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JOINT U.S. GEOLOGICAL SURVEY, U.S. 
NUCLEAR REGULATORY COMMISSION 
WORKSHOP ON 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 LLW 
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 esti­ 
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 practice.

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.
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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. 

3. 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?

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 follow­ 
ing topics: Laboratory measurement of 
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 evaluate 
relevant processes affecting infiltration 
and drainage; and The use of determinis­ 
tic and stochastic models for simulating 
flow and transport through heterogene­ 
ous media.

4. 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)?

  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^
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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 14C 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 shallow depths 
the flux of water in both the liquid and 
vapor phase is upward. 

5. 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^ 
Pathway Analysis
By Thomas E. Reilly and 
Andrew Campbell

Summary of Presentations

This session addressed a range of topics 
including paleohydrology, surface and 
ground-water transport, microbiological pro­ 
cesses and solute transport modeling. Nc 
common technical issues permeated the ses­ 
sion. However, most of the speakers did indi­ 
cate that analysis of surface- and ground- 
water pathways required insight into the T 'ari- 
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-w^ter 
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 francs 
(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-

99nactivity, Ra 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 (Kd) 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 Kd values are: (a) poor 
reproducibility of established laboratory meth­ 
ods; and (b) use of average Kd 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

reduction of U (VI) to U(IV). Laboratory 
studies demonstrate that enzymatic reduction 
by live microbes plays an important role in 
determining the mobility of uranium in natu­ 
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.
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Topic II Ground-Water Chemistry
By Donald T. Thorstenson and 
D. Kirk Nordstrom

Summary of Presentations

The papers in Session II 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 I) 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, paniculate, 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 reac­ 
tion transport modeling of such systems can 
be attempted.

The applicability of deuterium and 18O 
isotopes to low-level waste studies can be 
summarized concisely. If 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 or a 
short time scale, and for the very local geo­ 
graphic scale, seasonal variability in deute­ 
rium and 18O 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 Kr can give concordant 
ages in shallow ground-water systems. Tv °, 
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 zor°<s. 
Sampling/analytical difficulties will perhaps 
preclude the common use of 8 Kr.
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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(CO2) 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.

Topic III Infiltration and Drainage
By David E. Prudic anc/Glendon Gee

Summary of Presentations

Infiltration into and drainage from facili­ 
ties for the disposal of low-level radioactive 
wastes is considered the major process by 
which non-volatile contaminants are trans­ 
ported away from the facilities. The session 
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 regard­ 
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 drainage, 
by Brian Andraski, Glendon Gee, and 
Peter Wierenga; and the use of determinist'c 
and stochastic models for simulating flow and 
transport through heterogeneous sediments, 
by Richard Hills, Lynn Gelhar, and 
Shlomo Neuman.
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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 36C1 
techniques can be used to estimate long-term 
rates of deep percolation. Prych applied both 
methods to estimate diffuse percolation 
through sediments at the Hanford facilitie0 in 
eastern Washington. The use of 36C1 as an 
indication of transport through the unsatur­ 
ated zone is extremely valuable because fall­ 
out of 36C1 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, simulations 
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 Beatty 
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, ?nd 
described by Wierenga, are important to 
furthering the understanding of infiltration 
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 layered 
sediments allowed detailed testing of both

Topic ill  Infiltration and Drainage 7



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 overestimate 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. I 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 unknown 
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 uncertainly 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 functions, 
and improved methods of incorporating heter­ 
ogeneity and scale into models, are needed to 
improve accuracy in predicting contaminant 
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 14C. This problem has been 
recognized since the early 1970's. The 
principal volatile compounds are tritiated 
water vapor and methane, and 14CO2 and

methane. Two additional aspects of this 
problem the flux of carbon dioxide through 
the trench caps, and the accumulation of 14C 
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 14C and tritium. The major issue at 
the Beatty site is the rate of water percolation 
in this arid environment. The available cfata 
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 Alien 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 descried 
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 p^o- 
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 done 
by Robert Schultz and described by Edward 
O'Donnell on characterizing the effectiveness 
and longevity of engineered covers for was^e 
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 recharge 
varies greatly. One result that would have 
been difficult to anticipate was the 
effectiveness of drought-resistant cedars for 
intercepting infiltration in a cover. As part of 
this presentation David Smiles described a 
proposed experiment to examine the diffusive 
transport of tritium on field scales in the 
unsaturated zone.
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A circumstance that distinguishes 
ground-water studies is our inability to 
control our "experiments;" the domains with 
which we work are complex, irregular, and 
heterogeneous. Because we cannot 
prespecify the conditions in domains of 
interest we must instead carefully 
characterize them. Indeed, such 
characterization is the reason we must go to 
the lengths that we do in field studies. Even 
the most extensive field studies, however may 
not provide the information required, 
particularly if only well established 
techniques are employed. Innovative 
approaches are continually being developed 
and employed to this end. A good example of 
this was provided by Pete Haeni in his 
description of new geophysical techniques 
which have been used at the Mirror Lake 
study site. Directional borehole radar is just 
now beginning to be used to locate fractures 
and determine their attitude, and has shown 
promise as a mapping tool at Mirror Lake at 
distances of 30 to 40 m from the borehole. 
Another relatively new technique, 
tomography, has also been tried with some 
success.

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

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

In the realm of waste disposal, ground- 
water scientists are being asked to consider 
time-scales considerably longer than thos~ 
typically of concern in engineering. One way 
to examine processes which operate over long 
time scales is to analyze analogous situations 
in the geologic past which may have evolved 
over long periods of time. One such study 
was described by Grant Garven and Jeff 
Raffensperger, wherein they considered tH 
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 H 
considered before evaluating smaller scales.
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REPORTS

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. Paleohydrol­ 
ogy complements existing data, extends ovir 
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 
stream 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 incluc'e 
large floods or extreme droughts also might 
cause significant uncertainty in the results of 
frequency analysis. Because of the small ram- 
pie of large floods and extreme droughts in 
the short systematic streamflow record, co1i-
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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 
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Paper 2375, p. 105-116.

Uranium-mining Releases From the 
Grants Mineral Belt to the Little 
Colorado River Basin, Arizona and 
New Mexico
ByJohn 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-chc nnel 
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 Ne  
Mexico (fig. 1). Major uranium deposits in 
the Westwater Canyon Member of the 
Morrison Formation of Jurassic age of trn 
Grants Mineral Belt of New Mexico were 
mined from shafts averaging 500 m deep that 
extended below the water table. Water 
seeping into as many as three mine shafts1 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 trine 
effluent was released directly into Pipeline 
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 m3 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
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figure 2 runs from k to f along the Puerco River.

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

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.
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Tablel . Selected water-chemistry constituents in 
the United Nuclear Corporation tailings pond, and 
tailings solution in the Puerco River on July 16, 
1979

Concentrations in milligrams 
per liter

\*f\Jl l*-7l.1lU\_f 1 |l«.7

Uranium

226Radium

230Thorium

Arsenic

Sulfate

Sodium

Chloride

Chromium

Iron

Manganese

pH 5

Tailings 
pond 1

4.1

3 210

3 10,000

0.07

4,800

520

50

0.15

160

14

1.9

Spill water 2

6.5

3 -4 100

3 8,100

0.008

27,000

7,700

5,500

1.6

2,210

73

1.4

1 Sampled February 5, 1979, from tailings pond 
(Weirner and others, 1981).

Sample collected by United Nuclear Corporation 
at bridge over Puerco River at Pinedale, New Mexico, 
July 16. 1979 (Win and others, 1991). 

3 Picocuries per liter.

Dissolved. 

- 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 mine?, 
and three monitored flow in basins unaffected 
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) estimated 
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. 226°a 
and 23^h 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 234U to 238U to identify sources of 
uranium in shallow ground water beneath the 
Puerco River. Ground water in the basin 
unaffected by mining has U234/U238 values 
ranging from 1.5 to 2.7. Ratios exceeding 
unity (secular equilibrium) result from alpha

238recoil of solid-phase U over geologic time 
causing the 234U 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 PRO­ 
CESSES
By Edward R. Landa

Introduction

Uranium mill 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 
hydrosphere. Due to its high radiotoxicity, 
2%a, with a half-life of 1,600 yr, is 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 previous investigators had shown 
redistribution of 226Ra between particle size 
fractions to occur in both acid and alkaline 
leaching circuits, we investigated the reten-

996tion of Ra 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. At regular 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 radic as­ 
sayed by garnma-spectrometry to determine 
the quantity 226Ra sorbed.

About 20 to 60 percent of the 226R& 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 
geted radium hosts are shown in table 2. The

6Ra 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 0.005 M H2SO4 To simulate the effect of dilute H2SO4 as might be encountered at
the end of the washing circuit of an acid-leach uranium mill.

II, III 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.

IV 1.0 M NHjCl The exchangeable and other "easily-extractable" forms of 226Raar
noted by Steger and Legeyt (1987).

V 1.0 M HC1 While the action in step (IV) is displacement of the trace quantities'
of 226Ra 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. 226 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]

SS (identified by 
varying 

constituent)

Ottawa sand
only

Fine silica

Potassium
feldspar

Sodium
feldspar

Pyrophyllite

Kaolinite

Bentonite

Bauxite

Hematite

Magnetite

Barite

Jarosite

Fluorite

Volcanic ash

Coal

226 Ra 

concentration 
(pCi/g)

2.0

10.

9.1

20.4

7.2

6.6

16.5

13.1

6.5

15.9

22.0

16.5

18.8

17.3

18.1

1 
0.005 M 
H2S04 

(percent)

31

8.5

4.3

1.2

1.0

18

0.7

3.7

10

1.1

0.08

0.1

0.8

0.5

0.6

II 
H 20-(1) 
(percent

29

30

16.5

4.2

8.3

34

1.6

9.8

18

3.5

0.03

1.1

0.6

2.8

0.9

III 
H 20-(2) 

(percent)

10

33

21

14

8.2

7.6

3.3

20

22

8.6

0.03

8.2

0.7

6.9

1.9

IV 
1.0MHCL 
(percent)

26

26

54

87

50

48

97

66

55

94

0.03

83

31

94

88

V 
1.0MHCL 
(percent)

2.0

1.6

4.5

6.8

11

5.6

3.1

5.4

0.9

4.1

0.09

2.2

48

3.7

15

To'al 
extraction 

bv 
sumrration 
(percent)

98

99

100

113

79

113

106

105

106

111

0.26

95

81

108

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 H2SO4 and the two 
sequential deionized 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 H2SO4 or deionized water 
here suggests that it is retained in a form 
other than gypsum. (The solubility of gyp­ 
sum in 0.005 M H2SO4 is about the same is 
in water about 2.1 g/L at 25 °C (Linke, 
1958, p. 663). Alternatively, the radium rray 
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 NH4C1 extractant 
could potentially increase the solubility of 
sparingly soluble salts such as BaSO4 and 
PbSO4, 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 solely 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 CaF2 . Thus 
the CaF2 structure appears capable of includ­ 
ing Ra, presumably by substitution into the 
Ca lattice position. The solubility of CaF2 is 
only slightly enhanced in 1 M NH4C1 com­ 
pared to water (Linke 1958, p. 601, 603); 
hence the large release of Ra seen in table 2 
with NH4C1 is thought to be due to ion- 
exchange displacement. However, the solubil­ 
ity of CaF2 increases by almost two orders of 
magnitude on going from water to 1.0 M HC1 
(Linke, 1958, p. 601, 602). Hence the HC1 
leach used here, which released almost 50 per­ 
cent of the 226Ra in the SS, is thought to 
cause this action by dissolution of Ca(Ra)F2 .

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 0.5 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. WhiH 
BaSO4 solubility is significantly enhanced on 
going from water to 1.0 M HC1 (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 HC1 spiked with 60 
parts per million sulfate to selectively dis­ 
solve "acid-soluble" forms of radium and bar­ 
ium (for example, that carried on ferric 
hydroxide), while preserving radium held as 
Ba(Ra)SO4. Seeley (1976) reported essen­ 
tially no desorption of 226Ra by 0.01-1.0 M 
HC1 from synthetic tailings in which radium 
was coprecipitated with BaSO4 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 is 
slowly incorporated into the crystal lattice 
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)SO4 coprecipitate, except 
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 226Ra. The resistance to NaCl and 
HC1 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-
OOA

fates in the retention of Ra 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 
BaS04 (Ksp = 1.08 x 1(T 10 at 25 °C) might 
lead one to believe radium coprecipitated 
with BaSO4 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 (III) - 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 226Ra 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 BaSC4, 
SrSO4, and the release of 226Ra from UMT, 
presumably by acting as sinks for cations

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 fcmi 
of uranium, U6+, 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 
(iM), zinc (85 (iM), or other trace metals in a 
uranium mine drainage water. However, 
copper (either Cu+ or Cu^) at 100 (iM (6,350 
(ig   L" 1 ) was inhibitory to U6+ reduction 
(Lovley and Phillips, 1 992). 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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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

24 Issues Associated With Radiological Contaminant Transport at Decommissioning Sites



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 (Rd) is commonly 
expressed, using the Freundlich isotherm 
(Freundlich, 1926), in terms of its linear rela­ 
tionship with the distribution coefficient 
(Kd). Thus, doubling the Kd value halves the 
radionuclide migration velocity in relation to 
the ground water velocity. Therefore, the 
importance of the accurate determination of 
the K^ 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 limitations of the current labora­ 
tory methods used for Kd determinations

Currently, there are no adequate and reli­ 
able common approaches or methods for 
selection and/or determination of the Kd 
parameter for decommissioning sites. The 
most common Kd 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; AST11, 
1989) is also used although it is not specifi­ 
cally dedicated to Kd 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 reported 
by licensees are much larger. Table 4 
shows examples of average Kd values, 
standard deviations of the values, and 
the relative standard deviations of the 
Kd's, obtained for some soil samples 
and conducted under similar condi­ 
tions. As can be noted, the relative stan­ 
dard deviation of the values, empirically 
determined for decommissioning sites, 
fall in the range 20-100 percent of the 
average Kd 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 nois- 
ture content through drying and sample 
preparations. Since Kd is largely depen­ 
dent on the soil/water ratio, results deter­ 
mined in the laboratory may be 
substantially different from those fc\md 
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 Kd values, standard deviations, and relative standard 

deviations empirically determined for decommissioning sites 

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

Radionuclide

232U

228Th

232u

228Th

238U

238U

238U

238U

Number 
of runs

5

5

5

5

20

15

7

7

Average KdM 
(mLyg)

1680

4552

1121

3849

18047

1242

2427

3383

Standard 
deviation (on)

986

1407

726

1079

18078

966

1638

685

(on/M) x 100

59

31

65

28

100

78

68

20

2. Wide range of Kd 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 Kd values for four 
common type of soils; sandy, clayey, loamy, 
and organic soils. The Kd values presented 
by these authors indicated that random selec­ 
tion of Kd 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 K-j's 
embedded in transport pathway analysis 
codes

Certain transport codes, specifically 
those codes that couple contaminant transport 
modeling with radiological impact assess­ 
ments, adopt default Kd parameters that are 
widely different and may not represent sit', 
specific conditions. Table 5 lists examples of 
default Kd '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 presents 
average Kd values reported by Sheppard and 
Thibault (1990). Kd values for sandy soil 
reported in Table E.3 of RESRAD manual 
(Gilbert and others, 1989) are also shown for 
comparison.
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Table 5. Comparison of "K^" default values used in radionuclide transport codes with 

values quoted in the literature 

[ , data not available]

Radionuclide

Actinium

Americium

Bismuth

Cobalt

Cesium

Hydrogen

Potassium

Protactinium

Lead

Plutonium

Radium

Strontium

Technetium

Thorium

Uranium

Sheppard and 
Thibault(1990)

450

1,900

100

60

280

0.06

15

550

270

550

500

15

0.1

3,200

35

NUREG/CR- 
5512

417

1,887

118

59

270

1.25

18

526

270

555

500

10

0.1

3,226

15

RESRAD (Table 
E.3)

20

 

 

100

80

0.0

...

...

10

200

7

3

...

6,000

5

RESRAD 
defaults

20

20

600

1,000

500

0.0

5

50

100

2,000

70

30

0.0

60,000

50

4. Field methods of ^ determination:

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 Kd 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.

5. Calculation of Kd Value From Soi'-to- 
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 
Kd'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 distribu­ 
tion of contaminants within the root zone.
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In summary, from the above review, 
the current methods and procedures employed 
in Kd selection or determination are expected 
to produce uncertainties in Kd values 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 
Kd's based on site specific conditions and cau­ 
tion using the default Kd 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 235 U. 
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 ut which 
uranium particulate dissolve in simulated 
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 coir- 
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 depend largely 
on pathway analysis of contaminant releases, 
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 is 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 approprate 
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(V1) to 
insoluble U(1V) 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 H2O -> 2HCO3" + 4 
U(IV) + 9H+.

Shewanella putrefaciens can also grow with 
U(VI) as the sole electron acceptor and H2 as 
the electron donor:

H2 + U(VI) -^ 2H+

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 F2 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 
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 electron 
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(VI) oxidizes the c-typ^ 
cytochromes in whole cells of G. 
metallireducens (Lovley, Giovannoni, and 
others, 1993).

However, a U(VI) reductase has be^n 
isolated from the U(VI) reducer D. vulgaris 
(Lovley and others, 1993). The soluble 
fraction of D. vulgaris rapidly reduces U(VI) 
with H2 as the electron donor. If cytochrome 
c? is removed from the soluble fraction of D. 
vulgaris, then all capacity for U(VI) reduction 
is lost. If cytochrome c^ is added back, then 
the capacity for U(V1) reduction is restored. 
U(VI) rapidly oxidizes previously reduced
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cytochrome c^. U(VI) is rapidly reduced 
when C} is combined with hydrogenase, the 
physiological electron donor for Cj, and H2 .

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(1V) 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(V1) reduction in anaerobic 
environments was the result of nonenzymatic 
reduction of U(V1) reduction by sulfide or 
H2 , neither are effective U(V1) reductants at 
the temperatures and pH typical of aquatic 
sediments or ground water (Lovley and 
others, 1991). Sterilization of anaerobic 
sediments inhibits U(V1) reduction (Lovley 
and others, 1991). These findings suggest 
that U(Vl)-reducing enzymes are responsible 
for U(V1) 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(VI) 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(V1) in U(Vl)-carbonate complexes. Th0; 
U(IV) precipitates as uraninite (UO2). All of 
the uraninite precipitate is extracellular. T us, 
microbial uranium reduction has the potential 
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 fcr 
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 nAf) concentrations (Lovley and Phillip^ 
1992). Of a wide variety of potentially 
inhibiting anions and cations that were 
evaluated, only exceptionally high 
concentrations (> 20 uM) of copper inhibited 
U(V1) 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 contaminated 
soils (D.R. Lovley, EJ.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 proposed 
treatment techniques (Lovley and Phillips, 
1992). Advantages include: (1) the ability to
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precipitate uranium from U(VI)-carbonate 
complexes; (2) the recovery of uranium in 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. Gory 
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, 19F9; 
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 signifi­ 
cantly alter contaminant transport, colloids 
must be (I) 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 
cium, 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 903 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 (des­ 
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 paniculate, 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, calciuin/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 composition. 
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 expectation 
that particle concentrations would be higher 
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 |U.m pore size polycar­ 
bonate membrane filter was used for initial 
sample filtration and collection of the particle 
fraction greater than 5.0 |U.m. For subsequent 
filtration steps, three Millipore Pelicon filia­ 
tion systems were used in series to collect
(1) the fraction between 5 |0.m and 0.45 |U.m,
(2) the fraction between 0.45 |0.m and 
100,000 Daltons, and (3) the fraction between 
100,000 Daltons and 10,000 Daltons. The par­ 
ticles obtained by filtration represent discreet 
size fractions in what is actually a continuum 
of particle sizes that range from less than a 
nanometer up to millimeters in natural syr- 
tems (fig. 6). For the present study, "particu- 
lates" are defined as all those particles 
retained by the 0.45 |J.m and 5.0 |0.m 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 alpha spec- 
trometric detector for 239Pu , 240Pu, 241Am, 
233U and 234U. 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.

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 15P7 
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 (im in size 
made up 30 percent of the particle mass. 
Results of actinide activity distribution 
analyses show that 239Pu and 240Pu were 
associated predominantly with the paniculate 
fraction greater than 0.45 (im (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 241Am 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 paniculate 
fraction and 16 percent was associated with 
colloidal particles. For 233U and 234U, ov^r 
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 68 
percent. 239Pu and 240Pu were 
predominantly associated with the paniculate 
fraction (85 percent), with 11 percent of tH 
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 paniculate 
fraction, but there also existed a significant 
colloidal component (23 percent) and 
dissolved component (20 percent). As wav 
the case for the ground water sample, 233 U 
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 part^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, 233U 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 paniculate 
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 paniculate fraction (89 percent), 
most of the americium activity (97 percent) 
was associated with this fraction.

For 233 U and 234U, 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 
particle 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 233U and 

U 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 paniculate 
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 sample 
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-51.

Summary

1. Colloidal-size particles (n .45 fim 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 |iim) 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. 239Pu and 240Pu activities in these waters 
were associated predominantly with 
the particulate fraction greater than 
0.45 fi in size.

4. 241 Am 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.

5. More than 99 percent of the total 233 U and
9'J/l

U activities were associated with the 
dissolved fraction in these waters. 
Dissolved fulvic acids are a potentially 
important sorption substrate for uranium 
in these waters.
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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), 1NTRAVAL 
(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 focunng 
on predicting the results of experiments 
without knowledge of the experimental 
results to avoid potential biases. Howeve", 
these experiments are still plagued by a la^k 
of independent measurement of independent 
model parameters.

Regardless of the specific modeling 
approach adopted, the validity of the mod01! 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 and 
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 quantity(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'^m 
(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 undefmable). 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 b^sis 
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 me dels.

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 
byKilleyandMoltyaner(1988). In 
summary, the experiment consisted of a pulse 
injection of I 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 llm with 
spacings of 5 m and 1 m, respectively. TH 
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 n 
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 attempt 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. 80-8])

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 seen 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 lead to results which are 
just a:, 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 Quan­ 
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 attempt? to 
solve problems of various types. The popular 
use of ground-water models results from the 
development of numerical methods over the 
past twenty years and the more recent acceler­ 
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 legislatively 
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 
simple 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 ground- 
water models to field problems. The fluid 
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 between 
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 mcst 
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 which 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 reality 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 may 
be very sensitive to the "ease of flow" values 
of each layer and depend only on the vertical 
structure of these layers at any point. While 
the structure was indeed represented exactly 
in the model, the hydraulic properties of tli Q, 
layers were only estimated from laboratory 
analyses on similar 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 uncertainty in 
layer parameter values. A simpler one-dimen­ 
sional vertical model would describe the 
same system, and focus analysis on the appro­ 
priate questions. It is not unusual that the 
ground-water model user with a complex 
model has so many details to deal with tha t 
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 cone 
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 ba. 
possible given the underlying controlling pro­ 
cesses. The alternative behaviors may be 
called predictions by some. A properly done 
analysis clearly separates things known about 
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 fieH, 
given various hypothetical classes of complex 
parameter distributions. Determining spatial 
distributions from sparse field data is the goal 
of inverse modeling, parameter estimation, 
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 
model users and purchasers of model services 
that because models are a sophisticated tech­ 
nology involving computers, because as much 
data as exists for a problem can be included 
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-scale phenomena and may 
not have the distance from the data to me del 
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 wit! 
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 
asseSvSment 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 heterogeneity' in 
the geologic environment which can neve" be 
described in detail and considering the uncer­ 
tainty of climatic processes affecting a site.. 
Expressing the probability of release levels 
from a repository for performance assessment 
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 assignment 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 sciences 
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. Roberson

Introduction

A major concern regarding the opera­ 
tion of existing and projected nuclear waste 
disposal sites is the incidence of subterranean 
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-chemi­ 
cal processes that expedite such transport are 
still not well understood. To more fully com­ 
prehend the mechanisms that determine ttn 
extent of radionuclide migration or retard?-
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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: (]) 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.

It 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 cm, 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 include."1 
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 60Co on the aquifer matrix downgradient 
of the Chemical Pit is 370 GBq (gigabecquer- 
els) (10 Ci), while the quantity of cc-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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Figure 10. Location of Chalk River Laboratories and the waste management areas.
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Figure 11. Subsurface plumes of tritium and fission and activation products from the liquid disposal area 
and waste disposal area A.
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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 a-emitters 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 cm/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 C have been detected in the 
downgradient vegetation; 6<)Co and 36C1 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 14C 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 [am 
gauze layer followed by 0.8 jam and 0.2 jam 
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+J form, 200-400 
mesh), the redundant bed being present in 
case the first is compromised or becomes satu­ 
rated. Following the cation beds are duplicate 
layers of anion-exchange resin (chloride [C1"J 
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 gamma 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 elements 
silicon, sodium, calcium, magnesium, and 
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 tH 
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 down gra­ 
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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lively 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'J, 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 minerals 
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 cakrum- 
and magnesium-rich clays, and (3) deplet : on 
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 rrtios 
(-10 to -20 permil, relative to Peedee Belem- 
nite) in water samples indicate an unsaturated- 
zone, plant-derived source of carbon dioxMe. 
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 th°, 
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 tH 
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 simultaneous 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 tl^at
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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 
ibrated 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 '5 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 radium on the exchanger in 
the first cell was 3.9X10"4 mol/kg water

(moles per kilogram water), which resulted 
from equilibrium with a specified dissolved 
radium concentration of lOxlO"6 mol/kg 
water. In all other cells at time zero, the con­ 
centration of radium on the exchanger was 
1.1x10 mol/kg water, which resulted frm 
equilibrium with a specified dissolved radium 
concentration of IxlO" 10 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 sarriles 
from the Central Oklahoma aquifer. The mass- 
action equation used had the following fcrm:

(i)

where Kex is the equilibrium constant, Me 
represents either calcium or magnesium, Y 
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 Kex 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 Kex (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 Kex = log Kex + bl. 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

Dispersivity, meters 0.1

Time step, years 1.0

Velocity, meters per year 2.5 

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 2.7 

P(CO2) of first cell, atmospheres 10-1.5

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 10m 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(CO2) of 10"

. The water entering the flow tube still has 
a P(CO2)of 10" 1 '5 , but equilibration with car­ 
bonates occurs in a cell that is closed to car­ 
bon dioxide gas. The result is that the P(CO2) 
in equilibrium with the carbonate minerals is 
less than 10 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 ground- 
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 bicarbonate 
water is 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 brine:7 , 
plot near the simulated reaction path.

