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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 

FOR A COMPLEX TECHNOLOGY to reach a productive maturity, the dispar­
ate scientific disciplines underlying that technology must be gathered into a 
coherent whole. It is difficult to imagine a technology for which this is better 
exemplified than the geological disposal of radioactive wastes. The underly­
ing scientific areas include surface chemistry (sorption-desorption, dissolu­
tion, ion exchange, corrosion), solution chemistry (hydrolysis, complexation, 
oxidation-reduction, precipitation), colloid chemistry, ceramics, metallurgy, 
hydrology, rock mechanics, and geology. These and other fields of study 
must be synthesized into a useful, practical whole through modelling and 
rational thought. Finally, the rationalized body of information and conclu­
sions drawn must be substantiated by tests performed in the actual waste 
disposal environment. 

This volume makes an important contribution to the information 
needed for disposal of wastes in geological media, demonstrating the 
advanced state of knowledge in many of the above fields of research. It 
represents a major part of what must be known before high-level radioactive 
waste disposal may become a reality. 

Governmental agencies in the United States and other countries have 
sponsored a large amount of research on the behavior of radioactive wastes 
in various environmental settings. The overall objective of this research has 
been to protect the health and safety of the public by assessing the potential 
hazard of radionuclides in disposed wastes over periods of time when these 
radionuclides are significantly active. Making such an assessment requires an 
understanding of radionuclide distribution and inventory in or near the 
disposal site, and of the transport processes (chemical, physical, and biotic) 
that control the movement of radionuclides. The geochemistry of radionu­
clides in disposal environments is clearly one of the most important aspects 
of safety assessment because radionuclide release from the disposal site is 
controlled by complex chemical processes. The goal of this volume is to 
provide the reader with a single source of the most recent and significant 
findings of research on the geochemical behavior of disposed radioactive 
wastes. 

Radioactive wastes of concern include wastes that result from operation 
of the nuclear fuel cycle (mining, fuel fabrication, reactor operation, spent 
fuel reprocessing, and waste storage), from nuclear weapons testing, and 
from medical and research activities. In recent years, the emphasis has been 
on predicting the behavior of disposed high-level wastes in deep geologic 
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repositories. The many chapters on high-level waste reflect this emphasis. 
However, the chemical behavior of the individual radionuclides described 
will apply to many types of waste in geologic environments. 

The chapters of this volume are organized into sections that cover the 
chemical aspects that are important to understanding the behavior of dis­
posed radioactive wastes. These aspects include radionuclide sorption and 
desorption, solubility of radionuclide compounds, chemical species of 
radionuclides in natural waters, hydrothermal geochemical reactions, mea­
surements of radionuclide migration, solid state chemistry of wastes, and 
waste-form leaching behavior. The information in each of these sections is 
necessary to predict the transport of radionuclides from wastes via natural 
waters and thus to predict the safety of the disposed waste. 

Radionuclide transport in natural waters is strongly dependent on 
sorption, desorption, dissolution, and precipitation processes. The first two 
sections discuss laboratory investigations of these processes. Descriptions of 
sorption and desorption behavior of important radionuclides under a wide 
range of environmental conditions are presented in the first section. Among 
the sorbents studied are basalt interbed solids, granites, clays, sediments, 
hydrous oxides, and pure minerals. Effects of redox conditions, groundwater 
composition and pH on sorption reactions are described. 

Solubility constraints define the maximum concentrations of radionu­
clides at the point of release from the waste. In the second section, 
radionuclide solubilities in natural waters are reported as measured values 
and estimated values from thermodynamic data. In addition, information is 
given concerning the chemical species of radionuclides that could be present 
in natural waters. 

If the heat generated from the waste by radioactive decay is great 
enough (as in the case of high-level waste disposed of in deep geologic 
repositories), hydrothermal reactions will occur between the groundwater, 
host rocks, and waste. The resulting alteration of these solids and ground­
waters will affect the behavior of radionuclides in these systems. In the third 
section, the effects of these hydrothermal reactions are described. 

Field measurements of radionuclide migration can be used to help 
substantiate laboratory measurements of sorption, solubility, and identifica­
tion of important chemical species. The fourth section describes three field 
investigations that provide information on the effects of organics, colloids 
and environmental conditions (Eh, pH, and temperature) on radionuclide 
transport. The chemical species of radionuclides that are mobile under 
specific field conditions are identified. 

Solid state chemistry of potentially important waste forms is covered in 
the fifth section. Solid state reactions can determine the oxidation state and 
physical and chemical stability of radionuclides in various host waste forms. 
This information can be used to evaluate the utility of crystalline materials as 
potential hosts for radioactive wastes. 

viii 
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Groundwater leaching of radionuclides from waste forms is the first step 
in radionuclide transport from a disposal site. The release rate of radionu­
clides from the waste form is dependent on the waste form's leaching 
behavior. The sixth section describes the factors that affect the leaching 
behavior of several potential waste forms and radionuclides. 

Finally, Mike McCormack, former Washington state Congressman, 
discusses the Federal legislation affecting nuclear waste disposal in the 
United States and the impact of several new laws passed by the Congress— 
the Nuclear Waste Policy Act of 1982 and the Low-Level Radioactive Waste 
Policy Act of 1980. 

This volume covers ongoing research and, thus, leaves many questions 
unanswered and many problems unsolved. The geochemistry of disposed 
radioactive wastes involves many complex issues that will require years of 
additional research to resolve. High-priority problems include: integration of 
geochemical data with computer models of chemical interaction and trans­
port, definition of environmental conditions that affect the behavior of 
radionuclides at specific disposal sites, evaluation of complex formation of 
dissolved radionuclides with inorganic and organic complexants, and deter­
mination of radionuclide solubilities in natural waters. 

The editors would like to express their deep appreciation and admira­
tion to Teresa Bess of Rockwell Hanford Operations whose editorial assist­
ance greatly speeded the publication of this volume. 

G. SCOTT BARNEY 
Rockwell Hanford Operations 
Richland, Washington 

JAMES D. NAVRATIL 
Rockwell International Rocky Flats Plant 
Golden, Colorado 

WALLACE W. SCHULZ 
Rockwell Hanford Operations 
Richland, Washington 

RAYMOND G. WYMER 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 

December 1983 
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1 
Radionuclide Sorption and Desorption Reactions 
with Interbed Materials from the Columbia River 
Basalt Formation 

G. S. BARNEY 

Rockwell International, Energy Systems Group, Richland, WA 99352 

The sorption and desorption behavior of radionuclides in 
groundwater-interbed systems of the Columbia River 
basalt formation was investigated. Radionuclides 
chosen for study were those of concern in assessing the 
safety of a high-level radioactive waste repository in 
basalt (isotopes of technetium, neptunium, plutonium, 
uranium, americium, cesium, strontium, and radium). 
Sandstone and tuff materials from selected interbed 
layers between basalt flows were used in these 
experiments. Effects of groundwater composition and 
redox potential (Eh) on radionuclide sorption and 
desorption on the geologic solids were studied. Sodium, 
potassium, and calcium in the groundwater decrease 
sorption of cesium, strontium, and radium by ion 
exchange reactions. Groundwater Eh strongly affects 
sorption of technetium, neptunium, plutonium, and 
uranium since chemical species of these elements 
containing the lower oxidation states are more 
extensively sorbed by chemisorption than those 
containing higher oxidation states. Effects of 
radionuclide complexation by groundwater anions on 
sorption were not observed except for neptunium 
carbonate (or bicarbonate) complexes and plutonium 
sufate complexes. 

Sorption and desorption isotherms were obtained 
for sorption of radionuclides under oxidizing and 
reducing conditions. The Freundlich equation 
accurately describes most of these isotherms. Most 
radionuclides are apparently irreversibly sorbed on each 
of the geologic solids since the slopes of sorption and 
desorption isotherms for a given radionuclide are 
different. This hysteresis effect is very large and will 
cause a significant delay in radionuclide transport. It, 
therefore, should be included in modeling radionuclide 
transport to accurately assess the isolation capabilities 
of a repository in basalt. 

0097-6156/84/0246-0003S06.00/0 
© 1984 American Chemical Society 
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4 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The groundwater transport of radionuclides through water­
bearing interbed layers in the Columbia River basalt formation 
will be controlled by reactions of the radionuclides with 
groundwater and interbed solids. These interactions must be 
understood to predict possible migration of radionuclides from a 
proposed radioactive waste repository in basalt. Precipitation and 
sorption on interbed solids are the principle reactions that retard 
radionuclide movement in the interbeds. The objective of the work 
described herein was to determine the sorption and desorption 
behavior of radionuclides important to safety assessment of a high-
level radioactive waste repository in Columbia River basalt. The 
effects of groundwater composition, redox potential, radionuclide 
concentration, and temperature on these reactions were 
determined. 

Geochemical models of sorption and desorption must be 
developed from this work and incorporated into transport models 
that predict radionuclide migration. A frequently used, simple 
sorption (or desorption) model is the empirical distribution coeffi­
cient, Kd. This quantity is simply the equilibrium concentration of 
sorbed radionuclide divided by the equilibrium concentration of 
radionuclide in solution. Values of Kd can be used to calculate a 
retardation factor, R, which is used in solute transport equations 
to predict radionuclide migration in groundwater. The 
calculations assume instantaneous sorption, a linear sorption 
isotherm, and single-valued adsorption-desorption isotherms. 
These assumptions have been shown to be erroneous for solute 
sorption in several groundwater-soil systems (1-2). A more 
accurate description of radionuclide sorption is an isothermal 
equation such as the Freundlich equation: 

S = K C N (1) 

where 

S = the equilibrium concentration of sorbed radionuclide in 
moles/g 

C = the equilibrium concentration of radionuclide in solution 
in moles/L 

K and N = empirical constants. 

This equation has been successfully applied to many sorption and 
desorption reactions of dissolved metals and organic compounds. 
In the case of irreversible sorption (hysteresis), sorption and 
desorption isotherms are not identical. However, both sorption 
and desorption Freundlich isotherm equations can be substituted 
into the transport equation(2): 

p S dC _ Da2c ac (2) 

<t> t dt dx dx 
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1. BARNEY Sorption and Desorption 5 

where 

D = dispersion coefficient 
v = average pore water velocity 
p = bulk density 
0 = saturated water content 
x = distance in the direction of flow 
t = time. 

This equation can be used to describe one-dimensional transport of 
radionuclides through porous media (e.g. radionuclide elution 
curves from laboratory columns packed with interbed solids) 
assuming instantaneous sorption and desorption. Van Genuchten 
and coworkers have demonstrated the importance of using both 
sorption and desorption isotherms in this equation when 
hysteresis is significant. Isotherm data for sorption and desorption 
reactions of radionuclides with interbed materials are presented in 
this paper which can be used to predict radionuclide transport. 

Experimental 

Materials, The groundwater compositions of waters in the major 
water bearing zones of the Columbia River basalts at the Hanford 
Site have been determined (3). There are two distinct 
groundwaters present in the basalts: a sodium-bicarbonate 
buffered groundwater (pH 8 at 25°C) characteristic of the Saddle 
Mountains and Upper Wanapum basalts and a sodium-silicic acid 
buffered groundwater (pH 10 at 25°C) characteristic of the Lower 
Wanapum and Grande Ronde Basalts. Synthetic groundwater 
compositions have been established that simulate these two 
groundwater types. The compositions of the synthetic 
groundwaters used in the sorption experiments are given in 
Table I. The GR-1A groundwater simulates the groundwater 
composition of the Mabton Interbed in the Saddle Mountain 
Basalts. The GR-2 and GR-2A groundwaters simulate the 
dominant groundwaters in the Lower Wanapum and Grande 
Basalts. Synthetic groundwaters are used rather than actual 
groundwaters in order to ensure the availability of a stable, 
compositionally consistent groundwater for the sorption 
experiments. 

Three interbed materials from the Columbia River Basalt 
Group have been investigated in the radionuclide sorption 
experiments. Interbeds are porous sedimentary layers located 
between many of the basalt flows in the Columbia River Basalt 
Group and comprise a potential preferential pathway for 
groundwater and, therefore, radionuclide transport. 

Two interbed samples, a sandstone and a tuff, were taken 
from as outcrop of the Rattlesnake Ridge Interbed above the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

00
1



6 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table I. Synthetic Groundwater Compositions 

Constituents 
Concentration (mg/L) 

Constituents 
GR-1A GR-2 GR-2A 

N a + 107 225 246 

K + 11.2 2.5 2.5 

C a 2 + 2.0 1.06 1.01 

M g 2 + 0.4 0.07 0 

ci- 50* 131 152 

C0 3

2" 0 59 28.8 

HCO3- 215 75 36.6 

F- 1.3 29 37 

so 4

2- 2.4 72 108 

Si0 2 30 108 82 

pH 8.5 10.0 10.0 

Ionic strength - 0.014 -
*In experiments having reducing conditions, CI" 

content increased to 479 mg/L due to addition of HC1 to 
neutralize N 2 H 4 to obtain pH = 8.5. 

Pomona basalt flow. A third interbed sample was taken from 
drilling cores of the Mabton Interbed, located between the Saddle 
Mountains and Wanapum Basalts. The Mabton Interbed is the 
first continuous, major interbed above the candidate repository 
horizons in the Grande Ronde Basalts. Mineralogical 
characteristics of the interbed materials are summarized in 
Table II. A more complete discussion of the characteristics of the 
interbed materials may be found in Reference (4). 

Procedures. Batch equilibrations of interbed solids (Mabton 
Interbed, Rattlesnake Ridge sandstone, or tuff), tracers, and 
groundwaters were used to measure radionuclide distributions 
between solid and liquid phases. Triplicate measurements were 
made for each combination of temperature, redox condition, tracer 
concentration, tracer type, groundwater composition, and interbed 
sample. Constant temperatures were maintained by placing the 
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8 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

mixtures in environmental shaker air baths (New Brunswick 
Scientific Company) set at 23°C, 60°C, or 85°C. For experiments 
under reducing conditions, 0.05M hydrazine was added to the 
groundwater to establish an Eh oF -0.8 V at the pH values used. 
This Eh value was calculated from the standard potential for 
hydrazine oxidation in basic solution ( + 1.16 V) assuming a pH of 
9.0, N2 pressure of 1 atmosphere and a hydrazine concentration of 
0.05M. 

Details of the procedure are as follows: 2.00 ± 0.02 g of 
disaggregated interbed material was added to a 1-oz polyethylene 
bottle. These interbed materials were soft and easily broken up 
using gentle action with mortar and pestle. Twenty milliliters of 
unspiked groundwater (reducing or oxidizing, as appropriate) were 
added to the bottle and the mixture was gently shaken overnight 
to preequilibrate the system. The bottle was centrifuged and the 
supernate discarded. This preequilibration was repeated and the 
bottle + interbed + solution weighed to estimate the volume of 
residual solution. Spiked groundwater solutions were prepared by 
dissolving a measured amount of solid tracer (obtained by 
evaporating stock tracer solution) in the appropriate groundwater 
solution. The spiked solution was filtered through a 0.3-um 
Millipore filter to remove any undissolved solids and analyzed. 
The spiked solution was added to the bottle from the 
preequilibration step, and the bottle was capped and shaken 
gently for 14 days at the appropriate temperature. The contents 
were then filtered through a 30 Angstrom Amicon 50A ultra-filter. 
The filtrates were analyzed for tracer concentrations using 
standard counting techniques. 

For desorption measurements, the above procedure was used 
to load tracer radionuclides onto the interbed solid sample. The 
solution-solid mixture was centrifuged and the supernate carefully 
removed to avoid removing any solids with it; it was then filtered 
through a 30 Angstrom Amicon 50A filter before analysis. Fresh 
groundwater solution was added to the separated solid and this 
mixture was equilibrated for 1 week at the same temperature as 
during the loading of the tracer. The solution was separated as 
before and the concentration of desorbed tracer determined. The 
tracer-loaded solid was equilibrated with fresh groundwater 10 to 
13 consecutive times. Each time the resulting solution was 
analyzed for tracer concentration. 

Changes in groundwater composition (major ion concentra­
tions) during equilibration of the synthetic groundwaters with 
interbed solids were measured as follows. Either 20 or 40 g of 
interbed solids were added to 16-oz polyethylene bottles along with 
400 mL of reducing or oxidizing groundwater. The bottles were 
placed in the environmental shakers set at either 23°C or 60°C. 
Each bottle was sampled weekly by turning off the shaker, 
allowing the solids to settle for several hours, and then decanting 
approximately 20 mL into 30 Angstrom Amicon 50A ultra-filter 
cones for filtration. The filtrates were analyzed for cations by an 
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1. BARNEY Sorption and Desorption 9 

inductively coupled plasma spectrometer (ICP; Applied Research 
Laboratory) and anions by anion chromatography (Dionex, Inc.). It 
was found that groundwater-interbed solid reactions were fast, 
reaching steady-state concentrations after less than 1 week. 
Concentrations of major cations increased over this time; however, 
interbed solids control the groundwater composition to such a 
great extent that initial groundwater composition is not very 
significant. 

Results and Discussion 

Sorption and Desorption Isotherms. To model radionuclide 
transport in groundwater through geologic media, it is necessary to 
mathematically describe sorption and desorption in terms of 
isotherms. The Freundlich isotherm was found to accurately 
describe sorption and desorption of all radionuclides studied in the 
interbed-groundwater systems, except when precipitation of the 
radionuclide occurred. 

In addition to describing sorption and desorption, isotherms 
can be used to estimate the solubilities of radionuclides in the 
groundwater-radionuclide-geologic solid system. For radio­
nuclides that form slightly soluble compounds (e.g.,SrC03, 
Pu02- H 20) in these systems, isotherms can define the approximate 
concentrations above which precipitation, rather than sorption, 
dominates removal from solution. 

Sorption of cesium, strontium, selenium, technetium, radium, 
uranium, neptunium, and americium on the standard Rattlesnake 
Ridge sandstone interbed material was measured using the GR-2 
groundwater composition. Reducing conditions (0.05M N 2 H 4 ) were 
used for selenium, technetium, uranium, and neptunium. 
Freundlich plots for cesium and uranium at 23°C, 60°C, and 85°C 
are shown as examples in Figure 1. Precipitation was observed in 
the cases of selenium and technetium at 23°C. Selenium begins to 
precipitate at 10"5M and technetium precipitates at concentrations 
above 10"7M. At the higher temperatures, technetium solubility 
increases and selenium sorption increases so that precipitation is 
not observed. 

Freundlich constants and ranges of Ka values for 
radionuclide sorption on the Rattlesnake Ridge sandstone are 
given in Table III. The constants Κ and Ν were calculated using 
linear regression. Linear sorption isotherms (N = 1.0) are 
observed only for strontium, selenium, and radium. 

Sorption isotherms were also measured for sorption of 
selenium, technetium, tin, radium, uranium, neptunium, 
plutonium, and americium on the reference Mabton Interbed 
solids. The GR-1A groundwater composition was used in these 
experiments. Two temperatures (23°C ± 2°C and 60°C + 1°C) were 
used, and both oxidizing and reducing conditions were used for 
each radionuclide. 
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10 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

ι r 
C E S I U M SORPTION ISOTHERMS 
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Δ 8 5 °C 

-10 

log C (M) 

U R A N I U M SORPTION ISOTHERMS 

-8H 
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-10 

Ο 2 3 °C 
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-10 
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Figure 1. Cesium and Uranium Isotherms for Sorption on 
Sandstone at 23(o), 60(D), and 85°C(A). Oxidizing Conditions Were 
Used for Cesium and Reducing Conditions for Uranium. 
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12 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Tin and americium were so extensively sorbed under all conditions 
that isotherm data could not be obtained. These elements are not 
significantly mobile in the Mabton Interbed aquifer. Values of 
Freundlich constants for technetium, radium, uranium, neptunium, 
and plutonium are given in Table IV. The Freundlich equation did not 
fit the selenium sorption data very well probably because of slow 
sorption kinetics or precipitation. Precipitation was also observed for 
technetium at 23°C for concentrations above 10"7M. This is about the 
same solubility observed for technetium in the sandstone isotherm 
measurements. Linear isotherms were observed only in the case of 
radium sorption. In general, sorption on the Mabton Interbed was 
greater than on the Rattlesnake Ridge sandstone. This is probably 
due to the greater clay content of the Mabton standard. 

The Freundlich equation requires the assumption that sorption 
reactions are reversible. However, several studies (7) have recently 
shown that Κ and Ν depend on sorption direction, i.e., whether 
sorption or desorption occurred. In each case, Ν was less and Κ was 
greater for desorption than sorption. 

This chemical hysteresis will, of course, affect radionuclide 
transport. For example, if hysteresis occurs during a column 
experiment in which a pulse of tracer is added to the influent, the 
effluent curve will show heavy tailing and a reduction in peak 
concentration. Ignoring hysteresis effects could cause serious errors 
in predicting radionuclide movement. 

Desorption isotherms for selenium, technetium, neptunium, 
uranium, and radium have been measured for the Mabton Interbed 
materials under both oxidizing and reducing conditions at 60°C using 
the Grande Ronde groundwater composition, GR-1A. The reason for 
measuring desorption isotherms is to determine whether or not the 
sorption reactions are reversible (i.e., exhibit hysteresis). An example 
of the results of desorption isotherm measurements is shown in 
Figure 2. These curves are Freundlich plots of the sorption and 
desorption data for neptunium at 60°C under oxidizing and reducing 
conditions. The two desorption curves were obtained using different 
tracer loadings (initial S values). Both plots show hysteresis since the 
slopes of the desorption curves are less than the sorption curves. 
Hysteresis is a much greater effect for neptunium sorption under 
reducing conditions, however. The ratio of Freundlich exponents 
Ns/Nd, where N s and Nd are the measured exponents for sorption and 
desorption, respectively, is a measure of the magnitude of hysteresis. 
Larger values for Ng/Nd indicate greater hysteresis effects. For 
neptunium sorption under oxidizing conditions Ng/Nd = 2 and for 
reducing conditions Ng/Nd = 435. 

The sorption and desorption behavior of uranium is similar to 
neptunium. Figure 3 shows that hysteresis is more important for 
uranium sorption under reducing conditions than under oxidizing 
conditions. Values of Ns/Nd are 10 and approximately 200 for 
oxidizing and reducing conditions, respectively. 
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1. BARNEY Sorption and Desorption 13 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 2. Sorption and Desorption Isotherms for Neptunium 
Sorption on Mabton Interbed Solids, (a) Oxidizing Conditions, (b) 
Reducing Conditions. 
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1. BARNEY Sorption and Desorption 15 

log C (M) 

(a) 

log C (M) 

(b) 

Figure 3. Sorption and Desorption Isotherms for Uranium 
Sorption on Mabton Interbed Solids, (a) Oxidizing Conditions, (b) 
Reducing Conditions. 
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16 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Results for selenium and technetium under oxidizing 
conditions show that these reactions are fully reversible. However, 
under reducing conditions, sorption reactions of these 
radionuclides show significant hysteresis (Figure 4). Sorption of 
radium also shows a large hysteresis effect. Table V gives a 
summary of Ng/Nd values for each radionuclide sorption-desorption 
reaction with Mabton Interbed material at 60°C. These data show 
that the reduced species of selenium, technetium, neptunium, and 
uranium are more irreversibly sorbed on Mabton Interbed 
material than the oxidized species. The reducing environment 
expected in the interbed layers found in basalt formations at depth 
should significantly decrease the mobility of these radionuclides 
and thus provides an additional safety factor for waste storage. 

Effects of Groundwater Composition and Eh. Radionuclide 
sorption on geologic solids is dependent on the chemical 
composition of the groundwater solution and the redox potential 
(Eh) of the solid-groundwater system. Aquifers at various depths 
in the Columbia Plateau formation have been observed to have 
significant differences in composition. To accurately model 
radionuclide migration, it is necessary to understand the effects of 
chemical components and Eh on sorption and solubility of key 
radionuclides. An additional benefit of this work is to better 
understand the mechanisms of sorption and desorption of the 
radionuclides. 

The objectives of this work were to determine effects of the 
major groundwater components found in the Grande Ronde 
formation (Na + , C a 2 + , K + , M g 2 + , Cl", F", C0 3

2", HCO " and SO.2") 
on radionuclide sorption on geologic solids expected in the flow 
path. Interbed materials lying between basalt layers are of 
particular importance because of their porous nature. Interbed 
sandstone and tuff were studied because of their abundance in 
Columbia River basalt interbeds. The effect of Eh was examined 
by adding a chemical redox buffer, hydrazine, as a variable. 
Hydrazine lowered the Eh from about +0.6 V (air saturated 
solution) to about -0.8 V at pH 9. Because of the large number of 
variables to be studied, it was necessary to use statistical methods 
to design the experiments. An efficient design for screening the 
nine solution variables is the 20-run Plackett-Burman design (8). 
This is fractional, 2-level, factorial design that is used to identify 
significant variables and determine their effects. The application 
of this design is discussed in detail by Barney (4). The design 
requires a high and low value for each parameter (groundwater 
component concentration or Eh). Values were chosen to cover the 
range of concentrations found in the Grande Ronde formation. 

Table VI compares the values used in these experiments to 
those actually found in the Grande Ronde aquifers. The 20-run 
experimental design requires preparation of 20 solutions, each 
with a different combination of groundwater parameters and 
having the high and low values given in Table VI. Silicate 
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1. BARNEY Sorption and Desorption 17 
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Figure 4. Sorption and Desorption Isotherms for (a) Selenium and 
(b) Technetium Sorption on Mabton Interbed Solids under 
Reducing Conditions. 
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18 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table V. Freundlich Constants for Radionuclide Sorption-Desorption 
on Mabon Interbed at 60°C 

Isotope Redox S0(mol/g) N s N d Ns/Nd 

Selenium Reducing 1.11x10 7 1.0 0.018 56 Reducing 
2.76x10 8 0.027 37 

Technetium Reducing 1.88x10 7 0.58 0.018 32 Reducing 
3.50x10 7 0.003 193 

Neptunium Oxidizing 3.13 xlO 7 1.0 0.45 2.2 Oxidizing 
1.38x107 0.91 1.1 

Neptunium Reducing 3.84 xlO'7 0.87 0.002 435 Reducing 
1.81x10 7 0.002 435 

Uranium Oxidizing 8.88x10 8 0.96 0.093 10 Oxidizing 
2.11 xlO*8 0.074 13 

Uranium Reducing 2.70 χ 108 0.79 0.008 100 Reducing 
8.58 xlO*7 0.003 263 

Radium Reducing 7.65x10 1 0 0.98 0.016 61 Reducing 
1.81x10 1 0 0.087 11 

Table VI. Comparison of Experimental 
and Measured Parameters 

Concentration 
parameter 

Experimental 
range Measured range* 

Na + 0.002 to 0.022M 0.009 to 0.016M 

K + 0.0 to 0.0005M 0.00001 to 0.0004M 

Ca 2 + 0.0 to 0.0001M 0.00002 to 0.0001M 

Mg 2 + 0.0 to 0.00002M <0.0000002 to 0.00001M 

cr 0.001 to 0.011M 0.001 to 0.008M 

F- 0.0to0.002M 0.001 to 0.002M 

so4

2- 0.0to0.003M 0.0008 to 0.002M 

ccv- O.OtoO.OOlM O.OtoO.OOlM 

HCCy O.OtoO.OOlM O.OtoO.OOlM 

SiO,* 0.001M 0.001 to 0.002M 
*Based on unpublished analyses of Grande Ronde 

groundwater by T. E. Jones. 
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1. BARNEY Sorption and Desorption 19 

(0.001M) was added to each solution so that steady-state silicate 
concentrations would be approached more rapidly during 
equilibration. Since the interbed solids will control silicate 
concentration, it was not possible to study it as a variable. The 
final pH of interbed-equilibrated solutions ranged from 8.6 to 9.8 
for sandstone and 8.5 to 9.2 for tuff. 

Variables found to be significant for sorption of cesium, 
strontium, technetium, selenium, neptunium, plutonium, 
americium, and radium on sandstone and tuff at 23°C are given in 
Table Vu. They are ranked in order of significance where more 
than one variable was found to be significant. The (4-) and (-) 
signs indicate whether sorption is increased or decreased. 

Table VII shows that for cesium sorption, both KC1 and N^H 4 

are significant for the two geologic solids studied. The negative 
values indicate that the presence of either KC1 or N ^ ^ lowers 
sorption. Both appear to be competing with Cs + ion for sorption 
sites. Competition between K + and Cs + ions for sorption sites on 
mica-like minerals is well known. However, displacement of Cs + 

by hydrazine was surprising since N 2 H 4 should exist mainly as a 
neutral species at pH 9-10. A small amount (0.0005M to 0.005M) 
will be protonated and apparently competes with Cs + . Ammonium 
ion is known to effectively compete with Cs + for mineral sorption 
sites. Hydrazinium ion with a similar molecular structure should 
also displace Cs + . Since hydrazine will not reduce or complex Cs + , 
the only possible effects on cesium sorption is to compete for 
sorption sites or to alter the surface of the solid minerals. No 
evidence of surface alteration (change in color or texture) was 
observed. Therefore, it appears that an Eh buffer is not required 
for Cs + sorption studies and hydrazine only interferes with the 
sorption reaction. 

Table VII shows that for strontium sorption, sodium salts 
lower K<i values significantly. Those sodium salts that contribute 
the largest concentrations of N a + (NaCl and Na 2SOJ are the most 
significant. There is a linear correlation between the In of total 
N a + concentration and In strontium Kd values in these 
experiments. 

Calcium concentration can also affect strontium sorption on 
sandstone and tuff even through concentrations of C a 2 + are 30 to 
220 times lower than N a + . This is due to similar chemical 
behavior, ion charge, and size of S r 2 + and C a 2 + . Both ions are 
sorbed onto similar sites and effectively compete for these. 
Hydrazinium ions also exchange with Sr 2 + . Ions of similar size 
effectively compete with both Cs + and S r 2 + for sorption sites. 

Table V u shows that hydrazine is the only important 
variable for technetium sorption on each of the geologic solids. 
Hydrazine causes technetium to be removed from solution either 
by sorption or by precipitation of the reduced technetium species. 
Hydrazine is a powerful reducing agent and should reduce TcO/ to 
technetium(IV) according to standard half-cell potentials. No Tc0 2 

was observed; however, since the technetium passed through 
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1. BARNEY Sorption and Desorption 21 

0.45-m filters with the spiked solutions containing N ? H . , it appears 
that technetium(IV) exists in solution as a positively charged 
species, possibly T c 0 2 + as proposed by Gorski and Koch (9). 

Selenium is weakly sorbed on sandstone and tuff. Although 
selenium exists as an anion in these solutions, it is not sorbed by 
anion exchange on the solids. Their anion exchange capacity is 
very low at the pH of these experiments. Selenium must, 
therefore, be sorbed by chemisorption or precipitation. Calcium 
increases sorption while C0 3

2 " decreases sorption. A slightly 
soluble calcium-selenium compound is apparently forming on the 
surface of solids. The effect of C0 3

2 " is to reduce the concentration 
of C a 2 + in solution by formation of CaHCO ~ and CaC(X° making 
the calcium unavailable for formation of tne compound. Eh-pH 
diagrams for selenium predict reduction of Se03

2~ to HSe" by 
hydrazine under the conditions of these experiments. These anions 
apparently behave similarly since hydrazine is not a significant 
variable for selenium sorption. 

Hydrazine is by far the most important variable controlling 
sorption/ precipitation of neptunium. Hydrazine greatly increases 
removal of neptunium from solution. This is due to reduction of 
neptunium(V), which exists in oxygenated solutions, to 
neptunium(IV). Standard half-cell potentials for hydrazine and 
neptunium(V) indicate that neptunium(V) should be easily 
reduced. As with other actinides, the (IV) oxidation state should be 
sorbed more strongly than the (V) because of the greater complex-
forming ability of the (IV) state. The effect of C 0 3 ^ and H C 0 3

_ is to 
decrease sorption due to formation of carbonate complexes by both 
neptunium(V) and neptunium(IV). Possible carbonated complexes 
are N p 0 2 H C 0 3 ° for neptunium(V) and Np(COJ for 
neptunium(IV)(10). These neutral anionic species would not be 
expected to sorb as strongly as positively charged, noncomplexed 
neptunium species. 

Sorption/precipitation of plutonium is greatly affected by the 
presence of hydrazine. Since hydrazine increases sorption, it 
appears that at least some of the plutonium is present initially as 
plutonium(V) or plutonium(VI) and is reduced to plutonium(IV) by 
hydrazine. According to standard half-cell potentials, both 
plutonium(VI) and plutonium(V) should be reduced to 
plutonium(IV) or plutonium(III) under the conditions of the 
experiments, assuming that the hydroxyl complexes are important 
at the pHs of the experiments. 

Parameters affecting sorption of americium on sandstone 
were Na 2 C0 3 , NaHC0 3 , and NaCl. It seems unlikely that a 
carbonate complex or solid is formed since Na^COg increases 
sorption and NaHCO a decreases sorption. If carbonate or 
bicarbonate take part in the reaction, both salts should affect 
sorption in the same way. However, they do affect the pH 
differently-Na 2C0« slightly increasing pH and NaHC0 3 slightly 
lowering the pH. It appears that a slightly soluble americium 
compound is formed that is more soluble at low pH. 
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22 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Significant parameters for radium sorption are Na 2S0 4 , KC1, 
and N 2 H 4 . Each of these variables decrease sorption of radium by 
ion exchange competition. The effective ion diameter of R a 2 + is 
near those of Na* and N 2 H 5

+ so that they compete for similar 
sorption sites. 

Conclusions 

Most of the sorption reactions of radionuclides with interbed 
materials were found to be irreversible (i.e., hysteresis was 
significant). Only selenium and technetium sorption under 
oxidizing conditions was found to be fully reversible. Sorption 
hysteresis was much greater for reduced species of selenium, 
technetium, neptunium, and uranium than for oxidized species. 
The Freundlich equation fit both sorption and desorption data 
quite well for most of the radionuclides studied. The ratio of 
Freundlich exponents for sorption and desorption, Ng/Nd, is a 
measure of the magnitude of the hysteresis effect. Values of this 
ratio have been calculated for selenium, technetium, neptunium, 
uranium, and radium. The large values obtained for each 
radionuclide under reducing conditions suggest that radionuclide 
transport will be significantly delayed due to sorption hysteresis in 
the reducing environment of the basalt interbeds. This effect is an 
important safety factor that should be considered in radionuclide 
transport modeling to accurately assess the safety of a nuclear 
waste repository in basalt. 

Statistically designed experiments have identified 
groundwater components that affect sorption of key radionuclides 
on basalt interbea materials. Sodium, potassium, and calcium in 
the groundwater decrease sorption of cesium, strontium, and 
radium by competing with these radionuclides for sorption sites on 
the solids. These radiouclides are at least partially sorbed by ion 
exchange reactions. Groundwater Eh greatly affects sorption of 
technetium, neptunium, plutonium, and uranium. The reducing 
Eh values produced by hydrazine (-0.8 V) increased sorption of 
these elements by reducing them to lower oxidation states-
technetium(IV), neptunium(IV), plutonium(III), and uranium(IV). 
The sorption mechanism for these elements (and for americium) is 
chemisorption. Over the range of groundwater component 
concentrations studied, metal complex formation with 
groundwater anions does not greatly affect sorption. The only 
evidence of this effect is for formation of neptunium carbonate (or 
bicarbonate) complexes and plutonium sulfate complexes. 
Hydrazine reduces SeO*2" to HSe" in sorption experiments and 
these anions have similar sorption behavior. Since selenium 
should exist as elemental Se in basalt aquifers, a weaker reducing 
agent (e.g., thiosulfate) must be used to control the Eh in selenium 
sorption experiments. 
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2 
Reactions Between Technetium in Solution 
and Iron-Containing Minerals Under Oxic 
and Anoxic Conditions 

T. T. VANDERGRAAF, Κ. V. TICKNOR, and I. M. GEORGE 

Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment, Pinawa, 
Manitoba ROE ILO Canada 

The behaviour of technetium in the geosphere is of 
particular importance in nuclear fuel waste 
management studies because this man-made element has 
a long half-life and, under ambient conditions in 
the laboratory, is not readily sorbed on geologic 
materials. 

Autoradiographic analyses of rock and mineral 
thin sections contacted with 95mTcO-

4-containing 
solutions, under oxic and anoxic conditions, have 
confirmed that virtually no sorption takes place in 
the presence of oxygen. However, under anoxic 
conditions (< 0.2 μg/g oxygen in the atmosphere), 
sorption of technetium was observed on iron-oxide 
inclusions in ferrous-iron-containing minerals 
(biotite, olivine, pyroxene, hornblende) and on 
iron-oxide coatings on microfractures in granite, 
but not on the ferrous-iron minerals within the 
granite themselves. Subsequent static sorption tests 
with crushed magnetite showed that sorption is a 
function of the composition of the solution and of 
the radionuclide concentration, and again occurred 
only in the absence of oxygen. This behaviour is in 
contrast with that observed with metallic iron, 
which sorbs technetium strongly, even in the 
presence of air. 

These results show that technetium can be 
contained by magnetite in the geosphere, provided 
reducing conditions can be maintained. This can be 
aided, for example, by the incorporation of iron or 
iron oxides in the buffer and backfill materials in 
the waste disposal vault. 

0097-6156/ 84/0246-0025S06.00/0 
© 1984 American Chemical Society 
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26 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The f i s s i o n i n g of U and Pu i n a nuclear reactor produces a 
large number of radioactive f i s s i o n products. Most of these decay 
to stable isotopes within a few minutes to a few years after the 
fuel has been discharged from the reactor and therefore pose no 
problem i n the management of nuclear fuel wastes. There are, 
however, a number of longer l i v e d radionuclides that must be 
considered i n assessing the environmental impact of any nuclear 
fuel waste disposal vault i n the geosphere. 

For example, the f i s s i o n products technetium and promethium 
are unique, i n that they do not have any stable isotopes and do 
not occur i n nature i n measureable amounts. While promethium has 
a number of chemical analogues i n the other rare-earth elements, 
this i s not the case for technetium, and i t i s thus d i f f i c u l t to 
predict i t s behaviour i n the geosphere. 

The technetium isotope of interest for nuclear fuel waste 
disposal i s Tc. It i s a pure G-emitter (E - 0.293 MeV) with a 
h a l f - l i f e of 2.13xl0 D years. Its high f i s s i o n y i e l d of 6% 
accounts for the r e l a t i v e l y high concentration 0.02% by weight) 
(1) i n f u e l discharged from a CANDU (CANada Deuterium Uranium) 
reactor (burnup * 650 GJ/kg U). 

Technetium i s a Group VII Β element. Its chemical behaviour 
i s not well-known, but i s expected to f a l l between that of 
manganese and rhenium, and i s summarized for an aqueous medium i n 
Figure 1. Under oxidizing conditions, technetium exists i n 
solution as the anionic species TcO^,, i n the 7+ valence state, and 
shows l i t t l e sorption by geologic materials (2-5). For this 
reason, i n previous safety and environmental assessments of 
geologic disposal of nuclear fuel wastes, technetium has been 
assumed to travel at the same rate as moving groundwater. 

Under reducing conditions, or i n the absence of oxygen, 
sorption of technetium has been noted i n some 
cases. Bondietti and Francis (6) reported the removal of 
technetium from a nitrogen-sparged solution by basalt and granite, 
and A l l a r d et a l . (3) reported values (defined as the r a t i o of 
sorbed to nonsorbed concentrations) well above zero, indicating 
sorption on ferrous-iron-containing minerals i n contact with 
deaerated solutions » and on granite i n a deaerated solution 
containing Fe ions. 

Figure 2 i s a combined E^-pH diagram for technetium and iron 
and shows that, under certain conditions, technetium can be 
reduced by ferrous iron. To study the role of ferrous iron i n the 
removal of technetium from solution, experiments were carried out 
with c r y s t a l l i n e rock and ferrous minerals and TcO^-containing 
solutions, under both anoxic and oxic conditions. 

Experimental 

Geological Materials. Granite was obtained from a quarry located 
on the Lac du Bonnet batholith near the Whiteshell Nuclear Re­
search Establishment. An o l i v i n e gabbro sample was obtained 
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28 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

through the Geological Survey of Canada (GSC) from the 
Rouyn-Noranda area of western Quebec. The GSC also supplied the 
b i o t i t e mica, hornblende, and pyroxene samples. The o l i v i n e , 
epidote, iron oxides and iron oxyhydroxides were obtained from 
Ward's Natural Science Est. Inc. In addition, some d r i l l - c o r e 
material from the Eye-Dashwa Lakes pluton near Atikokan i n 
northwestern Ontario was used. The chemical and mineral 
compositions of the granite and gabbro specimens are given i n 
Tables 1(a) and 1(b). The unconsolidated material was prepared by 
crushing the geologic material with a jawcrusher f i t t e d with 
tungsten carbide teeth to avoid contamination with metallic iron, 
and was wet-sieved before using. Thin sections of some of the 
rocks and minerals were made for sorption/autoradiographic 
studies. 

Table 1(a). Chemical Composition of Lac du Bonnet Granite and of 
Olivine Gabbro used i n Sorption Studies Concentration i n wt% 

Granite Gabbro 
Oxide Bulk 80-150 mesh Bulk 80 -150 mesh 

S i 0 2 73.1 76.3 49.7 50.0 
A1 06Q 

14.2 12.1 17.8 19.2 
FeO 3 0.81 0.88 5.74 5.71 
Fe 20. 0.76 1.06 2.34 1.90 
Ca6 3 1.43 1.05 11.7 11.7 
MgO 0.46 0.49 8.80 8.46 
Na 0 4.23 3.66 2.29 2.62 
K O 4.88 5.03 0.27 0.23 
TIO 0.22 0.23 0.55 0.54 
MnO 0.03 0.03 0.13 0.13 
H 00 n.d.* n.d. 0.38 n.d. 
αδ2 

n.d · n.d. 0.14 n.d. 

Total 100.09 100.83 99.78 100.49 

* n.d. • not determined. 

Solutions. The following solutions were used i n one or more of 
the experiments. With the exception of the d i s t i l l e d water, they 
r e f l e c t the composition of the solutions that may be expected to 
be present i n and around a nuclear fuel waste vault. Their 
chemical compositions are given i n Table I I . 

(1) D i s t i l l e d deionized water (DDW) 
(2) Standard granite groundwater (GGW), with a composition based 

on reported analyses of naturally occurring groundwaters 
associated with g r a n i t i c formations (7_). 
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2. VANDERGRAAF ET AL. Reactions Between Tc and Fe-Containing Minerals 29 

Table 1(b). Mineral Composition of Lac du Bonnet Granite and of 
Olivine Gabbro used i n Sorption Studies (Modal wt%) 

Mineral Lac du Bonnet granite Olivine gabbro 

Quartz 25.8 -K-feldspar 28.1 -Plagioclase 33.9 46.2 
Clinopyroxene - 41.7 
Olivine - 6.5 
Bioti t e 5.2 1.2 
Muscovite 2.5 -Opaques 0.7 3.6 
Epidote 1.5 -Chlorite 2.3 0.3 
Scapolite (?) - 0.5 

Total 100.0 100.0 

Table II. Chemical Composition of Solutions used i n the 
Technetium Sorption Studies Concentration i n mg/L 

Ion 

Na 
Κ 
Mg 
Ca 
Sr 
Fe 
Si 
HC0~ 
CI J 

SO, 
N0^ 
F = 

ΗΡ0 * 
Humic 
pH 

acid 

GGW 

8.3 
3.5 
3.9 

13. 

58. 
5.0 
8.6 
0.62 
0.19 

6.5±0.5 

WN-1 SCSSS 

1910 
14 
61 

2130 
24 
0. 

68 
6460 
1040 

33 

7.0±0.5 

56 

5 050 
50 

200 
15 000 

20 

15 
10 

34 260 
790 
50 

7.0±0.5 

HA NAP 

15 46 

85 
8.2 

95 

8.0 

GGW 
WN-1 
SCSSS 
HA 
NAP 
* 

granite groundwater 
saline groundwater based on WN-1 analyses 
standard Canadian Shield saline solution 
humic acid (100 mg/L) 
NaoHP0, solution (140 mg/L) - 4 
i n equilibrium with PO^ and ^PO, 
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30 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

(3) Saline groundwater (WN1), based on groundwater obtained from 
the 455-m lev e l of the WN-1 borehole i n the Lac du Bonnet 
batholith (8). 

(4) Standard Canadian Shield saline solution (SCSSS), with a 
composition approximately that of saline solutions obtained 
from various sources i n the Canadian Shield. 

(5) Humic acid (HA). A 100 mg/L solution of the sodium s a l t of 
humic acid, to simulate groundwater containing an organic 
complexing agent. 

(6) Na2HP0^ solution (NAP) (140 mg/L), to provide a solution 
containing an inorganic complexing agent to form anionic 
species with reduced technetium (9). This anion was used 
instead of carbonate, as the p u r i f i c a t i o n system of the 
anaerobic chamber removes CO^ from the atmosphere, and a 
bicarbonate-carbonate solution would not be stable. 

Technetium Isotopes. NH .^^VcO, ^ h a l f - l i f e 61 days), obtained 
from New England Nuclear, and NH^ TcO^, from Amersham-Searle, 
were used i n this study. The presence of reduced technetium was 
determined by extracting the Tc(7+) into 
chloroform/tetraphenylarsonium chloride, and assaying the aqueous 
phase for technetium a c t i v i t y . 

Experimental Details and Results. A series of experiments was 
carried out to study the behaviour of TcO, i n various solutions i n 
contact with a number of rocks and minerals, under both oxic and 
anoxic conditions, to determine the conditions that lead to 
removal of technetium from solution and the role played by the 
various minerals i n this process. 

Experiments under anoxic conditions were carried out i n a 
Vacuum Atmospheres Inc. anaerobic chamber containing a nitrogen 
atmosphere, with an oxygen concentration of * 0.2 yL/L (as 
determined by a Teledyne Model 317-X trace oxygen analyzer). 

Sorption on Crushed Whole Rock under Oxic Conditions 

To determine the behaviour of TcO^ under oxic conditions ( i . e . 
conditions similar to those expected i n a nuclear waste disposal 
vault prior to removal of atmospheric oxygen by geologic and 
bacteriological processes), crushed and sintered granite and 
gabbro,were contacted with granite groundwater containing 
NH^ TcO, for 150 days. The p a r t i c l e size of the rock was i n 
the range of 100-180 ym (80-150 mesh), and the s o l i d - t o - l i q u i d 
r a t i o was 1 g of rock to 10 mL of solution. ̂ Τ * ^ i n i t i a l _^ 
technetium concentrations ranged from 3x10 mol/L to 10 mol/L. 
As a standard, crushed and sieved quartz was used. This was 
obtained from a single c r y s t a l , and washed with 6 mol/L HC1 to 
remove any iron. Small amounts (< 20 mg) of iron-metal f i l i n g s 
were added to one half of a l l samples to check the effect of 
inadvertently introducing this impurity during the crushing 
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2. VANDERGRAAF ET AL. Reactions Between Tc and Fe-Containing Minerals 31 

process. The solutions were sampled after 60 and 150 days. The 
sorption c o e f f i c i e n t s , expressed i n mL/g and defined as the r a t i o 
between sorbed and solution concentrations are given i n Table I I I . 
In the samples containing metallic iron, sorption was too great to 
give meaningful k, values. Hence, the percent sorption i s 
tabulated for those samples. 

Table I I I . Sorption Coefficients for Technetium on Quartz, 
Granite, and Gabbro under Oxic Conditions 

k d** Sorptionf 
No iron metal present Iron metal present 

Material* 35d 150d 35d 
(mL/g) (mL/g) (%) 

Acid-washed 
quartz 0.2±0.2tt 0.3±0.8tt 99.6±0.3tt 
Granite 0.5±0.6 0.8±1.4 99.8±0.2 
Gabbro 4.3±1.4 4.6±1.6 99.7*0.5 

* pa r t i c l e size 100-180 m (80-150 mesh). 

** ^ [Tc] sorbed (mol/g) 
d [Tc] solution (mol/mL) 

t 99+% removal of the technetium from solution corresponds to a 
"calculated of > 2000 mL/g. 

f t error at 2σ· 

Sorption on Granite and Gabbro Coupons under Anoxic Conditions. 
Machined granite and gabbro coupons, 19x19x4 mm, wçje contacted 
with 10 mL of granite groundwater containing 3x10 mol/L ^ c 
as TcO, for 35 days i n the anaerobic chamber. The sorption coef­
f i c i e n t s , this time expressed as k , where 

a 2 
, , ν moles of technetium sorbed/cm , κ. ( cm ι — - - - - - ι a moles of technetium remaining i n solution/mL 

are shown in Table IV. To determine the possible cause of the 
anomalous behaviour of one of the gabbro samples, a l l six coupons 
were autoradiographed using Kodak spectrum analysis glass plates 
#1 (Kodak catalogue number 156 7387). Representative 
autoradiographs are shown i n Figure 3, and these w i l l be discussed 
i n Section 3. 

Sorption on Granite and Ferrous-Iron-Containing 
Minerals under Anoxic Conditions 
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32 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

FIGURE 3. Photograph (a) and autoradiograph (b) of technetium 
sorbed on a gabbro coupon. 
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2. VANDERGRAAF ET AL. Reactions Between Tc and Fe-Containing Minerals 33 

Table IV. Sorption Coefficients for Technetium on Granite and 
Gabbro Coupons under Anoxic Conditions 

Material k * (cm) k ** (mL/g) a α 

Granite 1 0.0031 0.27 
2 0.0008 0.07 
3 0.022 1.9 

Gabbro 1 0.018 0.77 
2 0.10 8.6 
2t 1.4 120 
3 - 0.022 - 1.9 

* k [Tc] sorbed (mol/cm ) 
a [ T c ] s o l u t i o n (mol/mL) 

2 
** k, calculated assuming s p e c i f i c surface area of 43 cm /g. 
t Considering only the edge of the coupon with sorbed 

technetium. 

To study the effect of ferrous-iron-containing minerals on TcO^ i n 
solution, granite, b i o t i t e , hornblende, epidote, o l i v i n e and 
pyroxene thin sections were^çontacted with granite groundwater 
containing * 3x10 mol/L ^ c , again as TcO, , for one week i n 
the anaerobic chamber, and subsequently autoradiographed using the 
procedure outlined elsewhere (10). These particular granite 
samples were obtained at depths of 72 and 1074 metres from the 
ATK-1 borehole i n the Eye-Dashwa Lakes pluton near Atikokan, 
northwestern Ontario. This pluton has been used i n geochemical 
and hydrogeological studies of large intrusive rock formations i n 
the Canadian Shield. The samples were chosen because they contain 
iron-oxide i n f i l l i n g s i n minute fractures, due to hydrothermal 
al t e r a t i o n of the primary minerals of the rock matrix. The 
minerals were selected because they contain Fe(II) (see Table V). 
Some representative autoradiographs of thin sections contacted i n 
the anaerobic chamber are shown in Figures 4 to 6. 

Table V. Ferrous-Iron-Containing Minerals used i n Technetium 
Sorption Studies 

Mineral General Chemical Formula 

Bioti t e K(Mg,FeT).Si A10 (0H) 2 

Olivine (Mg,Fe^) SiO^ 
Pyroxene (Ca,Fe )SiO~ .. 
Hornblende (Na Ca )(Mg,Fe )(Al,Fe )(Si.A10 ) (OH) 
Ilmenite Fe T i 0 o 
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34 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

FIGURE 4. Photograph (a) and autoradiograph (b) of technetium 
sorbed on a b i o t i t e mica thin section. 
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2. VANDERGRAAF ET AL. Reactions Between Tc and Fe-Containing Minerals 35 

FIGURE 5. Photograph (a) and autoradiograph (b) of technetium 
sorbed on a hornblende thin section. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

00
2



36 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

FIGURE 6. Photograph (a) and autoradiograph (b) of technetium 
sorbed on a granite thin section from the 1074~m 
le v e l i n the Eye-Dashwa Lakes pluton. 
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2. VANDERGRAAF ET AL. Reactions Between Tc and Fe-Containing Minerals 37 

Sorption on Iron Oxides and Iron Oxyhydroxides under 
Oxic and Anoxic Conditions 

Since iron oxides and iron oxyhydroxides are commonly found as 
f r a c t u r e - i n f i l l i n g materials, samples with a p a r t i c l e size of 100 
to îeij^nm were^çontacted with granite groundwater containing * 
5 x l 0 " i Z mol/L ^ m T c , as TcO^, for 30 days i n a i r , and i n the 
anaerobic chamber, and the solutions sampled pe r i o d i c a l l y . In 
addition, synthetic hematite was used, prepared by adding 2 mol/L 
ΝΗ,ΟΗ to 1 mol/L Fe(N0«)^, washing and drying the precipitate at 
105VC for one day, followed by heating at |^0Q°C for two days. The 
minerals were analyzed for t o t a l iron, Fe and sulfur, and their 
concentrations are l i s t e d i n Table VI. Figures 7(a) and (b) show 
the decrease i n technetium concentration i n solution as a function 
of time, under both oxic and anoxic conditions. 

Table VT. Total Iron, Fe(II) and Sulfur. Concentrations i n 
"Opaques" (Ilmenite, Iron Oxides, and Iron 
Oxyhydroxides used i n Technetium Sorption 
Studies Concentrations i n wt% 

Mineral Formula Fe Fe(II) S 

Ilmenite Fe TiO~ 40.8±0.1 0.9±0.3* 0.55±0.01 
Goethite FeOOH 55.1±0.7 0.062±0.009 < 0.01 
Hematite Fe 0 68.5±0.3 0.33±0.3 0.01±0.01 
Specular Z J 
Hematite F e2°3 49.1±0.5 0.45±0.28 < 0.01 
Liraonite Fe OOH 21.8±0.1 0.027±0.004 0.02±0.01 
Magnetite Fe0»Fe o0o 65.3±0.4 20.3±0.1 < 0.01 
Synthetic 
Hematite** F e2°3 72.6±2.2 < 3x10 J — 

* sample dissolution incomplete. 
** prepared at WNRE. 

Effect of Groundwater Composition on Sorption on 
Magnetite under Anoxic Conditions 

One-gram samples of crushed, sieved magnetite ( p a r t i c l e size 100 
to 180 ym) were contacted with the six solutions described e a r l i e r 
i n the anaerobic chamber for 50_jjlays. The i n i t i a l technetium 
concentrations ranged from 3x10 mol/L to 10 mol/L, and the 
s o l i d - t o - l i q u i d ratio was 1 g/10 mL. The results for the two 
extreme starting concentrations are ŝ jiown 1 j.n Figures 8(a) and (b). 
At the end of the experiment, the Fe /Fe ratios i n solution 
were measured to estimate ^jie E^. In a l l cases where this r a t i o 
could be measured, Fe /Fe > 5, indicating reducing conditions. 
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38 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

ο 
υ1 

Η 0.6 
\ 
ι—I 

0.4 

\ • 

Magnetite 
Goethite 
Ilmenite 
Limonite 
Spec. Hematite 
Nat. Hematite 
Synth. Hematite 
Iron Metal 

10 15 
t (days) 

20 25 30 

0 5 10 15 20 25 30 
t (days) 

F I G U R E 7. D e c r e a s e i n t e c h n e t i u m c o n c e n t r a t i o n a s a f u n c t i o n o f 
t i m e f o r s o l u t i o n s i n c o n t a c t w i t h i r o n m e t a l a n d 
i r o n m i n e r a l s u n d e r ( a ) o x i c a n d ( b ) a n o x i c c o n d i t i o n s . 
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2. VANDERGRAAF ET AL. Reactions Between Tc and Fe-Containing Minerals 39 

Initial [ T c ] : 3 x l d i 2 m o l / L 

Distilled Oeionized Water 
Granite Groundwater 
WN-I Saline Solution 
Std. Can. Shield Sal. Soin 

2 H P O 4 - I 4 0 m g / L 
mic Acid - l O O m g / L 

10 2 0 3 0 
t (days) 

4 0 5 0 

Initial CTcD:lO" 4 m o l / L 

2 0 3 0 
( t jdays 

F I G U R E 8. D e c r e a s e i n t e c h n e t i u m c o n c e n t r a t i o n a s a f u n c t i o n o f 
t i m e f o r s i x s o l u t i o n s i n c o n t a c t w i t h m a g n e t i t e 
( F e O . F e 2 Û 3 ) . I n i t i a l t e c h n e t i u m c o n c e n t r a t i o n 
3 χ 1 0 " 1 2 m o l / L ( a ) a n d l x 10" m o l / L ( b ) . 
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40 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Discussion 

The results obtained for crushed granite and gabbro under oxic 
conditions, compared to those obtained for the acid-washed quartz 
(see Table I I I ) , c l e a r l y show that no s i g n i f i c a n t sorption takes 
place on granite, but that some technetium can be removed from 
solution by gabbro. Since small amounts (< 20 mg) of metallic 
iron are able to remove as much as 99+% of the technetium from 
solution, any sorption observed for granite over the time scale of 
the experiment may be attributed to the presence of metallic iron, 
inadvertently introduced i n the crushing and grinding processes. 

In the absence of oxygen, again no s i g n i f i c a n t sorption was 
noted for granite. However, i n one case, some sorption was 
observed for gabbro. Pétrographie analysis of the area of the 
gabbro coupon that showed sorption, as revealed by an 
autoradiograph (Figure 3), indicated the presence of a thin 
iron-oxj^e band. Thus, even though gabbro contains ^42% pyroxene 
((Ca,Fe )SiOg), the ferrous iron i n this mineral i s not able to 
remove the technetium from solution as e f f e c t i v e l y as the smaller 
amount of "opaques" (iron oxides and ilmenite). The iron oxide i s 
not distributed homogeneously throughout the gabbro rock matrix, 
and this accounts for the wide variation i n technetium removal 
from one coupon to the next. Crushing the rock frees these 
opaques and distributes them more uniformly, and i t i s most l i k e l y 
that this material i s responsible for the s i g n i f i c a n t k^ values 
obtained with crushed gabbro under oxic conditions. 

The autoradiographs of the rock and mineral thin sections 
(Figures 4 to 6) also con££rm the importance of iron oxides: 
although b i o t i t e (K(Mg,Fe )^Si^A10. n(0H) ?) and hornblende 
((Na,Ca2)(Mg,Fe )(Al,Fe )ISi^A10^) 2(OH) 2) contain ferrous 
iron, sorption appears to take place solely on the small opaque 
(iron-oxide) inclusions. In the case of b i o t i t e , these oxides are 
located between the basal planes, and are randomly distributed i n 
the hornblende. Similar distributions are observed for o l i v i n e , 
pyroxene, and epidote. The results for pyroxene further confirm 
the low sorption results obtained with gabbro, where i t i s one of 
the major minerals. 

The autoradiographs also show some sorption on the granite 
obtained from the Eye-Dashwa Lakes pluton (Figure 6). Even though 
the iron concentration i s low, hydrothermal a l t e r a t i o n of the 
granite has resulted i n the i n f i l l i n g of the minute fractures i n 
the microcline feldspar with iron oxides, which show technetium 
sorption, while there i s no sorption on the b i o t i t e c r y s t a l s . 
Thus, while fresh, unaltered granite matrix rock has l i t t l e or no 
iron i n the form of iron oxides, alteration zones around fractures 
do, and technetium sorption may occur there. It should also be 
noted that sorption of technetium i s limited to s p e c i f i c mineral 
surfaces. Thus, i t appears that the reduction of TcO, to a lower 
oxidation state occurs at or near the surface of the Iron oxide 
and not i n the bulk of the solution, by dissolved ferrous ions. 
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2. VANDERGRAAF ET AL. Reactions Between Tc and Fe-Containing Minerais 41 

The experiment involving a suite of iron-oxide minerals 
showed that, with the exception of the synthetic hematite, some 
sorption took place on a l l minerals under anoxic conditions and 
also, i n some cases, i n the presence of a i r (Figures 7(a) and 
(b)). Subsequent chemical analyses indicated small amounts of 
Fe(II) i n a l l natural minerals, although goethite, limonite, and 
hematite should not contain any. These minerals may have been 
formed by the oxidation and hydration of magnetite (FeO eFe 0^) and 
therefore contain residual amounts of unoxidized Fe(II). At any 
rate, this points out the importance of using p u r i f i e d and/or 
chemically analyzed material. It i s again noteworthy that the 
rate of sorption on ilmenite i s lower than that on natural 
hematite, even though the former contains more Fe(II). This can 
again be explained i n terms of a v a i l a b i l i t y of the ferrous iron, 
as was shown to be the case with the thin sections. 

