulator

based on the algorithm of simulated
annealing for generating realiza-

tions of natural fractures. Simulated
annealing (SA) is an algorithm that

operates in analogy to the physical
process of annealing, moving a sys-

tem towards a state of global mini-

mum energy through successive
perturbations. The classic

Metropolis algorithm is commonly
used as a perturbation mechanism,

t<liou@lbI. gov

but we found that this is not adequate

to capture the correlation structure

near asperity contacts. Therefore, we
have developed enhancements to the

Metropolis aIgorithm that can better

represent the neighborhood of asper-

ity contacts.
Flow simulations were carried out

with the general-purpose flow simula-

torTOUGH2, using a special equation-

of-state flow module EOS9 which solves Richards’ equation; that

is, it is assumed that the gas phase acts as a passive bystander

with negligible pressure change during variably satumted water

seepage.

Results

Figure 1 shows two realizations of permeability fields

meability
Ydifier, C

+ 75

i

50
25
10
5
1
0

Distance (m)

(a) from standard Metropolis algorithm

Distance (m)

: 75

i

50
25
10
5
1
0

(b) from modified Metropolis algorithm

Figure 1. Anisotropic permeability fields annealed with standard
and modtied Metropolis algorithms. Permeability is the product of
a permeability modifier (~) and a reference permeability (109m2).
Asperity contacts are simply modeled as gnd blocks with ~=0.

annealed to the same variogram

with the standard and modiiied

iMetropolis algorithms. It is obvious
that the permeability field
annealed with the modified

iMetropolis algorithm shows more
consistent correlation near asperity

contacts than that annealed with
the standard lMetropolis algorithm.

In the subsequent flow simula-

tions, water is injected uniformly

over the entire top boundary at a

constant rate of 103 kg/s.To model
the effect of normal stress on
water seepage, we generated frac-

tures with increasing fractions of

asperity contacts. One realization
of water seepage at steady state is

shown in Figure 2. Also shown in
Figure 2 are the corresponding

breakthrough curves (BTCS) for
the seeps in Figure 2, as well as for

other seeps with different fractions
of asperity contacts.

Typical phenomena seen in our

numerical seepage experiments

include flow bypassing, ponding,
fingering and flow exclusion. For

each fraction of asperity contacts,
we generated 30 realizations of

synthetic fractures and calculated
their effective permeability.
Plotting the arithmetic mean of
these effective permeabilities
shows that effective permeability
decreases nonlinearly with increas-
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Frgure 2. Liquid seeps at steady state in fractures subject to mcreasmg normal stress
Water ISmJecteduniformly at a constant rate of 10-3 kg/s over the enfire top boundary. BTCS
are also shown,

ing fraction of asperity contacts. Furthermore, BTCS in Figure 2

show faster breakthrough in fractures with increasing fraction of
asperi~ contacts. Thus, -we have the remarkable result that flow

can be faster in fractures with smaller effective permeability.

Dispersion of seepage in fractures depends strongIy on asper-
ity contacts. For fractures -with a small fraction of asperity con-

tacts, their effect on seepage is small, and all realizations have

similar breakthrough behavior, with weak flow dispersion. For a

large fraction of asperity contacts, only a limited number of fin-

gers can break through and the dispersion again is weak. For
intermediate fractions of asperity contacts, however, many fin-
gers can be formed. Some of them are fast and some are slow,

resulting in stronger dispersion.

Simulation results not shown here indicate that seepage
depends strongIy on the spatial correlation of asperity contacts,

but less on the spatial correlation of the permeability field.
Especially strong effects on BTCS can resuk from asperity con-

tacts with Iong-mnge spatial correlations, which can generate tor-

tuous flow paths.

Significance of Findings

Our statistical simulations are capable of reproducing small-

scale heterogeneities of natural rock fractures. FIOW simulations

carried out in synthetic fractures show seepage behavior in gen-

eral agreement with field observations, such as fast preferential

flow, flow tingering, bypassing and pending. In addition, numeri-
cal simulations show a nonlinear decrease of effective perme-

ability with the fraction of asperity contacts (normaI stress).

Combining these two findings suggests that water seepage in
unsaturated fractures may be faster than in saturated ones, and

seepage may become faster as normal stress increases. On the
other hand, the asymptotic decrease of effective permeability

with normal stress implies the existence of residual flow in frac-
tures subject to large normal stress.

Pending at asperity contacts may have significant effects on
water seepage and solute transport. It will in general delay down-

ward seepage and cause the breakthrough time to increase.

Dispersion may either increase or decrease due to pending,

depending on the geometric connection between pontled and
flowing regions.

Related Publications

Lieu, T. S., K. Pruess and Y. Rubin, Numerical simulation experi-

ments on water seepage in unsaturated, heterogeneous frac-

tures, in Proceedings of the TOUGH Workshop ’98, pp.
198-204, Berkeley Lab report LBNL-41995, 1998.

Pruess, K., On water seepage and fast preferential fIow in het-

erogeneous, unsaturated rock fractures,J. Contain. Hydr. ,Vol.

30, pp. 333-362,1998.
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Research Objectives

Fracture/matrix (F/M) interaction
is a key factor affecting flow and

transport in unsaturated fractured

rocks. In classic continuum

approaches, it is assumed that flow
occurs through all the comected frac-

tures and is uniformly distributed over

An Active Fracture Model
For Unsaturated

Flow and Transport

Hui-Hai Liu,
Gudmundur S. Bodvarsson

and Christine Doughty

Contact:
Hui-Hai Liu

(510) 486-6452, hhIiu@Ibl.gov

the entire fracture area, which gener-

ally gives a relatively large F/M interaction. However, fractures

seem to have Iimited intemction with the surrounding matrix at

Yucca Mountain, Nevada, as suggested by geochetnical nonequi-

librium between the perched water (resulting mainly from frac-

ture flow) and pore water in the rock matrix.

Because of the importance of the F/M interaction and related

issues, there is a critical need to develop new approaches to

accurately consider the interaction reduction inferred from field
data at the Yucca Mountain site. Motivated by this consideration,

we have developed an active fracture model based on the
hypothesis that not all connected fractures actively conduct
water in unsaturated fractured rocks.

Approach

Physically, the F/M interaction reduction can result from three
mechanisms. First, because of gravitational instability and a het-
erogeneous aperture distribution, water flow through an unsat-

urated fracture is likely to be channelized, which can consider-
ably reduce the F/M interface area. Second, fracture coating can

reduce imbibition into the matrix, si~lcantly in some cases.

Third, because of the combination of the large nonlinearity

involved in an unsaturated
system and heterogeneities of
fracture structure at different

scales, significant fingering
flow can occur even in a well-

connected ftacture network.
In other words, only a portion

of fractures in a connected

network contribute to water
flow, while other fractures are
simply by-passed. For large-

scale flow and transport, the
third mechanism is the most

important. The portion of the

connected fractures that
actively conduct water are

defined as active fmctures.

It is important to note dif-
ferences between the active
fracture model and the con-

ventional, capillary equilib-

rium-based, fracture water

distribution model. The latter

assumes that liquid water occupies
fractures with small apertures first

and then fractures with relatively

large apertures as water potential

increases. In contrast, the active frac-

ture model presumes gravity-domi-

nated, non-equilibrium, preferential
liquid water flow in fractures. The

water distribution is not controlled

by the capillarity.

The fraction of active fractures in a connected fracture net-
work, fa, should be determined by flow and transport conditions

and fractured rock properties. h expression for fa must satisfy

the following conditions: (1) all connected fractures are active if

the system is fulIy liquid saturated;(2) all fractures are inactive if

the system is at residual saturation; and (3) f, should be related

to water flux in fractures. Based on these considerations, we
express fa as a power function of effective water saturation in

comected fractures, Se,

fa = S,y

where y is a positive constant depending on properties of the
corresponding fracture network and can be considered as a

measure of the “activity” of connected fractures.

A generalized version of van Genuchten capillary pressure
and relative permeability relations for the fracture continuum
were developed based on the above equation for fa and the fol-

lowing considerations: (1) van Genuchten relations are assumed

to be valid for active fractures; (2) inactive fractures are filtered

out from the fracture continuum in describing flow and trans-

104 -, I I I I
0.2 0.4 0.6 0.8 1.0

s,

Figure 1. The fracture-matrix interface area reduction factor (R ) curves for
~ = 0,0.5 and 0.9.

port in fractures; and (3) the

apparent F/M interface area
reduction factor (R) results not

only from the actual interface
area reduction, but also from the
difference between active frac-

ture spacing and ftacture spac-
ing, determined from the geome-

try of the corresponding fracture
network. Note that the derived

relation for the F/M interface
area reduction factor is used as

an additional constitutive rela-
tion. Figure 1 shows the factor as

a function of the effective water

saturation.

Results

h inverse modeling approach

was used to determine the “activ-

ities” of connected fmcture net-

--..—-. - ,. ... . .,.,,,,. -_\. ..-. .... . .. ... ., ...>$, . ..<...,.,,, ? ..’,!..., . . ,.., . —.. —-- -- . ..... r .
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Figure 2. Comparison between simulated matrix water saturation profile
corresponding to Borehole SD-7 and measured data.

works, characterized by the y factor, for the Topopah Spring

welded (TSw) unit of Yucca iMountain by matching currently

available matrix water saturation and potential data from several

deep boreholes (e.g., Figure 2). The ITOUGH2 code was used for
the inversion.

The estimated y values are about 0.43, indicating that about
18-27% of connected fractures are active in the TSW unit under

ambient conditions. This relatively high percentage is consistent
with various fieId observations, including the relatively uniform

matrix satumtion and in-situ water potential values measured for

most of the units. Furthermore, calcite coatings, signatures of
water flow history in fractures, were found in about 10% of the

fractures within the welded units.

Tracer transport simulations were also performed to check
the consistency of the model with geochemical data. The calcu-
lated 50% tracer concentmtion breakthrough times of fracture

continua at the bottom of the TSW unit are between 3,500 and

5,000 years, and are genedly in agreement with the perched
water age data.

Significance of Findings

Fingering flow in a fracture network is a common flow mech-

anism in an unsaturated fracture-matrix system. This makes it
necessary to formulate the fracture water flow differently from

water flow in unsaturated porous media.This study introduced a
new model to incorporate fingering flow at a fracture network

scaIe into the dual continuum approach. The simulation results

based on the new model are genemlly in agreement with the
field observations at the Yucca lMountain site.

Related Publications

Liu, H.H., C. Doughty and G.S. Bodvarsson, An active fracture
modeI for unsaturated flow and transport in fractured rocks,
Water Resour. Res., 34(10), pp. 2633-2646, 1998.
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Research Objectives

Accurate and efficient simulation
of chemical transport processes in

the unsaturated zone of Yucca

Mountain, Nevada, is important to

evaluate the performance of the

potential repository. The scale of the

unsaturated zone model domain for

Yucca Mountain (50 kmz area with a

600-m depth to the water table)

requires a large gridblock approach

to efficiently analyze complex flow
and transport processes. The con-

ventional schemes based on finite

element or finite difference methods

perform well for dispersion-domi-

nated transport, but are subject to
considerable numerical dilution/dis-

persion for advection-dominated

transport, especially when a large
gridblock size is used. Numerical dis-
persion is an artificial, grid-depend-

ent chemical spreading, especially
for otherwise steep concentration

fronts.
One effective scheme to deal with

numerical dispersion is the random
waIk particle method (RWPM).

While significant progress has been
made in developing RWPM algo-

rithms and codes for single-contin-
uum systems, a random walk particle

tracker, which can handle chemical
transport in dual-continua (fractured

porous media) associated with irreg-

ular grid systems, is still absent (to
our knowledge) in the public
domain. This is largely due to the

lacking of rigorous schemes to deal

with particle transfer between the
continua, and efficient schemes to

track particles in irregular grid sys-
tems.

The main objectives of this study

are to (1) develop approaches to
extend RWPM from a single-contin-

uum to a dual-continuum system; (2)
develop an efficient algorithm for
tracking particles in 3-D irregular
grids; and (3) integrate these

approaches into an efficient and

user-friendly software, DCPT, for sim-

ulating chemical transport in frac-
tured porous media.

DCPT: A Dual-Continuum
Random Walk Particle

Tracker for Transport

Lehua Pan, Hui-Hai Liu,
Mark Cushey and

Gudmundur S. Bodvarsson

Contact:
Lehua Pan

(510) 486-2360, lpan@lbl. gov

100 1000 10000 100000
TIME (years)

b Concentration Distribution

0.4 , I I II I

-10 0 20 30
Dis&ce

— Analyiicsle DCPT I

c

-50 -25 25 50
X“

Figure 1. Comparisons between DCPT and analyticalsolutlons:
(a) 1-D dual continuum with hnear sorption; (b) 2-D convection
and dispersion transport, and (c) particle trail In a concentnc
velocity field with an irregular grid.

Approach

In RWIW, chemicaI transport is

represented by the movement of a

large number of particles. In addi-

tion to advection determined by

the corresponding velocity field,

dispersion/diffusion is simulated by

random walks of particles. In DCPT,

RV7RM is directly adopted to simu-

late particle movement in each con-

tinuum. Unlike a single continuum,

however, a dual-continuum system
is associated with two very differ-

ent velocity fields at a given “physi-

cal point.” The mass transfer

between the fracture and matrix

continua is one of the critical

processes that control the move-

ment of chemicals. The mass trans-

fer process between the fracture
and the matrix is simulated by the

particle transfer probabilities (PTP)
which determine if a particle will

leave the current continuum at the
next time level. Determination of

PTP is one of the key and unique
elements in DCPT.

The challenge is to convert the

net mass flow between the fracture

and the matrix (in the Eulerian point
of view) into the particle mmsfer
probabilities (the Lagmngian point

of view). An analytical solution of

the mass conservation equation of
the particles in the Iagrangian point

of view is found, based on which a
new scheme to calculate the PIT is

developed and incorporated into

DCPT (Pm et aL, 1999).
In most of the currently available

RWPM codes, regular grids are gen-

erally used. For many subsurface

contaminant problems, such as
those in the unsaturated zone of

Yucca lMountain, the related subsur-
face media can be highly heteroge-

neous. To capture these hetero-
geneities, irregular grid systems are
required. h efficient scheme to

track particle locations in irregular
grids was developed for DCPT (Pan
et ~., 1999). The main idea of this

scheme is to establish a secondary
structure of the original 3-D irregu-
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Iar grid so that only a very smaIl

portion of the whole grid has to be
searched each time. In this way,

decaying of the computational effi-

ciency due to increases in the num-
ber of grid blocks can be avoided.

DCPT can be used to simulate
reactive transport with linear sorp-
tion. For a single-continuum system,

the retardation factor method has

been widely used in RWPiM.
However, this approach can not be
directly used for a duaI-continuum

system, because of the coupling of

transport processes in the two con-
tinua -with different retardation fac-
tors. In the light of the imaginary

porosity method proposed by Liu
and Bodvarsson (1999), a physically

based conditional probability
approach (Pan et aL, 1999) was

incorporated into DCPT to describe
the effects of the linear sorption

process on either the transfer prob-
ability between two continua or the

advection/dispersion processes in

each continuum.

DCPT was developed using FOR-
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Figure 2. Comparisons between DCPT and T2R3D for simulating
radlonuchde transport In the unsaturated zone of Yucca Mountain:
(a) technetium (without sorption);
tlon)

TRAP/ 90 and following the principle of the objective-oriented
programming technologies.

Results

Figure 1 shows comparisons between simulation results of
DCPT and several typical analytical solutions in 1-D and 2-D

domains. The comparisons were designed to verify DCPT’S capa-

bility to (1) calculate particle transfer between the two continua
and consider the sorption (13gure 1a); (2) incorporate dispersion

and diffusion in muki-dimensional domains (Figure 1b); and (3)
track particle movement in an irregular grid (Figure 1c).

Particularly, Figure lC depicts a trail of a particle in a concentric
velocity fieId (radiaI velocity is zero everywhere) simulated by

DCPT, which is a circle theoretically. The satisfactory matches
indicate that the methodologies and algorithms developed are
valid and successful.

Figure 2 shows the comparison between simulation resuks
obtained from DCPT (2000 particles) and T2R3D (WU et al., this

report) for two 1-D problems under unsaturated conditions. The
corresponding 1-D column is extracted from the 3-D grid of the

A

and (b) neptunium (with sorp-

site-scale unsatumted zone (UZ)

model for Yucca lMountain. The

comparison is fairly good, and
DCPT gives a steeper concentra-

tion front, resulting from its ability
to deal with numerical dispersion.

All the simulations of DCPT
mentioned above were performed

on a Pentium II 300 MHz PC and
took a few seconds up to about 10

minutes of CPU time, depending
the particle numbers used.

Significance
of Findings

Based on the newly developed
methodologies to extend RWPM

from a single continuum system to
a dual continuum system, a new

software program, DCPT, has been

developed. Comparisons between
DCPT simulation results with ana-
lytical solutions and results
obtained from T2R3D show that

DCPT could be used to simulate

chemical transport processes asso-

ciated with linear sorption in frac-
tured continua without numerical dispersion.

Related Publications

Liu, H.H., and G.S. Bodvarsson, A scheme to determine particle

transfer in random walk algorithms for dual continua, Water

Resour. Res., in review, Berkeley Lab report LBNL-42886,

1999.
Pan, L., H.H. Liu, iM. Cushey and G.S. Bodvarsson, DCPT A new

random walk particle tracker for duaI-continua, Berkeley IA>
report LBNL-42958, 1999.
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Research Objectives

The site cbatztcterization and mod-
eling studies continued in 1998 for

investigating the feasibility of using

the unsaturated zone (UZ) at Yucca

Mountain, Nevada, as a permanent
stomge facility for the geologic dis-

posal of high-level nuclear waste. As

part of these efforts, the 3-D site-scale

UZ flow and transport model devel-

oped at LBNL has been improved sig-

Continual Development
Of the UZ Model for

Yucca Mountain, Nevada

Yu-Shu Wu, Jennifer Hinds,
C. Frederick Ahlers, Hui-Hai Liu,

Lehua Pan, Anne C. Ritcey,
Mark Cushey, Charles Haukwa,

Eric Sonnenthal and
Gudmundur S. Bodvarsson

Contact:
Yu-Shu VUU

(510) 486-7291, yswu@Ibl.gov

The general approach of the UZ

model development consists of the
following major steps:

(1)

(2)

(3)

Development of a conceptual

hydrogeological model for mois-

ture, gas and heat flow, and

tracer/chemical transport

processes in the UZ system;
Representation of the hydro-

geological system using a 3-D

discrete computer model;

Integration and incorpomtion

nitlcantly during the fiscal year. The primary goals of this model of all available field and laboratory observation data into the

are to simulate and investigate the existing natural state of the model;

mountain’s hydrogeological system, and to predict possible (4) Model calibration and sensitivity studies, including both

future system responses in support of the Yucca Mountain inverse and forward modeling efforts to estimate model

Project. In 1998, modeling studies and development efforts input parameters and conditions;

focused on supporting the total system performance assessment- (5) Model applications, including predictive studies.
viability assessment (TSPA-VA) and license application (LA) activ-

ities. The UZ model and simulation results of flow fields were Results
used directly in the current TSPA-VA efforts by the Yucca
Mountain Project.

Approach

In developing the UZ model, the
UZ hydrogeological system of the

site is represented using a 3-D

numerical model grid; model condi-
tions are described based on the
most updated geological frame-

work model and observed data. The
model domain encompasses a

5,000-m by 9,000-m area, as shown
in Figure 1, with a 500-700 m depth
to the water table. Model parame-

ters are estimated using a com-
bined, inverse and direct modeling

approach, dual-permeability con-
cept for fracture-matrix interactions

and several itilltration rates. During
inverse modeling, the state vari-

ables are calibrated using observed
matrix liquid saturation, water

potential, pneumatic and tempera-
ture data from boreholes. The

parameter sets estimated from
these simultaneous 1-D inversions

are further modfled, when neces-

sary, to account for spatial hetero-
geneities, such as perched-water

occurrences, geochemical data and

groundwater travel times through
the 3-D modeling studies.

A comprehensive summary of the development and results of
the 1998 UZ model was reported by Bodvasson et al., 1998.The

major achievements and emphases of the year have been to
incorporate all new site data into the model, update the UZ flow

PLAN VIEW OF THE 1998 LBNL3D GRID
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and tmnsport conceptual models,
and focus on specKlc features and
processes that may be important

to repository performance.A sum-
mary of these achievements fol-
lows:
●

●

✎

✎

New data have been incorpo-
rated from the new boreholes,

the ESF and East-West Cross

Drift.
Matrix and fracture properties

were updated with a new set
of calibrated hydrologic
propeRties.
Submodels of the Ghost Dance

Fault and the Solitario Canyon
Fault were developed to evalu-

ate flow within and near faults.
The 3-D UZ model was

updated with a new hydrolo-
gical property set, improved

geological and mineralogy
models, and a refined model
grid, as shown in Figure 1.The

UZ model utilizes a dual-pe
meability concept with a dua
porosity representation fo.AFigure 1. A plan view of the 1998 site-scale model domain, grid ar,“

incorporated major faults, and locations of boreholes used for the
model calibration.

faults. Simulations were com-
pleted that predict ambient
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Figure 2. Three-dimensional perched water bodies near the base
of the TSW

conditions in new wells SD-6 and WT-24 and the East-West

Cross Drift. The UZ lModel successfully predicted the location
of perched water in borehole WT-24.
A 2-D cross-sectional, drift-by-drift model was used to evalu-

ate the impact of coarse-grid averaging.

Conceptual models for perched water and flow below the
repository -were evaluated with a detailed model of the

Calico Hills nonwelded unit. Large effects on lateral flow are
found from the permeabilities of zeolites, the degree of frac-

turing within zeolites, and the extent of perched-water bod-
ies. One of the model-predicted perched water bodies is

shown in Figure 2.

A detaiIed model of the Paintbrush bedded tuff has been
developed and showed that lateral flow may be limited to
less than 100 m.

Significance of Findings

The UZ model provides estimates of important parame- +

/234000

nature of flow within the unsaturated zone and of the relevant
processes occurring atYucca iMountain. In addition, the model pro-
vides input to various other models, such as the ambient and ther-

mal drift-scale model, the mountain-scale therrnohydrological

model and the UZ transport model used for LA.

Related Publication

Bodvarsson, G.S., E. Sonnenthal and Y.S.Wu, eds., Unsatumted zone
flow and transport modeling ofYucca Mountain, Nevada-Fiscal

year 1998 report,Yucca LMountainSite Characterization Project
lMilestone, Revision 00D, LBNL, 1998.
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Development of Win Grider:
An Interactive Grid Generator

Research Objectives For TOUGH2 Approach

Designing a proper numerical grid WinGrider was primarily written in

is one of the major efforts in modeling Lehua Pan, Charles Haukwa, the Visual Basic language following

flow and transport processes in com- Yu-Shu Wu and
Gudmundur S. Bodvarsson

the principles of object-oriented pro-

plex, heterogeneous systems using gramrnirtg to provide graphical user

the TOUGH family of codes. The prob- Contact: interfaces, interactive operation and

lem becomes e~en more dif~cuh Lehua Pan
(510) 486-2360,

visualization functionality. Advanced

when using an irregular grid, such as
in the case of modeling studies of unsaturated zone (UZ) flow

and transport for Yucca Mountain, Nevada. The development of

an efficient meshmaker was motivated by the requirements of

the TOUGH codes for simulating the subsurface processes of

high-level nuclear waste isolation in partially saturated geological
media of the Yucca Mountain site. A mountain-scale model otlen

involves various geological and engineering objects in the com-

plex hydrogeological settings. Designing and generating a suit-

able irregular grid for such a system has been a tedious and error-
prone process, especially when the number of gridblocks and

connections becomes very large. Inspecting the grid or extract-

ing some sub-grids or other specitlc information or use from the
grid has also been a time-consuming task. Therefore, user-

-friendly,efficient grid-generating software is a critical part of suc-
cessful application of theTOUGH codes to solve real world prob-

lems. Our objective is to develop user-friendly and integrated
software for generating grids that best represent the geological

and engineering features within 3-D model domains for given
computing resources.

lpan@lbl. gov
.

database techniques were incorpo-

rated to handle a large number of grid blocks and connections

efficiently.

Development of the new grid system starts with assignment

of nodes in map view for each object [e.g., the domain (base
nodes), repository or faults] with specified orientation and den-

sity. Based on the information of these nodes, a primary 2-D grid

is generated with Voronoi tessellation techniques.The 2-D grid is

then improved systematically and/or interactively by deleting

physically incorrect or umecessary comections. A few itera-

tions of these steps, including adding and deleting some nodes,
are taken to create a final 2-D grid (a column scheme) that serves

as the basis for genemting the third dimension of the grid. All 3-
D cells and vertical connections between adjacent cells are gen-
erated column by column to ensure that each vertical connec-

tion comects only adjacent cells and that each cell has at least
one vertical connection. Lateral connections are then generated

segment by segment with each segment joining two neighbor-
ing columns. This ensures that only cells in two adjacent

columns have lateral connections and that no connections

ewewxxamedaa$d23WQ
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Figure 1. A snapshot of the WinGrlder gnd generator.
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m Development of WinGridec An Interactive Grid Generator for TOUGH2

between two adjacent coIumns
are missing.

Three-dimensional cells are

created for each hydrogeoIogical
unit in each column and then are
lateraIly connected within the

same layer except where the
Iayer is interrupted by faults or

repository drifts. An approach
using the three parallel, fault-

related columns is used to ensure
that the grid represents faults cor-

rectly. In particular, this scheme
preserves three important roles

of faults: (1) separator between
geological layers that may serve

as a structural barrier to lateral
flow across it; (2) continuous

zone that may serve as a fast path
for flow aIong the fault depend-
ing on its hydraulic properties;

and (3) dipping feature with
angles of inclination varying spa-

tialIy

Results

\VlnGrider is Windows-based

software for designing, generating
and visualizing numerical grids
used in reservoir simulation and

groundwater modeIing using the
TOUGH2 code (Tan et al., 1999).

Figure 1 shows an example of the

graphical user interfaces pro-
vided by WinGrider. WinGrider

has been used for various numer-
ical simulations in the Yucca

iMountain project. The generated

grids were vertiled independently

in terms of accuracy in represent-
ing the geological and engineer-

ing systems as well as correctness

g
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Figure 2. Examples of the grid: (a) map view of UZ98 grid; (b) E-W
cross-section grid for grid side analysis.

Significance
of Findings

We have developed a user-
-friendly, efficient grid-generating

software that should provide an
important tool for successful

applications of the TOUGH fam-
ily of codes to solve real-world

problems. WinGrider can be
used to generate complex, irreg-
ular 2-D or 3-D grids with high

quality and efficiency. Many
important features, such as

inclined faults with offset, layer-
ing structure, local refinements

and repository drifts can be rep-
resented in the grid. This grid-

maker has been used as a pri-

mary tool for designing model

grids in modeling efforts for the
Yucca LMountain project.

Related
Publications

Pan, L., J. Hinds, C. Haukwa, Y.S.
Wu and G.S. Bodvarsson,

WlnGrider: A user manual (ver-
sion 1.0), Berkeley Lab report

LBNL-42957, 1999.
Pruess, K., TOUGH2: A genefid

purpose numerical simulator for

multiphase fluid and heat flow,

Berkeley Lab report LBL-29400,
1991.
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T2R3D - A TOUGH2 Code

For Tracer Transport
Research Objectives In Heterogeneous Media Approach

Even with the continual progress T2R3D is built on the framework of

made in both computational algo- Yu-Shu Wu the TOUGH2 code (l%ttess, 1991). The

rithms and computer hardware, it and Karsten Pruess basic mass and thermal energy bal-

remains a challenge to simulate trans- Contact: ante equations for three components

port of a tracer or radionuclide in het- Yu-sf-iu Wu
(510) 486-7291, yswu@lbl. gov

of water, air and a radionuclide/tmcer,

erogenous fractured porous media and heat solved by T2R3D are similar

with a numerical method. It becomes even more difficult when
dealing with tracer transport in a mt.dtiphase and non-isothermal

flow system using a general 3-D, irregular grid. One of the pri-

mary problems in solving advectiondiffusion type transport

equations in a complex geological medium is determining how

to approximate the diffusion/dispersion tensor in order to esti-

mate the dispersive terms of mass transport accurately. Most

numerical modeling approaches in the literature use schemes

that are based on regular grids and the partial dispersion tensor.

Very few studies have addressed transport using an irregular 3-D

grid for large, complex geological systems.
T2R3D, a TOUGH2 module, has been developed to model

radionuclide or tracer tmnsport in heterogeneous, fractured
porous media (WU et al., 1996). The model formulation incorpo-
rates a full dispersion tensor with a 3-D, irregular, integral finite
difference. It takes account of the physical processes of tracer or

radionuclide transport in a non-isothermal, multi-phase, multi-
dimensional flow environment in the subsurface.

in form to those for the standard TOUGH2 EOS3 module. Also,

the integral finite difference method and a first-order, backward

finite difference scheme are used for spatial and temporal dis-

cretization, respectively. The tracer transport mechanisms
include molecular diffusion and hydrodynamic dispersion in the

liquid or gaseous phase, in addition to advection terms. First-

order decay is taken into account and adsorption of a tracer on

rock matrix and/or fractures is described by an equilibrium

isotherm with a constant distribution coefficient.

The model formulation considers advection/dispersion trans-

port processes of a liquid or gas tracer and incorpomtes a full dis-

persion tensor, based on a 3-D velocity field on a 3-D, regular or
irregular, integral finitedifference grid in a heterogeneous geo-
logical system. In addition to advection term~for the tracer trans-
port, the dispersive and diffusive mass flux, F~, is described by

;D=–@ovXp (~=liquid or gas)
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Figure 1. Model grid and simulation results of T2R3D for radionuchde transport through the unsaturated
zone of Yucca Mountain, Nevada.
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T2R3D – A TOUGH2 Code for Tracer Transport in Heterogeneous Media

where ~ is the combined diffusion-dispersion tensor accounting
for both molecukm diffusion and hydrodynamic dispersion; p~ is

fluid density; Xb is mass fraction of the tracer in phase ~.We have
incorporated a general dispersion model for 3-D tracer transport

into the T2R3D code.

(~=liquid or gas)

where ~ and a~ are the transverse and longitudinal dispersivi-
ties, respectively; VP is the Darcy velocity vector of phase ~

through fractures or matrix; ‘t is the tortuosity of the medium; dm
is the molectdar diffusion coefficient in phase ~; and 80 is the

Kronecker delta function. (~ij=l for i=j, and 6ij=0 for i#j).

One of the key issues in implementing the general 3-D disper-
sion tensor of (2) is how to interpolate velocity fields for deter-

mining the dispersion tensor. The averaging or weighting
scheme used to evahtate a velocity vector at the interfaces

between element blocks is called “projected area weighting
method” (WU and Pruess, 1998). In this method, a veIocity com-

ponent, vn,i,of the velocity vector eIement n is determined by the
vectorial summation of the flow components of aIl local con-

nection vectors in the same direction, weighted by the projected
area in that direction:

x(~nm]ni])(vnmni) (i=x,y,Z)
_m

“n.i —
~(Anmlnil)

(3)

where m is the total number of connections between element n

and all its neighboring elements m, Vfln, is the flux along con-

nection nm in the local coordinate system, and ni are the direc-
tional cosines of connections. The velocity vector v at the inter-

face of element n and m is then evaluated by harmonic weight-
ing to preserve total transit time for solute transport traveling

between the two blocks.

The mass fraction gradient of the tracer/radionuclide is evalu-
ated at the interface between gridblocks n and m as

with

(4)

(5)

The net mass flux of diffusion and dispersion of a tracer/mdionu-
clide along the connection of eIement n and m is deter- -

Results

As a new member of the TOUGH2 family of codes, T2R311 (WU
et al., 1996) provides a capbility for modeling liquid or gas

tracer or radionucIide transport in multiphase and non-isother-
mal flow systems. In particular, T2R3D can be used to simulate

tracer transport in complex, heterogeneous fractured rock using
a general, irregular 3-D grid. In addition to incorporation of a full

dispersion tensor in evaluating dispersive tracer transport, the
code takes into account linear adsorption and first-order decay

effects. The model formulation and numerical scheme make it
easy to include any other transport mechanisms, such as non-
adsorption, multi-decay chains, or thermal/mechanical effects.

Figure 1 shows an example application, in which T2R3D is used

to assess radionuclide transport in the unsaturated zone ofYucca
iMountain aIong a 2-D cross section with an irregular finite-dif-

ference grid.

Significance of Findings

The T2R3D code has found a wide range of applications in
field characterization studies of the unsaturated zone transport

of environmental isotopic tracers and radionuclides at the Yucca

lMountain site, a potential underground repository for high-level
radionuclide wastes. The special capability of modeling tracer

transport processes through heterogeneous fractured rocks
under multi-phase and non-isothermal conditions with fulI con-

sideration of hydrodynamic dispersion will make T2R3D a very
useful tool in modeling studies of tracer transport in oil, gas and

geothermal reservoirs.
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Laboratory Studies on
Heat-Driven Multi phase Flows

Research Objectives In Rock Fractures

Water and vapor flow through non- Timothy J. Kneafsey,
isothermal, fractured, porous rock Karsten Pruess and
environments are important in a num- Jeffery J. Roberts*
ber of fields, including the geologic
disposal of high-level nuclear waste *Lawrence Livermore National Laboratory

and geothermal reservoir develop-
Contact:

ment. Here we present the results of a Tim Kneafsey

number of visualization experiments (510) 486-4414, tjknesfsey@lbl.gov

that were performed to gain a better

understanding of liquid and vapor

flow in non-isothermal fractures, and imbibition into the fracture

wall.

Approach

Several types of experiments have been performed to investi-

gate the behavior of liquids in boiling fractures, including intro-
ducing liquid into natural and saw-cut fractures in Topopah

Spring tuff from Yucca Mountain, Nevada. In each experiment,
heat was applied to create a temperature gradient and boiling

zone. Two types of experiments are described here.
In the first experiment, we introduced water at three different

flow rates into the top of a 22-cm natural fracture oriented ver-
tically. Heat was applied at the bottom, creating a boiling zone
near the center of the rock with temperatures of about 1200C at

the rock bottom and 80”C at the top. Water was introduced at a
point in the center of the fracture top at 7,14 and 28 mL/hr, and

a different non-volatile dye was added for each flow rate. The

dyed water flowed through the heated fracture, and where it

boiled, the non-volatile dye was left on the rock.
Two experiments of the second type of were performed in an

assembled rock/glass fracture to simultaneously observe (1) liq-
uid flow through a fracture, (2) imbibition into the porous rock,

and (3) temperature in a heated frac-

ture. Direct visualization and video
recording were used to observe flow

phenomena in the fracture; an infra-

red camera and thermocouples were

used to monitor temperature, and x-

my attenuation was used to monitor

irnbibition. The fracture was made by

placing a saw-cut slab-shaped block of

Topopah Spring tuff (15 x 23 x 2.6

cm) with a porosity of 10% next to a

glass plate. The rock and the glass

plate were placed in a frame and held apart by gold shims, pro-
viding a 12.5-micron nominal aperture. Heaters were installed

both in the rock slab and on the assembly such that the fracture

was heated on the bottom, with a thermal gradient from about

140”C near the rock bottom to about 80”C at the top. Water con-

taining potassium iodide to enhance x-ray attenuation contrast

was introduced into the aperture. Solid potassium iodide was

precipitated upon boiling, identifying regions of active boiling.

The experiments extended over 24 and 72 hours with flow rates
of 2.5 rnlhnin initially that were reduced to 0.55 ml/min in the

first experiment and 0.3 rnlhnin in the second.

Results

In the first experiment, dyes stained the rock as the water

boiled off. At the lowest flow rate with red dye, water did not

penetrate significantly below the boiling isotherm (Figure 1).
Water evaporation occurred in two bands: near the horizontal

boiling isotherm and near the injection point. Yellow dye was

introduced with water at the medium injection rate. Some evap

oration occurred in the same locations where the water intro-
duced at the lowest flow rate evaporated, however flow also
extended downward beyond the centrally located nominal boil-

.—.—.

