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CONVERSION FACTORS, VERTICAL DATUM, ABBREVIATED WATER-QUALITY

UNITS, AND MULTIPLICATION FACTORS

Multiply By To obtain
pascal (Pa) 1 X107 bar
becquerel (Bq) 0.027027 curie
centimeter per year (cm/yr) 0.3937 inch per year
cubic meter (m°) 35.31 cubic foot
gram (g) 0.03527 ounce
hectare (ha) 2.471 acre
kilograms per day (kg/d) 2.2046 pounds per day
kilometer (km) 0.6214 mile
liter (L) 33.82 ounce, fluid
megagram (Mg) 1.102 short ton
meter (m) 3.281 foot
meter per year (m/yr) 3.281 foot per year
metric ton (1) 1.102 short ton
millimeter (mm) 0.03937 inch
square centimeter (cmz) 0.1150 square inch
square kilometer (kmz) 0.3861 square mile
square meter (mZ) 10.7643 square foot

Converslon Factors, Vertical Datum, Abbreviated Water-Quality Units, and Multiplication Factors



CONVERSION FACTORS—Continued

Factor by which

unit is multiplied Prefix Symbol
103 kilo k
102 hecto h
10 deka da
107! deci d
102 centi c
1073 milli m
10 micro p
1079 nano n
10712 pico p

Chemical concentrations and water temperature are given in metric units. Chemical
concentration is given in milligrams per liter (mg/L). Radon activity is given in picocuries p=r
liter (pCi/L.). Water temperature is given in degrees Celsius (°C), which can be converted to

degrees Fahrenheit (°F) by the following equation:
°F = 1.8(°C) + 32
Sea Level: In this report “sea level” refers to the National Geodetic Vertical Datum of

1929 (NGVD of 1929)—a geodetic datum derived from a general adjustment of the first-order
level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.

Xvi Converslon Factors, Vertical Datum, Abbreviated Water-Quality Units, and Multiplication Factors



JOINT U.S. GEOLOGICAL SURVEY, U.S.
NUCLEAR REGULATORY COMMISSICN
WCRKSHCP CN RESEARCH RELATED
TO LOW-LEVEL RADIOACTIVE WASTE
DISPOSAL PROCEEDINGS

Edited by Peter R. Stevens and Thomas J. Nicholson

INTRODUCTION

This report contains papers presented at

the “Joint U.S. Geological Survey (USGS)
and U.S. Nuclear Regulatory Commission
(NRC) Technical Workshop on Research
Related to Low-Level Radioactive Waste
(LLW) Disposal” that was held at the USGS
National Center Auditorium, Reston, Vir-
ginia, May 4-6, 1993. The objective of the
workshop was to provide a forum for
exchange of information, ideas, and technol-
ogy in the geosciences dealing with LLW dis-
posal. This workshop was the first joint
activity under the Memorandum of Under-
standing between the USGS and NRC’s
Office of Nuclear Regulatory Research
signed in April 1992.

Participants included invited speakers
from the USGS, NRC technical contractors
(U.S. Department of Energy (DOE) National
Laboratories and universities) and NRC staff
for presentation of research study results
related to LLW disposal. Also in attendance
were scientists from the DOE, DOE National
Laboratories, the U.S. Environmental Protec-
tion Agency, State developmental and regula-
tory agencies involved in LLW disposal
facility siting and licensing, Atomic Energy
Canada Limited (AECL), private industry,
Agricultural Research Service, universities,
USGS and NRC.

The workshop topics, selected jointly by
USGS and NRC staff, focused on technical
subjects in the geosciences related to LLV/
disposal. Five topical areas were selected to
organize the sessions. A brief description of
the five topics follows:

1. Surface- and Ground-Water Pathway
Analysis—The specific subtopics dis-
cussed were interrelationship of climatic
variability, microbiological processes, the
aqueous transport of colloids, and ground-
water modeling for performance assess-
ment. Eight papers relating to this topic
provide insight into the significance and
complexity of the hydrologic and biologic
processes, the degree of understanding of
the processes, and the uncertainty in ecti-
mating the relevant parameters. A discus-
sion of the role of ground-water models in
performance assessments provides a per-
spective on the state-of-the-art in prac‘ice.

