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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.

10 Topic V— Ground-Water Flow and Transport Field Studies



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, wherein they considered tl'=
Cigar Lake uranium deposits in Canada
which were formed by the transport of
uranium-rich fluids in a thick sand deposit.
Simulations of multispecies reactive solute
transport in variable density flow with heat
transport suggest that free convection in the
permeable sands due to heat flow from below
were sufficient to account for the formation
of these deposits. Garven reminded attendees
that the local scale flow systems considered
by many of the speakers are often
components of much larger systems,
requiring that the large-scale perspective I'=
considered before evaluating smaller scales.

Toplc V— Ground-Water Flow and Transport Fleld Studles {4
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PALEOHYDROLOGY AND ITS VALUE
IN ANALYZING FLOODS AND
DROUGHTS

By Robert D. Jarrett

Introduction

The environmental and economic impor-
tance of major floods and droughts empha-
sizes the need for a better understanding of
hydrometeorologic processes and of related
climatic and hydrologic fluctuations or vari-
ability. In the United States, the average
annual flood damage for the 10-yr period
1979-88 was $2.4 billion and the average
annual number of deaths for the period 1925-
88 was 95. Droughts lack the dramatic physi-
cal results of floods because droughts develop
gradually with time and throughout a geo-
graphic area, and they affect people and the
economy (water supply, ground-water levels,
water quality, agriculture, navigation, hydro-
electric power, fisheries, and recreation) in
different ways. Therefore, identifying the
effects and estimating the loss of life and dam-
age from a drought are difficult.

Estimating the magnitude and frequency
of large floods and droughts and their effect
on people also is difficult. One of the pri-
mary missions of the U.S. Geological Survey
is to operate a streamflow-gaging-station net-
work to monitor the Nation's water resources
and to evaluate streamflow extremes. Esti-
mates of the frequency of floods, droughts,
and long-term streamflow variability from
short-term (generally much less than 100 yr)
data records contain much uncertainty. Paleo-
hydrologic techniques offer a way to lengthen
a short-term data record and, therefore, to
reduce the uncertainty in hydrologic analysis.
Paleohydrology, as discussed here, is the
study of the evidence of the movement of
water and sediment in stream channels before
the time of continuous (systematic) hydro-

logic records or direct measurements. Paleo-
hydrologic data typically have been used to
quantitatively reconstruct hydrologic variabil-
ity for about the last 10,000 yr. Paleohydrnl-
ogy complements existing data, extends our
hydrologic knowledge, and allows the recon-
struction of long-term hydrologic records.
Paleohydrologic studies have been done
throughout the United States and in many
other countries.

Techniques

Paleohydrologic analysis uses many
types of proxy data. Evidence of historic and
prehistoric floods commonly is preserved in
streain channels as distinctive sedimentolcgic
deposits or landforms and also can be pre-
served as botanical evidence. The interpreta-
tion of this evidence provides important
supplemental information about the spatial
occurrence, magnitude, age, and frequency of
floods, droughts, and hydrologic variability.
Most paleohydrologic techniques used for
reconstructing discharge are either for floods
or for variations of long-term discharge by
using a variety of geomorphic, botanic, and
hydraulic approaches. Many different paleo-
hydrologic techniques are used to date mate-
rial present on the land surface.

Application

Until recently, most planning related to
water resources rarely has been able to con-
sider long-term hydrologic variability or cli-
matic change; thus, water-resources
investigations and planning sometimes are
hampered by inadequate and (or) erroneous
hydrologic data. Short records that incluce
large floods or extreme droughts also migl't
cause significant uncertainty in the results of
frequency analysis. Because of the small fam-
ple of large floods and extreme droughts in
the short systematic streamflow record, con-
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ventional hydrologic analysis might not
always provide the most accurate representa-
tion of the frequency of floods and droughts
or long-term hydrologic variability. The use
of paleohydrologic techniques provides one
means of evaluating the hydrologic effects of
long-term hydrologic variability and climatic
change because it complements existing short-
term systematic and historical records, pro-
vides information at ungaged locations, and
helps decrease the uncertainty in hydrologic
estimation.

Commonly, risk from floods and
droughts must be evaluated for time scales
beyond the length of available systematic
records. Examples include flood-plain man-
agement, hydrologic aspects of dam safety,
and siting of nuclear power plants and waste-
storage facilities. Climatic influences on
floods, droughts, and long-term hydrologic
variability are discussed in this section.

Reference

Jarrett, R.D., 1991, Paleohydrology and its
value in analyzing floods and droughts:
U.S. Geological Survey Water Supply
Paper 2375, p. 105-116.

Uranium-mining Releases From the
Grants Mineral Belt to the Little
Colorado River Basin, Arizona and
New Mexico

By John R. Gray and Peter C. Van Metre

Introduction

The USGS studied the presence of
radionuclides and other trace metals
downgradient from uranium-mining activities
in New Mexico’s Grants Mineral Belt during
1988-91. This paper summarizes the
occurrence and probable sources of selected

radionuclides in streamflow and near-chennel
alluvial ground water of the Puerco River,
Arizona and New Mexico.

Background

Releases from uranium mining and
milling operations in the Grants Mineral Belt
of New Mexico resulted in increased levels of
radioactivity in the Puerco River and parts of
its near-channel aquifer, within the Little
Colorado River Basin of Arizona and New
Mexico (fig. 1). Major uranium deposits in
the Westwater Canyon Member of the
Morrison Formation of Jurassic age of th=
Grants Mineral Belt of New Mexico were
mined from shafts averaging 5(¥) m deep that
extended below the water table. Water
seeping into as many as three mine shafts was
pumped in 1960-61 and 1967-86 to prevent
shaft flooding. Effluent was released to
Pipeline Arroyo, a small tributary of the
naturally ephemeral Puerco River. In the
absence of runoff, the effluent evaporated or
infiltrated the stream channel.

Before the mid-1970’s, untreated mrine
effluent was released directly into Pipelir=
Arroyo. Beginning in the mid-1970’s,
effluent was treated in ponds using barium
chloride to coprecipitate radium and a
flocculent to reduce suspended solids
concentrations. A separate ion exchange
treatment reduced average dissolved-uranium
concentrations by about 85 percent from
1975-82.

On July 16, 1979, a tailings pond dike
failed at the United Nuclear Corporation
uranium mill near Pipeline Arroyo. The
resulting spill was the largest single release of
uranium tailings liquid in U.S. history. An
estimated 360,000 m of uranium mine
tailings liquid and 1,000 Mg of tailings were
discharged to the Puerco River via Pipeline
Arroyo. The pH of the tailings liquid was
about 1.6, and the total gross-alpha activity

14 Uranium-mining Releases From the Grants Mineral Belt to the Little Colorado River Basin, Arizona and New lexico
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was estimated as 130,000 pCi/L. Table 1 lists
selected water-chemistry constituents
measured in the tailings solution and spill
water (P.C. Van Metre, L. Wirt, T.J. Lopes
and S.A. Ferguson, U.S. Geological Survey,
written commun., 1993,

A reconnaissance-level study by the
USGS on the water chemistry of the Puerco
River alluvial aquifer in 1986 indicated that
water from 5 of 14 shallow wells contained
gross-alpha (minus uranium and radon)
activities equal to or larger than the U.S.
Environmental Protection Agency’s (EPA)
maximum contaminant level (MCL) for
drinking water of 15 pCi/L (Webb and others,
1987). Puerco River streamflow samples
collected in Arizona from 1979-85 typically

Uranlum-mining Releases From the Grants Mineral Belt to the

contained total gross-alpha plus gross-bete
activities of several thousand pCi/L, or
ranging from about 1 to 3 orders of a
magnitude larger than Arizona’s maximum
allowable limit of 30 pCi/L of gross-alpha
plus gross-beta activity in surface water (Gray
and Webb, 1991; Wirt and others, 1991).

Concern expressed by officials and
residents near the Puerco River over the
effects of uranium-mine releases and ambient
water quality in the Puerco River led to a 4-yr
USGS study beginning in July 1988 to
describe the chemistry of the Puerco River
and its near-channel alluvial water, and to
identify the origins of selected radionuclid=s
and other potential contaminants.

Little Colorado Rlver Basin, Arizona and New Mexico 15



Table1. Selected water-chemistry constituents in
the United Nuclear Corporation tailings pond, and

tailings solution in the Puerco Riveron  July 16,
1979
Concentrations in milligrams
per liter
Constituents
':;e:)i:ir&gls Spill water ?
Uranium 4.1 6.5
226Radium 3210 34 100
20Thorium 310,000 38,100
Arsenic 0.07 0.008
Sullate 4,800 27,000
Sodium 520 7,700
Chloride 50 5,500
Chromiom 0.15 1.6
Iron 160 2,210
Mangancse 14 73
pH? 1.9 14

! Sampled February S, 1979, from tailings pond
(Weimer and others, 1981).

2 sample collected by United Nuclear Corporation
at bridge over Puerco River at Pinedale, New Mexico,

July 16. 1979 (Wirt and others, 1991).

3 Picocuries per liter.

4 Dissolved.

3 Values in pH units.

Research Design

Surface-water chemistry and suspended-
sediment concentrations were monitored at
nine continuous-record streamflow-gaging
stations equipped with telemetry and
automatic samplers, and at six partial-record
sites equipped with crest-stage gages and
passive samplers (Gray and Fisk, 1992). Six
of the continuous-record gages monitored

flow downstream from the uranium mines,
and three monitored flow in basins unaffe<ted
by uranium mining that were used as
reference sites. Thirty-one monitor wells
were installed at six sites in the Puerco River
alluvium from near Manuelito, New Mexico,
to near Chambers, Arizona. The wells were
used to obtain measurements of hydraulic
head and water samples for chemical analyses
at discrete locations in the aquifer to describe
variability in alluvial water chemistry and
ground-water flow directions.

Occurrence and Probable Sources of
Radionuclides

Van Metre and Gray (1992) estimat~d
that a total of about 560 Mg of uranium and
about 310 curies of gross-alpha activity were
released by shaft dewatering and the tailings
pond spill. The cumulative 22 yr of mine
dewatering produced more than 99 percent of
the uranium and 85 percent of the gross-alpha
activity released to the Puerco River. 227a
and 2*’Th accounted for most of the activity
in the tailings pond spill. Mass balance
estimates indicate that most uranium released
did not remain in solution, but was sorbed
onto sediments (Van Metre and Gray, 1992).

In 1988-89, a zone of above-
background concentrations of dissolved
uranium in Puerco River alluvial ground
water was discernible as far as 70 km
downstream from the mines (Van Metre and
Gray, 1992; Wirt, 1993) (fig. 2). Analyses of
ground-water samples collected in 1990-91
from near the streambed at several sites had
smaller concentrations of dissolved uranium
than those detected in 1989, suggesting that
water quality was improving. Except for
selected locations near the streambed, all
ground-water samples collected from the
alluvial aquifer downstream from Gallup,
New Mexico, met the EPA’s proposed MCL
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Figure 2. Occurrence of dissolved uranium in the alluvial aquifer that underlies the Puerco River, Arizona
and New Mexico. Samples collected between December 1988 and November 1989.

for uranium (U.S. Environmental Protection
Agency, 1991), MCL for 226Ra, and State of
Arizona MCL for gross-alpha plus gross-beta
activity. Only dissolved solids, iron, and
manganese commonly were in exceedence of
the EPA’s secondary MCL for those
constituents.

Wirt (1993) used variations in the ratio
of 24U to U 1o identify sources of
uranium in shallow ground water beneath the
Puerco River. Ground water in the basin
unaffected by mining has UB4U?8 values
ranging from 1.5 to 2.7. Ratios exceeding
unity (secular equilibrium) result from alpha

Uranlum-mining Releases From the Grants Mineral Belt to the Little Colorado River Basin, Arizona and New Mexicc

recoil of solid-phase 238U over geologic time
causing the 23U daughter to be placed in
favorable leaching sites. The range of
uranium-isotope ratios calculated for Puerco
River alluvial ground water indicates that the
above-background concentrations of uranium
measured 5 yr after mining operations ceased
were principally attributable to mine-
dewatering releases.

Samples of unfiltered runoff from 1988-
91 at all streamflow-gaging stations typically
contained radium and gross-alpha plus gross-
beta activities, and concentrations of arseric,
beryllium, cadmium, chromium, calcium,
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lead, and nickel in exceedence of applicable
water-quality standards. Suspended
sediment, concentrations which often
exceeded 10 percent by weight, typically
carried more than 99 percent of the mass of
analyzed constituents. The dissolved fraction
of runoff monitored at the streamflow gages
typically met applicable drinking water-
quality standards. Similarities found in the
chemistry of suspended sediments between
the three reference stream gages and those
downstream from the uranium mines led to
the conclusion that, in the absence of mining
releases, constituent concentrations in runoff
reflect those for natural conditions in this
mineral-rich region.
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GEOCHEMICAL CHARACTERIZATION
OF URANIUM MILL TAILINGS AND
RADIONUCLIDE MOBILIZATION PR"-
CESSES

By Edward R. Landa

Introduction

Uranium mil] tailings (UMT) represent
a voluminous form of low-level radioactive
waste generally disposed of in surficial
impoundments, with varying degrees of reme-
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diation following decommissioning of the
mill. Our work has addressed the geochemi-
cal forms of radionuclides in these tailings
and potential mobilization mechanisms in the
hgldrosphere Due to its high radiotoxicity,
SRa, with a half-life of 1,600 yr, 1S gener-
ally the uranium daughter product of most
concern in hazard assessments of water sup-
plies and food chains associated with UMT,
and was the target of studies reported here.

The Milling and Aqueous Environ-
ments

As prev1ous 1nvest1gators had shown
redistribution of 22°Ra between particle size
fractions to occur in both acid and alkaline
'leachm§ circuits, we investigated the reten-
tion of “*6Ra by common and minor minerals
in uranium ores under simulated acid milling
conditions. Uranium-bearing sandstone ore
was milled on a laboratory scale with sulfuric
acid. Atregular time intervals, filtrate from
this suspension was placed in contact with
mixtures of quartz sand and various potential
sorbents which occur as gangue in uranium
ores; the potential sorbents included clay min-

erals, iron and aluminum oxides, feldspar, flu-
orite, barite, jarosite, coal, and volcanic

glass. After equilibration, the quartz sand-sor-
bent mixtures (mixture ratio 15:1 by weight),
referred to here as synthetic substrates (SS),
were separated from the filtrate and radicas-
sayed by gamma-spectrometry to determine
the quantity 2*%Ra sorbed.

About 20 to 60 percent of the 226Rz was
sorbed by all of the SS, except for the coarse
quartz sand alone. There was an approxi-
mately five-fold increase in sorption between
the 30-40 mesh quartz and the -240 mesh
quartz, suggesting that surface area is one of
the controlling factors in sorption during mill-
ing. As finely divided quartz is undoubtedly
a major component in mill-feeds containing
quartz-bearing ores, the sorption of radium by
such material may explain much of the redis-
tribution of radium to fine particles noted in
particle-size studies of uranium mill tailirgs.
The leaching of 226Ra from these SS was
then examined using selective extraction tech-
niques. The sequence of extractants and tar-
§eted radium hosts are shown in table 2. The

25Ra contents of the SS at the start, and the
fractional removals with each extraction are

Table 2. Sequence of solutions used for leaching tests (Landa, 1991)

Sequence number Solution Remarks
I 0.005M H,;S04 To simulate the effect of dilute H,SO4 as might be encountered at
the end of the washing circuit of an acid-leach uranium mill.
I, I Deionized Two extractions in sequence to simulate the effect of further dilu-
water tion of the sulfuric acid as might be encountered with exposure of
tailings to dilute natural waters following disposal.
v 1.0M NH,4C1 The exchangeable and other “easily-extractable” forms of 226Ra as
noted by Steger and Legeyt (1987).
vV 10M HC1 While the action in step (IV) is displacement of the trace quantities

of %°Ra from the surface by ion competition for the same adsorp-
tion sites, the solution here does that plus provides acidity to
enhance the dissolution of the sorbent surface. Single extractions
of this type have often been used to characterize soils and aquatic
sediments for biologically available metals.
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Table 3. 2?°Ra concentration of synthetic substrates (SS) after exposure to acid uranium milling liquor and
subsequent extraction reported as a percentage of the initial radium concentration (Landa, 1991)

[pCi/g, picocuries per gram]

| 1 1 v v Toal
Aantifi 226 ~ti
SS ('\‘;';”'i’:ed by concemF::uon 0.005 M H,0-(1) H,0-(2) 10MHCL 1.0 MHCL e""g;""“
rving . H,SO, (percent (percent) {percent) (percent) .
constituent) (pCi/g) (percent) summation
(percent)

Ottawa sand 2.0 31 29 10 26 2.0 98

only
Fine silica 10. 8.5 30 33 26 1.6 99
Potassium 9.1 43 16.5 21 54 4.5 100

feldspar
Sodium 204 1.2 42 14 87 6.8 113

feldspar
Pyrophyllite 72 1.0 83 8.2 50 i1 79
Kaolinite 6.6 18 34 7.6 48 5.6 113
Bentonite 16.5 0.7 1.6 33 97 3.1 106
Bauxite 13.1 37 9.8 20 66 54 105
Hematite 6.5 10 18 22 55 0.9 106
Magnetite 159 1.1 35 8.6 94 4.1 111
Barite 22.0 0.08 0.03 0.03 01.03 0.09 0.26
Jarosite 16.5 0.1 1.1 8.2 83 2.2 95
Fluorite 18.8 0.8 0.6 0.7 3] 48 81
Volcanic ash 173 0.5 2.8 6.9 94 3.7 108
Coal 18.1 0.6 09 19 88 15 106

shown in table 3. Radium retained by the
kaolinite and quartz materials (Ottawa sand
only and fine silica) appears to be the most
easily desorbed, with about 60-70 percent
extracted by the dilute H,SO,4 and the two
sequential delonized water washes. In con-
trast, the coal-, fluorite-, barite- and bentonite-
bearing SS released less than 6 percent of
their radium inventory with these three
leaches. Significant quantities of gypsum
formed during the sorption phase in the fluor-

spar SS. The lack of radium leaching by
either the dilute H,SO, or deionized water
here suggests that it is retained in a form
other than gypsum. (The solubility of gyp-
sum in (0.005 M H,S50, is about the same ¢s
in water—about 2.1 g/L at 25 °C (Linke,
1958, p. 663). Alternatively, the radium may
occur initially as a gypsum coprecipitate and
upon dissolution of the gypsum, the radium
may be sorbed by another phase.
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Although the 1 M NH,Cl extractant
could potentially increase the solubility of
sparingly soluble salts such as BaSO, and
PbSO,, which are known to be good sinks for
radium (Steger and Legeyt, 1987), the pres-
ence of residual sulfate from the sorption
stage and from the first extractant in the
sequence here will tend to suppress dissolu-
tion (Benes and others, 1981). Thus, the
large releases of radium seen at this step can
probably be attributed solety to ion-exchange
reactions. Conversely, the lack of radium
leaching seen with the barite SS suggests that
the sorbed radium here is nonexchangeable.

The HCl-extractable fraction was gener-
ally less than 10 percent, however for the flu-
orspar-bearing SS it amounted to almost 50
percent. Work at the U.S. Atomic Energy
Commission’s Winchester Laboratory in the
late 1950’s (National Lead Co., 1960) showed
that radium could be efficiently removed
from an acidic (pH 1.8) uranium mill effluent
by addition of NaF to precipitate CaF,. Thus
the CakF, structure appears capable of includ-
ing Ra, presumably by substitution into the
Ca lattice position. The solubility of CaF, is
only slightly enhanced in 1 M NH,CI com-
pared to water (Linke 1958, p. 601, 603);
hence the large release of Ra seen in table 2
with NH4Cl is thought to be due to ion-
exchange displacement. However, the solubil-
ity of CaF, increases by almost two orders of
magnitude on going from water to 1.0 M HCI
(Linke, 1958, p. 601, 602). Hence the HCl
leach used here, which reteased almost 50 per-
cent of the 2*%Ra in the SS, is thought to
cause this action by dissolution of Ca(Ra)F,.

As compared with the other SS tested,
the most anomalous behavior was exhibited
by the barite SS. While the five-step extrac-
tion provided nearly complete recovery of
radium for most of the SS, for the barite SS,
the recovery was less than ().5 percent. The
desorption pattern of the quartz sand that
makes up 94 prcent by weight of the barite SS

was completely masked in the mixture due to
competition by barite for radium sorption dur-
ing the earlier exposure to the acid milling
liquor and/or resorption by barite of any
radium desorbed from the quartz during the
five-stage leaching described here. Whil=
BaSO, solubility is significantly enhanced on
going from water to 1.0 M HCI (Benes and
others, 1981), the presence of soluble sulfates
will suppress the reaction. This is the proba-
ble reason for the lack of radium release seen
here with the barite SS. Indeed, Benes and
others (1981) used 1.0 M HCl spiked with 60
parts per million sulfate to selectively dis-
solve “acid-soluble” forms of radium anc bar-
ium (for example, that carried on ferric
hydroxide), while preserving radium held as
Ba(Ra)SO,4. Seeley (1976) reported essen-
tially no desorption of 2?°Ra by 0.01-1.0 M
HCI from synthetic tailings in which radium
was coprecipitated with BaSO, onto quartz
sand.

In the present study, the radium is
sorbed onto preformed barite crystals rather
than being coprecipitated from solution.
However it is likely that during the sorption
period, the radium initially retained by th=
exchange of ions between the solution and
those composing the surface of the crystal 1s
slowly incorporated into the crystal lattics
during recrystallization of the barite. Such a
recrystallization process would be enhanced
by the elevated temperature at which the sorp-
tion took place. The final product would thus
resemble a Ba(Ra)SOy4 coprecipitate, exc2pt
that the radium would occur only in the outer
rind of the barite particles. A microautoradio-
graphic study of uranium mill tailings from
Monticello, Utah, by Stieff (1985), showed
particles which were tentatively identified on
the basis of birefringence and high relief as
barites, which were loci for elevated concen-
trations of 2?°Ra. The resistance to NaCl and
HCI leaching shown here for radium sorted
on barite may help to explain a part of the
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unextractable, refractory fraction observed
during investigations (Ryon and others, 1977;
Levins and others, 1978) of the use of electro-
lytes and acids in remedial action and novel
milling schemes aimed at reducing the radium
contents of tailings to levels below regulatory
concern.

The important role of alkaline earth sul-
fates in the retention of 2*6Ra and other radio-
nuclides in acid-milled uranium tailings is
supported by other recent investigations.
Morrison and Cahn (1991) examined acid-
leached tailings from several mills which
used Colorado Plateau sandstone ores, and
found most of the alpha activity was associ-
ated with barium-strontium sulfate grains.
Alpha-track maps of polished thin sections
showed both grains with uniform track densi-
ties, as might happen with coprecipitation,
and grains with only alpha-tracked rims, indic-
ative of sorption. From a purely analytical
chemistry point-of-view, the insolubility of
BaSOy (Kgp = 1.08 x 1070 at 25 °C) might
lead one to believe radium coprecipitated
with BaSOy, to be very immobile. However
Landa and others (1986) showed that 226Ra
leaching from UMT was greatly enhanced in
the presence of sulfate-reducing bacteria
(fig. 3). These bacteria were isolated in low
numbers from tailings samples, but were iso-
lated in relatively high numbers in organic
matter-rich cover soils used in tailings recla-
mation and revegetation (Miller and others,
1987). The observed radium release to solu-
tion did not appear to be due to chelates
excreted by the bacteria, but rather was proba-
bly due to the microbially-mediated dissolu-
tion of barite and similar phases in the

tailings. A similar effect was later demon-
strated with iron (ITI) - reducing bacteria,
which do not reduce sulfate (Landa and oth-
ers, 1991). The action of these microorgan-
isms in dissolving ferric hydrous oxide phases
in UMT results in the release of 22Ra to solu-
tion (fig. 3). These findings suggest that engi-
neering measures or natural forces which
place UMT in anaerobic environments may
enhance the release and transport of 226Ra.
Eberl and Landa (1985) showed that clay min-
erals also enhance the dissolution of BaSC,,
SrSO,, and the release of 22°Ra from UMT,
presumably by acting as sinks for cations
(Ba™, Sr*t, Ra*™)

The action of similar anaerobic
microorganisms can be exploited at active
mining and milling sites, and in remedial
action programs. For example it may be
possible to use microbial reduction of
uranium to treat mine drainage water for
uranium removal. The soluble oxidized fcrm
of uranium, U%*, is reduced by some
anaerobic bacteria to insoluble U**, which
precipitates as uraninite (Lovley and others,
1991; Gorby and Lovley, 1992). The process
was not inhibited by low pH (pH 4.0), nor
relatively high concentrations of copper (4.5
uM), zinc (85 uM), or other trace metals in a
uranium mine drainage water. However,
copper (either Cu* or Cu*™) at 100 uM (6,350
ug - L1y was inhibitory to U%* reduction
(Lovley and Phillips, 1992). By combining
an initial bicarbonate extraction with a
microbial step, it may be possible to
decontaminate soils containing uranium in a
variety of forms including ore, mill tailings,
and uranium-bearing, armor-piercing,
munitions alloys (Lovley and others, 1992).
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Figure 3. Soluble 225 Ra in uranium mill trailings and media inoculated with shewanella putrefaciens and
in sterile uninucleate controls.
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ISSUES ASSOCIATED WITH RADIO-
LOGICAL CONTAMINANT TRANS-
PORT AT DECOMMISSIONING SITES
By Rateb (Boby) Abu-Eid, Jack P.
Parrott, M. (Sam) Nalluswami, and
Michael Weber

Introduction

The United States Nuclear Regulatory
Commission (NRC) staff has been involved
in various activities associated with decom-
missioning of radiologically contaminated
sites. These activities have included; site
characterization, investigation of the extert of
contamination, and assessment of potential
radiological impacts using transport pathway
analysis and modeling approaches. In the
course of performing these activities, NRC
staff has encountered some previously uned-
dressed technical issues that required either
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developing new technical guidance or con-
ducting additional technical studies and inves-
tigations to ensure that appropriate and
adequate resolutions to these issues were
achieved. The major technical issues encoun-
tered were: (1) Selection and determination of
the retardation factors; (2) classification of
uranium in soil as soluble or insoluble; and
(3) selection and use of contaminant transport
codes.