—

Figure 1. Fracture faces following mfuslon of water with dyes. The boihng
isotherm for each case is shown.

. ... . ... .——- -— -- ..—. —.-. . ..- .,,.... .-..X-, .-.- . ..—I— ,. ..=.. . . . . . . .. ... .-,.?-- . . ..- .,. .=. ”



m Laboratory Studies on Heat-Driven Multiphase Flows in Rock Fractures

ing isotherm. A large quantity

of yellow dye was deposited
in a narrow horizontal band
well below the rock center.

Additionally, a finger several

centimeters wide reached
the fracture bottom where

the temperature was main-
tained at 120”C. Blue dye

stains in the fracture from
water introduced at the high-

est flow rate was visible in

most cases beyond the
extent of the yellow dye, and

an apparently wider finger, or

several fingers, extended to
the bottom of the fracture.

a. b. c.

Figure 2. (a) Visual, (b) temperature and (c) x-ray attenuation images of water
flow through a non-isothermal fracture. The single arrow m (a) indicates con-
densing wate~ the double arrow indicates solid potassium iodide also seen In
(c). In (b), the heated zone is at the bottom with red representing 140”C, cyan
10O”C, and purple <80°C. Darker regions in (c) show greater x-ray attenuation,
mdicatrrg higher imbibition or preclpitat!on.

In the second type of experiments investigating fracture flow
and imbibition, the time scale of ftztcture flow was on the order

of minutes and the time scale of imbibition was hours. Upon
introduction into the fracture, water flowed in fingers and ftis

downward toward the heated region, with broader fingers occur-
ring in the first experiment with the higher flow rote. As water

penetrated the above-boiling region, boiling occurred and vapor
began to condense in cooler regions (Figure 2a). Intermittent
unstable boiling events called rapid evaporation events (REEs)
frequently occurred in both experiments when liquid water

superheated and boiled rapidly. These REEs caused pressure

pulses that affected flow and often triggered REEs in other parts
of the sample. Solid potassium iodide accumulated in the boiling

region at temperatures exceeding the boiling point and hindered

liquid flow, but the salt buildup was intermittently washed out by

flow through these regions. In the first experiment, partial clog-

ging of the aperture by sah caused a buildup of heat, which was
reduced during washouts.

Temperature monitoring showed cooling upon introduction
of water. Water pathways were visible as cooler areas extending

through the boiling region in the thermaI images. At the higher
flow rate, water flowed through the heated region without

becoming permanently confhed to particular pathways. Water
flowed first through one side, cooling it, then the middle, then

the other side, intermittently oscillating from side to side on a

time scale of hours.At the lower flow rate (Figure 2b), water gen-

emlly flowed around the hottest regions, but intermittent boiling
events of water accumulating in the apparatus bottom caused

water to flow through these regions.
Water imbibition into the rock increased over time, but was

spatially non-uniform. X-my attenuation in the botig region was
much higher than eIsewhere, indicating both salt-crystal build-up

and imbibition (Figure 2c). In some locations, video images -

in Figure 2c) occurs in other
locations, indicating salt

build-up in the pore struc-
ture of the rock. The buIk

sorptivity of the sample was

obtained by plotting water
stored in the sample versus

the square root of time. For
the entire sample over the

range of temperatures the
measured sorptivity com-

pares well with other values
measured under controlled

conditions.

Significance
of Findings

We have ident~led and observed several important phenom-
ena which occur in boiling fmctures. Water flow into boiling-hot
regions was hindered by heat and the accumulation of mineral

precipitates. Higher flow rates allowed deeper penetration into
the boiling region, and allowed washout of precipitated minerals.

Imbibition was not uniform across the sample; more permeable
regions and hotter regions showed greater x-ray attenuation,
indicating increased imbibition into the rock and salt deposition.

REEs occurred frequently in the boiling region, affecting liquid
and vapor flow in their vicinity. Flow paths were vmiable

through the heated region, particularly at the higher flow rates,

with flow rate influencing flow paths.
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Research Objectives

The Drifl Scale Test (DST) is the

second of the two in-situ heater tests

being carried out in the underground

Exploratory Studies Facilities at Yucca

Mountain, Nevada (the Single Heater

test, SHT, was the first). The primary

objective of the DST, as it was with the

Thermal-Hydrological
Modeling of the

Drift Scale Test at
Yucca Mountain, Nevada

Sumit Mukhopadhyay
and Yvonne W. Tsang

Contact:
Sumit Mukhopadhyay

(51 O) 495-2440, smukhopadhyay@l bl.gov

along the heated drift wall to reach as

high as 200 °C.The heat output of the

canister and wing heaters can be
adjusted over the full range to achieve

these targets.

Thermal-hydrological simulations

of the DST are being performed with

the TOUGH2 simulator, an integrated

finite difference simulation program

SHT, is to develop a better under-

standing of the effect and infhtence of thermal-loading on the

coupled thermal, mechanical, hydrological and chemical

(TMHC) responses of the surrounding rock mass.

Approach

The primary difference between the DST, located in the mid-

dle nonlitbophysal unit of the Topopah Spring welded tuff of
Yucca Mountain, and the SHT is that of scale. Whereas the heat-

ing element of the SHT was only 5 m long and placed in a 9.6-

cm diameter borehole, the heated drift of the DST is 47.5 m long
and 5 m in diameter. Heating is provided by nine canister
heaters, which are placed on the floor of the heated drift. In addi-

tion, there are 25 wing heaters, placed perpendicular to the lon-
gitudinal axis of the heated drift, on each side of it. The wing
heaters are used to emulate the effects of adjacent heat-generat-
ing waste-storage drifts. Each wing heater is about 9.5 m long

(consisting of an inner and outer section, each about 4.5 m

long), and the spacing between each wing heater is about 1.83

m. The canister heaters and wing heaters together have a heat
output of approximately 185 KWThe TMHC responses from the

DST are measured by

approximately 3,500 sen-
sors, which are placed in 147

boreholes. Numerous vari-

ables, including heater

power, temperature, thermal

expansion, moisture and

mechanical displacements

are measured by these sen-
sors, which are connected to

an automatic data collection
system.

The heating phase in the
DST started on Dec. 3, 1997.

The planned duration for the

heating and cooling phases
is four years each. The heat-

ing phase has been planned
to elevate temperatures of a

substantial rock volume
(more than 10,000 cubic

1

~
N

-1

for nonisothermal flow of muhicom-

ponent, multiphase fluid in porous and fractured media.We use
the EOS4 module, which supports the thermodynamics of non-

isothermal two-phase flow of components air and water, with

vapor-pressure-Iowering capabilities.

The configurations, parameters, and initial and boundary con-

ditions of the numerical model are designed to resembIe the

actual test conditions of the DST as closely as possibIe.The DST

model domain encompasses three different stratigmphic layers

of Yucca Mountain; i.e., the upper lithophysal, the middle non-

lithophysal, and the lower lithophysal units of the Topopah

Spring fractured welded tuff.The heated drift itself is in the mid-
dle nonlithophysal unit. The material properties within each

layer are assumed homogeneous. As far as feasible, the input
parameters of thermal and hydrological properties for the DST

numerical model have been derived from laboratory and field
pre-test characterization data of the DST block. When site-spe-

cillc measurements are not available, properties are derived from
mountain-scale calibmtion to measured data from numerous sur-
face-based boreholes.

The results presented below are based on the hydroIogy prop-
erty sets, which are calibrated to an infiltration rate of 0.36

.. -- ----
,/’ “..1

‘,
..- .. .

x [m]
Fracture Liquid Saturation

~
0.05 0.1 0.125 0.15 0.175 0.2 025 0.3 0.35 0.4

mm/yr. While different con-

ceptual models have been

utilized for simulating the
TMHC responses from the
DST, here we will present

only the three-dimensional

dual-permeability model,

which assumes two separate

continua for the fractures
and the matrix. The details of

the model can be found in
Birkholzer and Tsang (1997,
1998).

Results

The key processes

involved in the thermal-
hydrological response of the

unsaturated fmctured tuff to

heat are as follows. As forma-
~e=+ tion temperature approachesmeters) above 100”C, while ~Igure 1. Fracture liquid saturation m a verbcal plane (about 10 m from the 1A___

allowing the temperatures side of the heated drift) after 12 months of heating. 10OOC around the heater,
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Thermal-Hydrological Modeling of the Drift Scale Test at Yucca Mountain, Nevada

matrix pore water boils and
vaporizes. LMostof the vapor gen-

erated moves into the fractures,
where it becomes highly mobile

and is driven by the gas pressure

gradient away from the heat

source. Upon further heating, the
zone near the heating plane

develops a “dry-out” area.
However, away from the heating
plane, when the vapor encoun-

ters cooler rock, it condenses,
and the local fracture liquid satu-

mtion builds up.

Part of the condensate then
may imbibe into the matrix,
where it is subject to a very

strong capillary gradient
towards the heat source, giving

rise to a reflux of liquid to the

180k

-130

0:120 [

k. & A Borehole#139
Borshole#143

A .A = :::%:

20 ~ ! I , $ I , , I , , I , ,
0

Distan~5from Boref%e Collar(#)

Figure 2 Measured and simulated temperatures in borholes 139 and 143
after 12 months of heating

dry-out areas. Some fraction of the condensate in the fractures

may also flow back towards the boiling zone; however, as capil-
lary forces are relatively weak in the fractures, a substantial

amount of liquid may drain by gmvity.As a result, liquid saturation
builds up below the heated drift. Figure 1 shows the simulated
liquid saturation in the fractures after one year of heating in a ver-

tical plane about 10 m from the west end of the heated drift. The
signatures of all the physical processes described above can be

observed in this figure.
Figure 1 also shows that the drying region is about 4 m thick

after 12 months of heating. Beyond the drying region is the con-
densation zone, where the liquid saturation increases from pre-

heat values. The redistribution of the moisture content described
by the numerical model is consistent with data (not shown here)

obtained from active testing by neutron logging, electrical resis-
tivity tomography, cross-hole radar tomography and air-perme-
ability tests.

Temperature data have been continuously coIlected in about

40 boreholes, which allows the display of data either as a snap-
shot or as time evolution at a particular spatiaI location. Figure 2
shows a snapshot of temperature after 12 months of heating.

Temperature data from boreholes 139 and 143 are displayed as a
function of radial distance from their collars at the heated drift
wall. The simulated matrix temperatures are aIso plotted along

with measured data. Observe that the temperature at the heated

drift wall is around 150°C.After a small dip in temperature there-
after, it rises to about 165-1700c over a distance of about 4.5 m.

Then the temperature dips slightly again, before going back up

over another 4.5 m or so. Beyond this point, the temperature
decreases as one moves farther away. The interpretation of -

tance of 1.67 m from the
heated drift wall, explaining

the first dip in temperature.

Since the wing heater is about
4.5 m long, one observes the

upward trend in temperature

after the first dip. The inner
and outer parts of the wing

heaters are separated by a gap
of 0.67 m, resulting in the sec-

ond dip. Notice a[so the small
temperature plateau at the

nominal boiling point, at
about 12 m from the heated

drift wall, indicating that a

small two-phase zone exists at
the tip of the wing heaters.
Figure 2 confirms that our

simulation results are able to
mimic the thermal and hydro-

logical processes taking place in the DST quite closeIy.

Significance of Findings

The agreement between measured data and simulation results
indicates that the thermal-hydrological responses of the EMT are
well represented by the coupled thermal-hydrological numerical

model. While heat conduction accounts for most of the tempera-
ture rise, thermal-hydrological coupling contributes to the heat

transfer by convection, resulting in better agreement between

simulations and measured data. The thermal-hydrological cou-

pling also accounts for the moisture redistribution seen by the
active testing data.
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Evolution of C02

From Heated Rock
Research Objectives At Yucca Mountain

the drift and wing heaters that extend

10 m into the rock on either side of

Yucca Mountain, Nevada, is the site the drift. The entrance to the heater

of a proposed high-level nuclear Mark Conrad and Eric Sonnenthal drift is isolated from the observation

waste repository. To test the effects drift (OD) by a thermally insulated
Contact:

that heat generated by the nuclear Mark Conrad bulkhead. Gas samples are collected

waste may have on the host rock for (510) 486-6141, msconrad@lbl. gov from a series of 12 hydrological mon-

the repository, a drti-scale heater test (DS~ is being carried out itoring boreholes drilled into the rock around the drift. High-tem-

in the underground Exploratory Studies Facility at Yucca perature, inflatable packers placed at approximately 10-m spac-

Mountain. The DST began in December 1997 and is designed to ing divide the boreholes into three or four intervals. One-half-

continue for a total of eight years. During the initial heating liter gas samples were collected for analysis from the packed-off

phase, which will last for the first two years of the project, the intervals after purging approximately three times the volume of

rock at the drift wall is being heated to 200”C. Over the next two the interval. The C02 concentrations in the samples were meas-

years the temperature of the wall rock will be maintained at ured using an infrared analyzer (Li-Cor).The C02 was then sepa-

200”C. For the last four years the heaters will be turned off and rated out of the samples and the stable carbon isotope ratio ana-

the system will be allowed to COOLAs part of the monitoring Iyzed using the VG Prism Series II isotope ratio mass spectrome-

efforts for this project, the concentrations and stable carbon iso- ter at Berkeley Lab’s Center for Isotope Geochemistry. Where

tope ratios (61SC values) of C02 in gas samples from the rock possible, aliquots of the C02 collected for 613C analyses were

around the heated drift are being measured. C02 and associated saved for 14C analyses. To date, six of those samples have been

dissolved inorganic carbon compounds (DIC) in the porewaters analyzed at the Center for Accelerator lMass Spectrometry at

in the rock have a strong influence on the chemistry of the Lawrence Livermore National Laboratory.

porewaters, which in turn controls mineral reactions in the sys-

tem. Results

Approach

The host rock for the thermal test is the Topopah Springs
welded tuff unit. The rock is a highly fractured unit containing

approximately 10% matrix porosity, which is about 90% ffled

with water. The thermal test alcove is located about 250 m
below the surface.

The heater drift for the DST is 47.5 m long and 5 m across.

Heat is provided by a series of canister heaters in the center of

The concentration of C02 in the rock has increased signitl
cantly since heating began.The C02 concentration of a gas sample

collected from a borehole drilled into the unheated side of the
access/observation drift (AOD) was 919 ppm. Figure 1 is a plot of

the concentrations and 813C values of C02 in samples collected
from boreholes 74 through 78 during December 1998 (sfightly

over one year after heating began).The COZ concentrations in sev-

eral of the hotter intervals are in excess of 20,000 ppm. By con-
trast, the concentration of COZ in the AOD was 375 ppm and in

December, 1998 (27.8)
-12.3

(27.9,2197)

(29.+837) 75
-10.0

(29.%470)

Observation
-5.2(67.4, 3080) (743, 14302) 76

Drift
-9.3

(24.4,375) -11.4
(23.1,1001) J)dt (330.0,403)

-3.8
(-!13,21884)

-1.5
(893,23696)

-11.7
0 20m (27.9, 3302)
I 1 I I I

Figure 1. The 513C values of C02 in samples collected from boreholes 74-78 at the DST
during December 1998. Given m parentheses are the concentrations of C02 (in ppm) and
the temperatures (in “C) for the sampling intervals.
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F!gure 2. Plot of the 61~c values of C02 from borehole 78, Interval3, of the DST versus time. The values
m red are the 14Cconcentrations (In Y. of modern atmospheric C02) In the C02 Gwen m parentheses
are the temperature (in “C) and the C02 concentration (in ppm).

the heater drift was 403 ppm (approximately equal to the COZ

concentration in the outside air used to ventiIate the tunnel).

The 51~C values of the C02 are also increasing as the rock is
heated. The 61SC value of the C02 in the gas sample collected
from the borehole into unheated rock opposite the heater drift

was -13. l%o. The 81JC vaIues of the borehole samples on Figure
1 range from -1~.3%0 to -1 .5%..The l~C contents of a limited num-
ber of the C02 samples were also measured. The data for samples
from borehole 78, interval 3, are plotted in Figure 2. The general
increase in C02 concentrations and 81SC values with tempem-

ture is clear in this intervaI.The 14C values of the C02 decreased
from 40.0% of the concentration of modern atmospheric C02 in
February to 10.5% of modern in October.

Significance of Findings

The shifts observed in the 61JC values and lACcontents of the
COZ in the heated rock suggest that the increased concentmtions

of C02 are derived from two sources. One source is the porewa-
ter DIC. AS the temperature rises, the partitioning of inorganic

carbon between the gas and liquid phases shifts, with a higher

proportion going into the gas phase.when the rock reaches the
boiling point of water, the C02 concentrations will increase even
more quickfy until the rock dries out and alI the inorganic carbon

is converted to C02 or precipitated in carbonate minerals. At
Zj°C and neut~l pH, the SISC value of DIC will be 8%0 higher

than co-existing C02.Therefore. as the temperature rises and the
DIC is converted to COZ, the 61~C value of the gas-phase C02 will

increase.

The other source of CO, is dissolution of secondary _

steam genemted from boiling of the porewaters is condensing or
draining (e.g., interval 3 of borehole 78), hydrolysis can occur,
and will produce increased concentrations of C02. The b 1SC val-

ues of calcite in the rock are high (between -6%0 and +10%,)) and
will aLso produce high-81JC COT when it is dissolved.This makes
it difficult to distinguish from C02 derived from porewater DIC.

However, the IAC content of C02 derived from calcite will be
lower than that derived from porewater DIC.The l’~Ccontent of

C02 (which will be close to equilibrium with the porewater
DIC) at this depth is about 50’% of modern, whereas the I“C con-

tent of the calcite in the fractures is essentially 0% of modern.
Therefore, the trend towards lower l~C contents observed for

C02 from borehole 78, interval 3, indicates a shift from degassing
of porewater DIC to hydrolysis of calcite.

The isotopic compositions of the C02 in the rock present a
powerful tool for quantifying factors such as the degree of

degassing of porewater DIC and for identifying areas and mtes of
caIcite dissoIution.These factors can have significmt impacts on
variabIes such as the pH of the porewaters and mineral equilib-

ria in the rock. In turn, mineral precipitation and dissolution may
influence the permeability of the rock and the movement of

water within the system, which are important issues for ensuring

safe, long-term storage of nuclear waste.
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Research Objectives

The Drift Scale Test (DST) is the
second underground thermal test that

is being carried out in the Exploratory

Studies Facility at Yucca Mountain,

Nevada. The purpose of the test is to
evaluate the coupled thermal, hydro-

logical, chemical and mechanical

processes that take place in unsatu-

rated fmctttred tuff over a range of

Prediction and Analysis
Of Coupled Processes

In the Drift Scale
Thermal Test

Eric Sonnenthal, Nicolas Spycher,
John Apps, Mark Conrad and

Ardyth Simmons

Contact:
Eric Sonnenthal

(510) 486-5866, elsonnenthalr@lbl. gov

temperatures from ambient (approximately 25”C) to nearly

200 °C.The DST was begun on Dec. 3,1997, with a plamed four-

year period of heating, followed by four years of cooling.

Our objectives were to make predictions of the coupled ther-
mal, hydrological, and chemical (THC) processes, followed by

model refinement and comparison to measured data. We
expected that some water (formed by condensation of steam in

fractures) would be collected as was the case for the completed

Single Heater Test. Throughout 1998, samples of water and gas

were collected from boreholes that enabled us to further refine
our models and understanding of the complex rate-limited
chemical interactions between rock, water and gas.

Approach

Here we describe our conceptual model for coupled THC
processes at the DST and their treatment by numerical model-

ing. A conceptual model for reaction-transport processes in the

fractured welded tuffs at the DST must account for the different
mtes of transport in very permeable fractures, compared to a

much less permeable rock matrix. Transport rates greater than
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Figure 1. Cross-section of DST showing PC02 and temperature con-
tours in fractures after one year of heating. Hydrology boreholes,

the rate of equilibration via diffusion

leads to disequilibrium between

waters in fractures and matrix.
Because the system is unsaturated and

undergoes boiling, the transport of

gaseous species is an important con-

sideration. The model must also cap

ture the differences in initial mineral-

ogy in fractures and matrix and their
evolution.

To handle these separate yet inter-

acting processes in fractures and matrix, we have adopted the

dual permeability method. In this method, each grid block is bro-

ken into a matrix and fracture continuum, characterized by its

own pressure, temperature, liquid saturation, water and gas

chemistry, and mineralogy.

Coupled THC simulations of the DST were carried out with

the TOUGHREACX code (XU et al., 1998), which was enhanced

to handle regions of complete dryout, and chemistry under boil-

ing conditions (Sonnenthal et al., 1998; Spycher et al., 1998).The

geochemical module in TOUGHREACT solves simultaneously a
set of chemical mass-action and mass-balance equations to com-
pute the extent of reaction and mass transfer between aqueous

species, minerals and gases at each grid block. LMineraI-water

reactions take place under kinetic and/or equilibrium condi-
tions, whereas gas-water and aqueous species interactions are
assumed to be at equilibrium. Equations for transport and chem-

ical reactions are carried out sequentially once the equations for
heat, water and vapor flow are solved.

The two-dimensional dual-permeability grid, the thermal and

hydrological properties, and pressure-temperature-liquid satura-
tion boundary conditions were developed by Birkholzer and
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Figure 2. Cross-section of DST showing pH and temperature con-
tours in fractures after one year of heating. Hydrology boreholes,

packer intervalaand the observation drift (OD) are overlain. packer intervals and the observation drift (OD) are overlaln
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Prediction and Analysis of Coupled Processes in the Drift Scale Thermal Test

Tsang (1997) for their predic-

tions of the thermohydrologicaI
behavior of the DST. This pro-
vided an excelIent starting point

on which to build the model for

the mineralogy, water and gas
chemistry of the DST. The miner-

alogy of the rocks at the DST -was
derived from studies done at
Lawrence Llvermore and Los

Alamos national laboratories. The
initial water and gas chemistry

were based on data from the U.S.

Geological Survey.

Results

Minerals

rCristobalite-a
Quartz

Amorphous silica
Calcite
Gypsum

I

Primary Aqueous
Species
Si02 (aq)
(-a2+
Na+

cl-
HC03-
so42-

H+
;

Gaseous Species

C02
H20

Significance
of Findings

Previously, there has been Iit-

tle work on modeling reaction-
transport processes in unsatu-

rated systems under boiIing con-

ditions. The DST presented an
unprecedented opportunity to
test the concetxual models and

Table 1 Mineral phases, aqueous and gaseous species used In .
.,––-. –––,, ––.-....–,

the DST model simulation.

The predictive modeling for the DST indicated that the pH of
waters was controlled primarily by C02 degassing during boil-

ing, redissolution in condensate waters in fractures, and interac-

tion with calcite (Sonnenthal et al., 1998). However, to capture
the fuIl chemical character of condensate waters it is necessary

to consider several primary and secondary minerals (feldspars,
clays, zeolites, silica phases, calcite and gypsum). This is appar-
ently the result of the extremely small effective reaction rates for

the aluminosilicates, such as feldspars, that have a measurable, yet
minimal, effect on the water chemistry over the time scale of

days to weeks.

A simulation illustrating the outgassing, transport, and redisso-
Iution of C02 and the precipitation and dissolution of calcite, sil-
ica phases and gypsum is presented here. Lhlinerals,aqueous and

gaseous species are given in Table 1.
Simulation results for PC02 and temperature in fractures after

one year of heating are contoured in Figure 1. Regions of

decreased PC02 are evident near the drift wall, and along the
wing heaters where dryout has occurred, or where water has

mostly boiled away. A large haIo of increased PC02 starts at

about the 90”C isotherm and extends weI1 into the region of
ambient tempemture (below 30”C). The water in fractures,
which started with a pH of about 8.3, has dropped to less than 7

in the condensate areas (Rgure 2). The boiling zone, within the
wide interval between 90°C and 10O°C, is characterized by

higher pH waters and reduced PC02.

Numerous measurements of C02 concentrations in gas col-
lected from hydrology boreholes around the DST (Conrad, 1998)
have shown a large region of increased partial pressures of C02

(over 50,000 ppmv C02), compared to the atmospheric concen-

tration (around 375 ppmv COJ. In terms of the magnitude and
distribution of PC02 around the DST, these data compare remark-

ably well to the modeI results. Some local differences are -

coues on a weu-consmuneu sys-
tem over time and spatial scales
greater than simple lab experi-

ments. The agreement of C02 concentrations between model
results and field measurements gives conildence that essential

aspects of the coupling between thermal, hydrological, and
chemical processes have been captured.The methodology devel-

oped for the modeling of the DST can then be applied with more
certainty to predictions of the long term behavior of a potential

nuclear waste repository.
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Research Objectives

ROCMAS is a three-dimensional

finite-element computer code devel-

oped at LBNL for analysis of coupled

thermohydromechanical (THM)

processes in fmctured rock. Recent

interests in coupled THM processes

associated with nuclear waste reposi-

Testing of a Coupled THM
Model for Unsaturated Media

Against Laboratory
Experiments

Jenny Rutqvist, Jahan Noorishad
and Chin-Fu Tsang

Contact:

Jenny Rutqviat
(510) 486-5432, lrutqvist@lbl.gov

tories in geological media and, in par-
. .

titular, the issue of resaturation of a clay buffer around a waste

canister has encouraged major developments of the ROCMAS

code in the past three years. The main objective is to develop a

tool for analysis ofTHM processes in practical field scale, inchtd-
ing unsaturated rock masses and also detailed behavior of near-

field fractures and an unsaturated clay buffer.This development

is accompanied with validation of the relevant processes

through modeling of laboratory and field experiments.

Approach

The ROCMAS code has been extended from analysis of fully
saturated media to partially saturated media.This development is

based on Phillip and de Vries’ work on moisture and heat trans-
port in hysteretic, inhomogeneous porous media. In the new

development, ROCMAS considers both liquid-water flow and
vapor flow in air-filled pores due to molecular diffusion; both are

coupled with temperature and mechanical deformation. The liq-

uid flow is driven by the pressure gradient and depends on the
relative permeability, which is a function of saturation.The vapor

flow is driven by the vapor density gradient and depends on an
effective molecular diffusion coefficient, Dv. Airflow and con-

vection of vapor with bulk airflow are not considered. Thus, this
approach may be limited to relatively low-tempemture or low- per-

meability systems where the steam convection can be neglected.
The new algorithms of ROCMAS are verified against existing

analytical solutions and by code-to-code comparison with the

Low____=.

50

100

i

independently developed thermohy-

drological two-phase flow computer

code TOUGH2. Further code-to-code
vet-illcations and validations against

laboratory and field experiments are

provided by participation in the inter-

national cooperative project DECO-

VALEX (Development of COupled

models and their ViUidation against

Experiments in nuclear waste isola-

tion). Within this project, the fundamental responses of a ben-

tonite clay material were investigated in a number of laboratory

tests conducted by the Japan Nuclear Cycle Development

Institute (JNC).The following tests were included:

c Suction test
● Infiltration test

● Thermal gradient test

● Swelling pressure test
First, a number of suction tests were conducted to determine

the relationship between suction pressure and satumtion; that is,
the water retention curve. Second, several infiltration experi-
ment were conducted on compacted bentonite specimens of 20-

by-20 mm to determine the relative permeability, k,, and the

effective molecular diffusion coefficient, Dv. The samples were
initially dry and water was supplied through a metal filter at the

bottom. After various infiltration periods, the specimens were
sliced into 2-mm sections for measurement of the water content.

The third type of experiment was the thermal gradient test for

determination of the thermal vapor diffusion. These tests were

conducted on compacted bentonite samples of 68% saturation,

50 mm in diameter and 100 mm in height (Figure 1). Applying
an elevated temperature at the lower boundary of the samples
creates a thermal gradient. Temperature was monitored at vari-

ous distances along the sample and water content was measured
from the weight loss during a subsequent oven drying. The
fourth test was conducted to determine the relationship

between total stress and saturation due to swelling of the ben-

Lob.z-.
+

ermocouple

ermostat with
ulation System

Figure 1. Schematic view of thermal gradient test.
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Testing of a Coupled THM Model for Unsaturated Media Against Laboratory Experiments
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Figure 2. Experimental and modelmg results of the thermal gradient test after 400 hours of heating,

, I

tonite. The above laboratory tests were modeled with ROCLMAS
for determination of material properties and for validation of the

newly implemented algorithms.

Results

The suction tests resulted in water retention curves that cannot
be exactly represented by any standard function. Therefore it is

used exactly as is, and tabulated into the ROCLMAScode. From the

infiltration test, the relative permeability, kr, and the effective

molecular diffusion coefficient, DL,,were determined directly from
the test results by an analytical method. Thereafter, the actual

experiment was modeled with ROCLMASfor validation of the code.
The results of the modeling show that the liquid water flow and

the relative permeability are important at saturations above 30%.
Relative permeability at full saturation is k, = 1.0 and decreases

to kr = 0.01 at about 30% saturation. Below 30~o saturation, k, is

so low that the vapor flow due to molecular diffusion becomes
dominating, and the effective molecuIar diffusion coefficient is

determined to be D,, = 2.0 x 10~ m~/s.
YVith the properties for isothermal diffusion known from the

ini51tration test, the properties for thermal diffusion can be back-

calculated from the thermal gradient test. Figure 2 presents the
results of modeling and experimentation for one of the tests after

400 hours of heating. The moisture transport in this experiment
is dominated by the vapor flow due the thermal gradient. As the

temperature increases at the hot end of the sample, liquid water
vaporizes, increasing the density of vapor. In response to the

increased vapor density, the vapor is transported towards cooIer
regions, where it is again condensed into liquid water. Thus, the

bentonite becomes drier at the hot end and wetter at the cooler
end. The vapor flow due to the thermaI gradient is opposed ~

dry areas. The experiments were matched using a therrn.d diffu-

sion enhancement factor,~n, = 1.0-1.7.

The swelling pressure test could be well matched with a Bishop
type of effective stress law. However, the experiment was con-

ducted by increasing the saturation from 68’% toward full satutx-
tion.The results may therefore not be relevant for very low satura-
tion where the Bishops effective stress law probably is not vaIid.

Significance of Findings

The agreement between the data and simulated results indi-
cates that the THi34 responses of the experiments are well rep-

resented by the new algorithms simulating coupled THiM
processes in unsaturated media. Furthermore, the results indi-

cate that the approach of Phillip and de Vries is appropriate for
the bentonite material and for the circumstances of these

experiments. Thus, convection of vapor with gas flow seems to

be minor in comparison to the molecular diffusion.
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Coupled Analysis
Of a THM Field Experiment

Research Objectives In an Unsaturated

The Kamaishi Mine Heater Test is a
Buffer-Rock System

major field test case in the interna-
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VALEX (Development of COupled and Chin-Fu Tsang
models and their Validation against

Experiments in nuclear waste isola-
Contact:

(51 O) 486-5432, ]rutqvist@lbl. gov
tion).The heater experiment was con-

ducted in the fractured hard rock and clay buffer system of a

potential nuclear waste repository design. A major objective of

the test is to observe near-field coupled thermohydromechanical

(THM) phenomena in-situ and to build cordidence in coupled
mathematical models of these processes.

Approach

The experiment was conducted in a 5-by-7-m alcove exca-

vated off an existing drift located at a depth of about 300 m. In
1995, a test pit 1.7 m in diameter and 5 m in depth was drilled

in the floor of the alcove. In 1996, a heater was installed into the
test pit and surrounded by a buffer of bentonite-clay which had
an initial water content of 16% (6670 saturation). The tempera-

ture of the heater was set to 100”C for eight and one-half months
followed by a six-month cooling period. The bentonite and the
rock surrounding it were extensively instrumented for monitor-

ing of system response. Data included temperature, moisture
content, fluid pressure, stress, strain and displacements. The

experiment was completed in the beginning of 1998 and there-
after the monitoring sensors were calibrated.

The heater test is modeled with the computer code ROCMAS
~oorishad and Tsang, 1996), which is a ftite-element program

Near-field
fractures

for analysis of coupledTHIM processes
in fractured and unsaturated rocks

(see article, this report). The three-

dimensional model of the test envi-

ronment consists of 11,158 elements

and includes 13 materials, with the

nearby drifts explicitly defined

(Figure 1). The rock mass is simulated
as an equivalent continuum, but in the

near field a few important shear fractures are defined discreetly.

The in-situ permeability of these fractures could be determined

by model calibration using measurements of water inflow
through the wall of the open test pit. The property values of the

buffer and intact rock matrix, including relative permeability,
molecular diffusion coefficient, thermal conductivity, thermal

expansion coefficient, heat capacity and Young’s modulus, were

determined from laboratory tests of small samples.

Results

Figure 2a shows a comparison of the predicted and measured
tempemtures at three key points at mid-elevation of the heater.
The agreement of the temperature is very good in these points

as well as at other monitoring points in both the bentonite and
surrounding rock. After turning on the heater, the temperature
rises in the bentonite and approaches an apparent steady state
after about one month, with a temperature of about 55°C at the

bentonite-rock interface. The elevated temperature is a major

driving force for the moisture flow in the bentonite and gives
rise to thermal stresses.

There are two main processes controlling the water flow in

the unsaturated bentonite. First, there is vapor flow from the

~ Test pit

I
8m

I

Concrete lid

Heater guide

a) Whole Model b) Near-field rock

Figure 1. Finite-element model of the Kamalshi mine heater test.

c) Heater and bentonite in test pit
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1! Coupled Analysis of a THM Fteld Experiment in an Unsaturated Buffer-Rock System

inner hot region towards cooler

regions of the bentonite driven

by the temperature gradient.
Second, there is a Iiquid flow

from the fully saturated rock-
bentonite interface towards the
inner dryer regions of the ben-

tonite, which is driven by the
pressure gradient. The overall

agreement of the time history

of water content in the ben-
tonite is satisfactory with all

measured general trends cap-
tured in the modeling (Figure

2b). Near the heater (BW5) the
water content gradually
decreases to a few percent

(1 O% saturation) at the end of
the heating phase and there-
after increases sIowly during
the cooling phase. In the mid-

section between the heater and
the rock (BW4) the water con-

tent increases during the first
few months and thereafter

decreases. This temporary
increase of -water content is

due to a condensation zone
that is moving outwards during
the heating phase. At BW3,

which is located in the ben-

tonite about 1 cm from the ben-
tonite-rock interface, the water

content increases to the maxi-
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Figure 2 Comparison of model prediction (symbols) with measurements
(hrres)for time history of temperature and water content In the bentonte
buffer.

mum of about 25% (full saturation) within 10 days. Both the

modeling and the field experiments indicate that there is no
influence of high permeability fractures on the wetting of the
bentonite. This indicates that the rock permeability was suffi-

cient over the entire rock-bentonite interface to supply an unlim-
ited amount of water for wetting of the bentonite. However, the

inflow from the rock into the bentonite was slightly over-pre-

dicted at locations above and below the heater.This may be due
to the fact that the permeability of the rock matrix is overesti-
mated or that there is a sealing effect at the bentonite-rock inter-

face that is not captured in the modeIing.
There are two main processes controlling the changes in

mechanical stress during this experiment. The immediate
response is that the thermaI expansion of the rock and bentonite

gives rise to thermaI compressive stresses in both the rock and
the bentonite.Thereafter, as the water content changes, the _

content increases. On the other
hand, the bentonite shrinks

near the heater where the

water content is reduced and
tensile fracturing may occur.

Both the modeling and the field
measurements show that the

swelling pressure in this case is

low (Iess than 0.5 IMl%).
However, there are consider-
able uncertainties in the meas-

urements of the swelling pres-

sure as well as modeling of the
mechanical behavior of the
bentonite, especially when the

degree of saturation is low.

Significance
of Findings

Related Publications

The good agreement
between the predictions and
measured results regarding tem-

pemture and water content indi-

cates that the thermal-hydrologi-
cal responses of the Kamtishi

heater test are well represented
by the coupIed numericaI

model. Uncertainties remain in
the hydromechanical behavior

of the bentonite and the infhl-

ence of the rock-bentonite inter-
face on the wetting process.
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and Tsang, eds), pp. 551-558, Elsevier, 1996.