Sorption on magnetite as a function of groundwater 
composition shows that, under anoxic conditions, technetium 
removal from solution i s essentially complete after 50 days, with 
the exception of solutions containing phosphate ions. As pointed 
out e a r l i e r , phosphate was used instead of carbonate, as both are 
known to form anionic complexes with Tc(IV) (9). In these 
studies, the presence of humic acid did not affect i t s sorption. 
Strong saline solutions (up to 34 000 mg/L CI) do not have a 
marked effect on the rate of technetium removal from solution 
either, as evident from Figure 8. 

Conclusions 

The results reported i n this paper show that technetium i s 
removed from solution by iron oxides, and not by minerals 
containing ferrous iron as an integral part of their c r y s t a l 
l a t t i c e , such as b i o t i t e , pyroxene, or hornblende. It was shown 
that there are cases where the small amount of iron i n granite has 
a greater effect i n removing technetium from solution than the 
larger amounts of iron i n gabbro. Reduction of technetium occurs 
close to the mineral surface, and not i n the bulk of the solution, 
by dissolved ferrous ions. Technetium i s removed from groundwaters 
having widely different levels of to t a l dissolved s o l i d s , and i t s 
removal i s only affected by ligand-forming anions with a strong 
a f f i n i t y for technetium, such as phosphate (and presumably also 
carbonate)· 

The significance of this study for nuclear fuel waste 
disposal i s that iron-oxide-containing fractures i n hydrothermally 
altered granite are capable of sorbing technetium. Technetium 
transport i n the f a r - f i e l d region of a waste disposal vault can 
thus be impeded by iron-oxide coatings on hydrologically 
conducting fracture surfaces. If necessary, retention of 
technetium i n the near-field region can be improved by 
incorporating rock containing large amounts of iron oxides i n the 
b a c k f i l l material. 
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42 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The presence of saline solutions at depth i n plutons i n the 
Canadian Shield (11) should not be detrimental to retaining 
technetium i n the va l u t ? since the experiments showed that 
technetium removal occurs from highly saline solutions. 

Throughout this paper, reference has beem made to reduced 
technetium species. Although i t has been assumed that Tc(IV) i s 
formed, there i s no direct evidence for th i s . Experiments are 
now underway to determine the nature of the sorbed species using 
Fourier Transform Infrared Spectroscopy, 
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3 
Radionuclide Sorption Mechanisms and Rates 
on Granitic Rock 
Determination by Selective Chemical Extraction Techniques 

F. B. WALTON, T. W. MELNYK, J. P. M. ROSS, and A. M. M. SKEET 
Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment, Pinawa, 
Manitoba R0E 1L0 Canada 

The gamma-emitting radionuclides 137Cs, 144Ce, 75Se 
and 60Co were simultaneously contacted with granite 
from the Lac du Bonnet batholith using both static 
and dynamic methods. Selective chemical extraction 
was then used to differentiate between the amounts 
of sorbed radionuclides that are (a) readily ion-
exchangeable, (b) associated with amorphous oxyhydr-
oxide deposits, and (c) "fixed" by other mineral-
ogical or physical processes. Comparison of the 
experimental results from the dynamic tests with 
calculations from single sorption site kinetic 
models, using a variety of isotherms, showed that 
the models did not adequately describe the sorption 
reactions. Use of double sorption site models 
greatly improved the ability to describe solution 
concentrations and radionuclide surface inventories 
measured by extraction methods. Laboratory alter­
ation of fresh granite surfaces was found to affect 
the sorption capacities and ratios of 60Co, 75Se and 

144Ce. Granite alteration on a laboratory time 
scale had no effect on 137Cs sorption. 

Rate constants determined for the various pro­
cesses indicate that under oxidizing conditions ion-
exchange processes are rapid, with equilibrium 
achieved within days. Reactions with oxyhydroxides 
or other mineralogical or physical processes take 
longer to achieve equilibrium, but, on time scales 
relevant to groundwater flow rates, will provide 
more significant retardation of the radionuclide 
migration than ion exchange. 

0097-6156/ 84/ 0246-0045S06.25/ 0 
© 1984 American Chemical Society 
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46 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The location and physical complexity of hard-rock fracture 
systems make i t d i f f i c u l t to determine the mechanisms affecting 
radionuclide migration under f i e l d conditions. Techniques are 
needed that, under closely controlled conditions, provide data 
relevant to mass transport i n the f i e l d . Development of two such 
techniques i s described here. 

Knowledge of sorption kinetics i s essential for the design of 
laboratory or f i e l d radionuclide migration experiments. There 
are two requirements for the retardation of radionuclide migra­
tion: f i r s t , an interaction between the radionuclide and the 
geologic material, and second, s u f f i c i e n t time for the in t e r ­
action to occur. C r i t e r i a for assessing the l a t t e r requirement 
have been developed (1) i n terms of a dimensionless sorption rate 
parameter 3 s kAt /V, where k i s the sorption ( f i r s t order) rate 
constant, t i s tîîe water transit time (the time taken for w 
groundwater to flow between two observation points), and A/V i s 
the r a t i o of the granite surface area to the groundwater volume. 
The degree of retardation provided by a given chemical mechanism 
i s related not only to the equilibrium d i s t r i b u t i o n parameter, 
kfl, but also to the sorption rate parameter, 3. For instance, a 
pulse i n j e c t i o n of a radionuclide w i l l travel with the ground­
water and display only t a i l i n g for 0.1 < β < 1. On the other 
hand, complete retardation, according to the value of k can be 
assumed for 3 > 100. For intermediate values of 3, kine t i c peak 
broadening w i l l occur. 

In these studies a dynamic testing method (the mixing-cell) 
has been used to measure the sorption kinetics of 4 different 
radionuclides on Lac du Bonnet granite from the Archean Superior 
Province of the Canadian Shield. This method has been used 
previously (2) for measurement of sorption kinetics without the 
interference of hydraulic dispersion common i n many other dynamic 
techniques· 

A variety of chemical extraction techniques has been 
developed by s o i l s c i e n t i s t s to determine quantitatively the 
amount of trace metals bound to s o i l p a r t i c l e s by various mechan­
isms. Multimechanism sorption has been suggested i n order to 
explain p a r t i a l i r r e v e r s i b i l i t y of radionuclide sorption and i n ­
creased sorption with exposure time. The fi v e main sorption 
mechanisms that have been reported are: 

1. exchange with CaCl^ or MgCl 2, 
2. binding by carbonates, 
3. binding by organic compounds, 
4. sorption by iron or manganese oxyhydroxides, and 
5. residual or "fixed" material. 

Since the mixing-cell experiments were conducted with fresh 
or s l i g h t l y weathered granite surfaces, techniques for determin­
ing sorption by carbonates and organic compounds were omitted. 
Using extraction techniques to determine radionuclide sorbed by 
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3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 47 

mechanisms 1, 4 and 5 above on both mixing-cells and granite 
coupons, i t was found that radionuclide sorption can be consider­
ed quantitatively to involve at least two mechanisms with varying 
rates of reaction. In addition, rock alteration kinetics -
pa r t i c u l a r l y when fresh rock i s used - were found to strongly 
affect the sorption of some radionuclides. 

Theory and Sorption Models 

In order to assess the f e a s i b i l i t y of any nuclear waste disposal 
concept, mathematical models of radionuclide sorption processes 
are required. In a la t e r section k i n e t i c descriptions of the 
three common sorption isotherms (3) are compared with experiment­
a l data from the mixing-cell tests. For a radionuclide of con­
centration C i n the groundwater and concentration S on the sur­
face of the granite, the net rate of sorption, by a f i r s t - o r d e r 
reversible reaction, i s given by 

dS/dt » k xC - k 2S (1) 

where k, and k~ are the sorption and desorption rate constants 
respectively, V i s the f l u i d volume and A i s the granite surface 
area. For a Freundlich isotherm the net rate of sorption can be 
expressed as 

dS/dt = k.C (C/C ) n - k 0S (2) l o o I 

where η i s a constant and C i s the i n i t i a l tracer concentration 
i n the groundwater. ° 

For a Langmuir sorption isotherm the net sorption rate can be 
written 

dS/dt = k.C(S - S)/S - k 0S (3) ι ο ο ζ 
where S i s the maximum surface concentration of radionuclide. 

As w i l l be shown l a t e r , sorption of most radionuclides may be 
a function of two or more mechanisms. The combination two 
fi r s t - o r d e r reactions has been successfully applied to Sr 
migration over a twenty-year time period i n a sandy-aquifer (1). 
The equations describing two p a r a l l e l f i r s t - o r d e r reactions are 

S = S, + S 
dS χ/ά\ = k*C - k ^ [ (4) 
dS^/dt = k^C - k^S 2 , 

The theory and v e r i f i c a t i o n of the mixing-cell mass balance 
equation has been reported previously (2). For a c e l l with 
i n i t i a l concentration of tracer, C . flushed with tracer-free 

ο 
water at a volumetric rate, W, the mass balance i s given by 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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48 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

VdC/dt - -WC - A(dS/dt) (5) 

For the special case of a non-reactive tracer, integration of 
Equation 5 gives 

C(t)/C Q » exp(-tW/V) (6) 

Experimental 

Active Coupon Experiments* Coupons (19.8 χ 19.8 χ 4.00 mm) of 
Lac du Bonnet granite, obtained from the Cold Spring Quarry near 
the Whiteshell Nuclear Research Establishment (WNRE), Pinawa, 
Manitoba, were exposed to granite groundwater anji brings 
ço^taining^ghe gamma-emitting nuclides Cs, Ce, Se, Sb, 

Sn and Co. Pétrographie and chemical analyses of the 
granite are given i n Table I (4). Radionuclides were obtained 
carrier-free from New England Nuclear. Groundwater compositions 
and radionuclide starting concentrations are given i n Tables II 
am} I I I . A rock surface area to solution volume r a t i o of ^ 1 
cm /mL, approximately the same as the r a t i o i n the mixing-cell 
experiments, was used i n these tests. The following procedures, 
i n order of application, were used to determine the locations and 
quantities of radionuclides associated with various sorption 
mechanisms: 

1. The coupons were contacted with granite groundwater or brine 
containing six radionuclides for 28 d. The coupons were 
removed and the solutions assayed to determine the amount of 
sorbed radionuclides. 

2. The coupons were contacted with tracer-free groundwater 
solutions, which were assayed after 28 d to determine the 
amount of a c t i v i t y that i s reversibly bound to the granite 
under normal groundwater conditions. 

3. The coupons were contacted with 0.5 mol/L CaCl« solution for 
72 h to displace a l l remaining exchangeable radionuclides. 

4. The coupons were contacted for 24 h with a solution (termed 
KTOX) containing 0.1 mol/L potassium tetraoxalate and 0.1 
mol/L hydroxylamine hydrochloride to remove radionuclides 
associated with iron and manganese oxyhydroxides. 

5. The coupons were contacted with bo i l i n g Na^CO^ solution 
(5 wt%) for 15 min to remove radionuclides associated with 
hydrated s i l i c a t e s . 

6. The coupons were contacted for a second 48 h period with KTOX 
solution to remove some of the radionuclides associated with 
l a t t i c e substitution into iron-bearing minerals. 

7. The coupons were gamma counted to determine residual or fixed 
a c t i v i t y . 

Inactive Coupon Experiments. A fresh cut surface of Lac du 
Bonnet granite contains both altered and unaltered ferromagnesian 
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3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 49 

minerals (4). Exposing the unaltered or p a r t i a l l y altered phases 
to groundwater solutions during an experiment w i l l produce 
further phase al t e r a t i o n . Since KTOX solution s e l e c t i v e l y 
dissolves oxyhydroxide phases, i t can be used to monitor their 
production during a l t e r a t i o n . A second series of inactive experi­
ments was performed to study alteration rates of fresh granite 
coupon surfaces. The coupons were u l t r a s o n i c a l l y cleaned and 
placed i n a solution of GGW for 101 d. They were then leached 
with KTOX solution for incremental times of 1,2,3,6,12,24,24 and 
48 h, with the solution being renewed at each time i n t e r v a l . The 
same extraction procedure was applied to freshly cut coupons. The 
KTOX solutions were analyzed by inductively coupled plasma (ICP) 
spectrophotometry for iron i n order to calculate oxyhydroxide 
extraction rates as a function of cumulative exposure to KTOX 
solution.2 A granite surface area to extraction solution volume 
of * 1 cm /mL was used i n a l l extraction procedures. 

Table I. Mineral and Chemical Composition of Lac du Bonnet 
Granite (4) 

Mineral Modal Percent Oxide Weight Percent 

Quartz 25.8 s io 2 73.1 
K-feldspar 28.1 A1 20 3 14.2 
Plagioclase 33.9 FeO 0.81 
B i o t i t e 5.2 F e 2 ° 3 0.76 
Muscovite 2.5 CaO 1.43 
Opaques 0.7 MgO 0.46 
Epidote 1.5 Na20 4.23 
Chlorite 2.3 κ 2 ο 4.88 

Tio 2 0.22 
MnO 0.03 
H 20 n.d. 
co 2 n.d. 

Total 100.0 Total 100.09 

n.d. - below leve l of detection 
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50 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table I I . Groundwater Compositions (mg/L) 
*1 

GGW Brine 

Na + 8.3 5,050 
K + 3.5 50 
Mg 2 + 3.9 200 
C a 2 + 13 15,000 
S r 2 + - 20 

F e t - -
Si - 15 
HCO; *2 10 
C l ~ 5.0 34,260 
s o 2 " 
4 

8.6 790 
NO^ 0.62 50 
F~ 0.19 -
pH 6.5±0.5 7±0.5 
*1 
^2 GGW s granite groundwater 

In equilibrium with C0^ i n atmosphere 

Table I I I . Carrier-Free Radionuclide Starting Concentrations 

Isotope Starting,concentration 
(10 Bq/mL) 

*Jco 26.9 
t~7Ce 53.3 
ti'cs 27.7 

*ÎSb 2.05 
n ^ S e 1.37 

Sn 0.347 
* 60 13 Specific a c t i v i t i e s of isotopes i n Bq/g are: Co - 4.2·10 ; 

U 4 C e - 1 . 2 Ί 0 1 4 ; 1 3 7 C s - 3 . 2 Ί 0 1 2 ; 1 2 5 S b - 3 . 9 Ί 0 1 3 ; 7 5 S e -
5 . 2 Ί 0 1 4 ; 1 1 3 S n - 3 . 7 Ί 0 1 4 

Mixing-Cell Experiments. A schematic diagram of a typ i c a l c e l l 
used i n these experiments i s shown i n Figure 1. The c e l l s are 
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3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 51 

c i r c u l a r i n cross-section and are fabricated by a double diamond-
d r i l l coring operation on a slab of Lac du Bonnet granite. 

Two sets of experiments were conducted using six radioactive 
tracers simultaneously. Starting concentrations are given i n 
Table I I I . Radionuclides were eluted from the c e l l s with ground­
water solutions using a p e r i s t a l t i c pump. Effluent was collected 
at 90-min intervals by means of a fraction c o l l e c t o r connected to 
the c e l l with small-bore Teflon tubing. Concentrations of the 
various isotopes i n the effluent were measured by gamma spectro­
metry. 

In the f i r s t set of experiments, six c e l l s were ultrasonic-
a l l y cleaned to remove rock powder produced during coring, and 
then flushed before tracer i n j e c t i o n . Three were flushed with 
GGW and three with brine. A second set of experiments was de­
signed to determine whether mineral a l t e r a t i o n ratés and/or 
solution temperature affect the rate of radionuclide interaction 
with granite. (Test conditions are given i n Table VI of the 
Results Section). The 60°C temperature was maintained by sub­
merging the c e l l s i n a water bath. Two c e l l s were flushed with 
GGW for several weeks and then allowed to s i t , f i l l e d with GGW, 
for approximately f i v e months before the experiment was started. 

After both sets of experiments were completed, the ground­
water was drained from the c e l l s and selective chemical extract­
ions of the granite c e l l walls were performed. The c e l l s were 
f i l l e d with 0.5 mol/L CaCl- solution and s t i r r e d continuously for 
72 h to displace exchangeable radionuclides. After a rinse with 
demineralized water to remove residual CaCl 9 solution, the c e l l s 
were f i l l e d with KTOX solution and s t i r r e d for 24 h to remove 
radionuclides associated with oxyhydroxides. A l l solutions were 
analyzed by gamma spectrometry to determine the amounts of radio­
nuclides extracted. Residual a c t i v i t y was measured by direct 
gamma counting of the c e l l s . 

Results 

Extraction of Inactive Coupons with KTOX Solution. Average iron 
extraction rates are plotted as a function of cumulative extract­
ion time i n Figure 2. Where rates for the altered and unaltered 
granite d i f f e r , the confidence l e v e l at which the difference i s 
sign i f i c a n t i s indicated i n brackets. 

During the f i r s t six hours of extraction, more iron i s re­
moved from the altered granite than from the fresh granite. The 
extra iron from the altered granite i s believed to be that assoc­
iated with the production of iron oxyhydroxides during the 101-d 
exposure of the granite to GGW. 

The iron extraction rates for both fresh and altered granite 
decrease for the f i r s t 24 h and become the same constant rate for 
the remaining 24 to 120 h. Thus the iron associated with oxyhydr­
oxides (formed during recent exposure to GGW or during hydro-
thermal alteration) i s removed during the f i r s t 24-h exposure to 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 1. Cross-sectional view of c y l i n d r i c a l mixing-cell. 

2 7 

Ε 6 

^ 5 

< 
cr 4 

(90%) 

(95%) 

3 cr h-x 
LU 
-z. Ο 
cr 

I I FRESH GRANITE 

HI GRANITE ALTERED 101 d IN 
GRANITE GROUNDWATER 

( ) CONFIDENCE LEVEL 

OXYHYDROXIDES FORMED DURING 101 d 
"EXPOSURE TO GRANITE GROUNDWATER 

IRON 
OXYHYDROXIDES 

2 3 4 5 6 12 24 48 72 120 
CUMULATIVE EXPOSURE TIME (h) TO KTOX 

Figure 2. Average iron extraction rates for fresh and 
altered Lac Du Bonnet granite as a function of cumulative 
extraction time. 
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3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 53 

KTOX. Iron extracted during the subsequent 24 to 120 h i s prob­
ably associated with the iron-bearing minerals (e.g. magnetite). 
This hypothesis i s consistent with autoradiographic studies de­
scribed i n the following section. 

Selective Chemical Extraction of Active Coupons. Using gamma 
spectrometric analysis of the groundwaters i n the sorption and 
desorption steps, d i s t r i b u t i g n coe||^cienÇj^(ka)ytjave f f f n 

calculated for the isotopes Co, Cs, Cef Se, Sb and 
Sn. Values of k for these isotopes i n GGW and brine have 

been reported elsewhere (2). Figure 3(A) shows a photograph of a 
t y p i c a l granite coupon that was exposed to the GGW solution. 
Autoradiographs of this coupon after a 28-d GGW desorption, a 
72-h CaCU extraction and a 24-h KTOX extraction (Figures 3(B), 
(C) and (D)) indicate that the areas of most highly concentrated 
a c t i v i t y ( l i g h t areas i n the autoradiographs) correspond to 
ferromagnesian and/or other dark, iron-bearing minerals i n the 
photograph. However, Figure 3(B) shows that there i s some 
sorption on a l l mineral phases. Figure 3(C) shows a darkening of 
a l l areas after CaCl^ extraction, indicating the removal of ex­
changeable a c t i v i t y from a l l areas. Figure 3(D), taken after the 
24-h KTOX extraction, shows a decrease i n a c t i v i t y i n the locat­
ion of the iron-bearing minerals and v i r t u a l elimination of 
a c t i v i t y i n a l l other areas. It i s not possible to discern the 
behaviour of any individual nuglide^yom t^g^e auj^radio^çaphs; 
£j>yever, sgççific studies of Sr, Cs, Ce, Pu, Se, 

Pm and Am, using a combination of autoradiographic and 
pétrographie techniques, indicate a clear preference for sorption 
on ferromagnesians, opaques and their a l t e r a t i o n products (4,5). 

The amount of radionuclide removed from the granite i n the 
groundwater desorption and selective extraction procedures wgg 
measured,by gammayspectrometry. The data i s summarized for Co, 

Cs, Ce and Se i n Figure 4. In this figure the percentage 
of the i n i t i a l radionuclide inventory sorbed during contact with 
the two groundwaters i s indicated numerically. In the bar chart 
the t o t a l amount of sorbed a c t i v i t y has been normalized i n order 
to compare the r e l a t i v e amounts of s o r b e ^ 2 § c t i v i t y ^ Ç x t r a c t e < ^ by 
the different reagents. A c t i v i t i e s for Sb and Sn were 
below background detection l i m i t s . The a c t i v i t y on the surface of 
the granite after the 28-d sorption has been divided into four 
categories: exchangeable, associated with oxyhydroxides, assoc­
iated with hydrated s i l i c a t e s , and "fixed" to ferromagnesians, 
their a l t e r a t i o n products and/or other opaque mineral phases. 

There are three si g n i f i c a n t features i n Figure 4. F i r s t , the 
various sorption mechanisms affect each nuclide d i f f e r e n t l y . 
Second, the amount of each radionuclide that i s exchangeable or 
reversibly sorbed i s less than 50% for a l l nuclides tested. In 
28 days, more than 50% of the sorbed radionuclides have undergone 
phase transformation or reacted with oxyhydroxides to form non-
exchangeable phases. Third, for a given radionuclide, the 
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54 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 3. Photograph and autoradiographs of active granite 
coupon. Dark areas in photograph (A) indicate areas of 
high mafic mineral content. Light areas in autoradiographs 
(Β), (C) and (D) indicate areas of radionuclide concentra­
tion. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

00
3



3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 55 

r e l a t i v e amounts of exchangeable, bound to oxyhydroxides, and 
"fixed" i s nearly the same for both GGW and saline groundwaters, 
although the absolute amounts sorbed i n the two groundwaters d i f ­
f e r . This observation indicates that the same mechanisms operate 
i n both groundwaters, but are affected by ionic strength. The 
decrease i n sorptive capacity i n saline groundwater could be 
caused by a reactive-site competition effect or could be due to 
complexation i n solution. 

The iron extraction rates derived from the inactive coupon 
tests suggest that a c t i v i t y removed during the 24-h KTOX extract­
ion i s associated primarily with oxyhydroxides. A possible ex­
ception i s cesium (see following section). A c t i v i t y removed 
during the subsequent 48-h KTOX extraction i s associated with the 
dissolution of iron-bearing minerals. This a c t i v i t y i s consider­
ed part of the "fixed" a c t i v i t y inventory. Further attempts to 
remove this "fixed" a c t i v i t y were not very successful. Even 
p a r t i a l dissolution of the coupon by 4-h contact with 43 v o l . % HF 
removed only 50% of the "fixed" a c t i v i t y . Thus the "fixed" 
a c t i v i t y , l ocalized i n the areas of high ferromagnesian concen­
tration, requires very aggressive chemical attack for removal. 
Gamma spectrometric measurements of the coupon indicate thç^^ 
"fixeji£ a c t i v i t y contains about equa^quantities of Co, Cs 
and Ce, and about ten times less Se. 

Mixing-*Cell Results. Models representing ki n e t i c versions of the 
three common sorption isotherms ( f i r s t order, Equation 1; 
Freundlich, Equation 2 and Langmuir, Equation 3) were f i t t e d to 
mixing-cell data for one set each of room temperature GGW and 
brine solutions. Modelait variances nfor these calculations are 
given i n Table IV for Cs, Ce, Co and Se. Residual 
plots (not given) showed systematic deviations for a l l three 
models, indicating that a l l are inappropriate. Since selective 
extraction of the active granite coupons indicated the presence 
of at least two sorption mechanisms, a model u t i l i z i n g two 
p a r a l l e l f i r s t - o r d e r reactions, Equation 4,was f i t to the data. 
The model f i t variances are given i n Table IV and calculated rate 
parameters for the two reactions i n Table V. In nearly a l l cases 
an improvement i n model f i t was observed. This i s t y p i f i e d by 
the comparison between the f i t gg a single f i r s t - o r d e r and double 
fi r s t - o r d e r (DFO) model to the Co data, as shown i n Figure 5. 
Although the DFO model shows considerable improvement over 
si n g l e - s i t e models, residual plots indicate a small systematic 
deviation at higher concentrations. This i s discussed further i n 
the following section. 

The residual a c t i v i t y i n the c e l l s after the dynamic experi­
ment was s e l e c t i v e l y extracted using techniques previously 
described. The extracted a c t i v i t y , expressed as a percentage of 
starting inventory, i s compared i n Table VI to inventories pre­
dicted by the DFO model, which was f i t t e d to tracer concentra­
tions i n the groundwater. Also shown i n Table VI are the s t a t i c 
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G - Granite Groundwater 
S - Saline Groundwater 
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Figure 4. Percentage of sorbed radionuclides as a function 
of various sorption mechanisms for 28-cli contact with 60ç o_ 
137 C s_, 144 C 

e- and ^Se-doped granite and saline ground­
waters. 
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Figure 5. Comparison of single f i r s t - o r d e r and double 
f i r s t - o r d e r models to 60ç o mixing-cell data. 
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58 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table V. Double First-Order Model Parameters and F i t Variance 

Isotope Reference Variance Rate Constants χ 10 

60 Co 

137 Cs 

144 Ce 

75 Se 

η «cm η «cm 
3 0.010 21.0 6.96 17.0 0.374 
37 0.010 1.87 11.6 1.61 1.67 
34 0.025 3.59 5.52 17.2 3.11 
33 0.056 265. 33.2 67.6 0.189 
4 0.020 3.27 9.87 2.19 0.496 

35 0.007 0.500 7.17 0.763 0.629 

3 0.016 3.35 9.97 2.34 0.687 
37 0.020 17.2 33.2 2.08 2.48 
34 0.004 6.86 17.0 1.27 2.07 
33 0.007 2.90 16.6 0.952 2.09 
4 0.006 0.622 9.69 0.213 0.300 

35 0.013 0.482 10.0 0.102 1.75 

3 0.037 113. 9.28 83.1 0.475 
37 0.050 1130. 58.8 46.9 0.211 
34 0.069 6.19 3.09 12-8 0.054 
33 0.218 227. 142. 30.1 0.671 
4 0.034 25.1 9.20 17.0 0.225 

35 0.017 2.31 9.89 1.18 1.36 

3 0.036 1.72 13.8 0.447 0.383 
37 0.034 1.90 15.6 0.703 1.19 
34 0.046 1.20 10.1 0.887 0.487 
33 0.069 0.602 9.73 1.66 0.225 
4 0.019 0.518 8.59 0.789 0.158 

35 0.030 0.856 13.2 0.994 0.309 
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3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 59 

equilibrium d i s t r i b u t i o n c o e f f i c i e n t s (k ) which can be calculat­
ed by assuming dS^/dt and dS2/dt are zero i n Equation 4 as time 
becomes large* 

k a l " ( S 1 / C ) = < W t * 0 0 

ka2 = ( S 2 / C ) " < W z * 0 0 

Discussion 

Selective Chemical Extraction. Since granite contains many 
minerals, the interpretation of selective extraction data re­
quires knowledge of the sorptive capacity of those minerals and 
their s u s c e p t i b i l i t y to alte r a t i o n during the course of experi­
ments* 

Monitoring of Lac du Bonnet granite a l t e r a t i o n rates at 20 C 
using a mixing-cell technique (2) has shown a period of high 
a l t e r a t i o n rate during the f i r s t three weeks followed by a period 
of decreasing rate extending for more than f i v e months. Continu­
ation of these experiments showed that the a l t e r a t i o n rate de­
creases for up to * 13 months and then becomes constant. A 
repeat of these tests at 60 C showed the same trends, with the 
alteration rates two to three times higher (6). During a l t e r ­
ation of iron-bearing minerals, iron, because of i t s very low 
s o l u b i l i t y , w i l l precipitate as iron oxyhydroxides. Iron extrac­
t i o n rates for altered and unaltered granite (Figure 2) indicate 
a s i g n i f i c a n t increase i n iron oxyhydroxide inventory over a 
101-d exposure to groundwater. The production at low tempera­
tures on a laboratory time scale of other a l t e r a t i o n products, 
such as clay minerals, i s unlikely (7). 

Correlation of to t a l surface inventories, obtained by 
selective extraction of the mixing-cell, to thg^degree o | granite 
alteration and to temperature, indicates that Co and Se show 
a positive correlation with both a l t e r a t i o n and temperature. 
Cobalt-60 and Se inventories for the experiments conducted with 
fresh granite at 20°C and at 60°C (Reference No. 37 and 34, Table 
III) indicate about a factor of two increase at 60 C, as would be 
expected from the production of oxyhydroxides haggd on t h ^ a l t e r -
ation rate data. Other residual inventories for Co and Se 
(Table III) follow a pattern consistent with increased oxyhydr­
oxide inventories due to both al t e r a t i o n and elevated tempera­
ture. 

The sorption on newly formed iron hydroxides i s known to be 
reversible on short time scales (8). The differences i n auto­
radiographs (B) and (C) of Figure 3 indicate that a large amount 
of exchangeable a c t i v i t y i s associated with the ferromagnesian 
minerals; however, areas other than those of high iron content 
also show a decrease i n a c t i v i t y after the CaC^ extraction. 
These same areas show v i r t u a l l y no a c t i v i t y after extraction with 
KTOX (Figure 3(D)). Since minerals l i k e quartz have been shown 
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62 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

to have negligible sorption (4_), iron oxyhydroxides formed by 
iron-bearing mineral a l t e r a t i o n during contact with groundwater 
ggre like^jr the predominant site s of exchangeable sorption for 

Co and Se i n ^ o t h coupon and mixing-cell studies. 
Sorption of Co onto oxyhydroxides precipitated i n stream 

beds has been shown to be v i r t u a l l y i r r e v e r s i b l e (9). Diffusion 
into the c r y s t a l l a t t i c e of iron-bearing minerals has also been 
suggested (10). The slow removal of Co during the second 48-h 
KTOX extraction i s consistent with this mechanism. 

Studies of selenium have shown that i t s geochemistry i s 
largely controlled by that of iron under both oxidizing_and 
reducing conditions at acid to neutral pH's. Both HSeO^ and 
Se0i+ are strongly adsorbed by hydrated surfaces of f e r r i c oxides 
(11). This i s consistent with the data of Figure 4, which shows 
tïîat only about 20 to 30% of the adsorbed selenium i s exchange­
able. Selenium has been found as f e r r o s e l i t e i n goethite-
hematite deposits at the migrating oxidizing/reducing interface 
i n a roll-type uranium ore body (11) · From the present studies 
i t i s not possible to t e l l the chemical form of the "fixed" 
selenium. However, i t s resistance to chemical extraction and 
concentration on iron-bearing minerals suggest the formation of a 
stable iron-selenium mineral phase. 

Cesium inventories i n Table III show no effect of granite 
alteration or temperature. This i s consistent with the observa­
tion that cesium prefers micaceous and clay minerals which are 
not expected to form under the conditions of these experiments. 
It has been shown that cesium diffuses into the l a t t i c e of 
micaceous minerals, resulting i n i t s entrapment (12). The ^ 35 
to 40% "fixed" cesium (Figure 4) i s , therefore, l i k e l y bound 
int e r n a l l y at l a t t i c e s i t e s , which would have to be destroyed i n 
order to release the cesium. The extraction of cesium by KTOX i n 
these experiments i s l i k e l y due to dissolution of iron-bearing 
minerals, such as b i o t i t e and horneblende rather than oxyhydr­
oxides. If sorption by oxyhydroxides had been involved, a trend 
of increasing sorption with granite a l t e r a t i o n , similar to that 
exhibited by cobalt and selenium, should have been observed. 
These observations support the hypothesis that the s i m i l a r i t y of 
the cesium elemental d i s t r i b u t i o n to that of iron i n natural 
granite weathering p r o f i l e s i s a result of coincidental clay 
mineral production rather than a direct association with oxyhydr­
oxides (14). 1 4 4 

In the coupon experiment, 60 to 75% of the sorbed Ce was 
found to be associated with oxyhydroxides and "fixed" by l a t t i c e 
substitution (Figure 4). However, selective extraction data from 
the mixing-cell tests i s ambiguous with respect to the r e l a t i v e 
importance of exchangeable inventory and that potentially assoc­
iated with oxyhydroxides. Total surface inventories show a de­
creasing trend with increasing a l t e r a t i o n . No clear trend with 
temperature i s evident. 

Cerium i s associated with iron i n some weathering p r o f i l e s 
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3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 63 

(14). Static sorption studies with d r i l l core material from two 
rock formations i n tjg^Canadian Shield have shown a positive 
correlation between Ce sorption and mafic mineral concentrat­
ion and tran s i t i o n metal oxide concentration i n the rock (5). 

The cerium solution concentration p r o f i l e s from the mixing-
c e l l experiments often show considerable data scatter (2). The 
largest scatter was observed i n GGW at 60°C with the 20-week pre­
conditioned surface (DFO f i t variance of 0.218). F i l t r a t i o n of 

solution gave # 98% recovery (> 0.45-um pa r t i c l e size) of 
Ce, indicating that the predominant cerium phase was c o l ­

l o i d a l . The least scatter occurred i n the brine solution at 60 C 
with a fresh granite surface (DFO f i t variance of 0.017). The 
r e l a t i v e l y smoothly varying solution data i s generally indicative 
of species i n true solution. The dramatic difference i n data 
scatter i n these two experiments may indicate a strong effect of 
the brine on the c o l l o i d a l behaviour of cerium at near neutral 
pH. Sorption of cerium ( c o l l o i d a l ) onto granite i s l i k e l y con­
t r o l l e d by surface-charge effects, which vary with groundwater 
ionic strength and alteration of the granite surface. Further 
experiments are required to c l a r i f y the association of cesium 
with iron-bearing minerals. 

The hot Na^CO^ extraction removed about 5% of the sorbed^ 
Ce i n coupon tests with both GGW and brine; about 10% of Se 

was removed for GGW only, and no Co or Cs was removed. In 
the case of cerium, c o l l o i d coprecipitation with amorphous s i l i c a 
may explain these extraction re s u l t s . The association of selen­
ium with possible hydrated s i l i c a t e s i s unknown. Further invest­
igation of these associations w i l l be required before any 
significance can be attached to these Na^CO^ extraction results. 

Model F i t t i n g to Mixing-Cell Data. Multiple-site k i n e t i c models 
have been used to describe pesticide and herbicide movement i n 
s o i l s (15,16,17), cesium migration i n columns (18), and strontium 
migration i n a sandy aquifer over a twenty-year time period (1). 
The results of the selective extraction procedures i n a l l experi­
ments discussed here suggest that a multi-site model should 
provide a better f i t of the data than a si n g l e - s i t e model. This 
hypothesis i s supported by the variances i n Table I, with the 
possible exception of selenium. 

Assuming, i n Table III, that S^ represents exchangeable 
a c t i v i t y and represents the net inventory of a l l other 
mechanisms, a comparison of these model-predicted inventories 
with those obtained by selective chemical extraction indicates 
that, while the overall mass balance trends are predicted, 
agreement i n d e t a i l of individual extraction inventories with the 
model-predicted inventories i s not always good. The overall mass 
balance i s governed almost t o t a l l y bg the higher concentration 
(early time) data. In the case of Co, inspection of residual 
plots indicates that, i n a l l cases, the DFO model shows small 
systematic deviations at early times that account for the mass 
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64 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

balance disagreements. Where the best f i t at high concentrations 
was produced, the best overall mass balance agreement was 
obtained. ^ 

A comparison of Co inventories (Table III) as a function of 
alte r a t i o n history indicates that t o t a l inventories change by 
more than a factor of three, and k . and k ^ change by more than 
a factor of 100 for conditions ranging from fresh surfaces at 
20 C to 20-week altered surfaces at 60°C. Hence, the a l t e r a t i o n 
kinetics of the grgnite w i l l need to be e x p l i c i t l y included i n 
models to predict Co sorption on fresh granite surfaces. 
Alteration kinetics may not be important for well-weathered 
fracture surfaces where oxyhydroxide inventories may be r e l a t i v e ­
l y sggble over long time periods. Provided the rate constants 
for Co sorption on natural fracture surfaces, including the 
effect of the inventory of oxyhydroxides^ can be obtained, the 
DFO model may be useful for describing Co migration. 

Although selenium i s observed i n the geologic setting i n 
association with iron, and the DFO model provides a good f i t to 
the groundwater solution data from the dynamic experiments, the 
selective extraction inventories do not agree well with the model 
predictions, and the chemistry of selenium i s complicated by re­
dox effects (11). It i s l i k e l y that the DFO model i s s t i l l too 
simple to adequately describe selenium migration. 

DFO model f i t variances for cesium show a considerable im­
provement over the sin g l e - s i t e model variances given i n Table I. 
A two-site model has been used (18) to model cesium transport i n 
s o i l s . In this model a Langmuir-type model, Equation 3, was used 
to represent surface sorption and a f i r s t - o r d e r model, Equation 
1, was used to approximate i n t e r p a r t i c l e d i f f u s i o n . Extraction 
with CaCl^ was used to v e r i f y the exchangeable s i t e inventory. 
The success of the two-site sorption models for dissimilar test­
ing conditions c l e a r l y indicates i t s superiority over si n g l e - s i t e 
sorption models for modelling cesium transport. 

Using the c r i t e r i a referred to i n the introductory section, 
the deposition rate constants given i n Table II can be used to 
estimate tran s i t times necessary to achieve equilibrium i n labor­
atory or f i e l d fracture flow studies. For example cesium 
sorption from GGW i n a 100-μΐη aperture fissure i n unweathered Lac 
du Bonnet granite requires a minimum water transit time of ^ 3 d 
for s i t e 1, and 12 d for s i t e 2, i n order to be able to assume 
equilibrium sorption. Water transit times of the order of hours 
w i l l produce only t a i l i n g . Transit times required i n brine 
groundwaters are an order of magnitude higher than those i n GGW. 

Comparison of model f i t variances for cerium indicates a 
definite superiority of the DFO model over si n g l e - s i t e sorption 
models. The large data scatter i n groundwater cerium concentra­
tions, and the ambiguity i n extraction inventory trends, indicate 
that systems producing s i g n i f i c a n t c o l l o i d a l material may require 
more specialized models and experimental methods to f u l l y under­
stand their transport mechanisms. 
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3. WALTON ET AL. Radionuclide Sorption Mechanisms and Rates 65 

Conclusions 

Using a combination of selective chemical extraction and auto­
radiographic techniques, sorption has been shown to be multi-
mechanism. Dynamic experiments using mixing-cells have shown 
that s i g n i f i c a n t changes i n sorption kinetics and capacity can 
occur due to mineral a l t e r a t i o n on a laboratory time scale. Iron 
oxyhydroxides, resulting from the alteration of iron-bearing 
minerals, have been shown to play an important role i n the 
sorption of a variety of radionuclides. 

The comparison of kinetic sorption models presented here was 
made possible by the use of the mixing-cell dynamic technique, 
which eliminates the masking effects of hydraulic dispersion. 
With the possible exception of selenium, a two-site, double 
f i r s t - o r d e r (DFO) model shows an improvement over single s i t e -
models for describing sorption of the radionuclides studied. The 
dependence of sorption on alte r a t i o n history i n the majority of 
cases indicates that experiments with systems representative of 
well-weathered fracture systems are necessary to obtain data 
applicable to actual disposal vault conditions. 
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4 
Actinide and Technetium Sorption on Iron-Silicate 
and Dispersed Clay Colloids 

J. W. SHADE, L. L. AMES, and J. E. MCGARRAH 

Pacific Northwest Laboratory, Richland, WA 99352 

Two different colloidal suspensions, representative 
of those found in waste package interaction tests, 
were prepared from iron metal and s i l i c a powders or 
sodium-bentonite at 90°C. Aliquots were spiked with 
233U, 235Np, 237Pu, or 95mTc at pH ranges from 2 to 12, 
then shaken for 24 hours followed by a 15Å filtration. 
Zeta potential measurements were made on unspiked 
samples. Similar sorptive properties were observed 
for both colloids. At 25°C both 233U and 237Pu exhibit 
maximum sorption (50-90%) near pH 6. Sorption drops 
by about a factor of 5 at pH >8. Slight sorption of 
235Np occurs at pH 11 and decreases to zero at lower 
pH values. 95mTc does not sorb on Fe-silicates and 
is only slightly sorbed (10%) on smectites. 

As part of an e f f o r t to evaluate the effects of waste package 
components (canister, waste form, b a c k f i l l ) on waste form leaching 
behavior, interactive tests have been conducted that include 
monolithic specimens of iron i n the same container with monolithic 
glass specimens. These experiments indicate that the leach rates 
of elements into groundwater from the glass are enhanced re l a t i v e 
to rates observed i n comparable glass-only tests ÇL) . The 
enhanced leach rates are suggested to be the result of decreased 
soluble s i l i c a a c t i v i t y caused by reactions between iron and 
s i l i c a to form hydrated iron s i l i c a t e reaction products. Similar 
experiments (2-3) conducted with sodium-bentonite b a c k f i l l 
materials i n place of iron also y i e l d enhanced leach rates from 
glass. This might be attributable to the a l k a l i sorption 
properties of the smectite component of bentonite or, because 
glass leach rates appear to be related to dissolved s i l i c a 
concentrations (4), possible silica-bentonite polymerization or 
condensation reactions similar to that suggested for s i l i c i c 

0097-6156/ 84/0246-0067S06.00/0 
© 1984 American Chemical Society 
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68 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

acid (5) may be an influence. Although the interaction mechanisms 
are not understood, ICP analysis of sequentially f i l t e r e d 
leachates (0.45 pm to 15Â) and micro-electrophoretic examination 
during zeta potential measurements have indicated the existance of 
s i l i c a - r i c h p a r t i c l e s of c o l l o i d a l size i n both iron and bentonite 
systems (JL) , but no additional characterization was attempted. 

If colloids generated by waste package component interactions 
readily flocculate or are otherwise removed from solution soon 
after formation, they may not represent a waste management problem 
because c o l l o i d a l transport of radionuclides would be limited. 
In the previous interaction experiments (1-3), no evidence for 
flocculation or precipitation was reported over the pH range 6 
to 9.5, which implies that the colloids remain as sols and could 
potentially be transported. If transport i s possible, then i t i s 
desirable to know the extent to which sorbed radionuclides could 
also be transported. 

Such a mechanism would require modifications to some concepts 
of s o l u b i l i t y controlled release. This report concerns a prelim­
inary e f f o r t to determine some of the sorption properties of 
c o l l o i d a l species representative of those formed during waste 
form/waste package interaction tests. Sorption of actinides and 
Tc on those colloids as a function of pH at 25°C was studied. 

The glass-iron and glass-bentonite interaction experiments 
(1-2) that resulted i n c o l l o i d formation were conducted at 90°C i n 
deionized water and i n low ionic strength groundwater with f i n a l 
pH values generally i n the range 8 to 9.5. On the basis of ICP 
analyses of f i l t r a t e s (1), i t i s thought that colloids i n the 
glass-iron system are s i l i c a - r i c h , iron-bearing materials 
(possibly similar to those described i n Reference 6) rather than 
an iron hydroxide such as geothite. In the absence of further 
characterization, these colloids are simply considered as iron 
s i l i c a t e s . Thus, colloids generated with powdered iron and s i l i c a 
under conditions similar to the experiments i n Reference 1, but 
at a s l i g h t l y higher pH, are thought to be representative of iron 
s i l i c a t e colloids from waste glass interaction systems but exclude 
possible complications from leachable waste glass elements. 
Moreover, col l o i d s from the simple i r o n - s i l i c a systems provide 
a basis for comparison with glass-bearing systems i n future work. 

Experimental Procedure 

Iron s i l i c a t e colloids were prepared by placing f i f t y grams of 
iron powder and s i l i c i c acid or Na s i l i c a t e i n a l i t e r of 0.01 M 
NaOH solution, then heating the solution at 90°C for four to five 
days. After this digestion period, the solution was centrifuged 
at 3500 rpm for one hour and the supernate decanted. Aliquots 
of the supernate were examined for the presence of colloids using 
a micro-electrophoresis unit, and the amount of colloids i n 
suspension was estimated by weight loss after evaporation. This 
same procedure was used with Na-bentonite to generate c o l l o i d a l 
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4. SHADE ET AL. Actiniae and Technetium Sorption 69 

size particles except that deionized water was used instead of a 
hydroxide solution. The Na bentonite was the same material used 
i n Reference 7. 

Separate 20 ml aliquots of supernate were then adjusted to 
a desired pH within the range 2 to 12 with HC1 or NaOH and spiked 
with 2 3 7 P u , 2 3 3 U , 2 3 5Np, 9 5 m T c , 1 3 7 C s , or 8 5 S r . Only one isotope 
was used for a given aliquot, and the amount of spike was on 
the order of 10" 1 2 or 10" 1 3 M for the actinides and 10" 7 M for 
uranium—well below expected s o l u b i l i t y l i m i t s . The spiked 
samples were shaken for 24 hours at 25°C, then f i l t e r e d through 
15* f i l t e r s . Counting the i n i t i a l solution and the 15& f i l t r a t e 
allowed a determination of the percentage of nuclide sorbed on 
the c o l l o i d . Corrections were made for sorption on container 
walls. 

In addition, the surface charge (or zeta potential) of 
suspended colloids was measured on separate pH-adjusted aliquots 
using a laser micro-electrophoretic instrument. These measure­
ments were made between the pH range of 2 to 12. 

Results and Discussion 

The percentages of radionuclides sorbed by iron s i l i c a t e and 
sodium bentonite are l i s t e d i n Tables I and II along with i n i t i a l 
and f i n a l pH values. The percentages of 2 3 3 U and 2 3 7 P u sorbed on 
iron s i l i c a t e and bentonite colloids are shown graphically i n 
Figure 1. It i s apparent that similar sorption behavior occurs 
for both colloids with these isotopes. Both exhibit maximum 
sorption near pH 6 with less sorption at high pH and, to some 
extent, also at low pH. 2 3 7 P u seems to sorb more than 

233„ 
while 2 3 3 U exhibits a somewhat greater pH dependence—at least 
under conditions of r e l a t i v e l y dilute solutions. 

In an attempt to offer a p a r t i a l explanation for these 
observations, the zeta potential of the colloids measured as a 
function of pH i s shown i n comparison with possible speciation of 
U and Pu (Figure 2). The sorption experiments were conducted 
under oxidizing conditions, so only the +200 to +400 mV range of 
Eh i s considered. The speciation of U and Pu shown was taken from 
References 8 and 9, respectively. It i s recognized that dominance 
f i e l d s for s p e c i f i c species vary as functions of parameters such 
as ionic strength, t o t a l dissolved carbonate, etc., and also that 
actinides themselves may form polymers (10-11). For purposes of 
this discussion, however, the intent i s to i l l u s t r a t e that 
dissolved species of U and Pu tend to be negatively charged at 
high pH values and po s i t i v e l y charged at low pH. When viewed i n 
these terms, simple e l e c t r o s t a t i c considerations suggest that low 
sorption would be expected at high pH because both c o l l o i d and 
dominant actinide species are negatively charged. I f , at i n t e r ­
mediate pH, the dominant actinide species change from negative to 
positive while the c o l l o i d zeta potential i s s t i l l negative ( i . e . , 
before the i s o e l e c t r i c point), then maximum sorption would be 
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70 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

TABLE I . Sorption of Radionuclides by Iron S i l i c a t e at 25°C. 

So l ids - to - so lu t ion r a t i o was 
hours. A l l samples were 15A 

108 m g / £ . 
f i l t e r e d . 

Contact time was 24 

I n i t i a l 
Concentration 24-hour 

Radionuclides moles/ Sorption,% I n i t i a l pH F i n a l pH 

233 4.591 χ 10 0 11.10 11.20 
0 10.00 10.10 

2.92 8.00 8.05 
35.12 5.99 6.09 
42.72 5.00 5.30 
15.10 4.00 4.00 

6.96 0,0 2.99 2.00 3.00 2.0 

235 5.135 χ 1 θ " 1 2 5.82 11.20 11.25 
P 0 10.00 10.02 

0 8.00 8.01 
0 6.00 6.10 

237 1.230 χ 10" 1 3 44.37 11.10 11.25 
U 15.12 10.00 10.10 

23.27 8.00 8.00 
55.40 6.01 6.20 
61.19 5.00 5.40 
57.73 4.05 4.10 
56.75 50.15 2.98 2.00 2.90 2.60 

95m 4.187 χ 1 θ " 1 4 0 11.03 11.15 
0 10.00 10.00 
0 7.99 7.99 
0 6.00 6.15 

137 2.593 χ Ι Ο " 1 1 19.77 10.00 9.92 
10.74 8.00 8.18 
11.09 6.00 7.45 
8.19 4.00 3.97 

0 2.00 1.99 

85 2.370 χ 10" 1 3 64.52 10.00 10.28 
48.08 8.00 8.24 
44.72 6.00 7.09 
20.74 4,00 3.82 

7.68 2.00 1.90 
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4. SHADE ET AL. Actinide and Technetium Sorption 71 

TABLE II. Sorption of Radionuclides by Na Bentonite at 25°C 

Solids -to-solution r a t i o was 68.2 mg/£. Contact time 
was 24 hours. A l l sample s were 15A f i l t e r e d . 

I n i t i a l 
Concentration 24-hour 

Radionuclides moles/it Sorption, % I n i t i a l pH Final pH 

233u 4.591 χ 10" 7 21.33 11.20 11.00 
14.95 10.00 9.90 
41.18 8.00 8.00 
71.55 6.00 6.90 
86.94 5.02 6.26 
90.21 4.00 5.66 
76.51 4.00 4.05 

235 N p 5.135 χ 10" 1 2 14.23 11.20 11.15 
4.02 10.00 9.80 
6.94 8.05 8.05 
8.58 6.05 7.50 
3.65 5.00 6.04 
7.43 3.95 5.37 

237 P u 1.230 χ 10" 1 3 56.79 11.20 11.00 
58.06 10.00 9.80 
82.71 8.00 8.10 
80.62 6.00 6.85 
75.30 5.00 6.06 
77.94 4.02 5.65 

95mTc 4.187 χ 10" 1 4 0.89 11.20 10.10 
1.50 10.00 9.85 
3.89 8.00 8.00 
13.40 6.00 7.00 
9.51 5.00 6.85 
9.41 4.02 5.68 

137 C s 2.593 χ 10" 1 1 77.05 10.00 9.90 
73.57 8.05 8.09 
68.71 6.00 6.69 
62.69 4.00 5.53 
18.57 2.00 2.09 

2.370 χ 10-13 98.04 10.00 9.83 
96.35 8.00 7.99 
95.02 6.00 6.48 
94.43 4.00 4.42 
35.48 2.00 1.94 
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74 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

expected. At even lower pH values, both c o l l o i d and actinide 
are l i k e l y to be po s i t i v e l y charged so that sorption i s reduced. 
A more detailed characterization of colloid-actinide systems would 
permit a quantitative interpretation, but this was not within the 
scope of this e f f o r t . 

The same type of experiments were conducted using 9 5 m T c 
and 2 3 5Np spikes, and these results are shown i n Figure 3. Very 
l i t t l e sorption was observed on either c o l l o i d . The larger 
amounts of 2 3 5Np sorption at high pH for both co l l o i d s suggest the 
presence of a po s i t i v e l y charged species, but i t apparently i s not 
present i n large amounts. The dominance of the pertechnetate ion 
at oxidizing conditions readily accounts for the low sorption on 
negatively charged c o l l o i d s . The s l i g h t amount of 9 5 m T c and 2 3 5Np 
sorption on bentonite might be attributed to lo c a l i z e d sorption 
at s i t e s of ferrous iron i n bentonite or to reduction by small 
amounts of organics. The iron associated with iron s i l i c a t e 
c olloids i s l i k e l y f e r r i c because they were formed under 
oxidizing conditions. 

The results of additional experiments conducted with 8 5 S r 
and 1 3 7 C s spikes are shown i n Figure 4. The well known sorption 
characteristics of bentonite for Sr and Cs ions i s apparent (7). 
The sorption properties of bentonite are reduced at low pH, which 
i s consistent with an e l e c t r o s t a t i c concept. 1 3 7 C s sorption 
on the iron s i l i c a t e c o l l oids i s considerably less than that 
observed with bentonite, even though the c o l l o i d zeta potentials 
are similar, which suggests that mechanisms other than simple 
e l e c t r o s t a t i c concepts may be involved. Also, the linear trend 
of data for Sr i n iron s i l i c a t e systems i s considered to represent 
pre c i p i t a t i o n rather than sorption. 

Conclusions 

This preliminary work suggests that sorption properties of iron 
s i l i c a t e c o l l o i d a l size p a r t i c l e s generated i n waste package 
interaction experiments are similar to those of bentonite for U 
and Pu as well as for Tc and Np. Although no s p e c i f i c e f f o r t was 
made i n this investigation to determine c o l l o i d s t a b i l i t y , 
f l o c c u l a t i o n was not observed i n the short 24-hour experiments 
within the pH range 2 to 12 for low ionic strength solutions. A 
si g n i f i c a n t amount of sorption was observed which j u s t i f i e s a more 
detailed characterization e f f o r t to evaluate c o l l o i d growth rates, 
composition and floc c u l a t i o n characteristics over a range of 
repository-relevant temperatures and radiation f i e l d s . This type 
of e f f o r t w i l l be required before a f u l l evaluation of the 
significance of colloids i n waste package systems can be made. 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 4. Sorption of 1 3 7 C s and 8 5 S r by C o l l o i d a l Iron 
S i l i c a t e s and Na Bentonite at 25°C. 
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5 
Adsorption of Nuclides on Hydrous Oxides 
Sorption Isotherms on Natural Materials 

R. E. MEYER, D. A. PALMER, W. D. ARNOLD, and F. I. CASE 

Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Hydrous oxides and minerals which have adsorbing 
groups that behave like hydrous oxides are ubiq­
uitous components of geological formations and 
may dominate the adsorptive properties of the for­
mations at conditions of natural groundwaters. An 
understanding of the adsorptive behavior of 
hydrous oxides is therefore necessary for reliable 
prediction of migration of nuclides through the 
formations. Various isotherms are derived from 
equilibrium ion-exchange theory for the sorption 
of non-hydrolyzed ions on hydrous oxides. These 
isotherms are compared with experimental isotherms 
for sorption of Cs +, Sr2+, Eu3+, and TcO4- on 
several hydrous oxides. The experimental 
isotherms for cations show l i t t l e dependency of 
sorption on the ionic strength at intermediate pH 
values but considerable dependence at higher pH 
values. In the pH range of negligible hydrolysis, 
sorption increases with pH for cation sorption, 
and the slope of this dependency on pH increases 
with the charge of the cation. General features 
of these isotherms are predictable from ion­
-exchange equilibrium theory as applied to hydrous 
oxides. By combining isotherms for hydrous oxides 
with those for layer-type clay minerals, many unu­
sual features of isotherms found on geological 
materials can be explained. 

Safety analysis of nuclear waste repositories requires r e a l i s t i c 
prediction of the rates of migration of nuclides from the repos­
i t o r y through the host geological medium to the accessible 
environment. These predictions require sorption isotherms 
rather than single values of distribution c o e f f i c i e n t s , and 
there must be substantial confidence that the sorption isotherms 

0097-6156/ 84/0246-0079S06.00/0 
© 1984 American Chemical Society 
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80 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

are r e a l i s t i c . Theoretical j u s t i f i c a t i o n of the isotherms can 
provide this confidence, particularly i f the j u s t i f i c a t i o n i s 
obtained from long-established principles such as chemical 
equilibrium theory. 

Hydrous oxides and minerals with adsorbing groups which 
behave l i k e hydrous oxides are ubiquitous components of geolog­
i c a l formations. These formations may also contain other highly 
adsorbing materials, such as the clay minerals, and, i n prac­
t i c e , samples of the formations w i l l probably be mixtures of 
oxides, clays, and other materials. One approach to modelling 
these formations i s to consider them to be mixtures of the i n d i ­
vidual minerals of the formations and to calculate sorption 
isotherms from sorption isotherms of the components. If chemi­
c a l equilibrium theory, for example as applied to ion exchange, 
could be used to predict the form of these isotherms, the task 
of prediction of the overall isotherm of the formations would be 
considerably simplified. In this paper, we show that many of 
the features of sorption isotherms found with natural materials 
can be predicted with r e l a t i v e l y simple relations derived from 
ordinary equilibrium ion exchange equations. Further, i n the pH 
range 6-9 of most natural groundwaters, the sorption properties 
of many natural materials are dominated by the sorption proper­
t i e s of hydrous oxides. Here, we w i l l refer primarily to three 
types of isotherms: plots of equilibrium d i s t r i b u t i o n coef­
f i c i e n t , D, vs concentration of the nuclide on the adsorbent; D 
vs ionic strength; and D vs pH. The f i r s t of these types may 
also be plotted as an essentially equivalent graph of concentra­
ti o n of the nuclide on the adsorbent vs concentration i n the 
solution. 

In deriving the shapes of these isotherms, we f i r s t must 
define isotherms for ideal clays and ideal oxides. We then com­
bine these ideal functions into overall isotherms and compare 
the derived functions to experimental isotherms determined for 
various adsorbents. We w i l l show that observations which have 
been said to preclude ion exchange are, i n fact, quite con­
sistent with ion-exchange behavior. We w i l l not attempt to 
derive actual values of equilibrium d i s t r i b u t i o n coefficients, 
but rather we seek only to define the shapes of the isotherms. 

Isotherms for Ideal Clay 

We w i l l define an ideal clay as one with a fixed negative charge 
i n the l a t t i c e and i n which the charge i s completely independent 
of pH. Further, we w i l l stipulate that this charge i s the only 
source of the sorption capacity of the exchanger. This implies 
that adsorption i s entirely independent of pH except for the 
inclusion of the hydrogen ion as one of the exchangeable 
cations. Using this assumption, we can calculate isotherms from 
normal ion exchange equilibrium equations. For exchange of a 
cation, A n +, with a univalent cation, B +, we can write the 
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5. MEYER ET AL. Adsorption of Nuclides on Hydrous Oxides 81 

following equations: 

A n + + nB +, = An+ + nB + 

s ads ads s (1) 

Κ - [A a d s][B s]»/{[A s](C-n[A a d s]) n} (2) 

D = [A ads]/[A S] - Κ ( C - n [ A a d s ] ) n / [ B s ] n (3) 

where Κ i s the equilibrium constant for the ion exchange reac­
tion, [ A a d s ] and [A s] are the concentrations of the nuclide on 
the clay and i n the solution, [ B a d s ] and [B s] are the con­
centrations of the exchanging cations, η i s the charge of the 
nuclide, C i s the capacity of the clay, and D i s the equilibrium 
d i s t r i b u t i o n c o e f f i c i e n t . Isotherms derived from these 
equations are quite familiar. Values of D are constant as the 
concentration of the cation i s increased u n t i l the amount 
adsorbed approaches the capacity. Equivalently, the slope of a 
plot of log[A a <j s] vs log[A s] i s one at low capacity and 
approaches zero as the capacity of the exchanger i s approached. 
These equations show the s e n s i t i v i t y of this type of sorption to 
competing ions, and this s e n s i t i v i t y i s often used as a test for 
the presence of ion exchange. If the solution contains ions of 
only one charge, m, e.g., a l l monovalent or a l l divalent, and i f 
the nuclide, A n , i s present at trace concentrations, then plots 
of log D vs logJBg11**"] are equal to -n/m. This relation i s 
i l l u s t r a t e d i n Figure 1 for exchange with monovalent cations, 
calculated for a hypothetical clay, from Equation 3. Unfortu­
nately, i t i s sometimes assumed that the converse i s true, i . e . 
that i f these relations are not found, ion exchange i s not the 
sorption process involved. [In Figure 1 corrections are applied 
for the known a c t i v i t y coefficients i n mixtures of the chlorides 
of sodium and the adsorbing nuclides, Cs(I), Sr(II), and 
Eu(III). This correction produces some curvature on these 
plots.] 

