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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

T t is almost three years since the first American Chemical Society sym-
posium on radioactive waste isolation and management was held in 

New York. The second symposium in Miami Beach marked an effort to 
draw attention to the rapidly growing accumulation of information in 
this field. 

Interest in the safe disposal of radioactive waste has deepened and 
strenuous efforts are being made to understand the processes by which 
radionuclides may migrate (into the biosphere) from a deep geologic 
repository. This understanding will ultimately make possible a credible 
safety assessment of any deep geologic storage proposal. Therefore, this 
symposium focused on the conceptual, chemical, and geological aspects 
of the radioactive waste isolation program. 

The work reported in this symposium on "Radioactive Waste in 
Geological Storage" covers the most recent radioactive waste disposal 
concepts and proposals as well as the experiments carried out to deter
mine the most important parameters. The first four papers cover the 
general geologic and hydrologie considerations involved in a deep reposi
tory. The following four papers examine the leaching characteristics of 
the source terms. The remainder of the volume consists of papers on the 
sorption behavior of various nuclides on minerals, rocks, and clays as it 
relates to migration and the possible entrance into the biosphere. 

The work presented here enables us to get a clearer picture of the 
problems involved in permanent isolation of radioactive wastes from the 
environment. 

Chemistry Division SHERMAN FRIED 

Argonne National Laboratory 
Argonne, IL 60439 
January 16, 1978 

vii 
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1 

The Department of Energy Program for Long-Term 

Isolation of Radioactive Waste 

C O L I N A. HEATH 

Division of Waste Isolation, B-107, U.S. Department of Energy, Washington, DC 20545 

I wish to thank the American Chemical Society and its members 
for the opportunity to discuss with you today the Department of 
Energy (DOE) program i n radioactive waste management. This pro
gram, which is of vital concern to our country's energy and de
fense programs, has recently become the topic of newspaper arti
cles, TV shows and much public discussion. I welcome this chance 
to describe to you some of the activities underway to move the 
program forward and perhaps answer questions that may have been 
raised during all this public discussion. 

The Department of Energy is charged by the Congress with the 
responsibility for accepting high-level radioactive waste from 
commercial uses of nuclear power and providing for their manage
ment leading to final disposal. This final disposal must provide 
is o l a t i o n of these wastes from the human environment for as long 
as they remain hazardous. 

At the present time, there is some uncertainty as to what 
form the radioactive wastes from the commercial nuclear fuel cycle 
will take. Early development of the fuel cycle and the power 
reactors now providing electricity i n several regions of the coun
try was undertaken with the assumption that fuel elements would be 
periodically removed from operating reactors and subjected to re
processing and recycle whereby unburned uranium and generated 
plutonium would be recovered from the fuel elements for refabrica
tion and recycled back into operating reactors. The effluent by-
products stream from this chemical processing was then to become a 
high-level waste which must be processed for permanent disposal. 

Within the l a s t two years, major concerns over the p r o l i f e r a 
tion problems associated with the recycle of uranium and plutonium 
have lead the President of the United States to call for an indef
inite delay i n future plans for reprocessing pending an evaluation 

Paper presented at the American Chemical Society Meeting i n Miami 
Beach, Florida on September 13, 1978. 

This chapter not subject to U.S. copyright. 
Published 1979 American Chemical Society 
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2 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

of alternatives to provide p r o l i f e r a t i o n resistant fuel cycles. 
The waste management program i s therefore faced with the potential 
that the radioactive waste from the commercial fuel cycle could be 
in the form of spent fuel elements which have been declared to be 
waste or i n the form of s o l i d i f i e d high-level waste produced from 
the byproducts stream of the reprocessing plant. 

The issues surrounding the use or nonuse of recycled reactor 
f u e l and plutonium are exceedingly complex and w i l l require a con
siderable amount of time before our society and the international 
community can reach a decision as to whether or not the risks of 
p r o l i f e r a t i o n are appropriate to the benefits that might be re
ceived from the recycle of these materials. In the meantime, the 
Department of Energy's waste management program needs to get on 
with the long-neglected job of identifying the technology, sys
tems, and f a c i l i t i e s for providing for the permanent i s o l a t i o n of 
these wastes from the human environment. In order not to get bog
ged down i n the dispute over p r o l i f e r a t i o n , therefore, the program 
is proceeding on the basis that the waste could take either form. 
Preliminary evaluation indicates that, even though disposal of 
spent f u e l w i l l result i n larger quantities of plutonium being 
placed i n permanent i s o l a t i o n , there i s no overriding safety rea
son which suggests that disposal of spent fuel w i l l not be able to 
be accomplished with any more d i f f i c u l t y than disposal of s o l i d 
i f i e d radioactive waste i n which the plutonium content has been 
reduced by reprocessing. 

Over the l a s t twenty years, s i g n i f i c a n t research and develop
ment has been performed concerning the ultimate disposal mechanism 
for radioactive waste. In 1957, the National Academy of Sciences 
recommended that deep beds of bedded sal t be considered as poten
t i a l locations for the disposal of radioactive waste materials. 
Following this recommendation a program of research and develop
ment was undertaken by the Atomic Energy Commission (AEC) to ex
plore this approach. The high point of this program was the oper
ation of Project Salt Vault i n an abandoned salt mine in Lyons, 
Kansas. 

This project placed encapsulated spent fuel elements from an 
experimental AEC reactor into storage holes d r i l l e d into the floor 
of the mine located in a s a l t bed. Valuable experimental informa
tion was obtained about the interaction between the waste form and 
the s a l t i n which the waste was emplaced. It was i n fact this ex
periment, conducted in 1968, which revealed that inclusions of 
moisture, or brine, in the s a l t beds have a tendency to migrate up 
a thermal gradient towards a heat source placed i n the s a l t . 
Quantities of brine were measured as migrating to the deposited 
waste canisters and the interaction of this brine with the canis-
tered material was observed. 

The i n i t i a l experiments conducted i n Project Salt Vault were 
not extended to provide more detailed work. If i t had been pos
s i b l e for this experiment to have continued to operate since 1970, 
we would d e f i n i t e l y have a considerably greater amount of informa-
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1. HEATH DOE Isolation of Radioactive Waste 3 

tion concerning the actual interactions between waste and the bed
ded s a l t than we presently have today. Unfortunately, a dispute 
between the AEC and the State of Kansas over potential use of this 
s i t e as a permanent repository led the AEC to withdraw from fur
ther operations i n Kansas. In retrospect, one can only regret 
that an arrangement was not made whereby the experimental f a c i l i t y 
would have been permitted to remain i n operation with a clear un
derstanding that the Federal Government would make no further at
tempt to qualify the s i t e as a permanent repository. 

Following the abandonment of Project Salt Vault, attention of 
the AEC turned towards the p o s s i b i l i t y of using a retrievable sur
face storage concept for temporary storage of radioactive waste 
u n t i l such time as a permanent i s o l a t i o n f a c i l i t y could be devel
oped. At the time, this seemed to provide a reasonable and per
f e c t l y adequate plan to handle the waste from the commercial i n 
dustry p a r t i c u l a r l y since the large-scale reprocessing of commer
c i a l nuclear fuel hadn't started either. Since ten years was en
visioned between separation of waste i n a reprocessing plant and 
delivery for ultimate disposal to the Federal Government, there 
appeared to be plenty of time. 

The rejection by the Council of Environmental Quality and the 
Environmental Protection Agency of the impact statement concerning 
the proposed Retrievable Surface Storage F a c i l i t y (RSSF) made 
everybody rea l i z e that asserting the technical f e a s i b i l i t y of u l 
timate geologic disposal was i n s u f f i c i e n t . These agencies took 
the position that the RSSF merely put off providing f a c i l i t i e s for 
permanent disposal and diverted the effor t to another interim mea
sure. Dr. Seamans i n one of his f i r s t acts as the new administra
tor of the Energy Research and Development Administration (ERDA) 
decided to withdraw the Environmental Impact Statement (EIS) asso
ciated with the RSSF and that establishment of a permanent waste 
repository should be given much greater budget p r i o r i t y . 

A new large-scale program was i n i t i a t e d by ERDA i n 1976 with 
an announcement that each of 36 states contained geologic forma
tions which might be suitable for establishment of permanent waste 
repositories. ERDA established an Office of Waste Isolation man
aged by Union Carbide Corporation i n Oak Ridge, Tennessee, to 
direct the program to establish the s u i t a b i l i t y of locations for 
repository sites and to develop the necessary technology to de
sign, build and obtain licensing approval of these permanent geo
logic f a c i l i t i e s . Two years after the i n i t i a t i o n of this f u l l -
scale program, a number of changes have taken place both i n the 
si t e selection and technical areas, and at this point approximate
l y two years l a t e r , i t i s appropriate to provide a status report 
of where things stand today. 

Organization of DOE1s Waste Management Program 

In May 1978 Secretary Schlesinger approved a reorganization 
within the Department of Energy which established an Office of 
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4 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Nuclear Waste Management reporting d i r e c t l y to the Assistant Sec
retary for Energy Technology. Within the waste i s o l a t i o n program, 
the major technical a c t i v i t i e s are carried on at three f i e l d of
f i c e locations. These locations and the supporting contractors 
are summarized i n Table I. 

Actual direction of the technical a c t i v i t i e s within the pro
gram i s the r e s p o n s i b i l i t y of f i e l d o f f i c e s . The primary f i e l d 
o f f i c e i n the waste i s o l a t i o n program i s located i n Columbus, Ohio 
as a s a t e l l i t e to the Richland Operations Office. Co-located with 
this o f f i c e i s the Office of Nuclear Waste Isolation (ONWI) re
cently established by Battelle Memorial Institute. This o f f i c e 
directs geologic exploration outside those areas occupied by exis
ting Department of Energy reservations. Current ONWI investiga
tions are concentrating on various s a l t formations around the 
country. ONWI w i l l also develop the supporting data base and 
technology and coordinate the development of waste i s o l a t i o n tech
nology as i t applies to a number of potentially possible geologic 
media. 

The other three major a c t i v i t i e s within the waste i s o l a t i o n 
program are s p e c i f i c to particular s i t e s . We are currently eval
uating the potential of deep basalt flows below the Hanford reser
vation i n the State of Washington. This work i s managed by the 
Richland Operations Office and i s being conducted by the Rockwell 
Hanford Company. An evaluation of a potential s i t e i s underway in 
southeast New Mexico for the location of the Waste Isolation P i l o t 
Plant (WIPP) which i s primarily a f a c i l i t y for the placement of 
transuranium contaminated wastes (TRU) from the defense program. 

Fi n a l l y , a study i s underway to determine the s u i t a b i l i t y of 
the Nevada Test Site i n southern Nevada which has been used i n the 
past for both surface and underground testing of nuclear weapons, 
to see i f i t may possibly be suitable as a potential permanent 
radioactive waste repository s i t e . 

Technical Issues and the DOE Technical Program 

Technical issues concerning the placement and disposal of ra
dioactive waste can be broken into two categories. The f i r s t i s 
sue i s whether or not we have available to us the technology to 
provide for the safe encapsulation, transportation, handling and 
placement of radioactive materials in an operating geologic f a c i l 
i t y . The second issue i s , when the f a c i l i t y has been f i l l e d with 
these materials and subsequently decommissioned, w i l l the place
ment of these materials i n geologic formations provide the perma
nent i s o l a t i o n from the human environment that i s sought. 

There has been a past perception, p a r t i c u l a r l y in the nuclear 
community, that the issues of waste i s o l a t i o n l i e primarily i n the 
p o l i t i c a l and socio-economic arena and that no real technical 
problems remain. I believe that this i s correct with respect to 
the f i r s t category of issues, namely, there i s no question that we 
understand how to encapsulate, transport and safely handle radio-
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1. HEATH DOE Isohtion of Radioactive Waste 5 

active materials and the placement of those i n an operating mine 
i s a technology available today. However, I must disagree some
what with this view of the status of technology when i t comes to 
the second category, namely, to prove that we can provide for per
manent i s o l a t i o n of these materials from the human environment to 
the s a t i s f a c t i o n of an independent licensing authority, and the 
general public. We must understand a l l of the processes involved 
to be able to guarantee to a reasonable degree that these wastes 
w i l l indeed be permanently isolated. 

Over the l a s t year or so, several papers have been published 
which have been concerned with the adequacy of the technology for 
providing for permanent i s o l a t i o n of radioactive wastes. In a l l 
cases the concerns that have been raised have focused on the sec
ond set of issues, rather than the f i r s t , so that the apparent 
dispute between those who say that there are no technical problems 
and those who say that there are s t i l l some to be solved i s per
haps more a dispute as to what particular set of problems are 
being described. 

These papers have provided a valuable mechanism for independ
ent peer review from technical experts not necessarily associated 
with the waste management program. 

These review papers have included the c i r c u l a r by the U.S. 
Geological Survey, Circular 779, "Geologic Disposal of High-Level 
Radioactive Wastes - Earth-Science Perspectives"; the review by 
the Ad-Hoc Committee of Earth Scientists for the EPA; reviews by 
the Office of Science and Technology Policy and f i n a l l y a review 
prepared by an Interagency Committee chaired by the Office of 
Science and Technology Policy whose paper was released for public 
comment on July 3, 1978. 

Without going into great d e t a i l about the issues described in 
these papers, I would l i k e to make the point that the response of 
the waste i s o l a t i o n program to these papers w i l l be to use them to 
help us to design a technical program plan to ensure that these 
issues are adequately addressed, as indeed they must be, before we 
can commit radioactive waste to i r r e t r i e v a b l e permanent disposal. 
I would l i k e , however, to spend a few minutes b r i e f l y summarizing 
the questions that have been raised and describe the various parts 
of the DOE program which are addressing them. 

In the construction of a f a c i l i t y containing hazardous ma
t e r i a l s , multiple barriers are provided between the material and 
the human environment. Figure 1 i l l u s t r a t e s schematically what 
these barriers might be. This figure i l l u s t r a t e s that by supply
ing a number of multiple and redundant barriers, one gains addi
tional assurance that true i s o l a t i o n can be maintained for very 
long periods of time. Although i t i s impossible to guarantee ab
solutely future events, one does not need absolute certainty that 
any single barrier w i l l provide required i s o l a t i o n . The redun
dancy of barriers provides greater assurance that the required 
permanent i s o l a t i o n can be achieved. 

The f i n a l design of a geologic repository w i l l employ multi-
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6 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Table I 

ELEMENTS OF DOE'S WASTE ISOLATION PROGRAM 

Fi e l d Office 
Corresponding 

Projects 

Richland Basalt Program 

Richland-Columbus ONWI 

Albuquerque WIPP 

Lead 
Contractor 

Rockwell Hanford 

Battelle Mem. Inst. ONWI 

Sandia/Westinghouse 

Nevada NTS Investigations Sandia/LASL/LLL/USGS 

WASTE FORM CONTAINER OVERPACK 
(P„J (PP> (Pft) 

BUFFER ROCK ISOLATION 
(p n ) ( ρ * ) (pT> 

Figure 1. Barriers between waste and biosphere. Protection of biosphere = PWF 
+ ρο + ρ0 + ρΒ + ρη + Ρj. 
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1. HEATH DOE Isolation of Radioactive Waste 7 

pie barriers but the exact form that each might take w i l l depend 
on the s p e c i f i c conditions i n the geological system that i s f i n a l 
l y chosen for the s i t e . 

Let me now turn to some of the s p e c i f i c areas of concern 
i d e n t i f i e d i n the various reviews referred to and try to indicate 
exactly how we are addressing these issues. 

Waste Form and Interactions. Several reviewers have expres
sed concern over the waste form and the potential for interactions 
between waste and surrounding minerals. Chemical and radiological 
interactions between the host rock with i t s contained water and 
either the waste form or the container might lead to disintegra
tion of the packaging and p a r t i a l dissolutioning of the waste. 
Early experiments with some of the proposed waste forms have i n d i 
cated a high resistance to leaching by groundwaters, however, the 
environment to which these waste forms w i l l be exposed w i l l i n 
clude a number of factors. F i r s t of a l l , the pressure which 
exists at the depths at which we are considering placing this ma
t e r i a l w i l l change the physical behavior of liq u i d s which may 
exist at those depths. Secondly, concern with the phenomena of 
brine migration has resulted i n research which indicates that the 
solutions which might be formed i n the presence of multiple ions 
may lead to a much higher degree of corrosion than had previously 
been considered. 

Theoretical investigations of these phenomena are continuing 
i n addition to which a number of s p e c i f i c i n s i t u experiments are 
planned. We have over the l a s t several years been planning and 
conducting e l e c t r i c a l l y heated tests i n both near-surface and deep 
f a c i l i t i e s in order to simulate the radioactive heating that w i l l 
come from deposited waste forms and to learn more about the ef
fects of this heat upon the geologic media. As more information 
i s being obtained about the potential geochemical interactions be
tween the brines and these complex solutions, e f f o r t s w i l l be made 
to duplicate solutions in s i t u to see i f the mechanisms that are 
being postulated for possible dissolution and f a i l u r e of contain
ers w i l l indeed occur. 

At the present time we are conducting tests with e l e c t r i c a l 
heaters in a sale mine i n Louisiana, i n a granite formation i n 
Sweden, i n a granite formation i n Nevada and i n shale formations 
both in Tennessee and Nevada. Early information developing from 
these heater tests w i l l be used i n the design of further, more 
sophisticated tests i n which some of these geochemical interac
tions w i l l be simulated. 

We are presently constructing a near-surface test f a c i l i t y at 
the Hanford reservation which w i l l be located i n a basaltic flow 
in the side of a mountain there. This f a c i l i t y w i l l have e l e c t r i 
c a l heaters emplaced i n i t i n 1979 and by 1980 we expect to em-
place encapsulated cylinders containing spent fu e l elements there. 
A second project under development w i l l provide placement of spent 
fuel i n similar containers i n a deep granite f a c i l i t y at the 
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8 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Nevada Test Site, hopefully as early as 1979. Both of these ex
periments are s t r i c t l y to establish a better understanding of the 
interactions between the waste form and the media. In neither 
case i s the experimental location considered as a permanent d i s 
posal location. 

Properties of the Host Rock and Rock Mechanics. Considerable 
information w i l l be needed about the properties of the host rock 
into which material w i l l be placed. The host rock provides the 
f i r s t natural barrier to waste migration and strongly influences 
the detailed design of the engineered repository. Some media that 
exhibit creep or p l a s t i c flow might be capable of sealing reposi
tory workings by flow without fracture propagation or might se l f 
heal i n the event of fault-induced fracturing. Creep i s observed 
i n rock s a l t and to a lesser extent i n some shales. The creep 
properties of these materials can be measured in the laboratory 
but generally these observations are not completely accurate be
cause of the lack of the restaining l i t h o s t a t i c pressure. 

The recent report by the National Research Council of the 
National Academy of Sciences entitled "Limitations of Rock Mech
anics in Energy Resource Recovery and Development", highlighted 
some of the problems which must be addressed. The rock strength 
and other mechanical properties of the media must be understood 
both under the impact of the thermal pulse represented by the re
lease of heat from decaying radioactive waste materials and the 
perturbation represented by construction of the mine. The result
ing thermal stresses must be understood i n developing the layout 
and the allowable rate of heat generation from the individual can
i s t e r s . 

Calculational models are being developed to better understand 
the properties and behavior of rock i n response to these stimuli. 
Measurement of properties at depth w i l l probably be required i n 
order to get a better understanding of the behavior of these 
rocks. These issues are important because rock motion or fractur
ing could result i n changes to the overlying strata which might 
affect the flow of ground water i n aquifers overlying the reposi
tory. In order to understand this properly, therefore, an exten
sive program of rock mechanics w i l l be conducted. 

Hydrogeologic Transport. After a repository i s f u l l y loaded 
and sealed, the most l i k e l y mechanism for the release of radio
nuclides to the biosphere would be by their dissolution and trans
port i n ground water. Repositories located below the water table 
are expected to f i l l with ground water at some time after their 
sealing. The rate of ground water inflow w i l l depend on the host 
rock permeability, the depth of the repository beneath the water 
table, the design of the shafts and bore holes, and the e f f e c t i v e 
ness of techniques for sealing the shaft and bore holes. After 
the repository has been sealed and la t e r has become saturated, 
ground water flow through the repository w i l l be influenced by the 
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1. HEATH DOE Isohtion of Radioactive Waste 9 

mechanical response of the host rock to the repository construc
tion and to the thermal pulse and by natural hydraulic gradients. 
The characterization of the hydrology of potential sites i s as the 
present time a major item i n our program. In most areas the capa
b i l i t y of the United Stated Geological Survey i s being employed to 
assess the existing hydraulic gradients i n the areas being con
sidered. 

The a b i l i t y of the ground water to dissolve wastes and trans
port them from the repository depends on the s o l u b i l i t y of the 
waste forms at the temperatures that the repository w i l l reach and 
the ion-exchange properties of the host rock and of a l l media be
tween the repository and the potential release point to the bio
sphere. Consequently, measurements are presently being made on 
absorption co e f f i c i e n t s of various radioisotopes with the minerals 
that are expected to be encountered i n the geological environment. 
Measurements are being taken not only for single species but also 
for combinations of species with the range of pH values of the 
ground water that may be expected to be found. A number of models 
have been developed to estimate the potential transport of radio
nuclides by ground water. By varying boundary conditions and 
generic input data such as permeability, porosity and absorption 
capacity of geologic media these models y i e l d the measure of r e l a 
tive importance of the flow path l i f e , the flow v e l o c i t y and aqui
fer absorption characteristics as barriers to radionuclide trans
port. Results from calculations with the model suggest that i f a 
repository i s sited with a flow path s u f f i c i e n t l y long, such as 
may be found i n regional aquifer systems, the retention of radio
nuclides i n the geology for periods of thousands of years w i l l be 
achieved. 

A major issue that needs more work i n the area of hydrogeo
logic transfer has to do with flow of ground water through frac
tured rock systems. There are a number of models that have been 
developed to date to try to obtain a better understanding of 
ground water flow through geologic media. But most of these as
sume the properties of porous or semi-porous media. Should the 
ground water flow be primarily through fractures, which of course 
i s very s i t e s p e c i f i c , models are not yet available to represent 
this flow accurately. It may very well be that s i t e s p e c i f i c ex
periments w i l l be required i n order to characterize the flow 
through fractured media. Additional work i n this area w i l l be 
required before we w i l l be i n a position to identify the character
i s t i c s of flow paths where considerable quantities of fractured 
rock exist. 

Risk Assessment. The overall compilation and assessment of 
the factors that must be considered i n designing and s i t i n g geo
logic repositories i s pulled together in a general d i s c i p l i n e of 
r i s k assessment. Risk assessment calculations develop both gener
i c and site s p e c i f i c models and calculate the potential transport 
times as a result of various phenomena. Calculations are being 
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10 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

performed for those situations i n which the repository environment 
remains essentially unchanged and also for those conditions where 
sig n i f i c a n t unplanned events such as earthquakes, climate change 
or other phenomena take place. As each of these situations are 
analyzed, an understanding i s gained of the importance of the var
ious factors and the multiple barriers which might be provided be
tween the radioactive materials and the environment. 

An important element of r i s k analysis i s assessing the im
portance of the uncertainties in the data now being used to eval
uate various scenarios. By varying the value of the parameters 
that are used i n the analysis, one can understand the importance 
of present uncertainties i n significant variables by their impact 
on the calculated r i s k from the repository. These results w i l l be 
used to direct the research program toward those elements which 
are most s i g n i f i c a n t . 

The overall design of the program by evaluating factors which 
could lead to r i s k of release to the environment involves the type 
of analysis that w i l l be required during a licensing process. A 
detailed licensing plan i s being prepared and w i l l be published 
when available to describe those areas which w i l l be of concern to 
the licensing authorities, the methods available to us to analyze 
those areas and the data that w i l l be used i n performing the anal
yses. The s e n s i t i v i t y analysis just described w i l l indicate where 
additional data are required i n order to gain more assurance i n 
predicting potential risks that might occur from the placement of 
the repositories. 

Conclusion 

I have t r i e d to present to you some of the considerations 
that go into designing the research and development programs which 
are and w i l l be undertaken under the sponsorship of the Department 
of Energy. The new Office of Nuclear Waste Isolation has been 
charged with the task of compiling a l l of these various thoughts 
and considerations into a single program plan document. This 
document w i l l incorporate the input of the licensing plan, the 
r i s k assessment and s e n s i t i v i t y analyses which have been performed 
and also the independent review that has been supplied by such 
groups as the USGS, the National Academy of Sciences, EPA and 
others. 

This program plan w i l l be published within the next few 
months and w i l l be circulated for public review and comment. We 
hope that both the American Chemical Society and i t s individual 
members w i l l provide us feedback on this plan. Hopefully, in this 
way a greater understanding of the technical components of the 
program w i l l be achieved and we w i l l be able to demonstrate that 
we are addressing the concerns that have been raised i n a respon
s i b l e manner. 

If I can supply an overall assessment of where we stand i n 
the program today, I believe that there i s a consensus i n the 
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1. HEATH DOE Isolation of Radioactive Waste 11 

s c i e n t i f i c community that appropriate i s o l a t i o n of radioactive 
wastes can be obtained by placing them i n geologic formations. 
There are several factors that have to be considered before spec
i f i c s ites can be i d e n t i f i e d and many of the gaps i n our knowl
edge are indeed very s p e c i f i c to the s i t e s i n question. Primarily 
because of this s i t e s p e c i f i c characteristic I believe one can say 
that the concept of radioactive waste i s o l a t i o n w i l l not be proven 
u n t i l we are i n a position of being able to identify a s p e c i f i c 
s i t e with a l l of these multiple characteristics adequately char
acterized so that we can obtain a clearer understanding and ap
proval by both the regulatory authorities and the general public. 

The proposed f a c i l i t y i n southeast New Mexico i s the closest 
to being completely categorized i n this way. It i s i n this con
text that the Department of Energy has proposed that this project 
be subjected to the licensing process by NRC even i f the material 
to be placed there i s only defense radioactive waste. Unfortun
ately, the sponsoring committees of the Congress who are concerned 
primarily with the issues of defense have taken the position that 
f a c i l i t i e s related to the defense program should remain completely 
exempt from the licensing process. 

Opposition to work leading to i d e n t i f i c a t i o n of s p e c i f i c 
s i t e s i s the greatest problem facing the program today. It i s 
agreed i n the s c i e n t i f i c community that one cannot reach a f i n a l 
conclusion of the s u i t a b i l i t y of geologic i s o l a t i o n without look
ing at s p e c i f i c s i t e s i n d e t a i l . This of course i s the one area 
to which there has been si g n i f i c a n t opposition. Members of the 
public and state and l o c a l leaders have stated that more sp e c i f i c 
information i s needed as to the safety and potential s u i t a b i l i t y 
of radioactive waste disposal before one can allow even the exam
ination or discussion of s p e c i f i c s i t e s . On the other hand, 
s c i e n t i f i c consensus i s that u n t i l one does evaluate s p e c i f i c 
sites one i s not going to be able to obtain the required informa
tion. In order to resolve this dilemma, we are seeking to con
struct a j o i n t consultation process with state and l o c a l author
i t i e s to allow the examination of s p e c i f i c sites i n order that we 
can answer the s c i e n t i f i c questions that we must. The ongoing 
a c t i v i t i e s of the Interagency Review Group on Waste Management and 
i t s interaction with state and l o c a l o f f i c i a l s and the public i s 
the f i r s t step i n obtaining the necessary consensus before pro
ceeding . 

We have reached a c r i t i c a l turning point i n the DOE1s waste 
management program. The program i s now adequately funded, and 
with the assistance of many qualified and experienced s c i e n t i s t s 
and engineers a comprehensive technical program i s underway. A 
resolution must now be reached to allow us to extend our i n v e s t i 
gations into s p e c i f i c s i t e locations. With input and feedback 
from groups such as this, and with cooperation at a l l levels of 
government, I am confident that we can proceed to resolve this 
very important national problem. 

RECEIVED January 16, 1979. 
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WIPP: A Bedded Salt Repository for Defense 

Radioactive Waste in Southeastern New Mexico 

W. D. WEART 

Sandia Laboratories, Albuquerque, N M 87185 

For twenty years the Department of Energy (DOE) and its 
predecessor organizations, the Atomic Energy Commission and the 
Energy Research and Development Administration, have pursued a 
research effort investigating the phenomena accompanying the 
emplacement of radioactive waste in rock s a l t . This program, 
which has not revealed any effects which would preclude the use 
of sal t beds for geologic disposal of radioactive wastes, has 
led to the implementation of the Waste Isolation Pilot Plant 
(WIPP) project. 

The WIPP, as presently conceived (Figure 1) will utilize 
the deep salt beds in southeast New Mexico to provide geologic 
i s o l a t i o n for transuranic (TRU) contaminated waste generated by 
this nation's defense programs. In addition, the WIPP will 
provide an underground "laboratory" where realistic and 
large-scale tests can be conducted using high-level waste 
(HLW). While variations and additions to this WIPP mission 
have been proposed from time to time, (the charter for this 
facility is presently under discussion within the DOE) these 
two central features have remained a fundamental part of the 
WIPP. 

Sandia Laboratories began site evaluation studies in April, 
1975 at a location previously recommended by the United States 
Geological Survey (USGS) and Oak Ridge National Laboratory 
(ORNL). Subsequent evaluation revealed this s p e c i f i c s i t e to 
be geologically unacceptable and renewed site selection 
investigations resulted in the choice of the "Los Medanos" area 
which is now being thoroughly examined. The sit e selection 
phase is now virtually complete and the area i s believed to be 
acceptable, in all technical respects, for continued 
development of the WIPP. Non-technical aspects of the s i t e 
which have been quantified for consideration i n the 
Environmental Impact Statement (EIS) are the demographic and 
socio-economic facets, the ecologic and archaeologic features 
of the region and the potential for natural resources such as 
hydrocarbons and potash. 

0-8412-0498-5/79/47-100-013$06.00/0 
© 1979 American Chemical Society 
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2. WEART WIPP: A Bedded Salt Repository 15 

Conceptual design studies for WIPP have been completed and 
architect engineering d e f i n i t i o n i s now underway. A DOE 
Preliminary Environmental Impact Statement w i l l be released by 
January, 1979. Present schedules c a l l for construction to 
start i n 1981 and for completion i n 1985. F i r s t radioactive 
waste shipments could be accomodated i n the spring of 1986. 

WIPP Conceptual Design 

Two d i s t i n c t design concepts have been developed for the 
WIPP which address the two major missions which have been 
proposed for this f a c i l i t y . Both concepts assume that the 
f a c i l i t y should be capable of disposing of a l l defense TRU 
waste deriving from current production and in retrievable 
storage. The concepts both provide a f a c i l i t y for experiments 
with high-level waste. The early concept for WIPP (WIPP I) 
assumed an option for disposal of defense HLW. The more recent 
concept (WIPP II) deletes the defense HLW option and replaces 
i t with a demonstration u t i l i z i n g up to 1,000 canisters of 
spent fuel. In both concepts i t was assumed the f a c i l i t y would 
be licensed by the Nuclear Regulatory Commission. At this time 
i t is not known which design w i l l be pursued. 

Contact-handled TRU waste disposal w i l l occupy a horizon 
about 2,100 feet deep while experiments with HLW and a l l heat 
producing TRU w i l l be emplaced in a purer salt horizon 2,600 
feet below the surface. WIPP II would require a smaller 
surface and underground f a c i l i t y since the large volume of 
existing defense HLW need not be accommodated. The 
experimental area and spent fuel demonstration would each 
u t i l i z e only 20 acres. The required capacity in the TRU 
horizon w i l l not be reduced and the entire three square mile 
area would ultimately be required i f the p i l o t operation i s 
expanded to f u l l - s c a l e TRU disposal. A possible underground 
layout for WIPP II is shown i n Figure 2 and Figure 3 
schematically i l l u s t r a t e s the emplacement operations. A l l 
wastes emplaced during the p i l o t phase w i l l be retrievable. 
This period of time is considered to be 5 to 10 years for TRU 
waste and 15 to 20 years for HLW. 

The volumes of defense TRU waste which may become 
candidates for disposal i n WIPP are summarized i n Table I. 
Presently, only the retrievable and yearly production portions 
are planned for WIPP disposal. The WIPP w i l l have a TRU 
through-put capacity of 1.2 χ 10^ f t 3 per year on a three 
s h i f t per day basis. During the p i l o t phase, i t is anticipated 
that waste volume would i n i t i a l l y be re s t r i c t e d , perhaps to 
500,000 f t 3 per year. This volume would require about 930 
truck shipments and 1,040 r a i l c a r shipments. This assumes 
three-fourths of the waste comes by r a i l . 
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16 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Figure 2. Underground layout proposed for WIPP II concept. 

All waste would enter the repository through a single shaft. Personnel, mined salt, and 
ventilation air would all travel the man and materials shaft. TRU waste rooms are about 

400 ft long, 45 ft wide, and 16 ft high. Extraction ratio is about 30%. 
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WEART WIPP: A Bedded Salt Repository 

Figure 3. Emplacement operations. 

Contact-handled TRU waste will be handled using conventional systems. Remote-
handled waste, including HLW experimental canisters, will be placed in a transfer cask 
for lowering down the shaft and transferred to a specially designed transporter for move

ment to the storage rooms where it will be emplaced in prepared drill holes. 
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18 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

TABLE I 

DEFENSE WASTES (1985) 

Contact Handled 

Retrievably Stored TRU 

Buried TRU 

Yearly Production TRU 

Decontamination/Decommissioning 

(D&D) 

Remote Handled 

Retrievable TRU 

Buried TRU 

Yearly Production 

D&D 

Site Evaluation for the WIPP 

The area i d e n t i f i e d for detailed s i t e studies i s located 
approximately 26 miles east of Carlsbad, New Mexico (Figure 
4). Geologically this site i s situated i n the northern part of 
the Delaware Basin, a sub-element of the Permian Basin, which 
contains extensive, thick evaporite deposits of sa l t and 
anhydrite of Permian (200 m i l l i o n years) age (Figure 5). 
Extensive geophysical surveys, geologic and hydrologie studies 
and numerous boreholes have been u t i l i z e d to evaluate the 
region with respect to the s i t e selection c r i t e r i a . Some of 
the factors considered in this evaluation are shown in Table 
I I . Studies by Anderson (1) and e a r l i e r investigators have 
been useful i n indicating the possible geologic features i n the 
Delaware Basin that could pose threats to long-term repository 
int e g r i t y . Site selection was structured to search for and 
avoid these features. Those factors with greatest potential 
impact on WIPP si t e selection w i l l be b r i e f l y discussed. 

Since the most plausible natural mechanism for breaching 
the repository i s through dissolutioning of the salt barrier by 
groundwater, this aspect was given extensive study. Regional 
geologic studies (1, 2) i n the Delaware Basin have revealed 
areas of past and present dissolutioning a c t i v i t y . Knowledge 
of these regional dissolution fronts and of loc a l collapse 

3.7 χ 10 6 F t 3 

13 χ 10 6 F t 3 

0.25 χ 10 6 F t 3 

5 to 95 χ 10 6 F t 3 

90 χ 10 3 F t 3 

300 χ 10 3 F t 3 

3 3 7 χ 10 J F t J 

0.1 to 2.3 χ 10 3 F t 3 
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20 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Figure 5. Geologic cross section at the WIPP site. 

ERDA #9 is a corehole in the center of the proposed site. Depths to the Sahdo horizons 
proposed for the repository are about 2100 and 2600 ft. Any potash mineralization, if it 
exists, is within the McNutt Unit, several hundred feet above the repository horizons. 
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2. WEART WIPP: A Bedded Salt Repository 21 

Depth 

TABLE II 

SITE SELECTION FACTORS CONSIDERED FOR WIPP 

Hydrology 

Thickness 
Purity 
Lateral Extent 
Tectonics 
Geologic Structure 

Dissolutioning 
Deep D r i l l Holes 
Mining A c t i v i t y 
O i l F i e l d A c t i v i t y 

Natural Resource 
Potential 

Demography 
Topography 
Land Ownership 
Land Use 

features due to salt dissolution has allowed implementation of 
geophysical investigations to assure that such features do not 
exist i n , or near enough to, the si t e to present a hazard to 
long-term repository in t e g r i t y . Geologic studies (3, 4) 
indicate the regional dissolution front west of the si t e area 
(Figure 4) is progressing eastward at a rate of less than 6 to 
8 miles per m i l l i o n years and is moving downward at a rate of 
about 500 feet per m i l l i o n years. These values assure the 
repository beds w i l l not be breached by regional dissolutioning 
for many m i l l i o n years. Since these are average rates covering 
the past few m i l l i o n years, the effect of previous pl u v i a l 
cycles is included and, consequently, the forecast also 
incorporates the effect of similar future pluvial cycles. 

Application of Rb-Sr isotope geochronology methods to the 
bedded sal t deposits of the WIPP area have revealed that no 
significant r e c r y s t a l l i z a t i o n or formation of brine have 
occurred within the Salado sa l t since early i n i t s diagenesis 
over 200 m i l l i o n years ago. Examination of pétrographie 
structures and mineral relationships support these 
observations. It is evident, however, that some beds such as 
those containing s y l v i t e or polyhalite, did experience mineral 
replacement and r e c r y s t a l l i z a t i o n during diagenesis. The 
natural long-term s t a b i l i t y of the selected s i t e and avoidance 
of those local dissolution features which have the potential 
for jeopardizing the long-term integrity of the repository, 
provide a high confidence i n the a b i l i t y of the s i t e to isolate 
wastes from the biosphere for very long times indeed. 

Local dissolution features are recognized i n the Delaware 
Basin. These may be of either shallow or deep o r i g i n , and i t 
is the l a t t e r which may pose the greater potential hazard to 
the repository. These features, often called collapse chimneys 
or breccia pipes, form when localized dissolution occurs deep 
in the evaporite section, possibly at the base of the salt 
beds, resulting in a cavern into which overlying beds 
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22 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

collapse. These collapse chimneys are known to exist in 
portions of the basin which have seen extensive dissolution 
a c t i v i t y . Seismic and r e s i s t i v i t y surveys reveal these 
features and application of these techniques to the si t e area 
indicates the si t e area is free of them. Studies are in 
progress to better understand the genesis of collapse chimneys 
and to evaluate the age, chronology, permeability and the 
dissolution consequences to adjacent salt beds for a known 
chimney. 

Dissolution may also occur through man-made boreholes i f 
these holes penetrate through the salt and establish water 
ci r c u l a t i o n by connecting water-bearing rocks above and below 
the sal t beds. To mitigate against this concern, a 
conservative buffer of one mile between the repository and any 
such holes has been required. When an adequate borehole plug 
has been demonstrated, i t may be possible to relax this 
r e s t r i c t i o n . 

Geologic features such as anticlines and faults must be 
considered in sit e selection. Salt flow structures, which are 
known to be present i n portions of the Delaware Basin, may 
disto r t the rock units s u f f i c i e n t l y to make mining operations 
d i f f i c u l t and may also lead to fracture of the more b r i t t l e 
anhydrite beds occurring within the s a l t . This fracture 
porosity may allow brine to accumulate and, in some instances, 
form brine reservoirs of significant volume. These features 
may be detected and examined by seismic surveys and by d r i l l i n g 
exploratory holes when indicated. The WIPP si t e i s believed to 
be free of unacceptable sa l t flow structures. Likewise, major 
recent faulting near the repository could be a concern for 
long-term repository int e g r i t y i f i t should lead to increased 
rates of dissolutioning. Open faults or fractures within the 
salt are not observed or anticipated due to i t s p l a s t i c i t y but 
overlying aquifers and aquitards could be affected by 
faulting . Techniques used to search for faults at the WIPP 
site are f i e l d geologic mapping, ae r i a l and s a t e l l i t e imagery, 
and the geophysical investigatory techniques of seismic 
r e f l e c t i o n , r e s i s t i v i t y , aeromagnetics and gravity. No 
significant faults have been detected within the WIPP s i t e . 
The region is r e l a t i v e l y aseismic and tectonically stable. 

Natural resources within any major s a l t basin are an 
ever-present potential. In preliminary s i t i n g of WIPP, known 
hydrocarbon trends and potash deposits were avoided by the 
three-square mile repository area. Some potash and potentially 
some hydrocarbons exist within the buffer zones established for 
WIPP. The estimated amount of these resources, which may be 
denied by WIPP, are 13.1 m i l l i o n tons of potash product 
(K2O); 23.5 b i l l i o n cubic feet of gas and 42.5 thousand 
barrels of o i l . Many of these resources may not be 
economically recoverable depending on many economic and 
minéralogie factors. For example, the United States Bureau of 
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2. WEART WIPP: A Bedded Salt Repository 23 

Mines studies indicate as much as 5.5 m i l l i o n tons of potash 
product may be presently "economic" out of the tota l 13.1 
m i l l i o n tons. These resource values are small compared to the 
total United States reserves but must be considered as a 
potential target or inducement for future generations. Studies 
now underway may show that these resources can be developed 
without jeopardy to the repository. The issue of future 
penetrations by man is one that cannot, however, be ruled out. 
This is true for any geologic repository but the probability of 
such penetration may be somewhat greater for sedimentary and/or 
sa l t basins. This eventuality is considered i n the repository 
safety analyses by determining the consequences of such 
penetrations i f they should occur. 

Future penetration of the repository by man i s one of the 
several potential f a i l u r e scenarios which has been calculated. 
One particular scenario which w i l l be described assumes an 
open, unplugged borehole penetrates through the repository and 
connects aquifers above and below the s a l t . This case i s of 
much greater concern than for a hole which terminates within 
the s a l t . In this l a t t e r instance, there is no mechanism to 
continue dissolutioning of sa l t and the hole w i l l gradually be 
squeezed closed. Using the hydrologie parameters 
experimentally established for the WIPP s i t e , the dissolution 
of sa l t by flow in the borehole and transport of the various 
radioisotopes through the aquifers has been calculated and 
concentrations and/or possible body burdens of r a d i o a c t i v i t y 
determined. Figure 6 i l l u s t r a t e s results of calculations for 
the case where the penetration occurs 1,000 years after sealing 
a repository which has been f i l l e d with both TRU and high-level 
defense waste. Conservative (worst case) assumptions have been 
used for this particular calculation. For example, i t i s 
assumed that the waste dissolves as rapidly as the salt and 
that the maximum permeability of the measured range of values 
exists throughout the s i t e area. Transport of transuranic 
isotopes through the Rustler aquifers to the exit point at 
Malaga Bend on the Pecos River, about 14 miles away, i s such 
that i t requires about 100,000 years for uranium isotopes to 
reach their maximum concentration. At this time, a 
hypothetical man who dai l y ingested the amount of r a d i o a c t i v i t y 
contained i n 20 l i t e r s of Pecos River water would, over a 
50-year lifespan, accumulate a whole body dose less than the 
annual whole body dose acquired i n one year due to natural 
causes. There is negligible contribution to the radioactive 
burden from plutonium isotopes due to their high sorption and 
retardation i n the aquifer system. During the 100,000 years 
following the postulated repository breach, plutonium 
concentrations i n the Pecos River, as indicated by the 
calculations, would not exceed 10~20 ^ c i / l i t e r . Thorium 
isotopes also have a high adsorption coe f f i c i e n t but show 
greater discharge concentrations than plutonium because they 
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2. WEART WIPP: A Bedded Salt Repository 

represent daughter products of the more rapidly transported 
uranium isotopes. 

One may also examine the concentration i n the aquifers at 
points closer to the repository. Figure 7 i l l u s t r a t e s the 
concentration profiles at a distances of 1.0 or 0.83 miles from 
the repository breach for the three isotopes which attain the 
highest concentration relati v e to present maximum permissible 
concentrations (MPC) i n water. None of these three isotopes, 
1-129, Ra-226 and U-236, reach their current MPC. The 
fluctuations i n the 1-129 curve represent the engulfment of 
successive HLW rooms by the solution front. 

Similar calculations have been performed for a more severe 
but much less plausible scenario (Scenario II) which assumes 
the repository f a i l u r e occurs at 100 years after 
decommissioning by massive (3 χ 10^ liters/year) flow of 
water down into the repository at one edge and back out to the 
same aquifer at another point in the repository, dissolving 
only the salt in the repository horizons. The isotopes of 
significance for this time frame which were not important in 
the 1,000 year breach are strontium 90 and cesium 137. The 
time for transport to the biosphere at Malaga Bend on the Pecos 
River is long enough that neither isotope represents a 
significant hazard. The transuranic concentrations shown i n 
Figure 8 for this scenario are higher due to the solutioning 
mode, not the e a r l i e r time frame at which the repository breach 
was postulated. Intercepting the aquifer with a d r i l l hole at 
a distance of two miles would find concentrations, 200 years 
after the breach, above current MPC1s for Sr^O and Cs^ 3' as 
shown in Figure 9. These calculations also assumed the upper 
values of measured permeability and that the waste leaches as 
rapidly as the salt dissolves. More r e a l i s t i c leach rates for 
the 100 year time frame are being determined and w i l l be 
applied to this calculation. Significant reduction i n the 
near-field aquifer concentrations are expected from this 
refinement and the near-field concentrations are not expected 
to exceed MPCfs. 

These types of calculations indicate that, even when 
adopting very conservative assumptions, the r i s k to the general 
population by human penetration of the repository i n the 
distant future i s very small. 

WIPP Experimental Program 

A broad based experimental program to investigate the 
phenomena which accompany the introduction of radioactive waste 
into s a l t is an integral part of the WIPP project. The purpose 
of the experimental program i s two-fold: (1) to provide the 
necessary information to allow confident conversion from 
retrievable " p i l o t " operations to f u l l - s c a l e repository 
disposal operations and; (2) to establish the technical base 
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WEART WIPP: A Bedded Salt Repository 

Figure 7b. RA226 concentration profile at 0.83 mi—LLW. Scenario 1. Maximum 
measured permeability used in the transport calculation. Event initiation at 1,000 

yr after sealing. 
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28 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Figure 7c. U236 concentration profile at 0.83 mi—LLW. Scenario 1. Maximum 
measured permeability used in the transport calculation. Event initiation at 1,000 

yr after sealing. 
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30 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Cs 137 

0.2 0.6 1.0 1.4 1.8 2.2 2.6 

LOG (Time from Event (Years)) 

Figure 9. 90Sr, 137Cs concentration, Scenario 2. 
90Sr and 137Cs concentrations at 2 mi in the Ruster aquifer foUowing a Scenario 2 breach 
initiated 100 yr after sealing. Maximum measured permeability used in the transport 

calculation. 
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2. WEART WIPP: A Bedded Salt Repository 31 

necessary to permit NRC licensing of HLW repositories in s a l t . 
These experiments w i l l u t i l i z e a l l categories of waste as well 
as simulations using e l e c t r i c heaters. Prior to the 
construction of the WIPP f a c i l i t y , radioactive experiments w i l l 
be limited to laboratory and bench-scale studies. Existing 
mines i n salt beds are being used to conduct experiments not 
requiring radioactive material. 

During the course of the experimental program, many 
phenomena w i l l be investigated in d e t a i l . Most of these 
studies w i l l address details of waste/salt interaction, 
radionuclide migration and salt s t a b i l i t y . Results may affect 
the mode of long-term operation and design of the repository. 
A few of the technical issues, however, are considered by some 
to be very fundamental to the concept of geologic disposal i n 
s a l t . Although the effects a r i s i n g from these phenomena have 
been bounded by conservative calculations with acceptable 
results, i t is obvious that a more quantitative understanding 
is desirable at the e a r l i e s t possible date. Some of these 
issues w i l l be discussed i n the following section. 

S t a b i l i t y of Salt Repositories Under Thermal Load 

There are three issues often raised with regard to the 
mechanical behavior of the canister-salt-repository system when 
HLW is the emplaced waste form. 

1. Motions of the canister relative to the sa l t 
2. Closure rates of repository d r i f t s r e l a t i v e to 

re t r i e v a l requirements to keep d r i f t s open 
3. Gross bouyant motion of the repository due to heating 

of large areas and volumes of salt 
High-level waste canister motions in salt have been calculated 
for the various conditions which could be encountered i n sa l t 
(5). Using the mechanical properties of sa l t measured as a 
function of temperature and assuming ten-year old waste with an 
i n i t i a l thermal output of 3.5 kilowatts per canister, the 
calculated tota l motion of the canister i s less than one meter 
rela t i v e to the surrounding s a l t . 

The potential for a l t e r i n g the mechanical strength of the 
salt near the canister due to brine migration up the thermal 
gradient has not been incorporated i n such calculations. 
Experiments on one-meter cylinders of salt are now i n progress 
and i n - s i t u tests w i l l be conducted i n sa l t beds of d i f f e r i n g 
brine content to quantify this potential e f f e c t . The salt bed 
proposed for WIPP high-level waste experiments has an average 
brine content on the order of 0.5% or less - believed too low 
to allow the postulated mechanism to occur. However, should 
the canister motion be accentuated by lo c a l weakening of the 
s a l t , thin anhydrite layers present at the WIPP si t e would 
r e s t r i c t total canister motion to less than 10 meters. 
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32 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Thermally accelerated closure of HLW d r i f t s w i l l occur i n 
the sal t beds. This i s a desired phenomena but i t must be 
limited to an acceptable rate to allow normal operations while 
the rooms are being f i l l e d to capacity. Additionally, during 
large-scale demonstrations or " p i l o t " operations where 
r e t r i e v a b i l i t y must be assured, the closure rate must be 
further limited by reduced thermal loading and/or lower 
excavation ra t i o s . Other approaches which could be adopted are 
construction of "oversize" rooms or occasional enlarging of the 
converging rooms. A typical 15-foot high HLW room i n WIPP salt 
with a 20% extraction r a t i o and a thermal loading of 30 kW/acre 
could show about a three foot decrease in height over 5 years 
unless the above measures are adopted. 

The large-scale bouyancy effects of an idealized heated 
repository have also been calculated (6). Expansion of the 
heated salt w i l l result i n a density d i f f e r e n t i a l with respect 
to the surrounding s a l t . This plus the reduced v i s c o s i t y of 
the hot salt tends to form slow convective c e l l s i n the s a l t . 
Calculations of a repository i n homogeneous salt loaded with 
10-year old HLW at 100 kilowatts per acre show a peak upward 
velo c i t y (approximately 1.5 cm/year) of the repository horizon 
would occur between 200 and 300 years and then slowly 
decrease. Displacement would be about 6.5 meters at 400 
years. Incorporating a more viscous layer above the repository 
level to more closely simulate the actual WIPP si t e geology 
leads to maximum v e l o c i t i e s about one-third those obtained i n 
homogeneous s a l t . After 400 years the upward displacement for 
this l a t t e r case would be about 2.1 meters. More 
representative modeling of the geologic s t r a t i f i c a t i o n i n 
calculations now underway w i l l reduce these values s t i l l more. 
Surface u p l i f t due to thermal effects i n either of the cases 
mentioned is about 0.5 meter at 400 years. This would be 
imposed on an e a r l i e r but equivalent subsidence which occurs 
due to collapse of the d r i f t s and compaction of the b a c k f i l l 
s a l t . 

Validation of these calculations w i l l require several years 
of precision measurement on an experimental area. Higher 
thermal loading densities may be employed to accelerate bouyant 
effects and allow more rapid validation of the code 
calculations. 

Waste/Rock Interactions and Brine Migration 

The issue of brine migration in a thermal gradient was 
previously mentioned in the discussion of thermal effects and 
canister motions. This phenomenon i s not an issue for TRU 
waste disposal but must be considered for HLW repositories i n 
s a l t . Since i t s main effects could be to enhance high-level 
waste canister motion through "weakened" s a l t , to corrode the 
waste canister and to provide a leachant for the waste, the 
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2. WEART WIPP: A Bedded Salt Repository 33 

impacts in WIPP relate mostly to the ease with which r e t r i e v a l 
operations may be conducted. For a HLW repository, a less 
leachable waste form would reduce the consequences of 
penetration by man. HLW canister integrity has never been 
considered necessary for adequate long-term i s o l a t i o n i n sa l t 
repositories but is important i f several years of "retrievable 
storage" are envisioned. These concerns have been recognized 
and addressed to assure r e t r i e v a l of the WIPP HLW experiments. 
Laboratory experiments to quantify corrosion resistance and 
determine lifetimes of candidate canister materials are 
underway using anticipated conditions of temperature, pressure, 
chemistry and ra d i o l y s i s . In any event, overcoring the waste 
has always been the r e t r i e v a l method preferred for WIPP 
experiments where the number of test specimens involved i s 
r e l a t i v e l y small. Thus, impacts of brine migration do not seem 
to present an obstacle to the concept of disposal i n WIPP sa l t 
beds. Brine migration and i t s effects are, however, an area of 
uncertainty which w i l l be quantified by heater experiments i n 
mines long before any waste i s emplaced. In-situ measurements 
w i l l determine the extent to which brine w i l l migrate to a heat 
source and the subsequent chemical and physical behavior that 
could occur i f that migration surrounds the canister with 
brine. The extent to which the salt's mechanical strength i s 
affected w i l l be established. Many of the anticipated chemical 
and geochemical reactions are now being examined i n laboratory 
experiments. In the event these effects were found to be more 
serious for r e t r i e v a l operations and to the repository than 
anticipated, mitigating measures, now be experimentally tested, 
could be applied. 

Waste Leaching 

For purposes of the WIPP program, i t is desirable to 
quantify the leach rate of radioisotopes from potential waste 
forms to allow r e a l i s t i c source terms to be used i n 
calculations of repository f a i l u r e scenarios. Lack of 
quantitative data on long-term s t a b i l i t y of the waste form and 
the potential leaching have resulted i n the use of very 
conservative assumptions i n present calculations. Consequence 
calculations of postulated WIPP repository failures have, to 
date, assumed the waste form and associated radioisotopes are 
dissolved as readily as the s a l t . Even so, the results of the 
safety analyses show that consequences are not unduly severe. 
A b i l i t y to rely on waste form would reduce the calculated 
consequences of the direct d r i l l hole penetration scenario to 
more desirable levels. Leaching studies, under r e a l i s t i c 
conditions of temperature (up to 300°C) and pressure (up to 
3000 psi) with saturated brine leachant, are now i n progress at 
Sandia and other laboratories to develop quantitative data for 
the possible WIPP waste forms. 
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34 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Isotope Sorption and Retardation 

If the salt beds surrounding the repository were to be 
breached by any mechanism, then the transport of r a d i o a c t i v i t y 
through the resultant hydrologie system becomes an important 
part of the multiple barrier system. The major portion of any 
potential radionuclide transport path through the geosphere 
w i l l be v i a the aquifers above or below the s a l t . Considerable 
laboratory work has been done to establish d i s t r i b u t i o n 
coefficients (the d i s t r i b u t i o n c o e f f i c i e n t , K^, may be 
defined as the ra t i o of the quantity of nuclide sorbed on the 
media to the quantity on nuclide remaining i n solution) for 
various isotopes being transported through these media by brine 
solutions (7). Of particular importance to WIPP, plutonium has 
a large sorption under these conditions with a d i s t r i b u t i o n 
coefficient of about 2,500 or greater. Consequently, the 
rate of migration of the plutonium i n WIPP aquifers is orders 
of magnitude slower than that of the transporting brine. It 
has often been stated that sa l t i t s e l f has no significant 
a b i l i t y to retard isotope transport. Sandia studies (7) 
indicate that on the contrary, the impurities i n sa l t (the 
residue that would form the transport channel i n the event of 
any salt dissolutioning) w i l l provide significant retardation 
with Kjj on the order of 20 to 60 for plutonium when based on 
t o t a l weight of h a l i t e samples and greater than 10^ when 
based on the residue weight. Another concern, related to the 
organic component of the TRU waste, is the potential formation 
of chemical chelates which could enhance the migration of 
radionuclides. This aspect is the subject of laboratory 
investigation. Further work i s being performed i n this general 
area of radionuclide transport and sorption to establish the 
effective K^'s and reduce the range of uncertainty under 
conditions of fracture permeability and with anticipated 
solutions and aquifer media. Laboratory work i s also i n 
progress to develop an additional geochemical barrier (a 
radionuclide "getter") which could be incorporated into the 
b a c k f i l l material or placed around the waste canister. Such 
getters may be able to e f f e c t i v e l y retard the migration of 
nuclides from the immediate v i c i n i t y by means of ion exchange, 
chemical reaction or physical sorption processes. 

Gas Generation i n the Repository 

Thermal, chemical, r a d i o l y t i c and bacterial decomposition 
of organics i n existing TRU waste with resultant generation of 
gases is a potential concern for WIPP. Principal gases that 
one can anticipate are H 2 , C O 2 , CO and C H 4 . During 
operations, these gases may be safely removed by v e n t i l a t i o n . 
After sealing the repository or individual rooms, the pressure 
such gases might exert against the seals over long periods of 
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2. WEART WIPP: A Bedded Salt Repository 

time must be considered. Present measurements of sal t 
permeability indicate the gases w i l l not diffuse through the 
sal t rapidly enough to avoid this concern. The rate at which 
salt b a c k f i l l w i l l recompact and r e c r y s t a l l i z e and what i t s 
permeability w i l l be are not yet well quantified. Studies are 
being supported at various laboratories to quantify the gas 
generation rates and quantities possible from the various 
processes acting on the organics in existing TRU defense 
waste. These data w i l l be used to determine whether there i s a 
technical repository requirement for incinerating the TRU waste 
to remove the organic components. 

Gases may also be produced from chemical and r a d i o l y t i c 
interactions of high-level waste and the anticipated brine 
which may migrate to the waste canisters. Canister corrosion 
is expected to occur and can result in H 2 and HC1 
generation. These reactions must be examined and quantified 
under the anticipated conditions of pressure, temperature and 
leachant chemistry to determine whether they can be accomodated 
or should be prevented i n a f u l l - s c a l e HLW repository. 

Summary 

In summary, a si t e has been i d e n t i f i e d for the WIPP which, 
to date, meets the technical requirements for a geologic 
repository in bedded s a l t . This information w i l l be presented 
to the Department of Energy to allow that agency to determine 
whether i t wishes to pursue this s i t e for development of a 
waste repository. Several technical issues have not yet been 
resolved i n a l l their detail but may be adequately bounded to 
allow the WIPP to proceed without undue concern for i t s short-
and long-term safety. A major function of the WIPP w i l l be to 
provide an i n - s i t u f a c i l i t y where the detailed phenomenology 
may be further investigated and become thoroughly understood. 
Many of the unresolved issues described w i l l be settled through 
laboratory research and non-radioactive experiments i n other 
mines before WIPP construction starts i n 1981. 

ABSTRACT 

The Department of Energy is proposing to demonstrate the 
acceptability of geologic disposal of radioactive waste by 
locating a Waste Isolation Pilot Plant (WIPP) in the salt beds 
26 miles east of Carlsbad, New Mexico. The WIPP wil l serve as 
a permanent repository for defense generated transuranic 
contaminated waste and wil l also be used as a fac i l i ty in which 
experiments and demonstra- tions with a l l radioactive waste 
types can be conducted. A conceptual design has been completed 
and an environmental report on actual and possible impacts wil l 
soon be released. There are many technical issues which must 
be pursued in connection with WIPP. Many of these involve 
natural geologic and hydrologic phenomena. The introduction of 
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36 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

radioactive wastes into this environment raises more issues 
which are being investigated in the laboratory and which, in 
many instances, must also be studied in situ. WIPP wil l be an 
underground laboratory where large-scale experiments on thermal 
effects and waste/rock interactions wil l be examined. Some of 
these physical and chemical problems wil l be summarized in this 
paper. 
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3 

Hydrologic Considerations Related to Management of 

Radioactive Waste 

GEORGE D. DEBUCHANANNE and WARREN W. WOOD1 

U.S. Geological Survey, Reston, VA 22092 

The objective of geologic isolation of radioactive wastes is 
to preclude their reaching the biosphere until after they have 
decayed to the extent that they no longer constitute a health 
hazard. Concern over radioactive wastes from military, industrial 
and research uses has elicited many lines of commentary and deep 
concern from many individuals. In California, the concern about 
waste disposal was the focal point in establishing a moratorium 
on the construction of new reactors unti l a satisfactory waste 
disposal technology could be demonstrated. 

There are several pathways by which buried wastes can enter 
the biosphere; these include emission of gases from decaying 
organic material buried with the waste, erosion of overlying 
material resulting in waste exposure, waste movement to the land 
surface through tectonic activity, intrusion by man, and leaching 
and seepage into ground-water systems. It is generally agreed 
that the long-range problem of intrusion by man is the most l ikely 
mechanism for contact with the biosphere, as institutional con
tro l , even on the most restrictive burial sites, is likely to be 
less than 100 years. The earth science community generally per
ceives that transport by ground water is the most important 
natural mechanism for bringing buried wastes to the biosphere. 
The hydrologic evaluation associated with the transport of radio
nuclides from a repository can be centered on three areas of un
certainty: (1) characterizing the existing hydrologic system at 
a given site, (2) predicting events that wi l l alter the hydrologic 
properties with time, and (3) evaluating the interaction of the 
wastes with the burial environment. 

Most ground-water hydrologists would prefer to speak in 
terms of waste isolation, emplacing waste in a repository, or 
waste dispersion, rather than disposal. Disposal, of course, not 
only implies that no attempt wi l l be made to retrieve the material 
but i t also implies future neglect. Isolation as, for example, 

1 Current address: Department of Geosciences, Texas Tech University, Lubbock, Texas 
79409. 

This chapter not subject to U.S. copyright. 
Published 1979 American Chemical Society 
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38 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

i n a r e p o s i t o r y , or planned d i s p e r s i o n , on t h e o t h e r hand, c a r r y 
w i t h i t t h e i m p l i c a t i o n t h a t t h e wastes at a s i t e would be moni
t o r e d and managed. A l l sedimentary r o c k sequences permit some 
movement of water t h r o u g h them, and, of c o u r s e , moving water w i l l 
l e a c h t h e b u r i e d waste r e s u l t i n g i n t r a n s p o r t w i t h the moving 
water. R e a l i s t i c answers t o problems of waste i s o l a t i o n must 
c o n s i d e r a p h i l o s o p h y of c o n t r o l l e d d i s p e r s i o n over v e r y l o n g 
time p e r i o d s . 

Volume of Waste 

The DOE (Department of Energy) which i s the l e a d agency i n 
m a t t e r s of n u c l e a r energy, has s p e c i f i e d t h r e e c a t e g o r i e s of 
waste: (1) h i g h - l e v e l , (2) t r a n s u r a n i u m contaminated, and (3) 
o t h e r than h i g h - l e v e l waste, g e n e r a l l y c a l l e d l o w - l e v e l . H i g h -
l e v e l waste r e s u l t s from r e p r o c e s s i n g of spent n u c l e a r r e a c t o r 
f u e l . The t r a n s u r a n i c - c o n t a m i n a t e d waste (TRU) c o n t a i n s concen
t r a t i o n s g r e a t e r than 10 n a n o c u r i e s per gram (nCi/g) of t h e man-
made elements w i t h atomic numbers g r e a t e r than 92. The remainder 
of t h e waste, w i t h t h e e x c e p t i o n of mine and m i l l t a i l i n g s and 
spent f u e l rods i s c o n s i d e r e d low l e v e l . F u e l rods have o n l y 
r e c e n t l y been c o n s i d e r e d a waste form as a r e s u l t of the 
A d m i n i s t r a t i o n ' s d e c i s i o n t o e l i m i n a t e r e p r o c e s s i n g of spent 
n u c l e a r f u e l and a r e c l a s s i f i e d as h i g h - l e v e l waste. 

Low-Level Waste. L o w - l e v e l wastes a r e f u r t h e r d i v i d e d i n t o 
c a t e g o r i e s of s p e c i a l n u c l e a r m a t e r i a l , source m a t e r i a l , and by
product m a t e r i a l , depending on t h e i s o t o p e s c o n t a i n e d . S p e c i a l 
n u c l e a r m a t e r i a l r e f e r s t o uranium 233, p l u t o n i u m 239, and uranium 
c o n t a i n i n g more t h a n t h e n a t u r a l abundance of uranium 235. Source 
m a t e r i a l r e f e r s t o m a t e r i a l s c o n t a i n i n g 0.05 p e r c e n t o r more of 
t h o r i u m or uranium i n any p h y s i c a l or c h e m i c a l form except t h a t 
covered under s p e c i a l n u c l e a r m a t e r i a l . By-product m a t e r i a l s 
c o n s i s t of a l l o t h e r r a d i o a c t i v e m a t e r i a l s i n c l u d i n g f i s s i o n and 
a c t i v a t i o n p r o d u c t s . 

B u r i a l of t r a n s u r a n i u m and l o w - l e v e l waste i n s h a l l o w p i t s 
and t r e n c h e s has o c c u r r e d s i n c e t h e e a r l y days of t h e Manhattan 
P r o j e c t . I n t h e U n i t e d S t a t e s , 14 b u r i a l s i t e s have been 
ope r a t e d by t h e Department of Energy, 12 of which a r e p r e s e n t l y 
a c t i v e ; and s i x state-owned s i t e s have been op e r a t e d by l i c e n s e d 
commercial f i r m s . Three of t h e commercial s i t e s are p r e s e n t l y 
a c t i v e ( f i g u r e 1 ) . 

Through 1977, a p p r o x i m a t e l y 1,306,000 c u b i c meters (1) of 
m i l i t a r y waste m a t e r i a l had been b u r i e d i n a p p r o x i m a t e l y 280 
h e c t a r e s at t h e DOE s i t e s . The r a t e of a c c u m u l a t i o n at t h e s e 
s i t e s has remained r e l a t i v e l y c o n s t a n t and i s now a p p r o x i m a t e l y 
33,000 c u b i c meters per y e a r . Through 1977, a p p r o x i m a t e l y 500,000 
c u b i c meters of waste had been b u r i e d i n 300 h e c t a r e s at the s i x 
commercial s i t e s ( 2 ) . The p r e s e n t annual r a t e of b u r i a l i s 
a p p r o x i m a t e l y 60,000 c u b i c meters (3) and i s i n c r e a s i n g r a p i d l y 
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40 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

( f i g u r e 2 ) . 
Between 1946-1970, a p p r o x i m a t e l y 28,000 f i f t y f i v e - g a l l o n 

drums of m i l i t a r y and commercial l o w - l e v e l waste were d i s p o s e d 
of i n t h e A t l a n t i c Ocean and a p p r o x i m a t e l y 47,000 i n t h e P a c i f i c 
( 4 ) . T h i s p r a c t i c e was d i s c o n t i n u e d i n 1970 and s i n c e then a l l 
l o w - l e v e l waste has been b u r i e d i n s h a l l o w t r e n c h e s . 

Holcomb (2) r e p o r t s t h a t through 1976, commercial b u r i a l 
grounds had d i s p o s e d o f 951,468 k i l o g r a m s (kg) of source 
m a t e r i a l , a p p r o x i m a t e l y 4 m i l l i o n c u r i e s of by-product m a t e r i a l , 
and 1,667 kg of s p e c i a l n u c l e a r m a t e r i a l as w e l l as 113 kg of 
TRU waste ( 3 ) . The DOE s i t e s , a c c o r d i n g t o Duguid ( 1 ) , c o n t a i n 
7,292,124 kg of source m a t e r i a l and 11 m i l l i o n c u r i e s of by
product as w e l l as more than 700 kg of TRU waste. An a d d i t i o n a l 
6 m i l l i o n l i t e r s of a waste-cement grout s l u r r y has been i n j e c t e d 
i n t o h y d r o f r a c t u r e d s h a l e at t h e Oak Ridge d i s p o s a l s i t e i n 
Tennessee. 

H i g h - L e v e l Waste. There a r e a p p r o x i m a t e l y 285 m i l l i o n 
l i t e r s c o n t a i n i n g a p p r o x i m a t e l y 590 χ 10^ c u r i e s (5) of m i l i t a r y 
and 2.3 m i l l i o n l i t e r s of commercial h i g h - l e v e l l i q u i d waste (6) 
p r e s e n t l y s t o r e d i n t a n k s . A l t h o u g h t h e volume of h i g h - l e v e l 
m i l i t a r y waste i s much g r e a t e r , t h e c u r i e content of s t r o n t i u m 90 
of b o t h sources i s a p p r o x i m a t e l y the same i f s t o r e d spent f u e l 
rods from commercial r e a c t o r s are i n c l u d e d i n t h e i n v e n t o r y . The 
t o t a l c u r i e content w i l l be the same f o r b o t h sources by 1985 
at the p r e s e n t r a t e of use ( 5 ) . To d a t e , t h e r e has been no 
d i s p o s a l o f any h i g h - l e v e l waste. 

Waste D i s p o s a l Problem 

R a d i o a c t i v e waste i s o l a t i o n i n a g e o l o g i c medium i s an 
example o f a problem t h a t w i l l extend beyond t h e f o r e s e e a b l e 
d u r a t i o n of e x i s t i n g human i n s t i t u t i o n s . The p o t e n t i a l e f f e c t s 
a r e extremely important and p r e s e n t a s i g n i f i c a n t c h a l l e n g e t o 
i n s t i t u t i o n s designed f o r d e a l i n g w i t h problems of l e s s e r com
p l e x i t y and s h o r t e r d u r a t i o n . I n t h i s case, not o n l y are the 
human i n s t i t u t i o n s s t r a i n e d , but the s c i e n c e of h y d r o l o g y p r e 
s e n t l y l a c k s t e c h n i q u e s and methodology t o d e f i n e adequately the 
f l o w i n s e v e r a l common types of h y d r o l o g i e systems. 