Rutqvist,J., J. Noorishad and C.-ETsang, Coupled analysis of a ther-

mohydromechanical experiment in rock at Kamaishi IMine,

Swedish Nuclear Power Inspectomte technicaI report, submit-
ted.
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Research Objectives

The primary role of geophysical

studies at Yucca Mountain, Nevada,

has been the measurement and imag-

ing of physical rock properties.

Properties such as density, conductiv-

ity, bulk and shear moduli are used to
estimate other geologic properties

such as stratigraphy, structure, satura-

tion, fracturing and permeability.

Full-Scale Tomographic
Seismic Imaging of the

Potential Repository Horizon
At Yucca Mountain, Nevada

Roland Gritto, Thomas M. Daley,
Valerie A. Korneev,

Mark A. Feighner, Ernest L. Majer
and John E. Peterson

Contact:
Roland Gritto

(510) 486-7116, rgritto@lbl.gov
Although boreholes and tunnels in
the Exploratory Study Facility (ESF) will allow direct examina-

tion of physical properties, there is a need to detect and charac-

terize subsurface features away from and between these access

points. Boreholes and tunnels to date have given a very smalI

window into the entire repository volume. In addition, the lateral

variability and heterogeneity in the Topopah formation make it
difficult to extrapolate between observation points. It is neces-

sary to know the location of significant faults and fracture zones

as well as variations in Iithology and rock type to help design and
predict the performance of the potential repository. The current
experiment was undertaken to broadly detect and characterize

subsurface faults, fracture networks and Iithological features
within the potential repository, the middle-nonlithopysal zone
(Tptpmn) and its vicinity.

Approach

To achieve these goals a surface-to-tunnel seismic imaging sur-

medium properties are laterally

homogeneous and change only along

the vertical z coordinate (i.e., hori-

zontal layering). The first step is to

apply a 2-D velocity model, as derived

from VSP studies at UZ-16 (Majer et

al., 1996) and project the velocities

for the Iithologic units onto a 2-D
cross-section of the 3-D site scale geo-

logic model.This original 2-D velocity

model has to be adjusted to match the

arrivaI times and waveform between

the elastic waveform simulations and the recorded field data.The

modeling efforts produce evidence that first arrivals at far offsets

are reflected waves from lower structures rather than direct

waves. llms, to eliminate the larger offset travel times in the

tomographic imaging inversions, only angles of less than about

45 degrees are used.

Results

In order to estimate the variations in seismic wave properties,
the seismic traces, when aligned along their first arrival travel

times and corrected for geometrical spreading, reveal sign~lcant
lateral variation in the amplitudes across the tunnel length. In

order to quantify this variation, the root mean square (rms) val-
ues of the amplitudes associated with the first arrival are deter-

mined. To support this comparison, the fracture density, deter-
mined along the tunnel walls, is presented alongside the ampli-

tude values in Figure 1. Both curves are normalized (the fracture

vey was designed.A total of 180
vibroseis (vibrating) sources

with a spacing of 30 m were
deployed along Yucca Mountain

Ridge over a total length of 5

km, while 224 two-component
geophone sensors were grouted
in the tunnel with a separation

of 15 m between 2680 and 5970

m, producing more than 5 kmz
of interpretable images. In order
to investigate and image the

repository area, the first arrival
times and associated amplitudes

of the seismic waves are interac-
tively determined. To better

understand the wave propaga-
tion in this survey, a 2-D elastic

program with parameter adjust-

ment allowing a simulation of 3-
D geometry is used. Such a

reduction is justified for the
cases of 3-D problems with
cylindrical symmetry where

.= t.8
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E
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Figure 1. First arrival RMS amplitude values as a function of location m
the tunnel. Lower curve: fracture density as measured inside the tunnel.
Middle curve: RMS amplitude of first arrivals. Lower curve: RMS ampll-
tude of noise window.

density to 1, the rms amplitudes
to 2) to separate them in the
plot. It is evident that the corre-

lation is good, particularly in the

sections with increased fracture
intensity where the rms ampli-

tudes rise above their back-
ground value.

To prove the hypothesis that

this result is caused by site
amplflcation due to a decrease

in velocity and density within
the fmcture zone, a noise inves-

tigation is performed. If the
increase in seismic amplitudes

is due to site amplification, the
noise should be ampl~led in the

same way. Therefore, the rms
amplitude of the noise is deter-

mined and the values displayed
in Figure 1 (upper curve). It is

evident that the noise is not
amplified in the same way as the

seismic waves, and therefore,

-. ... .— ---- ------ .
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local effects can be ruled out as an

explanation for the correlation between
the seismic amplitudes and the fracture

density.
The second hypothesis is that of a

guiding effect of the fractures, which
keep the propagating waves concen-
tmted within the fracture zone, produc-

ing a pattern of constructive interfer-
ence, and thus preventing amplitude

losses due to spherical spreading of the
waves. Two-dimensional elastic modeling

of wave propagation through a fracture
zone revealed an increase in amplitude
values of the -waves comparable to the

data in Figure 1. It remains to be seen,
however, whether this effect is more

likeIy for sub-horizontal or vertical fmc-
tures. Therefore, it is likely that the

intensely fractured zone is extending into
the planed repository horizon, as it
affects the amplitudes of the waves dur-

ing their propagation from source to
receiver.

iNumerical simulation indicates that

the elastic waves propagate downwards

at a steep angle towards the Tptpmn

zone, after which they are refracted and
propagate along this interface.To accom-

modate this wave propagation it is nec-
essary to project the source locations

from the surface onto the top of the
Tptpmn layer at depth, before 2-D tomo-

graphic imaging is possible. The Iow
velocity values and heterogeneity in the

shallow subsurface produce strong varia-
tions in the travel times and amplitudes
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Tomogram of fracture density based on veloc-
ity est[mates. The tomogram represents a broad char-
acterization of the variability of fracture densty In the
mapped zone. Fracture densty IS shown as fractures
per cub[c meter.

fested by an interruption of the unftac-

tured area at about 23,3300 m Nortbing
(northerlydirection).

Significance
of Findings

Surface-to-tunnel tomographic imag-
ing seems to be suitable to produce

estimates of large-scaIe velocity, attenu-
ation and fracture density distributions

at Yucca Mountain. It is found that cer-
tain geometries of fracture distribution

may lead to constructive interference
and consequently to an increase in

amplitudes of the propagating waves.
The repository horizon appears to be
heterogeneous regarding the degree of

fracturing, with the more intensely

fractured areas in the southern part,
while the northern end of the survey
area seems to be less fractured.

Furthermore the alignment of fractures
may vary from the south towards the

north. The East-West drift appears to be

Iocated in an area of relatively unfrac-

tured rock.

Related Publications

Kaelin, B., Seismic imaging of the shal-
low subsurface with high frequency

seismic measurements, Berkeley Lab
report LBNL-42058, Ph. D thesis, UC
Berkeley, California, 1998.

Ihlajer, E.L., iM.A.Feighner, L. Johnson, T
Daley, E. Karageorgi, K.H. Lee, K.

between neighboring source Iocations.These variations need to be Williams and T. lMcEvilIy, Synthesis of borehole and surface
taken into account by static corrections, before the new source geophysical studies at Yucca ihlountain, Nevada, and vicinity,
locations at depth can be used to image the repository horizon. Surface Geophysics, 1. lMilestone Report 0B05LNI, Berkeley
The imaging of the P-wave velocity and attenuation distribution Lab, 1996.
estimates is based on algebmic reconstruction (Peterson, 1986). Peterson, J. E., The application of algebraic reconstruction tech-
However, the most indicative image of the structure of the reposi- niques to geophysical problems, Berkeley Lab report LBNL-
tory horizon is a map of fracture density distribution. In an attempt 21498, Ph.D. thesis, UC Berkeley, California, 1986.
to quantify the fracture properties, we use a relationship between

seismic velocity (P- and S-wave), fracture density, matrix properties Funding
and fluid saturation derived by Kaelin (1998). Figure 2 shows the
fracture distribution across the repository horizon. It is evident This work has been supported by the Director, Office of Civilian
that the southern part of the investigated area is dominated by Radioactive Waste Management, through ihlemorandum Purchase
fracturing (west of the intensely fractured zone encountered ~ Order EA90131MC5X between TRW Environmental Safety
in the tunnel), possibly affected by the Ghost Dance West
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~ Systems, Inc., and Ernest Orlando Lawrence Berkeley
fault. In contrast, the northern part of the area shows less r r r r r r r ill National Laboratory for the Yucca iMOLlntain Site

fracturing, particularly in the vicinity of the East-West drift.
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Investigation
Of Geologic Water Storage

Research Objectives Near Cuzco, Peru site of numerous springs that dis-

charge ground water from the hill
Inca rulers were held accountable slope to the Rio Cachimayo.Although

by their subjects for provisions during Jerry P. Fairley these springs dry up shortly after the

times of adverse conditions. For exam- rainy season, the fountains continue
Contact:

pie, a local ruler in Lambayeque, Peru, Jerry Fairley to run year-round.
was put to death by his subjects dur- (510) 486-4161, jpfairley@?lbl. gov In order to determine whether the

ing an especially severe drought. AS a

result, the Inca developed sophisticated systems for the storage

and distribution of goods such as textiles, maize, beans and other

agricultural products. In much of southern Peru, precipitation

occurs primarily during the monsoon season, and the ability to

store and retrieve water is necessary to ensure consistent supply.

Inca water storage systems consisting of reservoirs, cisterns and

aqueducts are known from many sites. The focus of the present

research is to demonstrate that the stonework at the site of

Tambomachay, about 5 km north of Cuzco, is not merely orna-

mental, as has been assumed by previous authors, but rather
forms the basis of a sophisticated geologic water storage system

not as yet described in the literature.

Approach

The site of Tambomachay is dominated by a series of masonry

walls, ranging from 1 to 3 m in height (Figure 1). The upper two
stone courses are of highquality masonry, with finely fitted stone

joints and smoothly finished faces, while the lower two courses

are of slightly Iowerquality fieldstone construction with mud
mortar. The tiers are separated by terraces of flagstone and
pounded earth. Aside from such ubiquitous features of Inca

architecture as trapezoidal niches and vertically tapered walls,

the principal features of the site are the fountains, which origi-

nate from a small opening in
the main stone course. From

this discharge point, outflow
is led through a series of

channels to feed first a single
and then a double fountain.

On either side of the
masonry walls, the land sur-

face slopes down from a
limestone ridge that marks

the rear of the site to a small
stream (the Rio Cachimayo)

that flows in the valley bot-
tom in front of the stone

construction.
The site receives approxi-

mately 950 mm of rainfall
per year, almost all of which

falls during the monsoon
season. During and shortly

after the monsoon season,
the toe of the slope is the

stone walls act to intercept and store
groundwater in-situ, a field examination of the site for evidence

of increased groundwater levels behind the stone retaining walls

was conducted. Following the field survey, a numerical model

was constructed using the TOUGH2 flow simulator code to illus-

trate the concept of geologic water storage at Tambomachay and

gain insight into the effectiveness of this storage system.

Results

Inspection of the site yielded abundant evidence that the

stone walls act to intercept and store groundwater.The site visit
occurred during the monsoon season. At that time, the soils

behind the walls were obviously at field capacity, and in areas
where foot or livestock trails were incised below the general

land surface, standing water was in evidence. Soils to either side

of the stone walls were damp from recent rains, but appeared
well drained. This observation suggests that recharge entering

the aquifer from precipitation mounds up behind the stone con-

struction, resulting in high saturations behind the walls.To either

side of the stone walls, recharge is free to discharge through the
coarse alluvial sediments to the Rio Cachimayo. Further evidence

of increased water table elevations behind the masonry comes
from inspection of the walls themselves. Although the joints

between the individual stone blocks are too tightly fitted to

Figure 1: The site of Tambomachay, about 5 km north of Cuzco in the southern
Peruvian highlands.

allow significant seepage,

precipitate encrustation
(presumably CaC03) and

moss growth near the top of
the highest tier indicate that

the water table regularly
rises to the height of the

stone retaining walls.
Because the results of the

field survey appeared to
confirm the hypothesis that
the stone walls intercept dis-

charge from ground water, a
model of the site was

devised to illustrate the gen-
eral concept of geologic

water storage and to give
“some bounds on the effi-

ciency of the system. To this
end, the system was mod-

eled in two cases. Case I rep-
resented the hydrologic sys-
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tern before the construction of

the stone retaining walls. It was

modeled in two dimensions as a
square bounded by three no-flow

boundaries and one constant-
head boundary, -which repre-
sented the Rio Cachirnayo. Case II

represented the post-construc-
tion system and -was modeled in

two dimensions as a square sur-
rounded by four no-fIow bound-

aries, -with a small constant head
discharge area representing the
discharge point for the springs

from the stone walls.
The results of modeling for

these two scenarios can be seen
in Figure 2, which represents a

cross section through the aquifer
directly behind the discharge

point. In the figure, distance from
the discharge point (x-axis) and

1.0 ~. .-,- ---------
T=tl.ofl --------------------------- : : :’: : : : : ----

T=~,l~ ---:-::: : : : --------------/’ --
/ ------.-Z . . .. . fi’---’’’’0g7-‘ ,.”.- ----

0.8 - ,’,y,. .. --

b-F7-=!Y=
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Figure 2. Comparison of pre-construction (Case 1)and post-construc-
tion (Case 11)normahzed head levels at Tambomachay for several nor-
mahzed times,

potentiometric head (y-axis)
have been normalized on the aquifer chamcteristic length and

the maximum potentiometric head, respectively, while the time

is shown as the hydrologic equivalent of the Fourier number (the
square of the characteristic length times time, divided by the

aquifer diffusivity). By comparing the curves for the two cases, it
can be seen that the Case II scenario (post-construction) con-

tains significantly greater quantities of water in storage at all
times than the Case I scenario. By assuming reasonable values for

spec~lc storage, hydraulic conductivity, characteristic length,
etc., it can be shown that potentiometric head values in the pre-

construction aquifer would reach a value of 1% of the original
value approximately 19 days after cessation of the monsoon

rains. Using the same parameter vaktes for the Case H aquifer

yields a value of about two years to decrease heads to 1% of their
original values. In addition, although both cases exhibit expo-
nential decay of discharge rate, dimensionless discharge for the

Case I aquifer decreases by more than two orders of magnitude
by a dimensionless time of two units. Over the same period of

time, the Case II aquifer dimensionless discharge decreases by
only about 10%. The effect of this discharge leveling is a nearly

constant flow rate over the entire year for the post-construction
aquifer.

Significance of Findings

~ comparison of the pre- and post-construction system mod-
els clearly indicates the dilemma of the ancient hydrologists: the

natural system contained ade-

quate resources for one or more

years of human use, but under
pre-construction conditions, this
water was exhausted in a mini-

mal amount of time. The elegant

solution of instituting a control
on the discharge boundary
allowed the groundwater
resources to be stored in-situ, and

used at a rate more suitable for
human needs.

It is presently unknown how

prevalent geoIogic storage of
water was in pre-Columbian Latin

America. Ahhough the example
presented in this paper is the only

one observed by the author to

date, the archaeological literature
contains several references to

“elaborated springs; which may
refer to Tambomachay-style water storage systems. The prevalence

of this type of storage method is important, because cuhuml devel-
opment in South America was heavily infhtenced by the availabil-

ity of water. Geologic water storage would aIlow colonization of
otherwise marginal areas and could therefore comprise an impor-
tant controI on settlement patterns not on[y in South America, but

possibly across cultures. For example, a correspondence has been
noted between geologic water storage at Tambomachay and the

seeps at the feet of shallow escarpments that provided water for
iMesa Verde in the Four Corners region of the United States (Y

Scarborough, personal communication). As atTambomachay, many

geologic water storage systems may still be operational, impacting
land use patterns from pre-Columbian through modern times.

Related Publication

FairIey, J. I?, GeoIogic water storage in Pre-Columbian Peru,

Berkeley Lab report LBNL-40581, 1999.
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The Energy Resources Department (ER) Is responsible for two
major program areas: Oil and Gas Explomtion and Development,

and Geothermal Energy Development.

Oil and Gas Exploration
and Development

Multidisciplinary research is being conducted in reservoir
cbacacterization and monitoring, optimization of reservoir per-

formance and environmental protection. Using basic research

studies as a source of innovative concepts, Energy Resources
Department researchers seek to transform these concepts into
tangible products of use to the industry within a time-frame con-

sistent with today’s rapid growth in technology. Reservoir char-

acterization and monitoring involve development of new seis-
mic and electromagnetic techniques focused at the inter-well

scale. Optimization of reservoir performance involves applica-
tion of reservoir engineering and geomechanics principles to

enhance production. The next major step in research will focus
on methods to optimize performance through integration of

monitored geophysical data, production data and reservoir simu-
lation.

.

.

.

Principal research activities include:
Development of single-well seismic technology, including

instrumentation, acquisition and processing
Applications of seismic methods for characterization of frac-

tured reservoirs;
Use of converted waves in cross-well applications;

.

.

.

.

.

●

✎

✎

Development of magnetotelhwics for marine applications;

Development of mid-frequency electromagnetic techniques
with a focus on imaging through casing;
Improved inversion methods for reservoir characterization,

with a focus on combining production and geophysical data;
Application of X-ray C7 and NLMRimaging to study multi-

phase flow processes;
Pore-to-laboratory-scale study of physical properties and

processes, with a focus on controlling phase mobility, pre-
dicting multiphase flow properties and drilling efficiency;

Development of reservoir process-control methods;

Development of new methods to mitigate environmental
effects of petroleum refining and use;
Enhancement of reftig processes using biological tech-

nologies.

Since 1994, the major part of the oil and Gas fiplo~tion and
Development program has been funded through the Natural Gas
and Oil Technology Partnership Program. Begun in 1989, the

partnership was expanded in 1994 and again in 1995 to include
all nine Department of Energy multi-program laboratories, and
has grown over the years to become an important part of the
DOE Oil and Gas Technologies program for the national labora-

tories. Partnership goals are to develop and transfer to the

domestic oil industry the new technologies needed to produce
more oil and gas from the nation’s aging, mature domestic oil

fields, while safeguarding the environment.

Partnership technology areas are:

● Oil and gas recovery technology
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● Diagnostics and imaging technology
● Drilling, completion and stimulation

● Environmental technologies
● Downstream technologies

International and national concern about the variable climac-

tic effects of greenhouse gases produced by burning of fossil
fuels is increasing, while it is also recognized that these fuels wilI

remain a significant energy source welI into the next century. In
response to these concerns, the Energy Resources Program is ini-

tiating research in methane hydrates and geologic sequestration
of C02. These studies are focused on development of technolo-

gies which will minimize the impact of fossil fuel usage on the
environment.

Projects are typically multi-year, are reviewed and reprioritized
annually by industry panels and are collaborations between
national labomtories 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, aquiculture, balneology, etc.).Whh these goals in mind,

existing tools and methodologies are upgraded and new tech-

niques and instrumentations are developed for use in the areas

of geoIogy, geophysics, geochemistry and reservoir engineering.
The program encompasses theoretical, laboratory and field

studies, with an emphasis on a multidisciplinary approach to
solving the problems at hand. Cooperative work with industry,

universities and government agencies draws from Berkeley

Lab’s 25 years of experience in the area of geothermal research

and development.
In recent years, DOE’s geothermal program has become more

industry-driven, and a significant part of the Berkeley Izab effort
has been directed toward industry assistance, especially in the

area of technology transfer and in understanding the nature and
dynamics of The Geysers geothermal field in northern
California, which has begun to show the effects of overex-
ploitation.

At present, the main research activities of the program include:

● Development and enhancement of computer codes for mod-
eling heat and mass transfer in porous and fractured rocks;

● Labomtory investigations of the hydraulic and thermal prop-
erties of fractured and intact reservoir rocks;

● Isotopic and noble gas studies to characterize geothermal flu-

ids and to identify their sources, their potential migration

paths and the comectivity within the geothermal reservoiq
● Documentation of the behavior of geothermal fluids under

commercial production and injection operations (e.g., field

case studies), with spectilc emphasis on The Geysers field.

Funding

The Oil and Gas Exploration and Development program

receives funding from the Fossil Energy, NaturaI Gas and Oil

Technology Partnership Program and Office of Science of the

U.S. Department of Energy. Support is also provided by the Gas

Research Institute (GRI) and direct industry contributions.

Industrial collaboration is an important component of the DOE
Fossil Energy and GRI programs.

The Geothermal Energy Development program receives sLlp-

port from the Office of Energy Efficiency and Renewable Energy,
Office of Geothermal Technologies, of the U.S. Department of

Energy.
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Development of Single-Well
Seismic Imaging

Research Objectives Task 1 – Instrumentation Design

CrossWell seismic-imaging applica-

tions have yielded a variety of tools

Thomas M. Daley
and Ernest L. Majer

and Development
The objective of this task will be to

design and develop prototype instru-

and approaches over the past several mentation to augment current tech-

vears. It has become clear that it is Contact: nology. The project team draws on.
possible to leverage this technology Thomaa Daley

(510) 486-7316, tmdaIey@lbI.gov
past industrial experience, together

to address the next frontier in bore- with computer and laboratory experi-

hole seismology-that of single-well seismic imaging (SWSI). A ments and analysis, to design, fabricate and field test hardware

multi-participant research program in SWSI is being led by concepts for enhancing the signal-to-noise ratio for different sin-

Berkeley Lab and includes Idaho National Engineering and gle-well source/receiver combinations.

Environmental Laboratory, Sandia National Laboratories and

Stanford University. The continuing objective of this project is to Task 2 – Modeling of Wave Propagation in Complex Media

identi@ and provide solutions to fundamental issues surround- Algorithms for performing computational modeling of the

ing single-well seismic imaging in order to evaluate and develop seismic wavefield expected in a single-well recording environ-

the technolofzv in a timelv and cost effective fashion. ment will enable us to investigate a large variety of factors that

may influence the success of this imaging technique. Efforts

Approach

The current work consists

of four interdependent activi-
ties which comprise facets of

the technology required for

the ultimate, successful devel-

opment of single-well seismic

imaging (and required for

improvements in crosswell

imaging). They are (1)

Hardware: sources/receivers,

telemetry/recording, borehole

noise effects, deploymen~ (2)

Modeling: synthetic seismo-

grams, parametric studies,

inversion, optimal designs for

hardware/surveys; (3) Field
Testing: quality data sets, evalu-

ation/validation at well charac-
terized sites; 4) Data

Processing and Interpretation

algorithms, 3-D imaging, noise

reduction, visualization.

We are working closely with

the industry’s 12-company Salt

Imaging Consortium, which is

focused on the use of single-

well surveys to image salt

dome flanks and the Ievemging

of resources from the Urti-well

project in the United Kingdom.

The project is designed around

four major tasks representing
the technologies described

above.
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Figure 1. Schematic of Single-Well Acquisition system, including a 3500-m
fiber-optic cable for data transmission and borehole AIQ converter for data
acquisition. The svstem is shown with five three-component sensors. Also
available is a senior string of 16 hydrophores.

include (1) development of

elastic or viscoelastic wave

propagation algorithms to gen-

erate realistic synthetic seis-
mogmms, and (2) investigation

of the influence of geologic

factors (e.g., curved strata,

overhung salt flanks, diffuse
reflectors) on the quality/util-

ity of acquired data and on var-
ious data acquisition issues,

such as source-receiver offset.

Task 3 – Field Testing and

Data Acquisition

In order to evaluate and

develop a useful methodology,

it must be tested in environ-

ments representative of the

sites of eventual application.

The on-going objective of this

task is to validate and test cur-
rent available methodologies as

well as test new instrumenta-

tion concepts to identify opti-

mal data collection systems,

modeling needs and data-pro

cessing schemes. Initially, DOE-

sponsored efforts concentrated

on interfacing a diverse set of

sources and receivers in order

to allow field testing.

Task 4 – Development and

Application of Software to

Process Single-Well Data

The processing and interpre-

-- -. Z,—.7W ,,. ,, .
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Development of Single-Well Seismic Imaging

Single Well Seismic Imacfirw
tation of single-welf imaging

data is far from routine. The

objective of this task is to

evaluate and aid in the devel-
opment of processing tech-

niques that wilf be needed for

singIe-weIl seismic imaging,
including analysis of various

borehole seismic sources
such as the orbital vibrator.

Results

Our efforts at LBNL have
focused on tasks 1,3 and 4.

Task 1 – Instrumentation

Design and Development

The borehole hardware

originally available was lim-

ited by data transmission

rates possible with standard
wirelines, so a fiber optic

S-wave

Tube-wave

Scatfered
Wave

Figure 2. SWSI data set for orbital vibrator source and three-component sensor.
In-line and cross-line source orientations (leftand right) are shown for horizontal,
horizontal and vertical sensors (top to bottom) for source depths 4380 to 3380 ft
(leftto right).All data had a source/receiver offset of 185 ft. Direct S-wave arrivals,
tube-wave arrivals and scattered wave arrivals are Indicated. Additional pro-
cessing WIIIenhance the scattered and reflected waves while mutmg the direct
P- and S-waves and tube-waves.

design was chosen to increase communication rates and band-
width. Successfully addressed were the design, fabrication and

testing of fiber optic connectors, incIuding transmission through

a seismic source (Conoco AC orbital vibrator) in a borehole envi-

ronment. In addition, Sea Con Inc. completed the adaptation of

the AC orbital vibrator such that it can now be used with the

commercially available P/GSI fiber optic wireline (20,000 ft) in

addition to the LBNL fiber-optic wireline (10,000 ft). Also

acquired by Berkeley Lab was a 0% fiber-optic system, which
will accommodate the Exxon mukilevel receiver system, the

Conoco five-level geophone string or the Conoco 15-level
hydrophore string.This provides great flexibility in data acquisi-

tion capability. A schematic of the current system is shown in

Figure 1.

Task 3 – Field Testing and Data Acquisition

The second salt dome field test was carried out by Berkeley

Lab in November 1998 using the AC orbital vibrator in con-

junction with the CONOCO five-level 3C wall lock receiver
string in well Wilbert =28 inside of the salt dome. The well

exited the salt, giving ground truth on the location of the edge.

Three offsets were acquired (167, 184 and 204 ft), giving a max-

imum of 15-fold. An example of this data is shown in Figure 2.

A full singIe-well ref lection survey was acquired over 1000 ft of

a zone including salt and sediments near the base of the salt

dome.

Task 4 – Development and

Application of Software to

Process Single-Well Data

Travel-time analysis of the

axial vibrator seismic data at

the Bayou Choctaw test site
has been initiated.The goal of

this modeling/analysis is to

identify events that are

potential reflected arrivals
from the nearby salt dome

flank. Several events in the

vertical and horizontal com-

ponent recorded data have

nearly linear moveout at

large source-receiver ranges,

and can be modeled as

mode-converted reflected

arrivaIs.

Significance
of Findings

The successful acquisition of single-well imaging data with a

powerful borehole source (the AC orbital vibrator) and a modern
muIti-channel borehole acquisition system in a oil production

environment leads the way to a new technique in exploration

geophysics. There are immediate applications for imaging the

flanks of salt domes. Another important application will be imag-

ing around horizontal boreholes to find sub-horizontal horizons.

The technology developments of this program will also improve

the state-of-the-art in cross-well seismic imaging.

Related Publications

lMajer, E.L., J.E. Peterson, T.iM.Daley, B. Kaelin, J. Queen, I? D’Onfro

and W. Rizer, Fracture detection using cross-well and single

well surveys, Geophysics, v62, n2, 1997.

Daley,T.M., Single well seismic imaging tests: Nov. 1997 at Bayou

Choctaw Site, Berkeley Lab report LBNL42672, 1998.
DaIey,T.lM., Single weII seismic imaging in a deep borehole using

a piezoelectric orbital vibrator, Berkeley hb report LBNL-

42673,1997.
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Research Objectives

The Rye Patch Reservoir area in

northern Nevada has had preliminary
geothermal resource exploration.

Initial exploration in the late 1980s

and early 1990s resulted in only one

successful well (44-28). Other wells

were either too cold or had no flow.

Vertical Seismic Profiling
At the Rye Patch

Geothermal Field, Nevada

Mark A. Feighner,
Thomas M. Daley

and Ernest L. Majer

Contact:

Thomas Daley
(510) 486-7316, tmdaley@lbl.gov

In 1997 Transpacific Geothermal Inc.

(TGI) proposed a 3-D seismic survey to determine the geologic

structure of the potentially faultzontrolled reservoir.This would

be possibly the first application of the 3-D seismic method to a
geothermal field and therefore of interest to the entire geother-

mal community. The 3-D seismic method has proven an integral

part of modern oil and gas exploration efforts; however, the het-

erogeneous and hydrothermally altered nature of geothermal

reservoirs makes all seismic imaging more difficult. It was not

known if the methods used in the petroleum industry could be
directly transferred to the geothermal industry.

Before conducting a full-scale 3-D survey, DOE contracted

LBNL to investigate the viability of seismic imaging in the Rye

Patch area. LBNL obtained a vertical seismic proffle (VSP) in

nonproducing well 46-28 to test the seismic reflectivity in the
area and to obtain velocity information for designing and poten-

tial processing of the proposed 3-D seismic survey. This initial

borehole seismic study would provide a go/no-go decision for
the larger, costlier 3-D study.

Approach
~

A vertical seismic profile s
o.

(VSP) was recorded in Rye 9
Patch by LBNL between Dec.

11 and Dec. 13, 1997. The

VSP in well 46-28 used

LBNL’s vibroseis source and

a single-level, high tempetz+

tttre, hydraulic wall-locking,
three-component seismome-

ter.’fhe source was a P-wave

vibrator. The source sweep

was 10 to 80 Hz, 10 seconds
(s) long, with a 0.2 s cosine

taper. The borehole geo-

phone used 14Hz vertical

and horizontal geophones.

Six data channels were

recorded: the three geo-
phones, the source pilot, the

vibmtor reference and the

South

... “--4=--Demsr Reflection

lisecond (ins) sample rate, giving a

2.3-s correlated record length.A 1O-HZ

low-cut falter was used; no high-cut fil-

ter was used except for the anti-alias

filter.

Data was acquired from a 600-ft off-

set location northwest of the well,

spanning the depth range in the well

from 1000 to 4200 ft at 40-ft intervals.

Four sweeps were summed in the

field to produce one record. One to three sets of four were

recorded at each depth. Well depths were measured from the

ground level of 4,418 ft. Because of borehole fluid pressures, a

lubricator and packer were used to place the borehole geo-

phone in the well. The geophone had a temperature monitor,

which showed a maximum temperature of 259”E

The VSP dataset was processed to obtain accurate seismic

velocity as a function of depth and to image any reflections in

the data. The fwst step in reflection processing was to balance

wtce amplitudes with an automatic gain control (AGC) of 200

ms, followed by a frequency-wave number (T-IS) filter to remove
the downgoing energy. After this process, there still was some

coherent tube wave noise that was removed using a median dip
filter.’fhis was followed by a 200-ms AGC.After these processing

steps, two prominent, coherent reflectors were present.

Results

Using the velocity model obtained from the first arrival times,

!

-+

Sedimsnts& ‘
VoIcsnIcRocks-

vibrator baseplate accelero-
Ftgure 1. The VSP data are shown here with a geologic cross-section through the

meter. The record length wfi vsp well (46.28) and the pr~du~ingwell (44.28), A strong reflectorcan be seen

12,288 samples at a l-roil- from the elasticunit, which is the main production unit In this geothermal field.

the VSP reflection data are

mapped to depth.The results

are superimposed upon a

cross-section traversing the
VSP well (4628) and the pro-

ducing well (44-28); see
Figure 1.The upper reflector

correlates with the sand-

stone/siltstone (upper mem-

ber) of the Natchez Pass

Formation. This is the main

permeable elastic unit which

produces the thermal fluids

at the Rye Patch wells. It

spans the elevation mnge of
1300-1500 ft above sea level

and is strongly coherent to

about 180 h northwest of

the well. At this point, there

is a loss of the reflection,

possibly due to changes in
rock properties or the pres-

ence of a fault.

The deeper reflector

appears within the lower

>- ,s. - . . . . . ..- -- ,.Z -T,.-. ,--Yca. n--- .-, -%,-.:, .-e.r. r .,-. . ,. . . -. - -- -.. . . . -/------ . -.-x. -. -
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Vertical Seismic Profiling at the Rye Patch Geothermal Field, Nevada

, I

member of the Natchez Pass Formation, and may occur at a lime-

stone/sihstone interface. This reflector is about 400 ft below sea

Ievel and is coherent over 285 ft northwest of the well. This

spans the entire CDP transform range, indicating that this reflec-

tor is more continuous and may continue beyond the mapped

extent. The depth of this reflector is not certain because it occurs
below the Iast sensor and there is no velocity control from direct

arrivals.

Significance of Findings

The VSP data collected at well 46-28 did produce a coherent

reflection from the permeable elastic unit, which is the main pro-

duction unit in this geothermal field at a depth of about 3,000 ft.

Also, seismic attenuation at this borehole was not extreme

enough to limit a 3-D survey.

Based on this information, a “go” decision was made, and a

three-square-mile 3-D seismic survey was collected in August

1998. The processing of this dataset is ongoing, and wilI be

reported at a later date.

Related Publication

Feighner, LM.A.,T.iM. Daley and E.L. iMajer, Results of vertical seis-

mic profiling at well 46-28, Rye Patch Geothermal Field,

Pershing County, Nevada, Berkeley Lab report LBNL-4 1800,

1998.
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Research Objectives

Numerical modeling is an essential

tool for the design and optimization

of production and injection opera-

tions at geothermal reservoirs. The

response to production and reinfec-

tion is governed by the coupling

between fluid flow in fractures and

heat transfer from adjacent matrix

blocks. Furthermore, flow of water,

Characterization of Fractured
Geothermal Reservoirs
Using Inverse Modeling

Stefan Finsterle,
Grimur Bjornsson*

and Karsten Pruess

*Orkustofnun, Reykjavik, Iceland

Contact:
Stefan Finsterle

(510) 486-5205, safinsterle@lbl. gov

steam, gas and heat are strongly affected by the geometric and

hydrological characteristics of the fracture network.

The reliability of model predictions depends on the accuracy

with which these coupled processes are accounted for.

Moreover, the salient features of the geothermal reservoir must
be captured, including the development of an appropriate con-

ceptual model and the determination of thermal and hydrologic

parameters. Inverse modeling-automatic calibmtion of the
numerical model against field data-is a means to obtain model-

related parameters that can be considered optimal for the given
conceptual model. However, the large number of parameters

needed to fully describe coupled nonisothermal multiphase

flow in fractured-porous media often leads to an ill-posed inverse
problem, which is predisposed to yielding nonunique and unsta-

ble solutions.
The general objective of this research is to assess the useful-

ness of inverse modeling for the calibration of geothermal reser-

more, as a result of pressure and tem-

perature variations during production

and injection in high-salinity geother-

mal reservoirs, precipitation or disso-

lution of salt may occur, changing

fracture porosity and thus the overall

permeability of the reservoir. Changes

in sodium chloride concentrations

may therefore contain information

about fluid flow in the fracture net-

work, indicating potential connec-

tions between injection and production wells, which may even-

tually lead to unwanted thermal interference.