2. Ground-Water Chemistry—Certain envi-
ronmental tracers useful for age-dating of
ground-water and evaluating hydrogeo-
logic processes were discussed. Other top-
ics presented were: some geochemical
processes affecting contaminant transport;
the results of modeling chemical pro-
cesses in particular aquifer systems; and
the implications regarding modeling sol-
ute transport. Six papers were presented.

Introduction 1



Two papers discuss the use of environ-
mental tracers and light stable isotopes in
age-dating of young ground waters and in
identifying flow paths. Two papers
describe the partitioning and distribution
of various radionuclides between solution,
particulates, colloids, and organic com-
plexes in surface and ground waters.
Also, two papers discuss modeling of
geochemical reactions with emphasis on
understanding water-rock-gas interactions
and the complementarity of geochemical
and hydrological modeling.

Infiltration and Drainage—This session

focused on current practices concerning

measurement and prediction of infiltration
and drainage, and identification of rele-
vant processes and their uncertainties and
information needs for their resolution.

The following questions were raised:

* What are the gaps in the under-
standing of relevant processes and
unresolved technical issues?

» How sound are current models of
isothermal flow of water in homo-
geneous, non-swelling media?

*  How well are the multi-phase flow
aspects of infiltration and drainage
understood and how are they to
be treated?

» How complete is our knowledge
of parametric functions appearing
in theories of infiltration and drain-
age?

* How do we deal with the com-
plexity represented by ordinary
field settings?

*  What assumptions are required to
model infiltration and drainage?

»  What field studies are needed to
evaluate models of infiltration and
drainage and assess their degree of
uncertainty?

Introduction

The first paper provides an overview
regarding the application of unsaturated
flow theory to infiltration and drainage
and reiterates the questions posed above.
The following nine papers provide insight
to these questions and discuss the follcw-
ing topics: Laboratory measurement ¢f
unsaturated hydraulic conductivities at
low water contents; Use of environmental
tracers to identify preferential flow
through fractured media and to quantify
drainage; Field experiments to evaluat=
relevant processes affecting infiltration
and drainage; and The use of determinis-
tic and stochastic models for simulating
flow and transport through heterogene-
ous media.

Vapor-Phase transport and volatile

radionuclides—The following questions

were raised:

* What processes affect vapor-phase
transport through heterogeneous
porous and fractured media?

» How well are non-isothermal
vapor flow processes understood?

* How much is known about baro-
metrically driven vapor flow?

* How well are the multi-phase flow
aspects of infiltration and drainage
understood (those aspects related
to convective flow of unsaturated-
zone gases and to the trapping of
non-wetting-phase fluids)?

e What assumptions are required to
model vapor-phase movement?

*  What field studies are needed to
evaluate vapor-phase transport
models and to assess their degree
of uncertainty?

The first paper on this topic focuses on

numerical simulation of coupled air-water

systems and presents a global pressure/
fractional flow formulation of the govern-
ing equations as an approach to develc



efficient numerical algorithms. The

second paper discusses the escape of the

volatile radionuclides, tritium and 14C,

from the low-level waste disposal site in a

humid environment, the flux of carbon

dioxide through the trench caps, and the
accumulation of 4C by plants on the
trench caps. The third paper discusses the
rate and maximum depth of water percola-
tion in a very arid site and summarizes
data suggesting that below shatllow depths
the flux of water in both the liquid and
vapor phase is upward.

Ground-water flow and transport

field studies—The following questions

were raised:

*  What significant lessons have
been learned concerning disper-
sion and scale effects for various
hydrogeologic settings from
field studies?

* To what extent can transport mod-
eling needs, especially uncertainty
assessments, be incorporated into
experimental field design?

» What field studies are needed to
help resolve uncertainties in fluid
flow and transport modeling?

The papers on this topic discuss improve-

ments in our understanding of processes

and new techniques of assessing ground-
water flow and transport in both porous
and fractured crystalline rocks resulting
from field studies. These studies have
employed innovative techniques and mul-
tidisciplinary approaches to field prob-
lems that are very complex and difficult
and costly to conduct. Many of these
field studies are continuing studies, and
although the results cannot be anticipated
at this time, hold the promise of additional
contributions to our understanding of flow
and transport processes and innovative
techniques that will facilitate evaluation
of prospective disposal sites.