There are t h r e e areas of h y d r o l o g i e u n c e r t a i n t y i n v o l v e d i n 
t h e g e o l o g i c i s o l a t i o n of r a d i o a c t i v e waste. The f i r s t concerns 
the c h a r a c t e r i z a t i o n of e x i s t i n g h y d r o l o g i e systems; t h a t i s , our 
i n a b i l i t y t o q u a n t i t a t i v e l y d e f i n e t h e e x i s t i n g c o n d i t i o n s con
t r o l l i n g the movement of r a d i o n u c l i d e s . The second i s t h e 
u n c e r t a i n t y of p r e d i c t i n g d i s r u p t i v e events such as earthquakes 
and c l i m a t i c changes which a l t e r t h e p r o p e r t i e s and h y d r o l o g i e 
c o n d i t i o n s of t h e system. The t h i r d a r e a of u n c e r t a i n t y i s how 
t h e waste i t s e l f and t h e method of emplacement a f f e c t the 
h y d r o l o g y of a system. 

D i s r u p t i v e events a r e g e n e r a l l y not c o n s i d e r e d important i n 
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DEBUCHANANNE AND WOOD Radioactive Waste Management 

Figure 2. Yearly total volume of commercial low-level waste buried within the 
conterminous United States 
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the e v a l u a t i o n of l o w - l e v e l d i s p o s a l s i t e s because of t h e s m a l l 
amount of l o n g - l i v e d r a d i o n u c l i d e s p r e s e n t . However, t h e o t h e r 
a r eas of u n c e r t a i n t y would a f f e c t modes of g e o l o g i c i s o l a t i o n of 
h i g h - l e v e l waste. The e f f e c t of waste emplacement on the hydro-
l o g i c p r o p e r t i e s of t h e s i t e have g e n e r a l l y been g i v e n o n l y 
c u r s o r y e v a l u a t i o n i n p a s t s t u d i e s of l o w - l e v e l waste s i t e s . 
T h i s has proved t o be s h o r t s i g h t e d , and s e l e c t i o n c r i t e r i a f o r 
new s i t e s w i l l almost c e r t a i n l y c o n t a i n s p e c i f i c g u i d e l i n e s on 
such t h i n g s as cap o r cover d e s i g n and t y p e of waste form 
p e r m i t t e d t o be b u r i e d . 

These t h r e e broad areas of u n c e r t a i n t y form t h e b a s i s of 
p r esent and proposed r e s e a r c h on r a d i o a c t i v e waste and are t h e 
s u b j e c t of t h i s paper. C o n s i d e r f i r s t t h e problem i n d e f i n i n g 
e x i s t i n g systems i n terms of t h e h y d r o g e o l o g i c p r o p e r t i e s i n 
r e l a t i o n t o t r a n s p o r t by ground water. T r a d i t i o n a l l y , ground
water h y d r o l o g i s t s have been I n v o l v e d w i t h f i n d i n g and e v a l u a t i n g 
supply systems f o r i r r i g a t i o n , i n d u s t r i a l , m u n i c i p a l , and domes
t i c u s e r s . Waste i s o l a t i o n s t u d i e s have been j o k i n g l y r e f e r r e d 
t o as " a n i t h y d r o l o g y " because h y d r o l o g i s t s are b e i n g f o r c e d t o 
study f l o w systems e x h i b i t i n g v e r y low, r a t h e r t h a n h i g h , ground
water f l u x e s . T h i s change i n p h i l o s o p h y has p r e s e n t e d a major 
c h a l l e n g e t o the study of ground-water h y d r o l o g y , i n v o l v i n g 
f o c u s i n g more a t t e n t i o n on t h e fundamentals of f l o w and geo-
c h e m i c a l r e a c t i o n s i n m a t e r i a l s of low p e r m e a b i l i t y . These low 
p e r m e a b i l i t y s i t e s r e q u i r e new methodology and t e c h n q i u e s t o 
e v a l u a t e the systems. 

One of t h e approaches i n e v a l u a t i n g the p e r m e a b i l i t y of an 
a q u i f e r system i s t o perform an a q u i f e r t e s t by pumping a w e l l 
and o b s e r v i n g t h e w a t e r - l e v e l d e c l i n e w i t h time i n nearby o b s e r 
v a t i o n w e l l s . I n systems of low p e r m e a b i l i t y , s u f f i c i e n t water 
f o r a pumping t e s t i s g e n e r a l l y prima f a c i e e v i d e n c e t h a t i t i s 
u n a c c e p t a b l e as a d i s p o s a l s i t e . Consequently, a new set of 
" p a r l o r t r i c k s " i s needed t o d e f i n e t h e p e r m e a b i l i t y of those 
types of media. 

S u i t a b l e t e c h n i q u e s are not a v a i l a b l e t o e v a l u a t e m a t e r i a l 
of low p e r m e a b i l i t y i n an a r e a the s i z e of e i t h e r a h i g h o r low-
l e v e l r e p o s i t o r y . Only a v e r y s m a l l a r e a of a few tens of c e n t i 
meters, such as t h e a r e a i n a core h o l e or t h a t immediately 
a d j a c e n t t o t h e o b s e r v a t i o n w e l l , p r e s e n t l y can be e v a l u a t e d . 
D r i l l i n g many h o l e s and a p p l y i n g t e c h n i q u e s s u i t a b l e f o r c h a r a c 
t e r i z i n g s m a l l a reas would c r e a t e numerous p o t e n t i a l waste-
m i g r a t i o n pathways. That i s , t e s t i n g a s i t e adequately by these 
l i m i t e d methods would d e s t r o y any i n t e g r i t y t h a t t h e s i t e 
p ossessed. A d d i t i o n a l l y , a new t e c h n i q u e i s needed t o i d e n t i f y 
s m a l l zones of h i g h p e r m e a b i l i t y w i t h i n a l a r g e volume of r o c k s 
w i t h low p e r m e a b i l i t y . These h i g h l y permeable zones may be 
f r a c t u r e s or changes i n f a c i e s of t h e media, s o l u t i o n openings, 
o r they may r e s u l t from any o t h e r f a c t o r t h a t can l o c a l l y a l t e r 
t h e p e r m e a b i l i t y of a h y d r o l o g i e system. 

Another a r e a of u n c e r t a i n t y i n d e s c r i b i n g e x i s t i n g systems 
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p e r t a i n s t o f l o w and t r a n s p o r t through f r a c t u r e s . Both s t o c h a s 
t i c and d e t e r m i n i s t i c approaches a r e p r e s e n t l y b e i n g pursued 
i n a t t e m p t i n g t o model f l o w i n f r a c t u r e d media. O p i n i o n w i t h i n 
t h e ground-water p r o f e s s i o n i s d i v i d e d on which w i l l y i e l d t he 
best i n f o r m a t i o n as n e i t h e r one has been s u c c e s s f u l l y a p p l i e d i n 
the f i e l d . W i t h t h e c u r r e n t s t a t e of a b i l i t y t o d e f i n e a g i v e n 
h y d r o l o g i e system, i t would appear t h a t t h e s t o c h a s t i c approach 
may g i v e t h e most u s e f u l r e s u l t s . However, i f new g e o p h y s i c a l 
or o t h e r t e c h n i q u e s become a v a i l a b l e t o permit d e f i n i t i o n of a 
f r a c t u r e system, t h e d e t e r m i n i s t i c modeling approach might be 
more u s e f u l . 

For y e a r s , h y d r o l o g i s t s concerned w i t h water s u p p l y have 
used models developed f o r f l o w i n g r a n u l a r media t o p r e d i c t f l o w 
i n h i g h l y f r a c t u r e d media. However, any apparent success i n 
t h i s approach was f o r t u i t o u s because (a) t h e pumping w e l l i n t e 
g r a t e d a l a r g e a r e a and was a b l e t o "see" many f r a c t u r e s as i f 
they were pores i n a g r a n u l a r media, and (b) because t h e perme
a b i l i t y c o n t r a s t between t h e two types of f l o w was r e l a t i v e l y 
s m a l l i n t h e system. N e i t h e r o f these s i t u a t i o n s p r e v a i l s i n 
ro c k s of low p e r m e a b i l i t y . A l t h o u g h t h e r e has been some success 
i n p r e d i c t i n g w a t e r - l e v e l changes i n f r a c t u r e d media of r e l a t i v e 
l y h i g h p e r m e a b i l i t y , t h e r e has been l i t t l e o r no success i n 
p r e d i c t i n g t he movement of d i s s o l v e d m a t e r i a l s i n these media. 
The o i l i n d u s t r y has developed and used a double p o r o s i t y model 
t o d e s c r i b e f l o w i n c e r t a i n f r a c t u r e systems (7). L i t t l e d a t a 
on a p p l i c a t i o n t o a c t u a l f i e l d problems a r e a v a i l a b l e i n t h e 
l i t e r a t u r e s u g g e s t i n g t h a t t h i s model has had o n l y l i m i t e d 
s uccess and has been used o n l y a f t e r t h e f a c t , not i n a p r e d i c 
t i v e mode. 

D e f i n i n g t h e movement of water i n r o c k s of low p e r m e a b i l i t y 
by c h e m i c a l methods, such as t h e use of t r a c e r s , age d a t i n g of 
water, and i s o t o p e r a t i o s , has met w i t h l i m i t e d success f o r t h e 
same reasons as have t h e p h y s i c a l methods. That i s , they a r e 
i n c a p a b l e of d e s c r i b i n g the p e r m e a b i l i t y d i s t r i b u t i o n i n an 
adequately l a r g e a r e a . 

The u n s a t u r a t e d zone, where most of t h e l o w - l e v e l waste i s 
b u r i e d , c o u l d p r o b a b l y be used f o r h i g h - l e v e l waste a f t e r c o o l i n g 
but i t does not l e n d i t s e l f t o the r e g i o n a l approach to d e f i n i n g 
p e r m e a b i l i t y . A d d i t i o n a l l y , t h e l a b o r a t o r y methods of e v a l u a t i n g 
p e r m e a b i l i t y of u n s a t u r a t e d m a t e r i a l a r e extremely d i f f i c u l t t o 
perform c o n s i s t e n t l y . However, an a i r p e r m e a b i l i t y t e c h n i q u e 
t h a t may prove u s e f u l i n e v a l u a t i n g t h e zone between the s u r f a c e 
and t h e water t a b l e was developed by Weeks ( 8 ) . The t e c h n i q u e 
uses normal b a r o m e t r i c f l u c t u a t i o n s measured at d i f f e r e n t depths 
i n t h e f o r m a t i o n t o determine p e r m e a b i l i t y t o a i r which can be 
used t o determine p e r m e a b i l i t y t o water. 

Consider now the e f f e c t s o f t h e waste and emplacement of t h e 
waste on the hy d r o l o g y of t h e system. P r e s e n t t h i n k i n g suggests 
t h a t a mined underground c a v i t y i n bedded s a l t w i l l be t h e f i r s t 
c h o i c e f o r a r e p o s i t o r y f o r h i g h - l e v e l waste. The r a t i o n a l e f o r 
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t h i s c h o i c e of medium i s t h a t t h e presence of a t h i c k l y bedded 
s a l t w hich has been pr e s e n t f o r m i l l i o n s of y e a r s w i t h o u t 
d i s s o l u t i o n must p r e c l u d e t h e e x i s t e n c e of any s i g n i f i c a n t 
r e g i o n a l ground-water f l o w through t h e s a l t . Arguments a g a i n s t 
t h i s t h i n k i n g a r e weak i f b r e c c i a p i p e s , s o l u t i o n c a v i t i e s , 
b r i n e pockets or o t h e r e v i d e n c e of s o l u t i o n a r e absent from the 
f o r m a t i o n . However, other a reas of concern t o the h y d r o l o g i s t 
a r e : (1) t h e h y d r o l o g i e e f f e c t s of e x c a v a t i o n of t h e s h a f t and 
c a v i t y on h y d r o l o g y ; f o r i n s t a n c e , w i l l f r a c t u r e s develop and 
p e r m i t a breach o f t h e c o n f i n i n g beds t h a t have p r o t e c t e d t h e 
s a l t f o r g e o l o g i c p e r i o d s of time and consequently permit f l o w 
of ground water? (2) W i l l t h e b a c k f i l l of t h e mined c a v i t y 
a f t e r emplacement of t h e waste be s u f f i c i e n t l y dense t o prevent 
e x c e s s i v e subsidence and c r a c k i n g of o v e r l y i n g beds and t h e r e f o r e 
permit access of ground water? (3) W i l l t h e heat caused by t h e 
r a d i o a c t i v e decay of t h e waste cause t h e r m a l expansion and subse
quent c o n t r a c t i o n , r e s u l t i n g i n c o l l a p s e of t h e o v e r l y i n g forma
t i o n and access of ground water t o t h e r e p o s i t o r y throug"h 
f r a c t u r e s ? (4) W i l l t h e heat of t h e waste cause i n t e r s t i t i a l o r 
grain-boundary water t o m i g r a t e toward t h e waste and thereby 
s i g n i f i c a n t l y a l t e r the s t r u c t u r a l p r o p e r t i e s of t h e s a l t i n t h e 
immediate a r e a of t h e waste? (5) How w i l l the r a d i o n u c l i d e s 
behave c h e m i c a l l y i n a b r i n e under r e d u c i n g c o n d i t i o n s at r e l a 
t i v e l y h i g h temperatures? That i s , w i l l t h e i r s o r p t i v e c h a r a c 
t e r i s t i c s be s i g n i f i c a n t l y a l t e r e d , and i f so, what type of 
p r e d i c t i v e c a p a b i l i t i e s do we possess f o r these c o n d i t i o n s ? 

B e t t e r cap d e s i g n s ( t r e n c h covers) are needed f o r l o w - l e v e l 
waste s i t e s so t h a t t h e m a t e r i a l s are l e s s permeable. P r e s e n t 
p r a c t i c e r e s u l t s i n as much as 50-percent v o i d space i n t h e 
t r e n c h , i n p a r t from the decay of o r g a n i c m a t e r i a l and i n p a r t 
from the procedures f o r waste emplacement. T h i s r e s u l t s i n 
compaction of t h e b u r i e d waste and subsidence of t h e cap. The 
c h e m i c a l c h a r a c t e r i z a t i o n of l o w - l e v e l waste i s more d i f f i c u l t 
than t h a t of h i g h - l e v e l waste because of the heterogeneous n a t u r e 
of the waste and a s s o c i a t e d m a t e r i a l s . Thousands of organic-
c h e m i c a l s i n c l u d i n g c h e l a t i n g agents may form complexes w i t h 
n u c l i d e s r e n d e r i n g them non s o r b a b l e . A l s o , a v i a b l e m i c r o b i o l o g i 
c a l p o p u l a t i o n c o n t i n u a l l y a l t e r s t h e c o m p o s i t i o n and n a t u r e of 
t h e waste. 

The c h e m i c a l b e h a v i o r of waste i n t h e u n s a t u r a t e d zone i s 
a l a r g e unknown. For example, d e f i n i t i o n of t h e number of 
s o r p t i o n s i t e s a v a i l a b l e t o a s o l u t e i s d i f f i c u l t o r i m p o s s i b l e 
because unknown and v a r i a b l e amounts are o c c u p i e d by i n t e r s t i t i a l 
gas r a t h e r than water. Are t h e k i n e t i c s of r e a c t i o n a f f e c t e d by 
l e s s - t h a n - c o m p l e t e s a t u r a t i o n ? These are not t r i v i a l q u e s t i o n s , 
as most of t h e l o w - l e v e l d i s p o s a l s i t e s are c o n s t r u c t e d i n the 
u n s a t u r a t e d zone. Winograd (9) suggested t h a t c e r t a i n areas 
u n d e r l a i n by t h i c k u n s a t u r a t e d zones might make f e a s i b l e r e p o s i 
t o r i e s f o r h i g h - l e v e l wastes. 

Two areas of u n c e r t a i n t y , t h a t c o n c e r n i n g the c h a r a c t e r i z a -
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t i o n of e x i s t i n g h y d r o l o g i e systems and t h a t a s s o c i a t e d w i t h t he 
h y d r o l o g i e e f f e c t s of waste emplacement and waste-rock i n t e r 
a c t i o n s , l e n d themselves t o t h e s c i e n t i f i c approach of t e s t i n g 
a h y p o t h e s i s by a s u i t a b l y designed experiment. The f i n a l g e n e r a l 
c a t e g o r y of u n c e r t a i n t y t o be d i s c u s s e d , t h a t of d i s r u p t i v e 
e v e n t s , i s more d i f f i c u l t t o overcome because of t h e g e o l o g i c 
time i n v o l v e d and t h e l a c k o f b a s i c knowledge about the fundamen
t a l p r o c e s s e s i n v o l v e d . That i s t o say, geology i s s t i l l b a s i c a l 
l y a s c i e n c e of d e s c r i p t i o n r a t h e r t h a n p r e d i c t i o n . 

For example, we don't know t h e b a s i c mechanism c o n t r o l l i n g 
the development of c o n t i n e n t a l g l a c i a t i o n and i t s r e c u r r e n c e 
i n t e r v a l . A g a i n , t h i s i s not a t r i v i a l q u e s t i o n because t h e 
hyd r o l o g y of almost every area s e l e c t e d f o r a r e p o s i t o r y would 
change s i g n i f i c a n t l y i f t h e type of g l a c i a t i o n t h a t ended 10,000 
y e a r s ago were t o r e c u r . The d i s t r i b u t i o n of h y d r a u l i c head 
would be a l t e r e d s i g n i f i c a n t l y as would t h e t o t a l f l u x of ground 
water moving through a g i v e n system. The l e n g t h o f ground-water 
f l o w paths would become s h o r t e r and t h e r a t e of e r o s i o n of 
s u r f i c i a l m a t e r i a l might be s i g n i f i c a n t l y i n c r e a s e d . 

There i s need t o a v o i d l o c a t i n g a r e p o s i t o r y i n an a r e a 
where igneous i n t r u s i o n s would be l i k e l y t o oc c u r . T h i s s h o u l d 
not be d i f f i c u l t as we have m i l l i o n s of yea r s of g e o l o g i c r e c o r d s 
and an observed s y s t e m a t i c p a t t e r n of i n t r u s i o n . However, when 
we c o n s i d e r s e i s m i c e v e n t s , our h i s t o r y i s l i m i t e d t o about 200 
y e a r s . That i s , i t would be extremely d i f f i c u l t t o say t h a t a 
g i v e n area w i l l n ot have an earthquake o f , say, magnitude 8 o r 
g r e a t e r ( R i c h t e r s c a l e ) i n th e next 250,000 y e a r s . Our concern 
w i t h earthquakes i s not so much t h a t the waste would be brought 
d i r e c t l y t o t h e s u r f a c e , but t h a t f r a c t u r e s i n t h e f o r m a t i o n 
chosen f o r t h e r e p o s i t o r y would permit ground-water movement 
which c o u l d u l t i m a t e l y t r a n s p o r t t h e waste t o t h e human e n v i r o n 
ment. 

To quote a re c e n t p u b l i c a t i o n o f th e U.S. G e o l o g i c a l Survey, 
"Past g e o l o g i c events such as f a u l t i n g , s e i s m i c d i s t u r b a n c e s , o r 
c l i m a t i c changes have not been random, but a d e t e r m i n i s t i c 
e x p l a n a t i o n f o r t h e i r f r e q u e n c y , p l a c e o f o c c u r r e n c e , magnitude 
and r a t e of change are d i f f i c u l t t o e s t a b l i s h . R e g a r d l e s s of 
whether d e t e r m i n i s t i c o r p r o b a b i l i s t i c models a r e f a v o r e d t o 
e x p l a i n p a r t i c u l a r past g e o l o g i c e v e n t s , t h e use of t h e g e o l o g i c 
r e c o r d t o p r e d i c t f u t u r e events i s a f o r m i d a b l e t a s k . " (10) 

T h i s i s not t o say t h a t a l l i s doom and gloom. Although 
many of these t a s k s are f o r m i d a b l e , t h e e a r t h - s c i e n c e community 
b e l i e v e s them t o be t r a c t a b l e and t h a t a s u c c e s s f u l g e o l o g i c 
r e p o s i t o r y f o r r a d i o a c t i v e waste can be c o n s t r u c t e d . We o n l y 
p l e a d t h a t our ignorance of e a r t h ' s p r o c e s s e s be c o n s i d e r e d i n 
the development of a r e p o s i t o r y and t h a t any r e p o s i t o r y con
s t r u c t e d p r i o r t o the a c q u i s i t i o n of t h e needed fundamental 
knowledge c o n t a i n many independent n a t u r a l and manmade b a r r i e r s 
to r a d i o n u c l i d e t r a n s p o r t t o compensate f o r our l a c k of knowledge. 
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Disposal of Radioactive Waste in Granitic Bedrock 

B. ALLARD1, J. RYDBERG, H. KIPATSI, and B. TORSTENFELT 

Department of N u c l e a r Chemistry , Chalmers Univers i ty of Technology, 
Fack , S-402 20 Göteborg 5, Sweden 

A requirement, as stated in a recent Swedish law, for a con
tinuation of the extensive nuclear power program in Sweden (6 op
erating power reactors at present and 7 more in operation in 1985) 
is that the engineering problems and safety aspects connected with 
the disposal of the high-level waste (HLW) or the unreprocessed 
spent uranium fuel (SUF) are thouroughly investigated. A complete
ly safe disposal of either HLW or SUF must be guaranteed and tech
nically proven by the nuclear power industry. 

The Nuclear Fuel Safety Project (Kärnbränslesäkerhet, KBS) 
was started in December 1976 with the purpose of studying al l im
portant aspects of waste disposal in Sweden. Two different alter
natives for final storage of HLW and SUF, respectively, have so 
far been suggested and studied in detail by KBS (1). Some data for 
these two concepts are given in Table I and in Figure 1. 

For both alternatives a storage in granitic bedrock at a 
depth of 500 m is considered. This is well below the groundwater 
table. The waste canisters will be placed in vertical holes in ho
rizontal tunnels and both holes and tunnels will be filled with a 
backfill material (c.f. Figure 1). 

In this paper some of the chemical aspects of such a waste 
storage in granitic bedrock are discussed (2-7). 

The Multi-Barrier Principle 

For a repository in the ground there are several independent 
barriers between the waste and the biosphere, such as 
- long-term geological stability and very limited groundwater flow 

at the selected site 
- resistant canister material 
- waste form with low solubility 
- backfill material with nuclide retaining properties 
- chemical retention in the ground. 

1 Current address: Transuranium Research Laboratory, Oak Ridge National Laboratory, 
P. O . Box X , Oak Ridge, Tenn. 37830, U S A . 

© 1979 American Chemical Society 
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QUARTZ SAND 80-90% 
BENTONΠΈ Κ)-20% 
(TUNNEL) 

1000 

QUARTZ SAND 85% 
BENTON ITE 15% 

TITANIUM, 6mm 

LEAD, 100 mm 

STEEL 13 mm 

GLASS WASTE (HLW) 

LEAD 

QUARTZ SAND 90% 
BENTON ITE 10% 
TITANIUM CAP 

NOTE: DIMENSIONS ARE 
IN mm 

Figure la. Storage of HLW in the ground (KBS) (1 ) 
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Figure lh. Storage of SUF in the ground (KBS) (l) 
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50 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Table I 
Some data for the two concepts for storage of HLW and SUF 

as suggested by KBS (jj 

Canister 
property 

Reprocessed 
v i tr i f ied HLW 

Unreprocessed 
SUF 

Equivalent 
waste amount 

From 1 ton SUFb 1.3 ton SUF 

Central part 
composition 

420 kg borosilicate 
glass with 9% FPC 

550 fuel pins + 
lead in voids 

Central part 
weight 

450 kg, inc l . 3 mm 
stainl.steel cladding 

2 ton fuel 
+ 2.5 ton lead 

Outer canning 100 mm lead + 
6 mm titanium 

200 mm copper 

Total canister: 
Dimensions 
Weight 

0.6-1.8 m 
3.9 ton 

0.8-4.7 m 
20 ton 

Canister surface temp: 
Maxa 

After 1000 y 
65°C 
35°C 

77°C 
50°C 

Bentonite backfill 
(outer barrier) 

0.2 m 0.4 m 

Rock hole 
dimensions 

1.0-5.0 m 1.5-7.7 m 

?At 33,000 MWd/ton U burn-up 
38 kg fissions products (FP), <3 kg U, <0.05 kg Pu, <1 kg other 
transuranium elements 
Glass of this composition will be returned to Sweden after repro
cessing at the French site at La Hague 

aMaximum temperature reached about 15 years after fuel discharge 
from the reactor 

Geological Stability. A long-term geological stability is a 
necessary requirement for a waste repository in the ground. Other
wise the whole concept of geological storage fa i l s . The granitic 
bedrock of eastern Scandinavia belongs to the Fennoscandian shield 
which is one of the most stable parts of the earth's crust. This 
region has been largely unaffected by tectonic activities in other 
parts of Europe during the past 900 million years. Existing faults 
and fractured zones are of early origin, and any future local tec
tonic movements would most likely be located along already exist
ing faults. Ten to twenty glacial periods during the quarternary 
period have not significantly changed the fracture pattern or the 
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water permeability of the rock, and isostatic movements due to fu
ture glaciations will not affect a 500 m deep depository. 

Five different areas within the Fennoscandian shield have 
been examined in the KBS-project (Forsmark, Karlshamn, Oskarshamn, 
Stripa and Studsvik). The permeability in these areas is 10~9 m/s 
as an average but usually below 4-10" 1 0 m/s in dense rock. In some 
locations values below 2-10~12 m/s were recorded (the detection 
limit)(8). The time for the groundwater to migrate from a depth of 
500 m to the surface is 3000 years or more in these places (9). In 
the dense parts of the rock the migration of only a few meters 
would require thousands of years. The groundwater flow at a depth 
of 500 m is 0.1 - 0.2 l/m2-y or less (10). 

For a waste storage site a fault-free block surrounded by 
faults at some distance (a few km away) would be required. Such 
areas can be found at many locations within the Fennoscandian 
shield. 

Canister Material. Considering the low groundwater flow and 
the composition of the groundwater i t will take many thousands of 
years to dissolve the outer titanium cladding of the HLW-canister 
( Π ) , and millions of years would be required to transfer al l lead 
around the glass container into water soluble complexes (12). How
ever, stress or pinhole corrosion leading to local penetrations 
already after 500 years can not be excluded. The formation of vo
luminous lead hydroxide would probably prevent free groundwater 
flow around the exposed glass even after penetration of the can
ning. 

Under the conditions to be expected in deep granitic ground
water copper is thermodynamically stable. Considering possible ox
idation mechanisms and the concentrations of potential oxidants 
in the ground the lifetime of the copper canister around the SUF 
would be at least several hundred thousand years before penetra
tion occurs, probably more than a million years (13). 

Waste Form. The leach rates of radionuclides by groundwater 
are slow both for v i tr i f ied HLW and for SUF. A glass lifetime of 
at least 3000 years is expected, assuming unlimited supply of wa
ter (14). If the limited solubility of glass in groundwater is 
considered as well as the low water flow the lifetime would be 
several orders of magnitude larger. 

The dissolution time for the unreprocessed fuel would be at 
least 1 million years due to the limited water supply, even i f a 
rapid oxidation of uranium to the hexavalent state and a subse-
guent formation of water soluble carbonate complexes are assumed 
(15). Since the conditions are reducing in the groundwater (see 
biTow) the dissolution time would probably be several orders of 
magnitude larger. The unsignificant dissolution of uranium and 
fission products observed in the Oklo-deposit (16) is an example 
of a similar extremely slow leaching process in the natural envi
ronment. 
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52 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Backfill Material. The canisters are surrounded by a back
f i l l material. This barrier will serve several different purposes, 
such as to 
- keep the canisters in a fixed position 
- transfer heat from the canisters to the surrounding rock 
- release stresses from the canisters 
- f i l l up the hole around the canisters as well as penetrate into 

major cracks and fissures 
- act as a chemical barrier 
- be non-transmissive for water (prevent free water flow). 

Thus, a proper backfill material may act as a very effective 
chemical and mechanical barrier, preventing free migration of ra
dionuclides released from the waste containers. 

Chemical Retention in the Ground. Due to chemical interac-
tions with the rock and with species in the groundwater the radio
nuclides will be retarded. This would be the final barrier pre
venting a release into the biosphere. 

The biological hazards from HLW and SUF are dominated by 9 0 Sr 
and 1 3 7 Cs during the f i r s t centuries after discharge from the 
reactor and by the actinides with daughter products plus some 
long-lived fission products ( "Tc , 125I and others) in the long-
term perspective. Within the KBS-project the sorption of 14 differ
ent elements (Cs, Sr, Ra, Zr, Tc, I, Ce, Nd, Eu, Th, U, Np, Pu and 
Am) has been studied for different ground material and under en
vironmental conditions (2,3). These studies were required for the 
evaluation of the effectiveness of the ground as a chemical barri
er and will be discussed below. The mechanism of the radionuclide 
release from the canisters into the groundwater as well as the ef
fectiveness of the other barriers mentioned above will not be dis
cussed any further. 

Geochemistry of the Repository 

The Hostrock and Backfill Material. Most crystalline igneous 
rocks, including granite and gneiss, are composed of a comparative
ly small number of rock forming si l icate minerals like quartz, 
feldspars (albite, microcline, anorthite etc.) micas (biotite, 
muscovite) and sometimes pyroxenes, amphiboles, olivine and others. 
Besides, there is a rather limited number of common accessory min
erals like magnetite, hematite, pyrite, f luorite, apatite, cal ci te 
and others. Moreover, the weathering and alteration products (clay 
minerals etc.) from these major constituents of the rock would be 
present, especially on water exposed surfaces in cracks and f i s 
sures. 

In the Swedish KBS-project a mixture of bentonite and quartz 
(10:90) or compacted bentonite were proposed at an early stage as 
possible backfill materials. Bentonite is a rather common mont-
morillonitic clay with good mechanical properties and chemical 
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stability under the conditions expected in a repository and more
over with a high ion exchange capacity (17). 

The Groundwater Composition. The composition of the ground-
water can be related to (18,19) 
- equilibria and exchange reactions with the minerals of the rock 
- exchange reactions with the atmosphere and the biosphere 
- intrusions of e.g. saline water not in equilibrium with the oth

er components of the rock/groundwater system. 
The most important species in the groundwater are HC0 3"-C0 3

2", 
which largely origin from the atmospheric C02 and are usually not 
in true equilibrium with the rock i tsel f . Even in groundwater from 
rocks with only traces of carbonate minerals, the HC03"-concentra-
tion would usually be 1 mM or higher. The pH-value is determined 
by the HC03"-concentration (roughly inverse proportionality). 

Deep groundwaters from igneous rocks are usually saturated 
with respect to CaC03, which limits the maximum Ca2 +-concentration 
and thereby also indirectly determines the F~- and H^O^'-concen-
trations due to the limited solubility of CaF2 and Ca-phosphates. 
Both F" and H2PCV a r e usually found in the groundwater due to the 
presence of accessory minerals like fluorite and apatite in the 
rock. 

Because of exchange reactions with the clay minerals the con
centrations of Ca 2 + , Mg2 + and Na+ are interrelated unless re l ict 
saline water is present, giving too high Na+-concentrations. 

Both SO^2" (originally coming from surface water) and K+ tend 
to be present at relatively constant concentrations independent of 
other species in the water. The déconcentrat ion is usually low 
unless saline water is present. 

Thus, the composition of the groundwater from a large variety 
of igneous rocks can be predicted within rather narrow concentra
tion ranges for the major constituents. In Table II the expected 
concentration ranges are given, considering geochemical equilibria 
and analysis data from deep groundwater (18,19). The composition 
of the two art i f ic ia l groundwaters used for the laboratory measure
ments are also given (2_,2). The standard water A q 2 9 3 would repre
sent an average groundwater. In A q 1 1 05 the concentrations of Na+ 

and CI" have been increased by a factor of about five and all the 
other species by a factor of two, in order to simulate the effect 
of salt water intrusion. 

Beside the inorganic components given in Table II organic ac
ids, mainly fulvic acids, would be present in the groundwater. The 
concentrations of these organics in deep groundwater from igneous 
rocks are usually in the order of tenths of mg/1 (19), and rarely 
much higher. 

The Redox Potential. The groundwaters at great depths in 
igneous rocks are essentially free from dissolved oxygen (20). The 
redox potential is determined and buffered by the presence of 
redox couples, mainly Fe(III)/Fe(II). For the reaction 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

00
4

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



54 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Table II 
Groundwater composition in granitic bedrock at great depth 

and the art i f ic ia l standard waters used 
(original concentrations are given) 

Specie Probable cone, range Art i f ic ia l standard waters 
Mi η Max Aq 2 9 3 A q 1 1 0 5 

rag/1 mg/1 mg/1 mM mg/1 mM 

pH 7.2-8 .5 8.2 8.2 

N H 4
+ 0.1 0.4 

Na+ a 10 100 42 1.83 288 12.53 

K+ 1 5 4 0.13 10 0.26 

Mg2+ 5 20 7.5 0.31 15 0.62 

Ca2 + 25 50 37.5 0.94 75 1.87 

Mn 2 + 0.1 0.5 

F e 2 + b 0.5 20 

F- 0.5 2 0.7 0.04 1. 5 0.08 

c r a 5 100 93 2.62 500 14.10 

HCO3" 60 400 100 1.64 200 3.28 

s o „ 2 - 1 15 7.5 0.08 15 0.16 

Si0 2 5 30 

N02- 0 0.1 

NO3- 0.1 0.5 

PO,, 3- 0.01 0.1 

HS- 0 1 

Σ 293 8.6e 1105 31.8e 

Considerably higher when contaminated with salt water 
bRelated to the redox potential; 0 in aerated groundwater 
cIonic strength at equilibrium 

2FeO(silicate) + H 20(silicate) * Fe 20 3(si l icate) + 2H+ + 2e~ 

il lustrating the redox equilibrium between iron containing layer 
si l icates, the following Eh-pH-relationship can be deduced (2]J: 

Eh * 0.21 ± 0.1 - Ο.ΟβρΗ (V) (1) 
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assuming extreme combinations of Fe(III)- and Fe(II)-concentra-
tions (between 0.1 and 40% by weight as the oxides). These ex
treme Eh-pH-relationships are likely to cover the expected redox 
potential range in the rock/groundwater system of almost any igne
ous rocks. 

Among the long-lived radionuclides, the sorption behaviour of 
Tc, U, Np and Pu would be highly dependent on the oxidation state 
which would be determined by the redox potential and pH of the wa
ter. In Figure 2 the Fe203/Fe0-equilibrium curves according to eqn 
(1) are given together with calculated equilibrium curves for 
Tc0^/Tc0 2(s), U(VI)/U(IV)(aq), Np(V)/Np(IV)(aq) and Pu(IV)/ 
Pu(III)(aq) (22,23). These equilibrium curves were calculated con
sidering the hydrolysis that would be expected in groundwater with 
a pH around 8. Some in situ measurements from deep granitic 
groundwaters are included (Stripa and Finnsjon, Sweden)(24), and 
from a uranium mine (Svornost, Czechoslovakia)(25) with corre
sponding uranium concentrations. From these data the redox sensi
tive elements would be expected to exist predominantly as Tc(IV), 
U(IV), Np(IV) and Pu(III), respectively, in reducing groundwater. 
The scarce in situ data for uranium do not contradict the proposed 
preference to the tetravalent state. 

Sorption Measurements 

The transport process from the repository is schematically 
illustrated in Figure 3. Radionuclides and corrosion products 
would diffuse from the canister into the groundwater, and the mi
gration will then be retarded f i rs t in the backfill barrier and 
after that in the bedrock. 

With the suggested encapsulation (lead or copper) the forma
tion of radiolysis products or changes of the properties of the 
backfill material due to irradiation can be neglected. 

The Distribution Coefficient. As a measure of the sorption 
and retarding capacity of the rock and clay the mass related dis
tribution coefficient [m3/kg] was used, defined as 

Kd = q A /C A (2) 

where q^ = nuclide concentration in the solid phase [moles/kg] 
C^ = nuclide concentration in the water [moles/m3] 

Physico-Chemical Conditions. The chemical interactions be-
tween radionuclides and the -surrounding ground material would be 
due to several different mechanisms, such as 
- ion exchange 
- adsorption reactions of ions or complexes 
- reversible formation of non-soluble complexes 
- irreversible formation of non-soluble complexes; mineralization 
- formation of colloid particles. 
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56 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Figure 2. Potential (Eh)-pH-diagram with TcO;/Tc02(s)-U(VI)/U(W)-} Np(V) 
/Np(IV)-, Pu(IV)/Pu(III)-, and Fe(III)/Fe(II)-equilibrium curves as well as 
some in situ measurements of Eh-pH and Eh-pH-[U] (pg/l) in groundwater 

from igneous bedrock. (Φ), Stripa; Finnsjon; (Άλ Svornost. 
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Figure 3. The groundwater/rock system around a waste depository 
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Among the properties of the two-phase system rock/groundwa-
ter that would be of importance for the sorption of an individual 
radionuclide are 
- composition of the solid material 
- composition of the groundwater 
- nuclide concentration 
- temperature 
- particle size, surface to volume ratio 
- flow rate, contact time. 

Since granite and bentonite/quartz were decided to be the 
host rock and backfill material, respectively, at an early stage 
of the project, these two materials were studied for all of the 
14 radionuclides selected and for both of the two art i f ic ia l 
groundwaters given in Table II. The radionuclides used in the la
boratory experiments are given in Table III. 

In order to study the potential reducing capacity of some of 
the common accessory iron containing minerals measurements were 
performed with pyrite, magnetite, hornblende, biotite and chlori
te in deaerated groundwater for Tc and U. Moreover, the effect of 
addition of a reducing agent (Fe 2 +) was investigated. 

Two nuclide concentrations (<10~8 M and =Π0~5 M) were used, 
representing slow and fast dissolution of the waste. 

Measurements were performed at two temperatures, 65°C and 
25°C, representing roughly the maximum temperature in the rock 
and the temperature of undisturbed rock. 

Due to the low water flow rate expected in the ground around 
the depository the contact times would be long between the water 
and the rock and waste. Beside measurements at short contact 
times (less than one week) some long-time studies were performed 
(contact times of 6 months). 

Measurements were also performed (with Cs, Sr and Am) on 
granite particles of various surface to volume ratios which would 
give some qualitative information on the sorption mechanisms in
volved. 

The experimental conditions are summarized in Table IV. 

Experimental Technique. The solid material (1-3 g) with 
known particle size and standard water (30-50 ml) containing the 
radionuclide of interest were shaken in glass bottles for 8-12 
hours at constant temperature (25°C or 65°C). The phases were 
separated by centrifugation (50 min, 7000 rpm) and the distribu
tion coefficient of the radionuclide was determined from measure
ments of the remaining activity of the water. Filtration of the 
samples through 0.2 pm membrane f i l t e r did not change the values. 

The distribution coefficients were remeasured after a con
tact time of 7 days and also after 6 months (only at 25°C). 

Measured Distribution Coefficients^ 

Measured mass related distribution coefficients for granite 
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Table III 
Radionuclides used in laboratory measurements of 

distribution coefficients 

Nuclide Half- l i fe 

89Sr 51 d 
9 5 Z r 64 d 

9 9 m j c 6.0 h a 

1 32 j 2.4 h b 

13-Cs 2.1 y 

^"Ce 285 d 
1 1 + 7Nd 11 d 
1 5 2 E u 12 y 
2 26Ra 1620 y 
2 3 0 T h 7.7·10'+ y 
233y 1.6-105 y 
2 3 / N p 2.1-106 y 
239p u 2.4-10't y 
2 4 1Am 430 y 

^Daughter product of "Mo, hal f - l i fe 66 h 
bDaughter product of 1 3 2 T e , ha l f - l i fe 78 h 

and bentonite/quartz (10:90) are given in Table V and VI. The re
sults are summarized in Figure 4 and 5 (for long contact time, 
25°C). 

Generally, the sorption on the crushed granite is equal to or 
greater than the sorption on the clay mixture, which may seem sur
prising since the ion exchange capacity of granite would be low. 
The sorption is , however, not merely an ion exchange reaction. 
Moreover, only 10% of the clay mixture would be expected to have 
any ion exchange properties. 

The sorption of the anionic Tc (as TcO^" in an aerated sys
tem) and I (as I") is low, both on granite and bentonite, which 
is expected since the active surfaces and sites of the sorbents 
would be negatively charged. 

The sorption of the monovalent Cs is surprisingly low on ben
tonite, which would act as a cation exchanger, while the sorption 
on granite is unexpectedly high. The sorption of Np, which would 
be pentavalent (species of Np02

+ in an aerated system) is similar 
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Figure 4. Range of distribution coefficients for granite at 25°C (cf. Table V) 
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Figure 5. Range of distribution coefficients for bentonite/quartz mixture (10:90) 
at25°C(cf.Table VI) 
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Table IV 
Experimental conditions for the distribution studies 

Solid phase Granite Bentonite3 Ferrous 
mineralsb 

Granite 

Water composition Aq29 3 
A c h l 0 5 Α 9 ΐ 1 0 5 

, A c l l l U 5 . 
(deaerated) 

Aq11 ο 5 

Radionuclides c c Tc, U Cs, Sr, Am 

Nuclide cone. * i t r 5 M 
<10-8 M 

*10~5 M 
<10-8 M 

<10"8 M <10"8 M 

Temperature 25°C 
65°C 

25°C 
65°C 

25°C 25°C 

Particle size 0.063-
0.105 mm 

0.063-
0.105 mm 

4 fractions 
(<0.15 mm) 

Contact time 8-12 h 
7 d 

8-12 h 
7 d 

1 d 
14 d 

6 h 
7 d 

6 months 6 months 

*Bentonite/quartz (10:90) 
b Pyrite, magnetite, hornblende, biotite, chlorite, granite + 10-
20 mg/1 Fe 2 + 

c14 nuclides according to Table III 

to the sorption of Cs. 
For the divalent elements the distribution coefficient for Ra 

is significantly higher than for Sr. The only species in the 
groundwater that can explain this behaviour is SO^ 2 ", since the 
solubility product of RaSO^ (log Ks = -10.37) is considerably low
er than that of SrSOi, (log Ks = -6.50) (26). 

For U, which would exist in the hexavalent state (species of 
U022 + in an aerated system) the distribution coefficients are low. 
This is expected in a groundwater containing C 0 3

2 _ , leading to the 
formation of soluble anionic complexes. 

Both the tri valent and tetravalent elements (Ce, Nd, Eu, Am 
and Zr, Th, Pu, respectively) have high distribution coefficients, 
although the values for Pu are lower than expected. 

Effect of the Water Composition. For Cs, S r , U and Np some
what higher distribution coefficients are obtained for Aq29 3 than 
for Aq 1 1 ()5 (an increase by a factor of three or less). This ef
fect is expected, since an increased salt concentration would give 
a larger number of charged particles in the water which may com
pete for the available sites on the solid sorbent. 

For the t r i - and tetravalent elements Ce, Nd, Eu, Am and Zr, 
Th, Pu, a similar trend is observed in the granite system but not 
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Table V 
Mass related distribution coefficients for granite. 

(Particle size: 0.063-0.105 mm, contact time: 
7 days or 6 months (within parenthesis); 

aerated systems) 

Element Nuclide 
conc. a 

AQ29 3 
25°C 

log Kd, 

65°C 

m3/kg 
Aqiios 

25°C 65°C 

Cs I -0.9 b (-0.5) -1.2 -1.2 C (-0.6) -1.4 
II -1.5 (-1.2) -1.5 -1.7 (-1.4) -1.1 

Sr I -2.1 (-1.8) -2.0 -2.2 C (-2.0) -2.0 
II -2.0 (-1.8) -1.8 -2.2 (-2.0) -2.0 

Ra I -1.0 (-0.3) -1.2 -1.0 (-0.6) -1.1 

Zr I 0.1 (0.5) 0.8 0.1 (0.0) 0.5 
II 0.3 (0.4) 0.5 0.5 (0.5) 0.8 

Tc I -3.3 <-3 -3.1 <-3 

I I -3.1 <-3 -3.2 <-3 
II -3.2 <-3 -3.2 <-3 

Ce I 1.1 (1.4) 1.3 0.8 (1.4) 0.7 
II 0.8 (1.1) 0.9 0.7 (1.3) 1.0 

Nd I 0.6 (1.1) 0.6 0.3 (0.9) 0.3 
II 0.5 (1.3) 0.9 0.2 (0.7) 0.0 

Eu I 0.9 (1.2) 1.3 1.0 (>1.5) 1.4 
II 1.0 (1.3) 1.2 1.1 (i.o) 1.4 

Th I -0.1 (0.6) 0.1 -0.2 (>i.o) -0.1 
II 0.1 (0.7) 0.0 -0.3 (0.3) -0.1 

U I -2.2 (-2.2) -1.9 -2.2 (-2.2) -2.2 
II -2.3 (-2.3) -2.2 -2.4 (-2.3) -2.4 

Np I -1.4 (-1.2) -1.3 -1.6 (-1.1) -1.4 

Pu I -0.8 (>-0.5) -1.0 -1.2 (>-0.5) -1.0 

Am I 1.1 (1.5) 1.1 0.7 C (1.2) 0.8 

jjl: <10"8 M, II: *10" 5 M 
^Measurements on granite from other locations have given higher 
values (up to -0.2) 

Measurements on granodiorite gave the values -0.6 for Cs, -2.5 
for Sr and 0.5 for Am 
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Table VI 
Mass related distribution coefficients for bentonite/quartz 
mixture (10:90). (Particle size for the quartz: 0.02-0.06 mm; 

contact time: 7 days or 6 months (within parenthesis); 
aerated systems) 

Element Nuclide 
cone.3 

255 

Α α .29 3 
'C 

log K d, 

65°C 

m3/kg 

25°C 65°C 

Cs -1.5 
-1.6 

(-1.4) 
(-1.5) 

-1.8 
-1.8 

-1.6b 
-1.7 

(-1.5) 
(-1.6) 

-2.1 
-2.2 

Sr 
i i 

-1.5 
-1.3 

(-1.5) 
(-1.7) 

-1.3 
-1.2 

-1.5 b 

-1.5 
(-1.5) -1.5 

-1.4 

Ra I -1.3 (-0.8) -1.1 -1.4 (-0.6) -1.2 

Zr 
II 

-1.1 
-1.3 

(0.2) -0.7 
-1.0 

-0.2 
-0.2 

(0.2) 
(0.2) 

0.0 
0.0 

Tc I -3.5 <-3 -3.2 <-3 

I 
i i 

-3.5 
-3.5 

<-3 
<-3 

-3.6 
-3.4 

<-3 
<-3 

Ce 
ï i 

-0.7 
-0.6 

(-0.7) 
(-0.3) 

-1.0 
-1.1 

0.2 
0.1 

(0.8) 
(0.6) 

0.0 
0.2 

Nd 
i i 

-1.1 
-1.0 

(-1.1) 
(-1.0) 

-0.9 
-1.0 

-0.1 
0.0 

(0.0) 
(-0.2) 

-0.1 
-0.2 

Eu 
i i 

-0.7 
-0.6 

-0.4 
-0.3 

0.1 
0.3 

(0.4) 
(0.3) 

1.0 
0.9 

Th 
i i 

-1.3 
-1.4 

(-0.5) 
(-0.9) 

-1.2 
-1.2 

-0.6 
-0.5 

(0.8) 
(-0.2) 

-0.5 
-0.5 

U 
i i 

-2.0 
-2.1 

(-1.8) 
(-1.7) 

-1.7 
-1.9 

-2.5 
-2.6 

(-2.4) 
(-2.5) 

-2.4 
-2.6 

Np I -2.0 (-1.9) -1.8 -2.0 (-1.7) -1.8 

Pu I -1.1 -0.8 -1.2 (-0.8) -0.8 

Am I -0.7 (-0.3) -0.6 0.6° (0.9) 0.2 

aI: <10" 8 M, II: =10"5 M 
'Measurements on s i l t taken from a natural crack in granite gave 
the values -0.7 for Cs, -1.7 for Sr and 1.2 for Am 
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in the bentonite system, where the distribution coefficients are 
lower in Aq293 (by a factor of 5-10). This effect seems to be re
lated to some property of the solid and not caused by the differ
ences in the water composition. Probably a small fraction of the 
clay exists in a colloidal state in Aq29 3 (with low salt concen
tration), and these colloid particles, which pass through a 0.2 
ym f i l t e r , act as carriers of the radionuclides, giving low appa
rent distribution coefficients. In Aq 1 1 05 (with high salt concen
tration) these particles are dispersed, giving higher distribu
tion coefficients. In subsequent experiments (27) the clay was 
washed twice before the radionuclide was added. By this washing 
procedure the smallest colloidal particles were removed along with 
the washing solution and no similar salt effect was observed. 

Nuclide Concentrât!uns. The two nuclide concentrations chosen 
for the experiments, <10~8 M and -10" 5 M, are so low that the ion
ic strength of the water is not significantly affected. Nor is i t 
likely that the solid sorbent would be saturated with respect to 
the sorption capacity of any individual radionuclide species. 

Differences between the observed distribution coefficients of 
a certain element at different concentrations are small. The only 
significant exception is Cs which has a higher distribution coef
ficient at low concentration than at high in the granite system 
(by a factor of less than two). This may in fact reflect the poor 
ion exchange capacity of the granite. 

Temperature Effects. The effect of a temperature increase 
from 25°C to 65°C is usually a small increase of the distribution 
coefficient (less than a factor of three). For the sorption of Cs 
on bentonite, which would correspond to an ion exchange process, 
the effect of increased temperature is the opposite. 

Redox Reactions and Valence States. The proposed reduction 
of Tc and U to the tetravalent state is indirectly indicated from 
the distribution measurements in non-oxidizing systems ( c f . Fig
ure 2 and Table VII). By the addition of 10-20 mg/1 of Fe 2 + ( c f . 
Table II) a drastic increase of the distribution coefficient was 
observed both for Tc and U. Minerals like magnetite and chlorite 
also seem to have some reducing effect even after a short contact 
time. 

Since the redox potentials for No(V)/Np(IV) and Pu(IV)/Pu(III) 
are above the potential for U(VI)/UIV) the expected oxidation 
states would be Np(IV) and Pu(III) (or possible Pu(IV)) for these 
elements, as already stated above. 

Work is in progress to study the reducing effect on U(VI) of 
granite and common ferrous accessory minerals. 

Sorption Kinetics and Mechanisms. Measurements of distribu
tion coefficients vs_ contact time and particle size (expressed as 
the surface to mass ratio, 6/p-d, where ρ is the density of the 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

00
4

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



66 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

Table VII 
Mass related distribution coefficients for Tc and U 

under non-oxidizing conditions (25°C, Aq 1 1 0 s ) 

System Contact time log Kd, 
Tc α 

m3/ kg 
U 

Granite, aerated 6 months <-3 -2.4- -2, .2 

Granite, deaerated 1 d <-3 -2.4- -2. .2 

Granite, deaerated 
+ 10-20 mg/1 F e 2 + 

1 d 
5 d 

-1.3 -1, 
-0.3-

.9 
0. .3 

Magnetite 1 d 
14 d 

-2.6 
-2.3- -2. .0 

Chlorite 1 d 
14 d 

<-3 
-1.8- -1, .5 

Biotite, pyrite 
hornblende 

1 d 
14 d 

<-3 
-2.3- -2, .2 

solid material, [kg/m3], and d is the particle diameter, [m]) are 
given in Figure 6 for Cs, Sr and Am on granite. 

For Cs the sorption is largely independent of the particle 
size. A volume dependent ion exchange process envolving diffusion 
into the particles seems possible. 

For Sr a significant increase of the distribution coefficient 
with increased surface to mass ratio is observed. Equilibrium is 
obtained within 6 hours. Evidently Sr is largely adsorbed by a 
surface reaction. A similar behaviour would be expected for Ra, 
although the formation of non-soluble RaSOt* would give a higher 
distribution coefficient ( c f . above). 

For Am there is no evident particle size dependence. The k i 
netics are considerably slower than for Cs (and Sr). Possibly the 
sorption process is a volume dependent adsorption with contribu
tions from ion exchange. The sorption and also the diffusion into 
the particles should be governed by the complicated hydrolysis re
actions to be expected at environmental pH. Other t r i - and tetra
valent elements would be expected to show a similar slow non-sur
face related sorption behaviour. 

Generally, a significantly increased distribution coefficient 
is obtained after a contact time of 6 months in comparison with 
1 week (by a factor of less than f ive), especially for the t r i -
and tetravalent elements (and Ra) on granite. Evidently the diffu
sion of hydrolyzed products into the grains is a slow process. 

Radionuclide Species in Groundwater 

From stability constants available in the literature (26) i t is 
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Figure 6. Distribution coefficients as functions of contact time and surface to 
mass ratios for Cs, Sr, and Am on granite (25°C, Aqlî05) 
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evident that the most important anionic species in the groundwater 
would be OH", HCO3--CO3 2-, SCV", H 2P0 4"-P0 i +

3- and F". 
Monovalent elements like Cs would not form any complexes in 

the groundwater. 
The maximum concentration of the divalent elements Sr and Ra 

would be limited by the precipitation of non-soluble sulfate (for 
Ra) or carbonate (for Sr). Species in solution would be M 2 + and a 
small fraction of MSOi, and possibly also MHC03

+. 
The maximum concentration of tr i valent elements like the lan-

thanides and Am would be determined by the solubility product of 
either the phosphate, the hydroxide or the carbonate (depending on 
the concentration of the corresponding anion and pH of the ground
water). Species in solution would largely be hydrolysis products, 
MC03

+ and possibly a small fraction of MF2+ and MSO*/. A consider
able part of the soluble fraction would be non-charged or anionic 

For the tetravalent elements the maximum concentration in so
lution will be limited solely by the precipitation of hydroxides 
which might be transferred into dioxides, possibly irreversibly. 
Species in solution would be hydrolysis products. A large part of 
the soluble fraction would be non-charged or anionic (28). 

Penta- and hexavalent species (of Np and U, respectively) 
would not be expected to form in undisturbed deep groundwater, as 
discussed above. In oxidizing environment, however, these valence 
states would exist and the solubility would be high due to the 
formation of anionic mixed hydroxy-carbonate complexes. 

Proposed species in granitic groundwater are given in Table 
VIII. Since many of the relevant stabil ity constants are not known, 
especially for actinide complexes with 0H-, C0 3

2 ' and PO^3"", any 
final conclusive predictions of speciation in groundwater are im
possible. 

Migration in the Ground 

The Retention Factor. The water velocity ν [m/s] in frac-

where Κ = permeability [m/s] 
i p = hydraulic gradient [m/m] 
φ = rock porosity (void fraction) [m3/m3] 

The effects of chemical interactions on the migration of ra
dionuclides in the backfill material and in the ground can be de
scribed by the retention factor Κ,·, defined as (29) 

(28). 

(3) 

K i = V v a = 1 + V v 1 ? (4) 

where v^ = velocity of the nuclide [m/s] 
p s = density of the solid [kg/m3] 
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Table VIII 
Proposed radionuclide species in non-oxidizing 

granitic groundwater 

Element Precipitating species 
limiting the solubility 

Predominating species 
in solution 

M(I): Cs Cs + 

M(II): Sr SrC0 3, (SrSOj S r 2 + , (SrSOJ 

Ra RaSOit Ra 2 + , (RaSCv RaHC03

+) 

M(III): Ln a M(0H)3, M 2(C0 3) 3(?) Μ(0Η) χ3 "Χ , χ = 2,3,(4?) 

An 3 MP04(?) MCO s

+(?), (MF 2 +, MS04

+) 

M(IV): An a Αη(0Η) 4 An02 Α η ( 0 Η ) χ

4 - χ , χ = 3,4,(5?)b 

Tc lc(QH)k Tc02 

j*Ln = lanthanide, An = actinide 
bFormally An(0H)5" would be expected to form. A transfer to a non-
stoichiometric hydroxy compound at high pH, possibly negatively 
charged, would be more likely 

As a f i r s t approximation i t can be assumed that the water and 
nuclide transport would take place only in major fractures of the 
rock and also that the nuclide retention is merely a surface reac
tion limited by the exposed fracture surface area. 

Laminar flow between parallel plates can be described by (30) 

v a q = ^ - ( 2 b ) 2 - i (5) 

where g = gravity acceleration [m/s2] 
ν = viscosity of the water [m2/s] 
2b = fracture aperture [m] 

The fracture aperture 2b can be estimated from (4) 

2b = O.Ol-(Kp-S) 1/ 3 (6) 

where S = fracture distance [m] 
A transformation is required of the mass related distribu

tion coefficient into a surface related distribution coeff ic i 
ent Ka [m3/m2], defined as 

Ka = s A /C A (7) 

where s^ = nuclide concentration on the solid [moles/m2] 
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By direct measurements of the radionuclide sorption on expo
sed rocks, surface related distribution coefficients Κ can be de
termined and conversion factors calculated according to (3) 

A = Kd/K a (8) 

where A = apparent surface to mass ratio [m2/kg] 
Thus, from eqn (3), (4) and (8) the nuclide velocity v/\ can 

be estimated for rock with low porosity as 

^a M Ps 

which allows a calculation of the retention factor for the frac
tured rock (4,6). Here A - p s defines the fracture surface per rock 
volume. 

Retention in the Backfill Material. The radionuclide hold
up time in the backfill barrier for the KBS-concepts is in the or
der of thousands of years or less (15j. Thus, only a few of the 
long-lived radionuclides in HLW and SUF ( 9 0 Sr, 13^Cs and 2 4 1Am) 
will be able to decay within the clay barrier and the more long-
lived nuclides will just be delayed in their migration out into 
the bedrock. In the long-term time span the backfill material is 
of minor importance, as far as the retaining effect is concerned. 

Retention in the Hostrock. For granite, apparent surface to 
mass ratios of about 3 mz/kg for Cs, 2 m2/kg for divalent ele
ments and <10 m2/kg for t r i - and tetravalent elements have been 
estimated, based on K^/K^-measurements on Cs, Sr and Am on grani
t ic macro surfaces (_3,3]J. Retention factors are given in Table 
IX, as generated from measured K.-values (from Table V), assuming 
long contact time, non-oxidizing conditions and representative 
fracture and permeability data for the rock (1J. 

If the nuclides would diffuse into micro fissures of the rock, 
which seem to be the case for Cs and Am (see above), and not sole
ly be adsorbed on the exposed fracture surfaces, the retention 
factors would be several orders of magnitude larger. 

In the KBS-report (J_) retention factors have been generated 
for different input parameters and the migration to the biosphere 
has been calculated by use of a modified version of the computer 
program GETOUT (15 ,̂32,33) and by the program BIOPATH (34). In the 
most probable alternative, using data for the storage of SUF (1), 
the f i r s t activity to be detectable in any recipient on the sur
face would come from 1 2 91 after about 100000 years. The activity 
from the long-lived actinides would appear after about 70 million 
years. If the long dissolution time of the uranium oxide matrix is 
disregarded the main peak could appear already after 1 million 
years. Maximum radiation dose to any cr it ical group would be about 
10 mrem/year (after 70 million years) in the most probable case. 
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Table IX 
Proposed retention factors (K )̂ in granite 

(25°C, long contact time, non-oxidizing conditions) 

Element K/ 

Cs 18000 
Sr 1300 
Ra 41000 
Zr 52000 
Tc 800 
I 1 
Ce 410000 
Nd 330000 
Eu 330000 
Th 82000 
U h 30000 
Npb 30000 
Pu 5000 
Am 490000 

Calculated for Kp = 1(T9 m/s, 2b = 10" 5 m and S = 1 m 
ty\ K^-value similar to the value for U is assumed 

Conclusions 

It is essential that the ground, which is the final barrier 
and the only barrier not man-made, by i tsel f can prevent the mi
grating radionuclides from an underground waste depository from 
giving unacceptable doses to any cr it ical group in the future. A l 
though the sorption processes in the ground are not clearly under
stood, the results obtained so far seem to be adequate to prove 
the feasibil ity of an "absolutely safe" disposal, as required by 
the Swedish law. The majority of the international experts and or
ganizations that have been consulted for cr it ical reviewing of the 
KBS-reports also seems to accept the validity of the conclusions 
drawn regarding the safety of the disposal method (35). 
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Leaching of Fully Radioactive High-Level Waste Glass 

and Waste-Geologic Environment Interaction Studies 

D . J. B R A D L E Y 

Pacific Northwest Laboratory, operated by Battelle Memorial Institute for the 
U .S . Department of Energy, Richland, W A 99352 

As part of cont inuing studies i n waste management, the Pa
cific Northwest Laboratory (PNL), operated by Battelle Memorial 
Institute for the Department of Energy (DOE), has been conduct
ing the High-Level Waste Immobil izat ion Program. The purpose 
of t h i s program i s to develop and demonstrate technology for 
incorpora t ing nuclear wastes in to final waste forms. 

Release rate data for radionucl ides from fully r ad ioac t ive 
waste forms are needed to evaluate the safety of nuclear waste 
g l a s s . Presen t ly , contact wi th water i s considered the most 
important release path; therefore, the release propert ies of 
waste glass in water are of primary concern. 

This report describes the preparat ion and leach t e s t ing of 
fully rad ioac t ive z inc borosilicate g l a s s , prepared from power 
reactor waste. Leach tests were conducted on th i s fully r a d i o 
act ive waste glass to : 

• determine the release rates of rad ioac t ive mate r ia l from 
the glass 

• compare leach rates to those of nonradioactive waste of the 
same composition 

• study elements not included in simulated waste glasses 
• recommend further studies needed in this area. 

0-8412-0498-5/79/47-100-075$05.00/0 
© 1979 American Chemical Society 
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To evaluate the safety of geologic repositories, PNL i s 
also conducting the Waste Isolation Safety Assessment Program 
(WISAP) for the DOE. Task #2 of the WISAP program is aimed at 
providing release rate data from potential waste forms to be 
used in geologic storage. Experiments simulating simple to 
complex waste form release i n geologic media are outlined. 

EXPERIMENTAL PROCEDURE 

Nuclear waste glasses are complex mixtures of more than 30 
elements, usually prepared by methods quite different than 
those used commercially to produce plate glass, for example. 
Canisters of glass (1-ft-dia χ 6 - f t - t a l l ) have been prepared by 
direct furnace melting of a mixture of the waste oxides and an 
appropriate glass f r i t . The present experiment simulated this 
procedure on the laboratory scale. 

In July 1975, 2.7 kg of spent irradiated power reactor fuel 
was dissolved using lab-scale equipment in the ho t - c e l l f a c i l 
i t i e s at PNL. This fuel had an average burnup of 55,000 MWD/ 
MTU. After extraction of uranium and plutonium, the resulting 
l i q u i d waste was boiled down and heated to 500°C to y i e l d 380 g 
of fine granular oxide material called calcine. We then ana
lyzed this calcine for radioisotopic content, which included 
activation products, f i s s i o n products and actinides. A zinc 
borosilicate glass f r i t was blended with this waste calcine i n 
a 3:1 weight r a t i o to make the waste glass. The composition of 
the product glass based upon f r i t composition, O R I G E N / - and 
the calcine analysis is shown i n Table I. As you can see, the 
glass has a complex composition. We made the waste glass i n 
100-g batches by melting the f r i t and calcine in a stainless 
steel 304L cylinder which was placed inside a resistance-heated 
furnace. The dimensions of this cylinder were 3.8 cm dia χ 
12.7 cm height, with a wall thickness of 0.165 cm. The waste 
was brought up to the melting temperature of 1050°C in two 
hours, held there for three hours, and then allowed to furnace 
cool at an average rate of 220°C/hour. 

After cooling we sectioned the stainless steel canister 
containing the waste glass by using a water-cooled diamond saw. 
Figure 1 depicts this operation and shows the four sections 
that we used for this leaching study. A l l sections appeared 
homogeneous without large cracks or voids. This same procedure 
on subsequent glass runs provided samples of f u l l y radioactive 
glass for metallography and electron microscopy. Information 
on those analyses, along with glass-making volatization data is 
reported i n BNWL-2252(2) and BNWL-2625.(1' Further details on 
sample preparation, plus a complete l i s t of the leaching data 
obtained, are available i n PNL-2664. -

We began the leaching test on the four glass sections i n 
February 1976, using the apparatus shown i n Figure 2. Prior to 
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STAINLESS STEEL 
304 L 

GLASS CRUST 

MINI-CANISTER 

SECTIONING 

ARCHIVE 
SECTION 

LEACHING STUDIES 

TOP SECTION 

UPPER MIDDLE SECTION 
LOWER MIDDLE SECTION 

BOTTOM SECTION 

3.81 cm OD 

Figure 1. Sectioning of high-level waste ghss canister 

CANISTER SECTION 
OF HIGH LEVEL 
WASTE GLASS 

Figure 2. Long-term IAEA leaching apparatus 
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TABLE I. Fully Radioactive Waste Glass Composition 
Component Weight Perc< 

S i 0 2 27.8 
ZnO 21.7 
B2°3 11.3 
uo 2 10.3 
Na20 4.1 
κ 2ο 4.1 
SrO 1.9 
Zr0 2 1.6 
M 0 O 3 1.6 
MgO 1.5 
CaO 1.5 
BaO 1.5 
Nd 20 3 1.5 
Ce0 2 1.0 
Cs 20 0.8 
BaO 0.5 
La 203 0.45 
P r 2 0 3 0.44 
PdO 0.43 
Tc 2O y 0.39 
Sm 20 3 0.29 
Np02 0.22 
Y 20 3 0.19 
Pu0 2 0.12 
Ru0 2 0.09 
Eu 20 3 0.06 
Am02 0.06 
Gd 20 3 0.05 
Cm203 0.02 
SbO 0.01 
CoO 1.1 χ 
MnO 6.0 χ 

(a) The remaining material i s made 
up of chemicals used i n the fuel 
dissolution and uranium/plutonium 
separation operations. 
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5. B R A D L E Y Leaching of Waste Ghss 79 

the start of the leach test, a l l sections were washed in ace
tone to remove surface p a r t i c l e s , then the sections were dried 
i n a i r . Deionized water was used as the leachate and the ra t i o 
of leachate volume (cm3) to sample surface area (cm2) was 26 cm. 

The leachate was changed according to the International 
Atomic Energy Association (IAEA) procedure/-^ which c a l l s for 
sampling daily for four days, weekly for eight weeks, monthly 
for six months, and semi-annually from then on. On leachate-
changing day, a 10 mZ aliquot was removed from the container 
and a c i d i f i e d to a pH of 1 with concentrated n i t r i c acid. This 
acid was added to prevent adherence of isotopes on the sample 
container walls. Analysis of the sample consisted of: 

• gamma spectroscopy 
• separation of cesium and s t r o n t i u m ^ 
• recount by gamma spectroscopy 
• beta counting of separated 90sr 
• alpha energy analysis. 

Bulk glass leach rates based on various isotopes were calcu
lated by the equation: 

° 2 where: Ri · incremental leach rate, g/cm -day 
a Q · a c t i v i t y of isotope i n leachate, sec-1 
A 0 · sp e c i f i c a c t i v i t y of isotope i n sample, sec-1 

-gram (based on measured a c t i v i t y of the high-
leve l waste calcine), assumed to be homogeneous. 
A l l a c t i v i t i e s a Q and A Q were decay corrected to 
the same time. 2 

S •geometric surface area of sample, cm 
t · leaching time, days. 

DISCUSSION 

Figures 3a and 3b show logarithmic plots of the leach rate 
in g/cm2-day based on various isotopes as a function of time. 
You can see that the leach rates decrease rapidly at the begin
ning of the test and level off after about ten days. This be
havior is consistent with previous studies on simulated waste 
glasses. 

Plots of isotopic leach rates from the other waste glass 
sections show good agreement with those in Figure 3a and 3b. 
This can be seen c l e a r l y i n Figures 4 and 5. Figure 4 shows 
-^^Cs and 54Mn leach rates representing sections from the top to 
the bottom of the waste glass cylinder. Figure 5 plots the 
same rates for 1 5^Eu and 239+240pu. y 0u can see that the leach 
rates vary l i t t l e from top to bottom of the waste canister. 
Although these four isotopes represent a wide range in mass and 
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1 10 100 1000 

Figure 3b. Leach rate as a function of time—upper-middle ghss section 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

00
5

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



82 R A D I O A C T I V E W A S T E I N G E O L O G I C S T O R A G E 

LEACH TIME, Days 

Figure 4. Leach rate as a function of time and ghss section for 137Cs and 54Mn: 
( ), bottom section; (- · -), upper-middle section; ( ), top section. 
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B R A D L E Y Leaching of Waste Glass 

10 100 1000 

LEACH TIME, Days 

Figure 5. Leach rate as a function of time and glass section for 239+240Pu and 
154Eu: ( ), bottom section; (-'-), upper-middle section; ( ), top section. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

00
5

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



84 R A D I O A C T I V E W A S T E I N G E O L O G I C S T O R A G E 

expected v o l a t i l i t y , they indicate that there are no s i g n i f i 
cant inhomogeneities i n the glass column. This conclusion i s 
supported by recent gamma spectroscopy on the high-level waste 
glass sections.^—^ 

The leach rates seen here can be compared to those from a 
similar test on simulated waste glass of the same composition. 
The leach rates for cesium and strontium from the f u l l y radio
active glass were the same as the leach rates of the simulated 
glass. - Although both tests were done on bulk glass samples, 
they differed in configuration. The f u l l y radioactive samples 
were disks [^0.3 cm (height) χ 3.5 cm (diameter)], and the 
simulated glass sample was a cylinder [0.73 cm (height) χ 
0.98 cm(diameter)] . 