Isotherms for Ideal Hydrous Oxides 

Sorption on oxides and hydrous oxides has been extensively 
studied both experimentally and theoretically. In order to 
define an ideal oxide or hydrous oxide exchanger, we w i l l rely 
on experiments with well-defined sorbents such as chromato­
graphic alumina (1-4). B r i e f l y , the adsorption characteristics 
of oxides and hydrous oxides are: (1) At high pH, they act as 
cation exchangers but with less s e n s i t i v i t y to the t o t a l salt 
concentration than clay minerals. This behavior i s i l l u s t r a t e d 
i n Figure 2, where sorption of strontium on alumina i s shown. 
At high pH, the s e n s i t i v i t y of the d i s t r i b u t i o n coefficient to 
the concentration of the competing cation i s somewhat less than 
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Figure 1. Theoretical plots of d i s t r i b u t i o n c o e f f i c i e n t vs concen­
tratio n of NaCl for sorption of Cs(I), Sr(II), and Fu(III) on a 
hypothetical clay with a capacity of one equivalent per kilogram. 
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Figure 2. Adsorption of Sr(II) on the sodium form of alumina. 
(Trace Sr(I I ) , equilibration for over 62hr.) Slopes: pH 9, -0.80; 
pH 8, -0.58; pH 7, -0.34; pH 6, -0.17; pH 5, +0.02. 
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5. MEYER ET AL. Adsorption of Nuclides on Hydrous Oxides 83 

half of what one would expect for an Ideal clay. (2) At low pH, 
they become anion exchangers. This characteristic i s 
i l l u s t r a t e d by the plots of T C O 4 " " sorption shown i n Figure 3, 
where i t i s shown that distribution coefficients increase at 
lower pH values (3). (3) For cation exchange, the s e n s i t i v i t y 
to sa l t concentration decreases as the pH i s lowered (Figure 2). 
For anion exchange, the opposite i s true (Figure 3). (4) As 
shown i n Figure 4, the slopes of log D vs pH increase with the 
charge of the adsorbing nuclide. In Reference 2, we have shown 
from ion exchange theory that this slope should, under certain 
ideal conditions, be equal to n/2 where η i s the charge of the 
adsorbing nuclide. This i s approximately true for the data 
shown i n Figure 4. Slopes of log D vs pH are from 0.4 to 0.5 
for Cs(I), 0.8 to 1.0 for Sr(II), and 1.5 to 1.65 for Eu(III) 
(1_). (5) The capacities tend to increase with the charge of the 
ion as shown i n Figure 5, where plots of the d i s t r i b u t i o n coef­
f i c i e n t vs loading (concentration of the nuclide on the sorbent) 
are shown for adsorption of Cs(I), Sr(II), and Eu(III) on alu­
mina. In these experiments, pure chromatographic alumina was 
used. The alumina was equilibrated at least three times to con­
vert a l l exchangeable cations to the sodium ion and sorption 
measurements were conducted at trace loading for a l l experiments 
except when an Isotherm relating equilibrium d i s t r i b u t i o n coef­
f i c i e n t to concentration of the nuclide i n the solution was 
desired. If pure adsorbents are not used and i f the adsorbent 
i s not properly pretreated, then i t i s quite d i f f i c u l t to obtain 
meaningful comparisons for various experiments. 

The results of a l l of these measurements can be approxi­
mated by an empirical expression that explains most of the 
features of our experiments on oxides. In this paper, we w i l l 
not attempt to give theoretical j u s t i f i c a t i o n , but we and others 
(2^,4) have shown that most of the five characteristics given 
follow d i r e c t l y from equilibrium ion exchange considerations i f 
certain assumptions are made relative to the o r i g i n of the l a t ­
t i c e charge on the oxide. Other approaches have been used to 
explain these observations on hydrous oxides. Among these are 
approaches which associate enhanced sorption with hydrolysis of 
the nuclide (5-7) and with formation of surface complexes to 
s p e c i f i c sites (8-10). Some of these approaches are quite elab­
orate making extensive use of computer calculations and include 
double layer theory. The approach that we have used (2) i s 
r e l a t i v e l y simple, and explains many of the characteristics of 
sorption on hydrous oxide with equilibrium theory. 

For the data that we have collected so far for sorption on 
oxides, Equation 4 i s a good empirical representation of the 
results: 

[ A a d s ] - [A s]K o x(C-n[A a d s])[H +](-n/2)[B s]P (4) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

00
5



GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 3. Plot of adsorption vs pH for TCO4" on Zr(>2 
i n NaCl solutions* 
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Figure 4. Adsorption of Cs(I), Sr(II), and Eu(III) on 
the sodium form of gamma-alumina. (Trace loading, 
60-240 hr equilibration, 0.5 M NaCl). 
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Figure 5· Effect of loading on distribution coef­
f i c i e n t s of Cs(I), Sr(II), and Eu(III) on the sodium 
form of chromatographic alumina, (0.05 M NaCl, 
equi l i b r a t i o n for more than 165 hr).  P
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5. MEYER ET AL. Adsorption of Nuclides on Hydrous Oxides 87 

where K Q X i s a constant, [ H + ] i s the hydrogen concentration, C 
i s the capacity of the oxide for the particular nuclide that i s 
adsorbed, and ρ i s a factor that expresses the dependence of 
sorption of the nuclide on the salt concentration. For alkaline 
conditions, the parameter, p, seems to be about -0.4 to -0.6 
(2). At low pH, i t appears to be very small or i n some cases 
even negative. Usually at low pH, equilibrium d i s t r i b u t i o n 
c o e f f i c i e n t s are small, and i t i s d i f f i c u l t to obtain data 
accurate enough for meaningful comparisons. This parameter i s 
therefore dependent on pH. The capacity, C, i s given as being 
independent of pH; however, we have not investigated this point 
enough to say for sure. The concentration adsorbed, [ A ^ g ] , 
w i l l normally depend strongly on the pH as expressed by Equation 
4. It i s also possible that the expression (C-n[A a d s]) w i l l 
have an exponent as i t does i n Equation 2 for simple ion 
exchange, but our data are not accurate enough to determine 
whether this i s true. For our purposes here, this equation i s 
s u f f i c i e n t , and we w i l l consider C and K Q X as empirical 
constants. 

Combined Isotherms 

There are several ways to form combined isotherms. In this 
paper we w i l l simply assume that we can combine them i n a linear 
fashion such that each isotherm i s completely independent of the 
other. The independence of the isotherms on the different 
adsorbents implies the following equations: 

[ A a d s ] ( t o t a l ) = f i [ A a d s ] ( l ) + f 2 [ A a d s ] ( 2 ) (5) 

or D(total) = f i D ( l ) + f 2D(2) (6) 

where f^ and f 2 are weight fractions of the various adsorbers, 
[ A a d s ] ( l ) and [ A a d s ] ( 2 ) are the concentrations on the individual 
minerals. This equation can readily be extended to any number 
of adsorbers by adding terms of the form of the f i r s t two terms. 
In calculating the overall isotherms, we f i r s t calculate [ A a d s ] 
for the various components of a mixture and then combine them 
with Equation 5 or 6. 

Equation 6 was used to predict experimental measurements of 
binary mixtures of adsorbents for sorption of Cs(I) and Sr(II) 
from measurements on the individual minerals. (11) For some of 
the cases investigated, the distribution coefficients could be 
calculated with considerable precision from measurements on the 
individual minerals. In other cases, there appeared to be 
interaction between the minerals. However, these experimental 
results appear to confirm Equations 5 and 6 for cases where the 
sorbents do not interact. 
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88 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

In Figure 6 , we show a theoretical calculation using 
Equations 3 - 6 of the effect of pH on the di s t r i b u t i o n coef­
f i c i e n t for a case where the principal adsorbent i s a 
hypothetical clay which contains a t o t a l of 0 . 8% oxides. In 
t h i s case, we chose a mixture of three oxides as follows: 
oxide # 1 , 0 . 1 % , Y^x - . 0 1 , C = . 5 ; oxide # 2 , 0 . 2 % , KQX - . 0 0 5 , 
C = . 3 , oxide # 3 , 0 . 5 % , K Q X = 0 . 0 1 , C • 1 . These constants 
were chosen a r b i t r a r i l y to approximate roughly the data that we 
observe i n Figure 7 . These constants are not unique; other sets 
of constants could also represent the data. The calculations 
shown are for sorption of a trivaient ion from a solution of a 
monovalent salt l i k e NaCl. Unless otherwise stated i n these 
Figures, the concentration of the salt i s 0 . 0 1 M, the capacity 
of the clay i s assumed to be one equivalent per kilogram, ρ • 0 
and Κ (for the clay) i s assumed to be 1 . 0 . These numbers give 
calculated values of D which are similar to those that we 
observe i n our experiments. In our calculations, D i s expressed 
i n L/kg, C i n equivalents/kg, concentrations i n solution as 
moles/L, and concentrations on the s o l i d (loading) as moles/kg, 
and units of Κ or K Q X which are consistent with these units. 

The calculations show a strong dependence on concentration 
of the monovalent ion at low pH but a very small dependence at 
the upper pH values shown i n Figure 6 . The reason for this i s 
that, because of the strong pH dependence of sorption on oxides, 
at low pH the c l a y - l i k e behavior dominates and at the upper pH 
region, the oxide-like behavior dominates. 

In Figure 7 , we show experimental data for adsorption of 
Eu(III) on montmorillonite. As a number of investigators have 
suggested ( 1 2 - 1 4 ) , layer-type clay minerals generally contain 
both a fixed-layer charge which corresponds to the constant 
capacity, and groups at the edges of the layers which behave 
l i k e oxide groups. A natural clay can therefore be thought of 
as a mixture of a clay and an oxide. It i s also quite possible 
that natural clay minerals contain small quantities of oxides. 
The curves shown for Eu(III) sorption on montmorillonite show 
the same features as the calculated curves of Figure 6 . These 
d i s t r i b u t i o n coefficients are equilibrium d i s t r i b u t i o n coef­
f i c i e n t s , and although we show only one of the experiments, 
es s e n t i a l l y the same behavior was obtained when the experiment 
was started at low pH, high pH, or intermediate pH and cycled 
through the range shown i n Figure 7 . ( 1 5 ) In addition, experi­
ments were also done which showed that the dis t r i b u t i o n coef­
f i c i e n t s did not vary substantially with time. Because of the 
unusual shape of the curves which show the transition from a pH 
range dependent to a region independent of the competing ion, i t 
i s d i f f i c u l t to account for their shape. The assumption that 
the sample behaves l i k e a mixture of oxide and clay adsorbing 
s i t e s does provide a simple explanation of this behavior. The 
s i m i l a r i t y between Figure 7 and Figure 6 does not prove that 
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Figure 6. Theoretical di s t r i b u t i o n coefficients for 
t r i v a i e n t ion sorption on sorbent containing 99·2% clay 
and 0.8% oxide. Arbitrary constants (see text). 
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Figure 7· Adsorption of Eu(III) on the sodium form of 
pu r i f i e d Wyoming montmorillonite (trace loading, 
eq u i l i b r a t i o n for 96 hr). 
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90 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

this i s the correct explanation, but i t does say that one cannot 
eliminate ion exchange as the mechanism of adsorption, because 
the equations are derived from ion exchange principles* 

These equations also predict that plots of the concentra­
t i o n of the nuclide on the adsorbent vs concentration of the 
nuclide i n the solution w i l l not be linear i n many cases. The 
slope of such plots w i l l depend on the particular mixture pres­
ent, the pH, and the range of the solution concentration of the 
nuclide. To i l l u s t r a t e this point, we show i n Figure 8 several 
plots of calculations for various assumptions. The same con­
stants given above were used to calculate these curves. When 
plotted as log D vs log [ A a < j s ] , there i s a clear indication at 
pH 7 of two regions, at low values of [A a <j s] up to about 10""̂  
moles/kg and the upper region above 10~* moles/kg. The lower 
region corresponds to domination of sorption by the oxide com­
ponent and the upper by the clay component. These calculations 
were replotted as log [A a <j s] vs log [A s] and the results are 
shown i n Figure 9. The large hump observed i n Figure 8 i s 
observed to be a l i n e above the pH 4 l i n e (slope • 1). 
Normally, when such an experiment i s carried out, i t may not be 
possible to cover as wide a range of concentration of the 
nuclide shown i n this hypothetical case. S o l u b i l i t y or other 
constraints may l i m i t the accessible range. In the case of t r i -
valent ions l i k e Eu(III), i t i s not possible to increase the 
concentration of the ion much above tracer levels at higher pH 
because of the p o s s i b i l i t y of precipitation and the formation of 
hydrolyzed and polynuclear species which would change the nature 
of the sorption process. We have so far not been able to deter­
mine a reproducible sorption isotherm for Eu(III) on our samples 
of montmorillonite above about pH 5-6. 

Although i t i s not possible to increase the concentration 
of Eu(III) enough at higher pH levels to determine experimen­
t a l l y an isotherm over a large concentration range, i t i s 
possible to do so with divalent ions l i k e Ni2+ and Co^ +. Egozy 
(12) has reported curves similar to Figure 5 for Co^ + sorption 
on montmorillonite and Triolo and Meyer (16) have observed simi­
l a r curves for sorption of Ni2+ and Zn^ + on montmorillonite. 

F i n a l l y , we show i n Figure 10 some recent data on adsorp­
t i o n of Eu(III), at trace concentrations, on a natural specimen 
of corundum. Here, we see a pattern somewhat similar to that 
observed for montmorillonite. At low pH leve l s , there i s a 
strong dependence on salt concentration, and at pH 6-7, there i s 
a rapid increase i n D. As with our results with montmoril­
l o n i t e , this sorbent may be modelled as a mixture of clay-like 
and oxide-like sorbents. We do not know why the two points at 
low pH i n 2.5 M NaCl are the highest. There are only two such 
points i n Figure 9; perhaps these are anomalous. The results at 
high pH probably represent a mixture of precipitation and 
sorption. 
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and 0.8% oxide. Arbitrary constants (see text). 

cn 
x. 
\ 
(0 
Φ 

r — I 
0 Ε 

ΤΙ 

ο 

10e 

10-

10-J 

10-' Ξ 

Ξ ι ιιιιιιι ι limn I ΙΙΙΙΙΙ̂  I ΙΙΙΙΙΗ| ι ιιιιιιι 
I ; 
j ! 

I ΙΙΙΙΙΙΙ I llllllj I lllljj 

3 ρ Η 7 

! ! 
! ί « 

4 
Ο 

Ο 

Ο Ξ 
' I -

ι : 

ι ΡΗ 6 

» Ρ Η 4 ! ι.Γ 

ι 1 

I = 
ι Ξ 

1 
III

III
I 

• τ i* i 

ιιιιιιι I 

- • 
α j 

r ' 

Ι 1_ = 

ζ a 

- a 
* Δ Ο Δ 
.* ! 

Ξ Δ 
Ξ Λ ° 
- ο 
: ι ιιιιιιι 

Τ 

I ιιιιιιι ι ιιιιιιι 

! 

ι 11 uni ι IIIIJ 11 nun I ιιιιιιι 1 ιιιιιιι 
10-,β 10-9 10-" 10-7 10"" 10-* 10-4 10" 10-2 

CNucl.], sol'η, moles/L 

Figure 9. Theoretical isotherms for trivale n t ion 
sorption on sorbent containing 99.2% clay and 0.8% 
oxides. Arbitrary constants (see text). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

00
5



GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

1.000.000 c r 

10,000 — 

1.000 — 

100 — 

• 25 M NaCl 

A 1.0 M NaCl 

• 0.25 M NaCl 

• 0 05 M NaCl 

12 

Figure 10. Adsorption of Eu(III) on the sodium form of 
corundum (loading: 1.96E-6 to 8.1E-5 mole Eu(III)/kg, 
e q u i l i b r a t i o n for more than 192 hours).  P
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Summary and Conclusions 

Sorption of polyvalent ions increases very rapidly with pH on 
oxides and hydrous oxides* Because natural materials generally 
contain oxides or at least adsorbing groups that behave l i k e 
oxides, sorption of polyvalent nuclides at intermediate pH w i l l 
tend to follow behavior ty p i c a l of oxides* Thus, a strong 
dependence of sorption on s a l t concentration may not be 
observed* This lack of dependence on sal t concentration does 
not preclude ion exchange as a mechanism however, since this 
type of behavior follows d i r e c t l y from equilibrium equations* 

Natural minerals and rocks can be modelled as mixtures of 
c l a y - l i k e adsorbents and oxide-like adsorbents* Various i s o ­
therms calculated from these assumptions are similar to experi­
mentally observed isotherms for adsorption of Eu(III) on 
montmorillonite and corundum* Montmorillonite i s of course a 
clay mineral, but i t does have oxide-like groups* 

It i s possible that these results could be generalized to 
natural geological formations* Rather than describing a f o r ­
mation as a mixture of s p e c i f i c minerals, i t might be possible 
to describe the formation as a mixture of types of adsorbents* 
These adsorbents could be characterized by experiments at low pH 
where oxide groups have l i t t l e influence on sorption behavior 
and experiments at higher pH where the pH has a si g n i f i c a n t 
e f f e c t on sorption* 
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6 
Effects of Hanford High-Level Waste Components 
on the Solubility and Sorption of Cobalt, Strontium, 
Neptunium, Plutonium, and Americium 

C. H. DELEGARD, G. S. BARNEY, and S. A. GALLAGHER 

Rockwell International, Energy Systems Group, Richland, WA 99352 

High-level radioactive defense waste solutions, 
originating from plutonium recovery and waste 
processing operations at the U.S. Department of 
Energy's Hanford Site, currently are stored in mild 
steel-lined concrete tanks located in thick sedimentary 
beds of sand and gravel. Statistically designed 
experiments were used to identify the effects of 12 
major chemical components of Hanford waste solution 
on radionuclide solubility and sorption. 

The chemical components with the most effect on 
radioelement solubility and sorption were NaOH, 
NaAlO2, EDTA, and HEDTA. The EDTA and HEDTA 
increased Co, Sr, and Am solubility and decreased 
sorption for almost all radioelements studied. Sodium 
hydroxide and NaAlO 2 increased Pu solubility and 
decreased Np and Pu sorption. Sodium nitrite decreased 
Np solubility, while Na 2 CO 3 and HEDTA increased it. 
These observations give evidence for the formation of 
radioelement complexes which are soluble and are not 
strongly sorbed by the sediments near the waste tanks. 

High-level defense waste solutions resulting from plutonium 
recovery and waste processing activities currently are stored in 
mild steel-lined concrete tanks located underground at the 
U.S. Department of Energy's Hanford Site. Low radioélément 
solubility and extensive radioélément sorption on surrounding 
sediment help maintain isolation of hazardous radionuclides from 
the biosphere in the event of tank failure. 

Chemical components in the waste solutions potentially 
could affect radioélément solubility and sorption reactions, and 
thus enhance or reduce radionuclide transport. The effects of 12 
chemical components on the solubility and sorption of cobalt, 
strontium, neptunium, plutonium, and americium were studied to 

0097-6156/84/0246-0095S06.00/0 
© 1984 American Chemical Society 
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96 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

aid in judging the feasibility of continued storage of Hanford high-
level waste solutions in existing tanks, as well as in predicting the 
effects of possible future waste processing operations. The results 
of the solubility and sorption studies are presented in this report. 

Experimental 

Experimental Design, To identify which of the 12 high level waste 
(HLW) components significantly affected radioélément solubility 
and sorption, the Plackett-Burman design, a statistical 20-run 
screening test, was employed (1). The Plackett-Burman design is a 
two-level fractional factorial design having internal replication 
and is effective for screening variables (in this case, chemical 
components) for significance when the interactions between the 
variables are not important. 

The effects of the significant HLW components on solubility 
and sorption were quantified using three-level statistical designs. 
Full factorial designs were run if only two variables (HLW 
components) were to be studied and fractional factorial Box-
Behnken designs were run for three or four variables (2). The 
2-variable design required 12 experiments while the 3- and 
4-variable Box-Behnken designs required 15 and 27 experiments, 
respectively. The three-level designs yielded quadratic equations 
predicting solubility and sorption values in terms of the 
concentrations of the significant components. 

Materials. Twelve chemical components of Hanford alkaline HLW 
solutions were studied. These were NaNCL, NaN0 2 , NaOH, 
NaA102, NaJC0 3, Na 2S0 4 , Na^PO^, NaF, Na 3 HEDTA 
(N-2-hydroxyethylethylenediaminetriacetic acid, trisodium salt), 
NaJSDTA (ethylenediaminetetraacetic acid, tetrasodium salt), 
Na0 2 CCH 2 OH (sodium hydroxyacetate), and N a 3 C 6 H 5 0 , 
(trisodium citrate). Reagent chemicals and distilled and deionizea 
water were used to prepare all test solutions. 

The 12 waste components were selected for study based on 
their quantities in the Hanford HLW solutions and their abilities 
to complex, or influence the complexation of metallic 
radioéléments. The range of chemical component concentrations 
studied, given in Table I, was broadly representative of 
concentrations found in HLW. 

Three Hanford sediments were used in the sorption studies. 
Each of these sediments contained significant quartz, feldspar, 
vermiculite, mica, and montmorillonite and were typical of the 
Hanford sediment in which the HLW tanks are located. Properties 
of the sediments used are given in Table Π. 
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6. DELEGARD ET AL. High-Level Waste Components 97 

Five radioéléments were selected for study: cobalt, 
strontium, neptunium, plutonium, and americium. These 
radioéléments were selected because of their presence in the HLW, 
their potentials to form complexed species, and their radiological 
hazards. Table ΠΙ summarizes the radioélément concentrations 
estimated and measured in some HLW solutions and the 
concentrations used in these experiments. 

Procedures. Each solubility experiment was conducted by adding 
dried tracer solids to 5.00 mL portions of test solution, and by 
capping and equilibrating the mixture for 2 weeks. The tracer 
solids were obtained by drying precise volumes of stock nitric acid 
solutions of the radioélément under a heat lamp. Thus, the 
radioéléments were present initially as Co(H), Sr(H), Np(VI), 
Pu(IV), and Am(lH). Following equilibration, the mixtures were 
filtered through 0.003um pore size ultrafilters to remove 
undissolved tracer solids. Spectrometry of gamma and low energy 
X-rav emissions was used to determine 60Co, 85Sr, 2 3 7 N p , 238Pu, 
and 241 Am concentrations. 

Each sorption experiment was conducted by adding 5.0 mL of 
the appropriate traced solution, prepared as described above, to a 
weighed (-1 g) portion of Hanford sediment. To simulate 
advancement of a radioélément plume from a failed tank through 
previously waste-wetted sediment, each sediment sample was pre-
equilibrated twice with the relevant untraced solution prior to 
introduction of the traced solution. Each pre-equilibration lasted 
at least 2hr. Following a 7-day equilibration with the traced 
solution, each sediment-solution mixture was centrifuged, the 
solution was filtered through an ultrafilter, and the radionuclide 
solution concentration was determined. Distribution coefficients 
and fractions of radionuclides sorbed were determined for each 
sorption experiment. The distribution coefficient, Kd, is the 
activity per gram of sediment divided by the activity per mL of 
solution at equilibrium. 

Results 

Solubility Screening Tests. Table IV summarizes the results of the 
solubility screening tests performed using the Plackett-Burman 
statistical design. Cobalt was found to be significantly more 
soluble in the presence of EDTA and HEDTA, and, to a lesser 
extent, Na2SO^. Cobalt probably is present as Co(H) in strongly 
basic solution (3). As expected, high formation constant values are 
known for Co(H) complexes of EDTA and HEDTA (4). These stable 
complexes enhanced the solubility of cobalt. The effect of Na 2 S0 4 

on increasing cobalt solubility was unexpected since the complex 
CoSO.0 has a very low formation constant (5). 

Strontium, present as Sr(II), also showed increased solubility 
in the presence of EDTA and HEDTA due to the formation of stable 
soluble complex species (4). 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table I. Component Concentration Values 

Component Concentration Range 
Studied (M) 

NaN03 0-2 

NaN02 0-2 

NaOH 1-4 

NaA102 0-0.5 
Na2C03 0-0.05 

Na2S04 0-0.01 

Na3P04 0-0.01 
NaF 0-0.01 
Na3HEDTA 0-0.1 
Na4EDTA 0-0.05 

Na hydroxyacetate 0-0.1 

Na3 citrate 0-0.03 

Table Π. Properties of Hanford Sediments Studied 

Sediment 
Texture (wt%) CEC 

(meq/100g) 
CaCO.3 
(mg/g) Sediment 

Clay Silt Sand 
CEC 

(meq/100g) 
CaCO.3 
(mg/g) 

L 1.9 8.3 89.8 3.6 34 

Ρ 1.3 6.9 91.8 3.5 19 

S 3.0 10.3 86.7 6.8 0 
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DELEGARD ET AL. High-Level Waste Components 

Table EQ. Radioélément Concentrations 

Radionuclide 
Radionuclide 
concentration 

(uCi/L) 

Total element 
concentration 

(μΜοΙ/L) 

Concentration in Hanford HLWa 

6OC0 153 0.002b 

90Sr 3,190-4,800 0.75 - l . l b 

237Np 2.8 17 

238,240pu 0.46-6.8 0.023-0.38b 

241Am 0.12-21 0.00016-0.025b 

Maximum Possible Concentration in Solubility 
Experiments (no precipitation) 

6OC0 - 3.8 

85Sr - 3,000 

237Np - 6,600 

238,239,240PU - 90 

24lAm - 8.6 

Concentration in Sorption Experiments 

6OC0 - 0.08 

85Sr - 0.8 

237Np - 30 

238Pu - 0.002 

24iAm - 0.0006 
aFiltered (0.45μπι) solutions. No neptunium 

analyses available. It was assumed that all Np inventory in 
HLW was dissolved uniformly in waste liquor. 

b Assume total Co/eoCo = 1. Ratios of total/active 
radioélément are 3,1, and 1 for strontium, plutonium, and 
americium, respectively. 
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6. DELEGARD ET AL. High-Level Waste Components 

The oxidation-reduction behaviors of neptunium, plutonium 
and americium in basic solution have been determined via 
polarographic and coulometric studies (6-9). These studies, which 
showed that the more soluble (V), (VI), and (VŒ) oxidation states of 
these actinides are stable in alkaline solution under certain redox 
conditions, helped identify possible actinide species and oxidation 
states in our experiments. Actual identification of radioélément 
oxidation states was not done in the present experiments. 

As shown in Table IV, neptunium exhibited a complicated 
solubility behavior in HLW. Nine of the 12 waste components 
studied were significant in affecting neptunium solubility. By far, 
NaNCL had the greatest influence and significantly decreased the 
solubility of neptunium. According to the neptunium redox 
potentials determined in alkaline solution (6-7) and the potential 
established by the NO«~-N03" couple (3), nitrite apparently reduced 
Np(VI) to Np(V). The(V) state of neptunium has been shown to be 
less soluble than the (VI) state in NaOH solution (6). The probable 
existence of both Np(V) and (VI) in the screening tests complicated 
the interpretation of the data. The increase in neptunium 
solubility caused by Na 2CO., Na 2S0 4 , Na 3P0 4 , HEDTA, and 
hydroxyacetate probably was due to complexation. The decreased 
solubility of neptunium in the presence of EDTA was not 
anticipated since EDTA generally forms stable soluble complexes 
with metal ions. Sodium nitrate also decreased neptunium 
solubility while NaA102 increased it. Electromigration studies 
have shown that neptunium (V), (VI), and (VU) are anionic species 
when in alkaline solutions (10). Sodium salts of Np(V) have 
precipitated from alkaline solution (10). Thus, NaN0 3 may have 
precipitated Np(V) as a sodium neptunate salt in the screening 
tests. However, an increase in sodium hydroxide concentration 
should have led to increased neptunium concentrations in the 
screening tests due to increased formation of the more soluble 
anionic hydroxide complexes of neptunium. Detailed analysis of 
the test data showed that in reducing conditions (i.e., with NaNOJ, 
NaOH did increase neptunium solubility; without NaN0 2 , NaOH 
decreased solubility. Further studies must be done to deduce 
specific neptunium solubility dependencies with respect to the 
oxidation state. 

The plutonium solubility increased in the presence of 
increased NaN0 3 , NaOH, and NaA102 concentrations. According 
to the literature, Pu(V) should be the stable oxidation state in 
alkaline NO ~-NOa~ solutions (8). It has been observed that the 
solubility of Pu(V) increases as the NaOH concentration increases 
(8,11); probably this occured due to formation of the more soluble 
anionic hydroxide complexes of Pu(V) such as Pu02(OH)2" (11). 
Sodium nitrate and NaA102 may have increased Pu(V) solubility 
through complexation. Sodium nitrate also may have increased 
plutonium solubility by oxidizing the less soluble Pu(IV), initially 
present in the tracer solids, to Pu(V). 
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102 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The screening tests showed that americium solubility 
increased in the presence of the four organic components tested: 
HEDTA, EDTA, sodium citrate, and sodium hydroxyacetate; as 
well as with NaJP04. According to electrochemical studies, 
Am(HI) should be the oxidation state present in the screening tests 
(9). In light of the high formation constants found for the 
respective americium complexes (12), the strong effect of the 
organic complexants increasing Αιη(ΙΠ) solubility was reasonable. 
Literature data were not sufficient to confirm the effect of 
phosphate on americium solubility. 

Solubility Prediction Equations. Using results obtained in the 
solubility screening tests, three-level statistically designed 
solubility prediction equation tests were run for strontium, 
plutonium, and americium. As shown above, strontium solubility 
depended principally on the presence of HEDTA and EDTA. 
Plutonium solubility depended on NaN0 3 , NaOH, and NaA102 

concentrations. Americium solubility depended on concentrations 
of Na3P0L, HEDTA, EDTA, sodium hydroxyacetate, and sodium 
citrate. Tests were designed using concentrations of these HLW 
components as variables while the remaining components were 
maintained at constant intermediate concentrations 
representative of HLW. The component EDTA was not included in 
the americium tests because the number of experiments (46) 
required in the 5-variable Box-Behnken design would have been 
too large and because EDTA probably would have behaved 
similarly to HEDTA. 

The solubility prediction equations derived from the three-
level tests are given in Table V with their respective correlation 
coefficients (R2) to assess goodness of fit. 

Judging from the R 2 values, plutonium solubility was 
described adequately by its prediction equation while the 
strontium and americium solubility equations were less 
satisfactory. Analysis of the individual test data was found to be 
more useful than the prediction equations in assessing strontium 
and americium behavior. 

Inspection of individual test runs showed that the strontium 
spike, corresponding to 3xlO"3M total strontium, dissolved entirely 
when HEDTA or EDTA concentrations were 0.1M or 0.05M, 
respectively. However, in the presence of 10"5M or lower HEDTA 
or EDTA concentrations, strontium was at saturation with concen­
trations of about 4xlO"5M (-0.17 Ci 90Sr/L in Hanford HLW). 
Strontium concentrations in Hanford HLW, as shown in Table ΙΠ, 
are about 0.004 Ci 90Sr/L and probably not solubility limited. 

Inspection of the americium test data showed that the entire 
spike (about 8xlO' 6M americium) dissolved in the presence of 0.1M 
HEDTA. Subsequent synthetic HLW test solutions haying 0.1M 
HEDTA completely dissolved an 8xlO~4M americium spike (0.6 
24lAm/L), thus confirming the strong effect of HEDTA on 
americium solubility. Citrate and hydroxyacetate also increased 
americium solubility. At 0.03M citrate, with ̂ 10"5M HEDTA, 
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6. DELEGARD ET AL. High-Level Waste Components 103 

Table V. Radioélément Solubility Prediction Equations 

Radioélément Solubility prediction equation (logM)a R2 

Sr log (Sr) = -1.12 + 0.50 log (HEDTA) + 
0.483 log (EDTA) + 0.050 
[log (HEDTA)]2 + 0.045 
[log (EDTA)]2-0.023 
[log (HEDTA)] [log (EDTA)] 

0.92 

Pu log (Pu) = -5.67 + 0.14 log (NaNOJ -
0.18 log (NaOH) + 0.121og 
(NaAlOJ + 0.012 [log 
(NaNOJ]2 + 2.10 [log 
NaOH)]2 + 0.0090 [log 
NaA102)]2 

0.98 

Am log (Am) = -3.22 + 0.31 log (HEDTA) + 
0.15 log (OAcr + 0.51 log 
(citrate) + 0.39 [log 
(HEDTA)]2 + 0.21 [log 
(OAc)]2 + 0.048 [log 
(citrate)]2-0.030 [log 
(HEDTA)] [log (OAc)] - 0.043 
[log (HEDTA)] [log (citrate)] 

0.96 

aTo convert mol/L total strontium to Ci9 0Sr/L, change the 
constant in equation from -1.12 to 2.52. 

To convert mol/L total plutonium to Ci239,240pu/L, change the 
constant in equation from -5.67 to -4.42. 

To convert mol/L total americium to Ci 24l Am/L, change the 
constant in equation from -3.22 to -0.30. 

bOAc represents hydroxyacetate. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

00
6



104 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

americium concentrations were solubility limited to about 3x10" 
6 M . For test solutions containing 0.1M hydroxyacetate, with 
<10"5M HEDTA and <3xlO~6M citrate, americium concentrations 
were solubility limited to about 3xlO~7M. Solution containing 
<10"5M organic complexant had americium solubility limited to 
about 3xlO"8M (or -25pCi 241Am/L), roughly equivalent to the 
maximum concentration found in Hanford HLW (see Table ΠΙ). 
Sodium phosphate had no significant effect on americium 
solubility as determined by the prediction equation tests. 

Interpretation of the plutonium solubility prediction 
equations (and the data used to generate those equations) showed 
that increase in NaN0 3 and NaA102 concentration from ~~10~4M to 
-1M increased plutonium concentrations about threeîold. 
However, increase in NaOH concentration from 1 to 4M increased 
plutonium solubility by a factor of five. Plutonium concentration 
in these test solutions ranged from about 2 to ΙΟμΜ, equivalent to 
about 40 to 200uCi 239,240Pu/L in Hanford HLW, as NaOH 
concentration increased from 1 to 4M. Plutonium concentrations 
in actual HLW (see Table HI), are as high as 7yCi/L and may be 
limited by the solubility of plutonium. 

Sorption Screening Tests. The results of the Plackett-Burman 
sorption screening tests are summarized in Table VI. Comparison 
of the results for the three sediments show nearly identical 
rankings of components that are significant in each element's 
sorption. This similarity in rankings indicated that sorption 
mechanisms for the three sediments also were similar. 

As shown in Table VI, many waste components affected 
cobalt sorption. The components HEDTA, NaNOL, NaNO,, and 
Na 3 P0 4 decreased sorption while NaOH, NaAlCL and EDTA 
increased it. Most likely, HEDTA decreased cobalt sorption 
through complexation, forming a poorly sorbed anionic species. 
The salts NaN0 3 and NaN0 2 contributed 2M of sodium ion to each 
of the screening tests and may have decreased cobalt sorption by 
competing with cobalt for sorption sites. Nitrite also has been 
shown to decrease cobalt sorption on Hanford sediment at pH 8 
(13), possibly due to formation of an anionic complex. The effect of 
phosphate on cobalt sorption was not strong and may have been 
anomalous. 

Since NaOH and NaA102 had no apparent effect on cobalt 
solubility, it seemed likely that cobalt sorption was increased by 
these components due to effects they had on the sediment 
minerals. Studies of the effects of NaOH and NaA102 on the 
sediment minerals are required to identify possible new mineral 
phases which might cause increased cobalt sorption. 

The increased cobalt sorption caused by EDTA was 
unexpected in light of cobalt's increased solubility with EDTA 
present and was opposite the sorption behavior found with 
HEDTA present. Further studies are required to explain the effect 
of EDTA on cobalt sorption. 
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106 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Strontium sorption behavior was consistent with the 
strontium solubility behavior described earlier. Both HEDTA and 
EDTA significantly decreased strontium sorption through 
formation of poorly sorbed anionic complexes (4). Close inspection 
of the test data suggested that increased sodium ion concentration 
might have led to decreased strontium sorption. The competition of 
strontium with sodium for sorption sites had been observed 
previously for Hanford sediments (13). 

Neptunium and plutonium sorption behaviors were 
remarkably similar, implying that they had similar sorption 
reactions and solution species. Both NaOH and NaA102 decreased 
neptunium and plutonium sorption. Several explanations can be 
offered to rationalize this behavior. First, NaOH and NaA10? may 
have reacted with the sediment minerals to yield solids of lower 
sorptive capacity. Aluminate ion, as an anionic species, also may 
have competed with the similar neptunate and plutonate anions 
for sorption sites. Finally, sodium hydroxide may have stabilized 
the hydrolyzed Np02(OH) " and Pu02(OH)2" species in solution, as 
was shown in the solubility tests, and prevented sorption. 
Explanation of the effect of NaOH and NaA102 on neptunium and 
plutonium sorption will require further investigation. 

The presence of either HEDTA or EDTA resulted in 
significantly lower neptunium and plutonium sorption. 
Complexation of the neptunium and plutonium by HEDTA and 
EDTA may have caused the reduced sorption. However, this 
evidence for complex formation was not consistent with the 
observations made in the solubility studies (HEDTA increased and 
EDTA decreased neptunium solubility; neither affected plutonium 
solubility). Thus, HEDTA and EDTA may have decreased 
neptunium and plutonium sorption through some undetermined 
effect on the sediment minerals. 

Americium sorption was decreased significantly when 
HEDTA or EDTA were present. Complexation of americium by 
these strong chelating agents was responsible for this behavior. 
Sodium hydroxide increased americium sorption but, again, its 
effect on americium was probably a manifestation of its effect on 
the sediment minerals. 

Sorption Prediction Equations. Equations predicting 
radioélément distribution coefficients, Kd's, as arithmetic 
functions of component concentrations were obtained for sorption 
of strontium, neptunium, plutonium, and americium on two 
Hanford sediments. These equations, presented in Table VH and 
derived from statistical fits of Box-Behnken experimental designs, 
were generated for strontium in terms of sodium ion, HEDTA, and 
EDTA concentrations. Prediction equations for neptunium and 
plutonium sorption were derived from NaOH, NaA102, HEDTA, 
and EDTA concentrations. Americium sorption prediction 
equations were based on NaOH, HEDTA, and EDTA 
concentrations. 
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108 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

As shown in Table VII, the equations modeled the data better 
for neptunium and plutonium than for strontium and americium. 
The lack of fit for strontium and americium reflected the strong 
effect that the increased HEDTA and EDTA concentrations had on 
decreasing the Kd. The ranges of Kd's observed for strontium and 
americium were broader, and more difficult to model, than the 
ranges observed for neptunium and plutonium. 

The retardation factors of the four radioéléments for four 
hypothetical HLW compositions were derived using the prediction 
equations. (The retardation factor is the ratio of the solution 
velocity to the radioélément velocity in a system of solution flow 
through a porous medium and increases linearly with Kd.) The 
four hypothetical HLW solutions broadly represented dilute/non-
complexed, dilute/complexed, concentrated/noncomplexed, and 
concentrated/complexed HLW. Dilute waste had low 
concentrations while concentrated waste had high concentrations 
of Na+, NaOH, and NaA102. Non-complexed waste had no 
HEDTA or EDTA while complexed waste had 0.1M HEDTA/0.05M 
EDTA. 

As shown in Table VHI, strontium and americium 
retardation factors were more dependent on whether the waste 
was complexed (had high concentrations of HEDTA and EDTA) 
than on whether the waste was concentrated (had high N a + , 
NaOH, and NaA102 concentrations). Neptunium and plutonium 
retardation factors were more dependent on waste concentration. 
Comparison of the retardation factors showed strontium migration 
rates could increase by up to a factor of 45 in going from 
noncomplexed to complexed waste compositions. Americium 
migration rates could increase by nearly 30-fold by changing 
waste composition to high complexant concentrations. Neptunium 
migration rates ranged over 6-fold while plutonium rates changed 
by a factor of 40 for the 4 HLW compositions. 

Conclusions 

In this study, the effects of 12 Hanford waste solution components 
on the solubility of cobalt, strontium, neptunium, plutonium, and 
americium were determined. Also determined were the effects of 
the 12 components on the sorption of 5 radioéléments on 3 
representative Hanford sediments. A number of general 
observations were drawn from these studies. 

First, in accord with literature studies, the radioéléments' 
behavior is consistent with their existence as Co(H), Sr(H), Np(V), 
Pu(V), and AmQH) in HLW. The existence of these oxidation 
states strongly influenced the effects the waste components 
exerted on the solubility and sorption reactions. 
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110 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The chelating organic complexants, EDTA and HEDTA, 
significantly increased the solubilities of cobalt, strontium, and 
americium in synthetic HLW solutions. Americium solubility also 
was increased by hydroxyacetate and citrate. Cobalt solubility in 
HLW was increased to at least 4x10 6 M in the presence of 
0.1M HEDTA or 0.05M EDTA. The organic complexants, HEDTA 
ancTEDTA, increase!!"strontium solubility to at least 3xlO~3M, 
corresponding to 13 Ci 90Sr/L in HLW. With HEDTA/EDTA 
concentrations below 10"5M, strontium concentrations were 
limited by solubility to about 4xlO"5M (0.2 Ci 90Sr/L in HLW). 
Test HLW solutions having 0.1M HEDTA could dissolve at least 
8xlO'4M americium, corresponding to 0.6 C i 2 4 1 Am/L. In solutions 
containing 10"5M or lower organic complexants, americium 
concentrations in synthetic HLW were about 3xlO"8M (25uCi 
241Am/L). ~ 

In contrast, the solubilities of the neptunyl species were 
increased by HEDTA and unexpectedly decreased by EDTA. 
Plutonyl(V) solubility was not affected by HEDTA or EDTA. The 
component most significant to neptunium solubility was NaN0 2 . 
Sodium nitrite apparently decreased neptunium solubility by 
reducing the more soluble neptunyl(VI) to the less soluble (V) 
state. The existence of two oxidation states complicated 
interpretation of the neptunium data. Sodium carbonate, 
phosphate, aluminate, and sulfate all increased neptunium 
solubility, probably through complexation. Separation of the data 
according to reduced (with NaNOJ and oxidized (without NaNOJ 
conditions showed that sodium hydroxide increased neptunium( V ) 
solubility but decreased the solubility of neptunium(VI). 
Plutonium(V) solubility increased when NaN0 3 , NaA102, and 
NaOH concentrations increased, probably due to complexation. 
From these data and other literature studies, it appeared that 
neptunium and plutonium exist as anionic hydroxide complexed 
actinyl (V) ions in HLW solutions having NaN0 2 . 

As a result of the existence of these actinyl anions, 
solubilities of neptunium and plutonium were less sensitive to 
variation in composition of HLW than cobalt, strontium, and 
americium. Neptunium solubility in synthetic HLW containing 
NaNO, ranged from about 2 to 40χ10"δΜ (about 3 to 60xl0"6 Ci 
237Np/L). Plutonium solubility in synthetic HLW ranged from 
about 2 to 10xlO'6M (corresponding to 4 to 20xl0"5 Ci 239,240pu/L). 

The solubility results were reflected in the sorption behaviors 
observed for the five radioéléments. Sorption of strontium and 
americium was decreased by HEDTA and EDTA. Cobalt sorption 
also decreased in the presence of HEDTA. Sorption of both cobalt 
and strontium was decreased by increasing sodium ion 
concentration in the HLW due to competition of the cations for 
sorption sites. 

The sorption behaviors of neptunium and plutonium were 
similar, thus confirming their suspected similarities in solution 
chemistry. Both NaOH and NaA102 decreased neptunium and 
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6. DELEGARD ET AL. High-Level Waste Components 111 

plutonium sorption, possibly by favoring the formation of the 
poorly sorbed anionic complexes. Sorption of neptunium and 
plutonium also was decreased by HEDTA and EDTA. 

The sorption results suggested that further studies of 
waste/sediment reactions were required. Sodium hydroxide and 
aluminate probably altered the sediment minerals and affected 
the sorption reactions. The complexants HEDTA and EDTA also 
could have changed the sediment minerals. 

Predicted rates of the radioélément transport through 
sediment were found to depend strongly on HLW compositions. 
Compositions of HLW that are high in HEDTA/EDTA 
concentrations resulted in 30 to 40 times faster migration rates for 
americium and strontium. Neptunium and plutonium migration 
rates increased by factors of 6 to 40 by changing HLW from 
dilute/noncomplexed to concentrated/complexed compositions. 

The three Hanford sediments had similar sorption behavior 
with respect to changes in HLW composition. Degree of sorption, 
however, did vary for different sediments. 

In summary, the solubility and sorption reactions of cobalt, 
strontium, neptunium, plutonium, and americium were found to 
be dependent on HLW compositions. Evidence revealed the 
formation in HLW of organic complexes of cobalt, strontium, and 
americium, and of hydroxide complexes of neptunium(V) and 
plutonium(V). Sorption reactions were dependent on radioélément 
complex formation and suspected waste/sediment reactions. These 
data can aid in assessing effects of future HLW processing 
operations as well as in judging the feasibility of continued storage 
of HLW in existing tanks. 
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7 
Hydrolysis Reactions of Am(III) and Pu(VI) Ions 
in Near-Neutral Solutions 

J. I. KIM, M. BERNKOPF, CH. LIERSE, and F. KOPPOLD 

Institut für Radiochemie, Technische Universität München, 8046 Garching, Federal Republic 
of Germany 

Hydrolysis reactions of Αm(III) and Pu(VI) ions in CO2-
free solutions of 0.1 M NaClO4 were studied by means of 
solubility experiments using the oxide or hydroxide of 
241Am and 238Pu. The pH of solutions was varied from 
3 to 13.5. All experiments were carried out under an 
argon atmosphere. The speciation of dissolved species 
was determined as far as possible by spectrophotometry. 
Various ultrafiltration membranes were applied to 
examine the proper phase separation. Stability 
constants of all possible hydrolysis products are 
presented and compared with literature data. 

Hydrolysis reactions are common to all actinide ions in near-
neutral solutions, and take place either in parallel with or 
predominantly over other complexation reactions. In connection 
with the migration studies of actinide ions in natural waters, 
attention recently has been focused on hydrolysis reactions of 
actinides since these reactions are important in determining the 
solubility of the actinide hydroxide or oxide. Although numerous 
studies have been made (1-4) to determine stability constants of 
various hydrolysis products, much of the necessary data are still 
lacking. The acquisition of these data and further improvement 
or verification of the existing data is desirable. 

In a series of investigations to assess geochemical 
parameters of various complexation reactions, the present paper 
concentrates on hydrolysis reactions of the Am3 + and Pu02 2 + 

ions in the pH range from 3 to 13.5. For the Am3 + ion, a number 
of papers (5-10) report the formation constant of the 
monohydroxide species Am(OH)2+. While the present experiment 
was in progress, Raietal. (5) presented the data for various 
hydrolysis products. In contrast to the A m 3 + ion, much more data 
are available for the hydrolysis reactions of the Pu02 2 + ions 
including its polymerization reactions (11-19). The present study 
therefore complements and verifies the hitherto existing data for 
hydrolysis reactions of the two actinide ions. 

0097-6156/84/0246-0115S06.00/0 
© 1984 American Chemical Society 
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116 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Experimental 

The present experiment comprises solubility measurements as a 
function of the pH (3 ~~ 13.5). In order to obviate the dissolution of 
C 0 2 from air, especially in solutions with pH > 7, all experiments 
were carried out under an argon atmosphere. For the same 
reason, only C02-free chemicals, e.g., NaOH and NaC104, were 
used and handled in an inert gas (argon) box. Sodium hydroxide 
from Baker Co. was heated in an inert gas oven for several hours 
at 150°C and the NaC104 solution was prepared by mixing NaOH 
and HCIO4 solutions in the inert gas box. The doubly distilled 
water was pretreated by deaerating with argon and stored in the 
inert gas box prior to preparation of desired experimental 
solutions. 

Am(in) Hydrolysis. For studying hydrolysis reactions of the 
Am3+ ion, two solid compounds of 24lAm, namely A111O2 and 
Am(OH)3-nH20, were used. The Am02 was treated in a 
thermogravimetric oven at 1,000°C for one hour under oxygen gas 
to ensure formation of the dioxide. The Am(OH)3-nH20 was 
prepared by dissolving A111O2 in 0.1 M H C I O 4 and precipitating 
the hydroxide through addition of a slightly over stoichiometric 
amount of concentrated NH4OH. The precipitate was filtered, 
washed with doubly distilled water until the wash solution 
reached a pH of 7, and dried in the inert atmosphere box to 
eliminate surface moisture. Experimental solutions of different 
pH containing 0.1 M NaC104 were prepared by addition of 0.1 M 
HCIO4 or 0.1 M NaOH. To each 25 mL of solution in a glass vial, 
about 3 mg Am02 or about 6 mg of Am(OH)3-nH20 (15 mg Am02 
to solutions of pH < 4) was introduced and all solutions were 
stored under argon gas. 

In a separate experiment, the hydroxide precipitate of 
americium was produced directly in each experimental solution: 
10 mL solution of 0.1 M HCIO4 containing 1.3 χ 10-3 M 
americium was mixed with 10 mL of 0.1 M NaC104 and made 
alkaline to produce the hydroxide precipitate by adjusting the pH 
with addition of NaOH. Solutions thus prepared were left under 
argon gas to attain the solubility equilibrium. 

Pu(VI) Hydrolysis. For easy radiometric measurement, 238Pu 
was chosen for this experiment. The Pu02 was dissolved in 
boiling 1 M HCIO4 (8.6 χ 10-3 M plutonium). The dissolved 
plutonium ion appeared to be hexavalent as verified by 
spectrophotometric analysis. One milliliter of this solution was 
diluted to 40 mL with 0.075 M NaC104 and the pH adjusted by 
addition of dilute NaOH or HCIO4. The Pu022* ion originally 
introduced is immediately precipitated by increasing the pH of the 
solution. The solutions were stored under argon gas for several 
days before beginning solubility measurements. 
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7. KIM ET AL. Hydrolysis ofAm(III) and Pu(VI) 117 

Sampling and Measurements. The determination of dissolved 
actinide concentration was started a week after the preparation of 
solutions and continued periodically for several months until the 
solubility equilibrium in each solution was attained. Some 
solutions, in which the solubilities of americium or plutonium 
were relatively high, were spectrophotometrically analyzed to 
ascertain the chemical state of dissolved species. For each sample, 
0.2 to 1.0 mL of solution was filtered with a Millex-22 syringe 
filter (0.22 ym pore size) and the actinide concentration 
determined in a liquid scintillation counter. After filtration with 
a Millex-22, randomly chosen sample solutions were further 
filtered with various ultrafilters of different pore sizes in order to 
determine if different types of filtration would affect the measured 
concentration. The chemical stability of dissolved species was 
examined with respect to sorption on surfaces of experimental 
vials and of filters. The experiment was performed as follows: the 
solution filtered by a Millex-22 was put into a polyethylene vial, 
stored one day, filtered with a new filter of the same pore size and 
put into another polyethylene vial. This procedure was repeated 
twice with two new polyethylene vials and the activities of 
filtrates were compared. The ultrafiltration was carried out by 
centrifugation with an appropriate filter holder. The results show 
that the dissolved species in solution after filtration with 
Millex-22 (0.22 ym) do not sorb on surfaces of experimental 
materials and that the actinide concentration is not appreciably 
changed with decreasing pore size of ultrafilters. The pore size of 
a filter is estimated from its given Dalton number on the basis of a 
hardsphere model used in the previous work (20). 

Results and Discussion 

Solubility of Americium Hydroxide. Solutions containing greater 
than 10-6 M americium were examined by spectrophotometry to 
verify whether or not polymers were present. The molar 
extinction coefficient measured for the 503 nm absorption band 
was found to remain constant at ε = 390 ± 5 for all investigated 
solutions at pH = 3 - 6. Spectra recorded up to 850 nm in this pH 
range show the typical absorption bands of the A m 3 + ion, which 
are similar to those observed in a dilute HCIO4 solution, without 
broadening or displacement. The concentration of americium ions 
in equilibrium solutions, [Am]s, is, therefore, considered a 
composite of only monomer species: 

[Am]s = [Am3+] + [Am(OH)2+] + + [AmiOH)^! 

Since experiments are carried out at a constant ionic strength (I) 
and equilibrium concentrations of americium in solutions are 
found to be less than 10-4-8 M, all calculations are made on the 
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118 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

concentration basis. Equation 1 can be transformed into a 
function of the free proton or hydroxide ion concentration which 
contains the solubility product Ksp and formation constant B i : 

Am(OH) 3^Am 3 + + 3 OH" Ksp = [Am 3 +][OH~] 3 (2) 

[Am(OH)f-1] ( 3) 
Am 3 ++ iOH~ ^Am(OH) 3- 1 β. = 

1 1 [Απι HOH"]1 

and hence gives 

[Am]s= KSP Υ β^ΟΗΓΡ (4) 

1 = 0 

The free hydroxide concentration is calculated from the pH 
measurement at the equilibrium state of each solution, using the 
ion product of water Kw = 10-13.78 at I = 0.1 (1). 

Calculation of the constants Ksp and B i , using Equation 4, is 
made with the help of a least square fitting of the well known 
Simplex algorithm. As is apparent from the experimental points 
plotted as a function of the OH" concentration, shown in Figure 1 
(curve a), the i value does not exceed 3. The hydrolyzed species of 
americium therefore consist of Am(OH)2 +, Am(OH)2 + and 
Am(OH)30. Calculated Ksp and Bi values are given in Table I, 
together with the literature data which are converted by the 
relation: 

P i Kw1 

(5) 

where B i * is the constant for the reaction: A m 3 + + 1 H 2 O =^ 
Am(OH)i3-i + i H + . For the conversion, Kw is taken from the 
literature (1) acording to the ionic strength used by each author. 
The values of Ksp and B i reported for this work were calculated 
from an average of two experimental runs (the second run is not 
given). Estimated values for Ksp and B i reported in the literature 
(2) are not included in this table. Only experimental values (6-10) 
are given. Except the work of Rai et al. ( 5 ) , four other authors 
report B i values, one B2 and none 63. The solubility product of 
Am(OH)3 by Rai et al. appears somewhat higher than ours, by 4 
logarithmic units. Given the difficulties involved in the 
experiment, the discrepancy observed in the results from the two 
laboratories is not surprising. There is no doubt, however, that a 
better agreement is desirable. As described above, the present 
experiment was conducted using two different methods, either 
starting with a solid americium hydroxide present in solution or 
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120 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table I. The Stability Constants and Solubility Products 
of Am(III) Hydroxides (cf. Equations 2 and 3)a 

log Ksp logBi log 82 log 63 Medium Reference 

-27.16 ± 0.47 
(-28.56)c 

7.44 ± 0.63 
(8.03) 

13.92 ± 0.63 
(14.93) 

18.47 ± 0.52 
(19.70) 

0 .1MNaClO 4 
This work 

-24.34 
(-24.62) 

>5.96 
(>5.96) 

10.94 
(10.94) 

> 14.53 
(> 14.53) 

0.003MCaCl 2 
5 

- 10.7 
(10.9) 

20.9b 

(21.2) 
- 0.005 M 

NH4CIO4 
6 

- 11.3 
(11.5) 

- - 0.001 M KC1 7 

- 6.77 
(7.90) 

- - l M N a C 1 0 4 
8 

-

7.86 
(8.47) 

12.8 
(14.6) 

-

0 .1MNaClO 4 

0 .2MNaClO 4 

9 

11 

aThe literature values are converted with the Kw values from Reference (1). 
bEstimated value. 
The values in parentheses are thermodynamic data calculated by the method and 

input constants given in Reference (1). 
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7. KIM ET AL. Hydrolysis of Am(III) and Pu(VI) 

producing a precipitate directly in each experimental solution. 
Both processes result in the same solubilities over a wide range of 
pH. Therefore, the present experiment involves reversible as well 
as reproducible reactions. Should polymers be produced in these 
solutions, the experiment in which the precipitation is made 
directly in solution by introducing an excess amount of the 
americium ion would result in higher solubility due to polymer 
formation than the experiment that is started with the solid 
americium hydroxide in solution. Once polymers are formed, they 
are not expected to depolymerize easily in near neutral solutions. 

Spectrophotometric experiments, however, do not provide 
straightforward evidence for the existence of small amounts of 
americium hydroxypolymers. In order to compare the literature 
data with one another and with our data, they are transformed to 
thermodynamic data at I = 0 according to Baes and Mesmer (1), 
using the salt effect constants assessed by them. These data are 
given in parentheses in Table I. The first hydrolysis constants 
given in the literature differ from one another considerably. For 
lanthanide ions, log Bi values are reported from 3.7 to 6.3 (1), 
which are distinctly lower than that of americium shown in 
Table I. 

It has been suggested that the lattice parameter or ionic 
radii may be correlated with the hydrolysis constants of 
lanthanides and solubility products of Ln(OH)3 (1). Whether such 
a correlation can be extended to trivalent actinides is not certain 
because supporting evidence is lacking. The similarity of A m 3 + to 
N d 3 + assumed for hydrolysis behavior (5) still requires 
experimental foundation. The βι values known hitherto for 
americium (5-9) by no means corroborate this assumption. The βι 
value from this work is found to be close to the values from Desire 
et al. (9) and Nair et al.(8). Only two β2 values are given in the 
literature, (5)(11) except Tor the estimated one (6). Our results are 
in fair agreement with the value of Bidoglio (10). The β3 value of 
Rai et al. is given as a lower limit, so that the real value may be 
higher. In this respect our β3 value seems to be in the correct 
direction. The log β2 and log β3 values for lanthanide ions are 
about 12 and 17 (1), respectively, which are somewhat lower than 
our values for the americium ion. In the present experiment there 
is no indication of formation of anionic hydrolysis products, not 
even the Am(OH)4" species, although an analogous product is 
considered to form with lanthanides (1). 

Solubility of Americium Oxide. The dissolution process of Am02 
under normal or anoxic conditions in near neutral to alkaline 
solution includes the reduction of Am4+ to Am3 + , which turns the 
solution phase gradually into an oxidizing medium as Am02 
dissolves. For this reason, the solubility of Am02 with respect to 
pH differs distinctively from that of Am(OH)3 at pH < 9. The 
primary dissolution process may be expressed as follows: 
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122 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Am02 + 2H20 ̂ ± Am4+ + 40H Ki (6) 

Am*+ +e-^±Am3 + (7) 

l/2H 2 O^H + + e-+ l/4 02(g) (8) 

Am02 + 5/2 H 2 0 ^ Am3 + + H+ + 40H" + 1/402(g) Ks (9) 

and the dissolution constant Ks is given by 

Ks = K!K 2 K 3 = [Am3+][OH-J3 Kw[O2(g)]0.25 (10) 

The total concentration of trivalent americium species produced 
in the dissolution process is equivalent to [02(g)]0-25. If all of 
these species are assumed to remain in solution, the following 
relation can be postulated: 

where [Am]sx is the total concentration of americium in solution 
dissolved from Am02. JJX- solution, all dissolved species are 
considered to be the same as those given by Equation 1, so that the 
solubility function of Am02 can be expressed on the basis of 
Equations 1,3,10, and 11 such that: 

The method used for solution of Equation 12 for Ks and βί values 
was similar to that used for Equation 4. 