The next step is to develop an optimization routine to auto

matically improve the match between the observed data and the

model calculation. A number of nonlinear minimization algo-

rithms have been incorporated into the iTOUGH2 inverse mod-

eling code (Fimsterle, 1999). By performing synthetic data inver-

sions, the contribution of each potential observation to the esti-

mation of relevant input parameters can be determined. For

example, temperature data obtained in production and observa-
tion wells contain aggregate information about hydrologic and

thermal properties of the reservoir, which govern the conduc-

tive heat exchange from the matrix blocks to the flowing fluids
in the fractures. Steam production and flowing enthalpy data as

well as tracer data are likely to contain information about effec-

tive fracture properties on the relevant field scale.
h error analysis is performed after calibration to assess the

voir models. More specKl-

cally, we try to identify the

data that contain relevant 0.9
information regarding fluid

and heat flow in the reser- 0.8
voir. Effective fracture prop-
erties will be estimated, 0.7
potentially improving the >

.-
accum~ ‘f 10ng”term ‘Odel ~ 0.6
predictions.

z

Approach : 0.5
9

The most important ele- ~ O.q

ment in geothermal inverse ~

modeling is a sophisticated 0.3
mt.dtiphase flow simulator,
capable of capturing the 0.2
coupling between fluid flow

and heat transfer.As an exam- ni
pie, extraction of hot fluids “1{ s-o -14.5 -14.0 -13.5 -13.0
and reinfection of cold water

leads to vaporization and Log (Permeability [m’])
condensation effects near

Figure 1. Identification of best-estimate parameter set by minimizing objective
production and injeCtiOn function, ~hi~h in~l~des four datasets. The green lineshows the Inversion search

wells, respectively. Further- path.

uncertainty of the estimated

parameters and to reveal

unwanted parameter correla-

tions. Using inverse model-
ing, the layout of the moni-

toring system can be opti-

mized to reduce estimation

uncertainty. The approach

was tested using data from a
synthetic geothermal reser-

voir, and by simultaneously

matching field data from a

well completion test and

subsequent production.

Results

The iTOUGH2 code was

used to simulate production

from a hypothetical geother-

mal reservoir with high salin-
ity and C02 as the non-con-

densible gas. Due to precipi-

tation of salt near the pro-

duction well and the

tion of fluid reserves

-,-- - - -—-- -

deple-

in the



❑ Characterization of Fractured Geothermal Reservoirs Using Inverse Modeling

reservoir, the production of

steam decIines rapidly and

almost ceases within a rela-

tively short period of time.

After five years of exploita-

tion, condensate is rein-

jecteci a few hundred meters
from the production well.

Injection of cold -water leads

to a reduction of steam satu-

ration in the immediate
vicinity of the injection

wells. Evaporation of injec-

tate, however, increases the

reservoir pressure, driving

steam towards the produc-

tion -well, enhancing both

the rate and enthalpy of the

produced fluid. Time series
of simulated tempemtures,

steam production rates, =,
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2800

Llul-1 L
2600

[c

•1
•1

LLlcl

!
2400

g
~ 2200 ❑
A
; 2000 .

~ 1800
-z
W 1600 ----- ----- ----//

1400- f’
f Discharge

120 ““ I
/

1000 t’ “ 0’ t I I I ! 1 , I , 1 I , I

o 10 20 30 40 50 60 70 80 90
Time (days)

flowing enthalpies and NaCl
~,gure 2. History matching of enthalpy data from the Krafla, Iceland, high-temper-
ature geothermal well kJ-31.

concentrations in the pro-

duction weIl are considered

to be the data available for model calibration. The parameters

studied include fracture spacing, fracture absolute permeabil-

ity, PorosiVt initial reservoir temperature, heat conductivity and
an exponent that describes the change in permeability as a

function of porosity change due to salt dissolution and precip-

itation. Figure 1 shows contours of the objective function—an

integral measure of misfit between all available data and the

corresponding modeI output—in the parameter space spanned

by log-permeability and intrinsic fracture porosity. A unique

parameter set was accurately identified by the minimization
algorithm within a few iterations, as indicated by the green

search path.
In the field study, pressure data from multistep coId water

injections into the high-temperature well KJ-31 at the Krafla

geothermal field, Iceland, were matched simukaneously with
entha[py data observed during the initial discharge period after
well completion @insterle et al., 1999). Figure 2 ShOWS the

enthalpy data (red symbols), along with the simulation results

obtained with an initial pammeter set from a conventional well

test analysis (dashed line), and the best match obtained using

iTOUGH2 (solid line). The estimated fracture properties and ini-

tial steam saturation also honor the pressure data observed dur-

ing the multistep completion test (not shown). WhiIe the pres-

sure data alone can easily be matched using either a single- or

dual-porosi~ model, the inclusion of fmctures is essential to ade-

quately account for the boiling of large quantities of cold
A

drilling water, as evidenced

by the enthalpy data.

Significance
of Findings

The iTOUGH2 analyses

show that a joint inversion

of all available data greatly

improves the identifiability

of key hydrologic and ther-

mal properties affecting

geothermal field perform-

ance. Adding tracer concen-

tration data to the analysis

considerably reduces the

correlation among some of

the parameters, allowing for

a more independent and
more stable estimation of

reservoir properties.

Inverse modeling is a

powerful tooI for the design

of field tests, for the opti-

mization of reinfection operations and for the evaluation of pre-

diction uncertainties from geothermal reservoir simulations.

Combining the characterization efforts from a variety of disci-
plines and making use of all available data obtained during test-

ing or production provides the basis for a better understanding

of nonisothermaI multiphase flow processes, for the develop-

ment of an appropriate conceptual model and for the estimation

of the properties required to perform reliable model predictions.

Related Publications

Finsterle, S., iTOUGH2 user’s guide, BerkeIey Lab report LBNL-

40040,1999.

Finsterle, S., K. Pruess, G. Bjornsson and A. Battistelli,
Characterization of fractured geotherrn.d reservoirs using
inverse modeling, in Proceedings, Dynamics of Fluids in

Fractured Rocks, February 10-12, Berkeley lab report LBNL-

42718, pp. 152-154,1999.
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Comparison of the
Two Most Important

Research Objectives Salton Trough large size and high temperature. The

Geothermal Fields
purpose was to establish the similari-

The Salton Trough is host to the ties and differences between these
most prolitlc geothermal power pro-

Marcelo J. Lippmann,
two Salton Trough fields from the

chrction area in North America. It
Alfred H. Truesdell

earth sciences and developmental
includes the Imperial Valley of south-

and George A. Frye
points of view.

ern California (U.S.) and the Mexicali

Valley of Baja California (Mexico),
Contact: Approach

where a number of hizh-tem~erature Marcelo Linnmann.
(above 180”C) geothermal areas are (510) 486-5035, mjl~p”pmann@lbl .gov Data published in reports, confer-
under commercial production.At present, the installed electrical

generation capacity in the area exceeds 1,000 MW (i.e., in

Mexico, 620MWat Cerro Prieto (CPGF); and in California, 248

MW at Salton Sea (SSGF), 105 MW at East Mesa and 84 MW at

Heber).

The existence of these geothermal fields is due to the region’s

particular geologic environment. The Salton Trough is a broad

structural basin, characterized by high heat flow, tectonic defor-

mation and seismicity, as well as volcanism resulting from tec-
tonic activity that created a series of pull-apart basins and trans-

form faults Iinking the East Pacific Rise to the San Andreas fault

system (Figure 1).

As is typical of geologic systems, all geothermal fields have
unique characteristics; however they also have underlying simi-
larities. The CPGF and SSGF were compared because of their

%x Cerro Prieto Geothermal Field CPGF
SW Salton Sea Geothermal Field SSGF

Y%
“‘: @ .. ‘& Cerro Prieto Fault CPF
“.H -;.-!’zj~..

Imperial Fault IF
“z@- San Antjreas Fault SAF.

N’

...
San Jacinto Fault SJF

4 Elsinore Fault EF

W\ ~“,,of
30kmo—

CaIifomla

Figure 1. Generalized map showing

H.- ._— ..-

the Iocatlon of the Cerro Prieto
(C}GF) and Salton Sea (SSGF) geothermal fields withinthe Salton Trough,
Gulf of California, and the East Pacific Rise tectonic regime.

ence articles and journal papers were assembled and analyzed to

determine the main characteristics of the Cerro Prieto and Salton

Sea geothermal fields. Additional information was obtained from

the California Division of Oil, Gas and Geothermal Resources.

Results

As described by Lippmann et al., 1999, the comparison

between CPGF and SSGF shows that they are alike in certain

aspects and quite different in others. Both have similar geologic

frameworks and maximum measured temperatures (350-370”C).
They differ slightly in lithology (more continental, especially
lacustrine sediments at the SSGF) and ultimate energy capacities

(more than 800 MW at CPG~ more than 1000 iMW at SSGF).

However, there are large differences in the chemistry of their

geothermal fluids (Figure 2) and in the amount of evaporates and

sulfides in their sedimentary columns, both being higher at SSGE

Different conceptual models apply to the two fields.
The contrast in fluid chemistries is explained by the positions

of the fields with respect to the crest of the Colorado River delta.

South of the crest, in an area in good communication with the

6

1

! - Salton Sea SSSDP
— Seawater
— Reykjanes8 ,

71 1 f i 1 d 1 i 1 1

U K Na Mg Co S04 Cl Br SO.2

Figure 2. Chemical composklons of aquifer flulds from Cerro Pneto well
M-5 and Salton Sea SSSDP well State 2-14 compared to those of nor-
mal seawater and Reykjanes, Iceland, well 8 (geothermal fluld compo-
sitions calculated for reservoir condlttons).



❑ Comparison of the Two Most Important SaIton Trough Geothermal Fields

North Colorado South

River Delta

SSGF
CPGF

Salton

+

(full ()/

Depression

f

.. ( ,1///fJr,,],]
mean sea level ---------- ---------Al ;~ ---------- ---: -’ --------------- --

Rising Plumes of Brine

Fjgure 3 Schematic model of the Salton Trough when the pull-apart basins “moved” mto the areas of the
Salton Sea (SSGF) and Cerro Pneto (CPGF) geothermal fields

sea (i.e., the Gulf of California to the south), salts do not accu-
mulate in the deltaic sediments because surface and groundwa-

ters tend to flow toward the gulf. On the other hand, at the SSG~

located in the closed Salton depression north of the delta crest,

salts have accumulated because waters can only leave the basin

by evaporation.

In both areas concentrated brines itilltrated and accumulated

in deep sediments of the Salton Trough. At SSGF the brines had
higher salinities and were of continental origin, while at CPGF

they -were less concentrated and mainly marine. When the pull-

apart basins “moved” into these two areas and the areas were
heated by igneous intrusions, the brines were mobilized, forming

diapirs (domes) which did not reach the ground surface (Figure

3). At CPGF mixing of the ascending brines with less saline
groundwaters was significant, while at SSG~ because of the

higher density contrast between the brines and the local ground-
waters, mixing was minor.

The need to solve the problems of handling the higher salin-
ity (and corrosivity) of the SSGF fluids, as well as differences in

U.S. public policy and economic considerations were the main
factors that delayed the development of SSGF compared to that

of CPGF in lMexico.

Significance of Findings

From the explotzttion and development points of view it is
inlportant to recognize dtiferences and similarities between .

The presently installed electrical generation capacities at

CPGF and SSGF are 620 and 248 ~, respectively, making them

the largest deveIoped liquid-dominated geothermal systems in

iMexico and the United States; additional power plants are

planned in both fields. A good conceptualization of the geohy-

drologic systems will help optimize the expansion of the well-

fields and reduce the impact of large-scale fluid production and

injection on the geothermal reservoirs.

Further expansion of geothermal electricity production in the

Salton Trough will depend on economic factors, although public

poIicy in favor of renewable energy -e.g., to meet Kyoto global

warming goals—may foster development. Therefore in the

future, the comparison will be extended to other fields in the

region.

Related Publication

Lippmann, M., A. Truesdell and G. Frye, The Cerro Prieto and

Salton Sea geothermal fields—Are they really alike?,

Proceechngs, 24nd Workshop on Geothermal Reservoir
Engineering, Stanford, CA,Jan. 25-27, 1999 (in press).
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Research Objectives

The objective of this project is

offer easy-to-use graphical software

Surveillance and Supervisory
Control of Waterflood

gas responses to waterflood.

Tadeusz W. Patzek Waterflood failures are caused by

to and Asoke De direct injector-producer coupling,

to water breakthrough in some layers,

monitor waterflood performance and

show ways of increasing oil produc-

tion while limiting reservoir damage

Contact:
Tadeusz Patzek
(51 O) 643-5834,

Patzek@patzek. berkeley.edu

poor displacement efficiency and

reservoir damage due to catastrophic

hydrofracture extensions. Excessive

from water injection. The software

should be data-driven, but it should have several processdepend-

ent plug-in models of water infectivity, oil and gas productivity,

waterflood response, spatial relationships in injection and pro-

duction data and their cross-correlations.We also should be able

to perform simple inversions of field data. Finally, the software

should be intuitive, simply point-and-click and robust.

We have focused on waterflood in low-permeability rock with

close well spacing, where fluid flow is linear and transient and

all wells are hydrofractured. The injection fractures may grow,

catastrophically at times, and production hydrofractures may

shrink. For each injector, the injection rate and pressure can be

inverted into the hydrofracture area as a function of time. Our

approach is object-oriented, making it relatively easy to switch to
other types of waterflood or altogether different fluid injection

processes.

Approach

Supervisory control of waterflood requires continuous sur-

veillance of the water injec-

tion-oil production relation-

ships. Accordingly, we have

developed an interactive

software tool called Analyzer

using the Matlab@ 10 pro-

gramming environment. This
software has been developed

for waterfloods in low-per-

meability reservoirs where
all wells are hydrofractured.

Analyzer lets us:
● Examine the producer and

injector well histories,

develop maps of field

productivity and infectiv-

ity, and quantify injector-

producer interactions.

● Model cumulative oil,

water and gas production

of individual wells, as

well as the field as a

whole.

● Estimate the reservoir

properties based on the
primary production data.

● Analyze the oil, water and

400

200

0

0

waterflooding, under an assumption

that maximizing water injection will maximize oil production,

leads to well-failure and causes reservoir damage. Over time, a
constant injection rate at constant pressure causes, albeit inad-

vertently, hydrofracture extensions and reservoir damage. In

order to operate the injection wells successfully and prevent cat-

astrophic hydrofracture extensions, reservoir damage and well

failures, we need to measure the dynamics of hydrofracture

growth in response to fluid injection.We have used two different

approaches for the characterization of injection hydroftactures.

One is based on an inversion of the injection data, while the

other is based on periodic hydraulic impedance testing of the

injection wells.
Hydraulic impedance testing involves monitoring the tran-

sient response of the injection well-hydrofracture system to a
shortdumtion pressure pulse genemted at the wellhead. The

fracture size is then estimated from the pressure response.

Results

In this project, we have

had access to complete pro-

duction and injection data

o

, Ft

Northing,Ft

Figure 1. Relationship behveen the water injection and 011production In a water-
flood.

from several large water-

flood projects in the South-

and Middle-Belridge

Diatomite and Lost Hills.

These fields are located in

the San Joaquin Valley, Calif.

The field data were used to

test the various features of

Analyzer.
When we choose a partic-

ular field for analysis,

Analyzer displays a map of

the field showing all its pro-

ducers and injectors. A user

can click on any given well

and examine its production

or injection history. In addi-
tion, Analyzer allows com-

parisons of the perform-

ances of several producers

or injectors through an

interactive plot option.

Analyzer can also quantih

interactions between a sin-
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gle injector and its neighboring produc-

ers. By cross correlating the injection

and the production data, AnaIyzer identi-

fies injector-producer linkage as water

breakthrough at a producer caused by a

given injector. In addition, Analyzer lets

us examine the domain of influence of
injectors and producers. The influence

diagram helps to identi@ improper welI

placements, and inefficiencies, if any, of
waterffood and oil production.

One of the important issues is to iden-

tify the inffuence of waterflood on oil

production. Analyzer provides various

options for examining the injection-pro-

duction relationship. One of them is a
three-dimensional animation of the field-

wide water injection and oiI production

profiIes. We illustrate this in Figure 1,

which shows a snapshot in time of the

field-wide water infectivity and oiI pro-

ductivity for a diatomite waterflood.The

peaks represent injection highs,
whereas the shading represents oil pro-

duction. Regions of low oil production
are marked in blue, while high produc-

tion regions are marked in red. Note that

maximum oil productivity is in regions

of low-to-moderate water injection,
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Estimation of inJectlon hydrofracture growth
from the cumulatwe inJectionvolume and Injection pres-
sure data.

while high injection is associated with low oil productivity. This

suggests that the injection policy for the fie[d is sub-optimal and

needs to be improved.

Successful operation of water injectors requires knowledge of

the dynamics of injection hydrofracture growth. Analyzer esti-

mates this growth through an inversion of injection data,as

shown in Figure 2.
Our research has shown that an injection well and its associ-

ated fractures can be modeled as a Iossy transmission line net-

work. The model parameters for the well are determined com-

pletely by the well geometry and the fluid properties. The frac-

ture characteristics are determined either by matching the meas-

ured hydraulic impedance test response of a well with the simu-

Iated response or by model-based inversion of the transient

response data. An independent measure of the dynamics of

hydrofracture growth is, therefore,

obtainable through periodic hydmulic
impedance testing of injection

hydrofractures.

Significance
of Findings

We have developed Analyiier, an
interactive software tool for complete

surveillance of waterfloods. Our soft-
ware allows one to identifi deficien-

cies in water injection policies, immi-
nent injector-producer linkage and

water breakthrough at producers.

Analyzer also provides an estimate of
the hydrofracture size. In addition, we

have shown that an independent meas-

ure of the dynamics of hydrofracture

growth can be obtained through peri-

odic hydraulic impedance testing at
the injection wells. It is expected that

the surveillance software, along with

the hydraulic impedance testing

methodology, will provide adequate

inputs for a supervisory control system

that strives to optimize the perform-

ance of waterfloods.

Related Publications

Patzek, T.W., and A. De, Lossy transmission Iine model of

hydrofractured well dynamics, paperSPE46195 presented at

SPE 1998 Western Regional Meeting, Bakersfield, Calif., May
10-13, 1998.
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Control of Fluid Injection
Into a Low-Permeability Rock

Research Objectives

About one-third of the world’s

crude oil and a comparable fraction of

Tadeusz W. Patzek
and Dmitriy B. Silin

oil reserves in the United States are Contact:
locked in low-permeability rocks. Tadeusz Patzek

Low-permeability fractured oil reser-
(510) 643-5834,

Patzek@patzek. berkeley.edu
voirs, such as the Austin Chalk, the

West Texas carbonates or the California diatomites hold tens of

billions of barrels of oil. For example, in the diatomites, 10 years

of primary recovery yield only 2.5-6% of estimated original oil in

place. Primary production leads to reservoir compaction and

well damage, and must be stopped.
The low-permeability diatomite reservoirs present a tremen-

dous target for incremental recovery by water and steam injec-

tion. Steam can displace oil without contacting it directly, but it

is very expensive, and its low density makes stable control of

injection a very difficult task. Thus, we have focused our efforts Results
on the analysis, modeling and control

of water injection into low-perme-

ability fractured rocks.
The purpose of this project is to

design and implement a “smart” con-

troller of water, steam or C02 injection

into a low-permeability fractured

rock. Analysis of the reasons of poor

past performance of such controllers

in critical situations led us to a new
design. Our controller is based on opti-

mal control principles; it “under-

stands” the dynamics of fluid injection

and remains stable even during cata-

strophic hydrofracture extension.

Approach

Current waterflood projects main-

tain a field-wide injection rate at a con-

stant level. Thus, the growth of injec-

tion hydrofmctures is inevitable. Very

low permeability rocks require spe-

cific techniques for modeling the

propagation of pressure away from the

hydrofncture, as well as boundary

conditions on the hydrofractttre that

differ from those used currently.

We propose to apply the Gordeev-

Entov self-similar solution for charac-

terization of pressure propagation.

Since this solution is exact, it helps in

comprehending the most important

features of the process. Moreover, it

can be used to build stable numerical

schemes of high precision in spite of

singularities at the tips of the fracture.

The results of this modeling have

been plugged into the controller

design.

We have also developed the capa-

bility of inverting the injection pres-

sure and mte into controller input.

The controller requires three basic

input parameters: the history of cumulative injection, the history

of injection pressure and the history of hydrofracture growth.

The first two parameters are normally collected and stored any-

way, whereas the technique for the estimation of the last one is

more complicated. We use inverse modeling to estimate the last

parameter. Such an approach may require some experimental

calibration, but after that the fracture size will be provided as the

controller input at no additional cost.
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Figure 2. Pressure distribution after 730 days of rejection.

pressure propagation model—

The Gordeyev-Entov self-similar
solution is an exact two-dimensional

solution of the boundary-value prob-

lem for pressure propagation from a

growing hydrofracture. Using

Duhamel’s principle we have

enhanced this solution to include
time-dependent injection pressure.

AS an example, we have modeled

a portion of Section 33 in the South

Behidge Diatomite Field. As we can

observe from Figures 1 and 2, the

pressure propagates almost perpen-

dicularly to the fracture face. The

pressure changes very little at a dis-

tance of 150 h from the fracture face

and remains almost unperturbed

even after 10 years of injection

(Figure 3).

Accounting for the layered struc-

ture of the rock, we have compared

the pressure propagation rates in dif-
ferent layers (see Figure 4). One can

observe that although the pressure
propagation in some layers is very

slow, in others there is a real danger

of establishing links between the
injector and the neighboring pro-

ducers (compare layers I and K.)

Fracture size estimation—We

have developed an inversion proce-
dure, which allows us to obtain one

of the controller input-parameters

-
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without additional measurements and therefore at no extra cost.

Comparison of the results of inversion and the results of other
ftacture estimation techniques will allow us to scale and tune up

the model and the controller. For this purpose we have consid-
ered the dimensionless relative fracture size instead of absohlte

dimensions. In order to obtain the estimate, we solve a VoIterm

integml equation generated from a Carter-like mass-balance

model. Figure 5 illustmtes application of this procedure to real

data. The top plot shows cumulative injection versus time. The

second plot shows the injection pressure history versus time.

The bottom plot shows the relative effective hydrofracture size

estimate. Since the estimated parameter itseIf incorporates the

fracture size along with the changes in the formation perme-

ability, we caII it “effective fracture area.”

Significance of Findings

Our analysis of pressure propagation in low-permeability
rocks has provided insights crucial to the design and implemen-

tation of a “smart’’controlIer of water, steam or C02.

Our inversion technique for estimating the effective

hydrofracture size allows obtaining an additional controller

input parameter at no extra cost. Practical implementation of the

results described here—combined with our Waterflood AnaIyzer

software-will lead first to the creation of a cradle-to-grave
automated or semi-automated system of control and manage-

ment of waterflood projects.

D!stmcefrctnthefracture[t]
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Dynamic Reservoir
Characterization

Research Objectives Through the Use of

The objective of this project is to Surface Expression Data
develop a methodology to character-

ize a reservoir though the use of sur- Don Vasco and Kenzi Karasaki

face expression data such as the dis-
Contact:

placements and surface tilts induced Don Vasco
by pumping or injection.An inversion (510) 486-5206, dwvasco@lbl.gov

algorithm that jointly inverts such sur-

face data and the pressure data is being developed. The results of

the inversion will be the map of the pressure changes in the

reservoir.This can be a cost-effective remote-sensing technology

for obtaining information regarding the reservoir flow geometry,

which is a critical piece of information for successful reservoir

development/management.

Approach

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

causes volume changes in the reservoir, which in turn induce dis-

placements on the ground surfhce. K the reservoir is horizontal
and homogeneous, the induced displacements will be distrib-

uted concentrically around

the production/injection

borehole. In the case of the
surface tilts, tilt vectors will

be radially convergent to or
divergent from the bore-

hole. If a preferential flow

path such as a fault zone
exists in the reservoir,

which is often the case in

geothermal reservoirs, the

flow will mostly occur

along the fauIt.The distribu-

tion of the volume change

and subsequent surface dis-
placements will be skewed.

An inversion algorithm can
then be used to estimate the

distribution of the volume

changes in the reservoir. For
example, a vertical fault

zone would produce a lirt-

ear trough in the inverted

image. The larger the vol-

ume change at a particular

location, the more fluid has

likely moved into or out of

the location. The distribu-

tion of volume change is

tightly coupled with that of

the reservoir flow proper-

ties: permeability and com-

pressibility. A joint inversion of sur-

face displacements and reservoir pres-

sure should satisfy both constraints.

Surface expressions of such reser-
voir dynamics can be monitored by

using high precision tiltmeters, GPS

(global positioning system), laser level

gages and even SAR (synthetic aper-

ture radar), depending on the magni-

tude of the displacements. A large number of measurement

points are necessary to reliably estimate the distribution of

reservoir volume changes to infer the flow geometry. iMonitoring

of the surface expressions at or near the surface, however, costs

very little compared to drilling a corresponding set of boreholes

and installing pressure sensors in them. This remote-sensing

approach also provides independent data of the reservoir

dynamics that can be used to cordkrn/refute the reservoir model

based on the borehole data alone.

A series of fluid injections were conducted in a geothermal
reservoir at Hijiori, Japan, as part of the JAPEX-LBNL collabora-

tive research project. Ten high-precision tiltmeters (Pinnacle
Technologies, Inc.) were installed in shallow boreholes near and
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Figure 1. (a) Comparison of observed and predicted tiltdata overlaid on the Hgion
site map; (b) Calculated volume change map in the shallow layer (0.5-1.0 km), (c)
Calculated volume change map in the deeper layer (1.0-2.0 km).

around injection well HDR-

1, located at the southern

edge of the Hijiori caldem.

The granodiorite bedrock

was encountered at a depth

of 1,450 m in HDR-1. The
injection intervaI was from

a depth of2,151 m (bottom

of casing) to 2,205 m (bot-

tom of the well). A series of

four injections were con-

ducted in November 1998,

during which the surface

tilts were monitored.

Results

The inversion results of

the four injections indicate

volume change to the east

or to the southeast. This

agrees with independent

acoustic emission and pump

test results. We discuss the

results from the stage-4

injection conducted on Nov.

20, 1998, in more detaiLThe

duration was approximately
five hours. In total, approxi-

mately 110,000 liters of

water were injected during

the six hours of stages 3 and
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Dynamic Reservoir Characterization Through the Use of Surface Expression Data

4. There was a clear tilt signal coinciding with the initiation of the

injection. The complete set of tilt vectors, corresponding to the

first hour of injection, is shown in Figure la. There is a fair bit of

scatter in the tilt directions and magnitudes. However, the two

southeasterrunost tiltmeters display consistent and strong tilting

to the north. The peak signal, associated with tiltmeter 1, exceeds

0.1 micro-mdians and lies well above the instrument noise. The

inverted volume increase in the granodiorite, based on the one-

Iayer model with a 20 x 20 grid, is offset to the east by more than

0.7 km from injection well HDR-1 .The pattern of volume increase

is elongated in an east-west direction.The location of the peak vol-

ume change coincides with the southern edge of the volume

change associated with the stage-3 injection event. Also, the loca-
tion of the volume change during stage4 injection appears to be

an eastward extension of the volume change in stage 2. The east-

west orientation agrees with acoustic emission information,

which suggests east-west flow from HDR- 1. In addition, previous

analysis of 1995 circulation tests in HDR- 1 and surrounding wells

indicated an extension of fractures and water loss to the east.

Because the stage-4 injection involved a much larger volume

than the other injections and the data appeared to have a higher

signal-to-noise ratio, we constructed a more detailed model of
subsurface volume change. In particular, we attempted to fit a

two-layer model with a deeper layer (1 .0-2.0 km) and a shallower

layer (0.5- 1.0 km). Each layer consisted of a 15 x 15 grid of cells,

in which each ceil could undergo a distinct vohtme change. We

conducted an inversion of the stage 4 data (Tigure la) using this
model parameterization. The result is shown in Figure 1b and 1c.

In the deeper layer (1.0-2.0 km) we still observe the largest vol-

ume change to the southeast of HDR-1 as in our one-layer inver-

sion. However, there is a secondary area of volume change to the

west of HDR- 1, elongated in the north-south direction. In the

uPPermost layer (0.5- 1.0 km) the deep southeast body extends
upward in depth. In addition, there is an arm of volume change

extending from the western body to the east. Interestingly, this

extension in part coincides with a river, which crosses the

caldera in a roughIy east-west direction. The river is thought to

follow a zone of weakness, hypothesized to be a fault, within the

caIdera. It is an intriguing possibility that some fluid has migrated

along this zone of weakness. However, more (and higher quality)

data is required to better constrain the volume change. Note that

the two-layer model has predicted surface tilt which is very close

to the observed data (Figure la) both in direction and magni-

tude. We conchtde that some degree of shallow (0.5- 1.0 km) vol-

ume change is needed to match the high displacement gradients

observed in the data.

Significance of Findings

High-precision tiltmeters can be used to monitor the surface

expression of reservoir dynamics. An inversion algorithm can be

used to infer the reservoir flow geometry. The technique can be

used to better manage/explore operating reservoirs. It can also

be used to track the injected mass of C02 during the planned

deep geologic sequestration effort.
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Research Objectives

Injection of spent production fluids

back into geothermal reservoirs from
which they are produced is widely

recognized as the single-most impor-

tant factor in maintaining reservoir

pressure and extending the produc-

tive lives of geothermal fields. Injectate

is always colder than reservoir fluids,

so eventually returning injectate will

Natural Geochemical Tracers
For lnjectate Fluids

At Dixie Valley, Nevada

B. Mack Kennedy, Cathy

Richard Benoit+ and D.L.

*U.S. Geological Survey

+Oxbow Geothermal

Contact:
B. Mack Kennedy

Janik*

Shuster

(510) 486-6451, bmkennedy@lbl.gov

cool individual production wells and entire reservoirs.To predict

the onset of cooling, it is necessary to develop reliable techniques

to determine the volume of injectate co-produced with the reser-

voir fluid and the rate at which the injectate return increases.

The injected fluids are the brines residual to steam production.

Therefore, the injectate is enriched in chloride and heavy iso-

topes of water (lSO and D) and depleted in low-volubility non-

condensable gases relative to the production fluids.These natural

tracers have been utilized at several geothermal fields to monitor

injectme returns. However, their reliability as a quantitative meas-
ure of injectate return relies on several assumptions, most notably

that there is a single homogenized geothermal fluid into which

the injectate is mixed. Since most geothermal systems are com-

prised of fluids from several sources, this assumption is rarely

realized. By comparing different natural tracers, the objective of
this study was to evaluate their quantitative reliability.

Approach

Injection into the Dixie

Valley, Nevada, geothermal

reservoir began in September

1988, about three months

after the field commenced
production. Since the onset of

production the chemistry of

the production and injectate

fluids have been thoroughly
documented, with analyses of

quarterly brine samples

(Benoit, 1992) and intermit-

tent water isotope analyses. In

the past two years, analyses of

low volubility noble gases have

been obtained to give a com-
plete evaluation of the avail-

able natuml chemical tracers

in a geothermal field that has

been well documented.

Results

Almost immediately after injection

commenced and continuing over the

last 10 years the chloride concentra-

tion of the production fluids has

increased, suggesting significant

return of injectate. However, at Dixie

Valley every part of the reservoir that

was chemically sampled prior to the

onset of injection had a different chb

ride content. Pre-flash chloride contents ranged from 250 to 400

ppm and showed an inverse chloride/enthalpy relationship:

cooler waters have progressively higher chloride contents.

Therefore, increasing chloride concentrations may not reflect

injectate returns. AXIyinflow of cooler indigenous water would

also increase chloride concentmtions.

During the flash process at Dixie Valley the light water iso

topes (lCO and H) are preferentially partitioned into the steam

fktction, leaving a residual brine enriched in the heavy isotopes.

The dominant trend in the isotopic history of the produced fluid
between 1986 and 1998 is a progressive enrichment of about 2%o
in 51S0 and 8%0 in 6D following the start of injection.This is also

consistent with co-production of injectate and supports the inter-
pretation of the chloride concentration trends.

The noble gases are particularly well suited for tracing injec-

tate because their solttbilities are low, mass-dependent and are

known as a function of temperature up to the critical point of
water. At Dixie Valley, the concentmtion of noble gases in the

injectate will be about 1-10% of that in the pre-flashed production
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Figure 1. The volume fraction of injectate fluid calculated from the 36Ar abun-
dances, assuming that the well data represent mixtures of 2cY’Cair-saturated
water and spent brine.

fluid and the 1997-98 produc-

tion fluids are significantly

depleted in noble gases, consis-

tent with the addition of gas-
poor injectate.

The volume fractions of co-

produced injectate fluid

(v@T,oti), c~culated from all
three independent tracers using

the 1998 data set, are in very

good agreement, despite the
assumptions and potential
uncertainties. This implies that

chloride concentmtions at Dixie

Valley can be used with contl

dence to assess the volume frac-

tion of injectate fluid in the pro-

duction streams. This is very
important because chloride

data exists for the entire 1988-

98 production/injection period
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Natural Geochemical Tracera for lnjectate Fluids at Dixie Valley

(Figure 1), which can be used to

model the change in the

Vtifltotd mtios (Figure 2) with
continued production and injec-

tion.

The Section 33 reservoir

(dashdot Iinein Figure 2) has

behaved in a very different man-

ner than the Section 7 reservoir

(dotted line). The very rapid rise
in the volume of injectate fluid

co-produced with Section 33

reservoir fluids suggests a very

high degree of connectivity

between the injectors and the

Section 33 producing wells.
However, in late 1992, the vol-

ume of co-produced injectate

began to decline.llis may reflect
a change in the hydraulic con-

nectivity induced by water table

drawdown isolating the reservoir

I Dixie ValIey
~ 63-7

08

t

0.6 -

0.4 -

02 -

0.0 -

v
76-7
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v/
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●
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Assumes
Sec. 7 [Cl]-= 300 ppm
See33[Cl]ti=250ppm

-021
1986 19s43 1990 1992 1994 1996 1998 2

Collection Date

Figure 2, The yearly average volume ratios of co-produced Injectate
fluid calculated from the yearly average chloride data for the production
wells and injectate.Opan symbols: southern Section 7 production wells.
Closed symbols: northern Section 33 wells.

from the pathway supplying the injectate. Alternatively, the early

rise in chloride concentration in Section 33 resulted from the inva-

sion of any of the other known higher chloride indigenous fluids.
The volume of co-produced injectate in Section 7 wells has

increased linearly with tie at a rate of about 5-7% per year. It is

also noteworthy that the range in chloride concentrations

between Section 7 wells has d~shed over the same period of

time, resuh.ing in a rather homogeneous fluid which is about 61%
injectate.The true volume fraction of injectate may be as high as

100%, because afler 1994 the chloride contents in the Section 7

producers have exceeded the initial injectate concentrations

(Figure 1).

Assuming that the injectate fluid gradually replaced the origi-

nal fluid by pushing the latter out of the fractures and into the

production wells, an upper limit on the fracture volume for the

system can be estimated from the total volume of fluid injected at

Dixie Valley. Once the production fluids reached a chloride con-
tent equal to the original injectate concentmtion, the total volume

injected would approximate the local fracture volume. This

required about six years and took 206 x 109 lbs of injectate, cor-

responding to a fracture volume of about 0.12 kd. If it is further

assumed that the porosity provided by the fracture network is

about 1%, this implies a reservoir volume of about 12 led.

Significance
of Findings

Perhaps the most challenging

aspect of geothermal reservoir

engineering is to be able to pre-

dict thermal breakthrough—the

onset of cooling in production

wells resulting from COOI fluids
returning from injection wells.

Addressing this challenge

requires, among other things, the

ability to quantitatively assess and

model injectate returns. At Dixie

Valley, good agreement between

the calculated volume fmction of
injectate in the production stream

(Vinj/VtOtal), determined using

three independent natural tracers

(Cl, noble gases and water iso-

topes), suggests that chloride

changes can be used as a viable
proxy for monitoring injectate returns. Continued monitoring of

the production and injectate fluid chloride, water isotopes, and

noble gas concentrations could lead to a better understanding of

the relative flux of the indigenous geothermal fluid into the reser-
voir and provide additional constmints for future modeling efforts.

Related Publications

Kennedy, B.M., C. Janik, D. Benoit and D.L. Shuster, Natural geo-

chetnical tracers for injectate fluids at Dixie Valley, in

Proceedings of the Twenty-Fourth Workshop on Geothermal

Reservoir Engineering, Stanford University, Stanford,

California, in press.