The size of the sample being leached has a large effect on 
the apparent leach rate. Differences up to a factor of 100 
were noted between -42+60 mesh particles and bulk samples such 
as used in this test. — In contrast, radiation is believed to 
have a very small effect on leach rates; this has been shown 
for the case of alpha radiation. - Further studies on the 
effects of radiation on leach rate are i n progress. 

Curves showing the cumulative fraction leached were also 
calculated from the leaching data based on the equation: 

cumulative fraction = -τ A w ο 
where: a Q · a c t i v i t y of isotope i n leachate, sec-1 

A 0 ·specific a c t i v i t y of isotope in sample, sec-1 
w ©sample weight, grams. 

Figure 6 shows these cumulative leach fractions from the top 
waste glass section. A ranking of the elements studied, based 
on the fraction released after 639 days of solution contact, i s 
given i n Table I I . This order of leaching can also be seen i n 
Figures 3a and 3b. 

TABLE I I . Element Release Fractions After 639 Days 
Fraction Released 

Element at 639 Days^ } Source 
Cs 2.8 χ 10~ 2 Fission product 
Sr 2.0 χ 10"~2 Fission product 
Co 1.6 χ 10~2 Activation product 
Sb 1.1 χ 10"*2 Fission product 
Mn 7.7 χ 10~3 Activation product 
Pu 2.3 χ ΙΟ" 3 Actinide 
Eu 2.6 χ 10~4 Fission product 
Cm 1.9 χ 10~4 Actinide 
Ce 4.8 χ 10~5 Fission product 

(a) Averaged over the four glass sections. 
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LEACH TIME, days 

Figure 6. Cumuhtive fraction leached as a function of time—top ghss section 
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In several respects, this ranking is not unexpected; low 
charge, high mobility ions l i k e Ca^+ and S r 2 + should leach more 
easily than the rare earth and actinide elements. Although 
plutonium and cerium have similar properties as pure oxides, 
Plutonium was found to have a higher release rate than Cerium 
or Curium. Obviously, much more work is needed to understand 
these differences than was possible with this study. 

Fractional release can be expressed using Fick's Law; -

F = bT* r 
or 

log F^ = m log Τ + log b = m log Τ + Β 

where 
F · Isotope fraction released 
Τ · Time 
Β · Intercept 
m · Slope of the l i n e . 
The slope is indicative of the type of release mechanism. 

A slope of 0.5 indicates a diffusion-controlled release; a 
slope of 1.0 indicates that a corrosion-related mechanism is 
operable. -»-»— The diffusion release mechanism is character
ized by surface adsorption, ion exchange, and migration. 
Chemical corrosion, or alteration of the s i l i c a t e l a t t i c e , i s 
characterized by hydroxyl attack on s i l i c o n or by hydrogen 
attack on bridging oxygens.^—^ 

The leachate sampling frequency had l i t t l e effect on leach 
rate u n t i l the semi-annual frequency was reached. The change 
in leach rate, as reflected i n Figures 3a, 3b, 4, 5, and 6, was 
dramatic in changing from monthly to semi-annual sampling. The 
apparent mechanism shifted from l a t t i c e alteration to diffusion 
release; this s h i f t i l l u s t r a t e s the important role of dissolved 
species i n lowering the leach rate. These results are consis
tent with the work of El-Shamy^* a n d P a u l . ( i ^ 

From the curves of cumulative fraction release, the general 
trend over the total testing time shows two different slopes 
for each element. A l l of the elements have a slope less than 
0.50 at the beginning of the leach test, indicating a type of 
diffusion-controlled release. After a period of time, this 
slope gradually approaches a value of 1, indicating a combina
tion of release mechanisms. This result is consistent with 
discussions of release mechanisms in the literature.^-»—^ 
Table III summarizes these results by element for the top sec
tion of high-level waste glass. 
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TABLE III. Slopes of I n i t i a l and Long-Term 
Release Mechanisms 

I n i t i a l Slope/ Long-Term Slope/ 
Elements Time Period, Days Time Period, Days 

Mn 0.31/1-8 0.84/8-639 
Co 0.33/1-8 0.81/8-639 
Sr 0.24/1-8 0.76/8-639 
Sb 0.47/1-30 0.67/30-639 
Cs 0.40/1-8 0.91/8-639 
Ce 0.12/1-100 0.70/100-639 
Eu 0.31/1-20 0.66/20-639 
Pu 0.21/1-8 0.64/8-639 
Cm 0.39/1-150 0.72/150-639 

The scope of this work was not intended to include study 
and analysis of leaching mechanisms beyond this point, but the 
data do show that the mechanism is dependent on time, sampling 
frequency, and type of element. Also, over the long testing 
period, two different mechanisms account for the release of 
material. More work is needed to increase our understanding of 
these high-level waste glass-solution interactions. 

Release rate data from actual radioactive waste forms i s 
needed to evaluate the safety of emplacing nuclear wastes in 
geologic media. However, in addition to waste form development 
studies, such as the leach test just described, a comprehensive 
program was started to obtain release data from candidate waste 
forms for geologic disposal. 

This work i s the objective of Task #2 of the Waste Isola
tion Safety Assessment Program at PNL/— We currently are 
evaluating the effect of leach solution composition on radio
isotope release. Figure 7 shows the progression of experiments 
from simple waste form/solution interactions to those combining 
the waste form with the containment, solution, b a c k f i l l , and 
rock media under hydrothermal conditions. Studies using s i t e -
s p e c i f i c conditions are also planned, along with possible 
large-scale h o t - c e l l or i n s i t u tests. The waste forms and 
experiments currently being studied and planned are depicted in 
Figure 8. 

CONCLUSIONS 

The release rate was determined for 10 radioisotopes from 
f u l l y radioactive waste glasses in deionized water for a period 
of 1.75 years. For cesium and strontium, good agreement exists 
between the leach rates for simulated and f u l l y radioactive 
glass of the same composition. 

The release rate mechanism is dependent on time, sampling 
frequency, and type of element. For this study, only sampling 
intervals greater than one month had significant impact on the 
leach rate. Over the long testing period two different release 
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LEACH TESTS 

WASTE FORM + 
SOLUTIONS + ROCK MEDIA 
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LEACH TEST 
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Figure 7. WISAP Task #2 leaching program 
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Figure 8. Waste form release experiment outline 
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mechanisms occurred. This is consistent with previously re
ported observations. 

Special areas needing additional work are: 
• the effect of surface area to leachate volume rati o on 

leaching 
• the nature and importance of protective films formed during 

leaching 
• solution saturation/chemical-back reactions 
• actinide oxidation states/bonding 
• radiation/radiolysis effects. 

Release rates of radioisotopes should be determined from actual 
nuclear wastes. The release rates of these isotopes must be 
measured under conditions of geologic storage. To obtain this 
data, Task #2 of the WISAP w i l l study release from waste forms 
under a variety of conditions to simulate geologic storage of 
nuclear waste materials. 
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Single-Pass Leaching of Nuclear Melt Glass by 

Groundwater 

DAVID G. COLES, HOMER C. WEED, DONALD D. JACKSON, 
and JAMES S. SCHWEIGER 

Nuclear Chemistry Division, L-233, Lawrence Livermore Laboratory, 
P.O. Box 808, Livermore, CA 94550 

The work presented in this report was supported by the 
Department of Energy (DOE) through the Nevada Operations Off ice 
(NVOO) as part of the Radionuclide Migra t ion Program at the 
Nevada Test S i t e (NTS). The purpose of this program is to inves
tigate the p o t e n t i a l for underground migra t ion of radionucl ides 
in groundwater from the sites of underground nuclear explos ions . 
Borg et al. have comprehensively reviewed t h i s subject and have 
included an annotated b ib l iography (1) . Levy (2) discusses i n 
detail the specific aspects of an underground nuclear explosion 
which are relevant to rad ionuc l ide contamination of the ground
water. The technology required to study the NTS groundwater 
problem is very s i m i l a r to that required for studying the geo
logic d i sposa l of h i g h - l e v e l vitrified nuclear reactor wastes. 

The energy crisis of the 1970's has emphasized the need for 
nuclear power and consequently there is considerable in t e res t i n 
developing an environmentally-acceptable means for disposing of 
the resu l tan t nuclear wastes. deMarsi ly et al. (3) have d i scuss 
ed the feasibility for geologic d i sposa l of nuclear wastes and 
have concluded that ion exchange w i th the rock surrounding the 
repos i tory is the most important b a r r i e r between the waste and 
the biosphere. The Study Group on Nuclear Fuel Cycles and Waste 
Management of the American P h y s i c a l Society (4) concluded that 
the management of nuclear waste was well w i t h i n existing techno
logy and that economic and political questions provided the 
greatest problems for nuclear energy use. They also s ta te that 
hydrogeologic transport is the most likely route for contamina
tion of the biosphere by a waste r epos i to ry . 

Information on the interaction of radionucl ides wi th ground
water in deeply-buried, high-level, long-term "waste repos i to r ies" 
is a v a i l a b l e at only a few l o c a t i o n s . One is the OKLO na tu ra l 
reactor in Gabon which has for over 1.7 billion years re ta ined 
some of the radionucl ides a lso present in nuclear wastes (5) . 
Another is the Nevada Tes t Site, where radionucl ides were first 
deposited underground on September 19, 1967 during the 1.7 kt 

0-8412-0498-5/79/47-100-093$05.50/0 
© 1979 American Chemical Society 
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R a i n i e r event. The f i r s t o f 78 t e s t s beneath the r e g i o n a l water 
t a b l e was the 200 k t B i l b y event on September 13, 1963; o t h e r s 
have been detonated up to May, 1976. OKLO and NTS a r e among the 
few a r e a s a v a i l a b l e f o r s t u d y , where r a d i o n u c l i d e c o m p o s i t i o n s 
have i n t e r a c t e d w i t h groundwater f o r s i g n i f i c a n t p e r i o d s o f time. 
The c a v i t i e s from t e s t s beneath the water t a b l e a r e analogous to 
78 s m a l l f l o o d e d waste r e p o s i t o r i e s . The analogy between a NTS 
n u c l e a r c a v i t y and a waste r e p o s i t o r y i s p a r t i c u l a r l y c l o s e s i n c e 
the a c t i v i t y has t o be l e a c h e d from the puddle g l a s s o r chimney 
d e b r i s b e f o r e e n t e r i n g the groundwater system and l e a c h i n g from 
the puddle g l a s s i s s i m i l a r to l e a c h i n g from h i g h - l e v e l v i t r i f i e d 
r e a c t o r waste. N u c l e a r e x p l o s i o n phenomenology has been reviewed 
by Borg e t a l . (1) and the d i s t r i b u t i o n o f r a d i o n u c l i d e s w i t h i n 
the g l a s s and the r u b b l e chimney has been d i s c u s s e d by Borg (6) 
and by Dupuis (7) . G e n e r a l l y , r e f r a c t o r y elements remain i n the 
melt g l a s s and v o l a t i l e elements condense out on the chimney 
r u b b l e . 

A f i e l d t e s t a t NTS was r e c e n t l y undertaken i n o r d e r -to 
determine the amount o f v a r i o u s r a d i o n u c l i d e s w h i ch had been 
l e a c h e d from the me l t g l a s s and chimney r u b b l e produced d u r i n g 
the Cambric event ( 8 ) . Samples were o b t a i n e d a t d i f f e r e n t zones 
w i t h i n the chimney and c a v i t y , and a n a l y z e d to determine the 
r a d i o n u c l i d e source term a v a i l a b l e f o r p o s s i b l e groundwater t r a n s 
p o r t . However, l i t t l e q u a n t i t a t i v e d a t a on the r a t e o f l e a c h i n g 
from the melt g l a s s r e s u l t e d . Recent q u a n t i t a t i v e l a b o r a t o r y 
data on the s t a t i c l e a c h i n g o f b o t h melt g l a s s and chimney r u b b l e 
have been obtained, by Wol f s b e r g ( 9 ) . He has been a b l e to do some 
l i m i t e d comparisons between these l a b o r a t o r y measurements and the 
f i e l d measurements o b t a i n e d on the Cambric c a v i t y . 

I n t he p a s t , most l e a c h i n g experiments have been done u s i n g 
a s t a t i c o r b a t c h method i n which samples o f g l a s s were immersed 
i n water o r water s o l u t i o n s f o r some s p e c i f i e d p e r i o d o f time. 
The r e s u l t a n t aqueous phase was s e p a r a t e d from the g l a s s and 
a n a l y z e d f o r the element or r a d i o n u c l i d e o f i n t e r e s t . P a i g e (10) 
has d e s c r i b e d a l e a c h i n g experiment i n which the l i q u i d i s r e 
c i r c u l a t e d over the g l a s s i n an e x t r a c t i o n - l i k e a p p a r a t u s , 
Mendel (11) has prepared a r e v i e w o f l e a c h i n g t e s t methodology, 
and the IAEA has suggested a s t a t i c (batch) l e a c h i n g procedure 
as a s t a n d a r d procedure ( 1 2 ) . Others have s t u d i e d g l a s s d u r a 
b i l i t y (13,14) and performed a f i e l d t e s t on v i t r i f i e d r e a c t o r 
wastes (15). Some v e r y l i m i t e d l e a c h i n g t e s t s on n u c l e a r 
e x p l o s i o n melt g l a s s were reviewed by Borg e t a l . ( 1 ) . 

Our l e a c h i n g concept d i f f e r s s i g n i f i c a n t l y from those d i s 
cussed p r e v i o u s l y because i t uses a dynamic f l o w - t h r o u g h system 
i n which the s o l i d sample i s c o n t i n u a l l y exposed to f r e s h l e a c h 
i n g s o l u t i o n . Such a dynamic system i s designed to s i m u l a t e 
a c t u a l underground c o n d i t i o n s . I t i s a n o n e q u i l i b r i u m system i n 
which the displacement from e q u i l i b r i u m can be v a r i e d by changing 
the f l o w r a t e . The samples l e a c h e d i n our study a r e c a r e f u l l y 
s e l e c t e d n u c l e a r e x p l o s i o n m elt g l a s s e s , chosen to r e p r e s e n t 
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6. C O L E S E T A L . Single-Pass Leaching 95 

t y p i c a l NTS radionuclide transport sources. They are well 
characterized and are close analogues to v i t r i f i e d high-level 
reactor wastes. 

This interim report covers the results of the f i r s t 120 days 
of leaching out of a planned 420 days. A f i n a l report w i l l be 
issued after the experiment i s terminated January 3, 1979. 

Experimental 

Equipment design: The d e t a i l s of the equipment are describ
ed by Weed and Jackson (16). Specially-designed sample c e l l s 
retain the glass by means of 0.1 ym pore size Nuclepore f i l t e r s 
on the i n l e t and the outlet sides (see Figure 1). A schematic 
drawing of the system i s shown in Figure 2. Water i s metered 
through the c e l l s with two p e r i s t a l t i c pumps located immediately 
upstream from the c e l l s ; each pump can drive up to 10 pumping 
cassettes simultaneously. Connecting l i n e s consist of small-bore 
p l a s t i c tubing and Luer p r e s s - f i t p l a s t i c connectors, and a l l the 
rest of the f l u i d handling system i s made of p l a s t i c . The water 
i s fed by gravity from an atmospherically-isolated supply carboy 
and i s f i l t e r e d twice before entering the pumps. The 20 sample 
c e l l s are held at 25°C i n a constant temperature bath. Tubes 
exiting from the tops of the c e l l s enter d i r e c t l y into p l a s t i c 
bottles. Two c e l l s (#7 and #17) are arranged so that the flow i s 
downward. 

Sample characterization: Gram quantities of NTS nuclear 
explosion melt glass were obtained from core samples of the cool
ed puddles i n the bottom of the explosion cavity. Samples from 
three separate tests were obtained for leaching i n this experi
ment. A l l three tests had been detonated from 1.5 to 0.5 years 
prior to the commencement of leaching and were chosen for their 
high f i s s i o n to f u s i o n r a t i o in order to provide the highest 
levels and greatest variety of radionuclides in the glass. For 
this interim report, only leaching data from the most recent 
(Melt Glass #3) test are presented here since this glass con
tains the highest a c t i v i t y concentration and hence gives optimum 
anal y t i c a l s e n s i t i v i t y for r a d i o a c t i v i t y i n the leachate. 

Samples from individual cores were hand separated at NTS 
from d r i l l i n g mud and rock chunks. Samples were selected for the 
experiment i f their size exceeded 1 cm diameter and i f they were 
hard, vitreous, and radioactive. Each core yielded from one to 
eight pieces of material that met these c r i t e r i a . Samples were 
obtained from four cores from Test 1, ten cores from Test 2, and 
f i v e cores from Test 3. 

Upon receipt of the samples in the laboratory, they were 
cleaned with d i s t i l l e d water i n an ultrasonic cleaner aided by a 
small brush, a i r dried, and photographed for la t e r reference. It 
was assumed that the surface leaching of these chunks was small 
compared to the surface area available for leaching after the 
samples were ground. A representative sample from each core was 
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Figure 1. Sample holder assembly, one-pass leaching system 
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Fluid 
flow 
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Constant level 
supply 
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(20 channels) 

2 Metering pumps 
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bath 
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(20 channels) 

Leach solution 
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Figure 2. One-pass continuous leaching system—functional diagram 
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then gamma-counted on a Ge(Li) gamma-ray spectrometer i n order 
to see i f any core was s i g n i f i c a n t l y different from the other 
cores. In particular, the r a t i o of a selected refractory element 
(e.g. 1 4 l +Ce) to a v o l a t i l e element (or an element with a v o l a t i l e 
precursor, e.g. 1 3 7 C s ) was carefully observed. In a l l cases i t 
was determined that each core represented melt glass. 

A l l samples were then ground to -100 mesh and the (-100 + 325) 
mesh fraction was used for the leaching experiment. Thus the 
sample representing each core contained particles from 43 to 
147 ym diameter. That particular size range was chosen so that 
the smallest p a r t i c l e s were much larger than the leaching c e l l 
f i l t e r pores (430 times larger i n this case). Also, they could 
be handled without generating radioactive dust but were s t i l l 
small enough to release a detectable amount of rad i o a c t i v i t y upon 
leaching. 

After grinding, sieving, and mixing, a 0.5 g aliquot from 
each core composite (10-30 g total) was gamma-counted to document 
the a c t i v i t y of each core for later correlation with the physical 
nature of the o r i g i n a l core chunks and with the x-ray d i f f r a c t i o n 
data. Table I l i s t s the x-ray data: the cores range from 65 to 
100 percent glass content. From these data and the consistency 
of the correlation between gamma-counting data and x-ray data i t 
was determined to mix a l l core samples from Test 1 to produce a 
Test 1 composite sample. The Test 2 composite sample and the 
Test 3 composite sample were prepared i n a similar manner. After 
intensive mixing, t r i p l i c a t e 0.5 g samples from each composite 
sample were analyzed by gamma spectroscopy and the mean of these 
t r i p l i c a t e analyses was used as the preleach glass radionuclide 
content (QQ) for each composite test sample. Radionuclides 
observed i n the glass and the leachate are l i s t e d i n Table I I . 

T r i p l i c a t e aliquots were taken for p a r t i c l e size analysis 
and two of those aliquots were mixed for BET surface area analy
s i s : results are i n Table I I I . The nine samples were individu
a l l y sieved for size d i s t r i b u t i o n . A chi-squared test was 
performed on each t r i p l i c a t e set i n order to check the apparent 
effi c i e n c y of composite mixing. For a l l three composite samples, 
there was a 90 percent probability that each of the three 
replicates from each composite sample came from the same popula
tion. The A and C samples were combined and evaluated for sur
face area by nitrogen adsorption (BET). The Β samples were then 
subjected to scanning electron microscopy (SEM) analysis. 
Figures 3-5 are SEM photographs of each glass composite at 2000-
fold magnification. These photographs show conchoidal fracturing 
indicative of glass, as well as some very fine p a r t i c l e s attached 
to the larger p a r t i c l e s . 

Leaching experiment: The experimental scheme i s shown i n 
Figure 6. The variables i n this experiment are the three glass 
compositions from three different tests and the two flow rates. 
The glass compositions have just been discussed. The linear flow 
rates are 36 and 6.7 cm/day, corresponding to volume flow rates 
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Figure 3. SEM photograph of Ghss #1 
(1280X) 

Figure 4. SEM photograph of Ghss 4P2 
(1280X) 

Figure 5. SEM photograph of Ghss #3 
(1280X) 
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NTS 
Well 5B 
water 

High flow 
185 ml/day 

123 4567 8910 

Low flow 
34 ml/day 

111213 14151617 1819 20 

6 cells with 
melt glass #1 

8 cells with 
melt glass #2 

6 cells with 
melt glass #3 

ééé èèé éééé èééé m m 
1 2 3 111213 4 5 6 7 14151617 8 910 181920 

Figure 6. Experimental matrix—melt glass leaching experiment: ( ), flow is 
downward through sample; ( ), for all others flow is upward. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

00
6

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



6. C O L E S E T A L . Single-Pass Leaching 101 

Table I. X-Ray Di f f r a c t i o n Analysis of NTS Melt Glass Samples 

Melt Glass No. 
Core No. Glass Quartz gCristobalite Feldspar 

1-7 75% 5% T* 10% 
1-8 75 5 Τ 10 
1-12 «100 Τ - Τ 
1- 18 %100 Τ - Τ 
2- 5 75 5 Τ 5 
2-7 75 5 Τ 5 
2-8 85 5 - Τ 
2-9 85 5 - Τ 
2-10 75 5 Τ 5 
2-11 75 5 - 5 
2-12 65 10 Τ 5 
2-13 75 5 - 5 
2-14 75 5 Τ 5 
2- 15 75 5 Τ 5 
3- 5 85 5 Τ Τ 
3-6 85 5 Τ Τ 
3-7 85 Τ - Τ 
3-8 85 5 Τ Τ 
3-10 %100 Τ Τ Τ 

Τ = trace 

Table II. Radionuclides Observed i n the Melt Glass 
and Leachate Samples 

not observed i n any leachate samples 
)observed only sporadically in leachate samples 
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of 185 and 34 ml/day. Temperature (25°C) and water composition 
were kept constant. Six samples of each glass were included i n 
order to provide t r i p l i c a t i o n at each flow rate. Also, two c e l l s 
containing Melt Glass #2 (#7 and #17) were arranged with reverse 
flow ( i n l e t at the top and outlet through the bottom). This was 
done to minimize s t i r r i n g of the glass as might be expected with 
the upward flowing c e l l s . In retrospect, we think these two 
c e l l s should probably have been f i l l e d with ground obsidian and 
used for radiochemical blanks. 

The water used for the leaching was from the NTS water well 
5B, chosen because i t represents a t y p i c a l NTS groundwater. The 
composition of t h i s water was determined by spectrochemical 
analysis and i s shown in Table IV. A 208-liter polyethylene-
lined drum was f i l l e d with this water approximately every two 
months and shipped to Livermore. Two-month renewal intervals 
were chosen since the leaching apparatus consumed water at about 
that rate. The pH of this water was determined at Livermore one 
week after c o l l e c t i o n and found to be 8.13 + 0.01. 

Preweighed samples (about 0.5g) were loaded into each c e l l 
by plugging the i n l e t port, p u l l i n g a vacuum on the exit port, 
and pouring the ground glass through a funnel into the side 
access port. This procedure greatly reduced the chances for 
spillage of the powder or spreading of dust. The c e l l was then 
f i l l e d with well 5B water and put on-line by connecting i t to a 
previously f i l l e d i n l e t l i n e . 

The sampling schedule was chosen i n order to accumulate 
early data rapidly since we expected the largest changes i n the 
leach rate at the beginning of the experiment. Also, when plot
ted on log paper, this sequence maintained approximately equal 
time separation between data points. 

The procedure was to c o l l e c t and composite a l l water accumu
lated from the start through Day 1, then through Day 2, and so 
on. Composite samples were collected on Days 1, 2, 3, 6, 11, 32, 
38, 70, and 120. Thus the composite sample collected on Day 6 
also included leachate from Days 4 and 5; that collected on Day 
70 included leachate from Days 39 through 69; and so on. The 
sample for Day 230 has been collected but results from i t are not 
included i n this discussion. The l a s t composite sample (Day 420) 
w i l l be collected on 3 January 1979. Collection at Day 32 was 
planned for Day 20 but a scheduling error moved i t back 12 days. 

Samples were collected in polyethylene bottles and at the 
end of a sampling period or when the bottles were nearly f u l l , 
they were transferred completely into a one-liter polyethylene 
bottle which had been lined with a 5 χ 10 χ 30 cm polyethylene 
bag. The sample i n the bag was then evaporated at 85°C. If more 
than one f i l l i n g was required (as was expected for long sampling 
intervals) the bag-lined bottle could be r e f i l l e d several 
days after the evaporation was concluded. The f i n a l composite 
sample, after evaporation, consisted of a few grams of salts i n 
the bottom of the polyethylene bag. The bag was r o l l e d so that 
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6. C O L E S E T A L . Single-Pass Leaching 103 

Table I I I . Melt Glass Surface Area and Size Analysis 

Surface Area Diameter (ym) 
Sample (m2/gm) 10% 50% 90% 

MG# LA 50 87 136 
IB 45 84 135 
1C 45 85 136 
1A+1C 0.396 

MG# 2A 42 80 132 
2B 45 79 133 
2C 44 81 132 
2A+2C 0.465 

MG# 3A 41 79 133 
3B 42 78 132 
3C 42 78 132 
3A+3C 0.457 

Table IV. Composition of Well-5B Water, NTS 1 

Element (yg/ml) Element (yg/ml) Element (yg/ml) 

Al <0.004 Κ 12. Pb 0.032 
As <0.05 L i 0.043 Si 28. 
Β 0.023 Mg 2.5 Sr 0.030 
Ca 7.9 Mn 0.007 T i <0.0005 
Cd 0.004 Mo 0.015 V 0.011 
Co 0.004 Na 97. Zn <0.001 
Cu <0.001 Ni <0.004 Zr <0.0005 
Fe 0.13 Ρ <0.07 

pH at Livermore = 8.13 + .01 
pH 2 - High flow rate = 8.40 + .06 
pH 2 - Low flow rate = 8.65 + .03 

"'"As determined by spectrochemical analysis, LLL, a l l errors 
<10%. 
2 pH values are the mean of measurements taken for the f i r s t 
f i v e sampling periods. 
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the salts were kept i n the center, placed i n a 31,75 mm (1.25 
inch) diameter die, and then compressed for 10 minutes at 30.3 
MPa (4400 psi) and 150°C. The resultant p e l l e t containing the 
leached a c t i v i t y was gamma-counted on a low-background Ge(Li) 
gamma-ray spectrometer for 24 hours. An experiment on a 1 3 7 C s -
spiked groundwater sample indicated that the expected polyethy-
lene-salt inhomogeneities i n the p e l l e t resulted i n error of 
less than 5 percent. 

Results and Discussion 

Table V presents the leaching data for Melt Glass #3 only. 
Glasses #1 and #2 were omitted from this interim report since 
they were both older than #3 and provided lower s e n s i t i v i t y for 
radionuclide detection. The data i n Table V were calculated 
using the following equation: (12) 

R = (Q/Qo)(l/At)(l/S) (1) 

where 

Q = t o t a l a c t i v i t y leached during At 
Q q - t o t a l a c t i v i t y i n glass before leaching 
At= i n t e r v a l of leaching, days 

2 
R = fra c t i o n leached per day per m surface area 

2 
S = t o t a l sample-surface area, m 
Figures 7-10 present R as a function of mean leaching time t 

at high and low flow rates for a l l radionuclides except Pu. 
Rates for Pu w i l l be presented lat e r when Pu analyses are com
pleted. Usually R increases with increasing flow rate, but the 
increase i s probably not s i g n i f i c a n t for any nuclide except 
1 £ + I +Ce. Also, R usually decreases with time i n agreement with 
the r e l a t i o n discussed by Diebold (17) ; 

R = a t " 0 , 5 + b (2) 

where a involves d i f f u s i o n through a surface f i l m as a rate 
determining step and b involves glass dissolution at long times 
as a rate-determining step. Exceptions to this occur for 9 5 Z r 
and 1 3 7 C s at long times and for 1^ i +Ce at low flow rate. Rates 
for the following nuclides are i n qualitative agreement with 
Equation (2): 2 2Na, 5I+Mn, 5 7Co, 5 8Co, 6 0Co, 1 0 6Ru, 1 2 4 S b , 1 2 5 S b . 
Since the experimental work i s not complete, no attempt has been 
made at this stage to obtain numerical values for a and b. 

Two possible causes for the increase i n leach rates at long 
times for 9 5 Z r and 1 3 7 C s are increased glass dissolution rates 
or cross-contaminâtion of the leachate samples. At this point 
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C O L E S E T A L . Single-Pass Leaching 

Figure 7. Leaching rates of 22Na and 54Mn at high and low flow rates vs. mean 
leaching time: (Φ), 22Na hi; (O), 22Na low; (U)> 5 * Μ η hi> Ο » 5 * Μ η l o w -
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T A B L E V . L E A C H I N G 

Volume 
flow Median 

High/ rate At a time 
Day Low (Υ + ΙσΖ) (days) (days) 

01 High 194 + 3% 0, .936 0, .468 150 + 70 15 + 6 12 + 4 10 3 
02 High 193 + 4 0, .930 1, .40 25 + 8 9 + 1 7.2 + 0. .7 6.5 + 0.7 
03 High 191 + 8 0, .984 2, .36 13 + 2 4.9 + 0.7 4.4 0, .5 3.9 + 0.5 
06 High 194 + 4 2, .68 4, .19 11 + 4 2.5 + 0.3 2.3 + 0. .2 2.1 0.4 
11 High 197 + 3 5. .27 8. .17 7.2 + 0.7 1.4 + 0.3 1.3 + 0. .3 1.2 + 0.4 
32 High 189 + 6 21. .3 21. .4 4.2 + 0.6 0.8 + 0.1 0.83 + 0. .08 0.72 + 0.08 
38 High 217 + 8 5. .65 34. .9 3.7 + 0.3 0.75 + 0.09 0.80 + 0. .05 0.77 + 0.09 
70 High 190 + 4 32. .1 53. .8 2.5 ± 0.5 0.6 + 0.2 0.6 + 0. ,1 0.6 + 0.2 

120 High 163 + 15 49. .7 94. .7 1.8 + 0.2 0.41 + 0.05 0.44 0. .03 0.41 + 0.04 

01 Low 32.1 + 61 0. ,838 0. ,419 130 + 20 1.7 + 0.5 2.5 1. ,1 0.6 + 0.7 
02 Low 35.2 + 3 0. 930 1. ,30 26 + 6 3.1 + 0.2 2.0 + 0. ,1 1.8 + 0.3 
03 Low 35.0 + 4 0. 984 2. ,26 14 + 4 3.3 + 0.8 2.0 + 0. ,4 1.8 + 0.5 
06 Low 35.1 + 4 2. 68 4. 09 10 + 2 2.2 + 0.5 1.6 + 0. 3 1.5 + 0.4 
11 Low 35.1 + 4 5. 27 8. 07 6.4 + 0.6 0.9 + 0.3 0.8 0. ,1 0.7 + 0.2 
32 Low 35.1 + 5 21. 3 21. 3 3.4 + 0.4 0.44 + 0.07 0.44 0. 05 0.36 + 0.04 
38 Low 37.5 + 5 5. 65 34. 8 2.5 + 0.1 0.34 + 0.01 0.39 + 0. 02 0.36 0.05 
70 Low 36.0 ± 5 32. 1 53.7 2.0 + 0.2 0.26 + 0.01 0.31 + 0. 03 0.27 + 0.03 

120 Low 36.6 + 6 49. 7 94. 6 1.5 + 0.1 0.24 0.03 0.27 + 0. 03 0.25 + 0.04 

alength of each leaching interval 
^elapsed tiae from start of experiment to median of each leaching interval 
c952 r analysis did not include ^5Nb daughter gamma ray (764.5 keV) 
% + 1σ (2 replicates only) 
edata from one sample only, + 1σ counting statistics 
fND - not detected 
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C O L E S E T A L . Single-Pass Leaching 107 

D A T A F O R M E L T G L A S S #3 

Χ + 1σ (of 3 samples) 

60„ Co 95 > c Zr 106D Ru 1 2 4Sb 1 2 5 s b 1 3 7 C s 144^ Ce 

10 + 4 1.9 ± °-7 20 + 7 67 + 23 30 + 11 38 + 16 1.1 + 0.3 
6.0 + 0.6 1.0 ± ο· 3 5 + 2 d 24 +.5 9 + 3 12 + 7 e 1.1 + 0.1 
3.6 + 0.4 0.8 ± °-4 4 + 2 12 + 3 6 + 4 NDf 1.2 + 0.2 
2.0 + 0.2 0.4 ± °-08 2 + 0.6 5 ± l d 2 + l d 4 ± 2 e 0.97 + 0.02 
1.1 + 0.2 0.3 ± Ο1 1.7 + 0.5 4.4 + 0.4 1.5 + 0.6 1.5 + 0.1d 0.77 + 0.08 
0.70 + 0.07 0.21 Ι °· 05 1.1 + 0.2 2.4 + 0.4 0.9 + 0.6e 0.74 + 0.07d 0.7 + 0.1 
0.70 + 0.03 0.22 ± °-08 1.3 ± 0.6 ND 0.6 + 0.3e 2.3 + 0.7e 0.73 + 0.08 
0.6 + 0.1 0.2 ± Ο1 0.8 + 0.2 1.5 + 0.8d 0.8 + 0.2 ND 0.6 +0.2 
0.39 + 0.04 0.22 Ι °· 01 0.5 + 0.1 ND. 0.4 + 0.1 3+1 0.48 + 0.09 

2.4 + 1.1 0.7 ± °· ,4 11 + 2 27 + 4 19 + 2 29 + 7 0.15 + 0.05 
1.6 + 0.1 0.5 ± °· 2 ND 21 + 6 12 + 1 19 + 1 ND 
1.7 + 0.3 0.6 ± °· ,4d 2.7 + 1.5e 12 + 4 6.7 + 0.9d ND ND 
1.4 + 0.3 ND 1.5 + 0.8e 8 + 2 2.5 + 0.4 2.7 + 0.2d ND 

0.7 + 0.1 0.13 ± o. .06e 1.1 + 0.4 3.3 + 0.9 1.0 + 0.2d 1.4 + 0.1d 0.013 + 0.005e 

0. 36 + 0.04 0.08 ± °· . o i d 0.6 + 0.1 4 + 2 0.6 + 0.1 0.4 + 0.3e 0.03 + 0.006 

0.31 + 0.04 0.25 ± 0 .05e 0.8 + 0.4e ND ND ND 0.08 + 0.02d 

0.25 + 0.02 0.076 ± 0 .007d 0.30 + 0.06 1.4 + 0.4 0.34 + 0.01d 0.4 + 0.1d 0.05 + 0.02 

0.23 + 0.03 0.11 ± 0 .02 0.29 + 0.09 ND 0.24 + 0.07d 2.5 + 0.8 0.07 + 0.04 
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Figure 8. Leaching rates of 5 7 C o , 5 8 C o , and 60Co at high and low flow rates vs. 
mean leaching time: (Φ), 57Co hi; (O), 57Co low; (M)> 58Co hi; (•), 58Co low; (A)> 

60Co hi; (Δ), 60Co low. 
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6. C O L E S E T A L . Single-Pass Leaching 109 

Figure 9. Leaching rates of 95Zr, 106Ru, and 137Co at high and low flow rates vs. 
mean leaching time: (Φ), 137Cs hi; (O), 137Cs low; (U)> 1 0 6 ^ hi> (Π), 1 0 6 ^ l™; 

(A),95Zr hi;(A),95Zrlow. 
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1 Π _ 7 I ι ι i_J ι ι ι ι ι I ι ι ι i_J 
, U 1.0 10 100 

Mean leaching time (days) 

Figure 10. Leaching rates of 124Sb, 125Sb, and 144Ce at high and low flow rates vs. 
mean leaching time: 124Sb hi; (O), 124Sb low; ( H ) , 125Sb hi; (•), 125Sb low; 

(Ah U4Ce hi; (A), 144Ce low. 
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6. C O L E S E T A L . Single-Pass Leaching 111 

there i s not enough experimental evidence to decide between the 
two, but a knowledge of Si04 concentrations i n the leachate 
samples would serve as a check on the glass dissolution rates. 

In terms of Equation (2) the leach rate for l l + l fCe corresponds 
to a very low value of a and values of b which are very dependent 
on flow rate. This i s consistent with the idea that Ce i s so 
strongly associated with the glass matrix that i t i s transported 
into solution almost exclusively by dissolution of the glass. 

In the case of the Co and Sb nuclides, there may be some 
correlation between leaching rate and o r i g i n a l mode of production. 
The leaching rates for 5 7Co, 5 8Co, and 6 0Co are nearly i d e n t i c a l . 
The agreement among these three isotopes of the same element 
provides some indication of the quality of the experimental data. 
Since they are a l l isotopes of Co, immediately upon production 
( 5 8Ni(n,np) 5 7Co, 5 8Ni(n,p) 5 8Co, 6 0Ni(n,p) 6 0Co, 5 9Co(n,Y) 6 0Co) they 
should behave si m i l a r l y through the course of the glass melting 
and s o l i d i f i c a t i o n process. Leaching rates for the Sb radio
nuclides show poorer agreement with each other than those for 
the Co radionuclides. The radionuclides are produced by the 
nuclear explosion i n quite different ways. Antimony-124 i s 
produced by activation of stable 1 2 3Sb(* 2 3Sb(η,γ) 1 2^Sb) while 
l 2 5 S b i s produced by beta decay along the mass 125 f i s s i o n 
product decay chain: 

1 2 5In(2.35s) I 1 2 5Sn(9.65d) J 1 2 5Sb(2.73y) 

The b o i l i n g points of In, Sn and Sb are 2000C, 2270C, and 1380C, 
respectively, so that the 1 2 5 S b precursors should have condensed 
sooner than 1 2 I*Sb. Therefore, 1 2 5 S b was probably more homogen
eously distributed throughout the glass than 1 2 4 S b . This i n 
turn suggests that 1 2 5 S b should have the lower leach rate of the 
two. Our experimental results show that 1 2 5 S b indeed has a 
lower leaching rate than 1 2 I +Sb, but the experimental errors are 
so large that the difference may not be s t a t i s t i c a l l y s i g n i f i c a n t . 

According to the theoretical picture corresponding to 
Equation (2), as protons migrate from solution into the glass 
and displace cations, the OH concentration and solution pH should 
increase. Our results indicate that when solutions pass over 
the samples at low flow rates the pH increase i s larger (0.52) 
than at high flow rates (0.27). This suggests that nucleophilic 
attack on the s i l i c a t e network should be increased at low flow 
rates. However, the radionuclide leaching rates at long times 
indicate that the rate of attack of the s i l i c a t e network does 
not change s i g n i f i c a n t l y with flow rate, or i n the case of ll+l*Ce 
the rate of attack increases with flow rate. Under the existing 
flow conditions, the rate-determining step may be transport 
of dissolved S i 0 4 out of the sample c e l l at low flow rates, and 
attack on the s i l i c a t e network at high flow rates. Clearly an 
independent estimate of the rate of attack on the s i l i c a t e net
work would be helpful; i t could probably best be made from a 
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determination of the S 1 O 4 concentration i n the leachate samples. 

Conclusions 

At this interim stage i n the study we conclude as follows: 

Generally, the leaching rates of puddle glass determined 
by the one-pass dynamic leaching method decrease with 
time i n a similar fashion to those determined on synthetic 
glasses using various s t a t i c methods. 
For most of the radionuclides observed, the leaching 
rates do not depend s i g n i f i c a n t l y on the flow rates. 
Further experiments may be advisable to determine i f 
this i s true for the much lower flow rates corresponding 
to some NTS f i e l d conditions. 
Additional a n a l y t i c a l work should be done to complete the 
Pu analyses and to determine the dissolution rates for 
the s i l i c a t e network i n the glass samples. 
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Abstract 

Melt glass (fused rock containing fission and activation 
products and actinides) produced by three underground nuclear 
explosions has been leached at 25°C with groundwater obtained 
from a well near the explosion sites. Leaching was carried out 
in cells with the groundwater passing over glass particles 
(size range: 40-130 μm) at flow rates of 36 and 6.7 cm/day. With 
this dynamic flow-through system, the solid sample is continually 
exposed to fresh leaching solution in an attempt to simulate 
actual underground conditions. Radionuclide concentrations in 
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the leachate were obtained at intervals of 1, 2, 3, 6, 11, 32, 
38, 70, and 120 days after the leaching began. The fraction of 
radioactivity leached per day per M 2 surface area varied from 
1.5 x 10 -2 for 22Na on Day 1 to 7.0 x 10-6 for 144Ce on Day 120. 
Except for 144Ce, leaching rates did not seem to depend s ignif i 
cantly on flow rates. 
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Method for Determining Leach Rates of Simulated 

Radioactive Waste Forms1 

K. F. FLYNN, L. J. JARDINE, and M. J. STEINDLER 
Argonne National Laboratory, Chemical Engineering Division, 
9700 South Cass Avenue, Argonne, IL 60439 

One of the more important factors affecting the isolation of 
radioactive waste is the rate of release of the radioactivity from 
the solid waste form to the environment. The most probable 
mechanism for release and transport of radioactivity from a solid 
waste form is by leaching of radioactive isotopes with groundwater. 
The objective of leach-testing various waste forms is to evaluate 
the rate at which specific hazardous radionuclides migrate from 
waste if and when the waste form comes in contact with groundwater. 
In this paper, measurement of leach rates of radioactive waste by 
a method which incorporates neutron activation is described. 

The radioactive isotopes of most concern in high level waste 
(HLW) and their estimated toxicities after several decay periods 
are given in Table I. These data are largely taken from 
Wallace(1); supplemental estimates from calculations based on 
ORIGEN code information(2) are included. Other isotopes of the 
transuranic elements (e.g., 240,241,242Pu, 243Am, 245,246,247Cm), 
while present, have not been included since their relative toxi
cities are negligible compared to the toxicities of the isotopes 
shown in Table I. Of the isotopes included in Table I, the 
greatest initial hazard to the public is from 9 0 S r and 137Cs. 
These isotopes represent the greatest hazard during the relative 
short term (i.e., ~500 y). Plutonium and americium tend to 
predominate during the next phase (i.e., 500 y to 105 y) with 129I 
and 9 9 T c becoming of comparable importance toward the latter part 
of this period. Because of either half - l i fe or product yield 
considerations, the other isotopes have significantly less toxicity 
and wi l l not be considered here. 

Considerable uncertainty exists about the mechanism of 
leaching of activity from solidified waste by water. The process 
of dissolution of the solid matrix is important, but ion migration 
through the matrix to the interface may also play a role. Since 

1 Work performed under the auspices of the U.S. Department of Energy. 

0-8412-0498-5/79/47-100-115$05.00/0 
© 1979 American Chemical Society 
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Table I. Radioactive Isotopes i n Stored High Level Wastes 
Having Half-Lives Greater than One Year and 
Their Estimated Relative T o x i c i t i e s 3 (Revision 
of Wallace Data) 

Relative Toxicity 

Isotope 
Hal f - L i f e , 

y 10-y 10 3-y 10 5-y 

90 Sr 28.8 1, .0 ___ 
1 3 7 C s 30.0 1, .5 E-2 
l"7Pm 2.6 5 E-4 
125 s b 2.7 6 E-5 
106 R u 1.0 5 E-5 
2 38p u 89 5 E-5 
^lAm 4.3 E+2 4 E-5 8 E-6 
2^Cm 18.1 3 E-5 
1 5 1Sm 90 2 E-5 
155 E u 5.0 7 E-6 
2 39p u 2.4 E+4 5 E-6 5 E-6 3 E-7 
129j 1.6 E+7 8 .5 E-7 8.5 E-7 8.5 E-7 
" T c 2.1 E+5 1, .5 E-7 1.5 E-7 1 E-7 
7 9 S e 7 E+4 6 E-8 6 E-8 2 E-8 

1 3 5 C s 2 E+6 5 E-8 5 E-8 5 E-8 
l ^ S n 1 E+5 5 E-8 5 E-8 2.5 E-8 

9 3 Z r 9.5 E+5 1, .5 E-8 1.5 E-8 1.4 E-8 
9t*m> 2 E+4 6 .5 E-9 6.5 E-9 

2 3 7Np 2.1 E+6 6 E-9 6 E-9 6 E-9 
107 p d 7 E+6 1.5 E-9 1.5 E-9 1.5 E-9 

Relative t o x i c i t y i s defined as the r a t i o of the concen
tratio n of a given isotope i n the waste to i t s maximum 
permissible concentration (MPC) i n public zone water 
(Réf. 1). 
Relative t o x i c i t y values are a r b i t r a r i l y normalized to 
9 0 S r at 10 y as unity. Values may vary from those l i s t e d 
depending on the f i s s i o n product content of the fu e l . 
The plutonium values are based on the assumption that 98% 
of the plutonium has been removed by reprocessing of the 
fue l . Relative t o x i c i t i e s smaller than 1 E-9 have been 
a r b i t r a r i l y assumed to be negligible and hence are not 
included. 
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7. F L Y N N E T A L . Leach Rates 117 

the leach rate can vary for different elements, i t i s most 
important that the leach rate be determined for s p e c i f i c l i m i t s of 
interest. It i s also desirable to measure the leach rates of 
samples i n an undisturbed state since crushing or other 
destructive measures (usually employed to obtain p r a c t i c a l rates) 
can s i g n i f i c a n t l y a l t e r the physical characteristics and hence the 
leach rate of the material. Neutron activation analysis (NAA) 
provides a method whereby measurements of s p e c i f i c leached 
elements can be made i n a reasonable time interval without the 
necessity of physically alte r i n g the waste matrix prior to 
leaching. 

Leach rates are generally reported i n units of grams of t o t a l 
mass leached per square centimeter of surface area per day of 
leaching (g/cm2 day). These units can be misleading i n waste 
management studies since they have been adapted from metallurgical 
tests for corrosion rates. Loss of volume (or weight) from a 
surface corresponds to an erosion (or depth) expressed as 
g/cm2 day). In waste management, i n contrast, the primary 
interest i s the rate at which a s p e c i f i c isotope i s separated from 
the s o l i d matrix into the leaching medium. However, as long as 
the units measured i n any experimental arrangement are c l e a r l y 
defined, at least confusion can be avoided. 

Leach rates for borosilicate and phosphate glasses (among the 
most leach-resistant of a l l commercially produced glasses) are 
generally i n the range of about 10" 5 to 1CT** g/cm2 day. The very 
low leach rates are associated with special experimental glasses. 
The most l i k e l y range of waste glass leach rates center around 
10""6 g/cm2 day. Hence, i t i s important i n a l l radioactive waste 
forms (i.e. 3 to minimize the surface to volume r a t i o ) . The most 
appropriate shape for this condition i s an impervious cylinder. 
While a spherical shape has the lowest surface-to-volume r a t i o , 
the ease of fabrication and handling of a c y l i n d r i c a l shape makes 
i t more desirable. 

Laboratory studies of leach rates would most conveniently be 
done on samples of about 1 g (i.e., 0.1 to 10 g range) of waste-
However the measurement of very low leach rates (e.g., ^10~ 6 

g/cm2 day) on unground samples of this small size would give 
tenuous results. A 1-g sphere with a density of 2 would have a 
surface area of 3 cm2. A leach rate of 10" 6 g/cm2 day would 
result i n a t o t a l weight loss of 3 χ 10" 6 g per day. Assuming a 
30 wt % mixture of HLW (see Table II) i n s t a b i l i z i n g additives, 
(i.e., glass f r i t , etc.), r e a l waste would contain about 3 wt % 
cesium. If the test material was representative HLW, the cesium 
loss would be about 10""7 g per day. The leaching times necessary 
to obtain s u f f i c i e n t material i n solution so that the concentration 
exceeds the detection l i m i t for the analysis would be prohibitive 
(i.e., vL-y). Neutron activation analysis not only provides the 
increased s e n s i t i v i t y required for leach rate measurements but also 
when applied i n the manner described i n this report, circumvents 
the background problems caused by the dissolution of container 
materials. 
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Table II. Composition of Simulated High Level Radioactive 
Waste: Revision of Bonner's Data(13) 

Relative Activation Product (and 
Elements Molar Half Life) of Naturally 
i n Waste Abundance Occurring Elements 

Fission 
Products 

Actinides 

Rb 0.015 8 6Rb 18.7 d 
Cs 0.079 1 3 l*Cs 2.05 ^ 
Zr 0.155 9 5 Z r 65.5 d 
Mo 0.139 "Mo 2.8 td 
Tc 0.032 —1 
Ru 0.086 103 R u 39.5 d 
Rh 0.015 
Pd 0.047 
Ag 0.003 11 Om̂ g 255 d 
Cd 0.003 115mcd 43 d 
Sb 0.010 1 2 l*Sb 60 d 
Te 0.018 129mTe 34.1 d 
Sr 0.039 85 S r 64 d 
Bà 0.040 1 3 1 B a 11.5 d 
Y 0.020 
La 0.035 1 I +°La 1.7 d 
Ce 0.075 ^ C e 32.5 d 
Pr 0.034 
Nd 0.104 
Pm 0.003 
Sm 0.020 
Eu 0.004 152 E u 13.2 y 
Gd 0.003 
U 0.016 2 37 Π 6.8 d 
Np 0.012 2 39 N p 2.4 d 
Pu 0.000 15 
Am 0.002 6 
Cm 0.000 59 
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7. F L Y N N E T A L . Leach Rates 119 

The basic technique established for leach testing involves 
exposure of a s o l i d sample of known composition and having a 
premeasured surface area to a leaching medium for a fixed time 
in t e r v a l . This i s followed by analysis of the leaching medium for 
the mass of a s p e c i f i c material which has dissolved i n the 
leaching medium. D i f f i c u l t i e s arise i n trying to duplicate i n the 
laboratory the leaching medium and conditions present i n the 
natural environment. The physical conditions under which the 
measurements are made d i f f e r widely for the various methods. 

A survey of leach rate measurements has been made by Mendel(3). 
As examples of r e l a t i v e l y simple procedures, three methods are 
described below. A l l such methods require either analyses of bulk 
l i q u i d s for ionic constituents (at low concentrations) after 
leaching or a drastic increase i n the surface area prior to 
leaching to get higher concentrations that are easier to measure. 

Leaching with Soxhlet Apparatus. A Soxhlet leaching 
apparatus has been used extensively(4) i n radioactive waste 
measurements. The sample i s contacted with continuously replen
ished d i s t i l l e d water. Leaching rates have been shown to be 
inhibited by ions previously leached from the s o l i d material(5). 
This technique eliminates interference from ions i n solution. 

Leaching with A i r l i f t Recirculator. In a similar method (6) 
used by other investigators, 50 mL of d i s t i l l e d water at room 
temperature i s recirculated over a sample at a rate of 250 mL/min 
by means of an a i r l i f t r e circulator. The leach water i s sampled 
and i s changed per i o d i c a l l y . 

Leaching onto Ion-Exchange Resins. A more sophisticated 
procedure for determining l e a c h a b i l i t i e s of radioactive waste 
forms has been developed Ç7). Flowing deionized water i s contin
uously circulated across the sample surface and then through ion-
exchange resins where the leached ions are adsorbed. The adsorbed 
ions are subsequently eluted from the resin columns for atomic 
absorption analyses. Leachabilities measured by this procedure 
are claimed to be lower and more consistent than those made i n 
stagnant water i n the absence of continuous ionic control (7) . 

Measurement of Surface Area. The le a c h a b i l i t y determined by 
these methods i s usually reported as g/cm2 day. The t o t a l surface 
area of particulate material can be assessed: 1) by assuming a 
p a r t i c l e shape (e.g.3 spherical) and estimating the number of 
p a r t i c l e s , or 2) by measurements using the Brunauer-Emmett-Teller 
(BET) nitrogen adsorption technique(8). Unfortunately, the BET 
method measures the area of surfaces to which nitrogen has access; 
this i s not necessarily the same as the area to which a solution 
has access. Access by solutions requires much larger pore areas, 
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and even then free transport of ions from the surface to the bulk 
solution i s necessary. Hence, the BET can overestimate the 
surface area available for leaching. 

Accurate determination of the surface area exposed to 
leaching remains a major uncertainty i n the conversion of experi
mental results to true leach rates. If a simple geometric shape 
i s assumed i n determining a lower l i m i t for the surface area, 
conservative estimates (i.e., upper li m i t s ) of the true leach 
rates are obtained. When there are uncertainties i n the leach 
rate data, upper l i m i t s are the most useful for cautious extra
polations to long term storage conditions. In contrast surface 
areas measured by BET technique lead to errors i n the other 
direction. Surface area measurements by l i q u i d penetration i s not 
a well-developed technique. 

Form of Reported Data. The mass of material leached can be 
determined either by any standard gravimetric method or, i n the 
case of radioactive samples, by measurement of the r a d i o a c t i v i t y 
dissolved i n the leaching medium. Since different ions are often 
leached at different rates, i t i s important to specify the ion 
when quoting leach rate results. To avoid confusion on t h i s 
matter, i t has been suggested(9) that long-term leaching results 
be reported as (fraction of A leached)(cm 2/g) - 1(day) - 1, where A 
i s the s p e c i f i c ion analyzed for. 

A standard method for leach-testing immobilized radioactive 
waste solids and for reporting results has been proposed(10). 
Other workers, however, consider this proposed method of testing 
unduly tedious and offer constructive suggestions for accelerating 
leach tests(4). Many of these proposed methods involve physical 
destruction of the waste form i n order to increase the surface 
area exposed to the leachant. Such a procedure not only can a l t e r 
the physical characteristics of the surface exposed to leaching 
but also can require the measurement of the surface areas of 
f i n e l y divided solids with the concomitant d i f f i c u l t i e s mentioned 
above. 

F i e l d Leach Tests. Two f i e l d leach tests have been success
f u l l y conducted(11) , using glass blocks containing aged f i s s i o n 
products and buried below the surface water table. The ground
water composition and flow rate were accurately determined, the 
surface area of the block was measured, and the concentration of 
9 0 S r i n the groundwater was monitored at regular intervals over a 
15-y period. This type of experiment i s very useful i n addressing 
the questions involved i n safe, long-term waste disposal. However, 
the extensive e f f o r t and the need to do f i e l d t e s t i n g for each 
material make this approach undesirable for development of large 
scale testing programs. 
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Neutron Activation Method. Neutron activation analysis for 
the measurement of trace elements has been used extensively and 
the l i t e r a t u r e i s replete with papers on this subject. A recent 
review of this technique as applied to environmental samples has 
been published by the National Academy of Sciences(12). 

The experimental technique devised i n this work i s based on a 
NAA method. Neutron i r r a d i a t i o n of s o l i d waste forms of simulated 
HLW (see Table II) produces activation of the elements i n the 
sample. The activation products can be readily measured before 
and after leaching by radiochemical and/or instrumental techniques. 
In order to be useful for these purposes, the activation product 
must have a s u f f i c i e n t l y energetic and abundant radiation (either 
3~ or γ) to be ea s i l y detected, as well as a s u f f i c i e n t l y long 
h a l f - l i f e (i.e., several days or more) to be useful for r e l a t i v e l y 
long-term leach studies. The elements i n HLW of most concern (see 
Table I) and their associated measurable radioactive isotopes (see 
Table II) are strontium ( 8 5 S r ) , cesium ( 1 3 l fCs), the t r i v a l e n t 
actinides ( 1 5 2 E u as a standin), and the tetravalent actinides 
( l i f lCe as a standin). Trivalent rare earths ( 1 5 2Eu) have been 
shown to be a satisfactory substitute for the t r i v a l e n t actinides, 
and tetravalent cerium (*^*Ce) substitutes for the tetravelent 
actinides i n waste studies(13). However, i f there i s uranium 
present i n the waste form, ^ 7 U produced by (n,2n) on 2 3 8 u and 
2 3 9Np from (η,γ,β) on 2 38|j become useful actinide tracers. In the 
work described here, 8 5 S r , 8 9 S r , 1 3 1 B a , 1 4 1 C e , and 1 5 2 E u i n a 
spray-calcined simulated waste and 1 2 i +Sb i n lead were measured. 

analysis using a lithium-drifted germanium (GeLi) detector 
provides an assay of the gamma-emitting radioisotopes present. 
After leaching of the s o l i d matrix for a suitable time i n t e r v a l , 
the leaching medium can be assayed either by gamma ray (i.e., GeLi) 
or ( i f greater s e n s i t i v i t y i s required) by radiochemical analysis, 
using conventional radiochemical separation techniques(14) 
followed by gamma ray analysis (GeLi detector) and/or low-back
ground beta counting of the separated species. From these 
measurements, the fraction of the element of interest which has 
been leached from the matrix can be determined with great sensi
t i v i t y . Because of the s e n s i t i v i t y , these measurements require no 
destruction of the s o l i d matrix prior to leaching i n order to 
increase the leach rate; also, the concentrations of the ions i n 
solution remain very low, minimizing their effect on the dissolu
tion reaction. 

The t o t a l mass of the s o l i d matrix can be determined quite 
accurately by weighing on a standard a n a l y t i c a l balance. The 
surface area of a waste granule exposed to the leachant i s more 
d i f f i c u l t to determine. A conservative estimate (lower l i m i t ) can 
be made by assuming smooth surfaces and measuring the apparent 
geometric area (i.e., assume an impervious sphere configuration). 
More accurate measurements of the surface area exposed to the 
leachant are d i f f i c u l t to obtain with currently available 
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techniques. On the other hand, since glass monolithic shapes are 
planned for HLW disposal, test samples that simulate this form, 
e.g., glass cylinders or beads, can be described by the simple 
geometric area i f the leach reaction does not proceed to change 
the surface area over the course of the experiment. It i s 
recognized that leach rates of p a r t i a l l y reacted surfaces may 
d i f f e r s i g n i f i c a n t l y from those determined on smooth, fresh 
surfaces. 

Experimental Results 

Leach rate measurements have been made on several waste forms, 
using the NAA technique. Some results are presented here as 
examples of the application of this method. Simulated wastes used 
in these studies consisted of two types of granules obtained from 
Battelle P a c i f i c Northwest Laboratories. The d i f f e r e n t i a l leach 
rates of the bulk waste matrix were calculated with the equation: 

W 

Ο 
where A^ = amount of isotope A removed i n time t 

A = i n i t i a l amount of isotope A i n s o l i d ο 
S = surface area of the so l i d material (cm2) 

W Q = i n i t i a l weight of the s o l i d material (g) 
t = leach period (days) 
L = leach rate (g/cm2 day) 

A t/A Q = frac t i o n of isotope leached. 

Gross dissolution of the waste can be measured from the loss 
of weight of the sample or by determination of the appearance i n 
the leaching medium of the major matrix constituent (e.g., glass). 
However, the selective leaching of important f i s s i o n product 
elements has been observed i n this work to be s i g n i f i c a n t l y 
different from that of the bulk waste matrix. The units normally 
used to describe leach rates, i.e., g/cm2 day, appear to imply 
dissolution of the waste. Results quoted as fraction leached per 
cm2 day(9) where the fraction leached refers to an i d e n t i f i e d 
element or nuclide [i.e., (A t/A 0)/St] may be more descriptive of 
actual leaching. However i t must be remembered that the frac t i o n 
leached depends on the s p e c i f i c surface area (cm2/g) of the 
monolith. Conversion of the data given i n these terms to the more 
conventional form shown i n Eq(l) can be easily made i f the 
sp e c i f i c surface area (cm2/g) i s known. 
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Leaching of Sintered Granules. The i n i t i a l studies i n this 
work(13) were done i n granules consisting of 80% PW-4b spray-
calcined simulated waste, 10% s i l i c a , and 10% borosilicate glass 
f r i t sintered at 1100°C. The granules were about 0.6 cm i n 
diameter and weighed about 370 mg each. The surface area, based 
on the assumption of an impervious (i.e., "hard") spherical shape, 
was calculated to 1.1 cm2 per 370-mg bead or 3 cm2/g. D i s t i l l e d 
water (at 25°C) was the only leachant used i n these studies since 
the wide v a r i a b i l i t y i n groundwaters makes i t impossible to obtain 
a single meaningful generic groundwater composition. 

Several of these granules were irradiated i n the isotope tray 
(flux *v>6 χ 1 0 1 2 n/cm2 s) of the Argonne CP-5 Research Reactor for 
24 h (total neutron fluence, ^5 χ 1 0 1 7 n/cm2). After ^3 weeks 
cooling to allow unwanted short-lived a c t i v i t i e s to decay, neutron-
induced r a d i o a c t i v i t i e s present in the granules were determined by 
gamma-ray analysis, using a GeLi detector and a computer-programmed 
gamma spectrum analysis. Isotopes of particular interest that 
were i d e n t i f i e d were 8 5 S r (514-keV γ ) , 1 3 1 B a (496-keV γ ) , lklCe 
(145-keV γ) , and 1 5 2 E u (1408-keV γ ) . 

After gamma ray analysis was complete, a granule was immersed 
in 100 mL of room-temperature d i s t i l l e d water for several days with 
no s t i r r i n g . ( S t i r r i n g was generally avoided i n these experiments 
since i t was concluded that stagnant water closely approximates 
slow-moving groundwater i n natural situations.) The water was then 
decanted from the granule and analyzed radiochemically(14) for the 
elements barium, strontium, cerium, and rare earths (RE). The 
barium and strontium contents were determined i n order to measure 
leach rates of the alkaline earth metals. Because of chemical (and 
valence) s i m i l a r i t y , the measured cerium leach rates should r e f l e c t 
the leaching characteristics of the tetravalent actinides. The 
other RE leach rates should r e f l e c t the leaching characteristics of 
the tetravalent actinides and of the RE themselves. The radio-
chemically separated samples were counted i n a low-background 
(background ^0.8 count/min) beta proportional counter, as well as 
with a GeLi detector. The results with the two different counting 
methods agreed within experimental error (i.e., about 10%). Two 
successive seven-day leach tests were performed on each granule. 
The agreement between these two tests indicated no s i g n i f i c a n t 
change i n leach rate with time on this short time scale, for the 
particular elements studied (i.e., barium, strontium, cerium, and 
rare earths). It was not possible to determine the cesium content 
in these granules because, for economy reasons, cesium was not 
included i n the calcine production. The results of these measure
ments are given i n Table III. Significant differences i n the 
leach rates of the alkaline earths (barium, strontium) the RE 
(europium), and cerium are observable. 

Leach rate measurements using this technique can be made 
using high-resolution GeLi detectors for gamma counting exclusively 
(i.e., without radiochemical separations from the leaching medium). 
This method, while much more rapid, results i n a si g n i f i c a n t 
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Table III. Leach Rates of Waste Form PW-4 i n D i s t i l l e d 
Water at 25°C (7 day leaching period) 

Leach Rate 

a b Counting Fraction Leached Equivalent Mass 
Isotope Method per day g/cm2'day 

8 5 S r γ 1.1 E-4° 3.8 E-5 
8 9 S r 3 9.8 E-5 3.3 E-5 

1 3 1 B a 3 1.0 E-4 3.5 E-5 
m C e γ 3.3 E-6 1.1 E-6 

3 2.9 E-6 1.0 E-6 
Rare Earths γ 1.3 E-5 4.4 E-6 

( 1 5 2Eu) 

a F r a c t i o n of indicated isotope. 
^Mass of s o l i d waste that would have been leached i f the t o t a l 
mass had been leached at the same rate as the indicated isotope. 

CRead 1.1 χ 10 _ l f. 

decrease i n s e n s i t i v i t y , as well as some increase i n uncertainty, 
as a consequence of analyzing extremely complex gamma spectra 
containing many overlapping gamma rays. Low-enerey gamma rays 
such as those associated with l l f 7Nd (91-keV) and l'°Tm (84-keV) 
are p a r t i c u l a r l y d i f f i c u l t to resolve as i s 8 5 S r (514-keV) whose 
gamma ray energy i s very close to the usually abundant annihilation 
radiation (511-keV). Low-abundance gamma rays also tend to get 
lost i n the Compton continuum from the more abundant high-energy 
gamma rays which are always present. For these reasons, and to 
improve s e n s i t i v i t y , radiochemical separations, though time-
consuming, represent an important part of the procedure for 
quantitative measurements. For qualitative measurements, 
application of the technique without radiochemical separations i s 
simple, straightforward, and quick. 

The counting techniques described i n this paper are also 
readily applicable to studies of "hot" radioactive waste 
(i.e., radioactive waste from reprocessed nuclear f u e l ) . With 
this type of material, the cesium can be analyzed as 30-y 1 3 7 C s 
(662-keV γ ) , the RE as 13-y 1 5 2 E u (964-keV and 1408-keV γ ) , the 
strontium as 28-y 9 0 S r (after chemical separation and beta 
counting), and the actinides by group separation and alpha 
counting. 

Leaching of Lead Matrix Materials. The use of a metal matrix 
for waste encapsulation i s being studied. The neutron activation 
method was used to evaluate the leaching characteristics of 
potential metal matrix materials. Lead was selected for i n i t i a l 
studies. Reagent grade lead beads (2.2-mm diameter, weighing 75 mg 
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each) having a s p e c i f i c surface area of about 2 cm2/g were 
irradiated (as described above) for 24 h at a thermal neutron flux 
of about 6 χ 10 1 2 n/cm2s. After an appropriate cooling time to 
allow short-lived gamma a c t i v i t i e s to decay (about 2 weeks), the 
gamma radiation from the beads was measured. Sufficient 1 2 l fSb 
a c t i v i t y was produced from neutron capture by the antimony 
impurity i n the lead to serve as a tracer for the bulk lead during 
the leach studies. 

The irradiated lead beads were immersed i n 25°C air-saturated 
quiescent d i s t i l l e d water (pH, ^6) for one week, after which the 
leaching medium was analyzed for 1 2 I +Sb by gamma counting. The 
lead beads were also weighed before and after leaching to assess 
the t o t a l weight loss. F i f t y beads were used i n order to increase 
the s e n s i t i v i t y of the measurement. The leach rates (grams of 
lead/cm 2 day) as calculated from Eq(l) were 3.6 E-4 from the 
weight loss and 3.2 E-4 from the 1 2 l*Sb determination. These two 
numbers agree within estimated experimental uncertainties and 
hence indicate that 1 2 I fSb i s a representative tracer to measure 
the t o t a l mass leach rates for lead. Also, this agreement serves 
to v e r i f y that this method of leach rate determination gives 
results comparable to those obtained with more standard methods 
such as weight loss measurements. 

Discussion and Conclusions 

The neutron activation testing procedure i s most useful for 
the measurement of very low leach rates. The leach rates 
delineated i n Table III were each based on one granule weighing 
370 mg and having 1.1 cm2 (̂ 3 cm2/g) surface area. These condi
tions easily permitted the measurement of leach rates of the order 
of 10~ 6 g/cm2 day for one-week leach tests without radiochemical 
separations being necessary. If gamma counting i s supplemented 
with radiochemistry and low-background beta counting, at least two 
orders of magnitude more s e n s i t i v i t y (i.e., 10~ 8 g/cm2 day) can be 
achieved. This s e n s i t i v i t y can be increased further by increasing 
the sample size and/or neutron fluence (each can readily be 
increased by a factor of 10). With such modifications, measure
ment of leach rates of less than l O " 1 ^ g/cm2 day would be readily 
available. 

Leach rates for elements other than those l i s t e d i n Table II 
can also be determined by this method. In fact, any element i n 
the periodic table that i s s o l i d at room temperature and has an 
activation product with a h a l f - l i f e s u f f i c i e n t l y long to allow 
leach testing can be studied with this technique. This method can 
also be applied to the study of the leach rates of alpha emitting 
actinides present i n waste. In this case, standard carr i e r - f r e e 
radiochemical procedures, coupled with low background alpha 
counting, would be invoked. 