The model results were used to estirrate 
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 velocity, 
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.

concentration varies with time. Initially, the 
maximum concentration moves at 
approximately 0.035 m/yr. At the end of the 
simulation, the rate of migration is less than 
0.005 m/yr. Finally, in the unsaturated zone, 
the removal of calcite and dolomite proceeds 
at approximately 0.001 m/yr. After calcite 
and dolomite are removed from the 
unsaturated zone, the removal of calcite and 
dolomite in the saturated zone proceeds at 
approximately 0.0004 m/yr.
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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 contrast 
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 Delaware- 
Maryland-Virginia (Delmarva) Peninsula of 
the Atlantic Coastal Plain. CFCs 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

Chlorofluorocarbons are stable synthetic 
organic compounds that are detectable to 
about one part in 10 (weight) in water and 
one part in 10 12 (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 isolated1 
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 recharge 
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 required 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 temperature? 
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 error 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 unconfmed 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 0-50 
TU and show a strong correlation with CFC- 
modeled recharge years. Figure 14 shows the 
measured 3H concentrations after adjustment

 3

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 3 H 
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 hydrody­ 
namic dispersion (dispersivities of 0.1 and 
2 m and an average flow velocity of 1 m/y).

The mid-1960's adjusted 3 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-

Chlorofluorocarbons (CFC's) as Tracers and Age-Dating Tools for Young Ground Water Selected Field Examples 67



200

175

125

100

75
50

25

Modeled 
Tritium / 
Input /

    a=0.00 m 
.   ........ a=o.10 m
' x - - a=2.00 m 

\
b <*

1940 1950 1960 1970 1980 1990
CFC Modeled Recharge Year

Figure 15. Comparison of reconstructed tritium input in Delmarva ground water as a function of 
chlorofluorocarbon-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), Idaho 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 veloci­ 
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 f 
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 (1m) wells sampled on EM- 
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 matrx 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 fonna- 
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 a 
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, th^ 
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 
accumulating 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 summer, 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 
10 15 Becquerels (1.29 x 10 14 disintegrations 
per minute per year (dpm/yr)) of 226Ra and 
8.1 x 10 15 Becquerels (1.35 x 10 14 dpm/yr) 
of Ra flows from the river in dissolved and

OO/'

adsorbed form. The flux of Ra was consid­ 
erably higher (1.66 x 1() 16 Becquerels (2.76 x 
10 14 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

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 Ra228/Ra226 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 228Ra 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.

Uranium and Thorium Series Radionuciide Distribution in Sediment-Water Associations Surface and Ground Water 73



References

Kraemer, T.F., and Reid, D.F., 1984, The 
occurrence and behavior of radium in 
saline formation water of the U.S. 
Gulf Coast region: Isotope Geo- 
science, v. 2, p. 153-174.

Kraemer, T.F., 1985, Natural radioelement 
behavior in geopressured aquifers, in 
Dorfman, M.H., and Morton, R.A., 
eds., Geopressured-Geothermal 
Energy Proceedings of the Sixth 
U.S. Gulf Coast Geopressured-Geo­ 
thermal Energy Conference, The Uni­ 
versity of Texas at Austin, February 4- 
6, 1985: New York, Pergamon Press, 
p. 127-136.

Kraemer, T.F., and Curwick, P.B., 1991, 
Radium isotopes in the lower Missis­ 
sippi River: Journal of Geophysical 
Research, v. 96, no. C2, p. 2797-2806.

GEOCHEMICAL MODELING OF NATU­ 
RAL AQUATIC SYSTEMS APPLICA­ 
TIONS AND LIMITATIONS
ByD. 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. Difference? of 
opinion concerning model usage and mochl 
"validation" have arisen between scientists 
who develop and apply models and regulators 
who must make decisions based on "expert 
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 consequences, 
and [we should] avoid the use of the word if 
we are merely constructing a scenario of pos­ 
sibilities (Greenwood, 1989)." Consequently, 
I have defined 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 assc ci- 
ated processes in geological systems. 
Aqueous geochemical models are those used 
in the interpretation of water-rock interactions.

Several papers have reviewed geochemi­ 
cal models and the interested reader is 
referred to these for further information (] Tor- 
dstrom, and others, 1979; Wolery, 1979; Pot­ 
ter, 1979; Jenne, 1981; Nordstrom and Ball, 
1984; Nordstrom and Munoz, 1986; Mangold 
andTsang, 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). Foiward 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; Puckettand 
Bricker, 1992). This approach is less con­ 
strained than either of the two other

approaches and puts even more responsibility 
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 Modeling 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 prrtici- 
pated are described below: the Stripa Project 
in Sweden and the Pocos de Caldas Natural 
Analogue Project in Brazil. The codes used 
for the geochemical modeling were 
WATEQ2 and WATEQ4F for speciation cal­ 
culations (Ball and Nordstrom, 1991), B/ L- 
ANCE and NETPATH for the mass balance 
calculations (Parkhurst, and others, 1982; 
Plummer, and others, 1991), and PHREEQE 
for the thermodynamic mass transfer calcula­ 
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 Karnbrarsle- 
hantering AB). The program was designed to 
develop and evaluate techniques for assessing 
the thermomechanical, hydrogeological, geo­ 
physical, and geochemical properties of gra­ 
nitic bedrock for the safe disposal of high- 
level radioactive waste. The abandonment 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-HCC>3 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-HCO^ 
water type to the Na-Ca-Cl water type gener­ 
ally corresponds to the change in the average

o

hydraulic conductivity from 10 m/s to 
10" 11 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 inclusion 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 pres­ 
sures of CO2 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 and 
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

1 f\
and isotopic data such as Cl shed new light 
on the investigations, independent of any 
modeling results.

The International Poyos 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

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 port'on 
of the rock only significant amounts of 
potassium remained in the rock to be weath­ 
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 dsta, 
and ion plots. These ideas were formalized 
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 CC>2 derived from the soil 
zone. These results were tested with forward 
modeling by using the PHREEQE program 
and it was found that the pH, pCO2, 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 thennodynamic data, and

improving the chemical models for electro­ 
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 of 
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 disper­ 
sion play a role; and are there geological com­ 
plexities. Hydrogeochemical processes can 
be exceedingly complex and their interpre^- 
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 equilibrium.
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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 ?e 
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 model estimates 
(or perhaps even scenario guesses). Histxry 
would indicate that it is what we don't antici­ 
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 adequacy 
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 crir- 
cism and peer review, and finally arriving at 
an informed judgement. Improvements to 
geochemical models is an iterative process by
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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 knowledge 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 Ther 
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 Rich­ 
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 ecma- 
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 Ca2+, 0.005 M SO42', and 0.005 
M SeC>42~ were applied at constant rates that 
were less than saturated hydraulic conductiv­ 
ity (Ksat) to the tops of air-dry, 0.05 m-dirme- 
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

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, particle 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 soils 
and glass beads. The constant applied flux, relative to the respective saturated hydraulic conductivity, was 
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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, 8, 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, 1989) 
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 (Massmrn 
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 p ro- 
ceedings) treatment of water movement at an 
arid LLRW disposal site underscores the 
importance of thermally driven flow. Hov 
sound are current theories of nonisothermal 
flow, and how can such theories be incorpo­ 
rated into predictive models? How well are 
solute-solid interactions (including shrinking 
and swelling) understood? Biotic processes 
strongly influence infiltration and drainage. 
Lysimeter studies near Richland, Washington, 
have demonstrated that vegetation can play a 
dominant role in determining recharge (Gae, 
these proceedings).

Additional biotic processes may nee-1 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 o*h- 
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 measure­ 
ments. Hills (these proceedings) challenges 
the conventional wisdom that detailed repre­ 
sentation of heterogeneity necessarily leads to 
improved performance of predictive models.

MEASUREMENT ORDER 
D= Initial drying 
+ = l^rewetting 
O= l^redrying 
X = 2nd rewetting 
V = 2nd redrying

0 0.1 0.2 0.3 0.4 
VOLUME WATER PER VOLUME BULK

Figure 19. Hysteretic water-content 
dependence of matric pressure in Oakley srnd, 
a nonswelling soil, under isothermal conditions 
(Stonestrom, 1987).
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Diamonds show data obtained by the author 
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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

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-balance 
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 methods 
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 and 
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 parame­ 
ters appearing in the equations that descriH 
these processes, and (3) the treatment of tH 
complexity inherent in field settings. A rrrilti- 
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.

An Overview of Unsaturated-Row Theory as Applied to the Phenomena of Infiltration and Drainage 87



A. B.

LLI

-1

LLI 
00
Wor
LLI
I- o 
LLI -2

i
LLI 
Q

-3

04-19-91 04-10-91 04-05-91 
x. x

-90 -45 0 

MATRIC PRESSURE, IN KILOPASCALS

LLI 
O

LLor

o 
uJ-2
00

or
LLI 

LLI

? -3

i
LLI 
Q

a a n

a a a miu
a a a aa i

a ana 

anw a

am r

I a ffi

-90 -45 0 

MATRIC PRESSURE, IN KILOPASCALS

Figure 21 . Attenuation with depth of temporal variations in matric pressures beneath uncultivated fields 
near Merced, California, 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 Mcxtesto 
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 mr*ric 
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 horizon.
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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 (9) and 
matric potential (*F). 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 6 -*F 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 6 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 3x10~8 cm/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 wkMy 
used technique of computing K(6) from 
6 (*F) 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 recharge 
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 and 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 vith 
centrifugal replacing gravitational force. The 
matric potential gradient can be negligible 
compared to centrifugal force at high speeds, 
but it can essentially cancel the cenrrifugd 
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 otHrs, 
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 values 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 in*iltra- 
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 Ksat (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 lee st 
for the drying direction and the wet portion of 
the range, reasonably produce the 0 (H*) data 
needed for modeling transient flow near shal­ 
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 *F value of the measurerra,nt 
sequence. Computer-controlled regulators 
permit succeeding *F 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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Figure 23. Submersible pressure outflow cells 
(near bottom), submerged in a water bath during 
moisture retention measurements. Water in the 
pores of the sample inside the cell equilibrates with 
the water pressure in the bath through a porous 
disk on the underside of the cell. Each cell hangs 
from a hook connected to an electronic balance 
that determines the weight used to compute water 
content. To establish each desired M* value, air at 
a controlled pressure enters the submersible pres­ 
sure outflow cell through a 1.57-millimeter-diame­ 
ter coiled polyethylene tube that negligibly 
influences the measured weight.

Even with efficient measuring tech­ 
niques, it is often necessary to apply theoreti­ 
cal developments that can extend the data 
beyond what was measured. For the case 
where the low-water content range is impor­ 
tant but only high-6 data are available, a 
model of Rossi and Nimmo (1994), designed 
to realistically represent the entire 0 (¥) rela­

tion from saturation to oven-dryness, can 
extrapolate to the range of interest. For the 
case where hysteretic 0 (H*) relations are 
important but the wetting data are difficult to 
measure, the semiempirical model of Nimmo 
(1992) can produce a complete wetting curve 
based on a drying curve and two measured 
points on the wetting curve.

Selected Results and Interpretation

In measurements on core samples from 
a site in the Palouse region of southeastern 
Washington, the SSCM has produced mea­ 
surements (fig. 24) that can be interpreted as 
recharge rate indications (Nimmo and others, 
1994). Water contents and textural measure-

0.25 0.30 0.351 0.40 10.45 
6f(Ridge 18.2 meters) 6f (Swale 4.4 meters)

WATER CONTENT. 
IN CUBIC METERS WATER PER CUBIC METERS

Figure 24. Unsaturated hydraulic conductivity by 
two different methods versus water content for 
samples from two locations (ridgetop and nearby 
swale) at the Palouse site. Reading off the steady 
state centrifuge method K values corresponding to 
the field water contents of the samples (9 f) indi­ 
cates a recharge rate of about 11 centimeters per 
year in the swale, less than 0.1 centimeter per year 
on the ridge. The steep slope of the ridge K(0) 
curves highlights the need for accurate measure­ 
ments; use of the less accurate one-step outflow 
results would produce a recharge estimate orders 
of magnitude greater.
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merits suggest that the samples were taken 
from zones of constant downward flow, as 
required for the interpretation of recharge 
rates from K(6) 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 Ksat results suggest an upper limit for 
the sensitivity of the K( 6) measurements to 
compaction.

Results of 6 (*¥ ) measurements by the 
SPOC method on core samples from the 
Idaho National Engineering Laboratory (Fha- 
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 undisturbed 
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 25. Falling-head centrifuge measure­ 
ments of saturated hydraulic conductivity (K^t), 
and compressive strain (fractional change in 
sample height L), as a function of the centrifugal 
body force. Results quantify the decline in K^ 
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.

INEL: Simulated waste trench
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Figure 26. Moisture retention drying curves for sam­ 
ples from five depths in a simulated waste pit at the 
Idaho National Engineering Laboratory (INEL) and 
from the same depths in the adjacent undisturbed 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. Jn 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(9) 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 ME1IA
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 distinc4: 
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 techniques 
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 chloride 
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 assume 
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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Identification 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 
is 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. Fa- 
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 plausibly 
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 and 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 apparent
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WELL COMPLETED IN THE SNAKE RIVER PLAIN AQUIFER-Upper entry is 
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CFC-11 and CFC-12, respectively, corresponding in this example to 1955 
and 1952. Recharge dates were calculated from the elevation of the well 
above sea level and a recharge temperature of 10 degrees Celsius. "C" 
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able dates. "-" indicates date not determined
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CFC DETERMINATION-Entry is local well identifier

Figure 27. Location of selected wells and piezometers, Idaho National Engineering Laboratory and 
vicinity
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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

Piezometer

GIN- 19

GIN-19

GIN- 19

Gin-19

Gin-9

GIN-9

GIN-9

Air

Depth 
(meters)

3.0

31.7

41.1

57.6

3.0

16.5

24.4

 

CFC-11

279

116

80

19

275

131

157

273

CFC-12

492

269

207

137

492

305

274

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

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

The dry wells were installed to allov 
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 thrc 'igh 
the unsaturated zone. During runoff frorr 
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 collected 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 unsaturc ted
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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 
number

USG1

USG86

USGS8

Arco City Park # 2

USGS 23

Ruby Farms

McKinney

P&W2

USGS 26

USGS 18

USGS 27

USGS 100

CFC-11 
model age

1964

1977

1965

1974

1973

1964

1986

1987

1964

1955

1960

1968

CFC-12 
model age

1964

1978

1978

1974

1974

1962

1988

1986

1962

1952

1958

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 installed 
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 tracer 
concentrations between the two wells. 
Instead, there was no noticeable difference in 
the overall distribution of chemical constitu­ 
ents between the sites.

Median or mean major ion chemistry 
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 pressure 
extraction, in most of the major ions than
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Amargosa Valley 
(formerly Lathrop Wells)

Base from U.S. Geological Survey 
1:250,000, Death Valley, California: 
Nevada, 1970 10 KILOMETERS

10 MILES

Figure 28. General location of ground water, ephemeral dry-well water, and unsaturated zone residual 
moisture sampling at the Nevada Test Site and vicinity.
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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

Water source Calcium Magnesium Sodium Sulfate Chloride Alkalinity

Dry wells

Ground water

Residual moisture

0.7

.6

4.6

0.2

.03

1.5

0.8

22

1.8

0.7

.4

2.5

0.2

.2

4.0

0.3

1.3

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 
36Cl 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 36C1 bomb-pulse method for esi- 
mating deep percolation uses as a tracer the 
relatively large amount of 36C1 that was intro­ 
duced into the atmosphere by nuclear-bomb 
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 36C1 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-per­ 
colation rate at a site. Actual deep-percola­ 
tion may be less than this limit because seme 
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 36C1, that all chloride is dissolved in soil 
water, and that all water and chloride at the 
same depth move at the same rate (so-called 
piston flow).

Allison and Hughes (1978) demon­ 
strated the use of a chloride mass-balance 
method for estimating local long-term dee^)- 
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 \vhicl 
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, qw, at any depth is 
estimated as:

Cl w (2)

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

Cl

, is calculated

(3)

where q36 is the natural rate of production 
of 36C1 in the atmosphere (about 22.5 atoms 
per square meter per second at the latitude of 
Hanford; Bentley and others, 1986), and (36C1/ 
Cl) is the ratio of 36C1 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 qCJ .

Data for estimating percolation rates 
by the mass-balance method were 
obtained by collecting and analyzing soil 
samples from numerous depths down to 
50 m in 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/C1) were determined only in sam­ 
ples from 4 of the 13 test holes.

The soils on areas F01 and F02 consist 
of more than 4 m of silt loam. On areas C01, 
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 36C1 bomb-pulse methoc1 
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 36C1 from the bomb tests at 
these three locations ranged from 1.06 to 1.52 
m (see table 10 and the example on fig. 30). 
The amount of bomb 36C1 in the soil at tb^se 
three locations (1.1 to 2.8xl0 12 atoms/m2) 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 with 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 36C1 at B19 is deeper than 5 m, 
and that the estimated upper limit of deer: per­ 
colation will be more than 8 mm/yr.

The atmospheric chloride flux that is
^f\

estimated from (Cl /Cl) ratios ranges frcm 
48 to 57 (mg/m2)/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 (F01 and F02) 
tend to be less than those in the other three 
areas (C01, C03 and C04). Estimated rates in 
the area with only sparse grass (C02) range 
from 0.48 to 2.4 mm/yr and are more than 
rates estimated in areas with sagebrush. Esti­ 
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

*!£ ^ ^\

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

Sampling area 
and test-hole

identifiers Na£ral 
(CL^/Cl)

Area

F01

F01

F02

F02

C01

C01

C03

C03

ratio J 

Hole

T01

T02 735xlO- 15

T03 854xlO-15

T04

BIO

B12

B17

B18

Amount of Depth to Atmospheric 
bomb ^Cl centroid of Cl flux 
(atoms/m2) bomb ^Cl (m) [(mg/m2)/yr]

57

2.8xl012 1.37 57

1.6xl0 12 1.06 49

49

48

48

48

48

Chloride 
concentra­ 

tion 2 (mg/L)

3,100

5,000

1,400

320

760

1,600

520

110

Deep percolation by 
indicated method 

(mm/yr)

Mass 
balance

0.018

0.011

0.035

0.15

0.063

0.030

0.092

0.44

Bomb- 
prjlse

 

<3.9

<2.5

 

 

 

 

_

C04 B20 876xlO- 15 l.lxlO12 1.52 48 2,700 0.018 <2.8

C02

C02

C02

C02

B14

B15

B16

B19 a a >5

48

48

48

48

100

20

35

27

0.48

2.4

1.4

1.8

 

 

 

a

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

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 (C1361/CI) ratio is a maximum is 
less than the depth to the centroid of bomb 
36C1, 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. Payer

Introduction

Prediction of water flow in the vadose 
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 wa- 
can predict water flow (as both liquid and 
vapor) in the vadose zone, since water is the 
dominant agent for carrying radionuclide? 
and other contaminants from buried waste? 
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.

108 Measured and Predicted Water Row in the Vadose Zone at the Hanford Site



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 18m. 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 (Payer and others, 1992; Payer 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 (Payer 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 now in 
the simulations. When water vapor flow vas 
included in the model and ten separate 1-yr 
simulations were run (using various comb; na­ 
tions of selected hydraulic parameters) drain­ 
age was underpredicted by as much as 30 
percent. In contrast, when vapor flow was1 
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 (Payer 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 the t 
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 tumble weed (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 (Payer and others, 1992; Payer 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 nonirrigatec1 
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 needed 
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 RESULTS 
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 199S 
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 assumed 
negligible. The numerous processes and inter­ 
acting factors affecting water movement at 
arid sites, however, are not well understood 
(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 115m below land

surface (Fischer, 1992, p. 6). The alluvium- 
derived soils are horizontally stratified and 
the strata differ greatly in particle-size distri­ 
bution and cohesiveness (Andraski, 1991). 
Vegetation is sparse and creosote bush (Lar- 
rea trideutatti), an evergreen shrub, is the 
dominant species. The rooting depth of c~eo- 
sote bush closely corresponds with the de^th 
of penetrating moisture (Wallace and Rori- 
ney, 1972). Soil-water-monitoring and chlo­ 
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 devel­ 
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 ranged 
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 13m, 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. Lit­ 
tle is known, however, about how, or to what 
degree, a natural site environment is altered 
by construction of a waste-disposal facility.
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Field Experiment

Four treatments were evaluated adjacent 
to the burial facility: an undisturbed, 
vegetated soil profile; an undisturbed soil 
profile where vegetation was removed; and 
two unvegetated test trenches. The 
undisturbed site was established in 1983 
(Fischer, 1992). The undisturbed soil and 
unvegetated trench sites (fig. 31) were 
established in September 1987 (Andraski, 
1990). The small-scale test trenches were 
constructed to simulate those of the burial 
facility. The trench backfill and cover 
material is a homogeneous mixture of 
previously excavated soil.

Soil-water storage and potential were 
measured with a neutron probe and 
psychrometers, respectively. Storage 
measurements were made monthly and in 
response to precipitation. Concurrent storage 
monitoring of the test trenches and vegetated 
soil began in October 1987; continual 
monitoring of the unvegetated soil began in 
September 1988. The initial storage value for

unvegetated soil was estimated from soil 
samples collected when vegetation was 
removed. Initial storage values (for 0- to 
1.25-m depth) were 54 mm, vegetated soil; 
51 mm, unvegetated soil; 56 mm, east trench; 
and 42 mm, west trench. Concurrent 
monitoring of daily soil-water potentials 
began in April 1988. Runoff was assumed 
negligible.

Initial Results of Investigation

Initial results from the simulated trench 
studies near Beatty, Nevada, demonstrate that 
the interactive effects of soils and vegetation 
are important in determining the soil-water 
balance and potential for deep percolation at 
an arid site. Disturbances caused by construc­ 
tion of burial trenches and removal of native 
vegetation have significantly altered the natu­ 
ral water balance. Precipitation and cumula­ 
tive changes in soil-water storage greatly 
varied during the first year following trench 
construction (fig. 32). Total precipitation was 
160 mm (154 percent of average), with

Surface gravel

Loamy sand

Gravelly sand

Gravelly sandy loam 

Cobbly sand

East trench
, Backfill: gravelly loamy sand 

:v Unvegetated soil s-
West trench

15 FEET

0 5 METERS

EXPLANATION 

Soil-filled drum   Thermocouple psychrometers

Neutron-probe access tube

Figure 31. Schematic cross section showing instrumentation and lithology of unvegetated soil and test 
trenches.
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100 mm measured by March 1988 (Wood and 
Fischer, 1992; Wood and others, 1992). 
Between October 1987 and March 1988, 
water depletion for vegetated soil was about 
30 percent less than that for the east and west 
trenches. As a result, by March 1, 1988, the 
cumulative change in storage was greater for 
vegetated soil than for either of the trenches 
(fig. 33). Between March 1 and June 20, 
1988, however, water depletion for vegetated 
soil was 109 and 73 percent greater than that 
for the east and west trenches, respectively. 
By June 20, 1988, cumulative change in stor­ 
age was less for vegetated soil than for either 
of the trenches (fig. 33).

During March to June 20, 1988, 
depletion rates for vegetated soil averaged 
0.6 mm/d compared to 0.3 mm/d for the east 
trench and 0.4 mm/d for the west trench. The 
average depletion rate observed for vegetated 
soil at the Beatty site during the spring was 
the same as that measured by lysimetry in a 
study of creosote bush near Tucson, Arizona 
(Sammis and Gay, 1979). In their 1-yr study, 
Sammis and Gay also compared depletion 
rates for vegetated and bare soil using neu­ 
tron-probe data, but, in contrast to the Beatty 
findings and those from studies near Las

50 
CO
cc
LU
h- 
LU

1 40

5
z

UJ 
O

cc 
Oh- 
co

Ul 
O

I
O 
Ul

ID 
O

^^| Vegetated soil 

I I Unvegetated soil 

^^| East trench 

West trench

30

20

10

-10
March 1,1988 June 20,1988 Nov. 21,1988 Sept. 21,1989 Sept. 21,1990

Figure 33. Cumulative change in soil-water storage (0 to 1.25-meter depth) for selected dates relative to 
initial values for vegetated soil and unvegetated trenches (October 1987) and for unvegetated soil (Sep­ 
tember 1987). Note: No measurements were made for unvegetated soil in March and June 1988. For 
each date, storage-change values labeled with same letter are not significantly different at 0.10 probability 
level as determined by Fischer's least-significant-different test (Steel and Torrie, 1980, p. 176); storage- 
change values labeled with different letters are significantly different.
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Cruces, New Mexico (Gee and others, 1994), 
little difference was observed between vege­ 
tated and unvegetated soil at the Arizona site.

By November 21, 1988 (soon after the 
"wet" period), cumulative change in storage 
for vegetated soil decreased to -1 mm. This 
value was significantly less than storage val­ 
ues observed for each of the three disturbed 
sites (fig. 33).

Precipitation decreased to 14 mm in 
1989 and was 32 mm in 1990, resulting in fur­ 
ther decreases in soil-water storage (fig. 32). 
Even after these two extremely dry years, 
however, cumulative changes in storage for 
the disturbed sites remained high and values 
were significantly greater than those for vege­ 
tated soil (fig. 33).

The greater increases in storage often 
observed for vegetated and unvegetated soil 
immediately following precipitation are due 
to the natural structure of the undisturbed soil, 
which result in more rapid percolation and 
concomitantly smaller evaporative losses 
from near-surface soil. Soil-water potential 
data from depths of 0.6 m (vegetated soil) and 
0.75 m (unvegetated soil and trenches) illus­ 
trate some of the differences in the rates and 
depths of percolation among the four treat­ 
ments (fig. 34). Rapid percolation for undis­ 
turbed soil resulted in high soil-water 
potentials during spring 1988; potentials for 
the east trench show the wetting front did not 
reach the 0.75-m depth until June 1988; and 
potentials for the west trench show the wet-
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ting front did not reach the 0.75-m depth dur­ 
ing 1988-90. Differences between the 
trenches were due to the greater quantity of 
rock fragments at the surface of the east 
trench (0.45 kg/kg) in comparison with the 
west trench (0.23 kg/kg), which retarded evap­ 
oration and enhanced internal drainage. For 
undisturbed soil, although water potentials 
were relatively high during the spring of 
1988, the textural change from gravelly 
loamy sand to gravelly sand at about 0.75 to 
1 m deep, impeded continued downward per­ 
colation. (During 1988-90 water potentials 
for unvegetated soil at the 1.85-m depth var­ 
ied seasonally from -2.5 to -7 MPa.)