At the conclusion of the workshop, the
session chairs and recorders prepared summa-
ries of these five topical sessions. These sum-
maries follow this introduction and precede
the presented papers.

The workshop proceedings are pub-
lished here as a USGS Water-Resources
Investigations Report. The approaches and/or
methods described in the proceedings are
provided for information only. They are not
intended as a substitute for NRC regulations,
and compliance with suggestions or recom-
mendations contained in this report is no*
required. Publication of this report does not
necessarily constitute NRC approval or agree-
ment with the information contained herein.

Topic I—Surface- and Ground-Wat~r
Pathway Analysis

By Thomas E. Reilly and

Andrew Campbell

Summary of Presentations

This session addressed a range of tcmics
including paleohydrology, surface and
ground-water transport, microbiological pro-
cesses and solute transport modeling. Nc
common technical issues permeated the s=s-
sion. However, most of the speakers did indi-
cate that analysis of surface- and ground-
water pathways required insight into the vari-
ous hydrologic processes, and that the pro-
cesses have an inherent uncertainty, both in
the estimation of relevant parameters, and in
the understanding of the processes themselves.

Three papers focused on surface-weter
processes. Robert Jarrett described the use of
paleohydrology in analyzing floods and
droughts. These studies provide a means of
assessing the magnitude and frequency of
major flooding events over long time frames
(for example, 10,000 yr), whereas instrumen-
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tal records (about 20 yr) and historical
records (100-200 yr) may not capture the full
variability. This information is particularly
important in establishing design basis events
for a particular site and assessing the risks to
engineered structures.

Releases from uranium mining and mill-
ing operations in the Grants Mineral Belt of
New Mexico, which led to increased levels of
radioactivity in the Puerco River, were dis-
cussed by John Gray and Peter Van Metre.
Much of the increase was associated with sus-
pended sediments. Uranium mill tailings rep-
resent a voluminous form of low-level
radioactive waste generally disposed of in
surficial impoundments. Edward Landa
addressed the geochemical forms of radionu-
clides in these tailings, potential mobilization
mechanisms, the extent of sorption, and
microbiological effects. Due to its high radio-
activity, 220Ra is generally the uranium
daughter product of most concern.

Hydrologic processes occurring in both
surface water and shallow ground water were
addressed by three papers. Boby Abu-Eid
and his colleagues discussed three major
issues in decommissioning contaminated
sites: (1) developing and applying appropri-
ate retardation values (Ky) for a site; (2) deter-
mining the solubility of uranium in specific
site soils; and (3) approaches for selecting
appropriate ground-water transport models
and code limitations. Two significant prob-
lems in selecting K4 values are: (a) poor
reproducibility of established laboratory meth-
ods; and (b) use of average K values based
upon widely varying experimental conditions
for a specific site. Another important prob-
lem is matching site characterization with con-
tamination transport model requirements.

Derek Lovley presented studies of the
effects that an isolated bacterial strain can
have on the mobility of uranium (U) in natu-
ral soil systems, and possible development of
bio-remediation techniques using microbial
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reduction of U (VI) to U(1V). Laboratory
studies demonstrate that enzymatic reduction
by live microbes plays an important role in
determining the niobility of uranium in nat-
ral soils and sediments.

Richard Harnish and his associates dis-
cussed particulate, colloidal, and solution
phase associations of plutonium, americium,
and uranium in surface and ground water at
the Rocky Flats Plant, Colorado. This talk
focused on field and laboratory work to deter-
mine the size fractions of the radionuclides in
ground water and surface waters near the
plant. Plutonium was primarily in the particu-
late fraction, whereas uranium was entirely
in the dissolved fraction. Although ameri-
cium was mainly found in the particulate frac-
tion, it showed some variability in the
colloidal fraction, which may be important
for its transport.

Two papers dealt with the use of numeri-
cal models in regulatory decision making.
Natalie Olague and associates presented dif-
ferent models to simulate the same experi-
ment, not to find the ‘best’ fit but to provide
guidance to the regulatory community.