The c l a s s i c a l leach test methods currently i n use, (the 
Soxhlet, Paige, Kelley, procedures described above i n Description 
of Leach Rate Measurement Procedures as well as those described i n 
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Ref 3) give at best qualitative results. Although these results 
may be adequate for comparing the leach rates of various waste 
forms, they tend to be unsuitable for extrapolation to f i n a l 
repository or accident conditions. This deficiency has been 
pointed out by Mendel(3) and Sheffler et at. (15), among others. 

The technique described i n this paper allows leach rates to 
be measured without physically alte r i n g the waste form being 
studied hence, the results are more amenable to extrapolation to 
f i n a l conditions. 

Our method for measuring leach rates i s thought superior to 
other methods currently i n use. Meaningful leach rate data can 
be obtained using r e l a t i v e l y simple laboratory scale equipment 
coupled with standard NAA techniques. More detailed information 
can be procured by applying radiochemical separations and more 
sophisticated counting methods. The experimental technique 
described here i s applicable to the measurement of leach rates for 
the elements of interest, from any so l i d waste form, i n any 
potential storage environment. 
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Ceramic Forms for Nuclear Waste1 

R. G. DOSCH 

Sandia Laboratories, Albuquerque, NM 871852 

Options for disposal of high level l iquid radioactive waste, 
a by-product of the nuclear fuel cycle, range from controlled 
surface storage in remote areas to storage in deep geologic 
formations and injection into outer space. Features or operations 
common to all these options are the production of a solid waste 
form, transportation, and disposal, with the ultimate goal of 
isolating the waste from the biosphere. Since some of the long
- l ived radionuclides are extremely toxic to man, isolation must be 
assured over long periods of time. 

Any solid waste form should serve to reduce waste volume and 
provide short term stabilization under conditions such as frac
ture, f i re , or water immersion which could result from a 
transportation mishap. In the geologic storage scenarios cur
rently receiving the most scrutiny, the most l ikely path to the 
biosphere has been identified as aqueous transport of nuclides via 
groundwater. Thus an acceptable waste form would also resist 
dissolution under ambient repository conditions, with the obvious 
benefit of assuring a sufficiently low nuclide release rate into 
an aquifer to preclude a significant threat to health and safety. 

At the present time, glass waste forms which have been under 
development for many years in the United States and elsewhere, 
are considered the reference materials in high level waste 
management (1,2). A vitrified waste form will almost certainly 
be employed in the initial waste disposal programs. Their use in 
deep geologic storage, however, involves some potential problems. 
For example, v i t r i f i ed wastes which are relatively insoluble in 
water or brine under normal conditions, undergo modification 
and/or dissolution quite rapidly at temperatures of 250°C, a con
dition that is expected under the lithostatic pressures associated 
with the principal geologic repositories considered to date (3 ,4 ) . 
In addition, as metastable glasses inevitably devitrify, 

1 This work supported by the United States Department of Energy ( D O E ) , under Con
tract A T (29-1)-789. 

2 A U.S. D O E Facility. 

0-8412-0498-5/79/47-100-129$05.00/0 
© 1979 American Chemical Society 
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s i g n i f i c a n t changes i n properties such as l e a c h a b i l i t y can be 
expected. 

P a r a l l e l waste form development programs on a much smaller 
scale have been and are being conducted i n a few laboratories. 
Most are addressing the development of ceramic waste forms, which 
are inherently more stable i n a thermodynamic sense than glasses. 
Some of these include: l ) Glass ceramics (5) - these materials 
are prepared from glasses by using special heat treatments to 
promote c r y s t a l l i z a t i o n ; 2) Supercalcine - the product of a 
process whereby chemical constituents are added to l i q u i d waste 
with the intent of forming stable c r y s t a l l i n e hosts for s p e c i f i c 
nuclides during calcination and subsequent consolidation (6_); 
3) Metal or graphite encapsulated waste oxides (6_); and k) 
Atomic a l l y dispersed waste oxides i n a ceramic titanium dioxide 
matrix ( 7 , 8 ) . 

An overview of the process of incorporating radioactive 
waste i n a titanium dioxide ceramic form w i l l be presented. The 
process goals were to produce a stable, c r y s t a l l i n e waste form 
and a process effluent which did not require remote handling, or 
preferably could be treated as a chemical waste. The nuclide 
waste, up to 25$ by weight, i s introduced into a titanate mate
r i a l by an ion exchange process. The loaded titanates are con
verted to a t h e o r e t i c a l l y dense (U.5 g/cc) ceramic by pressure 
sintering. Characterization studies of the f i n a l ceramic form 
have been performed using transmission electron microscopy, non-
dispersive x-ray analysis, and other techniques i n order to 
i d e n t i f y some of the important properties of these complex mate
r i a l s . The long term l e a c h a b i l i t y of the ceramic has been 
studied and compared to a glass waste form. This work i s summar
ized along with the i n i t i a l results of some high temperature-
high pressure leaching studies. 

The o v e r a l l development program included the study of other 
exchange materials such as niobates, zirconates, and tantalates, 
some of which had superior ion exchange and leaching properties, 
but were i n i t i a l l y economically unattractive as compared to the 
titanates. These alternate materials w i l l be b r i e f l y discussed 
along with applications to nuclide s t a b i l i z a t i o n i n other areas 
of nuclear processing. 

Ion Exchange Material Preparation and Chemistry 

The titanate material used i n the waste s o l i d i f i c a t i o n 
process i s one of a group of materials of the general formula 
M [MxOyH z] n where M i s an exchangeable cation of charge -hi and M' 
may be T i , Nb, Zr, or Ta (9). In the i n i t i a l work with these 
materials M was a quaternary ammonium ion, generally the t e t r a -
methylammonium ion, i n compounds with a stoichiometry of the type 
(CH3)p[(Ti205H) and (CH3 )ΐμΝ(M^OgH) which were highly water 
soluble. These formulas are empirical, but i f one considers the 
compounds as simple salts which dissolve to form (CH^ and 
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(ΜχΟγ-Ηζ)~ s p e c i e s , t h e formulas a d e q u a t e l y d e s c r i b e t h e i r 
c h e m i s t r y . 

The a n i o n i c s p e c i e s r e a c t q u a n t i t a t i v e l y w i t h m e t a l c a t i o n s 
i n s o l u t i o n t o form p r e c i p i t a t e s w i t h combining r a t i o s o f one 
(MiOyHz)" p e r u n i t p o s i t i v e charge on t h e c a t i o n . These p r e c i p i 
t a t e s , such as Na(Ti2C>5H) o r Ca(Ti20511)2, a c t as i o n exchange 
m a t e r i a l s i n which t h e N a + and C a + + i o n s a r e r e p l a c e d by c a t i o n s 
w i t h a g r e a t e r a f f i n i t y f o r t h e m a t e r i a l . The e a r l i e s t exchange 
m a t e r i a l s were p r e p a r e d by t h i s method, b u t f o r t h e waste s o l i d i 
f i c a t i o n work, a more d i r e c t and econo m i c a l method was us e d 
i n v o l v i n g r e a c t i o n o f t h e a p p r o p r i a t e m e t a l a l k o x i d e , T i (003117)14., 
Nb(002115)5, Ta(002115)5, o r Zr (O C ^ H Q, ̂  w i t h an a l c o h o l s o l u t i o n o f 
a base c o n t a i n i n g t h e d e s i r e d exchangeable c a t i o n , e.g. a s o l u t i o n 
o f 10-20 w/o sodium h y d r o x i d e i n methanol. I n t h e f i r s t s t e p 
(Eq. l a ) , an exothermic e s t e r i n t e r c h a n g e r e a c t i o n t a k e s p l a c e 
f o l l o w e d b y r e a c t i o n w i t h t h e h y d r o x i d e i o n t o form a prod u c t 
w h i c h i s s o l u b l e i n the a l c o h o l s o l u t i o n . The second s t e p ( E q . l b ) 
i s a h y d r o l y s i s r e a c t i o n r e s u l t i n g i n a p r e c i p i t a t e w h i c h i s 
f i l t e r e d and d r i e d under vacuum a t ambient temperature. 

NaOH (methanol) + T i i O C ^ H y ) ^ -* I n t e r m e d i a t e (Eq. l a ) 

In t e r m e d i a t e + H 2 0 - N a ( T i 2 0 5 H ) s o l i d + C 3Hy0H (Eq. l b ) 

The o v e r a l l y i e l d i s e s s e n t i a l l y 100$ by any o f t h e p r e p a r a t i o n 
methods, b ut t h e p h y s i c a l c h a r a c t e r i s t i c s o f t h e i o n exchangers 
a r e dependent on p r e p a r a t i o n c o n d i t i o n s . F o r example, sodium 
t i t a n a t e p r e p a r e d b y Eqs. l a and l b w i t h h y d r o l y s i s i n one l i t e r 
o f water p e r mole o f Τΐ(θθ3Ηγ)ΐ|. has a b u l k d e n s i t y o f 0 Λ 5 g/cm3 
and a s p e c i f i c s u r f a c e a r e a o f 10-^0 m 2/g. The same m a t e r i a l 
p r e p a r e d by Eqs. l a and l b and h y d r o l y z e d i n a s o l u t i o n o f 100 m l 
o f water i n 1000 ml o f acetone f o r each mole o f 11(003117)^ has a 
b u l k d e n s i t y o f 0.35 g/cm3 and a s p e c i f i c s u r f a c e a r e a o f 200-
kOO m 2/g. o I n a l l c a s e s , t h e m a t e r i a l s c o n s i s t o f agglomerates 
o f 50-100 A p a r t i c l e s w i t h t h e degree o f a g g r e g a t i o n o f t h e 
p a r t i c l e s d e t e r m i n i n g b o t h t h e b u l k d e n s i t y and s u r f a c e a r e a . 
A program t o c h a r a c t e r i z e t h e sodium t i t a n a t e m a t e r i a l has 
v e r i f i e d t h a t t h e c h e m i c a l and p h y s i c a l p r o p e r t i e s a r e r e p r o 
d u c i b l e from b a t c h t o b a t c h f o r any o f the p r e p a r a t i o n methods. 
As e x p e c t e d , t h e m a t e r i a l s w i t h t h e h i g h e s t s u r f a c e areas a r e 
most r e a c t i v e and have been s t u d i e d most e x t e n s i v e l y f o r s o l i d i 
f i c a t i o n o f aqueous wastes. Attempts t o determine s t r u c t u r e o f 
the complex a n i o n i n t h e exchange m a t e r i a l were u n s u c c e s s f u l 
w i t h t h e e x c e p t i o n o f t h e n i o b a t e f o r w h i c h a c r y s t a l l i n e form 
o f t h e tetramethylammonium n i o b a t e s a l t was o b t a i n e d (10,11,12). 

The p r i n c i p a l r e a c t i o n w i t h aqueous waste s o l u t i o n s i s 
b e l i e v e d t o c a t i o n exchange as i l l u s t r a t e d i n Eq. 2. 

2NaTi 2 05H ( s o l i d ) + S r + + - S r ( T i 2 0 5 H ) 2 ( s o l i d ) + 2Na + (Eq. 2) 
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Another reaction of the titanate which has an important effect i n 
waste s o l i d i f i c a t i o n i s the reaction with hydrogen ion, as i n the 
hydrolysis reaction shown i n Eq, 3 . 

NaTi 2 0 5H (solid) + 1 ^ 0 - Na + + OH" + HTigOjH (solid) (Eq. 3) 

This reaction i s s i g n i f i c a n t for sodium titanate (Keq ~ 1 0 " ^ 
m o l e s 2 / l 2 ) and sodium zirconate, but i s negligible for sodium 
niobate and some other "titanates" such as Mg(Ti 2 0 5 H ) 2 . Gela
tinous hydroxide precipitates which would appear l i k e l y based on 
Eq. 3 were not observed i n the reaction of sodium titanate with 
aqueous waste, and stoichiometric loading was achieved with poly
valent cations which form insoluble hydroxides as well as for 
those forming soluble hydroxides. 

Hydrogen ion was found to be much less exchangeable than Na; 
hence, the o v e r a l l capacity of (Na,H)Ti 20cjH for cation exchange 
i s nearly proportional to the Na content. However, the a f f i n i t y 
for various cationic species varies widely with Na content. For 
example, i n tests with stoichiometric amounts of several 
(Na,H)Ti 205H compounds batch equilibrated with 0.015 M Cs 
solutions, d i s t r i b u t i o n coefficients (K d) were found to vary 
from k for HTi 2 0 c H (hydrated T i 0 2 ) to >1000 for ( N a g c H g c ) T i 2 0 5 H 
(K£ = [Cs] solid/[Cs] solution χ Solution volume, ml/weignt 
s o l i d , g). The K d for standard sodium titanate, NaTi 2 0^H, was 
~ 2 0 0 . For purposes of comparison, sodium niobate has a high 
a f f i n i t y for Cs (K^>1000) and a high o v e r a l l capacity, while 
sodium zirconate has a very low a f f i n i t y for Cs (Κ^<10). Like 
the titanate, both the niobate and zirconate have very high 
a f f i n i t i e s f or polyvalent cations. 

High Level Waste S o l i d i f i c a t i o n 

The effectiveness of various sodium titanate, sodium niobate, 
and sodium zirconate materials for s o l i d i f y i n g high l e v e l waste 
solutions has been investigated extensively using non-radioactive 
and t r a c e r - l e v e l solutions simulating the composition expected at 
the Allied-General Nuclear Services, Barnwell, S.C., plant 
(Table I ) . The testing was extended to demonstrations conducted 
at Oak Ridge National Laboratory using high l e v e l waste generated 
using Purex chemistry to reprocess small ( 0 . 5 - 1 Kg) batches of 
t y p i c a l spent l i g h t water reactor f u e l . Two methods for contact
ing the ion exchange materials with the waste solutions were 
evaluated: 1 . Batch equi l i b r a t i o n i n which the ion exchanger 
was added d i r e c t l y to the waste solution to form a product with 
the consistency of a "damp sand," and 2 . A downflow fixed bed ion 
exchange contactor. 

The batch contact consisted of equilibrating stoichiometric 
quantities of waste and ion exchanger for 15 to 30 minutes. The 
s o l i d product was then washed with water to remove most of the 
sodium ions. This step was necessary as high sodium content i n 
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Table I. Compositions of AGNS Barnwell High Level 
Liquid Waste and the Simulant Used i n the 
Titanate S o l i d i f i c a t i o n Studies 

Constituent Total Abundance 
g/tonne of U 

Concentration 
moles/liter 

Simulant 
moles/liter 

F i s s i o n Products 
Se 
Br 
Kb 
Sr 
Y 
Zr 
Mo 
Tc 
Ru 
Rh 
Pd 
Ag 
Cd 
In 
Sn 
Sb 
Te 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Pm 
Sm 
Eu 
Gd 
Tb 

Actinides 
U 
Np 
Pu 
Am 
Cm 

Soluble Nuclear 
Poison 

Gd 

Λ 
.7 

Ik 
13 

3^7 
828 
kl6 

3710 
3560 

822 
2330 

505 
1520 

82 
136 

1.2 

25.7 
10.8 

535 
2600 
1750 
1320 
25^0 
1280 
kl8o 

35.6 
1010 
17k 
122 

1.8 

10,000 
1*82 
100 
525 
2k 

9000 

0 .0003 
0.0003 

0071 
0166 
0082 
072 

0.065 
0.016 
O.Okl 
0.0086 
0.025 
0.0013 
0.0021 
0.00002 
0.00038 
0.00016 
0.007^ 
0.03^ 
0.022 
0.0167 
0.032 
0.016 
0.051 
0.000ÎJ-
0.0118 
0.002 
0.001U 
0.00002 

0.07k 
O .0036 
0.0007 
0.0038 
0.0002 

0.1007 

0.0003 
0 .0003 
0.0071 
0.0163 
0.0082 
0.0701 
0.06^3 

0.020113 

O . O O 8 O 

0.025**· 
0.0013 
0.0021 

0.007^ 
0.03^ 
0.022*+ 
0.0167 
0.032 
O . O I 6 O 

0.0507 

0.0119 
0.002 
0.001U 

0.07k 

0.1007 
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Table I (con't.) 

Constituent Total Abundance 
g/tonne of U 

Concentration 
moles/liter 

Simulant 
moles/liter 

Impurities and 
Corrosion Products 

Na 100 0.0077 
Fe 2000 0.063 0.05 
Cr 200 0.0068 Ο.ΟΟ67 
Ni 80 0.002*+ 0.0025 

TBP 
Decomposition 

P O ^ 3 2000 0.037 

a) Based on one tonne of 35,000 MWD/MTU f u e l processed af t e r 150 
day cooling period, and a volume of 150 gal/tonne. 

b) Concentration of Ru i n simulant was limited to 50$ of that 
expected for economic reasons. 

the solids had a deleterious effect on the leaching properties of 
the f i n a l consolidated waste form. The results obtained from 
batch equilibrations of sodium titanate or sodium niobate with 
aliquots of the high l e v e l waste solution are l i s t e d i n Table I I . 
Although the ,ffeed"waste solution contained a l l radionuclides ex
pected i n spent f u e l , only data for certain key radionuclides are 
reported. The "blank," which gives an estimate of the magnitude 
of contamination by the c e l l environment, was a sample of de-
ionized water placed beside the samples i n the h o t - c e l l for the 
duration of the t e s t . As expected from the e a r l i e r work with 
simulants, the decontamination factors (DF) for Cs were modest, 
with values of about 5 and 30 for the titanate and niobate, 
respectively (DF as used here i s the r a t i o of feed concentration 
to effluent concentration of a radionuclide), while those for 
polyvalent cations were large. Using sodium titanate, DF fs 
were achieved for rare earths and ~1θ5 for Pu. The values for 
the rare earths may have been higher, but a n a l y t i c a l limitations 
prevented this determination. As expected, very l i t t l e of the 
Tc was removed by either material since i t occurred p r i n c i p a l l y 
as Tc0£. 

The fix e d bed ion exchange column provided a much higher 
l e v e l of decontamination and since the goal was to produce an 
effluent with minimum contamination, i t was eventually considered 
to be the baseline process. In t h i s approach, the waste solutions, 
which were approximately 1M i n H N O Q , were adjusted to a pH of 
0.5-1 by addition of sodium hydroxide and flowed through a 
titanate bed at one column volume per hour. The columns were 
subsequently washed with water to remove excess sodium. 
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PERCENT Cs 
3 4 5 

U, Mo 
1 Fe, Zr 

U, Mo __l 
2 Fe, Zr Ο Ο 

U, Fe 
3 

U, Fe 

ζ 
4 U, Gd 3: 

ο Où GO 

5 RE, Y 

RE, Y RE, Y 
Ζ 

6 
ο 

I C Y 
7 Sr, Tb 

Cs 

8 Sr, Tb 

9 ~Cs"~ 

ë 
10 

11 

Figure 1. Elemental distribution of fission waste nuclides on a sodium titanate 
column. The distribution shown on the left was determined from qualitative 
analyses of the numbered column segments. The Cs and Na distributions on the 
right were obtained by quantitative analyses of each numbered segment. (O), 

Cs;(m), Na. 
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The waste nuclides were fractionated on the column into 
several bands as shown i n F i g . 1 for a sodium titanate column. 
The d i s t r i b u t i o n of the elements are based on qualitative emission 
spectrographic analyses of the numbered segments. The Cs and Na 
distributions are based on quantitative analyses of each seg
ment. Since Cs i s concentrated i n the leading band, the 1 3 7 c s DF 
was dependent on the degree of column loading, i . e . , for columns 
loaded to 50$ capacity and washed with one column volume of water, 
•̂ 'Cs was not detected i n the effluent (DF>3 x 1 0 ° ) ; however, 

when the column was loaded to 90$ capacity and washed, the DF 
dropped to 1.5 χ 1 0 2 . In the niobate column, the Cs band was 
preceded by the Sr and the leading edge of the rare earth band, 
and higher loading could be r e a l i z e d p r i o r to radionuclide break
through. The effluent from both of the columns contained 
e s s e n t i a l l y 100$ of the Tc, present as the TcOj^ ion, and approxi
mately 0.2% of the o r i g i n a l ^^Ru a c t i v i t y . 

More e f f i c i e n t use of the titanate material was achieved by 
passing the column effluent through a synthetic zeolite bed 
(Zeolon 900 Na from the Norton Co., Akron, Ohio) to sorb Cs which 
"leaked" from the column. A zeolite bed equal to 20% by weight of 
the titanate was s u f f i c i e n t to produce a Cs DF>10" i n the effluent 
from a titanate column loaded to s l i g h t l y more than 100$ of the 
calculated capacity. The use of the zeolite does not effect the 
o v e r a l l process conditions since i t can be incorporated d i r e c t l y 
into the sodium titanate during preparation. A Dowex 1-X8 r e s i n 
bed was used to remove the 9 9 j c from the effluent and also served 
to remove additional Ru, leaving 0.002$ of the o r i g i n a l Ru 
a c t i v i t y i n the effluent. F i n a l l y , the effluent was passed 
through a f e r r i c titanate bed (13) which reduced the -^Ru con
centration by an additional factor of 120. 

A comparison of the a c t i v i t y i n the effluent from the above 
process with the a c t i v i t y i n the "feed" solution i s shown i n 
Table III for an experiment i n which a titanate column was used 
at approximately 100$ capacity. Only Ru and a small amount 
of residual alpha a c t i v i t y were detected i n the effluent. 

A single test of a batch procedure was done using magnesium 
titanate instead of the sodium form. Since no sodium was present, 
a washing/filtering step was not required. After addition of the 
magnesium titanate to the l i q u i d waste, the s o l i d product was 
calcined i n the reaction vessel at 650°C to remove water and 
destroy n i t r a t e s , and the resulting material was pressure sintered 
under the same conditions used for column material. The density 
and leaching characteristics of the product were comparable to or 
better than those found i n the same qualifying tests applied to 
any of the titanates produced by other methods. 

The advantage of the Mg(Ti 20^H)2 batch eq u i l i b r a t i o n process 
would be i t s simplicity. Secondly, an off-gas stream from t h i s 
process would be almost i d e n t i c a l with that produced i n existing 
flowsheets for direct calcination of l i q u i d wastes. A potential 
disadvantage would be the inclusion of anions such as phosphate, 
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sulfate, and fluoride i n the f i n a l waste form. The project ended 
before further investigations into the batch process and the 
effects of the anions on the properties of the titanate waste 
form could be i n i t i a t e d . 

Consolidation and Characterization of the Ceramic Waste Form 

The use of ion exchange resins and natural or synthetic 
inorganic exchange materials i n the nuclear industry i s well 
documented (lA). In the waste s o l i d i f i c a t i o n application, the 
titanates or niobates o f f e r no unique sorption properties. They 
do, however, provide a r e l a t i v e l y high o v e r a l l sorption capacity 
for a variety of nuclides i n materials which can be converted 
into a stable ceramic host for the sorbed ions. After the sorp
t i o n process, the column bed must be consolidated to reduce 
surface area. The project emphasis was directed toward a stable 
waste form and a considerable e f f o r t was devoted to producing 
and characterizing a highly dense form with favorable physical, 
chemical and thermal properties (15). 

At temperatures of 600°-650°C, the waste form dehydrates and 
c r y s t a l l i z e s to form a mixture of titanates (niobates, zirconates) 
and t i t a n i a (niobia, zirconia) as i l l u s t r a t e d f o r the case of 
S r + + by Eq. k. 

S r ( T i 2 0 5 H ) 2 4 S r T i 0 3 + 3Ti0 2 + HgO (Eq. k) 

Both cold pressing/ sintering and pressure sintering were studied 
as consolidation methods. Residual p e l l e t porosity could not be 
reduced, however, below 30 vol$ by the former method at tempera
tures up to 1000°C and with the addition of up to 30$ by weight 
of a glass binder. More favorable results were obtained by 
pressure sintering methods. This process was carried out i n 
vacuum i n graphite dies where conditions ranged from 900 to 1100°C 
and 6 .9 to 13.8 MPa (1000 to 2000 p s i ) . In general, the l a t t e r 
technique was highly successful for samples with less than 2$ 
residual porosity were obtained routinely. Addition of a glass 
consolidation aid to the waste allowed f o r a s i g n i f i c a n t reduction 
i n the pressing parameters. For example, titanate waste forms 
with 5 , 15 and 30$ by weight of glass binder were successfully 
consolidated to near maximum density at temperatures of 1000, 
950 and 900°C, respectively. C y l i n d r i c a l p e l l e t s up to 5 em i n 
diameter were produced and the f e a s i b i l i t y of a semi-continuous 
pressure sintering process was demonstrated. 

Wide variations i n Cs and Na leaching observed i n some of 
the f i r s t samples produced were found to result from the formation 
of the corresponding molybdate compounds which are highly water 
soluble. This problem was eliminated by the addition of 1-2$ by 
weight of elemental s i l i c o n which served as a reducing agent and 
prevented molybdate formation. The s i l i c o n was added during the 
preparation of the sodium titanate material. 
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During development, evaluation of the consolidated materials 
was based primarily on two c r i t e r i a , l e a c h a b i l i t y and the concen
t r a t i o n factor, i . e . , the concentration of waste oxides on a v o l 
ume basis. The concentration factor i s d i r e c t l y affected by the 
residual porosity i n a consolidated waste as well as b y the d i l u 
t i o n caused b y the addition of consolidation aids. This factor 
can be as high as 1 . 2 g/cm3 for a f u l l y dense (k.5 g/cm^) titanate 
waste prepared from the projected Barnwell plant solution compo
s i t i o n . The factor i s s l i g h t l y lower for a titanate waste con
taining s i l i c o n and zeolite additions, which has a t y p i c a l density 
of k.2 g/cnH. The l e a c h a b i l i t y was determined by an "instanta
neous" leach test developed for fast, comparative evaluations of 
materials, the d e t a i l s of which are described elsewhere ( l 6 ) . 

The consolidated titanate waste p e l l e t s are similar i n 
appearance to t h e i r glass counterparts, i . e . , both are dense, 
black and apparently homogeneous. Microscopic analyses, however, 
reveal important differences between these two waste forms. While 
l i t t l e d e f i n i t i v e work has been done with glassy waste forms, i t 
i s apparent that several r e a d i l y soluble oxide particulates of 
various nuclides are simply encapsulated i n the glass matrix. The 
titanate waste form has undergone extensive analyses which i n 
cludes o p t i c a l microscopy, x-ray, scanning electron microscopy, 
microprobe, and transmission electron microscopy ( 17 ) . The 
samples of titanate examined were prepared by pressure sintering 
and consisted of material from a f u l l y loaded titanate column. 
Zeolite and s i l i c o n additions were also present i n the samples. 

A s o l i d solution titanate i s not produced by pressure s i n t e r 
ing, but rather a complex assemblage of phases. Optical micros
copy showed that a few percent of closed porosity remains i n the 
p e l l e t s , and on t h i s scale no gross inhomogeneities are apparent. 
X-ray analysis c l e a r l y showed that the dominant phase i s r u t i l e 
(Ti0 2) and that several other background line s are also detectable. 
Scanning electron microscopy generally confirmed the absence of 
inhomogeneities, but the microprobe c l e a r l y indicated that some 
degree of elemental segregation exists. 

Transmission electron microscopy provided a completely d i f 
ferent impression of the material (Fig. 2) and was used to i d e n t i 
fy eight different phases i n the waste which are summarized i n 
Table IV. The major phase was r u t i l e , which made up approximately 
50$ of the s o l i d , and to within the l i m i t s on the x-ray detector 
(HL At$), no other elements were in the solution i n the r u t i l e . 
The second most abundant c r y s t a l l i n e compound (estimated volume 
fraction ~0.l) was gadolinium titanate, (Μ 2Τΐ 20γ. There i s 
evidence that U, Zr, Y, and possibly Sm and Eu are i n s o l i d 
solution with t h i s gadolinium phase. Elemental s i l i c o n crystals 
remaining i n the waste were found to be surrounded by S i 0 2 . 

Two types of metallic globules were observed i n the waste 
form. These were p r i n c i p a l l y elemental molybdenum with trace 
elements i n solution and elemental palladium with other trace 
elements i n solution. In the case of molybdenum, the s i l i c o n 
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Figure 2. Transmission electron photomicrograph of a ceramic titanate waste 
form. The sample was prepared by pressure sintering a titanate fully loaded with 

fission waste oxides and includes zeolite and silicon additions. 
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Table I I I . 

Nuclide 

9°i 
99 

137, 

Ikk 

1 5 ^ 

Sr 
U Tc 
'Ru 
Cs 
Cs 
Ce 
Bu 

Gross Alpha 

Comparison of the Radionuclide A c t i v i t y 
i n Effluent from Titanate S o l i d i f i c a t i o n 
Process with the A c t i v i t y i n the High 
Level Waste Feed Solution 

High Level 
Waste Feed (dpm/ml) 

10 6.6 χ 10" 
~1 χ 10 ug/ml 

1.9 x 10" 

3.8 χ 10 

1.3 x 10" 

10 
10 
11 

JLO 
5.7 χ 10 
h.8 χ 10 9 

5 x 10 cpm/ml 

Titanate Process 
Effluent (dpm/ml) 

<6 χ 1 0 2 

<8 χ 10"\ig/ml 
8 Λ χ 10* 

<3.2 χ 1 0 2 

<1.8 χ 1 0 2 

<zl.k χ 1 0 3 

< 3 Λ χ 1 0 2 

3 cpm/ml 

Table IV. Phases Identified i n Ceramic Titanate Waste 
Phase 
T i 0 2 (Rutile) 
Amorphous S i l i c a 
(Si0 2) 
Cs20.Al203.^-Si02 
(dehydrated p o l l u c i t e ) 

G d 2 T i 2 0 ? 

Elemental Mo 

Elemental Pd 

Cubic Zr0 2 

Amorphous Zeolite 
(Na,Cs) Alumino S i l i c a t e 

Energy Dispersive Analysis 
T i 
S i 

(Trace U, A l , Na) 
S i , A l , Cs 

(Trace T i , Rb) 
T i , Gd, U, Nd 

(Trace Zr, Y) 

Mo 
(Trace Fe, T i ) 

Pd - Some Te and T i 
(Trace Fe, Mo) 

Zr 
(Trace U, Si) 

Na, Cs, A l , S i 
(Trace T i , U, Fe, Mo, Gd, Sr) 

l) At least eight more d i s t i n c t phases have been detected 
by electron d i f f r a c t i o n and/or x-ray energy dispersive 
analysis. These have not been i d e n t i f i e d but most 
appear to be titanates. 
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additions were effective i n reducing the oxidation state as e v i 
denced by globular regions of the metal formed i n the amorphous 
layers of S1O2 adjacent to the residual S i p a r t i c l e s . Traces of 
iron were also detected i n the metallic globules. The elemental 
palladium spheres occurred i n the r u t i l e crystals and frequently 
appeared to contain tellurium, iron, molybdenum, and uranium i n 
solution. Several amorphous phases were indicated i n the waste 
form. The f i r s t , mentioned e a r l i e r , was amorphous S1O2 which 
was estimated at approximately 5 vol$ and which contained possible 
traces of T i , A l , U, and Na. Another amorphous phase resulted 
from the cesium bearing zeolite added to the waste before consoli
dation. A single, small c r y s t a l of p o l l u c i t e (Cs20.Al203* USiC^) 
was also i d e n t i f i e d suspended i n the amorphous z e o l i t e . In 
addition, six minor c r y s t a l l i n e phases were observed but have not 
been i d e n t i f i e d . 

The characterization work has shown that, although the t i t a 
nate ceramic appears to be homogeneous on a macro scale, i t i s 
actually quite heterogeneous on an atomic scale and contains at 
least Ik different phases and possibly more. Since interactions 
of the waste form with any environment surrounding i t w i l l also 
occur on an atomic scale, i t i s important that t h i s type of i n f o r 
mation be available when speculating on the long term s t a b i l i t y 
of any waste form. 

Leachability of Waste Forms 

An evaluation of leaching properties i s necessary i n propos
ing waste forms for high l e v e l waste management, as this property 
i s important i n the source term for modeling radionuclide trans
port to the biosphere as a function of time. In discussing leach
ing properties of various waste forms, care must be exercised i n 
defining the purpose of the test as well as the experimental con
ditions used to avoid confusion as to the significance of the 
r e s u l t s . Qualitative comparisons of the leaching properties of 
different materials under i d e n t i c a l experimental conditions has 
been suggested as a v a l i d means of using leaching data (18) and 
that philosophy has been applied to the titanate waste leaching 
work. 

A long term leaching study to compare the behavior of a 
titanate waste with glassy waste forms and to attempt to elucidate 
a leaching mechanism has been i n progress for 16 months (19). 
The glass wastes include a zinc borosilicate glass prepared at 
Battelle Northwest Laboratories and a glass prepared at Sandia 
Laboratories using zinc b o r o s i l i c a t e f r i t supplied by B a t t e l l e . 
Both glasses contain approximately 25$ by weight of f i s s i o n waste 
oxide simulant and are believed to d i f f e r only i n that phosphate, 
at the l e v e l expected i n actual waste, was included i n the Sandia 
glass. The titanate was a pressure sintered material also con
taining approximately 25$ by weight of f i s s i o n waste oxide simu
lant. Monolithic samples of each waste form are being contacted 
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with water at 95°C i n a Soxphlet apparatus and the release rates 
of Na, Sr, Cs, Mo, S i , and Zn have been monitored over the past 
16 months. After one to two months, the glasses were visually-
attacked as evidenced by the formation of a surface f i l m , which 
p e r i o d i c a l l y sloughed o f f and reformed. The titanate appearance 
has remained unchanged over the duration of the te s t . 

Based on dissolved ions only, the titanate waste showed an 
o v e r a l l leach rate of 3 Λ χ 10"5 g/cm2*day and a rate of 5.3 x 
]_0~7 g/cm2-day for the f i s s i o n waste oxides only. The results 
indicate that the leaching which i s occurring i s associated with 
the s i l i c a t e phases i n the ceramic, i . e . , the S1O2 formed from 
the s i l i c o n and the z e o l i t e . The glass samples showed overall 
leach rates of 6-15 x 10~5 g/cm 2·day and f i s s i o n waste oxide 
leach rates of 1 .8-2.7 x 10"" g/cm2'day, where the higher rates 
i n both cases were observed i n the phosphate-containing glass. 
The above leach rates are the average rates over a period of 15 
months. However, significant variations i n weekly or monthly 
rates show that leaching i s a c y c l i c process for both the glass 
and ceramic materials. The apparent effect of the phosphate on 
the leaching properties of the glass i s not of concern for the 
titanate waste, as anionic species such as phosphate and sulfate 
are not retained by the material during the ion exchange s o l i d i f i 
cation process. 

Deep geologic disposal imposes more severe conditions r e l a 
t i v e to leaching than those generally employed i n laboratory 
studies. A leaching study has been i n i t i a t e d to compare the 
leaching behavior of the ceramic and glass wastes under conditions 
which would apply to high l e v e l waste stored i n bedded salt at the 
proposed s i t e of the Waste Isolation P i l o t Plant (WIPP) i n the 
Southeastern part of New Mexico (3). These include contacting 
monolithic samples with two "standard" brines (20) characteristic 
of the WIPP s i t e at 250°C and l 6 . 6 MPa. Deionized water and sea-
water are also included i n the experimental matrix. A period of 
seven days was used i n the i n i t i a l experiments to be discussed. 
The waste forms were a f u l l y loaded, pressure sintered titanate 
waste containing zeolite and s i l i c o n additions, a copper boro
s i l i c a t e glass prepared from F r i t #199 supplied by Battelle North
west Laboratories, and a copper bor o s i l i c a t e glass prepared from 
the same f r i t and containing 30$ by weight of waste oxides. 

The most severe attack on a l l the materials occurred i n the 
deionized water where weight losses of 1-2$, 18-19$ and 9-37$ 
were observed for the titanate waste, glass, and glass wastes, 
respectively. In near-saturated and saturated brines, the attack 
was less severe. Surprisingly, small weight gains were observed 
for some of the titanate samples. Summarizing the work i n brines, 
the titanate results ranged from a 0.5$ weight increase to a 0.25$ 
weight decrease whereas the glass l o s t k to 13$, and the glass 
waste 1 to 3$ i n weight, respectively. In seawater, the weight 
change i n the titanate was below detection l i m i t s (0.1$) while 
the glass waste l o s t 5$ by weight. 
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Applications to Other Waste Streams 

The work on high l e v e l waste s o l i d i f i c a t i o n has led to a p p l i 
cations of the same materials to other areas of waste management. 
These include decontamination of defense wastes currently i n tank 
storage at Richland, WA, selective separation of Cs for b e n e f i c i a l 
uses, and development of a process flowsheet for conversion of 
Zircaloy f u e l cladding hu l l s to sodium zirconate for use i n waste 
s t a b i l i z a t i o n . Each i s b r i e f l y described below. 

Sodium titanate has been found to be very effective i n re
moving Sr from defense waste t y p i f i e d by a 6M NaNO^ - 0.6M NaOH 
solution also containing the sodium salts of aluminate, n i t r i t e , 
phosphate, carbonate, sulfate, and chromate i n the range of O.lk 
to 0.007 Ν and Sr i n the a n a l y t i c a l concentration range of 0.0k 
to O.k ppm (21). Sodium titanate columns have provided a Sr 
decontamination factor of greater than 1θ3 for 2500 column volumes 
of the waste at flow rates of 2 to 6 column volumes per hour. The 
material has also been shown to remove residual actinide contami
nation from the same and similar waste streams (22) . 

The fact that Cs i n high l e v e l waste i s found i n the leading 
chromatographic band on both the titanate and zirconate columns 
suggests the f e a s i b i l i t y of recovering a significant fraction of 
r e l a t i v e l y pure Cs as a by-product of s o l i d i f i c a t i o n . In studies 
aimed at b e n e f i c i a l uses of selected isotopes, a simulated l i q u i d 
high l e v e l waste was passed through a zirconate column to the 
extent that only the Cs band i s allowed to breakthrough. Up to 
85$ of the Cs can be isolated i n this manner i n a solution that 
i s , f or a l l p r a c t i c a l purposes, free of actinides and other radio
nuclides (23). The process was also demonstrated with high l e v e l 
waste i n hot c e l l tests. 

The Zircaloy Conversion Process (2k9 25, 26) i s a concept 
whereby one waste stream, Zircaloy f u e l h u l l s , can be u t i l i z e d i n 
the s t a b i l i z a t i o n of a second waste stream. The process flowsheet^ 
which i s conceptual i n nature, details the steps required to con
vert the fu e l hulls to sodium zirconate to be used i n the s o l i d i 
f i c a t i o n of l i q u i d high l e v e l waste. 

Summary 

The preparation, composition, structure and leaching charac
t e r i s t i c s of a c r y s t a l l i n e , ceramic radioactive waste form have 
been discussed, and where applicable, compared with v i t r i f i e d 
waste forms. The inorganic ion exchange materials used such as 
sodium titanate were prepared from the corresponding metal 
alkoxide. The alkoxides were reacted i n methanol with a base con
taining the desired exchangeable cation and the f i n a l powder form 
was produced by hydrolysis i n an acetone-water mixture followed by 
vacuum drying the precipitate at ambient temperature. 

The baseline s o l i d i f i c a t i o n process involves contacting an 
inorganic titanate ion exchange material with l i q u i d waste i n a 
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downflow, fixed bed column configuration. Approximately 100$ of 
the exchange capacity can be realized by using a z e o l i t e , either 
incorporated i n the titanate or as a separate bed, to prevent Cs 
contamination of the effluent. The Tc, present as the TcOl̂ ." anion, 
i s found i n the column effluent along with approximately 0.2$ of 
the 1 q 6 R U i n i t i a l l y i n the feed. A Dowex 1-X8 anion exchange 
column can be used to quantitatively remove the Tc and i n combi
nation with a f e r r i c titanate bed, lowers the 1 0"Ru by an addi
t i o n a l three orders of magnitude. 

After loading, the materials are dried at 100°C and pressure 
sintered. Optimum conditions were established as 1100°C and 6 .9 
MPa, as no improvement i n the product was achieved by increasing 
either temperature or pressure. C y l i n d r i c a l p e l l e t s up to 5 cm 
i n diameter were produced and the f e a s i b i l i t y of a semi-con
tinuous pressure sintering process was demonstrated. Temperatures 
could be decreased as far as 900°C by the addition of a glass 
binder to the titanate waste. Elemental s i l i c o n at a l e v e l of 
1-2$ by weight was incorporated i n the material during the pre
paration of the sodium titanate to prevent the formation of water 
soluble molybdate phases during the consolidation process. 

The baseline process, including the pressure sintering step, 
was demonstrated with both simulated high l e v e l waste and under 
hot c e l l conditions using a waste solution prepared from t y p i c a l 
spent l i g h t water reactor f u e l . A batch contacting method using 
sodium titanate was also evaluated, but the o v e r a l l decontami
nation factor was much lower than obtained i n the column process. 
A batch procedure using magnesium rather than sodium titanate 
appeared promising based on a single set of experiments. The 
magnesium titanate was added d i r e c t l y to the waste solution pro
ducing a product of the consistency of damp sand. Since no sodium 
was added to the waste, a washing/filtering step was not required, 
and the waste was d i r e c t l y calcined at 650°C to destroy the n i 
trates, and pressure sintered under the same conditions used for 
the column materials. The density and leaching characteristics 
were comparable to or better than any of the titanate waste forms 
produced by other methods. The sim p l i c i t y made the process look 
at t r a c t i v e ; however, the project ended before further investiga
t i o n could be completed. 

The baseline product was a ceramic waste form with a density 
range of k.2 to h.5 g/cm3, containing approximately 25$ by weight 
of f i s s i o n waste oxides. The lower end of the density range re
f l e c t s the addition of ze o l i t e to the material. Although the 
p e l l e t s were v i s u a l l y homogeneous, micro struct u r a l analyses showed 
them to be a very complex material consisting of an assemblage of 
c r y s t a l l i n e phases along with amorphous phases due to zeolite and 
s i l i c o n additions. The matrix ma"cerial was r u t i l e i n which were 
contained a minimum of thirteen other c r y s t a l l i n e phases, seven 
of which have been i d e n t i f i e d . Neither of the basic process steps, 
s o l i d i f i c a t i o n and consolidation, were found to be sensitive to 
changes i n l i q u i d waste composition. 
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The leaching characteristics of the ceramic waste were com
pared with some v i t r i f i e d waste forms under i d e n t i c a l experimental 
conditions. The results are complex due to different leaching 
rates for various elements and the attack on the glass surface 
which results i n the formation of a surface f i l m which p e r i o d i 
c a l l y sloughs o f f , however, some general comparison can be made. 
In long term ( l6 month) leaching studies using monolithic samples 
i n d i s t i l l e d water at 95°C, both the ceramic and glass wastes 
showed a high resistance to attack. Based on dissolved ions (Sr, 
Cs, Mo, Zn, S i , and Na) only, the ceramic waste had an o v e r a l l 
average leach rate over a 15 month period of 3 · ^ x 10"5 g/cm2-day 
and a rate of 5.3 χ 10~7 g/cm2-day for the f i s s i o n waste oxides 
(Sr, Cs, and Mo). The glass samples showed o v e r a l l leach rates 
of 6-15 x 10~| &/cm2#day, and f i s s i o n waste oxide leach rates of 
1.8-2.7 x 10 g/cm -day. The higher rates i n both cases were 
observed i n the phosphate-containing glass. The results indicate 
that the leaching which did occur i n the ceramic materials was 
associated with the s i l i c a t e phases present. 

In leaching studies with monolithic samples at 250°C i n water, 
sa l t brines and seawater, the attack on both forms was more severe, 
A f t e r seven days, weight changes i n the titantate waste form were 
a 1-2$ l o s s , 0.5$ increase to 0.25$ l o s s , and not detected (<0.1$) 
i n deionized water, brines and seawater, respectively. A copper 
borosilicate-based v i t r i f i e d waste showed 9-37$, 1-3$ and 5$ 
weight losses i n the same solutions. Significant attack on the 
glass waste i n the form of a surface f i l m was again observed and 
the weight loss data may be biased i n some cases depending on the 
degree to which the f i l m had sloughed o f f p r i o r to weighing. The 
surfaces of the titanate waste were v i s i b l y unaltered, however, 
which may indicate that the attack was l o c a l i z e d and occurred 
primarily on s i l i c a t e phases associated with zeolite and s i l i c o n 
additions. 

The use of inorganic ion exchangers to s o l i d i f y l i q u i d 
radioactive waste followed by pressure sintering to produce a 
ceramic waste form appears to be a viable alternative to calcina
t i o n / v i t r i f i c a t i o n processes. Both the process and waste form 
are r e l a t i v e l y insensitive to changes i n the composition of the 
waste feed. The s t a b i l i t y of the ceramic waste form has been 
shown to be superior to v i t r i f i e d wastes i n leaching studies at 
elevated temperatures. Further studies on the effects of radia
t i o n and associated transmutation and the influence of temperature 
regimes associated with potential geologic repositories are needed 
for a more d e f i n i t i v e comparison of c r y s t a l l i n e and amorphous 
waste forms. 
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A Field Study of Radionuclide Migration1 

DARLEANE C. HOFFMAN 

Los Alamos Scientific Laboratory, Los Alamos, ΝM 87545 

In the first phase of the field studies which have been 
described in detail in another report (1), the site of the 
0.75-kt nuclear test, Cambric, detonated on May 14, 1965, was 
investigated by re-entry drilling, and sampling of both solid and 
water. The Cambric test was fired beneath the water table in 
tuffaceous alluvium in Frenchman Flat (See Figure 1). It was 
chosen for study for the following reasons. Sufficient time had 
elapsed so that the ground water had refilled the cavity and 
chimney regions to the preshot level of 73 m above the detonation 
point. Thus, water which had been in contact with the radio
active debris for some time could be obtained for analysis of 
radionuclide content. The Cambric detonation point was only 
294 m below the ground surface which made re-entry drilling and 
sampling less difficult and expensive than for some of the deeper 
tests. The tritium (T) present from the test was sufficient to 
provide a readily measurable tracer for water from the region of 
the test. The postshot debris also contained enough plutonium, 
uranium, and fission products so that measurements of their 
relative concentrations in rubble and ground water from various 
regions could be made. A summary of the intensity of the radio
nuclide source term at the time of re-entry is given in Table I. 
The ratios of the concentrations of the radionuclides relative 
to Τ are given in Table II. It was believed that this relatively 
low yield test would have had little effect on the local hydro
logy. The alluvium was judged to be a good medium for hydrolo
gic studies because of its permeability and the absence of large 
cracks or fissures, and the very small natural hydraulic gradi
ent in the region. Finally, the Cambric site was far enough 
removed from the areas of active nuclear testing so that damage 
or interruption of drilling and sampling operations was unlikely. 

1 Work conducted under the auspices of the U.S. Department of Energy. 

0-8412-0498-5/79/47-100-149$05.00/0 
©1979 A m e r i c a n C h e m i c a l S o c i e t y 
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150 R A D I O A C T I V E W A S T E I N G E O L O G I C S T O R A G E 

Figure 1. Geologic section at Cambric site (1) 
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9. H O F F M A N Radionuclide Migration 151 

TABLE I 

CAMBRIC SOURCE TERM AT 10 YEARS 

Hal f - L i f e A c t i v i t y 
Nuclide (Years) (Curies) 

12.3 3.4 χ 10" 

10.7 4.4 

29 34 

1.0 2.8 

2.8 3.2 

30 99 

0.78 0.4 

2.6 33 

5.0 6.4 

Cambric Re-entry Well RNM-1 

F i e l d Operations. Safety considerations dictated that re
entry would be by means of slant d r i l l i n g rather than v e r t i c a l 
d r i l l i n g from the ground surface d i r e c t l y above the detonation 
point. The Cambric re-entry hole, designated RNM-1, was d r i l l e d 
i n May, 1974, nine years after Cambric had been f i r e d . A s a t e l 
l i t e well, RNM-2S, was constructed i n A p r i l , 1974. It was to be 
pumped la t e r i n order to induce an a r t i f i c i a l gradient so that 
water could be drawn from RNM-1 and provide an opportunity for 
the study of radionuclide migration under f i e l d conditions. RNM-
2S was d r i l l e d prior to RNM-1 to avoid the p o s s i b i l i t y of cross 
contamination from Cambric. A schematic diagram of the placement 
of RNM-1 and RNM-2S i s shown i n Figure 2. A t o t a l of 67 sidewall 
core samples was taken i n RNM-1 as d r i l l i n g progressed from the 
surface to about 50 m below the o r i g i n a l detonation point. These 
sampling points are shown i n Figure 3. One core from each depth 
was placed immediately i n a nitrogen-flushed, gas-tight, s t a i n 
l e s s - s t e e l container for subsequent analyses of 8 5 K r , HT, HTO, 
and for γ-spectral analyses. Other core samples were sealed i n 
water-tight p l a s t i c bags for la t e r γ-spectral and radiochemical 
analyses of the cores and contained f l u i d s , and for l i t h o l o g i e 
examination of the alluvium. 

85. Kr 
90 Sr 

106 Ru 
125 Sb 
137 Cs 
144 Ce 
147. Pm 
155 Eu 
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RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

Figure 2. Schematic of RNM-1 and RNM-2S. 
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H O F F M A N Radionuclide Migration 

Figure 3. Sampling points at RNM-1: (A), core samples (67). 
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RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

TABLE II 

RATIOS FOR RNM-1 SOURCE AT t (5-14-65) 

Nuclide 
H a l f - L i f e 
(Years) ( Ν χ / Ν τ ) & <vvb 

Τ 12.26 1.00 1.00 

Kr 10.74 1.22 χ ΙΟ" 4 1.38 χ 1θ" 4 

90 o Sr 28.9 1.66 χ ΙΟ" 3 7.05 χ ΙΟ" 4 

1 0 6 R u 1.010 3.68 χ ΙΟ" 3 4.46 χ ΙΟ" 2 

1 2 5 S b 2.77 1.52 χ ΙΟ" 4 6.73 χ ΙΟ" 4 

1 3 7 C s 30.0 5.03 χ ΙΟ" 3 2.05 χ ΙΟ" 3 

1 4 4 C e 0.779 2.84 χ ΙΟ" 3 4.47 χ ΙΟ" 2 

Pm 2.62 1.65 χ ΙΟ" 3 7.74 χ ΙΟ" 3 

1 5 5 E u 5.00 1.73 χ ΙΟ" 4 4.24 χ ΙΟ" 4 

2 3 8 u 4.5 χ 10 9 1.78 χ ΙΟ 2 4.90 χ ΙΟ" 7 

239Ό Pu 2.44 χ ΙΟ 4 6.28 3.16 χ ΙΟ" 3 

241 A Am 4.2 χ ΙΟ 2 « 2.5 χ ΙΟ" 2 « 7.7 χ ΙΟ" 4 

This i s the atom r a t i o of the indicated nuclide to the 
24 

post-detonation tritium of ^ 6.3 g or 1.25 χ 10 atoms. 

b T h i s i s the ra t i o of the disintegration rate for each 
nuclide r e l a t i v e to tritium calculated from the indicated 
half l i v e s . 
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9. H O F F M A N Radionuclide Migration 155 

A f t e r c o m p l e t i o n o f s i d e w a l l sampling and c l e a n i n g the h o l e , 
14-cm diameter c a s i n g w i t h a p p r o p r i a t e l y p l a c e d , i n f l a t a b l e 
e x t e r n a l packers was i n s t a l l e d t o a v e r t i c a l depth of 355 m. The 
packers were used t o mini m i z e e x t e r n a l movement of the water i n 
the a n n u l a r space between the c a s i n g and h o l e w a l l . The h o l e was 
then d r i l l e d t o a t o t a l depth of 370 m. The d r i l l i n g mud and 
f l u i d s used i n d r i l l i n g and d e v e l o p i n g the w e l l were l a b e l e d w i t h 
20 ppm of L i so t h a t the L i c o n t e n t of water samples taken l a t e r 
c o u l d be used as an i n d i c a t i o n o f the degree of c o n t a m i n a t i o n 
from added f l u i d s . (No o t h e r water was added.) Two types of 
water samples were removed from each zone. " P r e s s u r i z e d 1 1 water 
samples were o b t a i n e d by l o w e r i n g evacuated, g a s - t i g h t , 2 - l i t e r 
samplers i n t o the w e l l . These were opened a t depth to a l l o w the 
water t o e n t e r and a f t e r c l o s i n g the v a l v e were brought t o the 
s u r f a c e . Water was a l s o removed t o the s u r f a c e by a su b m e r s i b l e 
pump. Upon c o m p l e t i o n o f sampling the lower uncased r e g i o n , a 
packer was p l a c e d a t the top of the zone, the c a s i n g i n the next 
zone was p e r f o r a t e d , and water was sampled as before*. I n t h i s 
way, each of the f i v e zones shown i n F i g u r e 4 was sampled s u c c e s 
s i v e l y . 

R e s u l t s . The γ-spectral and r a d i o c h e m i c a l a n a l y s e s of the 
v a r i o u s k i n d s o f core and water samples removed from RNM-1 p r o 
v i d e d a good p i c t u r e o f the d i s t r i b u t i o n and c o n c e n t r a t i o n of the 
r a d i o a c t i v i t y i n the environment around the Cambric n u c l e a r t e s t . 

Ten y e a r s a f t e r the t e s t , most of the r a d i o a c t i v i t y and the 
h i g h e s t s p e c i f i c a c t i v i t i e s of a l l r a d i o n u c l i d e s were s t i l l found 
i n the r e g i o n o f the o r i g i n a l e x p l o s i o n c a v i t y . No a c t i v i t y 
above background was found 50 m below the c a v i t y . Measurements 
of HT and HTO removed from the cores and p r e s s u r i z e d water sam
p l e s showed t h a t more than 99.9% of the Τ was pr e s e n t as HTO. 
Alt h o u g h some 8 5 K r and Τ were found i n the chimney, they were 
c o n c e n t r a t e d i n the c a v i t y r e g i o n . The measured 8 5 K r / T r a t i o s 
were c o n s i s t e n t w i t h the c a l c u l a t e d r a t i o f o r Cambric and the 
8 5 K r seemed t o be d i s s o l v e d i n the water. Comparison of the 
s p e c i f i c a c t i v i t i e s of the s o l i d and water from a core taken from 
the lower c a v i t y r e g i o n gave e f f e c t i v e d i s t r i b u t i o n c o e f f i c i e n t s 
o f 10*, >10k, and « 1 0 8 f o r 9 0 S r , 1 3 7 C s , and 2 3 9 P u , r e s p e c t i v e l y . 

Water was pumped from each zone u n t i l the Τ c o n c e n t r a t i o n 
was r e l a t i v e l y c o n s t a n t as i l l u s t r a t e d i n F i g u r e 5 f o r Zone I I , 
the lower c a v i t y r e g i o n . The pH and c o n d u c t i v i t y were measured 
i n the f i e l d and s t a n d a r d water a n a l y s e s were performed l a t e r . A 
summary of these d a t a i s g i v e n i n Table I I I . R e p r e s e n t a t i v e 
a c t i v i t y l e v e l s of the r a d i o n u c l i d e s d e t e c t e d i n water from each 
zone are g i v e n i n Table IV. Water from the r e g i o n of h i g h e s t 
r a d i o a c t i v i t y a t the bottom of the c a v i t y c o n t a i n s o n l y Τ and 
9 0 S r a t l e v e l s h i g h e r than the recommended (2_) c o n c e n t r a t i o n 
guides (CG) f o r d r i n k i n g water i n u n c o n t r o l l e d a r e a s . 
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156 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

160 140 120 100 80 60 40 

HORIZONTAL DISTANCE SOUTH OF SURFACE SITE OF RNM-1 (m) 

Figure 4. Construction details of RNM-1 (I) 
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H O F F M A N Radionuclide Migration 
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160 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

By comparing the measured r a t i o o f each n u c l i d e d e t e c t e d i n 
the water to the Τ i n the water w i t h the c a l c u l a t e d r a t i o f o r the 
Cambric source term (Table I ) , an e f f e c t i v e r e t e n t i o n f a c t o r , E^, 
f o r each n u c l i d e on the s o l i d d e b r i s was e s t i m a t e d as f o l l o w s . 
( I t was assumed t h a t a l l the Τ and r a d i o n u c l i d e s are c o n t a i n e d 
below the water t a b l e and t h a t the f r a c t i o n of each n u c l i d e not 
i n the water i s i n the s o l i d d e b r i s . ) 

Cambric Cambric water 
(Wwater ( A X w a t e r } ( A T Cambric ) 

A t w a t e r > 0.999 * 1. 
Τ Cambric 

Thus, E d _ Cambric _ s o l i d 

water Ŝc water 

The r e t e n t i o n f a c t o r s f o r each zone are shown i n Table V. 
They range from > 1 0 7 f o r 2 3 9 P u and > 10 6 f o r lh7?m to 1 0 2 to 
10* f o r 9 0 S r , 1 0 6 R u , 1 2 5 S b , and 1 3 7 C s . The v e r y h i g h v a l u e s f o r 
2 3 9 P u and l t f 7Pm may be r e l a t e d t o t h e i r low s o l u b i l i t y a t these 
pH fs as w e l l as t o low l e a c h i n g r a t e s from the fused d e b r i s . The 
v a l u e s f o r 9 0 S r and 1 3 7 C s appear to be s i g n i f i c a n t l y lower i n the 
chimney than i n the c a v i t y r e g i o n , perhaps r e f l e c t i n g t h e i r 
movement from the c a v i t y as the gaseous s p e c i e s 9 0 K r and 1 3 7 X e 
and subsequent a d s o r p t i o n on the s u r f a c e of the a l l u v i u m r a t h e r 
than i n the fused d e b r i s i n the c a v i t y r e g i o n . 

S a t e l l i t e W e l l RNM-2S 

The s a t e l l i t e w e l l d e s i g n a t e d RNM-2S was d r i l l e d 91 m south 
of RNM-1. A f t e r c o m p l e t i o n of sampling o p e r a t i o n s a t RNM-1, 
the packer between zones IV and V was d r i l l e d out and pumping was 
begun a t RNM-2S i n October, 1975 a t a r a t e of 250 to 300 g a l l o n s 
(0.95 t o 1.14 m 3) per minute. T h i s pumping was expected to 
overcome any n a t u r a l g r a d i e n t and induce a s u f f i c i e n t a r t i f i c i a l 
g r a d i e n t t o draw water from the Cambric c a v i t y to RNM-2S. De
t e c t i o n o f Τ would s i g n a l the a r r i v a l o f water from Cambric. By 
August 1977, more than 1.14 m i l l i o n m3 of water had been removed 
w i t h o u t d e t e c t i o n o f T. An e s t i m a t e based s t r i c t l y on the volume 
of water i n a sphere 91 m i n r a d i u s (the d i s t a n c e between RNM-1 
and 2S) u s i n g a p o r o s i t y o f ̂ 0 . 3 f o r the a l l u v i u m and the a s 
sumption of e q u a l t r a n s m i s s i v i t y i n a l l d i r e c t i o n s , i n d i c a t e s 
t h a t « 1 0 6 m o f water must be pumped t o draw Τ t o RNM-2S. 
Pumping was suspended and RNM-1 was resampled to see i f the 
r a d i o n u c l i d e l e v e l s had changed. P r e s s u r i z e d and pumped water 
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samples were o b t a i n e d from RNM-1 and a n a l y s e s showed t h a t the 
Τ l e v e l had decreased by a f a c t o r of 50 or more (see Table VI) 
r e l a t i v e t o the o r i g i n a l v a l u e s f o r Zone IV. (Although water 
can e n t e r from p e r f o r a t i o n s i n bot h Zones IV and V, most of the 
water p r o d u c t i o n i s b e l i e v e d t o be from Zone I V ) . The 9 0 S r and 
1 3 7 C s l e v e l s shown i n Table V I I a r e not too d i f f e r e n t from the 
o r i g i n a l v a l u e s . T h i s seems to i n d i c a t e t h a t the d i s t r i b u t i o n 
r a t i o s ( a c t i v i t y per gram s o l i d d i v i d e d by a c t i v i t y per ml 
water) a r e r e l a t i v e l y h i g h (> 100). The source term w i l l then 
not be r a p i d l y d e p l e t e d and a more or l e s s c o n s t a n t e q u i l i b r i u m 
v a l u e s h o u l d be m a i n t a i n e d i n the water. 

I n October, 1977 a h i g h e r c a p a c i t y pump was i n s t a l l e d i n 
RNM-2S and pumping was resumed a t a r a t e of about 2.27 m3 per 
minute. S i g n i f i c a n t amounts of t r i t i u m were f i n a l l y d e t e c t e d 
a f t e r a t o t a l o f about 1.44 m i l l i o n m3 of water had been pumped. 
The c o n c e n t r a t i o n s a r e s t i l l r i s i n g r a p i d l y as shown i n F i g u r e 
6. A number of p r e s s u r i z e d samples have been taken and show 
8 5 K r as w e l l as HTO and HT. These d a t a a r e summarized i n Table 
V I I I . The observed 8 5 K r / T atom r a t i o s are v e r y s i m i l a r t o t h a t 
of 1.2 χ 10~k c a l c u l a t e d f o r the Cambric source term, c o n s i s t e n t 
w i t h the h y p o t h e s i s t h a t the 8 5 K r i s d i s s o l v e d i n the water and 
moves a l o n g w i t h the HTO. 

TABLE VI 
REPRESENTATIVE ACTIVITY LEVELS IN RNM-1 WATER SAMPLES 

A c t i v i t y a t t Atom R a t i o 

8 5 K r 
(yCi/ml) (dpm/ml) 85 Kr/T 

O r i g i n a l : 

Zone IV (8-8-75) 

Zone V (8-14-75) 

Re-entry: 

0.15 

0.038 

70 

13 

1.8x10 

1.3x10 

I (10-4-77) 0.0032 
6 3 

(1.17x10 m pumped from 2S) 

75 9.4x10 

I I (11-30-77) 0.0020 
6 3 

(1.34x10 m pumped from 2S) 

1.3x10 
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H O F F M A N Radionuclide Migration 

Figure 6. Tritium concentration as a function of volume of water pumped 
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164 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

TABLE VII 
ACTIVITY LEVELS OF 9 0 S r AND 1 3 7 C s IN WATER 

FROM RE-ENTRY OF RNM-1 

A c t i v i t y at t 
(dpm/ml) 

90 Sr 137 Cs 
Atom Ratio 

90 Sr/T 137 Cs/T 

Original: 
Zone IV (8-8-75) « 6 « 1 1.8x10" 
Zone V (8-14-75) «0.25 « 0 . 2 2.3x10" 

Re-entry: 
1(10-4-77) « 1 « 0 . 2 1.4x10" 

11(11-30-77) « 0 . 6 « 0 . 5 1.4x10 

-6 

-4 

3.1x10 
1.8x10 -6 

3.0x10 
1.2x10 

Γ 5 

-4 

TABLE VIII 
ANALYSES OF PRESSURIZED WATER SAMPLES FROM RNM-2S 

( A l l a c t i v i t i e s corrected to zero time.) 

Sample 

Volume 
Pumped 
(m3) 

Τ 
(yCi/ml) 

8 5 K r 
(dpm/ml) 

Atom Ratio 
8 5Kr/T 

6 -5 -2 -4 1 1.702x10 1.69x10 D 0.48x10 1.11x10 

2 1.702xl0 6 1.62xl0" 5 1.06xl0" 2 2.58xl0*~4 

3 1.852xl0 6 3.64xl0" 5 1.15xl0~ 2 1.24χ1θ""4 

4 1.852xl0 6 3.65xl0" 5 0.91xl0" 2 0.98xl0" 4 
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9. H O F F M A N Radionuclide Migration 165 

F u t u r e 

Pumping a t RNM-2S w i l l c o n t i n u e and l a r g e volumes of water 
w i l l be a n a l y z e d f o r o t h e r r a d i o n u c l i d e s . Simple c a l c u l a t i o n s 
(R. Stone, p r i v a t e communication, 1978) show t h a t i t w i l l t ake 
more than 1500 y e a r s f o r n u c l i d e s from RNM-1 h a v i n g d i s t r i b u t i o n 
r a t i o s of 100 or more to r e a c h RNM-2S. L a b o r a t o r y experiments 
(3) i n d i c a t e t h a t the r a t i o s f o r S r , Ru, Cs, Ce, Pm, and Pu are 
l a r g e r than 100. Those f o r Sb and U are much s m a l l e r and i s o 
topes of these elements might be d e t e c t a b l e i n the water. Non-
e q u i l i b r i u m e f f e c t s o r the presence of c o l l o i d a l or non-sorbed 
s p e c i e s might a l l o w o t h e r n u c l i d e s t o move more r a p i d l y than 
expected. Pumping and m o n i t o r i n g of r a d i o n u c l i d e l e v e l s w i l l be 
con t i n u e d a t l e a s t u n t i l a maximum i n the t r i t i u m c o n c e n t r a t i o n 
has been reached and the shape of the Τ c o n c e n t r a t i o n curve has 
been d e f i n e d . 

I t i s hoped t h a t s t u d i e s s i m i l a r t o those conducted a t 
Cambric can be c a r r i e d out f o r n u c l e a r d e v i c e s t e s t e d i n o t h e r 
media such as t u f f . Re-entry d r i l l b a c k and sampling sooner a f t e r 
d e t o n a t i o n would be d e s i r a b l e so t h a t the b e h a v i o r of s h o r t e r -
l i v e d s p e c i e s such as 9 5 Z r , 9 9 M o - 9 9 T c , 1 0 3 R u , 1 3 1 I , l l f 7Nd, and 
2 3 7 U can be s t u d i e d . A l t h o u g h these n u c l i d e s have such s h o r t 
h a l f l i v e s t h a t they are not apt t o be t r a n s p o r t e d o f f - s i t e , they 
would p r o v i d e s e n s i t i v e m o n i t o r s o f the b e h a v i o r of l o n g e r - l i v e d 
a c t i v i t i e s of the same elements, such as 9.5 χ 1 0 5 - y e a r 9 3 Z r , 
2.1 χ 1 0 5 - y e a r 9 9 T c , 1.6 χ 1 0 7 - y e a r 1 2 9 I , and 2 3 5> 2 3 8u which are 
of i n t e r e s t on a l o n g time s c a l e . 
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Abstract 

The radionuclide distribution in both the water and aggregate 
around a 0.75-kt nuclear test which was detonated below the water 
table at the Nevada Test Site has been investigated. An extensive 
suite of sidewall core samples was obtained from near the surface 
to below the original cavity region. Representative water samples 
were pumped from five different zones in the cavity and rubble re
gions. Most of the radioactivity was found in solid material con
tained in the lower cavity region. Water pumped from the region 
of highest radioactivity showed only tritium and strontium-90 at 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

00
9

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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levels higher than the recommended concentration guides for drink
ing water. Water is being pumped from a satellite well some 90 m 
away to induce an artificial gradient and draw water from the test 
zone. 
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10 
Nuclide Migration in Fractured or Porous Rock 

P. G. RICKERT, R. G. STRICKERT,1 and M. G. SEITZ 

Argonne National Laboratory, Argonne, IL 60439 

Repositories built i n geologic bodies are being considered 
for permanent disposal of nuclear wastes. In the context of deep 
geologic repositories, the rock formation itself may be considered 
as part of the mechanism retaining the wastes within the immediate 
neighborhood of the repository. The interactions of nuclear 
wastes with geologic materials are being studied i n laboratory ex
periments to evaluate geologic media as barriers to nuclide migra
tion. Migration caused by flowing water is considered the most 
credible mechanism for moving wastes from a repository i n a well 
chosen site. The extent and rate of migration of wastes under the 
influence of groundwater, of course, depend on several parameters; 
including the type and extent of the chemical reaction of the 
radionuclides with the geologic media. 

In previous work (1,2,3) it was found that the kinetics of 
sorption was an important parameter affecting the migration of nu
clides i n geologic media. For example, i n experiments designed to 
measure the kinetics of reaction for radionuclides i n solution 
with tablets of rock, it was found that periods from several min
utes to several hours were required for the radionuclides to reach 
steady state concentrations on the rock tablets and in the solu
tions. Figure 1 shows the reaction curves found for the sorption 
of plutonium and americium from solution by a tablet of granite. 
The reaction rates for the sorption of plutonium and americium 
from solution are not the same, and both require a number of hours 
to reach steady state concentrations. 

The observation that the sorption process progresses as a 
function of time implies that under conditions of solution flow 
through geologic media, there may not be instantaneous or local 
equilibrium between a nuclide bearing solution and geologic media, 
but rather, the nuclide would be sorbed from solution through a 
length or zone of the media. Following adsorption, the nuclide 
would desorb after an amount of water passed over the media. The 
nuclide would again be readsorbed downstream a distance dependent 

1 Current address: Battelle Pacific Northwest Laboratories, Richland, Washington 99352. 

0-8412-0498-5/79/47-100-167$06.00/0 
© 1979 American Chemical Society 
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168 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

upon the rate of adsorption and the flow rate of the solution. 
Desorption and readsorption would continue i n this manner and the 
migration of the nuclide would be defined in terms of the rate of 
adsorption, the rate of desorption, and the equilibrium d i s t r i b u 
tion of the nuclide between solution and geologic media. 