As mentioned above, because of the dissolution of AmC>2, the 
redox potential of an equilibrium solution is changed as a function 
of pH as well as [Am]sx. A combination of Equations 8 and 11 
leads to the relationship: 

pe + pH = 20.78 + log[Am]sx (13) 

where 20.78 is calculated from the free energy of formation for a 
half mole water [1/2 AGf° (H20) = 56.69 kcal/mole and the redox 
potential, Eh(mV) = 59.2 pe]. In the present experiment pe + pH 
is constant only at the region where the [Am] s

x remains 
unchanged with pH (>9) and hence pe + pH = 11.08. This value 
increases gradually with increasing [Am]sx and consequently the 
solution becomes more oxidizing with decreasing pH. Therefore, 
the dissolution of AmU2 differs from that of Am(OH)3 as observed 
in Figure 1 (curve b). 

[Am]s* = [O2(g)]0.25 (11) 

(12) 

i = Ο 
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7. KIM ET AL. Hydrolysis of Am(III) and Pu(VI) 

The situation may be comparable to deep groundwater, 
which is also an anoxic system. The change of pe 4- pH in the 
present experiment is shown in Figure 2. 

The hydrolysis constants of the Am3 + ion from the Am02 
solubility experiment are only in fair agreement with those from 
the Am(OH)3 experiment. They are determined to be 
logpl = 8.82, log 02 = 14.68, and log03 = 19.00, which are 
slightly higher than the values given in Table I with the 
difference in order: Δβι > Δβ2 > Δβ3. To a certain extent, but not 
satisfactorily, these results justify the postulation of Equation 11. 
The reason for these results is not yet fully understood. 

Solubility of PuOa 2* Hydroxide. Solubilities of plutonium in 
equilibrium solutions are given in Figure 3 as a function of the 
pH. Dissolved hydrolysis products of the P u 0 2 2 + ion are 
examined up to the limit of spectrophotometry sensitivity, 
namely [ P u 0 2 2 + ] >10~5M, to characterize their species. A few 
samples at pH = 5.5 to 6.5 show the concentration of dissolved 
plutonium to be high enough to be analyzed by 
spectrophotometry. A typical analytical result is shown in 
Figure 4. After the filtration with a Satorius 14529 membrane, 
the solution having 10"4 2 M plutonium at pH * 5.8 manifests no 
typical features of the P u U 2 2 + ion spectrum in the UV and NIR 
region. When the solution is brought to pH * 1 by addition of a 
few drops of IMHCIO4, the peak at 830 nm appears after 
25 minutes, growing slowly, and after 24 hours turns into a 
spectrum that can be ascribed to the P u U 2 2 + ion. Upon 
acidification with HNO3, the same result is obtained after 2 days. 
The observation at pH -6 differs completely from studies reported 
in the literature (14)(18) which show the distinctive spectra of 
Pu(VI) solutions at the same pH. Their plutonium concentrations 
are 10-3.6 M (14) and 10-2·8 M (18), which are higher than can be 
maintained in the solution at pH —6. The concentration we 
observed for this condition is about ΙΟ" 4· 2 M and does not change 
during several weeks of dissolution. At pH >6, the concentration 
of plutonium in solution decreases rapidly and at pH >9 reaches 
[Puls = 10-7.5 M. Spectra presented in the literature (14)(18) at 
pH = 6.5 to 11.0 cannot be reproduced in these experiments. The 
present experiment demonstrates that the solution at pH -̂6 
contains polymers, possibly devoid of the free P u U 2 2 + ion which 
can be produced only by acidification. If the acidified solution is 
again made alkaline to pH >9, the plutonium concentration 
decreases to < 10-7 5 M. 

This result supports the conclusion that in the reasonably 
short time of these experiments no oxidation states are involved 
other than the Pu(VI) species, and that the hydrolysis reaction of 
the Pu(>2 2 + ion includes polymerization. Since there is no 
straightforward method to specify each polymer species involved, 
the most plausible species known in the literature (1)(17)(19) are 
considered (i.e., x,y = 2,2 and 3,5 of M x(OH) y). 
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124 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 2. The Change of pe + pH in Dissolution Equilibria of 
Am02 (see Equation 13). 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

AFTER 1 D A Y 

_L 
3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 

W A V E L E N G T H inm) 

8 0 0 9 0 0 

Figure 4. Absorption Spectra of the Pu(VI) Solution 
([Pu]s = 10-4.2 M) Which Change Gradually After Acidification to 
pH = 1. The Initial Solution at pH = 5.8 is Filtered with a 
Satorious 14528 Filter (-0.6 nm pore size). 
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7. KIM ET AL. Hydrolysis of Am(III) and Pu(VI) 

The dissolved Pu(VI) species are therefore considered to include 
the following hydrolysis products: 

[Puis = [Pu0 2
2 + ] + [Pu0 2(OH) +] + - - - + [Pu02(OH)i2"] 

+[(Pu0 2) 2(OH) 22 +] + [(Pu0 2) 3(OH) 5
+] (14) 

which can be expressed by a general solubility function: 

Ksp V : Ksp 2 Ksp 3 (15) 
[ P u ] s = — - ZJ P[OHf+—*4 β 2 2 + ^ β 3 5 

[OH]2 1 - ° 1 [OH]2 ' [ 0 H ] ' 

Calculation of experimental constants in Equation 15 was 
performed by the same least square fitting computer program as 
used for the americium experiments. The stability constants of 
hydrolysis products thus determined for the PuC>22+ ion are given 
in Table Π together with the data from the literature. The 
solubility product from the present work is fortuitously in good 
agreement with the literature values (14)(18) although somewhat 
better with the data of Moskvin and Zaitseva (14) than that of 
Musante and Porthault (18). These data, including our value, can 
be considered only as tentative ones since the determination of the 
solubility product in the presence of polymers is not absolutely 
reliable. The stability constant of the first hydrolysis product is 
found to be closer to the values of Cassol et al. (17) and Kraus and 
Dam (12) than those of other authors (13-14)(18), whereas for the 
second and third hydrolysis products our values are lower than 
the literature data. The present experiment demonstrates the 
higher stability of the polymers in question as shown by their 
formation constants which appear to be larger than those from the 
literature (17)(19). Obviously, the formation of polymers is 
enhanced at the expense of monomer hydrolysis products. Due to 
the arbitrary choice of the polymer species for the calculation with 
Equation 15, it is not ventured to evaluate errors for the constants 
given in Table Π. For the same reason, assessment of 
thermodynamic values is not attempted. 

Speciation of Dissolved Species. Since there is no straightforward 
method to identify the dissolved species in solubility experiments, 
indirect approaches were applied in this experiment. 

To verify whether or not colloid species were present in 
solution, phase separation was thoroughly examined with 
different ultrafilters. Tables HI and IV show results from various 
ultrafiltrations for the Am(III) and Pu(VI) solutions, respectively. 
The solution at solubility equilibrium was first filtered with the 
Millex-22 (0.22 μ) filter and further passed through different 
ultrafilters of nearly the same pore size (-2 nm). Table ΙΠ 
demonstrates that the americium concentration in filtrates 
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128 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

remains constant, although a small decrease of concentration is 
observed after filtration with Amicon CF 25 and Amicon YMT. 
This effect may be due to surface sorption. A similar experiment 
for the Pu(VI) solution with other ultrafilters of different pore 
sizes shown is presented in Table IV. The plutonium 
concentration was unchanged by filtration. From these filtration 
experiments it may be concluded that the dissolved species in 
filtrâtes are monomer and polymer hydrolysis products and do not 
include colloidal species. 

The sorption of dissolved species onto the surface of 
experimental vials was also examined for Pu(VI) solutions. The 
results, shown in Table V for different pH values, indicate that 
after filtration with the Millex-22 filter (0.22 μ) the solutions 
remain stable, even if the solutions are transferred several times 
to new vessels. 

The solutions from solubility experiments have shown a 
continuous decrease in pH with time due to radiolysis and/or 
hydrolysis. As shown in Figure 1, a large number of experimental 
points were obtained at the lower pH which were originally 
solutions of higher pH (up to 13.5). The same tendency was also 
observed in the Pu(VI) solutions (Figure 3). The solubility was 
changed as a result of this change in pH. When the americium 
solution was made alkaline to pH >9 by addition of NaOH, the 
solubility was decreased and it follows the curve shown in 
Figure 1. The reaction is therefore reversible with respect to pH. 
The results of this experiment imply that no colloid forms in these 
experimental solutions. 

Direct speciation of dissolved americium and plutonium is 
possible only for solutions with appreciable concentration 
([Am(m)] > 10-6 M and [Pu(VI)] > 10-5 M) using a 
spectrophotometer with cumulative data recording (21). Typical 
spectra measured for the Am3 + ion at pH = 6.5 are shown in 
Figure 5 for 1, 5, 10, and 40 times cumulation at 503 nm. With 
this method it is shown that only trivalent americium ions are 
present in both equilibrium solutions from AmC>2 and 
Am(OH)3-nH20 solids. For plutonium solutions, the 
spectrophotometry study indicates the presence of polymers as 
shown in Figure 4. 

Calculated concentrations of possible hydrolysis species as a 
function of the equilibrium pH are given in Figures 6 and 7 for 
americium ions and plutonium ions, respectively. In the 
americium solution, the predominant species at pH <7 are the 
A m 3 + and Am(OH)2+ ions, whereas in the plutonium solution the 
P u 0 2 2 + ion is not the dominating species at near neutral media 
but polymers as postulated: (Pu02)2(OH)2 2 + and(Pu02)3(OH) 5

 + . 
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7. KIM ET AL. Hydrolysis ofAm(III) and Pu(VI) 131 

a: X 1 b : X 5 c: X 1 0 d : X 4 0 

Figure 5. Absorption Spectra of the Am(III) Solution 
([Am]s = 10-5.5 M) in the Region of 503 nm Recorded by a 
Spectrum Accumulator. The Spectrum a: xl , b: x5, c: xlO, and 
d: x40 Accumulations. 

Table V. Sorption Test of the Dissolved PuC>22 + Ion on the Surface of 
Different Experimental Vials: The Data are log [Pu]s (M) Values 

Sample pH 

Different vials 

number pH 

Polyethylene I* Polyethylene II Polyethylene III Polyethylene IV 

1 4.12 -4.14 ± 0.03 -4.13 ± 0 . 0 3 -4.19 ± 0 . 0 3 -4.18 ± 0 . 0 3 

2 6.72 -4.18 ± 0.02 -4.18 ± 0 . 0 2 -4.23 ± 0.02 -4.20 ± 0 . 0 2 

3 9.36 -5.47 ± 0.05 -5.48 ± 0 . 0 1 -5.47 ± 0.01 -5.46 ± 0 . 0 2 

4 9.97 -6.22 ± 0 . 0 1 -6.28 ± 0 . 0 3 -6.27 ± 0 . 0 3 -6.19 ± 0 . 0 2 

* After filtration at 0.22 μ. 
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_11 -10 - 9 - 8 - 7 - 6 - 5 - 4 - 3 - 2 -1 0 

log [OH] (M) 

Figure 6. Concentrations of Am(III) Hydrolysis Products as 
Function of the OH" Concentration in Am02 Dissolution. 
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7. KIM ET AL. Hydrolysis of Am(III) and Pu(VI) 133 

log [OH] (M) 

Figure 7. Concentrations of Pu(VI) Hydrolysis Products as a 
Function of the OH" Concentration. 
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8 
Effect of Aging on the Solubility and Crystallinity 
of Np(IV) Hydrous Oxide 

RICHARD G. STRICKERT, DHANPAT RAI, and ROBERT W. FULTON 

Pacific Northwest Laboratory, Richland, WA 99352 

Neptunium(IV) hydrous oxide (ΝpO2·xΗ2O) was aged in 
aqueous suspensions with pH values ranging from 4 to 
12. Initially amorphous ΝpO2·xΗ2O developed strong 
X-ray diffraction peaks within one month that corre­
sponded to crystalline NpO2. The oxidation state 
analyses of the 1.8 nm filtered solutions showed the 
Np to be primarily present as Np(V). The solubility 
of ΝpO2·xΗ2O in suspensions at pH values <8.5 followed 
the ΝpO2·xΗ2O NpO+2 + e- + xH2O reaction with an 
apparent log K° (after 200 days) of -10±1. The 
results of the aqueous suspensions with pH values >8.5 
were complicated by the partial conversion of the 
ΝpO2·xΗ2O to an amorphous, oxidized Np solid, and 
possibly by Np aqueous speciation other than NpO2OH°. 

Currently proposed licensing regulations for geologic nuclear 
waste repositories require a performance assessment involving 
long-term predictive c a p a b i l i t i e s . Previous work (1-5) has shown 
the importance of s o l u b i l i t y controls for modeling maximum 
actinide concentrations i n repository groundwaters. However, 
u n t i l r e l i a b l e data are available on the actinide s o l i d phases 
that may be present or that may precipitate i n the environment, 
the. s o l u b i l i t y of so l i d phases such as hydrous oxides that have 
fast precipitation kinetics can be used to i n i t i a l l y set maximum 
solution concentration l i m i t s . 

In general, metal hydrous oxides i n aqueous suspensions 
gradually age to form c r y s t a l l i n e metal oxides. These changes i n 
c r y s t a l l i n i t y of so l i d phases are accompanied by decreases i n the 
standard free energy of formation. However this c r y s t a l l i z a t i o n 
process i s opposed by r a d i o l y t i c effects such that the properties 
of the steady-state radioactive s o l i d w i l l be between those of the 
hydrous oxide and the cr y s t a l l i n e oxide (6). Foç example, Rai and 
Ryan (6) have shown that over a 3.5-year period P u 0 2 

0097-6156/84/0246-0135S06.00/0 
© 1984 American Chemical Society 
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136 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

( c r y s t a l l i n e ) was q altered to a less c r y s t a l l i n e Pu0 2 phase and 
that amorphous Pu(IV) hydrous oxide was converted to the same 
less c r y s t a l l i n e phase with a corresponding decrease i n solu­
b i l i t y . They ̂ s o showed that, due to i t s greater alpha a c t i v i t y , 
c r y s t a l l i n e Pu0 2 was converted to a steady-state s o l i d with 
properties, including s o l u b i l i t y , similar to Pu(IV) polymer. 

237 239 Because of the longer h a l f - l i f e of Np compared with Pu, 
the alpha radiation effects should be s i g n i f i c a n t l y l e s s . There­
fore, Np(IV) hydrous oxide i s expected to rapidly develop c r y s t a l -
l i n i t y resulting i n a decrease i n s o l u b i l i t y and thus a decrease 
i n the maximum predicted solution concentration. The objective*? 
of this study were to determine the s o l u b i l i t y of Np(IV) hydrous 
oxide and to determine the effect of aging Np(IV) hydrous oxide on 
i t s s o l u b i l i t y and c r y s t a l l i n i t y . 

Materials and Methods 
237 

A Np(IV) stock solution was prepared from an aniQn-exchange 
pur i f i e d and f i l t e r e d (1.8 nm) solution of 4.3x10"" "ΤΙ Np ( i n 
1M HC1) that was bubbled with H 2 through a black platinum gauze 
for two days. At the end of bubbling the solution appeared to be 
li g h t brown due to some formation of Np(III) but changed to green 
indicative of Np(IV) within one day. Spectrophotometric measure­
ments made on the reduced stock solution confirmed that the solu­
tion contained Np(IV) with less than 4% Np(V). Another oxidation 
state analysis of the Np solutions used the TTA extraction tech­
nique (7) which distinguishes the (IV) oxidation state from the 
oxidized states (V and VI). The uncertainty of the TTA extraction 
procedure was estimated to be about 5%. The TTA extraction analy­
sis of the reduced stock solution also indicated that the Np was 
in a reduced state >90% TTA extractable as (IV). 

A l l experiments were done i n an atmospheric control chamber 
( i n i t i a l l y nearly 100% Ar, <60 ppm 0 2, and undetectable levels of 
C0 2). Aliquots of the Np(IV) stock solution were adjusted with 
NaOH to an approximate pH value of 12 to precipitate the brown 
Np(IV) hydrous o x i d e ( l l ) . These suspensions were centrifuged and 
the supernatants were discarded. The Np solids were resuspended 
and the pH of the suspensions (approximately 10 mg Np solid/30 ml 
solution) were adjusted with HC1 or NaOH to pH values between 4 to 
12. No further adjustments i n the pH values were made. Some of 
the freshly precipitated Np(IV) hydrous oxide was redissolved i n 
acid and the Np oxidation state was analyzed by the TTA extraction 
procedure. As before, approximately 90% of the Np was measured to 
be i n the reduced state. 

V i s i b l e amounts of the Np so l i d were present i n the tubes 
during the study. Periodically, the pH and the redox potential of 
the various Np suspensions were measured with calibrated glass and 
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8. STRICKERT ET AL. Np(IV) Hydrous Oxide 137 

Pt electrodes, respectively (5). Voltage readings from the Pt 
electrode i n the Np suspensions appeared stable within 15 min­
utes. The redox measurements were converted to pe values [pe = 
16.9 · Eh (in volts) at 25°C] because i t i s convenient to discuss 
the redox potential of an aqueous solution i n terms of the pe 
(defined as - l o g 1 0 of the electron a c t i v i t y ) ( 8 ) . 

Centrifugation alone i s not s u f f i c i e n t to separate Np s o l i d 
material from the solution (9). Thus, the Np solution concentra­
tions and oxidation state analyses were determined from aliquots 
f i l t e r e d through approximately 1.8 nm pore-size Centriflo® mem­
brane cones (Amicon Corp., Lexington, MA). Each f i l t e r cone was 
pretreated with an i n i t i a l aliquot of the suspension to be f i l ­
tered. Tests using successive f i l t r a t i o n confirmed that no s i g ­
n i f i c a n t amounts of Np were being sorbed by the f i l t e r cones. The 
solutions were alpha counted by l i q u i d s c i n t i l l a t i o n techniques. 
Major cations i n the solutions were determined by inductively cou­
pled plasma spectrometry (ICP) analyses. 

X-ray d i f f r a c t i o n (XRD) patterns of small portions of the 
solids were pe r i o d i c a l l y obtained with a Gandolfi camera using 
CuK^ radiation (10) to monitor c r y s t a l l i n i t y . 

Results and Discussion 

Although no redox buffers were added to the suspensions, the pe+pH 
sums were i n i t i a l l y between 8 and 10 (Figure 1). However, most of 
the pe+pH sums appeared to reach a value of about 12 within 70 
days. Although not shown i n the figure, the pH value of each 
suspension remained f a i r l y constant over time, while the corre-
ponding pe value tended to increase with time especially for sus­
pensions with pH values greater than 7. 

Available thermodynamic data (11,12) indicate that the domi­
nant oxidation state of Np i n the measured pe4pH range i s (V). 
The Np oxidation state analyses of the solutions at different 
times (Table I) confirmed that the Np was present as Np(V). The 
s o l u b i l i t y results for suspensions of pH values <8.5 and >8.5 are 
discussed separately as the nature of the aqueous Np species in 
these pH regions are expected to be d i f f e r e n t . 

Low (<8.5) pH Solutions. The Np solution concentrations are p l o t ­
ted as a function of measured pe i n Figure 2 for various e q u i l i b ­
ration periods. The data points for the low pH (<8.5) suspensions 
were f i t t e d by a linear least squares method to a line of fixed 
unit slope. When the slopes were allowed to vary, their values 
ranged from 0.8 to 1.1. 

Because the Np i n solution i s predominantly (V) and because 
the Np solution concentration increases with pe along a unit 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 1. Measured pe and pH values of Np(IV) hydrous oxide 
aqueous suspensions for various equilibrium times. The l i n e 
corresponds to a pe + pH value of 10. 
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8. STRICKERT ET AL. Np(IV) Hydrous Oxide 139 
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Figure 2· Log Np concentrations i n f i l t e r e d solutions con­
tacting Np(IV) hydrous oxide for various equilibration times 
as a function of ρβ· Solid lines are f i t t e d to data from 
pH<8.5 solutions. Dashed l i n e i s based on Np02 s o l u b i l i t y 
data from Reference 5. 
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140 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table I. Neptunium Oxidation State Analyses* 

Solution 
Equilibration 

(days) 

% Extractable 
i n TTA 
Np(IV) 

% Non-extracted 

70 7 + 4 101 + 11 
110 5 + 2 92 + 4 
206 5 + 2 92 + 5 
270 6 + 3 88 + 4 

* The standard deviation of the average % Np of a l l solutions i s 
included· 

# Expected to be Np(V) only as Np(VI) s t a b i l i t y f i e l d s exist 
outside the experimental pe and pH range. 

slope, the reaction i n Equation (1) can be used to describe the Np 
solution behavior i n the low pH range (<8.5), where no Np(V) 
hydrolysis i s expected to occur. 

When Κ i s a constant involving Np(V) concentrations and 
electron a c t i v i t i e s i n Equation 1 (assuming a s o l i d phase a c t i v i t y 
of one), the K m i s related to the Np(V) solution concentration as 
shown i n Equation 2. 

The Np02 a c t i v i t y coefficient ( Ύ Ν ρ ) i s needed to determine 
the thermodynamic equilibrium constant (K°) for Equation 1. 
Analysis of major cations by ICP showed that the predominant 
cation i n a f i l t e r e d Np solution was Na (130 ppm) with less than 
6 ppm of B, Ca, K, or S i . Less than 1 ppm amounts of Ba, L i , Mg, 
Sr, and Zn were also detected. These data were used to calculate 
the ionic strength. Because the ionic strength of the solutions 
was less than 0.01 and the Np species i s singly charged, maximum 
a c t i v i t y corrections are small (-logy N ^0.05). Based on these 
data, the log K° values for Equation 1 would be less than 0.05 
units lower than the log K m values. However, this correction i s 
r e l a t i v e l y i n s i g n i f i c a n t compared to an order of magnitude larger 
uncertainty i n the f i t t e d intercept values (Figure 2). 

The apparent log K° values (based on the intercept values) 
along with the uncertainties of the f i t are plotted as a function 

Np0 2»xH 20(s) ±? Np02 + xH 20 + e (1) 

log [Np02] = log K m + pe (2) 
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8. STRICKERT ET AL. Np(IV) Hydrous Oxide 141 

of time i n Figure 3. The apparent log K u rapidly decreases during 
the f i r s t t h i r t y days and then show a much slower decrease out 
through 270 days. 

From these results (Figures 2 and 3) one can conclude that, 
i n aqueous solutions contacting freshly prepared Np(IV) hydrous 
oxide, Np solution concentrations reach steady-state values within 
70 days and show an expected pe dependence as described by Equa­
tion 2 for pH values less than approximately 8.5. Furthermore, 
with the aging of the Np s o l i d phase, there i s a corresponding 
change i n the s o l u b i l i t y such that the calculated log Κ value 
decreases from approximately -7 to -10 (+1) within 200 days. It 
i s not possible at this time to determine whether the s o l u b i l i t y 
w i l l continue to slowly decrease to lower values. 

Using estimated thermodynamic data from A l l a r d et a l . (12) 
the calculated log K° value for the reaction, Np(0H) 4(s) ±? Np0 2 + 
e + 2H20, i s -9+2. This estimated value appears to be i n good 
agreement with the experimental value reported here. The experi­
mental log K° value for Equation 1 i s s t i l l 2 units greater than 
the log K° value estimated for the corresponding reaction i n 
aqueous suspensions of i n i t i a l l y c r y s t a l l i n e Np02 (5). Because 
Np(V) was the only aqueous Np oxidation state that was possible to 
measure accurately, i t was not feasible to calculate the redox 
potentials from a c t i v i t i e s of different Np species. Therefore to 
calculate the log K° values, i t was assumed that the Pt electrode 
measured potentials truly reflected the equilibrium potentials. 
This assumption needs to be investigated further, although i t 
appears to be v a l i d because the log K° value measured i n this 
study i s similar to values reported i n the li t e r a t u r e (12). 

High Q8.5) pH Solutions. The Np concentrations for the higher pH 
solutions were i n i t i a l l y close to the f i t t e d unit-slope^ l i n e ( F i g ­
ure 2), but with time increased to values around 10~" M. A l l of 
the high pH solutions contained Np i n the (V) oxidation state. 
Neptunium(V) should not complex readily with the small amount of 
chloride (introduced through the use of HC1 i n adjusting some of 
the pH v a l u e s ) ( l l ) . Neptunium(V) i s expected to be hydrolyzed 
(11) and i t s concentration i n solution contacting Np(IV) hydrous 
oxide could be described by: 

Np0 2*xH 20(s) ^ Np0 20H° + H + + e" + (x-l)H 20 (3) 

and 

log[Np0 20H°] = log K m + (pe + pH) (4) 

However, i n contrast to Equation 4, the Np solution concen­
tration versus pe+pH (Figure 4) appears to decrease rather than 
increase with the pe+pH sum. This suggests that at pH values 
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142 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

-6 

0 100 200 300 
EQUILIBRATION TIME, DAYS 

Figure 3._ Apparent log K° for the reaction Np02 xH 20 £^ 
Np0 2 + e~ + xH20, for various equilibration times. Error 
bars based on f i t t e d intercept values (see text). 

pH>8.5 ν 

EQUILIBRATION, DAYS 

• V 70 
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Figure 4. Log Np concentrations i n f i l t e r e d solutions 
(pHJ>8.5) contacting Np(IV) hydrous oxide for various 
equilibration times as a function of pe + pH. The s o l i d 
l i n e i s drawn to indicate a slope of -1. 
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8. STRICKERT ET AL. Np(IV) Hydrous Oxide 143 

greater than 8.5 the s o l u b i l i t y - c o n t r o l l i n g s o l i d phase i s not 
Np(IV) hydrous oxide alone. This conclusion i s supported by Np 
oxidation state analyses of the s o l i d phases from various suspen­
sions (discussed i n the following section). There i s also the 
p o s s i b i l i t y that the Np solution species may not exist as the sim­
ple mono-hydroxy Np(V) complex i n the pH range 8.5 to 12. 

Solid Phase Analyses. Portions of the Np solids from several 
suspensions were removed after 200 days, rinsed and dissolved i n 
HC1. The Np oxidation state analyses of the dissolved solids 
(Table II) indicate that while the solids from various low pH 
suspensions contain predominantly Np(IV), high pH suspensions 
contain Np solids of mixed-Np oxidation states. Even though the 
TTA values are lower, the sum of the extracted and non-extracted 
neptunium (relative to the t o t a l Np solution concentration) does 
not account for a l l the Np. This may indicate that the Np(IV) 
values could be higher. Recoveries i n predominantly Np(V) 
solutions were nearly 100%. 

Table I I . Np Oxidation State Analyses of Dissolved Np Solids* 

% Extractable % Non-extracted 
i n TTA i n TTA 

Suspension Np (IV) Np(V and VI) 
Fresh ppt 88 8 
Low pH 73 + 4 1 1 ± 1 

High pH 43 + 3 42 _+ 2 

* Standard deviation based on multiple samples. 

The results of XRD analysis (Table III) show that freshly 
prepared Np(IV) hydrous oxide i s amorphous. However, within one 
month several samples from both low and high pH suspensions showed 
X-ray d i f f r a c t i o n peaks that corresponded to Np0 2(c). No other 
c r y s t a l l i n e structure was observed i n the solids examined. There­
fore, the Np concentrations in high pH solutions may be controlled 
by an amorphous, oxidized Np s o l i d phase. A similar study (6) of 
2^ 9Pu(IV) hydrous oxide demonstrated that c r y s t a l l i n i t y similar to 
Pu0 2 did not begin to appear u n t i l after 3 and 1/2 years. The 
rapidity of the c r y s t a l l i z a t i o n of Np(IV) hydrous oxide compared 
to Pu(IV) hydrous oxide i s no doubt associated with the difference 
i n h a l f - l i v e s between the two alpha-emitting isotopes. 

The results presented i n this paper along with other work (6) 
show that alpha radiation affects the nature of the equilibrium 
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144 G E O C H E M I C A L B E H A V I O R O F R A D I O A C T I V E WASTE 

Table I I I . Summary of X-Ray Di f f r a c t i o n Analyses 

Equilibration 
Time, Days 
Fresh ppt 

41 
112 
289 

31 
126 
289 

NpO* 

Solution 

7.7 
6.55 
5.75 

9.6 
12.05 
11.5 

3.16 2.69 

3.17 — 

3.17 2.70 

3.19 2.74 

3.14 2.72 

d Spacing (A) 

1.92 1.65 
1.64 

1.93 1.64 

1.94 1.66 
1.92 1.64 
1.92 1.65 

1.92 1.64 

1.36 1.24 
1.24 

1.36 1.22 

1.38 1.24 
1.35 1.25 
1.37 1.23 

1.36 1.24 

* From Reference 13. 

s o l i d phase and thus the maximum so l u b i l i t y - c o n t r o l l e d concentra­
ti o n . Such results indicate that modeling for repository perfor­
mance assessments must include the effects of alpha radiolysis on 
the properties of actinide s o l i d phases. 
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9 
Geochemical Controls on Radionuclide Releases 
from a Nuclear Waste Repository in Basalt 
Estimated Solubilities for Selected Elements 

T. O. EARLY, G. K. JACOBS, and D. R. DREWES 

Rockwell International, Energy Systems Group, Richland, WA 99352 

Two basalt flows within the Grande Ronde Basalt at the 
Hanford Site in southeastern Washington are 
candidates for a high-level nuclear waste repository. In 
order to determine the anticipated rate of release and 
migration of key radionuclides from the repository, 
solubility controls must be determined. Solubilities, 
solids controlling solubility, and aqueous speciation in 
groundwater have been determined from available 
thermodynamic data for a variety of actinides and 
fission products. Groundwater compositions used 
include all available analyses from the Grand Ronde 
formation determined by the Basalt Waste Isolation 
Project (BWIP). Over the range of conditions 
investigated, solids predicted to control solubility for 
the selected radionuclides include hydroxides and 
hydrous oxides (palladium, antimony, samarium, 
europium, lead, and americium), oxides (nickel, tin, 
thorium, neptunium, and plutonium), elements 
(selenium and palladium), and silicates (zirconium and 
uranium). Dominant soluble species include hydroxy 
complexes (zirconium, palladium, tin, antimony, 
samarium, europium, thorium, uranium, neptunium, 
and plutonium) and carbonate species (nickel, 
samarium, europium, lead, uranium, neptunium, 
plutonium, and americium). In addition to the 
limitations in completeness and accuracy of 
thermodynamic data, solubility estimates of the 
radionuclides are sensitive to the following: (1) Eh and 
the degree of redox equilibrium, (2) temperature, (3) 
formation of metastable solid phases, and (4) 
coprecipitation. The Eh effects have been evaluated for 
each radionuclide and are significant for selenium, 
palladium, and tin, and possibly uranium and 
neptunium. Solubility estimates also have been made 
at ambient temperature (~55 ± 5°C) for Grande Ronde 

© 1984 Ameri^gtemifeâbPaf 
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148 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

basalts for those nuclides for which sufficient data exist. 
Effects of metastability and coprecipitation cannot be 
treated quantitatively, but their contributions have 
been estimated in reference to available experimental 
data. 

The Basalt Waste Isolation Project (BWIP), under the direction 
of the U.S. Department of Energy, is investigating the feasibility 
of locating a nuclear waste repository in the deep basalts 
beneath the Hanford Site, Richland, Washington. The repository 
is designed to be constructed in one of four basalt flows (Rocky 
Coulee, Cohassett, McCoy Canyon, or Umtanum) in the Grande 
Ronde formation (Figure 1). 

The National Waste Terminal Storage Program has 
adopted the approach of utilizing a series of engineered barriers 
to complement the geologic site in providing for the safe isolation 
of nuclear waste. The engineered barriers include the waste 
package [e.g., waste form, canister(s), and backfill] and the 
repository seal system (e.g., shaft, borehole, room, and tunnel 
seals). 

Under current regulatory criteria (1-2), performance may 
be apportioned among the isolation components in order to 
demonstrate compliance with the proposed criteria and to ensure 
the safe isolation of the waste. Data from site characterization 
activities and information regarding the geochemical behavior of 
radionuclides may be used to determine the isolation capacity of 
the geologic site component for a range of expected conditions. 
From this information, the performance of the engineered 
components of the isolation system, required to complement the 
site for the safe isolation of nuclear waste, may be determined. 
From such an analysis, the required performance for the 
engineered components may be allocated among the waste 
package and repository seal systems so as to allow designs to be 
optimized for both performance and cost effectiveness, while at 
the same time providing for an adequate factor of safety in 
overall isolation capacity. 

In order to evaluate the rate and cumulative release of 
radionuclides from a repository in basalt to the accessible 
environment, a necessary first step is the identification of the 
important natural and engineered isolation parameters. They 
include the following: 

• Waste package containment time 
• Radionuclide release rates from the waste package 
• Site-controlled radionuclide solubilities 
• Groundwater flow through the repository 
• Groundwater travel time to the accessible environment 
• Near- and far-field radionuclide sorption. 
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E A R L Y ET A L . Geochemical Controls on Radionuclide Releases 

DEPTH (m) FORMATION NAME 

CANDIDATE 
REPOSITORY 
HORIZONS 

ROCKY COULEE 

COHASSETT 

819 
860 

912 

992 

McCOY CANYON 1 0 5 9 

1099 
UMTANUM 

1170 

HANFORD FORMATION 

RINGOLD FORMATION 

SADDLE MOUNTAINS BASALT 

WANAPUM BASALT 

• GRANDE RONDE BASALT 

Figure 1. Simplified Stratigraphy of the Pasco Basin, 
Washington. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

00
9



150 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Of these parameters, radionuclide solubilities that are addressed 
in this paper represent an important control on the concentration 
of specific radionuclides in groundwater available for transport 
to the accessible environment. 

Radionuclide concentrations in groundwater outside the 
waste package will be controlled by the solid phases and aqueous 
species forming in the basalt geochemical environment. For a 
given radionuclide, one can predict via thermodynamic 
arguments the most stable solid phase which should form and 
thus control the concentration of the radionuclide in this system. 
Then incorporating the effect of complexing agents present in the 
groundwater, one may calculate the theoretical, maximum 
possible concentration of all dissolved radionuclide species in 
equilibrium with the stable solid phase. The solubilities, 
associated solid phases, and aqueous complexes, while 
thermodynamically predicted, may not actually occur in the 
natural basalt geochemical system. Deviations from these 
predictions could result from an incomplete thermodynamic data 
base, uncertainties in the thermodynamic data, kinetic 
inhibitions to the formation of the most stable phases, and/or the 
formation of colloidal particles. However, for the basalt 
site-specific case, it is useful to delineate baseline calculations 
from available thermodynamic data at this time, with the 
understanding that the limitations noted above may be very 
important in determining the final controls on the 
concentrations of radionuclides in the basalt geochemical 
system. Confirmation of these calculations undoubtedly requires 
careful laboratory tests addressiong solubility controls as well as 
kinetic and colloidal transport factors. 

Method 

Solubility Relationships. Estimates of the solubility of 
radionuclides in characteristic groundwaters for a nuclear waste 
repository in basalt (NWRB) were made by considering the 
thermodynamic data available for solid phases and aqueous 
species. For each radionuclide, published AG°f,298 values for 
individual solids and aqueous species in conjunction with log K e q 

values for appropriate chemical equilibria were used to derive a 
set of mathmetical expressions that relate the activity of all 
dissolved species in solution to the solid phase(s) calculated to be 
the most stable under a given set of environmental conditions 
(pH, Eh, groundwater chemistry). A detailed summary of the 
theoretical approach used can be found in standard texts dealing 
with chemical thermodynamics of heterogeneous geologic 
systems (3). 
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9. E A R L Y E T A L . Geochemical Controls on Radionuclide Releases 

Assumptions and Limitations 

Thermodynamic Data. There are two key considerations in 
evaluating the effect of available thermodynamic data on 
calculated solubilities. The principal limitation is the lack of a 
complete thermodynamic data base containing all important 
solid and aqueous species pertinent to the basalt geochemical 
system. It is possible that thermodynamic data may not exist for 
solids that are more stable than those currently available, 
resulting in high solubility estimates. Alternatively, 
thermodynamic data may not be available for aqueous 
complexes of radionuclides that are more stable than those in the 
current data base, resulting in solubility estimates that are too 
low. Therefore, one must recognize the potential limitations of 
the thermodynamic data base in making solubility estimates. 

The reactions with associated solid and aqueous species and 
log K en values used in this study come from published 
compilations (4-6) and more recent experimental data (7-8). No 
attempt was made to critically evaluate the available data for 
accuracy, although comparison among different compilations 
was made as a check on typographical errors. Additionally, no 
attempt was made to evaluate the effect of data uncertainties on 
the resulting computations. These uncertainties will be 
addressed in future studies. 

Temperature. The estimated solubilities presented in this paper 
are strictly applicable only at 25°C. At elevated temperatures, 
thermodynamic data exist for only a few radionuclides and much 
of the data is estimated. This limitation should not significantly 
affect the applicability of present calculations to a repository in 
basalt because measured temperatures in the candidate 
horizons, the Rocky Coulee, Cohassett, McCoy Canyon, and 
Umtanum flows, are 49°C ± 1°C, 51°C ± 2°C, 56°C ± 1°C, and 
58°C ± 2°C, respectively. 

From data provided in the literature (9-10), it is possible to 
estimate solubilities for uranium and plutonium at a 
temperature which closely approximates that of the candidate 
repository horizons. These estimates are discussed in a later 
section of this paper. 

Eh-pH Conditions. Measured pH values for Grande Ronde 
groundwater are found to be 9.5 ± 0.9. Hydrothermal 
experiments on the system basalt-groundwater (11) have shown 
that during the thermal period, pH could be depressed as much 
as 1 to 2pH units. However, since significantly elevated 
temperatures will not extend far into the host rock (12), this 
study treats only ambient conditions and is applicable to the 
far-field or the near-field after the thermal period. 
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152 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Unlike pH, Eh in the basalt-groundwater system is difficult 
to determine quantitatively. Therefore, since some radionuclide 
solubilities are highly sensitive to Eh, results are presented for a 
range of Eh conditions encompassing values expected in the 
candidate horizons. This approach offers two advantages: (l)the 
sensitivity of radionuclide solubilities to Eh may be evaluated, 
thus defining the degree to which Eh must be known in the 
basalt geochemical system for establishing baseline solubilities 
and (2) key radionuclides and environmental conditions for 
experimental confirmation of calculated solubilities are defined. 

Measured Eh values for Grande Ronde groundwater, 
although having associated uncertainties, typically range from 
+0.35 to -0.2 V. Based upon an indirect approach utilizing 
mineralogical and aqueous speciation information (13), it is 
estimated that the Eh conditions in the basaltgroundwater 
system are -0.40 ± 0.05 V at Τ = 57°C ± 2°C and 
pH = 9.5 ± 0.05. A detailed analysis is now underway to 
evaluate ambient Eh conditions utilizing groundwater 
chemistry data, laboratory experiments at low and high 
temperatures, and geochemical modeling. 

Other Effects. In the very near-field, dissolution of the waste 
form may lead to local changes in pH and Eh. In addition, 
radiolysis effects in this region also may be important. The 
consequences of these factors are not addressed in this study 
because their effects are extremely localized and such a detailed 
analysis of solubility and speciation is beyond the scope of this 
paper. 

Sensitivity Analysis 

Two considerations: (1) kinetic limitations in aqueous sulfate/ 
sulfide species equilibration and (2) observed lateral and vertical 
differences in Grande Ronde groundwater chemistry, were 
evaluated for their effect on calculated solubilities and 
associated aqueous speciation. 

The presence of sulfate in Grande Ronde groundwater and 
the uncertainty of the actual Eh conditions require consideration 
of sulfate/sulfide equilibration kinetics in the calculation of 
solubilities and aqueous speciation of radionuclides. Under 
strongly reducing conditions, aqueous sulfide species can be very 
important complexing agents for some radionuclides, and the 
precipitation of very insoluble sulfides can control solubilities to 
very low values. To date, aqueous sulfide species have not been 
detected in Grande Ronde groundwaters (14). This suggests that 
either Eh conditions are not reducing enough to stabilize reduced 
aqueous sulfur species or that equilibrium has not been reached. 
It has been shown recently (15) that the kinetics of equilibration 
between aqueous sulfate and sulfide species are very slow 
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9. EARLY ET AL. Geochemical Controls on Radionuclide Releases 

without the presence of a mediating component (e.g., sulfate-
reducing bacteria or reactive mineral surfaces) at the ambient 
temperature of the candidate repository horizons (~50°C to 60°C). 

For these reasons, it is useful to evaluate the effects of 
forming or not forming aqueous sulfide complexing agents and 
sulfide precipitates on radionuclide solubilities and aqueous 
speciation. Therefore, calculations were performed for key 
radionuclides for two cases: (1) reduction of sulfate to sulfide and 
bisulfide was allowed to occur as Eh was lowered and (2) sulfate 
reduction as a function of Eh was prohibited so that sulfate was 
the only sulfur complexing agent available at all Eh values. 

Most solubility computations were made using the results 
from 29 natural Grande Ronde groundwaters collected by BWIP 
hydrologists from five wells on the Hanford Reservation and 
chemically analyzed in the Basalt Materials Research Labora­
tory over the past 2yr. The rationale for using all available 
analytical data results from the fact that significant vertical and 
lateral variation in Grande Ronde water chemistry exists and 
using an average analysis probably is not justified. Sensitivity 
analyses for the effects of sulfate/sulfide equilibration kinetics in 
this paper were performed on a single groundwater composition 
(16) . This groundwater has been chosen by the BWIP as a 
standard reference Grande Ronde groundwater for use in 
experimental hydrothermal, sorption, and solubility studies. 
Consequently, its inclusion in this study will permit our conclu­
sions to be related to experimental studies now in progress. An 
analysis of the reference groundwater is listed in Table I. 

Results 

Figures 2 through 7 show the results of solubility calculations for 
a selected group of radionuclides considered in this study as a 
function of Eh. The bold, solid line in the figures delineates the 
total solubility of each element in the reference groundwater. In 
addition, a range of solubilities for each radionuclide is shown by 
the patterned zones. The range in solubilities results from 
calculations using the 29 Grande Ronde groundwater analyses. 
In all calculations the concentration of each aqueous species was 
computed from its respective activity coefficient. Activity 
coefficients were calculated by the Guntelberg approximation 
(17) which is useful for aqueous systems containing mixtures of 
electrolytes of unlike charge. 

Of the elements considered in this study (see Table Π), 
nickel, palladium, antimony, and lead are particularly sensitive 
to the presence of reduced sulfur species (S2 -, HS") in the 
groundwater. For each of these radionuclides, if sulfur speciates 
under thermodynamic equilibrium conditions, solid sulfide 
phases will control their solubility at low Eh values. The 
implication of this fact is illustrated in Figure 1 by a bold, dashed 
line that corresponds to the solubility of nickel in the reference 
groundwater and a patterned zone representing the total range 
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^ ^ NiCOg > N i ( C Q 3 ) 2
2 

. 3 0 1 I I I I I I 
-0.6 -0.5 -0.4 -0.3 0.2 -0.1 0 

Eh (V) 

Figure 2. Solubility of Nickel as a Function of E h at 25°C. 
The horizontal lines in the lower part of the figure show the 
range of dominance of solids controlling solubility and aqueous 
species as functions of E h . Figures 3 through 7 are interpreted 
similarly. See text for further explanation.) 

Figure 3. Solubility of Selenium as a Function of E h at 25°C. 
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9. EARLY ET AL. Geochemical Controls on Radionuclide Releases 155 

Figure 4. Solubility of Tin as a Function of Eh at 25°C. [Sulfur 
speciation has only a minor effect on tin solubility (not shown in 
the figure) for Eh <0 to -.55 V]. 

Figure 5. Solubility of Uranium as a Function of Eh at 25°C. 
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156 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 6. Solubility of Neptunium as a Function of Eh at 25°C. 

Figure 7. Solubility of Plutonium as a Function of Eh at 25°C. 
(The upper patterned area represents plutonium solubility in 
Grande Ronde groundwaters using the published value for the 
stability constant of PuCO 2 + . The lower patterned area 
represents plutonium solubility in the absence of P u C 0 3

2 + 

species.) 
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9. EARLY ET AL. Geochemical Controls on Radionuclide Releases 

Table I. Reference Grande Ronde 
Groundwater Composition at 25°C * 

Chemical Species Concentration 
(mol/L) 

H 1.82* ΙΟ"10 

Na 1.56 xlO- 2 

Κ 8.78 χ 10 5 

Ca 6.9 xlO"5 

Mg 1.55 xlO"7 

Si(asSi02) 1.27 χ 10"3 

F 1.76 xlO"3 

Cl 8.81 χ 10"3 

so 4 1.81 χ 10-3 

C (inorganic) 8.96 xlO"4 

•Reference (16). 

of its solubility calculated for 29 groundwater analyses with the 
effects of sulfur speciation included. As noted in the previous 
section of this paper, analytical data from these groundwaters 
and kinetic studies (15) suggest that equilibrium sulfur 
speciation probably does not occur under the conditions 
encountered in the Grande Ronde formation. Consequently, it 
will be assumed that this type of equilibrium is not a significant 
factor in this study and that the solubilities for nickel, 
palladium, antimony, and lead will not be controlled by sulfide 
phases at low Eh. 

Included in the figures are the specific solid phases that 
control solubility and those dissolved species that dominate the 
aqueous solution as a function of Eh for each radionuclide. The 
criterion used for listing soluble species is that, collectively, they 
account for _>90% of the total solubility of the element over the 
range of Eh values considered. 

A complete summary of the results of the solubility 
computations for all radionuclides considered is found in 
Table Π. The solubility values listed assume no sulfur speciation 
and are for a reference Eh of -0.3 V. This value is approximately 
midway between estimates of Eh from basalt-mineral equilibria 
and direct measurements of Grande Ronde groundwaters. 
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160 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

In view of the fact that the basalt flows that currently are 
being considered for a repository at Hanford are at an ambient 
temperature between 50°C and 60°C, the effect of temperature on 
radionuclide solubility should be evaluated. As noted 
previously, only limited thermodynamic data exist with which to 
make such extrapolations. Estimates of thermodynamic 
parameters for uranium and plutonium are available (9-10). 
These estimates suggest that at temperatures of 50°C to 60°C the 
solubilities of these elements in Grande Ronde groundwater will 
be <. one order of magnitude greater than their respective 
solubilities at 25°C. Analogous estimates for the other 
radionuclides considered in this study are even more uncertain, 
but increases in solubility due to temperature of about one order 
of magnitude seem reasonable. 

Examination of the results in the figures and Table Π leads 
to several significant conclusions. Solids that control solubility 
for these radionuclides include hydroxides and hydrous oxides 
(palladium, antimony, samarium, europium, lead, and 
americium), oxides (nickel, tin, thorium, neptunium, and 
plutonium), elements (selenium and palladium), and silicates 
(zirconium and uranium). This rather narrow range of 
structural/chemical types is due largely to the high pH and low 
Eh of the groundwater. Similarly, the dominant soluble species 
are predicted to be hydroxy complexes (zirconium, palladium, 
tin, antimony, samarium, europium, thorium, uranium, 
neptunium, and plutonium) and carbonate species (nickel, 
samarium, europium, lead, uranium, neptunium, plutonium, 
and americium). These complexes result from the high pH of the 
solution and the apparent lack of other ligands in significant 
quantities in the groundwater that are known to form strong 
complexes with many radionuclides. For example, phosphates 
have not been detected in these groundwaters (detection limit 
~<lmg/l). 

The range of observable compositions for Grande Ronde 
groundwater generally leads to calculated ranges in solubilities 
of about two to three orders of magnitude. Because many of the 
dominant soluble species are either hydroxy or carbonate 
complexes, much of the variation in solubility for these 
radionuclides is due, either directly or indirectly, to the range of 
pH values for the groundwaters. Measured differences in 
concentrations of F", CI", SO.2", or SiO^0 do not seem to alter 
significantly the computed solubility results for these 
radionuclides. However, recent experimental studies (18) 
suggest that plutonium solubility in groundwater from a flowtop 
of the Grande Ronde basalt in the Pasco Basin is enhanced by the 
high fluoride concentration of the water. The implications of this 
result have not been fully evaluated but it might suggest 
inadequacies in the thermodynamic data base. 
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9. EARLY ET AL. Geochemical Controls on Radionuclide Releases 

The potential significance of organic complexing agents in 
these groundwaters must not be ignored. Approximately 
0.3 mg/L of fulvic acids were found in a single sample of Grande 
Ronde groundwater from a borehole at Hanford (19). A 
literature survey to document available information relative to 
complexing of actinides with naturally occurring humic and 
fulvic acids has been compiled (20). Apparently both humic and 
fulvic acids can form very strong complexes with all oxidation 
states of these radionuclides. Even if strong actinide-organic 
acid complexes form in an NWRB their mobility through 
bentonite backfill material may be reduced significantly due to 
the strong sorptive capacity of clays for humic and fulvic acids. 
Nevertheless, an evaluation of the relative importance of these 
acids in the basalt geochemical environment awaits future, 
planned ch aracterization studies. 

A number of studies have been reported in the literature in 
which theoretical aqueous speciation of key radionuclides has 
been determined from available thermodynamic data 
(4,9,21-25). In general, where comparisons are possible, one 
finds reasonably close agreement in the calculated dominant 
dissolved species, the solids controlling solubility, and computed 
total solubilities for this study and those listed above. 

Few direct, experimental determinations of radionuclide 
solubilities applicable to this study are available in the 
literature. However, solubility estimates for some radionuclides 
can be extracted from the results of conventional sorption 
experiments (26). In addition, natural levels of some elements 
listed in Table Π that are observed in Hanford groundwaters 
provide crude estimates of minimum solubility limits for them. 
Finally, measured solubility results for americium in aqueous 
solutions have been reported (27). 

Solubility estimates made by the techniques discussed 
above are reported in the last column of Table Π. In addition to 
the limited number of such measurements, the results do not 
compare favorably in all cases with the theoretical values listed. 
This fact is hardly surprising considering the recognized 
limitations in the thermodynamic data base and difficulties 
encountered in interpreting results of solubility experiments. 
Furthermore, the theoretical estimates are based on the 
assumption that the thermodynamically most stable solid for a 
radionuclide controls its solubility. The effects of metastability 
are not included and, in this sense, theoretical solubility 
estimates are not conservative. A series of sorption-type 
experiments designed to yield solubility estimates for a number 
of the radionuclides included in this paper is in progress, and the 
results will be reported at a later date. 
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162 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Discussion 

One application of the results from the present study to practical 
problems of waste management addresses the dissolution of a 
spent fuel waste form and transport of radionuclides into the 
geologic environment. According to present plans, an NWRB at 
the Hanford Site will be designed to receive at least a portion of 
its high-level waste as spent fuel, while the remainder will be in 
the form of borosilicate glass. A glass waste form has not been 
well characterized structurally, but radionuclide releases from it 
probably will be controlled by competing rates of glass 
dissolution and subsequent reprecipitation reactions, perhaps 
involving some of the solid phases treated in this study as 
solubility controls. Discussions of the chemical and structural 
characteristics of spent fuel are available (28-30). In general, 
spent fuel consists of a matrix of U 0 2 in which the actinides such 
as plutonium, neptunium, thorium, and americium are in solid 
solution in the U0 2 . Some uranium may be in the form of 
uranate compounds such as CsU0 4. Of the remaining elements 
considered in this study, europium, samarium, lead, nickel, 
zirconium, and antimony probably will be in the form of oxides. 
Tin and palladium will be found as metallic alloy inclusions, and 
selenium will form various selenide compounds. A bundle of fuel 
elements will be inserted into metal canisters and emplaced into 
boreholes in the basalt. Currently, a mixture of about 75% 
basalt and 25% sodium-montmorillonite clay is planned to be 
used to backfill around the canisters within the boreholes. 
Radioactive heating of the waste during the early stages of 
storage is expected to produce a thermal gradient around the 
repository extending tens of meters from the repository and 
having a duration of up to hundreds or thousands of years. 

After breaching of the canisters by corrosion, dissolution of 
the spent fuel waste form will begin. The dissolution process will 
be controlled by the solubility of the U O ? matrix and the other 
discrete phases present. These crystalline phases will have 
suffered thermal and radiation damage and will be more soluble 
than predicted by thermodynamics. Additionally, the elevated 
temperatures and radiolysis effects likely to exist during the 
early stages of dissolution may lead to enhanced solubilities of 
most radionuclides. However, it is expected that reprecipitation 
of more stable solid phases will occur within the waste package 
backfill and ultimately control the solubility of the radionuclides 
to lower levels. One can argue effectively that kinetic effects 
may prohibit the most stable phases for some radionuclides from 
forming in this environment. However, no data exist at present 
to evaluate the importance of kinetic factors. In addition, one 
must consider the effects of solid solution in determining 
radionuclide solubilities. The rare earth elements (europium 
and samarium) may coprecipitate as a hydroxide solid solution. 
Similarly, the actinides and zirconium may well coprecipitate in 
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9. EARLY ET AL. Geochemical Controls on Radionuclide Releases 

a common phase (oxide or hydroxide solid solution). Coprecipi-
tation may occur even if a thermodynamically more table phase 
exists for one or more of the nuclides. These coprecipitation 
effects tend to raise the observed solubilities of those nuclides for 
which more stable solid phases exist under the environmental 
conditions considered. 

Transport of the dissolved radionuclides will occur down a 
thermal gradient in the backfill and repository host rock. As 
temperature decreases with increasing distance from the waste 
package, solubilities for most nuclides should decrease, resulting 
in precipitation. As before, the effects of coprecipitation may be 
significant. As transport processes carry remaining dissolved 
radionuclides beyond the region of thermal perturbation around 
the repository, further precipitation reactions probably will 
continue only in response to local variations in groundwater 
chemistry, or if a significant level of supersaturation exists for 
specific radionuclides. 

One can attempt to overlay the effects of sorption on this 
scenario. It is apparent that strong sorption of radionuclides will 
tend to depress the equilibrium concentration of the element in 
groundwater, and the precipitation "front" described here may 
be restricted to areas very near the repository when compared to 
radionuclide transport in the absence of sorption. 

Conclusion 

This study has resulted in the following conclusions: 

• In general, oxide and hydrous oxide solid phases provide 
solubility control for most of the radionuclides considered 

• The predominant soluble species for the radionuclides 
considered are predicted to be neutral or anionic 
hydroxide and carbonate complexes 

• Selenium, palladium, and tin solubilities appear to be 
strong functions of Eh. The solubility of selenium and 
palladium may reach very high levels under some Eh 
conditions. This result suggests that future experimental 
studies should include solubility determinations for these 
elements under appropriate T, pH, and Eh conditions. 

It has been the underlying theme of this paper that the 
theoretical approach to solubility and speciation of key 
radionuclides adopted here can be helpful in identifying the 
general types of species likely to be dominant in aqueous 
solutions. At present, these estimates are useful in identifying 
those radionuclides that require special attention in repository 
performance assessment studies. However, sophisticated 
experimental studies are necessary to provide important 
confirmatory data for nuclides of critical importance to the safe 
isolation of nuclear waste in a repository in basalt. 
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164 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 
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10 
Radionuclide-Humic Acid Interactions Studied 
by Dialysis 

LARS CARLSEN, PETER BO, and GITTE LARSEN 

Riso National Laboratory, Chemistry Department, DK-4000 Roskilde, Denmark 

Dialysis has been used to study the interaction 
between radionuclides and humic acid. The technique 
gives information on 1) the complexing capacity of 
the humic acid samples, i.e. the concentration of 
complexing sites, and 2) the radionuclide - humic 
acid complexes by a) its stoichiometry (i.e. metal 
ion/ligand ratio), and b) interaction constants. 
The applicability of the technique is illustrated 
by studies on the interaction between a humic acid 
and 134Cs+, 85Sr2+, 60Co2+, and 154Eu3+. 

In the course of time i t has been unambiguously demonstrated that 
humic- and f u l v i c acids interact with metal cations by forming 
rather stable, and often soluble complexes(_l,2^) . The increasing 
awareness of a possible pollution of the environment, e.g. i n 
connection with the disposal of nuclear waste, emphasizes the need 
for additional knowledge about the interaction between relevant 
metal ions, e.g. radionuclides commonly present i n nuclear waste, 
and humic substances. The possible presence of soluble and 
rather stable complexes may play an important role i n determining 
the migration behavior of the metal ions under shallow land 
b u r i a l conditions. The influence of humic- and f u l v i c acids on 
the migration behavior of metal ions has been discussed 
previously (2^6), 

A variety of techniques, including ion-exchange equilibrium 
(7), potentiometric t i t r a t i o n ( 8 , 9 ) , application of ion-selective 
electrodes(9,10), spectroscopic measurements(11), l i q u i d - l i q u i d 
partition(12), and gel filtration(JL3), have applied to studies on 
metal ion - s o i l organic matter interactions. The former of these 
was o r i g i n a l l y developed by Schubert (7_) and lat e r was successfully 
modified by Ardakani and Stevenson (14). Together with the 
application of ion-selective electrodes, the ion-exchange 
equilibrium technique i s , for the time being, the more 
applied method. However, a general disadvantage 

0097-6156/84/0246-0167S06.00/0 
© 1984 American Chemical Society 
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168 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

using these techniques i s the lack of immediate information about 
the complexing capacity of the ligand. In the past, the effective 
ligand concentration [AJ has been expressed i n terms of molar 
units (11, 15), amount of ligand material (16), and concentration 
of complexing s i t e s (17, 18); the l a t t e r of these terms seems to 
be the more appropriate as i t characterizes the humic acid 
samples more s a t i s f a c t o r i l y than an average molecular weight. 

Recently, Weber and co-workers reported on the application of 
d i a l y s i s to the determination of the complexing capacity of 
f u l v i c acid for a series of metal cations (19, 20). In the 
present paper we report a further elaboration on the d i a l y s i s 
technique to allow simultaneous determination of complexing 
capacity for the humic acid sample, and interaction constants 
for the metal ion - humic acid complexes, as well as the 
stoichiometry of the l a t t e r . The technique furthermore opens up 
a p o s s i b i l i t y for an indirect determination of apparent io n i z a ­
tion constants for the humic acids. 

Experimental 

Samples (10 mL) of humic acid i n the appropriate buffer (μ = 0.05-
0.1), t y p i c a l l y containing between 0.1 and 2.0 grams of humic 
acid per l i t r e (determined by electronic absorption spectroscopy), 
were placed i n regenerated cellulose d i a l y s i s bags. The closed 
bags were placed i n 100 mL bottles, previously f i l l e d with 40 mL 
of the buffer containing varying concentrations (10""7 - 10 - 1 +M) 
of the metal ions Cs +, S r 2 + , Co* +, or E u 3 + , and trace amounts of 
1 3 , +Cs+, 8 5 S r 2 + , 6 0 C o 2 + , or 1 5 W + , respectively. 

The present studies were carried out using commercially a v a i l ­
able humic acid, obtained as the corresponding sodium s a l t (EGA 
HI,675-2) and dissolved i n a phosphate buffer (pH = 6.99), and an 
acetate buffer (pH - 4.47), respectively. The humic acid solutions 
were dialyzed against pure buffer solution prior to their use i n 
the complex formation experiments i n order to remove any low 
molecular fractions that could pass through the d i a l y s i s membrane. 