Vegetation had a substantial effect on 
depletion of water accumulated in the root 
zone. Soil-water potentials for vegetated soil 
showed large decreases during 1988 and 1989 
(fig. 34); the timing of these decreases closely 
corresponded with decreases measured for 
soil-water storage (fig. 32). In contrast, for 
both the unvegetated soil and the east trench, 
the range of soil-water potentials at the 0.75- 
m depth during the first year of the study gen­ 
erally persisted through 1990.

Application To Arid-Site Waste 
Disposal

The near-surface properties of undis­ 
turbed soil result in more rapid percolation 
and smaller evaporative losses than observed 
for the trenches. The stratified alluvial soil 
impeded the continued downward flow of 
water and where plants were present, accumu­ 
lated water was rapidly depleted. In the 
absence of vegetation, water storage values 
for undisturbed soil and trench backfill 
remained elevated, thereby increasing the

quantity of water available for deep percola­ 
tion. Unlike the natural soil profile, however, 
the homogeneous trench backfill provides no 
stratification to impede continued downward 
flow of water.

The results presented in this paper also 
illustrate the episodic precipitation patterns 
common to arid regions and show the impor­ 
tance of multiple-year studies for evaluating 
the processes and factors controlling water 
movement at arid sites. The magnitudes of 
the soil and vegetation effects were observed 
to vary greatly in response to seasonal and 
annual climatic changes. Even under condi­ 
tions of extreme aridity (206 mm of precipita­ 
tion in 3.3 yr), however, the effects of 
disturbance on the soil-water balance 
remained evident.

The interactive effects of climate, soils, 
and vegetation are important in determining 
the soil-water balance and potential for deep 
percolation at an arid site. Disturbances 
caused by construction of burial trenches and 
removal of native vegetation can markedly 
alter the natural water balance. Consideration 
of such alterations is necessary in the siting 
and design of disposal systems and also in 
predicting the effectiveness of proposed sites 
and facilities for long-term waste isolation.
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A FIELD STUDY FOR EVALUATING 
UNSATURATED ZONE FLOW AND 
TRANSPORT MODELS
By P.J. Wierenga, R.G. Hills, 
M.H. Young and J. Vinson

Introduction

Prediction of water flow and chemical 
transport from disposal areas generally 
requires the use of computer models. Numeri­ 
cal models have been developed for predict­ 
ing water flow and solute transport in 
saturated or unsaturated soil systems. Due to 
the lack of sufficient field data, the validity of 
these models, especially as applied to dry 
soils on the field scale, has not been tested 
adequately. During the past 15 years, stochas­ 
tic models for the prediction of water flow 
and chemical transport have received much 
interest (Russo and Bresler, 1981; Dagan and 
Bresler, 1979; Mantoglou and Gelhar, 1987). 
This interest resulted from the extensive vari­ 
ability in soil physical properties observed in 
the field. Unfortunately, in order to use sto­ 
chastic models, statistical information on the 
hydraulic properties, such as the mean, vari­ 
ance, and correlation length, is required. 
Few data sets are available which include 
information on the statistical distribution and 
spatial dependence of the important hydraulic 
properties.

The Las Cruces Trench study was 
designed to develop a data base for testing 
deterministic and stochastic flow and trans­ 
port models. A detailed field experiment was 
designed, in cooperation with Dr. Lynn Gel­ 
har, Massachusetts Institute of Technology, 
and Dr. Glendon Gee, Battelle Pacific North­ 
west Laboratories, to study the movement of 
water containing a chemical tracer through an 
initially dry, spatially variable soil. Efforts 
were made to characterize the soil at the 
experimental site in sufficient detail so that

deterministic and stochastic models for the 
hydraulic properties could be estimated.

In this paper, we provide an introduc­ 
tion to the characterization efforts and to the 
three experiments conducted at the site. The 
experimental methods used to characterize 
and monitor the site are described, and some 
of the experimental results on water flow 
obtained during the early phases of the 
dynamic experiment will be presented. A 
comparison of several models applied to the 
data is presented by Hills and Wierenga 
(these proceedings) in the paper following 
this presentation.

Methods and Materials

Site Description and Characterization

Much of the information in this report 
can be found in previously published reports 
and journal articles (Wierenga and others, 
1989; Wierenga and others, 1990; Wierenga 
and others, 1991; Hills and others, 1991). A 
summary of this information is given below.

The experimental site is located on the 
New Mexico State University College Ranch, 
about 40 kilometers northwest of Las Cruces, 
New Mexico. The site is on a basin slope of 
Mount Summerford at the north end of the 
Dona Ana Mountains. The Dona Ana Moun­ 
tains form a domal uplift complex of younger 
rhyolitic and older andesitic volcanics 
intruded by monzonite. Climate in the region 
is characterized by abundant sunshine, low 
relative humidity and an average Class A pan 
evaporation of 239 cm/yr. Average annual 
precipitation is 23 cm.

A 26.4 m long by 4.8 m wide by 6.0 m 
deep trench was constructed in the undis­ 
turbed soil to provide horizontal access to an 
irrigated plot and to provide soil samples. A 
4 m by 9 m area was selected on the south 
side of the trench (fig. 35) for controlled appli­ 
cation of water containing a tracer. After
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excavation of the trench, nine soil layers were 
identified based on the observed morphologi­ 
cal horizons on the west wall of the trench 
and on the hydraulic properties of each layer.

The average bulk density for the nine 
layers ranges from 1.66 to 1.74 g/cm3 Aver­ 
age CaCO3 content ranges from 1.4 percent in 
the top layer to 22.6 percent in the eighth 
layer. The average coarse fraction ranges 
from 19.5 percent in layer 3 to 34.6 percent in 
layer 9. The results of the particle size analy­ 
sis of the 50 soil samples taken from each 
layer indicate that the soils are sands, sandy 
loams, loamy sands, and sandy clay loams. 
Layers 2, 3, 4, 6, 8, and 9 show evidence of 
carbonate accumulation. There are various 
buried channels visible along the trench

walls. The soil in these buried channels 
(arroyos) have no structure and the texture is 
gravelly sandy loam.

During construction of the trench, a 
total of 50 undisturbed core samples and 50 
disturbed soil samples were collected from 
each of the 9 layers. The samples were col­ 
lected along the north wall of the trench at 
0.5 m intervals (in the horizontal direction). 
The sampling depths for the center of the soil 
core samples were 0.11, 0.71, 1.51, 2.16, 
2.70, 3.20, 3.98, 4.89, and 5.79 m. The undis­ 
turbed soil core samples were collected in 7.6 
cm inside diameter by 7.6 cm long aluminum 
rings. Each disturbed soil sample consisted 
of approximately 425 g of loose soil. Cores 
and disturbed soil samples also were collected

4.8m ~]

i 

2e

^

L

1.4 m 

4.0m

r

Plotl
* 

o

  "1
lU* * * 1
$%%;t&&, :£j;

MM* ., 1
O

 

A A m***^    9.0 m     * 

X
i

  
  
 ^^""""T"
  
 

^      12.0m      >-

1.22m

1

1 

Plot 2

[^ Covered Trench 6.0 m Deep 

III Irrigated Areas

  Neutron Access Tube 6.0 m Deep 

o Neutron Access Tube 1 .5 m Deep

Figure 35. Overview of trench with locations of plots 1 and 2.

120 A Field Study for Evaluating Unsaturated Zone Flow and Transport Models



at approximately 13 cm depth intervals to a 
depth of 6.1 m in the vertical direction at 
three locations along the length of the 
trench. Altogether, a total of 594 soil cores 
and 594 disturbed soil samples were taken to 
the laboratory for the estimation of their bulk 
density, saturated hydraulic conductivity and 
the soil-water retention curve.

The saturated hydraulic conductivity of 
the soil was determined in situ with the 
Guelph permeameter method (Reynolds and 
Elrick, 1985). Holes 10 cm diameter by 15 
cm deep were drilled in the undisturbed soil 
30 cm to the side of each location where core 
samples were collected (50 per soil layer 
spaced 0.5 m apart for each of the 9 soil lay­ 
ers) along the north trench wall. Using the 
Guelph permeameter, a constant water level 
was maintained in each hole and the rate of 
flow into each hole was measured. The 
results from these measurements are pre­ 
sented in Wierenga and others (1989) and dis­ 
cussed by Nicholson and others (1987).

The saturated hydraulic conductivity of 
each core also was measured by applying a 
constant head differential across the cores and 
measuring the outflow using the method of 
Elrick and others (1980). The wet range of 
the soil water retention curves was deter­ 
mined by placing the saturated cores from 
each location into pressure boxes, subjecting 
them to differential pressures of 10, 20,40, 
80, 120, 200, and 300 mbar, and measuring 
the total outflow at each differential pressure. 
Once outflow ceased at 300 mbar pressure, 
the cores were oven dried at 105 °C for at 
least 7 days and the bulk density and water 
contents determined. The disturbed soil sam­ 
ples from each location were sieved and air- 
dried and used with a standard pressure plate 
apparatus (Soil Moisture Equipment Co., 
Santa Barbara, California) to determine soil- 
water retention data in the 1 to 15 bar (dry) 
range. The water retention data were fit to

van Genuchten's water-retention model for 
each core location. This model for water 
retention is given by (van Genuchten, 1980).

0-0
s = __£

e 0 -0
1

m= -

(4)

(5)

where 0, 0r , and 0S are the volumetric water 
content, residual water content, and saturated 
water content, respectively; h is tension, a 
and n are the parameters to be estimated. 0r 
was set to the measured 15 bar water content 
value and 0S was set to the gravimetrically 
measured value for each sample location. 
Given estimates of the parameters in equa­ 
tion (1) and laboratory estimates of the satu­ 
rated hydraulic conductivity, Ks, at each 
location, Mualem's model (Mualem, 1976), as 
simplified by van Genuchten (1980), was 
used to predict the unsaturated hydraulic con­ 
ductivity as a function of water content for 
each location.

K = KsSe (6)

Three infiltration experiments were con­ 
ducted at the site. Experiment 1 was con­ 
ducted on the south side of the trench, while 
experiments 2 and 2b were conducted on the 
north side of the trench (fig. 34). Water from 
a nearby well was applied through a closely 
spaced grid of drip emitters (approximately 
0.30 m x 0.15 m) connected to header pipes, 
and a precisely regulated water-supply sys­ 
tem. The amount of water applied was 
measured with flow meters, and also volumet- 
rically. During tracer application, the water- 
supply system was connected to a tank hold­ 
ing well water spiked with the tracer. Visual 
inspection of the drip system showed no sur-
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Table 11 . Experimental conditions
[cm, centimeters; m, meters]

Experiment 1

Experiment 2

Experiment 2b

Surface area 
m x m

4.0 x 9.0

1.2x12.0

1.2x12.0

Flux
cm/day

1.82

0.43

1.82

Duration 
days

86.0

75.5

70.0

Tracers

3H,

3H,Br

3H, Br', Cr, B, 
PFBA, DFBA

face ponding during water application. The 
irrigated and surrounding areas were covered 
by a pond liner to inhibit evaporation from 
the surface and to prevent infiltration of 
rainwater.

Neutron probes and tensiometers were 
used to measure water contents and tensions. 
Neutron probe access tubes were installed ver­ 
tically down to a maximum depth of 6 m 
(fig. 35). The water contents of the soil 
removed during probe installation were mea­ 
sured gravimetrically, and their values used 
for probe calibration.

Tensiometers were installed through the 
trench face such that the porous cup of each 
tensiometer was inserted 50 cm, with an 
incline of 10 degrees from the horizontal, into 
the formation. The locations of the tensiome­ 
ters used in experiment 2 are shown in 
figure 36. Tensions were measured daily 
through a septum stopper at the exposed end 
of each tensiometer with a hand held pressure 
transducer (Soil Measurement Systems, 7344 
N. Oracle Road, Suite 170, Tucson, Arizona), 
after the wetting front had reached the tensi­ 
ometer. Earlier readings have been unreliable 
due to the very dry initial conditions and the 
associated high tensions.

Soil solution samplers also were 
installed in a grid pattern through the trench 
wall in the same manner as the tensiometers 
(fig. 36). Once the water front had reached

the samplers, a constant vacuum of approxi­ 
mately 200 mbar was applied to the samplers 
to collect soil solution samples for laboratory 
analysis. Soil cores were collected in plot 2 
before and after experiment 2b. The bore­ 
holes were drilled to the 6.3 m depth after 
infiltration experiment 2b, along two transects 
perpendicular to plot 2, 5 and 9 m, respec­ 
tively, from the trench face.

Results and Discussion

Figure 37 is an example of the data 
obtained from experiment 1. This figure 
shows the advance of the wetting front during 
irrigation of the 4 m wide by 9 m deep plot. 
The advance of the wetting front could 
readily be observed on the trench wall from 
the change in soil color due to wetting of the 
initially dry soil. The data in this figure show 
a fairly symmetrical, nearly semi-circular 
infiltration front after 34 days of water appli­ 
cation. On day 50, when the front reached 
the 5.3 m depth, horizontal spreading near the 
surface was 1 m to the right, and 0.75 m to 
the left of the irrigated area. The advance of 
the wetting front also was evident from neu­ 
tron probe and tensiometer readings 
(Wierenga and others, 1991). A simple one- 
dimensional model compared measured and 
predicted advances of wetting fronts and 
showed that model predictions lagged behind
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Figure 37. Advance of wetting front as observed on trench wall during irrigation of plot 1.

neutron probe measured fronts. However, 
predicted fronts tended to be ahead of those 
observed visually and inferred from the 
tensiometers.

Figures 38 and 39 show changes in 
water content on day 73 of experiment 2b. 
Figure 38 shows water content differences 
parallel to the trench face and perpendicular 
to the face at 2 m distance. Figure 39 also 
shows differences at 6 m and 10 m distances 
from the trench face. The differences in 
water content were obtained by subtracting 
initial water contents measured on day 0 from

the water contents measured at each point on 
day 73. Unlike actual water content distribu­ 
tions, which are rather irregular due to the 
variability in water-retention properties across 
the measurement area (Hills and Wierenga, 
these proceedings), water content changes 
show a more consistent pattern. This is 
because water-retention curves for this soil 
have a similar shape, and thus addition of a 
given amount of water causes a similar 
increase in water content, even though the ini­ 
tial amount of water present may be quite dif­ 
ferent. The tracer distributions (not shown
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Figure 38. Increases in water contents measured 73 days after start of irrigation on plot 2, for experiment 
2b. Top half; water content differences perpendicular to trench wall. Bottom half; water content differ­ 
ences at 2 meters distance and parallel to trench face.
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Figure 39. Increases in water contents measured 73 days after start of irrigation on plot 2, for experi­ 
ment 2b, at 6 meters (top half) and 10 meters (bottom half) from trench face. The squares indicate miss­ 
ing values.
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here) obtained from soil coring are also rela­ 
tively consistent in shape. This indicates that 
preferential flow in this soil, under these 
experimental conditions, was not that impor­ 
tant. The probable reason for the lack of pref­ 
erential flow is that the relatively low degree 
of saturation during water application 
(<50 percent) and the high tensions 
(>50 mbar) appear to favor more uniform 
flow patterns through the soil.

A more complete report on water and 
tracer movement during experiment 2b is 
being prepared. The data from experiments 
1 and 2a are available and can be transferred 
from a computer database in Las Cruces 
using Internet.

Summary

Experiments at the Las Cruces trench 
site have provided an extensive data set, 
which may be used to test computer models 
for predicting water flow and solute transport 
through unsaturated soil. The data set is rela­ 
tively complete with respect to initial condi­ 
tions, boundary conditions, soil hydraulic 
properties, water content data and solute con­ 
centration measurements. The extensive 
cooperation between experimentalists and 
modelers in the design and execution of these 
experiments has led to a much improved 
model testing effort.
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ANALYSIS OF UNSATURATED FLOW 
AND TRANSPORT MODELS
By R.G. Hills and P.J. Wierenga

Introduction

Three field experiments have been per­ 
formed by scientists from the University of 
Arizona and New Mexico State University at 
the Las Cruces Trench Site to provide data to 
test deterministic and stochastic models for 
water flow and solute transport. These experi­ 
ments were performed in collaboration with 
INTRAVAL, which is an international effort 
toward the validation of geosphere models for 
the transport of radionuclides. INTRAVAL 
was initiated by the Swedish Nuclear Power 
Inspectorate. During Phase I of INTRAVAL, 
qualitative comparisons between experimen­ 
tal data from the first two experiments (the 
plot 1 and 2a experiments) and model predic­ 
tions were made through side by side compari-
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sons of contour plots of water contents and 
solute concentrations. The third Las Cruces 
Trench experiment (the plot 2b experiment) 
was designed by scientists from the Univer­ 
sity of Arizona and New Mexico State Univer­ 
sity to provide data for more rigorous model 
testing. Modelers from the various organiza­ 
tions provided predictions of water flow and 
solute transport to New Mexico State Univer­ 
sity for analysis. This paper presents a brief 
overview of the model testing procedures and 
preliminary results for the plot 2b experiment.

The Plot 2b Experiment

The plot 2b experiment used the same 
irrigation system and an expanded version of 
the monitoring systems that were used during 
the plot 2a experiment (Wierenga and others, 
these proceedings). Different water applica­ 
tion rates and different initial conditions were 
used. The irrigated area was 1.22 m by 12 m 
with an average water application rate of 1.82 
cm/d during the 70 day irrigation period. 
Chromium, boron, and PFBA were applied 
during the first 15 days of irrigation with tri­ 
tium, bromide, and DFBA applied during 
days 29 through 44. Detailed descriptions of 
the experimental procedures used for site 
characterization and the previous experiments 
are provided in Wierenga and others (1989, 
1990). An overview of the plot 2b experi­ 
ment and the associated model testing plan is 
provided in Hills and Wierenga (1991).

The Models

Water content predictions for the plot 
2b experiment were provided by the Center 
for Nuclear Waste Regulatory Analysis, Mas­ 
sachusetts Institute of Technology (MIT), 
New Mexico State University, Pacific North­ 
west Laboratory, and the Bureau of Economic 
Geology at the University of Texas at Austin. 
Solute transport predictions were provided by

New Mexico State University and Pacific 
Northwest Laboratory. All models for water 
flow were either based on, or reduced to Rich­ 
ards' equation when applied to the plot 2b 
experiment. With the exception of the MIT 
model, the van Genuchten (1980) or modified 
van Genuchten models were used for the 
water retention and unsaturated hydraulic con­ 
ductivity curves. The convection/dispersion 
equation was used to model solute transport. 
A summary of the corresponding soil models 
is provided in table 12.

The predicted data were compared to 
the experimental data using both point quanti­ 
ties and integrated quantities. The following 
point quantities were compared:

1. Contour plots of observations versus 
predictions for water contents and solute 
concentrations.

2. Scatter plots of observations versus 
predictions for water contents and solute 
concentrations.

3. First arrival times of the water and solute 
plumes as a function of depth.

The following integrated quantities 
were compared:

1. First and second moments of the water 
and tritium plumes were evaluated as a 
function of time.

2. The normalized change in total water 
volume below each of the z = 0, 1,..., 5 m 
horizontal planes were evaluated as a 
function of time. The observed changes 
in water volume below a horizontal plane 
is a good estimate of the water that passed 
through that plane while the plume 
remains fully observable. The changes in 
the sum of relative tritium concentrations
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Table 12. Modeling of the plot 2b experiment

[BEG, Bureau of Economic Geology, the University of Texas at Austin; CNWRA, Center for Nuclear Waste Regulatory Analysis, Southwest 

Research Institute; MIT, Massachusetts Institute of Technology; NMSU, New Mexico State University; PNL, Pacific Northwest Laboratory]

Group Model Comments

BEG BEG1

CNWRA CNWRA1

MIT MIT1

NMSU

PNL

NMSU1
NMSU2- 
NMSU5

PNL1

PNL2

PNL3

PNL4

Modeled 2-D, uniform, isotropic soil

Modeled heterogeneous, isotropic soil in 2-D using trench face characteri/ation

Modeled soil using 3-D effective media stochastic property models in a 2-D 
simulation

Modeled soil as homogeneous, isotropic in 2-D
Sampled 4 heterogeneous realizations from the observed properly field along
trench face and modeled in 2-D

Modeled soil as homogeneous, anisotropic in 2-D using modified van 
Genuchten curves

Modeled soil as homogeneous, anisotropic in 2-D using modified van 
Genuchten parameters

Modeled soil as homogeneous, isolropic in 2-D using plot 1 infiltration data for 
calibration

Modeled soil as heterogeneous, isotropic in 2-D using kriged water retention 
parameters and spatially correlated, random realization of the saturated 
conductivity, conditioned on the observed property field along the trench face

below each of the z = 0, 1,..., 5 m 
horizontal planes were also evaluated as a 
function of time.

Here we present only a subset of the 
water flow results. The complete presenta­ 
tion of results are available in NUREG/CR- 
5607 and NUREG/CR-5716.

Results

Contour plots of the day 70 water con­ 
tents for the experiment and several of the 
models are presented in figures 40 and 41. 
Note that the heterogeneous models (PNL4,

NMSU5) show the effects of spatial variabil­ 
ity but do not show as much layering as the 
experiment does.

Scatter plots of the experimental obser­ 
vation versus model predictions for day 70 
are shown in figure 42 for the heterogeneous 
soil model PNL4 and the uniform soil model 
NMSU 1. If a model predicts the experimen­ 
tal data perfectly, all of the data should lie on 
a 45 degree line. Clearly, the effects of spa­ 
tial variability are very pronounced. The 
lower bound for the initial water content is 
given by the residual water content (6r = 
0.0828) for the uniform soil model (NMSU1), 
and the water content behind the wetting front 
tends to be somewhat uniform for this model.
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Figure 40. Volumetric water contents on day 70: Experiment and PNL4 model.
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Figure 41. Volumetric water contents on day 70: NMSU1 and NMSU5 models. 
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As a result, there is a clustering of data 
around the initial conditions and around the 
wetter conditions behind the front. In con­ 
trast, the PNL4 heterogeneous model shows 
less clustering.

Time of first arrival of the water plume 
(defined as the time when the local volumet­ 
ric water content increases by 0.03) as a func­ 
tion of depth is shown in figure 43 for several 
of the models. Note that even though there is 
considerable scatter in the scatter plots of fig­ 
ure 41, the first arrival times of figure 43 
show clear trends. All of the models under 
predicted first arrival times below 4.5 m. 
Thus, none of the models are conservative. 
The most conservative model shown is 
NMSU5. However, this is just one of four 
realizations of the NMSU2-NMSU5 models 
and this realization is based on the property 
field that was taken furthest (approximately 
14 m) from the irrigation centerline. The z 
moments of the water plumes are also shown 
in figure 43. PNL4 over predicts the plume 
movement at latter times while the two 
NMSU models under predict this movement.

Conclusions

As the results presented here indicate, 
there are considerable differences in model 
predictions. Some of the models presented 
were fairly simple and assumed uniform soils 
while others conditioned the soil models on 
spatial heterogeneities observed in the trench 
face. Based on the results presented, several 
preliminary observations can be made.

1. Even though many models were
considered, none of the models stood out 
as clearly superior.

2. Models that perform well by one measure 
may not perform as well by another.

3. Times of first arrivals of the water plume 
were greater for the experiment than for 
any of the models once the plume reached 
4.5 m. This indicates that none of the 
models provided a conservative estimate 
of arrival time. While this was expected 
for the uniform soil models, it was not 
expected for the heterogeneous models.
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CONSIDERATIONS OF SCALE AND 
INFORMATION CONTENT IN 
SUBSURFACE FLOW AND 
TRANSPORT MODELING
By S.P. Neuman and D. Zhang

Introduction

Flow and transport parameters such as 
hydraulic conductivity, seepage velocity, and 
dispersivity have been traditionally viewed as 
well-defined local quantities that can be 
assigned unique values at each point in space 
(and possibly time). Yet in practice these 
parameters can at best be measured at 
selected well locations and depth intervals, 
where their values depend on the scale (sup­ 
port volume) and mode (instruments and pro­ 
cedure) of measurement. Estimating the 
parameters at points where measurements are 
not available entails a random error. Quite 
often, the support of the measurements is 
uncertain and the data are corrupted by experi-
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mental and interpretive errors. These errors 
and uncertainties render the parameters ran­ 
dom and the corresponding flow and transport 
equations stochastic. The stochastic flow and 
transport equations can be solved numerically 
by (conditional) Monte Carlo simulation but 
this may be very demanding computation­ 
ally. Are deterministic flow and transport 
models a viable alternative? We present 
deterministic equations which do offer such 
an alternative by providing optimum predic­ 
tions of flow and transport in light of the 
available data and associated uncertainty. 
These equations differ from traditional deter­ 
ministic flow and transport equations (which 
are therefore not optimal) both in form and in 
the nature of their parameters. The optimal 
equations involve integrals and spatially vary­ 
ing local and nonlocal parameters (the latter 
depending on more than one point in space 
and /or time). The traditional concept of an 
REV (representative elementary volume) is 
neither necessary nor relevant for their valid­ 
ity or application. The parameters are nonu- 
nique in that they depend not only on local 
medium properties but also on the informa­ 
tion one has about these properties (scale, 
location, quantity, and quality of data). 
Darcy's law and Pick's analogy are generally 
not obeyed by the flow and transport predic­ 
tors except in special cases or as approxima­ 
tions. Such approximations yield familiar- 
looking differential equations in which how­ 
ever the hydraulic conductivity, seepage 
velocity, and dispersivity are nonunique, 
information-dependent parameters. We dem­ 
onstrate this dependence by numerical exam­ 
ples of two-dimensional transport. Our 
examples show that the stochastically derived 
deterministic theory provides not only predic­ 
tions of flow and transport, but also measures 
of the associated prediction uncertainty.

Stochastically-Derived Deterministic 
Equations of Flow

Continuum subsurface flow models are 
usually based on the premise that Darcy's law 
applies at each point x in a geologic medium. 
This implies the existence of a hydraulic con­ 
ductivity as a unique function of space, K(x). 
Spatial variations in hydraulic conductivity 
(and porosity) produce spatial fluctuations in 
head, velocity, and solute concentration 
which cannot be predicted with certainty with­ 
out knowing K(x) at each x. In practice, K(x) 
can at best be measured at selected well loca­ 
tions and depth intervals where its values 
depend on the scale (support volume) and 
mode (instruments and procedure) of measure­ 
ment. Quite often, the support of the measure­ 
ments is uncertain and the data are corrupted 
by experimental and interpretive errors. Esti­ 
mating K(x) at points where measurements 
are not available entails an additional random 
error. These errors and uncertainties render 
K(x) random and generally unknown. For 
simplicity, we assume below that all measure­ 
ment of K(x) represent rock samples of equal 
volume (support), ox Let k(x) be a relatively 
smooth and unbiased estimate of K(x) 
obtained from these data by a method such as, 
say, kriging. Then the unknown K(x) differs 
from the known (deterministic) &(x) by a ran­ 
dom error K'(x),

(7)

Though this error is unknown, its mean 
is by definition zero and its spatial covariance 
can often be inferred from the data (Neuman 
and Orr, 1993).