To quantify this treatment of migration as influenced by 
kinetics, a model has been developed i n which instantaneous or 
l o c a l equilibrium i s not assumed. The model i s called the Argonne 
Dispersion Code (ARDISC) (_4) . In the model, adsorption and de
sorption are treated independently and the rates for adsorption 
and desorption are taken into account. The model treats one d i 
mensional flow and assumes a constant velocity of solution through 
a uniform homogeneous media. 

This paper describes an experimental study of the applica
b i l i t y of the ARDISC model to laboratory studies of nuclide mi
gration i n geologic media. 

Basic Description of Model 

The model assumes a one dimensional column divided into an 
arbitrary number (LEND) of units or zones. Each zone can sorb a 
given species such that at equilibrium the d i s t r i b u t i o n of the 
species between the surface of the zone and the volume of solu
tion ( i n i t i a l l y at unit concentration of the species) i s 

α/3 (1) 

where 
a = amount of species sorbed on the surface 
and 
3 = 1 - α 

If after this d i s t r i b u t i o n i s established, a second cycle occurs 
in which the solution from the i n i t i a l zone i s transferred to a 
second zone with the same characteristics as the f i r s t zone and 
a fresh solution containing none of the species i s placed i n the 
f i r s t zone, another equilibration, this time i n both zones w i l l 
occur. This process i s continued by the model for additional 
cycles and zones. 

The description of the model up to this point i s analogous 
to a description of a chromatographic model which incorporates 
the concept of the theoretical plate (5). 

If, however, the movement from zone to zone i s fast enough 
that equilibrium does not occur, the f r a c t i o n sorbed from solu
tion can be calculated i f the rate of sorption i s known (or can 
be estimated). A parameter, F, i s therefore defined 
p_fraction of species sorbed from soin, during one cycle time 

fraction of species sorbed from soin, at equilibrium 
which can be related to the rate of adsorption of the species. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

01
0

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



10. RICKERT E T A L . Nuclide Migration 169 

The parameter, F, gives d i r e c t l y the amount adsorbed i n a zone i n 
which the species i n i t i a l l y i s present only i n the solution. 

For any species adsorbed on the surface of a zone, the frac
tion of the sorbed species which desorbs during the time of a 
cycle can be measured (or estimated). Another parameter, G, i s 
therefore defined 
^ f r a c t i o n of species desorbed from surface during 1 cycle timely 

fraction of species desorbed from surface at equilibrium 
to account for desorption under non-equilibrium conditions. The 
parameter, G, gives d i r e c t l y the amount desorbed in a zone where 
the species i s i n i t i a l l y present only on the surface of a zone. 

Thus for each zone, during a given cycle, the adsorption-
desorption process i s separated into two d i s t i n c t events with F 
or G describing the kinetics of each event. Such an approach i s 
of course v a l i d only for f i r s t order rate reactions. In the 
l i m i t of low concentration, (such as that resulting from slow 
leaching from a repository) the reaction sites on the rock w i l l 
not approach saturation and the number of reaction s i t e s can be 
considered to remain constant during adsorption. Therefore, for 
a single species i n solution at tracer concentrations the reac
tion should approximate a f i r s t order reaction ( i . e . , where no 
complications such as concentration effects, step-wise dehydra
tion, dissociation, etc., are present). 

If a calculated cycle i s defined as a p a r t i a l equilibration 
between the species on the surface of a zone and the species in 
the solution of a zone, and i s followed by an instantaneous 
transfer of the solution to the next zone, the following recur
sive formulae apply: 

R(£,Z) = GaR(£-l,Z) + (1-G)R(£-1,Z) + FaS(£-l,Z) (4) 

S(£,Z+1) = FgS(£-l,Z) + (l-F)Sa-l,Z) + G3R(^-1,Z) (5) 

or rearranging 

R(£,Z) = [Ga+l-G]R(£-l,Z) + FaS(il-l,Z) (6) 

S(£,Z+1) = [Fg+l-F]S(£-l,Z) + GgR(£-l,Z) (7) 

where R(£,Z) = amount of species sorbed on the surface i n the Zth 
zone after the £th cycle. 

S(£,Z+1) = amount of species i n solution i n the (Z+l)th zone 
after the £th cycle. ( the solution i n the Zth 
zone i s transferred to the (Z+l)th zone at the end 
of the £th cycle.) 

Thus i f a, F, and G are known and i f I and Ζ are specified, the 
di s t r i b u t i o n of the species both i n solution and on the media can 
be calculated by the model. For equations 6 and 7, one must have 
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170 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

an i n i t i a l amount of species present. 

Experimental 

If the rate of adsorption, the rate of desorption, and the 
equilibrium partitioning of a nuclide between a s o l i d medium and 
solution are known, then the rate of migration of a nuclide 
through the medium can be predicted with the ARDISC model. 

The rate of adsorption and the rate of desorption are assumed 
to be dependent on the geometric relationship of the rock and so
lu t i o n ( i . e . , dependent upon the volume of solution and on the 
shape and area of the s o l i d medium i n contact with the solution). 
Because the dependence of sorption kinetics on the geometric r e l a 
tionship i s not known, the rates for sorption are determined by 
experiment for the particular geometry (surface area of rock to 
volume of solution) for which the prediction of nuclide migration 
i s desired. 

The a p p l i c a b i l i t y of the ARDISC model to laboratory migration 
experiments was studied i n two sets of experiments. In the f i r s t 
set of experiments, the rate of adsorption, the rate of desorp
tion, and the equilibrium partitioning of americium III between 
solution and simulated fissures were measured i n s t a t i c and batch 
experiments. The measured parameters were used i n the model to 
predict the migration of americium III through simulated fissures. 
The predictions were compared with experimental results. In the 
second set of experiments, strontium was eluted through a column 
of glauconite at six solution flow rates ranging from 14.4 to 721 
centimeters per hour. To obtain input data for the ARDISC model 
the equilibrium partitioning of strontium between solution and 
glauconite was determined from the resulting curves and the rate 
for adsorption and the rate for desorption were determined by 
curve f i t t i n g the results of one of the column i n f i l t r a t i o n ex
periments. The parameters that were determined i n this way were 
used i n the model to predict the migration of strontium through 
the column of glauconite for four of the solution flow rates. The 
predictions were compared with experimental results. 

Fissures 

Fissures were fabricated by cutting slabs of rock from a core 
of gray hornblende schist. X-ray d i f f r a c t i o n analysis of gray 
hornblende schist i d e n t i f i e d c h l o r i t e and an amphibole (horn
blende) as the major mineral phases present and feldspar as a 
minor constituent. The slabs were cut into rectangles approxi
mately 2.54 cm wide by 5.08 cm long. Each piece was polished on 
one side with successively finer sized abrasive with the f i n a l 
abrasive size being 600 mesh. To form a fissure, two rectangular 
pieces were put together. Wax gaskets were placed along the long 
edges of the rectangular pieces to form a 0.027 cm gap between 
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the two pieces. The surface area to volume rati o produced was 74 
cm2 to 1 mL and the surface area to volume ratio was constant for 
a l l the fissures used. 

Fissure Adsorption Experiments. To perform fissure sorption 
experiments, one end of each fissure was connected v i a small bore 
tubing to a microliter pipetter as i s shown i n Figure 2. Rock-
equilibrated water, described below, was injected into each f i s 
sure and the fissure walls were allowed to equilibrate with the 
solution for a period of two days before the adsorption experi
ments were performed. 

Rock-équilibrated water was produced by allowing d i s t i l l e d 
water to be i n contact with granulated gray hornblende schist for 
a period of several days. The solution produced was f i l t e r e d 
through a 0.4 \im NUCLEPORE f i l t e r before use. Analysis of the 
resulting solution showed that rock equilibrated-water contained 
48 mg/L t o t a l solids (dried at 180°C). The E^ of the solution was 
measured to be 0.275 V. The pH of the gray hornblende schist 
equilibrated water was measured to be 7.6 at the time of the f i r s t 
adsorption experiment. Thereafter the solution pH was maintained 
at 7.5-7.7. 

Adsorption experiments were performed by removing rock-
equilibrated water from the fissures and injecting stock solution 
which was made by dissolving tracer amounts of americium-241 in 
rock equilibrated water. The stock solution was allowed to e q u i l 
ibrate within the fissures for different periods of time and was 
then removed from each fi s s u r e . The stock solution was assayed 
before injection and after removal from the fissures so that the 
change i n americium concentration was determined for a different 
time i n each fi s s u r e . Ten adsorption experiments were performed 
in this manner and the results are presented i n table I. Figure 
3 i s a graphical representation of the i n i t i a l part of the adsorp
tion curve. 

Equilibrium Partitioning Experiments. The equilibrium p a r t i 
tioning of americium-III between gray hornblende schist and rock 
equilibrated water was determined i n batch partitioning experi
ments with rectangular blocks of gray hornblende schist (5). The 
surface area sorption c o e f f i c i e n t , Kg, was determined to be 4.5 ± 
.5 mL/cm2 where 

Κ — volume of solution ,gv 
s β surface area of sample 

α from equation 1 i s the fraction of nuclide concentra
tion adsorbed from solution. 

3 from equation 1 i s the fraction of nuclide concentra
tion remaining i n solution; 1 - a. 

Solving equation 8 for the geometric surface area to volume ra t i o 
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ADSORPTION TIME, hr 

Figure 1. Sorption of plutonium IV and americium III from solution by a tablet 
of granite. Experiment No. 16; granite LI-6152; (•), 237Pu; (O),241 Am. 

MICROLITER 
PIPETTE 

FISSURE WITH 
WAX GASKET 

-ROCK FISSURE 

-MICROBORE 
TUBING 

Figure 2. Apparatus used in static fissure adsorption experiments 
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found i n the fissures, the fraction of the nuclide concentration 
predicted to be adsorbed by the fissure surfaces at equilibrium i n 
fissure sorption experiments i s 0.997. 

Fissure Desorption Experiments. Desorption experiments were 
performed with two fissures by injecting rock equilibrated water 
into the fissures immediately after removing the americium-bearing 
solution from the fissures i n adsorption experiments. After i n 
jection, the rock-equilibrated water was allowed to react within 
the fissures for a period of time before removal. The rock-
equilibrated water was assayed after removal from the two fissures 
and the amount of nuclide desorbed as a function of contact time 
was determined. Between f i v e and seven desorption experiments 
were performed for each of six time periods between ten seconds 
and sixty minutes for each of the two fissures. The results of 
the desorption experiments are presented i n table 2 as the percent 
of 3 (at equilibrium) that desorbed from the fissures i n a period 
of time. 

Because most of the americium remains on the rock even after 
desorption i s completed, the r a t i o of a c t i v i t y desorbed to that 
expected at equilibrium i s subject to large uncertainty. The re
sults of the desorption experiments are so varied that no quanti
tative conclusion can be drawn about the rate for desorption. 
However, the results do indicate that desorption may occur with a 
rate equal to or less than the rate for adsorption. 

Fissure Elution Experiments. The migration characteristics 
of americium by water transport i n fissures fabricated from gray 
hornblende schist were determined. Fissures not used i n the pre
vious sorption experiments were used for these elution experi
ments. A diagram of the experimental apparatus i s shown i n Figure 
4. Solution reservoirs were attached above the fissures and the 
small bore tubes affixed to the bottom of the fissures were con
nected to solution metering pumps. 

Before the elution experiments were performed, the "schism-
equilibrated water was pumped through the fissures for two days 
to allow the fissure walls to interact with the rock-equilibrated 
water. 

Two sets of fissure elution experiments were performed. In 
the f i r s t set of experiments, the rock equilibrated water con
tained i n the reservoirs above three fissures was f i r s t replaced 
with americium bearing stock solution. The solution metering 
pumps were l e f t running i n order not to interrupt the flow while 
the exchange was made. The flow was slow enough that a i r was not 
drawn into the fissures during the exchange. Flow was continued 
u n t i l an arbitrary volume, 0.67 fissure volumes, of stock solution 
were drawn into each fi s s u r e and then the solution metering pumps 
were turned o f f . This volume was chosen to permit the observance 
of a leading edge of a c t i v i t y , i f i t existed, moving with the 
water front. Stock solution was drawn into the fissures at linear 
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241 
Table I. Am Adsorption by Gray Hornblende Schist: 

Fissure Experiments (static) 
Percent 

Adsorption A c t i v i t y Remaining 
Time, Fissure Applied i n 
Seconds Number i n 152 λ Solution 

15 1 65 nCi 84 .6 ± .1 
54 5 0.98 nCi 71 + 1 

150 8 0.97 nCi 63 .1 + .9 
300 2 1.1 nCi 50 .7 ± .8 
600 7 1.7 nCi 36 .3 ± .5 
3600 4 56 nCi 32 .3 ± .1 
60120 2* 173 nCi 25 .0 ± .1 
60120 8* 184 nCi 17 .4 ± .1 
86400 5* 111 nCi 2. 20 ± .02 
250200 6 0.84 nCi 0. 05 ± .25 

*Cores #2, #5, and #8 were used twice for adsorption ex
periments. The a c t i v i t y applied during the f i r s t ad
sorption experiments was ins i g n i f i c a n t when compared to 
the a c t i v i t y applied i n the second experiment. 
The reported errors are for counting s t a t i s t i c s . 

+3 
Table I I . Am Desorption from Gray Hornblende Schist: 

Fissure Experiments (static) 
Desorption Percent of 3* (at 

Time, Desorption equilibrium) Desorbed 
Seconds Runs Core #2 Core #8 

10 5 8 + 5 4 ± 2 
20 7 13 ± 10 13 ± 4 
60 7 31 ± 47 19 ± 6 
360 6 8 ± 6 13 ± 5 

1200 5 13 ± 8 6 ± 2 
3600 7, 6 (core #8) 14 + 19 22 + 16 

*3 i s the fraction of a nuclide i n solution at equilibrium. 
The desorption values were determined assuming that 0.003 
of the nuclide would be i n solution at equilibrium. The 
values that are presented are the arithmetic mean and 
standard deviations found for the number of experiments 
performed for each time i n t e r v a l . 
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flow rates of 1.13, 2.29, and 4.77 cm/hr respectively. After 
stopping the flow of stock solution into the fissures, i t was re
moved from the reservoirs above the fissures and the solution i n 
each fissure was l e f t stagnant for a period of twenty-four hours. 
Based on the kinetic data i n table 1, i t i s believed that the 
americium in the stock solution becomes equilibrated with the sur
face of the fissures during the twenty-four hour period that the 
stock solution remained stagnant. At equilibrium 0.997 of the 
americium i s adsorbed; i t i s therefore expected that the americium 
dis t r i b u t i o n on the fissure walls, after the twenty-four hour 
period, represents the migration of americium into the fissures 
during the 0.67 fissure volume elutions. 

After the twenty-four hour period of contact, the solution in 
the fissures was rapidly withdrawn. The surfaces of the fissures 
were dried under vacuum at 25°C and then dismantled. The d i s t r i 
butions of americium on the fissure surfaces were determined f i r s t 
q u a l i t a t i v e l y using autoradiographs of the fissure surfaces with 
POLAROID LAND black and white 3000 ASA type 47 f i l m . The auto
radiographs are shown i n Figures 5, 7, and 9. The lighte r areas 
on the autoradiographs represent areas of americium adsorption. 

The distributions of americium on the fissure surfaces were 
then quantitatively determined by scanning the face of each f i s 
sure with a Nal s c i n t i l l a t i o n c r y s t a l through a 0.3 cm s l i t i n 
lead shielding. The 59 keV gamma ray emitted by 2lflAm was mon
itored. Histograms of the americium distributions on the fissure 
surfaces were produced and are presented i n Figures 5, 7, and 9. 

The second set of fissure-elution experiments was performed 
in the same manner as described for the f i r s t set of fi s s u r e -
elution experiments. The difference i n the second set of experi
ments was that after 0.67 fissure volumes of stock solution were 
drawn into the fissures at their respective flow rates, the stock 
solution i n the reservoirs was replaced with rock-equilibrated 
water. The solution metering pumps were not turned off during the 
exchange. Subsequently, a t o t a l of twenty fissure volumes of so
lu t i o n was drawn through each fissure before the metering pumps 
were turned o f f . After the metering pumps were stopped, the rock-
equilibrated water was removed from the reservoirs and the solu
tion i n the fissures was rapidly drawn o f f . 

The fissures were dried under vacuum at 25°C and were d i s 
mantled. The distributions of americium on the fissure surfaces 
in the second set of experiments were determined as they were i n 
the f i r s t set, that i s : f i r s t q u a l i t a t i v e l y by autoradiography and 
then quantitatively by gamma scanning the fissure faces through a 
0.3 cm s l i t . 

Autoradiographs of the fissure surfaces from the second set 
of experiments are presented i n Figures 6, 8, and 10. Histograms 
representing the quantitatively determined di s t r i b u t i o n of ameri
cium on the fissure surfaces are also presented i n Figures 6, 8, 
and 10. 
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Figure 5. Distribution of americium on 
fissure surface, experimental and pre
dicted, after 0.67 fissure volume elution. 
Flow rate of 1.13 cm/hr. (A), Americium 
distribution on surface of fissure; (B), 
model prediction of americium on sur
face of fissure; (C)y autoradiograph of 
fissure surface showing americium dis

tribution. 
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Ο 
60-
50H 
40-
30-
20-
i OH 

5 6 7 
ZONES (0.3175cm 

β ^ Ί ο Ί Γ ι ζ Ί δ Ί ^ ΐ δ Ί θ 1 

β 'θ ΊΟ ' Ι Ι ' ^ ' β ' ^ Ίδ ' Ι ο ' 
ZONES (0.3175cm) 

Figure 6. Distribution of americium on 
fissure surface, experimental and pre
dicted, after 20 fissure volume elution. 
Flow rate of 1.13 cm/hr. (A), Americium 
distribution on surface of fissure; (B), 
model prediction of americium on sur
face of fissure; (C), autoradio graph of 
fissure surface showing americium dis

tribution. 
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I '2 

ZONES (0.3175 cm) 

90η 
LU 80-
Ο 70-
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Figure 7. Distribution of americium on 
fissure surface, experimental and pre
dicted, after 0.67 fissure volume elution. 
Flow rate of 2.29 cm/hr. (A), Americium 
distribution on surface of fissure; (B), 
model prediction of americium on surface 
of fissure; (C), autoradio graph of fissure 
surface showing americium distribution. 
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Figure 8. Distribution of americium on 
fissure surface, experimental and pre
dicted, after 20 fissure volume elution. 
Flow rate of 2.29 cm/hr. (A), Ameri
cium distribution on surface of fissure; 
(B), model prediction of americium on 
surface of fissure; (C), autoradio graph of 
fissure surface showing americium dis

tribution. 
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Figure 9. Distribution of americium on fissure surface, experimental and pre
dicted, after 0.67 fissure volume elution. Flow rate of 4.77 cm/hr. (A), Americium 
distribution on surface of fissure; (B), model prediction of americium on surface 
of fissure; (C ), autoradio graph of fissure surface showing americium distribution. 
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Figure 10. Distribution of americium on fissure surface, experimental and pre
dicted, after 20 fissure volume elution. Flow rate of 4.77 cm/hr. (A), Americium 
distribution on surface of fissure; (B), model prediction of americium on surface of 
fissure; (C), autoradio graph of fissure surface showing americium distribution. 
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Model Predictions. The rate for desorption of americium from 
the fi s s u r e surfaces into solution was assumed to equal the rate 
for the adsorption of americium from solution by the fissure sur
faces. The sorption rate and the equilibrium fractionation of 
americium that were determined i n the s t a t i c experiments were used 
to determine input parameters to the ARDISC model. The ARDISC 
model predictions for the distributions of americium on the f i s 
sure surfaces i n both sets of experiments are presented i n Figures 
5 through 10 along with the autoradiographs and the experimental 
histograms representing the various distributions of americium on 
the fissure surfaces. 

Strontium Migration Experiments i n Glauconite 

The work that was performed i n this set of experiments was 
an extension of work performed by Inoue and Kaufman (7). In the 
previous work, the migration of strontium i n glauconite was 
modeled using conditions of l o c a l equilibrium for flows up to 6.3 
kilometers per year (72 cm/hr). The differences between the pre
dicted and experimental results i n the experiments performed by 
Inoue and Kaufman may be due to the existence of non-equilibrium 
behavior. 

Column I n f i l t r a t i o n Experiments. Six i n f i l t r a t i o n experi
ments, each at a different flow, were performed with one column of 
glauconite. The apparatus used i n the i n f i l t r a t i o n experiments 
consisted of a mineral column contained i n a stainless-steel tube 
connected to a sample-injection valve and a solution-metering 
pump. Glauconite [a hydrous s i l i c a t e , nominally (K,Na)(Al,Fe , 
Mg)2 (Al,Si)i*Oio (0H )2 ] was prepared by s i f t i n g glauconite sand to 
obtain a fra c t i o n of uniform size (<40 and >70 mesh s i z e ) . The 
sand was washed repeatedly i n d i s t i l l e d water to remove dust ad
hering to the particles and was packed i n a stai n l e s s - s t e e l tube 
to form a column 15 cm long by 1.0 cm diameter with 53 percent 
porosity. 

The column was conditioned by eluting i t with a solution of 
0.01 M CaSOi* and 0.0001 M SrC03 . The solution used i n this set of 
experiments was produced to simulate the solution used by Inoue 
and Kaufman. 

Strontium-85 with SrCl2 carrier was added to an aliquot of 
the calcium-strontium solution to form a radioactive solution with 
Μ. χ 10 6 M 8 5 S r . At the start of an experiment, a small quantity 
(20 y£) of the radioactive solution was injected into the solution 
stream above the glauconite column and the column was eluted with 
solution u n t i l a l l the radioactive strontium had moved through the 
column. The eluent was collected i n fractions and each fra c t i o n 
was analyzed to determine the migration characteristics of the 
strontium i n the column. 

The radioactive strontium i n solution vs. the eluate fra c 
tions for each flow rate i s plotted i n Figure 11. The strontium 
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Figure 11. Elution of strontium from 
the column of glauconite. Peak width 
increases with flow (top to bottom) indi
cating nonequilihrium behavior. Slowest 
flow rate is 0.1 mL/min or 14 cm/hr; 
fastest flow rate is 5 mL/min or 720 

cm/hr. 
150 200 250 

VOLUME, mL 
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peaks have a shape that i s dependent on the flow rate of the 
eluent. The sharpest peak i s produced with the slowest flow rate; 
the widest peak i s produced with the fastest flow rate. The 
strontium peaks were delayed r e l a t i v e to the advancing water front 
(which would traverse the column i n the f i r s t 6.5 mL of eluent). 
Moreover, each of the strontium peaks seen i n Figure 11, even the 
one produced with the slowest flow i s wider than predicted by the 
peak width (2 mL f u l l width at half maximum) that was seen for 
peaks of t r i t i a t e d water that were eluted through the column (8). 
Therefore, the strontium has interacted with the glauconite column 
and, as indicated by the different peak shapes, interacted d i f 
ferently at each flow. The flows given i n Figure 11 were measured 
by c o l l e c t i n g eluate over s p e c i f i c periods of time. In each ex
periment, a l l the radioactive strontium was eluted i n the single 
peak seen i n the figure. 

To relate the six curves obtained experimentally with the 
ARDISC model, the rate for adsorption, the rate for desorption and 
the equilibrium d i s t r i b u t i o n of the nuclide between glauconite and 
solution had to be determined. 

The r e l a t i v e migration rate of the peak concentration of 
strontium at a solution flow rate of 0.1 mL per minute was used to 
calculate the equilibrium fractionation of strontium between 
glauconite and solution. It was determined that at equilibrium 
0.958 of the strontium would be adsorbed by the glauconite and 
0.042 of the strontium would be i n solution (mobile phase). 

The rate for adsorption and the rate for desorption were 
determined by curve f i t t i n g with ARDISC. It was assumed that the 
rate for desorption equaled the rate for adsorption. The α and β 
parameters were held constant at 0.958 and 0.042 respectively. 
The F, G, and zone length input parameters to the ARDISC model 
were varied to f i t the strontium migration data at a flow rate of 
2 mL per minute. 

Assuming f i r s t order reaction kinetics, the sorption rate 
that was determined for adsorption and desorption was 0.187 sec"* . 
A reaction rate of 0.187 sec" implies a half time of reaction of 
3.7 seconds. 

The curves predicted by the model for four of the six flow 
rates are presented i n Figure 12. 

Discussion and Conclusions 

Figures 5, 7, and 9 show the americium distributions on f i s 
sure surfaces after the administration of 0.67 fissure volumes of 
stock solution at flow rates of 1.13, 2.29, and 4.77 cm/hr. The 
peak concentrations of americium were adsorbed at the top of the 
fissures and leading edges of americium were extended into the 
fissures. In general, at faster flow rates the r e l a t i v e quanti
ties of americium sorbed at the top of each fissure decreased and 
the length and r e l a t i v e amount of the leading edge extending into 
each fissure increased. 
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The ARDISC model predictions for 0.67 fissure volume addi
tions of stock solution into fissures at the three flow rates also 
show that the peak concentrations of americium w i l l be sorbed at 
the top of each fi s s u r e . The leading edges of the nuclide are 
predicted to extend into the fissures. The ARDISC model also pre
dicts that at faster flow rates, the r e l a t i v e amount of americium 
sorbed i n the peak concentration at the top of each fissure should 
decrease. Also, the length and r e l a t i v e amount of the leading 
edge extending into each fissure i s shown to increase. 

Figures 6, 8, and 10 show that the distributions of americium 
on the fissure surfaces after the addition of 0.67 fissure volumes 
of stock solution followed by the elution of 20 fissure volumes of 
"schlst l ,-equilibrated water through the fissures at flow rates of 
1.13, 2.29, and 4.77 cm/hr. A comparison was made between the 
americium distributions found on the fissure surfaces after the 
addition of americium stock solution and that found after elution 
of the americium by 20 fissure volumes of f fschist f l-equilibrated 
water. It was found that after the i n i t i a l loading of americium 
into the fissures i n the f i r s t 0.67 fissure volumes of solution, 
the peak concentrations of americium that were sorbed at the top 
of the fissures decreased in their r e l a t i v e concentration. The 
leading edges of the detectable nuclide concentration extending 
into the fissures had increased i n length and r e l a t i v e concentra
tion with subsequent elution by rock equilibrated water through 
the fissures. The ARDISC model predicted the same relationships. 

The ARDISC model q u a l i t a t i v e l y predicted the shape of the 
curves representing the d i s t r i b u t i o n of americium on the fissure 
surfaces. However, the model was not able to predict accurately 
the d i s t r i b u t i o n of americium on the fissure surfaces in each ex
periment. A plot of the natural logarithm of the fraction of the 
nuclide remaining i n solution vs. the absorption time does not 
produce a straight l i n e (Figure 13) for the f i r s t f i v e data points 
obtained i n the s t a t i c fissure absorption experiments. A plot of 
the natural logarithm of the fraction remaining i n solution vs. 
time should produce a straight l i n e i f the reaction were f i r s t 
order. The ARDISC model assumes that the sorption reactions are 
f i r s t order. The discrepancy between the experimental and predic
ted results may be due to higher order sorption k i n e t i c s . In ad
d i t i o n , differences between the predicted and the experimental re
sults may also be due to a number of factors such as non-homogene
ous media, non uniform flow through the fissures, small pH f l u c t u 
ations, precipitation reactions, and c o l l o i d formation by some of 
the nuclide. 

In the column i n f i l t r a t i o n experiments with strontium, the 
model predictions closely resemble the experimental curves for the 
four flow rates compared. The input parameters to the ARDISC 
model were derived from experimental data obtained i n i n f i l t r a t i o n 
experiments. The model predictions were based on the assumptions 
that the rate for adsorption and the rate for desorption were 
equal and that the sorption reactions were both f i r s t order. 
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Figure 13. Plot of In fraction of americium in solution vs. time for the data ob
tained in the static fissure absorption experiments 
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The results of the experiments presented i n this paper demon
strate that the migration of nuclides in geologic media can be 
studied experimentally and treated i n at least a semiquantitative 
fashion using kinetic and partitioning data. The ARDISC model i s 
a useful aid i n analyzing nuclide migration data obtained i n lab
oratory experiments. But the ARDISC model i s limited to f i r s t -
order sorption kinetics. 

Phenomena such as nuclide transport by part i c l e s or nuclide 
transport i n c o l l o i d a l form w i l l interfere with a kinetic approach 
to predicting nuclide migration. The results indicate that the 
measurement of kinetic parameters may be as important to under
standing the migration of a nuclide through a geologic media as 
the measurement of the equilibrium-sorption value (K^). 
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11 
Kinetic Effects in Migration 

A. M. FRIEDMAN and S. FRIED 
Argonne National Laboratory, Argonne, IL 60439 

The usual basis of predictions of migratory behavior of ions 
in geological strata is the treatment of this behavior as an 
equilibrium chromatographic elution (1,2). This then leads to 
the following expression for the migratory velocity (v) of a 
species: 

where νw = velocity of the water front 
Kd = concentration ratio of absorbed and dissolved solute 

ε = porosity of the strata 
ρ = bulk density of the strata. 

This expression will predict the movement of a solute whose 
adsorption is in equilibrium with the surrounding strata. This 
equilibrium chromatographic motion will result in the migration 
of a band of activity whose concentration profile is gaussian 
and whose deviation will be a function of the hydrodynamic dis
persion, Th (due to statistical variations in path length) and 
absorptive dispersion Ta (due to statistical variations in the 
absorption and desorption process). While these dispersions 
are interactive and do not sum in a simple fashion they both 
depend on path length. 

The longitudinal hydrodynamic dispersion is given (3, 4, 5) 
by: 

Τ2h = 1/3 (λ + 0.173) dwl (2) 

where λ is related to the mean migration distance and grain size, 
dw is the average distance of water flow and l is the pore size. 

The absorptive dispersion is given by: 

where A is the area of the column 

0-8412-0498-5/79/47-100-191$05.00/0 
© 1979 American Chemical Society 
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192 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

cF i s the distance absorbing species i s moved 
Ν i s the number_ of theoretical plates (% number of pores) 

If we take Ν = d/£, 

then: Τ 2 = 8A 2(£)(d) (4) a 
Therefore both types of dispersion w i l l be proportionate to 

the square root of the distance migrated. If they add as a 
simple vector sum, (which may be a gross simplification) then: 

Τ 2 = Τ 2 + T 2 = d ( £ ) [8A 2 + 4 (λ + 0.173)] (5) a h 3 
This type of behavior would produce distributions of 

a c t i v i t y shown i n Figure 1 where the various peaks are symmetric 
gaussians of increasing width. 

However, i n many cases involving geological materials these 
normal behavior patterns are not observed. Figures 2-A and 2-B 
are i l l u s t r a t i o n s of this for Pu (6) and Cs (2) ions.. As can be 
seen i n the figures the distributions are neither symmetric (or 
gaussian) and tend to form a "plume11 i n the dir e c t i o n of flow. 
This plume can, of course, lead to higher concentrations than 
normal at distances downstream from the main body of a c t i v i t y 
and thus are important to models of waste migration. 

There are several types of mechanisms that could account 
for this behavior. (A) There could be abnormal flow paths, 
such as fissures which allow a small amount of a c t i v i t y to 
migrate more quickly than the main body. (b) This a c t i v i t y 
could be carried on c o l l o i d a l , non-absorbing p a r t i c l e s . Or (C) 
the flow rate could be too fast for equilibrium to occur for the 
adsorption and desorption processes. These p o s s i b i l i t i e s can be 
examined to determine which appears the most important. 

Figure 3 i l l u s t r a t e s the distributions found for 2 3 7 P u and 
2 4 1 

Am when a mixed sample of these tracers was i n f i l t r a t e d into 
a large (30 cm χ 30 cm) block of Bandelier tuff (6). The 
nuclide a c t i v i t i e s were determined simultaneously by coring 
sections of the tuff and represent the a c t i v i t y distributions 
i n the rock. It i s obvious that although the a c t i v i t i e s are 
both normalized at 100% at the surface the increased dispersion 
of the plutonium concentration during elution leads to an 
increase of almost an order of magnitude i n i t s a c t i v i t y 
r e l a t i v e to Am at the 5-6 cm depth. It i s highly unlikely that 
abnormal flow paths or movement of c o l l o i d a l clay particles 
would discriminate between americium and plutonium; therefore 
this experimental result tends to discount these possible types 
of mechanisms. However, a pure Pu polymer could carry the Pu 
more rapidly downstream. 

A further useful piece of information can be obtained from 
data such as i s i l l u s t r a t e d i n Figure 4 (_2) . In this experiment 
a simulated groundwater solution traced with Pu and Am was 
shaken with a sample of basalt and the concentration of ions i n 
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Figure 1. Predicted movement of elution peaks calculated by the use of Equation 
5 for the dispersion and a linear absorption isotherm solution 

0.01 

0.001 

DEPTH,cm 

Figure 2a. Concentrations of activity 
observed for 238Pu (originally in the IV 
oxidation state) when eluted into a (30 
X 30-cm block of) Bandelier tuff and 
washed with various amounts of water: 
( j, the distribution calculated for a 
gaussian shape; (- · -), the residual ac
tivity; (O), 150 mL rainfall; (χ), 500 

mL rainfall; 7000 mL rainfall. 
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Figure 2b. Activity curve for concentrations of 134Cs* absorbed on a column of 
Selma chalk. Two series of samples of chalk were analyzed after the experiment 
and their radioactivities are indicated by the histograms. The smooth curve is 
the distribution inferred from these results. Column 24-3, selma chalk, Cs-134. 

( ), First series of samples; ( ), second series of samples. 

Figure 3. Relative activities of 237Pu+4 and 2 4 1 Am*3 found in Bandelier tuff after 
simultaneous elution. Values are normalized to 100 at the surface. (O), 237Pu; 

( χ 2 4 1 Am; 1.0 L rainfall. 
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0 200 400 600 800 1000 
ADSORPTION TIME , hr 

Figure 4. Relative absorption rates of 2 4 1 Am*3 and 237Pu*4 on basalt. Experiment 
No. 19, Columbia River basalt; (•), 237Pu; (O),241 Am. 
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Table I 

Static Absorption Experiments with Plutonium and Americium 
Added Simultaneously to Each Solution at Ambient Tempera-
ture. The experiments were each run for 900 h or more. 

Rock 
Type 

Characteristic 
Reaction 
Time, h 

Pa r t i t i o n 
Coefficient, 

Rock 
Type Expt. Pu Am Pu Am 

Limestone, Salem 
Formation 

13-A 40 10 >150a VL60 a 

Granite, LI-6152 16 25 160 30 a 5 

Columbia River Basalt 19 60 150 230 a 320 

Tuff, Nevada 
Test Site 

22 180 5 39 370 a 

Low-Temperature 
Metamorphic 

25 450 ^20 130 2.6 

Magenta 28 50 400 41 a 47 

In these experiments, a considerable amount (>50%) of the radio
nuclide associated with the solution was retained on the walls 
of the polyethylene tube. The a c t i v i t y i n the solution was 
determined by subtracting the a c t i v i t y on the walls from the 
a c t i v i t y of the tube plus solution. The corrections are large 
and may have led to errors i n the calculated p a r t i t i o n coef
f i c i e n t s . 
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VERTICAL DISTRIBUTION OF Py AS A FUNCTION OF 
RATE OF DEPOSITION ON ROCK 

DEPTH,cm 

Figure 5. Vertical distribution of 237Pu*4 as a function of rate of deposition on 
Bandelier tuff. Total deposit: approximately 2 Χ 106 d/m; ( ), Site A, Pu ap
plied at rate of 2 mL/min; ( ), Site B, Pu applied at rate of 0.02 mL/min. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

01
1

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

RADIAL DISTRIBUTION OF Pu AS A FUNCTION OF 
RATE OF DEPOSITION ON ROCK 

DISTANCE FROM SITE OF DEPOSITION, cm 

Figure 6. Radial distribution of 237Pu+4 as a function of the rate of deposition on 
Bandelier tuff. Total deposit: approximately 2 Χ 106 d/m; ( ), Site A, Pu ap
plied at rate of 1 mL/min; ( j, Site B, Pu applied at rate of 0.01 mL/min. 
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the aqueous phase was determined at various intervals of time. 
As can be seen the time dependence of absorption i s different 
for the two elements. This i s generally true, and i n Table I 
are fiven a few of the values found i n reference (2). As can 
be seen i n Table I the time for equilibration of Pu i n tuff i s 
much longer than that for Am. Furthermore, the time needed 
for equilibration i s much longer than the transi t time of the 
solution through the pores of the rock (less than 1 hour). For 
example, i f the average pore size i s 1 mm and i f the flow rate 
i s as low as 10 meters per year, then the average residence 
time for solutions i n the pores w i l l be 0.88 hours, and e q u i l i 
brium would not be attained. Further evidence that this kinetic 
effect i s important can be seen i n Figures 5 and 6 (6). These 
figures demonstrate the results of further experiments on the 
i n f i l t r a t i o n of Pu into Bandelier t u f f . I t i s seen i n these 
figures that both the ra d i a l and longitudinal dispersion of the 
Pu distributions are increased with increasing flow rate. 

This set of observations, then, leads to the conclusion 
that the kinetics of adsorption and desorption may severely 
effect the dispersion of nuclides i n geomedia. The following 
paper i n this symposium w i l l describe i n d e t a i l further experi
ments aimed at quantifying these effects. 
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Sorption Behavior of Trivalent Actinides and Rare 

Earths on Clay Minerals1 

G. W. BEALL, B. H. KETELLE, R. G. HAIRE, and G. D. O'KELLEY 
Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Much interest in the past few years has been generated in 
connection with problems of radioactive waste isolation in a 
growing nuclear economy. Many studies have been initiated to 
find the most suitable sites for waste repositories, and the 
environmental impact i f breaches occur in such repositories. 
These studies must ultimately result in safe methods of storage 
for nuclear waste for the present and for times that are measur
ed on a geologic scale. 

Salt mines have been suggested as possible sites for such 
repositories owing to their geologic stability and limited pre
sence of water. The experiments which we wish to report in this 
paper were fashioned with this type of repository in mind. Clay 
minerals are potentially useful in several applications of ex
change of radionuclides. They have been shown to be quite use
ful in removal of specific nuclides from waste streams (1). In 
connection with the Swedish waste isolation program they are 
being considered for secondary containment (2). A special case 
of secondary containment occurs i f waste material should escape 
from their casks and from the surrounding salt beds. They can 
be expected to be held by geologic formations surrounding such 
beds. Therefore, studies of rates of exchange and equilibrium 
constants are important. 

Experimental 

Distribution coefficients were measured employing batch 
methods. The solution (ml) to clay (mg) ratios were approximate
ly as follows: 1:5 attapulgite; 1:60 montmorillonite; and 1:25 
kaolinite. The solutions were brines (NaCl) buffered with pH 5 
acetate solution. The original stock solution contained 3 M NaCl 
and 1 M Na acetate buffer. The lower [Na] solutions were made by 

1 Research sponsored by the Office of Basic Energy Sciences, Division of Nuclear Sciences, 
U.S. Department of Energy, under contract (W-7405-eng-26) with the Union Carbide Corp. 

0-8412-0498-5/79/47-100-201$05.00/0 
© 1978 American Chemical Society 
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appropriate dilution of this stock solution. The clays employed 
were obtained from Source Clay Minerals Repository (3:). Attapul-
gite and kaolin were used as received. A 2% dispersion montmoril-
lonite was prepared and centrifuged to remove approximately 80% of 
the sand. The remaining suspended clay was converted to the sod
ium form by passing i t through a Dowex-50 cation exchange column 
(Na form) at 60°C. The tracers employed in the exchange studies 
were 2 l + 1Am, 2^Cm, 2 i + 9 Cf , 2 5 3 - 2 ^ E s , *UoLaj i 5 7 S m j i 6 9 Y b i i 3 4 C S j 

8 6Rb, *+2K and 8 5 Sr. The actinides and most of the other isotopes 
were made at the High Flux Research Reactor at Oak Ridge National 
Laboratory. The 1 6 9 Yb, 1 3 l + Cs, 8 6Rb, and 8 5 Sr isotopes were ob
tained from New England Nuclear. 

Results 

The three clays used in this study have different morpholo
gies. The montmorillonite and kaolinite are typical sheet or 
plate-like clays, whereas the attapulgite exhibits a needle-like 
morphology (4j. 

The distribution coefficients (D) in units liters/kg have 
been measured as a function of concentration of sodium varying 
from .25 M to 4 M. They were studied as a function of [Na] be
cause from the ion exchange equilibrium (5) the equation relating 
D to [Na] is given by: 

d log D = -M/N d log[Na] 
where: Ν = charge of cation on the exchanger 

M = charge of cation exchanging with cation of charge N. 
The distribution coefficients (D) in units liters/kg for the rare 
earths and actinides studied are listed in Tables 1, 2, and 3. 
Graphical representation of the data for typical rare earths and 
actinides, contained in Tables 1, 2, and 3, can be seen in Fig
ures 1 and 2, where log D's vs. log [Na] are plotted. Under a 
given set of conditions there is very l i t t l e difference between 
the rare earths and actinides in any of the clays. All the clays 
exhibit slopes of -1.1 to -1.7, which is in better agreement with 
a monoacetate complex that would be expected to yield slopes of 
-2 than the bare Am+3 ion. There are no good activity coefficients 
available for NaCl, Na acetate and AmCl3 mixtures; therefore, no 
attempt was made to correct the experimental numbers. The D val
ues for kaolinite and montmorillonite are in reasonable agreement 
when normalized by their respective capacities of 3.0 and 78 m.e./ 
100 gm, indicating that the mechanism of exchange for the two 
clays are quite similar. In contrast, the D values for attapul
gite are completely out of proportion with its respective 13 m.e./ 
100 gm capacity. 

Another striking difference can be seen in the kinetics of 
exchange between the clays. Kaolinite and montmorillonite have 
very rapid exchange reactions that take less than fifteen minutes 
to come to equilibrium. Attapulgite in contrast takes as long as 
nine days to come to equilibrium (Figure 3). The D values for 
21+1Am in a 0.5 M [Na] solution are given as a function of time in 
Figure 4. It can be seen that there is a very rapid in i t ia l re-
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Table 1 

Distribution Coefficients U /kg ) for M(III)/Na(I) 
Exchange on Kaolinite at pH 5 

Molarity 
[Na] Am Cm Cf Es(pH 4) La Sm Yb 

4 0.22 0.3 0.16 0.5 0.2 0.15 0.07 
2 0.45 0.5 0.5 2.0 0.33 - 0.11 
1 1.07 0.7 1.1 1.4 0.44 0.44 0.32 
0.5 1.9 1.5 2.2 2.4 0.85 - 0.63 
0.25 4.3 3.2 5.3 4.9 3.0 3.95 1.83 

Table 2 

Distribution Coefficients U /kg ) for M(III)/Na(I) Exchange 
on Montmorillonite at pH 5 

Molarity 
[Na] Am Cm Cf Es(pH 4) La Sm Yb 

4 2.2 2.4 1.6 3.1 1.7 1.5 1.7 
2 2.9 3.6 3.8 3.5 2.2 3.1 2.5 
1 6.4 6.6 7.7 9.1 4.0 5.5 5.4 
0.5 11.5 14 18.0 25.0 12.2 18.2 13.7 
0.25 33.9 37 43.5 54.0 38.5 48.7 39.2 

Table 3 

Distribution Coefficients U /kg ) for M(III)/Na(I) Exchange 
on Attapulgite at pH 5 

Molarity 
[Na] Am Cm Cf La Sm Yb 

4 163 251 310 98 99 103 
2 550 600 778 201 194 177 
1 1,700 1,600 2,300 306 437 248 
0.5 6,600 4,000 9,500 680 1000 490 
0.25 20,400 13,800 24,600 1670 1490 830 
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Figure 1. Flot of Sm and Yb exchange on kaolin, montmorillonite, and attapul
gite: log D vs. log [Na]. 
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Figure 2. Plot of Am and Cf exchange on kaolin, montmorillonite, and attapul
gite: log D vs. log [Na]. 
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Figure 3. Log D vs. log [Na] for Am on attapulgite as a function of time of equi
librium 
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Figure 4. Kinetics of exchange of Am on attapulgite 
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action requiring less than a day for equilibrium, with a second 
very slow reaction requiring days to come to equilibrium. 

The D values for Am, Cs, Rb, Κ and Sr on attapulgite are 
plotted in Figure 5. The D values increase from Κ to Rb and f in 
ally Cs. The Cs behavior has been previously reported (7,8). 
The rates of exchange also follow this order. The Κ and Rb are 
quite rapid reactions while Cs has a two component reaction, one 
rapid requiring approximately thirty minutes with a second requir
ing almost a day. All of the preceding data indicate some highly 
unusual and specific reactions of attapulgite for the rare earths, 
actinides, and Cs. These highly specific reactions cannot be ex
plained satisfactorily by analogy to the comparable reactions of 
kaolin and montmorillonite. 

The most striking difference between these three clays has 
already been mentioned previously. The morphological differences 
deserve more scrutiny as to their structural origins. Structural 
representation of kaolin, montmorillonite, and attapulgite are 
given in Figures 6, 7 and 8, respectively. It can be seen that 
kaolin and montmorillonite do derive their morphologies largely 
from their structures. These two clays are basically layered stru
ctures consisting of aluminum oxygen octahedra, and silicon oxygen 
tetrahedra, differing only in the order of stacking of the com
ponents. Attapulgite likewise is built up of these basic units, 
but the major difference occurs in the arrangement of these units. 
The f i r s t two clays were extended layers of alternating planes of 
Al and Si. Attapulgite has this same layered structure on a micro
scopic level. These microscopic units are then linked across a 
single oxygen shared between two Si tetrahedra. This linking bond 
exhibits prominent cleavage which results in the needle-like morph
ology of attapulgite. This linking of the microscopic layered 
structures also result in a very open channeled structure which 
contains about 8 zeolit ic waters per unit ce l l . These channels 
could possibly be sources of the high specificity for the rare 
earths and actinides. It can be speculated that the size of the 
channels must also be the reason for the differences in both the 
kinetics and D values seen for Cs, Rb, and K. The two rates of 
reaction seen for Am and Cs could be explained by these channels 
also, since the needles would contain two types of channels. The 
f i r s t would be channels that are quite open resulting from the pro
minent cleavage exhibited across the weak bond shown in Fig. 8. 
The second type of channel would be internal having only ends ex
posed to exchange. The rapid reaction could result from interac
tion with these highly exposed channels, with the second slower 
reaction limited by diffusion into the inner channels. 

The D values on the three clays studied indicate very l i t t l e 
difference between the rare earths and actinides. The D values 
also indicate that there is a small increase in D when going from 
low atomic number to higher atomic number in agreement with re
sults of (9). The most unexpected results are that geometric 
or structural considerations can cause high specificity for some 
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Figure 5. Comparison of the exchange of Am, Cs, Rb, K, and Sr on attapulgite 
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Figure 6. Structural representation of kaolin 
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Figure 7. Structural representation of montmorillonite 
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Figure 8. Structural representation of attapulgite 
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ions. This high specificity for the actinides in particular has 
important implications for waste isolation,since Ί* η the long 
term these elements present the greatest hazards in nuclear 
waste. This behavior of attapulgite toward the actinides 
could also have possible applications in purification of waste 
streams or in cleanup of radioactive spi l ls. 
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Studies of Actinide Sorption on Selected Geologic 

Materials 

R. J. SILVA, L. V. BENSON, and J. A. APPS 

Earth Sciences Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720 

The long term objective of this program is to establish 
a basis for the prediction of radionuclide sorption in 
geologic environments of the type anticipated for terminal 
radioactive waste storage. In order to begin to identify 
parameters which should be incorporated in a predictive 
sorption model, a study of the interaction of U, Np, Pu, Am, 
and Cm with basalt, shale and granite was initiated. The 
following discussion covers the experimental results to 
date. The mineral makeup of the rocks and the composition 
of the solutions were determined so that as the dependence 
of nuclide adsorption on these parameters becomes better 
known, the results of these experiments may be understood in 
greater detail. 

The sorption/desorption processes were studied by a 
batchtype technique. Aqueous solutions were prepared by 
mixing rock powders with distilled-deionized water. For the 
sorption experiments, portions of these aqueous solutions 
were loaded with tracer quantities of a single radioactive 
nuclide and contacted with wafers of a given rock type. For 
the desorption experiments, wafers from the sorption experi
ments were contacted with the remaining portions of the 
aqueous solutions. 

The progress of the contact experiments was monitored 
by gamma-ray counting of solutions. Actinide tracer concentra
tions on the wafers and in the solutions were measured at the 
end of the contact period by alpha and gamma-ray counting. 
These data were used to calculate sorption coefficients. 
Autoradiography of the wafers is being performed to gather 
information on sorption specificity. 

Selection of Rock Samples and Tracers 

Radionuclides. Isotope selection was based primarily 
on three experimental requirements: (1) both alpha and 
gamma emitters present for counting purposes; (2) alpha 
emitter present for autoradiography; (3) approximately equal 

0-8412-0498-5/79/47-100-215$06.50/0 
© 1979 American Chemical Society 
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216 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

molar concentration of the elements at the start of sorption 
experiments. Table I shows the isotopic compositions of the 
tracer solutions and the photons used for gamma counting of 
samples. In the case of U, Np, and Am, the single isotopes 
233u s 237|\jps a n ( j 243/\m w e r e u s e c | f o r both alpha and gamma 
counting. In the case of Pu, the isotope 237p u w a s u s e ( j f o r 

gamma counting, while 2 4 2 Pu was used for alpha counting 
and for adjusting the molar concentration. The 243ç m w a s 

used for both alpha and gamma counting and 248ç m to adjust 
the molar concentration. Small amounts of other isotopes 
made during the production processes were also present in 
most of the samples. 

Rock Samples. Three rock types were selected as 
substrates: basalt from the Umtanum unit in the Pasco 
Basin in Washington state, quartz monzonite from the Climax 
Stock of the Nevada Test Site, and shale (metashale) from 
the Eleana Formation of the Nevada Test Site. Since both 
the basalt and the quartz monzonite exhibited different 
kinds and amounts of alteration within the same rock type, 
two samples from each rock type were used in the experiments. 
However, there was insuf f ic ient material to study the 
interaction of the more altered of these rock types with 
all five actinides, therefore, only the interaction with 
Pu was studied. 

Sample Characterization 

Physical and chemical analyses of the samples wera 
made in order to interpret the results of the sorption 
experiments and to provide basic data for the calculation 
of mass transfer which occurred in the rock dissolution 
experiment. Cores, 3.2 cm in diameter, were taken from each 
of the rock samples and sectioned in tap water for subsequent 
analyses (Figure 1). 

Pétrographie Studies. Polished thin sections were 
examined by optical methods to determine original mineralogy 
and alteration phases. The sections were taken and oriented 
in such a manner to allow comparison of the microscopic 
mineralogy with the results of the autoradiography experi
ments The shale was too fine-grained to be characterized 
in detail. 

Both basalt samples (DC3-3600 and DH5-2831) are composed 
primarily of glass (40-50 percent) and plagioclase feldspar 
(35-40 percent). They contain in addition minor amounts of 
clinopyroxene (3-5 percent) orthopyroxene (1 percent), and 
opaques (1-2 percent). The re la t ive ly unaltered basalt 
(DC3-3600) possesses several intersecting fractures f i l led 
with clay. There are dark gray alteration zones adjacent 
to certain fractures where a smectitic clay has replaced 
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glass and feldspars. Both plagioclase and clinopyroxene 
have been replaced by secondary minerals (clay, chlorite) 
along crystal faces and cleavage planes. In the vesicular 
basalt, (DH5-2831) approximately 40-50 percent of the 
vesicles remain unfilled; the rest are usually f i l l ed with 
cristobalite. 

The quartz monzonite samples (U15E-7 and U15E-7a) were 
originally composed of 70-80 percent feldspar, 10-15 percent 
biotite, 3-8 percent quartz, and 2-8 percent opaques. Both 
samples have been hydrothermally altered; U15E-7a being the 
more altered. The original feldspars in both samples have 
been sericitized and/or altered to clinozoisite. Secondary 
cal cite also occurs in both samples. Pyrite is an abundant 
secondary mineral and minor amounts of both epidote and 
chlorite replace biotite and f i l l fractures. 

Scanning electron microscopy (SEM). SEM studies of the 
shale and the quartz monzonite samples were not feasible 
since the morphology of secondary minerals could not be 
explicitly identified by this technique. Energy dispersive 
analysis by x-rays (EDAX) of the clay in fractures of the 
DC3-3600 basalt sample indicated the presence of Fe, Mg, Ca, 
K, A l , and Si which suggets that the clay is an Fe- and 
Mg-rich smectite (nontronite). SEM and EDAX studies of 
DH5-2831, the amygdalic basalt, indicated the presence of a 
pure s i l i ca phase coated by small clay (smectite) particles. 
Other vesicles "floored" with pure s i l ica were covered with 
a relatively thick coating of the smectite. In addition, 
one vesicle was f i l l ed with gypsum fibers intermixed with an 
irregularly-shaped aluminosilicate containing Na, K, and 
Ca. 

X-ray diffraction studies. The highly-altered quartz 
monzonite (U15E-7a) was examined with x-ray diffraction 
techniques. Four regions, distinguishable in hand specimens 
by their color, (metallic, pink, dark-gray, and yellow-gray) 
were sampled and analyzed. The results (Table II) support 
the pétrographie observations and indicate that the original 
calcic feldspars have been altered to potassium-bearing 
phases (potassium feldspar or sericite) or to other secondary 
calcium-bearing minerals (calcite and clinozoisite). 

Bulk chemical analysis of the solids. The three rock 
types were chemically analyzed by neutron activation (NAA) 
and x-ray fluorescence (XRF). The resulting data (not 
included in this report) were used for depth-of-leaching 
calculations given below. With the measurement of volatile 
components in the basalt and shale, the total measured 
abundances in all three samples was close to 100 percent. 

Characterization of physical properties. A variety of 
physical properties were measured including density, specific 
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surface area, permeability, and pore characteristics (Table 
III). Pore volume was determined by the mercury injection 
method on a Micromeritics Model 900/910 Porosimeter and also 
by measuring the volume of gas which flowed into the sample 
under ambient conditions. Specific surface area was deter
mined both on a Model 2100 Orr Analyzer and on a QUANTAS0RB 
Surface Area Analyzer by the standard multipoint BET technique 
using krypton and nitrogen adsorption. Permeability was 
measured by introducing a gas pressure pulse and monitoring 
pressure decay (transient method). 

Certain of the physical data (Table III) appear to 
be less than satisfactory. In general, agreement between 
the two types of porosity measurements is not good and 
the values for DC3-3600, UE15-7 and UE15-7a appear excessively 
large. The densities of the quartz monzonite appear unusually 
low, i .e. , values in the range 2.6 to 2.7 were expected 
(I). 
P u r i f i c a t i o n and Characterization of Actinide Tracers 

Before the tracer solutions were used, i t was necessary 
to insure elemental purity and freedom from other contaminants. 
In addition, one oxidation state was selected for each element 
as the starting point for the experiments. The 6+ oxidation 
state for U, 5+ for Np, 4+ for Pu, and 3+ for both Am and Cm 
were used. These selections were accomplished through the 
use of cation-exchange chromatography. A given radionuclide 
was f i r s t sorbed on the top of a cation-exchange resin column 
from a dilute hydrochloric acid solution and, after washing, 
selectively eluted with a hydrochloric acid solution appro
priate for the given oxidation state. The column characteris
tics and chemical form of each radionuclide are shown in 
Table IV. After column elution, al l tracers were made up to 
nearly equal molar concentration in 2M HC1. 

The Dissolution Experiment 

It was necessary to prepare an aqueous e lectrolyte 
solution for the sorption study. To simulate sorption 
processes which occur in natural systems, the electrolyte 
solution should f u l f i l l two criteria: 

(1) The composition of the solution should closely 
approximate the natural aqueous phase so that the 
effects of ion pairing and complexation are 
accounted for. 

(2) The solution should be in equilibrium with the 
so l id ' s surface with respect to a l l chemical 
processes excepting sorption/desorption. If the 
solid dissolves, the surface energy distribution 
and the composition of the aqueous phase wi l l 
constantly change. If precipitation occurs, the 
surface of the solid may become coated with pre-
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222 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

c ip i t a te , thus a lter ing the character of the 
sorptive substrate. 

In order to produce an aqueous solution which fu l f i l l s 
these cr i ter ia, 120 g each of basalt, quartz monzonite, and 
shale were ground to powders less than 37 m in diameter. 
Each of the samples was placed in two l iters of d i s t i l led-
deionized water which had been pre-equilibrated with an 
atmosphere containing 10 percent CO2, 90 percent Ar, and 
10 ppm O2. The experiment was carried out in an inert 
atmosphere box at room temperature (26 + 2°C). Samples 
of the fluid (10 ml) were extracted at various times over a 
35-day period and fi ltered (0.05ym). Analyses for Na, K, 
Mg, Ca, Fe, A l , Si02 (aq), Eh, and pH were made on each 
sample. The experiment was terminated at the end of 846 
hours and analyses for HCO3, SO4, and CI were made on 
each of the fluids. 

Reaction rates. The molar concentrations of Na, K, 
Ca, Mg, and S i02, as well as pH, plotted as a function of 
elapsed time are shown in Figures 2 to 7. With some varia
t ion , a similar pattern is displayed by a l l three rock 
types: an init ia l steep portion followed by an approximately 
linear region with small positive slope. Exceptions to this 
can be seen in Figure 2 where Na in the shale solution has a 
slightly negative slope, in Figure 3 where Κ in the shale 
solution has essentially zero slope, and in Figure 6 where 
the overall dissolution pattern of Si02 appears roughly 
parabolic. 

The release of cations is interpreted to have resulted 
chiefly from two processes: an in i t ia l release caused by 
rapid exchange of surface cations for hydrogen followed by a 
slow release due to structural attack and disintegration of 
the aluminosilicate lattice. Other processes which could 
complicate the form of the dissolution curves are: adsorp
tion of cations released by structural breakdown, ion ex
change on interlayer sites of cations released by structural 
breakdown and surface exchange (shale only), precipitation 
of amorphous or crystalline material, and dissolution rate 
differences among the various crystalline phases. 

Structural breakdown. Calculations of the depth of lea
ching/ dissolution were made using the following assumptions: 

(1) The rock powder was assumed to have a homogeneous 
distribution of elements; 

(2) All atomic sites were equivalent in size and had a 
cubic geometry; 

(3) The most mobile cation (the cation which showed 
the largest concentration increase in the solution 
relative to its concentration in the solid) did 
not participate in precipitation or adsorption 
processes. 

These calculations were made for the basalt and quartz 
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-5.1-
B 2 B 3 D 

-2.0—1 C, C2 M.5-H 

Figure 1. Core processing (scale in cm). 
Samples taken for area and pore-size 
distribution measurements (A), pétro
graphie thin sections (Bly B2, and B3), 
sorption experiments (Ct and C 2 ) , and 

permeability measurements (D). 

3 f 

0 100 200 300 400 500 600 700 800 

time (hrs). 

Figure 2. Sodium released to the aqueous solution during the dissolution of 
powders from three rock types. (A), Eleana shale (UE-17e); (0), quartz mon

zonite (U15e-7); (%), umtanum basalt (DC 3-3600). 
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Figure 3. Potassium released to the aqueous solution during the dissolution of 
powders from three rock types. (A), Eleana shale (UE-17e); (0), quartz mon

zonite (U15e-7); (Φ), umtanum basalt (DC 3-3600). 
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200 400 

time ( hours). 

Figure 4. Calcium released to the aqueous solution during the dissolution of 
powders from three rock types. (A), Eleana shale (UE-17e); (0), quartz mon

zonite (U15e-7); (Φ), umtanum basalt (DC 3-3600). 
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Figure 5. Magnesium released to the aqueous solution during the dissolution of 
powders from three rock types. (A), Eleana shale (UE-17e); (0), quartz mon

zonite (U15e-7); (Φ), umtanum basalt (DC 3-3600). 
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time ( hrs.) 

Figure 6. Aqueous silica released to the aqueous solution during the dissolution of 
powders from three rock types. (Δ), Eleana shale (UE-17e); (0), quartz mon

zonite (U15e-7); (Φ), umtanum basalt (DC 3-3600). 
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228 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

monzonite experiments only, since the shale experiment 
may have involved other complicating processes such as 
ion exhange between the aqueous phase and interlayer sites. 
Both the depth of leaching/dissolution that occurred during 
the entire experiment and the rate of leaching during 
the approximately linear portion of the experiment were 
determined. The results of these and other calculations 
are summarized in Table V. The data indicate that several 
atomic layers have been either totally stripped or have 
experienced diffusional processes (leaching) during the 
course of the experiment. The rate of release of cations 
during the l inear region of the experiment was smaller 
than the init ia l release rate; however, the linear rate 
is s t i l l sufficient to have affected the solids to a depth 
of 0.4 (basalt) to 1.8 (quartz monzonite) atomic layers 
during the subsequent adsorption experiment which ran 
approximately six weeks (1006 hr). These calculations 
serve to point out the diff icult ies in eliminating inter
ference effects during a long-term sorption experiment. 

Final composition of the aqueous phase. The f inal 
compositions of the waters resulting from the three dissolu
tion experiments have been summarized and listed together 
with compositions of waters from natural systems (Table 
VI). The experimental and natural basalt waters have 
very s imilar compositions. However, the experimental 
quartz monzonite water has a higher than natural Κ content 
while the shale water has higher than natural Κ and Na 
contents. The H C O 3 content of each of the experimental 
waters is higher than the content of its natural counterpart 
while the oposite is true for S O 4 . 

The differences in cation compositions are probably 
due to the fact that phases containing these ions ( i l l i t e , 
smectite, etc.) have sufficient time to form in natural 
systems but did not form in the experimental system. 
The high H C O 3 content of the experimental system is 
due to contact with an infinite reservoir of C O 2 having 
a partial pressure of 0.1 atmosphere. 

Rock/Tracer Contact Experiments 

Procedure. The rock wafers were gently cleaned three 
successive times with methanol in an ultrasonic bath, 
dried and placed in the inert atmosphere box. Two wafers 
of each rock type were inserted horizontally in stainless 
steel holders and placed in linear polyethylene containers 
holding 150 ml of the appropriate prepared water. The 
wafers were allowed to equil ibrate with the water for 
three days and then 5 λ of tracer solution was added. 
The resultant solutions contained ^ 5x10-8 M of each 
element. The pH of each solution was measured before and 
after the addition of the tracer and did not change sign-
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13. s iLVA ET AL. Actinide Sorption 229 

TABLE IV. T r a c e r P u r i f i c a t i o n and O x i d a t i o n S t a t e S e l e c t i o n 

Method: C a t i o n Exchange Column 

HC1 E l u t i o n 

Dowex 50 χ 8 R e s i n 

0.5 cm diam χ 12 cm l o n g - 26°C 

E l u t i o n Cone. HC1 Spe c i e s 

3 M U0o-H-

0.5 M 

9 M 

6 M 

6 M 

Ν 0_+ Ρ 2 
Pu 4+ 

Am 3+ 

Cm 3+ 

TABLE V. Depth-of-Leaching Calculations 

total moles per gram of sample 

unit cell edge (A) 

most mobile ion 

mobile ion mole fraction 

surface sites in 120 g sample 

layers leached (846 hr) 

leach depth (A) (846 hr) 

BASALT QUARTZ MONZONITE 
(DC3-3600) (U15E-7) 

.0411 

2.28 

Na 

.0249 

.0473 

2.45 

Mg 

.00535 

1.85xl022 1.61xl022 

5.9 11 

13 26 

linear region leach rate (layers hr~1) 0.35x10^ 1.75x10-3 
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Figure 7. Changes of pH during the dissolution experiments. Note the rapid 
initial decrease in the hydrogen ion concentration. (A), Eleana sale (UE-17e); 

(0), quartz monzonite (U15e-7); (Φ), umtanum basalt (DC 3-3600). 
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Figure 8. Percentage of initial concentrations of tracers left in solution as a 
function of time for the sorption experiments with the blank containers. (Φ), U; 

(W> UP; (Ah Pu; (Π), A m ; (Ο), Cm. 
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Figure 9. Percentage of initial concentrations of tracers left in solution as a 
function of time for the sorption experiments with the basalt samples. (Φ), U; 

M)> UP; (Αλ Pu; (Π), Am; (Ο), Cm. 
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Figure 10. Percentage of initial concentrations of tracers left in solution as a 
function of time for the sorption experiments with the shale samples. (Φ), U; 

βλ Np; (A), Pu; (Π), Am; (Ο), Cm. 
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Figure 11. Percentage of initial concentrations of tracers left in solution as 
function of time for the sorption experiments with the quartz monzonite samples. 
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13. SILVA E T A L . Actiniae Sorption 

TABLE V I I . A d s o r p t i o n C o e f f i c i e n t s , Κ = ^/m/gm 
r d/m/ml 

I = B a s a l t , I I = Sh a l e , I I I = Quartz monzonite, A = A l t e r e d 

Sample r^- K ( a l p h a ) K ( f i l t e r ) K(gamma) Down 

I — υ 1.51 1.87 2. 01 2.80 

I I - υ 7.78 0.761 0. 797 6.65 

I I I - υ 2.33 0.316 0. 343 0.287 

I - Np 1.09 0.416 0. 394 0.459 

I I - Np 0.797 1.53 1. .29 48.7 

I I I - Np 1.53 0.199 0. ,204 0.471 

I - Pu 4.33 48.9 423 60.1 

I - Pu - A 7.00 137 139 

I I - Pu 3.50 188 729 145 

I I I - Pu 7.37 261 2973 225 

I I I - Pu - A 11.0 113 143 

I - Am 7.73 1270 14300 1033 

I I - Am 3.02 97.8 394 962 

I I I - Am 6.02 1290 12700 1323 

I _ Cm 4.35 746 4900 525 

I I - Cm 2.78 44.2 724 219 

I I I - Cm 3.29 164 6460 171 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

01
3

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



234 R A D I O A C T I V E W A S T E I N G E O L O G I C S T O R A G E 

TABLE VIII. Desorption Coefficients, Κ = 

1= Basalt, 11 = Shale, 111= Quartz monzonite, A= Altered 

Sample Up 
Down 

K(alpha) K(filter) 

I - U 3.65 2.57 3.50 

II - U 3.83 1.04 1.10 

III - U 2.52 2.26 1.82 

I - Np 1.35 1.45 1.19 

II - Np 1.20 0.675 0.570 

III - Np 1.10 3.86 2.90 

I - Pu 5.20 67.3 777 

I - Pu - A 2.18 345 

II - Pu 1.32 201 122 

III - Pu 2.98 108 103 

III - Pu - A 11.07 779 

I - Am 4.33 274 5331 

II - Am 1.01 480 798 

III - Am 4.71 186 1664 

I - Cm 5.57 850 12672 

II - Cm 1.75 187 1118 

III - Cm 4.08 561 2676 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

01
3

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



13. SILVA E T A L . Actiniae Sorption 235 

TABLE V I . Comparison o f Prepared Waters With Waters 
From N a t u r a l Systems (mg/1) 

DC3-3600 (1) U15E-7 (2) (3) UE-17E (4) (5) 

Na 52 37 20 93 6.0 77 12 18 
Κ 8.0 7.0 26 3.0 1.6 9.0 1.1 1.5 
Mg 4.4 8.0 19 18 1.7 13 16 19 
Ca 11 19 38 117 10 32 29 96 
Fe 1.2 0.2 2.3 0.2 .01 1.4 .02 1.0 
A l .12 - .01 0.2 .02 .01 0 0 
S i 0 2 63 55 42 33 25 33 16 15 
pH 6.4 7.8 6.6 7.6 6.8 6.8 4.9 7.8 
HC0 3 190 150 290 214 57 380 126 133 
CI 1.5 10 1.5 32 1.1 0.8 12 25 
SO, 
4 

2 20 2 337 2.4 3 22 208 

(1) Average c o m p o s i t i o n of groundwaters from Columbia R i v e r 
b a s a l t s (525 samples). 

(2) Seepage waters from c l i m a x s t o c k ( q u a r t z monzonite). 
(3) Average c o m p o s i t i o n of p e r e n n i a l s p r i n g s i n q u a r t z monzonites 

and g r a n o d i o r i t e s of the S i e r r a Nevadas (56 samples). 
(4) Groundwater from the Brunswick Shale of New J e r s e y . 
(5) Groundwater from the Chicopee Shale o f Mas s a c h u s e t t s . 

i f i c a n t l y . A blank solution not containing wafers was 
prepared in a similar manner for each of the five actinides 
by mixing 50 ml of each of the three water types. The 
containers were sealed, removed from the inert atmosphere 
box, and gently agitated with an Eberbach variable-speed 
shaker for six weeks. 

The concentrations of tracers in solutions were deter
mined per iod ica l ly . The polyethylene containers were 
constructed in such a way that, when inverted, 50 ml of 
solution passed from the wafer compartment into a second 
compartment. The second compartment of the container 
was inserted through a hole in a lead shield which housed a 
3.5 cm diameter by 1.2 cm deep high-purity Ge gamma-ray 
detector. The other compartment containing the solution and 
wafers was shielded from the detector by the lead housing. 