Selection and Determination of the Retar-
dation Factors:

The retardation factor (R;) is commonly
expressed, using the Freundlich isotherm
(Freundlich, 1926), in terms of its linear rela-
tionship with the distribution coefficient
(Ky). Thus, doubling the K value halves the
radionuclide migration velocity in relation to
the ground water velocity. Therefore, the
importance of the accurate determination of
the K4 cannot be overemphasized in calcula-
tion of the velocity of radionuclide movement
in subsurface geological materials. The
major technical issues associated with the
retardation factor are:

1. The limnitations of the current labora-
tory methods used for K, determinations

Currently, there are no adequate and reli-
able common approaches or methods for
selection and/or determination of the K
parameter for decommissioning sites. The
most common K determination methods cur-
rently being applied at decommissioning sites
are: American Society for Testing and Materi-
als (ASTM) D 4319-83 (ASTM, 1983), and
ASTM D 4646-87 (ASTM, 1987). A third

ASTM method (ASTM D4874-89; ASTI! 1,
1989) is also used although it is not specifi-
cally dedicated to K4 determination. These
methods have the following shortcomings:

(a) Although the overall precision and
reproducibility of these methods are
reported to be in the range 10-25 per-
cent, the actual output results repor‘ed
by licensees are much larger. Table 4
shows examples of average K values,
standard deviations of the values, and
the relative standard deviations of the
K4's, obtained for some soil samples
and conducted under similar condi-
tions. As can be noted, the relative stan-
dard deviation of the values, empiri-ally
determined for decommissioning sites,
fall in the range 20-100 percent of the
average K values.

(b) The methods call for removal of organic
matter from the sample. Since organic
matter influences the retardation poten-
tial of the soil, the result may not be rep-
resentative of actual soil conditions.

(c) The methods allow for alternating mois-
ture content through drying and sample
preparations. Since Ky is largely depen-
dent on the soil/water ratio, results deter-
mined in the laboratory may be
substantially different from those fcand
on the site.

(d) The methods allow for using intrusion
water (contaminated water from onsite)
as the solution medium. It is preferable,
however, to use clean ground water
from the site rather than contaminated
water since the latter may contain some
dissolved contaminants and therefore
may not accommodate as much
dissolved radionuclide as the clean
ground water.
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Table 4. Average K, values, standard deviations, and relative standard

deviations empirically determined for decommissioning sites

[Th, thorium; U, uranium; ml/g, milliliters per gram]

Number

Average KdM

Standard

Radionuclide of runs (mUg) deviation (G,) {0,/M) x 100
232y 5 1680 986 59
228Th 5 4552 1407 31
2y 5 1121 726 65
28T 5 3849 1079 28
238y 20 18047 18078 100
238y 15 1242 966 78
38y 7 2427 1638 68
B8y 7 3383 685 20

2. Wide range of Ky values reported in
the literature for the same radionuclide

Some licensees and transport analysts
select retardation coefficient values reported
in the literature. In most cases these selected
values do not represent site specific condi-
tions and fall within a wide range since they
were derived under various physical and
chemical conditions. Sheppard and Thibault
(1990) and Sheppard and others (1991)
reported ranges of K values for four
common type of soils; sandy, clayey, loamy,
and organic soils. The K, values presented
by these authors indicated that random selec-
tion of K4 values from the literature, without
matching site specific conditions, could pro-
duce a difference in the retardation factor
of 1 to 6 orders of magnitude from the
actual values.

3. Use of nonconservative default Ky’'s
embedded in transport pathway analysis
codes

Certain transport codes, specifically
those codes that couple contaminant trans»ort
modeling with radiological impact assess-
ments, adopt default K parameters that are
widely different and may not represent sit>
specific conditions. Table 5 lists examples of
default K;’s for codes used by NRC staff (for
example, RESRAD (Gilbert and others, 1989)
and NUREG/CR-5512 (Kennedy and
Strenge, 1992). The default K;’s for RES-
RAD code, for example, represent values cor-
responding to silt/clay soil type which are not
considered conservative, specifically if the
site contains sandy soil. Table 5 also pres=nts
average K values reported by Sheppard and
Thibault (1990). Ky values for sandy soil
reported in Table E.3 of RESRAD manual
(Gilvert and others, 1989) are also shown for
comparison.
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Table 5.—Comparison of “K4” default values used in radionuclide transport codes with

values quoted in the literature
[---, data not available]

osmovice SO mO NAEGCR.  RESRADwe  RESRIO
Actinium 450 417 20 20
Americium 1,900 1,887 --- 20
Bismuth 100 118 --- 600
Cobalt 60 59 100 1,000
Cesium 280 270 80 500
Hydrogen 0.06 1.25 0.0 0.0
Potassium 15 18 — 5
Protactinium 550 526 --- 50
Lead 270 270 10 100
Plutonium 550 555 200 2,000
Radium 500 500 7 70
Strontium 15 10 3 30
Technetium 0.1 0.1 - 0.0
Thorium 3,200 3,226 6,000 60,000
Uranium 35 15 5 50
4. Field methods of K, determination: 5. Calculation of K4 Value From Soil-to-

In some cases licensees analyze core
samples of saturated soil and contaminated
ground water, the ratio of radionuclide con-
centration in soil to ground water is calcu-
lated then to estimate K values. Using this
method, it is assumed that equilibrium has
been reached and dilution effect, due to non-
contaminated ground water flow, is insignifi-
cant.

Issues Associated With Radiological Contaminant Transport at Decommissloning Sites

Plant Concentration Ratio (CR):

This method is used to derive the distri-
bution coefficient using soil-to-plant effective
concentration ratios Martin and Bloom (1980)
and a generically derived equation which
employs concentration factors to calculate
K's for four type of soils (Baes and others,
1984 a, b). This method is inaccurate due to
the dependance of plant uptake on type of
soil, type of plant, and location and distritm-
tion of contaminants within the root zone.

27



In summary, from the above review,
the current methods and procedures employed
in K4 selection or determination are expected
to produce uncertainties in K vatues up to
100 percent or more. Therefore, these meth-
ods need to be developed and revised to
reduce these large uncertainties. NRC staff
also stresses the importance of determining
K4's based on site specific conditious and cau-
tion using the default K values in the models
or codes regardless of the actual site specific
conditions.

Characterization of Uranium
Solubility in Soil

NRC's existing guidance on decommis-
sioning criteria for soils and other materials
contaminated with uranium and thorium is
contained in a 1981 Branch Technical posi-
tion (BTP) entitled “Disposal or Onsite Stor-
age of Thorium or Uranium Wastes from Past
Operations.” Under Option 2 of the BTP, two
different sets of criteria are provided for solu-
ble and insoluble uranium that has been
enriched and depleted with respect to 25y,
Although NRC has a rulemaking underway
that is expected to eventually replace the crite-
ria in the 1981 BTP, this rulemaking will not
be completed until at least 1995. In the
interim, NRC will continue to require licens-
ees and responsible parties to decommission
facilities having soil contaminated by ura-
nium and/or thorium in accordance with the
criteria in the BTP. These criteria focus on
the solubility of uranium within the human
body (that is, lung fluid), which is determined
primarily by the chemical form of the ura-
nium. To date, acceptable procedures are not
available for determining the environmental
availability of uranium in soil even though
this can have a large impact on remediation
costs, environmental migration, and doses to
humans. The current method accepted for
determination of uranium solubility is the

NRC NUREG/CR-1428 (Kalkwarf, 1980)
which is only applicable to solubilities of air-
borne uranium particulate. The method
requires determination of the rates &t which
uranium particulate dissolve in simulatec
lung fluid media. This method is lengthy and
requires months to reach dissolution equilib-
rium. Currently NRC staff is conducting
investigations to justify using one of the fol-
lowing two approaches:

1. Direct determination of uranium solubility
in soil using a modified procedure from
the simulated lung fluid procedure that is
applicable for contaminated soils in the
decommissioning sites.

2. Indirect Procedure by identifying and
quantifying uranium compounds in soils
and estimating their solubilities based on
available solubility data for such comr-
pounds.

This issue has been formulated in a pro-
posed research project for future implementa-
tion to achieve an appropriate resolution on
the issue of uranium solubility.

Selection and Use of Contaminant
Transport Codes

Most of contaminant transport codes
currently used by NRC staff d=pend largely
on pathway analysis of contaminant releeses,
coupled with radiological impacts assessment
of dose or risk to a critical member of the pub-
lic or risk, to the surrounding population
within 50 mi of the site. The codes selected
in many cases do not contain adequate trans-
port parameters and formulation. as typically
required in ground-water modeling (Mercer
and Faust, 1981). This 1s due to the fact that
radiological impact assessors prefer to use
simple and highly conservative codes to
ensure that actual risk or hazards have been
accounted for. Some codes used do contain
basic transport elements without appropr-ate
analysis to account for site specific condi-
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tions. Selection of the appropriate code that
serves the purpose of analysis represents a
serious difficulty. Thus, frequently, simple
screening codes are commonly used to simu-
late complex contaminant transport condi-
tions or complex 3-D codes are used to
simulate site conditions where contaminant
transport is of meager significance. Finally,
NRC staff is faced with the dilemma of
receiving mixed signals (in the published liter-
ature) on the issue of whether or not ground-
water codes can be validated (for example,
Konikow and Bredehoeft, 1992; Tsang,
1991). This issue needs to be addressed by
modelers to achieve a uniform approach to
ground water codes and model validation.
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REDUCTIVE PRECIPITATION OF
URANIUM BY MICROORGANISMS—
AN OVERVIEW

By Derek R. Lovley

Introduction

Microbial reduction of soluble U(VI) to
insoluble U(IV) may be an important process
in the global uranium cycle and may also be a
useful technique for removing uranium from
contaminated environments (Gorby and
Lovley, 1992; Lovley and Phillips, 1992;
Lovley and Phillips, 1992; Lovley and others,
1991). The purpose of this paper is to review
what is known about microbial reduction of
U(VI]) in sedimentary environments.

U(Vi)-Reducing Microorganisms

Geobacter metallireducens (formerly
known as strain GS-15) was the first
organism found to use U(VI) as a terminal
electron acceptor (Lovley and others, 1991).
G. metallireducens grows by carrying out the
reaction:

acetate” + 4 U(VI) + 4 H,0 — 2HCO; +4
uav) +9H".

Shewanella putrefaciens can also grow with
U(VI) as the sole electron acceptor and H, as
the electron donor:

H, + U(VI) = 2H* + UQV).

Both organisms will grow in high (8 mM)
dissolved uranium.

Several Desulfovibrio species including
D. desulfuricans and D. vulgaris, can als»
enzymatically reduce U(VI) with either ¥, or
lactate (Lovley and Phillips, 1992; Lovley,
Roden, and others, 1993). However, attempts
to grow these organisms with U(VI) as th=
sole electron acceptor were unsuccessful
(Lovley and Phillips, 1992).

Enzymatic Mechanisms for U(VI)
Reduction

The enzymatic mechanisms for U('/1)
reduction by G. metallireducens and S.
putrefaciens are ill-defined. The fact that
these organisms conserve energy to support
growth by oxidizing nonfermentable
substrates with U(VI) as the sole electror
acceptor suggests that electron transport-
linked phosphorylation must be involved.
Electron transport to or through a c-type
cytochrome is likely, based on the
observation that U(V1) oxidizes the c-tyg=
cytochromes in whole cells of G.
metallireducens (Lovley, Giovannoni, and
others, 1993).

However, a U(VI) reductase has be=n
isolated from the U(V1) reducer D. vulgaris
(Lovley and others, 1993). The soluble
fraction of D. vulgaris rapidly reduces U(VI)
with H; as the electron donor. If cytochrome
c3 is removed from the soluble fraction of D.
vulgaris, then all capacity for U(VI) reduction
is lost. If cytochrome ¢y is added back, then
the capacity for U(VI) reduction is restored.
U(VD) rapidly oxidizes previously reduced
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cytochrome c¢3. U(VI) is rapidly reduced
when c3 is combined with hydrogenase, the
physiological electron donor for c3, and H,.

Environmental Significance of
Microbial U(VI) Reduction

The environmental significance of
microbial U(VI) reduction is that U(VI) is
highly soluble in most natural waters,
whereas U(1V) is highly insoluble (Langmuir,
1978). The reduction of U(VI) to U(IV) in
anaerobic marine sediments is, globally, the
most significant sink for dissolved uranium
(Anderson and others, 1989; Klinkhammer
and Palmer, 1991; Veeh, 1967). The
reductive precipitation of uranium from
ground water is considered to be the
mechanism for the formation of some
sandstone or roll-type uranium ores
(Hostetler and Garrels, 1962; Jensen, 1958;
Langmuir, 1978). Although the earlier
geochemical literature (Hostetler and Garrels,
1962; Jensen, 1958; Langmuir, 1978)
suggested that U(VI) reduction in anaerobic
environiments was the result of nonenzymatic
reduction of U(VI) reduction by sulfide or
H,, neither are effective U(VI) reductants at
the temperatures and pH typical of aquatic
sediments or ground water (Lovley and
others, 1991). Sterilization of anaerobic
sediments inhibits U(VI) reduction (Lovley
and others, 1991). These findings suggest
that U(VI1)-reducing enzymes are responsible
for U(VI) reduction in these environments.

Microbial U(VI) reduction may be used
to remove uranium from contaminated waters
and soils. In most natural surface and ground
waters, U(V1) is in the form of uranyl-
carbonate complexes (Langmuir, 1978).
Furthermore, uranyl-carbonate complexes are
the typical dissolved uranium form that
results from a variety of man's activities with
uranium (Lovley and Phillips, 1992). Studies
with G. metallireducens (Gorby and Lovley,

1992) and D. desulfuricans (Lovley and
Phillips, 1992) demonstrated that U(VI)-
reducing microorganisms can reduce the
U(V]) in U(VI)-carbonate complexes. Th=
U(V) precipitates as uraninite (UO,). All of
the uraninite precipitate is extraceltlular. T us,
microbial uranium reduction has the potertial
to take uranium that is dispersed in a large
volume of liquid a~d concentrate it to a very
pure, compact solid.

D. desulfuricans was chosen for
detailed studies on microbial removal of
U(VI) from contaminated environments
because of the ease in mass culturing this
organism and because its U(VI)-reducing
capacity is extremely stable. For example,
freeze-dried cells kept under air at room
temperature lose none of their potential fo~
U(V1) reduction even after 6 months of
storage (Lovley and Phillips, 1992). D.
desulfuricans effectively reduces U(VI) both
at very high (24 mM) and at relatively low (>
50 nM) concentrations (Lovley and Phillipe.
1992). Of a wide variety of potentially
inhibiting anions and cations that were
evaluated, only exceptionally high
concentrations (> 20 pM) of copper inhibited
U(V]) reduction. D. desulfuricans readily
removed soluble U(VI) from several mine
drainage waters and contaminated ground
waters from a U.S. Department of Energy site.

In addition to treating uranium
contaminated waters, microbial uranium
reduction can be used as part of a technique
to concentrate uranium from contaminatec
soils (D.R. Lovley, E.J.P. Phillips, and E.P.
Landa, written commun., 1993). In this
process uranium is leached from the soils
with a bicarbonate solution and then
microbial U(VI) reduction precipitates the
uranium from the extract.

Microbial U(VI) reduction has a number
of advantages over other previously propcsed
treatment techniques (Lovley and Phillips,
1992). Advantages include: (1) the ability to

Reductive Precipitation of Uranium by Microorganisms—An Overview 31



precipitate uranium from U(VI)-carbonate
complexes; (2) the recovery of uraniumin a
highly concentrated and pure form; (3) high
uranium removal per amount of biomass; (4)
the potential to simultaneously treat organic
contaminants and uranium by using the
organic as an an electron donor for U(VI)
reduction; and (5) the potential for in situ
remediation of both ground water and surface
waters.
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PARTICULATE, COLLOIDAL, AND
SOLUTION PHASE ASSOCIATIONS OF
PLUTONIUM, AMERICIUM, AND
URANIUM IN SURFACE AND GROUND
WATER AT THE ROCKY FLATS
PLANT, COLORADO

By Richard A. Harnish, Diane M.
McKnight, James. F. Ranville, V. Cory
Stephens, Bruce D. Honeyman, and
Scott R. Grace

Introduction

With the cessation of plutonium process-
ing at the U.S. Department of Energy adminis-
tered Rocky Flats Plant near Denver,
Colorado, the focus of activities at the facility
has switched to contaminant assessment and
identification of potential remediation strate-
gies. In this context we began a study in
1991 to determine the potential for colloid-
facilitated transport of the actinides pluto-
nium, americium, and uranium in surface and
ground water at the site.

Suspended particles and colloids are
important in most natural waters for transport,
bioavailability, and reactivity of contami-
nants. Colloidal particles, those particles
generally greater than 1 nanometer and less
than a micrometer in diameter, are an espe-
cially important component because of their
high specific surface areas (which facilitate
reactions between solids and solution), and
their small size (which inhibits settling and
allows them to remain suspended for long
periods). Because the term "colloidal" indi-
cates only a size classification, the chemical
composition and reactivity of colloids in natu-
ral waters is varied. Organic colloidal forms
include cellular exudates, and partially to
extensively degraded detrital material that
may be associated with mineral phases (Ran-
ville and others, 1991). Inorganic forms
include clays and insoluble metal oxides. Col-
loidal particles have been observed in ground

waters (Degueldre and others, 1989; Salbu
and others, 1985) and have been shown to be
mobile in aquifers (Harvey and others,
1989). Association between contaminants
with low solubility values and ground water
colloids is expected to greatly affect contami-
nant transport (McCarthy and Zachara, 19¢9;
Penrose and others, 1990). Several studies
have shown the importance of this process in
radionuclide transport (Buddemeier and Hunt,
1988; Penrose and others, 1990). To signiti-
cantly alter contaminant transport, colloids
must be (1) reactive with the contaminant of
concern, (2) stable in the geochemical envi-
ronment, and (3) present in sufficient quantity
(Puls, 1992). The first criterion formed the
basis for a preliminary study of the extent of
association of the actinides plutonium, ameri-
ctum, and uranium with particles (and in
particular colloidal particles) in one ground
water and two surface water samples from
the Rocky Flats Plant.

The Rocky Flats Plant is located east
of the front range of the Rocky Mountains
about 16 mi northwest of downtown Denver
(fig. 4). The plant opened in 1952, and from
this time until plutonium operations were sus-
pended in 1990), it served as a manufacturing
facility for plutonium and uranium compo-
nents and in the processing of retired weap-
ons for plutonium recovery. In the decade
from 1958 to 1968, over 5,200 barrels contain-
ing actinide-contaminated solvents and cut-
ting oils were stored in an area now knowr as
the Y03 pad area. Before their removal, corro-
sion and leakage of the barrels resulted in sur-
face soil contamination of the immediate area
with plutonium, americium, and uranium.
Subsequent wind events redistributed the con-
taminated soil to the east-southeast. It is in
this area of surface soil contamination that we
sampled one ground water well (designated
Well 1587) and two surface water seeps (d=s-
ignated SW-51 and SW -53)
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In 1991, pursuant to the Department
of Energy's environmental restoration pro-
gram for the Rocky Flats Plant, and in cooper-
ation with the Department of Energy, the
U.S. Geological Survey began a study of the
potential for facilitated transport of pluto-
nium, americium, and uranium by colloidal
size particles in surface- and ground water at
the site. Initial results of this study described
here address two purposes: (1) determination
of the distribution of plutonium, americium,
and uranium among particulate, colloidal, and
dissolved phases, and (2) an initial assess-
ment of the chemistry and mineralogy of iso-
lated particulate and colloidal material. This
research was supported through an inter-
agency agreement with the Department of
Energy (DE-A123-91RF000012). This paper
does not necessarily reflect the views of the
Department of Energy and no official endorse-
ment should be inferred.

Methods
Study Site

Well 1587 is a shallow alluvial monitor-
ing well located about 100 m east of the
903 pad. SW-51 and SW-53 are surface
water seeps that form where ground depres-
sions occur. SW-51 is a shallow stream that
empties into a drainage ditch at the perimeter
of the 903 pad area; SW-53 is a marshy area
about 300 m east-southeast of the 903 pad
(fig. 5). All of these waters are well-buffered,
neutral to slightly alkaline, calcium/magne-
sium type waters. The pH ranges from 7.1 at
well 1587 to 7.7 and 7.5 at SW-51 and SW-
53 respectively.

Sample Collection and Filtration
A 630 liter (L) ground-water sample

was collected from well 1587 by using a peri-
staltic pump. To minimize shear-induced

detachment of sorbed particles and resuspen-
sion of settled particles in the aquifer matrix,
the pumping rate was maintained below 280
milliliters per minute for the duration of sam-
pling. Specific conductance, pH, Eh, dis-
solved oxygen, temperature, turbidity, and
drawdown were monitored during initial purg-
ing of the well as a check on sufficiency of
purging, and during sample collection as a
check on constancy of sample compositicn.
Sample collection was begun when these
parameters stabilized. For the surface waters
SW-51 and SW-53,300 L and 120 L wer=
sampled, respectively, with the expectaticn
that particle concentrations would be high=r
in these surface waters. In all cases, samples
were kept at ambient water temperature. ~he
ground-water sample was kept under subdued
light. On-site processing of the samples was
begun within several hours of sample acquisi-
tion, and was continuous upon collection.
Particulate and colloid samples were iso-
lated using the techniques of spiral-flow filtra-
tion and cross-flow ultrafiltration. An
Amicon spiral-flow ultrafiltration unit with
90-mm diameter, 5.0 um pore size polycar-
bonate membrane filter was used for initial
sample filtration and collection of the paricle
fraction greater than 5.0 pm. For subsequent
filtration steps, three Millipore Pelicon fil*ra-
tion systems were used in series to collect
(1) the fraction between 5 pm and 0.45 pm,
(2) the fraction between 0.45 wm and
100,000 Daltons, and (3) the fraction between
100,000 Daltons and 10,000 Daltons. The par-
ticles obtained by filtration represent disc-eet
size fractions in what is actually a continuum
of particle sizes that range from less than a
nanometer up to millimeters in natural sys-
tems (fig. 6). For the present study, "particu-
lates" are defined as all those particles
retained by the 0.45 um and 5.0 pm filters;
"colloids" are defined as those particles
between about 1 nm and 450 nm in size that
are retained on 10,000 Dalton and 100,000
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Dalton filters. Phases that pass through the
10,000 Dalton filters are defined here as
"dissolved." For each sample, a portion of
the 10,000 Dalton filtrate was extracted using
the macroporous nonionic sorbent XAD-8

to isolate humic substances from the dis-
solved fraction.

Sample Analysis

Lyophilized particle isolates, filter
digests, and filtrate samples were analyzed by
alpha isotopic separation using an al;z)ha spec-
trometric detector for 23°Pu , #Opu, 24! Am,
233y and 24U. Metals analysis (by induc-
tively coupled plasma-atomic emission spec-
trometry), organic carbon analysis (by high
temperature catalyzed combustion), and scan-
ning electron microscopy-energy dispersive x-
ray analysis were also performed on subsam-
ples of the particle isolates and on the various
filtrate fractions for particle characterization.