Benoit, R., A case history of injection through 1991 at Dixie Valley,
Nevada, Geothermal Resources Council, Trans., 16, pp. 611-

620,1992.
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Research

Geothermal

TVD Schemes for
Phase-Front Propagation

Objectives In Geothermal Reservoirs Approach

.1

reservoir engineering

requires accurate numerical solution
Curtis M. Oldenburg

of advective-diffusive transport equa-
and Karsten Pruess

We compare upstream weighting

to the LTVD scheme for a phase-front

propagation problem where boiling

tions.The standard weighting scheme Contact: progressively diminishes the liquid

used in numerical simulators to Curtis Oldenburg saturation ahead of the reinfected

approximate saturation or relative (510) 486-7419, cmoIdenbUrg@lbl. gov
,

fluid. In the problem, cold water (T =

permeability at gridblock interfaces is

upstream weighting, a scheme that is very stable but also known

to produce numerical dispersion. Numerical dispersion degrades

the accuracy of strongly advective flow problems by artificially

smoothing sharp fronts. Artiicial smoothing in reservoir engi-

neering can lead to errors in prediction of thermal breakthrough

and tracer arrival times, as well as nonphysical dilution. Phase-

front propagation is typically self-sharpening due to the effects

of relative permeability and is therefore less prone to numerical

dispersion. However, in

phase-front propagation

problems with boiling, phase
saturation is strongly cou-

pled to temperature. In such
cases, numerical dispersion

of the thermal energy equa-
tion can lead to inaccurate

modeling of phase-front

propagation. Numerical dis-
persion can be diminished

by grid refinement, but this
can greatly increase execu-

tion times and computer

memory requirements.

Another approach for

reducing numerical disper-
sion is to use higher-order

differencing schemes. The

objective of this research is

to develop and test methods

of efficiently decreasing

numerical dispersion for

improved geothermal reser-

voir simulation. We have

implemented total variation
diminishing (TVD) higher-

order differencing schemes
in TOUGH2. Here we demon-

strate application of the

Leonard TVD (LTVD)

scheme to a geothermal flow

problem involving phase-

front propagation and boil-
ing.

30” C) is injected into a 200-m-long
one-dimensional single-continuum flow domain. The system is

initially nearly single-phase liquid at the saturated vapor pressure

(PO = 85.93 bar) at TO = 300” C. A schematic diagram of the sys-
tem and initial and boundary conditions are shown in the upper

part of Figure 1. The flow begins by injection of cold water on

the left at a rate of 0.4 kg/s and by production of mass at the

same rate from the other side. The production at the right-hand

side lowers the pressure and induces boiling.

TO=300”C

PO=85.93 bar

S,,I)=O.99

Tin=300C

qin=0.4 kgls qOut=-0.4 kgls

o Y (m) 200 m

t t
,/ L I
, / ,’ 1,’I
,f
,1;;
,1, ;
,1

.,1; ;
,1 ‘Rt=6mo.,1;,,!,,1 \
\

,1, ;

\

t=4mo.1,;},1, ; t=2mo.,1,1;,1, ; t=lmo.I1;;
I II
1,,
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Illill --- Temperature‘/{
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Y (m)
Figure 1. Uppec Boundary and initialconditions for the one-dimensional injection
and production problem. Lower: Liquid saturation and temperature for the geo-
thermal injection and production problem with LIVD.

Results

Results for the LTVD dif-
ferencing scheme with 100

gridblocks are shown in the

lower part of Figure 1,
through profiles of liquid

saturation (dashed lines)

and temperature (solid
lines). Results for upstream
weighting were very similar,

except the phase front was
approximately 10 m farther

advanced to the right-hand

side relative to the LTVD

result. The advancement of
the upstream-weighted
phase front relative to the

LTVD phase front occurs

because upstream weighting

produces greater smearing

of the temperature front, so

that saturation tempemture
at prevailing pressures is

reached at a somewhat

larger distance from the

injection point. The phase

transition to tw~phase con-

ditions therefore also occurs

farther from the injection

point.
The differences between

the upstream and LTVD

schemes decrease with

—, _-—..—..



TVD Schemes for Phase-Front Propagation in Geothermal Reservoirs
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Figure 2, Phase front locatlon vs. grid resolution for upstream weighting and
LTVD schemes at t = six months.

increased spatial resolution. We show in Figure 2 a summary of

the results of phase-front location at a time of sixmonths as a

function of the number of gridblocks. Note in Figure 2 that the

two schemes are converging slowly but that the LTVD scheme is

closer to the grid-converged resuk at much coarser resolution. In

this problem, the improved approximations in the thermal

energy equation using L~ give rise to the more accurate
phase-front locations.

Significance of Findings

The LTVD scheme has proven to be robust and efficient for

complex rnultiphase and multicomponent nonisothermal flow
problems relevant to geothermal reservoir engineering. In geot-

hermal injection and production problems where boiling occurs,

the location of the phase front may be very sensitive to the

choice of weighting scheme. Our simulations show that the

L~ scheme is more accurate for the boiling front probIem at a

given discretization than upstream weighting, but that tempera-

ture and satumtion front propagation are sensitive to grid reso-

lution for both schemes.

Related Publication

Oldenburg, C.IM., and K. Pruess, Simulation of propagating fronts
in geothermal reservoirs with the implicit Leonard total vari-

ation diminishing scheme, Geothermics, in press.
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Fluctuations in Elastic Waves
Due to Random Scattering

Research Objectives From Inclusions

The problem of elastic wave propa-

gation through heterogeneous media Valeri Korneev and Lane Johnson

is encountered in numerous disci-
Contact:

plines. It is particularly important in Valeri Korneev
the discipline of seismology because (510) 486-7214, vakorneevt@lbl. gov

the earth is heterogeneous on a broad

mnge of scales, so a variety of approaches to this problem have

been developed. For a medium that is heterogeneous in only one
dimension the problem is essentially solved because exact solu-

tions exist, although estimating and describing the heterogeneity

in realistic applications can introduce approximations. For media

heterogeneous in 2- or 3-D, the problem is more profound, as it

is necessary to combine approximate solutions of the wave

equations with approximate descriptions of the media; under-

standing when a set of approximations is valid is not a simple

matter. Because of the complexity of heterogeneity within the

earth, it is typically modeled as a random medium in which the

effects of the heterogeneity upon elastic waves are treated in a

statistical sense. Various approaches to the problem of wave
propagation in heterogeneous media have been successful in

certain applications, but are accompanied by limitations that can

raise questions about the validity and generality of the results.

Examples include the lack of conversions between modes of
propagation, the failure to conserve energy and the inability to

handle strong contrasts in material properties. Our objective is

to present a method of handling wave propagation in 3-D het-

erogeneous media that avoids some of these limitations.

Approach

We followed the basic approach to treat the wave propaga-

tion process as a series of forward scattering problems. The

medium is described as a random distribution of scatterers,

where size, material properties and density can vary. For the case

where the scatterers are spherical and homogeneous, exact soht-
tions for the single scattering process are used; multiple scatter-

ing effects are only partly included. The use of exact scattering

solutions allows a complete treatment of mode conversions

between P and S waves and arbitrary strong contrasts in material

properties. They also provide a starting point for deriving low-

and high-frequency asymptotic solutions that can be compared

with other approximate solutions. Analytical results are com-

pared with numerical simulations for elastic waves propagating
through a medium containing random spherical scatterers.

Results

To derive basic analytical results we consider a thin slab

extending to inthity perpendicular to the direction of incident

wave propagation, where both the incidence of compressional

and shear waves are treated. Assuming randomness in spatial dis-

tribution of scatterers and neglecting their interaction it is pos-

sible to obtain formulas for the aver-

age values of attenuation and a phase

SW for the coherent part of the field.

A differential equation for propaga-

tion through a layer of arbitrary thick-

ness is derived.The equation gives the

same solution to the problem as a sta-

tionary phase integral evaluation

method. At low frequencies it gives a simple formula for elastic

modtdi of a composite medium with inclusions of an arbitrary

contrast. In similar manner, the effect of fluctuation accumula-

tion is treated, where a differential equation for associated fluc-

tuations is derived. Solutions of this equation allow us to obtain

formulas to estimate standard deviations of point measurements

of attenuation and phase. For both parameters, the fluctuation

level is the same and equal to half the fluctuation of the square

amplitude of the field.

The analytical results of this study provide a method of esti-

mating the effects of scattering upon a plane wave propagating

through a layer of randomly distributed spherical inclusions.

Formulas have been obtained for both the avemge field and the

statistical fluctuations about this average. The geneml results can
be used for inclusions of arbitmry size and contrast and for all fre-

quencies; approximations for small inclusions or low contrast

inclusions have also been included. These analytical resuhs have

been validated by comparing them with effective media estimates
at low frequencies and with numerical simulations over the entire

frequency range. In both cases the agreement is satisfactory.

Results show that the relatively simple expressions do an

acceptable job over a broad frequency range of describing phase

and attenuation effects upon a wave propagating through a

region containing scatterers. The fluctuations calculated with

derived equations also serve as adequate bounds on the statisti-

cal uncertainty of the mean field. Because of the random fluctu-

ations, any attempt to reliably estimate the characteristics of the

scattering on the basis of a single seismogmm may be a difficult

task. Only the phase shift at low frequencies shows a reasonable
approximation to the mean field. The non-physical negative val-

ues of attenuation are common in the results for a single seis-

mogram.This means that in most cases some sort of spatial aver-

aging of the observational data will be necessary before stable
values of the mean phase and attenuation can be estimated.

Assuming that an averaging process has been applied to
reduce the fluctuations to a acceptable fraction of the mean

value, it is of interest to consider how data can be interpreted in

terms of material properties of the scattering medium.

Measurements at high frequencies of velocity are only depend-

ent upon the background medium and thus can be used to esti-
mate its elastic parameters. lMeasurements of velocity at low fre-

quencies can be combined to provide constraints on the prop

erties of the inchtsions.The first peak in the phase curve is a well
defined feature and constraints on the material properties can be

obtained by fitting the analytical results to the data.

The effect of scattering on propagating plane elastic waves
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Fluctuations in Elastic Waves Due to Random Scattering From Inclusions

, I

Dimensionless Attenuation of the p-wave
Average over 20 Traces
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Wave Parameter w*R~p

Figure 1 ARenuatlon for mctdent P wave results for the average of all the
seismograms. Results are shown as broken hnes; heavy solid lines indi-
cate analyticalestimates for the mean values; lightsolld lines Indicate ana-
lyticalestimates for mean plus and minus one standard dewation.

was simulated by using the exact scattering solution for a single
elastic sphere (Korneev and Johnson, 1996). A thin slab of a scat-

tering medium -was simulated by distributing a large number of

sphericaI inclusions having the same radius and with random

spacing. Plane elastic P and S wave pulses containing a broad
range of frequencies were propagated in the positive z direction.

The calculated transmitted seismogmms recorded in linear array

of receivers were processed to compute the observed velocity

and attenuation. In each case the calculations were performed on

a single seismogram and for the average of all 20 seismograms

(Figure 1).Mso shown are the analytical estimates for the attenu-
ation and the analytical estimates for the fluctuations.The analyt-

ical estimates are in reasonable agreement with the numerical

results for both the mean and variance. For a single seismogmm

the statistical uncertainty is so large that only geneml trends can

be identified, but in the case of the averaged seismograms a more

quantitative evaluation can be performed.

The agreement is slightly better for the attenuation than for

the phase, which contains the additional complication of phase

unwrapping. AISO, due to the statistical fluctuations, it may be
impractical to reliably estimate attenuation and phase from a sin-

gle seismogmm.Furthermore, the results exhibit relatively simple

behavior at Iow frequencies. In this range the numerical and ana-

lytical resttks are in good agreement (even for a single seismo-

gram) and the phase shows a linear dependence upon frequency.

Regarding the behavior at high frequencies, akhough there are

both long and short wavelength oscillations associated with the

dimensions and properties of the scatterers, the trend in the

attenuation is a constant non-zero value and the trend in the

phase is a constant value of about zero. Due to the compet- ~
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Figure 2. Amphtude of the fluctuations as a function of the non-dimen-
sional distance of propagation c’ziR where R ISthe radius of the scatter-
ers, c their concentration and z the distance of propagation. Results are
shown for various values of the non-dimensional frequency, Wm (m= p,s)

and an expression for the maximum is given. It appears that the

distance to the maximum decreases as the frequency increases,

and the distance to the maximum is greater for S waves than for

P waves at low frequencies; the situation is reversed at high fre-
quencies. The phase shift of the coherent transmitted wave can

be converted to an effective velocity by interpreting the phase as

a time shift.At high frequencies, the velocities approach those of

the background.

Significance of Findings

Rresults provide uselid estimates for fluctuations of the main

measured wave parameters-effective velocity and attenuation.

These estimates can be used for receiving array design in order

to achieve a desired accuracy and also as inversion data for eval-

uating a degree of heterogeneity of real elastic media.

Related Publications

Korneev,VA., and L.R. Johnson, Fhtctuations in elastic waves clue

to random scattering from incisions, Journ. Acoust. Sot. Of

Am., submitted.

Korneev,VA., and L.R. Johnson, Scattering of P and S waves by a

spherically symmetric inclusion, Pure and Applied

Geophysics, 147, pp. 675-718, 1996.
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Network Modeling
Of Multi phase Flow

Research Objectives Processes in Rock

Porosity, absolute and relative per-

meability and capillary pressure rela- Pingan Hunag

tionships are very important in mod- and Larry R. Myer

cling and calculation of flow in
Contact:

porous media. Considerable effort has Larry Myer

been devoted in the petroleum indus- (510) 486-6456, lrmyer@lbl.gov

try to developing correlations

between these parameters. The considerable scatter and uncer-

tainty in these correlations is, in large part, attributed to a lack of

understanding of the relationship between the microscopic pore
space geometry and macroscopic flow properties.

This research project has two objectives. The first is to inves-

tigate the relationship between the microscopic pore geometry

and the macroscopic flow properties and to advance under-

standing of the physics of fluid flow in porous media. The sec-

ond is motivated by the expense and time required to obtain

commercial relative permeability measurements needed to sup

port development of petroleum reservoirs. A network model is

therefore developed to predict absolute and relative permeabil-
ity of reservoir rock from measurements of microscopic pore
structure. These measurements constitute 2- or 3-D images of the

pore space, in combination with gravimetric porosity data and

mercury porosimetry data.

Approach

The network model is based on a regular cubic lattice. The

nodes of the lattice represent pores while the connections
(called bmnches) represent pore throats. Pores are assumed to

be spherical in shape. Different pore throat cross-sectional
shapes are incorpomted. These are circular, triangular with

straight sides, and triangular with concave sides defined by arc

segments. The pore throat cross-section is of constant size over

the length of the connec-

tion between nodes. The

ratio of throat size to pore

size is a variable.
The pore size at each

node in the network was

assigned by a random num-

ber generator assuming

either a normal, log-normal

or exponential distribution

function.
The coordination number

of a completely connected

cubic lattice is six. The

option of having a lower

coordination number is
incorporated in the model.

The lattice is further

defined by grid spacing. The

grid spacing is determined once the

porosity and average pore size are

specified.

Single-phase fluid flow in a net-

work is analogous to current in an

electrical circuit. Therefore, Kirchoff’s

current law is applied to the mass bal-

ance for each node in the network

and Kirchoff’s second law is applied

to the pressure balance in each loop. Using a graph theory rep

resentation of network properties (Yang et al., 1994), the rela-

tionship between pressure drop and flow rate in each element is

found by Hardy cross-iteration. Permeability of the network is

then derived using Darcy’s law.

Simulation of drainage is performed using the breadth first
search gmph theory algorithm to determine the interconnectiv-

ity among the pores that are filled with the same phase. The pri-

ority queue search algorithm is implemented to simulate the

nonwetting invasion process. In the process of invasion, at a cer-

tain capillary pressure, the distribution of wetting phase and

nonwetting phase over the network is determined and the satu-
ration for nonwetting and wetting phase is obtained. Having

determined the distribution of phases, subnetworks for each

phase are defined.

Relative permeability can be calculated for each phase at each
capillary pressure increment in the nonwetting phase invasion

process. The effective permeability for each phase is calculated

using the same procedure as used in the single-phase problem.

Relative permeability is finally obtained by taking the ratio of

effective to absolute permeability. The absolute permeability is

the permeability of the entire network to one phase.

Results

A number of simulations were performed to evaluate the sen-

:!!:R=l /’
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Figure 1. Absolute permeability as a function of mean pore size for two distr-
ibutiontypes.

sitivity of predicted behav-

ior to the various input
parameters. These results

provide insight into the sen-

sitivity of absolute and rela-

tive permeability to various

geometric properties of the

pore space. All calculations
were performed on a

16x16x16 grid.

The significant effects of

the variation in pore and

throat sizes are demon-

strated by simulations com-

paring networks with nor-

mally and exponentially dis-

tributed pore sizes. Figure 1
compares absolute perme-

ability as a function of mean
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H Network Modeling of Multiphase Flow Processes in Rock

pore diameter while holding

porosity constant at 20%.

Circular cross-section throats

are assumed. It is seen that

permeability increases much
more rapidIy if the pores

have a normal distribution.

The large numbers of small

pores associated -with an

exponential distribution pro-

duce flow restrictions which
keep the permeability low

even though the average size

is increasing.

Relative permeability
curves corresponding to a
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relationship between pore

scale microstructure and

macroscale flow properties.

Simulations show that

absolute permeability is

strongly related to bulk

porosity, the mean pore size,
the ratio of throat to pore

size and coordination num-
ber. Relative permeability is

insensitive to these proper-

ties. Relative permeability

was found to be sensitive to
Figure 2. Relative permeability for different types of throat cross sect!ons Data variability in pore sizes
points are calculated values.

normaI, log normal and exponential distribution, all with mean

pore diameter of 14.4 m, were generated. Curves for normal or

Iog-normal distributions are nearly identical. The greatest differ-

ences are in the nonwetting phase relative-permeability curves
with the exponential distribution yielding a curve of different

shape. The larger numbers of small pores in the exponential dis-

tribution Iimit the number of connections available to the non-
wetting phase at low capillary pressures.

Finally, the effect of throat cross-sectional shape was investi-

gated. In this case, the absoIute permeability is not very sensitive

to the cross-section shape, but the relative permeability is. Figure
z compares relative permeability curves for circular and curved

triangular throat cross-sections. A normal distribution of pore

sizes was assumed while keeping other pammeters constant for

the simulations.At a given water saturation the nonwetting phase

relative permeability for a network of curved triangles is greater

than for circular throats. The opposite effect is seen in the wet-

ting phase relative permeability. For the curved triangular cross-

section, both phases can be present at the same time in the

throats. The wetting phase captured in the corners contributes

negligibly to the effective permeability but affects the water sat-

uration.

Significance of Results

A 3-D pore scale network modeI has provided insight into the

reflected in the type of tlis-

tribution function and stan-

dard deviation. Relative permeability was also strongly affected

by the cross-section shape assumed for throats.

Related Publications

Huang, 1?,G.Yang, L.R. LMyerand N.G.W. Cook, Simulation of cap-
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International Congress on Rock Mechanics, Paris, 1999.
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Earth Sciences Division Annual Report 1998-1999

The Environmental Remediation Technology Program (ERTP)

conducts multidisciplinary environmental research on character-

ization, monitoring, modeling and remediation technologies.This

research is directed primarily at Department of Energy and

Department of Defense waste site problems. Since many of the

contaminants or closely related compounds involved in these

sites are also dominant at industrial waste sites, much of this

research is also applicable to problems faced by the private sec-
tor and other government agencies. These projects are both basic

and applied, and include everything from molecular studies to
full-scale field deployments in all types of media (gas, water, sedi-

ment) in all types of environments (wet lands 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/Other Government Agencies).

Demonstrations and Deployment

ERTP supports DOES Office of Environmental Management in

both the areas of Environmental Restomtion (EM 40) and the

Office of Science and Technology (EM 50). Earth Sciences Division
(ESD) scientists directly supervise characterization, remediation

and monitoring, and provide regulatory and permitting support to

LBNL’s Environment, Health and Safety Division for all environ-
mental problems on site. During 1998 the program demonstrated

and deployed technologies for trench capture of chlorinated sol-

vents in groundwater, soil vapor extraction of volatile organic con-

taminants (VOCS) and cryogenic drilling to aid core recovery in

fmctured rock and coarse overburden.
ERTP research on ferrofluids has shown that they have poten-

tial to effectively guide reactants and barrier liquids to contami-

nated target zones in the subsurface using electromagnetic
forces. They also allow the use of geophysical methods to trace

the movement and position of liquids injected into the subsur-

face.This research, combined with earlier work on viscous barri-

ers for containment (patent pending), provides a great opportu-

nity for containing, controlling and predicting solvent, metal and

radionuclide contamination at waste sites—DOE’s greatest envi-

ronmental cIeanup problem.

In partnership with the Savannah River Technology Center
and Florida State University, ERTP is assisting the Institute for

Ecology of Industrial Areas in Poland in conducting a full-scale

demonstration of biopile (aeration) technologies for clean-up of

a petroleum refinery waste lagoon. Mer nearly a year of opera-

tion the demonstration has shown that both passive and active
aeration strategies can meet cIean-up standards for polycyclic

aromatic hydrocarbons in the soil and that active aeration cuts

the remediation time in half. This demonstration has been so

successful that the petroleum refinery is commercializing the

process for other refineries and fuel stations in Poland.

ERTP also supports ELM50 with technical expertise via the

Strategic Laboratory Council, the Oakland Site Technology

Coordination Group, the multi-agency DNAPL Technology
Advisory Group, the SUBCON Vadose Zone Book and the

Hanford Vadose-Groundwater-River Integrated Program.

Field and Laboratory Studies

DOE’s Office of Science provides funding for several ERTP
projects. The basic research projects funded in this area take
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advantage of the unique facilities at LBNL, such as the Advanced

Light Source, where researchers look directly at the interaction

between contaminants, water and minerals at the microscale.
This year ERTP also had a new project funded in the Natuml and

Accelerated Bioremediation Research (NABIR) program. This

project looks at mesoscale biotransformation dynamics as the

basis for predicting core-scale reactive transport of chromium

and uranium.

Field Demonstrations for DOD

Field tests at McClellan Air Force Base for the Department of
Defense have shown that vadose zone monitoring systems

(VZhLS)— instrument packages consisting of tensiometers, suction
lysimeters, gas samplers, pressure transducers and therrnistors—

permanently installed at multiple levels, provide better monitoring
of waste site contarninants.The field tests at McClellan AFB allowed

identification of significant shallow sources of contamination.

Demonstrations and Technical
Assistance for Industry/Other Agencies

ERTP has researched selenium transport in the Grassland Water
District for many years. Recent research has focused on better

methods for compliance monitoring and management. The U.S.

Bureau of Reclamation has sponsored this work in an effort to bet-
ter manage selenium Ioading in the San Luis Drain. lMicrobial stud-

ies this year have shown that selenium in-transit losses occur and

that the fate of this selenium is bed sediments. Manipulation of

the microbial ecology of the drain may stimulate the bioremedia-

tion of selenium from the water, thereby reducing the mass load-

ing of seIenium to the San Joaquin River.

ERTP also provides technical consultation to private industry
and other government agencies on implementing LBNL and DOE

patented technologies at private and government-owned sites.
Private industry must have a license to the technology for use at

private sites and all ERTP expenses are reimbursed by the com-

pany or other agency. Several contracts this year were executed
for consultation regarding bioremediation and characterization.

The Army Corps of Engineers received an award for use of inno-
vative technology from the state of Nebraska for its use of a

patented DOE technology to cleanup a naval ammunition depot.

ERTP also provides technical advisory support for the Bay

Area Defense Conversion Action Team (BADCAT) and the

California Environmental Business Council (CEBC).

NABIR Program Office

ERTP has continued to be the NABIR program office for the

Office of Science. The NABIR program office maintains the

NABIR web home page (www. Ibl.gov/NABIR/), with links to

investigators, program element managers, science team leaders,

recent publications, annual meeting registration, calls for pro-

posals, review documents and other web sites. The NABIR pro-
gram office organized the first NABIR annual investigators’ meet-

ing in Reston,Va., with more than 120 participants, and produced

the NABIR Bioremediation Primer, available in hardcopy or elec-

tronically via the NABIR home page. The program office also

assisted DOE Headquarters in producing a number of guidance

documents for prospective field research centers. This effort

enabled DOE-HQ to issue its request for applications for the

NABIR field research center in January 1999.

Partners and Funding

ERTP receives support from DOE programs in the Office of

Science and the Office of Environmental iManagement. EM pro-

grams include the Environmental Management Science

Program, the Subsurface Contaminant Focus Area and the

Characterization, Monitoring and Sensor Technology

Crosscutting Program. The Office of Science funds the NAIHR
Program Office at LBNL and the Office of Science, Office of

Biological and Environmental Research funds two environmen-

tal remediation projects. Support is also received from DOD,

Cal/EPA, other DOE Labs, University of California at Berkeley

and U.S. Bureau of Land lManagement. Other Work for Others in

1998 included: Concurrent Technologies, American

Technologies, Radian International, Earthtech, Woodward &

Clyde and IT Corporation. Partners include UC Berkeley,

Stanford University, Westinghouse Savannah River Company,

Idaho National Engineering and Environmental Laboratory,

Lawrence Llvermore National Laboratory, Pacific Northwest

National Laboratory, University of Nevada and University of
Illinois.
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Experimental Studies
Of Ferrofluids for

Research Objectives Subsurface Applications

Ferrofluids are stable colloidal sus- Sharon E. Borglin,
pensions of magnetic particles which George J. Moridis,
behave as homogeneous pseudo-sin- Curtis M. Oldenburg
gle-phase fluids. Ferrofluids can flow and Alex Becker
through porous media such as natural

sediments or fractured rock due to Contact:

The forces generated in the ferrofluid

close to the magnet can be quite large,

rivaling those of gravity for ferrofluid-
water density differences on the order

of 200 kg/ins. The magnetic force on

ferrofluid is strongly dependent on

proximity to the magnet because the

gradient of the magnetic field drops

gravitational, pressure gmdient, capil- Sharon Borglin
(510) 486-7515, seborglin@lbl. gov

off quickly with distance. After being
Iary and magnetic forces. The objec- mobilized bv magnetic forces, ferroflu-

tive of this research is to investigate the potential for the use of

ferrofluids in novel subsurface environmental engineering and

laboratory applications in the areas of (1) controlling the flow of

liquid in the subsurface and (2) detecting ferrofluids using geo-

physical methods.

Approach

We carried out two broad laboratory-scale investigations using

commercially available aqueous ferrofluids and permanent mag-

nets in sand-filled containers and Hele-Shaw cells in a variety of
configurations.

The frost investigation was designed to demonstrate and quan-
ti@ the movement of ferrofluid in porous media. This included:

(1) measurement of the genemtion of magnetic forces on a fer-
rofluid, (2) mobilization of a ferrofluid in homogeneous and het-
erogeneous porous media in response to an external magnetic

field created by a permanent magnet, (3) the static hold that per-

manent magnets can exert on fer-
rofluids, and (4) the fdtration

effects of the porous media on
the ferrofluid properties.

The second investigation
focused on the ability to detect

ferrofluid in the subsurface using
traditional geophysical methods.

This was evaluated by measuring
the anomalies produced by

model ferrofluid shapes using a
three-axis fluxgate magnetome-

ter. The magnitude of the anom-
alies was compared to model pre-

dictions. These laboratory-scale
anomalies can be upscaled to pre-

dict detection depths for field-
scale anomalies.

Results

In general, the flow experi-

ments demonstrated that mag-
netic forces cause ferrofluid to

flow over distances of about 0.25

m on timescales of hours to days.

Magnet

Position

g

.-
ids are held at steady state in a static and predictable arc-shaped

configuration around the magnet.while the path to the magnet is
dependent on the system permeability and the initial injection

configuration, the final ferrofluid distribution is predictable and is
not strongly controlled by these parameters. No significant filtra-

tion effects due to the movement of ferrofluid through porous

media are observed.

The movement of ferrofhtid can be seen in Figure 1. Ferrofluid

is injected into the top of a vertical cell filled with water-saturated

sand. The injection point is located 20 cm from the magnet. A

layer of lower permeability water-satumted sand is between the
ferrofluid injection point and the magnet. The ferrofluid experi-

ences both gravitational and magnetic forces as it migrates down-
ward. The layer of lower permeability sand causes the ferrofluid
to pool and move laterally before flowing downward and accu-
mulating around the magnet. As the ferrofluid reaches the vicin-

ity of the magnet, the ferrofluid forms an arc-shaped configur-
ation. Although the heterogeneities affect the flow path toward

FerrofluidInjectionPoint

!10 cm

Figure 1. Flow of ferrofluid through a cell filed with a combination of
water-saturated sands. The sand in the white band has a lower per-
meability. The ferrofluid is the black liquid accumulating near the per-
manent magnet, which is located on the left side of the cell. Elapsed
time is four hours.

the magnet, the accumulation of
the ferrofluid near the magnet is

unaffected by the heterogeneity
of the sand. The time elapsed in

this picture is four hours.

A typical result of the investi-
gation of the subsurface magnetic
anomalies produced by ferroflu-

ids is shown in Figure 2. This fig-
ure shows the measured and the-

oretical signal for a spherical fer-
rofluid anomaly with a diameter
of 4 cm at three depths. Similar

measurements were also per-
formed on laboratory-scale anom-

alies in the shape of a thin disk, a
rectangular horizontal slab, and a

cylinder. The experiments
showed very good agreement

between predictions and meas-
urements and therefore confirm

that the anomaly behavior can be
predicted by geophysical models.

Upscaling the laboratory meas-
urements to a field scale deter-

mined that the maximum detec-

. -—
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Experimental Studies of Ferrofluida for Subsurface Applications

tion depths of a 3 m~ spherical
anomaIy containing a 1070 fer-

rofluid-water mixture is on the
order of 5 to 10 m.

Significance
of Findings

From our experiments on

ferrofluid flow, we find the fol-
lowing: (1) permanent mag-

nets create a predictable pres-

sure gradient in a magnetic
fluid that leads to fluid flow,
(~) ferrofluid can be held in

porous media in predictable
final cord@trations which are

controlled solely by the mag-
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Figure 2. Measured and predicted anomalies for a ferrofluid sphere of radus
4 cm at depths of 0.055 m, 0.08 m and 0.12 m.

netic field and are unaffected by the flow pathway, initial injec-

tion shape or permeability of the porous medium, and (3) fer-
rofluid exhibits only limited filtration effects in the advancing
front during flow through porous media.

The potential of controlling fluid motion in porous media
without direct physical contact has potentially signflcant appli-

cations. These include controlled emplacement of subsurface

barrier liquids or treatment chemicals, as well as emplacement of
geophysically imageble liquids into particular zones for subse-

quent imaging. While the objective is the development of sub-

surface environmental remediation solutions, our results to date
on the movement of ferrofluid have been limited to laboratory

length scales up to approximately 0.25 m.As such, these results
are particularly relevant to laboratory work where ferrofluids

may find immediate application in any situation where it is desir-

able to control the motion or final cotilguration of fluid in an

experimental flow apparatus.
From our experiments on ferrofluid detection, we fmd that

the magnetite in the ferrofluid provides a signature sufficiently
strong for conventional magnetic detection methods. The mag-

netic anomaIy created by ferrofluids could be used as a novel

subsurface tracer technique. In field-based application of fer-
rofluids as tracers, magnetometer grids could be established

around the injection site and changes in the magnetic field dur-
ing injection of the ferrofluid-laden injection liquid couId be

monitored. This would pro-
vide a sensitive and non-inva-

sive method of detecting the
injection plume, or determi-

nation of high-permeability
pathways. Furthermore, since

the ferrofhrid consists of mag-
netite, water and a small

amount of surfactant, the
environmental impacts of its

use would be minimal.

Possible applications of this

technique include use as a

subsurface barrier verifica-
tion tool by either magnetiii-
ing the barrier and using the

magnetic detectors to locate

the extent of the barrier, or

using magnetized liquid to detect leaks or fractures in existing
non-magnetic barriers.

Limitations of ferrofluid-based tmcer techniques include the
effect of ambient magnetic noise, which can obscure small anom-

aly signals and significantly increase detection limits. This may

become significant if large injection pumps are utilized in field

sites. Other interferences could come from natural magnetic
anomaIies in the subsurface, which, however, can be minimized

by background surveys of the area prior to injection.

Related Publications

Borglin, S.E., G.J. iMoridis and C.LM.OIdenburg, Experimental stud-

ies of magnetically-driven flow of ferrofluids in porous

media, Berkeley Lab report LBNL-40 126, 1998.

Borglin, S.E., G.J. Moridis and A. Becker, lMagnetic detection of fer-

rofluid injection zones, BerkeIey Lab report LBNL-40 127,
1998.

Funding

This work has been supported by the Laboratory Directed
Research and Development Program of Lawrence Berkeley

National Laboratory under U.S. Department of Energy Contract

No. DE-AC03-76SFOO098.
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Research Objectives

Several Department of Energy

(DOE) sites contain volatile organic

contaminants (VOCS) within deep

fractured rock vadose zones, originat-

ing from improper handling and dis-
posal of non-aqueous phase organic

liquids (NAILs). The nature of fast,

channelized flow of liquids through

Laboratory Monitoring
Of VOC Biodegradation in

Unsaturated Fractured Rock

Jil Geller, Simon Davis,
Mark Conrad, Hoi-Ying Holman,

Jennie Hunter-C evera
and Karsten Pruess

Contact:
Jil Geller

(510) 486-7313, ]tgeller@lbl. gov

rock fmctures, pending at Iithological discontinuities and longer-

term diffusion into less accessible matrix rock presents tremen-

dous characterization and remediation challenges. Biological

degradation ofVOCs maybe a significant factor in containing the

spread of these plumes. Field evidence for biodegradation of
chlorinated solvents in fractured rock vadose zone settings exists

(Conrad et al., 1997), but major questions remain as to how to
characterize the extent of naturally-occurring biological activity

and how to stimulate and monitor it for site remediation. During

our three-year investigation of the fate of NAPLs in fractured

rock vadose zones, we have developed a suite of bench-scale
experimental techniques to characterize multi-phase flow
(water, NAFL and air) and biotransformation of contaminants in

this environment, with a particular emphasis on the coupling of
fluid flow dynamics and biotransformation processes (Geller et

al., 1998). In this summary, we present the results of a “geocosm”
experiment to assess biological

activity on rock fractures as a
function of environmental fac-

Septum Port

tors.

1+

E Iuent Modified
~ Jacketed

Approach
— Condensor
e

obtained from a drillcore from DOE’s
Idaho National Engineering and

Environmental Laboratory (INEEL)
were used for these experiments. The

drillcore was from a site where VOC

contamination threatens the Snake

River Aquifer. The basalt sample was

broken into 1-to-2-cm-sized chips,

sterilized and packed into a glass col-

umn. The experimental schematic is

shown in Figure 1. Water-saturated C02-free air with 100 ppm

toluene was delivered to the column at a rate of approximately

one pore vohtme/hour.The abundance and ?WC values of C02 in

l-ml gas samples extracted with a syringe from the septum port

at the top of the column were analyzed using an automated pre-

concentration system interfaced with a ihlicromass Isoprime iso-

tope ratio mass spectrometer (Isoprime).The /WC values of the

toluene in separate l-ml gas samples were analyzed using a gas

chromatography-combustion system interfaced to the Isoprime.

After monitoring the influent and effluent vapor phase for
changes under abiotic conditions, the rock chips were inocu-
lated with bacteria grown in a liquid medium made from basalt
rock extract. Subsequent experiments monitored biological

activity due to the basalt rock extract and toluene for both flow-
through and recycle cotilgumtions.

The use of basalt chips ensures adequate surface area for bac-

Geocosms are core-scale flow
cells, designed to incorporate

some aspects of natural condi-
tions, using site samples, indige-

nous microorganisms (mixed
culture) and maintaining near

100% relative humidity in the
vapor phase. Biological activity is

monitored by tracking changes
in the abundance and stable car-

bon isotope ratios (815c) of car-

bon dioxide (CO.J in the vapor
phase. The value of 81SC of C02
produced by biological activity

reflects the isotope ratio of the
carbon source utilized by the

bacteria, allowing a distinction

between biological and other
C02 sources.