The closed bottles were agitated gently for approximately 48 
hours, the temperature being kept at 25.0 ± 0.1°C by a Heto 
02 PT 923 thermostat. After equ i l i b r a t i o n , samples mL of the 
solutions outside the d i a l y s i s bag were withdrawn, and the contents 
of metal ions, [M] 0, were determined by γ counting (Kontron 
MR 252 Automatic Gamma Counting System) and comparison with stan­
dard solutions. The r e l a t i v e l y high ionic strength of the buffer 
solutions (μ = 0.05-0.1) ensures an equal d i s t r i b u t i o n of low 
molecular species that pass the d i a l y s i s membrane, i. e . [M] Q 

measured i n the solution outside the d i a l y s i s bag equals that 
inside the bag. Blind-tests, i . e . using d i a l y s i s bags containing 
pure buffer solution, revealed that equilibrium was i n general 
obtained after 25 - 30 hours. Furthermore the blind-tests afforded 
information on the possible sorption of metal ions on the d i a ­
l y s i s bags as function of...metal ion concentration: Z([M ] Q ) . 
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10. CARLSEN ET AL. Radionuclide-Humic Acid Interactions 169 

Dialyses are normally carried out with four different humic acid 
concentrations, each of which i s combined with seven different 
metal ion concentrations (up to 2 χ 10" 5 mol/L). For the determi­
nation of the complexing capacity a further series of three metal 
ion concentrations (up to ca. ΙΟ" 4 mol/L) was added i n the case of 
the lowest humic acid concentration, i n order to occupy a l l sit e s 
available. 

Theory 

Metal ions, M, react with humate anions, A, to form complexes of 
the general type MAj, taking only mononuclear species into account. 

M+jAsMAj (1) 

[MAj] M c (2) 
MM'' " Nf lAlJ 

The l a t t e r r e l a t i o n being v a l i d since [MAj] » [M] C . 
Since the metal ions interact with the humate anions to form 

the complexes the dissociation of the humic acid should be taken 
into account: 

H A = H * A (3) 

[HA] M 
[Al s K A (4) 

As [A] i n the present context i s the concentration of humate 
anions, which may possibly participate i n the complex formation 
has to be regarded as an apparent ionization constant, not of nes-
cessity equal to that obtained by acid-base t i t r a t i o n . 

The t o t a l concentration of complexing sit e s available i s given 
by the expression (5), the number of ligands being occupied i n the 
complex formation being equal to ^[MA-J] = j[w] c . 

[A]t -[HAl+lAl+jlMlc - (jçU l ) [A1 + j[M]c (5) 

It i s important to note that [Α]^ cannot be regarded as a 
universal constant for a given humic acid sample, as i t may be depen­
dent of the nature of the participating metal ions, M (12). 

The t o t a l amount of metal ions, M T , can be expressed as a sum 
of the amounts of metal ions i n the d i a l y s i s bag, i n the solution 
outside the l a t t e r , and the amount possibly sorbed on the bag (cf. 
F i g . 1). 

M t - Vj (M c + Mo) + v 0 M 0+z([Mlo) (6) 
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170 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

A rearrangement of the relation (5) gives the following ex­
pression of the actual free ligand concentration [A ] . 

[A] - ([Al t - j[M]c) (7) 

Combining the equations (2) and (7) affords the expression (8) 
for the so-called pH dependent Metal ion - Humic acid Interaction 
constant 3. 

(Ml I 

M,(W, -iMcY = ( 1 ^ ) , S P ( 8 > 

where [M] c i s given by 

(Ml, 

It s h a l l be remembered that part of the metal ions, which are 
not engaged by the humic acid complexation, may interact with the 
buffer solution, containing a certain concentration of 'buffer -
ligands 1, [L], i . e . [M]f < [ M] q. The metal ion - buffer-ligand 
interaction i s given by the following set of equations. 

M * L = M L (10a) 

M L - L T M L l (10b) 
M L i - i • L = ^ M L i 

(10c) 

[ML il / n 

' / M , lu' = PMLJ » π κ Μ ί | ( I D 

Since [M] Q • [M]* + H ^ i ] w e obtain the rather simple r e l a t ­
ion, (12), between [Mjf and [M] 0 . 

In cases where [M] c « [A] t eqn's (8) and (9) can be s i m p l i ­
f i e d as follows, incorparating (12) 

pMfIA)| . ιαψί . . ( 1 + ^ ) I M l o d a ) 

which easily i s rearranged into the expression (14): 

κ - - ^ ( - H * (:·*)} (14) 

It i s seen that for fixed values of 3 and Q ( i . e . fixed pH), 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

01
0



10. CARLSEN ET AL. Radionuclide-Humic Acid Interactions 171 

V 0, and V ± plots of [M] 0 V S . ( M T - Z ( [ M L ) ) /V ± w i l l result i n straight 
l i n e s , the slope being dependent of [ A j t only, i . e . the amount of 
humic acid. It i s noted that an increasing amount of humic acid 
causes a decrease i n the slope α (cf. F i g . 2). 

- ' - Ι κ * ^ ) ( 1 5 ) 

Introducing the term y = οΓ 1 - (1 + V0/V±) we have 

y = plAlj^ (16) 

which gives 
log y = log ρ +jlog[Ajt -logQ (17) 

By means of the complexing capacity, w (eq/g), [ A ] t i s expres­
sed i n terms of the amount (in g/L) of humic acid, or sodium humate, 
(HA) W, present i n the solution. 

[Alt«w(HA)w <18> 

Accordingly (17) can be rearranged into 
logy = (logp • jlogw-logQ) + jlog(HA)w ^ 1 9 ^ 

A plot of log y as function of log (HA) W represents a straight 
l i n e , the slope being equal to j , the number of ligands pr. metal 
ion (cf. F i g . 3). The intercept, log 3 + j l o g w - log Q, may i n 
prin c i p l e be used for the calculation of 3» i f w i s known, since 
log 3 • (log 3 + j l o g w - log Q) - j l o g w + log Q. However, 
since determinations of intercepts i n general may be rather defect­
ive, i t seems more reasonable to use the d i a l y s i s results d i r e c t l y , 
calculating 3 according to eqn. (8). In general up to 20-30 i n d i v i ­
dual sets of [A]t and L M ] c / [ M ] f w i l l be available for this purpose 
vide supra). Determination of the complexing capacity i s carried 
out by increasing the metal ion concentration to a l e v e l , where 
a l l s i t e s available i n the humic acid, under the actual pH-con-
di t i o n , w i l l be occupied. For convenience a solutions, with low 
humic acid concentration, (HA) W (0.1 - 0.2 g/L) are used for 
this purpose. A plot of [M]f (= [M ] 0 / Q) as a function of [M] C 

w i l l feature a v e r t i c a l asymptote at [M] C = [ M ] C , M A X (cf. F i g . 4), 
the complexing capacity, w, being determined by 

W, - i ' M W = w«H A'w ( 2 0 ) 

which gives 
w " iK:,max/(HA,w (21) 

The t o t a l concentration of complexing sites ( i n eq/L) i s ex­
tracted from eqn. (20), since w and (HA) W are both known. F i n a l l y 
3 can, as mentioned, be calculated by eqn. (8). 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

3x10"6 

0.1 xlO"4 0.5x10* 
Mo 

FIGURE 1. Sorption of europium ions on d i a l y s i s bags 
as function of europium concentration. 

5x10" 

FIGURE 2. Variation i n europium concentration outside 
the d i a l y s i s bag as function of the t o t a l 
amount of europium. 
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CARLSEN ET AL. Radionuclide-Humic Acid Interactions 

FIGURE 4, Free europium ion concentration as function 
of the concentration of complexée! europium. 
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174 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Results and Discussion 

Based on previously reported results, i t i s expected that E u 3 + 

ions w i l l interact strongly with the humate anions, leading to 
complexes exhibiting rather high s t a b i l i t y constants. Bertha 
and Choppin(i8) reported simultaneous formation of 1:1 and 1:2 
complexes, the corresponding s t a b i l i t y constants being log 31 = 
7.8 and log 32 = 10.7, respectively (pH = 4.50). A somewhat lower 
s t a b i l i t y constant for a 1:1 E u 3 + - f u l v i c acid complex was 
found (log 31 = 6.90)(18) i n close agreement with results reported 
by Marinsky et a l . (log 31 • 6.36)(21). On the other hand i t i s 
expected that C o 2 + ions and humate anions w i l l lead to conside­
rably less stable complexes. Chimielewska (17) reported on Co~HA 
complexes i n the pH-range 4.7 -5,8, the corresponding variation i n 
log 3 ranged from 4.65 to 5.49 and 5.65 to 6.29, respectively, 
for two different humic acid samples. The corresponding variations 
i n the number of ligands per metal ion, j , were 1.08-1.3 and 
1.4-1.59, respectively. Adhikari et a l . (22) reported on a 1:1 
Co-HA complex, the s t a b i l i t y constant being log 3 = 3.01 (pH = 4, 
Τ = 30°C). Additionally some results on Co-FA complexes are a v a i l ­
able (11, 15), In the cases of strontium and cesium no reports 
on the actual interaction with humate anions i n solution have 
appeared. However, i t has been reported that both types of ions 
sorb onto s o l i d humic acid (24, 25). 

An introductory series of experiments on the possible sorpt­
ion of the metal ions on the d i a l y s i s bags revealed that only euro­
pium, to any significant extent, sorbed to the cellulose bags. 
Figure 1 depicts the sorption of E u 3 + by displaying the correction 
term Z([Eu 3 ] Q ) as function of [ E u 3 + ] Q . 

In Figure 2 the relation between [M] 0 and (Μς - Z([M] 0))/Vi i s 
visualized for the humic acid interaction with E u 3 + ions i n an ace­
tate buffer (pH = 4.47, μ = 0.05, Τ = 25.0°C). It should be remem­
bered that the relation given i n eqn. (14) i s v a l i d for [M] C « 
[ A ] t only. In cases where the l a t t e r condition i s not s a t i s f i e d , 
strong deviations from the straight lines are observed, as in d i c a ­
ted i n Figure 2 by the points i n parentheses. The slopes of the 
lines were determined by a least square procedure to be 8.04xl0~ 2, 
5.00xl0" 2, 2.03X10""2, and 1.40xl0~ 2, for (HA) W equal to 0.23, 0.43, 
1.13, and 2.21 g/L, respectively. The corresponding log y-values 
(cf. eqn. (17)) are 0.871 1.18, 1.65, and 1.82, respectively. 

In Figure 3 the plot of log y as a function of log (HA) W i s 
shown, the slope being determined to be j • 0.99 ± 0.08. 

In order to calculate [ E u 3 + ] f (eqn. (12)) three different euro­
pium - acetate complexes have to be considered: EuAc 2 , EuAco > and 
EuAc3, the corresponding s t a b i l i t y constants being Ι Ο 1 · 7 9 , 1 0 3 · 1 1 

and 10 1*· 2 1*, respectively, (26)corresponding to a correction factor 
Q = 8.48. 

In Figure 4 the dependence of [Eu 3 ] f as function of [Eu] c i s 
depicted, the plot featuring the v e r t i c a l asymptote at [ E U ] C = 
5.1xl0~ 5 mol/L. Since the corresponding amount of sodium humate 
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10. CARLSEN ET AL. Radionuclide-Humic Acid Interactions 175 

i s 0.23 g/L, the complexing capacity can be calculated, according 
to eqn. (21), to be (2.20 ± 0.18)xl0" l + eq/g. 

Based on four different ligand concentrations [A]. 5.06X10~5 

9.46xl0~ 5, 2.49x10"**, and 4.86xl0~l+ eq/L and seven different con­
centrations of europium ions, ranging from 2.66xl0~ 7 to 2.01xl0" 5 

mol/L, corresponding to 28 mutually connected sets of data, the 
ov e r a l l Eu-HA interaction constant at pH • 4.47, log 3, i s ca l c u l a ­
ted (eqn. (8)) to be 5.86 ± 0.15. 

The results obtained for the d i f f e r e n t i a l radionuclides are 
summarized i n Table I. 

TABLE I. Interaction Between Cs +, S r 2 + , Co 2 +, and E u 3 + 

and Humic acid i n Different Buffer Systems (Ph: phosphate 
buffer, Ac: acetate buffer) 

M pH μ Q w xlO1* (eq/g) a j log 3 

Cs 7.00(Ph) 0.1 1.0*> <1.2 
Cs 4.49(Ac) 0.05 1.0*> <1.2 
Sr 6.99(Ph) 0.1 1.56 2.16 + 0.40 0.82 ± 0.15 3.32 + 0.23 
Sr 4.49(Ac) 0.05 1.13 0.34 ± 0.02 0.71 + 0.04 3.12 + 0.04 
Co 7.01(Ph) 0.1 6.49 1.36 ± 0.23 1.06 + 0.18 5.68 ± 0.16 
Co 4.49(Ac) 0.05 1.97 0.51 + 0.01 1.00 + 0.01 4.53 + 0.14 
Eu 4.47(Ac) 0.05 8.48 2.20 + 0.18 0.99 ± 0.08 6.15 ± 0.15 

a complexing capacity of sodium humate 
k assumed values; no data on Cs^Ph and Cs-Ac interactions 

available 

For rather weak complexes, e.g. Cs-HA, we are not able to derive 
interaction constants properly by the d i a l y s i s technique. Decreases 
i n [M] 0 by less than 1%, re l a t i v e to [M] T , w i l l be i n s i g n i f i c a n t . 
Thus, i t i s seen that (cf. eqn.'s 8 and 13, [M] c « [A] t) log 3 < 
-(1.30+jlog [ A ] t ) , since [M]f > 0.99[M]t and (cf. eqn. 14) 
[M] C < 0.0l[M] t(l+V o/V ±). 

In the case of cesium no s i g n i f i c a n t variations i n [M] q were 
observed for (HA) W at least up to 1 g/L, neither i n the acetate 
nor i n the phosphate buffer system. Assuming the existence of 1:1 
complexes only and taking the o r i g i n a l sodium content i n the sodium 
humate (27) as a measure for sit e s available for cesium complexa-
tion, we find log 3 < 1.2. 

In the case of europium a direct comparison between the above 
given data and those reported previously (18) i s possible, since 
both studies are carried out at pH=4.5 although the i o n i c strength 
i n the present study i s 0.05 only, whereas Choppin used 0.1 (18). 

The most s t r i k i n g difference between the two sets of data i s 
the apparent discrepancy i n the type of complexes found. We f i n d 
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176 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

the 1:1 complex (j=0.99) i s formed only, i n complete agreement 
with the results of Ardakani and Stevenson (14), who argued that j 
should be an integer. In contrast to this Choppin (18) reported that 
formation of both 1:1 and a 1:2 complexes, since j=l·6 was found 
corresponding to a 2:3 r a t i o between the two types of complexes. 
However, the study by Choppin was carried out using trace amounts 
of metal ions only, i n contrast to the present study as well as 
that by Stevenson, which i s suggested to account for the apparent 
discrepancy. This may well be due to a presence of a small 
number of s i t e s , exhibiting very high a f f i n i t i e s towards europium 
ions, which w i l l influence the results i n the case of ultra-low 
metal ions concentrations only, as used by Choppin (18). 

Secondly, i t i s noted that the present study reveals a Eu-HA 
interaction constant which i s ca. 1.5 orders of magnitude lower 
than that reported for the 1:1 complex by Choppin (18). However, 
the o r i g i n of the humic acid may i n this case play a c r u c i a l role. 
As indicated above, the studies on Co-HA interactions strongly 
suggest that interaction constants may vary up to several orders 
of magnitude for different samples of humic acid. Hence, the here 
reported Eu-HA interaction constant i s simply to be regarded as a 
r e f l e c t i o n of a r e l a t i v e l y low complexing a b i l i t y of the humic 
acid used. Similar indications have been obtained i n p a r a l l e l 
studies (28). Analogously the here derived Co-HA interaction con­
stants are r e l a t i v e l y low, although the same order of magnitude 
compared to those reported by Chimielewska (17). 

In contrast to the Co-HA system, where the expected decrease 
i n log 3 with decreasing pH i s observed, the Sr-HA interaction 
constant appears to be only s l i g h t l y pH-dependent. However, small 
effects due to differences i n ionic strength have to be taken into 
account. 

Also the composition of the Sr-HA complexes apparently d i f f e r s 
somewhat from those of Co-HA and Eu-HA, as the l a t t e r two types 
exhibit pure 1:1 character, whereas a tendency to a metal-deficient 
complex i s found i n the strontium case. 

The different behavior of strontium and cobalt ions i s not 
surprising. The former i s an ordinary second-row element with 
strong tendencies to s a l t formation, whereas the l a t t e r i s a trans­
i t i o n metal with partly f i l l e d 3d-orbitals, which s i g n i f i c a n t l y 
w i l l be involved i n the complex formation. 

Also the possible presence of mixed complexes, as M(OH)-A, 
M(Ph)-A, and M(Ac)-A, may play a role, as may différencies i n 
hydration energies for the two types of ions (cf. réf. 29). 

A deeper insight i n the actual nature of the radionuclide -
humic acid complexes requires further investigations, which, how­
ever, are outside the scope of the present work. 

F i n a l l y , the complexing capacities, w, should be mentioned, 
Not surprisingly i t i s found that w decreases with decreasing pH i n 
agreement with previously reported results (cf. réf.'s 19 and 20, 
as well as ref.'s cited therein). Additionally a pronounced depen­
dence of the metal ion i s seen. It i s obvious that the complexing 
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10. CARLSEN ET AL. Radionuclide-Humic Acid Interactions 177 

capacity, towards europium ions i s s i g n i f i c a n t l y higher than for 
cobalt- and strontium ions, the two l a t t e r capacities being nearly 
i d e n t i c a l , which strongly suggests that the i o n i c charge may play 
an important role i n this context* However, differences i n complex­
ing capacities have also been explained i n terms of aggregat­
ion (19, 20), 

The present paper has demonstrated the v e r s a t i l i t y of the 
d i a l y s i s technique i n studies of interactions between metal ions 
and humic acid samples* The method allows f a c i l e determination of 
interaction constante, as well as of complexing capacities of the 
humic acid samples* It i s noteworthy that the method described here, 
without modifications, can be applied to other areas of complex 
chemistry involving macromolecular ligands* 

Acknowledgment. The work has been partly financed by the Commission 
of the European Communities under Contract 194-81-6 WASDK(G) 

Symbols 

HA] 
>] 

[A] t (HA) W 

M c 

[M] f : 

M ] 0 l : 
MAj : 
ML n] : 
μ : 
j 2 
3 
I : 
K A : 
3ML, : 
Q 1 : 
Z([M] 0): 

Vi : 

concentration of undissociated humic acid 
concentration of humate anions, which may act as ligands 
(eq/L) 
t o t a l humate-ligand concentration (eq/L) 
t o t a l humic acid (or sodium humate) concentration (g/L) 
complexing capacity of humic acid (or sodium humate) 
(eq/g) 
concentration of 'buffer-ligand' (mol/L) 
t o t a l amount of metal ions (mol) 
t o t a l metal ion concentration (=M T/(V£+V 0)) (mol/L) 
concentration of metal ions complexed by humate anions 
(mol/L) 
concentration of free (i*e* uncomplexed) metal ions 
(mol/L) 
concentration of metal outside the d i a l y s i s bag (mol/L) 
concentration of metal - humate complex (mol/L) 
concentration of metal - buffer-ligand complex (mol/L) 
ionic strength of the buffer solutions 
number of humate-ligands pr. metal atom i n complex 
metal - humate interaction constant 
pH-independent metal - humate interaction constant 
ove r a l l humic acid ionization constant 
s t a b i l i t y constants for the metal - buffer complex 
[M] q to [M]^ conversion factor 
correction of M T due to metal ions sorbed on the d i a ­
l y s i s bags 
volume inside the d i a l y s i s bags (present study: 10 mL) 
volume outside the d i a l y s i s bags (present study: 40 mL) 
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11 
Preliminary Assessment of Oxygen Consumption 
and Redox Conditions in a Nuclear Waste Repository 
in Basalt 

D. L. LANE, T. Ε. JONES, and M. H. WEST 

Rockwell International, Rockwell Hanford Operations, Richland, WA 99352 

During construction of a nuclear waste repository in 
basalt (NWRB), Eh conditions in the repository horizon 
will be perturbed as a result of air-saturation of 
groundwater, temporarily leading to redox conditions 
more oxidizing than in the undisturbed system. 
Performance assessment of an NWRB requires 
information on redox conditions, since they will greatly 
affect the corrosion rate of canisters and the solubility 
and transport of certain radionuclides. Experiments 
were conducted to evaluate rates of oxygen 
consumption and redox conditions in the basalt-water 
system under conditions expected in an NWRB. Two 
methods were used to obtain these data: (1) the 
As(III)/As(V) redox couple and (2) the measurement of 
dissolved oxygen levels in solution as a function of time. 
These experiments have provided evidence that basalt 
is effective in removing dissolved oxygen and in rapidly 
imposing reducing conditions on solutions. At 300°C, 
calculations showed that an upper limit on Eh of 
-400 ± 100 mV was attained in 11 days. The dissolved 
oxygen content of solutions from a 150°C experiment 
decreased from air-saturation (8.5-9 mg/L) to 0.4 mg/L 
after 8 days, while solutions maintained at 100°C for 
130 days contained 1.8-1.9 mg/L dissolved oxygen. 

The basalt flows underlying the Hanford Reservation near 
Richland, Washington, are being evaluated as a possible 
repository site for long-term storage of high-level nuclear 
wastes. Characterization studies (1) and calculations based on 
redox-buffering reactions (2) suggest that the in situ conditions 
of groundwaters within the deep basalt formations are low redox 
potential (Eh), moderate pH, and low ionic strength. The long-
term performance of a nuclear waste repository in basalt 
(NWRB) is based on the ability of the engineered barrier and 
host rock systems to provide initial containment and subsequent 
retardation of radionuclide transport by maintaining these and 
other in situ conditions. 

0097-6156/ 84/ 0246-0181 $06.00/ 0 
© 1984 American Chemical Society 
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182 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

An important part of the engineered barrier system is the 
waste package, consisting of the waste form, canister, and 
backfill. The waste package backfill has several performance 
requirements, one of which is to impose and maintain low Eh 
conditions. These conditions will aid in minimizing canister 
corrosion and in limiting the dissolution rate, solubility, and 
transport of certain radionuclides (3). However, during 
repository construction and waste emplacement, the in situ low 
Eh conditions will be perturbed by entrapment of air, resulting 
in high dissolved oxygen contents (i. e., high Eh) of inflowing 
groundwater. Thus, it is necessary to evaluate the effectiveness 
of backfill components in re-establishing the low Eh conditions of 
the undisturbed basalt-groundwater system. Dissolved oxygen 
consumption will be the first step in this process. 

Since crushed basalt has been recommended as a major 
backfill component (1), experiments were completed to evaluate 
the rate of dissolved oxygen consumption and the redox 
conditions that develop in basalt-water systems under conditions 
similar to those expected in the near-field environment of a 
waste package. Two approaches to this problem were used in 
this study: (l)the As(IQ)/As(V) redox couple as an indirect 
method of monitoring Eh and (2) the measurement of dissolved 
oxygen levels in solutions from hydrothermal experiments as a 
function of time. The first approach involves oxidation state 
determinations on trace levels of arsenic in solution (4-5) and 
provides an estimate of redox conditions over restricted intervals 
of time, depending on reaction rates and sensitivities of the 
analyses. The arsenic oxidation state approach also provides 
data at conditions that are more reducing than in solutions with 
detectable levels of dissolved oxygen. 

An arsenic oxidation state experiment was conducted at 
300°C and 300 bars pressure in the basalt-deionized water 
system, while dissolved oxygen experiments were performed at 
100°C and 150°C and 300 bars in the basalt-synthetic 
Grande Ronde groundwater system. A control experiment 
consisting of synthetic Grande Ronde groundwater at 150°C and 
300 bars was also conducted to evaluate dissolved oxygen levels 
in the absence of basalt. The synthetic groundwater composition 
was based on Hanford Site groundwater samples from the 
Grande Ronde Formation, Columbia River Basalt Group. 
Finally, this study does not address other processes in an NWRB 
which may affect redox conditions such as radiolysis of solutions. 

Experimental 

Materials. The basalt studied in these experiments was 
relatively unaltered tholeiite from the Umtanum flow 
entablature of the Columbia River Basalt Group, a repository 
host candidate for the Hanford Site (6). Phase and chemical 
characterization are discussed in Noonan et al. (7) and 
Palmer et al. (8). 
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11. LANE ET AL. Oxygen Consumption and Redox Conditions in Basalt 

The formulation of the synthetic Grande Ronde 
groundwater used as starting solution in the dissolved oxygen 
experiments is given in Jones (9). Table I provides an analysis of 
the starting solution. 

Table I. Analysis of Starting 
Solution for Dissolved 
Oxygen Experiments 

Component Concentration8 

(mg/L) 

Si 32 

Na 340 

Al <0.08 

Κ 3.8 

Ca 2.8 
Mg 0.3 

Fe <0.01 

F~ 33 

c i - 280 

S0 4

2 - 170 

c o 3 T
b 70 

pH c 9.7 
aElements determined by 

inductively coupled plasma-atomic 
emission spectrometry, anions by 
ion chromatography, and carbon by 
total carbon analyzer. 

bTotal carbonate expressed as 
HCO3-. 

cMeasured at room 
temperature. 

Sample Preparation. The basalt was crushed and sieved, and the 
-120 + 230 mesh fraction was used. The grains were ultrasoni-
cally washed in deionized water to remove very fine adhering 
particles. If these particles are not removed, they will preferen­
tially dissolve under hydrothermal conditions, resulting in 
abnormally high rates of mineral-fluid reactions (10). Examina­
tion of samples of the basalt on a scanning electron microscope 
assured that all fines had been removed. Nitrogen B.E.T. 
specific surface area of the washed basalt was 2.7 m2/g. 
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184 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

A solution of 125ug/LAs(V) in deionized water was 
prepared by serial dilution of a 1,000 mg/L As(V) stock solution 
prepared from As 2 0 5 . This solution and the synthetic 
Grande Ronde groundwater were air-saturated. 

Conditions. Table Π provides temperature, pressure, and other 
conditions for the experiments. The surface area/volume ratio 
for all experiments was 2.7 χ 103 cm"1. The hydrothermal 
apparatus was a Dickson-type sampling autoclave with a gold-
titanium reaction cell, a gold-lined sampling tube, and a 
titanium sampling valve block (11). Samples of the reacting 
fluid could be taken over time witEout disturbing the pressure-
temperature conditions of a run. The autoclaves were rocked 
180 at about 4 cycles/min. 

Analytical. Arsenic oxidation state determinations were per-
formed by" hydride generation-flame atomic absorption spectro­
scopy (AAS) at the University of Arizona Analytical Center. The 
analytical procedures are discussed in Brown, et al. (12). 

An Altex Model 0260 oxygen analyzer withClark-type 
polarographic electrode was employed for most of the dissolved 
oxygen (DO) measurements. Air-saturated water calibration 
procedures followed the manufacturer's instructions. 
Colorimetric techniques employing CHEMetrics, Inc. kits were 
also used for several DO determinations (13). Prior to obtaining 
a solution sample from the autoclave for DU measurement, 1 mL 
of solution was taken to flush out stagnant fluid in the sampling 
tube. The sample was taken into a gas-tight syringe and cooled 
quickly to room temperature before DO measurement. 

Results 

Arsenic Oxidation States. A solution sample was taken 257 hr 
after initiation of the 300°C basalt + arsenic-doped deionized 
water experiment (Run D2-8, Table Π). The data from arsenic 
oxidation state AAS analysis of the initial As(V)-doped water (0-
hr sample) and of the 257-hr solution sample are given in 
Table ΙΠ. All detectable arsenic was in the +3 oxidation state 
[As(V) <15ug/L] in the 257-hr sample. Standard additions of 
As(in) and As(V) to the 257-hr sample were quantitatively 
recovered. To desorb arsenic from particulates in this sample, an 
aliquot of the solution was treated with 5% hydrofluoric acid. 
The higher As(III) content of the treated 257-hr sample aliquot 
(110 vs. 61ug/L, Table ΙΠ) demonstrates that sorption occurred. 
Scanning transmission electron microscopic (STEM) analysis of 
the particulates indicated the presence of poorly crystallized 
high-iron "Mite". 
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186 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table ΠΙ. Arsenic Oxidation State Data (RunD2-8) 

Solution Data 

Component 257 hr 

Ohr* 
Untreated Treated with 

5% H F b 

As(m) (Mg/L)c <5 61 110 

As(V)(ug/L) 125 <15 <15 

pH d 5.1 8.0 — 
pH e — 8.1 — 

aStarting solution for Run D2-8 consisting of deionized 
water spiked with 125ug/L As (V) as prepared by serial 
dilution of a 1,000 mg/L As (V) stock solution. 

bHydrofluoric acid treatment used to desorb As from 
particulates in 257-hr sample. 

cArsenic data determined by hydride generation-flame 
AAS. 

dMeasured at room temperature; uncertainty for 257-hr 
sample pH is ±0.1 (one standard deviation), but is larger 
for 0-hr sample since it is weakly buffered. 

Calculated at 300°C by D. E . Grandstaff of Temple 
University using computer code HIPH4. 

Dissolved Oxygen. The DO data, measured at room temperature 
and pressure (RTP), for solutions from the 100°C and 150°C 
basalt + synthetic groundwater experiments are given in 
Tables IV and V. Figure 1 is a composite of all the DO data. 
Solution samples at RTP from the 150°C experiment showed a 
decrease in DO content from air-saturation to 0.4 mg/L after 
about 200 hr. Solutions from the 100°C experiment showed a 
decrease in DO content from air-saturation to 1.8-1.9 mg/L after 
about 3,000 hr. Results from the 150°C synthetic Grande Ronde 
groundwater control experiment are also given in Figure 1. 
Solution samples were taken at 19,191,334, and 497 hr. The DO 
measured in these control solutions consistently gave values 
from 6 to 7 mg/L. Thus, the DO content was interpreted to be 
constant with time in the absence of basalt. 
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11. LANE ET AL. Oxygen Consumption and Redox Conditions in Basalt 187 

Table IV. Dissolved Oxygen Data from 150°C Basalt + Synthetic 
Grande Ronde Groundwater Experiment (Run D2-16) 

Time (hr) 

0 1 4 21 143 189a 

DOb(mg/L) 8.8(0.2)c 7.5(0.8) 6.8(0.8) 4.8(0.5) 1.1(0.3) 0.4(0.1) 

pH d 9.7 8.0 7.9 7.9 7.9 7.9 
aTwo samples were taken at this time. 

. . , b All DO measurements were.made with an oxygen electrode except the 189-hr sample 
which was anaTyzeacoIorimetrically. 

cOne standard deviation in parentheses; 0 and 189 hr sample uncertainties were 
determined from replicate analyses; uncertainties of other data points are estimates based on 
experience with analytical technique. 

dMeasured at room temperature; one standard deviation uncertainty is ± 0.1 pH unit. 

Table V. Dissolved Oxygen Data from 100°C Basalt + Synthetic 
Grande Ronde Groundwater Experiment (Run D2-29) 

Time (hr) 

0 282 792 1,416 2,088a 3,139a 

DO b (mg/L) 8.8(0.2)c 5.5(1.0) 4.0(0.5) 2.8(0.6) 2.3(0.5) 1.85(0.4) 

pH d 9.7 7.9 7.9 8.0 8.0 8.1 
lTwo samples were taken at these times. 

b All DO measurements were made with an oxygen electrode. 
cOne standard deviation in parentheses; 2088 and 3139 hr sample uncertainties were 

determined from replicate analyses; 282 and 792 hr sample uncertainties were determined 
from replicate tests. 

dMeasured at room temperature; one standard deviation uncertainty is ± 0.1 pH unit. 
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188 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

In Run D2-16 (150°C), a solution sample at 189 hr gave 
0.5 ± 0.25 mg/L DO by the indigo carmine colorimetric method 
and 0.4 ± 0.2 mg/L by the rhodazine D method. A second sample 
was taken to test for reproducibility of the rhodazine D method, 
and 0.4 mg/L was again obtained. (Uncertainties are two 
standard deviation estimates.) In Run D2-29 (100°C), two 
samples were taken at 2,088 hr, and the results obtained by 
oxygen electrode agreed within 5 relative percent (0.1 mg/L). At 
3,139 hr, two samples were again taken, one analyzed with the 
Altex meter and the other analyzed with a Wheaton meter 
employing an oxygen electrode requiring no stirring (14). These 
two DO values also agreed within 5 relative percent (0.1 mg/L). 

Discussion 

Arsenic Oxidation States. The reduction of As(V) to As(III) in 
the 300°C basalt + arsenic-doped water experiment clearly 
demonstrates the ability of basalt to rapidly impose reducing 
conditions on solutions. The primary reducing agent in basalt-
water systems is considered to be ferrous iron derived from 
mesostasis (glass + microcrystalline phases) dissolution. The 
mesostasis makes up 45 to 50vol% of the Umtanum flow 
entablature used in the experiments, and glass constitutes about 
half of this amount (8). The ferric iron produced during 
basalt-water interaction at 300°C was apparently incorporated 
in iron-bearing illite as determined by STEM analysis of 
alteration products. 

Since rates of arsenic redox reactions are slow at room 
temperature (5), it is assumed that the oxidation state data 
represent adjustment of arsenic species to the electron activity of 
the solution at 300°C. A quantitative assessment of the Eh of the 
basalt-water system at 300°C requires high-temperature 
thermochemical data for aqueous arsenic species. Such data are 
not available and, therefore, approximations were used to 
calculate Eh at300°C. 

The appropriate reaction between the As(m)-As(V) species 
is 

H3As03 + H20 = HAs04

2" + 4H + +2e" (1) 

Three approaches were used to estimate the equilibrium 
constant of reaction (1), Κχ, at elevated temperatures: (1) an 
equation derived by Helgeson (15) valid to 200°C; (2) free energy 
of formation data to 200°C for As(m)-As( V) species in Naumov et 
al. (16); and (3) the Criss and Cobble (17-18) correspondence 
principle approach, applicable to 250°C. The effect of increasing 
temperature on the stability fields of As(III)-As(V) species is 
illustrated in an Eh-pH diagram in Figure 2. The pressure 
dependence of Κχ was not determined, but is assumed to be 
within the uncertainty of the elevated temperature Κχ 
estimates. 
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11. LANE ET AL. Oxygen Consumption and Redox Conditions in Basalt 189 

TIME (hr) 

Figure 2. Portion of Eh-pH diagram for As-E^O system, showing 
effects of increasing temperature from 25 to 100 °C. Free energy 
of formation data from Ref. 16 were used i n the calculations. 

Figure 1. Dissolved oxygen vs time data. The experiments were 
basalt + synthetic Grande Ronde groundwater (B+SW) and synthetic 
Grande Ronde groundwater (SW) at 300 bars. Determination of uncer­
t a i n t i e s for B+SW data points i s discussed i n Table IV. Uncertain­
t i e s for SW data were derived from replicable tests. 
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190 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Averaged log Κχ values vary from -24 to -25 from 100°C to 
250°C, suggesting little change with temperature. 
Extrapolation of the average heat capacity change for reaction 
(1) to 300°C following Criss and Cobble (18) yields log Κχ = -26 to 
-27. Considering the lower temperature log Κχ estimates and 
the potential errors in the extrapolation to 300°C, a range of log 
Κχ values from -24 to -27 at 300°C was assumed, and an equation 
for calculating Eh derived: 

aH 3As0 3

aH 20 ( 2 ) 

Eh(mV) = (1,450 ± 100) -227 pH - 57 log 
"HAsO,2-

4 
The arsenic oxidation state data and the calculated pH at 300°C 
(see Table Π) allow an upper limit on the Eh of the solution in the 
basalt-water experiment to be estimated from Equation (2). 
Assuming a H„0 = 1 and As(V) = 15 ug/L, this upper limit Eh 
value is -400 ± 100 mV. The basalt-fluid redox buffer 
mechanism of Jacobs and Apted (2) gives an Eh of about -600 mV 
at 300°C and pH 7.8 (19). This mechanism involves ferrous iron-
bearing basalt glass + water reacting to magnetite + silica. 

Dissolved Oxygen The experimental results demonstrate that 
in the absence of basalt, DO is maintained at high levels, while 
in the presence of basalt, oxygen is effectively removed (see 
Figure 1). Although the ferrous iron content of Umtanum basalt 
mesostasis is not well known, estimates from bulk ferrous/ferric 
iron data and from microcharacterization of mesostasis phases 
(7, 20) indicate that the amount of F e 2 + available for oxygen 
consumption by mesostasis dissolution is large relative to the 
amount of DO ( >10 on a mole/mole basis).Thus, the available 
F e 2 + concentration should remain constant over the duration of 
the experiments. 

The DO data from Runs D2-16 (150°C) and D2-29 (100°C) 
were fit to a number of rate equations, with linear correlation 
coefficients from 0.95-0.99 for first order kinetics. However, the 
uncertainties and lack of adequate data do not permit a rigorous 
statistical evaluation. Therefore, as a first approximation, a first 
order rate equation with respect to DO concentration was 
assumed. The data can then be expressed by the equation: 

[O2] = [O2]0exp(-kt) (3) 

where [O2]0 is initial DO concentration, k is the apparent first 
order rate constant, and t is time. 

An apparent first order rate constant of 1.5 χ 10"2 hr"1 was 
derived from the DO data from the 150°C experiment. For the 
100°C experiment, the rate constant is about 4.5 χ lO^hr"1. 
Further experiments are needed to determine the full rate law 
for oxygen consumption. Because reaction mechanisms and/or 
rates can change with time, extrapolation to conditions under 
which basalt controls Eh may not be justified. 
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11. LANE ET AL. Oxygen Consumption and Redox Conditions in Basalt 191 

The relationship of the stirring rate in these experiments to 
the rates of hydrolysis reactions of basalt phases is indicative of 
surface-reaction controlled dissolution (21). First order kinetics 
are not inconsistent with certain rate-determining surface 
processes (22). Approximate first order kinetics with respect to 
dissolved oxygen concentration have been reported for the 
oxidation of aqueous ferrous iron (23) and sulfide (24), and in 
oxygen consumption studies with roll-type uranium deposits(25). 

Applications. In the following paragraphs, the conditions 
(temperature, time, water/rock mass ratio, surface area) and the 
results on closed system oxygen consumption and redox 
conditions of the basalt-water experiments are compared to 
expected conditions in the open system backfill and near-field 
environment of an NWRB. Crushing of basalt for pneumatically 
emplaced backfill could result in a substantial fraction of fine­
grained basalt with a variety of active surface sites for reaction 
similar to the crushed basalt used in the experiments. The 
effects of crushing on rates of mineral-fluid reactions are well 
documented (10,26). 

Temperature-time calculations (27) indicate that, initially, 
the waste package will be at temperatures of_>100°C for 
hundreds of years. Thus, the rates of oxygen consumption and 
establishment of reducing conditions, as determined in this 
study, are rapid compared to these times. 

Preliminary transport model calculations (1) suggest that 
the fluid flux through a waste package integrated over 1,000 yr 
might be equivalent to fluid/rock mass ratios <10, which is con­
sistent with modeling and estimates of integrated fluid fluxes in 
other basaltic systems (28-30). The combined effects of low inte­
grated fluid fluxes, the probable large surface area of a crushed 
basalt backfill, and the experimental results on rates of redox 
reactions suggest that basalt should effectively remove dissolved 
oxygen and re-establish reducing conditions during the contain­
ment period of an NWRB. 

With the addition of bentonite to a crushed basalt backfill, 
aqueous diffusion would be the most effective mass transfer 
process (31). Aagaard and Helgeson (32) state that at temper­
atures <200°C, aqueous diffusion rates are orders of magnitude 
greater than rates of silicate hydrolysis even in acid solutions. 
Therefore, the dissolution rate of backfill phases and the overall 
mass transfer process could be controlled by reactions at the 
mineral-fluid interface. As stated earlier, dissolution of basalt 
phases in the sampling autoclave experiments may also be 
controlled by interface reactions. 

The experimental results of this study may also be 
applicable to processes occurring in the disturbed rock zones 
around a waste package. The surface area/volume ratio for these 
experiments is approximately equivalent to the solution in a 
10-um-wide planar fracture (33). With a fracture abundance of 
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20 m"1 (estimated for the Umtanum flow, 34), this fracture width 
is equivalent to an intrinsic rock permeability of about 
1 millidarcy (35) or a hydraulic conductivity of about 10'8 m/sec. 
As a point of reference, hydraulic conductivity values for flow 
tops within the Grande Ronde basalt have been reported from 
10"5 to 10"9 m/sec (1). 

Conclusions 

This study focused on the disturbance of the in situ redox condi­
tions in the basalt-groundwater system during the early phases 
of an NWRB and on the ability of basalt and time-scale required 
to return the system to a state of redox control. Experiments in 
basalt-water systems, conducted under conditions expected in an 
NWRB, have provided evidence that basalt is effective in 
removing DO and in imposing reducing conditions on solutions 
at appreciable rates. Application of the experimental results to a 
crushed basalt backfill suggests that buffering of redox 
potentials at reducing conditions could occur rapidly relative to 
the containment period of an NWRB. 

The usefulness of the As(III)-As( V) couple as a redox indica­
tor in hydrothermal experiments is limited by the availability of 
thermochemical data and by the range of Eh dictated by 
analytical and reaction rate constraints. For low temperature 
(<150°C) short-term experiments, selenium oxidation state 
analysis may be more appropriate than arsenic, since the Se(VI)-
Se(IV) reduction occurs at relatively high Eh (36). 

Investigations of redox processes in natural water systems 
have emphasized the disequilibrium behavior of many couples 
(e.g., 37). The degree of coupling of redox reactions with widely 
varying rates, and its effect on radionuclide transport in an 
NWRB needs to be considered. Because of the generally slow 
kinetics of autoxidation reactions, the potential surface 
catalyzed reduction of a radionuclide at low temperatures in the 
presence of trace levels of DO may explain certain sorption data 
(e.g., 38). 

Sufficient DO data were not obtained from basalt-synthetic 
Grande Ronde groundwater experiments to allow determination 
of a definitive rate law. A first order kinetic model with respect 
to DO concentration was assumed. Rate control by diffusion 
kinetics and by surface-reaction mechanisms result in solution 
composition changes with different surface area and time 
dependencies (32,39). Therefore, by varying reactant surface 
area, determination of the proper functional form of the 
integrated rate equation for basalt-water redox reactions is 
possible. 
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12 
Developments in the Monitoring and Control 
of Eh and pH Conditions in Hydrothermal 
Experiments 
JONATHAN MYERS 
Rockwell International, Rockwell Hanford Operations, Richland, WA 99352 

GENE C. ULMER, DAVID E. GRANDSTAFF, and ROBERT BROZDOWSKI 
Temple University, Philadelphia, PA 19122 

MICHAEL J. DANIELSON and OSCAR H. KOSKI 
Pacific Northwest Laboratory, Richland, WA 99352 

In the design of a high-level nuclear waste repository it 
is essential to obtain accurate groundwater Eh-pH 
data. Design considerations such as the choice of 
matrix for the waste form, type and dimensions of 
canister material, use of buffers, and type and amount 
of backfill would all benefit from an exact knowledge of 
oxidation potentials (Eh) and acidity levels (pH) of the 
groundwater. For the radionuclides themselves, it 
cannot be overstated that the future containment, 
dissolution, migration, sorption, and precipitation of 
radionuclides all will be determined by the Eh-pH 
conditions existing in the repository environment. The 
Basalt Waste Isolation Project (BWIP) has initiated a 
research effort to develop sensors which can be 
mounted in autoclaves to provide constant monitoring 
of the Eh-pH conditions that exist during waste 
form/barrier material/groundwater hydrothermal 
interaction tests. Sensors must withstand 
temperatures up to 300°C and pressures up to 300 bars. 
This report considers Teflon* (*trademark of Dupont) 
hydrogen diffusion membranes and zirconia pH 
sensors. The development of these sensors represents a 
significant advance in the environmental monitoring of 
Eh and pH conditions at elevated temperatures and 
pressures. 

The U.S. Government, through the National Waste Terminal 
Storage (NWTS) Program of the U.S. Department of Energy, is 
actively studying the technical feasibility of permanent disposal 
of high-level waste in repositories excavated in deep geologic 
formations. Geologic strata presently being considered include 
bedded salt, tuff, and Columbia Plateau Basalt. Individual waste 
packages would be emplaced in repositories mined in one or more 
of these strata in accordance with emerging Nuclear Regulatory 
Commission (NRC) and Environmental Protection Agency (EPA) 

0097-6156/84/0246-0197506.00/0 
© 1984 American Chemical Society 
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198 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

regulations. The component materials, or barriers, of a waste 
package provide initial containment and eventual slow release of 
radionuclides to meet these regulatory criteria. 

Migration of contaminated groundwater has been identified 
as the principal mechanism for radionuclide transport from a 
repository to the biosphere. Over the lifetime of the repository, it 
is assumed that groundwater will become contaminated as the 
result of hydrothermal reactions and interactions within and near 
waste packages. 

The two principal types of waste form expected to be 
emplaced in a repository are spent fuel and borosilicate glass. 
Each of these waste forms will have characteristic dissolution 
mechanisms and associated rates of release of radionuclides based 
on the solubility of primary and secondary solid phases. These 
mechanisms and rates are highly dependent on the Eh and pH of 
the groundwater (1). The rate of canister corrosion is also 
dependent on the Eh and pH of the groundwater solutions. 
Procedures for calculating the pH of a solution at elevated 
temperature and pressure from chemical analysis at 25°C and 
1 atm have been developed (2). However, these calculations are 
based on thermodynamic data which are somewhat uncertain. 
The Eh conditions of a solution at elevated temperature and 
pressure can be inferred from chemical analysis at 25°C and 
1 atm. These calculations are based on measuring ratios of 
dissolved redox-sensitive species such as S04"2/HS" or 
A s + 3 / A s + 5 (3). This type of analysis will not give direct Eh values, 
but will set limits on Eh conditions. A major drawback to this 
technique is that the quench effects on most of these redox-
sensitive reactions are unknown. It is, therefore, essential that 
the Eh and pH of the solution be continuously monitored during 
waste form/barrier material/groundwater hydrothermal 
interaction tests. 

Rockwell Hanford Operations has supported a research 
effort to develop sensors that can be incorporated into autoclaves 
to continuously monitor the Eh and pH conditions existing during 
hydrothermal interaction tests. These sensors must be 
mechanically stable at temperatures up to 300°C and pressures up 
to 300 bars and must be chemically stable in the presence of 
complex hydrothermal solutions. The sensors must also be easily 
incorporated into the standard autoclaves currently in use, and 
must be operable in a radiation environment. 

Several parallel lines of research are underway to develop 
working sensors. Two techniques currently under consideration 
are Teflon hydrogen diffusion membranes and zirconia pH 
sensors. 

At temperatures below 100°C, Eh values are usually 
measured directly using electrochemical techniques. At elevated 
temperatures, however, it is usually more convenient to measure 
hydrogen pressures in equilibrium with the system being 
investigated. The Teflon hydrogen diffusion membrane is a device 
which directly measures H 2 pressures in equilibrium with the 
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12. MYERS ET AL. Monitoring and Control of Eh-pH Conditions 199 

solution being tested. If the pH of the solution is known, fH 2 

values can be easily be converted to Eh. The zirconia device 
described in this report is an electrochemical sensor which 
develops a voltage which is proportional to the pH of the solution 
being tested. This report covers the theory of operation of the two 
types of sensors and provides details of the current status of 
design, testing, and calibration of zirconia pH sensors and Teflon 
hydrogen diffusion membranes. 

Teflon Hydrogen Diffusion Membranes 

Teflon, a fluorocarbon polymer, is well known for chemical 
inertness, thermal stability at temperatures up to 290°C, and 
excellent electrical insulating properties. Most inorganic and 
many organic compounds are insoluble in it. Teflon also exhibits 
a relatively large hydrogen gas permeability. It, therefore, has 
potential as a selective osmotic membrane for hydrogen. 

Investigations performed by Dupont on the chemical 
stability of Teflon reveal that Teflon immersed in a 20% HC1 
solution at 200°C for extended periods will not absorb any chlorine 
within detectability limits. In addition, Teflon does not absorb 
any detectable sulfur from sulfuric acid or sulfur vapor. 
Therefore, a Teflon IL membrane may prove to be superior to a 
platinum-group metal membrane for use in sulfur- or chlorine-
bearing systems. Investigations are currently being performed to 
determine the feasibility of employing a Teflon membrane as an 
H 2 monitor/controller in hydrothermal test apparatus. 

The Arizona State University Chemistry Department, under 
contract to the BWIP, has designed a H 2 diffusion membrane 
consisting of a 3-in.-long,l/4-in.-OD, closed-end Teflon tube with a 
wall thickness of 0.03 in. The mechanical strength of the 
membrane has been tested to 260°C and 1,500 bars and was able 
to hold pressure and pass H 2 under these conditions. 

Experimental Equipment and Procedures. The experimental 
work was carried out at Arizona State University in a small, high-
frequency, low-angle agitation autoclave fitted with a wire-wound 
resistance furnace. Temperature was controlled within 2°C by 
means of a variable transformer. The pressure vessel employed 
was similar to a Dickson autoclave; however, it incorporated a 
Bridgeman, unsupported area seal in place of the usual delta ring 
seal. The sample was contained in a gold bag which was 
connected to a titanium plug, and the plug was fitted with a Teflon 
membrane. The membrane was connected to an electronic 
pressure transducer via a stainless steel capillary tube. The 
electronic pressure transducer was then connected to a strip-chart 
recorder to provide continuous monitoring of the hydrogen 
pressure in equilibrium with the experimental charge. The 
experimental charges were sealed along with two 6-mm-diameter 
titanium balls in the gold bag. The system was then assembled 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

01
2



200 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

and pressurized to 350 bars to test for leaks. After this, the 
pressure was lowered to 300 bars and the furnace was switched on. 
Pressure was readjusted periodically to maintain 300 ± 1 7 bars 
while the temperature stabilized. Experiments took 
approximately 7 hr to reach the desired pressure and temperature 
and to stabilize. 

Calibration. These experiments were carried out in order to test 
the efficiency of the Teflon membrane and to calibrate membrane 
pressure against known solid-solid buffer reactions. The reactions 
chosen for calibration were: 

Co + H 2 0 = CoO +H 2

 ( 1 ) 

and 
3Fe + 4H 20 = Fe 3 0 4 + 4H 2 (2) 

In both cases the method was to load a known quantity of pure 
metal (cobalt or iron) into the gold bag with a measured volume of 
boiled, distilled, deionized water. 

The experimental results using the two buffer assemblages 
are given in Table I. After the runs were quenched, X-ray 
examination of the solids confirmed the presence of both product 
and reactant phases. As expected, the Co-CoO buffer yielded very 
low fH 2 , and the Fe-Fe30. buffer yielded very high fH 2 , close to 
total P. The discrepancies hetween observed and predicted fH 2 for 
Co-CoO are probably due to uncertainties in the thermodynamic 
data for CoO, on which the calculations were based. As can be 
seen from this data, the measured H 2 pressures agree with the 
predicted values within experimental uncertainty, thus 
demonstrating the utility of this technique. 

A basalt plus groundwater oxygen buffering experiment was 
conducted at Arizona State University using Umtanum basalt 
plus synthetic Grande Ronde groundwater at 200°C in an 
autoclave equipped with the Teflon membrane previously 
described. The gas diffusing across the membrane initially rose to 
a maximum pressure of 10.62 bars after 242 hr. This was followed 
by a pressure decrease to a minimum of 4.4 bars after 358 hr. 
Thereafter the pressure steadily increased at a rate of 4.5 χ 10"3 

bars/hr. A possible explanation of the decrease in pressure from 
10.62 to 4.4 bars is the reduction of sulfate: 

S04"2 + 4H 2 = S"2 + 4H 2 0 (3) 

A sufficient quantity of sulfate was initially present in the 
groundwater to account for the calculated quantity of IL 
consumed. The steady increase in gas pressure toward the end of 
the experiment could be due to the slow diffusion of CO* or other 
gases such as H 2 0, 0 2, S0 2 , H 2S, or C H 4 through the Teflon. This 
hypothesis was tested by an analysis of a small volume of gas 
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Table I. Results of H 2 Membrane Calibration Using 
Solid Buffer Assemblages 

PT (bars) T(°C) PH2(bars) Predicted P H 2 

(bars)8 

Co-CoO 

172 103 0.21 0.008 

207 106 0.31 0.008 

Fe-Fe 30 4 

166 216 159.6 156.6 

172 219 171.7 163.1 

193 220 178.6 180.1b 

aFrom the data of (4-7) and assuming ideal mixing 
ofH 2 andH 2 0. 

b At these conditions it is uncertain as to whether 
the fH 2 of the MI buffer or fH 2 defined by an invariant 
condition of the miscibility gap in H 2 0 - H 2 is being 
measured. In the latter case tne value should be 
between 180 and 200 bars. 

using gas chromatography. The analysis indicated a mole fraction 
of 12% C0 2 . No gases other than H 2 and C 0 2 were detected. The 
partial pressure of H 2 can easily be calculated from an analysis of 
the gas if it is assumed that the total pressure is equal to the sum 
of the partial pressures of the various components present. 

An alternative technique was to use a small volume liquid 
nitrogen trap installed between the Teflon membrane and the 
pressure transducer. At the temperature of liquid nitrogen, all of 
the possible gas components except H 2 condense to a liquid or solid 
state. For the above experiment, a liquid N 2 cold trap was 
installed in the H 2 capillary line between the membrane and the 
transducer. The trap was evacuated, opened to the line, and 
cooled. The ratio of postcooling to precooling pressure was 0.92. 
Assuming ideal mixing of the gas species in the membrane, this 
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202 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

implies that the membrane gas is 92mol% H 2 . There is 
agreement, within 4%, between the results of this method and the 
gas chromatography analysis. 

Despite these problems, it can be appreciated from Table I 
that the Teflon membrane readily passes H 2 and the P H 2 (read at 
the gauge) is responding in the predicted manner to changes in 
fH 2 of the system. On present evidence, it is therefore concluded 
that P H 2 at the gauge is an accurate reflection of P H 2 in the 
system, after taking into account the presence of other gases using 
either gas chromatography or a cold trap. 

Future Investigations. Investigations of the Teflon membrane 
redox sensor will concentrate on measurements of the diffusion 
rates of hydrogen through the sensor in the temperature range of 
25°C to 250°C, optimization of the sensor design, and the use of gas 
chromatographic techniques to measure diffusion rates of other 
gases potentially present in hydrothermal experiments. 

Zirconia pH Sensors 

The zirconia pH sensor is based on a recent discovery by (8) that 
ZrO«, stabilized with Y 2 0 3 , will develop an electromotive force 
(EMF) that is proportional to the difference in the pH of solutions 
contacting the inner and outer surfaces. 

Both (8) and (9) have presented information on working Zr0 2 

pH electrodes, thus establishing the potential for their use. 
However, both of these investigators had difficulty obtaining 
commercially available electrolyte material which developed a 
suitable response to pH. This difficulty in obtaining suitable 
electrolyte material prompted the BWIP to contract with Temple 
University, Pennsylvania State University, and Pacific 
Northwest Laboratory (PNL) to develop a program of research 
aimed at understanding the physical and chemical factors in Zr0 2 

cells that correlate with good quantitive sensing of pH. Currently 
the research involves the determination of the effect of the 
following parameters on the pH response of commercially 
available and custom fabricated Zr0 2 material: 

• Electrical resistance 
• Chemical purity 
• Concentration of dopant 
• Texture 
• Sintering time 
• Sintering temperature 
• Porosity (density). 
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The ultimate goal of this program is to develop a pH sensor that 
can be installed in an autoclave to provide constant monitoring of 
the pH conditions which exist during waste form/.barrier 
material/ groundwater hydrothermal interaction experiments. It 
is also hoped that a long-lived sensor could be developed for use in 
long-term field tests for monitoring repository conditions. 

Expected Range of pH Values. Changes in solution pH in rock-
water systems may result from two primary causes. The first 
cause is due to changes in equilibrium constants with variation in 
temperature and pressure. For example, the neutral pH of pure 
water changes from 7.00 at 20°C to approximately 5.6 at 200°C 
and 300 bars pressure due to changes in the value of the 
dissociation constant for water. Precipitation, dissolution, 
oxidation, or reduction of phases with consumption or generation 
of hydrogen ion is the second primary cause of pH variation. 

In a nuclear waste repository located in basalt, solution pH is 
controlled by interactions between groundwater and the reactive 
glassy portion of the Grande Ronde basalt (10). In situ 
measurements and experimental data for this system indicate 
that equilibrium or steady-state solutions are saturated with 
respect to silica at ambient temperatures and above. Silica 
saturation and the low, total-dissolved carbonate concentration 
indicate the pH may be controlled by the dissolution of the basalt 
glass (silica-rich) with subsequent buffering by the silicic acid 
buffer. At higher temperatures, carbonate, sulfate, and water 
dissociation reactions may contribute to control the final pH 
values. 

The pH of Grande Ronde solution as a function of temperature 
was calculated using the program HIPH4. The method of 
computation is described in (2) and utilizes data on the 
concentration of several dissolved acid-base pairs. The calculated 
pH value decreases with increasing temperature and passes 
through a shallow minimum near 250°C. The solution pH at 25°C 
is about 9.8; the calculated pH at 65°C is about 9.2, quite 
comparable with measured values; and the pH calculated at 300°C 
is about 8.2. The calculated solution pH is quite basic, even at 
higher temperature; for example, at 300°C the solution is about 
2.5 pH units above neutral. Thus, the range of pH values expected 
in hydrothermal solutions is relatively restricted, spanning only 
two to three pH units. Therefore, electrode response to pH 
changes at high temperatures will need to be designed to give as 
large an EMF/pH unit as possible to achieve good resolution. 
Construction. Two ZrCLpH sensor designs have been developed 
by Ulmer and Grandstaff at Temple University and by Danielson 
and Koski at Pacific Northwest Laboratories. The Temple 
University design consists of a 12-in.-long, l/4-in.-OD, round, 
closed-end, zironcia ceramic tube as the membrane of the pH 
electrode (Fig. 1). A hollow copper plug, fitting the inside 
diameter of the tube, is inserted snuggly (-0.001 in.) into the 
bottom end of the zirconia tube. The inside cavity of the copper 
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204 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

plug is filled with a mixture of Cu powder and Cu 20 powder in the 
weight ratio 1:10. Two long, 0.020 in.-diameter, pure copper wires 
are inserted through a pair of holes drilled at right angles to each 
other through the mid-point of the sides of the l-in.-long hollow 
copper plug. The side walls of the plug are pregrooved with four 
slots 0.025-in. deep to receive the wires as they are bent upward 
from the holes and threaded through a four-hole alumina 
insulator rod which fits the inner diameter of the zirconia tube. 
The copper wires are then twisted to form a four-strand cable just 
above the hollow copper plug and at the top end of the alumina 
rod. The wire protruding above the alumina rod is threaded 
through a silicon rubber stopper which is put under compression 
in a Swagelok fitting. This serves to seal the top end of the 
zirconia tube, excluding air and preserving the Cu 2 0 assemblage. 
A platinum wire electrode mounted in the bottom of the test 
chamber forms the other half of the circuit in the aqueous fluid. 