At the end of the six weeks, the containers were 
returned to the inert atmosphere box and the wafers removed. 
One wafer was immediately placed in a new container with 
50 ml of aqueous solution for the desorption study. The 
other wafer was rinsed l ightly, allowed to dry and counted. 
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Aliquots of the solutions (50 ml) were placed in 
polyethylene bottles for gamma-ray counting and 0.5 ml 
samples were evaporated on platinum plates for alpha count
ing In addition, 10 ml of each of the solutions were passed 
through 0.05 ym Nucleopore f i l t e r s . Aliquots (0.5 ml) 
of the last 2 ml passing the through f i l ters were evaporated 
on platinum plates for alpha counting. Both alpha and 
gamma count rates on the v/afers v/ere measured. 

Results and Discussion. Changes in concentrations 
of the actinides in solution in the blank containers are 
shown in Figure 9. A large fraction of the Pu, Am and Cm 
was removed from solution while only a small amount of the U 
and none of the Np was lost from solution. Since the 
starting concentration of Pu exceeds the solubility for the 
hydroxide (or hydrated oxide), the Pu probably precipitated 
as colloidal-size particles (2); the behavior of Am and Cm 
cannot be explained by a similar mechanism. However, there 
is recent experimental evidence that indicates the solubility 
products for Am and Cm carbonates may be of the order 
10""41 (3). i f this is the case, there was suf f ic ient 
carbonate ion concentration in the solutions to cause 
precipitation of these compounds. 

Figures 10, 11 and 12 show the results of the contact 
experiments for the basalt, shale and quartz monzonite 
samples. The rate of adsorption was rapid during the 
f i rs t two weeks and changed slowly thereafter. In these 
experiments Pu, Am and Cm exhibited behavior similar to the 
results obtained in the blank experiments. Uranium showed 
moderate adsorption (^50 percent) on the basalt but only 
slight adsorption (10-20 percent) on the shale and quartz 
monzonite wafers. Neptunium showed strong adsorption 
(70-80 percent) on the shale and slight adsorption (^10 
percent) on the basalt and quartz monzonite. 

The calculated adsorption coefficients (K) are pre
sented in Table VII. Κ (alpha) refers to results from 
alpha counting the wafers and solutions, while Κ (gamma) 
refers to results from gamma counting. Κ (f i l ter) refers to 
results from the alpha counting of wafers and f i l t e red 
solutions. 

Measurement precision of the Κ values is _+ 5-10 percent 
for Κ (alpha) and Κ ( f i l ter ) . Precision of the Κ (gamma) 
measurements are _+ 5-10 percent for Am and Cm; + 20 percent 
for Pu; and +30-35 percent for Np and U. These values 
represent only errors associated with the counting. 

Except for Np, alpha counting showed that wafer surfaces 
facing upward consistently had higher counting rates than 
surfaces facing downward. The up/down ratios are also 
presented in Table VII. This behavior suggests that a 
process such as settling may be involved. 
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13. s iLVA ET AL. Actiniae Sorption 

Comparisons of Κ (alpha) and Κ (gamma) show good 
agreement for each given rock type and element except 
for the shale samples. With the exception of Pu, Κ (gamma) 
values for the shale samples were considerably larger than 
Κ (alpha) values. Since alpha counting detects only material 
on the surface while gamma counting detects both surface 
and bulk-adsorbed material, adsorption on the basalt and 
quartz monzonite samples represents a surface process while 
the shale samples exhibit a diffusional effect in addition 
to surface sorption. Differential migration of the actinides 
into the samples was not expected since the measured perme
ab i l i t i e s and porosities for the three rock types were 
nearly equivalent. However, as was noted above, the perme
ability and porosity data may be substantially in error. 

F ina l l y , a comparison of Κ (alpha) and Κ ( f i l t e r ) 
for each rock type and element show that, while the values 
for U and Np agree quite well, the values differ substan
t ia l ly for Pu, Am and Cm. Apparently, there were s t i l l 
considerable amounts of fi lterable or adsorbable species 
left in solution after the six weeks contact time. 

The observed differences between the elements could 
presumably be attributed to differences in sorption prop
erties of the chemical species present. Unfortunately, 
with the possible exception of Np, the lack of a complete 
set of thermodynamic data precludes a quantitative predict
ion of the concentrations of the various possible species 
in solution or of the conditions for the formation of 
solid phases. However, our data suggest that precipitation 
or colloid formation were the major reactions of Pu, Am and 
Cm in our solutions and, perhaps, a minor reaction of U. 

The data obtained from the f i l t e red solutions can 
be used to estimate an upper limit to the concentrations 
of soluble U, Pu, Am and Cm under the conditions of our 
experiments. These concentrations were approximately 
4xl0"8M for U, 2xl0"10M for Pu, and 2xl0" NM for Am and Cm. 
Estimates of the concentrations of possible chemical species 
in solution for the four actinides were made using measured 
or estimated solubility, complexation and hydrolysis constants 
(4-8), and the measured OH", CO32", SO42-, and CI" concentra
tions given in Table VI. The results showed that hydroxide 
and carbonate are the ligands that need to be considered; 
chloride and sulfate concentrations are su f f i c ient ly 
low that their effects may be neglected. The hydroxide and 
carbonate concentrations in our solutions were about 4x10" 
and 1X10"6M, respectively. 

Solubility product constants of 1 0 " 1 1 · 7 3 and 10 " 2 2 ·4 
have been reported (8) for uranyl carbonte and hydroxide, 
respectively. The hydroxide was calculated to be the stable 
solid phase under the conditions of our experiments. For 
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238 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

the uranium concentrations used in our experiments, the 
dominant hydrolysis product was most likely U02(0H)2; Κ [U0 2

2 ++ 
20H- = U02(0H)2] = 10 I 5 · 9 8 (8), saturated solution concentra
tion = 10"'M. The dominant carbonate complex was estimated 
as U02C0§; Κ [U0 2

2 + + CO3 2- = U02C0§] = 1 0 1 0 · 3 (8), saturation 
concentration = 5χ10"^Μ· Since the starting concentration 
of U was 5xlO"8M, precipitation was not expected to occur. 
Therefore, the reasons for the behavior of U in our experi
ments is not understood. 

The hydroxide was expected to be the stable solid phase 
for Pu 4 + under the conditions of our experiments. Reported 
and estimated so lub i l i t y product constants range from 
10" 5 2 ( 7 J to 10~ 6 2 ( 6 ) . The major hydrolysis product for Pu 4 + 

was estimated to be Pu(0H)4; Κ [Pu 4 + + 40H" = Pu(0H)4] = 
ΙΟ^β.δ (5j^ saturation concentration range = 10"'M to 
1 0 " 1 6 M . Using this hydrolysis constant, an apparent 
solubility product quotient of 10~56 was calculated from 
our data. Unfortunately, reliable information does not 
exist for estimating the effects of carbonate complexing on 
the system. In addition, it has been suggested that Pu0 2

+ 

is the major soluble species in equilibrium with the hydroxide 
precipitate under conditions similar to our experiments (9). 
Since neither of these effects were included, the c a l 
culated solubility quotient could be in error, i .e . , too 
large. 

In general, the chemical behavior of Am and Cm in 
solution are quite similar and s imilar to that of the 
trivalent lanthanides. The americium hydroxide and carbonate 
solubility product constants were estimated as 1 0 " 2 3 · 3 ( 6 ) 
and 10-33 (]_g)s respectively, from published values on 
lanthanide compounds. The values for Cm would be expected 
to be nearly the same. The carbonate was calculated to be 
the stable solid phase. Because of the lack of experimental 
data on the hydrolysis and carbonate complexation constants, 
it is not possible to calculate the concentrations of the 
major species in our solutions. However, Am(0H) 2 + has 
been estimated (1J) as the dominant hydrolysis product; Κ 
[Am3+ + OH" = Am(0H)2+] = 1 0 8 · 0 8 (4). A saturation concentra
tion of 10-7M was calculated for this species in equilibrium 
with the solid carbonate. Since the starting concentration 
of Am was 5xl0" 8M, precipitat ion was not anticipated. 
However, as mentioned previously, the assumed carbonate 
so lub i l i t y may be high by eight orders of magnitude. 
From our data, solubility product quotients for the possible 
compounds, Am2fC03)3 and Am0HC03 were estimated as 
10-̂ 1 a n c j ιο-25 5 respectively. The values for Cm should 
be similar. 
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13. s iLVA ET AL. Actiniae Sorption 

Rock/Tracer Desorption Experiments 

Procedures. One of the rock wafers from each of the 
containers used in the adsorption experiments was placed in 
a new polyethylene bottle containing 50 ml of the appropri
ate aqueous solution. The containers v/ere removed from the 
inert atmosphere box and gently agitated for six weeks. 
Tracer concentrations in the solution were measured period
ically as described previously. At the end of six weeks, 
the experiments were terminated, the wafers removed from the 
containers, and the tracer concentrations of the components 
of the system determined in the same manner as in the 
adsorption experiments. 

Results and Discussion. The data obtained from the 
gamma-ray spectra taken during the course of the desorption 
experiments were not useful for monitoring the rates of 
desorption. For the samples containing U and Np, only a 
small amount of activity appeared in solution and therefore 
the counting errors precluded a meaningful analysis. Though 
the counting errors for samples containing Pu, Am and 
Cm were small, large fluctuations in the measured values 
again made detailed analysis fruitless. However, there were 
some general trends that should be mentioned: most of the 
material that appeared in solution did so in 2 to 3 days; in 
general, the basalt and quartz monzonite wafers desorbed 3 
to 5 times more tracer than the shale wafers; and the Pu, 
Am, and Cm values fluctuated a factor of 2 to 3 about the 
mean. 

The distribution coefficients calculated from the alpha 
counting data are given in Table VIII. The gamma counting 
of the solutions is s t i l l in progress. The symbols are the 
same as used previously. For Κ (alpha), the counting pre
cision is + 10 percent for the U, Am and Cm samples and + 
20-30 percent for the Np and Pu samples. For Κ ( f i l ter ) , 
the counting precision is + 10 percent for U, + 10-20 
percent for Np, Am and Cm and +30-40 percent for the Pu 
samples. 

The up/down effect was also apparent in the data of the 
desorption experiment (Table VIII). However, only desorption 
data for shale differ significantly from the sorption data, 
i .e . , the up/down ratios are closer to unity in the desorpt

ion experiments. A comparison of Κ (alpha) and Κ (f i lter) 
show substantial differerences for Am, Cm, and Pu (basalt) 
samples. 

Autoradiography of Rock Wafers 

Procedure. At the completion of the sorption and 
desorption experiments, the rock wafers were placed in 
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240 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

contact with Kodak AR.10 nuclear emulsion films to obtain 
alpha part ic le induced autoradiographs. Due to the low 
concentrations of tracers on many of the wafers, rather 
lengthy exposure times (up to three months) are needed 
to obtain autoradiographs that can be readily studied under 
low magnification (X5). The autoradiographs will be com
pared with the microstructure and mineral phases of the 
wafer surfaces and correlations made between sorption and 
these parameters. Individual mineral phases exhibiting 
selective uptake will be used as sorptive substrates in 
future experiments. 
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Biogeochemistry of Actinides: A Nuclear Fuel Cycle 

Perspective 

E. A. BONDIETTI, J. R. TRABALKA, C. T. GARTEN, and G. G. KILLOUGH 

Oak Ridge National Laboratory, Oak Ridge, TN 378301 

Nuclear fuel cycles based on U, Th and Pu produce long-lived 
α-emitt ing isotopes of the actinide elements. Man-made actinide 
element releases to the biosphere occur primarily through weapons 
testing, nuclear fuel reprocessing, fuel fabrication, and nuclear 
waste disposal activities. While the global inventory of dis
persed Pu and Am, for example, is largely of military origin, the 
advent of nuclear fuel reprocessing and waste disposal activities 
associated with nuclear power will inevitably lead to localized 
contaminated landscapes. 

Because of their physiological property of concentrating pr i 
marily in bone and the low penetrating power of the α particle, 
internal deposition from ingestion and inhalation intakes are the 
most important exposure modes to man. Most of the actinides show 
low water solubilities and consequently drinking water typically 
will not dominate over diet with respect to ingestion. 

The purpose of this paper is to compare the biogeochemical 
behavior of the actinides which are important constituents of 
nuclear fuel cycles. To the extent possible, the environmental 
behavior of the essentially man-made elements Pu, Am, Cm and Np 
will be compared to Th and U, which are ubiquitous in the environ
ment. By comparing the man-made actinides to naturally occurring 
actinides, a generic perspective of the potential hazard of the 
synthetic actinides to people is obtainable. 

Natural U and Th Intakes by People 

Through inhalation and ingestion, people assimilate small 
quantities of natural U and Th. The U and Th which is assimilated 
from the lung and gastrointestinal tract (G.I. tract) tends to 
deposit the skeleton (1,2,3). 

1 Research sponsored by the Division of Ecological Research, U.S. Department of Energy 
under Contract W-7405-eng-26 with Union Carbide Corporation. ESD Publication No. 1284. 

0-8412-0498-5/79/47-100-241$06.50/0 
© 1979 American Chemical Society 
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242 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

The literature suggests that the concentrations in bone which 
result from environmental exposure are about 1 to 30 ng U/g bone 
ash and about 10 ng Th/g bone ash (2,3,4). Thus U may become more 
concentrated in bone than thorium. However, Th is more abundant in 
the lithosphère than U; this is exemplified by average abundances 
in soil of 6 yg Th/g and 2 yg U/g (4,5,6). 

Modeling Intakes. To determine the significance of diet and 
inhalation as sources of internally deposited U and Th, dietary and 
inhalation estimates for the general population were used in an 
Oak Ridge National Laboratory (ORNL) model, INREM II (7). A sche
matic of the intake and deposition pathways considered by the model 
are depicted in Fig. 1. Uranium in the typical diet is about 
1.3 yg/day (2,8). Thorium, while more abundant in soil than U, is 
not as available to plants and consequently a dietary contribution 
of 0.8 yg/day has been estimated (2). The inhalation of U approxi
mates 7 ng/day in New York (2). Assuming a soil Th/U ratio of 3, 
the Th inhalation is about 21 ng/day. For inhalation, two activity 
median aerodynamic diameters (AMAD) of aerosol particulates were 
considered. In addition, two ICRP (9) solubility classes of U and 
Th aerosols were considered. The resulting predictions of Th and U 
bone concentrations after 70 years of exposure to environmental U 
and Th were then compared to literature values (Table 1). 

For natural Th, the inhalation of 21 ng/day and ingestion (via 
the diet) of 0.8 yg/day results in bone ash concentrations of about 
13 ng/g for the class W solubility case and about 6 to 9 ng/g for 
the class Y case. Ingestion contributes 50% or less of this bone-
deposited Th. Because an absorption coefficient of 0.1% from the 
G.I. tract was used, the contribution from ingestion is probably 
overestimated. Nevertheless, the estimated bone concentrations 
agree with literature means (2). 

For natural U, the situation is different. The amount in bone 
after 70 years is about 1 ng U/g bone ash. Ingestion dominates 
inhalation as the contributing intake mode. The inhalation value 
(7 ng/day) is based on a New York study (10), and would need to be 
raised substantially in the model to make a significant contri
bution of U to bone. However, the Th inhalation value, which was 
derived from the U value, would need to be adjusted (upward) accord
ingly, significantly altering the subsequent estimate of bone Th. 
However, measured Th-232 concentrations in surface air under arid 
conditions (11) do not suggest that the U-Th inhalation value is 
low. The daily U intake via ingestion (1.3 yg) appears to be a 
reasonable estimate since i t is based on numerous studies in several 
countries (8). 

The G.I. tract assimilation coefficient for natural U may be 
higher than the 1% assumed here. Two studies over a 3 year period 
on a number of Japanese hamlets (12,13) suggested that the amount of 
U excreted daily in the urine of the sampled population ranged from 
between 1 to 3% of the amount in the diet. Since both urine and 
feces are potential routes for excretion of assimilated U, the 
urinary data are minimum values for daily U assimilation assuming 
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INTAKE MODES 

INHALATION INGESTION 

243 

RESPIRATORY 
TRACT 

ABSORPTION 

MECHANICAL 
REMOVAL 

G.I. 
TRACT 

I ABSORPTION 
BLOOD 

(CUMULATIVE UPTAKE) 

Τ Τ τ 
OTHER 
ORGANS 
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Figure 1. Schematic representation of radioactivity movement as modeled hy 
the INREM II code 
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14. B O N D i E T T i ET AL. Biogeochemistry of Actinides 245 

that bone and other organs are at equilibrium with respect to U_ 
intakes. 

A Site-Specific Application. Wei ford et a l (14) have est i 
mated the skeletal U content at 3.2 yg based on analyses of 63 
vertebrae samples from New York residents. This U concentration 
is equal to about 1.1 ng/g bone ash, assuming 28% ash in the 
skeleton (10 kilograms) of reference man (15). 

The agreement between the model results and the New York bone 
data is significant because the inhalation and ingestion parameters 
are from New York studies. Considering the apparent uniformity of 
dietary U contribution (8), reported U values of 20 to 30 ng/bone 
ash (2,8) appear high, suggesting that drinking water contributes 
significantly to U in some diets (14). Since a 1% G.I. tract assimi
lation coefficient (as used here) results in a good approximation 
of the New York bone values, the use of a 32% value (8) is question
able. 

Modeling Conclusions. This exercise indicates that Th and U 
span the interface between the case where inhalation appears to 
dominate in the contribution of actinides in bone, and the case 
where ingestion is the more important pathway. The reasons for 
these differences l ie in two important transfers: The soil/sedi
ment to organism transfer (as i t affects dietary concentrations) 
and the assimilation from the vertebrate GI tract. While terres
trial-derived foodstuffs dominate our diet, other components of the 
diet ( i .e., aquatic-derived foods) may also make a contribution to 
intakes. Exceptions to the inhalation case may therefore occur in 
special populations where certain aquatic foods are consumed in 
greater amounts, i .e. , shellfish (16). 

In attempting to understand the biogeochemical behavior of the 
transuranium elements, i t may be convenient to compare their be
havior to U and Th. Although we have meager, but important, data 
on U and Th accumulations from lifetime exposure, our abil ity to 
assess transport pathways of transuranium elements to people will 
be enhanced i f a body of comparative literature is established. 

Plant Uptake of the Actinides 

To the extent that diet contributes to internal body burdens, 
a comparison of the relative plant uptake of actinides from soil 
is of interest. Several studies have compared the uptake of 
various transuranium elements by plants (17,18,19). However, 
studies which include U and Th are not as available. Figure 2 pre
sents recent results for field-grown vegetation of soil originally 
contaminated in 1944 with soluble forms of U, Th and Pu (and daughter 
Am) (20.21). The crops examined include soybeans, snapbeans, 
Japanese Mil let, squash, tomatoes, carrots, and radishes. All plant 
samples were washed in a manner approximating food preparation 
(although the leaves and stems of these crops are not usually eaten). 
Data set 1 comes from a study of U, Th and Pu comparisons, while 
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Figure 2. Actinide field concentration ratios ([phnt]/[soil]) for phnts grown on 
a floodphin soil contaminated with soluble U, Th, and Vu(Am) in 1944 (21). Up 
to six species were analyzed; Ν refers to total harvest composite samples examined 

from three growing seasons. 
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set 2 is derived from Pu and Am comparisons. Different analyt
ical methods (isotope dilution mass spectrometry for Th and U; 
a-spectrometry for Pu and Am) are the reason for the separate 
groups of data. Each set represents analyses on the same plant 
materials. The number of samples analyzed (N) is found below each 
range bar. As illustrated by Figure 2, the relative order of plant 
uptake (based on concentration ratios, C.R.*) is U > Am > Pu % Th, 
although substantial overlap occurs. The ranges associated with 
each element C.R. primarily reflect plant species variation. The 
figure therefore represents a composite view of al l plants analyzed, 
much as a value for diet would reflect its diverse constituents. 

Not included in this example are Cm and Np. Curium is very 
similar to Am with respect to plant uptake (17,22). Neptunium 
represents a peculiar case since i t can be argued that both 
Np(IV) and Np(V) are important oxidation states in the environ
ment (20). Several investigators (17,19) have demonstrated that 
in alkaline soils, Np (probably Np(V)) shows a higher plant 
availability than either Pu or Am. On the other hand, our 
studies (unpublished) indicate that reduction to Np(IV) can 
occur in acid to neutral soils, resulting in plant uptake 
values characteristic of Pu. The high uptakes noted for alka
line soils ( i .e., Np(V)) is probably due to the low charge 
characteristic of the NpOt cation, possibly coupled with the 
formation of a carbonate complex analogous to U(VI). The low 
specific activity of Np-237 and low nuclear production rates, 
however, minimizes its potential as a radiological hazard. 

Based on an earlier hypothesis (20), we can expand the 
actinide ranking with respect to plant uptake to the follow
ing: Np(V) > U(VI) > Am(III) £ Cm(III) > Pu(IV) * Th(IV) = 
Np(IV). This ranking reflects the dominant chemical states 
we expect in the environment. 

Comparative Terrestrial Transport of 
Actinides to Mammals 

Actinides in soil reach people and other animals via inha
lation of resuspended soil particles and ingestion of contami
nated food. Absorption from the lung depends heavily on physi
cal properties of the inhaled particles and the chemical form 
of actinides sorbed to particulates. As a rule, assimilation of 
actinides via inhalation is greater than assimilation from food 
via the intestines. For example, the absorption of Pu(IV) 
citrate and Pu(IV) nitrate from the rat lung was 60% and 12% of 
the administered dose, respectively, while the corresponding 
absorption via ingestion was 0.03% and 0.003% (23). Regardless 
of the pathway, animal experiments show that 75 to 100% of the 
internal Pu body burden is usually deposited in liver and 
skeleton (23). For long term assessments of health hazard to 
the general public from actinides in the terrestrial environ
ment, we will in i t ia l ly emphasize ingestion as the route of 
C.R. = [plant (dry weight)]/[soil (dry weight)] 

American C h e m i c a l Society 
L i b r a r y 

1155 16th St., N.W. 
Washington, D.C. 20036 
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exposure to people because f ie ld studies show a decreasing suscep
t ib i l i t y of plutonium-contaminated soil particles to resuspend 
with time, resulting in air concentrations over contaminated soil 
declining by half every one to two years (24). The extent to 
which ingestion will dominate inhalation depends on many factors, 
many of which have not been investigated. Since our previous 
example of U and Th transport to people gives some perspective 
on the relative importance of ingestion, attention to this path
way is justif ied. 

Assimilation from the Gastrointestinal Tract. There are 
several sources of variation in the assimilation of actinides 
from the mammalian intestine. Among the most important are chemi
cal form and age of the animal. The comparative metabolism of 
different actinides administered to rats as nitrates has been 
studied by Sullivan and Crosby (25,26). The consistency of experi
mental technique in their administration of actinides to adult 
and newborn rats permits comparisons between the assimilation of 
different actinides. The fractional assimilation, expressed 
as the amount in liver and carcass together, 7 days post-dose, was 
approximately 10"14 for isotopes of U, Pu, Am and Cm in adult rats. 
In young rats, the assimilation was about two orders of magni
tude greater. 

On a comparative basis, Pu, Am and Cm tend to be assimi
lated from the G.I. tract into the internal body in the follow
ing order: Pu < Am < Cm (Figure 3). When Pu-nitrate is inhaled 
in aerosol form by dogs (27), daughter Am-241 tends to be trans
ported more from lung and lymph nodes to l iver than does plutonium 
(Fig. 3). Another example of potential Am enrichment is that when 
the rumen contents of fistulated cattle grazing on the Nevada 
Nuclear Test Site were leached with simulated gastric fluids, 
Am-241 was more soluble than Pu-239 (28). 

The administration of actinides in nitric acid solutions 
to animals lacks biological realism from the standpoint of food-
chains. Uranium has been studied best in this regard. The calcu
lated assimilation of U from food by domestic animals ranges 
from 0.6% in cattle (2) to 2% in swine (2). In people, estimated 
values for the assimulation of U from food vary from approximately 
2% to 12% and 32% (2j. These estimates are greater than the mea
sured assimilation of nitrate forms and il lustrate the errors 
which can be incurred by extrapolating data from rat experiments 
to man. In laboratory experiments, the chemical form which prob
ably simulates the intake of actinides from natural foods 
best is citrate. This is because c i t r ic acid is a fundamental 
compound in plant metabolism. Baxter and Sullivan (29) have 
shown that when Pu is intragastrically administered to rats 
in citrate form, the assimulation is approximately 2 χ 10" 3, 
about 2 orders of magnitude greater than assimilation of the 
nitrate form (1 χ 10 5 ) . A more significant study (30), indi
cated that about 1% of plant (tumbleweed) incorporated Pu fed 
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10 
~ INGESTION: 
" ASSIMILATION BY RATS 
- (SULLIVAN AND CROSBY 

1975) 

Cm-244 

Am-241 

NO FRAC1 

INHALATION: 
ASSIMILATION BY DOGS 
(BAIR 1970) 

LIVER 

ΊΟΝΑΤΙΟΝ 

-
LYMPH NODES Ζ 

LUNG 

Figure 3. Enrichment of trivalent actinides over Pu(IV) across biological mem
branes. The assimifotion of Am-241 and Cm-244 from the rat GI tract is greater than for 
plutonium. When plutonium nitrate is inhaled by dogs, daughter Am-241 is preferentially 

transported to the liver, resulting in depletion in lung and lymph nodes. 
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to rats was found in internal tissues 24 hours after feeding. How
ever, Am and Cm uptake was lower than for Pu, possibly due to in
soluble oxalates in the plant. 

Field Studies. We have attempted to compare the relative 
availability of actinides to small mammals living in contami
nated environments near ORNL. Shrews, rats and mice have been 
collected from a 30 year old contaminated floodplain forest eco
system (21_). Cotton rats (Sigmodon hispidus) have been collected 
from the banks of a former liquid radioactive waste pond which con
tains Pu, Am and Cu in sediments and shoreline vegetation. Analy
ses were performed by isotope dilution mass spectrometry (U, Th 
and Pu) or by alpha spectrometry (Pu, Am and Cm). 

In shrews and mice, U tends to be more available than Pu 
or Th (Fig. 4 ) . These comparisons are based on concentration 
ratios: the concentration of actinides in the internal body (bone, 
muscle and internal organs) of shrews, mice and rats ratioed to 
their respective concentrations in soil or sediment. 

Due to differences in analytical technique, species dif
ferences, and different collecting sites, direct comparisons 
between the availability of Th, U and Am, Cm are not valid. 
However, Am and Cm tend to be more available than Pu to the rats 
examined (Fig. 4) although the differences are not significant 
when sample variability is considered. Evidence for Am enrich
ment in the f ield may in fact be totally obscured by biological 
variability. Field studies at the Nevada Test Site with cattle 
exemplify this problem. When 5 tissue types from up to 20 
animals which had grazed on contaminated soil were examined for 
Pu and Am, Pu/Am ratios varied by almost 2 orders of magnitude ( 3 ] J . 

The outstanding limitation of observations such as these 
which are based on f ie ld studies is the lack of control of 
animal exposure. Although laboratory experiments can be c r i t i 
cized for a lack of biological realism, they are more carefully 
controlled than observations based on animals collected under 
f ield conditions where accumulation is via inhalation as well as 
ingestion. By ratioing the concentrations in the body to soil 
concentrations, this analysis bypasses the question of whether 
inhalation or ingestion is the more important route of exposure. 

Comparative Actinide Behavior in Aquatic 
Food Chains 

The major repository of transuranic elements entering 
aquatic systems is the bed sediment ( 1 - 4 ) . A significant portion 
is thought to arrive at the bed sediment surface as a result of 
association with, and subsequent settling of, suspended particu
late matter. Concentrations of plutonium and americium in sedi
ments relative to those in water reportedly range from 1 χ 101* 
to 3 χ 1 0 5 ( 3 2 , 3 3 , 3 4 ) . L i t t le information is currently available 
for other actinides of interest relative to nuclear fuel cycle 
wastes (Th, U, Cm and Np). 
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Figure 4. Comparative accumuhtion of actinides by small mammals from con
taminated soil or sediment relative to the accumulation of plutonium-239. Accu
mulation factor (AF) = concentration of nuclide in the internal small mammal body 
~- concentration of nuclide in dry soil. Twelve shrews and seven rats and mice from a 
floodplain forest were composited to yield four and three separate analyses, respectively. 
Twelve cotton rats inhabiting the banks of a liquid waste pond (3513) also were analyzed. 
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Until relatively recently, data on aquatic food chain behavior 
of the actinides was relatively scarce. Recent reviews have 
pointed to the fact that most of the available information was 
limited to the marine environment (35,36). This is s t i l l the case 
for data on distribution of actinides in tissues of aquatic organ
isms, particularly vertebrates. The available data suggest that 
patterns are similar to those reported for terrestrial animals; 
highest concentrations were found in the gastrointestinal tract 
(G.I. tract) and mineralized tissues (bone and liver in vertebrates 
and shells and exoskeletons in invertebrates). Recent data from 
studies in fresh-water environments suggest that g i l l s may con
tain an additional important component of the body burden for plu
tonium (37,38). Laboratory studies on the channel catfish using 
a Pu-237 tracer indicate that the G.I. tract skeleton, l iver, and 
kidney should contain most of the body burden resulting from envi
ronmental exposure (39,40). Edible muscle has been found to con
tain the lowest actinide tissue concentrations (33,35,37,38,40,41) 
in aquatic organisms studied to date. 

Surface Phenomena. Non-metabolic associations appear to play 
a major role in food chain behavior of the actinides (32-35,42). 
Noshkin (35) pointed out that marine organisms associated with the 
sediment-water interface contain 100 times higher plutonium 
burdens than marine free-swimming vertebrates. This has also 
been shown to be true for plutonium and americium in the vicinity 
of Windscale (33). Thus some association with the sedimentary 
actinide pool, whether by surface sorption to plant cell walls, 
exoskeletons, G. I. Tract linings, or perhaps by direct uptake 
from sediments (and associated interstit ial water) consumed during 
feeding, is indicated in many instances. Laboratory gavage studies 
using Pu-237 fulvate (an organic chelating agent found in sedi
ments) indicated that channel catfish could deposit a small 
(1 χ 10~3), but not insignificant, fraction of ingested plutonium 
into edible tissues (39). Plutonium-239 concentrations in chiron-
omids (important fresh-water fish food organisms) held in simple 
laboratory environments (microcosms) were approximately 1 χ 10" 3 

that of the sediments on which they fed (G.I. tract removed to 
eliminate external contamination) (43). When G.I. tract contents 
were included, the fraction present rose to 7% of the sediment con
centration. Concentrations in emergent portions of aquatic plants 
have been shown to be an order of magnitude less than submerged 
plants in the same system (Pu-237 in complex laboratory microcosms, 
42:, and Pu-239 and Am-241 in f ield studies at Hanford's U-Pond (37). 
Thus the sedimentary pool cannot be ignored as the potential direct 
source of actinide elements for a major fraction of the aquatic 
biota which reaches the human diet. 

Transuranic elements (and other actinides) have a very high 
affinity for particulate matter (and surfaces in general) in 
aquatic ecosystems. It is d i f f icu l t to use the traditional con
centration ratio referenced to water (often assumed to be the source 
without support) as a measure of the tendency of biota to accumulate 
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these elements in tissues. As will be seen, concentration ratios 
based on water decline up the trophic ladder. This behavior, 
coupled with the known limited tendencies of the actinides to 
penetrate biological membranes, suggests that discrimination 
against actinide uptake occurs at each food chain transfer - lead
ing to dilution of actinide concentrations the further along a 
food chain the element is transferred. We believe that i t may 
be more useful to relate the observed concentrations of actinides 
in aquatic biota to that in the primary biotic source in the 
system: sediment (both suspended and bottom). The underlying 
hypothesis is that due to the high sediment concentration ratios 
relative to water, observed element accumulation in tissues of 
higher trophic levels will be dominated by G. I. tract discrimi
nation rather than by direct uptake from water. External con
tamination on surface and G. I. tract loadings with sedimentary 
particulates are not considered to be true uptake and should be 
considered separately. This may be considered analogous to con
tamination of the pelt and G. I. tract by soil activity in terres
tr ia l mammals. 

Comparative Actinide Behavior. The data from existing fresh
water actinide radioecology studies have been digested and con
densed for presentation in Tables II (radium and uranium) and III 
(transuranics). Information on thorium in fresh-water environments 
is extremely fragmented; hence its omission. Concentration ratios 
were calculated and averaged for relatively broad ecological groups 
in order to faci l itate generalized comparisons between data from 
different water bodies and between different elements. There are 
rather apparent gaps in existing data sets (ours included) which 
make some comparisons d i f f icul t . Concentration ratios have been 
calculated relative to both sediment and water wherever existing 
data permitted. 

Environmental studies on the behavior of actinide elements in 
fresh-waters have been conducted at a variety of sites throughout 
the world. These range from large, deep natural lakes, such as 
Lake Michigan and Lakes Issyk-kul and Sevan in the Soviet Union, 
to relatively small, shallow ponds (Pond 3513, former final radio
active waste settling basin at Oak Ridge National Laboratory (ORNL) 
and U-Pond, on the Hanford Reservation) and impoundments (White 
Oak Lake at ORNL and those at the Jaduguda uranium mining and mi l l 
ing complex, Bihar, India). Higher actinide concentrations are 
observed in the aquatic environments at nuclear fuel cycle f a c i l i 
ties, while the levels in the natural lakes are extremely low by 
comparison, derived primarily from weapons-testing fallout and 
natural sources. Lake Issyk-kul has been intensively studied 
because its watershed lies in an area whose soils have a naturally 
high uranium content. 

Some generalizations are applicable to virtually al l data 
sets presented. As noted earlier, concentration ratios decline 
with increasing trophic level: herbivores < l i ttoral f lora; 
piscivores < planktivores < zooplankton < phytoplankton. Perhaps 
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because of the surface contamination/GIT loading problems alluded 
to previously, differences between the l i ttoral flora and fauna 
are not always apparent. However, in our experience, when such 
contributions are taken into account, trophic level differences 
between l ittoral organism groups are readily apparent ( 5 ] J . Con
centration ratios for zooplankton from shallow aquatic systems 
are higher than corresponding values from large, deep lakes 
(trivalent actinides in Pond 3513 vs. Lake Michigan and plutonium 
in Pond 3513 and U-Pond vs. Lake Michigan in Table III, for 
example) because of a closer association with sedimentary parti
culates. The ut i l i ty of calculating a concentration ratio rela
tive to the sediment values is also seen. Concentration ratios 
calculated on this basis are less than unity, declining by 
approximately an order of magnitude with each intervening trophic 
step. Since actinides are only poorly transferred across biolog
ical membranes, i .e . , discriminated against in transfers, these 
values seem to provide a more realist ic description of actinide 
behavior in food chains. Further, ratios (based on radioactivity 
concentrations) of the trivalent actinides to plutonium in sedi
ments (or interstit ial water) are much closer to the same 
quotients in biota than are the corresponding ratios in water 
from Hanford's U-Pond (37,52) and ORNL*s Pond 3513. Thus Am/Pu 
(biota), or Cm/Pu (biota) are closest in value to the same ratios 
calculated for sediment than for water. For Hanford's U-Pond, 
Am/Pu (biota) Am/Pu (sediment or interstit ial water) ranges from 
1.7 to 2.8; the same value for water ranges from 0.002-0.003. The 
ratios of Cm/Pu in Pond 3513 biota (primarily invertebrates and 
plants) average about 2.5:1, the sediment mean is 0.8:1, however, 
the corresponding water value is 40:1. Thus, i t appears that a 
sound basis exists for presentation of actinide concentration 
ratios calculated relative to a sedimentary source rather than 
water. 

Comparisons between the relative availability of the actinide 
elements are not as obvious. Data for more than one element are 
not often available from the same environment and there exist 
numerous gaps in data sets, particularly for higher vertebrate 
trophic levels. Comparisons between trivalent actinide concen
tration ratios in zooplankton and herbivorous vertebrates from 
Pond 3513 at ORNL vs. corresponding values for plutonium (Table 
III) indicate higher availability for Am and Cm by factors of 
2 to 5. Comparisons between 21+1Am and 2 3 9Pu ratios from Hanford's 
U-Pond suggest higher availability for Am by factors of 3 to 5. 
Comparisons between 21|1Am and 2 3 9Pu based on Lake Michigan data 
(Table III) are inconclusive due to limited information, but 
suggest no substantial differences (e.g., order of magnitude) 
between the two elements. 

Uranium and Radium vs. Transuranics 

Data bases for the naturally-occurring actinides, 2 2 6Ra and 
2 3 8 U , are more fragmentary. Thus, one has to make some assump
tions in order to attempt a meaningful comparison between the 
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availability of the natural actinides and the transuranic elements. 
Using the data set for Lake Issyk-kul (most complete, Table II), 
uranium appears to be more available than the transuranics in all 
systems save the Hanford U-Pond, an environment which appears to 
have unusually elevated concentrations. If the Lake Michigan data 
set is used, uranium appears less available than the transuranics, 
but the differences would probably be much smaller i f sediment 
concentration ratios were available. This is a consequence of the 
greater solubility of uranium (also radium) than the transuranics, 
particularly under the slightly alkaline conditions found in most 
fresh-water environments. If whole-body concentration ratios in 
herbivorous vertebrates are used as an estimate of the tendency 
of the actinides to deposit in bone tissue, then uranium appears 
to be more available than the transuranics (save 2 i t lAm in U-Pond). 
This assumption is probably reasonable since whole-body concen
tration ratios for U in vertebrates (Table II) are comparable to 
those for bone tissues. This should also be the case for the 
transuranic elements since, as we observed earlier, the major 
fraction of the body burden resides in the skeleton and other 
mineralized tissues. The limited data for 2 2 6 Ra (Table II) 
appear to fa l l within reported values in data sets for the 
transuranics (Table III). In the one instance where radium uptake 
may be directly compared with uranium, i .e. , the data for rice in 
Table II, radium is apparently less available. Because of the 
limitations presented by the data sets on natural actinides, our 
conclusion about biological availability relative to the trans
uranic elements must be conservative. We believe that, when 
more information on relative actinide availability in fresh-water 
environments is obtained, uranium may be shown to be more avail
able than the transuranics generally, but that substantial dif
ferences in the reverse direction are not likely. Based on the 
information provided by the present data sets, we can suggest 
the following scheme for relative actinide bio-availability: 
U > Am, Cm > Pu. 

An indication of what one might eventually expect to obtain 
for a generalized pattern of relative bio-availability for the 
actinides of interest in nuclear fuel cycles is shown in Table IV. 
This represents a recent data set in which concentration ratios 
have been obtained for al l five actinides in tissues of a verte
brate (used as human food) from a single aquatic ecosystem (Pond 
3513 at ORNL); comparisons are thus facil itated. The values for 
bone (Table IV) suggest a pattern of bio-availability as follows: 
U > Am, Cm > Th, Pu. Taken in its entirety, the data set in 
Table III indicates essentially the same pattern. 

Exposure Pathways to People: 
Summarizing Importance 

From the preceding sections, the greater tendency for U to 
transfer to both people and small mammals when compared to Pu, Th, 
Am and Cm is evident. Availability comparisons for vertebrates in 
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a q u a t i c food c h a i n s , a l t hough more l i m i t e d , sugges t no s u b s t a n 
t i a l a l t e r a t i o n i n t h i s p a t t e r n . For n a t u r a l Th and U, i n g e s t i o n 
i s t he dominant env i r onmenta l r o u t e t o p e o p l e , a l t hough not nece s 
s a r i l y t he i m p o r t a n t c o n t r i b u t o r o f i n t e r n a l l y - d e p o s i t e d e l ement s . 
A s i m i l a r s t a tement can be made f o r f a l l o u t Pu s i n c e a tmosphe r i c 
t e s t i n g has a lmo s t ceased ( 16 ) . 

Both Pu and Th w i l l p r obab l y e n t e r the s k e l e t o n and o t h e r 
i n t e r n a l t i s s u e s p r edom inan t l y f rom i n h a l a t i o n . Th i s s t a tement i s 
based on the f a c t t h a t i n the f i e l d , Pu and Th demonst rate s i m i l a r 
t r a n s f e r s f rom s o i l t o sma l l mammals and l a b o r a t o r y s t u d i e s demon
s t r a t e s i m i l a r m e t a b o l i c c h a r a c t e r i s t i c s ( 1 , 3 , 2 3 ) . S o i l chemica l 
b e h a v i o r i s a l s o s i m i l a r ( 2 0 ) . As demonst rated i n Tab l e I, n a t u r a l 
Th i n human bone o r i g i n a t e s l a r g e l y f rom i n h a l a t i o n , even assuming 
t h a t a d s o r p t i o n f rom the d i e t i s 0 .1% . Another s t r o n g agrument 
f o r the impor tance o f i n h a l a t i o n i s found i n t i s s u e d i s t r i b u t i o n s 
o f Th-232 and Th-230 i n humans. Tab l e V summarizes work by Wrenn, 
e t a l . (53) wh ich shows t h a t lungs o f n o n - o c c u p a t i o n a l l y exposed 
i n d i v i d u a l s c o n t a i n s burdens o f Th i s o t o p e s comparable t o the 
s k e l e t o n . Thor ium-228 d i s t r i b u t i o n s a r e d i f f e r e n t f rom Th-230, 
232 d i s t r i b u t i o n s and r e f l e c t a s s i m i l a t i o n o f p a r e n t Ra-228 f rom 
the d i e t . 

As the r e l a t i v e t r a n s f e r c o e f f i c i e n t s f rom s o i l t o p l a n t s and 
from d i e t t o the b l ood i n c r e a s e , i n g e s t i o n takes on more impor 
t a n c e . Th i s c e r t a i n l y appears to be the case f o r U. I t may be 
t h a t i n g e s t i o n w i l l be more impo r t an t f o r Am and Cm than f o r 
Pu o r t h o r i u m . Neptunium remains i n enigma because o f the p a u c i t y 
o f d a t a . 

T a b l e V. D i s t r i b u t i o n s o f Th-232, Th-230, and 
Th-228 i n s e l e c t e d n o n - o c c u p a t i o n a l l y 

exposed human o r g a n s * 

Organ 
D i s t r i b u t i o n (%) * * 

Th-232 Th-230 Th-228 

Lung 20 21 1.8 

Lymph nodes 6 6 0.7 

S p l e e n , l i v e r , k idney 13 17 2.6 

S k e l e t o n 62 56 94.9 

* A f t e r Wrenn, e t a l . ( 5 3 ) . 

Median v a l ue s f o r 5 i n d i v i d u a l s n o r m a l i z e d t o s t anda rd man masses. 
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Assessing Hazards of Environmentally-
Dispersed Actinides to People 

The U.S. Environmental Protection Agency has proposed that 
"The annual alpha radiation dose rate to members of the cr i t ica l 
segment of the exposed population as the result of exposure to 
transuranium elements in the general environment should not exceed 
either 1 millirad per year to the plumonary lung, or 3 millirad per 
year to the bone" (54). The USEPA also derived a soil contamination 
level of 0.2 yCi/m 2 Tl cm depth, soil particles less than 2 mm) as a 
reasonable "screening" level for which the resultant dose rates to 
the crit ical segment of the exposed population could be reasonably 
predicted to be less than the guidance recommendations. 

Current estimations of dose rates to cr it ical organs from 
environmentally-dispersed transuranics rely on environmental trans
port and metabolic models (9,15,54). The rather short time period 
that these elements have been in the biosphere (from the activities 
of people) makes validation of environmental transport models 
extremely d i f f icult . To approximate the maximum possible lifetime 
accumulation in the skeletons of people exposed to actinides in the 
general environment, one approach would be to use a bone/soil 
accumulation factor. A principal advantage of this method is that 
i t is independent of the exposure pathway. However, i t assumes 
that aquatic components of the diet are insignificant, and thus 
would not apply to circumstances where only sediments are contami
nated. Bone is a cr it ical tissue because the deposition of act i 
nides in bone is in i t ia l ly high after entry into the bloodstream, 
and retention times are long. For example, in rats more than 70% 
of the body burden is found in the skeleton 16 days after oral 
administration of Pu-citrate or Pu-nitrate (23:). The Cm content 
of rat bone, 256 days after intramuscular injection, was 20 times 
greater than the amount in any other internal tissue excluding 
the injection site (54). Approximately 81% of the 86.3 yg of 
natural U estimated to be in man is in the skeleton (56). 

Of the actinides we have considered here, only U comes to 
equilibrium in bone in man's lifetime (3). The amount of Pu, Th, 
Am, Cm and Np in human bone continually accumulates. Because of 
this, the bone/soil ratio is time dependent. However, i t is 
interesting to note that existing data sets on Th-232 (57,58) in 
human bone do not show a strong age-dependent trend. This pro
bably reflects the diversity of inhalation exposures people are 
subject to. 

Bone-Soil Ratios. In man, the typical concentration of 
natural U in bone has been considered to be about 20 ng/g bone 
ash (8) although a comprehensive data set (10) suggests a sub
stantially lower value (1 ng). Thorium is present at concen
trations near 10 ng/g bone ash. The concentration of U and Th 
in terrestrial soils is approximately 2 and 6 yg/g respectively 
(2,4,5). The calculated adult human bone ash/soil ratio for U 
is therefore greater than that for Th (Table VI). This comparison 
is consistent with observed differences in the accumulation of U 
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and Th in small mammals (Fig. 4) and frogs (Table IV). 
For purposes of comparison, the bone/soil ratio has been calcu

lated for Th, U, and Pu in small mammals collected from the pre
viously mentioned contaminated floodplain forest near ORNL. A 
bone/soil ratio for Am was also calculated from published data (59). 
These ratios are listed in Table VI. The variability around the 
average ratios in small mammals is great with coefficients of 
variation near unity. Nevertheless, the relative ranking of aver
age values indicates the following order of availability: Pu ^ 
Th < Am < U for small mammals. 

Table VI. The accumulation of actinides by small mammals and man 
from soil expressed as the concentration ratio of element in 
internal small mammals bodies (skeleton and internal organs) 
or the concentration in human bone ash to a measured soil 
concentration. Thorium, U, Pu data from ORNL floodplain 
studies; Am data from (59). Human data calculated 

from information in (2). 

Group Nuclide Na Average CVb 

Small mammals Th 7 0.0003 0.66 

U 7 0.004 0.92 

Pu 7 0.0003 0.83 

Am 2 0.001 0.80 

People Th 1 0.002 — 
U 1 0.01 — 

aNumber of values averaged. 

CV =s standard deviation τ average 

From the calculated bone/soil ratios in man for the naturally-
occurring actinides as well as the laboratory and f ie ld studies on 
small mammals, the availability of Pu, Am, and Cm relative to U and 
Th can be deduced. First, the f ield studies indicate a similar 
degree of uptake by mammals for Pu and Th (Fig. 4, Table VI) which 
are both characterized by the tetravalent state in the terrestrial 
environment (20). Second, the trivalent actinides, Am and Cm, tend 
to exhibit similar (Fig. 3) or slightly greater (Fig. 4) uptake by 
mammals than Pu. Last, U exhibits consistently greater uptake in 
mammals than Th or Pu (Fig. 4, Table VI). On the basis of avail
able data, the following rank order of bone ash/soil ratios for 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

01
4

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



262 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

people might be used for evaluating lifetime accumulation: 

Th, Pu < Am, Cm < U 

0.002 0.005 0.01 

This ranking suggests that about 2.5 times as much Am and Cm may 
accumulate in bone than Pu or Th assuming identical chemical and 
physical forms in the soi l . Uranium may show about a 5-fold 
greater relative accumulation. 

Estimating Dose to Bone from Chronic Exposure. Using these 
accumulation factors, the maximum amount of Pu, U, and Am in bone 
after 70 years exposure to soil contaminated at the proposed EPA 
screening level might be estimated. Since Pu-238 and U-232 con
tribute the most α-activity in breeder fuels (U-233 and Pu-239), 
they were chosen for dose comparisons. For a soil with a bulk 
density of 1.3 g/cm3, 0.2 yCi/m2 (1 cm depth) corresponds to about 
15 pCi/g soil (top 1 cm). Using the 0.002 accumulation factor for 
Pu and the reference man value of 54% ash in bone (as differen
tiated from skeleton), the lifetime accumulation of Pu is calcu
lated to be 0.016 pCi/g in situ bone. Assuming uniform distribu
tion in bone and converting the activity concentration to dose (3) 
results in a dose rate for Pu-238 of about 1.7 mrad/year. This 
estimate, which is based on an independent methodology, suggests 
that the proposed EPA soil screening level is not unreasonable i f 
the projected dose rate to bone is not to exceed 3 mrad/year. 

The same exercise applied to an identical U-232 activity 
concentration in soil would result in 0.08 pCi/g bone or 8.2 
jnrad/year contribution from U-232 alone. This value may be high 
considering the uncertainties of what the typical natural U con
tent of bone is. However, the α-emitting daughters of U-232 
(Th-228, Ra-224, Rn-220, and Po-216) would raise this dose rate 
by about a factor of 4 (60). If the estimate of the trivalent 
actinide bone ash/soil accumulation factor is valid, then 15 pCi 
Am-241/gram of soil would contribute 0.04 pCi/g bone and a 
4 mrad/year dose rate at age 70. Because Am-241 may accumulate 
in the skeleton to a greater degree than Pu, i t would be a greater 
contributor of transuranic activity to bone even though its 
activity level in soils contaminated with Pu-239, 240, etc., may 
be lower. The physical form of the Pu will be very important in 
this instance. For example, lung inhalation data has shown l i t t l e 
Am-241 enrichment from inhaled Pu02 but substantial enrichment 
from Pu-nitrates. 

Summary. Through an examination of the comparative behavior 
of the actinide elements in terrestrial and aquatic food chains, 
the anticipated accumulation behavior of the transuranium elements 
by people was described. The available data suggests that Pu, Am 
and Cm will not accumulate to a greater degree than U in the skele
tons of individuals exposed to environmentally dispersed activity. 
The nature of the contamination event, the chemical and physical 
associations in soils and sediments, the proximity to the 
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contamination site - al l will influence observed behavior. 
Because of the establishment of regulatory guidelines for 

limiting chronic exposure to transuranium elements, research on 
environmental behavior must address the question of accumulation 
by people. In the absence of lifetime accumulation data and the 
paucity of contaminated sites, approaches such as those documented 
in this paper may aid in understanding and evaluating the hazards 
of releasing actinide elements to the biosphere. 
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Radionuclide Sorption Studies on Abyssal Red Clays1 

KENNETH L. ERICKSON 

Sandia Laboratories2, Albuquerque, NM 87185 

In order to provide data required by the U.S. Seabed Disposal 
Program to assess the feasibil ity of emplacing radioactive wastes 
in sub-seafloor geologic formations, the radionuclide sorption 
properties of a widely distributed abyssal red clay are being ex
perimentally investigated. These properties are extremely impor
tant and should be investigated in detail since the adequacy of 
the sediment to serve as a barrier to the migration of nuclides 
away from the waste form should largely be determined by the 
sorption behavior of those nuclides. In this regard, sorption of 
the actinide elements is generally considered to be of principal 
concern. However, before pursuing an extensive experimental pro
gram involving the actinides, a preliminary investigation was 
conducted to examine the sorption of several nuclides having rela
tively much less complicated solution chemistries. The generali
zations being developed to describe the sorption of the prelimi
narily investigated nuclides w i l l then be used in planning an 
efficient program for investigating the sorption and complex 
chemistry of the actinide elements. 

In most mathematical analyses used to establish bounds for 
radionuclide migration rates through the abyssal red clays, the 
sorption properties of the sediment are generally represented 
mathematically by the sorption equilibrium distribution coeffi
cients for each of the species involved. These coefficients are 
usually denoted by Kp. and are defined by 

= C . / C υ± ι 7 ι 

where C. = the equilibrium solid-phase concentration of 
species i , mg-atom/gm 

1 This work supported by the United States Department of Energy (DOE), under Contract 
AT (29-1)-789. 

2 A U.S. DOE facility. 

0-8412-0498-5/79/47-100-267$06.00/0 
© 1979 American Chemical Society 
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268 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

C. = the equilibrium solution-phase concentration 
of species i , mg-atom/ml 

For a given material, the d i s t r i b u t i o n coefficients are functions 
of temperature, pressure, the concentration of species i , and the 
concentrations of a l l other competing species. 

In the sediments being studied, i t i s believed that nuclide 
migration away from the waste form w i l l primarily be due to molec
u l a r d i f f u s i o n . The simpler mathematical analyses of diffusion 
which y i e l d a n a l y t i c a l solutions show that, to a f i r s t approxi
mation, the migration rate of species i should generally be 
inversely proportional to the magnitude of ( l ) . Hence, the 
adequacy of the sediment to serve as a barrier to nuclide migra
tion depends, i n an inversely proportional manner, on the values 
of the various d i s t r i b u t i o n c o e f f i c i e n t s , which, depending on 
species and conditions, could be expected to vary from near zero 
to 10^ ml/gm or greater. 

Therefore, the preliminary investigation described herein 
examined several aspects of the behavior of the equilibrium d i s 
t r i b u t i o n coefficients for the sorption of rubidium, cesium, 
strontium, barium, s i l v e r , cadmium, cerium, promethium, europium, 
and gadolinium from aqueous sodium chloride solutions. These 
solutions i n i t i a l l y contained one and only one of the nuclides of 
interest. For the nuclides selected, values of Kp. were then 

^ i 
determined as functions of the concentration of species i i n the 
equilibrium solution and to a limited extent as functions of 
solution pH. The data used to calculate the values for K-p. were 
obtained from batch equilibration experiments. The experimental 
procedures used are discussed l a t e r and were considered to be such 
that the values obtained for the various d i s t r i b u t i o n coefficients 
provided a reasonable representation of the sorption properties of 
the sediment at locations s u f f i c i e n t l y distant from the waste form 
so that the clay remains physically and chemically e s s e n t i a l l y 
unaltered. 

Red Clay 

Samples of the red clay having uniform physical and chemical 
characteristics were provided by G. R. Heath of the University of 
Rhode Island. The samples were obtained from core LlM-GPC -2 , 
collected on October 11, 1976, at 30° 20.Ç/N, 157° 50.85'w, water 
depth 5821 meters, and are representative of the smectite-rich 
region of the red clays which occurs i n the sediment at depths 
below about ten meters. In t h i s region, the sediment appears to 
contain about f i v e to six percent by weight leachable iron and 
manganese i n the form of hydrous oxides. The remaining material 
appears to be dominated by i r o n - r i c h smectite and lesser, varying 
amounts of p h i l l i p s i t e (2). The results of a semi-quantitative 
(precision i n data i s within a factor of 2) elemental analysis 
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15. ERiCKSON Radionuclide Sorption Studies 269 

performed on the red clay (by emission spectroscopy) are given i n 
Table I. 

Table I. Semi-quantitative Analysis of Red Clay 
(Done by Emission Spectroscopy) 

Element Concentration 
(ppm) (mg-atom/i 

Rb 80 0.0009 
Sr 810 0.0092 
Ba 63Ο 0.00U6 
Na 810 0.035 
Κ I3OOO 0.33 
Ca 10000 0.25 
Mg 25000 1.0 
Fe 63ΟΟΟ 1.1 
Mn 13000 0.2*4-
A l 81000 3.0 
S i 160000 5.7 
L i 16 0.023 
Ni 1300 0.022 
Cu l600 0.025 
T i 3300 Ο . Ο 6 9 
Cr 130 0.0025 
V 250 0.00^9 
Zr 200 0.0022 
Be 50 Ο .ΟΟ56 

The nature of the solid-phase concentrations of rubidium, 
strontium, and barium given i n Table I are of some concern since 
those concentrations must be appropriately accounted for when di s 
t r i b u t i o n coefficients and solution-phase concentrations are c a l 
culated from experimental data. Since the average concentrations 
(given i n Table II) of rubidium, strontium and barium i n seawater 
are r e l a t i v e l y substantial, the concentrations given i n Table I 
could certainly be the solid-phase concentrations of rubidium, 
strontium and barium which are i n sorption equîLibrium with the 
concentrations of the respective elements i n the o r i g i n a l i n t e r 
s t i t i a l seawater. 

Table I I . Average Concentrations of Rubidium, 
Strontium and Barium i n Seawater (3) 

Element Average Concentration i n Seawater 
(mg-a torn/ml) 

Rb 2 Λ χ 10"? 
Sr 1.5 x 10"£ 
Ba 3.6 χ 10" ( 

The concentrations of rubidium, strontium and barium given i n 
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Table I could also represent the presence of salts of those 
elements. However, for the reasons given below, i t was concluded 
that the solid-phase concentrations of rubidium, strontium and 
barium were probably the result of sorption rather than the pres
ence of salts 

The p r i n c i p a l rubidium salts which would probably have been 
present i n the sediment (chloride, sulfate, bicarbonate, etc.) 
are a l l soluble i n water. As discussed l a t e r , the red clay was 
thoroughly dialyzed p r i o r to use (including p r i o r to analysis by 
emission spectroscopy). Any rubidium salts i n i t i a l l y present i n 
the clay samples would, therefore, have been removed by the d i a i -
yzing solution. Hence, i t was assumed that the rubidium concen
t r a t i o n given i n Table I represented sorbed rubidium which had 
been i n equilibrium with the rubidium i n the o r i g i n a l i n t e r s t i t i a l 
seawater. Then when calculating d i s t r i b u t i o n coefficients from 
experimental data, the concentration given i n Table I was used as 
the i n i t i a l clay-phase rubidium concentration, rather than zero 
as used with most of the other species studied. 

Many of the p r i n c i p a l compounds of strontium and barium 
which could have been present i n the sediment are also soluble i n 
water, but the carbonates and sulfates are r e l a t i v e l y insoluble. 
In solutions of low ionic strength the s o l u b i l i t y product con
stants f or strontium carbonate and sulfate are 1.1 χ 1 0 " ^ and 
3.2 χ 10"7 5 respectively, and for barium carbonate and sulfate 
are 5.1 χ 10"9 and 1.1 χ 1 0 " 1 0 , respectively (h). Again, any 
soluble salts should have been removed by the dialyzing solution. 
Furthermore, when the dialyzing solution from the f i r s t d i a l y s i s 
was concentrated by a factor of about one hundred, no precipitate 
was observed. After the f i r s t d i a l y s i s , the carbonate concentra
t i o n i n the dialyzing solution should have been s u f f i c i e n t l y 
small (due to the near-neutral conditions existing i n the solution) 
so that the corresponding saturation concentrations of strontium 
and barium should have been large enough to y i e l d noticeable pre
ci p i t a t e s when the solution was concentrated. However, the 
sulfate concentration (resulting from the sulfate i n seawater) 
was probably s u f f i c i e n t l y large so that only the corresponding 
saturation concentration of strontium would have been great 
enough to y i e l d a noticeable precipitate. Therefore, the bulk 
dialyzing solution was probably under saturated with respect to 
strontium carbonate and sulfate and with respect to barium car
bonate. Since each d i a l y s i s was conducted for at least twenty-
four hours, and the d i a l y s i s bags were only about two centimeters 
i n diameter, the concentrations of nonsorbing species i n the 
i n t e r s t i t i a l and bulk dialyzing solutions should not have been 
greatly different. Hence, the i n t e r s t i t i a l solution was also 
probably under saturated, and any strontium i n i t i a l l y present as 
a carbonate or sulfate and any barium present as a carbonate 
should have been removed by the dialyzing solution or sorbed by 
the clay (due to the favorable e q u i l i b r i a for strontium and 
barium sorption, which are discussed l a t e r ) . The dialyzing 
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solution from the next to l a s t d i a l y s i s was concentrated by a 
factor of about twenty and did not y i e l d a noticeable precipitate. 
The sulfate concentration (as a result of the sulfate i n seawater) 
i n that solution should have been s u f f i c i e n t l y small so that the 
corresponding saturation concentration of barium would have 
yielded a noticeable precipitate. The bulk dialyzing solution and 
the i n t e r s t i t i a l solution were, therefore, probably undersaturated 
with respect to barium sulfate. Then aft e r the l a s t d i a l y s i s , the 
maximum i n t e r s t i t i a l solution-phase concentration of barium s u l 
fate was probably much less than 10"5 mg-atom/ml. Since the r a t i o 
of the volume of i n t e r s t i t i a l solution to mass of clay was on the 
order of 5 ml/gm, the maximum concentration of barium sulfate 
which should have been possible i n the dried s o l i d would have been 
on the order of only 10"^ mg-atom/gm, which i s considerably less 
than the barium concentration given i n Table I. It was, there
fore, assumed that the strontium and barium concentrations given 
i n Table I represent sorbed strontium and barium which had been 
i n equilibrium with the strontium and barium, respectively, i n 
the i n s i t u i n t e r s t i t i a l seawater or which had been sorbed during 
d i a l y s i s . Again when calculating d i s t r i b u t i o n coefficients from 
experimental data, the concentrations given i n Table I were used 
as the i n i t i a l clay-phase strontium and barium concentrations, 
rather than using a value of zero. 

Experimental 

It was f e l t that the presence of residual salts i n the clay 
would complicate the analysis of experimental data. Therefore, 
i n order to remove such salts p r i o r to using the clay, the samples 
of sediment were dialyzed (using deionized water) u n t i l a twenty-
f o l d concentration of the dialyzing solution did not y i e l d a 
precipitate upon addition of s i l v e r n i t r a t e . (Also, no p r e c i p i 
tate was observed upon concentration of the solution.) The solids 
were then dialyzed once more, vacuum dried, and stored i n sealed 
containers i n a desiccator u n t i l needed. (The preceding proce
dure may have resulted i n some a l t e r a t i o n of the sorption proper
t i e s of the red clay, p a r t i c u l a r l y with regard to the hydrous 
oxides. It i s intended to assess the extent of such al t e r a t i o n , 
i f any, during the course of future work.) 

As discussed l a t e r , i t was suspected and l a t e r experimentally 
determined that cation exchange i s a major mechanism responsible 
for radionuclide sorption. Therefore, the cation-exchange capac
i t y of the clay (defined here as the t o t a l miHiequivalents of 
exchangeable cations per gram of clay) was evaluated using both 
cesium and barium exchange. (For a given species, the cation-
exchange capacity of the clay should be reasonably constant, 
independent of solution-phase concentrations of that species, as 
long as the physical and chemical characteristics of the s o l i d 
remain unaltered, p a r t i c u l a r l y the charge d i s t r i b u t i o n which 
determines the nature of the e l e c t r i c a l double layers i n the 
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regions of the s o l i d - l i q u i d interfaces.) 
The cation-exchange capacity for cesium was determined from 

the isotopic redistribution of Cs^37 between 0.01 M CsCl solutions 
and cesium-saturated clay. The ceslum-saturated clay was prepared 
by contacting 0.25 to 0.55 grams of clay with 50 to 100 ml of 1.0 
M CsCl solution (stable Cs). After allowing s u f f i c i e n t time for 
equilibration (k8 to 96 hours), the o r i g i n a l 1.0 M solution was 
reduced to 0.01 M by repeated centrifuging of the suspension f o l 
lowed by decanting of the supernatant and then d i l u t i n g of the 
remaining solution. An appropriate amount of Cs 1 3 7 w a s then added 
to the suspension, and 3-0-ml samples were p e r i o d i c a l l y removed 
and analyzed for Cs-̂ -37 (^y gamma counting) u n t i l isotopic redis
t r i b u t i o n of the cesium isotopes was apparently complete. Then, 
for reasonably complete isotopic redistribution, the d i s t r i b u t i o n 
c o e f f i c i e n t calculated for Cs-L37 ( f r 0 m the change i n the solution-
phase concentration of Cs-^-37) should have been es s e n t i a l l y the 
same as the d i s t r i b u t i o n c o e f f i c i e n t for both stable and radio
active cesium. Also since the solution-phase concentration of 
Cs^37 was much less than the concentration of stable Cs and since 
the clay was saturated with cesium, the cation-exchange capacity 
for that element should be equal to i t s solid-phase concentration 
(which should have remained ess e n t i a l l y constant upon d i l u t i o n of 
the CsCl solution) and was calculated from 

Cs Exchange Capacity = Kp^ .̂37 x ° · ° 1 mequiv/ml 

The cation exchange capacity for barium was determined i n an 
analogous manner. 

The data used to calculate the values of Kj)^ for each nuclide 
studied were obtained from batch equilibration experiments i n 
which 0.68 Ν NaCl solutions (or occasionally other solutions) 
having various concentrations of the nuclide of interest were 
contacted with the red clay at k°C (occasionally at 11°C) and 
ambient pressure. The 0.68 Ν NaCl solutions were used instead 
of a r t i f i c i a l seawater i n order to provide somewhat simpler 
systems for study. A temperature of k°C was generally used since 
this i s approximately the ambient temperature i n the sediment. 
Since sorption phenomena are generally l i t t l e affected by pres
sure, i t further was assumed that any effects due to differences 
between the pressure on the seafloor and the ambient laboratory 
pressure would generally be small. (The v a l i d i t y of this assump
ti o n should be verif i e d , and i t i s intended to do so during future 
experimentation.) 

The general procedure for the batch equilibration experiments 
was as follows. About 0.25 to 0.55 grams of clay and 1*5 to 70 ml 
of 0.68 Ν NaCl solution were added to a 125-ml polyethylene bottle. 
Next 2.5 ml of a 0.68 Ν NaCl solution, buffered with predetermined 
amounts of sodium bicarbonate and/or boric acid, were added. (In 
order to obtain data at low values of the solution pH, addition 
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of the buffer was omitted and 0.25 ml of 1.0 Ν HCL was added to 
the bottle.) The pH buffering or adjustment was followed by addi
t i o n of 2.5 ml of a 0.68 Ν NaCl solution containing predetermined 
amounts of stable and/or radioactive isotopes of the nuclides of 
interest. (The radioactive isotopes used were C s l 3 7 , s r y 5 , B a 1 3 3 , 
Eu^S, G d l 5 3 , Pm 1^, C e 1 ^ , and Ag 1 1 0 1 1 1. ) The polyethylene bottles 
were then placed i n a shaker bath maintained at k ± 1 or 11 ± 1 °C. 
Samples were then p e r i o d i c a l l y removed for analysis by atomic ab
sorption (only stable isotopes present) or by gamma or beta count
ing. Samples were removed u n t i l the analyses indicated that the 
solution-phase concentration of the nuclide was no longer changing 
with time. The sampling procedure consisted of allowing the clay 
to settle from suspension and then removing a l i q u i d sample (of 
known volume) which was f i l t e r e d through a 0.2 Mm Gelman f i l t e r . 
At the conclusion of several of the equilibration experiments, 
samples of the s o l i d were removed and analyzed for the nuclide of 
interest. For each such experiment, the nuclide concentration 
associated with the s o l i d generally accounted for the change i n 
nuclide concentration observed i n the solution. The r e l a t i v e d i f 
ference between the t o t a l amount of nuclide determined as lost 
from solution and the t o t a l amount determined as gained by the 
s o l i d was usually less than ± 10$. Also, f o r most nuclides and 
most sets of experimental conditions, "blank" experiments were 
conducted i n order to determine i f nuclides were lost from solu
t i o n due to phenomena other than sorption by the clay. The 
"blank" experiments were done s i m i l a r l y to the sorption experi
ments (to include sample removal and analysis) except that the 
clay was omitted. 

For reasons given l a t e r , i t was believed that the hydrous 
iron and manganese oxides i n the sediment were of major importance 
in determining the sorption properties of the clay. As an i n i t i a l 
attempt to assess the significance of those hydrous oxides, equili-
bration experiments were performed i n which, to the extent possible 
the hydrous iron and manganese oxides were removed from the clay. 
The method used for removing the hydrous oxides was that recom
mended by Mehra and Jackson (5), and involved a reduction-complexa-
tion-extraction process (using a dithionite-citrate-bicarbonate 
solution) followed by washing and centrifuging of the s o l i d . The 
procedure removed about ten percent by weight of the solids, the 
remaining portion of which was green colored. Hereafter, the 
samples prepared using the above method are generally referred to 
as "deferrated." 

Results and Discussion 

General. The abyssal red clays were, i n part, o r i g i n a l l y 
selected for study because previous investigations of t h e i r 
sorption properties had been encouraging (6,7)> and because 
generally the types of minerals occurring "in~the sediment exhibit 
very favorable ion-exchange and adsorption properties. In 
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particular, the ion-exchange e q u i l i b r i a associated with smectite 
minerals (which constitute a major portion of the sediment) have 
been found to show strong preferences f o r cesium, strontium, 
barium, yttrium, and cerium (8-13) . These e q u i l i b r i a , at least i n 
the case of cesium, appear to depend l i t t l e on pH i n the range of 
3 to 10 ( 7 j l l ) - Also, the smectites generally have r e l a t i v e l y 
large ion-exchange capacities, on the order of 0.8 to 1.5 m i l l i -
equivalent per gram ( l ^ ) . Furthermore, hydrous iron and manganese 
oxides (which constitute a reasonably significant portion of the 
sediment) have been found to strongly adsorb strontium, barium 
and various t r a n s i t i o n metals( 1 5 , l 6 , 1 7 ). It has also been pro
posed that these hydrous o x i d e " c o n t r o l the concentrations of 
cobalt, nickel, copper and zinc i n s o i l s and fresh water sediments 
( l 8 ). The adsorption e q u i l i b r i a associated with the hydrous iron 
and manganese oxides have been found very dependent on solution 
P H (15 >16,17)> and ion exchange has been suggested as one of the 
dominating sorption phenomena. The sorption capacities of the 
hydrous oxides are also dependent on pH and appear to be consider
ably less than the capacities of the smectite minerals (17,19). 