Vesicular basalt rock samples
and indigenous microorganisms
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Figure 1. Schematic of geocosm assembly.

teria coverage and access to
flowing fluid to produce meas-
urable changes of fluid phase

constituents. This is a prelimi-
nary step to the use of natu-

rally-fractured cores, where the
accessible surface area will be

much lower. The column exper-

iments complement ongoing,
micron-scale monitoring of bio-
transformations with IR spec-

troscopy on single basalt chips
incubated with organic vapor

in a closed system (Holman et

al., 1998).

Results

Table 1 presents the 815C val-

ues for the various compounds

of interest. Under abiotic condi-
tions, the shift in 615C and in

C02 concentrations between
the column influent and efflu-

ent were insignificant, with
S15C approximately equal to
-15%0.

Following inoculation, humid
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C02-free air -was again supplied
to the column, without the

addition of toluene, in order to
monitor C02 changes due to

utilization of the basalt rock
extract. Six days following inoc-

ulation, 81SC of C02 dropped to
a low of -35%o (signtilcantly
lower than 81SC of toluene; see

Table 1), then recovered to -
16%0 (near pre-inoculation val-

ues) over the next 18 days.
Thirteen days following inocu-
lation, C02 concentrations
reached a peak of 40 times pre-
inoculation levels, then

declined to several-times pre-
inoculation Ievels over the next

13 days. The recovery in C02
values, as weIl as carbon mass

balance, suggested that the
organic substrate from the

extract had been nearly

exhausted.
For delivery of 100 ppm

toluene for flow-through condi-

tions, C02 concentrations in the

effluent increased by a factor of

Sample &3c(9&)l

C02 in room air -12 to -15

toluene -24.6 to -25.4

1.zi13c(%o)=lo3x{ [13c/12c],amp,e-

[13C/12 C]wDB/[13C/12C] wmj; VPDB is Vienna
PeeDee Belemnite (standard reference)

Table 1. Stable Isotope ratio of carbon in various constituents.
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Figure 2. Changes In the relative abundance of C02 and In the stable car-
bon Isotope ratio in the vapor phase of the geocosm for recycle configura-
tion, exposed to an inkialvapor phase concentration of 100 ppm toluene.

1.5, while 81SCshifted from -15%. in the influent to -21%. in the

effluent. To increase the residence time of the vapor phase with
the rock chips and C02 changes, the column was shut in for four
days and the vapor phase circulated by means of the recycle Iine

shown in Figure 1. Figure 2 is a plot of the relative abundance of

C02, and the &3C vahtes during recirculation. C02 concentmtions
increased approximately six-foId, while 81SC values decreased by
-4 to -9%.. On the day of the last measured value of C02, the con-

centration of toluene was 30% of its inhial value.The sensitivity of
i31sc vahres is indicated by the fact that drop in 81SC preceeds the

increase in C02 abundance due to the degradation of toluene.

Significance of Findings

For vapor-phase delivery of toluene at near 100% relative
humidity, 813C measurements of C02 indicated that the mixed

culture utilized toluene without the presence of flowing water.

While the numbers of indigenous bacteria in the fractured-rock
vadose zone in arid regions are low, other experiments have indi-

cated that their activity may be stimulated by the addition of
water, nutrients and organic carbon.

The geocosms can be used

to assess the various environ-
mental factors that may limit

biological activity in the
vadose zone and to test

hypotheses of contaminant
transformation processes

derived from field monitoring
with stable isotope ratios.

Given that contaminant “stor-
age” in fractured basalts (vesic-

ular matrix) in the vadose
zone may be away from acces-

sible flow paths, our ultimate
objective is to identify factors
that can stimulate biological

activity in the presence of
contaminants and test meth-

ods of delivering limiting sub-

strates. While this study
focuses on fractured basalt,

the approach can be applied
to unconsolidated or partially

consolidated porous media.

Related
Publications

Conrad, iM.E., D.J. DePaolo, B.M. Kennedy and E.C. iMiller, Carbon

isotope evidence for degradation of mixed contaminants in

the vadose zone, GeoL Sot. b., Abst. with Prog. 26, no. 6,
A186, 1997.

Geller,J.T., H-Y.Holman, G. SU,T-S. Llou, IM.S. Conrad, K. Pruess and

J.C. Hunter-Cevera, Flow dynamics and potential for

biodegradation of organic contaminants in fmctured rock
vadose zone, Berkeley Lab report LBNL-52587, 1998, Journal

of Contaminant Hydrology, submitted.
Holman, H.-Y., D.L. Perry and J.C. Hunter-Cevera. Surface-

enhanced infrared absorption-reflectance (SEIRA)

microspectroscopy for bacteria
material surfaces, J. IMicrobiol.

1998.

Funding

localization on geologic

iMethods, 34, pp. 59-71,

This work has been supported by the Office of Science, Office

of Health and Environmental Sciences, Biological and
Environmental Research Program, of the U.S. Department of

Energy under Contract No. DE-AC03-76SFOO098.
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Removal of Uranium (Vi)
From Contaminated Sediments

Research Objectives By Surfactants

Given the sigtilcant health risks Fred Gadelle, Jiamin Wan
uranium poses, numerous Depart- and Tetsu K. Tokunaga
ment of Energy and mine tailing sites

require decontamination. Promising Contact:

chemical treatments such as H2S04
Fred Gadelle

(510) 486-2226. faadelee@lbl. aov. .
and carbonate/bicarbonate (CB) sttf-

fer from serious limitations: strong matrix dissolution with the

acid and reduced resorption efficiency with CB due to the

buffering capacity of soils. As an alternative to these chemical

treatments, surface active agents (sttrfactants) might be used to

remediate metal-contaminated acidic soils. Surfactant aggregates

or micelles bind metal ions (e.g., CdZ+,Pbz+, U02Z+) in aqueous
solutions. However, studies conducted in simple aqueous solu-

tions without the presence of contaminated soil are not directly

amenable for evaluating the effectiveness of surfactants in

removing strongly sorbing ions from soils. The objective of this

research is to understand uranium sorption onto natural sedi-

ments and determine the efficiency of surfactants in desorbing

U(W) from contaminated soils.

Approach

The soil used in this study was collected at the midslope of
the Melton Branch Watershed on the Oak Ridge Reservation
(Tennessee). The watershed has a shallow soil profile underlain

by fractured saprolite. The soil texture is 25% clay, 35% silt and

40% sand. The clay fraction is composed of illite (40%), mixed-
layer illite and smectite (40%), kaolinite (20%) and traces of

quartz. Carbonates have been completely weathered and a large

quantity of amorphous Fe
oxides (3%) is present as

coating.
The experiments con-

sisted of two steps: (1) sorp-
tion of U(W) onto the Oak

Ridge soil and (2) resorption
from the soiL Here sorption

is operationally equated with
measured removal of U(W)

from the aqueous phase and

may include infhtences from
precipitation. L~ewise, res-

orption may include influ-
ences from dissolution. In

the sorption experiments, a
known amount of sediment

was combined with a back-
ground electrolyte (1 mM
NaCl and 1 mM CaC12 in
deionized water) in cen-

trifuge tubes. Uranium was

added to the mixture from a

100

20

0

Ilmml

t
I 1 I

u-
1PH=3.8 PH=3.6 II

uranyl nitrate stock solution. Sorption

of U(W) was studied as functions of

time and concentration of uranium

(107 to 10~ iM).The pH of the soil

solution was adjusted with HN03 and

NaHC03, and calcium concentmtion

varied from O to 100 mii.

In the resorption step, a selected
—.

treatment solution (10 mL) was added to the previously con-

taminated soiL Following the resorption period, the samples

were centrifuged and the supernatant was collected, diluted

with deionized water and acidtiled for determination of the

amount of U(W) removed from the soiLThe treatments included

salt solutions, NTA, bicarbonate, H2S04, and surfactants.

Resorption experiments with deionized water and artticial

groundwater were used as controls. Resorption times varied

from 5 to 120 hours. Treatment concentrations ranged from 25

to 200 mM. The concentmtion of sorbed U(W) ranged from

about 10-9 to 104 mol/g. U(W) resorption was also investigated

for soil-to-liquid ratios of 0.1, 0.2 and 0.5 g/mL. The effect of

increasing Ca~+ concentration was also determined.
Uranium was analyzed with inductively coupled plasma mass

spectrometry using Bi (25 ppb) as an internal standard. Iron was
analyzed with inductively coupled plasma atomic emission spec-

troscopy.

Results

Uranium Sorption. The rate of sorption is initially very fast

(96.5% of the added uranium is sorbed in less than one hour).
This fast sorption step is followed

a.250

PH=4.4 IIH=4.5 200

NACI CaC12 ~ S04 NaHC03 177 AOK

Figure 1. U(VI) and Fe releese from the Oak Ridge soil as a function of chemical
treatment. [U(VI)]O= 10s mollg. ~reatment] = 60 mM except [NaCl] = 140 mM
and [CaC12] = 100 mM.

by a slow reaction rate (i.e.,

sorption levels off after
approximately 48 hours).

The fast sorption rate is
attributed to uranium sorp-

tion onto readily available
external surface sites, while

the slow reaction rate corre-
sponds to sorption onto less

accessible sites and is con-
trolled by diffusion of ura-

nium into the sorbing phase.

U(W) sorption onto the Oak
Ridge soil is strongly irtfht-
enced by the pH: one

observes art adsorption edge
at pH = 24, followed by a

maximum sorption at 4.8 <

pH < 7.0. The pH depend-
ence of the sorption process
indicates that protons, H+,

compete with U(W) for

sorption sites (i.e., surface
hydroxyi groups, -SOH); at

-- —-—.—



B
.

Removal of Uranium (VI) From Contaminated Sediments by Surfactants

low pH, H+ is the principal sorbing species, forming positively

charged diprotonated sites (-SOH2+).AS the pH increases, U(W)
ions displace H+ and bind to OH groups on the surface. U(W)

reaction with those surface hydroxyl groups is simiIar to the
hydrolysis reaction observed in aqueous solution only. Sorption
of U(VI).CO3~- complexes is responsible for a large degree of

U(W) removal from the aqueous solution near neutral pH. At

higher pH, limited sorption of these complexes causes a res-
orption edge at pH >8. Sorption experiments with Ca2+ suggest

that a relatively minor fraction of U(W) might be sorbed onto
freed negative charge sites and that Caz+ could compete with

U(W) for these sites.
The strong pH influence and the relatively minor effect of

Caz+ on sorption suggest that U(W) is mostly sorbed onto
amphoteric hydroxyl groups. The nature of the sorbed U(W)

species was not determined in this study. However, one would
expect U(W) to be strongly sorbed to the Oak Ridge soil, prin-

cipally as inner-sphere complexes.

Uranium Resorption. As shown in Figure 1, mild chemical
treatment solutions such as NaCl and CaC12 are ineffective at
releasing U(W) from the soil matrix. lMore aggressive treatment

by HzSOi can desorb U(W) efficiently. However, the strong
matrix dissolution by the acid prevents its application as a use-

ful agent for in-situ removal of U(W). Bicarbonate can also des-

orb U(W); however, the resorption efficiency is severely

reduced by the buffering capacity of the acidic soil and by the

presence of calcium.
AS an alternative to these treatment solutions, two anionic

surfactants, AOK and T77, were found most suitable for U(W)
removal from the contaminated soil. AOK is a sodium c14-16

olefin sulfonate and T77 is sodium oleyl n-methyl taurate. The

most likely mechanisms responsible for U(W) resorption using

the surfactant approach include cation exchange and, to a lesser
extent, dissolution of the soil matrix. The ion-exchange reaction

takes place in the electric double layer (diffuse and Stern layers)

surrounding the miceIIes. During ion exchange, U(W) cations
replace the counterions Na+. LMonovalent cations such as

UOZ(OH)+ are expected to be “Ioosely” bound to the micelles,
while the divalent cation UOZ2+ is expected to attach strongly

to the micellar surface and is specKlcaIIy located in the Stern

layer. Evidence of some matrix dissolution is illustrated by the

amount of Fe released during the resorption experiments: 38

and 28 mg/L forAOK and T77, respectively.These surfactants are

very efficient solubilizing agents at Iow uranium concentra-
tions: about 100% U(W) removal for [U(VI)]O,~O,l,C~= 109 mol/g.

At greater uranium concentrations, the resorption efficiency of
the surfactant solutions increases with an increase in surfactant

concentration and reaches a plateau of 75-80”A. Limitations asso-
ciated with the surfactant treatments were also identified.

Surfactant sorption onto the soil and greater affinity between

I-J(VI) and the soil matrix reduce the efficiency of the treatment
solutions at large soil-to-liquid ratios. Due to the cation-

exchange nature of the resorption process, competitive cations
such as calcium reduce the amount of U(W) removed from the

soil.

Significance of Findings

Results obtained in this study suggest that the use of surfac-
tants such as AOK andT77 to remove metals/radionuclides from

contaminated soils can potentially be developed as an ex-situ or
in-situ remediation method. Acidic soils with lower oxide and

clay contents would be the preferred candidates for such an in-
situ surfactant treatment. While competition with divalent

cations such as Ca~+ would reduce the treatment efficiency, the

non-specificity of the resorption process also suggests that

these surfactants could be used to remove other hazardous or

radioactive cations (e.g., Cd~+, Pb2+, Coz+, Sr2+, etc.) from con-
taminated soils.
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Technol., submitted.
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Research Objectives

Theobjectives of this investigation

are to introduce a new approach to

the multi-scale characterization of

flow and transport in the fractured

basalt of the vadose zone and to
develop physically based conceptual

models on a hierarchy of scales.

Approach

We illustrate this new approach

Multi-Scale Investigations
Of Liquid Flow in the Vadose

Zone of Fractured Basalt

Boris Faybishenko,
Paul A. Withers peon,

Christine Doughty, T.R. Wood*,
R.K. Podgorney * and Jil T. Geller

*Parsons Infrastructure and Technologies, Inc.,
Idaho Falls, ID.

Contact:
Boris Faybishenko

(51 O) 486-4852, bfayb@lbl. gov

using results of field and laboratory investigations conducted in

the fractured basalt near Idaho National Engineering and

Environmental Laboratory (INEEL). The results were obtained

from field tests carried out at three different sites: (1) small-scale

infiltration tests (ponded area 0.5 m~ conducted at the Hell’s Half

Acre site near Shelly Idaho, (2) intermediate-scale infiltration tests

(ponded area 56 mz) conducted at the Box Canyon site nearArco,
Idaho, and (3) a large- scale infiltmtion test conducted near the
INEEL Radioactive Waste Management Complex (RWMC; ponded

area -26,000 mz). In addition, laboratory investigations included
measurements on fractured basalt cores and small-scale dripping
experiments in fracture models.

Results

We find that, at each scale
of investigation, different
models for flow phenomena

must be used to explain the
observed behavior. These

models can be used to
describe the flow processes

on different scales, with no
apparent scaling principles

evident. To characterize
flow phenomena in frac-

tured basalt, we recommend
that investigations be car-

ried out in the following
hiemrchy: elemental, small-
scale, intermediate-scale and

large-scale (Figure 1).An ele-
mental component is a sin-
gle fracture or a block of

homogeneous porous

medium. Small-scale compo-
nents include one or a few
fractures akd the surround-

ing matrix. Intermediate-

scale components include a

parts (fracture zones, vesicular

lenses, soil, massive basalt, rubble

zone) of a single basalt flow finger.

Large-scale components include mul-

tiple basalt flows and their surround-

ing network of rubble zones and sed-

imentary interbeds.

Several laboratory and field intl-
tration tests conducted in fractured

basalt have shown that a typical fea-
ture of flow in fractured rocks is

channeling that occurs at all scales,

including individual fmctures, the

intm-basah fracture network and the inter-basah rubble-zone net-

work. However, the instrumentation used in lab and small-scale

field conditions (in particular, to record dripping phenomena) is

not practical for use at larger scales. Field measurements of flow

characteristics in fractured rocks using single probes (such as

tensiometers) are uncertain, because the locations of the probes

in relation to the flow paths are not precisely known and these
probes average fracture and matrix hydraulic characteristics.

h important feature of flow in the basalt vadose zone is that
the hydraulic system includes both unsaturated and saturated

rocks. During flooding at the surface, the saturated zones have a
limited and local extent within flow channels in the fractures

and vesicular zones. Single probes crossing the saturated frac-
tures also intersect the matrix; hence, the probes measure an
averaged water pressure in the fracture-matrix system. However,

Coring
it is difficult to separate the

contribution of the frac-

Sam~le fi ture from that of the

Small Scale

0.5-1 m2

Intermediate Scale

Large Scale

>1000 m2
L=

RUBBLEZONE~
/

BASALTFLOW ~ ~ ~
4x

\ 1

SEDIMENTINTERBED

fracture network and other Figure 1. Hierarchy of scales of hydrogeological components In fractured basalts.

matrix. Using available
monitoring techniques

under field conditions, we

cannot perfect our knowl-
edge of initial conditions;
we can only measure
approximate values of dif-
ferent parameters (pres-

sure, moisture content,
temperature, concentra-

tions) or determine the
ranges of these parameters.

Fluid flow in fractured

basah of the vadose zone
can be considered a non-
linear dynamic process in

which the behavior, both
temporally and spatially,

may be chaotic. The
chaotic nature of flow
results from nonlinear

processes and the strong

spatial and temporal varia-



Multi-Scale lnvesttgations of Ltquid Flow in the Vadose Zone of Fractured Basalt

tions in moisture content, hydraulic conductivity and fracture

connectivity. As a result, in fractured basalt (that is, a nonlinear
system) smalI variations in flow parameters may lead to signKl-

cant variations in predicted results. The dissipative nature of the
system implies that its phase-space volume decreases with time,
leading to the formation of strange attractors characterizing the

range in which the flow parameters are expected to change. The
dynamics of such systems are sensitive to the initial conditions.

The response of such systems may include a stochastic compo-
nent that it is not necessarily a dominant factor on the system

behavior. If the stochastic component is not dominant, then a sto-
chastic analysis will not provide useful information.

We also find that under field conditions with a limited number

of single-probe measurements, we can detect neither the spatial
nor temporal chaotic variations of the flow parameters.
Therefore, we must use conventional (i.e., nonchaotic) stochastic

or deterministic methods to describe flow and transport
processes. If the stochastic component is not a dominant factor,

then a stochastic anaIysis will provide incorrect answers and
should be replaced by a chaotic analysis. If the stochastic com-

ponent is significant (or if the phase-space dimension is so large
that the dynamics look stochastic), then a stochastic analysis is

the most appropriate tool to use. Because the system exhibits
sensitivity to initial conditions, we can predict only the range in
which the flow rate is expected to change, but not the exact

flow mtes. Where elemental and small-scale components are

involved, the flow data can be analyzed using methods of non-
linear dynamics. where intermediate and large-scale components

are involved, a combination of deterministic and stochastic meth-
ods of flow analysis can be used.

Significance of Findings

It has become apparent that monitoring technologies, charac-

terization methods and prediction procedures developed for
porous media are not sufficient to treat fractured basalt. The

results of studies on the elemental level can be used to better
understand water dripping from a fracture under field conditions

in boreholes, tumels, caves and other underground openings.
However, laboratory studies of fractured rocks have certain limi-

tations, because we cannot determine how to combine the indi-
vidual processes for characterizing the total system.

The most important pmctical application of small-scale inves-

tigations is the study of physics and models of flow taking into

account the fracture-matrix interaction.

The practical application of the intermediate-scale investiga-

tion is understanding the flow processes underneath single tanks
like those at the RWMC in Idaho and at Hanford. The practical

application of the large-scaIe investigation is to understand the
flow processes and develop models to study the distributed flow

and contaminant transport problems that exist under the RWiMC
and elsewhere at INEEL or in the tank farms at Hanford.
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Poland Petroleum Refinery
Sludge Lagoon Biopile

Research Objectives Demonstration acidic, highly weathered petroleum

sludges.l%is waste has been deposited

The U.S. Department of Energy and into three open, unlined process

the Polish Institute for Ecology of Terry C. Hazen waste lagoons, 3 m deep, now cover-

Industrial Areas have been cooperat-
Contact:

ing 3.8 hectares. Initial analysis indi-

ing in field studies of environmental Terry Hazen cated that the sludges were composed

remediation since 1995. One of the (510) 486-6223, tchazen@ibl.gov mainly of high-molecular-weight paraf-

major focuses of this program has finic and polycyclic aromatic hydro-

been the demonstration of bioremediation techniques to clean carbons. The overall objective of this full-scale demonstration

up soil and sediment associated with a waste lagoon at an oper- project is to test and evaluate a combination of U.S.- and Polish-

ating petroleum refinery in southern Poland. After a thorough developed remediation technologies and methodologies.

characterization and treatability and risk assessment studies, a Specifically, the goal of the demonstmtion is to reduce the envi-

remediation system was designed that took advantage of local ronmental risk from PAH compounds in soil and to provide a

materials to minimize costs and maximize treatment efficiency. green zone (grassy area) adjacent to the site boundary.

Passive and active gas injection were compared and contrasted as A 0.3 hectare site, the smallest of the waste lagoons, was

a bioremediation technique

for low pH soil contaminated

with polycyclic aromatic

hydrocarbons (PAHs).

Approach

Since 1995, DOE has

worked with the Institute of

Ecology of Industrial Areas

(IETU) in Poland to develop
and demonstrate mutually
beneficial, cost-effective envi-
ronmental remediation tech-

nologies. The Czechowice

Oil Refinery (CZOR), our
industrial partner for this

project, was chosen because
of their foresight and com-

mitment to the use of new
approaches for environmen-

tal restoration. This program
is a precedent for Poland in

which a portion of the funds
necessary to complete the

project were provided by the
company responsible for the

problem. The Czechowice
Oil Refinery, located in south-

ern Poland, was named by
PIOS (State Environmental

Protection Inspectorate of

Poland) as one of the top 80

most polluted sites in Poland.
Nearly a century of continu-
ous use of a sulfuric acid-

based oil refining method by
CZOR has produced an esti-

mated 120 thousand tons of

Figure 1. Polish refinery sludge lagoon before remedlation.

1

Figure 2. Polish refinery sludge lagoon biopiie during remedlation.

selected for a modfled aero-

bic biopile demonstration.

Approximately 3,300 mJ of

contaminated soil (meanTPH

concentration of 30,000

ppm) was targeted for treat-
ment. The biopile was

divided into two sections; an

area of approximately 1,610
m~ passively aemted using

Baroballsnl and an area of
approximately 1,390 mz

actively aerated via direct air
injection from the bottom of
the pile. Use of both passive

and active aeration methods
allows for an accurate assess-

ment of cost and efficiency,
with the most appropriate

design to be deployed for

future lagoon remediation at
the refinery.

Results

The innovative biopile

design deployed used a com-

bination of passive and active
aeration and injection of

nutrients to increase

biodegmdation of the very
acidic soil containing high

PAH concentrations.
Simultaneous lab studies

using soil columns were used
to optimize treatment tech-
niques and veri@ field obser-
vations under more con-

trolled conditions. This full-

.. —--- , . . . . . ... . . ...... . ... . .“. . ,. ~,.,. . . . . . . . . .. ~..< -.. ,. ---- ..—. .



II Poland Petroleum Refinery SIudge Lagoon BiopiIe Demonstration

scale demonstration showed

that with minimal cost the
total mass of petroleum
hydrocarbons could be
reduced by more than Tjyo

(82 metric tons) in only nine
months. During this time the

Cammlgn Avetage Passive— Active

Oc-1 80 44 119
OC-2 88 82 94
OC-3 <33 33 0

Table 1. Biodegradation rate (mg PetroleumRg soil/day).

most toxic compounds were reduced to levels acceptable for

multi-use resource activities. Though a variety of biodegradation
monitoring methods were used, in-situ respiration and dehydro-

genase activity were found to be best correlated with rates of
biodegradation in the biopile. In addition, it was found that pas-

sive aeration alone could reach the same end point as the active
aeration-it just took longer (Table 1).The rates of biodegmdation
were comparable to other prepared bed studies done using

petroleum contaminated soil; i.e., about 60 mg/kg/day. However,
given that this material was highly weathered and very acidic,

these rates are quite high. Much of this increase can probably be
attributed to the sawdust added as a bulking agent and the active
aeration process.

Significance of Findings

The finding that in-situ respiration and dehydrogenase meas-

urements more accurately reflect the biodegradation rate sug-

gests that these direct measurements can be used to provide real-
time control of biopile operation to maximize biodegradation

rates under a variety of conditions. The cost savings from passive
aeration may give it a signtilcant advantage over active aeration
when clean-up time is not a primary consideration.

The remediation strategies that have been applied at the CZOR
waste lagoon were designed, managed and implemented under

the direction of the Westinghouse Savamah River Company for
DOE, the Institute for Ecology of Industrial Area (IETU) and
Florida State University. This collaboration between BWU, DOE

and its partners provides the

basis for international tech-
nology transfer of innovative

remediation technologies
that can be applied to DOE

sites as well as in Poland and
other sites worldwide.
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Aerobic Bioremediation
Of a Municipal

Research Objectives Solid Waste Landfill Over the past several years we have

successfully demonstmted and treated

The purpose of this aerobic landfill
Terry C. Hazen

groundwater in-situ at two unlined

bioreactor pilot study was to demon- solid waste landfiis at DOES Savannah

strate the use of air injection and River Site.We used horizontal wells to

leachate recirculation in promoting
Contact:

Terry Hazen inject air and gaseous nutrients

aerobic biodegradation within the (510) 486-6223, tchazen@lbl.gov (methane, nitrous oxide and tri-ethyl

waste mass and remediation of con-

taminated leachate in a solid waste landfii.The processes include

(1) air injection into the waste mass, (2) recirculation of leachate
and (3) addition of gaseous nutrients into the waste mass. These
components are considered individually and in combination to

determine their technical, economical and practical aspects of

their use in the study. Technical support was provided to

American Technologies, Inc., to test and implement this technol-

ogy at a Georgia county Iartdffl.

Approach

Conventional municipal solid waste (NI.SW) landfills world-

wide operate under anaerobic (no oxygen) conditions in which
slow stabilization of the waste mass occurs, producing methane
gas and toxic Ieachate over long periods of time. The current
designs of most modern Iandffls utilize clay caps, liners and col-

lection systems to contain the waste (“dry tomb”) and prevent
the spread of toxic constituents that could find their way into a
Iandffl. Older, unliied landfills pose a constant threat to the envi-

ronment. Even with the newer landfii designs meeting the U.S.

Environmental Protection Agency (EPA) requirements (RCRA
Subtitle-D), the caps and liners ultimately fail, potentially releasing

methane gas and leachate to the environment.
Although the dry-tomb approach is an attempt at reducing

toxic releases from a landfill, this approach is a temporary solu-

tion. According to the EPA, “liner and Ieachate collection [sys-
tems] ultimately fail due to natural decomposition... ”(EPA, 1988).
The EPA recognizes

that “once the unit is
closed, the bottom

layer of the landfill
will deteriorate over

time and conse-

quently will not pre-

vent Ieachate trans-
port out of the

unit”(40 CFR 258). As
a result, Ieachate col-

lection systems and

impermeable caps do
not decrease the risk

that toxic con-

C02, 02, c

&

AirBlower(s)

\

phosphate) into the groundwater to

bioremediate chlorinated solvents and reduce metals leaching in

both the groundwater and the vadose zone. For the past two
years, American Technologies, Inc. (ATI), in coopemtion with the

author, now at LBNL, has demonstrated that it can safely and eco-

nomically convert a conventional lined and capped landfill to

aerobic conditions utilizing an aerobic landfill bioreactor (ALB).

They have shown that aerobically degrading iMSW within a land-

ffl sigrtiticantly increases the rate of waste decomposition and

settlement, decreases the production of methane gas, reduces the

level of toxic organics in the leachate and signMcantly reduces

the volume of landfii leachate.The ALB eliminates the source of

groundwater contamination caused by solid waste ktndfiis, and

combined with the pumping and treating of the groundwater as
a supplemental source of landfill moisture addition, provides for
the in-situ treatment of groundwater. A secondary effect of this

strategy at most sites is to stabilize metals in the groundwater.This
is due to increases in ambient redox potential and pH caused by

the aerobic or microaerophillic environment created by air sparg-
ing and biodegmdation of high-oxygendemand organics and

reducing agents.

At the Columbia County Baker Place Iartdfii, a 100-acre sub-
title-D municpal landfii near Govetown, Ga., we connected

blowers to the cleanout ports of the Ieachate collection system

to provide air and recirculated leachate via drip tubes through
the tempomry cover.An initial pressure test was followed by the
placement of vadose zone piezometers throughout the test cell

to determine changes in soil gas composition. Soil gas and

L1
o

‘~ gasbubbles

‘] water

.
.00

. C02, 02, cli4

“~

TemporaryCoverSystem IN
/ Leachate

Recirculation

o

‘o

\
Sump 7

CompositeLiner

stituents, typically

found in aging landffl Aquifer

Ieachate, will reach

local groundwater. Figure 1. Aerobic landfill air injection and Ieachate recirculation schematic.

leachate were ana-

lyzed weekly for 24
months. See Figure 1

for the design plan.

Results

Initial air injection

tests in the leachate
collection system of

the landfill showed
that air penetrated the

entire landfill via the
grovel bed in the bot-

tom of the landfill.
Indeed pressure and

flow rate measure-
ments around the lan-

ffl showed that even
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a single blower could pro-

vide substantial air flow

more than 1,000 ft from
the injection point, the far-

thest point in the landffl.
iMeasurements of soil gas

showed that initialIy oxy-
gen increased and then

declined to low levels
once the microbial popu-
lation had adapted to aero-

bic conditions (Figure 2).
Both C02 and CHX
declined immediately to
low or undetectable lev-

els, further indicating that
aerobic conditions within

the waste were attained.
After aerobic biodegrada-
tion became active the

w.

50.

40.

30.

20.

10.

01
In

l-ii

17 1KW?)7 2t19&173111EJ73LW37 412W7 5t10t37 5t301S7 6t19,97 7B197 7&l197 8tt8M

Date

Figure 2. Changes in soIl gas concentrations and temperature m the Iandf!llafter
rqectlon of arr began (Februa~ 7, 1997)

temperature and COZ increased;
however, CHi never appeared again

except transiently when the air
was shut off. Since methane can

only be produced by methanogens
under completely anaerobic condi-

tions, the production of methane
was stopped by the air injection.

Laboratory analyses of biochem-
ical oxygen demand (BOD) and
volatile organic compound (VOC)

concentrations in the leachate indi-

cated significant reduction by the
aerobic process. BOD in the “Sump

One” leachate samples were
reduced by at least 70%. Organics

such as methyl-ethyl ketone (LMEK)
and acetone were reduced signifi-

cantly, and fecal coliform was elim-
inated from the leachate. Total VOC

concentrations in the many of the
vapor samples collected were less

than 1 ppm. No Ieachate was
treated during the entire study.

Prior to this, the landfill was treat-

ing 150,000 gal of leachate each
month.

:j.
.=4,
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Figure 3. Steaming excavated refuse from aerobic landfill
operation (>50”C).

Funding
Significance of Findings

This work
This study demonstrated that air injection and Ieachate ~ A Technologies, ,

active bioreactor typical of
comporting. Operating data

collected from the ALB at the
Baker Place Road landfill in

Grovetown, Ga., since late-
January 1997 provides repre-

sentative cost-benefits that
could be realized by any com-

parable solid waste landfill.
Short-term benefits include:

(1) increased rate of’ waste
mass stabilization and settle-

ment, (2) much improved
leachate chemistry, (3) signifi-

cant reduction in Ieachate
treatment, (4) significant

reduction in noxous odors,
and (5) significant reduction

in methane generation. Long-
term benefits resulting from

waste mass stabilization in less than five

years include the following savings: (1)

post-closure monitoring reduced from

30 to five years ($6,000,000); (2) imper-
meable closure cap reduced to reduced

permeable cap or alternative cover

($2,000,000); (3) Clean Air Act emission
control of methane gas (plus cost of gas

controls, $240,000); (4) leachate collec-
tion and treatment ($1,000,000); and (5)

elimination of groundwater treatment
costs ($1,500,000).

Related Publications

Young, J. D., D.J. AItman, K.H. Lombard,

A.U? Bourquin, D.C. Mosteller and ‘CC.
Hazen, Sanitary landfill optimization test

for remediation of chlorinated solvents,
in In-Situ and On-Situ Bioremediation,

Vol. 5, pp. 315-316, Battelle Press, 1997.
Hazen,T.C., Sanitary landfill in situ biore-

mediation optimization test final report,
WSRC-TR-96-O065, Westinghouse
Savannah River Company, Aiken, SC,

DOE-NITS, 1996.

has been supported by American
[nc., and the U.S. Department of Energy

recirculation can be used to greatly increase biodegrada- r r r r r r r Ili under cont~ct No DE-AC02-76SFf)f) 09g and DE-AC09.

tion of municipal solid waste using a standard subtitle-D
~%

89R180035. Funding was also provided by Columbia
configuration, thereby converting the dry tomb to County, Apppleton, GA.
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New Software Tool

Project Objectives

Geological characterization of frac-

For Visualizing Fracture Data
From Oriented Cores

tales into a network of AVS/Express

modules.
A contractor to DTSC collected

tured sites relies on analysis of cores Janet S. Jacobsen cores from 29 wells in a contami-

and surface fracture mapping. Fracture nated, fractured site. The fracture data

data from cores usually consists of frac- Contact: consist of the following information:
hire Inmtinn stainin~ and fillinrz. In Kenzi Karaaaki ● depth down the borehole to the---- ------- --, -———-~ ....— .—... —.
some cases, “oriented” cores are col-

(51 O) 486-6759, k_karasaki@lbl.gov fracture

lected; i.e., not only is the location of a fracture known, but also its ●

orientation in space. This report describes the development of a

software tool for visualizing oriented fmcture data in a 3-D con- ●

text. The ftactures are visualized as oriented disks. The software

tool includes the capability to select subsets of fractures based on ●

angle of dip, angle of strike, fracture filling and fracture staining; it

is described in more detail in

Jacobsen (in preparation).

The oriented core fracture

data used to develop the soft-

ware tool was supplied by
the California Environmental

Protection Agency’s
Department of Toxic Sub-
stances Control (DTSC),

which funded and provided
technical guidance for the
development of the visualiza-

tion tool.

Approach

The software tool was

developed using the geneml-

purpose visualization soft-
ware package AVS/Express,

from Advanced Visual

Systems Inc. AVS/Express is

widely used for research,
engineering and financial

applications. It provides a

visual programming environ-
ment in which the user

builds a data flow network
consisting of software mod-
ules that provide various

techniques and capabilities

for visualizing field data or
simulation output.

AVS/Express was chosen not
only because of its wide

range of visualization capa-

bilities, but also because it is
extensible; that is, user-devel-

oped computer programs
can be incorporated as mod-

fracture dip: specified as angle from horizontal and direction,

either north or south

fracture strike: specified as angle with respect to north and

direction, either east or west

fracture staining: specitled as contaminant stained, iron

stained, not stained, or “other” (not specified)

Figure 1. Visualization of fracture data from oriented core. (a) Fractures colored
by type of filling.(b) Only fractures with an angle of dip between 1@ and 40” have
been included. Fractures are colored by angle of strike.

● fracture ffing: specified as

clay filled, sand filled, no

filled or “other” (not speci-

fied).
Altogether, the data set

contains data for 1,962 frac-

tures.In addition, DTSC pro-
vided coordinates (in cast-
ing and northing) of the

wells from which the cores
were taken, ground surface

elevations of the wells, and
text well identifiers.The well

coordinates, depths and ele-
vations were all spectiled in

feet; the dip and strike
angles were specified in

degrees.
AS described above, the

fracture data from oriented

cores consist of strike and
dip, which together specify

the orientation in space of a
plane containing the frac-

ture. In the visualizations,
disks rather than planes rep

resent the fractures. A C++
computer program was writ-

ten to convert strike and dip
data into the geometric infor-

mation required by
AVSIExpress to visually rep

resent the fractures as disks.
The computer program also

includes the logic needed to
select a subset of fractures

according to the following
criteria:
● range of dip angles

● range of strike angles
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● type of fracture filIing (clay, sand, none, or “other”)
● type of fmcture staining (contaminant, iron, none, or “other”).