They suggested that model discrimination
tests, such as those presented, be used on site-
specific experiments.

Clifford Voss focused on the use of
numerical models as tools that are a part of an
analysis of a hydrologic system for regulatory
assessment. Because numerical models are
only tools, the important transferable knowl-
edge gained by the skillful analyst is in the
report that describes the knowns, unknowns,
and insights gained through the analysis pro-
cess. The author stated that because there is
significant uncertainty in describing and
understanding hydrogeologic systems,
ground-water models are only valuable for
intuition building (increasing our level of
understanding), not for quantitative prediction
of consequences.



Topic ll—Ground-Water Chemistry
By Donald T. Thorstenson and
D. Kirk Nordstrom

Summary of Presentations

The papers in Session Il can be conve-
niently grouped as follows: two papers
(Schilk and Robertson; Kraemer) described
the partitioning and distribution of various
radionuclides between solution, particulates,
colloids, and organic complexes in surface
and ground waters; two papers (Plummer and
Busenberg; Coplen), dealt with the use of
tracers and light stable isotopes in identifying
flowpaths and dating of young (less than
50 yr old) ground waters; and two papers
(Parkhurst; Nordstrom) dealt with modeling
of chemical reactions and transport. The
topics discussed also seemed to fall naturally
into two categories--those dealing with sites
in which contamination is already present in
natural systems, and studies whose principal
application would appear to lie in the charac-
terization of potential future sites. In Session
II (as in Session 1) most discussion centered
on the modeling studies.

Schilk and Robertson, Kraemer (and
Harnish and others, Session I), illustrate the
utility of field-scale characterization of the
partitioning of radionuclides among phases.
The approaches used in these studies are a
necessary first step in understanding pro-
cesses necessary for remediation of already-
contaminated sites and to provide guidelines
to avoid similar problems in future sites.
Radionuclides do not partition similarly
between aqueous, particulate, colloidal, and
organically-complex forms even in the same
environments at Rocky Flats, and the widely
varying and extreme chemical environments
that can occur at the single site (Chalk River)
complicate matters further. Kraemer’s Missis-

sippi River studies, in particular, illustrate the
difficulty of identifying, even on a continental
scale, a non-anthropogenic level of radionu-
clides. These studies serve to illustrate the
great complexity of attempts to understand
processes in presently contaminated environ-
ments, and the tremendous gulf that remains
to be bridged before even rudimentary rea~-
tion transport modeling of such systems can
be attempted.

The applicability of deuterium and 30
isotopes to low-level waste studies can be
summarized concisely. 1f source waters of
different isotopic signatures can be identified
in a given system, these isotopes can provide
extremely valuable and quantitative informa-
tion for tracing these waters in a given hydro-
logic system. Coplen also showed that on a
short time scale, and for the very local geo-
graphic scale, seasonal variability in deute-
rium and 130 can provide flow-velocity
information. To the degree that these
conditions are met, these techniques should
be applicable to both present and future dis-
posal sites.

Data for chlorofluorocarbons (CFC’s),
tritium/3He, and 3Kr can give concordant
ages in shallow ground-water systems. T"=
CFC’s in particular appear to have the poten-
tial for providing exceptionally detailed flow
information at potential disposal sites, and for
interpreting the modification of such flow
regimes during post-emplacement. Because
of the large number of potential anthropo-
genic sources, the CFC’s will probably be of
little or no utility within contaminant plumes.
Tritium/3He, however, has a potential for use
within a plume if no extraneous 3He sources
are present—a possible dating/tracer tech-
nique that should be evaluated. The CFC’s
also provide a powerful technique for study-
ing transport processes in unsaturated zores.
Sampling/analytical difficulties will perhaps
preclude the common use of 8Kr.
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The inverse chemical modeling studies
consisted of two small-scale inverse geochem-
ical modeling efforts at Stripa, Sweden, and
the Pogos de Caldas, Brazil, natural analog
site. In each case, sets of chemical reactions
that are consistent with spatial distribution of
water chemistry and mineralogy were identi-
fied. These are not transport or flow models;
in fact they assume a knowledge of flow
paths (but not rates) for their application. On
a regional scale, working with major reac-
tions identified by inverse modeling,
Parkhurst applied a one-dimensional reaction
transport model (a forward modeling prob-
lem) to the Central Oklahoma aquifer sys-
tem. The model successfully simulates
sequences of reactions and minerals, and pro-
vides estimates of rates of migration of vari-
ous reaction fronts through the system.
Perhaps one of the most important features
was the model analysis that showed that the
two parameters to which the model is most
sensitive were P(CO,) in the unsaturated zone
and the total amount of exchangeable sodium
in the system.