Therefore, based on available l i t e r a t u r e , the following sorp
tion results were expected: ( l ) as a result of the smectite 
minerals, the sorption capacity of the red clay would be primarily 
due to ion exchange associated with the smectites and would be on 
the order of 0.8 to 1.5 milliequivalents per gram; (2) also as a 
result of the smectite minerals, the d i s t r i b u t i o n coefficients 
for nuclides such as cesium, strontium, barium, and cerium would 
be between 10 and 100 ml/gm for solution-phase concentrations on 
the order of 10"3 mg-atom/ml; (3) as a result of the hydrous 
oxides, the d i s t r i b u t i o n coefficients for nuclides such as stron
tium, barium, and some tra n s i t i o n metals would be on the order of 
10 4 ml/gm or greater for solution-phase concentrations on the 
order of 10~7 mg-atom/ml and less; (k) also as a result of the 
hydrous oxides, the solution-phase pH would strongly influence the 
d i s t r i b u t i o n coefficients for most nuclides except the a l k a l i 
metàls; (5) as a result of both smectites and hydrous oxides 
being present, the sorption equilibrium data would probably re
f l e c t the influence of multiple sorption mechanisms. As discussed 
below, the experimental results were indeed similar to those 
which were expected. 

Sorption Capacity. The average sorption capacity of the clay 
determined from isotopic redistribution of Cs-̂ -37 between aqueous 
0.01 M CsCl solutions and cesium-saturated clay was 0.91 mequiv./ 
gm. The average sorption capacity s i m i l a r l y determined by isotopic 
re d i s t r i b u t i o n of Ba-*-33 w a s 0.7^ mequiv./gm. The maximum rel a t i v e 
error i n these capacities was estimated at ± 10$. 

I f those sorption capacities were due to ion exchange, i t 
would be expected that preparation of the cesium- and barium-
saturated clays would have caused various counter ions such as 
those of sodium, potassium, magnesium, and calcium to be desorbed 
from the clay and to appear i n .the 1.0 M solutions. The t o t a l 
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amount of desorbed species ( i n milliequivalents) per gram of s o l i d 
should be approximately equal to the measured ion exchange capac
i t i e s . Furthermore, since the clay had been extensively dialyzed 
before use, the amounts of any salts of sodium, potassium, magne
sium, and calcium which might have been present should have been 
negligible (for reasons similar to those given when discussing 
salts of rubidium, strontium, and barium), and i t i s reasonable to 
expect that the concentrations given for those elements i n Table I 
represent concentrations of exchangeable counterions or (especially 
i n the case of magnesium) constituents of the clay mineral l a t 
t i c e s . The amount of each desorbed species (in mg-atoms) per gram 
of clay should then be approximately equal to the corresponding 
concentrations given i n Table I. Such behavior was, i n fact, 
observed experimentally as discussed below. 

When preparing the cesium- and barium-saturated clays, the 
1.0 M solutions used were decanted (after centrifuging) and ana
lyzed semiquantitatively by emission spectroscopy. From those 
analyses, i t appears that the following species were desorbed: 
sodium, potassium, calcium, magnesium, and strontium. It further 
appeared that desorption of potassium was almost unique to cesium 
sorption; whereas, desorption of the other species appeared to be 
common to both cesium and barium sorption. Small amounts of other 
elements such as n i c k e l and copper were also detected by the 
analyses. However, to what extent the observed concentrations may 
represent desorption and to what extent they may represent the 
dissolution of sparingly soluble substances ( p a r t i c u l a r l y hydroxide 
species) i s as yet-uncertain. The apparent concentrations of the 
desorbed species per gram of clay are given i n Table III. 

Table I I I . Apparent Concentrations of 
Desorbed Species 

Element 

Κ (Cs sorption) 
Κ (Ba sorption) 
Na 
Ca 
Mg 
Sr 
Total (Cs sorption) 
Total (Ba sorption) 

Concentration 
(mequiv./gm) (mg-atom/gm) 

0.21 0.21 
0.01 0.01 
0.06 o.o6 
o.kk 0.22 
0.11 o.o6 
0.02 0.01 

0.8^ 
o.6h 

For both cesium and barium sorption, there i s reasonable agreement 
between the t o t a l concentrations of desorbed species and the ion-
exchange capacities determined by isotopic r e d i s t r i b u t i o n . The 
small differences which exist could e a s i l y be due to the precision 
i n the elemental analyses. (Also, the experimental technique 
would not have detected desorption of hydrogen ions.) The s o l i d -
phase concentrations of sodium, potassium, magnesium, calcium, 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ch

01
5

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



276 RADIOACTIVE WASTE IN GEOLOGIC STORAGE 

and strontium from Tables I and III are compared i n Table IV. 

Table IV. Comparison of I n i t i a l Solid-Phase 
Concentrations and Solid-Phase Con
centrations of Desorbed Species 

Element Solid-Phase Concentration (mg-atom/gm) 
I n i t i a l (Table I) Desorbed (Table III) 

Κ (Cs sorption) 
Na 
Ca 
Mg 
Sr 

0.33 
0.0k 
0.25 
1.0 
0.01 

0.21 
0.06 
0.22 
0.06 
0.01 

In the case of potassium (cesium sorption), calcium, and strontium, 
the agreement i s f a i r l y good and i n the case of sodium, somewhat 
poorer but well within the precision of the analyses. In the case 
of magnesium, the agreement i s very poor. However, the magnesium 
concentration given i n Table I could, to a large extent, be due to 
incorporation of magnesium into the l a t t i c e structure of the clay 
minerals (20) . Therefore, at solution-phase concentrations (on 
the order of 10mg-atom/ml or greater) at which the solid-phase 
concentration of the nuclide of interest would be a significant 
f r a c t i o n of the sorption capacity of the clay, i t appears reason
able to conclude that sorption does result from ion exchange. The 
extension of t h i s conclusion to lower solution-phase concentrations 
at which the solid-phase concentration of the nuclide of interest 
would be a negligible f r a c t i o n of the ion-exchange capacity of the 
clay may or may not be j u s t i f i e d . 

The ion-exchange capacities discussed above (and the i d e n t i f i 
cation of the p r i n c i p a l desorbing species) appear consistent with 
capacities of about O.k to 0.8 mequiv./gm (pr i n c i p a l desorbing 
species being sodium, potassium, calcium and magnesium) reported 
for a related p a c i f i c red clay (7 ) . The sorption capacities given 
above also appear reasonably consistent with capacities of about 
0.8 to 1.5 mequiv./gm, which have been reported for related clay 
minerals found within the continental United States (8,9>10,12,lU). 

Distribution Coefficients. The di s t r i b u t i o n coefficients 
determined for rubidium (at 11°C) and for cesium (at 11°C for -log 
Ci less than 5 and at k°C for -log greater than 5) are summa
rized i n Figure 1. Over the range of solution-phase concentrations 
i n which both rubidium and cesium were studied, the rubidium coef
f i c i e n t s appear to behave very s i m i l a r l y to those f o r cesium. For 
solution-phase concentrations on the order of 10"3 mg-atom/ml, the 
coef f i c i e n t s are on the order of 100 ml/gm, as was expected. 
Furthermore, the di s t r i b u t i o n coefficients obtained for cesium 
generally appear consistent with the corresponding coefficients 
obtained for similar oceanic sediments and related clay minerals 
found within the continental United States ( 6 , 7 , 8 , 9 , 1 0 , 1 2 , 1 3 ) . In 
the pH range of 6.3 to 8 . 0 , the cesium coefficients appear to 
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I 1 I 1 I 1 I 1 I 1 I 1 

8 * 

*7V Ο 

1 ι i ι 1 
4 5 6 7 

-LOG Cj (mg-atom/ml) 

8 9 

Figure 1. Distribution coefficients for Cs and Rb in 0.68N NaCl solutions: ( Π λ 
Cs (pH 6.5, deferrated); (Φ), Cs (pH 2.7); (0),Cs (pH 6.3-8.0); (V), Rb (pH 7.0-

7.6). 
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increase rather gradually as the solution-phase concentration de
creases from about 3 χ 1 0 " ^ " to 3 χ 1 0 " ^ mg-atom/ml. The c o e f f i 
cients then undergo a f a i r l y sharp increase as the concentration 
decreases from 3 x 1 0 ~ 6 to about 3 x 1 0 " ° mg-atom/ml and then 
appear to be approaching constant values as the solution-phase 
concentration decreases further. Also, lowering the solution pH 
to 2.7 and treating the clay to remove hydrous iron and manganese 
oxides do not appear to greatly affect the cesium d i s t r i b u t i o n 
c o e f f i c i e n t s . (Furthermore, the coefficients f o r cesium at -log 

of about k.l were obtained from desorption data and appear 
consistent with the other coefficients obtained from sorption 
data.) 

The sharp increase observed i n the d i s t r i b u t i o n coefficients 
for cesium between concentrations of about 3 x 1 0 " " and 3 x 1 0 " " 
mg-atom/ml suggests that sorption of cesium may result from at 
least two different mechanisms. I f so, apparently one mechanism 
dominates at lower solution-phase nuclide concentrations (on the 
order of 3 x 1 0 " ^ mg-atom/ml or less) because of a r e l a t i v e l y much 
more favorable equilibrium constant for the corresponding sorption 
phenomena. However, th i s mechanism has a r e l a t i v e l y small sorp
t i o n capacity which es s e n t i a l l y becomes exhausted at higher 
solution-phase concentrations. The other mechanism involves a 
r e l a t i v e l y less favorable equilibrium constant, but has a relative
l y much greater sorption capacity and, therefore, dominates at 
higher solution-phase concentrations. The mechanism dominating at 
higher concentrations i s probably an ion exchange phenomena having 
a sorption capacity e s s e n t i a l l y equal to that which was determined 
by isotopic r e d i s t r i b u t i o n of Cs^37e The mechanism dominating at 
lower concentrations may or may not be an ion-exchange phenomena. 
Furthermore, the fact that solution pH and removal of hydrous 
oxides do not appear to appreciably a f f e c t the cesium d i s t r i b u t i o n 
coefficients suggests that both mechanisms are associated with the 
s i l i c a t e phases (rather than at least one mechanism being associ
ated with the hydrous iron and manganese oxides.) 

The d i s t r i b u t i o n coefficients determined f o r strontium (at 
k°C) and for barium (at 1 1 ° C for 3 . 0 < -log C± < h.5 and at k°C 
for a l l other values of -log Ci) are summarized i n Figure 2. Due 
to the r e l a t i v e l y high concentration of strontium i n seawater (and 
hence the r e l a t i v e l y high concentration i n i t i a l l y i n the clay-
phase) only limited data for strontium were obtained. The d i s t r i 
bution coefficients which were obtained appear to behave s i m i l a r l y 
to the respective coefficients for barium but are somewhat smaller 
i n magnitude. For solution-phase concentrations on the order of 
1 0 ~ 3 mg-atom/ml, the barium coef f i c i e n t s appear to be between 1 0 
and 1 0 0 ml/gm, and for solution-phase concentrations on the order 
of 1 0 " 7 , the barium coefficients appear to be on the order of K r , 
as was expected. Furthermore, the coe f f i c i e n t s for both strontium 
and barium are generally consistent with the corresponding data 
obtained for similar oceanic sediments and related clay minerals 
found within the continental United States ( 6 , 7 , 8 , 1 3 ) . The 
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d i s t r i b u t i o n coefficients for barium increase steadily as the 
solution-phase concentration decreases from about 10"^ to about 
10~7 mg-atom/ml. At solution-phase concentrations of about 10 
mg-atom/ml, there appears to be l i t t l e difference between the 
barium d i s t r i b u t i o n coefficients at pH 2.6 and those at pH 7.0 and 
greater. However, at concentrations less than 10"^5 the d i s t r i 
bution coefficients at pH 2.6 are s i g n i f i c a n t l y reduced r e l a t i v e 
to the coefficients at pH 7.0 and greater. (No appreciable di s 
solution of the hydrous oxides was observed at pH 2.6.) Also, 
the chemical removal (to the extent possible) of the hydrous iron 
and manganese oxides appears to have d r a s t i c a l l y reduced the 
(deferrated) d i s t r i b u t i o n coefficients (at values of of about 
10~7 mg-atom/ml) re l a t i v e to the coefficients for untreated clay. 
Furthermore, i t appears that the effect of low pH and hydrous 
oxide removal are similar, since the data for both situations 
appear to nearly l i e along the same horizontal l i n e . (However, 
such close agreement may be fortuitous.) These results seem 
reasonable. The i s o e l e c t r i c points determined for hydrous iron 
and manganese oxides are generally on the order of pH h or greater, 
although lower pH values have been reported (17,21). Therefore, 
at a solution pH of 2.6, the hydrous iron and manganese oxides 
would probably have lo s t t h e i r cation-exchange capacity, and the 
net result of a low solution pH would be similar to chemically 
removing the hydrous oxides. (Also, the coefficients for barium 
at -log Ci of about k.l were obtained from desorption data and 
appear consistent with the other coefficients calculated from 
sorption data.) 

The strong dependence (at lower solution-phase nuclide con
centrations) of the d i s t r i b u t i o n coefficients on solution pH and 
on the removal of the hydrous iron and manganese oxides suggests 
the existence of at least two separate sorption mechanisms. Again, 
apparently one mechanism dominates at lower solution-phase nuclide 
concentrations (probably on the order of 10" 3 mg-atom/ml or less) 
because of a r e l a t i v e l y much more favorable equilibrium constant 
for the corresponding sorption phenomena. However, this mechanism 
has a r e l a t i v e l y small sorption capacity which e s s e n t i a l l y becomes 
exhausted at higher solution-phase concentrations. The other 
mechanism involves a r e l a t i v e l y less favorable equilibrium constant 
but has a r e l a t i v e l y much greater sorption capacity and, therefore, 
dominates at higher solution-phase concentrations. The mechanism 
dominating at higher concentrations i s probably an ion-exchange 
phenomena which i s associated with the s i l i c a t e phases and which 
has a sorption capacity e s s e n t i a l l y equal to that which was deter
mined by isotopic redistribution of Ba^S. The mechanism dominat
ing at lower concentrations i s probably an ion-exchange or other 
sorption phenomena which i s associated with the hydrous iron and 
manganese oxides. 

F i n a l l y , as discussed below, the clay-phase concentrations 
given for strontium and barium i n Table I appear to provide a very 
limited " f i e l d v e r i f i c a t i o n " of the strontium and barium 
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d i s t r i b u t i o n coefficients obtained experimentally. It was men
tioned previously that when the values of C-? and Κγ, shown i n 

^ i 
Figure 2 were calculated, the i n i t i a l clay-phase concentrations 
given i n Table I were used. For convenience below the concentra
tions and coefficients so calculated have been referred to as 
"corrected." For each set of corrected values of and Kp i given 
i n Figure 2, a corresponding set of "uncorrected" values of and 
K-p, were also calculated using the same experimental data but 

^ i 
assuming an i n i t i a l clay-phase concentration of zero. Some t y p i 
c a l uncorrected values of C_- and K-p, and the corresponding values 
from Figure 2 are shown i n Table V. 

ι 

Table V. Uncorrected Versus Corrected 
Values of C^ and Kp^. 

Corrected Data 
Element Uncorrected Data (Figure 2) 

-log C ± log K D - -log C ± log K D i 

Sr T 7 2 8 1.85 " T 9 7 1.85 
5 Λ 0 2.11 1+.36 2.11 

Ba U.15 2.39 ^.15 2 Λ 9 
8.06 1+.09 6.12 k.09 
9.01 k.23 6.57 ^.23 

The data for barium corresponding to the value of -log C^ (uncor
rected) of U.15 was obtained from changes i n solution-phase 
concentrations determined by atomic absorption. The uncorrected 
value of Ci i s , therefore, the best available value for C^ and 
was used i n Figure 2. However, the uncorrected value of Kj^ does 
not account f o r any barium i n i t i a l l y present i n the clay-phase 
and should represent the minimum value which the di s t r i b u t i o n 
c o e f f i c i e n t would have. A l l other data given i n Table V were ob
tained from changes i n solution-phase concentrations of radio
active tracers (determined by gamma counting). Assuming reason
ably complete isotopic r e d i s t r i b u t i o n , the experimental data 
should have given the d i s t r i b u t i o n coefficients for a l l strontium 
or barium present, both that i n i t i a l l y i n the clay-phase and that 
which was subsequently sorbed from solution. The uncorrected 
values of Kj^ obtained from the experimental data should, there
fore, be the best available values f o r Κ π and were used i n Figure 

^ i 
2. But, the values of Ci calculated only from changes i n solution-
phase concentrations would be less than or equal to the actual 
values of Ci when strontium or barium was i n i t i a l l y present i n the 
clay. The uncorrected values of C. should, therefore, represent 
minimum values for the actual solution-phase concentrations. 
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Figure 2. Distribution coefficients for Sr and Ba in 0.68N NaCl solutions: ( Π λ 
Ba (pH 8.3, deferrated); (%), Ba (pH 2.6); (O), Ba (pH 7.0-8.1); (V), Sr (pH 7.1-

7.3). 
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The average concentrations of strontium and barium i n sea
water are 1.5 χ 10~^ mg-atom/ml (-log Cj_ = 3.82) and 3.6 χ 10"? 
mg-atom/ml (-log = 6.kk)9 respectively. For strontium (refer
r i n g to Table V) the minimum value of log corresponding to a 
solution-phase concentration of 1.5 x 1 0 w o u l d be about 1.7^ 
(obtained by l i n e a r extrapolation of the uncorrected data), and 
the maximum value of log Kp^ would be about I . 8 5 . Therefore, the 
clay-phase strontium concentration which would be i n equilibrium 
with the average concentration of strontium i n seawater would be 
about 10~2 mg-atom/ml, which i s very nearly the clay-phase con
centration given i n Table I. For barium, the minimum value of log 
Kp^ corresponding to a solution-phase concentration of 3·6 χ 10"' 

would be about 3·^· (obtained by l i n e a r interpolation between uncoi»-
rected data), and the maximum value of log Kp^ would be about k.l. 

Therefore, the clay-phase barium concentration which would be i n 
equilibrium with the average concentration of barium i n seawater 
would be between about 0.001 and 0.004 mg-atom/ml, which i s i n 
reasonable agreement with the clay-phase concentration given i n 
Table I. Assuming that the average concentrations given for 
strontium and barium i n seawater are not greatly different from 
the concentrations of those elements i n the i n s i t u i n t e r s t i t i a l 
seawater, then the concentrations given i n Table I appear to be 
i n reasonable agreement with the concentrations of strontium and 
barium which the experimentally determined d i s t r i b u t i o n c o e f f i 
cients indicate would be i n sorption equilibrium with the i n s i t u 
i n t e r s t i t i a l seawater. Therefore, to a limited extent, the data 
given for strontium and barium i n Table I appear to provide a 
" f i e l d v e r i f i c a t i o n " of the strontium and barium d i s t r i b u t i o n co
e f f i c i e n t s which were obtained i n the laboratory. 

The d i s t r i b u t i o n coefficients determined for cadmium (at 
11°C) are given i n Figure 3· The coefficients appear somewhat 
less than the corresponding data for strontium and barium. Such 
results could be due to either anionic complex formation (22) and/ 
or a less favorable sorption equilibrium. 

The d i s t r i b u t i o n coefficients evaluated for s i l v e r (at ^°C) 
are also given i n Figure 3· The s i l v e r coefficients determined 
in 0.68 Ν NaCl solutions are somewhat less than the corresponding 
coefficients f o r cesium and rubidium, and also for strontium and 
barium. Such results are probably due to either anionic complex 
formation (22) and/or a less favorable sorption equilibrium. 
(Furthermore, the experiments done using s i l v e r in sodium chlor
ide solutions required equilibration times on the order of 90 
days, as opposed to two to four days fo r most other experiments, 
and i t appears that processes, which may or may not be important, 
are involved which are not understood.) 

In order to obtain a better understanding of the behavior of 
s i l v e r , d i s t r i b u t i o n coefficients were evaluated using deionized 
water and 0.68 Ν NaNÔ , solutions. The coefficients obtained from 
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Figure 3. Distribution coefficients for Ag and Cd in various solutions: (O), Ag 
(0.68N NaNOs, pH 6.8-7.8); (Φ), Ag (0.68N NaNOs, pH 3.3); (Π), Ag (deionized 

pH 7.3); (Ηλ Ag (0.68N NaCl, pH 7.3); (V), Cd (0.68N NaCl, pH 5.3). 
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the l i m i t e d experiments done u s i n g d e i o n i z e d water i n d i c a t e d t h a t , 
at l e a s t under c e r t a i n c o n d i t i o n s , v e r y f a v o r a b l e e q u i l i b r i a f o r 
the s o r p t i o n of s i l v e r c o u l d be o b t a i n e d , A more e x t e n s i v e s e r i e s 
of experiments u s i n g t h e sodium n i t r a t e s o l u t i o n s was, t h e r e f o r e , 
conducted. The d i s t r i b u t i o n c o e f f i c i e n t s o b t a i n e d f o r s i l v e r i n 
0.68 Ν NaNOj s o l u t i o n s are s i m i l a r i n magnitude t o t h e correspond
i n g c o e f f i c i e n t s f o r r u b i d i u m and cesium and f o r s t r o n t i u m and 
barium i n 0.68 Ν N a C l s o l u t i o n s and are s i g n i f i c a n t l y g r e a t e r t h a n 
the c o e f f i c i e n t s f o r s i l v e r i n 0.68 Ν N a C l s o l u t i o n s . ( A l s o , t h e 
experiments done u s i n g d e i o n i z e d water and 0.68 Ν NaNOg s o l u t i o n s 
r e q u i r e d e q u i l i b r a t i o n times of o n l y about two t o f o u r days.) 
T h e r e f o r e , i t appears t h a t t h e r e l a t i v e l y low s i l v e r d i s t r i b u t i o n 
c o e f f i c i e n t s o b t a i n e d u s i n g sodium c h l o r i d e s o l u t i o n s were prob
a b l y due t o t h e e x i s t e n c e of competing r e a c t i o n s f o r t h e f o r m a t i o n 
of a n i o n i c complexes. The c o e f f i c i e n t s f o r s i l v e r i n sodium 
n i t r a t e s o l u t i o n s a l s o show a s t r o n g pH dependence and g e n e r a l l y 
appear t o behave s i m i l a r l y t o barium ( r a t h e r t h a n cesium and 
r u b i d i u m ) i n sodium c h l o r i d e s o l u t i o n s except t h a t the s i l v e r co
e f f i c i e n t s appear t o be approaching a c o n s t a n t v a l u e of about 2000 
ml/gm as the s o l u t i o n - p h a s e c o n c e n t r a t i o n decreases below about 
ΙΟ"" mg-atom/ml. The s t r o n g i n f l u e n c e of pH suggests the e x i s t e n c e 
of at l e a s t two s e p a r a t e mechanisms f o r s i l v e r s o r p t i o n , which are 
p r o b a b l y e s s e n t i a l l y the same as those d i s c u s s e d f o r barium. 
Furthermore, the f a c t t h a t s i l v e r appears t o behave more l i k e 
b arium t h a n r u b i d i u m o r cesium tends t o i n d i c a t e t h a t s o r p t i o n 
e q u i l i b r i a are determined by t h e type of c a t i o n and the e l e c t r i c a l 
c o n f i g u r a t i o n of t h e c a t i o n as w e l l as by the e l e c t r i c a l charge of 
t h e c a t i o n . 

The d i s t r i b u t i o n c o e f f i c i e n t s o b t a i n e d f o r t h e l a n t h a n i d e s 
cerium, promethium, europium, and g a d o l i n i u m ( a t ^°C) are sum
marized i n F i g u r e s k and 5· F o r s o l u t i o n - p h a s e c o n c e n t r a t i o n s on 
t h e o r d e r of 10"3 mg-atom/ml, the l a n t h a n i d e c o e f f i c i e n t s appear 
t o be between 10 and 100 ml/gm, and f o r s o l u t i o n - p h a s e c o n c e n t r a 
t i o n s on t h e o r d e r of 10"7 o r l e s s , t h e l a n t h a n i d e c o e f f i c i e n t s 
appear t o be on t h e o r d e r of 10̂ " or g r e a t e r , as was expected. 
Furthermore, the d i s t r i b u t i o n c o e f f i c i e n t s g i v e n f o r the l a n t h a 
n i d e s i n F i g u r e s k and 5 appear t o be g e n e r a l l y c o n s i s t e n t w i t h 
o t h e r l a n t h a n i d e d a t a w h ich have been o b t a i n e d f o r s i m i l a r o c e a n i c 
sediments and r e l a t e d c l a y m i n e r a l s found w i t h i n the c o n t i n e n t a l 
U n i t e d S t a t e s (6 ,7 ,11) . The c o e f f i c i e n t s g i v e n i n F i g u r e h were 
determined from the a n a l y s i s of i n i t i a l and f i n a l s o l u t i o n - p h a s e 
c o n c e n t r a t i o n s of r a d i o a c t i v e t r a c e r s . However, s i g n i f i c a n t de
c reases i n s o l u t i o n - p h a s e t r a c e r c o n c e n t r a t i o n s a l s o o c c u r r e d i n 
" b l a n k " samples (prepared s i m i l a r l y t o the s o r p t i o n e q u i l i b r a t i o n 
samples but w i t h o u t a d d i t i o n of c l a y ) . Some t y p i c a l d ata from 
t h o s e "blank" samples are g i v e n i n T a b l e V I . I f t h e decreases i n 
s o l u t i o n - p h a s e c o n c e n t r a t i o n s observed i n t h e b l a n k samples r e f l e c t 
e r r o r s i n t h e l i t e r a t u r e v a l u e s f o r t h e h y d r o x i d e s o l u b i l i t y p r o 
d u c t s f o r the n u c l i d e s s t u d i e d (23) , t h e n the d a t a g i v e n i n F i g u r e 
k may be r e a s o n a b l y c o r r e c t ( s i n c e t h e f i n a l s o l u t i o n - p h a s e n u c l u e 
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Figure 4. Uncorrected distribution coefficients for Ce, Ρ m, Eu, and Gd in 0.68N 
NaCl solutions: (V), Ce (pH 5.0-8.0); (•), Pm (pH 7.2-7.3); (A), Gd (pH 6.2-

7.9); (O), Eu (pH 5.9-8.2); (Φ), Eu (pH 2.7). 
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Figure 5. Corrected distribution coefficients for Ce, F m, Eu, and Gd in 0.68N 
NaCl solutions: (V), Ce (pH 5.0-8.0); (EU P™ (pH 7.2-7.3); (A), Gd (pH 6.2-

7.9); (O), Eu (pH 5.9-8.2); (Φ), Eu (pH 2.7). 
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concentrations i n the sorption experiments were always less than 
the f i n a l concentrations i n the corresponding blanks.) However, 
i f the decreases i n solution-phase concentrations represent the 
effects of competing hydrolysis or other chemical reactions or 
represent the effects of sorption on the walls of the container, 
then the d i s t r i b u t i o n coefficients given i n Figure k would, to 
some extent, be i n error. As a primitive attempt to account for 
such errors, the coefficients given i n Figure h were corrected by 
using the f i n a l solution-phase tracer concentrations i n the corres
ponding blank samples as the i n i t i a l solution-phase tracer concen
trations from which to calculate the "corrected" values of the 
d i s t r i b u t i o n c o e f f i c i e n t s . The data so obtained are shown i n 
Figure 5 and are probably conservative. The coefficients given i n 
Figure 5 are probably smaller than the actual d i s t r i b u t i o n coef
f i c i e n t s . 

Table VI. Typical Data from "Blank" Samples. 

Element 

I n i t i a l Solution 
F i n a l Concentration 
pH (mg-atom/ml) 

F i n a l Concentration 
I n i t i a l Concentration 

Eu 

Gd 
Ce 

k.6l 
8.07 
8 .1* 

7.h2 

6.k9 

2.2 
2.2 
2.2 

10 
10 
10 

5-3 x 10 

1.6 χ 10 

6 
-6 

-k 

-5 

0.87 
0.23 
0.02 

0.12 

0.65 

The d i s t r i b u t i o n coefficients for europium also appear to be 
strongly influenced by low values of the solution pH. Such be
havior i s similar to that of barium and s i l v e r and again suggests 
that the sorption of the lanthanides may be due to at least two 
separate mechanisms, which are also probably e s s e n t i a l l y the same 
as those discussed for barium. 

Based on the experimental techniques, the maximum re l a t i v e 
error i n the values of both Ca and Kr> was estimated as being on 

1 -6 
the order of ± 10$ for values of Ci greater than 10" mg-atom/ml 
and on the order of ± 20$ for lesser values of C^. However, some 
rather large déviations were observed between data points obtained 
from i d e n t i c a l l y prepared experiments (especially at values of C^ 
less than 10"° mg-atom/ml). This tends to indicate that very sub
t l e variations i n the nature of the clay samples did occur between 
the individual experiments. The values of C^ and K-p. given i n 
Figures 1 through 5 should, therefore, be considered as representa
t i v e values which (especially at values of C^ less than 10"" mg-
atom/ml) might be subject to variations on the order of ± 0.5 log 
units. Furthermore, the assumption that the solid-phase concen
trations of rubidium, strontium and barium given i n Table I repre
sented the concentrations of sorbed species introduces further 
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uncertainties into the values of C* and Κτ^ for those elements. 
^ i 

I f the assumption were t o t a l l y i n v a l i d , the data for barium should 
involve the worst errors since some of the values of C± given as 
being equal to about 10"7 mg-atom/ml might then be as small as 
about 10" 1 0 mg-atom/ml. 
Conclusions 

For the nuclides studied (rubidium, cesium, strontium, barium, 
s i l v e r , cadmium, cerium, promethium, europium, and gadolinium) the 
d i s t r i b u t i o n coefficients generally vary from about 10 ml/gm at 
solution-phase concentrations on the order of 10" 2 mg-atom/ml to 
10 and greater at concentrations on the order of 10"^ and le s s . 
These results are encouraging with regard to the sediment being 
able to provide a barrier to migration of nuclides away from a 
waste form and also appear to be reasonably consistent with 
related data for similar oceanic sediments and related clay 
minerals found within the continental United States. 

For each nuclide studied, the sorption d i s t r i b u t i o n c o e f f i 
cients appeared to result from a minimum of two separate mecha
nisms. In a l l cases, one mechanism appears to be an ion-exchange 
phenomena associated with the s i l i c a t e phases and appears to have 
a r e l a t i v e l y much larger sorption capacity than the other mecha
nism. In the case of cesium (and probably rubidium) the second 
mechanism appears to also be related to the s i l i c a t e phases and 
may or may not be an ion-exchange phenomena. However, for the 
other elements studied, the second mechanism appears to be related 
to the hydrous iron and manganese oxides and again may or may not 
be an ion-exchange process. 

The results of this preliminary investigation ( p a r t i c u l a r l y 
the general behavior of the d i s t r i b u t i o n coefficients and the 
i d e n t i f i c a t i o n of multiple sorption mechanisms) w i l l provide a 
basis from which plans can be developed for studying the sorption 
and complex chemistry of the actinides. The results w i l l also 
provide a basis from which plans can be developed for studying 
sorption e q u i l i b r i a involving several competing nuclides. 

Abstract 

The radionuclide sorption properties of a widely distributed 
abyssal red clay are being experimentally investigated using 
standard batch equilibration techniques. These measurements pro
vide data required by the U.S. Seabed Disposal Program to assess 
the feasibil i ty of emplacing radioactive wastes in sub-seafloor 
geologic formations. Equilibrium distribution coefficients are 
generally being evaluated at 4°C as functions of pH and nuclide 
concentration in solution. Data has been obtained for solutions 
containing a single sorbing species of either Cs, Rb, Sr, Ba, Ag, 
Cd, Eu, Gd, Ce, or Pm. Distribution coefficients varied from 10 
to 104 or 105 ml/gm as the nuclide concentration in solution 
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varied from 10-2 to 10-7 M or less, respectively. These results 
appear consistent with data for other oceanic sediments and for 
similar clay minerals found within the continental United States. 
The distribution coefficients depended little on pH within the 
range of 6 to 8; however, below pH 2 .7 the barium, silver and 
europium distribution coefficients were greatly diminished. It 
appears that the magnitude and behavior of the distribution coef
ficients result from multiple sorption mechanisms. 
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Consequences of Radiation from Sorbed Transplutonium 

Elements on Clays Selected for Waste Isolation1 

R. G. HAIRE and G. W. BEALL 
Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Recently there has been interest in the sorptive behavior of 
natural clays toward metal ions potentially present in radioactive 
wastes. Initial studies of the transplutonium elements have been 
carried out to define their sorption behavior with such materials 
(1). However, it is also important to understand the stability 
of the clay-actinide product with regard to radiation damage and 
to be able to predict what changes in behavior may occur after 
exposure to radiation, so that accurate transport models may be 
constructed. 

In order to obtain some information on the effect of alpha 
radiation on the clay materials, two natural clays were selected 
for experiments with 253Es. This isotope was chosen to provide 
an intense source of alpha radiation (6 x 1010 α min-1 μg-1, 
6.6-MeV α) in hopes that the time base of the experiments could be 
reduced. However, this isotope is available only twice a year 
and its short half-life limited the experiments to a short period 
of time. 

Reported here are the initial results of the experiments with 
253Es-clay mixtures and the tentative implications these results 
have for the other transplutonium elements. 

Experimental 

The methods used to purify the 253Es have been reported (2). 
Portions of the purified Es chloride solution were evaporated to 
dryness in fused silica vessels and the residues taken up in 10 - 3 

M HC1. These solutions were then used directly for the electron 
microscopy studies or mixed with sodium chloride-acetate buffer 
(pH=5) for the distribution coefficient experiments. 

For electron microscopy, small amounts of clay were metered 
by using aliquots of a colloidal solution of the clay. These solu
tions were then mixed with the 253Es. Portions of the resulting 

1 Research sponsored by the Division of Nuclear Sciences, Office of Basic Energy Sciences, 
U.S. Department of Energy under contract W-7405-eng-26 with the Union Carbide Corpora
tion. 

0-8412-0498-5/79/47-100-291$05.00/0 
© 1979 American Chemical Society 
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mixtures were periodically taken, evaporated on electron micro
scope grids and the material examined i n a Phili p s EM 300 elec
tron microscope. Similar clay suspensions without Es were used 
as controls. 

For the di s t r i b u t i o n c o e f f i c i e n t s , an acetate buffer adjusted 
to pH 5 was used and the sodium chloride concentration of i t 
varied from 0.25 to 4 M by dissolving sodium chloride i n the 
buffer. Aliquots of the 2 5 3 E s solution were mixed with the buffer 
and a weighed quantity of the s o l i d clay was mixed with this s o l 
ution. 

P e r i o d i c a l l y , these mixtures were centrifuged and an aliquot 
of the clay-free supernate taken for counting analysis. Two 
naturally-occurring clays were selected for the experiments; one 
was labeled kaolin (for the mineral kaolinite) while the second 
was referred to as attapulgite (or polygorshite). Both were ob
tained from the Source Clay Mineral Repository (3) as standard 
clays representative of each class of clay and were used as re
ceived. Stable, c o l l o i d a l suspensions of each were prepared by 
ultrasoni c a l l y dispersing weighed quantities of each clay i n 
t r i p l e - d i s t i l l e d water. 

Results and Discussion 

Two naturally occurring clays, kaolin and attapulgite, were 
selected for the radiation damage study with 2 5 3 E s on the basis 
of their morphology. These clays together with a thi r d clay, 
montmorillinite, were also used for sorption studies with the 
transplutonium elements (1). From electron micrographs of the 
kaolin, and attapulgite materials, i t i s apparent that the regu
l a r geometric forms of kaolin (platelets) and attapulgite (rods 
or fibers) are best suited for following any changes that may 
occur i n their morphology as a result of radiation. 

From sorption experiments with the rare earths and tr i v a l e n t 
actinides, i t was found that the dis t r i b u t i o n coefficients for 
kaolin and attapulgite were quite different, the l a t t e r having 
much higher values (jL) . Therefore, the radiation damage study 
with 2 5 3 E s was made with clays having different morphologies and 
different sorptive capacities. 

In i n i t i a t i n g these experiments i t was recognized that only 
dilute c o l l o i d a l suspensions of the clay could be employed to 
obtain reasonable Es/clay r a t i o s , as only small amounts of 2 5 3 E s 
were available. During the course of the experiments, i t also 
became evident that X-ray or electron d i f f r a c t i o n were of limited 
value i n following the effect of radiation on the clay, i n con
trast to radiation damage studies of radioactive compounds such 
as Pu0 2. With the 2 5 3 E s - c l a y mixtures, the s e n s i t i v i t y of these 
d i f f r a c t i o n measurements was lower since only the undestroyed 
clay material was being monitored by d i f f r a c t i o n analysis. There 
were also experimental problems with the radiation from the Es 
for X-ray d i f f r a c t i o n analysis such as f i l m blackening. Thus, 
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this radiation damage study was confined to following morpholo
g i c a l changes i n the clay structures. 

With small Es/clay loadings, (1/1000-1/100 of the clay's 
capacity, with the capacity being 10~ 5-10 - i 4 meq./mg clay) i t was 
d i f f i c u l t to detect changes i n the clay after 1-2 weeks by elec
tron microscopy. However, when the clays were loaded to their 
capacity with Es, extensive destruction of the clay structures 
wereroted i n 2-4 days. In Figure 1 are micrographs of kaolin 
and attapulgite clays with and without exposure to 
Figures lb and Id show the early stages of the damage process i n 
the clays. With attapulgite, the process proceeded as follows: 
f i r s t small voids and rough edges appeared, followed by clumping 
of fragments from the destruction process around the remaining 
fib e r s , and f i n a l l y complete fragmentation of the rods or fibers 
occurred. For kaolin, the destruction process began by forming 
voids or holes i n the p l a t e l e t s , followed by fragmentation of the 
platelets into smaller pieces. It should be noted that the plate
lets of kaolin were more sensitive to the electron beam i n the 
electron microscope and i t was necessary to use lower beam cur
rents with the kaolin samples. The rate of destruction of both 
clays was a function of Es loading, and i n accord with i t s higher 
sorptive capacity, the destruction appeared sooner with attapul
gite samples. The fragmentation of both clays from radiation was 
similar to the s e l f - i r r a d i a t i o n damage that has been seen i n the 
rod-like structures of Am(OH)3 and 2*Cm(OH) 3 (4). Quantitative 
decomposition rates were not measured i n this work, but i t was 
concluded that the destruction was more extensive than that ex
pected i f i t was assumed that only one s i t e on the clay was des
troyed per alpha event. Thus, many other si t e s are destroyed 
along the path of the alpha p a r t i c l e . 

Even though the clay structures were destroyed by the 2 5 3 E s 
radiation, the d i s t r i b u t i o n ratios (Es i n clay/Es i n solution) 
for 2 5 3 E s - c l a y mixtures did not drop d r a s t i c a l l y with time but 
i n fact increased s l i g h t l y . This behavior has been interpreted 
i n the following ways: (1) that the Es remains associated with 
the fragmented clay, which can s t i l l be centrifuged out of the 
solution; and/or (2) that the remaining Es i t s e l f has become 
insoluble (and non-colloidal) with time and also centrifuges out 
i n the s o l i d phase. The radiation f i e l d i s s u f f i c i e n t that i n 
time non-soluble Es species may be formed i n the pH range of the 
solutions employed here. Intense alpha radiation can l o c a l l y 
deplete the hydrogen ion concentration, generate radicals, etc. 
that may promote the formation of an insoluble hydroxide, oxy-
halide, etc. species. I t i s apparent from the work that i n i t i a l l y 
the Es i s indeed sorbed on the clay materials. Whether the Es 
i s released by the damaged clay to the solution where i t again 
associates with undamaged clay s i t e s , or whether i t forms an 
insoluble product with the fragmented clay, cannot be determined 
from this work. The important aspect i s that the Es did not 
form a soluble species i n the solution after destruction of the 
clay s i t e . 
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Figure 1. Electron micrographs of attapulgite and kaolin before (la, 1c) and after 
(lb, Id) contact with 253Es 
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16. HAIRE AND BEALL Clay s for Waste Isohtion 295 

The conclusions reached from this preliminary study i s that these 
clays can serve as sorbative material for the tri v a l e n t actinides 
and that even after damage to the clay structures, the actinide 
w i l l not be released as a soluble species. 
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Ion-Exchange Equilibria between Montmorillonite and 

Solutions of Moderate-to-High Ionic Strength 

S.-Y. SHIAO, P. RAFFERTY, and R. E. MEYER 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830 

W. J. ROGERS 
Department of Chemistry, The University of Tennessee, Knoxville, TN 37916 

Prediction of the migration rates of ions in geologic forma
tions is of extreme importance in the fields of nuclear waste dis
posal and enhanced oil recovery. Demonstration of the safety of 
nuclear waste repositories requires that the repository be so de
signed and situated that migration rates from the repository be 
acceptably low in the event of water flow through the repository. 
On the other hand, the principal criterion for selection of tra
cers to monitor fluid flow in the flooding techniques of enhanced 
oil recovery is that the tracers be not retained on the formation, 
i.e., migration rates must be high. Migration rates are depend
ent on the distribution coefficient of the species between fluid 
and the geologic media such that the greater the distribution 
coefficient the slower the rate of migration. Therefore, for 
reliable prediction of migration rates, accurate knowledge of the 
adsorption behavior of the nuclides and tracers must be known as 
a function of all of the pertinent variables. 

Obtaining the necessary data for this complex situation is 
complicated by both the large number of different minerals which 
may be present and the wide range of solution compositions. In 
order to accumulate a systematic body of information pertinent to 
this complex situation, we are measuring adsorption of ions of 
interest on minerals typical of classes, from a wide range of 
aqueous solution compositions. Ini t ia l ly , montmorillonite was 
selected for attention because its high adsorptive capacity for 
ions may cause i t to dominate the adsorptive proportion of the 
formation in which i t is present. Reported here are distribution 
coefficients of alkal i metal and alkaline earth ions, and of one 
rare earth, between montmorillonite predominantly in the sodium 
and calcium forms and aqueous solutions of controlled pH, at mod
erate to high salinities (>0.01MNaCl). The ions were selected 
for initial study, not only because of their intrinsic interest 
for these applications but also because they allow evaluation of 
the extent to which equilibria can be described by conventional 
ion-exchange equations with minimum difficulties from hydrolysis, 
precipitation, and complexing. Correlation of results as a 

0-8412-0498-5/79/47-100-297$07.00/0 
© 1979 American Chemical Society 
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function of ionic strength at controlled pH, temperature, and 
loading, so far as i t i s feasible, reduces greatly the number of 
measurements necessary to predict behavior. 

The exchange of sodium and calcium on clay minerals i s of 
special importance, because i t largely determines the ionic form 
of the clay, which i n turn affects the performance of surfactant 
and polymer floods and the d i s t r i b u t i o n of other ions of interest. 
In concentrated NaCl environments, clay exists mainly in the 
sodium form; however, at low ionic strength and moderate hardness, 
clay may be essentially i n the calcium form. Measurements with 
the sodium, calcium, and mixed forms are therefore of interest. 

Previous studies of the adsorption of ions on montmorillon
i t e have emphasized low s a l t concentration regions (see, e.g. ref. 
1-11). Our main interest i s i n higher s a l t concentrations, be
cause many of the brines i n o i l reservoirs are i n this range, and 
because some favored locations for nuclear waste disposal, bedded 
salt deposits and s a l t domes, may result i n high ionic strength 
environments. 

Experimental 

Clays. Two clays, SWy-a Na-montmorillonite (Crook County, 
Wyoming) and STx-1 Ca-montmorillonite (Gonzales County, Texas) 
were obtained from the Department of Geology, University of Mis
souri. Montmorillonite #27 (Bell Fourche, South Dakota) and 
montmorillonite #31 (Cameron, Arizona) were purchased from Ward's 
Natural Science Establishment. 

Tracers. Radioactive tracers were employed i n the experi
ments' Cs 1" 3 7, Na 2 2, K^2, Cakl, and B a 1 3 3 were made by neutron 
bombardment i n the High Flux Isotope Reactor at Oak Ridge National 
Laboratory. S r 8 5 and E u 1 5 5 were purchased from New England 
Nuclear (Boston, Massachusetts). 

P u r i f i c a t i o n and Preparation of Clay Samples. The sand frac 
tion of the clay samples was separated by slow-speed centrifuga-
tion of a suspension of the clay before the p u r i f i c a t i o n steps. 
The clay was pu r i f i e d following Jackson's p u r i f i c a t i o n procedure 
(12) (unless otherwise mentioned), that i s , removing insoluble 
carbonates by using 1 M acetate buffer (pH 5), removing organic 
matter by using 30% hydrogen peroxide, and removing iron not i n 
corporated i n the clay structure by using sodium c i t r a t e and 
sodium d i t h i o n i t e . F i n a l l y , the clay was converted to a monoionic 
form (either sodium or calcium form) by contacting the clay with 
concentrated sodium or calcium chloride solutions several times. 
The excess calcium or sodium salts were washed out with 60% 
methanol-water mixtures. Removal of chloride by the washes was 
checked with a chloridometer (Buchler Instruments, Inc., Fort 
Lee, N. J . ) . The clay was then dried in a vacuum desiccator and 
ground i n a j a r m i l l . The fine fraction (<325 mesh size) was 
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collected for ion exchange experiments. The moisture content of 
the clay was determined from the loss i n weight by heating a 
small portion at 110°C i n an oven. 

A frequently used method of preparing clay samples by s o i l 
s c i e n t i s t s i s to c o l l e c t the fraction with p a r t i c l e diameters 
less than 2 ym by centrifugation and store i t as a d i l u t e sus
pension. We made no attempt to remove only the <2 ym f r a c t i o n . 
Mingelgrin et ajL. (13) reported that even a mild grinding on 
bentonite could change i t s properties. However, i n this study, 
no s i g n i f i c a n t change in adsorbability was observed of Sr(II) 
upon grinding the Na-form Wyoming montmorillonite (14). 

Distribution Coefficient. Distribution coefficients were 
determined using conventional batch equilibrations, i n which a 
known amount of clay i s contacted with a known volume of solution 
and shaken u n t i l equilibrium i s essentially reached, at least 
overnight at room temperature. In tests with several ions and 
montmorillonite, equilibrium was reached i n less than two hours. 

Distribution coefficients are defined (for a cation A a +) 
and computed by Equation 1. 

D = 
(A a +) Λ <nA> Λ

 I W \{nk\ - (nA>] „ 
clay = clay = L ι J V_ (1) 

(A a +) ( M A ) / 7 (nA> 

a+ a+ where (A ) i s the concentration of A i n solution, 
moles/liter. 

(A a +) - i s the concentration on the s o l i d , i n moles/ 
ykg dry s o l i d , 

(n^) ^ and (n^) are the counts of radioactive tracer 
on the s o l i d and i n the solution, respectively, 
at equilibrium (or the amounts of A, i f analy
s i s i s done by other methods). 

^ n A ^ i "**s t* i e ^ I t l a l t o t a l counts i n the aqueous 
phase, 

w i s the weight of dry s o l i d i n monoionic form i n 
kg, 

V i s the volume of solution, i n l i t e r s . 
A Nal well-type s c i n t i l l a t i o n was used to count the γ emission 

of the tracers i n the solution before and after equilibration. 
Most of the clay samples were pre-equilibrated with the aqueous 
media to be used i n the adsorption measurements to insure a t t a i n 
ing the specified pH, usually 5, maintained with acetate buffer. 

Montmorillonite, especially the sodium form, swells i n low-
ionic-strength solutions; consequently, centrifugation in moder
ately high f i e l d s i s needed to separate the clay p a r t i c l e s and 
the solutions. Clay suspensions were centrifuged with a Du Pont 
Sorvall RC-5 refrigerated super-speed centrifuge at 15,000 rpm 
(28,000 g) for 15 minutes, and the supernatant was then withdrawn 
for analysis. No correction was made for possible ion exclusion 
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i n the water i n the clay pack at the bottom of the centrifuge 
tube; i t was assumed to have the same concentration as that of 
the supernatant. For solution-clay ratios used here, there would 
probably be no si g n i f i c a n t error i f there were some ion exclu
sion i n the clay pack. Polypropylene tubes were used for e q u i l i 
bration and centrifugation. Under the conditions of these exper
iments, the adsorption of radioactive tracers on the tubes was 
found not to have a sig n i f i c a n t effect on resul t s . 

Cation Exchange Capacity. Various techniques have been 
used to measure the cation exchange capacity of the clay samples. 
Unless otherwise noted, i n computation of equilibrium quotients, 
we s h a l l use a value of 0.78 equivalents/kg clay, determined by 
a column method (14) on the calcium form of Wyoming montmoril
loni t e at pH 5. 

Equations. The equilibrium between A a + and (in a solu
tion with a common monovalent anion, X~) i n aqueous (no sub
script) and s o l i d (subscript "clay") phases, 

b A a + + aBbt - b Aat + a B b + (2) 
clay -«- clay 

can be expressed by 

(Aa+)!L„ m; , b 
a+ v a 

!* « W O" ' e l . , 

where the a c t i v i t y c o e f f i c i e n t quotient i s defined and can be 
evaluated by 

/ \κ / \ / xMa+l)/ xa(b+l) 

r (O Heu, M 
Γ , Γ = Γ 

clay 

a(b+l) 

clay aq clay / \b(a+l) (4) 

The symbol, γ +, denotes the mean ionic a c t i v i t y c o e f f i c i e n t . 
Customarily, i n the solution phase, the symbol γ i s used i n con
junction with concentrations i n molality units, or moles per kg 
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of solvent. We have expressed solution-phase concentrations i n 
Equation 3 i n molality, m, for consistency; D i s the d i s t r i b u t i o n 
coefficient corresponding to this convention. For present pur
poses, there i s l i t t l e difference between molality and molarity 
scales up to one molar NaCl; differences i n the range of 10% are 
incurred near saturated NaCl. The separation of T^g into ratios 
for the solution and s o l i d phases i s useful when solution phase 
a c t i v i t y coefficients are available (see, e.g., 15) because i t 
allows evaluation of variations from i d e a l i t y of the clay phase 
over a range of experimental conditions. When measurements for 
the aqueous mixed electrolyte systems i n question are not a v a i l 
able, adequate estimates can frequently be made by Debye-Huckel 
equations or by various methods from measurements on two-component 
systems (see, e.g., 16). 

Certain special cases are of interest here. When one ion i s 
present at concentrations low enough for loading of the s o l i d 
phase to be only a small fraction of ion exchange capacity, C, 
expressed i n equivalents/kg of s o l i d , Equation 3 may be written 

a nb / 1 3b+v a 

£ A R / r A _ " Κ — — ~ — (5) 
AB AB - A ( c / h ) a - ( ( , / b ) a 

If i s constant over the range of conditions, and i f the 
exclusion of coion X" from the clay phase i s essentially complete, 
Equation 5 can be differentiated to give 

d log DA 

d log (B b +) 
-a/b (6) 

i . e . , a plot of log vs log (B^ +) w i l l be l i n e a r , with slope 
-(a/b), or, e.g., -2 i f A a + i s C a 2 + and B b + i s Na +. 

The r e s t r i c t i o n of coion exclusion, although i m p l i c i t l y i n 
cluded i n " i d e a l " behavior here, i s a somewhat different approxi
mation than constancy of or r c ^ a v . Equations which take i n 
vasion of coions into the clay phase into account can readily be 
developed, for example by assigning the same reference state to 
both phases and expressing concentration of ions i n the clay 
phase i n terms of moles/kg water, equivalent to Κ = 1 (17). The 
behavior of log ^ v s l o g (B^ +) given by Equation 6 i s approached 
as ionic strength i s decreased, and coion concentration in the clay 
presumably becomes negligible i n comparison with capacity. We 
have not measured coion invasion i n this work and therefore w i l l 
discuss results i n terms of the equations given. 

It i s perhaps worthwhile to distinguish between the j u s t -
discussed coion exclusion i n the layers of montmorillonite, where 
presumably most of the ion-exchange capacity i s located, from the 
e a r l i e r reference to possible effects of exclusion i n the water 
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of the clay pack on interpretation of experimental results. The 
l a t t e r , which we have assumed to be negligible, would arise from 
the influence on i n t e r s t i t i a l solution between p a r t i c l e s of 
charges on the surface of the p a r t i c l e s , the charge density of 
which, averaged over pack-water volume, would be far less than 
the fixecj-charge density i n the layers, i f the layers are only 
10 - 20 A apart. Results reported here do not c l a r i f y the degree 
of coion exclusion i n either environment. 

Results 

We s h a l l f i r s t discuss effects of loading of the clay on d i s 
tribution c o e f f i c i e n t s . With these results, we hope to identify 
conditions under which d i s t r i b u t i o n coefficients are independent 
of loading ("linear isotherm" regions). Measurements made i n 
these regions can then be used to evaluate effects of other v a r i 
ables, primarily of ionic strength. It i s expected, of course, 
from Equation 3 that Ό w i l l decrease substantially at high load
ing; what we are concerned with here are sig n i f i c a n t effects at 
lower loading than predicted for constant r c i a v . 

Because d i s t r i b u t i o n coefficients are often dependent on pH, 
buffers were used. The pH of 5 was selected.for most of the ex
periments because montmorillonite i s stable at this a c i d i t y , i n 
terference of observations from hydrolysis and from precipitation 
of alkaline earth carbonates i s precluded, and adsorption on 
possible hydrous oxide impurities i s minimized. An acetate buffer 
was usually used to maintain pH because acetate does not have a 
strong tendency to complex many ions. 

Loading 

Sodium Form of Montmorillonite (Wyoming). Cs(I): Figure 1 
summarizes the d i s t r i b u t i o n coefficients of C s + from 0.5 M NaCl, 
pH 5, solutions, as a function of loading of C s + from trace l e v e l 
to well over 10% of capacity. There i s an appreciable difference 
between trace and the lowest macro concentration, and a s i g n i f i 
cant, though not precipitous, decline up to about 10% loading. 
Wahlberg and Fishman (_3) reported loading curves for Cs + on two 
samples of montmorillonite at several concentrations of NaCl up to 
0.2 M. They also found a gentle decrease of DQS with increasing 
loading. 

Alkaline earths: The effect of Sr(II) loading on D$R for 
several different concentrations of Na+ i s shown i n Figure 2. Up 
to 0.01 moles Sr(II)/kg clay, effects are very small, and values 
at tracer levels agree with those at macro concentrations. Wahl
berg, et a l . (7) report loading curves for a sample of montmoril
lon i t e at Na + concentrations up to 0.2 M. Their values of D$T. 
appeared constant with loading up to about the same Sr(II) loading 
as i n Figure 2, and their values of D i n the linear isotherm re
gion were about 50% higher than those i n Figure 2 at overlapping 
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Figure 1. Ε feet of loading on distribution coefficients of Cs(I) on the sodium 
form of Wyoming montmorillonite (0.5M NaCl + 0.01M NaOAc, pH 5, equili

bration for 74 hr) 
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Figure 2. Effect of loading on distribution coefficients of Sr(H) on the sodium 
form of Wyoming montmorillonite. NaCl and pH 5 acetate buffer: (O), 0.1 M N a + ; 

(Φ), 0.2M Na+; (+), 0.6M Na+; (χ), LIU Na\ 
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ionic strength. The agreement i s considered good, in view of d i f 
ferences i n clay samples and purifications (in ref. _7, clays were 
exposed to hot 1 M HC1-1 M NaCl solutions). 

Figure 3 summarizes effects of loading on Ό for Ca(II), 
Sr(II), and Ba(II), for the sodium form of montmorillonite. The 
Sr(II) results are from a different set of measurements than those 
in Figure 2, but are in good agreement with them. Effects of load
ing are small up to the several percent of ion-exchange capacity 
covered. Values of d i s t r i b u t i o n coefficients for these three ions 
f a l l i n a narrow range. 

Eu(III): The loading effect on the d i s t r i b u t i o n c o e f f i c i e n t 
of Eu(III) on the Na form of montmorillonite for both acetate-
buffered and unbuffered solutions i s shown in Figure 4. The D%s 
are f a i r l y constant i n the low loading range. We s h a l l comment 
lat e r on the differences i n presence and absence of buffer. 

Calcium Form of Montmorillonite (Wyoming). A l k a l i metal ions: 
We present these results i n terms of plots of K/Tclay a n c* a s 

a function of loading (Figures 5 and 6). The solution-phase a c t i 
v i t y c o e f f i c i e n t r a t i o for sodium was obtained from a compilation 
of l i t e r a t u r e data on the NaCl - C a C l 2 - H 2 0 systems (15), and the 
same values were used for cesium. Equilibrium quotients for the 
different Ca(II) concentrations agree well. In comparison with 
the results on the sodium form of montmorillonite, the most s t r i k 
ing difference i s the low f r a c t i o n a l loading (about 0.1% of ion-
exchange capacity) at which variations i n D, reflected as changes 
in K/Tc±ay, become apparent, for both sodium and cesium. 

Wahlberg and Fishman (3) also report strong decreases i n DQS9 

starting at low loading from solutions up to 0.1 M C a C l 2 . The 
values of their D's at trace loadings imply much higher values of 
equilibrium quotients than those at lowest loading i n Figure 6, 
two orders of magnitude for one clay sample they used and a factor 
of about 600 for the other. Their K/T values imply that at the 
same Ca(II) concentration, their DQS would be a factor of 10 to 25 
lower than ours. 

Van Bladel, et a l . , (9), report equilibrium quotients for 
Na(I)/Ca(II) exchange from aqueous NaCl -CaCl2 solutions of t o t a l 
normality up to 0.025. It i s not clear from their graphical pre
sentation whether their measurements i n the low-sodium-fraction 
region include points i n the range of rapidly increasing % a (de
creasing K/Tciay), although at least at their highest Ca(II) con
centration, their values of the equilibrium quotient appear to 
l e v e l o f f , at values corresponding to those i n Figure 6 at load
ings of Na + of about 1 to 10% of ion-exchange capacity. 

In this regard, we wish to comment on some preliminary results 
reviewed at a recent meeting (18). At that time, we had not com
pleted the loading studies of D and of K/T. The values for the 
calcium form i n Figures 15 and 16 of Ref. are i n the loading 
region i n which they are rapidly changing. This accounts for d i f 
ferences with the results i n Figure 6 of this paper, and probably 
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Figure 3. Effect of loading on distribution coefficients of Ca(ll), Sr(II), and Ba(H) 
on the sodium form of Wyoming montmorillonite (0.5M NaCl O.J M NaOAc, 
pH 5, equilibration for more than 90 hr): (·), Ca(II); (Αλ Ba(II); β λ Sr(II). 
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ι Γ Α Ι 111 mil I ι ilinil I ι ilinil I i i l in i l I I 11iml I I 
TRACE 1 0 ~ 5 *0~4 10~3 10~2 10"1 

LOADING, mole Eu (IH)/kg 

Figure 4. Effect of loading on distribution coefficients of Eu(HI) on the sodium 
form of Wyoming montmorillonite (pH 5, equilibration for 44 hr): f|), O.J M 

NaCl; (Φ), O.J M NaCl + 0.0JM NaOAc. 
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Figure 5. Effect of loading on equilibrium quotients lmCaVaq/(Ca2*)ciayD2c8] of 
Wyoming montmorillonite predominately in the calcium form (pH 5, equilibra
tion for 77 hr): (φ), 0.5M CaCl2 + 0.01M Ca(OAc)2; « λ 0.05M CaCl2 + 0.01M 

Ca(OAc)2. 
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as well for the discrepancies noted i n Ref. 18̂  from those i n 
Ref. 9. 

Sr(II): The effect of Sr(II) loading on ϋ$τ on the Ca(II) 
form of montmorillonite i s shown i n Figure 7. Up to 10" 3 moles 
Sr(II)/kg clay, values of Όςτ are essentially constant, and do not 
vary greatly up to 10~ 2 moles Sr(II)/kg clay. As we have just d i s 
cussed, effects were apparent at a factor of ten lower loading for 
Cs+ and Na +. 

Wahlberg, et a l . , (7) report very similar loading effects on 
a calcium montmorillonite. The value of Pg r they report for their 
clay at trace Sr(II), from 0.01 M Ca(II), i s about 40% higher than 
the value i n Figure 7. 

D at Low Loading as a Function of Concentration of Equilibrating 
Ion 

Sodium Form of Montmorillonite: A l k a l i metal ions: D i s t r i -
bution coefficients of Cs + as a function of sodium concentration 
are summarized i n Figure 8 for clays from four different sources. 
As we discussed i n connection with Figure 1, there i s a mild de
pendence on cesium loading for this exchange in the range of loading 
of these experiments, 0.02 to 5% of ion-exchange capacity. The 
slopes of log DQS VS log (Na +) from 0.5 to 4 molar sodium are 
however close to the ideal value, -1 (Equation 6), for individual 
clay samples. As loading i s higher at low (Na +) and DQS therefore 
r e l a t i v e l y lower, the fact that the slopes appear s l i g h t l y less 
than unity i s i n the right direction for a loading effect. These 
clays had been subjected to a l l steps i n the Jackson p u r i f i c a t i o n 
procedure except removal of free iron oxide. With one sample, 
measurements were carried out at pH 5 (0.1 M sodium acetate plus 
acetic acid buffer) as well as 8 (0.1 M NaHC03 buffer), and there 
appeared to be l i t t l e effect on D. Values of D at a fixed sodium 
concentration varied by about a factor of three between the mont-
morillonites of highest DQS (clay #31) and of the lowest (Wyoming 
and #27). 

Extrapolation of the results i n Figure 8 to 0.2 molar Na +, 
the highest concentration of measurements in Ref. 3̂, gives a range 
of DQS of about 60 to 180. Wahlberg and Fishman results for trace 
Cs at this sodium concentration were about 250 for one clay and 
550 for the other. Some of the difference may arise from the 
higher loading in our experiments, but i n any case this much v a r i 
ation between clay samples i s probably not surprising. Their 
slopes of log D vs log sodium concentration at trace Cs + were some
what less (absolute value) than minus one. 

Tamura and Jacobs (19) report adsorption on a montmorillonite 
sample from 6 M NaN03, from which we compute DQS - 5, i n the range 
of extrapolated values from Figure 8. Lewis and Thomas (4) report 
K/T of about 40 for low cesium loading and 0.04 M s a l t concentra
tion, and Gast (10) about 35 for 0.001 M. These values are i n the 
range implied by results i n Figure 8 (K/T 15 to 50). 
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Figure 6. Effect of loading on equilibrium quotients [mcaVaq/(Ca2*)ciayO2

Na] of 
Wyoming montmorillonite predominately in the calcium form (pH 5, equilibra

tion for 14 hr) 

LOADING, mole Sr(II)/kg 

Figure 7. Effect of loading on distribution coefficients of Sr(II) on the calcium 
form of Wyoming montmorillonite (0.01M Ca(OAc)2, pH 5, equilibration for 65 

hr) 
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Figure 8. Adsorption of Cs(I) on the sodium form of montmorillonites from sev
eral sources (Loading: 2 X 10~4 — 4 X 10 2 mol Cs(I)/kg, equilibration for 24 hr.). 
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Distribution coefficients for potassium on one clay are sum
marized i n Figure 9. The ideal slope of -1 for log D^vs log 
sodium concentration was closely approximated. Values of Ό were 
about 1/3 those for cesium on the same clay. A value of K/T 
[(K+)clay(Na+)/(K+) (Na+) 

clay! °f about 3.75 can be estimated from 
Figure 9. This agrees s a t i s f a c t o r i l y with values of about 2.5 re
ported both by Gast (10) for 0.001 M Na+ and by Shainberg and 
Kemper (20) for 0.05 M Na+. 

Alkaline earth ions: The dis t r i b u t i o n coefficients of Ca(II), 
Sr(II), and Ba(II) on the Na form of Wyoming montmorillonite are 
shown i n Figures 10a, b, and c. Values of #ca> ^Sr> a n c* % a a r e 

similar for equal sodium concentration. The slope of log D vs 
log sodium concentration i s close to -2, the slope for ideal 
divalent-monovalent ion exchange. Measurements were carried out 
in the presence of sodium acetate buffer of 0.1 M and 0.01 Af, and 
the results were not s i g n i f i c a n t l y different at the same sodium 
concentration. This indicates that there i s no interference from 
formation of complexes between the alkaline earths and acetate 
ions. One sample of Wyoming montmorillonite was puri f i e d only by 
passage through a Dowex 50 ion-exchange column i n the sodium form. 
The #c a

f s o n t n i s sample agreed within scatter with the same clay 
which had been subjected to the complete Jackson procedure. 

From the results i n Figures 10a, b, c, the computed values of 
K/T [ ^ 2 + ) c l a y ( N a + ) 2 / ( A 2 + X N a * " ^ 1 ] were approximately 3. A value 
of 1.4 i s reported for Ca(II) i n 0.025 M NaCl (9) and of about 1 
for Ba(II) i n 0.04 M NaCl (4). Tamura (5) reported linear de
pendence of log D vs log sodium concentration from 0.01-0.6 molar 
sodium with a slope of -2; his values of Z)gr were about half of 
those of Figure 10b at the same sodium concentrations. From re
sults reported by Spitsyn and Gromov (1), we calculate a D$Y of 
about 70 at 0.1 M NaCl, their highest concentration, i n comparison 
with about 100 i n Figure 10b. 

Eu(III): Figure 11 summarizes the adsorption of Eu(III) on 
the Na form of Wyoming montmorillonite at pH 5, controlled with 
0.01 M acetate buffer, and adjusted to the same ac i d i t y without 
buffer by HC1. The values of Z? E u i n the presence of acetate are 
about a thi r d of those without, a difference similar to that seen 
in the loading curve, Figure 4. Formation of Eu(III) acetate com
plexes, presumably the source of the differences, has been re
ported elsewhere (21). 

For the unbuffered system, the plot of log D<gu vs log sodium 
concentration approaches a slope of -3 as sodium concentration de
creases. However, a minimum occurs just above one molar. We do 
not know the reason for this behavior. 

Calcium Form of Montmorillonite. Cs +: Figure 12 summarizes 
measurements of DQS as a function of Ca(II) concentration. The 
strong loading effect evident i n Figure 5 at low fractions of the 
clay i n the cesium form are manifest i n Figure 12 i n the d i f f e r 
ences between results at trace loadings and at loadings over a few 
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τ ι —ι ι ι \ \m 

CONCENTRATION , mole Na(I)/liter 

Figure 9. Adsorption of K(I) on the sodium form of Wyoming montmorillonite 
(Loading: 2 χ 103 - 1 X IQZ mol K(I)/kg, NaCl + O.JM NaOAc, pH 5, equili

bration for 25 hr.). 
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Figure 10a. Adsorption of Ca(II) on 
the sodium form of Wyoming mont
morillonite (Loading: trace —1.4 X 10 2 

mol Ca(II)/kg, pH 5, equilibration for 
18 hr.) Chy samples from Jackson s 
purification procedure: (·), NaCl + 
0.01U NaOAc; (W), NaCl + 0.1M 
NaOAc. Chy samples from Dowex col

umn: (A), NaCl + 0.1M NaOAc. 
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Figure 10b. Adsorption of Sr(II) on the sodium form of Wyoming montmorillo
nite (Loading: 6 X 10'5 — 2 χ 10'2 mol Sr(ll)/kgy pH 5, equilibration for 45 hr.): 

C ), NaCl + 0.01M NaOAc; (U), NaCl + O.J M NaOAc. 
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0.01 0.1 1 
CONCENTRATION , mole Na(I)/liter 

Figure 10c. Adsorption of Ba(II) on the sodium form of Wyoming montmorillo
nite (Loading: 8 Χ 10'5 — 1.6 χ 10'2 mol Ba(II)/kg, ρΗ 5, equilibration for 20 

hr.): (Φ), NaCl + 0.01M NaOAc; « λ NaCl + 0.1 M NaOAc. 
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Figure 11. Adsorption of Eu(III) on the sodium form of Wyoming montmorillo
nite (trace loading, pH 5, equilibration for 16 hr): ( | λ NaCl + HCl; (Φ), NaCl + 

0.01 M NaOAc. 
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100,000 b i n μι ι ι ι— ι 11 ι ι ι ι ι ι—ι ι 11 nit. 

100 b r 

11 mrJ 
0.01 0.1 1 
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10 

Figure 12. Adsorption of Cs(l) on the calcium form of Wyoming montmorillonite 
(Cadi + 0.01M Ca(OAc)t, pH 5, equilibration for more than 12 hr). Loading: 
(·), trace; ( • ) , 2.3 χ 103 - 7.4 χ 103 mol Cs(I)/kg; 3.7 χ 103 - 1.1 X 

10* mol Csl/kg; (· ), 5.3 X 10s - 1.1 X 10'2 mol Cs(I)/kg. 
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tenths of a percent of ion-exchange capacity. At trace loadings, 
the ideal slope, -0.5, i s realized within scatter, whereas at 
f i n i t e loadings, slopes are s i g n i f i c a n t l y less. We have already 
mentioned that the values of DQS reported i n Ref. 3̂  are a factor 
of ten or more less than ours. Those reported by Sawhney (6) are 
about a hundredth of those obtained here at comparable loading. 