Based on the success of the Temple University design, PNL 
initiated an investigation of Zr0 2 pH sensors utilizing the Temple 
University basic design with a few minor modifications. An alter­
native method of holding and sealing the sensor to withstand 
operating temperatures of 300°C and pressures of 300 bars was 
suggested in the PNL design which may have some advantages. 
The illustrated sealing design (Fig. 2) is incorporated into the 
autoclave head. Other designs are possible, such as incorporating 
the tube seal within a threaded fitting which would facilitate 
sensor installation and removal, as well as simplify the autoclave 
head design. 

The pressure seal is produced using a Teflon ring compressed 
around the zirconia tube. Because the Teflon is soft, it will evenly 
distribute the forces (to minimize tube breakage). Belleville 
spring washers will act as a seal-follower to maintain sealing 
forces since Teflon can extrude when subjected to directional 
stress. Boron nitride can also be used as a sealant and offers the 
advantage of being more resistant to radiation damage than 
Teflon. The electrical connection is made above the mechanical 
seal to keep solution from seeping through and shunting out the 
high impedance connection. Part of the tube may be glazed if the 
pH responding regions must be defined. Glazes can be created by 
sputtering high purity zirconia on the tube. In both the Temple 
University and the PNL design, the internal volume of the tube 
above the Cu-Cu 20 can be filled with zirconia cement. This will 
prevent a catastrophic blow out if the tube should develop a leak. 

Resistivity Measurements and pH Response. The resistance of the 
Zr0 2 electrolyte material has been found at Pennsylvania State 
University to be a critical factor in the performance of a pH sen­
sor. Therefore, an effort has been made to measure the resistivity 
of each cell, and to correlate this with cell performance, especially 
with respect to linearity of the EMF versus pH response. 
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SILICON RUBBER CORK 

SWAGELOK FITTING 

CONAX PRESSURE FITTING 

Cu HOLLOW PLUG 

4-STRAND Cu WIRE 

ZIRCONIA ELECTRODE 

BORON NITRIDE SEAL 

4-HOLE A l 2 0 3 ROD 

4-STR AND Cu WIRE 

Figure 1. Temple University Design for a Zirconia pH Electrode. 

CUPPER ELECTRODE 

CAPTURE RING 

TEFLON BARRIER CAP 

SEEPAGE WEEP HOLES (3) -- 120 : 1/16" 

THREADED PACKING 

UPPER COMPRESSION BLOCK 
'////, 
BELLEVILLE SPRING 
'////, 
COMPRESSION BLOCK 
• • κ / * 

BONDED JOINT 
' s s s s s 

TEFLON SEAL UPPER HALF 

ZIRCONIA COLLAR 

TEFLON SEAL LOWER HALF 

Ph SENSOR ACTIVE AREA 

Figure 2. PNL Design for a Zirconia pH Electrode. 
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206 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The pH response was initially tested at 90°C and one 
atmosphere pressure by immersing the sensor in standard pH 
buffer solutions. The EMF of the sensor was then compared with 
the EMF generated by a commercial Ross-type glass electrode. 
Figure 3 shows the EMF versus pH response of a representative 
tube, PSU-T1-18. The response over a pH range of 2.5 to 9.5 is 
linear and displays a slope which is 98% of the theoretical 
Nernstian slope for this temperature. 

Resistance measurements were made by filling the zirconia 
tube with KC1 solution and immersing it in a 90°C KC1 bath. 
Resistance was then measured across platinum electrodes placed 
inside and outside the tube, using a high impedance electrometer. 
The measured resistivity was recast in ohm-cm units by 
recalculation using surface area, wall thickness, and depth of 
immersion. This Pennsylvania State University investigation 
determined that at a given temperature, a narrow range of 
resistivity values are displayed by those cells which have a 
Nerstian pH response. The corrected resistivities for tubes which 
displayed acceptable pH response at 90°C range from 9.51 to 9.97 
log R, where R is in units of ohm-cm (Table Π). Tubes having 
significantly higher or lower resistivities respond much less 
favorable, if at all. This testing procedure provides a rapid and 
simple screening process for identification of tubes that will 
display acceptable response. 

Test Apparatus. A flow-through test vessel was constructed to 
allow the testing of any l/4-in.-OD pH electrode at temperatures 
up to 300°C and pressures up to 300 bars. The system is 
illustrated schematically in Figure 4. 

The test vessel has a 50-cm3 cavity with a titanium lining 
set into a stainless steel body with a delta ring pressure seal. The 
"top hat" closure of the vessel has been designed to have the same 
configuration (with regard to diameters) as the Dickson-type 
rocking autoclave closure. This is to allow direct transfer of any 
evolved pH electrode design to the Dickson autoclaves and hot cell 
units with minimum redesign. 

For the calibration and evaluation of kinetic response of pH 
electrodes, a Milton-Roy sapphire and Hastalloy pump (capable of 
6,000 psi) were built into the pressure line in order to feed acid, 
base, or buffered solutions through the test vessel by way of 
stainless capillary tubing of 0.030-in. i.d. Outflow from this 
system can be controlled by means of two Hoke Micro-Metering 
valves which, when mounted in series, can provide an "engineered 
leak" with an outfall that can be matched by the pump to allow 
system flows from 0.6 cm3/min to 16 cm3/min. Such a pumpable 
system allows fresh reference solution to be continuously added to 
the system while maintaining constant pressure. This avoids a 
possible pH drift caused by reactions between the walls of the test 
chamber and the reference solution. This system also allows 
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10.0 
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Figure 3. EMF versus pH Response of Pennsylvania State 
University Fabricated Tube Number PSU-T1-18. 

C u - C u 2 0 ZIRCONIA 
ELECTRODE 
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V A L V E S 

VARIAC 

2-CHANNEL 
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Figure 4. Pumpable pH Testing System. 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table II. Evaluation at 90°C of Resistivity and Nernstian pH Response 
of Various Suppliers of ZrO., Cells 

Tube number 
(mol% Y 20 3 in 
parentheses) 

Log ohms, 90°C 
(R) 

Log ohm-cm 
(R χ Area) 
thickness 
90°C 

pH response (% 
Nernstian in 
parentheses, 

90°C) 

(8) Τ 2-18 9.23 9.63 good (93%) 
(4)Τ 3-18 9.11 9.52 none 
(10)T4-18 erratic (< 7.17) - none 
(6)Τ 5-18 erratic (< 6.17) - none 
(12)Τ6-18 9.34 9.75 none 
(8) ΖΤ 2-14 9.04 9.61 good (89%) 
(8)ΖΤ3-14 9.00 9.57 not yet tested 
(8)ΖΤ6-14 9.08 9.65 not yet tested 
(8) CT3-14 8.11 9.52 good (89.3%) 
(8) CT 1-38 8.25 9.77 fair (71.6%) 
(8) CT2-38 8.43 9.94 good (93.5%) 
(8) CT3-38 8.46 9.97 good (86%) 
(8) CT4-38 8.40 9.91 good (93.5%) 
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12. MYERS ET AL. Monitoring and Control of Eh-pH Conditions 209 

reference solutions of different pH values to be pumped into the 
test chamber to establish a calibration curve and to evaluate the 
response time of the sensor to changes in pH. As of this writing, 
the system has been used at pressures up to 135 bars and 200°C. 
The system can also be isolated from the pump and outflow valves 
by means of additional shutoff valves, which leave the pressure 
gauge functioning so that static testing can also be performed 
with the system. The pressure vessel is surrounded by a 
cylindrical furnace that is powered from a variable transformer as 
a resistive load. Temperatures are measured using an inconel-
sheathed thermocouple (chromel-alumel) mounted through the 
vessel bottom by means of a split gland CONAX fitting. Through 
this same CONAX fitting (in its own insulated port) a 1-cm length 
of platinum wire of 0.020-in. diameter is introduced into the 
cavity. When the cavity is filled, this wire contacts the solution. 
The copper electrode (inside the Zr0 2 tube) is comprised of copper 
metal and cuprous oxide and forms the other half of the pH 
sensing circuit with the platinum wire. The circuit includes a 
high impedance potentiometer. The measured voltages can be 
calibrated in terms of pH as explained above. 

Test Results. The pH response of the zirconia tubes was tested at 
elevated temperatures and pressures using the apparatus 
previously described. Standard HC1 and NaOH solutions were 
pumped through the test chamber while the EMF of the sensor 
was monitored. The pH values at temperature and pressure were 
calculated from the room temperature pH measurement based on 
hydrogen ion mass balance using the data of (11). 

Data from an early successful calibration test performed at 
Temple University is summarized in Figure 5. One 
manufacturer's tube was tested at 200°C and 50 bars pressure 
with unbuffered solutions of 0.01 N HC1 and 0.001 Ν NaOH. The 
heavy dashed line in Figure 5 connects these two 200°C points 
while the thin dashed lines connect the equivalence values on the 
pH25°C (bottom) and pH2oo°C (top) scales of the graph. The solid 
line gives the calculated data from Equation 5 for theoretical 
Nernstian behavior as calculated from the literature data bases 
we have used. The heavy dashed line (2 points only) defines a 
slope of 91.9 mV per pH unit which is 97.8% of the predicted 
Nernstian slope. Thus, the tube exhibits a Nernstian slope; 
however, a +240 mV cell or blank correction would be necessary. 
The third data point (open circle) in Figure 5 is the result for a 
0.01 Ν NaCl solution which, according to a Beckman (Zeromatic 
II) calibrated pH meter, had an input pH25°c of 5-6» but an outfall 
pH25°C of 9.0. This measured pH shift in the 0.1 Ν saline solution 
within the vessel would suggest that the new vessel was reacting 
with the hot saline solutions so that some pH shift was occurring. 
Note from Table m that both the NaOH and HC1 were little 
changed by passage through the test vessel. 
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210 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

0 2 4 6 8 1 0 

p H 2 5 ° C 

Figure 5. Response of Zirconia pH Sensor at 200°C, 50 bars. 
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12. M Y E R S ET A L . Monitoring and Control of Eh-pH Conditions 211 

Table m. Initial Results at High Ρ and Τ 
for Electrode CT-TU-14-H-3 

Beckman pH 
Meter Measured 

Calculated 
pH200°C 

EMF(mV) Solution 
chemistry 

11.11 input 8.34 -138 0.001 Ν NaOH 

11.11 outfall 

1.90 input 1.94 + 450 0.01 N HC1 

1.94 outfall 

5.6 input 6.28 -130 O.lONNaCl 

9.0 outfall 

*It would seem from this shift in pH that the solution may 
have been reacting with the new vessel since for 2-1/2 hr the 
outfall pH was steady but shifted from the 5.6 value at input. 

Niedrach (1980) mentions that new vessels need time to passivate 
by redox reaction. We suspect, therefore, that the NaOH and HC1 
solutions have respectively high enough OH" and H + 

concentrations to override the effects of the new vessel, whereas 
the NaCl solution may need replacing with a pH=7 buffer of 
higher ionic-strength in the vessel at least until the titanium 
metal develops a reaction-resistant oxide coating. Subsequent 
calibrations have been performed using well-buffered solutions 
with known pH at elevated pressures and temperatures. This has 
eliminated the uncertainties caused by unbuffered solutions 
reacting with the walls of the test chamber. 

The ZrO^ sensor investigated at Temple University responds 
to pH and is insensitive to the Eh of the solution. However, the 
bare platinum wire used to complete the circuit in the test 
chamber will respond to changes in the Eh conditions. It is 
believed that a linear relationship between pH and EMF was 
observed in this experiment because the test solutions employed 
were all air-saturated and therefore had similar Eh values. This 
hypothesis was tested by sequentially pumping three identical 
sets of pH buffer solutions through the test chamber. In the first 
calibration, the solutions were saturated with oxygen gas; in the 
second calibration, the solutions were saturated with hydrogen 
gas; in the third calibration, the solutions were saturated with air. 
There was a several hundred millivolt shift in the EMF in 
response to these three sets of solutions; however, in each 
calibration the pH versus EMF response was linear. Clearly, 
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212 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

what is needed is a reference electrode substituted for the bare 
platinum wire used to complete the electrical circuit in the test 
chamber. The absence of a suitable reference electrode in the test 
circuit prevents an Eh-independent calibration of the pH sensor. 
However, the near perfect linearity of pH versus EMF measured 
between the bare platinum wire and the Zr0 2 sensor in the three 
calibration tests demonstrates the ability of the sensor to 
accurately measure pH once it is calibrated. Work is currently in 
progress at PNL to calibrate Zr0 2 sensors using a long-lived 
reference electrode in a large volume refreshed autoclave. Also, a 
project is currently in progress at PNL to design a long-lived 
reference electrode that will be compatible with the Dickson 
autoclave. 

Effects of Chemical Purity. Zirconia tubes from five different 
sources were analyzed at Pennsylvania State University using 
scanning electron microscopy, plasma emission spectroscopy, 
energy dispersive X-ray spectroscopy, and electron beam 
microprobe analysis. The sources for the tubes included several 
commercially available tubes as well as tubes fabricated by the 
Pennsylvania State University Ceramics Department. 

Tubes from one manufacturer have the highest 
concentration of calcium out of all the tubes tested (Table IV). 
X-ray mapping using the electron microprobe was used to 
determine whether the calcium is homogeneously distributed 
through the ceramic or occurs as discrete random or interstitial 
patches. The mapping technique reveals that the calcium is 
concentrated into patches in this manufacturer's ceramic, but is 
randomly distributed in other manufacturer's ceramic as well as 
Pennsylvania State University ceramics. X-ray mapping for 
magnesium, silicon, aluminum, and titanium all showed random 
patterns. If interstitial glass or crystalline phases were present, it 
is unlikely that they would be enriched only in calcium and not 
one or more of the other elements as well. Therefore, the 
heterogeneous distribution of calcium probably reflects calcium-
enriched grains existing in the starting material. All of the 
commercially available tubes that functioned well as pH sensors 
are enriched in calcium relative to the other ceramics. However, 
the success of the calcium-poor Pennsylvania State University 
tubes as pH sensors, and the absence of an interstitial calcium-
rich phase, makes it seem unlikely that enrichment in calcium is 
important in producing a pH response. 

Test results at 25°C and 90°C have been interpreted at 
Pennsylvania State University as follows. The higher the purity 
of the Zr0 2 , the more likely it is to behave well as a pH sensor. 
Exceptions to this rule are titanium, which is beneficial for 
thermal shock resistance, and yttria, which is necessary for 
polymorphic stabilization. The optimum Y 2CL content was 
investigated by testing Zr0 9 tubes with Y9<X contents of 4, 6, 8, 
10,andl2mol%. 
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Table IV. Chemical Analyses of Various Zirconia Tubes * 

Plasma Emission Spectroscopic Analysis (wt%) 

Oxide CT-1-38 CT-2-38 CT-3-38 PSU-T1 ZT-3-14 

A1 20 3 0.78 0.78 0.78 0.78 0.78 

Ti0 2 0.11 0.09 0.07 0.12 0.06 

0.07 <0.05 0.06 0.06 0.11 

MgO 0.09 <0.05 <0.05 <0.05 0.31 

CaO 1.09 1.06 1.08 <0.05 0.31 

Hf0 2 1.53 1.51 1.53 1.45 1.84 

8.74 9.38 9.39 7.76 7.83 

Electron Microprobe Analysis (wt%) 

Oxide ZT-NG-1 CT-3-38 ZT-1-14 PSU-T1 

Na 20 0.03 0.09 0.10 0 

MgO 0.34 0.10 0.27 0.08 

A1 20 3 0 0.14 0.01 0.16 

Si0 2 0.29 0.17 0.03 0.28 

Y 2 O 3 9.95 10.54 8.94 5.11 

Zr0 2 87.69 82.37 85.29 87.91 

CaO 0.20 0.57 0.22 0 

Ti0 2 0 0.09 0.08 0.31 

Total 98.5 94.6 94.9 93.8 

* Analyses performed at Pennsylvania State University. 
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214 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Porosity could not be held constant. However, only tubes with 
8 mol% Y 2 0 3 responded to pH changes. The 6 and 10 mol% Y 2 0 3 

tubes sintered poorly, probably because of phase transitions 
during cooling. These tubes remained permeable, shorting out 
any potential developed by a pH difference. The 4 and 12 mol% 
Y 2 0 3 tubes had resistivities in the working range; however, no pH 
response was observed. The effects of variations in the amounts of 
Y«0 3 in the ceramic are still unclear, but the lack of success with 
tubes that have compositions differing from 8 mol% Y 9 O 3 (which 
is also the composition having maximum conductivity at high 
temperatures), demonstrates that having a Y 2 0 3 content in a 
narrow range near 8mol% is important in generating pH 
response. 

pH Sensing Mechanisms. A simple ion exchange-type reaction 
similar to that taking place on glass pH electrodes is likely for 
several reasons. The glass pH electrodes and zirconia electrodes 
are analogous in composition. A typical glass electrode contains 
primarily Si0 2 doped with 10 to 20mol% of mono-, di-, or tri-
valent oxides. The most successful zirconia similarly contains 
primarily Zr0 2 , a tetravalent oxide like silica, with 8 mol% Y 2P 3-
In glass electrodes, the dopant cations are responsible for forming 
hydrogen-selective exchange sites on the hydrated surface of the 
glass. Similar sites may form on the hydrated zironia ceramic. 

Normally, glass electrodes must be soaked in water for a few 
minutes to a few hours for the electrode to develop a pH response. 
This allows hydration of the outer surface to take place with the 
formation of the hydrogen ion-selective sites. Similarly, in 90°C 
pH tests at Pennsylvania State University, it has been found 
necessary to allow the zirconia electrodes to soak for several hours 
before a pH response was observed. 

Preliminary results indicate that only zirconia tubes having 
a narrow range of yttria contents respond well as pH sensors. 
Compositions close to 8mol% yttria show the best response. 
Apparently, the existence of hydrogen ion-selective sites is 
dependent on the ceramic composition, as with the glass pH 
electrodes. 

The pH response mechanism of the zirconia electrode is 
therefore most likely due to formation of hydrogen ion-selective 
sites, perhaps related to oxygen ion vacancies, developed on the 
electrode surface during hydration. Exchange of hydrogen ions 
between these sites and the hydrogen ions in solution generates 
an electrical potential across the electrode following the simple 
exchange reaction: 

H+(at0 2-site) = H +
(aq) (3) 

This mechanism accounts for the lack of response of the electrode 
to redox conditions at temperatures below 400°C, the need for 
preliminary soaking and formation of an active, hydrated surface 
layer, and the influence of yttria content on pH sensitivity. 
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12. MYERS ET AL. Monitoring and Control of Eh-pH Conditions 215 

Future Investigations. Investigations are currently underway to 
determine the long-term stability of these sensors at temperatures 
as high as 300°C and pressures as high as 300 bars. Efforts are 
also underway to employ impedance spectroscopy techniques (12-
13) to determine the charge-carrying mechanism in stabilized 
zirconia materials over a temperature range of 25°C to 300°C. 
These investigations will hopefully lead to an increased 
understanding of the pH-sensing mechanism so that variables 
such as concentration of dopant, grain size, sintering time, and 
sintering temperature can be optimized to produce an electrolyte 
material that can be reliably employed for extended periods at 
elevated temperatures and pressures. 

Summary and Conclusions 

Experience gained in using Teflon hydrogen diffusion membranes 
indicate that Teflon can be used to measure the hydrogen pressure 
in equilibrium with the fluid phase in hydrothermal experiments. 
During long-term experiments (months), interferences in H 2 

measurements can be introduced by the diffusion of other gas 
species such as S0 2 , H 2 0, C0 2 , and C H 4 through the membrane. 
However, the effect of tne presence of these gases can be accounted 
for by gas chromatography analysis of the diffused gas mixture or 
by installing a liquid nitrogen cold trap between the membrane 
and the pressure transducer. 

It has been demonstrated that the zirconia pH sensor can be 
used at temperatures at least as high as 300°C and at pressures at 
least as high as 300 bars. Only a small percentage of commerically 
available ZKX tubes display a pH response, however. A simple 
screening technique has been developed to accurately predict 
which individual tubes will have a suitable pH response. If the 
measure resistance value at a given temperature lies outside of a 
certain range, the tubes will not display a pH response. Zirconia 
tubes were fabricated with Y 2 C L contents ranging from 4 to 
12mol% and were tested for pH response. The Zr0 2 tubes 
stabilized with 8mol% YoPq P r o v ide optimum response for the 
grain size and fabrication tecnniques used. Test results on the pH 
response of Zr0 2 tubes at 200°C and 50 bars indicate that some 
tubes display up to 98% of the theoretical EMF versus pH slope. 
Work is currently underway to develop a suitable reference 
electrode to allow accurate calibration of Zr0 2 pH sensor. These 
current investigations provide evidence that sensors capable of 
measuring Eh-pH conditions at elevated pressures and 
temperatures can be developed in a timely manner for use in 
hydrothermal experiments. 
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13 
Surface Studies of the Interaction of Cesium with 
Feldspars 

D. L. BROWN, R. I. HAINES, D. G. OWEN, F. W. STANCHELL, and D. G. WATSON 

Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment, Pinawa, 
Manitoba R0E 1L0 Canada 

The interaction of cesium ions with feldspars at 
150°C and 200°C has been studied in distilled water, 
granite groundwater and saline solution. Pollucite, 
CsAlSi 2O 6, was identified by infrared spectroscopy, 
and was formed as a cubic crystalline phase. Sur­
face analytical techniques (XPS, SAM, SIMS and SEM/ 
EDX) show Cs to be sorbed onto the mineral surfaces 
and alteration products. The mechanism of pollucite 
formation and its relevance to cesium transport/ 
retardation in the near field of a nuclear waste­
-disposal vault is discussed. 

In the Canadian Nuclear Fuel Waste Management program, disposal of 
radioactive waste i s envisaged within an engineered multi-barrier 
vault, deeply embedded i n a plutonic formation within the 
Precambrian Shield (1). The geologic formation i s the f i n a l 
barrier i n the scheme, and the interaction of radionuclides with 
rock-forming minerals i s the important element of that bar r i e r . 
This paper describes our research into the behaviour of cesium i n 
contact with feldspars. Feldspars constitute a major portion of 
the igneous rock of a pluton. We have chosen microcline, KAlSi3 0 8 

and labradorite, C a A l 2 S i 2 0 8 as representative feldspars of granite 
and gabbro rocks, respectively, for this study. We have included 
a l b i t e , NaAlSi 30 8 for comparison. This feldspar occurs together 
with the former two minerals i n nature. Cesium has been chosen 
for study for several reasons. Although the amount of cesium 
present i n the f i s s i o n products of used f u e l i s low (0.7%) (2), 
i t ' s isotopes have r e l a t i v e l y long h a l f - l i v e s ( τ 1 / 2 ( 1 3 7 C s ) s 30 
years, T 1 # 2 ( 1 3 5 C S ) » 3 χ 10 years), they emit penetrating 
radiation, and are deemed to be r e l a t i v e l y mobile i n aqueous 
solutions, percolating through rocks and s o i l s . Hence, to be able 
to predict the movement of th i s element i n the geosphere, i t i s 
necessary to understand i t s physical and chemical interactions 
with the geologic materials i t i s l i k e l y to contact. 

0097-6156/ 84/ 0246-0217S06.00/ 0 
© 1984 American Chemical Society 
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218 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Two extreme scenarios are plausible. F i r s t l y , the waste vault 
remains intact for a long period, following which f i s s i o n products 
escape into the immediate v i c i n i t y of the vault. Here, int e r ­
actions w i l l occur between the radionuclides and the geosphere, 
which has been hydrothermally altered by the groundwater, heated 
by the thermal energy released by radioactive decay. At the other 
extreme, we may consider the case where the vault i s breached 
early i n the thermal period, releasing radionuclides into a 
hydrothermal environment. It i s this second case which i s being 
considered here. We have treated feldspars with hydrothermal 
solutions of non-active cesium chloride i n water, and selected 
groundwaters, and analyzed the resulting solutions and mineral 
surfaces, to elucidate the nature of the interaction of cesium 
with feldspar surfaces, and to determine whether t h i s nuclide w i l l 
be mobilized or retarded by the geosphere under these conditions. 

Experimental 

Microcline, a l b i t e and labradorite were obtained from Ward's 
Canada Limited. Cleaved c r y s t a l fragments and 60 mesh-sized 
samples were u l t r a s o n i c a l l y cleaned prior to use. Powdered 
samples ( p a r t i c l e size < 25 ym) were prepared by grinding i n a 
tungsten carbide b a l l m i l l , wet-sieving and washing i n water. 

The water was doubly d i s t i l l e d and deionized before use. 
Granite groundwater (G.G.W.) and standard Canadian Shield saline 
solutions (SCSSS) were prepared according to the method of 
Vandergraaf (3). 

Experiments were performed i n Teflon-lined titanium auto­
claves, submerged i n a thermostated o i l bath. The supernatant 
liquors were analyzed using atomic absorption spectrometry. Solid 
residues were washed with water, dried and examined by the 
following surface analytical methods: 

1. SEM/EDX studies were performed with an ISI DS 130 scanning 
electron microscope, using gold-sputtered samples. XPS 
measurements were made using a McPherson ESCA-36 spectrometer, 
with an operating pressure of 5 χ 10" 7 Pa. Spectra were 
obtained using the A l ^ exciting radiation. Energy d i s ­
persion calibrations were made using the known energy 
difference of 1253.6 eV between the Mg (3p) and Mg(ls) lines 
for evaporated magnesium metal. An internal carbon standard 
was used for measuring binding energies. 

2. Auger spectra of the mineral surfaces were obtained using a 
Physical Electronics Industries (PHI) Model 590A scanning 
Auger microprobe (SAM). Spectra were recorded i n the pulse 
count (N(E)*E) mode at 0.6% resolution (ΔΕ/Ε) using a 3 kV, 3 
nA primary electron beam. Background instrumental pressure 
was maintained at 1.33 χ 10" 7 Pa during data acquisition. 
Secondary ion mass spectra (SIMS) were collected using a PHI 
Model 3500 SIMS I I , attached to the SAM. A PHI Model 04-303 
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13. BROWN ET AL. Cesium-Feldspars Interaction 219 

d i f f e r e n t i a l l y pumped Ar ion gun was used as the excitation 
source- The secondary ion spectra were excited by a 4.5 kV, 
400 nA A r + beam, rastered over a 1.5 mm-square area. 

3. Fourier transform infrared (FTIR) spectra were obtained using 
a Nicolet 10 MX FTIR spectrometer, i n the spectral range 
4000 cm"1 to 270 cm"1. Two hundred mg KBr discs, containing 
about 1 mg sample were used, i n a nitrogen-purged system. 
Discs of reaction product were prepared by u l t r a s o n i c a l l y 
removing the product from the sample surface under acetone, 
decanting, centrifuging and drying the resultant product 
suspension, and mixing with an appropriate amount of KBr. 

Results 

Cesium-ion concentrations i n d i s t i l l e d water and synthetic ground­
waters were measured after contact with the feldspars for various 
periods of time, over the temperature range 150 C to 200 C. It 
was found that for short reaction times (< 5 days), there was 
l i t t l e reduction i n the concentration of cesium ion, i . e . l i t t l e 
sorption of Cs + by the minerals. Removal of C s + from solution was 
enhanced by increased mineral surface area, reaction temperature 
and time. It was observed that i n the extreme case for powdered 
labradorite, 98% of an i n i t i a l 10" 2 mol dm"3 solution of C s + was 
sorbed after 14 days at 200°C i n d i s t i l l e d water. The morphology, 
composition and chemical structure of the mineral surfaces were 
investigated by several a n a l y t i c a l methods, as described below. 

Scanning Electron Microscopy. Examination of the surface of 
cleavage fragments of microcline and a l b i t e , after reaction for 14 
days at 200 C with 10~ 2 mol dm""3 aqueous cesium chloride solution, 
revealed the formation of large (10 - 20 ym length) cubic crystals 
(see Figure 1(a)). Sub-micron crystals were observed covering the 
mineral surface surrounding the cubes, formed by hydrothermal 
alt e r a t i o n of the mineral. EDX spot analyses showed the cubes to 
be composed, of Cs, Al and S i (elements li g h t e r than F cannot be 
detected by this method). 

Reaction times of £ 5 days produced no detectable (by SEM) 
cesium-containing phases. However, after treating the minerals 
with water at 200 C for 14 days i n the absence of cesium, then 
adding the appropriate amount of CsCl, we observed cesium 
aluminosilicate crystals within 42 hours of further hydrothermal 
reaction. 

The cubic crystals were not observed i n experiments involving 
low (< 10"1* mol dm"3) cesium concentrations. For runs involving 
powdered and coarse-grained minerals, spherular and 30-sided 
polyhedral cesium alumino-silicate crystals were observed (Figure 
1(b) and ( c ) ) . For powdered labradorite, rosette formations were 
seen (Figure 1 ( f ) ) . Such morphologies are t y p i c a l of analcirae-
type minerals, p a r t i c u l a r l y p o l l u c i t e , C s A l S i 2 0 6 (4). EDX 
analysis of the alt e r a t i o n product surrounding the cesium alumino-
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220 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

s i l i c a t e showed that Cs was also sorbed onto this material. 
Similar behaviour was observed for reactions at 150 C, although 
reaction times were much longer (47 days), and crystal growth much 
less (Figures 1(d) and (e)). Albite behaved i n a similar fashion 
to raicrocline under a l l conditions. Experiments performed i n 
G.G.W. also produced results analogous to those obtained using 
d i s t i l l e d water as the medium. This observation i s not unex­
pected, since the GGW contains quite low concentrations of 
dissolved ions, and contact of d i s t i l l e d water with feldspars at 
high temperatures i s expected to produce solutions of similar 
ionic strength (due to K + or C a 2 + , Na + and Si species) quite 
rapidly. For example, large cubes were produced by reaction of 
cleaved microcline with 10" 2 mol dm"3 CsCl for 14 days i n G.G.W. 
(Figure 2(a)). For experiments performed with SCSSS, no large 
cubes were detected. However, considerable a l t e r a t i o n product was 
observed, as 1 - 2 ym-sized crystals of montmorillonite (Figure 
2(b)). EDX showed them to consist of Mg, Ca, A l , Si (and 0). 

FTIR Spectra. After reaction, the mineral samples were subjected 
to ultrasonic treatment i n acetone for periods of up to 1 hour. 
Transmission IR spectra of the released product fines from 
reactions of 60-mesh labradorite and microcline with 10" mol dm"3 

CsCl i n d i s t i l l e d water at 150 C for 47 days are presented i n 
Figure 3. The spectrum obtained from of the labradorite reaction 
product (Figure 3(a)) i s i d e n t i c a l with that of a sample of 
natural pollucite (Figure 3(c)). The spectrum obtained from the 
microcline reaction product (Figure 3(b)) contains bands i n the 
500 cm"1 to 800 cm"1 region, due to unreacted microcline, i n 
addition to the major bands of p o l l u c i t e . Heating the samples 
overnight at 105 C resulted i n the disappearance of the water 
absorption bands at about 3500 cm"1 and 1680 cm"1. 

XPS, SAM, SIMS Analyses. For reaction times < 5 days, or [Cs +] < 
10""1* mol dm"3, XPS results showed about 10 atomic % Cs to be 
present on the surface of the mineral samples. Depth p r o f i l i n g 
using SIMS indicated that i n these cases, the sorbed Cs was 
present for only the f i r s t 200 nm. 

Table I l i s t s the binding energies for the major constituent 
elements present on the mineral surfaces, both before and after 
reaction. These values are, i n general, i n good agreement with 
l i t e r a t u r e values for aluminosilicates (5). The value for Cs 
corresponds to that for ionic Cs s a l t s . No large s h i f t s are 
expected i n these numbers, since there i s no oxidation state 
difference between reactants and products. A detailed XPS study 
of the interaction of cesium (and strontium) with feldspar 
surfaces i s i n progress, and w i l l be the subject of a future 
paper. 

The 0/Cs region (500 - 600 eV) of the numerically d i f f e r e n ­
tiated Auger spectrum of one of the cesium aluminosilicate cry­
s t a l s , found on the face of microcline exposed to 10" 2 mol dm"3 
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13. BROWN ET AL. Cesium-Feldspars Interaction 221 

Figure 1. SEM photomicrographs of microcline (a, c and d), 
a l b i t e (b) and labradorite (e-g) after hydrothermal reaction 
with CsCl (see text). 
Scale: 4.5 mm - 19.1 urn (a) , 2.98 μπι (b) , 3.64 urn (c) , 
1.98 urn (d), 2.36 urn (e) , 2.42 (f) , and 2.34 p i (g) . 
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222 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 2. SEM photomicrograph of (a) cleaved microcline 
surface after reaction with 10~ 2 mol dm"3 CsCl at 200°C for 
14 days i n G.G.W; (b) as (a), but i n SCSSS. 
Scale: 6 mm = 10.9 ym (a) and 5.62 um (b). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

01
3



13. B R O W N ET A L . Cesium-Feldspars Interaction 223 

Table I. Elemental Binding Energies (eV) a for 
Feldspars ( i ) Before and ( i i ) After Hydrothermal 

Reaction with Aqueous Cesium Solutions 
Mineral Al(2p) Si(2p) K(2p) Na(ls) Ca(2p) Cs(3d) 
( i ) fresh minerals 
Microcline 74.50 102.7 293.65 1071.95 
Albite 74.65 103.0 1071.85 
Labradorite 74.60 102.50 1072.95 348.20 
Po l l u c i t e 76.10 102.80 724.6 

*~2 *"3 ο 
( i i ) after reaction with 1θ" mol dm" Cs at 200 C for 14 days 
Microcline 75.45 103.10 293.50 1071.75 724.95 
Albite 75.70 103.20 725.05 
Labradorite 74.9 102.65 1072.2 348.45 724.4 

a Error i s + 0.25 eV. 

CsCl at 200°C for 14 days, i s shown i n Figure 4. Before t h i s 
spectrum was collected, the cube was sputtered with Ar ions to 
remove surface contamination. Two Cs MNN transitions arise at 554 
and 566 eV (6) and the larger 0 KLL peak i s at 506 eV. Super­
imposed on Figure 4 i s a spectrum of natural p o l l u c i t e , recorded 
under the same instrument conditions and corrected for a -4 eV 
positional difference observed i n each of the three peaks. The 
same charging s h i f t was observed in the Si peaks (not shown i n 
Figure 4), which were found at 76 eV (cube) and 72 eV (natural 
p o l l u c i t e ) . Transitions from four elements, A l , S i , 0, and Cs, 
were observed i n both spectra. Potassium was not detected i n 
either spectrum. 

The chemical composition of the cube was calculated from the 
Auger spectra using elemental s e n s i t i v i t y c o e f f i c i e n t s derived 
from the spectrum of natural p o l l u c i t e , assuming the composition 
of the l a t t e r to be C s A l S i 2 0 6 . In this manner, an empirical 
composition of Csi. 3Α1χ β ι S i x β 7 0 5 β 9 was determined for the cube on 
the surface of the microcline. Several possible sources of error 
may contribute to the observed difference i n composition. Other 
than the assumption that the natural po l l u c i t e was anhydrous, the 
most l i k e l y reason for the difference between the two i s the 
electron-beam-induced reduction of Si i n the matrix, resulting i n 
a s h i f t of the 76 eV peak ( S i 0 2 ) to 88 eV ( S i ) , and p a r t i a l de-
sorption of 0. Indeed, some reduction of S i 0 2 to elemental S i was 
observed i n the spectrum of the cube. The apparent high Cs con­
centration may be due to Cs adsorbed on the surface that was i n ­
completely removed by sputtering. A similar quantitative analysis 
of a cubic c r y s t a l found on a l b i t e resulted i n the empirical 
formula C s x ^ 5 A l j ^ j S i j ^ 5 0 5 9 . According to the r e l a t i v e inten-
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224 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

NICOLET MX-I 

ζ 
< 
m 
oc 
ο 
( Ο 
m < 

3200 2000 1400 800 
WAVE NUMBERS 

200 

Figure 3. FTIR spectra of (a) fines removed u l t r a s o n i c a l l y from 
60-mesh labradorite (see text); (b) fines removed u l t r a s o n i c a l l y 
from 60-mesh microcline (see text); (c) natural p o l l u c i t e . 
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Figure 4. The O/Cs regions of the diffe r e n t i a t e d Auger spectrum of 
(a) a cubic p o l l u c i t e c r y s t a l grown on microcline; (b) natural 
p o l l u c i t e ; and (c) background al t e r a t i o n product on microcline. 
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13. BROWN ET AL. Cesium-Feldspars Interaction 225 

s i t i e s of the 76 and 88 eV peaks i n this Auger spectrum, reduction 
of SiO to Si occurred to a greater extent than previously ob­
served on the microcline cube. The higher Cs concentration on the 
a l b i t e i s l i k e l y due to adsorbed Cs, since this sample was not 
sputtered. 

An Auger spectrum of the unsputtered surface of granulated 
microcline (soaked i n CsCl as above), on which no cubic crystals 
were observed, i s also included in Figure 4. The Cs peaks are, as 
before, at 554 and 566 eV. Oxygen f a l l s at 505 eV and the S i l i n e 
(not shown in Figure 4) i s at 76 eV, i n agreement with the other 
specimens analyzed. Cesium would not be expected to exhibit large 
chemical s h i f t s , and none were observed. 

Since the detection l i m i t i s r e l a t i v e l y high (<h 0.6 atomic % ) , 
Cs was not detected by SAM on the samples treated with lower 
concentration CsCl solutions. However, Cs was detected by SIMS on 
a l l surfaces analyzed. Typical SIMS p r o f i l e s showed Cs signals 
which slowly decreased to constant levels a f t e r 30-40 min 
sputtering at a rate of 6 nm/min. These results suggest Cs i s 
adsorbed on the surface of, and incorporated i n , the surface 
a l t e r a t i o n product. 

Discussion 

Several studies (7) have shown that granites and g r a n i t i c 
feldspars have a s i g n i f i c a n t k^ value for cesium. The sorption 
phenomenon at ambient temperatures i s considered to be due to ion 
exchange, with the k^ values for a series of minerals having been 
correlated with the cation-exchange capacities of ghe geologic 
materials. Under hydrothermal conditions (150-200 C), s i g n i f i c a n t 
sorption of cesium ion by the feldspars microcline, a l b i t e and 
labradorite +occurs. Although monitoring of solution concentra­
tions of Cs shows negligible reduction for short reaction times, 
XPS analysis of the mineral surfaces showed about 10 atomic % Cs 
i n at least the f i r s t 500 nm layer. The surface compositions 
indicated v i r t u a l l y complete replacement of the host metal cation. 
For longer reaction times, morphological studies of the mineral 
surfaces by SEM indicated c r y s t a l l i z a t i o n of a secondary cesium 
phase i n addition to mineral a l t e r a t i o n products which have sorbed 
cesium. Coalesced, lens-shaped etch p i t s are apparent on the 
feldspar surfaces ( F i g . 1(a)), a feature t y p i c a l of mineral 
dissolution (8). Outcrops of microcrystalline a l t e r a t i o n products 
p r o l i f e r a t e around these highly etched regions. For mineral 
cleavage fragments, large (10-20 ym) cubic crystals are formed, 
also i n the v i c i n i t y of etch p i t s . The size and purity of these 
crystals suggests slow growth, requiring a controlled rate of cry­
s t a l l i z a t i o n . These cubic c r y s t a l s , shown by infrared spectros­
copy to be p o l l u c i t e , are formed from aluminum and s i l i c o n species 
which are released into solution by the feldspar dissolution. The 
concentration of these species i n solution w i l l be controlled by 
the rate of feldspar dissolution versus the rate of a l t e r a t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

01
3



226 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

product precipitation. The concentrations are expected to be low 
for cleavage fragments with low surface area. It may be noted 
that for powdered mineral reactants, greater removal of cesium 
from solution was evident, but no large p o l l u c i t e crystals were 
seen, only small, spherular ones. This suggests rapid p o l l u c i t e 
formation, consistent with rapid dissolution of the f i n e l y ground 
feldspars and subsequent reaction with the dissolved cesium ions 
present. These crystals are unlikely to have formed because of 
quenching of the reaction, since such a process (taking several 
minutes) would form more amorphous material. After rapid cooling 
of the reaction systems, the s o l i d residues were washed 
thoroughly, thus tending to remove any loose, u l t r a f i n e quenched 
products. 

There are no data i n the l i t e r a t u r e on the s o l u b i l i t y or 
s t a b i l i t y of p o l l u c i t e , so i t i s d i f f i c u l t to predict whether £r 
not the solutions would be over-saturated by this phase at {Cs } < 
10"1* mol dm"3. No p o l l u c i t e was observed under these conditions, 
over the r e l a t i v e l y short (14 days) reaction times at 200 C. 
Experiments are continuing to elucidate this question using XPS 
to look for the unique binding energy of Al(2p) ( e 76.1 eV) of 
p o l l u c i t e on the mineral surfaces, and hence provide information 
relevant to more r e a l i s t i c possible near-field conditions. 

The mid-infrared spectrum of the cesium aluminosilicate 
unequivocally i d e n t i f i e d i t as p o l l u c i t e . Moreover, the SAM 
results indicate that the material i s uncontaminated by foreign 
a l k a l i metal ions, such as K + or Na~*~ from the feldspars, or the 
aqueous media. 

E a r l i e r studies (9) have shown that kaolinite i s a major 
alteration product of feldspars i n a c i d i c aqueous media. In 
SCSSS, montmorillonite appears to be formed readily under hydro-
thermal conditions. Strachan and Schulz (10) showed that 
p o l l u c i t e i s formed in hydrothermal reactions of montmorillonite 
with cesium, and p o l l u c i t e was considered an excellent material 
for long-term storage of 1 3 7 C s , because of i t s low leach rate 
(2 χ 10" 9 kg m"2 s " 1 ) . Barney (11) has shown that kaolinite 
reacts with cesium under f a i r l y mild conditions to form p o l l u c i t e . 
Komarneni (12) has shown that p o l l u c i t e r e s i s t s ion exchange to 
some extent. Thus, should cesium be released from a vault into a 
hydrothermal environment, i t may be expected to be considerably 
retarded v i a mineral precipitation and surface absorption by the 
geologic barrier. Further experiments are being performed to 
elucidate the kinetics of the cesium/ feldspar interaction, and to 
determine the rate and extent of reaction at temperatures closer 
to ambient. These data should lend insight into the behaviour of 
cesium i n the near-field geosphere after the thermal period of the 
vault i s over. 
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14 
Interaction of Groundwater and Basalt Fissure 
Surfaces and Its Effect on the Migration of Actinides 

G. F. VANDEGRIFT, D. L. BOWERS, T. J. GERDING, S. M. FRIED, C. K. WILBUR, 
and M. G. SEITZ 

Argonne National Laboratory, Argonne, IL 60439 

Experiments are being performed at Argonne 
National Laboratory (ANL) (1) to identify 
interactions of radionuclides and repository 
components that effect nuclide migration and 
(2) to assess changes in nuclide migration 
caused by modifications expected upon aging of 
the waste, backfi l l , and rock. This paper 
describes the philosophy of these experiments, 
the experimental set up, and some early results 
of this effort. The experiments are conducted 
with radioactive borosilicate glass, bentonite 
and mechanically fissured basalt rock in 
flowing water analogous to their configuration 
in a breach of a nuclear waste repository. 
Changes undergone by the groundwater as i t 
passed through the fissure include: (1) drop 
in pH from 10 to 8, (2) loss of suspended par­
ticulate, and (3) loss of dissolved/suspended 
U, Np, and Pu. These effects, also studied as 
functions of radiation dose and of laboratory 
"aging" of the repository components, are 
related to the predicted long-term perfor­
mance of a nuclear waste repository. 

This paper i s a progress report of an experimental study 
underway at ANL on the in teract ion of flowing simulated ground­
water and the components that may be used i n a nuclear waste 
repository constructed i n basa l t . The components are placed i n 
the water stream analogously to the configuration that could 
occur from a breach of the repository; hence, the experiments 

0097-6156/ 84/ 0246-0229S06.00/ 0 
© 1984 American Chemical Society 
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230 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

are designated as "analog experiments"* In these experiments 
the movement of radionuclides by the flowing water i s determined 
by the chemical composition of the groundwater and interact ions 
with components at various posit ions along the flow path* 

Radionuclide migration from a breached nuclear-waste 
repository by groundwater flow depends on the leaching of 
radionuclides from s o l i d waste and on the chemical reactions 
that occur as a radionuclide moves away from the repository* 
Therefore, migration involves the interact ions of leached 
species and the groundwater components with (1) the waste form 
and canis ter , (2) the engineered b a r r i e r , and (3) the geologic 
materials surrounding the repository* Some of these interact ions 
would occur i n the rad ia t ion and thermal f i e l d s centered on the 
s o l i d i f i e d waste* Rather than try ing to predict what the 
important interact ions are and then to study them i n d i v i d u a l l y , 
we consider the combination of a l l potent ia l in teract ions , 
using these analog experiments* 

A schematic of the apparatus for an analog experiment 
i s shown i n Figure 1* In an experiment, groundwater i s pumped 
through the system so that i t passes through the f i r s t vesse l , 
which contains basalt chips , bentonite, and the glass waste 
form; then through the second vesse l , which contains more 
bentonite and basalt chips; and then through a narrow basalt 
f i s sure i n the t h i r d vessel* 

Five experiments have been i n i t i a t e d and a s i x t h exper i ­
ment i s planned; three of these experiments have been completed* 
Table I l i s t s these experiments, shows how they have d i f f e r e d , 

Table I* Analog Experiments Completed or Currently Underway 

Condition of 
Waste Form Apparatus and* 

Experiment B a c k f i l l and Experimental Status 
Number Rock Condition (3/22/83) 

1 Unaltered Haste l loy , HC-276 Completed 
2 Unaltered Monel-400 Completed 
3 Unaltered Haste l loy , HC-276, Completed 

γ f i e l d 
4 "1000 yr aged" Haste l loy , HC-276 Near com­

ple t ion 
5 "2000 yr aged" Haste l loy , HC-276 On l i n e 
6 "1000 yr aged" Haste l loy , HC-276 Planned 

bentonite and 
rock/unaltered 
waste form 

'Apparatus constructed of the metals indicated; γ f i e l d 
Indicates experiments carr ied out i n the presence of a Co-60 
gamma source* 
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232 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

and shows the ir current status* Experiments 4 and 5, labeled 
as "1000 yr aged" and "2000 yr aged", use radioact ive s o l i d , 
bentonite, and basalt rock that have been hydrothermally 
modified i n the laboratory to hydrate the surfaces i n a s imi lar 
manner and to a degree that would occur over extended periods 
of time i n the repository* "Unaltered" refers to materials 
receiv ing no hydrothermal treatment before the i r use i n the 
experiments* 

Experimental Materials 

The simulated groundwater used i n these experiments was 
prepared to represent the compositon of groundwater from Well 
DC-6, Grande Ronde Formation, which samples water pr imar i ly 
from 200 m below the Umtanum unit on the U .S . DOE Hanford s i t e 
near Richland, WA ( 1 ) · Its composition i s shown i n Table II* 
The groundwater used i n these experiments was cont inual ly 
sparged with N2 gas before i t entered the apparatus to reduce 
the dissolved oxygen l e v e l and to l i m i t CO2 pickup. 

Basalt cores were cut from rocks supplied by Basalt Waste 
I so la t ion Project (BWIP) personnel and ground to s ize (6.83-cm 
diameter by 14.60-cm long) on a lathe with d i s t i l l e d water 
coolant. These rocks were Pomona-flow basalt from the Pasco 
basin i n the v i c i n i t y of the Near Surface Test F a c i l i t y , U .S . 
DOE Hanford s i t e . Characterizat ion of th is basalt can be found 
elsewhere (2) . 

Table I I . Recipe for Simulated Groundwater 
Prepared for Analog Experiments 1 

Quantity Added to Concentration 
Compound 20L of H 2 0 (g) i n m Mol /L 

NaCl 3.51 2.99 
Na 2 S0 4 3.19 1.12 
Ν ο 2 Β 4 0 7 - 1 0 H 2 ° 0.246 0.0331 
NaF 1.64 1.95 
Na 2 C0 3 1.20 0.57 
NaHC03 1.18 0.71 
Na2S103*9 H2O 11.46 2.01 
K2SO4 0.085 0.024 
CaS04 e2 H2O 
MgS04*7 H 2 0 2 

0.111 0.032 CaS04 e2 H2O 
MgS04*7 H 2 0 2 0.0036 7.3 χ 10" 4 

HCl (1M) 3 61 mL 3.05 HCl (1M) 3 

*The concentration of major constituent ions i n ppm are 
presented i n Table I I I . 

2Added from a concentrated solution—1 mL to 20 L . 
3Added to reduce the pH at 22°C of the groundwater to 9 .9 . 
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14. VANDEGRIFT ET AL. Actinide Migration 233 

Because these core were not permeable to water even 
at high pressure, they were mechanically s p l i t to provide a 
path for water flow. To s p l i t the core, a sharp, hardened 
s t ee l edge was pressed along the length of the core, using a 
hydraul ic press , u n t i l the cores fractured . Deta i l s of the 
operation and the mounting of basalt cores i n the core holder 
vessel can be found elsewhere (3) . 

The bentonite b a c k f i l l material i s sodium montmorillonite 
from Crook County, Wyoming. A 500 g sample of th i s mater ia l , 
SWy-1, was obtained from the Clay Mineral Society, Source 
Clay Minerals Repository, Department of Geology, Univers i ty of 
Mis sour i , Columbus, MO. 

The waste form was prepared by adding to 40 g of PNL 
76-68 f r i t containing 3.4 wt % U 3 0 8 : 0.65 l iCi of 1 3 7 C s , 
100 uCi of 8 5 S r , 45 yCi of 1 3 3 B a , 1640 yCi of 1 4 1 C e , 2000 vtCi 
of 1 5 2 E u , 500 y C i of 2 4 1 A m , 23 mg (1400 yxCl) of 2 3 9 P u 0 2 , and 
115 mg (80 yCi) of 2 3 7 Ν ρ θ 2 · Τ η * β mixture was melted i n a 
95% Pt/5% Au cruc ib le with a procedure deta i led elsewhere (3) , 
and cut into 24 wafers with an average weight of 0.4 g and 
average dimensions of 1.1-cm χ 0.90-cm χ 0.13-cm. These waste-
form wafers were characterized i n an e a r l i e r publ icat ion (4) . 

Materia ls of contruct ion of vessels , tubing, and couplings 
for each experiment were e i ther Hastel loy HC-276 or Monel-400. 

Experimental Apparatus 

Analog experiments are run i n the apparatus shown i n Figure 1 
by flowing simulated groundwater through the apparatus at a 
rate of 0.5 mL/hr. Based on the geometric cross sect ional 
areas of the f i r s t vessel and of the basalt f i s s u r e , th i s flow 
rate corresponds to a l inear ve loc i ty of ^30 m/y past the 
waste form and ^500 m/y through the basalt f i s s u r e . The 
groundwater i s i n i t i a l l y at room temperature but i s brought to 
the temperature of the apparatus, 9 0 ° C , i n the length of tubing 
leading to the f i r s t vesse l . There i s an i n i t i a l "equi l ibrat ion" 
of the groundwater and the geologic components of the system 
before the waste form i s loaded into the f i r s t vesse l . As i s 
evident from data to be presented l a t e r i n th i s paper, an e q u i l ­
i b r a t i o n period of ^30 days i s su f f i c i en t for the groundwater 
to reach a steady-state condit ion with the repository components 
under the conditions of the f i r s t three analog experiments. 
This steady state condi t ion , which i s characterized by the 
ex i t ing groundwater having a composition d i f ferent from i t s 
entering composition, yet , having a constant composition with 
time, w i l l be discussed at greater length i n the resul ts 
sect ion . 

During the f i r s t experiment i t was found that to maintain 
flow through the basalt f i s sure i t was necessary hold the 
f i s sure open by plac ing two s t r i p s of 0.14-mm th ick gold ribbon 
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234 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

along the length of the f issure* Before th is was done, the 
pump pressure to maintain the 0*5 mL/h flow rose i n several 
days from an i n i t i a l 11 ps ig to one greater than 150 ps ig (the 
maximum transducer value)* The core had become clogged by 
bentonite that had been transported by the flowing eluate from 
the f i r s t and second vessels* Even with the gold s t r i p s i n 
place, the pump pressure rose s teadi ly to ^130 ps ig by the end 
of an experiment i n a l l experiments with unaltered repository 
components (Table I ; 1, 2, and 3 ) · This same effect was not 
noted for analog experiments using hydrothermally-altered 
bentonite; no increase i n pressure with time has been noted for 
these experiments (Table I , 4 and 5 ) · 

The spec ia l properties of bentonite c lay ( i . e . , small 
p a r t i c l e s ize and swell ing capabi l i ty ) made i t impossible 
to l o c a l i z e the clay i n the apparatus i n a loose state* To 
maintain the bentonite i n the system without obstructing the 
flowing water, a spec ia l dispersing system for bentonite was 
devised* This system comprised of a Hastel loy C-276 tube (2" 
long by 1/4" I . D . ) , crimped at one end, and 1 g bentonite 
packed into the tube to ^1-inch from the top* When the tubes 
were contacted with groundwater, the bentonite swelled out of 
the tube and bentonite par t i c l e s constantly dropped into the 
flowing groundwater* 

The t h i r d analog experiment was performed i n the presence 
of a cobalt-60 gamma ray source* The average dose rate to 
experimental components was 1 χ 10 5 rad/h* 

Experiment Shutdown 

At the end of an experiment, the apparatus was disassembled 
beginning with the downstream end* Flow of water was continued 
throughout the shutdown phase* As a part of the apparatus was 
removed, i t was checked for bentonite and radionucl ide content* 
Large samples (150 mL) of eluate were taken at the second 
vessel out let and then the f i r s t vessel outlet as the shutdown 
continued over a several week period* 

A n a l y t i c a l Methods 

Analog groundwater compositions were analyzed by emission 
spectroscopy (emission by inductively-coupled plasma, ICP) and 
by i o n chromatography* Uranium concentrations were measured 
by laser fluorescent spectrometry and radioisotopes by gamma- and 
alpha-counting analyses* Because of the high dissolved s o l i d 
content (832 mg/L) of the eluant groundwater, i t was necessary 
to perform a chemical separation of 2 3 9 P u and 2 3 7 N p by hexone 
extraction* These procedures are described elsewhere (5). 
Acid-base/pH t i t r a t i o n s were performed on the simulated ground­
water eluant samples to es tabl i sh the carbonate plus bicarbonate 
concentrations* The i n i t i a l pH value of samples was used to 
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14. VANDEGRIFT ET AL. Actinide Migration 235 

es tabl i sh the concentrations of [ΗββΙΟ^"] , [Η^ΒΟβ"] and [HCO3"] 
at 2 5 ° C . This procedures are also described i n d e t a i l elsewhere 
(6) . 

Hydro-, Thermo-Alteration of Components 

The f i ssured basalt cores and bentonite were a l tered by placing 
them i n an autoclave under simulated groundwater at 320°C for 
30 and 60 days to simulate 1000 y and 2000 y aging, respectively* 
The waste-form wafers for both experiments were aged i n the 
same manner by treat ing them for 17 days i n saturated steam at 
340°C* The de ta i l s of these procedures and the rat ionale for 
the ir use have been published previously (7) . The effects of 
saturated steam on boros i l i ca te glass were discussed i n a 
recent publ icat ion (8) . 

Results 

As the simulated groundwater passes through the three vessels 
of the analog expriment (Figure 1) , i t undergoes compositional 
changes which appear to affect i t s a b i l i t y to transport 
act in ide ions through the system* The fol lowing two sections 
describe separately (1) the changes i n groundwater composition 
and (2) the act in ide migration i n the rock core f issure* 
Following these resul ts i s the discussion sect ion, which 
b r i e f l y attempts to t i e these two phenomena together* 

Changes i n Analog Groundwater Composition* The data i n Figure 2 
for the f i r s t three analog experiments (which used unaltered waste 
form, bentonite, and basalt cores) show that the groundwater 
ex i t ing the basalt f i s sure reaches a steady-state composition 
for [Na+] and [ C a 2 + ] soon af ter the s tar t of the experiment. 
(There are three symbols for the three separate experiments, 
experiments 1, 2, and 3 i n Table I , that are e i ther empty or 
s o l i d . The term "cold" i n the f igure legend refers to the 
e q u i l i b r a t i o n period of the experiments, before the waste form 
was put into vessel 1. "Hot" refers to that part of the 
experiment where the waste form was i n p lace . ) The steady-
state concentration of sodium ion i n the groundwater eluant at 
the core's ex i t i s ^2/3 of i t s o r i g i n a l groundwater concen­
t r a t i o n . The calcium-ion concentration i s higher by almost an 
order of magnitude at the steady-state condit ion reached 
ins ide the core than at i t s o r i g i n a l concentration. 

An a u x i l i a r y experiment, performed at 90°C with ground­
water and a column of crushed basalt chips and with a basalt 
surface area to groundwater volume r a t i o equivalent to that of 
the analog basalt f i s sure (2 χ 10 2 cm" 1 ) , has elucidated th i s 
phenomenon. Data from th is experiment, which are presented i n 
Figure 3, show that the sodium-ion concentration of the ground­
water does not decrease gradually from i t s i n i t i a l value of 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

2 -

O ANALOG 1 COLD 
• ANALOG 2 COLD 
Ο ANALOG 3 COLD 
• ANALOG 1 HOT 
• ANALOG 2 HOT 
• ANALOG 3 HOT 

INITIAL CONCENTRATION 
Ο 

• 

2 0 0 

Figure 2 . Attainment of steady-state concentration 
of sodium and calcium ions i n the f i r s t three analog 
experiments* 
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VANDEGRIFT ET AL. Actinide Migration 

Figure 3. Attainment of steady-state concentration 
of sodium and calcium i n an a u x i l i a r y experiment. 
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238 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

13.7 meq/L to i t s steady-state value of 13 meq/L, but, rather , 
i t i n i t i a l l y f a l l s to a much lower concentration, ^2 meq/L. 
Gradual ly , over an - é q u i l i b r a t i o n - per iod, the sodium-ion 
concentration r i se s to i t s steady-state value. The analog 
experimental data, Figure 2, show a steady-state [Na+] of 
only 9.6 meq/L. This difference may be a function of a s l i g h t l y 
d i f ferent surface area to volume r a t i o for the two experiments, 
o r , perhaps, to a bentonite perturbation of the basalt /ground­
water in t erac t ion . The calcium-ion concentration shows an 
opposite, yet s i m i l a r , behavior. Calcium ion's i n i t i a l ground­
water concentration of 0.08 meq/L increases dramatical ly to 
15 meq/L before gradually dropping to a steady-state concen­
t r a t i o n of 0.4 meq/L. 

Table I I I shows ICP, ion chromatography, and uranium 
concentration data for outlet groundwaters from the f i r s t 
analog experiment. The data for the second and t h i r d analog 
experiments show the same trends as those seen i n Table I I I . 
In general , a lka l ine -ear th elements show the same behavior as 
does calcium; an i n i t i a l very high concentration gradually 
f a l l s to a steady-state concentration much higher than that of 
the i n i t i a l groundwater. Some preliminary data for potassium 
ion (not shown i n Table III) shows that i t also follows the 
trend of calcium i o n . The v a r i a t i o n i n anion concentrations i s 
small i n comparison to that of ca t ion ic species . 