Considerations of Scale and Information Content in Subsurface Flow and Transport Modeling 137



We write Darcy's law as 

q(x) = -K(x)Vh(x) (8)

where q(x) is a flux vector and Vh(x) a 
hydraulic head gradient across a rock volume 
co centered about x. We take h(x) to satisfy 
the steady-state flow equation

V- [K(x)VhW] =0 (9)

subject to the boundary conditions

h (x} = H (x) 

q(x) -n

(10)

(11)

where f(x) is a randomly prescribed source 
function, H(x) is a randomly prescribed head 
function, Q(x) is a randomly prescribed flux 
function, and n(x) is a unit vector normal to 
the boundary, pointing outward. It is most 
important to note that co need not constitute a 
representative elementary volume (an REV) 
for equations (8) - (11) to hold; in fact, an 
REV need not even exist. The only require­ 
ment is that all the quantities which enter into 
these equations be defined and/or measured 
on the same support, co (Baveye and Sposito, 
1985; Neuman, 1987). As K(x) is scale- 
dependent and random, so will be the heads 
and fluxes computed with these equations. In 
other words, equations (8) - (11) constitute a 
system of stochastic equations.

The most straight-forward way to solve 
stochastic differential equations is numeri­ 
cally by (conditional) Monte Carlo simula­ 
tion. A major disadvantage of this approach 
is that it requires much computer time and 
storage. Another disadvantage is that numeri­ 
cal methods provide little if any theoretical 
insight into the nature of the solution. We 
therefore ask: Is a deterministic flow model a

viable alternative? If so, what kind of a deter­ 
ministic model would be appropriate? An 
answer to these questions has been given by 
Neuman and Orr (1993). These authors rec­ 
ognized that the best deterministic predictors 
of the unknown random functions h(x) and 
q(x) are their conditional ensemble means 
(h(x))/. and (q(x)>£, respectively. Here <) des­ 
ignates ensemble mean and the subscript k 
indicates that the mean is conditioned on the 
same K(x) data as those used to obtain the 
estimate k(x). In other words, the conditional 
mean < )k honors all measured values of K(x) 
to within their measurement (and/or interpre­ 
tive) error. This is not so for the uncondi­ 
tional mean < > which is the moment of 
interest in much of the current stochastic 
ground-water literature. Neuman and Orr 
have shown that (h(x)>^ and (q(x))j. satisfy 
exactly the deterministic flow equation

V -

subject to the deterministic boundary 
conditions

<h(x))k = <//(*)>

= <GOO>

= 0

(13)

(14)

where (f(x)), (H(x)>, and (Q(x)> are pre­ 
scribed (unconditional) first moments of the 
statistically independent random source and 
boundary terms, and r^-(x) is a residual flux 
vector. The latter is given by integrals con­ 
taining head gradients at points other than x 
and is therefore generally non-Darcian and 
nonlocal. It is clear from equation (12) that 
&(x), the best available estimate of the 
unknown function K(x), does not act as an 
effective hydraulic conductivity in the deter­ 
ministic problem formulation. In fact, since 
fy(x) is generally non-Darcian, such an effec­ 
tive conductivity does not strictly exist except

(12)
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in special cases of limited interest. Hence the 
traditional reliance by ground-water hydrolo- 
gists on deterministic flow models with effec­ 
tive hydraulic conductivities is not strictly 
justified in most cases. This explains why, 
though one may be able to fit effective param­ 
eters to data representing a specific flow 
regime by model calibration, one often finds 
that the fit deteriorates when additional data 
become available which represent different 
flow regimes in the same aquifer (Carrera and 
others, 1990).

The integrals that make up r^(x) contain 
kernels which act as nonlocal system parame­ 
ters. These parameters as well as k(x) are 
functions not of K(x) but of what is known 
and unknown about K(x). In other words, the 
parameters are functions of the scale, loca­ 
tion, quantity, and quality of the available 
hydraulic-conductivity measurements and the 
statistics of the K(x) field as inferred from 
these data. As such, the parameters entering 
into the deterministic flow equation (12) are 
nonunique. They do not represent strictly 
material properties, but depend additionally 
on information. This helps explain why the 
results of deterministic model calibration tend 
to vary continuously as more and more data 
are incorporated in the model.

As the information content of the data 
(their quantity and quality) increases, the mag­ 
nitude of r^-(x) diminishes. The same happens 
to the estimation error associated with k(x) 
and to the prediction errors associated with 
(h(x))^ and (q(x))^. In the hypothetical limit 
where perfect and complete data concerning 
K(x) become available, Tk(x) vanishes, k(x) 
becomes perfect representation of K(x), and 
(h(x))^ and (q(x))^ approach h(x) and q(x) to 
within an error that depends on how well the 
deterministic forcing terms (f(x)), (H(x)), and 
(Q(x)) represent their true counterparts f(x), 
H(x), and Q(x), respectively.

As information content increases, the 
distances over which nonlocality acts dimin­ 
ish. The shorter are these distances, the 
more appropriate it may be to approximate 
the mean hydraulic gradients across them 
by constants. This in turn allows approximat­ 
ing rk(x) by

(15)

where k(x) is a local symmetric, positive 
semi-definite tensor. One then obtains the 
Darcian form

(16)

where

= k(x)l-k(x) (17)

is a conditional effective hydraulic conductiv­ 
ity tensor, I being the identity tensor. Note 
that our definition of effective hydraulic con­ 
ductivity differs from those found in the litera­ 
ture. Our Ke^(x) is a function of space and 
can have different principal values and direc­ 
tions at different points. It is not an upscaled 
tensor but a local tensor defined on the scale 
of co, relating the predicted flux to the pre­ 
dicted head gradient on this same scale. It is 
a function of medium properties and informa­ 
tion (hence the adjective "conditional").

Equations (12) - (14) constitute an exact 
deterministic system of equations which can 
be solved for the predictors (h(x))^ and 
(q(x))A;, subject to arbitrary random source 
and boundary terms, provided either that the 
kernels of r^-(x), or &(x) when equation (15) 
is applicable, are known. Since these (nonlo­ 
cal or local) parameters as well as the local 
parameter k(x) and the functions (h(x))^ and 
(q(x))^ are smooth relative to their random 
counterparts, they can be treated approxi-
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rnately as finite dimensional functions, that is, 
each can be expressed as the linear combina­ 
tion of a finite number of basis functions in 
the standard manner of finite elements; such 
methods can then be used to solve equations 
(12) - (14). The dimensionality N of each 
approximating function, that is, the number N 
of basis functions employed (which controls 
the number of nodes and elements in a finite 
element grid), should depend in a standard 
way on the degree of smoothness of the func­ 
tion being approximated. Though we defer 
detailed discussion of this topic to future 
papers, we nevertheless see that the theory 
provides a direct answer to the important 
question how should the scale of grid 
discretization (N) relate to the scale of mea­ 
surement (co) and to the quantity and 
quality of available data (smoothness of con­ 
ditional moments).

Stochastically-Derived Deterministic 
Equations of Transport

The advective (seepage) velocity of 
ground water that controls solute transport is 
related to the Darcy flux through v = q/0 
where 0 is kinematic (effective) porosity. 
Since the hydraulic conductivity and porosity 
are uncertain (random), so is the seepage 
velocity. The latter is difficult to measure 
directly and so its statistical properties must 
usually be inferred by solving the stochastic 
flow equations (9) - (11), or their transient 
equivalents, based on measurements of K and 
0 on supports of order co. The task is some­ 
what simplified by the fact that 0 tends to fluc­ 
tuate more slowly in space than does K and is 
therefore often treated as a known function. 
In what follows, we consider v(x,t) to be a 
function of both space and time and postulate 
that analogy to Pick's first law applies so that

J(xj) = v(x, (18)

when the solute mass flux J(x,t), the local dis­ 
persion tensor Dt, the concentration c(x,t) and 
its gradient Vc(x,t) are representative of co. 
Mass conservation yields Pick's second law

dc(x,t) V  (19)

where g(x,t) is a solute source term on the 
scale of co. To keep matters relatively simple, 
we restrict consideration to an unbounded 
flow domain with zero initial concentration, 
consider g(x,t) to be random with indepen­ 
dently prescribed statistical properties, and set 
Dj equal to zero. However, rather than requir­ 
ing that V-v = 0 as is common in the stochas­ 
tic ground water literature, we allow the fluid 
velocity to satisfy a transient flow equation

,r) = p(x,t) (20)

where p(x,t) is a random fluid source function 
and/or an accumulation term involving 9h/9t. 
Equations (18) - (20) are stochastic.

Let u(x,t) be relatively smooth and unbi­ 
ased estimate of the unknown random func­ 
tion v(x,t) obtained by solving the stochastic 
flow equation (20). Methods to compute the 
deterministic function u(x,t) include averag­ 
ing the results of conditional Monte Carlo 
flow simulations, or the solution of condi­ 
tional moment equations such as those we 
have presented earlier for steady state. The 
unknown true (on the scale of co) seepage 
velocity v(x,t) differs from the known esti­ 
mate u(x,t) by a random error v'(x,t),

v'fof) = (21)

Through this error is unknown, its mean 
is by definition zero and its higher (at least 
second) moments are obtained in the process
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of solving equation (20). It has been pointed 
out by Neuman (1993a) that the best determin­ 
istic predictors of the unknown random func­ 
tions c(x,t) and J(x,t) are their conditional 
ensemble means <c(x,t))v and {J(x»0)\)» respec­ 
tively. Here the subscript D indicates condi­ 
tioning on those data used to obtain t)(x,t). 
The author has shown that (c(x,t))v and 
{J(x,t))v satisfy exactly the deterministic trans­ 
port equation

+ V - (22)

subject to the initial condition 
<c(x,0))v = 0 where

(23)

and Qv(x,t) is a (deterministic) dispersive sol­ 
ute mass flux. The latter is given by space- 
time integrals containing the concentration 
and its gradients at points other than x and at 
times other than t. As such, Qv(x,t) is gener­ 
ally non-Fickian and nonlocal. Hence the tra­ 
ditional reliance by ground- water 
hydrologists on deterministic transport mod­ 
els with Fickian dispersion coefficients is not 
strictly justified in most cases (as is well 
known from the observed increase in real and 
apparent dispersivity with mean travel dis­ 
tance (Freyberg, 1986; Dagan, 1987; Neu­ 
man, 1990, 1991, 1993b)). Likewise, 
hydrologists are not justified viewing the 
advective velocity t)(x,t) in deterministic 
transport equations as actual seepage velocity 
v(x,t): the former is only a smooth estimate of 
the latter.

The integrals that make up Qv(x,t) con­ 
tain kernels which act as space-time nonlocal 
system parameters. These parameters as well 
as the advective velocity t)(x,t) are functions

not of actual flow conditions but of what is 
known and unknown about these conditions. 
In other words, the transport parameters 
depend on the scale, location, quantity, and 
quality of available data and on statistics 
inferred from these data. As such, the param­ 
eters are nonunique. They do not represent 
strictly material properties but are addition­ 
ally functions of information. As the informa­ 
tion content of the data (their quantity and 
quality) increases, t)(x,t) becomes a better esti­ 
mate of the unknown true velocity v(x,t), and 
the magnitude of the dispersive flux Qv(x,t) 
diminishes. The same happens to the predic­ 
tion errors associated with <c(x,t))v and 
<J(x,t))v. In the hypothetical limit where per­ 
fect and complete data concerning v(x,t) 
become available, Qv(x,t) vanishes (assuming 
absence of local dispersion), and {c(x,t))v and 
<J(x,t))v approach c(x,t) and J(x,t) to within 
an error that depends on how well the uncon­ 
ditional deterministic source term (g(x,t)) rep­ 
resents its true counterpart g(x,t). This helps 
explain why dispersivities obtained from the 
calibration of deterministic Fickian transport 
models diminish as more detail about spatial 
permeability variations (information about 
heterogeneity, which allow a more refined 
description of velocity variations) is built into 
the model (Neuman, 1990, 1991, 1993b; 
Jensen and others, 1993).

Consider the special case where the 
fluid source p(x,t) in equation (20) is known 
with certainty. If one introduces a slug of sol­ 
ute into the medium at point x0 instanta­ 
neously at time to, and if the velocity 
estimation errors v'(x,t) are autocorrelated 
over finite space-time intervals (as is often 
the case after conditioning), one can define a 
conditional Lagrangian correlation time 
T1)(x0,t<)) which measures the time after which 
a hypothetical particle representing the slug
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loses all memory of its velocity at to (more 
precisely, the particle velocity at time t > to + 
Tv is essentially uncorrelated with that at time

0, f0 ) = -

to). For solute residence times t - to in excess 
of Tv(x0,to), the dispersive flux can be approx­ 
imated by (Neuman, 1993a)

(x, f |*0, f0) ) (24)

where Dv(x,t;to) is a space-time dependent 
conditional dispersion tensor and c(x,tlx0,to) is 
concentration due to the instantaneous point 
source. The approximation is termed pseudo- 
Fickian to indicate that, contrary to the Fick- 
ian case, the dispersion tensor is nonlocal in 
time (varies with residence time, in addition 
to being a function of spatial location). When 
the conditional Lagrangian correlation time 
Tv(x0,t0) is finite, Dv(x,t;to) becomes asymp­ 
totically independent of to and tends to some 
local (Fickian) value D^5 (x,t). This happens 
either as (t to) continues to grow or as 
Iv(x0,to) shrinks in comparison to a given (t - 
to) due to an improvement in the quality of 
the estimate i)(x,t). It is thus clear that under

both pseudo-Fickian and Fickian conditions, 
the dispersion tensor depends both on the 
velocity field v(x,t) and on information 
(hence the adjective "conditional") concern­ 
ing this field.

In the unconditional case where i) = <v) 
= constant and v'(x,t) is second-order station­ 
ary in space-time (has a location-independent 
covariance), the dispersion coefficient 
becomes strictly a function of residence time, 
D(t - to), as in the theories of Taylor (1921), 
Dagan (1987), Neuman and Zhang (1990), 
and Zhang and Neuman (1990). The concen­ 
tration and pseudo-Fickian dispersive flux 
become strictly functions of distance from the 
source and residence time

Q(x-x0,t-t0) =-D(t-t0 ) (25)

As (t - to) increases while the Lagrangian cor­ 
relation time remains finite, D(t - to) tends 
asymptotically to a Fickian constant, D°°.

In the case of a known initial concentra­ 
tion c(x,0) with a slowly varying gradient 
where no sinks or sources of solute are active 
a t > 0, the pseudo-Fickian approximation can 
be invoked starting with time zero,

(26)

where D(x,t) = D(x,t;0).

Computational Examples of Two- 
Dimensional Transport

We have developed a combined analyti­ 
cal-numerical method of solving the determin­ 
istic transport equations (22) - (23) which 
avoids dealing with spatial nonlocality. This 
is accomplished by extending the application 
of a known early time analytical solution, and 
that of the pseudo-Fickian expression (24), 
into the intermediate time domain where the 
two solutions are matched. To render our 
analysis even simpler, we have so far 
restricted it to mildly heterogenous media in 
which the unconditional log hydraulic conduc­ 
tivity variance does not exceed one. This 
enables us to linearize the pseudo-Fickian dis­ 
persion coefficient about conditional mean tra-
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jectories, to use available analytical 
expressions for the unconditional Eulerian 
velocity covariance obtained by linearizing 
the stochastic flow equation, and to condition 
this covariance on log hydraulic conductivity 
and/or head data via cokriging. We solve the 
linearized pseudo-Fickian transport equation 
by a Galerkin finite element scheme. As the 
conditional dispersion coefficient is initially 
zero (when local dispersion is disregarded), 
the corresponding Peclet number is initially 
infinite. Our use of an analytical solution at 
early time helps us avoid numerical difficul­ 
ties commonly encountered with large Peclet 
numbers. The approach also allows us to 
compute explicitly the conditional variance 
(and coefficient of variation) of the concentra­ 
tion prediction error and other quantities of 
interest including (among others) conditional 
plume spatial moments, conditional travel 
time distributions, conditional cumulative 
mass release to the environment across a 
given compliance surface, and the associated 
prediction variance. Details of the computa­ 
tional method are being published elsewhere.

To illustrate the method, we start with 
an unconditional example concerning two- 
dimensional transport due to an instantaneous 
source of unit mass under uniform mean 
steady-state flow. We take the log transmis- 
sivity Y = In T to be a statistically homoge­ 
neous and isotropic field with zero 
unconditional mean (Y), unit unconditional

o

variance OY , and unit spatial correlation (inte­ 
gral) scale A,. The effective porosity 0 is arbi­ 
trarily taken to be one. Transport takes place 
in a domain of size 20X by 10X at a uniform 
mean velocity <Vj) = 0.1 parallel to KI under a 
mean hydraulic gradient of 0.1 The dimen- 
sionless time interval Ata)-=-(v 1 )At/A, is cho­ 
sen to be 0.1 The velocity is taken to be 
normally distributed and pore scale dispersion 
is neglected.

Figure 44 depicts the predicted evolu­ 
tion of a plume emanating from an instanta­ 
neous point source introduced at time t = 0 at 
the origin of the dimensionless space 
coordinates X = x tA, Y = X2/X. The upper 
left plot shows arrows representing the uncon­ 
ditional uniform mean velocity at points corre­ 
sponding to our finite element grid (not 
shown). The remaining plots are contours of 
mean concentration at dimensionless time t^ 
= (vi)t/X = 1, 3, 5,7, and 9. For ease of read­ 
ing, contours are labeled by integer "level" 
which relates to mean (predicted) concentra­ 
tion as shown in the legend. The contours 
delineate smooth and regular ellipses corre­ 
sponding to a Gaussian mean concentration 
plume, traveling with the mean velocity. 
These contours correspond exactly to those 
predicted analytically by the pseudo-Fickian 
stochastic theory of Dagan (1987), attesting 
to the accuracy of our computational proce­ 
dure. Since local dispersion is neglected in 
this example, the actual plume is strictly a 
point (or particle) of unit mass and infinite 
concentration (a dirac delta pulse). The pre­ 
dicted contours greatly exaggerate the spread 
of this mass, reflecting uncertainty about its 
actual trajectory: they can be viewed as the 
probability of finding the particle at any given 
point in space-time. The spread (dispersion) 
predicted by the deterministic transport model 
clearly does not represent physical mixing 
(which has been suppressed upon disregard­ 
ing local dispersion) but rather uncertainty 
about the actual path taken by the solute.

To further quantify this uncertainty, we 
show in the upper left plot of figure 45 how 
the longitudinal (Qn) and transverse (^22) 
spatial displacement covariances of the parti­ 
cle vary with t^. Our numerical values are 
indistinguishable from those predicted analyti­ 
cally by Dagan (1987). The remaining plots 
are contours of lower bounds on the concen­ 
tration coefficient of variation. This lower
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bound is zero at the plume center and 
increases consistently with distance from the 
center. Hence predictive uncertainty is largest 
at the plume margins where concentrations 

  areMowest.
To see what conditioning does to the 

predictions, we assume that log transmissivity 
has been measured at the 5x5 locations 
showfftn the upper left part of figure 46. 
The data are specified as deviations from the

mean, or residuals, Y' = //; T - (/// T). Their 
most immediate effect is to alter the (origi­ 
nally uniform) mean velocity field as shown 
in the upper left part of figure 47. The condi­ 
tional mean streamlines are attracted toward 
confirmed high transmissivity zones and 
away from confirmed low transmissivity 
zones. Hence the predicted plume no longer 
travels along the unconditional uniform mean 
trajectory but along a curved conditional
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Figure 44. Unconditional mean velocity (upper left) and mean concentration at various dimensionless 
times due to an instantaneous point source at (0,0). See text.
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mean trajectory which represents more 
closely the (still unknown) true velocity 
field. The conditional dispersion coefficient 
differs from its unconditional counterpart in 
that it depends on location, not only on time. 
For this reason, the predicted plume contours 
are no longer standard symmetric ellipses but 
distorted asymmetric ones. Comparison with 
figure 44 reveals that areas of high mean con­ 
centration inside contour level 6 are now

larger than they were in the unconditional 
case. This illustrates that conditioning 
reduces the predicted spread, or dispersion, of 
the plume as anticipated by us on theoretical 
grounds. Figure 47 shows how the lower 
bound conditional coefficient of variation var­ 
ies with dimensionless location and time. 
Conditioning is seen to cause a greater 
amount of distortion in these contours than in 
those of the conditional mean concentration.
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Space does not permit us to illustrate 
here more than just these very elementary 
aspects of our theory. The power of this the­ 
ory extends much farther and will be explored 
in upcoming publications.
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VAPOR-PHASE TRANSPORT 
MODELING OF VOLATILE 
RADIONUCLIDES
By Michael A. Celia

Introduction

The unsaturated zone provides the link 
between the land surface and the saturated 
ground-water zone. It is characterized by the 
presence of both air and water in the void 
space of the porous medium. Each of these 
fluids has its own properties, and both fluids 
respond to dynamic forcings such as infiltra­ 
tion of water. Air-phase dynamics in the 
unsaturated zone provide an important cou­ 
pling to atmospheric models, while water- 
phase dynamics can provide an important cou­ 
pling to the deeper ground-water flow sys­ 
tem. In addition, interphase mass transfer of 
water (vapor) and contaminants is important 
to both water budgets and to contaminant 
transport.

When air-phase dynamics are included 
in a mathematical description of the unsatur­ 
ated zone, the system becomes quite com­ 
plex. In the most general case, equations 
must be written for each fluid phase, and 
material-dependent properties such as 
relative permeability functions must be 
defined for each fluid phase. This leads to a 
system of coupled partial differential equa­ 
tions that are highly nonlinear. Solution of 
these equations provides a detailed descrip­ 
tion of the response of the system to various 
natural or imposed forcings. Subsequent solu­ 
tion of the associated contaminant transport 
equations provides a description of contami­ 
nant movement.

Practical implementation of these gen­ 
eral multiphase flow and transport equations 
is difficult because of the data requirements 
and because of large computational require­ 
ments. This paper presents a general descrip­ 
tion of air-phase dynamics, then examines 
issues related to data requirements and to pos­ 
sible simplifications that can be used in the 
analysis of two-phase unsaturated flow and 
transport systems. Simplifications include 
reduction of dimensionality, explicit identifi­ 
cation of time scales, and modified mathemat­ 
ical and numerical procedures.

Air-Phase Dynamics

Richards' equation is often used to 
describe the movement of water in unsatur­ 
ated soils. In Richards' approximation, the 
air-phase equation is ignored by assuming 
that the air remains at atmospheric pressure 
everywhere in the soil column. This is usu­ 
ally a reasonable assumption in the absence 
of water ponding at the surface (see, for exam­ 
ple, Celia and Binning, 1992a; Touma and 
Vauclin, 1985). The reason that Richards' 
equation works well to describe water move­ 
ment is that the viscosity of air is orders of 
magnitude less than the viscosity of water. 
This gives air a very high "mobility," which 
means that only small pressure gradients are 
required to induce significant flows of air. 
Because significant quantities of air can flow 
with only small pressure gradients, as long as 
the air maintains a connected path to the land 
surface (where the pressure is atmospheric), 
the pressure within the soil will not deviate 
much from atmospheric pressure. Thus an 
assumption of air pressure close to atmo­ 
spheric is usually a good one. As an exam­ 
ple, consider the system illustrated in 
figure 48. In that figure, water is infiltrating 
along a strip at the land surface into a hetero­ 
geneous sand and gravel outwash (character­ 
ization of the outwash is based on 
measurements from the U.S. Geological
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Figure 48. Moisture content profile after 3 hours of infiltration at 7.9 centimeters per hour. Area of 
infiltration shown by bar at upper left. Arrows indicate transectories of air particles.
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Survey Cape Cod Research site). The gray­ 
scale represents water content, while the 
super-imposed arrows show trajectories of air 
particles. Air is moving throughout the 
domain, and a significant amount of air is 
moving upward. This demonstrates that dur­ 
ing infiltration events, advective air-phase 
motion will produce a pulse of air exiting the 
soil column to the atmosphere. This can 
lead to pulses of elevated contaminant fluxes 
to the atmosphere if a volatile contaminant 
is present.

It may be important to recognize that 
the assumption of air pressure remaining at 
essentially atmospheric does not mean that 
the air phase is stagnant, as has been claimed 
in a number of publications (see, for example, 
Bear, 1972, 1979; Chen and others, 1992, 
among many others). Indeed, whenever the 
water content changes in time, there will, in 
general, be flow of both the water and the air 
phases. While the air-phase flow usually 
does not have a significant effect on the water 
movement (which is why Richards' equation 
is successful for modeling water flow), air- 
phase flows may have a significant influence 
on contaminant transport when the contami­ 
nant is volatile. Therefore transport analyses 
for radionuclides such as 14C or 3H may 
require consideration of air-phase dynamics.

Data Requirements

When analyzing the unsaturated zone as 
a fully-coupled, two-phase system, data 
requirements must be taken into consider­ 
ation. There are three main physical proper­ 
ties that must be identified in these systems:
(1) the functional relationship between mois­ 
ture content and capillary pressure (where 
capillary pressure is defined as the difference 
between the air and water pressures),
(2) the functional relationship between the 
water-phase permeability and the moisture 
content, and (3) the functional relationship

between the air-phase permeability and the 
moisture content. All three of these func­ 
tional relationships are nonlinear and hyster- 
etic, and measurements of the relationships 
are difficult and very time-consuming. This 
means that site characterization becomes a 
very difficult issue.

In addition to the hydraulic properties, 
transport properties are also required. For 
example, effective diffusion coefficients and 
dispersivities must be provided for each fluid 
phase. In addition, behaviors at phase bound­ 
aries must be described, including adsorption 
onto solid surfaces and mass exchange 
between the fluids. Choices between kinetic 
or equilibrium partitioning may also be impor­ 
tant. These parameterizations will be depen­ 
dent on the contaminant under consideration.

Finally, as in all porous media systems, 
the issue of spatial variability must be men­ 
tioned. Each of the functional relationships 
described above will vary with spatial loca­ 
tion. Because there are a large number of 
parameters that need to be identified, ques­ 
tions of cross-correlation between some or all 
of these parameters can also be raised. The 
ultimate question is how much detail is neces­ 
sary for "adequate" characterization of a site, 
and what sorts of engineering judgements can 
be made to render the system tractable.