Particulate, Colloldal, and Solution Phase Assoclation
Ground Water at the Rocky Flats Plant, Colorado

Results and Discussions

Actinide Activity and Particle Mass
Distributions

Results of actinide activity analyses,
total particle concentrations, and particle
mass distributions for samples from well
1587, SW-51, and SW-53 are shown in
figures 7-9 respectively. For the well 1587
sample (fig. 7), the total particle
concentration was very low (1.4 mg/L), and
colloidal size particles comprised a
significant percentage (70 percent) of the total
particle mass of particles isolated from this
sample. Particles greater than 0.45 pm in size
made up 30 percent of the particle mass.
Results of actinide activity distribution
analyses show that 239py and 2*OPu were
associated predominantly with the particulate
fraction greater than 0.45 um (92 percent of
total plutonium activity); only 4 percent of
plutonium activity was measured in the
colloidal fraction, and 4 percent in the
dissolved fraction. In contrast, the bulk
of *!Am activity was associated with the
dissolved fraction; of the remainder,
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Figure 7. Actinide activity (top three bars) and
particle mass (bottom bar) distribution: well 1587
ground water.

27 percent was found in the particulate
fraction and 16 percent was associated with
colloidal particles. For 23y and P4, over
99 percent of the total sample activity was in
the dissolved fraction.

In the stream water sample SW-51
(fig. 8), the particle mass distribution was
similar to that of the ground water sample.
but with a higher total particle concentration
of 5 mg/L. Particulates made up 32 percent
of the total mass of particles, colloids 638
percent. 239py and %%Pu were
predominantly associated with the particulate
fraction (85 percent), with 11 percent of the
total activity in the colloidal fraction, and a
small percentage in the dissolved fraction.
For americium, the majority of the activity
(56 percent) was found in the particulate
fraction, but there also existed a significant
colloidal component (23 percent) and
dissolved component (20 percent). As was
the case for the ground water sample, B3y
and 234U activities were associated almost
exclusively with the dissolved fraction.

For the wetland surface water SW-53
(fig. 9) there was a clear difference in parti~le
mass distribution as compared to the well
1587 and SW-51 samples. At SW-53 the
particle mass was distributed principally in
the particulate fraction, only 11 percent of the
total particle mass existed as colloidal size
particles. Further, the total particle mass was
much higher (103 mg/L) than in the ground
water or the other seep. Plutonium activity
was concentrated in the particulate fraction.
Similarly, almost all of the americium activity
was associated with the particulate fraction.
The colloidal and dissolved forms measured
in the ground water and the other surface seep
were essentially absent here. As it was in the
other waters examined, 223U and 234U
activities at SW-53 were associated almost
totally with the dissolved fraction.
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To summarize plutonium activity
distributions at the three sample sites, three
main features are apparent. First, plutonium
activities were very low overall, and activities
are higher in the surface waters than in the
ground water. Second, particulate-associated
plutonium was by far the dominant form of
plutonium at all three sites: only in SW-51
did colloidal plutonium exceed 10 percent of
total plutonium activity. Third, plutonium
size distribution appears to be insensitive to
particle mass distribution. For example, in
the ground water of well 1587, where colloids
contributed 70 percent of the total mass of
particles, only 4 percent of the plutonium
activity was associated with the colloidal
fraction. Similarly, although particulates
made up only 30 percent of the total particle
mass, 92 percent of the plutonium activity
was associated with particulates. Similar
patterns appear in the samples from SW-51
and SW-53.

For americium, the total activity in these
waters was also very low, and americium
activity was one to two orders of magnitude
lower in the ground water than in the surface
waters sampled. In terms of activity
distribution there was a clear indication that
americium was associated with colloidal and
dissolved forms in the ground water and at
surface seep SW-51. In SW-53, americium
distribution was dominated by particulate
forms. These data suggest that americium size
association is more sensitive than plutonium
to particle mass distribution. At well 1587
and at surface seep SW-51, each with
significant percentages of particle mass
residing in the colloidal fraction, significant
americium activity was found in this fraction.
For SW-53, where most of the particle mass
was in the particulate fraction (89 percent),
most of the americium activity (97 percent)
was associated with this fraction.

For 233U and 2¥U, total activities in
the ground water sample were lower than in
the surface waters. Despite the presence of
significant quantities of particulates and
colloids in each of the samples, over 99
percent of the total uranium activity was
found in the dissolved phase, suggesting that
uranium activity distribution is insensitive to
narticle concentration distribution in these
waters. Analysis of fulvic acids isolated from
the dissolved fraction showed that they are
potentially important sorption substrates for
uranium in these waters: in the ground water
at well 1587, 14 percent of the total 23y and
24y activity was associated with the isolated
fulvic acids. For the surface waters, 55
percent and 60 percent of the dissolved
uranium activity was associated with the
fulvic acid fraction at SW-51 and SW-53,
respectively.

Particle Chemistry and Mineralogy

Preliminary assessment of particiilate
and colloid composition by chemical analysis
of the isolates and by direct examination of
particle concentrates by scanning electror
microscope/energy dispersive x-ray revealed
(1) relative consistency of composition of
particles and colloids among the three sarple
sites, and (2) compositional differences
between the particulates and colloids.
Particulate composition of well 1587 ground
water and SW-51 surface water was
principally the inorganic elements silicon,
iron, and aluminium; organic carbon was less
than 10 percent by weight. SEM/EDX
examination shows that the bulk of these
particles were iron oxides, various layer
silicates (including smectites, kaolinite, and
micas), and silica particles. Iron oxides
appeared to be a major part of the particulate
fraction based on SEM/EDX and metal
analysis. Particulates isolated from SW-53
were also predominantly composed of
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inorganic mineral species iron oxides and
clay minerals, with calcite as a major
constituent. The colloidal isolates at all three
sites differed from the particulates in that
organic carbon was a principal constituent,
ranging from 55 percent of total analyzed
colloid mass in the ground water at well 1587
to 95 percent of total analyzed colloid mass in
the smallest colloid fraction at SW-Z1.

Summary

1. Colloidal-size particles (1.45 pm to 10,000
Daltons) comprised significant weight
percentages of total particle mass in each
of the waters examined. On a weight
percent basis they were the predominant
particle size range in two of the waters
(well 1587 ground water and SW-51
surface water). Particulate-size particles
(greater than 0.45 pm) comprised most of
the particle mass at SW-53.

2. The isolated particulates appeared to be
predominantly inorganic in composition,
including iron oxides, layer silicates, and,
at SW-53, calcite particles. Colloidal
particles included the above minerals, but
differed from the particulate composition
in that organic carbon was a major
constituent.

3. 239y and %*%Pu activities in these waters
were associated predominantly with
the particulate fraction greater than
0.45 [ in size.

4. 1Am activity distribution was more
variable than the plutonium distribution
among these sites. In the ground water
sample, 73 percent of the total activity
was associated with the dissolved and
colloidal size fractions. In the surface
water sample at SW-53, 97 percent of the
total activity was associated with the
particulate fraction.
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5. More than 99 percent of the total 233U and
2341 activities were associated with the
dissolved fraction in these waters.
Dissolved fulvic acids are a potentially
important sorption substrate for uranium
in these waters.

References

Buddemeier, R.W., and Hunt, J.R., 1988,
Transport of colloidal contaminants in
ground water radionuclide migration at
the Nevada test site: Applied
Geochemistry, v. 3, p. 535-548.

Degueldre, C., Baeyens, B., Gorelich, W.,
Riga, J., Verbist, J., and Stadlemann, P.,
1989, Colloids in water from a
subsurface fracture in granitic rock,
Grimsel Test Site, Switzerland:
Geochemica et Cosmochemica Acta, v
53, p. 603-610.

Harvey, RW., George, L.H., Smith, R.L., and
LeBlanc, D.R., 1989, Transport of
microspheres and indigenous bacteria
through a sandy aquifer—Results of
natural-and forced-gradient tracer
experiments: Environmental Science
and Technology, v. 23, p. 51-56.

McCarthy, J.F., and Zachara, J.M., 1989,
Subsurface trasnport of contaminants:
Environmental Science and
Technology, v. 23, p. 492-502.

Penrose, W.R., Polzer, W.L., Essington, E.H.,
Nelson, D.M., and Orlandini, K.A.,
1990, Mobility of plutonium and
americium through a shallow aquifer in
a semiarid region: Environmental
Science and Technology, v. 24,

p. 228-234.

Puls, R.W., Paul, C.J., and Clark, D.A.,
1992, Colloidal transport in sandy
aquifer material-Surface and
aqueous chemical effects:

American Geophysical Union
Transactions, p. 107.

4



Ranville, J.F., Harnish, R.A., and
McKnight, D.M., 1991, Particulate
and colloidal organic material in
Pueblo Reservoir, Colorado—
Influence of autochthonous source on
chemical composition, in Baker, R A,
ed., Organic Substances and
Sediments in Water: Chelsea,
Michigan, Lewis Publishers, p. 47-73.

Salbu, B., Bjornstad, H.E., Lindstrom, N.S.,
Lydersen, E., Brevik, E.M., Rambaek,
J.P., and Paus, P.E., 1985, Size
fraction techniques in the
determination of elements associated
with particulate or colloidal material
in fresh waters: Talanta, v. 32,
p. 907-913.

MODEL VALIDATION AND DECISION
MAKING—AN EXAMPLE USING

THE TWIN LAKES TRACER TEST

By Natalie E. Olague, Paul A. Davis,
Darrla Smith, and Tom Feeney

Introduction

Ground-water flow and transport model
results are often used in making decisions
concerning the safety of potential radioactive
and hazardous waste disposal sites.
Consequently, the validity of these results
must be assured. There have been several
international cooperative studies established
[INTRACOIN (Swedish Nuclear Power
Inspectorate, 1986), HYDROCOIN
(Organisation for Economic Cooperation
and Development, 1988), INTRAVAL
(Andersson and Skagius, 1992), BIOMOVS
(Swedish National Institute of Radiation
Protection, 1990), and CHEMVAL (Read
and Brody, 1991)] to address model
validation with respect to the disposal of
radioactive waste.

These studies have typically attempted
model validation by comparison of model
results with experimental data. Wherein, the
objective of the modeling is to reproduce the
experiment using all of the information
available. However, in most cases (1) the
experimental data are from experiments
where all of the model input parameters have
not been or cannot be measured
independently of the experiment, and (2) the
experimental results are available to the
analysts before modeling the experiment.
This leads to a calibration exercise and not a
model validation exercise. In more recent
validation studies, efforts have been focusing
on predicting the results of experiments
without knowledge of the experimental
results to avoid potential biases. Howeve-,
these experiments are still plagued by a lack
of independent measurement of independent
model parameters.

Regardless of the specific modeling
approach adopted, the validity of the mod-l is
based on how well the model reproduces the
experimental results. This conclusion is
usually based on some measure of fitness or
accuracy, either quantitative or qualitative, of
some predefined performance measure.
Therefore, the conclusion about the validity
of the model is directly dependent on the
performance measure chosen and degree of
accuracy accepted. For example, one model
may be able to predict moisture content at a
certain location and time within 10 percert of
the measured value, but cannot predict
ground-water travel time within 50 percent.
In addition, more complex models can always
be derived to yield better and better fits with
the data (usually based on calibration), and
more than one model is usually able to
explain the data. Consequently, these typ=s
of validation exercises become infinite an-
yield only ambiguous results.
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Validation Approach

Our attempt to avoid these problems is
to link the desired accuracy of the model
results to the model use or purpose. This is
consistent with Gass (1983) who states that
the validity of a model depends on the real
world aspect being analyzed. If this link is
established, model validation becomes a
process of building confidence that a model is
acceptable for a specific purpose, and not the
never-ending process of proving that a model
reproduces reality.

With respect to the disposal of
radioactive and hazardous wastes, the overall
purpose of modeling is to aid in the decision-
making process with regard to the safety of
such disposal sites. Models are used to
simulate quantities of interest (for example,
dose, travel-time, concentration) related to
safety that have been defined by the relevant
expected site conditions and estimate the
quantity of interest so that it can be used as an
indicator for regulation. These quantities are
usually estimated over relatively large spatial
(meters, kilometers) and temporal (1,000 yr,
10,000 yr, 100,000 yr) scales, again,
depending on the specific regulation.
However, the purpose of modeling is not to
precisely predict the quaatity(s) of interest,
which because of the large uncertainties
associated with the time and spatial scales,
cannot be done. Rather, the purpose is to
simulate the expected site conditions and
estimate the quantity of interest so that it can
be used as an indicator of site safety and
provide the basis for a decision. In light of
this purpose, the seemingly insurmountable
uncertainties associated with assessing the
safety of a potential disposal site become
manageable. In terms of this decision-
making purpose, validation studies should
provide a basis for making a confident
decision about site safety. In fact, a model
can be thought of as "valid" if it allows such a
decision to be made and supported.

From a regulatory point of view, a
model is acceptable as the basis for making a
decision if it errs on the side of conservat’sm
(that is, over-predicts the quantity of
interest). More specifically, conservatism as
the basis for a decision about safety is much
more defensible than "realism" (since realism
is undefinable). Therefore, the modeling
approach that should be adopted for safety
assessments is to start with simple and
conservative models. If these model results
indicate that the site can comply, then the
regulator is comfortable licensing the site. If,
on the other hand, these models indicate that
the site cannot comply with the relevant
safety standards, then the conservativeness
can be decreased if there is a defensible bsis
to do so (for example, new site
characterization data). Given the significance
of conservatism in safety assessments, the
basis for claiming that an analysis is
conservative must be intently scrutinized.
Validation studies thus serve the purpose of
testing the conservatism of alternative mcdels.

The specific information needed from
model validation studies is the relative
conservativeness of different modeling
approaches compared to experimental data.
This knowledge will in turn provide the basis
to judge the adequacy of models used in
support of safety assessments. For example,
assume that a validation study indicates tl'at
one-dimensional flow and transport models
consistently and significantly over predict the
maximum concentration observed in a sandy
aquifer tracer test. If similar one-dimensional
models are used in support of a safety
assessment at a similar site, the decision-
maker has a basis for assuming that the model
results are conservative. On the other hard, if
it has been demonstrated that a model has
consistently under predicted concentrations
compared to experimental data, the decision-
maker would be leery of accepting a safety
assessment that used this model, without
additional site characterization data.
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Modeling Approach

Consistent with the above discussion,
the modeling approach taken for this
validation study consists of starting with a
simple ground-water flow and transport
model and then increasing model complexity
(which typically results in decreasing model
conservatism), the aim being to assess the
relative conservatism of each model. The
different models applied are developed by (1)
making different assumptions about the type
and nature of processes, (2) making different
assumptions about existing data, (3) making
different assumptions about the existence of
data, and (4) different treatments of model
parameter uncertainties. The results of these
different modeling approaches are all
compared to experimental data and are
discussed with regard to the likelihood of
making a defensible decision about safety.

As this work is sponsored by the U.S.
Nuclear Regulatory Commission (NRC) Low-
Level Radioactive Waste (LLW) Disposal
Program, the specific purpose of this
validation study is to provide the NRC staff
with the basis to make a decision about the
safety of potential low-level radioactive waste
sites. The applicable regulation is 10 CFR 61
(U.S. Code of Federal Regulations, 1982)
which limits the maximum annual dose to
man after the site is closed. Therefore, to
ensure consistency with the regulatory
purpose, the performance measure for the
comparison should be as close to dose as
possible.

The experimental data base used in this
validation study is the Twin Lakes 1983
Tracer Test conducted at Chalk River
National Laboratory, Canada. The 1983
Twin Lakes Tracer Test is described in detail
by Killey and Moltyaner (1988). In
summary, the experiment consisted of a pulse
injection of Bl into a fully penetrating well.
The tracer was then monitored for 45 days by

downhole gamma counting in a set of dry
access pipes. The access pipes are located on
a grid approximately 40 m x 11 m with
spacings of 5 m and 1 m, respectively. The=
geologic system consists of eolian sands
overlying fluvially deposited sands. Thes=
sands are separated by a thin layer of
garnetiferous sand and all of the sands lie on
bedrock. The hydrologic system consists of a
phreatic aquifer with the Twin Lakes located
40 m up gradient and a stream which serves
as a ground-water discharge located 250 m
down gradient. The Twin Lakes drain by
recharging the underlying sand aquifer.
Results from three models were
compared to the experimental data.
Following the approach outlined above,
simple models were applied first, followed by
application of more complicated models.

Conclusions

The approach to validation proposed
herein attempts to interpret modeling results
in light of their intended use or purpose. ~hat
is, instead of attempting to find the "best" fit
model to the experimental data, we attemp* to
determine the conservativeness or bias
invoked by applying different models to
simulate the same experiment. In this way
we are able to provide guidance to the
regulatory community on where they should
expect model results to fall relative to actual
data, and provide some assurance that certain
model approaches consistently lead to
conservative (that is, over estimates of
concentrations and therefore dose) results and
other modeling approaches lead to non-
conservative results. Following this
framework, we applied a series of models to
the Twin Lakes Tracer Test. Simple
(potentially conservative) models were
applied first followed by the application of
more complex (and perhaps less
conservative) models.
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Using complete ranges of available data
and interpreting this data in several different
ways, a simple conservative one-dimensional
flow and one-dimensional dispersion model
over-predicts the maximum concentration at a
fixed location relative to the maximum
concentration observed at the same location
for the Twin Lakes 1983 Tracer Test. This
builds some confidence that for a similar site
these types of analyses would also be
conservative. To extrapolate to the decision-
making process, if a decision-maker were to
accept a similar site based on these types of
model results, there would be a relatively low
chance that an unsafe site would be accepted.
On the other hand, if the decision-maker were
to reject a similar site based on these types of
results there would be a relatively large
chance that a safe site could be rejected (that
is, the model may be "overly" conservative).

All of the models were conservative
with respect to the tracer test when the
laboratory-scale dispersivities were used.
However, when the model-scale dispersivities
were input only the one-dimensional model
results were conservative. To extrapolate to
the decision-making process, if the decision-
maker were to accept a similar site based on
multi-dimensional flow and transport model
results using model-scale dispersivities there
would be a relatively high likelihood that an
unsafe site could be accepted. However, if a
decision-maker accepts a similar site based on
multi-dimensional model results using
laboratory-scale dispersivities there would be
a relatively low chance that an unsafe site
would be accepted.
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A PERSPECTIVE ON GROUND-
WATER MODELING FOR
PERFORMANCE ASSESSMENT
By Clifford I. Voss

In 1891, Lord Kelvin gave what may be
considered a motivation for much of the
ground-water modeling done today:

In physical science a first essential

step in the direction of learning any

subject is to find principles of
numerical reckoning and practical
methods for measuring some quality
connected with it. I often say that
when you can measure what you are
speaking about and express it in
numbers you know something about
it: but when you cannot measure it,
when you cannot express it in

numbers, your knowledge is of a

meagre and unsatisfactory kind: it

may be the beginning of knowledge,
but you have scarcely, in your
thoughts, advanced to the stage of
science whatever the matter maybe.
Lord Kelvin
(Thomson, 1891, p. 80-81)

A pioneer in the quantitative descrip-
tion of subsurface fluid behavior, M. King
Hubbert, responded to Kelvin in a 1974 essay
called, "Is being quantitative sufficient?"
as follows:

**% the Kelvin dictum equating the

reliability of scientific knowledge

with the extent to which quantitative
methods have been employed may be

a somewhat imperfect formulation,

and one which in practice may lead to

a considerable amount of misdirected

effort. For, from what we have seen,

some of the most profound results in
the history of science have been
obtained in geology by means of
rigorous but essentially

nonquantitative methods of analysis.
We have also scen that whereas the
employment of elaborate
mathematical methods to quantitative
data may produce valid results, they
equally well may produce results
which are fundamentally erroneous
and in many situations highly
misleading *** a blind adherence to
the use of quantitative methods in
geology can leud to results which are
just az colossally erroneous or just as
trivial as may be obtained by any
other method.

M. King Hubbert

(Hubbert, 1974, p. 47)

In the following, I present a perspective
on ground-water modeling for performance
assessment by considering the nature of a
model, examples of model misuse and useful
results, dealing with spatial variability and
field data, the attributes of a good analyst.
reducing the over-selling of modelling, ard
models in performance assessment. Although
I focus my comments exclusively on the auan-
titative modelling of ground-water flow, ¢
similar discussion applies to quantitative char-
acterization of hydrogeological systems,
whether it be in a hydrologic, geochemical,
geophysical, geomechanical or other mar-
ner. Note that in discussion of these matters,
I am relating the general sense of many col-
leagues at the U.S.Geological Survey (USGS).

Ground-water models are widely used
today by government agencies, private indus-
try and universities worldwide in attempts to
solve problems of various types. The poputar
use of ground-water models results from the
development of numerical methods over the
past twenty years and the more recent acc=ler-
ating growth in computing power. Whole
technical conferences are dedicated to ground-
water modeling. International groups meet
regularly to discuss model validation for
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waste disposal problems. There is an interna-
tional institute for ground-water modeling.
We find model results admissible as evidence
in court and use of models legisltatively
directed. Government regulators require
numerical models and model predictions on a
regular basis. Clients of consulting services
have come to expect numerical modeling to
be a part of the analysis they buy, and some
projects are sold just on the basis of a model-
ing exercise. Numerous committees have
been set up by technical organizations to eval-
uate existing models and to list code limita-
tions. There are moves to regulate model use
and to certify hydrologists. While all of the
activity surrounding ground-water models is
certainly laudatory to the pioneers of numeri-
cal modeling in subsurface hydrology, the
rush to apply such technology to more prob-
lems by more people overshadows serious
questions concerning the fundamental utility
of the approach in many of these applica-
tions. Logical fallacies in analysis due to mis-
application of model technology are
widespread.

Basically, a ground-water model is a
siimple calculation stating only: “in a given
volume of porous material, the amount of
fluid mass that flows in less the amount of
fluid mass that flows out gives the change in
fluid mass in the volume.” While this algo-
rithm, called a fluid balance, is intuitively
obvious, it is the major physical law involved
in a ground-water model. Use of a computer
to run a ground-water model only allows the
volume for which we wish to calculate a fluid
balance to have complex geometry and to be
divided into many parts, and the simple mass
balance calculation is applied individually to
each part. Using a computer may allow calcu-
lation of a million of these small balances at
once, but this does not change the basic physi-
cal meaning of the fluid balance calculation
in a ground-water model, which is indisput-
ably simple.

Difficulties arise when applying grond-
water models to field problems. The fluic
flows represented by models in calculating a
fluid balance cannot be directly measured in
the field except occasionally at wells and
springs. Generally, only fluid pressures can
be measured, and these only at specific
points. Should a model need to be applied to
a field problem and the model results checked
for accuracy, a translation is required betvieen
the field-measured pressures and field flows.
The translation typically used in ground-
water models, Darcy's Law, has been deter-
mined experimentally, and requires measure-
ment of pressure difference between two
points and of the “ease of flow” between the
points in order to determine the quantity of
flow between the points. “Ease of flow” is
generally referred to as permeability, hydrau-
lic conductivity or transmissivity of the
porous volume in question. The use of
Darcy's Law introduces another difficulty, as
pressures can be measured directly in the
field, while “ease of flow” cannot.

In order to use a ground-water model to
calculate the fluid balance in a particular field
area, water pressures (or hydraulic heads)
need to be measured and two further ques-
tions must be answered. (1) How much water
flows in and out of the sides of the entire vol-
ume being modelled? This question is mc<t
often not considered carefully, and very
rough estimates of flows at model boundaries
are used. (2) What is the "ease of flow” ir
each of the small parts into which the entire
volume has been divided for the sake of com-
puter calculations? This second question is
the focus of much current research in subsur-
face hydrology, and has no easy answer as
hydrogeologic systems can have a complex
structure and considerable variability.