Table IV shows the major cat ionic and anionic c o n s t i t ­
uents i n the second analog experiment groundwater i n (1) i t s 
i n i t i a l condi t ion , (2) i t s condit ion at steady-state on ex i t ing 
the second vesse l , and (3) i t s condit ion at steady-state on 
ex i t ing the unaltered basalt f i s s u r e . Quite apparent from 
these data i s the small change i n groundwater composition 
caused by in t era c t io n of the groundwater with the bentonite 
and waste form, when compared to that of the effect of ground­
water in terac t ion with unaltered basa l t . The major difference 
i n groundwater a f ter i t passed through the two bentonite-
containing vessels was a s l i g h t l y lower pH and sodium-ion 
concentration. (Lower concentrations of R^SiO^", H2BO3"", 
and CO32"" are a l l a t tr ibutable to the lower pH va lue . ) 
Passage of the groundwater through the basalt f i s sure great ly 
modified i t s ca t ion ic content and i t s pH ( t h i r d column). 
Again, there was no perceptible change i n the t o t a l SO42"", 
F ~ , CI " , s i l i c a t e , or borate concentration. The charge 
balance i s accomplished by the decrease i n pH (10 to 8) that 
occurs i n the rock f i s s u r e . This decrease i n pH decreased the 
negative ions i n so lut ion by neutra l i z ing much of the R^SiO^", 
H2BO3", and CO3 2" i n the groundwater. The t o t a l (carbonate + 
bicarbonate) also decreased by 4̂0% from passage through the 
rock core. 

Thus far we have discussed only the in terac t ion of analog 
groundwater with unaltered bentonite and basa l t . Table V , 
which contains data from the 1000 y analog experiment (Exp. 4, 
Table I ) , shows the quite d i f f erent , and quite l i m i t e d , effect 
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242 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

on groundwater composition of contact by the hydrothermally-
a l tered basalt f i s s u r e . A comparison of the f i r s t and t h i r d 
data rows of Table V ( o r i g i n a l analog goundwater vs . that 
ex i t ing the rock core ^90 days into the experiment^ shows only 
l imi ted compositional changes i n the two so lut ions . The 
steady-state compositions of major groundwater constituents i n 
the ex i t ing groundwater are far c loser to those of the o r i g i n a l 
groundwater than those noted for fresh basalt experiments. The 
major differences that d id occur i n the fourth analog experiment 
were substant ia l increases i n the concentration of potassium 
i o n , and the t o t a l of carbonate plus bicarbonate. The decreases 
seen for R^SiO^" and H2BO3" are due to the ir p a r t i a l 
neutra l i za t ion at the lower pH of the ex i t ing groundwater. 

The data for the second vessel out let i n Table V seem to 
show that groundwater composition i s more affected by aged 
bentonite than by i t s unaltered form. The sodium ion concen­
t r a t i o n dropped dramatical ly as calcium ion and potassium ion 
both rose. Anionic species concentrations also dropped. 
These data, however, were co l lected early i n the experiment 
( i . e . , a f ter ten days) and are l i k e l y to be not representative 
of the steady-state condit ion of the system. The steady-state 
composition of the second vessel outlet so lut ion w i l l be 
measured, when the rock core i s taken o f f - l i n e at the end of 
the experiment. 

The differences i n the sums of the anionic and the ca t ion ic 
charges i n the data presented i n Tables IV and V are within the 
experimental error l i m i t s of the a n a l y t i c a l methods (ICP, ion 
chromatography, and acid/base t i t r a t i o n and pH measurement) 
used to measure the concentrations of these species . 

Act in ide Migrat ion i n the Rock Core 

Table VI shows the concentrations of plutonium, neptunium, 
and uranium measured at the i n l e t and outlet of the unaltered 
and hydrothermally-altered basalt core f i ssures i n the f i r s t 
f ive analog experiments (see Table I ) . Under conditions 
simulating a repository that was unaltered by groundwater 
in terac t ion (Table I , Exp 1-3), both Np and Pu, i n the concen­
trat ions developed i n these analog experiments from the leaching 
of the waste form, were substant ia l ly retarded within the 
14.6-cm basalt f i s s u r e . In fac t , as can be seen from Figure 4, 
almost a l l of " ' N p a c t i v i t y was sorbed on the f i r s t one-third 
of the rock f i s s u r e . The data i n Figure 4 have an estimated 
e r r o r , based on counting s t a t i s t i c s above, of approximately 
2 counts per 1000 seconds. Uranium retardat ion was determined 
to be not as complete. 

By f i l t e r i n g groundwater samples from the f i r s t and second 
vessel out lets through 0.1 μm f i l t e r s , i t was determined that 
the neptunium was i n a soluble form, and that most of the 
plutonium was associated with f i l t e r a b l e bentonite par t i c l e s 
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Figure 4. 2 3 ^ N p sorption on unaltered basalt core 
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244 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table V I · Sorption of Act inides by Basalt Fissures 

Experiment 

1 i n l e t 0.4 5.7 35.6 
outlet <0.006 0.03 9.6 

2 i n l e t 0.1 5.2 27.2 
out let <0.007 0.07 11.1 

3 i n l e t 5.3 0.8 7.5 
out let <0.001 <0.001 0.6 

4 1 i n l e t 29.3 40.2 357 
outlet 13.5 24.7 396 

5 1 i n l e t 42.2 45.3 -
outlet 34.4 43.6 -

U, and perhaps Pu and Np, are not at steady-state concen­
trat ions i n the core i n l e t or outlet streams. The apparent 
increase of U as i t passed through the core i s due to the 
d i f f e r i n g sampling times for the two streams. 

suspended i n the groundwater. F i l t e r i n g the eluant from the 
f i r s t vessel reduced the eluant's 2 3 ^ P u a c t i v i t y by >60%. 
F i l t e r i n g the second vessel eluant made i t s 239p u a c t i v i t y 
l e v e l immeasurable above background. 

The oxidation states of the act inides are not known, but 
are control led by t h e i r i n i t i a l state i n the simulated waste 
glass and by the mechanism of the ir leaching i n the groundwater 
environment. Their oxidation states i n the basalt f i s sure 
presumably would be control led by the buffering capacity of the 
basalt due to the Fe^/Fe 3 " 1 " redox couple and the avai lable 
ferrous ion on the rock surface (9) . At the pH range of 10-8, 
th i s couple would reduce higher oxidation states to Np(IV), 
Pu(IV), and U(IV) (10-13). This i s most l i k e l y s t i l l true when 
complexante, e . g . , the C0$^~ and F" that are present i n the 
analog groundwater, are i n so lu t ion . 

The differences i n act in ide element concentrations i n the 
second vessel out let samples for experiments with and without 
the presence of a gamma f i e l d (experiment 3 vs_. experiments 1 
and 2) are c l e a r l y evident from the data of Table V I . These 
differences are probably re lated to d i f f e r i n g leaching charac­
t e r i s t i c s of the waste with and without gamma r a d i a t i o n . Such 
effects have been reported by others (14, 15). We are planning 
experiments to v e r i f y and to further study th i s r e s u l t . 
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14. VANDEGRIFT ET AL. Actinide Migration 245 

The act in ide retardat ion data for the hydrothermally-
al tered repository component experiments (4 and 5) i n Table VI 
are prel iminary and the ir in terpretat ion i s hindered by the 
lack of attainment of a steady-state condit ion for act in ide 
migration i n the systems* These data indicate that only a 
small f r a c t i o n of the act inides are retained by the rock core* 
Comparing these resul ts to those of the unaltered f i s sure 
experiments, where Pu and Np were almost completely retarded by 
the rock core, one could conclude that a l t e r i n g the rock tends 
to lower i t s a b i l i t y to retard act in ide migration* Another way 
to discuss these same data, and one that leads to a completely 
opposite conclusion, i s i n terms of the amount of a c t i v i t y 
retained by the rock core, or , the rate of act in ide loss from 
the groundwater i n terms of Δ (dpm/mL) of 2 3 ^ P u and 2 3 ^ N p . 
These quanti t ies are both higher for experiment 4 and 5 than 
for the three experiments with unaltered repository components* 
The loss of Pu through the core for experiments 1 and 2, for 
example, was 0*4 and 0*1 dpm/mL, respect ively; i n experiments 
4 and 5 the loss of Pu through the core appears to be 20 to 
40 times greater* This exercise i s intended to show that there 
i s no legit imate way to compare the behavior of a l tered and 
unaltered basalt from these data* Experiment 6, yet to begin, 
should c l a r i f y th i s s i tuat ion* What i s c lear from comparing 
the data i n Table VI i s that act in ide behavior i n a l tered and 
unaltered repository s i tuat ions w i l l be quite di f ferent* 

Discussion 

The laboratory analog approach to ident i fy ing and measuring 
repository interact ions has been demonstrated by a series of 
experiments* The data obtained i n th i s program suggest a 
strong c o r r e l a t i o n between changes i n groundwater composition 
and radionucl ide retardat ion by basalt* Our conclusions, based 
on i n i t i a l data are: 

• Fresh, unaltered basalt f i ssures and surfaces w i l l not 
be i n equi l ibr ium with groundwater that enters the nuclear waste 
repository area* (The differences between the mineralogy of the 
Pamona flow basa l t , used i n these experiments, and those of 
other basalt flows i n the Umtanum formation are not great enough 
to explain the observed changes i n groundwater composition*) 

• A steady-state groundwater composition w i l l be achieved 
i n a f a i r l y short time period (20-25 days for the laboratory 
analog experiments). This steady state i s one where the [ C a 2 + ] 
and [K*] are increased above the ir i n i t i a l concentrations, and 
where the [Na+] and pH are decreased* The reason for these 
groundwater compositional changes are l i k e l y due to the hydro­
l y s i s and a l t e r a t i o n of minerals on the basalt surface* 
Because S i concentration of the groundwater did not vary, these 
reactions act pr imar i ly as ion exchange processes and not 
dissolut ion* 
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246 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

• While bentonite Is transported by flowing, unaltered 
groundwater. Interact ion with unaltered basalt surfaces 
appears to agglomerate and to bind It to the basalt* 

• Unaltered basalt appears to e f f ec t ive ly l i m i t the 
migration of act inides dissolved or suspended i n the ground­
water* 

• There was no perceptible difference i n groundwater/ 
basalt interact ions or act in ide migration due to laboratory 
analog apparatus construction materials (Hastelloy v s» Monel). 

• Gamma rad ia t ion does not substant ia l ly af fect ground­
water compositional changes due to interact ions with unaltered 
bentonite and basalt but appears to generate i d e n t i f i a b l e 
differences i n act in ide leaching from the waste form* 

• Gamma rad ia t ion perceptably modifies leaching charac­
t e r i s t i c s of the waste form* 

At th i s time, i t i s not possible to ident i fy the mechanisms 
that are responsible for act in ide retardat ion i n unaltered 
basalt f issures* There are four possible mechanisms that may 
be responsible for the f i ssure act ions: 

1* Decomposition of Pu, Np, and U carbonate complexes 
due to drop i n pH and CO32" concentration* 

2* Reduction of higher oxidation states of U , Np, and 
Pu by ferrous ion i n basalt* 

3* Changing of the surface charge on bentonite due to 
changing groundwater composition thus ef fect ing i t s adsorption 
and agglomeration properties* 

4* Coprec ip i tat ion of act inides with d iva lent -cat ion 
carbonates and sulfates* 

A u x i l i a r y experiments are underway and are being planned to 
e lucidate the mechanisms of act inide retardat ion i n a l tered and 
unaltered repository conditions* 

Future work i n th i s program w i l l emphasize the modeling 
of laboratory analog experiments with computer codes designed 
to predict repository behavior* This r e l a t i v e l y simple system 
i s a good test for these computer codes' predic t ive r e l i a b i l i t y * 

A l s o , laboratory experiments w i l l be run with rock cores 
containing natural ly-aged fissures* This w i l l be an important 
step i n test ing the appropriateness of laboratory aging of 
rock surfaces to simulate natural aging processes* 
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15 
Role of Organics in the Subsurface Migration 
of Radionuclides in Groundwater 

A. P. TOSTE, L. J. KIRBY, and T. R. PAHL 

Pacific Northwest Laboratory, Richland, WA 99352 

Research is underway at a commercial shallow-land 
burial s i t e at Maxey F l a t s , Kentucky, to identify the 
chemical forms of migrating radionuclides. An exper­
imental study area, consisting of an experimental 
slit trench in five sections and a number of inert 
atmosphere wells, was constructed adjacent to a 
waste-f i l led trench to monitor any subsurface migra­
tion of radionuclides in groundwater. Research to 
date indicates that certain radionuclides, 3 H , 
238,239,240Pu, 90Sr, 60Co and 137Cs, have migrated 
within the study area over relatively short distances 
(4-7m). Organic analyses indicate that the chelator 
EDTA and three "EDTA-like fragments" are the major 
hydrophilic organic species (ppm levels) in leachate 
from two waste trenches and one inert atmosphere 
w e l l . The absence of other chelating agents l i k e 
EDTA strongly suggests that the "EDTA-like fragments" 
are degradation products of EDTA, perhaps via micro­
bial or radiolyt ic diagenesis. Trace levels of 
hydrophobic organic species (generally ppb l e v e l s ) , 
including two barbiturates, were also identif ied in 
waste leachate and water from an inert atmosphere 
w e l l . On the basis of steric exclusion chromatog­
raphy, it is clear that polar organic species in the 
groundwaters co-elute with certain radionuclides and 
are, therefore, presumably chelated. Pu and 60Co co­
-elute with EDTA. An association, perhaps electrosta­
tic, also appears to exist between 137Cs and 90Sr and 
carboxylic acids, e .g. , palmitic and stearic acids. 
The appearance of EDTA and the barbiturates in only 
one inert atmosphere well argues that communication 
between the waste-f i l led area and the experimental 
study area is very s p e c i f i c , presumably via fracture 
flow. Radionuclide, inorganic and organic data 

0097-6156/ 84/ 0246-0251 $06.00/ 0 
© 1984 American Chemical Society 
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252 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

indicate that the groundwater flow patterns are com­
plex, at least in the v i c i n i t y of the experimental 
study area. 

A c r i t i c a l issue facing the nuclear industry today is the long-
term disposal of radioactive waste. An area of particular concern 
is the shallow land burial of low-level waste. The concern is not 
only about waste being generated now or in the future but also 
about waste generated in the past which has already been stored 
under less than ideal conditions. Much remains to be understood 
about the subsurface migration of radionuclides in soi l and 
groundwater. In spite of t h i s , commercial shallow land burial of 
low-level radioactive waste has existed for over two decades at 
six sites in the U.S.: West Valley, New York; Maxey F l a t s , 
Kentucky; Sheff ield, I l l i n o i s ; Barnwell,'South Carolina; Beatty, 
Nevada; and Hanford, Washington. Unforeseen problems necessitated 
the closing of the West Valley and Maxey Flats sites in 1975 and 
1977, respectively. Problems included trench cap subsidence and 
water seepage into waste trenches, resulting in dissolution of 
buried waste by groundwater and subsurface transport of some of 
the radionuclides buried at both s i t e s . 

At P a c i f i c Northwest Laboratory we have had the opportunity 
to study the subsurface migration of radionuclides at the Maxey 
Flats burial s i t e , where the groundwater is anoxic. The Maxey 
Flats s i te is one of several commercial shallow land burial sites 
in the eastern United States where r a i n f a l l is comparatively high. 
Trench cap subsidence and i n f i l t r a t i o n of surface water into waste 
trenches are greater problems at wet eastern sites compared to 
arid western s i t e s . At Maxey F l a t s , the resulting seepage of con­
taminated groundwater, coupled with remedial construction e f f o r t s , 
has resulted in some low-level contamination within the s i t e . 
Atmospheric transport of radionuclides in the plume from an on-
s i t e water evaporator and spil lage of radioactive solutions have 
also influenced the distr ibution of radioactiv ity. A new wave of 
remedial engineering work is currently underway to correct past 
oversights and minimize the i n f i l t r a t i o n of surface water into the 
waste trenches. One of the most signif icant pieces of remedial 
action has been the i n s t a l l a t i o n of a plast ic cover over the waste 
burial area as an i n f i l t r a t i o n barrier to r a i n f a l l . 

The factors governing the subsurface migration of radio­
nuclides appear to be extremely complex. Research in our labora­
tory is aimed at identifying the physicochemical forms of radio­
nuclides in groundwater and their role in the subsurface migration 
of radionuclides. Research indicates that the mobility of radio­
nuclides depends strongly on their physicochemical forms. For 
example, hexavalent plutonium and uranium migrate through s o i l 
faster than the tetravalent species, and technetium migrates 
faster as pertechnetate ion than i t does in the reduced form 
(1-2). Recent research strongly suggests that organic chelating 
agents may play an important role in the subsurface migration of 
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15. TOSTE ET AL. Organics and Radionuclides Subsurface Migration 253 

radionuclides (3-6). Decontaminating agents such as EDTA buried 
with radioactive waste or biodégradation products of organic mate­
r i a l in waste or soi l may complex or chelate with radionuclides, 
enhancing their mobility. 

In this report we describe two broad research efforts at 
Maxey F l a t s . F i r s t , we have completed a study of radionuclide 
migration and groundwater movement in an experimental study area 
we constructed adjacent to a waste-f i l led trench. Second, we are 
engaged in a research effort aimed at elucidating the role of 
organic species in the subsurface migration of radionuclides. We 
have completed a survey study aimed at mapping the organic content 
of various groundwater samples from waste trenches and the experi­
mental study area. We have also begun a detailed chemical specia­
tion study to determine which organics identif ied in the survey 
study are complexed or chelated to radionuclides. 

EXPERIMENTAL METHODS 

Experimental Study Area 

In 1979 we constructed an experimental study area adjacent to 
the waste-f i l led area at Maxey F l a t s . A s l i t trench consisting of 
f ive sections was instal led adjacent to waste trench 27 to inter­
cept subsurface water flow from the waste-f i l led area (Figure 1 ) . 
The distance between the experimental trench and waste trench 27 
ranges from 4m at experimental trench section Tl to 7m at section 
T5. Groundwater was sampled during and after the construction of 
the experimental trench from sumps placed in each trench section. 
Nonradioactive tracers were added to sections of the experimental 
trench during i t s construction to monitor groundwater flow and 
test various design features of the experimental trench. Sodium 
bromide was added to trench sections 1, 2, 3 and 5 as a ground­
water tracer to test whether groundwater communicates between the 
experimental study area and the waste-f i l led area. Pentafluoro-
benzoic acid was added to the cap of trench section 4 as a cap 
tracer to test whether water seeps through the experimental trench 
cap. A series of inert atmosphere wells were subsequently i n s t a l ­
led around the experimental trench (Figure 1). The inert atmos­
phere wells were f i l l e d with argon between the periodic sampling 
t r i p s . 

Sample Collection 

The groundwater samples from the waste trenches, experimental 
trench sumps, and inert atmosphere wells were sampled on the dates 
indicated in Tables I - VI. The samples were pumped from the 
wells or trench sumps using p e r i s t a l t i c pumps and collected under 
argon in Teflon or glass bottles. They were degassed with argon 
and sealed t ight ly for shipment to the laboratory, where they were 
stored in a refrigerated room at ~4°C. 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

E X P E R I M E N T A L 
T R E N C H 

W A S T E T R E N C H 
27 B O U N D A R Y 

W E L L POINT 

INERT 
A T M O S P H E R E 
W E L L S 

S U M P S 

W 1 S W 1 N 

FIGURE 1. Experimental study area at the Maxey Flats 
shallow-land burial s i t e . A series of experimental trench 
sections (T1-T5) and inert atmosphere wells (e.g. WIN) were 
instal led adjacent to waste trench 27 to permit concurrent 
sampling of water from the waste trench (sump or well 
point), experimental trenches, and wells. 
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15. TOSTE ET AL. Organics and Radionuclides Subsurface Migration 255 

Radiochemical Analyses 

A number of procedures were used to analyze the radionuclide 
content of the groundwater samples. Tritium analyses were per­
formed by l iquid s c i n t i l l a t i o n spectrometry; 9 0 S r was chemically 
separated and counted on a beta proportional counter. Gamma-emit­
ting radionuclides were analyzed by gamma-ray spectrometry using a 
Ge(Li) detector. Plutonium and americium were determined using 
sol id state detectors and alpha energy analysis following radio­
chemical separations. Nonradioactive species were analyzed by 
neutron activation analysis using a subcrit ical neutron multi ­
p l i e r , (7) and by chemical and instrumental analysis. 

Organic Analyses 

Sample Preparation. Organic analyses were performed on whole 
water samples, i . e., no chromatographic fractionation, (survey 
study) and on fractionated water samples following steric exclu­
sion chromatography (detailed speciation study). For the survey 
study, a specif ic volume (25-50 mL) of each water sample was con­
centrated to near dryness by rotary evaporation prior to organic 
derivatization. The water samples set aside for chromatographic 
fractionation were concentrated to specif ic volumes ranging from 
15-20 mL and the pH adjusted to that of the original sample (~pH 
7.2 - pH 7.6). Each solution was f i l t e r e d , loaded on a Sephadex 
G-15 column, and chromatographed with M i l l i Q-purified water. 
Replicate runs were made, with and without Blue Dextran as a void 
volume marker. The column effluent was monitored by ultraviolet 
absorbance at 254 nm and collected using a fraction c o l l e c t o r . 
Each column fraction was divided into two portions, one for radio­
nuclide analysis and the other for organic analysis. 

Each concentrated survey sample and column fraction was 
extracted with chloroform to remove hydrophobic organic compounds; 
this extract, the hydrophobic organic f ract ion, was concentrated 
and set aside for analysis by gas chromatography (GC) and combined 
GC-mass spectrometry (GC-MS). The extracted water sample, con­
taining hydrophilic organic compounds, was evaporated to dryness 
under nitrogen. The residue of each aqueous fraction was then 
methylated in a sealed vial with 1 ml of BF3/methanol (14% w/v) at 
100°C for 40 min. After cooling, 1 ml of chloroform was added, the 
mixture was transferred to a test tube containing 3 ml of 1M 
KH2PO1+ buffer solution (pH 7) and vortexed. Part of the 
chloroform layer (0.5 ml), which contained the methylated 
hydrophilic organics, was then evaporated under nitrogen. The 
residue was redissolved in chloroform and analyzed by GC and by 
GC-MS. 

GC Analysis. GC analyses were performed on a Hewlett-Packard 
5880 gas chromatograph equipped with a 60 m χ 0.25 mm I.D. fused 
s i l i c a capil lary column coated with a 0.25 μΐη f i lm of SE-52. From 
an i n i t i a l value of 40°C, the column temperature was programmed at 
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256 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

20°C per minute for three minutes to 100°C followed by 8°C per 
minute for 25 minutes to 300°C, and f i n a l l y maintained isother-
mally at 300°C for 10 minutes. 

GC-MS Analysis. GC-MS analyses were performed on a Hewlett 
Packard 5985 GC-MS instrument in the electron-impact (70-eV) mode. 
The gas chromatograph on the 5985 instrument was equipped with a 
60 m χ 0.25 mm I.D. fused s i l i c a capil lary column coated with 0.25 
pm of SE-54; the column was programmed from 40°C to 300°C at 
5°C/min, where i t was maintained isothermally for 8 min. A s p l i t -
less injection system was used to introduce the sample onto the 
GC-MS instrument. A mass range of 50 to 400 amu was scanned every 
1.0 sec by computer (HP-2100MX equipped with the HP-7920 Large 
Disc Drive). 

Quantitation. The organic species identif ied by the GC-MS 
analyses were quantitated by GC analysis using internal and exter­
nal standardization methods. Pure compounds representative of the 
various compound classes identif ied by GC-MS were selected as 
standards and methylated. A specif ic amount of each standard was 
co-injected with each sample to confirm the GC-MS i d e n t i f i c a t i o n s . 
For quantitation purposes, each standard was injected onto the gas 
chromatograph prior to and following sample analyses. The 
response factor of each standard was calculated under analytical 
conditions identical to those of the sample analyses. 

Materials 

Standards. The standards used in the GC analyses were pur­
chased from Aldrich Chemical Company (Milwaukee, Wisconsin), 
United States Pharmacopeial Convention, Inc. (Rockville, Maryland) 
and Sigma Chemical Company (St. Louis, Missouri). 

Chromatographic Columns. The glass columns (2.5 cm χ 45 cm) 
and Sephadex G-15 used in the detailed speciation study were pur­
chased from Pharmacia Fine Chemicals (Piscataway, New Jersey). 
The SE-52 and SE-54 s i l i c a capil lary columns used in the GC and 
GC/MS studies were purchased from J & W S c i e n t i f i c , Inc. (Rancho 
Cordova, C a l i f o r n i a ) . 

Reagents, Solvents and Glassware. The BF3/Methanol (14% w/v) 
used in the methylation reaction was purchased from Regis Chemical 
Company (Morton Grove, I l l i n o i s ) . A l l of the solvents used in the 
organic analyses were r e d i s t i l l e d - i n - g l a s s solvents purchased from 
Burdick and Jackson Laboratories, Inc. Deionized water, prepuri-
fied for laboratory use, was further purified on a mi 11i-Q system 
(Mill ipore) containing two ion exchange resins and two charcoal 
f i l t e r s . A l l glassware was acid cleaned in a hot solution of 
sul fur ic acid/nitric acid (4:1 v/v). 
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15. TOSTE ET AL. Organics and Radionuclides Subsurface Migration 257 

RESULTS AND DISCUSSION 

Radionuclide Migration and Groundwater Movement 

Results of several radiochemical studies at the experimental 
study area we instal led at Maxey Flats have already been described 
in detail elsewhere (8-10). The areal distr ibution of radio­
nuclides in the surface soi l throughout the s i te has been mapped. 
Groundwater flow patterns near the experimental study area have 
also been mapped using tr it ium as a groundwater tracer. 

In addition to the above studies, radiochemical analyses were 
performed on water which flowed into the experimental trench dur­
ing i t s construction. I n i t i a l radionuclide concentrations in the 
water were comparable to those in water from waste trench 27 
(Table I ) , indicating that subsurface migration of radionuclides 
has occurred over short distances on s i t e at Maxey F l a t s . When 
the experimental trench was resampled l a t e r , the radionuclide 
concentrations were much lower, perhaps because the trench design 
perturbed the migration of radionuclides. Consequently, we 
instal led and sampled a series of inert atmosphere wells around 
the experimental trench. 

TABLE I. Comparison of Radionuclide Concentrations in Water 
from Trench 27 (5-78) and I n i t i a l Experimental 

Trench Inflow (9-79) 

Trench Concentration, pCi/1 
Total Pu 9<>Sr ""Co "•'Cs 

Waste: 5.9+08 4.8+03 2.1+05 1.3+03 8.0+03 
Experimental : 
Section Tl 3.7+08 3.6+01 6.7+03 3.6+01 6.5+01 
Section T2E 1.7+09 6.1+01 1.7+05 2.2+02 1.6+03 
Section T2W 4.2+09 3.4+03 1.6+05 9.7+03 4.6+03 
Section T3E 3.4+09 5.0+03 1.1+05 6.0+03 9.0+01 

Evidence of the groundwater tracer sodium bromide was found 
in water from waste trench 27 and several inert atmosphere wells. 
Changes in bromine concentrations were observed in water from 
waste trench 27, the experimental trench, and inert atmosphere 
wells, indicating that there is some communication by groundwater 
flow between these locations (Table I I ) . Bromine concentrations 
in water samples from waste trench 27 were quite low prior to the 
construction of the experimental trench. Following trench 
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258 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

construction, the bromine concentration in water from waste trench 
27 increased from 2·8 to 460 ppm, indicating that some of the 
sodium bromide tracer had moved into waste trench 27· Bromine 
concentrations in water from inert atmosphere wells W3N, W3NA, and 
W2NA were also high indicating strong communication, whereas wells 
WIN, W2N and W5N do not appear to be connected to the sodium 
bromide source. When radionuclide concentrations are compared 
(Table I I ) , only wells W2NA and W3N appear to be closely related 
to waste trench 27, possibly connected to i t by subsurface 
fractures. 

TABLE I I . Comparison of Radionuclide and Bromine Concentrations 
in Water from Waste Trench 27 (5-78 and 9-80) and Waters 

from Inert Atmosphere Wells (9-80) 

Waste 
Trench 27 

Sump (5-78) 
Sump (9-80) 
Well Point 

(9-80) 

Experimental 
Wells (9-80) 

Radionuclide Concentration (pCi/1) 
T\\ 238p u 2 3 9 » 2 * + 0 p u 90$p 

5.9+08 4.1+03 6.7+02 2.1+05 
4.6+02 
2.7+00 

Bromine 
(ppm) 
2.8+00 

WIN 4.7+05 3.7+01 6.0+00 1.5+02 1.0+00 
W2N 2.9+06 2.1+01 7.7+01 3.3+02 2.0+00 
W2NA 7.7+08 2.4+02 4.8+00 1.7+04 1.2+02 
W3N 1.2+09 2.4+03 4.4+01 3.4+04 8.2+02 
W3NA 2.0+07 2.3+01 5.0+00 2.4+02 5.2+02 
W5N 1.0+03 9.4+00 5.0+00 2.1+02 5.0+00 

Organic Content of Groundwaters 

Quite a variety of hydrophilic and hydrophobic organics have 
been identif ied to date in groundwaters from the Maxey Flats s i t e , 
as l i s t e d in Tables III - VI. The chelating agent EDTA is the 
most abundant of the hydrophilic species, appearing in groundwater 
from three locations at ppm levels (Tables III and IV). It was 
identif ied in water from both waste trenches 27 and 19S 
(Table I I I ) . Water from waste trench 27 sampled on April 7, 1981, 
contained 1000 ppb EDTA whereas a more recent sample 
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260 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

TABLE IV, H y d r o p h i l i c Organic Compounds3 in 

W1NC 

(8/17/81) (7/26/82) 

Ethy1ened i ami nete t raacet i c 
A c i d d (EDTA) 

"EDTA fragment" d (MW 219) 
"EDTA fragment" d (MW 244) 
L a c t i c A c i d d 2 
O x a l i c A c i d d 1 
Dimethyl S u l f a t e t r a c e 
Hexanoic A c i d d 0.6 
P r o p a n e d î o i c Ac id 
4-oxo-pentanoic A c i d d 2 3 
Bu taned io ic A c i d d 

S u c c i n i c A c i d d 0.6 1 
Methyl S u c c i n i c A c l d d 

Benzoic A c l d d 2 1 
Octanoic A c i d d 1.4 0.8 
Pen tanedio lc A c i d d 

Nonanoic A c i d d 3 2 
Hexanedlolc A c i d d 1 1 
Phenoxyacetic A c l d d 

Decanoic A c l d d 2 1.4 
Dimethyl Ph tha la te 2 4 
Octaned io ic A c i d d 

C i t r i c A c i d d 

Dodecanoic A c i d d 2 
Nonanedloic A c i d d 1 2 
Tetradecanolc A c i d d 2 2.7 
Hexadecanolc A c i d 8 7 
T r i d e c a n e d i o i c A d i d d 

Dibu ty l Ph tha la t e 6 10 
Octadecanoic A c i d d 6 4 
D i o c t y l Ph tha la t e 5 2.7 
S i 1 i cone O i l 0 1 i gomers 

a Methyla ted , BF^/methanol; 
b No entry ind ica tes compound i s below de tec t ion leve l 
c M u l t i p l e sampling dates; 
d Methyl Es ter 
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15. TOSTE ET A L . Organics and Radionuclides Subsurface Migration 

Groundwater from Experimental Wells a t Maxey F l a t s 

261 

Inert Atmosphere Wells(ppb) 
W2NAC W3N W3NA 

(5/18/81) (8/17/81) (6/14/82) (8/17/81) (8/17/81) 

1088 1009 793 
t r ace t r a c e t r a c e 

125 145 171 
52 82 

61 67 10 3 
33 14 11 

1 8 1 
48 92 3 15 
20 14 

41 16 2 
7 10 2 

78 21 t r a c e 5 4 

3 1 
t r a c e t r ace 

9 8 43 8 
123 

115 14 13 13 3 
4 

t r a c e 18 10 1 
2 

17 33 t r ace 8 
ι 

1 

58 14 15 1 
8 4 

15 18 14 
17 28 51 7 4 

111 16 51 8 3 
13 3 2 

33 7 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

TABLE V . Hydrophobic Organic Compounds in Groundwater 

Waste Trenches(ppb) a 

WFT-27 P WFT-19S 
(4/7/81) (7/27/82) (7/22/82) 

Pentaf luorobenzoic Ac id 1067 

B a r b i t a l 6 1 

Pen tobarb i t a l 2 1 
P i p e r idinone 0.2 

Ν i cot i ne 
Methyl Methacry la te 2 
Caprolactam 0.3 
1,3-d î hyd r 0-2H-î ndo1-2-one 6 
Methyl Butenone 9 
D i ch1 o r ο i odomethane 4 0.2 

Bromod i ch1oromethane 3 0.7 

DIch1 oromethy1bu tane 2 
Ch1oromethy1butene 10 
Toluene 23 
Benzofuran 10 
Benzo th iazo le 13 
B e n z o t r i a z o l e 3 t r a c e 
2(3H)-benzoth i azo1 one 835 8 
C2~to1uenesu1fonami de 1 1 
Cj- to luenesul fonamlde 0.1 
2 ,5-dimethyl Benzene 17 

Butanoic Ac id 
P h t h a l i c Anhydride 17 
Undecane 3 
Oodecane 4 
Tridecane 3 
A l k a n e s ( C 2 Q - C 3 1 ) 197 
Alkylphenoxy Oligomers 102 

4 

a No entry ind ica tes compound Is below de tec t ion l e v e l ; 
b M u l t i p l e sampling dates 
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15. TOSTE ET AL. Organics and Radionuclides Subsurface Migration 

from Trenches at Maxey F l a t s 

Experimental Trench Sumps(ppb) a 

S4 S5 
(8/18/81) (8/18/81) 

t r ace 

t r ace 
0.2 
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15. TOSTE ET AL. Organics and Radionuclides Subsurface Migration 265 

(July 27, 1982) contained 3830 ppm EDTA. The dramatic increase in 
EDTA concentration may be due to the i n s t a l l a t i o n of the plast ic 
cover over the waste trenches. The presence of this barrier 
should decrease i n f i l t r a t i o n by rainwater into the waste trenches 
resulting in less water accumulation in the "bathtub-like" 
trenches, thereby possibly resulting in a concentration of any 
chemical species dissolved in the contaminated groundwater. Water 
from waste trench 19S, near the center of the burial s i t e , con­
tained 1340 ppb EDTA. Of the many water samples analyzed from the 
experimental wells and sumps, only groundwater from inert atmos­
phere well W2NA contained EDTA (1088 ppm, 1009 ppm and 793 ppm on 
three different sampling dates, see Table IV). 

The appearance of EDTA in waste trench 27 and in the v i c i n i t y 
of experimental trench section 2 (well W2NA) but not in the v i c i n ­
i ty of experimental trench sections 1, 3, 4 and 5 argues that 
there is a very specif ic communication between waste trench 27 and 
the v i c i n i t y of inert atmosphere well W2NA, perhaps via ground­
water flow along subsurface fractures. 

EDTA-like species of various molecular weights were also 
identif ied in the samples containing EDTA. Three dist inct methyl­
ated species of molecular weights 219, 244, and 288 were i d e n t i ­
fied in water from waste trenches 27 and 19S. The mass spectra of 
these species closely resemble those of EDTA, suggesting that they 
arise from degradation of EDTA, perhaps via microbial- or nuclear-
mediated diagenesis. Proposed structures are l i s t e d in Figure 2. 
We have been unable to find man-made chelators with such molecular 
weights or mass spectra. The older sample from waste trench 27 
lacked the MW 288 species, perhaps because this species is l a b i l e . 
Water from waste trench 19S lacked the MW 219 species but the 
levels in water from waste trench 27 were quite low as w e l l . The 
EDTA-like species constitute ~16-19% of the total EDTA fraction 
(EDTA plus EDTA-like fragments) in trenches 27 and 19$, 
respectively. 

The EDTA-like species also appeared in the water samples from 
well W2NA. These species constitute -10-17% of the total EDTA 
fraction in well W2NA. The MW 288 species is conspicuously absent 
in these samples, suggesting that this particular species i s 
indeed more l a b i l e or is preferentially retarded during subsurface 
migration. The latter hypothesis seems less l i k e l y since the 
structural differences between EDTA, the MW 288 species, and the 
other EDTA-like species are not great enough to suggest different 
s o i l sorption behavior. 

The other hydrophilic organics identif ied in the various 
water samples are generally much less abundant (ppb l e v e l s ) , and 
consist mainly of carboxylic acids. A trace of the organic 
groundwater tracer pentafluorobenzoic acid (added to the cap of 
experimental trench section 4) was detected in water from sump S4 
in expermental trench section 4 (sampled 8/18/81). A trace of 
this compound was also detected in water from waste trench 27 
(sampled on 4/7/81), as a result either of subsurface transport in 
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266 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

EDTA (METHYLATED) 

EDTA-LIKE SPECIES (METHYLATED) 

FIGURE 2. Chemical structure of EDTA (tetramethyl ester) 
and proposed structures of EDTA-like organic compounds 
identif ied in water from waste trenches 19S and 27 and from 
inert atmosphere well W2NA. The proposed structures/for the 
MW 219, MW 244, and MW 288 organic species are based on mass 
fragmentation patterns from GC-MS analyses. 
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15. TOSTE ET AL. Organics and Radionuclides Subsurface Migration 267 

groundwater or surface transport in water run-off followed by 
i n f i l t r a t i o n through the cap of the waste trench. 

A variety of hydrophilic brominated organic species were 
detected in water from experimental trench sump S5 (Table I I I ) . 
During construction of the experimental trench, sodium bromide was 
placed in the bottoms of trench sections 1, 2, 3 and 5 as a 
groundwater tracer. It seems l i k e l y , therefore, that the appear­
ance of the brominated organic species in experimental trench sec­
tion five is due to the bromination of polar organics present in 
the groundwater. Why these experimental species do not also 
appear in water from other sections of the experimental trench is 
more d i f f i c u l t to explain. However, we have observed that water 
inflow into section 5 is much slower than that observed for 
sections 1, 2 and 3. It is possible that the increased contact 
time between the sodium bromide tracer and stagnant groundwater in 
experimental trench section 5 has resulted in the bromination of 
organic compounds in the groundwater. 

Most of the hydrophobic organics isolated from the water sam­
ples were present at ppb levels (Tables V and VI). The most 
interesting exception was pentafluorobenzoic acid (1067 ppb) which 
appeared in water from waste trench 27, confirming i t s presence in 
the v i c i n i t y of the waste trench and arguing again for communica­
tion between experimental trench section 4 and the waste trench 
(Table V). Many of the hydrophobic compounds are not t y p i c a l l y 
found in uncontaminated water samples and some possess toxic pro­
perties. Two barbiturates, barbital and pentobarbital, have been 
identi f ied in water from waste trench 27 and inert atmosphere well 
W2NA (Tables V and VI). The two barbiturates are undoubtedly 
waste-related, presumably associated with biomedical waste. 
Pentobarbital is often used in pharmacological studies and barbi­
tal has been commonly used as a buffering agent, for example. 
Interestingly, the two barbiturates were identif ied only in older 
water samples from waste trench 27 (4/7/81) and well W2NA 
(5/18/81). Their levels in these samples are real but quite low 
(ppb l e v e l s ) . Their absence in later water samples may be due to 
their depletion from the buried waste or, more l i k e l y , because 
their levels have fal len below detection l i m i t s . Nevertheless, 
their appearance in water from well W2NA, coupled with the pre­
sence of EDTA in the water, argues strongly for specif ic com­
munication between waste trench 27 and well W2NA. 

Organics and Radionuclide Migration 

The presence of relatively high levels of strong organic che­
lators l i k e EDTA in the water samples prompted a detailed chemical 
speciation study aimed at determining whether the organic com­
pounds identif ied in the survey study are chelated or complexed to 
radionuclides. Water samples from waste trenches 19S and 27 and 
inert atmosphere wells WIN and W2NA were fractionated by ster ic 
exclusion chromatography and subsequently analyzed for their 
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268 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

radionuclide and organic content. Each water sample exhibited a 
d i s t i n c t chromatographic pattern (Figure 3). 

The chromatograms of water from the two waste trenches are 
much more complex than those of water from the inert atmosphere 
wells. Based on the chromatograms, water from well W2NA appears to 
contain lower molecular weight aggregates ( i . e . , later-elut ing UV-
absorbing species) compared to the water from both waste trenches, 
under the chromatographic conditions used in this study. 

GC analyses of the fractions collected during the chromato­
graphic separations revealed that EDTA eluted in approximately the 
same region (1.5 - 1.7 hours) in three of the samples (waste tren­
ches 27 and 19S and well W2NA). Neither EDTA nor any radio­
nuclides were detected in water from well WIN. Alpha-emitting 
radionuclides and 6 0 Co co-eluted with the EDTA, strongly sugges­
ting that EDTA is complexed with these species in the water 
samples. 

This finding agrees well with an earl ier observation that 
plutonium in water from waste trench 27 exists as a strong anionic 
complex (3,8,9). E a r l i e r binding studies with solutions of P u 3 + , 
Pu1* and EDTA also revealed that the presence of a strong chela­
ting agent l i k e EDTA, even at low concentrations comparable to 
those at Maxey F l a t s , may actually be more important than the o x i ­
dation state of plutonium in determining whether plutonium adsorbs 
or migrates in soi l (10). 

A band of 9 0 S r and 1 3 7 C s activ i ty eluted from the Sephadex 
G-15 column between 2-3 hr. A variety of organic acids and other 
hydrophilic compounds co-eluted with the 9 0 S r and 1 3 7 C s . It 
appears, therefore, that association of radionuclides with polar 
organic species such as organic acids may provide a mechanism for 
the migration of radionuclides at the Maxey Flats commercial shal­
low land burial s i t e . Detailed radionuclide analyses are under 
way to determine precise correlations between organic species and 
specif ic radionuclides. 
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15. TOSTE ET AL. Organics and Radionuclides Subsurface Migration 269 

FIGURE 3. Steric exclusion chromatography of water from 
waste trenches and inert atmosphere wells at Maxey F l a t s , 
sampled July, 1982. Water samples from waste trenches 27 
and 19S (440 ml) and wells WIN (585 ml) and W2NA (238.5 ml) 
were concentrated to 10 ml, pH-adjusted to their original 
values and chromatographed on a Sephadex G-15 column at flow 
rates ranging from 28-33 ml/hr. Individual column fractions 
were collected every 10 mi η and analyzed for specif ic 
organic compounds and radionuclides. 
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16 
Releases of Radium and Uranium into Ralston Creek 
and Reservoir, Colorado, from Uranium Mining 

I. C. YANG 

U.S. Geological Survey, Denver Federal Center, MS-407, Lakewood, CO 80225 

K. W. EDWARDS 
Colorado School of Mines, Golden, CO 80401 

Dissolved U concentrations were determined in 
wastewater from a uranium mine, in water from 
Ralston Creek upstream from and downstream from 
the discharge point, and from Ralston Reservoir, 
located 2.5 mi downstream from the mine. Dis­
solved U concentrations, in micrograms per 
liter, were: 1,700 in discharge water; approxi­
mately 4 in creek water upstream from the mine; 
and 600-1,200 in creek water downstream from the 
mine; and 100 in reservoir water. Dissolved 
266Ra concentrations were less than 2 pCi/L in 
both the creek and reservoir waters. The con­
centration of suspended solids in the mine 
effluent was 6 mg/L. The 226Ra content of 
suspended sediment in the mine effluent was 
1,300 pCi/g; U content was 2,400 µg/g. Sus­
pended sediments in the creek contained 130 to 
1,000 µg/g U and 30 to 600 pCi/g 226Ra. In the 
bottom sediment, the greatest U and 226Ra 
concentrations (350 µg/g and 150 pCi/g respec­
t ive ly) were found 0.5 mi downstream from the 
mine. Both U and 226Ra concentrations in the 
suspended and bottom sediments decreased toward 
the reservoir, with greater concentrations in 
the fine part icle-size fraction (less than 
270 mesh). Extracted U and 226Ra with various 
leaching reagents were: 2N HCl, 62 and 84%; 
0.25 M Na2EDTA at pH 10, 18 and 67%; 1N KCl, 4 
and 30%; and 1N BaCl 2 , 4 and 10%. The fact 
that most of the 226Ra and U were not dis­
placed by K + or Ba+2 ions indicates that 
these radionuclides are not absorbed on the 
particle surfaces but rather are associated with 
minerals of U ores or are partly trapped inside 
the col loidal hydroxides of Fe and Mn coated on 
the sediment. 

0097-6156/ 84/0246-0271 $06.00/ 0 
© 1984 American Chemical Society 
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272 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

With the public concern over the problem of hazardous 
radioactive wastes in the environment, extensive attention 
needs to be given to determination of the presence, 
d i s t r i b u t i o n , and concentration of radioactive materials in 
stream water, ground water, and sediments. The Schwartzwalder 
uranium mine, located approximately 8 mi northwest of Golden, 
Colorado, discharges about 600,000 gal/d of wastewater into 
Ralston Creek, which flows into Ralston Reservoir and Upper 
Long Lake at the east edge of the f o o t h i l l s ( f i g . 1). These 
reservoirs provide drinking water for approximately 100,000 
residents of the western suburbs of Denver. Of particular 
concern are radionuclides of long-lived 226Ra and U, both 
dissolved and in stream-borne sediment. 

A study by Parsont [1) indicated 2 2 6 R a concentrations of 1 
to 5 pCi/L in the creek water and 20 to 100 pCi/g in the creek 
sediment. In his analyses, more than 95% of " 6 R a a c t i v i t y 
was found in the suspended sediment instead of the water. In 
that study, Parsont probably was precipitating the 226Ra 

unknowingly before analysis by adding the acid and Ba carr ier 
to the raw waters that contained signif icant concentrations of 
SO4-2 - j o n S e j h n - s w o u i d cause the 226Ra to precipitate as 
Ba(Ra)S04, which would be retained on the f i l t e r paper. 
Chemical treatment of the wastewater from the mine was started 
in October of 1972. Lammering (2) of the U.S. Environmental 
Protection Agency reported that "Between May and September of 
1972, 226Ra Ί · η the creek water ranged from 2.2 to 86 pCi/L, and 
U in the creek water ranged from 400 to 450 μg/L with greater 
concentrations near the mine; 226Ra η · η the sediment ranged from 
17 to 188 pCi/g, and U in the sediment ranged from 50 to 520 
μ9/9· 

In 1976, Hazen Research, Inc., (3) of Golden, Colorado, at 
the request of the mine operator, started a project called 
"Spil l Prevention and Containment Plan for Control of Pollutant 
Discharge Streams at Schwartzwalder Mine". The results of 
their work (1977) decreased the dissolved 226Ra concentration 
in the creek water to 0.7 pCi/L. No data were given for U. 

The Colorado State Health Department has set a stream 
standard of 40 pCi/L for U (or 58.8 μg U/L) and 10 pCi/L for 
22oRa# The maximum permissible concentration of combined 226R3 

+ 228Ra η · η drinking water is 5 pCi/L, as set by the U.S. 
Environmental Protection Agency (4); and the "guidance level" 
for U i s 10 pCi/L (or 14.7 μg/L) (5). 

The present study encompasses: (1) Distributions of 226Ra 

and U in the creek water, suspended material, and bottom 
sediment; and (2) examination of the leachabil ity of 226Ra a n d 
U from stream sediments, as a function of the part ic le size and 
l i x i v i a n t composition. 
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16. YANG AND EDWARDS Uranium Mining Releases 273 

Sample Collection 

Sixteen 20-L water samples containing suspended material, and 
14 samples of bed sediments were collected from different sites 
in Ralston Creek and Reservoir during the winter of 1980 and 
the spring of 1981. The study area and sampling sites are 
shown in Figure 1. The stream was shallow, 1 to 3 f t deep, 
about 10 to 20 f t wide; turbulence was moderate. No specialized 
equipment was needed for sample c o l l e c t i o n . 

Water and Suspended Solids. Water and suspended solids were 
collected simply by immersing a 1-L p l a s t i c bottle (wide mouth) 
under the water surface several times at different depths. 
Collected water was transferred to a 5-gal p l a s t i c container 
u n t i l the latter was f i l l e d . Samples were shipped to the 
laboratory and f i l t e r e d immediately through a 0.45-um membrane 
f i l t e r . The f i l t r a t e was a c i d i f i e d to pH 2 with HCl. 

Bottom Sediment. Bottom sediments were scooped from the upper 
3-cm of the stream bed close to where the water samples were 
col lected. A plast ic scoop was used and a 2-L wide-mouth 
p l a s t i c bottle was used as a sample container, with a minimum 
quantity of water in the sediment. In the laboratory, 
sediment samples were dried and sieved into 6 different 
p a r t i c l e - s i z e fractions, (between U.S. standard size No. 12 
and 20, 20 and 30, 30 and 60, 60 and 120, 120 and 270, and less 
than 270), except for s i t e 4, (400 f t downstream from mine-out­
flow) which was separated into 10 different p a r t i c l e - s i z e 
fractions for studies of p a r t i c l e - s i z e distributions and leach­
ing experiments. 

Experimental 

Water Samples. Eight hundred mL of the f i l t e r e d water was 
analyzed for 226Ra by a direct de-emanation method, a modified 
version of Chung (6). Sample water in a 1-L bubbler ( f i g . 2) 
was purged with He gas at a flow rate of 120 cm3/min for about 
30 to 35 min. Stopcocks 1 and 2 were then closed, and the 
bubblers were set aside for 12 d to allow ingrowth of Rn. On 
second de-emanation, He gas was purged through the sample 
bubbler again to expel the Rn gas, which was then trapped on 
activated charcoal. The activated charcoal was kept at l i q u i d 
nitrogen temperature. The charcoal trap was heated to 350°C 
for 20 min and flushed slowly with He to carry Rn gas into the 
s c i n t i l l a t i o n c e l l u n t i l ambient pressure was reached. The 
counting c e l l was placed in a l i g h t - t i g h t chamber and allowed 
to age 3 h before counting for Rn and daughters. Uranium was 
measured by a fluorometric method (7). 
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274 G E O C H E M I C A L B E H A V I O R O F R A D I O A C T I V E W A S T E 

Figure 2. Radon transfer system. 
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16. YANG AND EDWARDS Uranium Mining Releases 275 

Suspended Sediment. Dried suspended sediment on the membrane 
f i l t e r was ignited in a porcelain crucible covered with a watch 
glass simply by touching the membrane with a hot glass rod (to 
burn the membrane), followed by placing the crucible inside a 
muffle furnace at 450OC to burn off any organic material. The 
suspended-solids residue was then decomposed, using the same 
method as for bed sediments (see following section). The solu­
tion from the decomposition was diluted to 800 mL with d i s ­
t i l l e d water; the pH was adjusted to 2 and analyzed for 226Ra 

by the direct de-emanation method as described above. Ten mL 
from the same solution were saved for U analysis. 

Bed Sediments. Creek sediments collected from 12 sites (sites 
1, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15, in figure 1), 
sieved into 6 f ract ions, were separately packaged into aluminum 
cans for 226R3 determinations by gamma spectrometry. One-, 
two- and four-oz cans were used for different sample sizes in 
the range of 30 to 200 g, depending on the quantity of each 
fraction available for packaging. Analysis for 226R 3 was 
performed by allowing the sample to age for about 3 wk to allow 
the 214Bi daughter to ingrow into near-secular equilibrium. 
Following ingrowth, the samples were counted on a 76 χ 76 mm 
Nal(Tl) gamma detector coupled to a system of photomultiplier 
tube, preamp, amplifier, and Nuclear Data Model ND60A 2048 
multichannel analyzer (Any use of brand names i s for 
ident i f icat ion purposes only and does not constitute 
endorsement by the U.S. Geological Survey). The intensity of 
the 1.76 MeV 214βΊ· peak was measured and related to the ? 26R a 

contents of the samples. Uranium was measured by a 
fluorometric method. 

Three g of bed sediment from s i t e 4, (through 45 mesh and 
retained on 60 mesh, -45+60, s i z e - f r a c t i o n ) , containing 51.6 
pCi/g of 226Ra a n c | 83.7 μg/g of natural U, were leached with 
200 mL of different leaching solutions for 3 h. Hydrochloric 
acid, Na2EDTA, BaCl2» and KC1 at different concentrations were 
selected for study. The leach solution was f i l t e r e d through a 
0.45-μπι membrane f i l t e r , and the f i l t r a t e was diluted to 800 mL 
(pH 1 to 2) and stored in a 1-L bubbler for 226Ra analysis. A 
10-mL aliquot of this solution was saved for U analysis. 

Results and Discussion 

Creek Water. Concentrations of dissolved 226Ra a n ( j υ η · η 

Ralston Creek and Reservoir water are plotted in figure 3. 
These data indicated that the 226Ra concentration in creek 
water 400 f t upstream from the mine (background concentration) 
was 0.13 pCi/L, and the U concentration in the same water was 
4.0 μg/L. 
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276 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The mine outflow to Ralston Creek contained 0.58 to 1.03 
pCi/L of 226Ra a n c j l 700 μg/L of U; therefore, mine contribu­
tion to dissolved 22bRa in the creek water was f a i r l y small, 
whereas mine contribution to U was very large. Downstream from 
the mine, dissolved 226R s concentrations in the creek water 
ranged from 1 to 2 pCi/L, which i s less than the acceptable 
drinking-water standard of 3 pCi/L; yet, concentration of U 
ranged from 600 to 1,200 μg/L, s i g n i f i c a n t l y greater than the 
stream standard of 58.8 μg/L. At Ralston Reservoir i n l e t 
(sample s i t e 15), 226Ra concentration was 0.46 pCi/L, and U 
concentration was 100 μg/L; and at the outlet (sample 16), 
226Ra concentration was 0.24 pCi/L, and U concentration was 34 
μg/L. This decrease in both concentrations of the reservoir 
sample sites probably is due to di lut ion by the large volume of 
reservoir water. The major part of this water comes from 
western Colorado through the Moffat Tunnel and enters the 
reservoir's extreme northwest part, at a point not far from the 
reservoir outlet. 

Hazen Research, Inc.(3), reported that the creek water had 
a 226Ra concentration of 0.7 pCi/L in March 1977. In contrast, 
Lammering {2) reported a 226Ra concentration of 81 pCi/L in a 
creek sample collected several hundred yards downstream from 
the mine in July 1972. The reason for the large value reported 
by Lammering i s that the waste-treatment system at the 
Schwartzwalder Mine was not in operation u n t i l October 1972 
after 2 1/2 years of research conducted primarily by the 
Colorado School of Mines Research Institute. Concentrations of 
226Ra a n cj υ 400 f t upstream from the mine (0.13 pCi/L for 226Ra 

and 4 μg/L for U) are comparable to data reported by Lammering 
(2) of 0.1 to 0.2 pCi/L for 226 R a a n c j 1.5 to 6 μg/L for U. 

Suspended Material . The material retained by the 0.45-μπι mem­
brane f i l t e r s during f i l t r a t i o n of the water samples collected 
from Ralston Creek and Reservoir was c l a s s i f i e d as suspended 
s o l i d s ; concentrations are shown in figure 4. The 226Ra 

content of suspended sediment in the mine effluent was 1,300 
pCi/g; U content of suspended sediment was 2,400 μg/g. Sus­
pended-material load for this sample was 6 mg/L during the 
sample c o l l e c t i o n . Total release of both radionuclides 
(dissolved and suspended) was then calculated to be 8.4 pCi/L 
for 226Ra a n ( j i , 7 i o μg/L for U. Assuming an average dai ly 
discharge of 600,000 qal of mine effluent to Ralston Creek, 
about 19 [iCi/à of 2 2 6 R a a n c j 3^900 g/d of U were being 
discharged to the creek. Thus, the effect on Ralston Creek by 
effluent from the Schwartzwalder Mine mainly i s from dissolved 
U and suspended materials containing large 226R3 and U 
concentration. Suspended 226Ra and U concentrations were found 
to decrease as distance downstream from the mine increased 
(figure 4 ) . The s ignif icant decrease in suspended 226R3 and U 
concentrations just downstream from the mine may result partly 
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YANG AND EDWARDS Uranium Mining Releases 277 

Figure 4 . Suspended 226Ra and U in Ralston Creek. 
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278 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

from di lut ion by suspended particles of the stream sediment and 
partly from s e t t l i n g of the suspended particles from the mine 
effluent into the creek bed, because of the change in stream 
temperatures, less turbulence, and interaction with bed 
sediments. The reason for the large value of U 0.2 mi 
downstream from the mine is not known; i t i s conceivable that 
an accidental inclusion of concentrated U-ore particles was 
sampled. This also is reflected in the large value of 226Ra at 
the same s i t e . 

Most of the 226Ra associated with the suspended solids in 
the mine effluent probably is in the form of Ba(Ra)S04, because 
BaS04 i s used as a decontaminant for 226Ra by the mine water-
treatment plant. This evidence also i s supported by the fact 
that l i t t l e 226Ra in these suspended materials was leached by 
2N HCl, as shown in the leaching experiments. Uranium probably 
i s in the form of f ine ore part icles that are not settled out 
in s e t t l i n g ponds used in BaS04 treatment. 

Concentrations of 226R 3 a n d υ in suspended sediment 
upstream from the mine (68 pCi/g for 226Ra a n d 210 μg/g for U) 
were greater than expected. Four hundred f t upstream from the 
mine outflow may not be far enough to represent the true back­
ground concentration of suspended 226Ra a n d U in Ralston Creek. 
It i s possible that U ore might have been transported from the 
mine area to the sampling point upstream from the mine by wind 
and water erosion during r a i n f a l l or snowmelt. 

The smallest concentrations of suspended 226Ra a n d U were 
found in samples collected from the i n l e t and outlet of Ralston 
Reservoir. Previous 226Ra concentrations in the suspended 
material for samples collected at different locations in 
Ralston Reservoir by Lammering [2) were in the range of 2.1 to 
12 pCi/g. 

Bottom Sediment. The 226Ra concentration in the bottom 
sediment was determined by using gamma-spectrometric analyses; 
U concentration was determined by fluorometric analyses. The 
concentration of 226Ra w a s a n a i y z e d for s i x - s i z e fractions, 
whereas U was analyzed for three-size fractions. 

Generally, concentration of both 226Ra a n d υ in the bed 
sediment increases as p a r t i c l e - s i z e decreases, and as the d i s ­
tance downstream from the mine outflow decreases ( f i g s . 5 and 
6). Both 226Ra a n d υ have similar distr ibution patterns. It 
i s l i k e l y that U-ore particles discharged by the mine during 
early days of the mine operation are present in the sediment. 
The U-ore particles apparently have been accumulated in certain 
stream reaches due to the stream condition or variable 
discharge of effluent from the mine during the history of the 
mining operation. Suspended particles of Ba(Ra)S04 and f ine U 
ore that are not settled out in s e t t l i n g ponds used in BaS04 
treatment probably go through discharge pipe and settled out in 
these reaches and contributed to the large 226R3 a n d υ contents 
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YANG AND EDWARDS Uranium Mining Releases 279 

DISTANCE DOWNSTREAM FROM MINE, (mi) 

Figure 5. Distribution of 226Ra in Ralston Creek as a 
function of part ic le size and distance downstream from 
the mine. 

Figure 6. Distribution of U in Ralston Creek as a 
function of part ic le size and distance downstream from 
the mine. 
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280 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

of the f ine part icle s izes. The decrease in 226Ra and U 
concentrations at distances greater than 1.5 mi downstream from 
the mine outflow probably indicates that most of the suspended 
material and U-ore bearing sediment settled out and dissolved 
radionuclides adhere to part ic le surfaces before these points. 

Samples collected 400 f t upstream from the mine had much 
smaller 226R3 and U contents than the corresponding fractions 
immediately downstream from the mine. This i s consistent with 
the 2 2 6 R a and U upstream from the mine being from the native U 
mineralization rather than coming from treated waste. 