Dimensionality And Scales

A detailed three-dimensional descrip­ 
tion of a field site is a practical impossibility. 
Therefore, some reduction of model complex­ 
ity may be necessary for the system to be trac­ 
table. Because unsaturated systems are often 
driven by forcings applied at the land surface 
(rainfall, evaporation), one might argue that 
the areal correlation of these land-surface 
events is typically large compared to the area 
associated with an unsaturated-zone contami­ 
nation event. If this is the case, then a reduc­ 
tion to a one-dimensional vertical description
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may be reasonable. Of course, other features 
of the problem, including design features at 
specific disposal facilities, can make multi­ 
dimensional flow and transport important 
even in the presence of relatively uniform 
forcings at the surface.

If a reduction in dimensionality is 
applied, or if parameters need to be defined in 
a multi-dimensional representation at scales 
large relative to the scale of measurements, 
then some "effective" parameters must be 
defined. This task may be viewed in a sto­ 
chastic sense (for example, see Gelhar, 1993), 
or it may be viewed in a computational sense 
(for example, see Ferrand and Celia, 1992; 
Celia and others, 1993). Either way, for cases 
of multiphase flow, definition of effective 
parameters remains a difficult issue.

While length scales are often discussed 
in the context of flow in porous media, time 
scales are often ignored. When studying air- 
water systems, time scale becomes quite 
important because different mechanisms can 
dominate at different time scales. For exam­ 
ple, during a rainstorm, there are significant 
dynamics in both fluid phases, with water 
infiltrating and air escaping toward the land 
surface. If the system is resolved to a time 
scale that respects each individual rain event, 
then advective fluxes in both phases may be 
important and need to be considered explic­ 
itly. However, if long-term averages are used 
(for example, average annual precipitation), 
then short-time advective movement would 
need to be filtered into a larger mixing coeffi­ 
cient. Because of the high degree of nonlin- 
earity in unsaturated flow systems, time- 
averaging can be a difficult issue. One ques­ 
tion of practical significance is the relative 
importance of (short-term) advective fluxes 
of air-phase contaminants at the land surface 
versus (long-term) diffusive fluxes.

Mathematical And Computational 
Issues

Ultimately, the conceptual picture of the 
unsaturated zone must be translated into math­ 
ematics, and the resulting equations must be 
solved. From the mathematical point of view, 
one may ask about the best way to represent 
the unsaturated system. For the focus on con­ 
taminant transport in the air phase, air-phase 
dynamics may be estimated in several ways. 
The standard coupled flow equations (one for 
water, one for air) may be solved simulta­ 
neously, as described in Celia and Binning 
(1992a). Contaminant transport in each phase 
can then be determined from the velocity 
fields for each phase. While computationally 
robust and mass-conserving numerical proce­ 
dures can be used (Celia and Binning, 1992a), 
this approach still requires significant compu­ 
tational effort.

Two alternatives to the standard 
approach of Celia and Binning (1992a) may 
be considered. Each of these approaches has 
computational advantages over the standard 
approach. First, because of the high mobility 
of the air phase and the observation that Rich­ 
ards' equation is usually adequate to describe 
the movement of water, air-phase dynamics 
may be estimated by a post-processing of the 
Richards' equation solution. This is accom­ 
plished by taking the local change in moisture 
content with time from the Richards' equation 
solution and using it as a known forcing func­ 
tion in the air-phase equation. This allows 
the air pressure distribution to be solved with­ 
out iteration, leading directly to air-phase 
velocities via Darcy's law. Numerical experi­ 
ments indicate that this provides solutions 
within a few percent of the fully coupled solu­ 
tions, as long as Richards' assumption is valid.

A second approach involves the use of 
fractional flow functions to determine phase 
saturations. Details are provided in Celia and 
Binning (1992b). Example calculations for
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one-dimensional systems indicate that one to 
two orders of magnitude increase in computa­ 
tional efficiency can be achieved using this 
approach, relative to the standard two-pres­ 
sure approach. This approach seems very 
promising, although a number of details 
remain to be worked out before it can be 
applied to general problems of practical 
importance.

Conclusion

Simulation of volatile contaminant trans­ 
port in unsaturated soils is complicated by 
many factors. These include data require­ 
ments and site characterization, identification 
of appropriate length and time scales, and 
underlying computational requirements.

Significant air-phase dynamics can 
occur over short time scales. This influences 
the flux of contaminants to the atmosphere at 
the land surface. Air-phase dynamics should 
be included explicitly in short-time-scale mod­ 
els and implicitly, through modified mixing 
coefficients, in long-time-scale models.
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PROCESSES AFFECTING 14C 
TRANSFER FROM BURIED LOW- 
LEVEL RADIOACTIVE WASTES TO 
THE ATMOSPHERE AND TO LOCAL 
VEGETATION 
By Ted McConnaughey

Introduction

Physical, climatic, and biogeochemical 
factors affect the migration of 14C from bur­ 
ied low-level radioactive wastes, and its incor­ 
poration into surface biota. Studies by the
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USGS, in cooperation with the Department 
of Energy and the State of New York, 
illustrate some of these processes at the 
low-level waste disposal site near West 
Valley, New York.

Background

14,
A combination of factors have made

C an isotope of major concern within the 
low-level waste arena. Carbon-14 is fairly 
abundant in the waste stream, has a relatively 
long half life (5,730 yr), is rapidly incorpo­ 
rated into organisms, and is highly mobile in 
gaseous and dissolved species. Over long 
time periods, 14C, has been identified as one of 
the radionuclides which will contribute most 
to the exposure of large populations (Organi­ 
zation for Economic Cooperation and Devel­ 
opment/Nuclear Energy Agency, 1980). 
Despite the interest in 14C, relatively little is 
known about how it moves at existing low- 
level waste disposal sites, or is likely to 
behave in future disposal sites.

Site and design specific issues will 
become more important as individual States 
or compacts of States implement their own 
low-level waste disposal solutions, as man­ 
dated by the Low-Level Radioactive Waste 
Policy Act of 1980 and its 1985 amend­ 
ments. Performance assessment has focused 
on "generic sites," which lack characteristics, 
such as soil desiccation cracks, important at 
specific sites.

Performance assessment has further­ 
more emphasized hydrologic factors which 
affect downward solute movement, over fac­ 
tors which affect the movement of trench and 
soil gasses. The latter often move predomi­ 
nantly upward, due to a combination of gas 
generation within the wastes, barometric 
pumping, and greater upward permeability. 
Finally, performance assessment has tended 
to use "concentration ratios," which predict 
how isotopes will be transferred from soils to

plants to animals. Relatively little is known 
about how much carbon uptake or exchange 
occurs within plant roots, but most plant car­ 
bon uptake is of course through the leaves. 
For such reasons, C presents some special 
and largely unresolved regulatory issues.

Buried Wastes at West Valley

Twelve trenches were excavated to 
depths of about 20 ft into silty clays near the 
Western New York Nuclear Service Center, 
and filled with low-level radioactive wastes 
between 1963 and 1975. These wastes were 
derived from the adjacent nuclear fuel repro­ 
cessing site and outside sources. The 
trenches were covered with excavated materi­ 
als, and these covers later augmented while 
retaining only approximate indications of 
where the trenches actually lay. Trench con­ 
tents were later established through chemical 
and radiological surveys, and from partial 
reconstructions based on shipping records 
(for example, see Prudic, 1986).

Downward isotope migration through 
unfractured, unweathered clay appears to be 
minimal both in the low-level waste disposal 
area (Prudic, 1986) and in the adjacent NRC 
disposal area (Kool and Wu, 1991). The 
trench covers exhibit considerably higher per­ 
meability to both water and gases however, 
despite continuing efforts to seal them. 
Trench water levels increase immediately fol­ 
lowing specific rainfall events, and pumping 
has been required almost since the site 
opened to remove infiltrating waters and pre­ 
vent overflow of trench leachates. Infiltration 
and gas exchange occur largely through 
cracks caused by waste settling and summer­ 
time desiccation of the clays. These cracks 
are often easily visible, usually running along 
the trenches near the base of the sculpted 
trench cap.
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Figure 49. Complexities involved with 14C transfer from buried radioactive wastes to surface vegetation 
and animals. Aspects of particular interest include biodegradation of the wastes, migration of 14C bearing 
gases and solutes through surrounding materials, and transfer to aquifers, the atmosphere, and surface 
vegetation.

Trench Gas Generation and Movement

Biodegradation of buried wastes pro­ 
ceeds much as it would at any landfill, 
affected by waste type and packaging, perme­ 
ability of the overlying wastes type and pack­ 
aging, permeability of the overlying wastes 
and soils, temperature, and water (for exam­ 
ple, see Kunz, 1982; Matuszek and Robinson, 
1983). Low-level wastes consist largely of 
industrial materials and packaging degrade 
relatively slowly. Redox state affects degra­ 
dation rates and products. Oxidizing condi­ 
tions prevail when air readily penetrates to

the waste, and carbon dioxide is then the 
main product. Reducing conditions are likely 
if soil permeabilities are low, and especially if 
the wastes are covered with water. Reducing 
conditions may also prevail within isolated 
pockets, even when the waste conditions are 
generally oxidizing Decomposition under 
reducing conditions produces methane as well 
as carbon dioxide, and is likely to be slower. 

Carbon dioxide and methane concentra­ 
tions have been measured in vertical soil sam­ 
pling profiles, and gas fluxes between soils 
and the atmosphere have been estimated 
using static flux chambers placed over the
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trench caps at night. Net upward fluxes of 
carbon dioxide and methane are generally 
observed using flux chambers. Soil methane 
concentrations were considerably higher dur­ 
ing 1992, which was unusually cool and wet, 
than in 1991, which was unusually dry. 
These differences reflect changes in the rates 
of production and consumption, and rates of 
gas exchange with the atmosphere, which 
are controlled largely by soil hydrology. 
Methane concentrations generally increase 
with depth, while subsurface carbon dioxide 
maxima are sometimes observed. However, 
these observations probably bear more on nor­ 
mal soil processes than on gas escape from 
buried wastes.

Carbon dioxide and methane generated 
during waste decomposition move upward 
through unsaturated soils and cracks by diffu­ 
sion and by advection, driven by gas genera­ 
tion within the wastes, rising water tables, 
and falling barometric pressures. Estimates 
of trench cap air permeability vary consider­ 
ably, as might be expected in a fracture flow 
system of varying expression. Settling and 
desiccation cracks tend to open during the 
summer, resulting in seasonal venting of 
trench gases. Once 14C enters the gas phase, 
it appears to escape rapidly to the atmosphere.

Precipitation, sorbtion, and exchange 
processes could potentially retard 14CO2 
movement through the soils, but rapid gas 
transport through the fracture-flow network, 
and the low concentration of carbonates in the 
soils, suggest that retardation is minimal at 
West Valley. Microbial oxidation of methane 
to carbon dioxide probably does reduce the 
releases of 14C bearing methane, although net 
isotope release would not be strongly affected.

Carbon dioxide levels within the vegeta­ 
tion canopy (generally about 20 cm thick) 
range widely. Values both below and above 
atmospheric carbon dioxide levels have been 
observed, reflecting uptake by local vegeta­

tion, and carbon dioxide release from soils 
and vegetation. Because the atmospheric 
boundary layer is chemically distinct from the 
overlying atmosphere, some boundary layer 
14C enrichment would be expected. Analyses 
are still pending for carbon dioxide collected 
at various heights above ground level, and 
various depths below the soil surface.

Surface vegetation at West Valley gener­ 
ally contains two to five times higher 14C 
activities than would be expected off site. 
Carbon-14 activities near the north end of 
trench 5 reach 50 times modern, and the large 
isotope differential there (compared to the 
atmosphere) has been exploited to learn more 
about isotope transfer into surface vegeta­ 
tion. Variation between species or between 
different parts of individual plants appears to 
be relatively minor. Roots and shoots, for 
example, exhibit similar 14C activities, sug­ 
gesting that the carbon pools within a plant 
are reasonably well mixed. Plants growing 
on the trench caps were compared with plants 
grown inside plastic tubs, containing soil 
from off site, emplaced near the top of the 
trench cap. Carbon-14 activities were similar, 
suggesting that most of 14C in these plants 
was derived from local atmosphere. These 
trench garden experiments suggest that the 
atmospheric boundary layer experiences sig­ 
nificant local 14C enrichments.

Lessons From West Valley

Subgrade burial under moist climates 
invites certain problems. Waste compaction 
and decomposition leaves the trench cap 
unsupported, causing structural failures and 
far higher permeabilities than would occur for 
undisturbed soils. Infiltrating waters over­ 
flow unless pumped out, and require treat­ 
ment. Burial within an impermeable 
geological medium therefore does not ensure 
isolation of water soluble wastes.
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Waste compaction before burial and 
mounding of trench caps to ensure runoff are 
possible mitigatory measures. Experiments 
are in progress at West Valley to increase 
evapotranspiration and decrease infiltration.

Gases resulting from decomposition of 
organic materials potentially carry away most 
14C long before a single half life (5,730 yr) of 
the isotope has elapsed. Decomposition can 
potentially be inhibited by preventing aera­ 
tion, and addition of limestone to trench cov­ 
ers might provide a carbon reservoir for 
exchange with 14C containing carbon dioxide, 
delaying release to the general environment.

Reference

Kool, J.B., and Wu, Y.S., 1991, Ground- 
water flow and transport modeling of 
the NRC-licensed waste disposal 
facility, West Valley, New York: 
Washington, D.C., U.S. Nuclear 
Regulatory Commission, NUREG/CR- 
5794, 105 p.

Kunz, C.O., 1982, Radioactive gas
production and venting at a low-level 
radioactive burial site: Nuclear 
Chemistry Waste Management, v. 3, 
p. 185-190

Matuszek, J.M., and Robinson, L.W., 1983, 
Respiration of gases from near-surface 
waste burial trenches, in Waste 
Management, 1983 Symposium: 
Tucson, Arizona, University of 
Arizona Press, v. 1, p. 423-427.

Organization for Economic Cooperation 
and Development/Nuclear Energy 
Agency, 1980, Radiological 
significance and management of 
tritium, krypton-85, carbon-14, and 
iodine-129 arising from the nuclear 
fuel cycle: Paris, Nuclear Energy 
Agency Experts Report, 222 p.

Oztunali, O.I., and Roles, G.W., 1986, 
Update of part 61 impacts analysis 
methodology, Volume 1  
Methodology Report: Washington, 
D.C., U.S. Nuclear Regulatory 
Commission, NUREG/CR-4370, 
743 p.

Prudic, D.E., 1986, Ground-water
hydrology and subsurface migration 
of radionuclides at a commercial 
radioactive-waste burial site, West 
Valley, Cattaraugus County, New 
York: U.S. Geological Survey 
Professional Paper 1325, 83 p.

Public Law 96-573, 1980, The 1980 Low- 
Level Radioactive Waste Policy Act, 
94 Stat., p. 3347-3349.

Public Law 99-240,1986) The Low-Level 
Radioactive Waste Policy 
Amendments Act of 1985, 99 Stat, 
p. 1842-1859.

WATER-VAPOR MOVEMENT
THROUGH UNSATURATED ALLUVIUM
IN AMARGOSA DESERT NEAR
BEATTY, NEVADA CURRENT
UNDERSTANDING AND CONTINUING
STUDIES
By David E. Prudic

Introduction

Disposal of low-level radioactive wastes 
has been a concern since the 1950's. These 
wastes commonly are buried in shallow 
trenches (Fischer, 1986, p. 2). Water infiltrat­ 
ing into the trenches is considered the princi­ 
pal process by which contaminants are 
transported away from the buried wastes, 
although gaseous transport in some areas may 
be important. Arid regions in the western 
United States have been suggested as places 
that could provide safe containment of the 
wastes, because little or no water would infil-
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trate into the trenches (Richardson, 1962), 
and because thick unsaturated zones would 
slow contaminant movement. Although 
burial in arid regions may greatly reduce the 
amount of water coming in contact with the 
waste and consequently may provide long- 
term containment, insufficient data are avail­ 
able on the effectiveness of burial in such 
regions. Of particular interest is the potential 
for contaminant movement, either as liquid or 
vapor, through unsaturated sediments to land 
surface or to underlying ground water.

Since 1962, low-level radioactive 
wastes have been buried at a disposal facility 
in the Amargosa Desert, about 17 km south of 
Beatty, Nevada (fig. 50). This facility is in 
one of the most arid regions of the United 
States. Annual precipitation at the disposal 
facility averaged 82 mm for 1985-92; the min­ 
imum was 14 mm, recorded for 1989 (Wood 
and Andraski, 1992, p. 12).

Investigations to determine the hydroge- 
ology, water movement, and potential for con­ 
taminant movement at the facility began in 
1976. Results from an initial study indicated 
that a potential exists for deep percolation of 
infiltrated water at the burial site (Nichols, 
1987), assuming that the only water loss is by 
evaporation because the trenches are kept 
clear of vegetation. Results from a subse­ 
quent study of water movement beneath an 
undisturbed, vegetated site indicate that perco­ 
lation of infiltrated water may be limited to 
the uppermost 9 m of sediments, on the basis 
of water potentials, subsurface temperatures, 
water content, and sodium chloride content of 
the sediments (Fischer, 1992, p. 1). One 
objective of a third study that began in 1987 
is to determine how the typical procedure of 
burying wastes alters water movement and 
affects the potential for deep percolation 
of infiltrated water (Andraski, these

proceedings). In addition to these studies, a 
fourth began in 1992 to determine the impor­ 
tance of vapor movement through the 
unsaturated zone.

The purpose of this paper is to summa­ 
rize the current understanding of water move­ 
ment (as liquid and vapor) through the upper 
13 m of unsaturated sediments beneath the 
undisturbed, vegetated site and to present 
plans for determining the importance of water- 
vapor movement from land surface to the 
water table.

Stratigraphy of Sediments

The study site is outside the southwest 
corner of the waste-disposal facility; about 3 
km east of the main channel of the Amargosa 
River (fig. 50). The surficial deposits at the 
site are alluvial sheet sand deposits (Swadley 
and Parrish, 1988). These deposits are preva­ 
lent in the vicinity of the waste-disposal facil­ 
ity and consist mostly of silt and sand with 
minor gravel. The deposits generally have a 
smooth, undissected surface, which is cov­ 
ered by a thin layer of gravel (lag pavement). 
Beneath the sand and extending to a depth of 
about 30 m are fluvial deposits associated 
with down-valley movement of surface water 
(Nichols, 1987, p. 8-9); these sediments 
include channel deposits of sand and gravel 
separated by interchannel deposits of sand 
and gravel containing considerable silt and 
clay. Below a depth of 30 m, debris-flow and 
lacustrine deposits are more common. A clay 
unit, found at depths from 70 to 90 m (Fis­ 
cher, 1992, p. 6), is laterally extensive 
beneath the waste-disposal facility. The 
water table is 85 to 115 m below land surface 
(Fischer, 1992, p. 12) and is generally 
beneath the extensive clay unit.
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Shaft Installation

A 13.7-m-deep monitoring shaft was 
installed at the southwest corner of the dis­ 
posal facility in 1983 to study water move­ 
ment through undisturbed sediments (Fischer, 
1992, p. 15). The shaft has 33 access ports; 
three ports every meter between the depths of 
3 and 13m that are oriented toward an area 
undisturbed by the installation of the shaft 
(fig. 51). Between 1984 and 1986, 17 hori­ 
zontal holes were drilled 3 to 4 m outward 
from selected access ports in the shaft using a 
blast hole drill. Thermocouple psychrome- 
ters, used to determine water potentials and 
subsurface temperature, were inserted 
through 2.5-cm diameter pipes placed in the 
horizontal holes. The annular space between 
the pipe and hole was sealed with a polyure- 
thane foam. Thermocouple psychrometers 
also were placed in a nearby borehole drilled 
in 1986 (Fischer, 1992, p. 18). The thermo­ 
couple psychrometers have been monitored in 
the shaft and borehole since 1986. Water con­ 
tent of the sediments has been monitored rou­ 
tinely in three cased boreholes surrounding 
the undisturbed site (fig. 51) using a neutron- 
moisture probe. These data, along with physi­ 
cal properties determined from sediment sam­ 
ples and soluble salts from soil-water 
extracts, form the basis for the current under­ 
standing of water movement beneath an undis­ 
turbed site.

Current Understanding of Water 
Movement

The upper 13 m of unsaturated sedi­ 
ments beneath the undisturbed site can be 
divided into three zones: upper, middle, and 
lower. Water movement in the upper zone, 
which extends from land surface to a depth of 
about 2 m, is both upward and downward. 
This zone includes the surficial alluvial-sheet 
deposits of sand and an underlying coarse-

sand-and-gravel unit. Water potentials in the 
finer grained surficial sand are generally too 
low to induce liquid flow through the coarser 
sand and gravel; under normal conditions, the 
coarser deposits act as a barrier to downward 
liquid flow. Water-content changes have not 
been observed below the depth of about 1 m 
(fig. 52), which is near the base of the surfi­ 
cial sand. Within the upper meter, rapid 
changes in water content, water potential, and 
temperature have been observed in response 
to precipitation, and to diurnal air-tempera­ 
ture fluctuations.

Water movement in the middle zone, 
which extends from a depth of about 2 m to 
9 m, also is both upward and downward. 
This zone includes layers of poorly sorted 
sand and gravel with silt and clay, separated 
by layers of coarse sand and gravel. Water 
content in this zone is unchanging, whereas 
both water potentials and temperatures change 
seasonally (fig. 52), producing seasonal rever­ 
sals in the water-potential and vapor-density 
gradients.

Water movement in the lower zone, 
which extends from a depth of about 9 m to 
at least 13 m, is generally upward. This zone 
includes deposits similar to those of the mid­ 
dle zone. Water content in this zone is 
unchanging, and water potentials and tempera­ 
tures exhibit only minor seasonal changes 
(fig. 52). Water-potential gradients are con­ 
sistently upward, suggesting that liquid water 
flow is upward also. Small downward vapor- 
density gradients are calculated seasonally to 
a depth of 12 m, suggesting that vapor flow 
may extend deeper into the sediments than 
liquid flow. In this zone, estimates of liquid- 
water flux range from 0.00004 to 40 mm/yr 
(Fischer, 1992, p. 38). The range is due 
to large uncertainties in the value of unsatur­ 
ated hydraulic conductivity. Estimates of 
upward water-vapor flux, assuming vapor dif­ 
fusion, are about 0.07 to 0.18 mm/yr (Fischer, 
1992, p. 42).
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unsaturated sediments at study site for selected dates in 1987 (from Fischer, 1992, fig. 21).

The distribution of anions in soil-water 
extracts provides additional evidence that 
downward percolation is limited to the upper 
9 m of the sediments. The distribution of 
chloride in the sediment profile can be used to 
estimate recharge rates to ground water 
because chloride salts are soluble in water 
and often are assumed to move at the rate of 
water (Allison and Hughes, 1983). The distri­ 
bution of chloride in the sediments was deter­

mined from core samples collected in the 
nearby instrument borehole (fig. 51) (Fouty, 
1989, chap. 3; Fischer, 1992, p. 27). Chloride 
concentrations peak between the depths of 
2 and 4 m and decrease to low concentrations 
at a depth of about 10 m. On the basis of this 
distribution, Fouty (1989, p. 14) concluded 
that downward flow below a depth of 10 m 
has been minimal or nonexistent for thou­ 
sands of years. This conclusion is based on
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the assumptions that the surface is neither 
aggrading nor degrading, that long-term pre­ 
cipitation ranges from 50 to 175 mm/yr, and 
that the concentration of chloride in precipita­ 
tion is 0.5 to 1 mg/L.

Peak concentrations of carbonate and 
sulfate in soil-water extract of core samples 
are at shallower depths than that of chloride. 
Sulfate concentration peaks at a depth of 
about 125 cm and bicarbonate peaks near 
land surface. Peak concentrations of bicar­ 
bonate coincide with the caliche deposition 
on the underside of larger clasts. The 
sequence of carbonate, followed by sulfate, 
then chloride can be explained by evaporation 
of percolating precipitation in a manner simi­ 
lar to the evolution of brines in closed basins 
(Eugster and Jones, 1979).

Plans for Determining Importance of 
Water-Vapor Movement

In comparatively dry sediments, such as 
those observed in the upper 13 m at the undis­ 
turbed site, temperature gradients may be as 
important as water-potential (head) gradients 
to the movement and distribution of fluids 
(Stallman, 1964, p. E36). In addition, baro­ 
metric pressure changes have the potential for 
producing convective air flow through the dry 
sediments. Computer simulations using a sin­ 
gle-component advection-dispersion equation 
for gas transport indicate that in highly-perme­ 
able sediments, atmospheric air can migrate 
several meters into the subsurface during a 
typical barometric pressure cycle (Massman 
and Farrier, 1992). The circulation of atmo­ 
spheric air into the sediments during periods 
of increasing pressure may contribute to an 
overall drying of the surficial deposits.

Estimates of water movement at the 
undisturbed site are limited to temperature 
and water-potential gradients in the upper 
13 m of sediments. These data, however, sug­ 
gest that vapor flow may be as important as

liquid flow, and that a proper understanding 
of water movement will require consideration 
of both phases and the relation between 
them. Our ability to adequately predict con­ 
taminant transport from the buried wastes will 
depend on our ability to understand the rela­ 
tion between liquid and vapor flow through 
the naturally dry sediments.

Many questions on water movement at 
the undisturbed site remain. For example, do 
the upward water-potential and vapor-density 
gradients observed below a depth of 9 m con­ 
tinue to the water table? Is liquid flow down­ 
ward at some unknown depth even though 
vapor flow is upward? What effects do baro­ 
metric pressure changes have on the move­ 
ment of water vapor and other gases in the 
sediments? How do temperature gradients in 
the sediments affect the convective flow of 
water vapor and other gases?

Additional studies are planned to begin 
answering these questions and to begin under­ 
standing the importance of vapor flow at the 
site. These studies include the following:
  Determine if water-potential and

temperature gradients are upward from 
the water table to a depth of 9 m by 
drilling test holes, collecting and 
analyzing core samples for physical, 
hydraulic, and chemical properties, and 
installing thermocouple psychrometers.

  Estimate the depth of convective air 
flow by measuring changes in 
pneumatic pressure in the sediments as 
a result of changes in atmospheric 
pressure and simulate the measured 
changes using a single-component 
advection-dispersion equation. 
Measurements from air piezometers 
installed by the site operator at the 
southeast corner of the disposal facility 
indicate that pneumatic pressures 
change rapidly in the upper 30 m of 
sediments in response to changes in 
atmospheric pressure (fig. 53).
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  Determine the concentration of carbon 
dioxide, 14C, and other selected gases 
with depth and through time. Use the 
distribution of the gases to estimate the 
rate and depth of atmospheric air 
circulation in the sediments.