The Session II presentations and discus-
sions can perhaps be summarized as follows.
The most important aspects of completed
investigations at presently contaminated sites
will lie in providing guidelines for design,
construction, and siting of future waste separa-
tion, packaging, and disposal procedures.
The tracers and dating tools, in combination
with chemical and hydrologic modeling—site
specific—can provide pre-emplacement char-
acterization and thus a reference for perturba-
tions during the post emplacement period.
Perhaps with adequate preliminary informa-
tion, the most important contribution of mod-
eling will be in conjunction with post-
emplacement monitoring programs.
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Topic lli—Infiltration and Drainage
By David E. Prudic and Glendon Gee

Summary of Presentations

Infiltration into and drainage from fa~ili-
ties for the disposal of low-level radioactive
wastes is considered the major process by
which non-volatilc contaminants are trans-
ported away from the facilities. The sessicn
included 10 papers related to the processes of
infiltration and drainage, and to the simula-
tion of flow and transport through the unsatur-
ated zone. The first paper, presented by
David Stonestrom, was an overview regarc'-
ing the application of unsaturated flow theory
to infiltration and drainage. Stonestrom
posed three basic questions, which are:

1. How well do we know the relevant pro-
cesses affecting flow and transport?

2. How well can we measure the para-
metric functions used to quantify flow and
transport?

3. How do we treat complexities inherent in
field settings?

The other nine papers presented during
the session gave some insight to these ques-
tions. Topics included: laboratory measure-
ment of unsaturated hydraulic conductivities
at low water contents, by John Nimmo; use of
environmental tracers to identify preferential
flow through fractured media and to quantify
drainage, by Edmund Prych and Edwin
Weeks; field experiments to evaluate relevant
processes affecting infiltration and drainag=,
by Brian Andraski, Glendon Gee, and
Peter Wierenga; and the use of determinist’
and stochastic models for simulating flow and
transport through heterogeneous sediments.
by Richard Hills, Lynn Gelhar, and
Shlomo Neuman.



The papers describing field experiments
concentrated on arid regions reflecting the
recent interest in siting disposal facilities in
thick unsaturated zones. The processes affect-
ing flow and transport through the unsatur-
ated zone in arid regions are not well
understood. Although the papers emphasized
infiltration and drainage through sediments in
arid regions, the general concepts are also
applicable to humid regions because the
processes affecting flow and transport
are the same.

Accurate measurements of hydraulic
properties are important in quantifying infil-
tration and drainage. Saturated hydraulic con-
ductivities of sediments can be obtained using
a variety of field and laboratory methods.
Unsaturated hydraulic conductivities are more
difficult because they are non-linear functions
of water content and pressure head. Unsatur-
ated hydraulic conductivities are usually esti-
mated from water-retention data. Rarely,
however, do these analyses provide reliable
estimates of unsaturated hydraulic conductiv-
ity at the low moisture contents measured in
the field. The steady-state centrifuge method
described by Nimmo can accurately deter-
mine unsaturated hydraulic conductivity at
low-water contents for several types of uni-
form sediments. Improvements to the method
are being considered to test a wider variety of
sediments encountered in nature.

Recharge to ground water can be contin-
uous and spatially distributed as a result of
widespread percolation or it can be transient
and concentrated as a result of percolation of
water through distinct pathways. Weeks pre-
sented evidence of preferential flow at two
sites; one at the Idaho National Engineering
Laboratory, and the other at the Nevada Test
Site. The evidence is based on differences in
concentrations of chlorofluorocarbons and dis-
solved constituents of samples collected in
the unsaturated zone to concentrations deter-
mined from the underlying ground water. He

concluded that the various methods for esti-
mating diffuse recharge do not apply at the
two sites; rather recharge is focused along
pathways that bypass the greater part of th=
unsaturated-zone volume.