Alkaline earths: Distribution coefficients for Sr(II) and 
Ba(II) as a function of concentration of Ca(II) are summarized i n 
Figures 13a and 13b. The loadings in the case of Sr(IÏ) (Figure 
2) are i n the linear isotherm range or only s l i g h t l y out of i t . 
Slopes of log D Vs log calcium concentration are close to the 
ideal value, -1. Invariance of D$r between 0.01 M and 0.1 M ace
tate buffer indicates that there i s no interference from acetate 
complexing. At the same Ca(II) concentration, Dj$a i s a factor of 
about f i v e higher than Ό$τ. 

The value of £>gr reported by Wahlberg, et a l . , (7) at trace 
loading and at 0.1 Af Ca(II), their highest concentration, i s about 
2.5, i n comparison with about 7 i n Figure 13a. Heald, (2), on the 
basis of equilibrations of montmorillonite with aqueous SrCl2-CaCl2 
solutions up to about 0.15 M t o t a l , reports an equilibrium quo
tient [(Sr(II)) ci a y(Ca(II))/(Sr(II)) ( C a ( I I ) ) c l a y ] of 1.29. The 
value implied by Figure 13a i s s l i g h t l y less than one. We compute 
a £>sr of about 30 from 0.025 M Ca(II) from data given by Spitsyn 
and Gromov (1), essentially the same as indicated i n Figure 13a. 

Eu(III): Figure 14 summarizes Z? E u as a function of Ca(II) 
concentration. A slope of -1.5 i s approached at low sa l t concen
tration, but the values of Dj?n l e v e l out above 0.2 M Ca(II). In
terpretation of behavior i s somewhat clouded i n view of the occur
rence of complexing of Eu(III) by acetate, indicated elsewhere. 

Discussion 

Not surprisingly, although results appear self-consistent 
with clay from any one source, there are substantial differences 
between samples of different origins. Agreement of our results 
with e a r l i e r work, i n comparisons by extrapolation where there 
was no overlap, i s , with a few exceptions, reassuringly good, i n 
that values of K/T or of D were about as close to one another as 
were our results on samples of clay from different sources. 

P u r i f i c a t i o n of the clay did not seem to have a marked effect 
on adsorptive properties. In this connection, i t should be men
tioned that i n bringing the sample to a controlled ionic form be
fore measurement, alkaline earth carbonates, i f present, were prob
ably removed, because the operation usually involved equilibration 
at pH 5. However, oxidation to remove organic matter and treat
ment with complexing agents to remove iron oxides apparently had 
l i t t l e e ffect. 

The adsorbability of monovalent and divalent ions on either 
the sodium or calcium form of montmorillonite decreases with sup
porting electrolyte concentration approximately as expected from 
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CONCENTRATION, mole Co ( I I )/ l iter 

Figure 13a. Adsorption of Sr(II) on the calcium form of Wyoming montmorillo
nite (Loading: 7 X 10 5 — 4.5 X JO"3 mol Sr(II)/kg, pH 5, equilibration for 36 hr.): 

(Φ), CaCl2 + O.JM Ca(OAc)2; (M)> CaCl2 + O.OJM Ca(OAc)2. 
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b i i i ι uni—ι ι ιμι ι ι ι—I I ι | H i 

Ν · \ SLOPE - -1 

10 b r 

X 
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il 
0.01 0.1 1 10 

CONCENTRATION , mole Co (Π)/liter 

Figure 13b. Adsorption of Ba(II) on the calcium form of Wyoming montmorillo
nite (CaClg + 0.01M Ca(OAc)2, pH 5; loading: 5 X JO"4 - 7.6 X JO"3 mol Ba(II)/ 

kg, equilibration for 30 hr.) 
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= I ι 11 N N | — I I I | I M I | — | I I |lll± 

0.01 0.1 1 10 
CONCENTRATION , mole Co (II)/liter 

Figure 14. Adsorption of Eu(III) on the calcium form of Wyoming montmorillo
nite (CaCk + 0.01M Ca(OAc)2; loading: 1 X JO"3 - 4 X JO"2 mol Eu(III)/kg, 

pH 5, equilibration for 118 hr.) 
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conventional idealized ion exchange equations, at constant pH and 
loading. An adsorption minimum, however, seems to occur with the 
trivalen t rare earth, Eu(III), with the clay i n the sodium form. 
This minimum i n adsorbability i s reminiscent of the adsorption 
minima frequently observed with organic cation-exchange resins 
(Dowex 50 type) at high ionic strength (22). 

Because of the occurrence of this adsorption minimum, adsorb
a b i l i t y of Eu(III) remains high even at the high s a l i n i t i e s of 
natural brines. In contrast, adsorbabilities of the a l k a l i metals 
and alkaline earths become very low at high s a l i n i t i e s . This im
pli e s that from the point of view of waste i s o l a t i o n the clay frac
tion of natural formations w i l l not retard s i g n i f i c a n t l y the migra
tion rates of the corresponding radioisotopes i f the contacting 
aqueous phase i s of high s a l i n i t y . Conversely, the observation 
that the adsorbability of these ions i s low i s encouraging regard
ing the possible use of these elements for underground tracing of 
water (brine) flows. 

Concern i s frequently expressed regarding a p p l i c a b i l i t y of ad
sorption data obtained with clays at f i n i t e concentration of the 
ion of interest compared with true " t r a c e " conditions. We have 
found, i n agreement with a number of e a r l i e r investigators, that 
such worries are unfounded, p a r t i c u l a r l y i f the clay i s primarily 
in the sodium form. In many of these systems, d i s t r i b u t i o n c o e f f i 
cient under otherwise constant conditions are essentially the same 
under trace conditions and si g n i f i c a n t loadings. With the Ca form 
of the clay the linear isotherm region i s much smaller than for 
the sodium form. However, even here there i s no discontinuity be
tween very low loading and "trace " levels even when r c i a y varies 
substantially as loading of the monovalent ion becomes larger. 
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centrations of 194/ 

1 3 7 C s , leach rate as a funct ion of t ime 
a n d glass section for 82/ 

1 3 7 C s i n water f rom re-entry of 
R N M - 1 , activity levels of 164* 

C h e l a t i n g agents 44 
C h e m i c a l 

analysis of rock samples, b u l k 218 
aspects of waste storage i n granitic 

bedrock 47 
behavior of waste i n unsaturated 

zone 44 
interactions on migrat ion of radio

nucl ides 68 
retention of radionuclides i n ground 52 

C h i m n e y rubble , radionuclides 
leached f rom 94 

Chimneys , collapse 21 
C h r o n i c exposure, est imating dose of 

actinides to bone f r o m 262 
C l a y ( s ) 

- a c t i n i d e product , stabil i ty of 291 
consequences of radiat ion f r o m 

sorbed transplutonium 
elements on 291 

C l a y ( s ) (continued) 
distr ibution coefficients of 55 
on dis tr ibut ion coefficients, effects 

of loading of 302 
b y 2 5 3 E s radiation, destruction of .... 293 
kinetics of exchange between 202 
minerals 201 

exchange of sodium and ca lc ium 
on 298 

sorption behavior of rare earths 
on 201 

sorption behavior of trivalent 
actinides on 201 

morphologica l differences between 208 
-phase b a r i u m concentration 282 
-phase strontium concentration 282 
f rom radiat ion, fragmentation of .... 298 
r e d 268 

radionucl ide sorption studies on 
abyssal 267 

semi-quantitative analysis of 269* 
sorption capacity 274 

r u b i d i u m salts i n 270 
samples 

cation-exchange capacity of 300 
distr ibut ion coefficients of 299 
preparation of 298 
purif icat ion of 298 

C o b a l t ( C o ) nuclides I l l 
5 7 C o , leaching rate of 105/ 
5 8 C o , leaching rate of 105/ 
6 0 C o , leaching rate of 105/ 
1 3 7 C o , leaching rate of 109/ 
C o l d pressing/sintering 138 
Col lapse chimneys 21 
C o l u m n infiltration experiments of 

stronium 183 
C o m m e r c i a l nuclear f u e l cycle, radio

active wastes f rom 1 
Comparat ive accumulat ion of 

actinides b y mammals f rom 
contaminated soil 251/ 

Comparat ive actinide behavior 253 
in aquatic food chains 250 

Comparat ive terrestrial transport of 
actinides to mammals 247 

Consol idated materials, evalut ion of .. 139 
Consol idated titanate waste 139 
Consol idat ion of the ceramic waste 

f o r m 138 
Contact experiments 

for basalt samples, results of 236 
for quartz monzonite samples, 

results of 236 
rock-tracer 228 
for shale samples, results of 236 

Contact -handled T R U waste 17* 
disposal 15 
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INDEX 329 

Contact t ime for elements on granite, 
dis tr ibut ion coefficients as 
functions of 

Containment, secondary 
Contaminated environments, avai l 

abi l i ty of actinides to mammals 
i n 

Contaminated soil , comparative 
accumulat ion of actinides b y 
mammals f rom 

Convers ion Process, Z irca loy 
C o r e processing 
Cot ton rats 
C o u n c i l of Envi ronmenta l Q u a l i t y .... 
C o u n t i n g 

a lpha 
gamma 
of solutions, gamma-ray 

C r e e p 
C u m u l a t i v e 

fraction leached as a funct ion of 
t | m e — g i a s s section 

fraction release 
leach fractions 

C u r i u m 

D 

D e b y e - H u e k e l equations 
Decomposi t ion of organics i n T R U 

waste 
D e e p 

facilities 
geologic disposal a n d leaching 
geologic repositories 
granite fac i l i ty at the N T S 

Defense 
radioactive waste i n southeastern 

N e w Mexico , W I P P — b e d d e d 
salt repository for 

T R U waste 
wastes (1985) 

Delaware Bas in 
dissolution features i n 

Department of E n e r g y ( D O E ) 
program for long-term isolation of 

radioactive waste 
technical program, technical issues 

a n d 
waste isolation program, elements 

of 
waste isolation program, reviews 

concerning 
waste management program, 

organization of 
Depth-of - leaching calculations for 

rock samples 
Des ign , W I P P conceptual 

Des igning, risk assessment i n 9 
Desorbed species, concentrations of .. 275* 

67/ solid-phase 276* 
201 Desorpt ion 168 

of amer ic ium, rate for 183 
coefficients of geologic materials .... 234* 

250 experiments, fissure 173 
experiments, rock-tracer 239 
f rom gray hornblende schist, A m * 3 . . 174* 

251/ under n o n e q u i l i b r i u m conditions 
144 ( G ) 169 

223/ - sorpt ion processes 215 
250 D i e t and thor ium intake 242 

3 D i e t and uran ium intake 242 
Dif ferent ia l migrat ion of actinides 237 

237 Dif fract ion analysis of N T S melt glass 
236 samples, x-ray 101* 
215 Dif fract ion measurements of 2 5 3 E s -

8 clay mixtures 292 
Dif fusion-control led release 86 
Dif fus ion, molecular 268 

85/ Dispers ion 
86 adsorptive ( T a ) 191 
84 h y d r o d y n a m i c ( T h ) 191 

247 0 f p l u t o n i u m concentration d u r i n g 
elut ion 192 

Disposa l 
contact-handled T R U waste 15 

301 and leaching, deep geologic 143 
of p l u t o n i u m 2 

34 problem, waste 40 
of radioactive waste i n granit ic 

7 bedrock 47 
143 of spent fue l 2 
167 Dissolut ion 
7 ,8 curves 222 

experiments 
composit ion of aqueous phase 

f r o m 228 
13 p H changes d u r i n g 230/ 
15 for sorption study of rocks 220,222 

18* features i n the De laware Bas in 21 
18* f rom rock types 
21 aqueous si l ica release d u r i n g 227/ 

ca lc ium release d u r i n g 225/ 
magnesium release d u r i n g 226/ 

1 potassium release d u r i n g 224/ 
sodium release d u r i n g 223/ 

4 D i s t r i b u t i o n coefficients 
for actinides 202 

6* of alkal ine earth ions 311 
for alkaline earths 318 

5 of B a ( II ), effect of loading on 305/ 
for b a r i u m 278,281/ 

3 for bentonite-quartz 
mass related 64* 

229* measured 58 
15 range of 61/ 
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330 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

D i s t r i b u t i o n coefficients (continued) 
of C a ( I I ) , effect of loading o n 305/ 
for c a d m i u m 283/ 
for cer ium 285/, 286/ 
for cesium 276,277/, 278 
of C s ( I ), effect of loading on 303/ 
of clay 55 
of clay samples 299 
for divalent elements 62 
effect of loading of c lay o n 302 
effect of water composit ion on 62 
for europium 285/, 286/, 287 
of E u ( I I I ) , effect of loading o n 306/ 
as functions of contact t ime for 

elements on granite 67/ 
as functions of surface-to-mass 

ratios for elements on granite .. 67/ 
for g a d o l i n i u m 285/, 286/ 
for granite 

mass related 63* 
measured 58 
range of 60/ 

for lanthanides 284 
l o w loading as a funct ion of con

centration of equi l ibrat ing ion 308 
for M ( I I I ) - N a ( I ) exchange on 

kaolinite , montmori l lonite , 
a n d attapulgite at p H 5 203* 

nucl ide concentrations a n d 65 
for potassium 311 
for prometh ium 285/, 286/ 
radionucl ides used i n laboratory 

measurements of 59* 
for rare earths 202 
of rock 55 
for r u b i d i u m 276,277/, 278 
for silver 283/ 
a n d solution-phase concentration, 

correlation between 279 
sorption e q u i l i b r i u m ( K D i ) 267 
for strontium 278,281/ 
of S r ( I I ) , effect of l o a d i n g 

on 303/, 305/, 309/ 
for technetium, mass related 66* 
temperature effects on 65 
for u r a n i u m , mass related 66* 

Dis t r ibut ion studies, experimental 
conditions for 62* 

D i v a l e n t elements 68 
distr ibut ion coefficient for 62 

D O E (see Department of E n e r g y ) 
D y n a m i c flow-through system 94 

E,i (see Effective retention factor) 
E D A X ( energy dispersive analysis b y 

x-rays ) 218 

Effect ive retention factor ( E d ) 160 
for nuclides 160 
f rom water samples 161* 

Effluent 137 
form titanate solidification, com

parison of radionucl ide act ivi ty 
i n 141* 

E i n s t e i n i u m - c l a y loadings 293 
E i n s t e i n i u m - c l a y ratios 292 
Einsteinium-253 ( 2 5 3 E s ) 291 

attapulgite before a n d after 294/ 
- c l a y mixtures, diffraction meas

urements of 292 
kaol in before and after 294/ 
radiat ion, destruction of clay b y .... 293 

E I S ( E n v i r o n m e n t a l Impact 
Statement ) 3 ,13 

Electrolyte solution criteria 220 
Elements 

on attapulgite, comparison of 
exchange of 209/ 

divalent 68 
of D O E s waste isolation program . 6* 
on granite, dis tr ibut ion coefficients 

as functions of contact t ime 
and surface-to mass ratios for .. 67/ 

release fractions after 639 days 84* 
tetravalent and tr ivalent 68 

E l u t i o n 
dispersion of p l u t o n i u m concentra

t ion d u r i n g 192 
experiments, fissure 173 
peaks, predicted movement of 193/ 
of strontium f r o m c o l u m n of 

glauconite 184/, 186/ 
Emplacement 

on hydrologie properties of the site, 
effect of waste 42 

operations 17/ 
of radioactive waste i n rock salt 13 

E n e r g y dispersive analysis b y x-rays 
( E D A X ) 218 

E n e r g y Research a n d Development 
Adminis t ra t ion ( E R D A ) 3 

Office of Waste Isolation 3 
E n v i r o n m e n t ( s ) 

avai labi l i ty of actinides to m a m 
mals i n contaminated 250 

interaction studies, leaching of 
waste-geologic 75 

oxidation states of actinides i n 247 
release rate of radioact ivity f r o m 

sol id waste f o r m to 115 
thor ium i n fresh-water 253 

Envi ronmenta l 
Impact Statement ( E I S ) 3 ,13 
Protection A g e n c y ( E P A ) 3 
Qual i ty , C o u n c i l of 3 
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Environmental ly-dispersed actinides 
to people, assessing hazards of .... 260 

E P A ( E n v i r o n m e n t a l Protect ion 
A g e n c y ) 3 

E q u i l i b r a t i n g ion , d is t r ibut ion coeffi
cients at l o w loading as a func
t ion of concentration of 308 

E q u i l i b r i u m part i t ioning 
of a m e r i c i u m - I H 171 
experiments 171 
of nucl ides 170 

E q u i l i b r i u m quotients of montmori l 
lonite, effect of loading o n .307/, 309/ 

E q u i l i b r i u m quotients for N a ( I ) -
C a ( I I ) exchange 304 

E R D A ( E n e r g y Research a n d 
Development Adminis t ra t ion) .... 3 

2 5 3 E s (see E inste inium-253) 
E u r o p i u m , dis tr ibut ion coefficients 

for 285/, 286/, 287 
E u ( I I I ) 304,311 

on the ca lc ium form of montmori l 
lonite, adsorption of 321/ 

effect of loading on dis tr ibut ion 
coefficients of 306/ 

on the sodium form of montmor i l 
lonite, adsorption of 316/ 

1 5 4 E u , leach rate as a funct ion of t ime 
and glass section for 83/ 

Exchange between clays, kinetics of .. 202 
Exchange capacity, C s 272 
Exposure pathways to people 257 

F 
( F ) , rate of adsorption of the species 168 
F a u l t - i n d u c e d fracturing 8 
Faults at the W I P P site, techniques 

used to search for 22 
Fennoscandian shield 50 
Fick 's L a w , fract ional release using .. 86 
F i e l d leach tests 120 
" F i e l d ver i f icat ion" of s trontium 282 
Fiss ion products 149 
F iss ion waste nuclides on a sodium 

titanate co lumn, elemental 
dis tr ibut ion of 136/ 

F issure(s ) 170,176,192 
adsorption experiments 171 

adsorption curve obtained for 
static 175/ 

apparatus used i n static 172/ 
desorption experiments 173 
elut ion experiments 173 

apparatus for 175/ 
surfaces, distributions of a m e r i c i u m 

on 176,177/-182/ 
surfaces into solution, rate for 

desorption of amer ic ium f r o m .. 183 

F ixed-bed ion-exchange co lumn 134 
F l o w , laminar 69 
F l o w - t h r o u g h system, d y n a m i c 94 
F o o d chain behavior of actinides, 

surface phenomena a n d 252 
F o o d chains, comparative act inide 

behavior i n aquatic 250 
Frac t ion release, cumulat ive 86 
Fract ional release us ing F ick ' s L a w .. 86 
Fracture porosity 22 
Frac tured rock, nuc l ide migrat ion i n 167 
Frac tured rock, water veloci ty i n 68 
Frac tur ing , faul t - induced 8 
Fragmentat ion of clays f r o m radiat ion 293 
F r e n c h m a n F l a t 149 
Fresh-water actinide radioecology 

studies 253 
Fresh-water environments, thor ium i n 253 
F r i t composit ion 76 
F r i t , z inc borosilicate 142 
F u e l 

cycle, nuclear 241 
radioactive wastes f r o m 

commerc ia l 1 
cycles, proliferation-resistant 2 
disposal of spent 2 

G 

G a d o l i n i u m , distr ibut ion coefficients 
for 285/, 286/ 

G a d o l i n i u m titanate 139 
G a m m a count ing 236 
G a m m a r a y ( s ) 

analysis 123 
counting of solutions 215 
low-abundance 124 

Gas generation i n the respiratory 34 
Gastrointestinal tract, assimilation of 

actinides f r o m 248 
Geochemistry of the repository 52 
Geologic 

cross section W I P P site 20/ 
disposal and leaching, deep 143 
environments, predic t ion of radio

nuc l ide sorption i n 215 
features i n site selection 22 
formations, migrat ion rates of 

ions i n 297 
isolation of radioactive waste 37 ,40 
materials 

actinide sorption on 215 
adsorption coefficients of 233* 
desorption coefficients of 234i 
interactions of nuclear wastes 

w i t h 167 
leaching of 167 
structural b r e a k d o w n of 222 
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332 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

Geologic (continued) 
m e d i u m , radioactive waste isola

t ion i n 40 
repository (ies) 

deep 167 
design 5 
risk assessment i n si t ing 9 

section at C a m b r i c site 150/ 
storage scenarios 129 

Geolog ica l stability 50 
Geologica l strata, migratory behavior 

of ions i n 191 
G E T O U T 70 
"Getter , " radionucl ide 34 
G.I. tract assimilation coefficient for 

natural u r a n i u m 242 
Glass 

ceramics 130 
leach rate 

for borosil icate 117 
b u l k 79 
for phosphate 117 

leach testing of radioactive z inc 
borosil icate 75 

melt 
# 3 95,104 
experiment, single-pass leaching 

for 95 ,98 
b y groundwater, single-pass 

leaching of nuclear 93 
leaching experiment 100/ 
radionucl ides leached f r o m 94 
samples 

leaching experiment for 98 
radionucl ides observed i n 101* 
x-ray diffraction analysis of 

N T S 101* 
surface area 103* 

nuclear waste 76 
preparat ion of radioactive z i n c 

borosilicate 75 
section 

for 1 3 7 C s , leach rate as a funct ion 
of t ime a n d 82/ 

cumulat ive fract ion leached as a 
funct ion of t ime—top 85/ 

for 1 5 4 E u , leach rate as a funct ion 
of t ime a n d 83/ 

leach rate as a funct ion of 
t i m e — u p p e r - m i d d l e 80/, 81/ 

for 5 4 M n , leach rate as a funct ion 
of t ime a n d 82/ 

for 2 3 9 + 2 4 0 P u , leach rate as a func
t ion of t ime a n d 83/ 

waste forms 129 
waste (s ) 142 

canister, sectioning of h igh- leve l 77/ 
experimental procedure for 

m a k i n g 76 

Glass (continued) 
waste(s ) (continued) 

isotopic leach rates f r o m 79 
radioactive, composi t ion of 78* 
studies, leaching of radioactive 

high- level 75 
z inc borosilicate 142 

Glass # 1 , S E M photograph of 99/ 
Glass # 2 , S E M photograph of 99/ 
Glass # 3 , S E M photograph of 99/ 
Glauconi te 183 

elut ion of strontium f rom c o l u m n 
of 184/, 186/ 

strontium migrat ion experiments i n 183 
Globules , metal l ic 139 
Grani te 58 

distr ibut ion coefficients for 
mass related 63* 
measured 58 
range of 60/ 

distr ibut ion coefficients as functions 
of contact t ime a n d surface-to-
mass ratios for elements o n 67/ 

faci l i ty at the N e v a d a Test Site, 
deep 7 ,8 

proposed retention factors i n 71* 
G r a n i t i c bedrock 

chemical aspects of waste storage i n 47 
disposal of radioactive waste i n 47 
groundwater composit ion i n 54* 

G r a n i t i c groundwater, proposed radio
nuc l ide species i n nonoxid iz ing .. 69* 

Granules , leaching of sintered 123 
Graphi te encapsulated waste oxides .. 130 
G r a y hornblende schist 

adsorption b y 174* 
A m + 3 desorption f r o m 174* 
x-ray diffraction analysis of 170 

G r o u n d 
chemical retention of radionuclides 

i n 52 
K B S storage of H L W i n 48/ 
K S B storage of S U F i n 49/ 
material , physico-chemical condi 

tions between radionucl ides 
a n d 55 

migrat ion i n 68 
G r o u n d w a t e r 

aqueous transport of nuclides v i a .... 129 
composit ion 53 

i n granit ic bedrock 54* 
inf low, rate of 8 
flow 43 
flow paths 45 
f r o m igneous rocks 53 
leach rates of radionuclides b y 51 
leaching of radioactive isotopes 

w i t h 115 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
10

0.
ix

00
1

In Radioactive Waste in Geologic Storage; Fried, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



INDEX 333 

G r o u n d w a t e r (continued) 
proposed radionucl ide species i n 

nonoxid iz ing granit ic 69* 
radionucl ide species i n 66 
redox potential of 53 
single-pass leaching of nuclear melt 

glass b y 93 
f r o m the sites of underground 

nuclear explosions, under
g r o u n d migrat ion of radio
nucl ides i n 93 

- r o c k system around a waste 
depository 57/ 

H 
H a n f o r d reservation, basalt flows 

be low 4 
H a n f o r d reservation near-surface test 

fac i l i ty 7 
H e a t e d repository, bouyancy effects of 32 
H i g h F l u x Research Reactor at O a k 

R i d g e Nat iona l Laboratory 202 
H i g h - l e v e l l i q u i d waste, compositions 

of A G N S B a r n w e l l 133* 
H i g h - l e v e l radioactive waste, 

composit ion of s imulated 118* 
H i g h - l e v e l waste ( H L W ) 13 ,40 ,47 ,121 

after batch equi l ibrat ion, activities 
of radionuclides remaining i n .. 135* 

canister motions i n salt 31 
C s i n 144 
glass canister, sectioning of 77/ 
glass studies, leaching of radioactive 75 
1129 concentration profile at 1 m i .. 26/ 
immobi l iza t ion program 75 
K B S storage of 50* 

i n the ground 48/ 
radioactive isotopes i n stored 116* 
repositories i n salt, N R C l icensing 

of 31 
repository for 43 
solidification 132,144 

H L W (see H i g h - l e v e l waste) 
H o r n b l e n d e schist, adsorption b y gray 174* 
H o r n b l e n d e schist, A m + 3 desorption 

f rom gray 174* 
Host rock 

and backf i l l material 52 
ion-exchange properties of 9 
properties of 8 
retention i n 70 

H u m a n bone ash, Th-232 and U-238 
contents of 244* 

H u m a n organs, distributions of 
Th-232, Th-230, a n d Th-228 i n .... 259* 

H y d r o d y n a m i c dispersion ( T h ) 191 

H y d r o g e n ion , titanate a n d 132 
Hydrogeolog ic transport 8 
H y d r o l o g i e 

considerations related to manage
ment of radioact ive waste 37 

evaluation associated w i t h the 
transport of radionucl ides 37 

properties of the site, effect of 
waste emplacement o n 42 

uncertainty i n geologic isolation 
of radioactive waste 40 

I 

1129 concentration profi le at 1 m i — 
H L W 26/ 

I A E A ( see International A t o m i c 
E n e r g y Associat ion) 

Igneous rocks, groundwaters f r o m .... 53 
Immobi l iza t ion program, high- level 

waste 75 
Inflow, rate of groundwater 8 
Inhalat ion of thor ium 241,242 
Inhalat ion of uran ium 241, 242 
Ini t ia l release mechanisms, slopes of .. 87* 
Ini t ia l solid-phase concentrations of 

desorbed species 276* 
Inorganic exchange materials 138 
I N R E M II code, radioact ivi ty move

ment as modeled b y 243/ 
International A t o m i c E n e r g y 

Association ( I A E A ) 79 
leaching apparatus, long-term 77/ 

Ion-exchange 
column, fixed-bed 134 
equi l ibr ia between montmor i l 

lonite and solutions 297 
material chemistry 130,131 
material preparation 130,131 
materials w i t h waste solutions, 

methods for contacting 132 
properties of the host rock 9 
resins 138 

leaching onto 119 
Ions in geologic formations, migrat ion 

rates of 297 
Ions i n geological strata, migratory 

behavior of 191 
Irradiat ion of sol id waste forms, 

neutron 121 
Isolation 

i n geologic m e d i u m , radioactive 
waste 40 

program, elements of D O E ' s waste .. 6* 
program, reviews concerning the 

D O E waste 5 
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334 RADIOACTIVE W A S T E IN GEOLOGIC STORAGE 

Isolation (continued) 
of radioactive waste(s ) 

Department of E n e r g y program 
for long-term 1 

hydrologie uncertainty i n geo
logic 40 

objective of geologic 37 
permanent 5 

Safety Assessment Program, Waste 
( W I S A P ) 76 

studies, waste 42 
Isotope(s) 

concentrations, transuranic 24/ 
w i t h groundwater, leaching of 

radioactive 115 
p l u t o n i u m 23 
retardation 34 
selection requirements 215 
sorption 34 
i n stored high- level wastes, 

radioactive 116* 
thor ium 23 
transport of transuranic 23 
u r a n i u m 23 

Isotopic abundances of actinide 
tracers 217* 

Isotopic leach rates f r o m waste glass .. 79 

Κ 

K D i ( sorption e q u i l i b r i u m dis tr ibut ion 
coefficients) 267 

values of 280* 
K 8 (surface area sorption coefficient) 171 
K ( I ) on the sodium f o r m of mont

mori l lonite , adsorption of 312/ 
K a o l i n 208,292 

before and after 2 5 3 E s 294/ 
plot of A m a n d C f exchange on 205/ 
plot of Sm a n d Y b exchange on 204/ 
structural representation of 210/ 

Kaol in i te 202 
at p H 5, dis tr ibut ion coefficients 

for M ( I I I ) - N ( I ) exchange on 203* 
Kârnbrânslesâkerhet ( K B S ) 47 

report retention factors 70 
storage of H L W i n the g r o u n d ... 48/, 50* 
storage of S U F i n the g r o u n d 49/, 50* 

K B S (see Kârnbrânslesâkerhet) 
8 5 K r - T atom ratios 155,162 

L 

L a m i n a r flow 69 
Lanthanides , dis tr ibut ion coefficients 

for 284 

L e a c h 
fractions, cumulat ive 84 
rate(s) 

for borosilicate glasses 117 
b u l k glass 79 
for 1 4 4 C e I l l 
as a funct ion of t ime a n d glass . 80/-83/ 
measurements on waste forms 

using N A A technique 122 
for phosphate glasses 117 
of radioisotopes 33 
of radionuclides b y groundwater 51 
rare earths 123 
of s imulated radioactive waste 

forms, determining 115 
of waste f o r m P W - 4 i n dis t i l led 

water 124* 
f r o m waste glass, isotopic 79 

testing of radioactive z inc borosi l i 
cate glass 75 

tests, field 120 
Leachabi l i ty of waste forms 142 
Leachate sampl ing frequency 86 
Leachate samples, radionuclides i n .... 101* 
L e a c h i n g 

w i t h airl i f t recirculator 119 
apparatus, long-term I A E A 77/ 
data for M e l t Glass # 3 , calculat ion 

of 104 
deep geologic disposal a n d 143 
experiment, melt glass 98,100/ 
of geologic materials 228 
onto ion-exchange resins 119 
of lead matrix materials 124 
for melt glass experiment, 

single-pass 95, 98 
of nuclear melt glass b y ground

water, single-pass 93 
procedure, static (batch) 94 
program, W I S A P Task # 2 88/ 
properties, evaluation of 142 
of radioactive h igh- level waste 

glass studies 75 
of radioactive isotopes w i t h ground

water 115 
rate of 

1 4 4 C e 110/ 
5 7 C o 108/ 
5 8 C o 108/ 
6 0 C o 105/ 
1 3 7 C o 109/ 
M M n 105/ 
2 2 N a 105/ 
1 0 6 R u 109/ 
1 2 4 S b 110/ 
1 2 5 S b 110/ 
Sb radionuclides I l l 
9 5 Z r 109/ 
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L e a c h i n g (continued) 
results, report ing of long-term 120 
of sintered granules 123 
w i t h soxhlet apparatus 119 
studies 33 
system, one-pass 96/, 97/ 
waste 33 

titanate 142 
of waste-geologic environment 

interaction studies 75 
L e a d matrix materials, leaching of 124 
L E N D 168 
L i q u i d waste, compositions of A G N S 

B a r n w e l l h igh- level 133* 
L L W , Ra226 concentration profile at 

0.83 m i 27/ 
L L W , U236 concentration profile at 

0.83 m i 28/ 
L o a d i n g 302 

of clay on distr ibut ion coefficients, 
effects of 302 

on distr ibut ion coefficients of 
B a ( I I ) , effect of 305/ 
C a ( I I ) , effect of 305/ 
C s ( I ) , effect of 303/ 
E u ( I I I ) , effect of 306/ 
S r ( I I ) , effect of 303/, 305/, 309/ 

on e q u i l i b r i u m quotients of mont
mori l lonite , effect of 307/, 309/ 

Loadings , E s - c l a y 293 
L o n g - l i v e d radionuclides, sorption 

behavior of 55 
L o n g - t e r m 

I A E A leaching apparatus 77/ 
isolation of radioactive waste, 

Department of E n e r g y program 
for 1 

leaching results, report ing of 120 
release mechanisms, slopes of 87* 
repository integrity 22 

" L o s M e d a n o s " 13 
L o w - a b u n d a n c e gamma rays 124 
L o w - l e v e l radioactive waste, locations 

of b u r i a l grounds of 39/ 
L o w - l e v e l waste b u r i e d w i t h i n the 

conterminous U n i t e d States, 
year ly volume of commerc ia l 41/ 

L o w l o a d i n g as a funct ion of concen
tration of equi l ibrat ing ion, dis tr i 
b u t i o n coefficients at 308 

L u n g , adsorption of actinides f rom . . . 247 

M 

M ( I I I ) - N a ( I ) exchange on kaolinite, 
montmori l lonite , and attapulgite 
at p H 5, dis tr ibut ion coefficients 
for 203* 

M a g n e s i u m release d u r i n g dissolution 
f r o m rock types 226/ 

M a g n e s i u m titanate batch equi l ibra
t ion process 137 

M a m m a l s 
comparative terrestrial transport of 

actinides to 247 
i n contaminated environments, 

avai labi l i ty of actinides to 250 
from contaminated soil , compara

tive accumulat ion of actinides 
b y 251/ 

M a n - m a d e actinide element releases .. 241 
M a n f rom soil , accumulat ion of 

actinides b y 261* 
M a r i n e organisms, actinide concen

trations i n 252 
Mass related distr ibut ion coefficients 

for 
bentoni te-quartz 64* 
granite 63* 
technetium 66* 
u r a n i u m 66* 

M e a s u r e d distr ibut ion coefficients for 
bentoni te-quartz 59 

Measured dis tr ibut ion coefficients for 
granite 58 

M e c h a n i s m for the release of radio
nuclides to the biosphere 8 

M e l t glass 
# 3 95 

calculat ion of leaching data for .... 104 
experiment, single-pass leaching .95 ,98 
leaching experiment 98,100/ 
radionuclides leached f rom 94 
samples, radionuclides observed i n .. 101* 
samples, x-ray diffraction analysis 

of N T S 101* 
size analysis 103* 
surface area 103* 

M e t a l 
alkoxides 131 
encapsulated waste oxides 130 
ions, sorptive behavior of natural 

clays toward 291 
M e t a l l i c globules 139 
M i c e 250 
M i g r a t i o n 

of actinides, differential 237 
br ine 31 

i n a thermal gradient 32 
waste-rock interactions a n d 32 

characteristics of amer ic ium b y 
water transport 173 

experiments, appl i cab i l i ty of 
A R D I S C m o d e l to 170 

experiments i n glauconite, s trontium 183 
i n the ground 68 
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M i g r a t i o n (continued) 
kinet ic effects i n 191 
nuc l ide 268 

i n fractured rock 167 
through m e d i u m , rate of 170 
i n porous rock 167 

of the p l u t o n i u m i n W I P P aquifers .. 34 
radionucl ide 

a field study of 149 
program at the N e v a d a Test Site 

( N T S ) 93 
chemical interactions on 68 
i n groundwater f r o m the sites of 

underground nuclear explo
sions, underground 93 

rate of peak concentration of 
strontium 185 

rates of ions i n geologic formations 297 
M i g r a t o r y behavior of ions i n geo

logical strata 191 
Minera ls , absorption coefficients of 

various radioisotopes w i t h 9 
5 4 M n , leaching rate of 105/ 

as a funct ion of t ime a n d glass 
section for 82/ 

M o l e c u l a r diffusion 268 
M o l y b d e n u m 139 
M o n t m o r i l l o n i t e 202,208, 292,297, 298 

ca lc ium form of 304, 311 
adsorption of 

B a ( I I ) on 320/ 
C s ( I ) on 317/ 
E u ( I I I ) on 321/ 
S r ( I I ) on 319/ 

effect of l o a d i n g on e q u i l i b r i u m 
quotients of 307/, 309/ 

at p H 5, dis tr ibut ion coefficients for 
M ( I I I ) - N a ( I ) exchange on .... 203* 

plot of A m a n d C f exchange on 205/ 
plot of S m a n d Y b exchange o n 204/ 
sodium form of 302, 308 

adsorption of 
B a ( I I ) on 315/ 
C a ( I I ) on 313/ 
C s ( I ) on 310/ 
E u ( I I I ) o n 316/ 
K ( I ) on 312/ 
S r ( I I ) on 314/ 

a n d solutions, ion-exchange equi 
l i b r i a between 297 

structural representation of 211/ 
M u l t i - b a r r i e r pr inc ip le 47 

Ν 

2 2 N a , leaching rate of 105/ 
N a ( I ) - C a ( I I ) exchange, e q u i l i b r i u m 

quotients for 304 

N A A (see N e u t r o n activation 
analysis ) 

N a t u r a l 
barrier to waste migrat ion 8 
clays toward metal ions, sorptive 

behavior of 291 
thor ium intakes b y people 241 
uranium, G . I . tract assimilation 

coefficient for 242 
u r a n i u m intakes b y people 241 

Natura l ly -occur ing actinides 256 
Near-surface facilit ies 7 
Near-surface test faci l i ty , H a n f o r d 

reservation 7 
N e p t u n i u m 247 
N e u t r o n activation analysis 

( N A A ) 117,218 
method 121 
technique, leach rate measurements 

on waste forms using 122 
N e u t r o n irradiat ion of sol id waste 

forms 121 
N e v a d a Test Site ( N T S ) 93 

composit ion of wel l -5B water 103* 
deep granite faci l i ty at 7 ,8 
melt glass samples, x-ray diffrac

t ion analysis of 101* 
radionucl ide migrat ion program 93 

N e w M e x i c o , W I P P — b e d d e d salt 
repository for defense radioactive 
waste i n southeastern 13 

Niobate 131 
sodium 132 

N i t r i c ac id solutions to animals, 
administrat ion of actinides i n 248 

N i t r o g e n adsorption technique, 
B r u n a u e r - E m m e t t - T e l l e r 
( B E T ) 98,119 

N o n o x i d i z i n g granit ic groundwater, 
proposed radionucl ide species i n 69* 

N R C l icensing of H L W repositories 
i n salt 31 

N T S (see N e v a d a Test Site) 
N u c l e a r 

explosions, underground migrat ion 
of radionuclides i n ground
water f rom sites of under
ground 93 

fue l cycle 241 
facilities, act inide concentration 

i n aquatic environments at .. 253 
radioactive wastes f rom 

commerc ia l 1 
F u e l Safety Project 47 
material , special 38 
melt glass b y groundwater, single-

pass leaching of 93 
power program i n Sweden 47 
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Nuc lear (continued) 
waste(s) 

ceramic forms for 129 
w i t h geologic materials, inter

actions of 167 
glasses 76 

repositories 297 
Waste Isolation, Office of ( O N W I ) 4 
Waste Management , Office of 3 

N u c l i d e ( s ) 
concentrations a n d distr ibut ion 

coefficients 65 
effective retention factor, E d , for ... 160 
e q u i l i b r i u m part i t ioning of 170 
through m e d i u m , rate of migrat ion 

of 170 
migrat ion 268 

i n fractured rock 167 
i n porous rock 167 

on a sodium titanate co lumn, 
elemental distr ibut ion of fis
sion waste 136f 

v i a groundwater, aqueous transport 
of 129 

waste 137 

Ο 

O a k R i d g e N a t i o n a l Laboratory 
( O R N L ) 13,132,242 

H i g h F l u x Research Reactor at 202 
Office of N u c l e a r Waste Isolation 

( O N W I ) 4 
Office of Nuc lear Waste Management 3 , 4 
O K L O natura l reactor i n G a b o n 93 
One-pass leaching system 96/, 97/ 
O N W I ( Office of N u c l e a r Waste 

Isolation) 4 
Organics i n T R U waste, decomposi

t ion of 34 
Organism transfer, soi l -sediment to .. 245 
Organizat ion of D O E s Waste M a n 

agement Program 3 
O R I G E N 76 
O R N L (see O a k R i d g e N a t i o n a l 

Labora tory) 
Oversize rooms 32 
Oxidat ion state selection of radio

nuclides, tracer 229i 
Oxidat ion states of actinides i n the 

environment 247 

Pacific Northwest Labora tory ( P N L ) 75 
Task # 2 of the Waste Isolation 

Safety Program at 87 

P a l l a d i u m 139 
Particles, p lutonium-contaminated 

soi l 248 
Permanent isolation of radiact ive 

wastes 5 
Pétrographie studies of rock samples 216 
p H changes d u r i n g dissolution 

experiments 230/ 
Phosphate glasses, leach rates for 117 
Phys ica l properties of rock samples, 

characterization of 218, 220 
Phys ica l property data of rock samples 22It 
Physico-chemical conditions between 

radionucl ides a n d ground 
mater ia l 55 

Pipes, breccia 21 
Plant uptake of actinides 245 
Plants, act inide field concentration 

ratios ( [plant]/[soil] ) for 246/ 
P l u t o n i u m 76,149 

and amer ic ium, static absorption 
experiments w i t h 196f 

concentration d u r i n g elution, 
dispersion of 192 

-contaminated soil particles 248 
disposal of 2 
isotopes 23 
release rate of 86 
sorption 34,167 
i n W I P P aquifers, migrat ion of 34 

P u ( I V ) across b io logica l membranes, 
enrichment of tr ivalent actinides 
over 249/ 

P u ( I V ) , sorption of 172/ 
2 3 7 P u infi l trat ion of Bandel ier tuff 192 
2 3 7 p u + 4 

on basalt, absorption rates of 195/ 
f o u n d i n Bandel ier tuff, relative 

activities of 194/ 
as a funct ion of rate of deposit ion 

on Bandel ier tuff, radia l 
d is t r ibut ion of 198/ 

as a funct ion of rate of deposit ion 
on Bandel ier tuff, vert ical 
d is t r ibut ion of 197/ 

2 3 8 P u , concentrations of act ivi ty 
observed for 193/ 

Plutonium-239 252 
2 3 9 + 2 4 o p u > ] e a c n r a t e a s a funct ion of 

t ime a n d glass section for 83/ 
P N L ( see Pacif ic Northwest 

L a b o r a t o r y ) 
Porosity, fracture 22 
Porous rock, nuc l ide migrat ion i n 167 
Potash 22 
Potassium, dis t r ibut ion coefficients for 311 
Potassium release d u r i n g dissolution 

f r o m rock types 224/ 
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Prepared waters w i t h waters f r o m 
natural systems, comparison of .... 235i 

Pressure sintering 138 
Pressurized water samples f r o m 

R N M - 2 S , analyses of 164* 
Pr inc ip le , mult i -barr ier 47 
Project Salt V a u l t 2 
Proliferation-resistant fue l cycles 2 
Prometh ium, dis t r ibut ion coefficients 

for 285/, 286/ 

Q 
Quar tz monzonite 216 

samples 218,232/, 236 
water 228 
x-ray diffract ion data for 219i 
x-ray diffract ion studies of 218 

R 
R A 2 2 6 Concentrat ion profile at 

0.83 m i — L L W 27/ 
Radia t ion , fragmentation of clays f r o m 293 
Radia t ion f r o m sorbed transplutonium 

elements on clays, consequences 
of 291 

Radioact ive 
high- level waste glass studies, 

leaching of 75 
isotopes w i t h groundwater , 

leaching of 115 
isotopes i n stored high- level wastes 116t 
waste(s ) 

f r o m commerc ia l nuclear f u e l 
cycle 1 

composit ion of s imulated 
h igh- leve l 118f 

Department of E n e r g y program 
for long-term isolation of 1 

forms, determining leach rates 
of s imulated 115 

glass composit ion 78f 
i n granit ic bedrock, disposal of .. 47 
hydrologie considerations related 

to management of 37 
hydrologie uncertainty i n 

geologic isolation of 40 
isolation i n geologic m e d i u m 40 
locations of b u r i a l grounds 

of low- leve l 39/ 
objective of geologic isolation of 37 
permanent isolation of 5 
i n rock salt, emplacement of 13 
on southeastern N e w M e x i c o , 

W I P P — b e d d e d salt reposi
tory for defense 13 

z inc borosil icate glass, preparat ion 
a n d leach testing of 75 

Radioact iv i ty movement as modeled 
by the I N R E M II code 243/ 

Radioact iv i ty f r o m sol id waste f o r m 
to environment, release rate of .... 115 

Radiochemica l analyses of samples 
removed f r o m R N M - 1 155 

Radioecology studies, fresh-water 
actinide 253 

Radioisotopes, leach rate of 33 
Radioisotopes w i t h the minerals, 

absorption coefficients of various 9 
R a d i o n u c l i d e ( s ) 215 

act ivi ty i n effluent f r o m titanate 
solidif ication, comparison of .... 14It 

to the biosphere, mechanism for 
release of 8 

chemica l interactions on migra
t ion of 68 

"getter" 34 
i n the ground, chemica l retention of 52 
a n d ground material , physico-

chemical conditions between .. 55 
by groundwater, leach rates of 51 
i n groundwater f r o m sites of under

ground nuclear explosions, 
underground migrat ion of 93 

hydrologie evaluation associated 
w i t h the transport of 37 

leached f r o m chimney rubble 94 
leached f r o m melt glass 94 
leaching rates for Sb I l l 
migrat ion, a field study of 149 
migrat ion program at the N e v a d a 

Test Site 93 
nature of solid-phase concentra

tions of 269 
observed i n leachate samples 101* 
observed i n melt glass samples 101* 
remaining i n high- level waste after 

batch equi l ibrat ion, activities of 135t 
sorption behavior of long- l ived 55 
sorption i n geologic environments, 

predic t ion of 215 
sorption studies on abyssal red 

clays 267 
species i n groundwater 66 
species i n nonox id iz ing granit ic 

groundwater 69f 
tracer oxidation state selection of .... 229t 
tracer puri f icat ion of 229t 
transport, barriers to 9 
used i n laboratory measurements 

of dis tr ibut ion coefficients 59* 
R a d i u m vs. transuranics, u r a n i u m 

a n d 256,257 
Rare earths ( R E ) 123 

on clay minerals, sorption 
behavior of 201 
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INDEX 339 

Rare earth ( s ) ( continued ) 
dis t r ibut ion coefficients for 202 
leach rates 123 
tr ivalent 1 5 2 E u 121 

Rate of ground water inf low 8 
Rats, cotton 250 
R E ( see Rare earths ) 123 
React ion rates of rock samples 222 
Reactor, Argonne C P - 5 Research 123 
R e d c lay 268 

radionucl ide sorption studies on 
abyssal 267 

semi-quantitative analysis of 269* 
sorption capacity 274 

Redox potent ia l of groundwaters 53 
Redox reactions a n d valence states .... 65 
Re-entry hole, C a m b r i c ( R N M - 1 ) 151 
Release 

cumulat ive fract ion 86 
diffusion-control led 86 
experiment outline, waste f o r m 89/ 
using F i c k s L a w , fract ional 86 
fractions after 639 days, element .... 84* 
mechanisms, slopes of i n i t i a l a n d 

long-term 87* 
rate of p l u t o n i u m 86 
rate of radioact ivi ty f r o m sol id 

waste f o r m to environment 115 
Repository ( ies) 

buoyancy effects of heated 32 
deep geologic 167 
for defense radioactive waste i n 

southeastern N e w M e x i c o , 
W I P P — b e d d e d salt 13 

gas generation i n 34 
geochemistry of 52 
geologic design 5 
for h igh- leve l waste 43 
integrity, long-term 22 
locat ion 45 
nuclear waste 297 
risk assessment i n s i t ing geologic ... 9 
i n salt, N R C l icensing of H L W 31 
system, canister-salt— 31 
under thermal load , stabil i ty of salt 31 

Resins, i o n exchange 119,138 
Retent ion 

i n backf i l l material 70 
factor ( E d ) 68 

i n granite 71* 
K B S report 70 

for nucl ides 160 
i n hostrock 70 

Retr ievable surface storage 3 
Retr ievable Surface Storage F a c i l i t y 

( R S S F ) 3 
Reviews concerning the D O E waste 

isolat ion program 5 

Risk assessment i n des igning a n d 
si t ing geologic repositories 9 

R N M - 1 152/ 
act ivi ty levels of ^Sr i n water f r o m 

re-entry of 164* 
act ivi ty levels of 1 3 7 C s i n water 

f r o m re-entry of 164* 
analyses of water samples p u m p e d 

f r o m 158* 
cambric re-entry hole 151 
construction details of 156/ 
radiochemical analyses of samples 

removed f r o m 155 
sampl ing points at 153/ 
source, ratios for 154* 
γ-spectral analyses of samples 

removed f r o m 155 
water samples, act ivi ty levels i n .... 162* 

R N M - 2 S 152/ 
analyses of pressurized water 

samples f r o m 164* 
cambric satellite w e l l 151,160 
future p u m p i n g at 165 

R o c k ( s ) 
dissolution experiment for sorption 

study of 220,222 
dis tr ibut ion coefficient of 55 
-equipibrated water 171,173 
groundwaters f r o m igneous 53 
ion-exchange properties of the host 9 
mechanics, properties of the host . . . . 8 
nuc l ide migrat ion i n fractured 167 
nuc l ide migrat ion i n porous 167 
salt, emplacement of radioactive 

waste i n 13 
sample(s ) 

b r e a k d o w n , release of cations 
f r o m 222 

b u l k chemica l analysis of 218 
characterization 216 

phys ica l properties of 218, 220 
depth-of- leaching calculations 

for 229* 
pétrographie studies of 216 
phys ica l property data of 221* 
reaction rates of 222 
selection of 215 
sorption differences among 237 
specific surface area of 220 

- t racer contact experiments 228 
—tracer desorption experiments 239 
types, dissolution f r o m 

aqueous s i l ica release d u r i n g 227/ 
c a l c i u m release d u r i n g 225/ 
magnesium release d u r i n g 226/ 
potassium release d u r i n g 224/ 
s o d i u m release d u r i n g 223/ 

wafers, autoradiography of 239 
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Rock(s) (continued) 
—waste interactions and brine 

migration 32 
water velocity in fractured 68 

RSSF (Retrievable Surface Storage 
Facility) 3 

Rubidium 
distribution coefficients 

for 276,277/, 278 
salts in clay 270 
in seawater, average concentra

tion of 269i 
106Ru, leaching rate of 109/ 
Rutile 139 

S 
Safety Assessment Program at PNL, 

Task #2 of the Waste 87 
Safety Assessment Program, Waste 

Isolation (WISAP) 76 
Salt 
bedded 2 

repository for defense radioactive 
waste in southeastern New 
Mexico, WIPP— 13 

emplacement of radioactive waste 
in rock 13 

high-level waste canister 
motions in 31 

mines 201 
NRC licensing of HLW reposi

tories in 31 
repositories under thermal load, 

stability of 31 
-repository system, canister- 31 
Vault, Project 2 

Samarium exchange on kaolin, mont
morillonite, and attapulgite, 
plot of 204/ 

Sandia Laboratories 13 
Sb nuclides I l l 
Sb radionuclides, leaching rates for .... I l l 
124Sb, leaching rates of 110/ 
125Sb, leaching rate of 110/ 
Scenario I 23,24/ 
Scenario II 25 

Sr 90, Cs concentration 30/ 
TRU concentrations 29/ 

Scenarios, geologic storage 129 
Schist-equilibrated water 173 
Seawater 
barium concentration in 269f, 282 
rubidium concentration in 269t 
strontium concentration in 269i, 282 

Secondary containment 201 
Sediment, bed 250 

SEM 
photographs of Glass # 1, Glass 

#2, and Glass #3 99/ 
studies of quartz monzonite 

samples 218 
studies of shale samples 218 

Semi-quantitative analysis of red 
clay 269i 

Shale (metashale) 216 
Shale samples 

results of the contact experiments 
for 236 

SEM studies of 218 
tracers and sorption experiments 

with 231/ 
Shale water 228 
Shrews 250 
Silica release during dissolution from 

rock types, aqueous 227/ 
Silver, distribution coefficients for 283/ 
Simulated high-level radioactive 

waste, composition 118i 
Simulated radioactive waste forms, 

determining leach rates of 115 
Single-pass leaching for melt glass 

experiment 95, 98 
Single-pass leaching of nuclear melt 

glass by groundwater 93 
Sintered granules, leaching of 123 
Sintering, cold pressing/ 138 
Sintering, pressure 138 
Site 

effect of waste emplacement on 
hydrologie properties of 42 

selection, geologic features in 22 
-specific application of uranium .... 245 
WIPP 18f,21i 

Size analysis, melt glass 103£ 
Small mammals from soil, accumula

tion of actinides by 26l£ 
Sodium and calcium on clay 

minerals, exchange of 298 
Sodium 
form of montmorillonite 302, 308 

adsorption of 
Ba(II) on 315/ 
Ca(II) on 313/ 
Cs(I) on 310/ 
Eu(III) on 316/ 
K(I) on 312/ 
Sr(II) on 314/ 

niobate 132 
release during dissolution from 

rock types 223/ 
titanate 144 

batch equilibrations of 134 
column, elemental distribution 

of fission waste nuclides on .. 136/ 
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S o d i u m titanate (continued) 
material , characterization of 131 
preparat ion 131 

Soi l 
accumulat ion of actinides b y smal l 

mammals a n d m a n f r o m 261* 
actinides i n 247 
- b o n e ratios of actinides 260 
comparat ive accumulat ion of act i 

nides b y mammals f r o m 
contaminated 251/ 

- s e d i m e n t to organism transfer 245 
T h - U ratio 242 

Solid-phase concentrations of 
desorbed species 276i 

Solid-phase concentrations of 
radionuclides, nature of 269 

So l id waste f o r m to environment, 
release rate of radioact ivi ty f r o m 115 

So l id waste forms, neutron 
i rradiat ion of 121 

Solidif icat ion, comparison of radio
nuc l ide act ivity i n effluent f r o m 
titanate 141* 

Solidif icat ion, h igh- level waste 132,144 
Solution-phase concentrations 301 

a n d dis tr ibut ion coefficients, 
correlation between 279 

Solutions 
determination of concentrations of 

tracers i n 235 
gamma-ray count ing of 215 
ion-exchange equi l ibr ia between 

montmori l loni te a n d 297 
Sorbed transplutonium elements on 

clays, consequences of radiat ion 
f r o m 291 

Sorpt ion 
of amer ic ium 66,167 
of amer ic ium III 172/ 
of anionic technet ium 59 
behavior of 

long- l ived radionucl ides 55 
rare earths on clay minerals 201 
trivalent actinides on clay 

minerals 201 
capacity, r e d clay 274 
of cesium ( C s ) 59,66 
coefficient, surface area ( K s ) 171 
- d e s o r p t i o n processes 215 
differences among rock samples 237 
e q u i l i b r i u m distr ibut ion coefficients 

( K I ) 5 ) 267 
experiments w i t h 

basalt samples 231/ 
blank containers 230/ 
quartz monzonite samples 232/ 
shale samples 231/ 

Sorption (continued) 
i n geologic environments, predic 

t ion of radionucl ide 215 
on geologic materials, act inide 215 
isotope 34 
kinetics 65,167 
measurements 55 
mechanisms 65 
of p l u t o n i u m 34,167 
of p l u t o n i u m I V 172/ 
of strontium 66 
studies on abyssal red clays, 

radionucl ide 267 
study of rocks, dissolution experi

ment for 220,222 
Sorptive behavior of natural clays 

t o w a r d metal ions 291 
Source C l a y Minera ls Repository 202 
Source material 38 
Soxhlet apparatus, leaching w i t h 119 
Special nuclear mater ia l 38 
Species ( F ) , rate of adsorption of 168 
Specific surface area of rock samples .. 220 
γ-Spectral analyses of samples 

removed f r o m R N M - 1 155 
Spent fuel , disposal of 2 
Spent u r a n i u m fue l ( S U F ) 47 

i n the ground, K B S storage of 49/, 50 i 
Static 

absorption experiments w i t h p l u 
t o n i u m a n d amer ic ium 196f 

( batch ) leaching procedure 94 
fissure adsorption experiments, 

adsorption curves obtained for 175/ 
fissure adsorption experiments, 

apparatus used i n 172/ 
Storage 

of H L W i n the ground, K B S 48/, 50 i 
retrievable surface 3 
scenarios, geologic 129 
of S U F i n the ground, K B S 49/, 50* 

Structural b r e a k d o w n of geologic 
materials 222 

Stront ium 
f r o m c o l u m n of glauconite, e lut ion 

of 184/, 186/ 
c o l u m n infi l trat ion experiments of .. 183 
compounds 270 
concentration, clay-phase 282 
concentration i n seawater 282 
dis tr ibut ion coefficients for 278, 281/ 
" f ie ld ver i f icat ion" of 282 
migrat ion experiments i n glauconite 183 
migrat ion rate of peak concentra

t ion of 185 
i n seawater, concentration of 269i 
sorption of 66 
( 5 8 S r ) 121 
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9 0 S r i n water f r o m re-entry of R N M - 1 , 
act ivi ty levels of 164f 

S r ( I I ) 304,308 
loading , effect of 302 

on dis tr ibut ion 
coefficients 303/, 305/, 309/ 

on the c a l c i u m f o r m of mont
mori l loni te , adsorption of 319/ 

on the sodium f o r m of mont
mori l lonite , adsorption of 314/ 

STx-1 C a - m o n t m o r i l l o n i t e 298 
S U F ( see Spent u r a n i u m fuel ) 
Supercalcine 130 
Surface 

area 
measurement of 119 
melt glass 103t 
sorption coefficient ( K s ) 171 

phenomena a n d food chain 
behavior of actinides 252 

storage, retrievable 3 
-to-mass ratios for elements on 

granite, d is t r ibut ion coefficients 
as functions of 67/ 

Sweden, nuclear power program i n .... 47 
S W y - a N a - m o n t m o r i l l o n i t e 298 

Τ 

T a (absorptive dispersion) 191 
T h ( h y d r o d y n a m i c dispersion) 191 
Task # 2 leaching program, W I S A P .. 89/ 
Technet ium, mass related dis t r ibut ion 

coefficients for 66f 
Technet ium, sorption of anionic 59 
Technica l issues a n d the D O E 

technical program 4 
Temperature effects on dis tr ibut ion 

coefficients 65 
Temperature a n d waste f o r m 138 
Terrestr ia l transport of actinides to 

mammals , comparat ive 247 
Test fac i l i ty , H a n f o r d reservation 

near-surface 7 
Tetravalent c e r i u m ( 1 4 1 C e ) 121 
Tetravalent elements 68 
T h e r m a l gradient, br ine migrat ion i n 32 
T h e r m a l load , stabi l i ty of salt 

repositories under 31 
T h o r i u m 

i n bone injection 242 
i n fresh-water environments 253 
i n h u m a n organs, distributions of .... 259f 
ingestion 241 
inhalat ion 241, 242 
intakes 241, 242 
isotopes 23 
- u r a n i u m ratio, soi l 242 

Th-232 contents of h u m a n bone ash .... 244f 
T i m e — u p p e r - m i d d l e glass section, 

leach rate as a funct ion of 80/, 81/ 
Titanate 

and the hydrogen ion 132 
reactions 131 
so l id -so lut ion 139 
solidif ication, comparison of radio

nucl ide act ivi ty i n effluent f r o m 141i 
waste, consolidated 139 
waste form, transmission electron 

photomicrograph of a ceramic 140/ 
waste leaching 142 

T i t a n i u m dioxide ceramic f o r m 130 
T i t a n i u m dioxide matrix, a tomical ly 

dispersed waste oxides i n a 
ceramic 130 

T o p glass section, cumulat ive fract ion 
leached as a funct ion of t ime 85/ 

T r a c e r ( s ) 
act inide 

characterization of 220 
isotopic abundances of 2111 
purif icat ion of 220 

contact experiments, r o c k - 228 
desorption experiments, r o c k - 239 
oxidat ion state selection of 

radionucl ides 229i 
puri f icat ion of. radionucl ides 229£ 
selection of 215 
i n solutions, determination of 

concentrations of 235 
w i t h basalt samples 231/ 
w i t h blank containers 230/ 
w i t h quartz monzonite samples 232/ 
w i t h shale samples 231/ 

Transmission electron photomicro
graph of a ceramic titanate 
waste f o r m 140/ 

T r a n s p l u t o n i u m elements on clays, 
consequences of radiat ion f r o m 
sorbed 291 

Transport of radionucl ides , hydro-
logic evaluation associated w i t h .. 37 

Transport of transuranic isotopes 23 
Transuranic (s ) 

elements 252 
isotope concentrations 24/ 
isotopes, transport of 23 
vs. u r a n i u m a n d r a d i u m 256, 257 

Transuran ium contaminated wastes 
( T R U ) 4 ,38 

concentrations, Scenario 2 29/ 
waste 

contact-handled 17/ 
disposal 15 

decomposit ion of organics i n 34 
defense 15 
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T r e n c h covers 44 
T r i t i u m 149 

concentration as a funct ion of 
volume of water p u m p e d 163/ 

T r i valent actinides 121 
on clay minerals, sorption behavior 

of 201 
over P u ( I V ) across b io logica l 

membranes, enrichment of 249/ 
Tr iva lent elements 68 
Tr iva lent rare earths ( 1 5 2 E u ) 121 
T R U (see Transuranium contami

nated wastes ) 

U 

U n d e r g r o u n d migrat ion of radio
nuclides i n groundwater 93 

U n d e r g r o u n d nuclear explosions 93 
U n i t e d States Geolog ica l Survey 

( U S G S ) 13 
Unsaturated zone, chemica l behavior 

of waste i n 44 
U p p e r - m i d d l e glass section, leach 

rate as a funct ion of t ime 80/, 81/ 
U r a n i u m 76,149 

i n bone injection 242 
fue l , spent ( S U F ) 47 
ingestion 241 
inhalat ion 241, 242 
intake a n d diet 242 
intakes b y people, natural 241 
isotopes 23 
mass related dis tr ibut ion 

coefficients for 66* 
a n d r a d i u m vs. transuranics 256, 257 
site-specific appl icat ion of 245 

U-236 concentration profile at 
0.83 m i — L L W 28/ 

U-238 contents of h u m a n bone ash .... 244* 
U S G S ( U n i t e d States Geolog ica l 

Survey ) 13 
U . S . Seabed D i s p o s a l P r o g r a m 267 

Valence states, redox reactions a n d .... 65 
V i t r i f i e d wastes 129 

W 

W a s t e ( s ) 
a n d biosphere, barriers between .... 6/ 
categories of 38 
consol idated titanate 139 
depository, groundwater - rock 

system around a 57/ 
defense (1985) 18* 
disposal p r o b l e m 40 

W a s t e ( s ) (continued) 
emplacement on the hydrologie 

properties of the site, effect of .. 42 
enter the biosphere, pathways b y 

w h i c h 37 
f o r m ( s ) 7 ,51 

ceramic 138 
determining leach rates of 

s imulated radioactive 115 
to environment, release rate of 

radioact ivi ty f r o m sol id 115 
P W - 4 i n dis t i l led water, leach 

rates of 124* 
release experiment outl ine 89/ 
temperature a n d 138 
transmission electron photo

micrograph of a ceramic 
titanate 140/ 

glass 129 
leachabi l i ty of 142 
neutron i rradiat ion of sol id 121 
using N A A technique, leach rate 

measurements on 122 
—geologic environment interact ion 

studies, leaching of 75 
glass 142 

canister, sectioning of h igh- leve l 77/ 
isotopic leach rates f r o m 79 
m a k i n g 76 
nuclear 76 
studies, leaching of radioactive 

h igh- leve l 75 
high- level ( H L W ) 13 ,40 ,47 

after batch equi l ibrat ion, 
activities of radionucl ides 
remaining i n 135* 

canister motions i n salt 31 
cesium i n 144 
compositions of A G N S B a r n w e l l 133* 
glass canister, sectioning of 77/ 
i m m o b i l i z a t i o n p r o g r a m 75 
radioactive isotopes i n stored 116* 
repository for 43 
solidif icat ion 132,144 

interactions 7 
isolation 291 

E R D A Office of 3 
Pi lo t P lant ( W I P P ) 4 ,13 ,143 

artist's concept of 14/ 
concept, underground layout 

proposed for 16/ 
conceptual design 15 
Exper imenta l P r o g r a m 25 
site 

evaluat ion for 18* 
geologic cross section 20/ 
locat ion map for proposed .. 19/ 
selection factors considered .. 21* 
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W a s t e ( s ) (continued) 
isolation (continued) 

program, elements of D O E ' s 6t 
program, reviews concerning 

the D O E 5 
Safety Assessment P r o g r a m 

( W I S A P ) 76 
at P N L , Task # 2 of 87 
Task # 2 leaching p r o g r a m .... 88/ 

studies 42 
leaching 33 

titanate 142 
l o w - l e v e l 38 

b u r i e d w i t h i n the conterminous 
U n i t e d States, yearly total 
volume of commerc ia l 41/ 

locat ion of b u r i a l grounds of 39/ 
Management Program, organizat ion 

of D O E ' s 3 
migrat ion, natural barrier to 8 
nuclear 

ceramic forms for 129 
w i t h geologic material , inter

actions of 167 
glasses 76 
repositories 297 

nucl ides 137 
o n a s o d i u m titanate c o l u m n , 

elemental dis tr ibut ion of 
fission 136/ 

oxides i n a ceramic t i t a n i u m diox
ide matrix atomical ly dispersed 130 

oxides, metal or graphite encapsu
lated 130 

radioact ive 
f r o m commerc ia l nuclear f u e l 

cycle 1 
composi t ion of s imulated 

h igh- leve l 118* 
Department of E n e r g y p r o g r a m 

for long-term isolation of .... 1 
glass composi t ion 78* 
i n granit ic bedrock, disposal of .. 47 
hydrologie uncertainty i n 

geologic isolation of 40 
objective of geologic isolation of 37 
permanent isolation of 5 
i n rock salt, emplacement of 13 
i n southeastern N e w M e x i c o , 

W I P P — b e d d e d salt reposi
tory for defense 13 

- r o c k interactions a n d br ine 
migra t ion 32 

solutions, cat ion exchange a n d 
aqueous 131 

solutions, methods for contact ing 
ion-exchange materials w i t h .... 132 

storage i n granite bedrock 47 

W a s t e ( s ) (continued) 
t ransuranium contaminated ( T R U ) 4 

contact-handled 15,17/ 
decomposit ion of organics i n 34 
defense 15 

i n the unsaturated zone, chemica l 
behavior of 44 

vi tr i f ied 129 
W a t e r 

composit ion on dis tr ibut ion 
coefficients, effect of 62 

inflow, rate of ground 8 
f r o m natural systems, comparison 

of prepared waters w i t h 235* 
p u m p e d , t r i t i u m concentration as 

a funct ion of volume of 163/ 
quartz monzonite 228 
f r o m re-entry of R N M - 1 , act ivi ty 

levels of 9 0 S r a n d 1 3 7 C s i n 164* 
rock-equi l ibrated 171,173 
samples 

act ivity levels i n 159* 
R N M - 1 162* 

f r o m C a m b r i c , Zone II , analyses 
of 157/ 

E d *s f r o m 161* 
p u m p e d f r o m R N M - 1 , analyses of 158* 
f r o m R N M - 2 S , analyses of 

pressurized 164* 
shale 228 
schist-equil ibrated 173 
transport, migrat ion characteristics 

of amer ic ium b y 173 
velocity i n fractured rock 68 

W e l l - 5 B water, N T S , composit ion of .. 103* 
W e l l R N M - 1 , C a m b r i c re-entry 151 
W I P P (see Waste Isolation P i l o t 

P lant ) 
W I S A P (see Was te Isolation Safety 

Assessment P r o g r a m ) 

X 

X - r a y diffract ion 
analysis of gray hornblende schist . . 170 
analysis of N T S melt glass samples 101* 
data for quartz monzonite 219* 
studies of quartz monzonite 218 

X - r a y fluorescence ( X R F ) 218 

Ζ 

Zeolite 137 
Z i n c borosil icate fr i t 142 
Zinc borosilicate glass 142 

leach testing of radioactive 75 
Zirca loy Convers ion Process 144 
9 5 Z r , leaching rate of 109/ 
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