The fact that a ground-water model is
really only a simple device, and one whicl is
difficult to employ in practice, is often
obscured by the manner in which it is
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applied. The uninitiated model user and even
many experienced model users believe that
the numerical model can be made to give an
accurate representation of field reality if only
enough detail and data is included. At the
USGS, we have seen modeling efforts in
which field areas are divided into thousands
of sub-volumes for the numerical model and a
different value of ground-water recharge,
transmissivity, and water withdrawal rate
assigned to each of the volumes. These val-
ues are chosen in time-consuming manual
work by attempting to match model calcu-
lated pressures with those obtained at mea-
surement points in the field. This approach
always results in a realistic-looking model in
which parameter distributions appear com-
plex. With modern computer-graphic render-
ing, such a model can be quite impressive to
the uninitiated. In the final analysis, how-
ever, such a complex and expensive model
usually reproduces field reatity and makes
predictions no better than a simple-looking
model with fewer but larger subvolumes and
the same constant value of recharge and trans-
missivity in each sub-volume. Because of the
simple physical notion upon which the
ground-water model is based, both the com-
plex and simple model can calculate the total
water balance in the entire volume with equiv-
alent accuracy. The additional local variabil-
ity which, by implication, is represented by
the complex model, depends on the unknown
spatial distribution of “ease of flow” and can-
not, in fact, be represented with certainty.
Another example of a complex model
that gives no better result than a simple model
may be one with a clearly detailed representa-
tion of a known structure. For example, we
have seen a cross-sectional representation of a
landfill with various liners and covers. A
very refined division of the landfill into sub-
volumes by the model user and careful assign-
ment of flow at boundaries and “ease of flow”
through each sub-volume resulted in a ground-

water model that implied the certainty of a
sophisticated standard engineering analysis.
In reality, the flow through the landfill mey
be very sensitive to the “ease of flow” values
of each layer and depend only on the verti~al
structure of these layers at any point. While
the structure was indeed represented exactly
in the model, the hydraulic properties of th=
layers were only estimated from laborator:
analyses on simitar materials. Here the re~l
questions revolved not about the fine details
of the structure of the modeled layers, as ¢
layman would guess from pictures of the
model in a report, but about the uncertaint: in
layer parameter values. A simpler one-dimen-
sional vertical model would describe the
same system, and focus analysis on the ap»ro-
priate questions. It is not unusual that the
ground-water model user with a complex
model has so many details to deal with that
the basic questions that ought to be identified
by the analysis are not ever considered.

Another logical problem in model use is
the one encountered by the analyst who is
forced to create a model to solve a particular
problem. At the USGS, we often receive
calls from consultants and agencies request-
ing help with a ground-water model applica-
tion. In many cases, the question to be
answered is not even suitable for analysis by
numerical modeling. However, it nearly
always turns out that the model must be cre-
ated to fulfill contractual obligations. So the
analyst tries to find a way of using a ground-
water model to answer a question which can
really be answered only by other means or
maybe cannot be answered at all. It is diffi-
cult for us to give good advice on how to best
carry out a pointless exercise.

Consider, a last example, a problem of
well contamination which has recently corme
to our attention. A briny waste disposal pond
in a thin unconfined aquifer is underlain by a
semi-confining unit below which is another
aquifer containing water production wells
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which are downstream of the pond. Little
data are available besides general stratigraphy
and estimates of bulk hydraulic conductivity
of the layers. The question that was posed by
the contiact for this work is, “How much
waste will reach the wells in the lower aqui-
fer?” with the requirement that the answer be
determined using a ground-water model. A
scoping analysis may indicate that, even
though the pressure is lower at the wells than
in the pond, the semiconfining layer will iso-
late the lower aquifer from contamination
because of its low conductivity. In fact, diffu-
sion of contaminant through the layer should
be even faster than flow. After a long time
when the contaminant finally diffuses through
the layer, the lateral flow in the lower aquifer
is so great that the diffusing contaminant is
diluted far below levels of concern before
reaching wells. All of this would become
apparent from basic hand calculations, should
the analyst have done them, and the results
would eliminate any logical need for simula-
tion except to make pictures. But what hap-
pens if there is a break or fracture in the
confining layer or if old wells penetrating
both aquifers have leaky corroded casings?
This further question may appear to be a can-
didate for modeling analysis, especially con-
sidering that the contaminant is in a highly
dense fluid that would tend to sink through an
opening. The nature of the opening and “ease
of flow” through it are unknown in this case,
as no openings have been found at the site.
Here again, the ground-water model analysis
required by the contract has little value. The
model can be made to allow any amount of
contaminant to migrate through an opening
depending on how the analyst describes it.
For this study, the analyst needed to spend the
bulk of effort just running the model, while
the real hydrogeologic question on the struc-
ture of the confining layer and the possibility
of cross-flow in old wells was overlooked.
Requiring the best answer to the question of

contamination, and not requiring a ground-
water model analysis, would have been more
effective for the clients in this case.

What are the results of a quantitative
hydrogeologic analysis properly done, given
that a ground-water model is used only if
needed? First, the fundamental result of an
analysis, what was learned, can usually be
stated in a few sentences. The results include
a list of factors controlling the system studied,
the relationships among these factors, the sen-
sitivity of system behavior to parameter val-
ues given in ranges, and interaction of the
ranges. The results include alternative expla-
nations of the same phenomena observed in
data, or alternative behaviors that would b=
possible given the underlying controlling pro-
cesses. The alternative behaviors may be
called predictions by some. A properly done
analysis clearly separates things known altout
the system from things that are still undefined
or unknown. However, stating that any
particular model used for the analysis is vali-
dated in any sense gives a false sense of
confidence to those who will apply the results
of the analysis.

As mentioned earlier, ground-water
models allow the possibility of considering
highly complex distributions of “ease of
flow” parameters throughout the modelled
volume. The most important recent advances
in hydrogeologic modeling deal with either
determining such distributions from sparse
field data, or determining the characteristics
of ground-water flow to expect in the field,
given various hypothetical classes of complex
parameter distributions. Determining spatial
distributions from sparse field data is the goal
of inverse modeling, parameter estimatiorn,
model discrimination, and statistical fitting
techniques. The distributions resulting from
such analyses are most often used directly in
a ground-water model. Distributions are usu-
ally based on a simple geometric structure of
regions, each containing relatively constant
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properties and on assumptions of smoothness
in the spatial distribution. Because of this
simplicity, their applicability is limited. On
the other hand, these techniques do automate
the calibration process and significantly

ease the chore of creating a model for a
particular site.

Determining the flow behavior that
results from complex distributions is a major
goal of stochastic hydrology. These analyses
are based on assumptions of the statistical
structure of “'ease of flow” parameters in
space, and do not predict a single spatial dis-
tribution but a multitude of distributions
which fit the statistics and sometimes the
field data as well. Used in a ground-water
model, these distributions give a range of pos-
sible simulated behaviors as an outcome, with
a probability assigned to each outcome. Sto-
chastic methods would almost solve the prob-
lem of ground-water modeling in the face of
sparse data were it not for the following fact.
To determine the underlying statistical struc-
ture of the field volume in question for a sto-
chastic model, requires even more data than
a single simple model description of the sys-
tem. Also, the statistical structure may not be
constant over the field area, much as values
of single parameters are not. But because of
the lack of detailed data, stochastic methods
usually assume a constant statistical distribu-
tion for a site. This may be as crude an
approximation as the simple smooth spatial
distribution assumed by fitting methods. On
the other hand, theoretical analysis of various
types of spatial variability may give needed
insights into modes of behavior that would
not be expected intuitively. To summarize,
while the new modeling approaches have util-
ity, neither the inverse nor stochastic
approaches to ground-water modeling of a
particular site lends additional certainty to
quantitative predictions from modeling. Fur-
ther, these may not effectively characterize
the uncertainty in predictions.

There is a widely held view among
mode! users and purchasers of model ser-ices
that because models are a sophisticated tech-
nology involving computers, because as much
data as exists for a problem can be incluc=d
in a model, and because the model represents
the physics of subsurface flow, that simula-
tion of a particular problem or field site will
inherently show ground truth. This view
holds that the model itself is the vehicle of
understanding and creation of a site model is
the main object of work. The initiated krow
that nothing is further from the truth. Trans-
ferable knowledge is in the report, not in the
numerical model. The report describes all of
the considerations that went into the analysis
and hypothesis testing leading to final form of
the model. The real goal of work is the analy-
sis. Thus the most important aspect of model-
ing is not which model to use, not the
sophistication of the model's numerics, not
the creation of realistic-looking simulated dis-
tributions, but the analysis. The ground-water
model is simply the tool of the analyst much
as a pocket calculator is a common aid to
most of us. Although numerically correct, cal-
culations with both are useless if not applied
in a meaningful way to solve problems.

A meaningful analysis requires a good
analyst. It is unfair to generalize about types
of analysts, but I do it here to make a point.
Clever, insightful application of ground-water
models requires a healthy attitude. Those spe-
cialized in field techniques are generally con-
cerned with small-scate phenomena and may
not have the distance from the data to mcdel
insightfully. Those who exclusively run
numerical models may use existing field data
blindly and literally. Their task is most often
only to get models to give results rather than
to define and answer basic questions about a
field area. However, those who deal with
field data collection and data interpretation,
as well as numerical models have the poten-
tial to develop a healthy attitude. These ana-
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lysts know the futility of making a model too
complex, and yet have detailed understanding
of data and access to circumstantial informa-
tion, never recorded, resulting from hands-on
fieldwork, that leads to insights regarding the
functioning of a ground-water system. The
analyst with the benefit of combined field and
modeling experience, is best equipped to
make the expert judgements required to
define and answer complex questions of per-
formance assessment.

How can the overselling of ground-
water models be reduced? Most buyers of
modeling services don't know enough to do
so, they keep buying. Consultants who would
refuse lucrative, but pointless, contracts,
would be bypassed by other consultants who
are more willing to take on such modeling
tasks. Universities dependent on model-
development funds for research projects do
not have a great interest in reducing oversell-
ing. Considerable responsibility rests with
the USGS, as we, in the past, have pioneered
and promoted ground-water modeling. Per-
haps, some responsibility will be accepted by
the Nuclear Regulatory Commission by dem-
onstrating insightful analysis for performance
assessment and by using models only in an
appropriate manner. The view that the
model itself is the object of a study will even-
tually disappear as clients requesting model
analyses learn how little practical information
they are gaining from many of these con-
tracts. Requiring a model will again become
less important than requiring hydrogeologic
expertise.

What is the utility of ground-water mod-
els in performance assessment? It is possible
that the most fundamental problem causing
widespread misuse of models today is that the
wrong questions are being posed to earth sci-
entists concerning characterization and licens-
ing of toxic and nuclear waste repositories,
and clean-up of contaminated sites. Charac-
terization and prediction of the fate of contam-

inants at sites are today required in an
absolute sense. This is an impossible require-
ment considering the natural heterogeneit;’ in
the geologic environment which can neve- be
described in detail and considering the un~er-
tainty of climatic processes affecting a site.
Expressing the probability of release levels
from a repository for performance assessrent
is also not possible in a hydrogeologic sys-
tem. It is not meaningful to express the uncer-
tainty of measured field parameters,
conceptual hydraulic models, scenarios ard
consequences in this way. The assignmert of
a likelihood for a given scenario is an even
less certain procedure than making predic-
tions from ground-water models. Understand-
ing of what is going on is only further
muddled by this. The compound probability
of all assumptions required to determine
whether a specific release consequence w:ll
occur thus has little practical meaning.
Absolute criteria for safe disposal are
and will in the foreseeable future be impo-si-
ble to guarantee from any program of site
characterization and quantitative modeling
conceivable. Existing legislation that specifi-
cally mandates such characterization and sub-
sequent modeling does not necessarily result
in the most effective public risk reduction that
is possible today. A more meaningful
approach may be to determine whether one
disposal site is better than another site. Rela-
tive ranking of sites and isolation technolo-
gies, is a question that modern earth scien~es
can more realistically deal with. Performance
assessment for underground disposal mus* be
based on a consensus of expert judgement of
long-term safety, and not on any calculated
criterion. Quantitative performance asses--
ment and modeling is valuable only if it c°n
identify issues that must be considered wl*=n
reaching such a consensus on relative rank-
ing. Hopefully, the regulations will adapt as
awareness grows concerning the significant
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uncertainty concerning uncertainty in hydro-
geologic systems, and more realistic goals
will instead be set.

Disposal of nuclear wastes is, in princi-
ple, an engineering project, but the perfor-
mance assessment through its dependence on
hydrogeology will always be more of an art
requiring expert judgement. Ground-water
models are only valuable for intuition build-
ing, not for quantitative prediction of conse-
quences. As a result of critically exercising
such models, skill can be developed in the
“art” of performance assessment. With
greater intuition, technically sound but sim-
ple analyses, (for example, analysis in one
spatial dimension) can more authoritatively
be selected with which to carry out perfor-
mance assessment.

As M. King Hubbert did in his essay,
"Is being quantitative sufficient?", this per-
spective on ground-water modeling for perfor-
mance assessment will conclude with the
thought of Maurice Biot, a pioneer in the
quantitative description of mechanical defor-
mation of porous media, on the analysis of
complex problems:

Deeper physical insight combined

with theoretical simplicity provides

the short-cuts leading immediately to

the core of extremely complex

problems and to straightforward
solutions. This cannot be achieved by
methods which are sophisticated and
ponderous even in simple cases.
Maurice A. Biot
(Biot, 1963, p. 89)
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PRELIMINARY INVESTIGATIONS INTO
THE ROLE OF ORGANIC
COMPLEXANTS AND
MICROPARTICULATES IN THE
ENHANCEMENT OF RADIONUCLIDE
TRANSPORT

By Alan J. Schilk and David E. Rober‘son

Introduction

A major concern regarding the opere-
tion of existing and projected nuclear waste
disposal sites is the incidence of subterran=an
radionuclide transport by saturated and/or
unsaturated flow. This phenomenon could
potentially result in the contamination of pub-
lic water supply systems as well as uptake by
overlying vegetation, thereby directly or indi-
rectly exposing the general public to such
materials. Unfortunately, the physico-chei-
cal processes that expedite such transport are
still not well understood. To more fully com-
prehend the mechanisms that determine th=
extent of radionuclide migration or retarde -
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tion in existing or proposed natural settings, it
is imperative that those species exhibiting
facilitated transport be examined in actual
field situations and the results subsequently
compared to predictions from laboratory and
thermodynamic data. Fundamental informa-
tion of this sort can then be incorporated into
transport models for more accurate predic-
tions of radionuclide migration from reposito-
ries, thereby enhancing strategies for site
planning or remediation by facilitating mobili-
zation (for pump-and-treat methodologies) or
deposition (for ensuring retention).

To assist in the characterization of these
processes, a preliminary study was initiated at
Chalk River Laboratories (CRL) in Ontario,
Canada, in an attempt to identify and quantify
the mobile radionuclide species originating
from three separate disposal sites: (1) the
Chemical Pit, which has received aqueous
wastes containing various radioisotopes,
acids, alkalis, complexing agents, and salts
since 1956; (2) the Reactor Pit, which has
received low-level aqueous wastes from a
reactor rod storage bay since 1956; and (3)
the Waste Management Area "C," a 30-yr-old
series of trenches containing contaminated
solid wastes from CRL and various other
facilities. These mature low-level waste man-
agement and experimental disposal sites are
excellent analogues for shallow-burial facili-
ties located in humid environments, and they
provide a unique and invaluable opportunity
to study the long-term behavior and transport
of a number of important radionuclides, many
of which have resided in this shallow ground-
water flow system for nearly 40 yr.

[t is the purpose of this paper to briefly
discuss the experimental procedures utilized
in this field study at CRL, and to present the
preliminary data obtained as a result.

Site Description

The local geology at CRL is made up of
a variety of unconsolidated Quaternary sedi-
ments of glacial, fluvial and aeolian origin
overlying a topographically irregular and
locally fractured bedrock of Precambrian gra-
nitic gneiss, typical of much of the Canadian
Shield. The surficial deposits (generally less
than 30 m in thickness) are fine to medium
sands with interbedded layers of clayey silt,
both of which are composed largely of quartz
and aluminosilicate minerals with associated
alteration products, and trace amounts of
hydrated oxides of iron and manganese, sul-
fides, carbonates, and organic matter (Champ
and others, 1985). Annual precipitation,
approximately 75 c¢m, is distributed evenly
throughout the year and recharges a water
table normally less than 5 m from the ground
surface. This has led to the formation of
numerous swampy areas throughout the
region, which contain bog deposits of peat
and other organic matter.

The CRL Liquid Disposal Area incorpo-
rates a series of lined and unlined trenches
excavated from surface sands and includes
the Chemical and Reactor Pits (see
figs. 10, 11). Low-level waste disposals to
the former began in the mid-1950s and
included a host of radionuclides, acids, all-a-
lis, complexing agents, and salts that origi-
nated from various operations at the facility
(Killey and Munch, 1984). According to
Champ and others (1985), the total inventory
of %Co on the aquifer matrix downgradient
of the Chemical Pit is 370 GBq (gigabecquer-
els) (10 Ci), while the quantity of o-emitters
disposed of at this site was estimated to be
185 GBq (5 Ci). A short subsurface flow
path extends from this pit to a nearby
stream, with a ground water residence
time of 6 months to 2 yr and a mean flow of
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5 to 25 cm/day. Earlier investigations identi-
fied radioisotopes of Co, Zr, Ru, Sb, Cs, Ce,
Eu, Fe, Sr, Ni, I, Tc, Pu, Am, and Cm in
downgradient water samples. Nonetheless,
routine monitoring of Perch Lake, which
receives drainage from this waste pit, indi-
cates that radionuclide concentrations do not
exceed levels prescribed for permissible drink-
ing water (Killey and others, 1984).

The Reactor Pit has received low-level
aqueous wastes from CRL's rod storage bays
since 1956. Disposed o-emitteis total approx-
imately 580 GBq (15.8 Ci), while ground-
water flow and residence times are essentially
equivalent to those observed at the Chemical
Pit located 200 m to the northeast. Champ
and others (1985) have determined the pres-
ence of radioactive Co, Ru, Sb, Cs, Fe, Sr, Ni,
Pu, and Am in the ground-water effluent from
this site.

Waste Management Area "C" includes a
series of unlined trenches within a large sand
ridge, which forms the southern margin of a
nearby lake. This facility is still in operation
and has received mixed low-level solid
wastes from CRL, industry, hospitals, and
universities throughout Canada since 1963.
Water is discharged from the lake to the
southwest via the potentially contaminated
subsurface sands and travels at rates of 15 to
30 cim/d, leading to a total residence time of
approximately 2 to 4 yr below Area "C"
(R.W.D. Killey and J.F. Mattie, written com-
mun., 1991). Tritium is the primary radionu-
clide of concern at this site in terms of
quantity, although anomalously high concen-
trations of '4C have been detected in the
downgradient vegetation; %'Co and 3°CI have
been observed in the ground water as well.
Impermeable polyethylene covers were
installed over a large portion of this site in
1983 and appear to have eliminated the infil-
tration of precipitation and consequent release

of tritiated water, but #C is apparently still
migrating from the area (R.W.D. Killey, oral
commun., 1993).

Experimental

Ground waters were sampled at each
of the above sites from existing multilevel pie-
zometers, which were known from previous
investigations to intercept the subsurface
plumes of migrating radionuclides. Individ-
ual piezometers were flushed for about
30 minutes before collection to ensure repre-
sentative sampling of interstitial waters, and
pump flow rates were maintained as low as
possible to preclude resuspension of any
microparticulates retained by the aquifer
medium. Following the flush procedure,
samples were passed through a sterile prefil-
ter unit, which included a nominal 1.0 pm
gauze layer followed by 0.8 um and 0.2 um
membranes in an attempt to retain a majority
of the particulate, or undissolved, materials.
During this process, groundwater tempera-
ture, pH and Eh, dissolved oxygen, alkalinity,
and ferric/ferrous iron concentrations were
quantified. Aliquots were also drawn for
analyses of trace metals, anions and organic
carbon content.

Prefiltered groundwaters were subse-
quently passed through a large-volume-water
sampler (Robertson and Perkins, 1975) to
facilitate the removal of charged and
uncharged soluble species. This modular unit
is composed of six stacked resin or powder
chambers separated by glass-fiber filter
sheets. Water enters the base of the unit and
is directed to the first of two cation-exchange-
resin beds (sodium [Na*] form, 200-400
mesh), the redundant bed being present in
case the first is compromised or becomes ¢atu-
rated. Following the cation beds are duplicate
layers of anion-exchange resin (chloride [CI'|
form, 200-400 mesh) for retention of nega-
tively charged species, and two activated alu-
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minum-oxide powder beds for the removal of
those radionuclides that remained in soluble,
non-ionic forms. The individual resin and
powder beds (as well as the prefilter compo-
nents) were carefully packaged and shipped
to PNL for radiological characterization. Spe-
cifically, nondestructive gamma-ray spectrom-
etry was performed by placing the filters,
resins, and powders in standardized geome-
tries and counting them with a lithium-drifted
germanium detector. Aliquots of the above
were then leached with appropriate reagents,
and the resulting solutions were subjected to
various radiochemical separation procedures
for the quantification of radioisotopes that
were not amenable to direct gamima analysis.

Results and Discussion

Ground-water samples from the Chemi-
cal Pit, Reactor Pit, and Waste Management
Area "C" are observed to be slightly acidic
and mildly or highly oxidizing in nature (see
Schilk and others, 1992). The Eh, dissolved
oxygen, and ferric/ferrous iron data indicate
that the Chemical and Reactor Pits are nearly
saturated in terms of oxygen content, while
the "C" Area represents a considerably less
oxidizing environment. Dissolved organic
carbon concentrations at the Chemical and
Reactor Pits appear to be typical of shallow,
unconfined aquifers in humid regions,
whereas that in Area "C" is somewhat lower.
In addition, alkalinity results for the latter
seem to indicate an elevated carbonate con-
tent at this site.

Sulfate and chloride are the primary
anions in solution at these sites, while nitrate
is prevalent at the Chemical Pit only. These
results are reasonable when one considers that
two of the primary geochemical inputs to this
region are dissolved sodium chloride and acid
precipitation (composed largely of sulfate,
nitrate, and chloride). The third major input
into the Chemical and Reactor Pits—namely,

liquid radioactive waste disposals—probably
contributed to the nitrate concentration in the
former as a nitric acid component.

Trace element behavior appears to
reflect the local geologic/mineralogic environ-
ment, most notably with regard to the abun-
dance of the major rock-forming element:
silicon, sodium, calcium, magnesium, an-
iron. The iron content in Area "C" waters is
particularly elevated as, indeed, are most of
the elements at this site with respect to those
at the Liquid Disposal Area. The elevated
iron concentration may be a function of the
less oxidizing nature of the "C" Area ground-
waters, which could have led to a predomi-
nance of the more soluble ferrous species. In
any case, the above groundwater data are not
significantly different from those reported by
Champ and others (1985) for the Chemical
and Reactor Pits, suggesting that, despite dis-
posal practices that often varied both tempo-
rally and in actual content, these
groundwaters are apparently quite stable in
terms of their geochemical make-up.

Isotopes of cobalt, ruthenium, antimony,
and plutonium are present in waters downgra-
dient from the Reactor and Chemical Pits.
while only cobalt could be accurately quanti-
fied near the "C" Area. It is readily apparent
that anionic species predominate in each case,
most often followed by nonionic, cationic,
and particulate species in order of decreasing
concentrations. It is suspected that the
negatively charged species are primarily
(1) organic macromolecules of natural humic
and fulvic acids originating from the decom-
position of plant and animal residues, and
(2) anthropogenic organic chelating agents
such as ethylenediamine tetra-acetic acid
(EDTA), a number of which are known tc
have been disposed of within the Chemical
Pit. Other potential forms of these migrating
radionuclide-bearing anions may include inor-
ganic colloidal materials mineralogically
equivalent to the aquifer matrix, with nega-
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tively charged surface sites favorable for the
retention of cationic radionuclides) and inor-
ganic radionuclide complexes composed

of common aquo-anion ligands (sulfato-,
chloro-, hydroxo- [OH], etc., or combina-
tions thereof).

The nature of the cationic species, on
the other hand, is harder to predict since by
virtue of their overall charge the aquifer
medium would be expected to have retarded
their migration and precluded their presence
down-gradient from the source. Uncertainty
exists at this time as to whether these cations
are "original" species or were generated as a
result of some denaturation phenomenon
upon passage through the initial cation
exchange bed.