When selecting a subset of fractures, the user may choose one

or more criteria. For example, the user could choose to limit the
range of dip angles to O“ to 10°, the range of strike angles to

N30”W to N30”E, the type of fracture filling to clay and sand and
the type of fracture staining to contaminant and iron. Each frac-

ture would then be checked against all of these criteria before
including it in the set of fractures to be visualized.

A user interface (UI) was developed to facilitate specifying
visualization parameters and selection criteria. When the visuali-

zation application is loaded into AVS/Express, the user is pre-
sented with a menu giving the following options:

● name of input fiIe of strike and dip data

● mdius to use when displaying the fractures as disks
● how to color the fracture disks (by angle of dip, angle of

strike, type of fracture filling or type of fracture staining)
● whether to include all fractures or only a subset of fractures

in the visualization.

If the user chooses to specify subgroups of fractures to
include, then a second menu pops up. The second menu first

gives the user the option to specify which criteria (angIe of dip,

angle of strike, type of fracture filling, type of fmcture staining)
to use to select fractures. Once the user has toggled on one or

more of these criteria, the parts of the UI menu corresponding to

the selected options become active and the user may speci@

range of dip and/or strike and type of fracture filling and/or stain-

ing. As discussed above, the user may combine different criteria

to specify the characteristics of a subset of fractures.

incorporating the necessary logic in the computer program and
also by developing a user interface to facilitate specifying visual-

ization parameters and selection criteria.
Figures la and lb provide exampIes of how the software tool

can be used. Figure 1a shows all of the fractures in the data set

color coded by type of fracture filling. The visualization in Figure
lb includes only fmctures with an angle of dip between 10“ and

40°. In this figure, the angle of dip of the fmctures is clear, so
color has been used to indicate the angle of strike angle in order

to show the distribution of strike for the subset of fractures.

Significance of Findings

The software tool deveIoped by this project provides the user

with the capability to:

● include all oriented fracture data from a site in a single view
● look for trends in or correlations among the fractures

● select subsets of fractures to include in the visualization,
thereby reducing the density of fractures and the complexity
of the visualization

● include in the visualization other types of data (e.g., seismic,
water sample, Iithology, etc.).

Visualization of oriented core fracture data is a powerful analy-

sis tool because it provides practically the only way to include all
fracture data from a site in a single view. Unlike other analysis

techniques (e.g., Rose diagrams), other types of data also can be

included in the visualization.

Related Publication
Results

This project resulted in the development of a software tool for
visualizing fracture data from oriented cores. The tooI consists of

a visualization network and user interface developed from

AVS/Express modules and a C++ computer program developed

to convert strike and dip data into the geometric information
required by AVS/Express to visually represent the fractures as

disks. The software tool includes the capability to select subsets

of fractures. based on angle of dip, angle of strike, fracture filling
and fracture staining. This capability has been implemented by

Jacobsen, J. S., User’s manual for development of a software
tooI to visualize fracture data from oriented core, in prepa-
ration.

Funding

This work has been supported by the California
Environmental Protection Agency through its Department of

Toxic Substance Control, which also collaborated in the research
through Integrated Contmct Order B347960.
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Research Objectives

The Vadose Zone Monitoring

System (VZMS) installed at McClellan

Air Force Base has been collecting

data on pressure, tempemture, gas

and liquid-phase VOC concentrations

and moisture content over a 100-ft

vertical section of alluvial sands and

Enhanced Data Analysis
For the Vadose Zone

Monitoring System the site, we are building a defensible

conceptual model for modeling con-
taminant transport.

Curtis M. Olden burg,
April L. James Approach

and Peter T. Zawislanski

Contact:
A considerable data analysis effort

Curtis Oldenburg is required to use VZiiS data to inter
(510) 486-7419, cmoldenburg@lbl. gov contaminant transport. Our approach

silts for the last two years. Thirteen

levels of instrument clusters were installed over the vadose zone

in each of the two boreholes (VZMS-A and VZMS-B), spaced 10 ft

apart at site S-7 in Investigative Cluster-34 (IC-34). A third VZMS

(VZMS-C) was constructed in 1998 in between VZMS-A and

VZMS-B to collect matric potential data to a depth of 25 ft. The

instruments are connected to a data acquisition system installed

in a portable building at the site.’Rvo nearby boreholes for neu-

tron logging were also constructed to monitor moisture content.

Gas and liquid samples are brought to the LBNL Environmental

Measurements Laboratory for chemical analysis. The primary
contaminants are trichloroethylene (TCE) and cis-1 ,2-DCE. Most
of the contamination is concentrated in the top 6 m (20 ft) of the

section, with some additional contamination near the water
table. The main issue to be addressed concerns the rate of down-

ward transport of TCE from the shallow vadose zone to the
water table. Through modeling, we estimate values of sediment
permeability, effective thermal conductivity and moisture con-

tent as a function of depth, comparing estimates to laboratory

and site-measured values. By matching various types of data from

a

0 Data-30ft

time (Julian days)

Figure 1. (a) Observed and simulated gas-phase pressure at a depth of
30 ft in response to barometric pressure changes at groundsurface. (b)
ObSefVed and simulated subsurface temperatures at 11, 18 and 30 ft in

is to use all relevant data including

VZMS temporal data to build a plausible conceptual model and

then to use forward and inverse modeling to analyze the data

and continue to improve the model. We refer to this process as

“enhanced data analysis.” We have taken data from drilling logs,

laboratory measurements of core samples, and the VZMS, and

constructed a onedimensional conceptual model of the vadose

zone at the site. The 100 ft of vadose zone are discretized with

0.5-ft gridblocks to represent the many different layers of silts,

sands and clay present. We use T2VOC, the muhiphase and mul-

ticomponent model for the flow and transport of water, volatile

organic compounds and air for forward simulations, and the
inverse modeling code ITOUGH2 for sensitivity, uncertainty and

inverse modeling. These modeling tools allow us to carry out
numerical experiments and inverse modeling to determine key
pammeters controlling movement of gas and liquid phases in the

subsurface. The goals of enhanced data analysis are to (1)
increase the value of the VZMS data by constructing models that

can be used in a predictive mode and (2) validate the models

such that defensible remediation decisions at other similar sites

b

f-

24

23

22

21

20

19

18

lk~O’ ‘ ‘ ‘4:0’ ‘ ‘ ‘5:0’ ‘ ‘6&0’ ‘ ‘ ‘7~0’

time (Julian days)

response to groundsurface temperatures. Values of permeabhfy and
effective sediment thermal diffusIvIty were estimated using ITOUGH2
inversion techniques.

- -----—. .... ,. .... , ,. .. .... . ... ...- .m,m m<,,c7-7. --- .-? . -.Z?>7 ,.-X>XA.. ST-T. F7TG -r -— --zs,-r -.--— ---- .



m . ...
Enhanced Data AnaIyais forthe Vadose Zone Monitoring System

o

8

16

24

32

40

48

56

64

72

80

88

96

104

Formation volumetric moisture content

112 -!
, * , , t
1 I , 1

0 0.1 0.2 0.3 0.4 0.5 0.6

Volumetric moisture content

Figure 2. ObSeNed formation volumetric moisture content and simulated 1-D
moisture profiles using recharge rates of 1, 10 and 50 cmjyr.

can be made based on the understanding gained at the S-7 site.

Results

Using a one-dimensional conceptual model that contains a
site-averaged hydrostmtigmphy (at resohltion of 0.5 ft) defined

by lithologic logs and Iabomtory analysis of core, we estimated
values of permeability by simulating gas-phase pressure response
at depth in the subsurface to a time-varying barometric signal.

Permeabilities were estimated by matching observed and simu-
lated gas-phase pressure at the four shallowest instrument clus-

ter depths (6, 11, 18 and 30 ft), where the response to atmos-
pheric variation was strongest, and where, at site S-7, the shaIlow

VOC contamination has persisted over 25 years or so.

Figure 1a illustrates the pressure response (simulated and
observed) at 30 feet. Resuhs indicate that the inversion is most

sensitive to the permeability of the overIying concrete layer. A
similar inversion was performed to evaluate effective thermal dif-

fusivities of sediments by comparing observed and simulated for-
mation temperature (Figure lb). Simulations matched the

observed temperature fluctuations at depths of 11, 18 and 30 ft,

below which the effects of surface temperature are not dis-
cernible. Inclusion in the simulation of an annuaI recharge of 10

cm/yr provided a better fit to the observed moisture content pro-
file relative to 1 cm/yr and 50 cm/yr (Figure 2).These parameters

of permeability, thermal diffusivity and annual recharge are three

A

key features in the conceptual model to be used to model con-

taminant transport.

Significance of Findings

The enhanced data analysis has reproduced multiple types of

site data and allowed the estimation of sediment properties crit-
ical to the transport of contaminants at the S-7 site.The estimated
values of permeability, thermal diffusivity and recharge will be

incorporated into the conceptual model used to assess TCE

transport in the gas- and liquid-phases.

Related Publication

James, A.L., and C.hl. Oldenburg, Enhanced data analysis for the
VZIMS: Conceptual model design and initial application for

the Vadose Zone Monitoring System (VZLMS),LMcClellanAFB

1998, Berkeley Lab report LBNL-41909, 1998.

Funding

This work has been supported by the U.S. Department of
Defense under lMilitary Interdepartmental Purchase Request

FD2040-96-74020EM to the Ernest Orlando Lawrence Berkeley
National Laboratory under U.S. Department of Energy Contract

No. DE-AC03-76SFOO098.
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Numerical Simulation
Of Ferrofluid Flow

Research Objectives using analytical expressions that neg-

Curtis M. Olden burg, Iect the presence of ferrofluid, an

Ferrofluids are stable colloidal sus- Sharon E. Borglin approach considered reasonable for

pensions of magnetic particles in car- and George J. Moridis the applications we consider. The gra-

rier liquids. Due to their ability to be client of H is calculated by simple

held in place by magnetic fields, fer- Contact:
Curtis Oldenburg

frost-order differencing in each of the

rofluids currently find application in a (510) 486-7419, cmoldenbur9@lbl.9ov coordinate directions. At any value of

variety of industrial processes and - -
engineered devices, as well as limited use in the biomedical field.

We have conceived of many potential applications for ferrofluids
in the field of subsurface environmental restoration. These appli-

cations fall broadly into two main areas: (1) guiding liquids and

holding liquids in place in the subsurface through application of

magnetic fields; and (2) using ferrofluids as subsurface flow trac-

ers that can be imaged by standard electromagnetic and geo-

physical methods. In order to facilitate the design and experi-

mentation of porous media ferrofluid applications, as well as to

carry out numerical experiments of ferrofluid flow phenomena,

we have developed simulation capabilities for ferrofluids.’fhe sim-

ulation capabilities are built upon the reservoir simttlatorTOUGH2.

Approach

In the presence of an external magnetic field, the sirtgle-
domain colloidal magnetite particles suspended in ferrofluid

align, causing the ferrofluid to become magnetized. The magne-

tization of the fluid interacts with the magnetic field to produce
attractive magnetic forces analogous to the body force on a liq-

uid due to gravity. The attractive force on ferrofluid per unit vol-

ume is given by Fmag= p. MVH [=] Tesla Ampere-turn m/ms [=]

T A m/ms [=] N/ins, where U. is magnetic permeability of free

space in units of T m/A, M is the magnetization in A/m and H is

the magnetic field strength in A/m.

AS the magnetic field strength is
increased, the ferrofluid reaches a

maximum magnetization, or satura-
tion magnetization. Thus, the mag-

netization is a function of H and
can be approximated by simple arc-

tangent functions.
In our development of simula-

tion capabilities, we built upon the
T2VOC module of TOUGH2 by (1)

substituting ferrofluid for the non-
aqueous phase liquid organic com-

pound, (2) adding calculations for
external magnetic field strength

around a permanent magnet, (3)

adding arctangent function approx-
imations for the magnetization of

ferrofluid, and (4) adding the ferro-

magnetic force term. We calculate
the external magnetic field (H) for
permanent rectangular magnets

H, we assume that magnetization

increases linearly with ferrofluid saturation. While we neglect

the coupling between H and the ferrofluid distribution, we con-

sider explicitly the full coupling between flow and transport

driven by both the magnetic force (arising from the M and VH

terms) and the buoyancy force (when gravity is present), which

combine to make this a strongly coupled flow problem. Once

the magnetic field strength H and its gradient are calculated, we

calculate magnetization and the magnetic force at the interface

between each gridblock.llis term is added to the pressure gra-

dient and gravitational body force terms.A diagram showing the

calculation procedure is presented in Figure 1.

Results

The demonstration problem models a laboratory experiment

designed to show one potential application of ferrofluids in sub-
surface environmental engineering, that of pulling fluid under-
ground by application of a permanent magnet. In the experi-

ment, a small volume of ferrofluid (EiiG 805nf) is injected
through a catheter into the left-hand comer of a fluid-filled gap

between one plate of smooth glass and one plate of rough glass

with a magnet on the right-hand side. The narrow gap between

the plates creates an analog porous medium similar to a Hele-
Shaw cell. The domain is modeled as a porous medium with

Calculate H and VH due to the magnet.

1

I Calculate M based on H and
the local ferrofluid mass fraction. 17

I Calculate Fm~g (F~~g = POM VH). II
I

Add Fm~gto pressure gradient and
gravitational body force terms.

I I I

I Transport ferrofluid over the time step.
Y

=.
3
al
m
s
u

Figure 1. Schematic of ferrofluld flow calculation Implemented m
EOS7M and T2VOCM.

porosity set to 0.999. The fer-
rofiuid flow experiment is carried

out with the cell in a horizontal

position and fdled with a colloidal
silica fluid that closely matches
ferrofluid in density. The gmdient

in the magnetic field produces the
attractive force that pulls fer-

rofluid toward the magnet, while
viscous forces resist the motion.

Shown in Figure 2 are snapshots
at four times in the simulation: (a)

initiai state; (b) t = 6 rein; (c) t = 9

m; and (d) t = 13 min. Results as
shown in Figure 2 agree qualita-

tively with the experiment in
terms of the direction and geome-

try of ferrofluid movement in the
system. Note in particular the ten-

dency for the ferrofluid to elon-
gate in the direction of the magnet

just as we observed in the experi-

-. .— .-—
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Figure 2 Ferrofluld saturation and flow in Hele-Shaw cell simulation at t = O mm, t = 6 rein, t = 9 mm and t = 13 mm

ment.This occurs because the force on ferrofluid is proportional

to both the magnetic field strength (prior to saturation) anti to
the magnetic field gradient .Thus, ferrofluid that is already closer

to the magnet is more strongly magnetized and pulIed more

strongly toward the magnet than ferrofluid that is farther a-way.

Note also the accumulation of ferrofluid around the magnet. The

good general agreement between experiment and simulation
serves to qualitatively demonstrate the validity of the new simu-

lation capabilities.

Significance of Findings

We developed and demonstmted simulation capabilities for fer-

rofluid flow in porous media.A number of the physicaI processes

of ferrofluid flow shown in the sample problem are rather
uncommon. First, we observe the tendency of the ferrofluid to

elongate in the direction of the magnet due to the larger forces on
the fluid at smaller distances from the magnet. Second, ferrofluid

starts out at nearIy full saturation and then in the course of tm-
versing the domain becomes a two-phase ferrofluid-water mix-

ture. Near the magnet, it segregates and becomes pure ferrofluid

(Sff = 1.0). Such segregation effects are not particularly common
in flow and transpofi where diffusion and dispersion usuaIly lead

to smoothing and mixing of constituents. Third, near the magnet,
water must be expelled as ferrofluid is pulled strongly toward the
magnet. During this evolution, there is a minimum in phase satu-

mtion berween the initial ferrofluid injection point and the mag-

net where it segregates out.This phase satumtion minimum tends

to be close to the edge of the segregating volume near the mag-
net. Finally, the forces on the ferrofluid become very large near

the magnet where the magnetization is strong and there is a high

field strength gradient. This problem is an example of an over-

stable problem, where fluid is pulled strongly toward an impene-

trable boundary and tends to stagnate. An example application

simulation we carried out involving barrier verfilcation shows
that the effective distances over which a single magnet cm pull

ferrofluid are on the order of 1 m.

Related Publications

Oldenburg, C.LM.,S.E. Borglin and G.J. iMoridis, Numerical simukl-
tion of ferrofhtid flow for subsurface environmental engi-

neering applications, Transport in Porous Media, in press,

and Berkeley Lab report LBNL40146, 1998.
Borglin, S.E., G.J. LMoridisand C.iM.Oldenburg, Experimental stud-

ies of ferrofluid flow for subsurface environmental engi-

neering applications, Transport in Porous lMedia, submitted.
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This work has been supported by the Laboratory Directed
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No. DE-AC03-76SFOO098.
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Advanced Detection of
Exposures and Biological

Research Objectives Responses to Organic Toxins

Orgtmochlorines (OCS) and poly-

cyclic aromatic hydrocarbons (PAHs) Hoi-Ying N. Holman,

are ubiquitous environmental contam- Regine Goth-Goldstein,

inants that are toxic and suspected
Michael C. Martin,

human carcinogens.Traditional assess-
Marion Russell

ment of human exposures to these
and Wayne R. McKinney

organic toxins and the subsequent Contact:
biological resDonses relies rximarilv Hoi-Yina Holman* . .
on high-dose and short-term animal (510) 486-5943, ~yhoIman@lbl.gov

experiments. A major uncertainty

inherent to this approach is the extrapolation from the high-dose

animal experiments to the low-dose and long-term human expo-

sures. To overcome this uncertainty, we recently have directed

our research effort towards exploring the use of synchrotrons

radiation-based (SR) Fourier transform infrared (FTIR) spectro-

microscopy for identifying chemical changes in cellular nucleic

acids and proteins as a result of OC and PAH exposures.

To date, the primary research objective has been to identify SR

FTIR spectroscopic signals of human cell culture systems that
are indicative of low-dose exposures to OCS and PAHs and could

be used as biomarkers. SR FTIR spectromicroscopy is used
because our earlier work has demonstrated that this is a sensitive
and nondestructive technique capable of providing direct bio-
chemical information at molecular levels in a biological system.
The fine spatial resolution of 5-10 microns and strong signal to

noise levels of SR FTIR spectromicroscopy allow one to detect
the subtle changes in intracellular biochemical processes as the

cells are exposed to environmental stimuli.

Approach

The biomarker considered for OC and PAH exposures is the

induction of the cytochrome P4501A1 CYPIA1 gene expression
and the increase in the

associated enzyme activ-

tures of PAHs. HepG2 cells were main-

tained in Eagle’s lMinimum Essential

iMedium with non-essential amino

acids and Earle’s BSS supplemented

with 10% fetal calf serum, 1 mlM L-glu-

tamine, 10 mii Hepes and antibiotics.

Cells were sub-cultured, and then

treated for 2-20 hours with TCDD,

BaP and coal tars at environmentally

relevant concentrations.

The effect ofTCDD was monitored

and mapped by the SR FTIR spectro-

microscopy technique in the mid-IR region (4000-400). SR FTIR

signals (from individual cells) that are specilic to the intracellu-

lar response after their exposure to these organic toxins were

identified.To validate the SR FTIR spectromicroscopy technique,

results from the TCDD experiments were compared with the

CYPIA1 transcript levels measured by the widely accepted yet
more time-consuming reverse transcription-polymerase chain

reaction (RT-PCR).

Results

Dimensionless SR FTIR spectra were recorded at the proxim-
ity of a cell nucleus of HepG2 cells that were exposed to TCDD

of different concentrations (O, 0.01,0.1, 0.5, and 1.0 nii for 20
hours. There are considemble differences in the SR FTIR spectra
associated with the CYPIA1 gene expression and the increase in

the associated enzyme activity, with one difference being the

increased absorption of the vibration band 1180-1160 cm-l, cen-
tered at -1170 cm-l. Here, the normalized absorbance intensity

for individual cells increased from 0.007 to 0.21 when theTCDD
concentration increased from 1011 to 109 ihl(Figure 2a).The nor-

malized absorbance intensity at -1170 cm-l for individual con-
trol cells was 0.005 .This is a 42-fold increase in the absorbance

ity. It is well established
that CYPIA1 transcript

levels increase in

response to exposure to

OCS and PAHs through
their binding to the Ah

receptors (Figure 1).
HepG2 (human

hepatoma-derived) cells

were used as model
human epithelial cells
that can metabolize

PAHs; 2,3,7,8-tetra-

chlorodibenzo-p-dioxin

(TCDD) modeled OCS;
BaP modeled PAHs and

coal tars modeled mix-

PAH
(ordioxin)

PAH“
conjugat

Figure 1. Intracellularresponses to dioxin or aromatic hydrocarbon compounds: CYPI Al
- a global biomarker of exposure.

intensity. This systematic

spectral change might be
related to the alteration
in the DNA base struc-

ture and will be the sub-
ject of future investiga-

tion.
A comparison of the

dose response described
above with that obtained

using the RT-PCR tech-
nique is shown in Figure
2b.The solid line was the

least-squares fit to the
data.The excellent agree-
ment (with r2 = 0.99) for

measurements from the

two methods indicated
that the fast and direct
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SR FTIR spectromicroscopy technique was indeed comparable
to the more time-consuming and widely accepted RT-PCR tech-
nique that spec~lcally measures increases in the CYIA1 tran-

script levels.
The SR FTIR spectra recorded at the proximity of a cell

nucleus of HepG2 cells that have been exposed to BaP and coaI
tars at environmentally relevant concentrations showed similar
spectral characteristics at -1170 cm-l. The recorded dose-
response behavior was also similar to those reported in the lit-

erature.

Significance of Findings

The agreement between the SR FTIR spectromicroscopic
data for dioxin exposures and the RT-PCR results, and the agree-

ment between the PAH measurements and those reported in the
literature indicate that the intracellular biological responses to
low-dose exposures to these organic toxins are well represented

by our specific spectral changes. These changes are associated
with CYPIA1 gene expression and the increase in the associated

enzyme activity with different types of damage. The capabilities

of SR FTIR spectromicroscopy for the direct detection of intra-
cellular biochemical responses to exposures to dilute concen-
trations of OCS and PAHs will have significant impacts in future

research methodology of environmental toxicology.
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Research Objectives

Selenium drainage water treatment

has been an active area of research for

more than a decade since the discov-
ery of selenium toxicosis at Kesterson

Reservoir in the western San Joaquin

Valley of California. The Grassland

Bypass Project established monthly

and annual selenium load targets for

tile drainage from agricultural water

districts within the Grassland Basin—

An Algal-Bacterial
Treatment System for

Drainage Selenium Removal

Nigel Quinn, Tryg J. Lundquist*,
Bailey F. Green*, W.J. Oswald,

Terrance Leighton, R.B. Buchanan
and Max Zarate

*University of California at Berkeley

Contact:
Nigel Quinn

(510) 486-7056, nwquinn@lbl.gov

tion and sand filtration. Past and cur-
rent studies show a clear need to

reduce dissolved oxygen and nitrate

to low levels before selenate can be

reduced to selenite. Oxygen is elimi-

nated from the drainage water by the

respiration of microorganisms. Nitrate

is removed by reduction to nitrogen

gas during denitrification, or in

another flow scheme, by assimilation

into algal biomass in addition to deni-

trilication. Selenium removed from

exceeding these could lead to fines of up to $500,000 per year.

This has proved a powerful incentive for investment in irrigation

source control and drainage reduction technology. These

monthly and annual load-based targets have helped to change

the economics of drainage treatment—no longer are expensive

unit processes required to achieve the 5 ppb effluent standard.

Hence, technologies such as the Algal-Bacterial Selenium

Removal System (ABSR), developed by Professor Oswald and his

co-workers at the Applied Algae Research Group (AARG) at the
University of California, Berkeley, are well suited for this applica-
tion.The primary goal of this project is to demonstrate the tech-

nical and economic feasibility of the ABSR system at a larger
scale, up to 20,000 gallons per day.

Approach

The current collaborative demonstration project involves sci-
entists in LBNUS Earth Sciences Division, the AARG and the

departments of Cell Biology and Plant Biology at UC Berkeley.
TheABSR system was constructed in July 1996 and consists of

two parallel systems, each having a reduction pond (RP), a pad-
dle-wheel mixed algal high rate pond (HRP) and an algae settling

pond (ASP); see Figure 1. By operating two systems simukane-

ously, the operational parameters of one system can be varied
while the other system is operated as a control.

The basic concept of the ABSR system is to grow microalgae

the water column accumulates in the algal-bacterial biomass and
inert materials in the bottom of the RPs. Because the biomass is

continuously decomposing, the volume of solid residues
increases very slowly. Removal and disposal of the solids in a

landfill should be required only after many years of accumula-

tion.
The O.l-acre RPs were designed to promote the growth of

nitmte- and selenate-reducing bacteria. Floating covers on the

RPs were installed to reduce wind-induced mixing. The O.l-acre
paddle-wheel-rnixed HRPs were designed to cultivate microalgae

in high concentrations and at high productivities. The low speed
mixing of HRPs enhances the selection of algal species that

bioflocculate and settle in quiescent algae settling ponds.

Carbon dioxide supplementation to the algae is provided by
sparging the gas into a carbonation sump near the paddle wheel
in each HRP A baffle in the carbonation sump forces the flow of

water downward. Against this downward current, the carbon

dioxide bubbles are held in suspension as they dissolve into the
water. ASPs provide a quiescent zone for the algae grown in the

high rate ponds to settle. The launders in the ASPS improve algae
sedimentation by removing supematant from the surface of the

pond at a very low overflow velocity.A sloped floor and internal
sump in each ASP enables the harvesting of the algal biomass

using a diaphragm pump.
Two flow modes are possible in the ABSR facility in the

Panoche Drainage District, each having its advantages in terms of

on drainage water and to uti-

lize the algal biomass as a
carbon source for native bac-

teria such as Acinetobacter

and Psuedomonas, which
reduce nitrate to nitrogen

gas and selenate to selenite.
Selenite combines with

metal ions and precipitates
or is further reduced to

insoluble elemental sele-
nium.The insoluble forms of

selenium are then separated

from the effluent by sedi-
mentation in the ponds fol-

lowed by dissolved air flota-

.-. —- —. .
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the economics of die system.
In lMode 1 (South ABSR sys-

tem), drainage water is

brought into a HRP where 15
to 30 mg/L of nitrate-nitrogen

can be removed through

assimilation by algal cells. The
remaining nitrate is removed
in the RP via heterotrophic

denitritlcation to nitrogen
gas. By removing some nitrate

through assimilation, less
algal biomass is required as a

carbon source for the denitri-
@ing bacteria. The disadvan-

tage of this mode is that car-Figure 1. The Algal-Bacterial Selenium Removal System (ABSR).
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tern), the drainage -water passes j’~/ ‘

through the RP first, where most ~ ~W

of the nitmte is removed by deni- :e
trification followed by solubIe “’100

selenium removal. The RP effluent 0
containing algal decomposition ~$

products such as ammonia, phos- g ~

600

bon dioxide and phosphate must mg/L in the RP effluent by
be added to the drainage water to ~ 5W September 1997, when the South

=
increase algal growth in the HRP ~. 4W ABSR was switched to lMode-1

In ihlode 2 (North ABSR sys- ~ cofilguration. With the gradual

f reduction in nitrate concentra-

tion in the South ~, selenium
removal has increased. The total

soluble selenium removal has
averaged 25%, from an influent

s~~>~ ~~?:: ~$’ concentration of 413 ug/L to a:& : ~~ ;:$$$ :5)jf! concentration of 308 ug/L in the
phate, and dissolved carbon diox- - 1“1!”.”1 — NonlI Redwtron Pond .Inuenl

— North H@h Rate Pmd Noah SW ~ Pond South RP effluent. Selenium
HNT.4

ide passes to the HRP AIgae grow
RNT.4

SNT.4 removal decreased dramatically
utilizing the decomposition prod- Flgure 2 Selenlum concentration (soluble and total T-4) In the North during the winter months (start-

ucts, thereby reducing the need ‘BSR ‘Ystem”
for supplemental carbon dioxide and phosphate.

Results

For start-up, the RI% were fed algae collected over six months

from the AIWPS Facility at the UC Berkeley Richmond Field

Station. These algae were pretreated with heat, steam or by drying
and milling. Subsequent laboratory experiments have shown that

algae hanested directly from the Panoche and Richmond HRPs

and used as substmte directly without pretreatment are two to 10

times more effective for nitrate and seIenium reduction than the
algae collected over months in the Richmond ASPS. The “fresh”

algae reduced at least 0.2 g N03-N per gram volatile solids intro-

duced. Steam pretreatment of the “fresh algae did not significantly
improve nitrate reduction. iMolasses was also evaluated as a sub-

stmte and found to reduce 0.22 g N03-N per gram volatile solids.

Acting on the laboratory results, animal-feed-grade molasses has
been used to supplement the algal substrate in the NorthABSR sys-

tem, and freshly harvested algae have been exclusively the sub-

strate in the South ABSR system.
From April to October 1997, the molasses-fed (North ABSR) sys-

tem has consistently reduced nitrate nitrogen to less than 10 mg/L
NO~-N and total soluble selenium 70 to 80% from a mean of413

u@- in the infhtent down to a mean of 87 ug/L(Figure 2).The flOW

to each system was 3,500 gallons per day during this period, giv-

ing a hydraulic residence time of 58 days. A shorter residence time
of 2 j days gave similar removal rates when internal baffles were

instalIed in the RPs to prevent flow short circuiting of infhtent and

the flow was increased to approximately 7,000 gals/day.
In October 1998 some breakthrough of selenium was evident

as selenium removal kinetics decreased with colder winter tem-

peratures. Figure 2 shows the impact that variations in molasses
feeding had on soluble selenium removal; the thinner lines in the

graphs with the (T-4) suffm represent total selenium.
The South ABSR system has been fed “fresh” algae, bar- ~

ing in October 1998), when algal
assimilation of selenium is at its lowest and the selenium-reduc-
ing bacteria in the reduction pond are least active and limited in

their supply of carbon.

Significance of Findings

The molasses-fed NorthABSR pilot system performed welI with

an average removaI of 7C-80% of influent seIenium. Although the

current pilot plant removes less than 10% of the total selenium
mass Ioad genetated by the field drainage sump, a full-scale facility,

sized to treat the total dminage flow, would likely be 10 times as
large, occupying a land area of between five and 10 acres.

The project goal over the next six months is to adjust opera-

tional parameters to achieve the greatest selenium mass reduc-
tion at the lowest operational cost. Selenium removal is greatest

for the Mode-2 process, but the cost of adding molasses, an exter-

nal carbon source, detracts from the cost-effectiveness of the sys-
tem. ReaI-time telemetered sensors and a SCADA system for

remote operation and control of the plant will be installed by

summer 1999 in order to optimize plant operation and minimize
chemical additions.
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Characterization
Of VOC Biodegradation

Research Objectives On Rock Surfaces biodegradation of toluene on speci-

By SR FTIR Imaging
men surfaces was monitored using SR

Designing strategies for using FTIR spectromicroscopy.

intrinsic microorganisms to success-

fully biodegtade and detoxify VOCS Hoi-Ying N. Holman, Jil Geller, Results
(volatile organic contaminants) Jennie C. Hunter-Cevera
requires a thorough characterization and Karsten Pruess Global features of SR FTIR spectra

of key reactions at a molecular level for the intrinsic microorganisms,

on mineral surfaces occupied with Contact: toluene and toluene metabolizes were
Hoi-Ying Holman

microorganisms. This study shows (510) 486-5943, hyholman@Ibl.gov consistent with those reported in the

that synchrotrons radiation-based (SR) ‘ -

Fourier transform infrared (FTIR) spectromicroscopy — with a

spatial resolution of 5-10 microns and strong signal to noise lev-
els — can readily be applied to imaging characterization of the

complex progress of VOC biodegradation on basaltic rock sur-

faces, especially the progress of the initial biodegradation.

Approach

Vesicular basalt rock samples and intrinsic microorganisms
were taken from a site where VOC contamination has threatened
the Snake River Aquifer near the Department of Energy’s Idaho

National Engineering and Environmental Laboratory (INEEL).
Toluene vapor was used as a model VOC that can be duectly
metabolized by intrinsic microorganisms. The SR FTIR spectra

for films of microorganisms, toluene and possible tohtene
metabolizes were measured and validated by comparison with

those in the spectral literature. Basalt specimens were incubated
in a closed system in the dark for a number of days. The

literature. Detailed comparative analy-

sis of spectra recorded on microbial surfaces of the coated-gold

mirrors and on the cleaved basalt samples indicates the exis-

tence of distinct SR FTIR absorption bands as markers indicative

of the presence of biomolecule markers (biomarkers) and of

tohtene and tohtene metabolizes.
Figure 1 shows the spatial distribution of IR absorption bio-

markers associated with protein Amide I of intrinsic microorgan-

isms (1687 cm-l).The mapping was recorded on one of the basalt

specimens after it was exposed to 100-ppm toluene vapor at
100% relative humidity for five days. The high intensity of the IR

absorption band at 1687 cm-l implies that the intrinsic rnicroor-
ganisrns in the basalt rock from INEEL could grow extremely
quickly and form biofilms under our experimental conditions
within five days. The striking similarities between the IR absorp-

tion and the optical images of the biofihns on the surface of the
rock chip confirmed that SR FTIR spectromicroscopy is adequate

for detecting the presence of biofikns on rock surfaces.

The spatial distributions of IR absorption associated with
toluene (1029 cm-l), and metabolizes benzyl alcohol (1022 cm-

Reflectance Microscope Photo

Protein Amide I
Indigenous Microorganisms

E
o 1.0

0.8

0.6

0.2

-0.2

Figure 1. SR FTIR mapping of intrinsicmicrobes on vesicular basalt
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Figure 2 SR FTIR mappmg of mlcroblal transformahon of toluene
vesicular basalt surfaces.

1) and catechol (1096 cm-1) were mapped and are presented in

Figure 2.The presence of these metabolizes implies that intrinsic
microorganisms probably degraded toh.tene via the pathway
described in Figure 3. The absence of benzyl aldehyde and ben-

zoic acid in our sample implies that the bottlenecks in the degra-
dation process were the breakdown of benzyl alcohol and ben-

zoic acid.
One-way analysis of variance was conducted to reveal the link

between spatial distribution of the intrinsic microorganisms
(1687 cm-l), toluene (1029 cm-1) and its metabolizes. Results

show that the link is signit3cant for the intrinsic microorgan- _

CH,

o:1 ~H
CH,

\
H ~T~luene

3

d

: l:,:;

o

:1
H Benzyl alcohol

(+)-cis-2,3-Dihydroxy-
2,3-Dihydrotoluene \

I CHO

C/i,

o 0<1
<1: Benzyl aldehyde

I

3-Methyl catechol

J
Ring Fission

C;OH OH

MF=n
Benzoic acid Catechol

Figure 3. SR FTIR spectromicroscopy showing possible toluene bio-
transformation pathways (in red).

ganisms (1687 cm-1) and the first metabolize benzyl alcohol
(lo22 cm-l). However, the link is less significant as the degrada-

tion proceeds further down the degradation pathway. This lack

of signitlcant link will be the subject of a fiture study.

Significance of Findings

The results revealed that SR FTIR spectromicroscopy is a
powerful nondestructive microprobe for direct characterization

of toluene biotransformation on the surfaces of geologic materi-
als. This novel surface analytical technique will have significant

impacts in future research methodology in the field of environ-
mental research and management.
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Stimulation of
Methvl Tert-butvl Ether

Research Objectives

Methyl tert-butyl ether (MTBE)

Biod&gradatio~ Using can also transform LMTBE by “acci-

A Co-Substrate Approach
dent.” It is further hypothesized that if

is the proper co-metabolic additive can

an “oxygenate” that is added to gaso- be found, the co-metabolize can be

line to promote cleaner combustion. William T. Stringfellow used to stimulate MTBE degmdirtg

The use of MTBE has become wide- microorganisms; thus, reactor start-up

spread as a result of Us. Contact: time can be shortened and removal

Environmental ProtectionAgency pro-
William Stringfellow

(51 0) 486-7903, wstringfeIlow@lbl. gov
efficiency can be improved.

grams targeted at reducing carbon - -

monoxide and ozone air pollution.An

unintended consequence of using oxygenates to control air pol-

lution has been that service stations, fuel transfer terminals,

farms and other places where gasoline is used or stored are now

sources for the release of MTBE into the environment. Not sur-

prisingly, there are many instances where gasoline spills and

leaks have resulted in the contamination of groundwater with

MTBE. This problem is particularly acute in California, where

MTBE-containing fuels have been used since the early 1990s and
groundwater resources are highly valued.