References Cited

Allison, G.B., and Hughes, M.W., L983, 
The use of natural tracers as indicators 
of soil-water movement in a temperate 
semi-arid region: Journal of 
Hydrology, v. 60, p. 157-173.

Andraski, B.J., 1994, Simulated trench 
studies near Beatty, Nevada Initial 
results and implications, in Stevens, 
P.R., and Nicholson, T.J., eds., 
Proceedings of the Joint U.S. 
Geological Survey and U.S. Nuclear 
Regulatory Commission workshop on 
research related to low-level 
radioactive waste disposal: U.S. 
Geological Survey Water-Resources 
Investigations Report 95-4015, xx p.

Eugster, H.P., and Jones, B.F., 1979, 
Behavior of major solutes during 
closed-basin brine evolution: 
American Journal of Science, v. 279, 
p. 609-631.

Fischer, J.M., 1992, Sediment properties 
and water movement through shallow 
unsaturated alluvium at an arid site for 
disposal of low-level radioactive 
waste near Beatty, Nye County, 
Nevada: U.S. Geological Survey 
Water-Resources Investigations 
Report 92-4032,48 p.

Fischer, J.N., 1986, Hydrogeologic factors 
in the selection of shallow land burial 
sites for the disposal of low-level 
radioactive waste: U.S. Geological 
Survey Circular 973, 22 p.

Fouty, Suzanne, 1989, Chloride mass- 
balance as a method for determining 
long-term ground-water recharge rates 
and geomorphic surface stability in 
arid and semi-arid regions Whiskey 
Flat and Beatty, Nevada: Tucson, 
Arizona, University of Arizona, 
unpublished M.S. thesis, 130 p.

Massman, Joel, and Farrier, D.F., 1992, 
Effects of atmospheric pressures on 
gas transport in vadose zone: Water 
Resources Research, v. 28, no. 3, 
p. 777-791.

Nichols, W.D., 1987, Geohydrology of the 
unsaturated zone at the burial site for 
low-level radioactive waste near 
Beatty, Nye County, Nevada: U.S. 
Geological Survey Water-Supply 
Paper 2312, 57 p.

Richardson, R.M., 1962, Significance of 
climate in relation to the disposal of 
radioactive waste at shallow depth 
below ground: Colloque International 
sur la Retention et la Migration des 
Ions Raioactifs dans les Sols (Health 
Physics Society and Commissariate a 
1'Energie Atomique), Saclay, France, 
October 1962, Proceedings, 
p. 207-211.

Stallman, R.W., 1964, Multiphase fluids in 
porous media--A review of theories 
pertinent to hydrologic studies: U.S. 
Geological Survey Professional Paper 
411-E,51p.

Swadley, W.C., and Parrish L.D., 1988, 
Surficial geologic map of the Bare 
Mountain quadrangle, Nye County, 
Nevada: U.S. Geological Survey 
Miscellaneous Investigations Series 
Map 1-1826, scale 1:48,000.

Wood, J.L., and Andraski, B.J., 1992, 
Selected meteorological data for an 
arid site near Beatty, Nye County,

Water-Vapor Movement Through Unsaturated Alluvium in Amargosa Desert Near Beatty, Nevada- 
Current Understanding and Continuing Studies

165



Nevada, calendar year 1989: U.S. 
Geological Survey Open-File Report 
92-484, 27 p.

TRACER TESTS IN SATURATED AND 
UNSATURATED SAND AND GRAVEL 
GLACIAL OUTWASH, CAPE COD, 
MASSACHUSETTS
By Dennis R. LeBlanc

Introduction

The U.S. Geological Survey (USGS) 
Cape Cod Toxic-Substances Hydrology 
Research site is located in the northern part of 
Falmouth, Massachusetts, on Cape Cod 
(fig. 54). This site is the focus of research on 
the geologic, hydrologic, chemical, and micro­ 
biological processes affecting the movement 
of contaminants in a sewage plume originat­ 
ing from Otis Air Base. Observations of the 
distributions of contaminants and bacteria in 
the plume and field and laboratory experi­ 
ments have been used to identify and quantify 
these processes. A summary of research at 
the Cape Cod site can be found in Garabcdian 
and LeBlanc (1991). The purpose of this 
paper is to describe the use of tracer experi­ 
ments to examine the effects of physical and 
geochemical heterogeneity on fluid flow and 
solute transport at the site.

Site Description

The study area is on a broad sand and 
gravel outwash plain formed during the last 
Pleistocene glacial retreat. The top 30 to 50 
m of sediment are composed of stratified, 
medium to coarse sand with some gravel. 
The sand and gravel overlies fine sand, silt, 
and sandy till. These unconsolidated sedi­ 
ments overlie crystalline bedrock. The hori­ 
zontal hydraulic conductivity of the sand and

gravel in the study area ranges from 60 to 90 
m/d and is locally as high as 120 m/d (LeB­ 
lanc, Garabedian, and others, 1991). The 
effective porosity of the sand and gravel is 
about 0.39 (Garabedian and others, 1991).

Ground water in the unconsolidated sed­ 
iments is unconfined. The water table slopes 
toward the south at about 1.5 m/km. 
Recharge to the aquifer from precipitation is 
about 0.5 m/yr. Estimated rates of average 
ground-water velocity in the sand and gravel 
range from 0.2 to 0.6 m/d.

A plume of contaminated ground water 
has been formed by more than 60 years of dis­ 
posal of treated sewage onto infiltration beds 
at Otis Air Base (LeBlanc, 1984a, b). In 
1979, the plume was 0.8 to 1.1 km wide, 23 
in thick, and more than 3.4 km long. The 
plume contains elevated concentrations of dis­ 
solved solids, boron, chloride, sodium, phos­ 
phorus, ammonium, nitrate, detergents, and 
volatile organic compounds. The distribu­ 
tions of these chemicals in the plume are 
affected by the physical, chemical, and micro­ 
biological processes in the aquifer and by his­ 
torical variations in the chemical composition 
of the treated sewage. T^e microbiological 
processes are reflected by increased bacterial 
populations near the infiltration beds (Harvey 
and others, 1984).

Methods of Study

In the early phase of research at the 
Cape Cod site, observed distributions of con­ 
taminants and bacteria were used to infer the 
major physical, chemical, and microbiologi­ 
cal processes affecting the transport and atten­ 
uation of contaminants in the plume, and 
hypotheses concerning transport were pro­ 
posed. Among these hypotheses was that 
physical and geochemical heterogeneity were 
important factors affecting the fate of contam­ 
inants in the aquifer. More recent research 
has focused on testing the hypotheses and
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quantifying the processes affecting contami­ 
nant transport and attenuation. These efforts 
have included large-scale investigations of 
the sewage plume with specialized sampling 
methods, intermediate-scale field experiments 
such as tracer tests with transport distances of 
1 to 280 m, and small-scale laboratory experi­ 
ments such as batch and column tests.

More than thirty tracer tests have been 
conducted during the past 10 yr as part of 
research at the Cape Cod site. The tracers 
used in the Cape Cod experiments include 
inorganic (bromide, chloride, nitrate, ammo­ 
nium, lithium, molybdenum, boron, chro­ 
mium, zinc, nickel, lead, copper, and 
selenium) and organic (methane, chlorofluo- 
romethane, EDTA, and surfactants) chemi­ 
cals, bacteria, viruses, and fluorescent 
microspheres. The tests were conducted with 
forced- and natural-gradient flow fields over 
travel distances of 2 to 280 m. These tests are 
designed to be controlled, in situ experiments 
for testing specific hypotheses related to 
transport processes. The tests, although diffi­ 
cult and time-consuming to conduct, help 
develop an understanding of fluid flow and 
contaminant transport in the heterogeneous 
subsurface.

Examples of Tracer Tests

A major research objective at the Cape 
Cod site has been to relate the dispersion of 
solutes to the heterogeneity of aquifer hydrau­ 
lic properties. Two examples of the use of 
tracer tests one in the saturated zone and the 
other in the unsaturated zone  to address this 
objective are given in this section.

A direct measure of the dispersion of 
solutes in the sand and gravel aquifer was 
obtained by spatial-moments analysis of a 
large-scale natural-gradient tracer test con­ 
ducted in the saturated sand and gravel from 
1985-87 (LeBlanc, Garabedian, and others, 
1991; Garabedian and others, 1991). The non-

reactive tracer, bromide, and several reactive 
tracers were injected as a pulse into three 
wells in July 1985. The tracers were then 
monitored in three dimensions as they moved 
as far as 280 m downgradient through an 
array of 656 multilevel samplers in an aban­ 
doned gravel pit (fig. 54). The bromide cloud 
moved horizontally at a rate of 0.42 m/d. It 
also moved downward about 4 m because of 
density-induced sinking early in the test and 
accretion of areal recharge from precipita­ 
tion. After 200 m of transport, the bromide 
cloud had spread more than 80 m in the direc­ 
tion of flow, but was only 14m wide and 4 to 
6 m thick. A spatial-moments analysis of thw 
bromide distributions at 16 sampling dates 
during the test indicated that the aquifer dis- 
persivity is about 1.0 m in the direction of 
flow, about 0.02 m in the transverse horizon­ 
tal direction, and about 0.002 in in the trans­ 
verse vertical direction (Garabedian and 
others, 1991).

Hess and others (1992) estimated macro- 
dispersivity at the Cape Cod site using the sta­ 
tistical properties of the hydraulic- 
conductivity distribution in the theoretical 
transport equations of Gelhar and Axness 
(1983). The statistics were obtained from the 
analysis of about 1,500 measurements of satu­ 
rated hydraulic conductivity that were made 
using borehole-flowmeter measurements and 
permeameter analyses of cores near the loca­ 
tion of the multilevel sampler array (fig. 54). 
The range of estimated asymptotic longitudi­ 
nal dispersivity is 0.35 to 0.78 m. This range 
is similar to the longitudinal dispersivity 
observed in the large-scale tracer test.

The effects of variations in physical 
properties of the sand and gravel on unsatur­ 
ated flow and solute transport were observed 
in detail during a set of infiltration experi­ 
ments conducted in 1990-91 in the unsatur­ 
ated zone (LeBlanc, Randolph, and others, 
1991; Celia and others, 1992). Soil-water 
content, pressure, and solute concentration
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were measured during infiltration on a test 
plot 2 m wide and 10 m long adjacent to the 
multilevel sampler array in the abandoned 
gravel pit (fig. 54). Instrumentation was 
installed to a depth of 2 in and included 168 
pairs of time-domain reflectometry probes 
and 112 suction-lysimeter/tensiometers. The 
20-m2 plot was irrigated through sprinkler 
nozzles set 1.5 m above ground surface. The 
experiments were divided into two sets. The 
first set focused on transport of solutes under 
steady-flow conditions at irrigation rates rang­ 
ing from 7.9 to 37.0 centimeters per hour. 
The second set focused on transient water 
flow during several wetting and drying 
cycles. After completion of the infiltration 
experiments, undisturbed cores were col­ 
lected from the test plot for laboratory analy­ 
sis of grain size and pressure/saturation 
relationships, and a trench was dug to a depth 
of 2.5 m along the centerline of the plot to 
observe the stratigraphy of the sand and 
gravel directly.

The data from the infiltration experi­ 
ments are presently being compiled and ana­ 
lyzed. Preliminary results indicate that 
physical heterogeneity greatly affects water 
flow and solute transport in the coarse­ 
grained sand and gravel outwash. Significant 
variations in flow and solute transport were 
observed, which are inferred to result from 
spatial variations in the hydraulic properties 
of the sand and gravel. Both water and solute 
appeared to move around a horizontally per­ 
sistent layer of coarse gravel observed during 
excavation of the test plot.

Summary

The Cape Cod Toxic-Substances 
Hydrology Research site is the focus for a 
number of field research projects studying the 
physical, chemical, and microbiological pro­ 
cesses that affect the transport and attenuation 
of contaminants in ground water. In the early

phase of research at the site, observed distri­ 
butions of contaminants and bacteria in a 
plume of sewage-contaminated ground water 
were used to infer the major processes affect­ 
ing transport and to propose hypotheses con­ 
cerning these processes. Among these 
hypotheses is the importance of physical and 
geochemical heterogeneity in controlling the 
fate of contaminants in the sand and gravel 
outwash. Recent research includes efforts to 
characterize specific processes using small- 
scale laboratory experiments, intermediate- 
scale field tracer tests, and large-scale investi­ 
gations of the sewage plume with specialized 
sampling methods.

More than 30 tracer experiments have 
been run at the Cape Cod site in the saturated 
and unsaturated zones since 1984. These 
tests have used inorganic and organic com­ 
pounds, bacteria, viruses, and fluorescent 
microspheres as tracers with transport dis­ 
tances of 2 to 280 m. The tracer tests are 
designed to be controlled, in situ experiments 
for testing specific hypotheses related to trans­ 
port processes.

A major research objective at the Cape 
Cod site has been to relate dispersion of sol­ 
utes to the heterogeneity of aquifer hydraulic 
properties. A large-scale natural-gradient 
tracer test in the saturated zone showed that 
dispersion of solutes could be related quantita­ 
tively to the spatial variability of hydraulic 
conductivity using theoretical stochastic trans­ 
port equations. The test also showed that dis­ 
persion of solutes transverse to the direction 
of ground-water flow is limited. A series of 
infiltration experiments in the unsaturated 
zone showed that physical heterogeneity 
greatly affects water flow and solute transport 
in the coarse, stratified sand and gravel. 
Observations of water flow and solute trans­ 
port from tracer studies, although difficult to 
obtain, help develop an understanding of 
transport processes in the heterogeneous 
subsurface.
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DIFFUSION IN SOLUTE TRANSPORT- 
THREE SCALES OF IMPORTANCE
By Warren W. Wood

Introduction

Solutes in ground water are transported 
by advection and diffusion. Mass transport 
by diffusion for a given volume of rock is typ­ 
ically four or five orders of magnitude lower 
than transport by advection in many aquifer 
systems. Thus, it has been assumed that sol­ 
ute transport by diffusion plays a minor role 
in systems in which ground water velocity is 
large. As a consequence, the diffusion term is 
usually embedded in the dispersion form of 
the ground-water-transport equation rather 
than being identified as a separate mecha­ 
nism. This paper illustrates that mass trans­ 
port by diffusion can be important in aquifer 
systems over a wide range of geologic condi­ 
tions and time scales. The basic equation con­ 
trolling the diffusion into geologic material 
under one dimensional steady state conditions 
is Pick's First Law

= D(dC/dX), (27)

where q is flux ((M/L2)/T); D is diffusion 
coefficient (L2/T); C is concentration (M/L3); 
and X is distance (L) (L = length; M= mass; 
T = time, in consistent units).

In this paper the role of diffusion in 
porous media is evaluated at three different 
scales, orders of magnitude different in length 
and time: small-scale (<1 mm) diffusion into 
and out of individual grains over time in 
hours to days; intermediate-scale (10 mm-10 
cm) diffusion into and out of fractures and 
surrounding rock matrix over times of months 
to tens of years; and large-scale (meters) diffu­ 
sion across geologic formations over times of 
thousands of years.

Small - Scale Diffusion (<1 mm, hours 
to days)

Consider a porous media in which a sol­ 
ute is introduced to an aquifer in a measure 
analogous to that used for a tracer test, indus­ 
trial spill or disposal of waste. If the individ­ 
ual grains are porous, solutes will diffuse into 
them in response to the concentration gradient 
between the interstitial pore space of the aqui­ 
fer and the interior of the grain. Because dif­ 
fusion distances into pores are small less 
than the radius of the grain the concentration 
gradients are large; and because the total sur­ 
face area of the grains is large, a significant 
amount of mass transport by diffusion is pos­ 
sible in a short period of time. The process at 
this scale is illustrated in a glacial outwash 
deposit on Cape Cod, Massachusetts.

Examination of the aquifer grains by 
SEM (scanning electron microscopy) illus­ 
trate the presence of a honeycomb texture in 
which parts of the mineral have been 
removed by weathering (Wood and others, 
1990). The probable origin of the honeycomb 
texture in the feldspar is the differential 
weathering of the sodium feldspar in a 
microperthite. X-ray analyses, batch and col­ 
umn tests, and ion-exchange studies (Wood 
and others, 1990) documented the presence of 
smectite clay weathering products in the inte­ 
rior that act as exchange sites for diffusing 
cations.

Mercury injection studies indicated that 
internal porosity's of quartz, feldspar and 
heavy minerals (largely biotite) were approxi­ 
mately 10 percent. This porosity is consistent 
with porosity observed in the SEM micropho- 
tographs and thin sections of grains that had 
been injected with a fluorescent epoxy.

The role of grain diffusion and interac­ 
tion is shown dramatically in the shape of the 
solute plume (fig. 55) resulting from a field- 
scale tracer test (LeBlanc and others 1991, 
Garabedian and others 1991). After 236 days
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transport approximately 140 meters along a 
ground-water flow path in the Cape Cod aquifer 
(modified from Wood and others, 1990).

the center of mass of the conservative bro­ 
mide plume had traveled approximately 100 
m. The center of mass of the lithium plume 
required 460 days to travel the same distance 
as would be expected of a retarded, reactive 
solute. Notice in figure 55, the difference in 
shape of the two solute plumes after they trav­ 
eled the same distance. Note particularly the 
long tailing of the Li+ curve and the smaller 
transverse spreading. We propose that the dif­ 
ference in shape is due to nonequilibrium ion- 
exchange conditions resulting from Li+ diffu­ 
sion into the internal grain pores, exchange 
with the weathering products in the interior, 
and subsequent diffusion of Li+ out of the 
grains. Br is assumed to diffuse into and out 
of the grains but is not involved with cation 
exchange thus the difference in dispersivity 
between the two ions. There is some indica­ 
tion that Br' may be excluded from the clay- 
filled pores and, thus, may have increased the 
difference in dispersion between the two ions.

Intermediate-Scale Diffusion (10 mm - 
10 cm) months to tens of years

Diffusion at this scale is illustrated in a 
low permeability fractured rock environment 
in which diffusion occurs from the fracture 
into the matrix and from the matrix to the frac­ 
ture. This process is illustrated in a granite at 
Mirror Lake, Grafton County, New Hamp­ 
shire.

Consider first the residence time of 
water in this fracture-dominated system. Of 
the 100 ground-water samples collected from 
areal distributed bedrock wells in the upper 
150 m of the fractured granite and schist at 
the Mirror lake site 96 indicate the ground- 
water residence times are less than 50 yr. 
This estimate is based in most samples on the 
fluorocarbons, generated since the late 1940's 
through the present, and tritium from atmo­ 
spheric testing of thermonuclear devices in 
the 1950's and early 1960's that persists to the 
present.

Evidence for diffusion in this system is 
observational, experimentally determined, 
and inferred. Rocks adjacent to fractures in 
this system exhibit numerous, conspicuous 
ferric-iron-stained "Liesegang bands" 
(fig. 56). These bands are believed to have 
formed in response to the diffusion of ferrous 
iron, which is generated by weathering of the 
ubiquitous amphiboles and biotite, toward the 
fracture in response to a concentration gradi­ 
ent. Oxygen in ground water diffuses from 
the fracture into the rock matrix, causing pre­ 
cipitation of ferric hydroxide. Paul Hseih 
(U.S. Geological Survey, oral commun., 
1992) has shown, by an analytical solution of 
the diffusion equation with boundary condi­ 
tions appropriate for the system, that these fer­ 
ric hydroxide bands are a consistent response 
to changing oxygen concentration in the frac­ 
ture. Further, it can be shown, with the 
choice of typical effective diffusion coeffi­ 
cients and observed concentrations, that the
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Figure 56. Liesegang bands in granite from Hubbard Brook watershed, New Hampshire.

bands form in times of tens to hundreds of 
years. Thus, Liesegang bands are "finger 
prints" of previous hydrologic conditions and 
suggest that diffusion has occurred in granite 
rocks in time scales that are important in con­ 
sideration of toxic or radioactive-waste dis­ 
posal or remediation.

Laboratory evaluation of diffusion in 
granites, schists, and basalt suggests that the 
effective diffusion coefficient (including 
porosity, sorption, and tortuosity) for 137Cs is 
approximately 6.5 x 1C)" 13 m2/s. This value 

is similar to 1 x 10 13 m2/s (meters squared per 
second) determined in a Swedish gneiss by 

Skagius and Neretnicks (1988). It can be 
seen from figure 57 that the 137Cs ions have 
penetrated approximately 7 mm into granite 
over a period of 101 days. Effective porosity 
of 32 granite samples ranged from 1.07 to 
2.33 percent with an average 1.46 percent.

Large scale diffusion (>10 m, 
thousands of years)

This scale of diffusion is represented by 
geologic time and is illustrated by diffusion 
from a saline lake through a 30-m-thick, low- 
permeability shale to an underlying freshwa­ 
ter aquifer. Diffusion at this scale is an impor­ 
tant consideration for long-term storage of 
toxic or radioactive waste; that is, this site can 
be viewed as a natural surrogate for waste dis­ 
posal in shale. The site is located on the 
Southern High Plains, 50 km south of Lub- 
bock, Texas.

Figure 58 illustrates the relation 
between advection and diffusion in this one- 
dimension flow system. The vertical axis rep­ 
resents the relative thickness of the shale 
member; the horizontal axis represents the rel­ 
ative concentration. If only advection were 
present, concentration would be the same 
throughout the vertical profile. If diffusion

Diffusion in Solute Transport Three Scales of Importance 173



I I I I I I I I I

0 2 4 6 ~ 8 10 
DEPTH OF PENETRATION, MILLIMETERS

Figure 57. Relative activity and penetration distance of 137Cs into granite from Mirror Lake, Grafton 
County, New Hampshire. Best fit yielc 
6 x 10~ 13 meters squared per second.
County, New Hampshire. Best fit yields an effective diffusion coefficient for 137Cs of approximately

D_ 
HI 
Q
C/D 
C/D 
HI

O 
C/D
Z 
HI

1
Q 0.8 -

0.2 0.4 0.6 0.8 1 
DIMENSIONLESS CONCENTRATION

1.2

Figure 58. Observed chloride data from Double Lakes, Texas, relative to theoretical advection and 
diffusion models.

174 Diffusion in Solute Transport Three Scales of Importance



were the only transport mechanism, concen­ 
tration would be represented by a straight line 
connecting the two concentrations. Any com­ 
bination of diffusion and advection will gener­ 
ate a curved line.

Figure 58 illustrates an observed chlo­ 
ride profile through the shale collected with a 
dedicated multiple-level-sampling device that 
samples water at 1.5-m vertical intervals. A 
plot of the relative concentration as a function 
of relative distance suggests that solute trans­ 
port through the shale occurs largely by diffu­ 
sion. The upper two or three points are 
interpreted as a recent (last 5,000 yr) change 
in solute concentration in the lake that has not 
equilibrated and, thus, deviates from the theo­ 
retical diffusion curve. Hydrologic analyses 
suggests that traveltime through the 30 m of 
shale is approximately 30,000 yr (Ward 
Sanford, U.S. Geological Survey, oral 
commun., 1993).

Summary

The small, intermediate and large scales 
of diffusion illustrate its importance when 
considering geologic disposal of toxic or 
radioactive waste. The small (millimeter) 
scale is important in short-term tracer test 
experiments. The intermediate (10 mm-10 
cm) scale is important in the time scale of 
months to tens of years, and can significantly 
change solute transport along fractures. 
Finally, large scale diffusion can transport a 
significant amount of mass on a geologic 
time scale with diffusion distances over tens 
of meters.
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USE OF BOREHOLE-RADAR 
METHODS TO DETECT FRACTURES 
IN CRYSTALLINE ROCKS, MIRROR 
LAKE AREA, GRAFTON COUNTY, 
NEW HAMPSHIRE 
By P.P. Haeni and John W. Lane, Jr.

Introduction

Characterization of direction, number, 
and hydraulic properties of fractures and the 
resulting ground-water flow is an important 
component of ground-water contamination 
studies. The USGS established a fractured 
rock research site in the Mirror Lake area, 
Grafton County, New Hampshire (fig.59), for 
the purpose of conducting multidisciplinary 
research on the flow of contaminants in frac­ 
tured bedrock. As one part of this research, 
borehole-radar surveys were conducted to
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detect bedrock fractures. This paper presents 
the results of borehole-radar surveys con­ 
ducted at the Mirror Lake area, Grafton 
County, New Hampshire, in June 1991. Sur­ 
veys were conducted at two sites the Camp 
Osceola well field and the FSE well field 
(fig. 59). At these sites, crystalline bedrock, 
consisting of foliated schists intruded by gran­ 
ite, pegmatite, and basalt (C.C. Barton, U.S. 
Geological Survey, written commun., 1993), 
underlies 3 to 10 m of glacial drift.

Borehole-radar Equipment And Field 
Methods

Borehole-radar methods are similar to 
surface-radar methods, except that the trans­ 
mitter and receiver are oriented vertically in a 
borehole. The transmitter and receiver are 
separated by a fixed distance when used in a 
single-hole configuration and can operate in a 
directional or nondirectional mode. Reflec­ 
tors from subhorizontal saturated fractures are 
caused by the same physical property changes 
that cause surface-radar reflections and are 
usually coherent events. Borehole-radar meth­ 
ods were developed primarily to detect frac­ 
tures at proposed high-level nuclear waste 
sites and have been used by Olsson and others 
(1988, 1992a, b) to detect fractures in crystal­ 
line rocks in Sweden. The application of 
this geophysical method to shallow ground- 
water contamination sites is new, and only 
a few demonstration projects have been 
conducted (Borje Niva, ABEM Inc, written 
commun., 1991).

The borehole radar unit used in this 
study, manufactured by ABEM Inc., has a 
nondirectional antenna with a center fre­ 
quency of 22 and 60 Mhz and a directional 
antenna (consisting of four orthogonal anten­ 
nas along a common axis) with a center fre­ 
quency of 60 Mhz. For the single-hole 
surveys, the transmitter and receiving antenna

centerpoints were separated by 8.1 to 14.2 m 
and were lowered down the hole by a com­ 
puter-controlled winch. Readings were taken 
every 0.25 m, and 128 scans were stacked at 
each interval. All data were displayed in the 
field on a portable computer and were digi­ 
tally recorded for further processing. Cross- 
hole tomography measurements were con­ 
ducted by placing the receiver and transmitter 
in separate boreholes. The transmitter loca­ 
tion was fixed, and the receiver location was 
moved in 3-m increments down the length of 
the second borehole. The transmitter was 
then moved 3 m and the process was repeated 
until the transmitter reached the bottom of the 
first borehole.