The prefiltration results from this initial
study seem to suggest that particle-size frac-
tionation may serve to segregate individual
species and allow further elucidation of their
structure by other (for example, spectro-
scopic) means. As an example, one might
expect that a majority of the microparticulate/
colloidal radionuclide species would reside in
the smallest fractions, since these would
exhibit larger specific surface areas and, con-
sequently, higher radionuclide retention capa-
bilities per unit mass. Indeed, a great deal of
recent and projected research has targeted a
variety of organic (for example, humic and
fulvic macromolecules) and inorganic micro-
particulate/colloidal materials, which are sus-
pected of acting as vehicles for the facilitated
transport of radionuclides and other contami-
nants of interest. If significant size/speciation
diversity does exist in the smaller submicron
range, then ultrafiltration would seem an
appropriate means of separating individual
migration species into "purer” fractions,
thereby facilitating future detailed radionu-
clide speciation studies. Clearly, additional
methodologies are needed to unequivocally

identify the actual form(s) of these migrating
species, although these initial resin-based
studies have afforded some invaluable
heuristic data.
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MODELING THE GEOCHEMICAL
EVOLUTION OF GROUND WATERS IN
THE CENTRAL OKLAHOMA AQUIFER,
OKLAHOMA

By David L. Parkhurst

Introduction

The Central Oklahoma aquifer is a fresh-
water flow system in central Oklahoma that is
unconfined in the eastern two-thirds, but is
confined in the western one-third of its extent.
The geologic units of the aquifer are interbed-
ded sandstones and mudstones. Quartz and
clay minerals are the major detrital constitu-
ents; authigenic dolomite, calcite, and kaolin-
ite are present. In general, the aquifer
contains calcium-magnesium bicarbonate
water in the unconfined part and sodium bicar-
bonate water in the confined part. Sodium
chloride water is found below freshwater
throughout central Oklahoma. Analysis of the

chemical and petrographic data and geochemi-
cal modeling have identified the predominant
geochemical reactions that control the ground-
water compositions to be (1) uptake of carbon
dioxide, (2) dissolution of dolomite and to a
lesser extent calcite, (3) cation exchange of
calcium and magnesium onto clay minerzls
with the release of sodium, and (4) mixing of
freshwater with preexisting brines (Parkhurst,
Christenson, and Breit, 1993). These reac-
tions cause the formation of several geochemi-
cal fronts which migrate through the aquifer,
including the (1) transition from brine to fresh
water, (2) transition from sodium- to calc’um-
and magnesium-rich clays, and (3) depleton
of calcite and dolomite. The computer code
PHREEQM was used to model the geochemi-
cal reactions in the aquifer and to estimate the
rates at which the geochemical fronts migrate.
To illustrate applications of the code to
ground-water transport of radionuclides, the
program was used to model the migration of a
pulse of radium, which hypothetically was
introduced as a contaminant at the surface of
the aquifer.

Processes

In the unsaturated zone of the Central
Oklahoma aquifer, recharge water takes up
carbon dioxide that is generated by the respi-
ration of plants. Partial pressures of carbon
dioxide (0.1 to 0.01 atmospheres in recently
recharged water) and carbon-13 isotope retios
(-10 to -20 permil, relative to Peedee Belem-
nite) in water samples indicate an unsaturated-
zone, plant-derived source of carbon diox*e.
As a result of the uptake of carbon dioxide by
recharge, dolomite and calcite dissolve, either
within the unsaturated or within the saturated
zone. Three lines of evidence suggest that
dolomite is the primary carbonate reactant:
(1) The abundance of dolomite (1 to 7 weight
percent) is much greater than that of calcite
(generally less than 1 percent or undetect-
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able); (2) calcium and magnesium are present
in equimolar concentrations in ground water;
and (3) exchangeable calcium and magne-
sium in clays are present in approximately
equimolar concentrations. The combination
of uptake of carbon dioxide by recharge water
and dissolution of dolomite produces waters
in which calcium and magnesium are the pre-
dominant cations, and bicarbonate is the pre-
dominant anion.

This calcium-magnesium bicarbonate
water composition is present almost exclu-
sively in the unconfined part of the aquifer. In
many parts of the shallow, unconfined aqui-
fer, water is undersaturated with dolomite and
calcite. In these locations, lack of carbonate
minerals seems to limit the amount of carbon-
ate mineral dissolution. In all other parts of
the aquifer, water is saturated with dolomite
and calcite which indicates carbonate miner-
als are dissolving in sufficient quantities to
produce equilibrium.

Apart from the uptake of carbon dioxide
and the dissolution of dolomite, the most
important reaction in the freshwater flow sys-
tem is cation exchange on clays. Where cal-
cium-magnesium bicarbonate water exists in
the unconfined part of the aquifer, sodium
concentrations in the water are small. Here,
clays contain a small fraction of exchangeable
sodium, frequently less than 1 percent of the
exchangeable cations. By contrast, in the con-
fined part of the aquifer and in the clay-rich
parts of the unconfined aquifer, sodium con-
centrations in the water are large and calcium
and magnesium concentrations are small. In
these parts of the aquifer, the clays contain a
large fraction of exchangeable sodium, up to
50 percent of the exchangeable cations. The
transition in water compositions from small to
large sodium concentrations is explained by
an exchange of calcium and magnesium onto
the clays with the release of sodium to the
water. The cation-exchange reaction causes a
small amount of dolomite to dissolve to main-

tain dolomite equilibrium. However, the pri-
mary effect of the dissolution is to raise the
pH to the range 8.5 to 9.1 with only a small
increase in the bicarbonate concentration.

One other process that is important to
the major-element chemistry of the Central
Oklahoma aquifer is the mixing of freshwater
with sodium chloride brines. Brines underlie
the freshwater throughout the study unit and
it is reasonable to assume that in the geologi-
cal past, brines filled all of the geologic urits.
The brines have persisted for tens of millions
of years below the aquifer, so it is evident that
these brines are moving very slowly if at all.
Similar bromide to chloride ratios between
the brines underlying the aquifer and the
water within the aquifer indicate that the
brines are the source of chloride in the fresh-
water.

Modeling

Reaction-transport modeling using tl*=
program PHREEQM (Appelo and Willemsen,
1987; Appelo and others, 1990; Appelo and
Postma, in press) provides a plausible synthe-
sis of the chemical analyses of brines and
freshwater and the petrographic and catior
exchange data. The program is capable of
modeling the simuitaneous processes of
advection, dispersion, and chemical reactions.
The conceptual model for the program is very
intuitive. The program considers a set of c=lls
arranged in one dimension. Advection is
accomplished by transferring the water in one
cell to the adjacent cell in the downstream
direction, referred to as a “shift” in the pro-
gram documentation. Dispersion is repre-
sented by mixing the waters in adjacent cells.
To simulate large dispersivities, mixing of
adjacent cells may be performed more than
once for each shift. After each dispersive mix-
ing step or advective shift, the water within a
cell is equilibrated with the cation exchanger
present in the cell and with any minerals that
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are stipulated to be in equilibrium. Thus,
PHREEQM models advective and dispersive
transport assuming exchange equilibrium and
mineral equilibrium within each cell at all
times. Although PHREEQM does not explic-
itly solve the advective-dispersive partial dif-
ferential equations of solute transport, it
calculates results that are in excellent agree-
ment with analytical solutions to these equa-
tions (Glynn, Engesgaard, and Kipp, 1991).

The modeling with PHREEQM
assumed the aquifer initially was filled with a
brine composition typical of the most concen-
trated brine analyses from the units underly-
ing the aquifer. Rainwater, evaporated twenty
fold (as estimated from rainfall minus runoff
divided by ground-water discharge) and equil-
tbrated with atmospheric carbon dioxide, was
assumed to enter the aquifer and gradually dis-
place the brines by advection and dispersion.
Based on point counts of thin sections of aqui-
fer material, dolomite and calcite were esti-
mated to be present at concentrations equal to
5 percent and 1 percent of the rock volume.
These minerals were assumed to equilibrate
instantaneously with water as long as they
were present. The clays in the aquifer initially
were in exchange equilibrium with the
sodium, calcium, and magnesium concentra-
tions in the brines and remained in equilib-
rium with the freshwater as it invaded the
aquifer. A soil zone was simulated by assum-
ing the first cell in the model was open to car-
bon dioxide and the partial pressure of carbon
dioxide in that cell was fixed at 10”1 atmo-
spheres.

The migration of radium through the
aquifer due to hypothetical contamination of
the water and clays in the surficial aquifer
was modeled by introduction of elevated
radium concentrations to the first cell of the
model at the beginning of the simulation. At
time zero, the concentration (relative to a kilo-
gram of water) of radlum on the exchanger in
the first cell was 3.9x10™ mol/kg water

(moles per kilogram water), which resulted
from equilibrium with a spemﬁed dissolved
radium concentration of 10x107 mol/kg
water. In all other cells at time zero, the con-
centration of radium on the exchanger was
1.1x1077 mol/kg water, which resulted frcm
equilibrium with a specified dissolved radium
concentration of 1x10710 mol/kg water. Radio-
active decay of radium was not considered in
the simulation.

The exchange constants for calcium and
magnesium, relative to sodium, were fit to
clay cation exchange data for 18 core samrles
from the Central Oklahoma aquifer. The mass-
action equation used had the following form:

[Me, X] ) [Na"]
2+

Kex = [NaX] J—ej )

where K., is the equilibrium constant, Me
represents either calcium or magnesium, =7
represents an exchange site, brackets indicate
activity, and n is a fitting parameter derived
from regular solution theory (Garrels and
Christ, 1965, p. 268-276). A value of n equal
to 0.65 was used for calcium, magnesium,
and radium in all calculations. The fit values
for log K, for calcium and magnesium are
0.64 and 0.52 (table 6). Radium was assumed
to be similar in chemistry to barium and was
given a larger log K, (0.94), indicating a
greater affinity for exchange sites in the clay
than the other cations. An ionic strength
dependence was given to each equilibrium
constant: log K., =1log K., +0f. The b
parameter effectively varied the fraction of
sodium on the exchange sites at initial condi-
tions, when brine filled the flow tube. A value
of b equal to 0.05 produced an exchanger
with about 45 percent exchangeable sodium,
which was approximately the largest percent-
age of exchangeable sodium determined in
any core sample. A listing of the input data
for PHREEQM is given in table 6.
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Table 6. Parameters for PHREEQM
[mol/kg water, moles per kilogram water]

Parameter Run
Number of cells 20
Cell length, meters 2.5
Dispersivily, imeters 0.1
Time step, years 1.0
Velocity, meters per year 25
Length of simulation, years 10,000
Porosity 0.2
log K Ca-Na exchange 0.64
log K Mg-Na exchange 0.52
log K Ra-Na exchange 0.94
Exchanger, mol/kg water 0.4
Calcite, mol/kg water 1.0
Dolomite, mol/kg water 2.1
P(CO,) of first cell, atmospheres 101

Results

The results of the model are consistent
with the conceptual model for geochemical
evolution of ground water in the study unit.
At a given cell within the model (fig. 12 plots
model results for cell 4, 7.5 to 10 m down the
flow tube), the water composition evolves
with time from a sodium chloride brine (0 to
4 yr, fig. 13), to a sodium bicarbonate water
(4 to 50 yr), and finally to a calcium magne-
sium bicarbonate water (after 50 yr) as fresh-
water displaces brines. At the same time, the
modeled composition of the clay evolves
from a sodium-rich clay to a sodium-poor
clay. The radium pulse reaches a maximum
concentration in cell 4 at about 200 yr, after
which radium concentrations continuously
decrease. At approximately 2,000 yr, the dolo-
mite and calcite have been removed from the
first cell, and an increase in pH and decreases

in dissolved calcium and radium propagate
through the flow tube. The pH increases
because the water no longer equilibrates with
carbonate minerals at a fixed P(CO,) of 10
13 The water entering the flow tube still has
a P(CO,)of 1071, but equilibration with car-
bonates occurs in a cell that is closed to car-
bon dioxide gas. The result is that the P(CO,)
in equilibrium with the carbonate minerels is
less than 1071 and the pH of the water is
greater. The dissolved concentrations of cal-
cium and radium decrease in response to the
increased pH.

The results of the model also are consis-
tent with the chemical analyses of grouni-
water and brines in central Oklahoma. The
modeling results are plotted on figure 13
along with all data from the current study of
the Central Oklahoma aquifer and all brine
data from geologic units underlying the aqui-
fer. The brine is in the upper right of the dia-
gram, with large concentrations of both
calcium and sodium. The sodium bicartonate
water 1S at the nadir of the curve, where
sodium concentrations are approximately’
0.01 mol/kg water, but calcium concentr~-
tions are less than 0.0001 mol/kg water. As
the sodium on the exchanger is exhausted, the
water composition moves up the curve to the
left edge of the diagram, where calcium con-
centrations are approximately 0.002 mol/kg
water, but sodium concentrations are less than
0.001 mol/kg water. Most of the data from
the study unit, both freshwater and briner,
plot near the simulated reaction path.

The model results were used to estimrate
the rates at which several geochemical fronts
would move through the aquifer for the
specific conditions used in the model. First,
the brine-freshwater interface moves
approximately as fast as the flow velocit?,
2.5 m/yr. Secondly, the interface between
calcium-magnesium dominated water moves
at approximately 0.15 m/yr. Thirdly, the
migration of the maximum radium
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Figure 12. Chemical evolution of water in the Central Oklahoma aquifer as modeled by PHREEQM.
Simulation results are for water in cell 4, 7.5 to 10. 0 meters into the flow tube.
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CHLOROFLUOROCARBONS (CFC’S)
AS TRACERS AND AGE-DATING
TOOLS FOR YOUNG GROUND
WATER—SELECTED FIELD
EXAMPLES

By L. Niel Plummer and

Eurybiades Busenberg

introduction

Ground-water traveltimes provide
important information in the characterization
of hydrologic environments at sites for stor-
age of low-level nuclear wastes. Ground-
water traveltimes are usually determined by
numerical simulation of ground-water flow.
Errors in the calculated flow velocities and
traveltimes result from uncertainties in the
areal rates of recharge, the boundary condi-
tions, and the hydraulic properties of the aqui-
fer. Ground-water age dating can provide
independent information that can aid in the
flow-model calibration process because the
water age is influenced by the hydraulic prop-
erties of the sediment and rock along the flow
line from the point of recharge to the sam-
pling point. Comparison of modeled travel-
times and measured traveltimes at specific
points in the flow system is an important
approach to model calibration.

Applications of environmental tracers to
hydrologic systems can provide independent
definition of the time since a parcel of water
was isolated from the atmosphere. With
ground-water age-dating it becomes possible
to (1) relate observations on the spatial distri-

bution of substances in ground water to th=
actual time of introduction, and (2) refine
flow models to improve their predictive capa-
bilities in site-characterization studies. Plum-
mer and others (1993) compare and contr~st
uses of environmental tracers in age-datirg
young ground water.

This paper presents applications of chlo-
rofluorocarbon dating of ground water in two
very different hydrologic environments. The
CFC-dating method is first demonstrated for
shallow water-table aquifers on the Delavrare-
Maryland-Virginia (Delmarva) Peninsula of
the Atlantic Coastal Plain. CFC's are then
used to investigate recharge mechanisms and
traveltimes in ground water from the Snal-e
River Plain aquifer that occurs beneath 60 to
275 m of unsaturated zone at the Idaho
National Engineering Laboratory (INEL),
Idaho (Busenberg and others, 1993).

CFC-Dating Method

Chloroftuorocarbons are stable synthetic
organic compounds that are detectable to
about one part in 1013 (weight) in water and
one part in 10'? (volume) in air. CFC's were
first manufactured in the 1930's, and they are
entirely of anthropogenic origin (Lovelock,
1971). The concentrations of CFC's in water
vary as a function of the atmospheric part'al
pressures of CFC's, the water temperature,
and the CFC solubility.

CFC-modeled recharge ages refer to the
time since the recharge water was isolatec
from the atmosphere. The CFC-modeled
recharge year is determined by comparing the
CFC concentration calculated for the soil
atmosphere (assuming equilibrium between
the soil air and ground water at the recharze
temperature) with the atmospheric growth
curve (fig. 14).

Detectable concentrations of CFC's are
present in post-1940 ground water. The p-es-
ence of CFC's in ground water indicates
recharge after 1940 or mixing of older waters
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with post-1940 water. The use of CFC con-
centrations in natural waters as a potential dat-
ing tool was recognized in the 1970's
(Thompson and Hayes, 1979). CFC's have
been used to date ground waters in central
Oklahoma (Busenberg and Plummer, 1992).

Busenberg and Plummer (1992)
describe special procedures that are required
for collection and analysis of water samples
containing chlorofluorocarbons. Laboratory
analysis uses a purge-and-trap gas chromatog-
raphy procedure with electron capture detec-
tor. The uncertainty in the CFC-modeled age
due to analytical uncertainty is less than 1 yr
for waters with more than 50 pg/kg (post
1965), but may be several years in waters
older than 35 yr.

The recharge temperature is requirec in
CFC dating to calculate the Henry's Law solu-
bility constants that relate ground-water CFC
concentrations to air concentrations. Heaton
(1981) and Heaton and Vogel (1981) discuss
the reconstruction of recharge temperatures
from dissolved nitrogen and argon. Small
errors in CFC dating are introduced by uncer-
tainties in recharge temperature. (Warmer
recharge temperatures lead to younger CFC--
modeled ages.) An age ertor of 2 to 3 yr
results from uncertainties of ~2 °C for waters
recharged after 1980. CFC-modeled age
uncertainties due to uncertainties in recharge
temperature are usually less than 1 yr for
waters recharged prior to approximately 1975
(Busenberg and others, 1993).
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Figure 14. Concentrations of chlorofluorocarbon-11 and chlorofluorocarbon-12 in the atmosphere
(Busenberg and others, 1993) and in water in equilibrium with air at 9 Celsius.
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Uncertainties result in CFC-modeled
ages if (1) the soil air does not annually track
the northern-hemisphere continental tropo-
spheric CFC concentrations, such as might
occur in deep unsaturated zones (Weeks and
others, 1982); (2) there are other sources of
CFCs such as from urban air, contamination
from sampling equipment, contaminant
sources of CFCs in the ground water (Busen-
berg and Plummer, 1992); or (3) sorption
(Ciccioli and others, 1980; Russell and
Thompson, 1983) or degradation processes
(Lovley and Woodward, 1992) actively
remove CFCs from the water.

The CFC-modeled water-recharge age
in aerobic environments is regarded as a mini-
mum estimate of time since recharge because
of the possibility of contamination of ground
water with CFCs, or the possibility of trace
introduction of CFCs during sampling. Water-
recharge ages can be more uncertain for old
waters than for young waters because the
CFC concentrations are lower in old waters
and more sensitive to contamination.

Ground-Water Ages in the Delmarva
Peninsula

Ground water from shallow piezometers
and wells in largely unconfined and highly
permeable sand and gravel sediments of the
Delmarva Peninsula, Atlantic Coastal Plain
have been sampled and analyzed for CFC-11,
CFC-12, and tritium content. Most of the pie-
zometers were installed to depths of less than
30 m and water samples were obtained
through 1 m screened intervals at the bottom
of the well. Depths to the water table are gen-
erally less than 5 m. Flow paths in this surfi-
cial aquifer vary in length from 30 m to
several kilometers. The ground water dis-
charges to local streams, wetlands, tidal riv-
ers, and bays.

Ground-water ages derived from CFC-
11 and CFC-12 range from pre-1940 to mod-
ern. Most of the CFC-modeled ages based
on CFC-11 and CFC-12 agree within 3 yr.
Differences in CFC-11 and CFC-12 ages
larger than 3 yr were attributed to contamina-
tion with CFC-11.

Tritium concentrations vary from 0-59
TU and show a strong correlation with CF -
modeled recharge years. Figure 14 shows the
measured H concentrations after adjustment
for radioactive decay (*H half-life = 12.43
yr), plotted versus CFC-modeled recharge
year. The expected pattern of the 3H input
over Delmarva (solid line, fig. 15) appears to
be retained in the adjusted 3H data. Waters
older than 40 yr are CFC-free and contain less
than one 3H unit, indicating that these waters
were recharged prior to nuclear-weapons test-
ing. The period from 1970 to 1990 shows a
consistent decrease with adjusted 3H concen-
trations similar to those expected when the 3H
input is unaffected by hydrodynamic disper-
sion. The dashed lines on figure 15 show the
simulated shape and distribution of 3H in Del-
marva ground water, if affected by hydrod:'-
namic dispersion (dispersivities of (.1 and
2 m and an average flow velocity of 1 m/y-).

The mid-1960's adjusted >H concentra-
tions fall well below the concentrations
expected for 3H in 1963-64 precipitation,
which exceeded 1,000 TU. Mixing of waters
in well screens that intersect portions of the
mid-1960's bomb pulse with waters of lower
tritium content adjacent to the bomb-pulse
waters probably accounts for the observed tri-
tium distribution in mid-1960's waters.

The results from Delmarva indicate that
ground-water ages determined from measure-
ments of dissolved concentrations of CFC-11
and CFC-12 can, under optimum conditions,
be reliable within several years. Shallow,
aerobic ground-water environments in aqui-
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Figure 15. Comparison of reconstructed tritium input in Delmarva ground water as a function of

chiorofluorocarbon-modeled age.

fers with low organic matter content, located
in rural areas are well suited for CFC-dating
applications.

Ground-Water Ages at the Idaho
National Engineering Laboratory

The water table of the Snake River Plain
aquifer beneath the Idaho National Engineer-
ing Laboratory (INEL), 1daho occurs at
depths of 60 m (in the northern part) to more
than 275 m (in the southeastern part of the
site; fig. 16). The CFC concentrations in the
unsaturated zone air are significantly different
from the northern-hemisphere continental air
curve (fig. 14), because of the great thickness
of the unsaturated zone (Weeks and others,
1982). Water slowly infiltrating through the

deep unsaturated zone no longer maintains
equilibrium with the atmospheric concentra-
tions of CFCs.

Water movement in the Snake River
Plain aquifer is through fractures in basalt*~
lava flows and interbedded sedimentary
deposits. A significant portion of ground
water moves through the upper 240 m of satu-
rated rock (Mann, 1986) where hydraulic con-
ductivities are generally 0.3 to 30 m/dy. The
direction of ground-water flow is primarily to
the south and southwest with an average
hydraulic gradient of 0.7 m/km. Recharge to
the Snake River Plain aquifer is principally
from rapid infiltration of applied irrigation
water, infiltration of streamflow in spreading
areas at INEL during flood events, and
ground-water inflow through the alluvium in
adjoining mountain drainage basins. Direct
infiltration of precipitation is believed to t=
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insignificant because of the small annual pre-
cipitation on the plain (20 cm at INEL),
evapotranspiration, and the great depth to the
water table (Orr and Cecil, 1991). The Snake
River Plain aquifer eventually discharges to
springs along the Snake River downstream
from Twin Falls, Idaho, approximately 170
km southwest of INEL.

Busenberg and others (1993) used mea-
surements of CFC-11 and CFC-12 concentra-
tions in ground water and unsaturated zone
air at INEL to interpret the recharge mecha-
nism. They show that concentration profiles
of CFC-11 and CFC-12 in the unsaturated
zone can be explained by gas diffusion pro-
cesses that alter both the CFC concentrations
and ratio of CFC-11 to CFC-12 in the unsatur-
ated zone air. If ground-water recharge
occurred by slow percolation through the 60
m thick unsaturated zone at Test Area North
(TAN) (fig. 16), water reaching the water
table would appear old, with ages based on
CFC-11 appearing older than those based on
CFC-12 by approximately 7.5 yr. Air at the
base of the unsaturated zone contains only 19
parts per trillion by volume of CFC-11 and
137 parts per trillion by volume of CFC-12
(Busenberg and others, 1993). Modern infil-
tration water in equilibrium with this air
would appear to have been recharged in 1963
(based on CFC-11) and in 1970.5 (based on
CFC-12) (fig. 14). If significant proportions
of waters recharged by slow infiltration in the
southern part of the Snake River Plain aquifer
at INEL, where unsaturated zones are greater
than 60 m thick, the apparent CFC-modeled
recharge ages would be older than those
estimated at TAN, with differences between
ages based on CFC-11 and CFC-12 greater
than 7.5 yr.

Figure 16 shows the recharge dates of
ground water determined from measurements
of CFC-11 and CFC-12. The dates are nearly
identical, and inconsistent with ages expected
if infiltration waters maintained equilibrium

with the unsaturated zone air at the water
table. The calculated ages from CFC concen-
trations range from 4 to greater than 50 yr,
with most of the waters having CFC-model
ages of between 14 and 30 yr.

The CFC results show that young
ground water was added at various locations
to the older regional ground water (more than
50 yr) within and outside the INEL bound-
aries (fig. 16). The Big Lost River, Birch
Creek, the Little Lost River, and the Mud
Lake area are major sources of recharge tc the
Snake River Plain aquifer. Apparently, sur-
face waters equilibrate with the atmosphere or
within the thin soil zone during recharge
events and then move rapidly through the frac-
tured basalts to the water table without further
gas-water reequilibration.

Robertson (1974) modeled flow velo<i-
ties in the Snake River Plain aquifer at INEL
in the range of 1.5 to 8 m/d: Busenberg ard
others (1993) determined a similar range c*
flow velocities from CFC ages along selected
flow paths. Further studies are needed to
determine spatial variations in ground-wat~r
age as a function of depth, because, unlike the
narrow-screened (1 m) wells sampled on I"<I-
marva, the INEL wells draw ground water
from the upper 3 to 9 m of the Snake Rive-
Plain aquifer, and in one case from the top 60
m of the saturated zone. Additional age-dat-
ing studies could improve the definition of
the regional flow system in the Snake River
Plain aquifer at INEL.
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USE OF LIGHT ENVIRONMENTAL
ISOTOPES TO DELINEATE
HYDROLOGIC PROCESSES

By Tyler B. Coplen

This topic is addressed in a recent book
and interested individuals should refer to:

Coplen, T.B., 1993, Uses of environmental
isotopes, in Alley, W.M., ed.,
Regional ground-water quality: New
York, Van Nostrand Reinhold, p. 227-
254.