Both chloride mass balance and 36Cl
techniques can be used to estimate long-term
rates of deep percolation. Prych applied toth
methods to estimate diffuse percolation
through sediments at the Hanford facilitie~ in
eastern Washington. The use of 36C] as an
indication of transport through the unsatur-
ated zone is extremely valuable because fall-
out of 3CI from bomb testing during the
1950’s resulted in a peak concentration that
can be traced in the sediments.

Results of field experiments at the Fan-
ford facilities and near Beatty, Nevada, by
Gee and Andraski respectively, indicate tl'at
deep percolation of precipitation through
trench covers is likely unless deep-rooted veg
etation is allowed to grow on the usually
denuded covers. Furthermore, Gee noted that
although model simulations are useful in
exploring the scope of a problem, simulat’ons
did not adequately predict actual flow over
extended times even though the model had
been calibrated to observed data. He attrib-
uted this inability to accurately predict flow
to uncertainties in parameters used in the
model. Andraski noted that the practice of
not vegetating the covers over the buried
wastes at the disposal facilities near Beatt;”
increased the potential for deep percolation
and suggested that such practices be re-evalu-
ated in the siting of future facilities.

Field experiments, such as the one
constructed at Las Cruces, New Mexico, ¢ud
described by Wierenga, are important to
furthering the understanding of infiltratior
and drainage at disposal facilities, and in pro-
viding a means for testing deterministic and
stochastic models of flow and transport.
Wierenga’s data on drainage through laye-ed
sediments allowed detailed testing of both
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types of models, as described by Hills. Such
tests illustrate the importance of collaboration
between experimenters and modelers in
jointly designing field experiments. Data col-
lected during the experiment suggests that
even in sediments that seem fairly uniform,
variability of hydraulic properties can be
large even over distances of less than a

meter. Simulations using both deterministic
and stochastic models of varying complexi-
ties consistently overestinate the first arrival
times of a wetting front and underestimate the
vertical location of the centroid of the drain-
age plume at later times. The results also
showed that more complex models do not
necessarily lead to better predictions.

The applicability of stochastic modeling
of flow and transport was discussed by Gel-
har and Neuman. They argued that stochastic
models are always needed because of the het-
erogeneity and uncertainty inherent in flow
and transport through layered geologic depos-
its. Gelhar outlined several outstanding
needs, including: development of better
direct methods for determining unsaturated
hydraulic-conductivity functions; develop-
ment of practical stochastic site-characteriza-
tion methods; and development of simplified
models that incorporate the uncertainty in the
distribution of hydraulic parameters. In addi-
tion to incorporating the heterogeneity of the
sediments, Neuman described the importance
of scale on the treatment of model parame-
ters. He noted that no matter what the scale
of measurement, there is always a good
chance of missing processes that occur at a
smaller scale. Neuman closed the discussion
of stochastic modeling by summarizing:

We have to use a stochastic framework
when dealing with uncertainty in all cases. It
does not matter if the problem concerns low-
level or high-level radioactive waste sites. It
does not matter if the flow is saturated or
unsaturated. 1 am quite convinced that deter-

ministic models which do not originate from
a stochastic framework are a figment of our
imagination when we lack a deterministic
description of the system being modeled.
Deterministic models can and should be
derived formally from a stochastic frame-
work; such models describe the behavior of
conditional means, or predictors, of unkncwn
quantities such as heads, concentrations, and
fluxes. The stochastic framework relates
deterministic model parameters to the scale,
quantity, and quality of the available data. It
further allows assessing the uncertainity asso-
ciated with such “deterministic’’ predictions.
On the basis of the papers presented dur-
ing the session and the ensuing discussion,
progress is being made in understanding pro-
cesses affecting infiltration and drainage
through unsaturated heterogeneous sedi-
ments. Such progress is important in dete~-
mining the relative merits and adequacy of
sites for disposal of low-level radioactive
wastes. Field experiments, similar to thos=
described in the session, combined with
improved methods of directly determining
unsaturated hydraulic-conductivity functicns,
and improved methods of incorporating heter-
ogeneity and scale into models, are needed to
improve accuracy in predicting contamninant
migration from waste-disposal facilities.