Processing and interpretation of the sin­ 
gle-hole data included filtering and migra­ 
tion. This was performed using the RADAN 
processing package developed by GSSI and 
the RAMAC package developed by ABEM. 
Processing the cross-hole tomography data, 
using the conjugated gradient method, was 
performed with the RAMAC package.

Fracture Detection In The Mirror Lake 
Area

Single-hole borehole radar surveys were 
conducted in boreholes CO-1, CO-2, and 
FSE-5. Individual reflectors up to 60 and 
80 m away from CO-1 and CO-2 were 
detected using the 60- and 22-MHz nondirec­ 
tional antennas respectively (fig. 60). Direc­ 
tional data, using 60-MHz antennas, detected 
reflectors that were up to 30 m away from the 
borehole. Twelve reflectors, interpreted as 
fractures, were identified in CO-1, eight were 
identified in CO-2, and nine were identified 
in FSE-5. Data obtained with the directional 
antenna also allowed estimation of the azi­ 
muth, dip angle, and borehole-intersection 
depth of the reflectors; this information is pre­ 
sented in table 13. Fractures could be corre-
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Table 13. Azimuth, dip angle, and depth to intersection with borehole of identified reflector 
[ , not applicable]

Borehole-intersection

Azimuth

160

100

110

110

190

110

220

270

190

180

210

 

Dip angle 
(degrees)

Borehole CO-1

28.7

27.1

45

39

37.9

41.3

32

34.9

32.2

25.2

30

90

Depth 
(meters)

2.4

9.7

19

22.5

30

37.5

42.5

45.7

57.5

76.5

83.5

56

Borehole-intersection

Azimuth

040

080

080

010

140

080

190

100

Dip angle 
(degrees)

Borehole CO-2

41.0

34.5

48.2

15.3

19.3

17.5

17.5

18.0

Depth 
(meters)

7.3

26

34.5

56.2

60

72.1

84

98

Borehole-intersection

Azimuth

70

140

150

320

40

260

110

110

320

Dip angle 
(degrees)

Borehole FSE-5

61

45

33.1

58.8

49.8

46.2

47.6

51.1

19.3

Depth 
(meters)

13.1

19.6

28.2

33.8

46.1

57.5

61.5

66.1

108.5

lated between CO-1 and CO-2 (located 20 m 
apart) in some, but not all, cases. Some rea­ 
sons for this could be that fractures are not 
generally planar, fractures may be discontinu­ 
ous over the interval between the two bore­ 
holes, or fracture reflectors may be masked 
by other fractures.

Fractures located between the transmit­ 
ter and receiver can cause scattering and atten­ 
uation of the radar pulse the amplitude of 
the direct arrival of the radar pulse decreases 
as the number of fractures and the hydraulic 
conductivity increases. Therefore, a plot of 
the amplitude of the direct arrival of the radar 
pulse from the transmitter to the receiver 
against the measurement location (fig. 61)

can be interpreted as qualitative indicator of 
the number of fractures located between the 
transmitter and the receiver.

Physical properties affecting radar-wave 
propagation are different for rocks and water-­ 
radar velocity is much lower and the pulse 
attenuation is generally much higher in water 
than in rock. Cross-hole radar tomography 
between boreholes FSE-1 and FSE-4 (located 
15 m apart) showed a low-velocity/high-atten­ 
uation zone at a depth of 35 to 50 m (fig. 62). 
Assuming the rock properties are uniform 
between the boreholes, this low-velocity/high- 
attenuation zone can be interpreted as a zone 
of saturated fractures. This interpretation 
agrees with other geophysical and hydrologic
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Figure 61. Amplitude of the direct arrival of the radar pulse between the transmitter and receiver 
plotted against measurement location.

data from these two boreholes, including seis­ 
mic tomography, aquifer tests, tracer tests, 
and other borehole data.

Summary

Single-hole directional and nondirec- 
tional borehole-radar surveys were conducted 
in CO-1 and CO-2 at the Camp Osceola well 
field and in FSE-5 at the FSE well field. Indi­ 
vidual fractures or fracture zones were identi­

fied up to 80 m away from the boreholes 
using the nondirectional antennas and up to 
30 m away using the directional antenna. 
Cross-hole radar tomography, conducted 
between FSE-1 and FSE-4 at the FSE well 
field showed a low-velocity/high-attenuation 
zone between 35 and 50 m deep. This zone 
was interpreted to be a saturated fracture 
zone; this interpretation agrees with other geo­ 
physical and hydrologic data collected from 
the two holes.
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AN OVERVIEW OF FIELD
INVESTIGATIONS OF FLUID FLOW IN
FRACTURED CRYSTALLINE ROCKS
ON THE SCALE OF HUNDREDS OF
METERS
By Paul A. Hsieh

Introduction

A major question confronting research­ 
ers on fluid flow in fractured rocks is how to 
deal with the highly heterogeneous distribu­ 
tion of hydraulic properties in a rock mass. In 
crystalline rocks, for example, the hydraulic 
conductivity can vary by several orders of 
magnitude over a distance of several meters. 
Theoretical treatment of such heterogeneities 
includes representing the rock as an equiva­ 
lent continuum, using stochastic processes to 
represent the heterogeneity in a probabilistic 
manner, and explicitly modeling the heteroge­

neities through detailed characterization. 
While it is not clear that any single approach 
is preferred, field investigations at a number 
of crystalline-rock research sites are begin­ 
ning to provide guidelines on the usefulness 
of the different approaches. This paper pro­ 
vides a brief survey of the findings from these 
research sites, and presents some preliminary 
results from an ongoing study in the Mirror 
Lake area, New Hampshire, where the USGS 
is conducting research on fluid flow and 
chemical transport in fractured rocks. In each 
instance, subsurface characterization on the 
scale of hundreds of meters revealed the pres­ 
ence of highly permeable fracture zones or 
clusters of connected fractures. Explicitly 
identifying and characterizing these highly 
permeable zones were crucial to understand­ 
ing flow in the rock mass.

Survey of Findings From Crystalline- 
Rock Research Sites

Construction of the Underground 
Research Laboratory in southeastern Mani­ 
toba represents a major Canadian effort to 
investigate the suitability of crystalline rocks 
for storage of nuclear waste. The laboratory 
consists of a 450-m-deep vertical shaft with 
horizontal tunnels at different levels. Prior to 
shaft excavation, a site investigation found 
three major low-angle fracture zones and a 
number of subvertical fracture zones. Based 
on this information, a model was developed 
to predict the inflow into the shaft during 
excavation, and the drawdown at packer-iso­ 
lated intervals in a network of monitoring 
wells. The predicted drawdowns were rela­ 
tively close to the actual drawdowns, but the 
predicted inflow was approximately four 
times the actual inflow. Nevertheless, accord­ 
ing to Davidson (1986), the most important 
information for model development was the 
identification of the fracture zones.

182 An Overview of Field Investigations of Huld Row in Fractured Crystalline Rocks on the Scale of Hundreds of Meters



At the Chalk River Laboratories in 
Ontario, Canada, characterization of a 200 m 
by 150 m by 50 m block of monzonitic gneiss 
revealed the presence of four extensive frac­ 
ture zones: two are horizontal, one is inclined, 
and one is vertical. The rock mass surround­ 
ing the fracture zones is also fractured and 
permeable, although not as highly permeable 
as the fracture zones. To analyze a multiple- 
borehole hydraulic test at this site, Carrera 
and Heredia (1988) used a finite-element 
model in which the fracture zones were 
explicitly modeled as two-dimensional planar 
features while the rock mass was represented 
as a continuum. To limit the number of 
model parameters, homogeneity was assumed 
within each fracture zone and within the rock 
mass. Using this approach, Carrera and 
Heredia were able to calibrate the model so 
that the computed drawdowns closely match 
the observed drawdown. The results suggest 
that the fracture zones must be explicitly iden­ 
tified and included in the model in order to 
understand flow in the rock block.

In central Sweden, the Finnsjon site 
serves as a research facility for studying fluid 
flow in crystalline rocks. Of the many frac­ 
ture zones encountered at the site, the low 
angle "Zone 2" has been most extensively 
studied through boreholes drilled in a 500 m 
by 500 in area (Ahlboin and Smellie, 1991). 
This fracture zone is approximately 100 m 
thick and lies at a depth between 100 m to 
400 m below land surface. Near the top of 
Zone 2, a narrow subzone has significantly 
higher transtnissivity. Hydraulic tests in this 
subzone show fast response over a distance of 
400 m. Under natural hydraulic gradient, a 
tracer travelled this distance in one month. 
These findings suggest that Zone 2 is a major 
conduit that exerts a strong control on ground- 
water flow at the Finnsjon site.

Perhaps the best known site for crystal­ 
line rock research is the Stripa site in Swe­ 
den. As a part of the Site Characterization

and Validation Project, the adequacy of char­ 
acterization was tested by predicting the 
inflow into a cluster of six, 100-m-long, paral­ 
lel boreholes, known as the "D boreholes" 
(Black and others, 1990). Based on hydraulic 
and fracture data from nearby boreholes, it 
was expected that the D boreholes would 
intersect several highly-permeable fracture 
zones within the fractured rock mass. Using 
identical field data but different modeling 
approaches, three independent groups of 
hydrologists made inflow predictions. In 
terms of total inflow, all three predictions 
were within a factor of two of the measured 
total inflow. However, the predicted distribu­ 
tion of inflow along the boreholes did not 
agree well with the measured distribution. Of 
particular interest is the fact that a majority of 
the prediction effort centered on calculating 
inflow from the fractured rock mass, while 
the majority of the actual inflow (approxi­ 
mately 90 percent) entered the boreholes via 
the fractured zones. Thus, the exercise dem­ 
onstrates the importance of fracture zones in 
controlling flow through fractured rocks.

USGS Research on Fractured Rock 
Hydrology in the Mirror Lake Area

Similar to findings at the research sites 
surveyed above, results from the Mirror Lake 
area in central New Hampshire (fig. 59) 
underscore the importance of identifying the 
connected network of highly-permeable frac­ 
tures within a less-permeable fractured rock 
mass. The Mirror Lake area is the site of an 
ongoing research effort by the USGS to study 
fluid flow and chemical transport in fractured 
rocks. As discussed by Shapiro and Hsieh 
(1991), the objectives of the study are to 
develop monitoring and testing methods for 
characterizing flow and transport in bedrock, 
and to establish a site for long-term study. 
Although the Mirror Lake area is not contami­ 
nated, the techniques and understanding
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developed in this study are directly transfer­ 
able to other fractured rock sites that have 
been contaminated with hazardous wastes.

Among the many studies in the Mirror 
Lake area, a detailed investigation focuses on 
a 120 m by 80 m area known as the FSE well 
field. Here, approximately 20 m of glacial 
drift overlies the bedrock, which consists of 
schist that is intruded by granite and pegma­ 
tite. Thirteen wells have been drilled to 
depths ranging from 61 m to 229 in. Down- 
hole acoustic televiewer and video camera 
logs show that each well intersects tens of 
fractures over the upper 50 m of bedrock, 
where active ground-water circulation

occurs. However, hydraulic tests show that 
only a few of these fractures conduct signifi­ 
cant amounts of flow. Furthermore, these 
highly permeable fractures connect with each 
other locally to form highly permeable zones 
within the less permeable fractured rock. 
Based on multiple-well hydraulic tests, four 
such highly permeable zones have been identi­ 
fied at the FSE well field (fig. 63). In such a 
setting, the response to a multiple-well 
hydraulic test is entirely different than the 
response in a homogeneous aquifer. If two 
packer-isolated intervals straddle the same 
highly permeable zone, the drawdowns in the 
intervals tend to be identical. In contrast, if
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WELL 
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WELL 
FSE5

WELL WELL 
FSE4 FSE1

EXPLANATION
0 10 20 30 METERS

Highly transmissive fracture cluster 

Network of lower transmissivity fractures

Figure 63. Vertical cross section between wells FSE-1 and FSE-6 at the FSE well field. Four clusters 
of highly permeable fractures occur within the less permeable fractured rocks.
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two packer-isolated intervals straddle differ­ 
ent highly permeable zones, the drawdowns 
are significantly different. Without explicitly 
recognizing the influence of the highly perme­ 
able zones, it would be virtually impossible to 
interpret the hydraulic tests.

Conclusions

A brief survey of findings from crystal­ 
line rock research sites shows that, in each 
case, subsurface characterization on the scale 
of hundreds of meters revealed the presence 
of highly permeable fracture zones or clusters 
of connected fractures. Explicitly identifying 
and characterizing these highly permeable 
zones was crucial to understanding flow in 
the rock mass. Similar results were also 
obtained at the Mirror Lake area in central 
New Hampshire, where the USGS is conduct­ 
ing research on fluid flow and chemical trans­ 
port in fractured rocks.
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ESTIMATION OF EFFECTIVE 
POROSITY IN FRACTURED 
CRYSTALLINE ROCK BY 
CONTROLLED-TRACER TESTS
By Alien M. Shapiro

Introduction

The characterization of geologic envi­ 
ronments, such as crystalline rock, for high- 
and low-level radioactive-waste isolation 
requires a detailed hydrogeologic investiga­ 
tion in the immediate vicinity of the reposi­ 
tory site for example, over distances of tens 
of meters. The characterization of chemical 
transport over these distances requires the 
identification of physical properties of the for­ 
mation, such as the effective porosity. The 
effective porosity relates the mean volumetric
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flow rate (as defined by the Darcy flux) to the 
mean fluid velocity; it is the mean fluid veloc­ 
ity that controls the mean displacement of 
chemical constituents. Laboratory estimates 
of porosity can be made only for the unfrac- 
tured rock matrix. The effective porosity of 
fractures, which are the principal conduits of 
ground-water flow and chemical transport, 
cannot be identified from the laboratory analy­ 
ses of cores. The area of a fracture inter­ 
sected by a core is not representative of the 
entire fracture or of many interconnected frac­ 
tures. Consequently, the effective porosity of 
fractured rock must be inferred from con­ 
trolled chemical-transport experiments con­ 
ducted under field conditions at the scale of 
the investigation.

Controlled-tracer experiments involve 
the introduction of a dissolved chemical con­ 
stituent, referred to as a tracer, into the subsur­ 
face and the monitoring of either the spatial 
distribution of the tracer concentration at sev­ 
eral times or the temporal variation of the 
tracer concentration at one or more fixed loca­ 
tions. With a knowledge of the (hydraulically 
stressed or ambient) flow regime, the effec­ 
tive porosity can be estimated. Controlled- 
tracer experiments usually are viable over dis­ 
tances of tens of meters; over larger distances 
and longer times, it becomes more difficult to 
account for the entire mass of the tracer that 
has been introduced into the flow regime. 
However, controlled-tracer experiments in 
fractured crystalline rock are most likely to be 
successful in estimating effective porosity if 
they are performed under hydraulically 
stressed conditions that ensure that the 
tracer will be recovered at specific sampling 
locations for example, where fluid is 
extracted from the formation (Shapiro and 
Nicholas, 1989).

This article discusses the estimation of 
effective porosity in two tracer tests con­ 
ducted under hydraulically stressed condi­ 
tions in the crystalline bedrock of the Mirror

Lake watershed located in the Hubbard Brook 
Experimental Forest in Grafton County, New 
Hampshire (fig. 59). The Mirror Lake water­ 
shed is the site of a USGS investigation into 
the development and evaluation of field tech­ 
niques and interpretive methods of character­ 
izing ground-water flow and chemical 
transport in fractured rock over distances 
ranging from meters to kilometers (Shapiro 
and Hsieh, 1991). The bedrock in the Mirror 
Lake watershed is primarily a sillimanite- 
grade schist that has been extensively 
intruded by granite and pegmatite and by 
lesser amounts of basalt.

Description And Results Of Tracer 
Tests

The tracer tests discussed in this article 
were conducted in a cluster of bedrock wells, 
referred to as the FSE well field (fig. 59). In 
the FSE well field, several subhorizontal per­ 
meable features of limited areal extent were 
identified using a combination of borehole 
geophysics, single-hole fluid injection tests in 
bedrock wells, and (hydraulic) interference 
tests where an hydraulically isolated section 
of a bedrock well was pumped and the fluid 
pressure was monitored in hydraulically iso­ 
lated sections of the other bedrock wells. The 
subhorizontal permeable features in the FSE 
well field do not represent individual subhori­ 
zontal fractures. Instead, they are the result 
of the interconnection of many permeable 
fractures that are of different orientations. In 
addition, there are many other fractures 
throughout the rock exhibiting a wide range 
of hydraulic conductivities and orientations.

The tracer tests that are discussed in this 
article were conducted in one of the subhori­ 
zontal permeable features that intersects bed­ 
rock wells FSE-6, FSE-9, FSE-11 and FSE- 
13 (fig. 59). Tracer tests were conducted by 
isolating the permeable feature in these bed­ 
rock wells using inflatable packers. Inflatable
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packers were also installed in all other bed­ 
rock wells in the FSE well field to eliminate 
the influence of the vertical permeability asso­ 
ciated with open boreholes. In the tracer tests 
discussed in this article, the isolated interval 
in FSE-6 (29.2 m to 37.9 m below top of cas­ 
ing) was pumped continuously at a rate of 
1.67 X 10 3 m3/s. The initial transient 
response associated with pumping was 
allowed to equilibrate over 24 hours, and a 
tracer test was started on August 6, 1992, by 
injecting a sodium-bromide solution in the 
hydraulically isolated interval of FSE-9 (42.6 
m to 43.3 m below top of casing). A second 
tracer test was started on August 8, 1992, 
with the injection of a sodium-bromide solu­ 
tion into the hydraulically isolated interval in 
FSE-11 (45.7 m to 46.4 m below top of cas­ 
ing). The bromide concentration was moni­ 
tored from samples collected at the pumped 
well. Boreholes FSE-6 and FSE-9 are sepa­ 
rated by 36.3 m and boreholes FSE-6 and 
FSE-1 are separated by 43.7 m.

The bromide concentration at the 
pumped well for the two tracer tests is shown 
in figure 64, where bromide concentrations 
have been adjusted to account for the back­ 
ground concentration and the overlap of the 
two tests. The bromide concentration at the 
pumped well associated with the tracer injec­ 
tion into FSE-9 (fig. 64A) shows an extremely 
steep rising limb and a rapid decline in com­ 
parison to the bromide concentration at the 
pumped well associated with the injection 
into FSE-11 (fig. 64£).

The percentage of the recovered mass 
from each of the tracer tests is also shown in 
figure 64. In the tracer test from FSE-9, over 
80 percent of the injected mass was recov­ 
ered. This calculation, however, is based on 
the average pumping rate. If fluctuations in 
the pumping rate are also considered, esti­ 
mates for the percentage of the mass recov­ 
ered increase to approximately 90 percent. 
The percentage of mass recovered in the

tracer test from FSE-11 is over 80 percent at 
the time this test was terminated. Because of 
the gradual declining limb in the bromide con­ 
centration in this test, the percentage of the 
recovered mass was still increasing sharply 
when the test was terminated. In contrast, the 
percentage of the mass recovered from the 
tracer injection in FSE-9 appears to have 
approached an asymptotic limit.

The hydraulic response due to pumping 
FSE-6 resulted in an almost uniform draw­ 
down in the permeable subhorizontal feature 
where the tracer tests were conducted (P.A. 
Hsieh, U.S. Geological Survey, written com- 
mun., 1992). In addition, drawdowns were 
measured in the permeable zones above and 
below the permeable feature where the tracer 
tests were conducted, indicating the principle 
source of water entering the zone being tested 
is vertical leakage through less permeable 
fractures.

The results of the hydraulic test indicate 
that the subhorizontal permeable feature 
behaves as a near-infinite permeability zone, 
however, the results of the tracer tests demon­ 
strate the significant heterogeneity in this per­ 
meable feature. The results of the tracer tests 
indicate that bedrock well FSE-11 is probably 
located within a lower permeable area of the 
otherwise highly permeable zone. Further­ 
more, it is apparent that a radially uniform 
flow regime (with vertical leakage) has not 
been established due to pumping from 
FSE-6. Therefore, assumptions of an homog­ 
enous hydraulic conductivity field could lead 
to erroneous estimates of the effective poros­ 
ity in the interpretation of the tracer tests. A 
heterogeneous hydraulic conductivity and 
effective porosity need to be considered in 
estimating the formation properties in order to 
reproduce both the hydraulic response due to 
pumping and the bromide concentration at the 
pumped well from each tracer test. In addi­ 
tion, other processes, such as diffusion of the
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Figure 64. Bromide concentration as a function of time in bedrock well FSE-6 for tracer injection in 
bedrock well FSE-9 and (B) bedrock well FSE-11.
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tracer into the rock matrix may also play a 
role in characterization of effective porosity 
in fractures in crystalline rock.

Nevertheless, it is of interest to identify 
estimates of the effective porosity from each 
tracer test using the relationships for a homog­ 
enous flow regime in the absence of matrix 
diffusion. However, these results should only 
be regarded as estimates subject to more 
detailed modeling efforts that account for the 
heterogeneity in the flow regime and matrix 
diffusion. Assuming steady-state, radially 
converging fluid movement to the pumped 
well, the porosity is defined as

Bn = IQ
27tR2f(a)

(28)

where B is the formation thickness, n is the 
porosity, f is the mean arrival time associated 
with the measured concentration at the 
pumped well, Q is the pumping rate, R is the 
distance between the pumped well and the 
injection well, and f(a) is a function of the 
vertical leakage, where a = R(K'/BT) 1/2 , K' 
is the vertical hydraulic conductivity, B' is the 
thickness of the lower permeability zone 
above the tested interval and T is the transmis- 
sivity of the tested interval. Using the leaky- 
aquifer solution of Hantush and Jacobs 
(1955), and considering steady-state fluid 
movement, the function of f (a) is defined as

(29)

where KJ is the modified Bessel function of 
the second kind of order one, and rw is the 
radius of the pumped well.

From estimates of the leakage parame­ 
ters obtained from the hydraulic tests (P.A. 
Hsieh, U.S. Geological Survey, oral com- 
mun., 1993), B 1 = 35 m, K' = lO'7 m/s and T =

5 x 10~5 m2/s, the estimate of Bn obtained 
from the results of the tracer test conducted 
from FSE-9 is 10"4 m, while the estimate for 
Bn from the test conducted from FSE-11 is 
10 3 m. The difference between the estimates 
of Bn is due to the difference in the mean 
arrival time and the difference in distances 
between the pumped well and the injection 
well for each test

The estimates of the porosity cannot be 
separated from the parameter B, which repre­ 
sents a uniform formation thickness. In con­ 
ducting tracer tests in isolated permeable 
intervals in fractured rock, it is difficult to 
identify a meaningful formation thickness, 
because transport occurs through an intercon­ 
nected network of fractures. For this reason, 
many investigations regard the product of B 
and n as an equivalent fracture aperture 
(Tsang, 1992). This estimate of fracture aper­ 
ture, however, is based on the residence time 
of a tracer. A different effective aperture 
would result in the interpretation of the trans- 
missivity obtained from hydraulic tests.

Summary and Conclusions

Fractures are the principle conduits of 
ground-water flow and chemical transport in 
crystalline rock. Estimates of the effective 
porosity of fractures must be made by con­ 
ducting controlled-tracer tests under field con­ 
ditions. Usually, assumptions, such as 
homogeneity and isotropy, are invoked in esti­ 
mating the porosity of discrete highly perme­ 
able fractures or fracture zones in crystalline 
rock. To illustrate the complexity of estimat­ 
ing the effective porosity of fractures in crys­ 
talline rock, two tracer tests were conducted 
in a highly permeable fracture zone (inter­ 
sected by several boreholes) in the crystalline 
rock of the Mirror Lake watershed in central 
New Hampshire. The tests were conducted 
by pumping one borehole continuously while 
injecting a slug of a sodium-bromide solution
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into an adjacent borehole. The two tests were 
conducted between sets of boreholes at differ­ 
ent orientations and separated by approxi­ 
mately 36 and 44 m, respectively. Fluid 
pressure responses to pumping could not dis­ 
tinguish heterogeneity in the fracture zone. 
Plots of bromide concentration versus time at 
the pumped well for the two tests indicated 
the heterogeneity of the fracture zone.
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AN OVERVIEW OF THE UCLA-NRC 
LOW LEVEL WASTE PROGRAM- 
COVER PERFORMANCE, ANION 
RETENTION, TRITIUM MIGRATION 
MODEL
By Robert K. Schulz and 
Edward O'Donnell

Introduction

Infiltration of water into waste is the 
foremost problem associated with near-sur­ 
face disposal of Low Level Waste (LLW). 
Clearly, it is advantageous to reduce water 
infiltration to buried waste to as low a level as 
is reasonably achievable. This work exam­ 
ines and demonstrates various cover designs 
that can be used for achieving that goal 
(O'Donnell, Ridky, and Schulz, 1992). A 
brief summary of our activities on cover 
designs is given below under the heading 
"Cover Performance."

The long-lived radioisotopes of iodine 
and technetium may be present in waste as 
anions, and as such they will tend to move 
freely through soils by water transport. This 
work investigates the possibilities of finding 
and evaluating unusual volcanic soils that 
might have anion exchange properties which 
would be useful in retarding these anions (Gu 
and Schulz, 1991; Schulz, O'Donnell, and 
Duckart, 1992). If such soil material is 
found, it could be used to condition the near- 
field environment around waste. Our work is 
described below under the heading "Anion 
Retention."

There is concern about the possibility 
that tritium buried at the Nevada Test Site and 
proposed for burial at Ward Valley, Califor­ 
nia, may appear at the soil surface in the 
vapor phase, or will contaminate the ground 
water. This work analyses transfer of tritium 
from a point of release in a uniform, rela­ 
tively dry soil. It also provides a basis for 
design of field experiments to better define
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the risks and opportunities associated with 
this form of waste management. The study is 
described below under the heading "Tritium 
Migration Model."

Cover Performance
By Robert K. Schulz, Edward O'Donnell, 
and R.W. Ridky

This study seeks to control water infiltra­ 
tion through waste disposal unit covers in 
humid regions. Experiments are being per­ 
formed in large-scale lysimeters (75' x 45' 'x 
10') at Beltsville, Maryland. The results are 
applicable to disposal of LLW, uranium 
mill tailings, hazardous waste, and sanitary 
landfills.