URANIUM AND THORIUM SERIES
RADIONUCLIDE DISTRIBUTION IN
SEDIMENT-WATER ASSOCIATIONS—
SURFACE AND GROUND WATER

By Thomas F. Kraemer

introduction

The naturally occurring radioactive
decay chains comprise many elements of
vastly diverse chemical and physical proper-
ties. These differences cause separation and
fractionation of the daughters during weather-
ing, resulting in radionuclide distributions in
the aqueous phase that can be used as chemi-
cal and isotopic tracers useful in the hydrolog-
ical sciences. They can also be illustrative
of how technologically enhanced quantities
of these nuclides may behave in similar
environments.

In hot, high-salinity aquifers of the
U.S. Gulf Coast, fractionation of decay chain
nuclides takes place in response to the
extreme conditions found there. The general
observation is that the water in the aquifer
contains much less uranium than is necessary
to support the activity of radium found in the
water (Kraemer and Reid, 1984), whereas the
radium in the water supports the activity of
radon (Kraemer, 1985). This leads to the con-

clusion that a chemical process is taking place
within the aquifer that selectively leaches
radium, but not uranium, from solid matr'x to
solution. This is supported by a number of
observations, including: (1) A salinity-
radium relationship that indicates that as
salinity increases, the reaction rate or effi-
ciency of leaching of radium increases, result-
ing in higher radium content in the water and
(2) bulk sand recovered from these aquifers
exhales radon to solution at a much lower rate
than sand from a normal surface environ-
ment, even though the composition, grain size
and uranium content of both are similar. This
indicates radium has been leached out of the
outer rind of the sand-size grains.

The nature of the reaction selectively
leaching radium into formation water is not
well known. It has been hypothesized by
Kraemer and Reid (1984) that the high forma-
tion water salinity causes a more rapid
exchange of silica between solution and sili-
cate grain. This exchange “uncovers”
radium, which can then escape into solution,
where it accumulates due to the high ionic
strength of the water. Alternatively, the
higher the salinity of the formation water, the
deeper into a matrix grain the solution may
penetrate to remove radium, resulting in 2
greater “standing crop” of radium in solution.
Whatever the origins, this observation indi-
cates significant water-rock interaction that
may be of interest to those seeking to model
or understand radionuclide partitioning behav-
ior in high temperature, saline environments.

In the surface water environment, the
flux of dissolved uranium and radium iso-
topes to the ocean from the Mississippi River
has been calculated. Long term (~ 4 yr) moni-
toring of the river has been carried out to
examine the seasonal variation of uranium dis-
solved in the water, and to gain an idea of the
present day flux of uranium from the river.
An estimated 640 tons of dissolved uranium
flows from the Mississippi each year. There
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is little adsorbed uranium present on sus-
pended-sediment particle surfaces. As a point
of comparison, we have calculated that 970
tons of uranium are added to the Mississippi
drainage basin each year as a result of phos-
phate fertilizer application and maximum of
270 tons/yr as a result of application of irriga-
tion water. Uranium is therefore probably
accuimulating in the soil zone.

Seasonal variation in uranium concentra-
tion and flux at the mouth of the river are sig-
nificant. These values are highest in the
summer and lowest in the winter and early
spring. There is a correlation between these
parameters and the relative proportions of
Missouri River and Ohio River water in the
Mississippi. During the suminer, the uranium-
rich Missouri River water makes up a greater
proportion of the lower Mississippi water,
while early spring water is dominated by low-
uranium Ohio River water. Variation of a fac-
tor of four are common at the mouth of the
Mississippi River during the year.

Radium flux and chemistry has also
been examined in the Mississippi River (Krae-
mer and Curwick, 1991). An estimated 7.7 x
101 Becquerels (1.29 x 10 disintegrations
per minute per year (dpm/yr)) of 226Ra and
8.1x 1013 Becquerels (1.35 x 10 dpm/yr)
of 228Ra flows from the river in dissolved and
adsorbed form. The flux of 22°Ra was consid-
erably higher (1.66 x 1016 Becquerels (2.76 x
1014 dpm/yr)) in the recent past because of a
phosphogypsum waste disposal site on the
lower Mississippi River whose operation has
recently been curtailed. The radium was
found to be about equally partitioned between
the dissolved and adsorbed phase, both above
and below the point of the phosphogypsum
waste disposal. Re-equilibration between
radium introduced at the disposal site and the
suspended sediment and water in the river
was found to be rapid, with the distribution
coefficients (Kp) returning to upstream val-
ues (~4,700) only a few kilometers down
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stream from the waste site. A rapid radium
isotopic as well as chemical re-equilibration
is achieved.

Radium isotopes in lakes have been
examined and found to be useful tracers of
normal limnological processes. After fall
overturn, lake water mixes and homogenizes,
with the result that the Ra>?%/Ra?%® isotopic
ratio is uniform throughout the water boc'y.
Because of the “aging” of the lake water, the
radium isotopic ratio is usually lower than the
ratio of water coming into it by way of
streams. The half-life of ®Ra is 5.7 yr, and
so it decays on a timescale comparable tc
water residence time in many lakes. During
the spring runoff period, water of a higher iso-
topic ratio flows into the lake where, in some
cases such as the Finger Lakes in central New
York State, it sinks to a level of equal density
in the lake and spreads out laterally as a
layer. In most cases this layer would be
detectable only with great difficulty, if at all,
by conventional techniques because of th=
similarity of this water to the lake water.
However, because of the difference in radium
isotopic ratio, the layer is easily detected. It
may even be possible to monitor its move-
ment and growth during development.

During the summer, a second feature
develops in lakes—the formation of the ther-
mocline. Water above the thermocline,
warmed by the sun and less dense than the
water below, becomes isolated from the
deeper water, with mixing between the two
layers largely prevented. Therefore, as sur-
face water flows into the lake during the sum-
mer the radium isotopic ratio of the water
above the thermocline will change (usually
increase) in proportion to the amount of
“new” surface water added. The result is a
layer of higher radium ratio water above, with
lower ratio water below. During fall mixing,
it may be possible to observe the mixing
dynamics by use of the radium isotopic ratio
distribution in the lake.
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GEOCHEMICAL MODELING OF NATU-
RAL AQUATIC SYSTEMS—APPLICA-
TIONS AND LIMITATIONS

By D. Kirk Nordstrom

Introduction

Aqueous geochemical modeling began
more than thirty years ago as an attempt to
apply more quantitative techniques of chemis-
try to the interpretation of natural water-rock
interactions. Approximately twenty years
ago, geochemical modeling was beginning to
be applied to hazardous waste investigations.
Today, numerous examples of the application
of geochemical modeling to hazardous waste
studies have been completed. Indeed, much
of the support for model and code develop-
ment is funded and motivated by hazardous
waste investigations. This extended abstract
briefly summarizes the methods of aqueous
geochemical modeling with an emphasis on

developments and contributions from the

U.S. Geological Survey. Two study sites. one
at Stripa, Sweden, and the other near Pogos
de Caldas, Brazil, are described. This paper
also attempts to summarize limitations of
aqueous geochemical models. Differences of
opinion concerning model usage and mod-<l
"validation" have arisen between scientists
who develop and apply models and regulators
who must make decisions based on "expe-t
opinion" and "model results." This problem
seems to have arisen from an overemphasis
on model development and model validation,
rather than an emphasis on understanding nat-
ural processes that affect contaminant mobil-
ity. These issues are also discussed.

Methods of Aqueous Geochemical
Modeling

The word "model" is used so much in so
many different contexts that we sometimes
forget it refers to a "well-constrained logical
proposition, not necessarily mathematical,
that has necessary and testable consequen-es,
and [we should] avoid the use of the worc if
we are merely constructing a scenario of pos-
sibilities (Greenwood, 1989)." Consequently,
I have detined it as "as a testable idea, hypoth-
esis, theory, or combination of theories that
provides new insight or a new interpretation
of an old problem" (Nordstrom, 1993). A
geochemical model is a theoretical constrict
that permits the calculation of physicochemi-
cal properties of substances and their asscci-
ated processes in geological systems.
Aqueous geochemical models are those used
in the interpretation of water-rock interactions.

Several papers have reviewed geoct=mi-
cal models and the interested reader is
referred to these for further information (1 Tor-
dstrom, and others, 1979; Wolery, 1979; Pot-
ter, 1979; Jenne, 1981; Nordstrom and Ball,
1984; Nordstrom and Munoz, 1986; Mangold
and Tsang, 1991; Plummer, 1992; Wolery,
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1992). The present discussion will be limited
to a broader overview of the subject emphasiz-
ing the major advantages and disadvantages
and the inherent assumptions and limitations
of geochemical models.

The application of models to water-rock
interactions falls into one of three general
approaches: forward modeling (or simula-
tion), inverse modeling (or the field mass bal-
ance approach), and statistical. Forward and
inverse modeling have been described by
Plummer (1985, 1992). Forward modeling
predicts water compositions and mass transfer
that can result from hypothesized reactions
and inverse modeling defines mass transfer
from observed chemical, mineralogical, and
isotopic data (Plummer, 1992). Forward mod-
eling tends to be generic in nature and was
developed to answer hypothetical questions
such as: what are the thermodynamical and/or
kinetic consequences if rock A reacts with
fluid B under pressure and temperature condi-
tions C? This approach was pioneered by
Helgeson and others (1968, 1969, 1970) for
multicomponent, multiphase systems over a
wide range of temperature and pressure.
Inverse modeling was developed as a deter-
ministic strategy for interpreting groundwater
compositions. It attempts to answer the ques-
tion: what does this set of data mean? For-
ward modeling is constrained by the
assumptions of the modeler whereas inverse
modeling is also constrained by the available
water chemistry, mineralogy, and isotopic
data. Both methods use a chemical model
(speciation and mass transfer) and both can
utilize thermodynamic or kinetic techniques.
The third approach uses statistics, especially
factor analysis, to group water chemistry data
into statistically significant sets that might be
related to hydrogeochemical processes, with-
out employing thermodynamic or kinetic
information (Drever, 1988; Puckett and
Bricker, 1992). This approach is less con-
strained than either of the two other

approaches and puts even more responsitility
on the user to interpret the results. It is not
called modeling per se because no laws, theo-
ries, or models of physics and chemistry are
being used.

Examples of Geochemical Modelina in
Nuclear Waste Research

Although there are many examples of
geochemical modeling related to nuclear
waste research (for example. Jackson and
Bourcier, 1986; Trask and Stevens, 1991),
only two examples in which the author pettici-
pated are described below: the Stripa Project
in Sweden and the Pogos de Caldas Natural
Analogue Project in Brazil. The codes used
for the geochemical modeling were
WATEQ2 and WATEQA4F for speciation cal-
culations (Ball and Nordstrom, 1991), B2 L-
ANCE and NETPATH for the mass balar-e
calculations (Parkhurst, and others, 1982;
Plummer, and others, 1991), and PHREEQE
for the thermodynamic mass transfer calcla-
tions (Parkhurst, and others, 1980).

The International Stripa Project

The International Stripa Project beg~n
as a Swedish-American Cooperative (SAC)
Program in 1977 carried out jointly by the
USDOE at the Lawrence Berkeley Laborato-
ries and Division KBS of the Swedish
Nuclear Fuel Supply Company (now the
Swedish Nuclear Fuel and Waste Manage-
ment Company, SKB or Svensk Kérnbrérsle-
hantering AB). The program was designe- to
develop and evaluate techniques for asses-ing
the thermomechanical, hydrogeological, g=o-
physical, and geochemical properties of gra-
nitic bedrock for the safe disposal of high-
level radioactive waste. The abandonmer* of
the Stripa iron ore mine in central Sweder
provided the opportunity to establish a
research site for these purposes. Several addi-
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tional countries joined the project in 1980 and
continued to expand the investigations until
its termination at the end of 1991. The main
emphasis in the Stripa investigations were the
in situ measurements of granitic bedrock prop-
erties, ground water properties, heater experi-
ments, tracer experiments, and detection and
mapping of fractures.

Hydrogeochemical investigations indi-
cated the presence of slightly brackish water
whose origin was unknown. The investiga-
tions expanded during the international phase
to allow greater expertise and to use more
sophisticated geochemical and isotopic tech-
niques to interpret the origin and evolution of
the Stripa ground waters. Nearly one thou-
sand samples of water and gases were col-
lected for chemical and isotopic analyses
between 1977 and 1987 to a depth of 1.200 m
in the pre-Cambrian Stripa granite intrusion.

The ground water composition consists
of two general types: a typical recharge water
of Ca-HCOj5 type occurring at depths down to
about 200-300 m and a deeper Na-Ca-Cl type
water of high pH (8-10) reaching a maximum
of 1,250 mg/L in total dissolved solids
(TDS). Mixtures of the two compositional
types appeared that were highly fracture-
dependent rather than depth-dependent. Any
borehole can vary significantly and erratically
in TDS in either a horizontal or vertical direc-
tion. The transition from the dilute Ca-HCO4
water type to the Na-Ca-Cl water type gener-
ally corresponds to the change in the average
hydraulic conductivity from 108 m/s to
10! m/s and lower.

Results of investigations by Nordstrom
and others (1989 a, b) demonstrated that leak-
age of fluid inclusions from the crystalline
rock could be a possible source of salt to the
Stripa ground waters. The main evidence for
this hypothesis is the nearly identical Br/Cl
ratio found for both fluid inclusion leachates
and ground waters. Mass balance calcula-
tions indicate that only a small fraction of the

inclusion fluid needs to leak out to obtain the
observed ground water compositions. Solubil-
ity controls by calcite and fluorite along with
feldspar hydrolysis seem to account for th=
major geochemical processes occurring at the
site. With these hypotheses, a geochemical
model was constructed that accounts for the
ground water chemistry at the Stripa site by
selected mineral solubility controls, feldspar
hydrolysis, and inclusion fluid mixing with
ground waters (Waber and Nordstrom,

1992). The results from these calculations
indicate that the ground waters with the high-
est salt content can be interpreted as a mixture
of 4.1 percent inctusion fluid with 95.9 per-
cent dilute ground water along with large
amounts of calcite precipitation and plagio-
clase dissolution to give the low partial pr=s-
sures of CO, and the high pH values.
Preliminary results demonstrate that the
model is thermodynamically feasible but
when isotopic results are included in the mass
balance, a model solution is not uniquely
defined. One important modeling result was
the elimination of Holocene-entrapped seawa-
ter as a possible source of the salinity. Or the
basis of mass balance modeling for both
major ions and stable isotopes in water an-
sulfate it has been shown that mixing of
present-day or Holocene seawater cannot
account for the composition of the Stripa
ground waters (Fontes, and others, 1989;
Waber and Nordstrom, 1992).

Additional results from the Stripa stud-
ies include the first detailed investigation of
radioisotopes and gases at depth in a granite
(Andrews, and others, 1989 a, b; Loosli, and
others, 1989). Calculations of subsurface pro-
duction of tritium based on both theory and in
situ measurements of neutron flux were con-
sidered as possible explanations for the
clearly detectable tritium at several hundred
meters depth (Andrews, and others, 1989c).
Several methods of calculating ground water
ages from radioisotopes were attempted with
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the conclusion that the in situ radionuclide
production rates, the mechanisms of rock to
water transfer, and the flow paths of the
ground water can seriously interfere with
any quantitative dating technique. Different
radioisotopes will give different dates, none
of which may relate to the groundwater resi-
dence time. Such conclusions can confound
attempts at using radioisotope dating as an
integral part of geochemical modeling. This
study was the first comprehensive study

of isotopes and gases in a crystalline rock
and did much to extend our understanding
of water-rock interaction in granitic

ground waters.

The useful aspects of geochemical mod-
eling for the Stripa hydrogeochemical investi-
gations were (1) it integrated conceptual
models, experimental data, and field data,

(2) it allowed the explicit testing of the ther-
modynamic consequences of possible concep-
tual models of water-rock interactions, and
(3) it provided a means of testing and elimi-
nating possible hypotheses for the origin and
evolution of the ground waters. It is also
important to note that the geochemical model-
ing could not have been as useful without the
collection of a considerable amount of field
data and thought and discussion about the
data. Sources for the salinity of the water
had to be considered and debated before quan-
titative models could be employed success-
fully. Fluid inclusion leaching experiments
and isotopic data such as 3°Cl shed new light
on the investigations, independent of any
modeling results.

The International Pocos de Caldas Project

The Pogos de Caldas Natural Analogue
Project was initiated to study and assess the
hydrobiogeochemical processes in a naturally-
radioactive environment that may have rele-
vance to the safety assessment of radioactive
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waste disposal. Testing and evaluation of
hydrogeochemical models and investigations
of a redox boundary and its effect on radionu-
clide transport were major goals of the pro-
gram. The two study sites, Morro do Ferro
and Osamu Utsumi mine, are located in the
state of Minas Gerais, Brazil, a region of high
natural radioactivity. The Osamu Utsumi
open-pit uranium mine contains a prominent
redox front and Morro do Ferro contains an
unmined high-grade thorium deposit. The
rocks at the Osamu Utsumi mine are prima-
rily phonolite volcanics that have undergore
hydrothermal alteration and mineralization
followed by about 75 million yr of weather-
ing. The alkalic igneous complex began with
a high concentration of alkalis that was fur-
ther enriched by the hydrothermal alteration
and weathering so that in the oxidized porton
of the rock only significant amounts of
potassium remained in the rock to be weatt-
ered. The ground waters are generally of a
K-Fe-SO4-F type derived from the dissolution
of potassium feldspar (predominately orthc-
clase), fluorite dissolution, and pyrite oxida-
tion. Notable aqueous concentrations of
barium, zinc, aluminum, manganese, and
silica were also obtained.

A conceptual model of mineral reac-
tions was proposed from considerations of
ground water compositions, mineralogic data,
and ion plots. These ideas were formalizec
with speciation calculations for saturation
indices and with simultaneous-mass-balance
calculations. The results gave a reasonable
model with the chief uncertainties dealing
with the relative importance of illite dissolu-
tion relative to orthoclase dissolution as a
source of potassium, chlorite dissolution rela-
tive to smectite dissolution as a source of
magnesium, and kaolinite precipitation rela-
tive to gibbsite and chalcedony precipitation
as a sink for aluminum and silica. These
uncertainties, however, did not change the
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main features of the model: (1) dissolution of
orthoclase, fluorite, calcite, albite, chlorite (or
mixed-layer clays), and manganese oxides;
(2) oxidation of pyrite and sphalerite; (3) bar-
ium solubility control by barite; (4) precipita-
tion of kaolinite, cryptocrystalline silica and/
or gibbsite, and ferrihydrite; and (5) high par-
tial pressures of CO, derived from the soil
zone. These results were tested with forward
modeling by using the PHREEQE program
and it was found that the pH, pCO,, and
water chemistry could be reproduced using
the mass balance model results and the same
set of thermodynamic variables as were used
in the speciation calculations.

As with the example with Stripa, it was
found that geochemical modeling was
extremely useful in integrating the data and
testing hypotheses but that no unique model
solution was possible due to incomplete and
inadequate field and isotopic data.

Two other examples of the application
of geochemical modeling to the interpretation
of ground-water chemistry include the
regional aquifer of the Madison Limestone
(Plummer, and others, 1990), a classic exam-
ple of inverse modeling on a large scale, and
the mass-balance model of the Rapakivi
granite aquifer, Finland, where low-level
radioactive waste will be stored (Nordstrom,
1986, 1989).

Modeling Limitations

The limitations and uncertainties of
geochemical modeling fall into two main
areas, those associated with input data and
those associated with conceptual misunder-
standings of the modeler. The first area cov-
ers uncertainties in the analytical data, the
mineralogical data, the thermodynamic data
base, and the chemical model for speciation
and activity coefficients. These uncertainties
can and are being refined by improving the
field and analytical techniques, improving the
reliability of the thermodynamic data, and

improving the chemical models for electrn-
lyte solutions. Furthermore, sensitivity analy-
ses can provide insight into the major sources
of error and can determine where improve-
ments are most needed. For example, the
effect of analytical and thermodynamic errors
on computed saturation indices for calcite, flu-
orite, barite, gibbsite, and ferrihydrite for a set
of acid mine waters from California and the
Stripa ground water samples was investigated
by Nordstrom and Ball (1989). They con-
cluded that for these mineral saturation
indices, the analytical errors in the water anal-
yses were greater than those in the thermody-
namic data.

The second area of model uncertainty,
that associated with conceptual misunder-
standings, has to do with the application cf
hydrogeochemical knowledge and experience
to the problem at hand. This topic includes:
what assumptions are made about what miner-
als reach equilibrium and which ones do not;
what the relative reaction rates are for mineral
dissolution and precipitation reactions under
different sets of conditions; what redox reac-
tions are significant and which ones are not;
what role organic reactions play; to what
extent do different aquifer waters mix; are
there hydrological heterogeneities that affect
water chemistry; does hydrodynamic disp=r-
sion play a role; and are there geological com-
plexities. Hydrogeochemical processes can
be exceedingly complex and their interpre+a-
tion requires a considerable amount of train-
ing and experience. This point has been
made rather frankly by Mercer and others
(1982): "Inappropriate model use is the
major factor that contributes to a lack of credi-
bility in model results. This misuse is usually
related to the experience of the user." Of
course it is not just user misuse that is the
only cause of uncertainties. It is simply uncer-
tain knowledge; much research is currently
being conducted on mineral dissolution and
precipitation rates, surface chemistry, redox
reaction rates, applicability of equilibriumr.
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Furthermore, even if we had most of the
answers, there are always limitations with
regard to the adequacy and completeness of
the field information. The heterogeneities
and complexities of the natural environment
tend to overwhelm our ability to sufficiently
sample and characterize it.

Regulatory agencies have had to rely on
models to make predictions of performance
assessment for nuclear waste and other haz-
ardous waste repositories for hundreds to
thousands to millions of years into the future.
Since the actual performance of repositories
over these time frames cannot be tested
beforehand, a considerable amount of weight
is given to the result of model calculations.
Consequently it becomes important to know
how reliable are the model estimates. There
is now a major emphasis on "model valida-
tion." At this point, a difference of opinion
has arisen between the scientist, the engineer,
and the regulator regarding the meaning of
validation. Validation tends to imply two
things that science cannot guarantee: the con-
cept of an established truth (or falsity,) and
the concept of official confirmation. Estab-
lished truth is implied because we assume as
much when we validate a parking ticket or we
validate a will. When it is done, if done prop-
erly (eye-witness and notary public, if neces-
sary), it is proven correct and should stand up
in court. Science, however, goes deeper than
common sense or legal sense. It develops fun-
damental ideas, concepts, theories, models,
and laws about the nature of physical reality
where the language is different, the skills are
complicated, the degree of precision needed
is more detailed, and the amount of uncer-
tainty much greater. At best, we can only esti-
mate the probability that a proposition may be
judged true or false. When a scientist tests a
model and finds that a prediction works, he or
she is usually referring to a logical prediction,
i.e., the deduced consequence of a model.
When a regulator speaks of model prediction,

he or she usually refers to the common usage
of temporal prediction, that is, predicting the
state of a system in some future time. Sci-
ence does not do temporal prediction per se
but only as an outcome of logical prediction
(Strahler, 1992). Science can only predict out-
comes when the auxiliary assumptions are
well-known, the scientific principles well-
established, and then only for the specified
conditions. "Actual" conditions are
unknown. In futuristic scenarios, the most
likely specified conditions for the state of the
system are not amenable to inodel estimates
(or perhaps even scenario guesses). History
would indicate that it is what we don't anti~i-
pate that could most likely happen.

Concluding Remarks

Regulatory agencies frequently use
geochemical models as an aid in environmen-
tal decision-making. The results range from
helpful to meaningless, depending on the per-
spective of the regulatory agency, the strategy
and experience of the modeler, the adequa-y
and reliability of the field data, the recogni-
tion of model assumptions and uncertainties,
and the amount of critical peer review. Over-
emphasis on model development and model
validation has often detracted from the main
goal of understanding the processes control-
ling the mobility of contaminants in natural
aquatic systems. Testing geochemical models
with field data to assess their "validity" is an
essential part of scientific research, but it
really tests their consistency with field data,
not necessarily their proximity to truth. A
model that is consistent with field data, yet
incorrect, is certainly conceivable. Science
advances by testing the deduced conse-
quences of theories and models, checking for
logical consistency, applying skeptical crit'-
cism and peer review, and finally arriving at
an informed judgement. Improvements to
geochemical models is an iterative process by

Geochemlical Modeling of Natural Aquatic Systems—Applications and Limitations 79



which we gradually gain better knowledge of
water-rock interactions by collecting more
field data of a higher quality. Inverse model-
ing techniques can contribute significantly to
building this knowledge, especially when
complemented with uncertainty analysis.
Geochemical models are a useful guide to our

thinking and our understanding of natural pro-

cesses, but attempts to validate them for regu-
latory purposes are inappropriate because this
leads to public misconceptions about scien-
tific and technical capabilities.
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AN OVERVIEW OF UNSATURATED-
FLOW THEORY AS APPLIED TO THE
PHENOMENA OF INFILTRATION AND
DRAINAGE

By D.A. Stonestrom

Introduction

Low-level radioactive waste (LLRW) is
produced by nuclear-based power generation
and other industrial, scientific, and medical
activities. The measurement and prediction of
infiltration and drainage have been relevant to
LLRW disposal since such waste was first
interred in shallow landfills. The U.S.
Nuclear Regulatory Commission recom-
mended that LLRW-disposal sites be located
in unsaturated zones (Healy, 1989). Addition-
ally, the Low-Level-Waste-Policy Amend-
ments Act of 1985 directed each State to
designate a site for the disposal of LLRW or
to form a compact with other States to desig-
nate a site. Because of this, few a-priori
limitations can be imposed on the climatic
and geologic settings in which unsaturated-
zone processes must be considered
(Ahearne, 1993).