There is currently no well-established technology for treating

MTBEcontamirtated groundwater.The objective of this research
is to develop a biological treatment technology. It has been

shown that MTBE is biodegradable, therefore, biological treat-
ment is a promising technolo~ however, the mechanism by

which microorganisms degrade MTBE is unknown. Without an
understanding of the physiology of MTBE biodegradation, the
operation of MTBE biodegrading treatment systems remains hap-

hazard and unreliable.
The objective of this ongoing research is to increase the effi-

ciency of MTBE biodegmdation in a “fluidized-bed” bioreactor.

Research is being conducted to develop methods for rapid reac-

tor start-ups and for lowering MTBE effluent concenttwions
from the reactor. A typical

reactor start-up can take

more than 100 days before
MTBE removal is achieved.
Furthermore, once MTBE is

being removed, the removal

will only be 997. efficient,
whereas new regulations
will require removals of
99.9% or greater.

In order to increase reac-

tor treatment efficiency, it is
necessary to understand the

fundamental processes

responsible for MTBE

biodegradation. The hypoth-
esis for this research is that

MTBE is driven by a co-meta-

bolic process; i.e., a process
in which enzymes produced
for an unrelated purpose
(such as energy metabolism)

12
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8

6

4

2

0

Approach

The approach taken was to conduct field and laboratory

research in parallel. Laboratory studies consisted of batch reac-

tions in sealed vials where lMTBE removal under different condi-

tions was measured over time. Samples of full-scale, up-flow,

MTBEdegrading biological reactors containing bacteria grown

as a biofdm on activated carbon were transported to the labora-
tory and tested for stimulation of MTBEdegmding activity.

Compounds tested for stimulation included gasoline compo-

nents (such as toluene), suspected MTBE biodegradation prod-
ucts (such as tefi-butyl alcohol) and contaminants commonly
found in industrial grade MTBE (such as methanol). It was

observed that the reactor had “iron-bacteria” in the biofilm, so
conditions conducive to iron-bacteria were also tested for stim-
ulation of MTBE degradation activity.

When a potential co-substmte was identiled, field studies

were conducted at the Sparks Solvent Fuel Site (SSFS) in Sparks,

Nevada. MTBE-contaminated groundwater at SSFS is now being
treated by a pair of sixftdiameter Envirex/U.S. Filter up-flow, aer-

obic, f~ed-fti bioreactors. Controlled studies can be conducted
in the field because the reactors are operated in parallel, allow-

1-1-
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Killed Live Fatty Methanol Toluene
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Figure 1. Testing of potential co-metabolizes for stimulation of MTBE biodegra-
dation.

ing one reactor to be treated
and the other to serve as a

control. In the field tests,
compounds found to be

stimulants were added to
one of the two reactors and
the effect on the added com-

pound on MTBE treatment
was evaluated.

Results

Laboratory studies were
used to evaluate the poten-

tial of more than two dozen

compounds as potential co-
metabolic stimulants of
iMTBE biodegradation
(Figure 1). Organic com-
pounds (fatty acids) known

to support the growth of
iron-bacteria stimulated

,,,,., ., -~--— -- ----
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LMTBE biodegradation,
whereas alcohols and gaso-

line components were
found to have no effect on

iMTBE degradation -when
compared to controIs.
However, compounds used
as growth substrates for
iron-bacteria are also sub-

strates for other bacteria,
and the mechanism by
-which these compounds are

effecting MTBE degradation
is not welI understood.

Studies are currently under-
way to define the role of

iron-bacteria, if any, in iMTBE

biodegradation. In addition,
co-metabolic compounds
are being used to enrich

bacteria and fungi from the
iMTBE degrading reactor

biofilm, and these isolates

80-

i-
>~70-

30-

— Treated Reactor
— Control Reactor

0.0 0.4 0.8 1.2 1.6 2.0

Time (days)

F!gure 2. Addition of a co-metabollte to full-scale reactors at SSFS resulted m stim-
ulation of MTBE blotreatment, gwtng lower effluent MTBE concentrations in the
treated reactor compared to the control reactor.

are being screened for LMTBEbiodegmdation. Isolation of MTBE-

degmding pure cultures is desirable if the fundamental mecha-

nisms of iMTBE bio-degradation are to be understood.

Field experiments were conducted to test the hypothesis that
the addition of co-metabolizes would stimulate iMTBE biodegra-

dation in a full-scale reactor. A review of reactor operations data
demonstrated that the reactors behaved in a reproducible man-

ner and that IMTBE effluent data between the two reactors for
the three months prior to testing were not statistically different.

One of the two parallel reactors at SSFS was selected for treat-

ment while the other served as a controLThe treated reactor was

conditioned with a high concentration of fatty acids for approx-
imately 12 hours and then given continuous feed of a fatty acid

solution over the next two days. LMTBEeffluent concentration
was compared between the two reactors. It was found that the

treated reactor out-performed the control reactor (Figure 2). The
response was dose-dependent (data not shown). Based on these

tests, longer term studies at multipIe sites are now underway to

more fully evaluate the efti-

cacy of this co-metabolic

approach for stimulating
iMTBE biodegradation.

Significance
of Findings

This research is being

conducted in an effort to
provide innovative technol-

ogy for the treatment of
iMTBE-contaminated
groundwater. It is particu-

larly important that the
technology be applicable to

the treatment of contami-
nated water in California

and other western states,
which have increasingly

strict LMTBE discharge limi-
tations. We have found a co-

metabolite stimulant that
may allow the improved treatment of MTBE to lower levels than

has been previously achievable. In addition, the discovery of this

co-metabolize has given us a key with which to unlock the

secrets of LMTBEbiodegradation. Only through a better and more
compIete understanding of how microorganisms degrade LMTBE

wilI we be able to develop a more efficient and robust, yet eco-
nomical, treatment technology.

Related Publication

Stringfellow, W.T., and S.T. Kilkenny, Biodegmdation of ethers using

fatty acid enhanced microbes, submitted to U.S. Patent Office.

Funding

This work has been supported by Kinder iMorgan Energy
Partners, L.I?, Vista Canyon Group, L.L.C., Envirex/U.S. Filter Co.

and Varian Analytical Co.
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Earth Sclances Division Annual Report 1998-1999

Climate variability and carbon management research is a new

addition to the Earth Sciences Division. Over the past two years
we have added new staff with expertise in global and regional
scale climate modeling, marine geochemistry and soil carbon

cycling to provide a strong scientific foundation 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 composition
of ice-cores, developing methods for modeling production of

methane from hydrate formations, and predicting the reactivity
of C02 in deep geologic formations. Central to making an impor-
tant scienttilc contribution in these important areas is a strong

link to the newly formed Center forAtmospheric Sciences at UC
Berkeley.

In addition to recruiting the core staff for this effort and get-

ting our research program under way, we have been successful

in establishing a number of major new initiatives.
Our regional climate research group competed successfully to

establish the NASA-sponsored California Water Resources

Regional Atmospheric Sciences Application Center (RESAC).This

Center will provide state-of-the-art real-time and forecast irtfor-
mation (observation and simulation) on hydroclimate, water

quantity and quality, and runoff-related hazards to water
resources managers. It will also provide support for the ongoing

regional and national assessment process by improving our

understanding of spectilc regional features of the climate system
and its impacts.

We have also been successful in establishing DOCS, the DOE

Ocean Carbon Sequestration Center, in partnership with
Lawrence Livermore National Laboratory, Scripps Institute of

Oceanography, Massachusetts Institute of Technology, Rutgers

University, Moss Landing iMarine Laboratories and the Pacfic
International Center for High Technology Research (PICHTR).
The purpose of DOCS is to conduct, focus and advance the

research needed to evaluate and improve the feasibility, effec-
tiveness and environmental acceptability of ocean carbon

sequestration.
This has been a very exciting two years and we believe that

this area will be a growing part of our research activities in the
years and decades to come.

Funding

Climate Variability and Carbon lManagement research is funded

by the U.S. Department of Energy’s Office of Science, Office of
Basic Energy Sciences, Department of Engineering and

Geosciences; and Office of Biological and Environmental
Research; and the National Aeronautics and Space Administration.





Regional Climate Simulation
For the Western United States

Research Objectives Using the RCSM

The main objectives of this

regional climate simulation are to Jinwon Kim and Norman L. Miller

evaluate the Regional Climate System

Model (RCSM) and to investigate the
Contact:

Jinwon Kim

hydroclimate and its variability within (510) 495-2375, jinwon_kim@lbl. gov

the western United States. Results

from this study will be used to compute the effects of future
global climate variation in the western United States. In addition,

evaluation of this multi-year simulation (also known as a hind-

cast) will be used to identify the strengths and weaknesses of the

RCSM for future improvements. In parallel with the simulation

experiment, development of a high performance version of the
RCSM (RCSM.hp) is under way in collaboration with the

National Energy Research and Scientific Computing Center
(NERSC) at LBNL.

The focus of this hydroclimate simulation experiment is to

study precipitation, snow budget and soil moisture variations

that significantly affect human activities and nattmd environ-

ment in the western United States.

Approach

To generate the western U.S. hydroclimate, we downscaled

the global analysis data from the National Center for
Environmental Prediction (NCEP) at 2.5° x 2.5° resolution to a

36 x 36 km2 resolution (Figure 1). TM intermediate-resolution
climate data will be further downscaled to a 12 x 12 Im@ reso-

lution for a California-Nevada domain when the RCSM.hp is com-

pleted. The NCEP global analysis data, together with the global
analysis data from the European Center for Medium-Range

Weather Forecasts (ECMWF), is regarded as the most accurate

large-scale data available.
However, spatial resolution
of both analysis data is too

coarse for detailed regional
impact assessments.

The MesoscaleAtmospheric
Simulation (MAS) model is

the limited-area atmospheric

model of the RCSM.The MAS
has an accurate advection

scheme and comprehensive
physics including short- and

longwave radiation, convec-
tion, cloud microphysics and
cloud-radiation interaction.

The MAS is being used to
simulate regional hydrocli-

mates of the western United
States and eastern Asia. It is

continuously improved for

better physics and numerical

features.

The Soil-Plant-Snow

calculates land-surface

the RCSM. The RCSM
moisture content, soil

(SPS) model
processes in

predicts soil

temperature,

water-equivalent snow cover and

canopy water content. It also calcu-

lates skin temperature and surface

wetness, and drainage of soil water into deep ground. It needs

data for soil texture, vegetation characteristics and initial guesses

for soil moisture and temperature. The initial guesses for soil

moisture and temperature were obtained from the NCEP global

analysis data. The land-surface and vegetation characteristics

were obtained from satellite-based monthly-mean data for leaf-

area index and green-leaf fraction data.This recent monthly veg-

etation data from the NCEP/NASA has eliminated much uncer-
tainty and resulted in a significant improvement in the RCSLM-

sirmdated surface energy and water budget.

Precipitation and atmospheric forcing simulated by the iMAS

and SPS are processed to compute the area-averaged forcing data

for the RCSM hydrologic models (spatially-distributed TOP-
MODEL and the spatially-lumped Sacramento model) using an
area-matching method. This method preserves the total

water/energy between the MAS model and hydrologic models in
a way consistent with the basic assumptions of the models.
Accurate area-matching is important for quantitative precipita-

tion simulations in the western United States, where steep ter-

rain generates a large spatial gradient in precipitation.
The western U.S. climate simulation starts in 1979 and covers

the next 10-15 year period to capture several wet/dry periods in

recent years. Due to an extensive requirement for computational
resources, the actual period of this simulation will be deter-

mined by the available computational resources.
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Figure 1. Domain and orography (height of terrainabove mean sea level)of the
western U.S. domain at 36x36 kmz. The color contour intervalsare at 250 m.

This preliminary study
examined the atmospheric

physics formulations for a
long-term climate simula-

tion. Different schemes for
atmospheric physics, most

importantly for cumulus con-
vection, in the MAS can

cause a sigrdflcant difference
in the simulated regional cli-

mate. The iMAS is equipped
with two convection

schemes: the simple Anthes

scheme and the Simplfled
Arakawa-Schubert Scheme
(SAS).The SAS scheme, even
though it is more physically

based than the Anthes

scheme, includes many tun-
ing parameters. lMost of
these parameters are empiri-
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Regional Climate Hindcaat for the Western United States Using the RCSM

cal and were obtained from

observational studies taken in
the Great Plains.As the storm

environment and the result-
ing storm structure widely
vary according to location,

existing parameters may not

be suitable for the western

United States. Hence, rigorous
evaluation of model results
and sensitivity tests are
important for a successful
simulation of long-term
regional climate simulation.

A preliminary evahtation of
the RCSIMis presented beIow.

Results

We have completed an ini- -
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mgure 2. Observed (solid hne) and simulated (bars) daily-mean preclpltat!on over
Cahfornia during the first 150 davs of the simulation.

for a long-term climate simu-

lation. In this study, we used the SAS scheme with the parameter
values currently employed by the NCEP for medium-range global

forecasts.

Figure 2 ilIustmtes a comparison between the observed and
simulated daily-mean precipitation within California during the

first 150 days of 1979.The observational data was from the co-op
stations within California. For each month, 400-500 stations were
available for comparison. We interpolated the simulated precipi-

tation to match the location of each station, as precipitation
varies rapidly over a mountainous terrain.

The iMAShas well-simulated the daily precipitation events in

California. Figure 2 shows that every observed precipitation
event is present in the simulated precipitation, except the last

event where the LMAShas underestimated precipitation. This@di-

cates that the dynamic framework of the ihlASis capabldof aticu-
rately handling the tendency of the large-scaIe flows imposed

through timedependent lateral boundary conditions.

The amount of precipitation is also generally well-simulated.
The agreement between the observed and simulated values are

especially good for January and February (Julian days 1-60).
Precipitation was underestimated during the spring time from

late Ihlarch to ,May.This underestimation was partially corrected
in the experiment using the Anthes scheme instead of the SAS

scheme (not shown).

The simulated snow budget was also consistent with the
observations. The simulated maximum snowfall occurred in

January and February while
the maximum snowmelt was

in April and early iMay.The

simuiated snowcover was
totally depleted at the end of

June. Such variation of the
snowcover is consistent with

the observation in which
snow remains only at high

elevations after June.

Significance
of Findings

The agreement between

the observed and simulated

climate features in this pre-
liminary experiment indi-
cates that the RCSLMis capa-

ble of long-term climate sim-
ulation. Observed precipita-

tion events and the amount
of precipitation was well- simulated by the iMAS.The surface

snow budget by the SPS is also consistent with the observation.

Underestimation of spring precipitation could be partial[y cor-

rected by using the Anthes convection scheme instead of the

SAS scheme. However, it needs more investigation to select a
convection scheme most suitable for the western United States

region. Long-term climate and streamflow simulation and devel-

opment of a high-performance version of the iMASare currently
underway.

Related Publications

Kim, J., N. lMilIer, K. Georgakakos and A. Guetter, River flow

response to precipitation and snow budget in California chm-

ing the 1994-1995 winter,J. Climate, 11, pp. 2376-86, 1998.
Kim, J., and N. lMiller, Hydroclimate modeling of the western

United States: A hindcast and 2xC02 impacts, Conference on
detection and modeling of regional climate change, Trieste,

Italy,June 1999.

Funding

This work has been supported by the Laboratory Directed
Research and Development Program of Lawrence Berkeley

NationaI Laboratory under U.S. Department of Energy Contract
No. DE-AC03-76SFOO098.
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The Regional Climate

Research Objectives Norman L. Miller
and Jinwon Kim

Theobjectives of the Berkeley Lab

Center

(CNRFC) and U.S. Geological Survey ,.:~
(USGS).

● Runoff contaminant monitoring and

Regional Climate Center (RCC) are to Contact:
Norman Miller

real-time management in the San

provide downscaled climate research (510) 486-2374, nlmlller@lbl.gov Joaquin Basin with the U.S. Bureau of

and applications to a specialized and Reclamation and the San Joaquin

general user community. Understanding climate variability and River Management Program.

change at the scale of impacts requires analyzed simulations at a “ Contaminant identification and monitoring from mine sites

range of scales and comparison to past climate observations. in the Sierm foothills with the University of California Space

Sciences Labomtory, USGS and California Department of

Approach Conservation.

● Development and testing of dynamic sediment transport and

The core capability of the RCC is the Regional Climate System landslide hazards prediction with UC’s Department of

Model (RCSM). The RCSM (Figure 1) consists of pre- and post- Geology and Geophysics.

processors that nest a suite of process models capable of pro- ● Identification of flooded central California valley and other

ducing hydroclimate products at shofi-term (two-three day), sea- sensitive regions via remotely sensed data from the National

sonal and long-term (downscaled 2 x C02 scenarios) time scales. Aeronautics and Space Administration and the National

RCSM output is used for research, climate and weather forecasts, Oceanic and Atmospheric Administration.

sensitivity analyses and impact assessments. We have a growing ● Snow cover area and snow water equivalent maps for

group of collaborators (regional, national and international) California regions with UC Santa Barbara’s Earth Science

researching topics related to hydroclimate.The Regional Climate System Workbench.

Center is currently working toward the advancement of ● Development of a shared information distribution system

mesoscale atmospheric simulations, distributed hydrologic simu- with DOE/ACPI collaborators.

Iations, landslide initiation, water quality, and sediment transport. ● Annual Southwestern Significant Results Conference with

Established partnered RCC collaborations include: the University ofArizona at Tucson’s Institute for the Study of

● Southwestern strearnflow simulations with the National Planet Earth.

Weather Service’s California Nevada River Forecast Center

1111

Preprocessors
Process Models

‘ 1
Postprocessors

Mesoscale
Atmospheric Inputs: Atmospheric 1

GCM ~;i;~n (MAS) Predictions and Climate

Reanalysis

‘[$ ‘v 1

Impacts Assessments
Temperature

SynopticModels Humidity
Precipitation

Weather(QPF)

Radiation

Surface Inputs:
SoilWaterContent

Soil-Plant-
Land Analysis System Snow (SPS) RiverFlow

Reanalysis Soil
ClimateWatershed SFC Ener y

c?
Watershed-ScaleHydrology

Information WaterBu get

RiverNetworks
SnowBudget ClimateTrend&itsVariability

~

Hydrologic WaterResources

Remotely Sensed Data
Runoff
Riiefflow

Satellite
Crop Responses

Radar EcologicalImpacts
AWS
Gauges

e<sment
f3..---.-- ~1 I Environmentalimpacts,etc. II

1, g-=ty.-G:. Water Qt.Jallty
& II

,. .... .

Figure 1. The Regional Climate System Model (RCSM) consists of a pre-processor (Input data),
process models and post processors (output data and analysis, visualizationsand assessments).
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H The Regional Climate Center

Results

During 1998 we have reported on hydroclimate studies in the
southwestern United States and eastern Asia (Kim et al., 1998). In
1999, results from ongoing climate research, a new deep

groundwater flux parameterization and our northeastern
Australian collaboration have been submitted for publication.We

simulated California precipitation and streamfIow during the
1997-1998 El Nino winter with good model skill for 4S-hour
forecasts. The experimental seasonal forecasts still require fur-

ther refinement. The new deep groundwater flux parameter has
improved the hydrologic model calibration and verification.

Downscaled hindcast (control) and projected double-C02 simu-
lations have started as part of the U.S. National Assessment

Report.

Significance of Findings

The establishment of the Berkeley Lab Regional Climate

Center represents an important advancement for the Berkeley
community of climate researchers, as well as the California and

southwestern region of climate information users. Our results are
part of the U.S. National Assessment Report, the California
Assessment Report, and the Southwestern Assessment Report of

the U.S. Global Climate Change Research Program, and the

C1imate Chmge and California Ecosystems report of the Union of
Concerned Scientists and the Ecological Society of America.
Through our Eastern Asian project, we are representing hydrocli-

mate issues related to sustainability in China at the U.S./China

Water Workshop and the Third International Conference on the

GlobaI Energy and Water Cycle. Components of the Berkeley Lab
RCSM have been implemented at the Korean Meteorological
Administration and the Australian Department of Natural

Resources. We view these activities as part of a growing climate
research and applications collaborative initiative at Berkeley Iab

with UC Berkeley, other UC institutions, Department of Energy
labs and other government, university and private groups.

Related Publications

Kim, J., N.L. Miller, K.l? Georgakakos and A.K. Guetter, River flow
response to precipitation and snow budget in California

during the 1994-1995 winter, J Climate, 11, pp. 237S-86,
1998.

lMiller, N.L. and J. Kim, Optimization and analysis of a deep
groundwater flux parameter within a physically-based sur-

face hydrology model: TOPiMODEL, HydroL Processes, sub-
mitted.

Funding

This work has been supported by the hbomtory Directed

Research and Development Program of Lawrence Berkeley

National Laboratory under U.S. Department of Energy Contract

No. DE-AC03-76SFOO098; by the Administrator of the Nltional
Aeronautics and Space Administration, NASA Earth Science

Enterprise; and by the University of California Campus-
Laboratory Collaboration Hydrology Project.
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Research Objectives

Insurers are acutely aware that 85

percent of catastrophe-related pay-

outs are due to natural disasters, with

claims averaging about $10 bilEon per
year worldwide over the past decade

(iWlls, 1998). A recent study by the

Insurance Services Office (ISO), enti-

tled “The Wlldland/Urban Fire

Hazardr concluded that wiIdfires are a

Climate Change and Wildfire
Severity in California

Margaret S. Torn,
Evan Mills and J. Fried*

*Department of Forestry, Michigan
State University

Contact:
Margaret Torn

(510) 495-2223, mstorn@lbl. gov

models. The analysis produced a geo-

graphically-specitlc estimate of the

potential effect of climate change on

wildfwes, including the effectiveness

of fire-fighting infrastructure.
To capture some of the complexity

of California’s landscape, this study

examined three climatically-distinct

and geogmphically-separated areas of
northern California: Santa Clara, near

San Francisco Bay Arnador-El Dorado,

pervasive insurance risk, consuming an average of five rnilIion in the Sierm foothills; and Humboldt (on the northern coast

acres per year across the United States at an average insured cost

of about $300 million per year. Insurers feel the effects of wild-

fire in several ways. Insured property is at risk, and in some

cases, the costs of fire-fighting or lost timber are underwritten.

Wildfire-related injuries or loss of life also exact a cost from

insurers. Moreover, in the aftermath of wildfire, secondary
events, such as landslides, flooding and water quality impairment

can all impose additional costs. The insured damages are only a

component of the total economic loss and do not reflect the full

human hardship that wildfires can cause.
The powerful impact that

climatic anomalies can have

on wildfire was demon-
strated last year after
droughts, linked to El NiiIo,

were followed by wide-

spread, devastating fires in

Florida, Indonesia and else-
where. The latest predictions

suggest that global warming
may also create conditions

that intensify wildfire danger

by warming and drying out
vegetation and by increasing

windspeed.This project asks
the questiom what effect will
climate change—as pre-

dicted by climate simulation
studies performed by gen-

eral circulation models

(GCMs)—have on the magni-

tude of wildfires in northern

California?

Approach

To explore this question,
we combined California

weather and fire data and

validated fire and fire sup-
pression models and state-of-
the-art general circulation

(Figure 1). The regions studied contain substantial areas of wild-

land/urban interface conditions on the margins of the San

Francisco Bay area, the Sacramento metropolitan area and the

redwood region’s urban center of Eureka. El Dorado is the fastest

growing county in California and Amador is the sixth-fastest

growing county in the state.
The analysis was accomplished with an innovative coupling

of California Department of Forestry wildfire models with the
Goddard Institute for Space Sciences GCiM, plus site-specific

data on actual tire-starts over a six-year historical period. The

Humboldt CDF State Responsibility Area

Eureka by Broad Vegetation Class
(Analysis areas outlined in blue)

‘dr a Amador-
EI Dorado

San Frs.d&?

‘~m ‘“”s
Vegetation
C3 Grass
= Brush
U Forest
H RangerUnitsanalyzedinthisstudy.

Figure 1. Mep of vegetation types and three regions analyzed m this simulator
study. This map was created by Jeremy Fried on October 22, 1998, using Fire
Management Analysis Zone boundary and attributedata that were prepared for
use with the California Fire Economics Simulator, version 1, in the early 1990s.
The authors gratefully acknowledge the provision of this data by Jlm Spero of
the California Department of Forestry and Fire Protection’s Fire and Resource
Assessment Program.

number, location and timing
of fire starts was not

changed in the analysis;
rather tire behavior and tire

suppression were simulated
with present climate (1 x

COZ) and future climate (2 x
C02) GCLMscenarios.

Results

According to our analyses,
climatic change would cause

fires to spread faster and

burn more intensely in two
of the three regions. The

biggest impacts were seen in
grassland, where the fastest
spread rates already occur. In
forests, where fires move

much more slowly, modeled
impacts were less severe.The

response of chaparral brush

and oak woodlands fell
between that of grass and

forest. The reason that faster
fuels respond more is that

fire behavior in these fuels is
more sensitive to wind

speed, and elevated wind
speed during fue season was

a striking feature of the

--. .,.-— -.. -..-,, .,, .? —- —.—.—r 7.X..
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Climate Change and “fildfire Severity in California

60
changed climate weather
data. Summarizing over all ~
vegetation types, predicted .~

global warming results in a ~
greater number of fast fires ~ 40

and fewer slow fires. .

Future changes in fuel ~
moisture and wind speeds ~

“so cause ‘ode’ed ‘ires ‘0 : 20
burn with greater intensity,

:triggering more intensive m
suppression efforts. The uti-

lization of extra fire suppres-

sion resources at high dis- 0
patch level, such as air
tankers and bulldozers, can

lead to large increases in

❑ Present Climate

in ~ Future Climate

—
Santa Amador-
Clara El Dorado

Humboldt

suppression costs. In addi-
Flgure 2. Average frequency of escaped wildfires under present and

tion, even increased dispatch future (double C02) chmate scenarios, by region.
of the available fire-fighting
equipment and personnel could not always compensate for the

effect of warming on the number of acres burned and the num-
ber of ‘“escape” fires (those that exceed size or time limits, such as
those that bum more than 300 acres in grasslands; Figure 2).

The faster, hotter fires caused by climatic change outran fire

suppression and many more acres were burned than in the cur-

rent climate scenario in two out of three regions. In the Santa

Clara region, for example, contained fires in grass and brush
burned 41% and 34% more area, respectively, under cIimate

change than they &ld in the present climate. The number of
escaped wildfires increased by 53% and 21% in grass and brush.

In the Sierra foothills, the effect of climatic change was even
more severe. Here, the number of potentially catastrophic

(escaped) fires predicted went up dramatically— 143% more

each year in grassland and 121% more in brush. With the number

of escaped wiIdfires more than doubling, climatic change could
lead to a serious jump in fire damage in this region.

CIimate change had little impact in California’s Humboldt red-
wood region, thanks to predictions of a wetter, less windy cliiate.

Significance of Findings

This report describes a geographically specitic estimate of the

potential effect of climate change on wildfires and the effective-
ness of fire-fighting infrastructure in California.The regions stud-
ied contain substantial areas of wiIdland/urban interface near the

San Fmncisco Bay area and
the Sacramento metropoli-

tan area as well as forest
resources in Humboldt and

Del Norte counties. Our

results showed that global
warming predictions lead to
a greater risk of wildfire

damage in California, by

causing more flammable
fuel conditions and faster

fire spread rates. As indi-
cated by the models, in most

cases climate change would
lead to dramatic increases in

both the land area burned
by California wildfires and

the number of potentially

catastrophic fires—more

than doubling these losses
in some regions. Several important climate-wildfire interactions

not currently captured by these models would amplify the

expected growth in wildfires. The growth in wildfire chmages
would occur despite deployment of tire suppression resources at
the highest current level, suggesting that climatic change could

cause an increase in both fire suppression costs and economic
losses due to wildfires.

Related Publications

LMilIs,E., The coming storm—global warming and risk manage-

ment, Risk Management, May, pp. 20-27, 1998.
Torn, iM.S., and J.S. Fried, Predicting the impact of global warm-

ing on wildfire, Climatic Change, 21, pp. 257-274, 1992.
Torn, iM.S., E. Mills and J.S. Fried, 1998. Will climate change

spark more wildfire damage? Berkeley Lab report LBNL-

42592.
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DE-AC03-76SFOO098.
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A Simple Physical Model
Of the Global Hydrologic

Research Objectives

Significant environmental policy

decisions rest on our ability to predict

future climate conditions. Because

water vapor is one of the most impor-

tant greenhouse gases it is important

that we understand the global hydro-
logic cycle and its connection to the

Cycle: Implications for transport mechanism. However, thk

Paleothermometry
model is still signMcantly less complex

than GCIMSallowing simple and diiect

tests of climate parameters.

Melissa Hendricks,
Don De Paolo and Ron Cohen Approach

Contact:
Melissa Hendricks

We start with a relatively simple

(510) 642-9116, mbhendrlckst@lbl .9ov conservation statement describing

earth’s climate. Ice cores contain long ‘ “

records of the hydrologic cycle through oxygen and hydrogen

isotopic ratios (normally expressed as 6180 and 5D). Most cli-

mate reconstructions assume that isotopic ratios are a unique
proxy for temperature and use the relationship observed

between 5180 of snow and mean annuaI temperature in the pres-
ent climate to extrapolate to temperatures throughout the ice

core record. However, isotopic ratios may be dependent on cli-

matic parameters other than temperature, in which case, the

present temperature-isotope correlation may not apply to past

climates. The objective of this research is to (1) develop a rela-
tively simple model of latitudinal moisture transport and use it to
evaluate the physical mechanisms that play dominant roles in
determining 8180 and 6D of precipitation, and (2) reevaluate the
isotopic data from polar ice cores in terms of paleotemperature

and other climatic parameters.
The heavy isotopes, lSO and 2H (D), systematically decrease in

abundance in precipitation f~g in regions of decreasing mean
annual surface tempemture because of isotopic fractionation that

occurs at every evaporation and condensation step in the hydro-
logic cycle. Heavy isotopes are most depleted in Antarctic precip-

itation, in which there is also a
nearly linear relationship

between 81S0 and surface tem-
perature, T. The linear relation-

ship is typically attributed to
Rayleigh distillation, which is a

simple conceptual model that
neglects all complexities of

atmospheric water vapor trans-
port. Simple Rayleigh models

over-predict the depletion of
heavy isotopes with decreasing
tempemture. By contrast, gen-

eral circulation models (GCMS)
produce reasonably good fits to

the modern 8180 -tempetmure

relationship, but are too com-
plex to clearly elucidate the
controlling mechanisms. Our

model expands on Rayleigh

models by including the physi-
cal processes of evaporative

recharge during water vapor
transport and variations in the

o

—
the essential transport processes that

affect isotopic fmctionation. The concentration of water in the

atmosphere, w, is described by

~= V.(DVW)– VVW+E– P (1)

The first term on the right hand side is transport due to eddy (dit-

fusive) processes, and the second term is tmnsport due to advec-

tion.The third and fourth are source/sink terms: evaporation from

the ocean and land surfaces (E) and precipitation (P), respectively.

By treating isotopes as different species, analogous equations for

the isotopic mtios are derived.
Isotopic fmctionation ultimately is caused by the fact that cold

air holds much less water than warm air. AS moisture is tmnsported

from warm to cold areas, precipitation must exceed evaporation
and the net “minout” of atmospheric moisture causes isotopic frac-
tionation. Isotopic gradients in precipitation follow temperature
gradients, which are primariIy a fiction of latitude. Consequently,

the WO vahtes of precipitation are high near the equator and very
low at the poles.The simplest description of the earth, therefore, is
a onedimensional version of Equation 1 in spherical polar coordi-
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Figure 1. Model results for present-day climate in the Southern Hemisphere.
The model is run twice to find results for transport solely by eddy-fluxes (blue
line) and solely by advection (red line). Data are from Dahe et al. and
Rozanski et al.

nates, with the single spatial
variable being latitude. This is
valid for the Southern
Hemisphere because
Antarctica is a large landmass
centered approximately at the

South Pole. Since we are exam-
ining long-term averages, we
also use the steady state

approximation @w/i3t = O).
Equation 1 therefore implies

that three processes control
fluxes and isotopic ratios in
precipitation: evaporation
from the ocean surface, eddy-
dfisive transport, and advec-

tive transport.

Results

In the Southern
Hemisphere, at latitudes pole-

ward of 45°S (average annual

surface temperatures less
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than 10”C), evaporation rates

drop significantly and i31S0 and

8D of precipitation decrease

quicldy as air loses moisture due
to decreasing temperature.
Because evaporation rates are
lo-w,the relative amount of diffu-

sive versus advective transport
determines the me of decrease in

S1S0 and SD since transport by
eddy-fluxes induces less fractiona-
tion than transport by advection

(Figure 1). i51S0 of Antarctic sur-
face snow genemlIy fidls between

the predicted results for transport
by eddy-fluxes only and the
results for transport by advection,

indicating that isotopic tatios in

precipi~~tion might be useful for
determining transport mecha-

nisms in Southern high latitudes.
Results of sensitivity tests

reveal that isotopic composition

of precipitation in polar regions is
very dependent on the amount of
water vapor over the continent

and on the sufice temperature.
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Figure 2. Model results for changes in 3180 as local surface temperature
decreases for three Iocat!ons In Antarctica. The green zone ISthe model
change In N SO at 70% m Western Antarctica. The red zone E, the pre-
dicted change at the South Pole and the blue zone is for Vostok (coldest,
most remote location). Model results for the South Pole and Vostok over-
lap in the gray region. The solld black line E the relationship in modern
precipltatlon, wh!ch has been used to interpret Ice core records.

Other climatically driven changes in the variables that affect the
hydrologic cycle, such as changes in the location of the evaporation

source, decreases in sea surface temperature or variations in the
total annual precipitation, do not have a large effect on the values

of 8]80 and 8D, but do affect the relationship between 61S0 and 6D

in precipitation, which is very accurately known from obsema-
tions.

Significance of Findings

Using this model, we estimate changes in i51S0 and 8D for
changes in global temperature, including temperature changes
that are thought to be representative of the transition from the

last glacial maximum to the Holocene. As expected, the model

shows that signhlcant changes in 6180 and 8D have occurred in
response to changes in the annual average surface temperature
and in response to changes in the temperature gradient between

the equator and the South Pole. lModel trials with linear changes
in the equator-to-Vostok temperature gradient were used to esti-

mate Iikely ranges of temporal 80-T relationships at three loca-

tions: 70°S in Western Antarctica near the coast, the South pole
and Vostok (the coldest, most remote location in Antarctica

(Figure 2).The restdting ranges in i31S0 are bounded by pure _

again the importance of includ-
ing the transport mode in

atmospheric models.
Two important general results

are represented in Figure 2. The
f~st is the difference in tempotd

relationship between 6180 and
local surface tempetwure for the

three Iocations.’fhis implies that
a universal relationship between

isotopic composition and local
surface temperature does not

exist and that the present-day
spatial relationship is not genm-

ally applicable to paleotempem-
ture estirnates.The second is the

increased sensitivity to tempera-
ture changes with distance from

the coast. In general, the isotopic
ratio is most sensitive to temper-

ature at locations far inland, such
as the South Pole and Vostok, and
is very weakly dependent on

temperature at coastal locations,
such as the Antarctic Peninsula.

Our results suggest that, at loca-
tions other than Vostok, tempera-

tures during the last glacial maximum were substmtially lower

than has been previously estimated based on 2ils0 data and the
modem spatial relationships.
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