Topic IV—Vapor-Phase Transport and
Volatile Radionuclides

By Michael Celia and Donald C.
Thorstenson

Summary of Presentations

This session focused on different
aspects of contaminant transport in the vapor
phase. The presentations demonstrated the
important couplings between water and air
flow in the unsaturated zone, for movement
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of both water and contaminants. The
presentations also demonstrated the potential
importance of air-phase transport as an
exposure pathway at low-level waste sites.

The first presentation of the session
focused on numerical simulation of coupled
air-water systems. Using simulations, the
appropriateness of Richards’ equation was
shown. The dynamic response of the air
phase, independent of whether or not
Richards’ equation is valid for water
movement, was also shown. Numerical
methods were discussed briefly, and a global
pressure/fractional flow formulation of the
governing equations was presented as an
approach to develop highly efficient
numerical algorithms. Transport equations
were presented for both air and water, with
phase-change terms including both
equilibrium and kinetic expressions. Time
scales and the resolution of short-time events,
specifically at the land surface boundary,
were discussed.

Two ongoing studies are being carried
out at sites near West Valley, New York, and
at a second site near Beatty, Nevada. The
hydrology at these two sites is totally
different, and as a result, so are the major
technical issues addressed at each site.

The West Valley site is in the humid
northeast. At this site, shallow burial in a
fine-grained till produced variable accumu-
lation of water in the site trenches. Much of
the waste is thus under water and subject to
biological degradation under oxic or anoxic
redox conditions that vary with location at the
site, and seasonally in individual trenches.
The degradation processes are similar to those
in many landfills, and are responsible for one
of the principal concerns at this site, namely
the escape of the volatile radionuclides
tritium and C. This problem has been
recognized since the early 1970’s. The
principal volatile compounds are tritiated
water vapor and methane, and 14CO2 and
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methane. Two additional aspects of this
problem—the flux of carbon dioxide through
the trench caps, and the accumulation of l4c
by plants on the trench caps are addressed in
the paper by McConnaughey. The plant
uptake studies in particular have produced
surprising results regarding the mechanism of
bioaccumulation.

The second site is near Beatty, Nevada,
in a highly arid environment with annual
precipitation averaging less than 100 mm/yr.
Trenches at this site are far above the water
table and are thus continuously dry. Rates of
biodegradation of organic waste are
unknown, but presumed to be slow. Also.
unknown, but anticipated to be much less a
problem than at West Valley, are the volatile
fluxes of '*C and tritium. The major issue at
the Beatty site is the rate of water percolation
in this arid environment. The available data
suggest infiltration rates on the order of 1 mm/
yr, with no net recharge to depths greater than
10 m. The available preliminary data suggest
that the flux of both liquid and vapor water is
upward. The paper by Prudic discusses the
data leading to these conclusions, and
illustrates the difficulty of determining a
parameter as fundamental as the direction of
water flow in arid environments.

Topic V— Ground-Water Flow and
Transport Field Studies
By Christopher Neuzil and Clifford Voss

Summary of Presentations

Session V of the workshop had as its
theme field studies of ground-water flow and
transport. In many respects these are the
most difficult, yet most significant phase, in
the investigation of subsurface flow and trans-
port, particularly in efforts related to waste
confinement. Ultimately, it will be our under-
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standing of various sites, through field stud-
ies, that will allow us to make informed
decisions regarding the siting of repositories
and the risks that such facilities present. This
may, in turn, influence engineering decisions
about constructed barriers.

Despite the fundamental importance of
field study, this aspect of ground-water
hydrology arguably has lagged significantly
behind conceptual and analytical develop-
ment. There are many reasons for this. Per-
haps most significant are the difficulty and
cost of field investigation, as well illustrated
by several of the participants in Session V. In
the first paper, Dennis LeBlanc attempted to
give a sense of what it was like to conduct the
tracer tests carried out by him and his col-
leagues at a research site on Cape Cod. These
tests, recognized as perhaps the most defini-
tive of their type, involved a large planning
effort and an even greater effort to conduct.