This paper provides a brief summary of
technical issues pertinent to the measurement
and prediction of infiltration and drainage.
Gaps in the understanding of relevant pro-
cesses and unresolved technical issues facing
practitioners are illustrated by questions that
reflect the rich diversity of contemporary
activity in unsaturated-zone research. Limita-
tions of space preclude comprehensive cover-
age of the depth and breadth of this activity.
Such reviews can be found elsewhere (for
example, see Gee and others, 1991). Instead,
an attempt is made to set the stage for the pre-
sentations to follow by posing questions,
exemplified by the papers in this session, that
represent the main challenges to the success-
ful treatment of unsaturated flow. These ques-
tions fall into three interrelated groups

expressed by the following broad queries:

(1) How complete is our knowledge of the rel-
evant processes and of their governing equa-
tions? (2) How complete is our knowledg= of
the parametric functions appearing in those
equations? and (3) How is the complexity
represented by ordinary field settings to be
dealt with?

How Complete is Our Knowledge of
the Relevant Processes and of Thei~
Governing Equations?

In the simplest case, the unsaturated
zone is isothermal and homogeneous, biot'~
influences are insignificant, the gas phase is
of negligible importance, and interactions
between solids and liquids do not require
explicit consideration (that is, the porous
medium can be considered to be nonswelling
and nonreactive). How well do we under-
stand flow in this simplest case? The Rict-
ards equation, which describes such an
idealized system, is the main paradigm on
which measurement and prediction of infiltra-
tion and drainage is based. Yet few critical
tests of the applicability of the Richards equa-
tion have been attempted (Nimmo, 1990).

In tests by C. Ripple, K. Akstin, and
myself (all of the USGS), solutions contain-
ing 0.01 M Ca*, 0.005 M SO,%, and 0.005
M SeO42’ were applied at constant rates that
were less than saturated hydraulic conductiv-
ity (Ksat) to the tops of air-dry, 0.05 m-dieme-
ter, 0.7 m-tall columns of uniformly packed
glass beads and soils. Tensiometers moni-
tored matric-pressure histories at several
depths after passage of the wetting fronts.
Experiments were terminated before wetting
fronts reached the bottoms of columns.

The Richards equation predicts that mat-
ric pressures above the wetting fronts will
become constant under these conditions.
Contrary to these predictions, however,
measured values of matric pressure passed
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through maxima then decreased continuously
as wetting fronts moved down the columns.
This nonideal response was observed in a silt
loam, a sandy loam, two sands, and monodis-
perse glass beads (fig. 17). At an infiltration
rate equal to 70 percent of Ksat, values of
matric pressure at 2, 5, and 8 cm depths in the
glass-beads column decreased an average of
52 percent from their respective maxima in
about 3 hours. The nonmonotonic response
was less pronounced in the soil columns but
still significant at probability levels exceeding
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90 percent for all rates examined (which
spanned 3 to 59 percent of Ksat for Oakley
sand). Matric-pressure reversals were larger,
and corresponding maxima higher, when a
given rate was preceded by a series of step-
wise-increasing rates than when the same rate
was applied as a single step to an initially air-
dry column (fig. 18). Tests of possible causes
produced no evidence to support hypotheses
involving trapped-air dynamics, convective
air flow, purticle rearrangement, or experi-
mental artifacts. These results raise quest'ons
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Figure 17. Nonmonotonic matric-pressure histories during constant-flux, isothermal infiltration into s1ils
and glass beads. The constant applied flux, relative to the respective saturated hydraulic conductivity, was
10 percent for Oakley sand, 23 percent for Delhi sand, 47 percent for Aiken silt loam, and 70 percent for
glass beads. The dashed line on the glass-beads plot approximates the unmeasured, early history cf the

run.
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Figure 18. Nonmonotonic matric-pressure
histories during stepwise-increasing, constant-
flux infiltration into Oakley sand (Stonestrom
and Akstin, 1994). Top. Fluxes of 3, 8, and
21 percent of saturated hydraulic conductivity
were applied to the top of the column through
a rain simulator. Bottom. Fluxes of 3, §, 21,
and 59 percent of saturated hydraulic conduc-
tivity were applied to the top of the column
through a porous ceramic plate.

about the ability of Richards-based theory to
predict the course of infiltration, including the
initiation of runoff (Stonestrom and Akstin,
1994).

The generalization of unsaturated-flow
theory to infiltration and drainage at real-
world LLRW sites raises questions about the
additional processes operative in nonideal
cases. How well are the multiphase flow
aspects of infiltration and drainage under-
stood and how are they to be treated? Such
aspects include the trapping of nonwetting-
phase fluids (Stonestrom and Rubin, 198¢)
and the convective flow of unsaturated-zcne
gases (Weeks, these proceedings). The
proper treatment of barometrically driven pro-
cesses is a topic of active debate (Massmzn
and Farrier, 1992). The role these processes
play in water movement is poorly understood.

Questions arise because of the presence
of yet other processes. Andraski's (these pro-
ceedings) treatment of water movement at an
arid LLRW disposal site underscores the
importance of thermally driven flow. Hows
sound are current theories of nonisothermal
flow, and how can such theories be incorpn-
rated into predictive models? How well are
solute-solid interactions (including shrinking
and swelling) understood? Biotic processes
strongly influence infiltration and drainag=.
Lysimeter studies near Richland, Washington,
have demonstrated that vegetation can play a
dominant role in determining recharge (G=e,
these proceedings).

Additional biotic processes may neel to
be considered. For example, microbial cells
and the polysaccharides these cells produce
can strongly influence water movement by
altering hydraulic conductivity. The develop-
ment of equations governing such processes
is an area of active research (Taylor and oth-
ers, 1990).
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How Complete is Our Knowledge of
the Parametric Functions Appearing in
Theories of Infiltration and Drainage?

This category of questions is closely
related to the previous one because many pro-
cesses that are not considered explicitly in
simplified models appear implicitly through
their influence on the parametric functions of
the models. That hysteresis occurs in key
parametric functions is well established. For
example, figure 19 illustrates differences in
the water-content dependence of matric pres-
sure during wetting as opposed to drying.
Even for flow involving only wetting or only
drying, matric pressure may not depend
solely on water content, but also on the rate
at which the water content is reached
(Constantz, 1993). Hysteretic aspects of
parametric functions are incompletely under-
stood and characterized, making effective
treatment of hysteresis a continuing challenge
(Nimmo, 1992).

To what degree are parametric functions
dependent on the scale of observation? The
scale at which hydraulic properties should be
measured in the field is an unresolved issue
of central importance (Neuman, these
proceedings).

Apart from the fundamental questions
raised above, the measurement of parametric
functions at any scale presents significant
challenges. The strong nonlinearity in the
water-content dependence of hydraulic con-
ductivity creates substantial problems for mea-
surement and prediction (fig. 20). Nimmo
(these proceedings) addresses the question of
how measurement techniques that were devel-
oped for root-zone measurements can be
adapted to materials and conditions existing
in LLRW disposal sites. Gravels and com-
pacted clays, and extremely low water con-
tents have received scant attention by
traditional soil-physics and agricultural
disciplines.

How can the Complexity Represented
by Ordinary Field Settings be Dealt
With Effectively?

The third group of questions involves
the complexity of the operative processes and
parametric functions in actual field settings.
A main source of complexity is the typically
heterogeneous distribution of hydraulic prop-
erties in space. The field and theoretical stud-
ies of Wierenga (these proceedings) and
Gelhar (these proceedings) raise questions
about whether property heterogeneity can be
adequately characterized by point measur=-
ments. Hills (these proceedings) challenges
the conventional wisdom that detailed repre-
sentation of heterogeneity necessarily leads to
improved performance of predictive models.
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Figure 19. Hysteretic water-content
dependence of matric pressure in Oakley send,
a nonswelling soil, under isothermal conditions
(Stonestrom, 1987).
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Another type of complexity is intro-
duced by preferential flow. Various condi-
tions produce flows that bypass substantial
parts of the unsaturated zone. Fractures, ped
boundaries, and similar planar features can
cause preferential flow (Weeks, these pro-
ceedings). Root channels, burrows, and other
biologically produced macropores can also
cause preferential flow (Edwards and others,
1988). Topographic and stratigraphic fea-
tures can produce focused recharge (Winter,
1983) or funnel flow (Kung, 1990). Addition-
ally, some studies indicate that wetting fronts
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might be inherently unstable, tending sponta-
neously to break up into fingers (Selker and
others, 1992).

Other questions arise from the complex
forcing at the land-atmosphere boundary.
The near-surface environment responds tc
infiltration and drainage events on relatively
short time scales. Surface-imposed fluctua-
tions become attenuated with depth (fig. 21).
How can surface forcing be integrated to pro-
duce accurate long-term predictions of syrtem
response? In arid regions, net recharge is
often the difference between two nearly equal
precipitation and evapotranspiration
amounts. In such situations, water-balanc=
estimates tend to be dominated by error (Gee
and Hillel, 1988). Alternate approaches
based on the movement of environmental trac-
ers are being developed (Prych, these proceed-
ings). The generality of tracer-based methnds
in various settings remains to be seen.

Concluding Remarks

The disposal of low-level radioactive
waste in unsaturated zones requires the mea-
surement and prediction of infiltration anc
drainage. Incompletely resolved technical
issues facing practitioners can be grouped
into three nonexclusive categories reflecting
questions about (1) the completeness of cur-
rent knowledge about the relevant processes,
(2) the ability to measure and model parare-
ters appearing in the equations that descrit'>
these processes, and (3) the treatment of tl'=
complexity inherent in field settings. A mnlti-
disciplinary research approach is clearly
required. Better understanding of unsaturated
flow will lead to improved placement of
future disposal sites and to improved monitor-
ing of existing sites.
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Figure 21. Attenuation with depth of temporal variations in matric pressures beneath uncultivated fields
near Merced, Califomia, under natural rainfall conditions (unpublished data of Arthur White, Marjorie
Schulz, and Alex Blum, 1992, U.S. Geological Survey, 345 Middlefield Road, Menlo Park, California).
Harden (1987) shows locations of these chronosequence sites. A. Matric-pressure response of a Modesto
chronosequence site to a series of storms that followed a 2-month dry period. About 160 millimeters of
rain fell between February 27, 1991, and March 27, 1991, producing a wetting front that advanced to a
depth of about 1.3 meters (solid lines). The rains ended on March 27, 1991. Subsequent
evapotranspiration produced the drying profiles shown by the dashed lines B. One-year record of metric
pressures at a Turlock Lake chronosequence site. The dashed line approximates the lower limit of
negative matric-pressure values during the period of measurement. The strong attenuation of temporal
fluctuations at a depth of about 1 meter corresponds to the presence of an argillic honzon.
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MEASUREMENT OF UNSATURATED
ZONE PHYSICAL CHARACTERISTICS
AND WATER FLUXES

By John R. Nimmo

Introduction

The most important problems concern-
ing the movement of water and other sub-
stances near buried radioactive waste require
knowledge of hydraulic conductivity (K) and
the relation between water content (6 ) and
matric potential (¥ ). Examples include the
determination of the recharge flux that would
carry contaminants to an aquifer, the transient
fluxes and moisture contents near buried
waste in the shallow unsaturated zone, and
the effectiveness of barrier materials used to
control or inhibit flow. These problems
require accurate and reliable knowledge of
extreme dry as well as wet conditions, of
deep layers as well as the root zone, of
unusual materials such as dense clays and
gravels, and of materials modified by con-
struction procedures.

Measurement techniques for these prop-
erties developed for agriculture and other pur-
poses are not always adequate, as they
frequently emphasize root-zone measure-
ments at high water content. This report
describes several methods developed recently
for K and 0 -¥ relations, with emphasis on
their adequacy for radioactive waste applica-
tions.

Unsaturated K measurement

Deep in the unsaturated zone, the fluctu-
ations in moisture that occur near the surface
are damped out, possibly creating a zone of
uniform c in which the flow is steady and
driven by gravity. Gardner (1964) pointed
out that K measurement in such a zone at the
value of O that exists in the field can directly

indicate the long-term average recharge rate.
A major difficulty in doing so is that the K
values corresponding to typical recharge rates
are so low (for example 3x1078 cr/s, corre-
sponding to recharge of 10 cm/yr, that stan-
dard gravity-driven steady-state flow
techniques cannot measure them. Alternative
methods have inferior accuracy. The wic'=ly
used technique of computing K(0) from

0 () data often is in error by an order of
magnitude or more, as can be seen from the
tests of Yates and others (1992). The one-
step outflow method (Gardner, 1956) can
entail nearly order-of-magnitude uncertainty,
as the computational-method comparisons of
Valiantzas and Kerkides (1990) suggest. To
achieve steady-state accuracy (about 10 per-
cent or less) at K values relevant to recha-ge
rate determination, Nimmo and others (1987)
developed the steady state centrifuge method
(SSCM). Figure 22 shows a recently modi-
fied version of the apparatus (Nimmo anc' oth-
ers, 1992). Adjustments of centrifuge speed
and reservoir configuration can vary the com-
pressive force on the soil to reproduce the
overburden pressure of the field position of
the sample. Corrections for temperature dif-
ferences between field and laboratory may
sometimes be important.

After steady state fluxes have been mea-
sured, K is calculated using Darcy's law vrith
centrifugal replacing gravitational force. The
matric potential gradient can be negligible
compared to centrifugal force at high speeds,
but it can essentially cancel the centrifugel
force at low speeds. The minimum speed to
assure domination of the centrifugal force
depends on the medium, and is generally
greater with finer texture (Nimmo and oth =rs,
1994). The speed must be chosen carefully to
exceed this minimum and to achieve an appro-
priate degree of compaction.
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Figure 22. Apparatus that fits in a 1-liter centrifuge bucket for steady-state measurement of low valu=s of
unsaturated hydraulic conductivity with forces as great as 2,000 g. Porous ceramic controls flow out cf the
upper reservoirs. The ceramic applicator receives water at a constant rate and spreads it for even iniltra-
tion into the soil. The various reservoirs are separated between centrifuge runs for weighing to determine

the flux and water content in the soil.

Saturated K

Centrifugal force can also aid the mea-
surement of small values of Kg,, (Nimmo and
Mello, 1991). The simplest method uses
apparatus similar to that in figure 22, but with-
out the supply reservoir and with an extension
of the soil retainer holding water ponded
above the soil. Repeated measurements of
the declining water level made between centri-
fuge runs provide data that can be reduced to
Ksat using a centrifugal analog of the gravita-
tional falling-head formula. The lack of addi-
tional reservoirs above the soil frees up space
to install a linear displacement transducer
that, with a specially modified centrifuge
(Nimmo, 1990), can determine the degree to
which the soil is centrifugally compacted dur-
ing the measurement.

Water Content-Pressure Relations

Several available methods can, at lezst
for the drying direction and the wet portion of
the range, reasonably produce the 0 (V') data
needed for modeling transient flow near sl al-
low buried waste. The submersible pressure
outflow cell (SPOC) method originated by
Constantz and Herkelrath (1984) is especially
versatile and accurate. Figure 23 shows a
SPOC assembly designed for highly auto-
mated operation. A computer monitors the
water content to test against an equilibration
criterion at each ‘¥ value of the measurem=nt
sequence. Computer-controlled regulators
permit succeeding ¥ values to be set without
human intervention. This system is also espe-
cially well suited to one-step outflow mea-
surements of unsaturated K and diffusivity.
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ments suggest that the samples were taken
from zones of constant downward flow, as
required for the interpretation of recharge
rates from K(0 ) measurements. Although
these results come from only two samples and
so cannot provide firm conclusions, they
show the expected dependence on topography
and reasonable agreement with results of
other methods (Bauer and Vaccaro, 1990).

Figure 25 shows saturated hydraulic
conductivity measurements on Palouse sam-
ples by the falling-head centrifuge method.
These K, results suggest an upper limit for
the sensitivity of the K( 6) measurements to
compaction.
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Figure 25. Falling-head centrifuge measure-
ments of saturated hydraulic conductivity (Kgay),
and compressive strain (fractional change in
sample height L), as a function of the centrifugal
body force. Results quantify the decline in Kgg4
with the increase in total compressive strain,
measured during centrifugation with a linear dis-
placement transducer. The inelastic component

- of strain was measured after centrifugation
ceased. The in situ overburden pressure at the
5.3-meter depth of this sample corresponds to a
body force of about 130 g.

Results of 0 (¥ ) measurements by the
SPOC method on core samples from the
Idaho National Engineering Laboratory (£ ha-
kofsky and Nimmo, 1994; Shakofsky, 1995)
appear in figure 26. These come from a s‘udy
of the possible effects of structural differ-
ences between samples from an undisturb=d
soil and a simulated waste trench about 3 m
away. This trench was constructed by back
filling with soil that had been temporarily
excavated. The most obvious difference is a
substantially wider spread in characteristics
among the undisturbed samples, indicating
that the natural medium has layers with dis-
tinct hydraulic properties and that in the
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Figure 26. Moisture retention drying curves for sam-
ples from five depths in a simulated waste pit at the
ldaho National Engineering Laboratory (INEL) and
from the same depths in the adjacent undisturhbed area.
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simulated waste trench these layers are to
some degree homogenized. The absence of
natural layering may substantially influence
water movement, affecting the wetness of soil
near the buried waste as well as the recharge
flux. In general the vertical movement of
water would be expected to be retarded in a
more distinctly layered system, suggesting
that the construction of the waste trench dis-
rupted some of the natural inhibitions to
downward flow.

Measurement techniques are available
for all of the properties needed for unsatur-
ated flow determination, though requiring
varying degrees of effort. In particular, the
unsaturated K is indispensable in computing
flow rates but measuring it accurately
involves at least moderate difficulty. Com-
monly used techniques for determining K
from easier types of measurements have accu-
racy that is far from adequate for a useful
determination of the most critical unsaturated
zone fluxes. Important directions for future
research are to test the SSCM with a wider
variety of media, to reduce the effort required
for accurate K(0 ) measurements, and to fur-
ther develop unsaturated flow theory

in ways that reduce the need for plentiful data.
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PROBLEMS OF FIELD
IDENTIFICATION OF PREFERRENTIAL
FLOW THROUGH FRACTURED MEDIA
By Edwin P. Weeks

Introduction

A major concern in low-level radioac-
tive waste disposal is that of deep percolation
through the waste repository. Traditionally,
such deep percolation has been assumed to
arise from diffuse, areally distributed infiltra-
tion that moves below the root zone and then
to the water table. However, particularly in
arid and semiarid regions, much of the
recharge that occurs may result from the short-
term penetration of water through distinc*
pathways that bypass most of the unsaturated
zone volume. Such preferential flow is partic-
ularly common in fractured rock terrain, such
as basalts at the Idaho National Engineering
Laboratory (INEL), and welded tuffs at the
Nevada Test Site (NTS).

Occasional localized recharge, although
a potentially significant mechanism for radio-
nuclide transport, is extremely difficult tc
quantify. Traditionally, estimates of local
recharge have been based on such techniaues
as monitoring of the progression of wetting
fronts by use of neutron logging, Darcy's Law-
based estimates from measurements of
hydraulic gradients and unsaturated hydraulic
conductivity, estimates based on the chlo+ide
mass balance in water in the unsaturated
zone, and methods based on determining the
depth of penetration of tritium or other envi-
ronmental tracers. These methods assum=
that recharge is areally distributed, and, for
the chloride mass balance and environmental
tracer techniques, that it occurs by piston dis-
placement of the underlying unsaturated zone
water. These assumptions are not met
during recharge through preferred pathways,
as much of the unsaturated zone water
is bypassed.
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ldentification of Preferential Flow

Although not quantitative, one method
to elucidate the dominant recharge mecha-
nism is to compare the chemistry of deep
unsaturated zone water or gas to that of
ground water obtained from near the water
table. If the ground water has the same chem-
ical signature as the deep unsaturated zone
water, either as measured or as inferred from
the gas chemistry, recharge is likely diffuse
and continuous. If instead, the ground water
chemical signature resembles that of the atmo-
sphere, one would suspect that ground water
1s dominantly recharged by flow through pref-
erential pathways.

Two field examples illustrate the appli-
cation of this approach. One involves the
simultaneous sampling of chlorofluorocar-
bons (CFCs) in ground water and in gas from
the deep unsaturated zone at INEL. The other
involves comparison of the chemistry of
water that collected in relatively shallow dry
wells that terminate as open hole far above
the water table at NTS, to that of ground
water from deep wells that penetrate the
water table and to that of unsaturated zone
waters squeezed from cores.

INEL Study

The study at INEL is described in detail
by Busenberg and others (1993). Briefly,
waters were sampled from 24 wells, of which
12 were uncontaminated, for CFCs in and
near INEL. Rock gas was also sampled for
CFCs from various depths in the unsaturated
zone at a piezometer installation in Birch
Creek playa (fig. 27). The samples were
taken from seven piezometers in two nests
(GIN 9 and GIN 19) (Schmalz, 1969), that tap
playa sediments and the underlying Snake
River Plain basalts. At both nests, the playa
sediments overlying the basalts are about 16
m thick, and the unsaturated basalts extend to

the water table at a depth of about 62 m. F'a-
yas in the Snake River Plain represent termi-
nuses of ephemeral streams arising in the
adjacent mountains that periodically debouch
onto the plain. Water collects in these playas
following runoff events and either infiltrates
the playa sediments or evaporates. In gen-
eral, one would anticipate that distributed dif-
fuse recharge would occur over the area of
the playa.

Results of the rock gas sampling in
terms of the concentrations of CFC-11 and
CFC-12 with depth are shown in table 7. The
concentrations decline rapidly with depth, and
are relatively small just above the water table
(57.6 m, GIN-19). A comparison of the ccn-
centrations at this depth to the historical
buildup of CFCs in the atmosphere sugges*
that ground water having CFC concentrations
in equilibrium with those measured in the gas
at this depth would have an apparent CFC-11
date, based on the water having equilibrated
with the atmosphere at that time, of 1963.
The apparent CFC-12 date, on the other hand,
would be 1971. These dates contrast with
those determined by analyses of ground-water
samples obtained from the nearby P& W2
well of 1987 for CFC-11 and 1986 for CFC-
12 (table 8). These data suggest that slow uni-
form percolation through the unsaturated
zone is not the dominant recharge mechanism
in the vicinity of Birch Creek Playa.

Busenberg and others (1993) show that
the rock-gas CFC profiles are quite plausitly
explained by assuming gaseous diffusion as
the dominant transport mechanism by which
the CFCs reach depth in the unsaturated
zone. Because of the larger gas diffusion
coefficient ana lower solubility in water of
CFC-12 than of CFC-11, the apparent age of
CFC-11 in the deep unsaturated zone should
always be older than that of CFC-12 if dif-
fuse, areally distributed recharge prevails.
For deep unsaturated zones, on the order of
tens to hundreds of meters thick, the appar=nt

Probiems of Fieid ldentiflcation of Preferrential Flow Through Fractured Media 97






Table 7. Concentrations of chlorofluorocarbon-11 and chlorofluorocarbon-12 in the
unsaturated zone at Birch Creek playa, Idaho National Engineering Laboratory, Idaho

[Concentrations are in pptv (parts per trillion by volume); -—-, no data

Depth
Piezometer (meters) CFC-11 CFC-12
GIN-19 30 279 492
GIN-19 31.7 116 269
GIN-19 41.1 80 207
Gin-19 57.6 19 137
Gin-9 30 275 492
GIN-9 16.5 131 305
GIN-9 244 157 274
Air - 273 498

age discrepancy should be of a few to several
years in magnitude. However, the ground
water sampled in the vicinity of INEL

(table 8) provided CFC-11 and CFC-12 ages
that are nearly identical. These observations
indicate that ground-water recharge through-
out the INEL area occurs episodically as
slugs of water that do not equilibrate with
the soil-gas atmosphere at the base of the
unsaturated zone.