Three kinds of waste disposal unit cov­ 
ers or barriers to water infiltration are being 
investigated. They are: (1) resistive layer bar­ 
rier (clay), (2) conductive layer barrier, and 
(3) bioengineering management. The conduc­ 
tive barrier consists of a conductive layer in 
conjunction with a capillary break. During

unsaturated flow the conductive layer "wicks" 
water around the capillary break. This is dem­ 
onstrated in the experiments carried out at 
Beltsville, Maryland (O'Donnell, Ridky, and 
Schulz, 1992). Below-grade layered covers 
(1) and (2) will fail if there is appreciable sub­ 
sidence of the cover. Remedial action will 
then be difficult. Bioengineering manage­ 
ment overcomes this problem because it is 
easily repairable if damaged by subsidence; 
therefore, it could be the system of choice 
under active subsidence conditions. "Bioengi­ 
neering management" uses a combination of 
engineered run-off and stressed vegetation in 
an overdraft condition to control water perco­ 
lation through disposal unit covers. Vegeta­ 
tion planted (in this case, junipers) between 
areas of impermeable cover extend over the 
cover to intercept incoming solar energy to 
evaporate water. Roots extend under the 
cover in all directions to obtain water. The 
performance of two plots (or lysimeters) are 
given in figure 65. Initially the water tables 
were at 1 and 2m.. In about 2 yr, the plots
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Figure 65. Water table versus time in bioengineered lysimeters. Decline of water table levels with 
passage of time shows bioengineered covers were very effective in preventing water percolation. 
Elimination of water table shows that this procedure could be used for remedial action ("drying out") of 
existing water-logged burial sites.
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were completely dewatered. Subsequently, 
the system was maintained in a very dry state 
as shown in figure 66. Compare this result 
with the performance of reference lysimeters 
3 and 4 (fig. 67) where the plots were cropped 
to fescue grass and the water table reached 
the surface in one year. After using this sys­ 
tem for an extended period of time and subsid­ 
ence ceases, the bioengineering system could 
be replaced by a resistive layer barrier/con­ 
ductive layer barrier system. No further sig­ 
nificant maintenance would then be required. 
If a clay barrier alone is used to control water

infiltration to the waste, the cover will be 
"sensitive," that is, sensitive to imperfect con­ 
struction or degradation by penetrating roots. 
The roots will die and decay, causing mark­ 
edly increased permeability of the clay with 
the passage of time. A system using a con­ 
ductive layer under the clay layer as a water 
scavenging system will, in comparison, be 
"robust." Roots will still degrade the clay 
layer, but will not degrade the scavenging 
layer. A root hole through the conductive 
layer will be analogous to a hole through a 
wick. It will do no significant damage. The
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Figure 66. Bioengineered covers. Volumetric soil moisture content plotted as a function of soil depth 
seven different dates. By July of 1989, water table had been eliminated from soil profiles. As of November 
1992, entire soil profiles, although relatively dry, still showed slightly increasing moisture content with 
depth.
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combination of a resistive layer with a con­ 
ductive (scavenging) layer underneath is thus 
less dependent on perfect construction tech­ 
niques, and will be resistant to damage by 
root invasion. In the absence of subsidence 
such a system will function effectively for 
millennia.

Another very useful application of the 
resistive layer barrier/conductive layer barrier 
system would be in the protection of an earth 
mounded concrete bunker disposal unit. In 
that case, the barrier system would shield the 
concrete from exposure to flowing water. 
The resulting stagnant alkaline film of water 
would tend to protect the concrete from degra­ 
dation over a long time period. Similarly, a 
resistive layer barrier/conductive layer barrier 
system could be used to protect high level 
waste. If high level waste was disposed of in 
a rock formation with a fracture present, this 
system could be used to divert possible frac­ 
ture flow water around the waste.
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Figure 67. Water table versus time in reference 
lysimeters. The crowned surface is cropped with 
fescue grass. Water table increased with time until 
pumping of water table was necessary to keep 
trench from running over. Surface run-off was 8 
percent of precipitation.

Anion Retention
By Robert K. Schulz, E.G. Duckart, and 
Edward O'Donnell

Because of their cation exchange capac­ 
ity, most soils are effective in retarding cation 
migration. Performance of radioactive waste 
disposal facilities could be improved by con­ 
ditioning the near-field environment either in 
or around radioactive waste disposal units 
with agents that will bind up long-lived radio- 
nuclides such as 129I and "Tc that might 
migrate in the anionic form as iodide, iodate, 
and pertechnate.

Literature review (Gu and Schulz, 1991) 
and thermodynamic considerations indicate 
that because of their anion exchange capacity 
(AEG), soils containing the amorphous clays 
allophane and imogolite, have the potential to 
greatly reduce the migration of anions.

To follow up on the literature review, 
we are prospecting in areas with volcanic par­ 
ent material to determine if significantly large 
deposits of soils with high anion exchange 
capacity are available. Sampling and labora­ 
tory testing are underway. Preliminary 
results are promising and they show signifi­ 
cantly greater iodine adsorption on soils 
developed from ash rather than those devel­ 
oped from lava. To date, we have investi­ 
gated three different areas in northern 
California (fig. 68). The results of a quick 
field test for iodide sorption are given in 
figure 69. The iodide sorption by these volca­ 
nic soils ranged from 0 to 0.91 millequiva- 
lents per 100 grams of soil. The search for 
soils with higher sorption of iodide continues 
and after the survey is further along we 
will determine distribution coefficients of 
promising soils.
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Tritium Migration Model
By D.E. Smiles, W.R. Gardner, and Robert 
K. Schulz

Tritium, when released as tritiated water 
at a point in a uniform and relatively dry soil, 
redistributes in both the liquid and vapor

Vf WASH 

' DREG I

ML ShastaUS sites)

Lake Com 
(10 sites)

Sierra Nevada (3 sites)

phases. The flux of tritium in each phase is 
of the same order of magnitude, however, so 
tritium redistribution must be modelled recog­ 
nizing transfer "in parallel" in both phases. 

The diffusion equation cast in radial 
(spherical) coordinates, taking into account 
radioactive decay, may be used to analyze 
this problem. The analysis assumes that:

  HTO transfers as if it were water or water 
vapor, and that it is partitioned between 
the phases in proportion to the 
partitioning of water between the phases;

  Equilibrium exists at all times between 
tritium in the base and liquid phases;

  HTO undergoes radioactive decay with a 
half-life of 12.3 yr.

  The effective diffusion coefficient is in 
the order of 10"6 cm2/sec.

Figure 68. Sample locations.
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The solution calculates the fate of tri­ 
tium within and external to the sphere of 
released solution, assuming the initial concen­ 
tration within this sphere to be uniform. 
Smiles and others (1993) illustrate the phe­ 
nomenon by considering the advance of the 
tritium as a "wave" ahead of which the local 
concentration increases and behind which it 
decreases.

Figure 70 shows the way the tritium con­ 
centration, C, increases relatively rapidly and 
decreases slowly at radial distances r = 2,4, 
6, and 8 m from the release point The maxi­ 
mum decreases with distance and advances 
virtually linearly with time.

It is important to note that the diffusiv- 
ity was estimated by illustrative calculations 
described. It must be supported by field mea­ 
surement when the theory is used for engi­ 
neering application.

Figure 69. Iodide sorption by volcanic soils of 
northern California.
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Figure 70. The way the tritium concentration C(t) changes with time at r = 2, 4, 6, and 8 meters from the 
point of release of the tritium. Note the apparently linear decrease in the logC(t)/Comax with distance, and 
the linear advance of the maximum in time. Co is the initial axial concentration of tritium.
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TWO-DIMENSIONAL REACTIVE-FLOW 
MODELING OF URANIUM TRANS­ 
PORT IN PROTEROZOIC SEDIMEN­ 
TARY BASINS
By Grant Garven and Jeff P. 
Raffensperger

Introduction

The study of uranium ore deposits as 
natural analogs for geologic repositories of 
nuclear waste requires a basic understanding 
of the hydrologic systems responsible for ore 
formation and subsequent periods of 
geochemical alteration. Although it is gener­ 
ally believed that the huge unconformity-type 
uranium deposits of the Athabasca Basin, 
northern Saskatchewan, Canada, and the 
McArthur Basin, Northern Territory, Austra­ 
lia, formed through the transport of uranium 
in hot, saline ground water (Hoeve and Sib- 
bald, 1978; Hoeve and Quirt, 1984; Kyser 
and others, 1989), until now no study had 
examined the paleohydrology of ore forma­ 
tion nor examined the coupling between fluid 
flow, heat transport, and reactive solute trans­ 
fer. The overall goal of this presentation is to 
discuss our progress in-quantifying the paleo­ 
hydrology of Proterozoic sandstone basins 
through theoretical research, particularly as it 
relates to natural analogs (ore districts) in 
basins of northern Australia and Canada.

Methodology

Key issues concerning the paleohydrol­ 
ogy of unconformity-type uranium deposits 
include the relationship between basin tecton­ 
ics and flow systems, the factors controlling 
regional ground-water flow, the effects of 
fluid flow on the thermal regime, and the 
geochemical scenarios for ore mineralization 
and subsequent phases of alteration. To 
address these issues, we have developed a 
numerical model that solves the coupled equa-
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tions of variable-density ground-water flow, 
heat transport, and multicomponent reactive 
solute transport (fig. 71). The hydrogeochem- 
ical model is based on the method of finite 
elements for ground-water flow, heat trans­ 
port, and solute transport, and on the assump­ 
tion of local chemical equilibrium between 
the aqueous phase and mineral phases within 
reactive porous media. Compilations of ther- 
modynamic data are derived from the litera­ 
ture and the work of Sverjensky (oral 
commun.). Hydrogeologic parameters are 
based on geologic lithology and known

ranges in the governing parameters for mod­ 
ern environments. Details concerning the 
numerical approach in modeling reactive 
flows in porous media are described by oth­ 
ers, many of which apply simultaneous solu­ 
tion or sequential iteration methods (Walsh, 
and others, 1984; Liu and Narasimhan, 1989; 
Yeh and Tripathi, 1991). Our model is 
unique in its ability to efficiently solve vari­ 
able-temperature, reactive-flow problems on 
a workstation using a predictor-corrector 
method (Raffensperger and Garven, 1991).

Processes in a Coupled 
Hydrochemical Model

Groundwater Flow | [ Heat Transport | | Reactive Solute Transport

Variable-density

Fully Coupled 
Model

Figure 71 . The organization of the coupled reactive-flow model. The symbols are as follows: T is 
temperature; v is ground-water velocity or flow rate; r is ground-water density; k is intrinsic permeability; 
and K is an equilibrium constant for chemical reaction. A finite element algorithm is used to solve the 
coupled flow-transport problems.
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Some Preliminary Results

Our calculations presently are restricted 
to simulating two dimensional flow and trans­ 
port along vertical cross sections through sedi­ 
mentary basins (fig. 72). A major goal here is 
to apply the coupled transport model so as to 
define paleohydrologic conditions for ura­ 
nium ore mineralization in large Proterozoic 
basins, thereby providing initial and boundary

conditions on the far-field environment which 
can be used in repository performance assess­ 
ment scenarios.

Results from dozens of paleohydrogeo- 
logic simulations of deep topography-driven 
ground-water flow and thermally-driven free 
convection suggest that both mechanisms 
were important agents for chemical mass 
transport in the Proterozoic sedimentary 
basins of northern Australia and Canada.

Conceptual Hydrothermal Model for the Origin 
of Unconformity-Type Uranium Deposits

Figure 72. Schematic section across a Proterozoic Basin showing the style of free convection driven by 
thermal gradients, along with an expanded view of the flow field near the unconformity between younger 
sandstone and older crystalline basement containing graphitic shear zones.

198 Two-Dimensional Reactive-Flow Modeling of Uranium Transport in Proterozoic Sedimentary Basins



Simulations have been conducted for basin- 
scale (100-1,000 km) and regional-scale (1- 
10 km) hydrologic systems. Free convection 
probably played a more important role in pri­ 
mary ore mineralization, which later evolved 
to forms of mixed convection, and finally 
gravity-driven flow alone as the sedimentary 
basins were gradually uplifted by tectonic 
forces. Transport of fluids and heat along 
major fracture zones had an important role in 
ore formation, at least within the fractured 
metasedimentary basement. It should be 
noted that the simulations presented here are 
currently handicapped because we cannot por­ 
tray the three-dimensional hydrology as 
might be required for a repository setting.

One smaller-scale two-dimensional flow 
simulation is described also to illustrate the 
potential application of the reactive-flow 
model in understanding geochemical scenar­ 
ios of uranium mobilization in the near field, 
primary mineralization, and the formation of 
a redox front. The region modelled is a 6-km 
deep by 10-km wide box, with four units: a 
basement unit, a graphite zone, a sandstone 
aquifer unit, and an upper confining unit. 
Two hundred finite elements are used to dis- 
cretize the flow domain. No-flow boundaries 
were assumed on all sides of the domain. A 
constant temperature of 20 °C is assigned to 
the top boundary and a basement heat flux of 
80 mW/m2 is assigned to the bottom bound­ 
ary. The sandstone unit contained nearly all 
of the ground-water flow within the region 
caused by free convection because of the natu­ 
ral permeability contrast, with Darcy flow 
rates up to 0.5 m/yr. Flow is driven down­ 
ward at the sides and upward at the domain 
center, above the more thermally conductive 
graphitic shear zone. Transport of multicom- 
ponent reactive solutes, subject to local equi­ 
librium, is modeled also, including the 
precipitation of primary and secondary min­ 
eral phases. Fourteen chemical components 
are involved, including about 60 aqueous spe­

cies and 10 minerals. About 25 hours of CPU 
time were required to run the FORTRAN 
code on an IBM RS/6000-560 workstation. 

After simulating 500,000 yr of flow 
and transport, a large uranium ore body forms 
at the unconformity surface between the sand­ 
stone and graphitic basement. The source of 
the uranium is the far-field sandstone and ura- 
ninite is precipitated through reduction of ura- 
nyl and its complexes by methane generated 
from hydrothermal alteration of graphite. A 
stable redox front develops in the vicinity of 
ore deposition, while the carbonate concentra­ 
tion in the ground water increases well above 
the ore body due to the precipitation of ore. 
Without significant ground-water flow into 
the basement, less uraninite is deposited, and 
ore deposition near the unconformity is con­ 
strained by rates of diffusion of methane up 
from the graphitic zone. Significant transport 
of ground water must occur therefore through 
the basement metasediments, particularly 
through the graphitic shear zones which prob­ 
ably formed narrow paleoaquifers and 
focused hydrothermal ground water into basal 
sandstones. Time scales of 1 million years or 
more are required to concentrate the large ore 
bodies such as Jabiluka (230,000 tons) in the 
McArthur Basin and Cigar Lake (100,000 
tons) in the Athabasca Basin.

Conclusions

The ramifications of the hydrogeologic 
setting to uranium migration and mineraliza­ 
tion are being evaluated through transport 
simulations that account for coupled advec- 
tion, dispersion, diffusion, aqueous reactions, 
and mineral dissolution and precipitation at 
pressure, temperature, and salinity conditions 
that are analogous to environments surround­ 
ing the far-field of a nuclear waste repository 
deep saturated zone.
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Directions for future research include:

  Three-dimensional flow and transport 
modeling of paleohydrologic systems.

  Treatment of fracture networks within 
a porous-medium framework.

  Application to present-day analog sites 
to understand weathering processes.

  Expansion of the hydrochemical model 
to include reaction kinetics and 
isotopic fractionation.

  Stochastic treatment of permeability so 
as to better characterize uncertainty in 
model scenarios of mass transport. 

The results presented here are prelimi­ 
nary, but clearly illustrate the utility of cou­ 
pled, reactive-flow modeling in 
understanding paleo-conditions for mineral­ 
ization. No other tool is available which has 
the ability to integrate geologic, hydrologic, 
and geochemical processes in a single assess­ 
ment. Proper evaluation or characterization 
of subsurface data requires an integrated 
approach in performance assessment, as no 
single set of data alone (whether it be hydro- 
logic or geochemical) can be used to indepen­ 
dently understand mass transport in the near 
or far field without taking into account how 
processes overlap or affect each other. Our 
numerical model represents the type of new 
software available today which can be exe­ 
cuted on workstations to better assess ancient, 
present-day, and future scenarios of chemical 
mass transport in the subsurface. Future per­ 
formance assessment work on natural analogs 
as repository scenarios ought to make use of 
this frontier technology.
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DISPOSAL OF LOW-LEVEL 
RADIOACTIVE WASTE BELOW THE 
WATER TABLE AN EXPERIMENT IN 
CLAY-RICH TILL AT WEST VALLEY, 
NEW YORK 
By Richard M. Yager

Introduction

The Low-level Radioactive Waste Pol­ 
icy Amendments Act of 1986 requires that 
the low-level radioactive waste generated 
within each State be disposed of either within 
the borders of that State or in a host State 
under an interstate compact. Current methods 
of low-level radioactive waste disposal in the 
United States typically utilize shallow burial 
trenches. Geologic deposits in arid environ­ 
ments are considered good locations for these 
disposal sites because the lack of precipitation 
and the thick unsaturated zone in these areas 
limits the movement of water through the 
waste materials. However, it is likely that dis­ 
posal sites will also be necessary in states 
located in humid areas.

Burial of low-level radioactive waste 
below the zone of weathering in saturated, 
fine-grained sediments is a disposal option 
that has been considered for humid areas 
where the abundance of precipitation pre­ 
cludes burial in the unsaturated zone. The 
use of this disposal option in the United 
States requires that a diffusion-dominated 
flow system persist for 500 yr to allow suffi­ 
cient time for the principal radionuclides in 
the waste to decay to harmless levels. Sev­ 
eral studies have characterized deposits of 
fine-grained sediments in which diffusion 
appears to be the dominant transport process 
(Keller and others, 1988; Desaulniers and oth­ 
ers, 1981; Prudic, 1986). However, little 
information is available to indicate whether 
proposed burial methods will allow fractures 
to develop within the host material or the

grout used to seal the excavation, thereby pro­ 
viding advective pathways connecting the 
waste to land surface.

In the proposed study a hollow steel cyl­ 
inder (monitoring caisson) will be placed 
within an augered hole in clay-rich till to sim­ 
ulate a full-scale disposal facility, and the 
effects of excavating and sealing the facility 
on the movement of water through saturated, 
fine-grained sediments that serve as the host 
material will be investigated. The proposed 
study will consist of three components: 
(1) site characterization, (2) emplacement and 
operation of the monitoring caisson to simu­ 
late waste burial, and (3) site remediation. 
This paper briefly describes the approach and 
plan of study for the field experiment, includ­ 
ing procedures designed to determine the 
depth of advective transport in the till and 
ascertain the effects of subsurface disposal on 
the integrity of the surrounding till and on the 
movement of pore water through the dis­ 
turbed till and grout materials.

Site Description

The proposed study will be conducted 
in a thick, clay-rich till at the Western New 
York Nuclear Service Center (WNYNSC) 
near West Valley, New York (fig. 73), a site 
that has been well-documented by previous 
studies (for example, Prudic, 1986; Bergeron 
and others, 1986). The till at the proposed 
research site is the uppermost deposit in a 
150 m-thick complex of glacial deposits com­ 
posed of till, lacustrine, and outwash sedi­ 
ments (fig. 74). The till is unweathered at 
depths below 5 m and has a hydraulic conduc­ 
tivity of 2 to 6 x 10" 10 m/s. The hydraulic 
conductivity is an order of magnitude higher 
near land surface where the till is weathered 
and contains oxidized fractures. Most of the 
water entering the weathered till flows later­ 
ally through fractures and animal burrows 
towards depressions and gullies. The remain-
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der enters the unweathered till and flows 
downward toward the underlying lacustrine 
sediments. The rate of flow through the 
unweathered till is estimated to range from 3 
to 23 mm/yr.

Characterization of Till

Site characterization procedures will be 
conducted to determine physical and hydrau­ 
lic properties of the till and to delineate zones 
dominated by advection and by diffusion 
within the till. Previous studies of clayey till 
deposits in Ontario have delineated a surfi- 
cial, weathered zone 2 to 3 m deep in which

fractures are abundant and readily visible 
because of staining from mineral deposition; 
at greater depths the till is unweathered and 
no fractures are discernible (Ruland and oth­ 
ers, 1991). Ground water in the weathered 
zone has a chemical composition characteris­ 
tic of recent recharge as a result of advective 
transport of solutes from land surface. Chemi­ 
cal concentration gradients at greater depths 
in the unweathered till suggest that water 
derived from meteoric water is mixing by dif­ 
fusion with older water of glacial origin 
(Desaulniers and others, 1981; D'Astous and 
others, 1989).
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The depth of advective transport, 
assumed to correspond to the depth of fractur­ 
ing, will be determined through several meth­ 
ods, including direct observation of fractures 
in excavations, measurement of chemical con­ 
centration gradients along vertical profiles, 
and measurement of seasonal fluctuations in 
pore pressure in shutin piezometers using 
pressure transducers. Horizontal boreholes 
will be drilled through the sidewalls of 
research trenches at different depths in the till 
to intercept high-angle fractures in the till. 
Core samples obtained while drilling will be 
analyzed for tritium to detect recent recharge, 
indicating the presence of high-angle frac­ 
tures that conduct infiltration from the land 
surface to depths below the weathered portion 
of the till.

The diffusion-dominated part of the 
flow system will be determined by comparing 
concentration gradients of 18O and 2H mea­ 
sured in the till to concentration gradients 
computed with the advection-dispersion and 
diffusion models to simulate the dilution of 
pro-glacial meltwater by post-glacial, mete­ 
oric waters. The rates of advective and diffu­ 
sive transport estimated by the simulations 
will be compared to determine whether diffu­ 
sion is the dominant transport process in the 
unweathered till.

Emplacement of Monitoring Caisson

The monitoring caisson will be 1.8 m in 
diameter and 20 m long and contain move- 
able steel platforms to provide access to dif­ 
ferent depths within the caisson (fig. 75). The 
annular space surrounding the monitoring 
caisson will be sealed with layers of three dif­ 
ferent grout mixtures selected on the basis of 
laboratory studies. Both cement and bento- 
nite grouts will be used to determine the 
effects of grout composition on the sealing 
properties of the installation.

Surface casing: 2.7 meter 
L__________J

HORIZONTAL EXAGGERATION X 2

Figure 75. Proposed design of monitoring 
caisson.

A hydromechanical model will be devel­ 
oped to simulate changes in the state of stress 
in response to the excavation, emplacement 
and sealing of the monitoring caisson, and 
hydration of the grout. Model results will be 
used to design grout properties and determine 
the best locations for placement of monitoring 
points surrounding the caisson. Instruments 
placed in the annulus and surrounding till will 
record actual changes in the state of stress to 
verify the model results and monitor the 
hydration of the grout. Displacement in the 
till will be measured with slope indicators and
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a monument survey. Hydration of the cement 
grout will be monitored by strain gages, stress 
meters, thermocouples and pressure transduc­ 
ers. Saturation of bentonite grout will be 
monitored with stress meters, time-domain 
reflectometry probes, thermocouple psy- 
chrometers and pressure transducers. Other 
instruments will be placed in sand layers 
within the grout layers to measure pore pres­ 
sure and detect solute migration during injec­ 
tion tests.

The interface between the till and grout 
is the most probable pathway of radionuclide 
migration from waste buried in augered holes 
in saturated sediments and sealing this inter­ 
face is essential to maintain diffusion-domi­ 
nated transport in the vicinity of a subsurface 
disposal facility (Vorauer and Chan, 1988). 
The upper limit of the hydraulic conductivity 
of the till/grout interface will be estimated 
through constant-head injection tests in which 
water is injected into the sand layer within 
each grout layer (fig. 76). The test results 
will be analyzed to determine which of the 
following flow conditions best represents the 
tests: (1) the grout is impermeable and radial 
flow occurs into the till, (2) the till is imper­ 
meable and axial flow occurs through the 
grout, or (3) both the till and the grout are 
impermeable and axial flow occurs through a 
gap at the till/grout interface (fig. 77). If flow 
is occurring along the till/grout interface (con­ 
dition 3), the flow rate measured during the 
injection will be greater than one hundred mil- 
liliters per day, otherwise the flow rate will be 
in the range of tens of milliliters per day.

If the results of the injection tests indi­ 
cate that flow is occurring along the till/grout 
interface, a tracer solution containing an elec­ 
trically-conductive solute and dye will be 
injected into the sand layer to determine the 
location of the preferential flow path. Leak 
detection sensors that are triggered by the

presence of a conductive fluid will be moni­ 
tored during the test to locate the flow path. 
A coring tube will be driven through the area 
of suspected flow to obtain a sample of the 
till/grout interface for inspection and chemi­ 
cal analysis.

The potential for chemical alteration of 
till and grout in the interface region will be 
investigated by analyzing core samples 
obtained by drilling from the caisson wall 
through the grout and into the till. Pore water 
will be extracted from the core to determine 
the aqueous chemistry and thin slices of the 
core will be analyzed to determine the miner­ 
alogy of solid phases in the till and grout 
within the interfacial region. Previous studies 
have shown that differences in pH between 
clay and cement grout could result in precipi­ 
tation and dissolution reactions involving cal- 
cite and calcium hydroxide (Jefferies and 
others, 1988), and that ion exchange reac­ 
tions involving sodium and calcium could 
affect the clay structure in the till and the ben­ 
tonite grout (Sawyer and Daemen, 1987).

Benefits of Study

The proposed study will investigate pro­ 
cesses affecting the sealing performance of 
grouts in glacial till in a large-diameter 
(2.4 m) borehole, similar to those used by 
Ontario Hydro to store low- and intermediate- 
level radioactive waste in Canada. Previous 
studies have investigated processes that con­ 
trol the sealing performance of grouts in dif­ 
ferent materials and in boreholes smaller in 
diameter than the augered borehole proposed 
for this study. Laboratory and field studies 
have assessed the sealing performance of 
cement and bentonite grouts in 2.5 to 10 cm 
diameter boreholes drilled in recrystallized 
limestone (Greer and Daemen, 1991) and vol­ 
canic tuff (Ouyang and Deamen, 1992). 
Cement grout was used to seal a 91.4 cm 
diameter borehole in halite at the Waste Isola-
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tion Pilot Plant in New Mexico (Stormont, 
1986), and bentonite grout was used to seal a 
124 cm diameter borehole in granitic rock at 
the Underground Research Laboratory in 
Manitoba (Kjartanson and others, 1991). 
Construction of the monitoring caisson pro­ 
posed in this study will allow testing of a full- 
scale facility for an extended period of time, 
so that the long-term effects of mechanical, 
hydraulic and chemical processes on water 
movement can be investigated.
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