In order to characterize the fine detail of
tracer plumes hundreds of multi-level sam-
pling wells had to be installed along the
plume path, and tens of thousands of water
samples collected as the plume passed. More-
over, efficient techniques of sampling waters
and keeping track of the samples had to be
devised and implemented. These studies
were successful due to the relative homogene-
ity of the sediments at the site.

Another example of the effort required
to conduct a definitive field study was pro-
vided by Paul Hsieh and Allen Shapiro in
their presentations on the Mirror Lake
research site. This study of a fractured crys-
talline rock site is utilizing the talents of a
wide variety of researchers to attack this diffi-
cult problem from a multidisciplinary base.
For example, hydraulic testing, in itself a diffi-
cult, costly, and time consuming task, is being
supplemented by geochemical studies of sta-
ble and radioactive natural tracers, geological
studies of the lithologies and fracturing, and

both surface and downhole geophysical char-
acterization of the heterogeneity (as descrit=d
by Pete Haeni). Clearly, field studies with
this degree of integration are tremendously
complex, and correspondingly difficult and
costly to conduct. The element of risk repre-
sented by field studies is well illustrated here
as well; despite the state-of-the-art effort
being applied at this site, it is unclear how
definitive the resulting characterization of the
flow and transport system will be.

As a third illustration of the difficulty of
field investigations we can cite the planned
investigation of glacial till in New York
described by Richard Yager in his presenta-
tion. This study is designed to investigate not
only the properties of the till as it is in its natu-
ral state, but also to characterize its behavior
in a repository environment and to evaluate
the properties of various types of grouts
which might be used. This will require instal-
lation of a caisson in the till which is large
enough for workers to enter in order to per-
form experiments and take samples. The pro-
posed effort is similar to work that has
already been done in Nevada and described in
an earlier session by Dave Prudic. It is obvi-
ous that such investigations are difficult and
costly.

Along similar lines was the work don=
by Robert Schultz and described by Edward
O’Donnell on characterizing the effectiveness
and longevity of engineered covers for wase
disposal facilities. This required constructing
actual covers at a similar scale to real
facilities. These experiments showed that the
ability of various covers to exclude recharg=
varies greatly. One result that would have
been difficult to anticipate was the
effectiveness of drought-resistant cedars for
intercepting infiltration in a cover. As part of
this presentation David Smiles described a
proposed experiment to examine the diffusive
transport of tritium on field scales in the
unsaturated zone.
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A circumstance that distinguishes
ground-water studies is our inability to
control our “experiments;” the domains with
which we work are complex, irregular, and
heterogeneous. Because we cannot
prespecify the conditions in domains of
interest we must instead carefully
characterize them. Indeed, such
characterization is the reason we must go to
the lengths that we do in field studies. Even
the most extensive field studies, however may
not provide the information required,
particularly if only well established
techniques are employed. Innovative
approaches are continually being developed
and employed to this end. A good example of
this was provided by Pete Haeni in his
description of new geophysical techniques
which have been used at the Mirror Lake
study site. Directional borehole radar is just
now beginning to be used to locate fractures
and determine their attitude, and has shown
promise as a mapping tool at Mirror Lake at
distances of 30 to 40 m from the borehole.
Another relatively new technique,
tomography, has also been tried with some
success.

Innovative approaches may also entail
the employment of established concepts in
unconventional ways. This was well
illustrated by Warren Wood in his talk on the
significance of diffusion. Usually relegated
to a secondary role in field-scale transport
problems, diffusion apparently can be quite
important in some situations. Wood showed,
for example, that sand grains from the Cape
Cod site mentioned earlier have an internal
connected porosity of 10 percent. Solutes can
therefore diffuse into the grains. Wood
attributed some of the lag and spreading in
the lithium plume at Cape Cod to sorption
within the sand grains themselves. Diffusion
can also apparently play an important role in

determining the water quality in fractured
crystalline rocks, allowing release of solutes
from intact blocks of rock to fractures.

In the realm of waste disposal, ground-
water scientists are being asked to consider
time-scales considerably longer than thos=
typically of concern in engineering. One way
to examine processes which operate over long
time scales is to analyze analogous situations
in the geologic past which may have evolved
over long periods of time. One such study
was described by Grant Garven and Jeff
Raffensperger,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>