Nevada Test Site Study

Another set of observations involving
sequences of fractured welded tuffs interbed-
ded with nonwelded tuffs at the NTS (fig. 28)
also provides evidence suggesting that epi-
sodic water movement through preferential
pathways may be the dominant recharge
mechanism in many areas of the site. These
observations include comparisons of water
chemistry for residual moisture within the
unsaturated zone, for water that collects in

Problems of Field Identification of Preferrentiai Flow Through Fractured Media

some shallow, normally dry wells immed*-
ately following precipitation events, and for
ground water sampled in deep wells.

The dry wells were installed to allow
access for neutron logging, which in turn was
conducted to provide information on infil‘ra-
tion and deep percolation by monitoring the
progression of wetting fronts moving thrcgh
the unsaturated zone. During runoff from
snowmelt or rainfall events, water apparently
moves along fractures to these wells and col-
lects in them at a typical depth of about 15
m. This accumulation occurs without any
neutron-log based evidence of increased mois-
ture content higher in the hole. The accumu-
lated water typically has a tritium activity of
about 25 tritium units (TU), which is very
similar to that of simultaneously collectec pre-
cipitation samples. Thus, the collected water
appears to contain little residual unsaturated-
zone water, and instead includes infiltrate
water from recent precipitation that has
bypassed the main volume of the unsaturzted
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Table 8. Chlorofluorocarbon-based dates of ground-water recharge for selected wells,
idaho National Engineering Laboratory and vicinity [CFC, Chlorofluorocarbon]

Well CFC-11 CFC-12
number model age model age
USG1 1964 1964
USG86 1977 1978
USGS8 1965 1978
Arco City Park # 2 1974 1974
USGS 23 1973 1974
Ruby Farins 1964 1962
McKinney 1986 1988
P&W?2 1987 1986
USGS 26 1964 1962
USGS 18 1955 1952
USGS 27 1960 1958
USGS 100 1968 1968

zone. Analyses are available for four sam-
ples, including three from different events
in one dry well, and one from a single event
in another.

The water wells include a number of
deep wells originally drilled as test wells, as
well as two water-supply wells (U.S. Depart-
ment of Energy, 1988). These wells are typi-
cally 1,000 to 2,000 m deep, and have depths
to water from land surface of several hundred
meters. Analyses of ground-water chemistry
are available for 11 wells tapping tuffaceous
units in the southwest quadrant of the Nevada
Test Site.

Water samples from the unsaturated
zone were obtained by squeezing cores
obtained from three wells, including two
drilled in the floor and flank of a wash, and
one drilled on a ridge. Water samples were
obtained from 47 cores for these analyses

(Peters and others, 1992). The wells instelled
in and on the flank of the wash were installed
with the concept in mind that diffuse recharge
would be occurring beneath the wash, and
that information could be obtained by cor -
trasting measurements of moisture content,
moisture tension, and of environmental tr~cer
concentrations between the two wells.
Instead, there was no noticeable differenc= in
the overall distribution of chemical constitu-
ents between the sites.

Median or mean major ion chemistrv
for water samples from the three sources are
shown in table 9. Major ion chemistry for the
dry-well water is quite similar to that of
ground water. Water sampled from the resid-
ual moisture in the unsaturated zone by core
squeezing, on the other hand, is substantially
more concentrated, for all ranges of pressre
extraction, in most of the major ions than
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Table 9. Major ion concentrations in ephemeral water from dry wells, ground water, and residual
moisture from the deep unsaturated zone at the Nevada Test Site

Sulfate  Chloride  Alkalinity

Water source Calcium Magnesium  Sodium
Dry wells 0.7 0.2 0.8 0.7 0.2 03
Ground water .6 03 22 4 2 13
Residual moisture 4.6 1.5 1.8 25 40 1

either the deep ground water or the ephemeral
dry-well water. These results suggest that
ground-water recharge, if occurring at
present, is very likely from occasional events
that infiltrate through preferred pathways
without interacting with the major portion of
the unsaturated zone volume.

In conclusion, results of analyses of vari-
ous chemical constituents in the unsaturated
zone and the underlying ground water indi-
cate that, even in the vicinity of washes or ter-
minal discharge playas, most of the recharge
appears to be derived from water that
bypasses a major part of the unsaturated
zone. If this is true, attempts to quantify local
recharge using existing techniques may not be
successful. A major research challenge for
hydrologists will be to develop techniques
that will be successful in these circumstances.
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ESTIMATING DEEP PERCOLATION
OF PRECIPITATION AT THE

U.S. DEPARTMENT OF ENERGY
HANFORD SITE USING TWO
CHLORIDE-TRACER METHODS

By Edmund A. Prych

Introduction

Radioactive materials have been pro-
cessed, stored, used, or disposed of at the
U.S. Department of Energy Hanford Site in
arid south-central Washington since 1944
(fig. 29). Although precipitation averages
only about 160 mm/yr, deep percolation of
water from precipitation occurs. Therefore,
quantifying the rates at which water perco-
lates through soils and sediments to the water
table is critical for assessing environmental
risks posed by existing wastes, and for select-
ing isolation or treatment strategies for stor-
age and remediation. Murphy and others
(1991) reviewed previous investigations that
used lysimetry, numerical modeling, and soil-
moisture accounting to estimate deep percola-
tion at Hanford. Most of these studies indi-
cate that deep percolation is zero to a few
millimeters per year where the surficial layer
of soil is fine grained or is populated with
deep-rooted plants. However, deep percola-
tion can be a large fraction of annual precipi-
tation where surficial soil is coarse grained
and is without deep-rooted plants.

This paper summarizes the results of a
study that used a chloride mass-balance and a
36y bomb-pulse method for estimating deep-
percolation rates at selected locations on the
Hanford Site. These methods provide esti-
mates that are independent of previous esti-
mates and that are averages over long periods
of time—about 35 yr for the bomb-pulse
method, and thousands of years for the mass-
balance method.

Methods

The 3C1 bomb-pulse method for es‘i-
mating deep percolation uses as a tracer the
relatively large amount of 3ClI that was intro-
duced into the atmosphere by nuclear-bormb
tests in the Pacific Ocean during the 1950's
and that returned to the earth's surface as fall-
out (Phillips and others, 1988). The amount
of water in the soil column above the level
where 36Cl concentrations are larger than nat-
ural is the amount of water that has infiltrated
the ground since the bomb tests and has not
yet been lost by evapotranspiration. Dividing
this amount of water by the time since the
tests provides an upper limit of the deep-p=r-
colation rate at a site. Actual deep-percola-
tion may be less than this limit because scne
of the shallow soil water may be lost by
evapotranspiration before it moves deeper.
When using this method, one assumes that the
bomb tests are the only anthropogenic sources
of 36Cl, that all chloride is dissolved in soil
water, and that all water and chloride at the
same depth move at the same rate (so-call=d
piston flow).

Allison and Hughes (1978) demon-
strated the use of a chloride mass-balance
method for estimating local long-term deen-
percolation rates. This method is based on
the hypothesis that all or a known fraction of
chloride in precipitation and dry deposition is
transported in solution by water as it perco-
lates to the water table. It is assumed that
atmospheric deposition is the only source of
chloride, and that water and chloride move as
piston flow. As water percolates downward,
chloride concentration increases when water
is lost by evapotranspiration. Water that per-
colates to depths greater than that at whicl
evapotranspiration occurs is termed deep per-
colation and will become ground-water
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recharge when it reaches the water table.
The rate of percolation, q,,, at any depth is
estimated as:

a, = q[Cl, 2)

where gy is the mass flux of chloride per
unit horizontal area, which is assumed to
equal the rate of atmospheric deposition, and
[Cl],, is the observed chloride concentration
in soil water. The flux, ¢y, is calculated
from the relation:

3
ey = 936/ ( "cl Cl) 3)
clI

where g3, is the natural rate of production

of 3Cl in tl!lC atmosphere (about 22.5 atoms
per square meter per second at the latitude of
Hanford; Bentley and others, 1986), and (36CI/
Cl) is the ratio of 30C] to total-Cl concentra-
tions in deep soil water that is older than any
anthropogenic 36C1. The average age of soil
water or chloride at any depth can be esti-
mated by dividing the amount of chloride
above that depth by q¢.

Data for estimating percolation rates
by the mass-balance method were
obtained by collecting and analyzing soil
samples from numerous depths down to
50 min 13 test holes in 6 areas (fig. 29,
table 10). All samples were analyzed to
determine chloride content, water content
and soil-moisture potential. Ratios of
(36C1/Cl) were determined only in sam-
ples from 4 of the 13 test holes.

The soils on areas FO1 and FO2 consist
of more than 4 m of silt loam. On areas COl,
C03 and C04 the soils consist of about 0.6 m
of loamy sand overlying tens of meters of gla-
ciofluvial sand and gravel. Vegetation on
these five areas consists of sage brush, other
deep-rooted plants, plus sparse shallow-
rooted grasses. Soils on the remaining area
(C02) consist of 0.6 m of loamy sand overly-

ing about 10 m of relatively clean sand. The
only vegetation on this area is sparse shallow-
rooted grasses.

Estimates of Deep-Percolation
Rates

Upper limits of deep-percolation esti-
mated using the 36Cl bomb-pulse methoc
range from 2.5 to 3.9 mm/yr at the three loca-
tions with sage brush (table 10). The depth of
the centroid of 30CI from the bomb tests at
these three locations ranged from 1.06 to 1.52
m (see table 10 and the example on fig. 39).
The amount of bomb 3%Cl in the soil at these
three locations (1.1 to 2.8x10!2 atoms/mz) is
in the range found at arid sites in the south-
west (see Phillips and others, 1988), which
suggests that fallout of 36C1 from operations
at Hanford has been small compared witt that
from bomb tests. Data from hole B19 in the
area with only grass are not yet complete;
however, available data indicate that the cen-
troid of bomb 3°Cl at B19 is deeper than 5 m,
and that the estimated upper limit of deer per-
colation will be more than § mm/yr.

The atmospheric chloride flux that is
estimated from (C13%/Cl) ratios ranges frcm
48 to 57 (mg/m?)/yr. This is about three
times as much as can be attributed to precipi-
tation alone; consequently, dry deposition
must account for about two-thirds of the total
chloride flux.

Deep-percolation rates estimated by the
chloride mass-balance method at nine loca-
tions with sagebrush range from 0.011 to
0.44 mm/yr (table 10). Estimated rates ir the
two areas with deep silt loam (FO!l and F02)
tend to be less than those in the other three
areas (CO1, CO3 and C04). Estimated rat=s in
the area with only sparse grass (C02) range
from (.48 to 2.4 mm/yr and are more than
rates estimated in areas with sagebrush. Iisti-
mates by the mass-balance method are less
than corresponding upper limits obtained by
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Table 10. Estimated deep-percolation rates and related data

[3 6CL, chloride-36; m, meter; atoms/mz, atoms per square meter; mg/L, milligrams per liter; (mg/mz)/yr,
milligrams per square meter per year;
mm/yr, millimeters per year; ---, no data; <, less than, >, greater than; a, samples collected but data unavailable]

Sampling area Deep percolatio by
an(c!l testt-hu]c Natural Amount of Depth to Atmospheric Chloride indicated method
identifiers % 36 . {(mm/yr)
(CL™/ICY bomb *°C1 centroid of Cl flux concentra-
ratio ! (atom s/mz) bomb 3Cl (m) [ (mg/mz)/yr] tion 2 (mg/L)
Mass Bomb-
Area Hole
balance prlse
FO1 TO1 --- --- - 57 3,100 0.018 ---
FO1 TO2 735x10°15 2.8x1012 1.37 57 5,000 0.011 <39
F02 TO3 854x10°15 1.6x1012 1.06 49 1,400 0.035 <25
F02 TO4 --- -~ - 49 320 0.15 -
Co1 B10 - - - 48 760 0.063 -—-
CO01 B12 -—- - --- 48 1,600 0.030 ---
Co3 B17 - - --- 48 520 0.092 -
C03 B18 --- --- - 48 110 0.44 -
C04 B20  876x10% 1.1x1012 1.52 48 2,700 0.018 <28
Co2 Bl4 --- --- --- 48 100 0.48 -
C02 B15 - - - 48 20 24 -—
C02 B16 --- - --- 48 35 14 -—
Co02 B19 a a >5 48 27 1.8 a

1 Ratios determined by Dr. Pankaj Sharma and colleagues at Nuclear Structure Research Laboratory, University of Rochester.

2 Used to estimate deep-percolation rate by mass-balance method
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the bomb-pulse method. Estimates in areas
with sagebrush agree with estimates from pre-
vious studies that have used different meth-
ods; however, rates estimated in the area with
only grass are at the lower end of the range of
estimates from previous studies.

Although both chloride methods are
based on the assumption that water and chlo-
ride move as piston flow, some data suggest
that this assumption may not always be valid.
For example, at hole T02 (table 10) the depth
at which the (Cl36l/Cl) ratio is a maximum is
less than the depth to the centroid of bomb
361, and the age of soil water at the depth of
the centroid (estimated by mass-balance calcu-
lations to be 950 yr) is much greater than the
time since the bomb tests (33 yr). Similar dif-
ferences exist in data from T03 and B20 (not
shown). One of the mechanisms that could
cause these differences is variations in the
rate of movement of chloride within a given
depth. These variations would have to occur
over distances less than the horizontal dimen-
sions of the soil samples (less than 0.3 m).
Where these variations exist the mass-balance
method would probably underestimate deep
percolation. On the other hand, the bomb-
pulse method would probably overestimate
the upper limit, but the estimate would still be
a valid upper limit. Although the magnitudes
of the effects of variations in movement rate
on the estimates are not known, the two esti-
mates should bracket actual values.
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MEASURED AND PREDICTED
WATER FLOW IN THE VADOSE
ZONE AT THE HANFORD SITE
By G.W. Gee and M.J. Fayer

Introduction

Prediction of water flow in the vado-e
zone under arid-site conditions is an impor-
tant and challenging problem. Decisions to
bury radioactive wastes in arid environments
may ultimately depend on how reliably w=
can predict water flow (as both liquid and
vapor) in the vadose zone, since water is the
dominant agent for carrying radionuclides
and other contaminants from buried wastes
through the vadose zone to underlying aqui-
fers. While there have been significant
advances in the past few years in modeling
water movement in relatively dry soils, much
less attention has been paid to obtaining
detailed data sets to test these models, particu-
larly for long-term predictions of water flow.
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We have collected a series of multi-year
data sets from the U.S. Department of
Energy's Hanford Site, near Richland, Wash-
ington. These data document water flow in
"dry" sediments, from near surface to depths
as great as 18 m. Gravimetric sampling and
neutron probe networks have been used to
measure water storage in the top several
meters of the soil profile for periods of a
decade or more. In addition, precipitation,
evapotranspiration, storage, and drainage
have been monitored by use of lysimeters for
over 20 yr. Within the past several years,
improved data acquisition has allowed us to
continuously monitor water movement in
soils subjected to variable climate and surface
wetness conditions. These data sets have
been used to test transient water-flow mod-
els. We describe three sets of long-term data
that have been used in model testing exer-
cises. Limitations of model predictions are
illustrated and recommendations are made
for improvements in long-term modeling
capabilities.

All tests were simulated using UNSAT-
H (Fayer and others, 1992; Fayer and Jones
1990) a deterministic, one-dimensional, finite
difference model based on the Richards equa-
tion. Inputs were daily weather records (pre-
cipitation, maximum and minimum
temperature, humidity, wind speed, and solar
radiation); average soil hydraulic properties
(water retention and hydraulic conductivity);
and when needed, plant transpiration algo-
rithms (which empirically accounted for the
dynamics of root growth and phenology).

Simulation 1

The first data set modeled was a 10-yr
record of a 7.8-m deep, sand-filled lysimeter
that was kept free of vegetation (Fayer and
Gee 1992). Though the soil was initially
"dry" (6 volume percent), water drained from
this lysimeter after 3 yr. Model simulations

underpredicted drainage and early spring
water contents. An effort was made to opti-
mize parameters and to include vapor flov in
the simulations. When water vapor flow v’as
included in the model and ten separate 1-yr
simulations were run (using various combina-
tions of selected hydraulic parameters) drain-
age was underpredicted by as much as 30
percent. In contrast, when vapor flow was
not included, the drainage was overpredicted
by as much as 165 percent. At present there
appears to be no a priori way to estimate
hydraulic parameters. This exercise illus-
trates how uncertainties in hydraulic parame-
ters can affect drainage predictions for arid
sites, particularly when simulations are
extended for periods of a year or more.

Simulation 2

The second data set modeled was a 14-
yr record of an 18-m deep, sand-filled lysime-
ter (Fayer and others, 1986; Gee and others,
1992; Gee and others, 1994). This is thought
to be the longest record from the deepest
lysimeter in the world. Neutron probe data
were taken routinely for the first 7 yr and
used to estimate water infiltration and drain-
age from this lysimeter. Initial reports on this
lysimeter suggested that water movement at
depth (below about 4 m) was negligibly low.
In October 1985, nearly 14 yr after installa-
tion, the lysimeter was cored and sampled for
water content. Water storage was found tc
have actually decreased {by more than 20
mm) from the initial water storage value. A
model simulation of the deep lysimeter, using
UNSAT-H, indicated that the only way thet
water storage could decrease over this time
was to have water removal by vegetation.
When vegetation growing on the lysimeter
was simulated with an empirical algorithm
that estimated the water removal by deep-
rooted tumbleweed (a summer annual), there
was good agreement between measured and
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predicted water storage. Routine neutron
probe monitoring was discontinued for about
10 yr until February 1988, when all vegeta-
tion was removed from the lysimeter and peri-
odic (bi-weekly or monthly) neutron probe
monitoring was resumed. Data from the
lysimeter and surrounding soils indicated that
during a period of over 2 yr (February 1989
through March 1991), water storage in the
lysimeter increased significantly compared to
the adjacent vegetated soils, in qualitative
agreement with UNSAT-H model predic-
tions. Observations after March 1991 showed
that the surface was revegetated by tum-
bleweed, so that all "excess" water in the top
5 m was removed by evapotranspiration in a
matter of a few months (March through
June). Removal of water via evapotranspira-
tion also agrees with our model predictions.

Simulation 3

The final data set modeled was taken
from two precision weighing lysimeters that
have been used to measure changes in water
balance under both irrigated and natural con-
ditions (Fayer and others, 1992; Fayer 1993).
The lysimeters are 1.5 m x 1.5 m in areal
dimension and 1.7 m deep. The bottom of
each lysimeter contains about 0.15 m of
sand. The remainder is packed to a uniform
density (1.4 g/cc) with Warden Silt Loam.
The soil surface of each has been kept free of
vegetation. Water storage changes (deter-
mined from lysimeter weight changes) were
compared with model predictions over a
period of two winters (18 months). Agree-
ment between measured and modeled results
compared well only after calibration of the
model. Modifications of the hydraulic proper-
ties and estimated winter evaporation were
required to obtain reasonable agreement in
storage values for the 18-month period.
When this calibration was used in simulating
a 4.5-yr record, the predictions diverged from

the measurements resulting in a significant
underprediction (>50 mm) at the end of the
test period for the irrigated lysimeter (total
water application of 1,747 mm). Similarly
poor agreement (an underprediction of nearly
50 mm) was obtained for the nonirrigatec
lysimeter (696 mm water) over the 4.5-yr
test period.

Summary

In summary, models have been useful in
providing qualitative performance of soils in
limiting water infiltration and drainage at the
Hanford Site. Significant drainage has b=en
observed under arid-site conditions where
soils are bare and coarse (for example, sandy
textured, with water storage less than the
annual precipitation). In contrast, finer soils
drain only when water storage exceeds 500
mm (for example, more than three times the
annual precipitation). Accuracy of predic-
tions of drainage using the UNSAT-H model
appears to be limited by uncertainties in
hydraulic properties as well as estimates of
winter evaporation. Further work is need=d
to test and calibrate UNSAT-H and other
vadose-zone water flow models for long-term
predictions at arid sites
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SIMULATED TRENCH STUDIES NEAR
BEATTY, NEVADA—INITIAL RESUL.TS
AND IMPLICATIONS

By B.J. Andraski

introduction

In 1992, low-level radioactive wastes
were disposed of by shallow-land burial at
three commercial facilities in the United
States: Barnwell, South Carolina; Beatty,
Nevada; and Richland, Washington. The
Beatty facility was closed in January 199~
and Barnwell is expected to close in July
1994. Several new facilities will be needed
by the late 1990's. Near-surface disposal sites
for low-level radioactive waste must be char-
acterized, modeled, analyzed, and monitored
(U.S. Nuclear Regulatory Commission, 1982,
p. 57449). These USNRC regulations also
require 1 yr of preoperational monitoring of a
proposed site; the monitoring is limited to nat-
ural site conditions.

Sites in arid regions are considered
ideal for waste isolation because potential
evapotranspiration typically exceeds precipita-
tion and ground-water recharge is assumerd
negligible. The numerous processes and inter-
acting factors affecting water movement at
arid sites, however, are not well understocd
(Andraski, 1992). The need to improve our
understanding of these processes has been
underscored by the current and proposed use
of arid sites for disposal of several types cf
waste. Little comprehensive information
about the natural soil-water flow systems at
arid sites is currently available, however, and
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even less is known about how the natural site
environment is altered by construction of a
disposal facility.

The Beatty simulated-trench studies,
which began in 1987, are designed to better
define and evaluate the processes and interact-
ing factors that can affect waste isolation.
Objectives include: (1) determination of the
effects of disturbance (trench construction
and vegetation removal) on the natural soil-
water regime and soil physical and hydraulic
properties, (2) measurement of trench subsid-
ence and erosion rates, and (3) evaluation and
development of methods for reliable measure-
ment of physical and hydraulic properties of
dry soils. This paper presents results from
the first 3 yr of a 5-yr field study to evaluate
the effects of disturbance on the potential
for deep percolation. The results are
based on soil-water storage and water
potential measurements in the upper 1.25 m
during 1987-90.

Background of Beatty Site

Located in the Amargosa Desert of
southern Nevada, the Beatty facility opened
in 1962 and was the first commercially oper-
ated low-level radioactive waste facility in the
United States. Based on disposal-facility
records (R. Marchand, U.S. Ecology, Inc.,
unpub. data, 1991) and USGS data, annual
precipitation during 1981 through 1990 aver-
aged 104 mm and ranged from 14 mm (1989)
to 225 mm (1983). About 70 percent of the
precipitation falls during October through
April, but snow is infrequent. Mean annual
potential evaporation at Beatty, Nevada, is
estimated to be about 1,900 mm (Nichols,
1987, p. 26). Daily mean air temperatures
recorded at the site typically are highest dur-
ing July, reaching as high as 38.6 C (Wood
and others, 1992, p. 22). The facility is under-
lain by valley-fill deposits in which the depth
to water ranges from 85 to 115 m below land

surface (Fischer, 1992, p. 6). The alluvium-
derived soils are horizontally stratified anA
the strata differ greatly in particle-size distri-
bution and cohesiveness (Andraski, 1991).
Vegetation is sparse and creosote bush (Lar-
rea tridentata), an evergreen shrub, is the
dominant species. The rooting depth of c-eo-
sote bush closely corresponds with the denth
of penetrating moisture (Wallace and Ror-
ney, 1972). Soil-water-monitoring and ctlo-
ride data from the Beatty site indicate a
rooting depth of about 0.75 to 1 m.

Detailed investigations at the Beatty site
began in 1976 as part of the USGS program
of research on low-level radioactive waste dis-
posal. Through this program the USGS d=vel-
ops hydrogeologic information to assist
Federal and State agencies and compacts of
States in the development of disposal sites for
low-level radioactive waste. Initial water-bal-
ance modeling for the Beatty site (Nichols,
1987) indicates that, under particular climatic
and soil-moisture conditions, potential for
deep percolation of water into the buried
waste does exist, despite high annual evapora-
tive demands. Subsequent studies, under
undisturbed conditions include chloride-mass
balance estimates of long-term recharge rates
and field monitoring to characterize the natu-
ral soil-water regime. Fouty (1989) calcu-
lated long-term recharge rates, which rang=d
from 0.06 to 0.4 mm/yr, and suggested that
drainage below the 10-m depth has been mini-
mal or nonexistent for at least 6,000 yr. Fis-
cher (1992) measured soil-water potentials at
depths between 1 and 13 m, which ranged
from -3 to -5.5 megapascals (MPa); below 9
m, potentials indicated a constant upward gra-
dient. Both of these studies indicate that a
natural system effectively limits the potential
for deep percolation of infiltrated water. L.it-
tle is known, however, about how, or to what
degree, a natural site environment is altered
by construction of a waste-disposal facilit;".
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