Distribution of 2 2 ^Ra and U in Different Part icle Sizes. These 
analyses were performed on the bed sediment of sample s i t e 4. 
Results are shown in table I and f i g . 7. In general, the f iner 
the p a r t i c l e , the larger the concentrations of 22*>Ra and U. 
This might indicate that mineralogy and surface area are 
important factors in the retention of both nuclides. The 
cation-exchange capacity of creek sediment for the size 
fraction passing through 120 mesh and retained on 270 mesh, (-
120+270), was 5.6 meq/100 g and that for the size fraction -
120+170 was 8.5 meq/100 g of dry sample. These values are 
rather small and do not show increased exchange capacity for 
smaller part ic le s i z e . Masuda and Yamamoto (8) also found that 
adsorption of the uranyl ion was not dependent on the cation-
exchange capacity of the s o i l . 

Leaching Studies (9-11). The data shown in table II indicate 
that, generally, the leachable quantity of 226R ô a n c | υ f r 0 m 
Ralston Creek bed sediment is dependent on concentration of the 
leaching solution. Either IN or 2N HCl w i l l l iberate 84% of 
22bRa a n d 50 to 60% of U with 1 h of shaking; whereas, using 
0.0001N HCl, the quantity liberated was 0.04% for 226Ra a n d 2% 
for U. Increasing the shaking time of the leach to more than 1 
h did not affect the quantity of 226Ra l iberated, but increased 
the quantity of uranium from 60% to 80%. Under the same con­
d i t i o n s , when KC1, BaCl2, and Na2EDTA solutions were used as 
l i x i v i a n t s , i t was found that the quantities of U leached were 
s i g n i f i c a n t l y less than the quantities leached by HCl; 226Ra 

leached was s i g n i f i c a n t l y less when KC1 and BaCl2 were used 
compared with HCl, but only about 20% less than HCl, in the 
case of Na2EDTA. It is interesting to note here that Na2EDTA 
has a greater leaching capacity for 226R3 than U. Thus, the 
leaching power of the l i x i v i a n t used in the tests for Ralston 
Creek bed sediment decreases in the order: HCl> Na2EDTA> KC1> 
BaCl2-

The fact that most of the 226Ra a n d U was not displaced by 
B a + 2 or K + ions indicates that these radionuclides are not 
s i g n i f i c a n t l y adsorbed on the sediment-particle surfaces by 
cation-exchange mechanism, but rather are associated with 
minerals of U ores, with Ba(Ra)S04 from the wastewater 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

PARTICLE SIZE (mesh) 

Figure 7. Concentration of 2 2 6 R a and U as a function of 
p a r t i c l e s i z e . 
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Table I I . Leachability of 2 2 6 R a and U from Ralston Creek Bed 
Sediment. (-45+60 mesh f r a c t i o n ) a 

Leached 2 2 6 R i a Leached U 

Leaching Reagent0 pCi/g c *d μ9/9 *a 

HCl, 2N 44 + 6 84 52 + 5 62 
HCl, 2N (2 h) 43 + 1 83 67 + 6 81 
HCl, IN 43 + 5 84 47 7 5 57 
HCl, 0.0001N .22 + .04 .04 1.9 + .2 2 

KC1, IN 15.4 + .5 30 3.6 + .3 4 
KC1, 0.1N 4.8 + .3 9 1.1 + .1 1 
KC1, O.OTN 1.5 + .4 3 1.6 + .2 2 

BaCl2, IN 5.2 + .6 10 3.7 + .4 4 
BaCl2, 0.1N 3.0 + 1.0 6 1.2 + .1 6 
BaCl2, O.OTN 3.6 ± · 5 7 1.6 + .2 2 

Na2EDTA, 0.1M 34 + 4 66 9.5 + .9 11 
(pH-10) -

Na2EDTA, O.lM (2 h) 33 + 8 65 14 + 1 16 
(ph-10) " 

Na2EDTA, 0.25M 35 ± 9 67 15 + 1 18 
(PH-10) ~ 

Na2E0TA, O.lM 
(pH-4.5) ~ 

17 + 3 33 12 + 1 15 

a) Sample collected from Site 4 (0.2 mi downstream from mine). 
b) Leaching done at room temperature for 1 h (unless otherwise 

indicated) with shaking, using 200 mL of l i x i v i a n t and 3 g 
of sediment. 

c) Error terms are based on reproducibil ity of replicate 
measurements and expressed at the 90%confidence l e v e l . 

d) Percentage {%) extracted based on 51.6 pCi 2 2 6 R a / g , and 
83.7 |xg U/g, found on total decomposition of this sediment 
f r a c t i o n . 

treatment, or are partly trapped inside the c o l l o i d a l 
hydroxides of Fe and Mn coated on the sediment. 

From the above leaching studies, i t is clear that the 
best l i x i v i a n t and leaching conditions for extracting creek 
sediments are 2N HCl and 1 h shaking time at room temperature 
for 226Ra s a n c j 2 h or longer shaking time for U. This 
leaching reagent and 1 h shaking time at room temperature were 
adopted to the study of the leachabil ity of 226Ra a n d υ as a 
function of the part icle s ize . Results are shown in table I. 
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284 G E O C H E M I C A L BEHAVIOR O F R A D I O A C T I V E WASTE 

The quantity of 226Ra extracted from the f ine particles (less 
than 270 mesh) in the sample from 400 f t upstream from the mine 
outflow is s i g n i f i c a n t l y greater than the quantity extracted 
from the coarser particles (-140 + 270 mesh). In contrast, the 
percentage of 226Ra leached from the creek sediment in size 
fractions -140+ 170 and -170+270 i s about 75% which i s 
s l i g h t l y greater than the percentage from the f iner particles 
(less than -270 mesh) of 65%. Apparent greater leachabil ity of 
226Ra i n the f i n e - p a r t i c l e size relative to the coarse 
particles in the background (upstream from mine) probably is 
due to inclusion of acid-decomposable, fine-grained U ore that 
was transported from the mine area, (as discussed in the 
section on suspended material). Less leachabil ity of f ine 
particles relat ive to the coarse particles in the creek 
sediment may be due to the existence of 226Ra$04 derived from 
the mine discharge water that only barely can be leached by the 
HCl. This i s evidenced by the fact that only 16% of 226Ra w a s 

extracted from the suspended material in the mine eff luent. 
For the seven part icle size c l a s s i f i c a t i o n s , smaller than 20 
mesh and larger than 140 mesh in the creek sediment, the 
quantities of 2 2 6 R a extracted were about 84% and showed l i t t l e 
var iat ion. 

From U-leaching r e s u l t s , i t can be seen (from table I) 
that the percentage U leached from size-fract ion -20 + 30 i s 
31%, increasing to 81% for s ize-fract ion -140+170, and then 
decreasing to 49% for s ize-fract ion less than 270 mesh. The 
increase in leachabil ity of U with decreasing part ic le size to 
-140+170 probably is related to increased surface areas of the 
decomposable U ore. As noted in the leaching study in table I I , 
a longer shaking time of 2 h s i g n i f i c a n t l y increased the per­
centage of U leached. The reason for the decrease in 
percentage leached toward f iner p a r t i c l e - s i z e of -270 mesh in U 
leaching eff iciency i s not known. Further study by X-ray d i f ­
fraction on sediment minerals may help to answer these 
questions. 

Conclusions 

Dissolved 226Ra concentrations in the mine effluent, Ralston 
Creek, and Ralston Reservoir were a l l less than the l i m i t of 3 
pCi/L set by drinking-water regulations, whereas dissolved U in 
Ralston Creek ranges from 600 to 1,200 μg/L, and i s 1,700 μg/L 
in the mine outflow. The U.S. Environmental Protection Agency 
is planning to set a "guidance level" of 10 pCi/L (14.7 μg/L) 
of U in drinking water (J5). The mine operator also is studying 
ways to remove U from the water. Suspended 226Ra a n d U 
concentrations were very high, as much as 600 pCi/g for 226Ra 

and 1,000 μg/g for U in the creek, and 20 pCi/g for 226Ra a n d 
200 μg/g for U in the reservoir. Bottom sediment from the 
creek bed indicates that concentrations of both radionuclides 
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16. YANG AND EDWARDS Uranium Mining Releases 285 

increase as p a r t i c l e - s i z e decreases, and as distance downstream 
from the mine decreases. The greatest concentrations of 226Ra 

and U in the sediment are several tens to hundreds of times 
greater than the background (upstream from the mine) 
concentrations. It is believed that the greater than natural 
radioactiv ity in the sediment of Ralston Creek is partly due to 
U-ore particles discharging d i r e c t l y into the creek during the 
early days of the mine operation and partly due to suspended 
solids of Ba(Ra)S04 and fine U-ore from present-day discharges. 

Leaching studies indicate that these radionuclides 
associated with sediment are not in the form of adsorbed ions, 
but in the form of discrete minerals, or are partly trapped i n ­
side the col lo idal hydroxides of Fe and Mn coated on the 
sediment. Further studies by other leaching agents, such as 
hydroxylamine hydrochloride, and ammonium oxalate, and by X-ray 
d i f f r a c t i o n and scanning-electron microscopy on sediment 
minerals w i l l reveal the geochemical status of these 
radionuclides in the sediment. 
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17 
Uranium Mobility in the Natural Environment 
Evidence from Sedimentary Roll-Front Deposits 

W. J. DEUTSCH and R. J. SERNE 

Pacific Northwest Laboratory, Richland, WA 99352 

Roll-front deposits consist of naturally occurring 
ore-grade uranium in selected sandstone aquifers 
throughout the world. The geochemical environment 
of these roll-front deposits is analogous to the 
environment of a radioactive waste repository con­
taining redox-sensitive elements during its post­
-thermal period. The ore deposits are formed by a 
combination of dissolution, complexation, sorp-
tion/precipitation, and mineral formation pro­
cesses. The uranium, leached from the soil by 
percolating rainwater, complexes with dissolved 
carbonate and moves in the oxidizing ground water 
at very low concentration (parts per billion--ppb) 
levels. The uranium is extracted from the leach­
ing solution by the chemical processes, over long 
periods of time, at the interfaces between oxi­
dized and reduced sediments. The Eh of the ground 
water associated with the reduced sediments (Eh = 
-100 mv to +100 mv) is higher than the Eh expected 
for most waste repository environments (Eh = -100 
mv to -300 mv); this suggests that uranium solids 
will not be very soluble in the repositories. 
Data from in-situ leach mining and restoration of 
roll-front uranium deposits also provide informa­
tion on the potential mobility of the waste if 
oxidizing ground water should enter the reposi­
tory. Uranium solids probably will be initially 
very soluble in carbonate ground water; however, 
as reducing conditions are re-established through 
water/rock interactions, the uranium will repre-
cipitate and the amount of uranium in solution 
will again equilibrate with the reduced uranium 
minerals. 

0097-6156/ 84/0246-0287S06.00/0 
© 1984 American Chemical Society 
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288 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

During the past ten years, i n s i t u leach mining of uranium 
deposits has become a commercially successful method of recovering 
uranium from r o l l - f r o n t deposits that are either too deep or of 
too low a grade to mine by conventional techniques. The r o l l - f r o n t 
deposits are formed through a secondary enrichment process, and 
the mechanism of r o l l - f r o n t emplacement provides us with i n f o r ­
mation on the mobility of uranium i n the natural environment. At 
P a c i f i c Northwest Laboratory (PNL) we are currently conducting 
research, sponsored by the Nuclear Regulatory Commission (NRC) 
into methods of minimizing contamination from i n - s i t u leach 
mining. As part of this work we are studying the geochemistry of 
uranium i n an aquifer environment, and the effect of leach mining 
on uranium mobility. Also, we are studying the chemical i n t e r ­
actions between the leaching solution and the sediments surround­
ing the leached ore zone. In this paper we discuss the natural 
occurrence of uranium i n an aquifer environment and the effect of 
i n s i t u leach mining on uranium mobility. We also present the 
results of our laboratory studies on the interaction of uranium-
r i c h solutions and sediments containing reducing minerals. 

The behavior of uranium stored as nuclear waste in a geologic 
repository w i l l be p a r t i a l l y controlled by the geochemical 
environment of the repository. The effect of ground-water leach­
ing on the waste can be simulated by estimating a ground-water 
composition and then using an equilibrium thermodynamic computer 
model to simulate the interaction of the waste with the solu­
ti o n . We present the results of such a modeling study and discuss 
the effects of solution pH, Eh, and temperature on the expected 
concentration of uranium i n solution. 

Uranium i n Ground Water Associated with Roll-Front Deposits 

Uranium occurs as a trace element i n the major rock forming min­
erals (quartz, feldspar, and mica) and tends to be concentrated i n 
accessory minerals, such as a l l a n i t e , apatite, monazite, sphene, 
and zircon. The uranium concentration i n most rock types i s 
low. Rogers and Adams (1) have compiled available data on the 
abundance of uranium i n igneous and sedimentary rocks. They show 
that the average uranium concentration i n s i l i c i c rocks (granites, 
rhyolites, and tu f f s ) i s approximately 5 parts per m i l l i o n (ppm), 
whereas i n more mafic igneous rocks the concentration i s less than 
1 ppm. Uranium concentrations d i f f e r with rock type because 
uranium i s segregated into rock types characteristic of the later 
stages of petrologic evolution. In common sandstones, uranium 
averages about 1 ppm, whereas i n shales the concentration average 
i s on the order of 3 or 4 ppm. 

The uranium that i s found i n r o l l - f r o n t deposits i s generally 
believed to be derived from the dissolution and leaching of host 
minerals by s o i l water and ground water (2,3)· Typical source 
rocks for the uranium are granites, t u f f s , and tuffaceous sand­
stones that have r e l a t i v e l y high concentrations of uranium i n 
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17. DEUTSCH AND SERNE Uranium Mobility and Roll-Front Deposits 289 

their minerals. Cowart and Osmond (4) state that the uranium 
found i n the south Texas uranium ore zones i n the Oakville 
Sandstone and the Catahoula Tuff came from the leaching of ash 
(tuffaceous) material associated with the o r i g i n a l host sand­
stones. The source of uranium i n the r o l l - f r o n t deposits of 
Wyoming i s not known; however, tuffaceous and grani t i c material i s 
known to occur upgradient of the deposits i n most Wyoming aquifer 
systems and may have been the host for the o r i g i n a l uranium. 

When s o i l water and ground water contact the uranium source 
material, the minerals w i l l dissolve and leach, thereby releasing 
uranium into solution. In the oxidizing, carbonate-bearing waters 
characteristic of ground waters near recharge zones, the uranium 
w i l l |>e mobile as U(VI) carbonate complexes [IK^iCO^^" and U O 2 
(CO^)^ ]. The uranium is transported i n oxidizing ground water 
but i s removed from solution by chemical processes (e.g., oxida­
tion-reduction, adsorption, chemical precipitation) that take 
place at the interface between oxidizing and reducing zones i n the 
aquifer. Figure 1 shows the spatial relation between oxidizing 
and reducing zones i n an aquifer and the presence of a r o l l - f r o n t 
deposit. 

Typical uranium concentrations i n ground water i n aquifers 
containing r o l l - f r o n t deposits are l i s t e d i n Table I. Although 
the concentrations of uranium found by investigators at different 
sites diverge widely, as do the values for each s i t e studied, we 
can frame some generalities from the measurements reported i n 
Table I. The uranium concentration of ground water sampled from 
the ore zone i s t y p i c a l l y higher than the concentration i n waters 
sampled up and down the hydrologie gradient from the uranium 
deposit. The low content of uranium i n the upgradient ground 
water r e f l e c t s the fact that uranium i s a trace constituent i n the 
source rocks, uranium i s removed from ground water at the redox 
interface because of oxidation-reduction processes that change 
U(VI) to U(IV) and because of mineral precipitation associated 
with the low s o l u b i l i t y of U(IV) minerals, p r i n c i p a l l y uraninite 
and c o f f i n i t e . The chemical system i s dynamic and the r o l l - f r o n t 
deposit can migrate as a result of the ingress of ground water 
from the oxidized side of the redox interface. Thus, uranium may 
be dissolved on one side of the deposit and precipitated on the 
other. This effect would lead to l o c a l l y high concentrations of 
uranium i n the ground water at the ore zone, which i s what i s 
found at the sites l i s t e d i n Table I. Downgradient of the r o l l 
front, reducing conditions exist and the uranium concentration i n 
these waters i s generally the lowest of the three regions 
represented i n Table I. 

The concentration of uranium i n the sediments of r o l l - f r o n t 
deposits i s t y p i c a l l y i n the 1000 to 2000 ppm range (8). The 
uranium occurs as coatings on grains and as i n t e r s t i t i a l material; 
the predominant uranium mineral i s uraninite. C o f f i n i t e i s often 
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290 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table I. Concentration of Uranium i n Parts per B i l l i o n i n Ground 
Water Associated with Roll-Front Uranium Deposits 

Location 
Ground-Water 

Zone 
Pawnee, 
Texas 

Oakville, 
Texas 

South 

Texas 

Bruni, 

Texas 

Red Desert, 
Wyoming 

Upgradient 

from Roll 

Front 

0.1 to 61 0.1 to 350 10 to 50 30 to 250 20 to 300 

Ore Zone 0.7 to 6.8 0.2 to 32 37 to 317 40 to 760 5 to 2000 

Downgradient 
from Roll 
Front 

0.02 to 0.4 <1 3 to 25 53 to 170 0.14 to 1.9 

References (4_) <!> (6) <1) (4.) 

reported as an accessory mineral i n r o l l - f r o n t deposits. E q u i l i b ­
rium calculations often show a relation between the saturation of 
the ground water with respect to uraninite (and sometimes c o f f i n -
i t e ) and the presence of ore-grade material ( 5 > 6 ) · Upgradient 
from the ore zone the oxidizing ground water i s undersaturated 
with respect to uraninite, within and downgradient of the ore zone 
the ground water computes to be at equilibrium or s l i g h t l y 
oversaturated. 

Whether ground water i s associated with source rocks contain­
ing less than 10 ppm uranium, as i s the case i n the recharge zones 
of the r o l l - f r o n t aquifers, or i f the ground water i s from an ore 
zone containing thousands of ppm of readily accessible uranium 
material, the concentration of uranium dissolved i n ground water 
rarely exceeds 1 ppm and i s often at the low ppb l e v e l . Uranium 
i s generally a trace constituent i n ground water, either because 
of i t s low concentration i n the source material or because i t s 
concentration i n the ground water i s limited by r e l a t i v e l y 
insoluble U(IV) minerals. The s o l u b i l i t y of uranium minerals i s 
governed by the l o c a l environmental condition of the aquifer, and, 
as i s shown i n the following sections, a much higher concentration 
of uranium i n the ground water i s possible i f oxidizing conditions 
become established where U(IV) minerals are present. 

In Situ Leach Mining of Uranium 

Roll-front uranium deposits i n confined aquifer systems are 
amenable to extraction by i n s i t u leach techniques. This method 
of mining was f i r s t tested i n Wyoming approximately twenty years 
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17. DEUTSCH AND SERNE Uranium Mobility and Roll-Front Deposits 291 

ago, and sites i n Wyoming, Texas, New Mexico, and Colorado are now 
being mined commercially or are involved i n p i l o t - s c a l e testing 
(9) . 

In s i t u leach mining of uranium involves locating the ore 
zone, d r i l l i n g a number of injection and recovery wells within the 
ore zone, pumping l i x i v i a n t (leaching solution) through the ore 
zone, and extracting the dissolved uranium from the pregnant l i x ­
i v i a n t at a surface f a c i l i t y (Figure 2). The l i x i v i a n t used at 
most f a c i l i t i e s i s ground water that has been f o r t i f i e d with oxy­
gen and carbon dioxide. Oxygen i n the l i x i v i a n t oxidizes U(IV) i n 
the ore-zone uranium minerals (uraninite and c o f f i n i t e ) to U(VI). 
Carbon dioxide i s added to the l i x i v i a n t because i t increases the 
carbonate concentration of the ground water and forms stable d i s ­
solved carbonate complexes with U(VI). The carbonate complexation 
further increases the concentration of uranium that can exist i n 
solution i n equilibrium with uranium minerals. 

Although pyrite i s the predominant mineral containing species 
with reduced valence states i n the r o l l - f r o n t deposits, uraninite 
appears to be p r e f e r e n t i a l l y dissolved by the oxidizing l i x i v i a n t 
(10) . Depending on the amount of uraninite present and ôn com­
petit i o n by other reduced minerals for the available oxygen d i s ­
solved i n the l i x i v i a n t , uranium can reach concentrations i n the 
range of 100 to 200 ppm i n the l i x i v i a n t . Although the amount of 
oxygen and carbonate i n the l i x i v i a n t used for i n s i t u mining i s 
well above that of t y p i c a l confined aquifers, the potential for 
mobilization of uranium by the natural ingress of oxidizing, car­
bonate-bearing waters i s shown by the effect that the l i x i v i a n t 
has on the s t a b i l i t y of the reduced uranium minerals. Further­
more, the precipitation of an oxidized uranium mineral (such as 
schoepite or carnotite), i f i t does occur i n the leach mining 
system, does not s i g n i f i c a n t l y l i m i t the concentration of uranium 
i n solution. Consequently, the uranium present i n the r o l l - f r o n t 
deposit i s stable and r e l a t i v e l y immobile only i f reducing condi­
tions are maintained i n the aquifer. If conditions become oxi d i z ­
ing the reduced uranium minerals can be expected to dissolve 
rapidly and uranium w i l l be mobile. 

Interaction of Uranium-Rich Solution With Sediments Containing 
Reduced Minerals 

The localized enrichment of uranium i n solution i n an i n s i t u 
leach f i e l d could be a source of contamination i n the aquifer i f 
the pregnant l i x i v i a n t migrates from the mining zone. During 
mining a series of monitoring wells (shown i n Figure 2) are sam­
pled to test for unwanted movement of the l i x i v i a n t out of the 
leach f i e l d . After mining, the ore zone i s restored to a pre­
determined chemical condition i n accordance with regulatory guide­
l i n e s . The aquifer i s restored through induced-restoration tech­
niques and through the natural solution/sediment interactions. We 
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Figure 2. 
for an i n 

Injection, recovery, and monitoring well pattern 
s i t u uranium mine. 
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have studied the interaction between pregnant l i x i v i a n t and sedi­
ments containing reduced minerals and have evaluated the mobility 
of uranium i n such an environment. 

We obtained samples of pregnant l i x i v i a n t containing 52 ppm 
uranium from an operating i n s i t u leach f a c i l i t y i n south Texas. 
Also, the reduced sediments downgradient from the ore zone were 
sampled. The dominant mineral i n these sediments that contains 
components i n a reduced valence state i s pyrite, which makes up a 
small percentage of the sediment (7). Marcasite i s also present, 
but at a relativey low concentration. 

To simulate interaction of the l i x i v i a n t and the sediment i n 
the environment of an aquifer, we b u i l t a flow-through column test 
apparatus (Figure 3) that pumped l i x i v i a n t through the sediment. 
We monitored the pH and Eh of the column effluents by means of 
i n - l i n e sampling c e l l s equipped with glass and platinum ele c ­
trodes, respectively. Effluent samples were collected with a 
fraction c o l l e c t o r . Three separate tests were conducted with 
columns of i d e n t i c a l diameter but different lengths: 11, 22, and 
44 cm. The different column lengths allowed us to investigate the 
effect on solution chemistry of residence time i n the column and 
surface area of minerals contacted by the solution. At the flow 
rates used i n our experiment, the residence times were approxi­
mately 1, 2, and 4 days, respectively, for the three columns. The 
mineral surface area contacted by the solutions i s proportional to 
the column lengths. 

Pregnant l i x i v i a n t was pumped through the 11- and 44-cm 
columns for a month and through the 22-cm column for 2 weeks. The 
uranium concentration i n the effluents from these columns was mea­
sured by laser fluorimetry and i s shown i n Figure 4. In this 
figure we divided the cumulative volume eluted by the pore volume 
of the respective column to generate the x-coordinate of the pl o t . 
This normalizes the results on a pore volume basis. Figure 4 
shows that the concentration of uranium i n the effluent solution 
did not reach the influent concentration (52 ppm) at any time dur­
ing the experiment for any of the columns. Following an i n i t i a l 
peak i n uranium concentrations for the two shorter columns, the 
amount of uranium s t a b i l i z e d i n the 5 to 10 ppm range as the 2nd 
to 5th pore volumes were eluted. After 5 pore volumes of effluent 
were collected from the shortest column, the uranium concentration 
i n the effluent dropped to the 10 to 50 ppb range. In the longest 
column the uranium concentration i n the effluent rises more 
slowly, but also appears to s t a b i l i z e i n the 5 to 10 ppm range. 

We observed from the column data that uranium i n solution i s 
not very mobile when the solution contacts the sediments used i n 
the experiment. We expected that the oxidized uranium [U(VI)] i n 
the pregnant l i x i v i a n t would be reduced and immobilized by solu­
tion/sediment interactions, and this i s what happened i n the 
experiments after two to three pore volumes were eluted. The 
actual removal of uranium from solution may occur by adsorption 
onto mineral surfaces, which produces localized high concentra-
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Figure 3. Test apparatus used i n column experiments of 
solution/sediment interactions. 
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17. DEUTSCH AND SERNE Uranium Mobility and Roll-Front Deposits 295 

tions of uranium on the substrate and fosters the formation of a 
U(IV) s o l i d * The i n i t i a l peak i n uranium concentrations for the 
two shorter columns requires an additional explanation and two 
hypotheses have been proposed. If the reduction of U(VI) to U(IV) 
i s controlled by bacteria, then the early peak i n uranium concen­
tration may be due to the amount of time necessary for the 
bacteria to acclimate to the l i x i v i a n t . An i n i t i a l lag time i s 
common in bacterial systems. Bacterial mediation may also affect 
the rate at which the Eh of a solution equilibrates with a new 
environment. The redox potential data for the columns showed a 
decrease from +200 mv to -300 mv after 1 to 1.5 days of contact 
time, independent of residence time i n the columns. 

A second possible explanation for the uranium peak i s that 
the surfaces of the reducing minerals were i n i t i a l l y at least 
p a r t i a l l y blocked from reacting with the l i x i v i a n t by a coating on 
the grains. As l i x i v i a n t flowed through the columns, this coating 
dissolved, exposing the reactive mineral surfaces. The i n i t i a l 
effluents from the columns consisted p r i n c i p a l l y of residual pore 
water retained i n the sediment. The i n i t i a l effluents had sulfate 
concentrations twice those of later effluents and the high sulfate 
solution samples were i n equilibrium with gypsum (CaSO^), which 
may have been coating some of the sediment. The l i x i v i a n t i s well 
undersaturated with respect to gypsum and rapidly dissolves this 
mineral on contact. A gypsum coating, i f present, probably 
covered only a certain percentage of the grains, which means that 
a longer column would have proportionally more grains exposed to 
the l i x i v i a n t as the solution passed through the column. This 
would explain why the shortest column had the highest uranium 
concentration peak and the longest column did not show a definite 
peak. As the i n i t i a l l i x i v i a n t flowed through the longer column 
i t would contact more reactive (uncoated) surfaces than would be 
the case for the shorter columns; consequently, the reactions that 
lower the uranium concentration i n solution would be enhanced i n 
the longer column. As additional l i x i v i a n t flows through the 
columns the coating i s dissolved and a point i s reached (after two 
to three pore volumes of solution are eluted) when enough reactive 
surfaces are exposed i n each column to make their responses to 
uranium transit i n solution i d e n t i c a l . 

Implications of the Natural Mobility of Uranium on the Storage of 
Nuclear Waste 

Information concerning the effect of i n s i t u mining on the poten­
t i a l concentration of uranium i n solution and concerning the 
experimentally determined effect of solution/sediment interactions 
on uranium mobility i n the aquifer environment can be used to 
estimate the response of a geologic nuclear waste repository to 
the ingress of oxidizing water. 
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296 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The placement of nuclear waste i n deep, geologic repositories 
i s currently being studied as a permanent disposal method. The 
waste may be either i n the form of spent f u e l , which i s predomi­
nantly UO2, or i t may be a reprocessed material, which w i l l con­
ta i n a small percentage uranium. Because uranium w i l l be present 
i n the waste as either a major or minor component, the s t a b i l i t y 
of uranium compounds and the mobility of uranium i n the repository 
environment should be evaluated i n the performance assessment of a 
repository. The most probable scenario that could lead to loss of 
int e g r i t y of the repository i s a breach i n which ground water 
leaches or dissolves the waste. We can use a geochemical model of 
the system to investigate the effect of ground-water chemistry on 
waste form s t a b i l i t y and potential uranium concentrations i n the 
solution. 

The computer code with which we modeled the system i s MINTEQ. 
This code was developed at P a c i f i c Northwest Laboratory (11) and 
bas i c a l l y consists of a combination of the best features of two 
other geochemical codes: MINEQL (12) and WATEQ3 (13). In this 
study we used the ion speciation, s o l u b i l i t y , and mass transfer 
subroutines from MINTEQ to calculate the amount of uranium that 
could be expected i n ground water contacting uraninite. The 
thermodynamic data on uranium solids and solution species i n 
MINTEQ were obtained p r i n c i p a l l y from the compilation of Langmuir 
(14). These data are being continually revised based on new 
experimental work (15) and future modeling studies w i l l be 
enhanced by using an updated data set. In this study, thermo­
dynamic equilibrium was assumed between the solution and the s o l i d 
and k i n e t i c effects were not considered. 

The expected compositions of ground water that might enter 
geologic repositories i n selected rock types are l i s t e d i n Raines 
et a l . (16). The data for basalt, t u f f , and granite ground waters 
are l i s t e d i n our Table II, along with the composite water com­
position used i n our modeling study. The dominant cation i n a l l 
waters i s sodium, followed i n abundance i n most cases by calcium, 
potassium, and magnesium. Chloride i s the dominant anion i n 
basalt and granite ground waters, whereas carbonate dominates i n 
t u f f . S i l i c a concentrations are high i n the basalt and tuff 
ground water compared to granite ground water, probably as a 
result of the presence of soluble glass i n the tuff and basalt and 
less soluble quartz i n the granite. The primary components of the 
ground water that we expect to affect uranium concentration are 
the carbonate concentration, pH, Eh, and temperature. We have 
fixed the carbonate concentration at a value of 50 mg/1 and varied 
pH, Eh, and temperature i n our modeling study. 

The effect of solution pH on the concentration of uranium i s 
shown i n Figure 5. To produce the results shown i n this figure, 
the temperature of the model solution was held constant at 25°C 
and uraninite was equilibrated with the solution at various redox 
potentials (Ehs). Figure 5 shows that the amount of uranium that 
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17. DEUTSCH AND SERNE Uranium Mobility and Roll-Front Deposits 297 

Table I I . Composition of Reference and Model Ground Waters 
( A l l Concentration Units i n ppm) 

Constituent Basalt Tuff Granite Model 

Calcium 1.3 14 59 30 
Magnesium 0.04 2.1 0.5 1 
Sodium 250 51 125 60 
Potassium* 1.9 4.9 0.4 3 
Chloride 148 7.5 283 100 
Sulfate 108 22 19 30 
Carbon, as CÔ  46 118 16 50 
Fluoride 37 2.2 3.7 5 
Iron - 0.04 0.02 * 
Phosphate - 0.12 - 0.12 
Aluminum - 0.03 - 0.03 
Lithium - 0.05 - * 
Nitrate - 5.6 - * 
Strontium - 0.05 - * 
Barium - 0.003 - * 
Silica, as Si0 2 92 61 11 60 

pH 9.7 7.1 9 7-10 
Eh, mv -500 mildly reducing +170 -400 to +200 
Temperature, °C 46 - 7.5 5-50 

References U6,_17,JL8) U6,JJL,20) (JL6,21) 

- Not reported 
* Not considered 

can be maintained i n a solution i n equilibrium with uraninite i s 
highly dependent on the pH and Eh of the solution. For each unit 
increase i n pH i n the low Eh range of the figure, the concentra­
tion of uranium i n solution increases by an order of magnitude. 
The reason for the increase i n concentration with pH change i s the 
increasing s t a b i l i t y of U(IV) hydroxide and U(VI) carbonate com­
plexes at the higher pH's. These results are highly dependent on 
the U(IV) speciation scheme chosen. We have used Langmuir's com­
p i l a t i o n of uranium data (14), which assumes a regular progression 
of stepwise s t a b i l i t y constants from UiOH)3"1" to U(0H) 5, however 
there i s no experimental evidence as to which U(IV) hydrolysis 
specie i s dominant i n the range of this modeling study. Using the 
estimated thermodynamic data, U(0H)^ was the dominant specie, 
however i f U(0H)£ i s dominant there would be no pH dependence. 
For the higher Eh range shown i n Figure 5, the effect on uranium 
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298 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

concentration i n solution of changing pH at constant Eh i s even 
greater* This occurs because U(VI) becomes dominant over U(IV) as 
Eh increases and U(VI) forms very stable complexes with car­
bonate. The redox potential has l i t t l e effect on uranium concen­
tra t i o n at the lower Eh values up to an Eh of -200 mv to -100 mv. 
At the low Eh range shown i n Figure 5, uranium i s p r i n c i p a l l y i n 
the +4 valence state, and the amount of uraninite that would 
dissolve at a constant pH does not vary appreciably u n t i l the more 
oxidized forms of uranium become important i n the solution. 

Because uraninite i s composed of uranium i n the lower valence 
state, as Eh i s raised and the higher valence state of uranium 
begins to dominante over U(IV), uraninite w i l l not be stable. 
This effect i s shown on Figure 5 by the steep increase i n the 
slope of the l i n e s . At Eh's of 0 mv to 100 mv, uranium w i l l d i s ­
solve to concentrations of tenths of a mg/1 to hundreds of mg/1, 
depending on the exact pH and Eh. Raising the Eh by adding oxygen 
to ground water i s the primary means of leaching uranium by the i n 
s i t u technique; results of the modeling support the conclusion 
that high concentrations of uranium are possible i n oxidizing 
solutions i n equilibrium with uraninite. 

The s o l u b i l i t y of uraninite i n a waste repository w i l l also 
be affected by the temperature of the system at the time that 
ground water interacts with the waste form. Normal ground-water 
temperatures at depths for a waste repository range from 5 to 
50°C. Using the thermodynamic data of Langmuir (14) we have 
modeled how this temperature change might affect uraninite solu­
b i l i t y and the results are shown i n Figure 6. Temperature v a r i a ­
tions over the range considered do not have as drastic an effect 
on uraninite s o l u b i l i t y as pH changes do. However, throughout 
most of the Eh range considered, increasing the temperature from 5 
to 50°C would raise the amount of uranium possible i n solution by 
an order of magnitude. Above an Eh of approximately 100 mv, which 
would not be considered highly oxidizing at a pH of 7, temperature 
appears to have a much greater effect on the dissolution of 
uraninite. This i s caused by the increasing importance of U(VI) 
at higher Eh values and the fact that U(VI) carbonate complexes 
are more stable at higher temperatures. 

The modeling results shown i n Figures 5 and 6 allows us to 
estimate the response of uraninite to dissolution by ground waters 
of a given composition and set pH, Eh, and temperature. The 
thermodynamic data i n the computer code, upon whi-.h the estimates 
are based, are subject to revision and the concentrations given i n 
the figures w i l l certainly change. Major revisions i n the data 
may even change the trends displayed i n the figures. Using the 
available data i t appears that increasing pH, Eh, or temperature 
w i l l increase the s o l u b i l i t y of uraninite, and at higher Eh values 
changes i n temperature and pH w i l l have an even larger effect on 
the t o t a l amount of uranium that could be expected i n a solution 
i n equilibrium with uraninite. 
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Elv mV 

Figure 5. Computed uranium concentration i n solutions i n 
equilibrium with uraninite. Temperature equals 25°C. 

Eh. mV 

Figure 6. Computed uranium concentration i n solutions i n 
equilibrium with uraninite. pH equals 7. 
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300 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Summary 

Uranium i s a trace constituent i n most ground waters. In t y p i c a l 
aquifers with oxidizing ground water, uranium's concentration i n 
solution appears to be limited by i t s abundance i n source rocks. 
The uranium i n ground water i s removed from solution and deposited 
at a redox interface between sediments with reducing minerals and 
sediments without. In the resultant r o l l - f r o n t deposit, uranium 
i s concentrated i n the sediment, and i t s ground-water concentra­
tion remains low because of the low s o l u b i l i t y of the uranium 
minerals that compose the deposit. Consequently, i t i s possible 
to have localized high concentrations of uranium i n the earth's 
crust that are stable. 

If the environmental condition of the ore zone changes as a 
result of either natural or manmade causes, the uranium can become 
very mobile. This i s evidenced by the i n s i t u mining process i n 
which r e l a t i v e l y minor modifications are made to the ground-water 
chemistry to produce a solution that can rapidly dissolve uranium 
and maintain uranium solution concentrations of hundreds of parts 
per m i l l i o n . We have shown i n our laboratory experiments that 
when this uranium-rich solution contacts aquifer sediments con­
taining minerals capable of reducing uranium from (VI) to (IV), 
large portions of the uranium are rapidly removed from solution 
and immobilized. 

Using a geochemical model of a ground-water/uraninite system, 
we analyzed the effect of changing environmental conditions on the 
s t a b i l i t y of the uraninite and estimated the amount of uranium 
that might be expected i n solution. We found that the pH, Eh, and 
temperature of the ground water w i l l each s i g n i f i c a n t l y affect the 
dissolution of the uraninite. This type of simulation can be use­
f u l i n assessing the environmental compatibility of various pro­
posed deep geologic repository sites to the waste form. Although 
a given waste form may dissolve rapidly under certain breach con­
ditions, uranium may not be very mobile i n a deep aquifer where 
reducing conditions are re-established after the ground water 
moves away from the repository. 
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18 
Crystal Chemistry of ABO4 Compounds 

A. T. ALDRED 

Argonne National Laboratory, Materials Science and Technology Division, 
Argonne, IL 60439 

To evaluate the factors affecting the structural stability 
of some crystalline materials that are potential hosts for 
radioactive wastes, the crystal structures of a series of 
A3+P5+1-xV5+xO4 compounds, where A is lanthanum or a member of 
the rare-earth series, were determined. The end-member 
phosphates (APO4) have the monoclinic Monazite structure 
(P21/n) for A = La, Ce-Gd, and the tetragonal Zircon struc­
ture (I41/amd) for A = Tb - Lu. The corresponding vanadates 
have the Monazite structure only for LaVO4, and the Zircon 
structure for A = Ce - Lu. When the end members are iso-
structural, e.g., LaPO4/LaVO4, Monazite, YbPO4/YbVO4, 
Zircon, complete solid-solution behavior is observed, and a 
plot of the unit cell volume against x shows that Végard's 
Law is followed. When the end members are not isostruc­
tural, a systematic change in the solubility range in both 
structures is found as A is varied, and the data have been 
systematized in terms of a simple, potentially predictive, 
structure-field map. The pervasive polymorphism of these 
ABO4 compounds, involving both reconstructive and displacive 
transformations and metastable structures produced by dif­
ferent sample preparation methods, indicates that the 
crystal structural stability of substituted compounds needs 
to be carefully evaluated as a function of temperature to 
assess the structural integrity of waste-form materials. 

The nature of bonding and i t s relationship to structure i n 
actinide-containing materials i s a subject of continuing 
interest. From the perspective of nuclear waste i s o l a t i o n , i t 
is important to understand a l l the factors affecting the long-
term s t a b i l i t y of actinide ions i n potential host materials, be 

0097-6156/84/0246-0305S06.00/0 
© 1984 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

01
8



306 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

they amorphous or c r y s t a l l i n e . The present work forms part of 
a systematic study to evaluate factors affecting structural 
s t a b i l i t y , and therefore i n t e g r i t y , of some cr y s t a l l i n e 
materials that are either potential hosts, or may y i e l d insight 
into possible hosts, for nuclear waste i s o l a t i o n . Data from 
this work may also be used to ascertain structural changes that 
may occur when s u f f i c i e n t actinide or fission-product lantha-
nide ions i n the host material have decayed. The particular 
group of ABO4 compounds was chosen because the four major 
structure types that occur, namely; Monazite (monoclinic, 
P22/n, prototype CeP0 4), Zircon (tetragonal, I^/amd, prototype 
Z r S i 0 4 ) , Scheelite (tetragonal, I4j/a, prototype CaW04), and 
Fergusonite (monoclinic, I2/c, prototype YNb0 4), show a number 
of structural s i m i l a r i t i e s . They are characterized by strong 
tetrahedral bonding of oxygen atoms around the Β atoms, with 
the tetrahedra well isolated from one another, and eight-fold 
(nine-fold for monazite) coordination around the A atoms. The 
structures w i l l accommodate a range of valences at both A and Β 
sites as long as overall charge balance i s maintained. There 
i s extensive polymorphism i n compounds having these structures, 
involving both reconstructive and displacive transformations. 
The pathways from one structure to another include temperature, 
pressure, preparation techniques, and small changes i n atom 
size (Figure 1). The existence of polymorphism suggests that 
the free-energy differences among the structures are small, and 
therefore, indicates an enhanced p o s s i b i l i t y that multicompo-
nent substitutions, of the type necessary i n a nuclear waste 
host, may promote phase transformations and structural changes 
over the long term. 

The concept of a s t r u c t u r e - f i e l d map (1) has proven useful 
i n systematizing the occurrence of different structures among a 
range of fixed-stoichiometry compounds of the ^ByO™ type 
studied here. A binary phase diagram i s constructed i n which 
the axes represent the c r y s t a l r a d i i (2) of the A and Β ions, 
r A and rjj, f o r the appropriate near-neighbor configuration. 

The published 03) s t r u c t u r e - f i e l d map (SFM) for the A 3 + B 5 + 0 4 

compounds does show regular regions of s t a b i l i t y for the 
structures studied here, and i t i s evident that the rare-earth 
series provides a fine grid size i n terms of variations of 
r A . However, the lack of appropriately-sized B 5 + ions produces 
wide gaps i n the plot. In an attempt to remedy t h i s , we have 
prepared and characterized a series of substituted compounds of 
the form Α 3 + ( Β Ι _ Χ Β χ ) 5 + 0 4 · If we presume that a compound of 
this form has a mean B-ion radius ^ r B = (1 - x) ^r« + χ r f i f , 
then we can produce a more detailed and precisely defined SFM. 

To evaluate the concept of a mean ion i c radius, we proceed 
to analyse l i t e r a t u r e data with respect to A s i t e substitution 
i n A3+B->+04 compounds. Schwartz (4) has reported that com-
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18. A L D R E D Crystal Chemistry of ABO4 Compounds 307 

pounds prepared i n which A 3 + i s replaced by 0.5 T h 4 + +0.5 A 2 + 

(A = Ca, Sr, Ba, Cd, Pb) and B 5 + i s P, As, or V have either the 
Monazite or Zircon structures. If we take a mean radius f o r 
this composite A ion 8 r A (the superscript 8 denotes the near-
neighbor configuration) based on the tabulated r a d i i for the 
tetravalent and divalent ions i n eight-fold coordination (2), 
then Schwartz's results can be added to the SFM. This i s shown 
i n the l e f t hand side of Figure 2, and the data do indeed f i t 
the o r i g i n a l systematics, apart from Th Q qPbQ^VO^ and 
^ n0.5^ r0.5^4 ^ i c h n a v e the Zircon structure*rather than the 
anticipated Monazite structure. Figure 2 also includes the 
results of Fonteneau, et a l . (5) on the corresponding niobate 
compounds (B^ + = Nb) containing either Th^ + or which have 
the Fergusonite structure, and of Davis et al.(6) on 
^ a0.5^0.5^4 which has the Monazite structure. To push the 
analysis one stage further, the unit c e l l volumes V of the 
compounds studied by Schwartz have been calculated, and are 
plotted as V*'3 vs °r A i n the right hand side (rhs) of Figure 
2. Again, the data of Fonteneau et a l . (5), who produced a 
similar, but more restricted, plot, are included. The s o l i d 
lines represent the results of linear least squares of V 1/ 3 vs 
r A f o r the APO4 (Monazite), APO4 (Zircon), A A S O 4 (Zircon), 
AVO4 (Zircon) and ANDO4 (Fergusonite) compounds where A i s a 
rare earth (Ce-Lu). The values for a l l the series except AASO4 
were determined i n this Laboratory (7)· The results for A A S O 4 

were obtained from National Bureau of Standards reports (8). 
The li n e a r relationship between unit c e l l volume and the cube 
of the i o n i c radius among a series of isostructural compounds 
has been emphasized by Shannon and Prewitt (2) as a powerful 
means of systematizing crystallographic results. The data of 
Schwartz and Fonteneau et a l . (rhs Figure 2) are consistent 
with the unsubstituted A3+B5+04 results and thus support the 
concept of a mean radius r. and by analogy r f i as a predictor, 
i n combination with the appropriate SFM, of the occurrence of 
particular structure types. 

Experimental 

Samples were prepared from starting materials at least 99.9% 
pure i n the form of the normal sesqui- and pentoxides except 
for (NH4)2HP04. Lanthanum sesquioxide was obtained by fresh 
decomposition of lanthanum oxalate at 1000°C. Conventional 
solid-state sintering techniques were used, and care was taken 
to mix and grind samples under an inert atmosphere (argon) and 
heat treat them i n pure dry oxygen. Repeated f i r i n g ( i n the 
temperature range 1100-1400°C, as appropriate), grinding and 
mixing cycles were used u n t i l the x-ray diffTactometer scans 
showed no change and no evidence of the starting materials. 
The s e n s i t i v i t y l e v e l of the diffTactometer traces, based on 
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MONAZITE 

CeP0 4 

MONOCLINIC 

2 V 6 + , 3 + / 5 + , 4 + / 4 + 

\ Γ 
INCREASING INCREASING 

1 
INCREASING 

FERGUSONITE 

YNb04 

MONOCLINIC I2/C 

3 + / 5 + 

y ι ι 
y INCREASING I 

INCREASING 
Τ 

ZIRCON SCHEELITE 

ZrSi0 4 CoW04 

TETRAGONAL 14,/omd TETRAGONAL 14,/a 

3 V 5 + , 4 + / 4 + INCREASING—-
Ρ 

l + / 7 + , 2 V 6 + , 3 + / 5 + , 4 + / 4 + 

Figure 1. Possible pathways between c r y s t a l structures 
bcurring among Α3+β5+θ4 compounds. 

ο 
-Lu φ Η 

1.2 

1.0 As VI 
I il 

A3+B5+04| 
θ MONAZITE (M) 
• ZIRCON (Ζ) 
Δ FERGUSONITE (F) 

Nb 
ι I 

0.3 0.5 
4rB(Â) 

0.7 6.6 6.8 
VI/3(Â) 

7.0 

Figure 2. Left hand side: P a r t i a l Structure f i e l d map 
for Α 3 + β 5 + θ 4 compounds. Right hand side: 
Corresponding v a r i a t i o n of the cube root of 
the unit c e l l volume with the Size of the A 
ion 8 r A . 
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18. ALDRED Crystal Chemistry of ABO4 Compounds 309 

relative i n t e n s i t i e s , i s -1%. Additionally, line widths were 
required to be comparable to the instrumental resolution and 
the line widths of standard samples (Ce0 2, Si0 2)« Samples that 
meet this c r i t e r i o n should be homogeneous and the substituted 
ions should therefore, be distributed randomly and uniformly 
throughout the material. Several samples were examined by 
scanning electron microscopy, primarily to check compositions 
by means of the EDX technique. Good agreement was found 
between nominal and measured compositions, and so nominal 
compositions are used i n the rest of the paper. 

Phase i d e n t i f i c a t i o n was done on the basis of both d-spacing 
and the peak height intensity of a l l the x-ray l i n e s . These 
values were compared with values obtained for the end-member 
(unsubstituted) compounds and also calculated by means of the 
Lazy-Pulverix computer program (9). Precision l a t t i c e 
parameters were obtained by the Debye-Scherrer method with a 
114.6 mm dia. camera and f i l t e r e d Cr K a radiation; standard 
least-squares methods were used. 

Results 

The phase-identification studies of the present work are sum­
marized i n Figure 3, which consists of a detailed SFM for the 
A ( p i - x V x ) + 0 4 series where A i s either La or a rare earth. 
The salient features of this plot are as follows: When the two 
end-member compounds are iso s t r u c t u r a l , e.g., LaPO^/LaVO^ 
(monazite) or H 0 P O 4 / H 0 V O 4 (zircon), complete soli d - s o l u t i o n 
behavior i s observed. For those Α Ρ 1 - χ ν χ θ 4 series where the end 
members are not i s o s t r u c t u r a l , the width of the two-phase f i e l d 
i s a systematic function of 8 r A . At large r A (Ce, Pr) the 
two-phase f i e l d i s narrow and dominated by a monazite s o l i d -
solution f i e l d . For intermediate 8 r A (Nd, Sm), the two-phase 
f i e l d i s broad with l i t t l e s o l u b i l i t y i n either the monazite or 
zircon structures. At small 8 r A (Gd), the two-phase f i e l d i s 
again narrow with extensive s o l i d s o l u b i l i t y i n the zircon 
phase. The relative amounts of both phases i n any two-phase 
sample was estimated on the basis of relative x-ray i n t e n s i t i e s 
over the whole pattern. The composition of the phase boun­
daries i n any APi_ xV x04 series were then determined by the 
lever rule. The s o l i d l i n e representing the boundary of the 
Zircon and Monazite two-phase f i e l d i n Figure 3 was drawn on 
this basis. Some results are also included i n Figure 3 for the 
systems Gd 1_ xTb xP04, a n d L a l - x C e x V 0 4 w h e r e t h e respective end 
members have the Monazite and Zircon structures. Based on room 
temperature x-ray results, there i s , essentially, no s o l u b i l i t y 
of Tb i n the Monazite structure of GdP04 and no s o l u b i l i t y of 
Gd i n the Zircon structure of T D P O 4 . On the other hand, at 
least 50% of the La ions i n LaV04 may be replaced by Ce with 
retention of the Monazite structure and at least 20% of the Ce 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

01
8



310 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

ions i n CeV04 may be replaced by La ions with retention of the 
Zircon structure. The two-phase f i e l d i s thus very narrow. 

Some representative l a t t i c e constant data w i l l now be pre­
sented i n graphical form. Figure 4 shows the composition 
dependence of the four l a t t i c e constants of the monoclinic 
monazite structure for LaPi_ xV x04 ( c i r c l e s ) , where complete 
s o l i d s o l u b i l i t y i s observed, and for CePi χ ν χ 0 4 where there i s 
substantial but not complete s o l i d s o l u b i l i t y . In the case of 
LaPj_xVx04, a l l the l a t t i c e parameters vary l i n e a r l y with χ for 
0 < χ < 1 indicating that Végards Law i s observed. For 
C e Pl-x vx°4> t n e l a t t i c e parameters again vary l i n e a r l y for 
0 < χ < 0.7 and are p a r a l l e l to the La-series results. The 
la t t i c e constants for the χ = 0.8 sample, which consists of a 
major Monazite and a minor Zircon phase, represent values at 
the phase boundary, determined i n the manner described e a r l i e r 
as χ = 0.78 and shown by the v e r t i c a l dashed lines i n Figure 
4. Transposition of these l a t t i c e parameters to χ = 0.78 shows 
that they also f i t on the straight l i n e describing the results 
for lower x. Extrapolation of the results for CePi_ xV x0 4 i n 
Figure 4 to χ = 1 yields the following l a t t i c e constants f o r 
hypothetical (non-equilibrium) CeV04 with the Monazite struc­
ture: a - 7.00 A, b - 7.24 A, c = 6.69 A, 3 = 105.1°. 
Yoshimura and Sata (10) reported the existence of a monoclinic 
form of CeV0 4 prepared by oxidation of CeV03 at temperatures 
below 400°C. The structure was metastable and decomposed 
ir r e v e r s i b l y (and exothermically) on heating above 400°C. The 
reported l a t t i c e parameters: a = 6.98 A, b = 7.22 A, c = 6.76 
A, 3 = 105.0°, are i n good agreement with the extrapolated 
values l i s t e d above. 

Figure 5 shows the composition dependence of the l a t t i c e 
constants for HoP]_ xV x0 4 and GdPi_ xV x0 4 compounds with the 
tetragonal Zircon structure. Again, the linear variation shows 
that Végard's Law i s obeyed for the Ho-based system where there 
i s complete s o l u b i l i t y i n the Zircon structure. The linear 
variation i n the Gd-based system pa r a l l e l s that of the Ho 
system over the s o l u b i l i t y range i n the Zircon structure. The 
composition of the phase boundary, determined i n the manner 
described e a r l i e r , i s at χ = 0.30. Extrapolation of the data 
for Gd P i - x V x 0 4 to χ = 0.0 yields parameters of a = 6.093 (3) A 
and c = 6.970 (3) A for hypothetical GdP04 with the Zircon 
structure. 

Discussion 

The l a t t i c e parameter results for a l l the Α Ρ ι _ χ ν χ 0 4 series 

studied here are brought together i n Figure 6 where V 1' J i s 
plotted against concentration (and rjp. The linear v a r i a t i on 
i n the complete soli d - s o l u t i o n series LaPi_ xV x0 4 (Monazite), 
H° pl-x vx°4 (Zircon), and YbPi- xV x0 4 (Zircon) again shows that 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

01
8



ALDRED Crystal Chemistry of AB04 Compounds 

Figure 4. Variation of the monoclinic l a t t i c e constants 
with composition for compounds i n the 
LaP i _ x V x 0 4 and CeP-^ - xV x0 4 systems. 
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312 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

4Γβ (A) 
0-32 0.36 0,40 0.44 0,48 

χ 

Figure 5· Variation of the tetragonal l a t t i c e constants with com­
position for compounds i n the HoP, V 0 A and GdP-, __V 0 Λ systems. 

4 r B ( Â ) 
0.32 0.36 0.40 0.44 0.48 

χ 

Figure 6. Variation of the cube root of the unit c e l l volume with 
composition for the AP^ χ

ν
χ ° 4 series. 
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18. A L D R E D Crystal Chemistry of ABO4 Compounds 313 

Végard's Law i s obeyed and that the concept of a mean radius of 
the Β ion i s a v a l i d one. It thus provides additional j u s t i f i ­
cation for the use of the structure f i e l d map as shown i n 
Figure 3 to predict structural existence and s t a b i l i t y i n a 
partially-substituted compound. 

Even i n the cases of p a r t i a l s o l i d s o l u b i l i t y , the composi­
tion dependence of V 1/ 3 i s p a r a l l e l within a given c r y s t a l 
structure as demonstrated i n Table I, which gives the results 
of linear least-square analysis of the data of Figure 6· The 
f i n a l column of Table I shows the relative change i n V 1' 3 with 
composition determined i n this analysis normalized by the r e l a ­
tive change i n the radius of the Β ion Δ r f i = * r v - * r p = 0.185 
Â. For the Monazite structure, this r a t i o i s essentially 1, 
i . e . the l a t t i c e i s expanding/contracting, on average, exactly 
enough to compensate for the difference i n size of the two Β 
ions. On the other hand, this r a t i o i s s i g n i f i c a n t l y larger 
(1.3) for the Zircon structure. This dichotomy i s paralleled 
i n the response of V*' 3 to changes i n the size of the A ion i n 
the APO4 and AVO4 series (7) and reflects a difference between 
the close-packed low-symmetry Monazite structure and the more 
open higher-symmetry Zircon structure. In cases where polymor­
phism between these two structures (Figure 2) i s known to 
occur, e.g. ThSi04 (11) > there i s a difference of ~8% i n the 
unit c e l l volumes of the two structures. This observation may 
have significance to the problem of accommodation of a range of 
ions of different sizes into a nuclear waste i s o l a t i o n host. 
It i s l i k e l y that transuranic ions w i l l be incorporated into 
such materials i n the tetravalent form. Given the tabulated 
r a d i i of the tetravalent transuranic ions (2), which are 
smaller than l r + , substitution of these ions by appropriate 
valence compensation with a divalent ion would y i e l d a 
composite A ion small enough to possibly s t a b i l i z e the Zircon 
structure as opposed to the Monazite structure i n the APO4 
series (Figure 1). A reconstructive transformation involving a 
s i g n i f i c a n t volume change such as this could have a severe 
influence on structural i n t e g r i t y . 

In summary, we have demonstrated that the concept of a 
s t r u c t u r e - f i e l d map i s a useful one i n systematizing the occur­
rence of crystal structures i n a series of iso-stoichiometric 
compounds. In addition, the concept of a weighted mean radius 
of an ion at a particular s i t e i n a substituted compound has 
been found to be a v a l i d one. The use of a SFM to predict 
structural s t a b i l i t y and provide warnings about possible poly­
morphism (and so structural i n t e g r i t y ) i n a complex multicompo-
nent substituted system could be a useful tool i n assessing 
potential hosts for nuclear waste i s o l a t i o n . 
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314 G E O C H E M I C A L B E H A V I O R O F R A D I O A C T I V E W A S T E 

Table 1. Results of Linear Least-square f i t s to Vl/3 = Β + Cx 
for AP- XV X04 Compounds 

A_ Structure X C C/A 4-r B 

La Monazite 0-1.0 0.191(1) 1.03(1) 
Ce tl 0-0.78 0.193(2) 1.04(1) 
Pr M 0-0.44 0.181(4) 0.98(2) 

Pr Zircon 0.95-1.0 M).2 v L . l 
Nd i t 0,88-1.0 ^0.24 <vL.3 
Sm II 0.765-1.0 0.249(5) 1.35(3) 
Eu π 0.61-1.0 0.234(6) 1.27(3) 
Gd It 0.30-1.0 0.247(2) 1.33(1) 
Ho II 0-1.0 0.244(1) 1.32 
Yb t l 0-1.0 0.244(1) 1.32 
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19 
Transformation Characteristics 
of LaVxNb1-xO4 Compounds 

M. V. NEVITT and A. T. ALDRED 

Argonne National Laboratory, Materials Science and Technology Division, 
Argonne, IL 60439 

X-ray diffractometry measurements were made as a function 
of temperature on a series of polycrystaliine LaVxNb1-xO4 

compounds (0 < x < 0.3) to determine the effect of V 
substitutions on the temperature of the monoclinic/tetra­
gonal transformation. The purpose was to provide basic 
information relating to crystal lattice stability in ABO4 

compounds that are either candidates or are appropriate 
models for candidate materials for hosting nuclear waste 
ions. Partial substitution of V5+ on the Nb5+ site 
significantly lowers the tetragonal scheelite (I41/a) to 
monoclinic fergusonite (I2/c) transformation, from 770 Κ 
in LaNbO4 to approximately 215 Κ for LaV0.25Nb0.75O4 

(the solubility limit is close to x = 0.35). The trans­
formation is displacive, of second order, involving two 
coupled order parameters. Heat capacity measurements on 
LaV0.25Nb0.75O4 showed that the specific heat anomaly at 
the transformation point is extremely small. It is con­
cluded that the two polymorphic forms of LaVxNb1-xO4 have 
very nearly the same free energies over a substantial 
range of temperature below the transformation. 

The need for high chemical and physical s t a b i l i t y i n the sub­
stances that w i l l hold nuclear waste ions i n an immobilized 
state has stimulated extensive materials research. In support 
of the candidacy of the cation-linked tetrahedral compounds 
having the monazite, scheelite or zircon crystal structure, 
studies have sought to determine the extent to which various 
elements occurring i n the waste can occupy stable substitu­
t i o n a l positions on the host l a t t i c e s i t e s . 

These ABO4 compounds, although they have high thermodynamic 
s t a b i l i t y , have a pronounced tendency toward polymorphism, the 
rationale for which i s incompletely formulated Ç2, 3)· There i s 

0097-6156/ 84/ 0246-0315S06.00/ 0 
© 1984 American Chemical Society 
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316 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

only a modest amount of information, p r i n c i p a l l y on B 1 V O 4 and 
to a lesser extent on LaNbO^, concerning the transformation 
mechanism and o r i g i n (4^-7)· 

The present work, the i n i t i a l phase of a basic 
transformation and l a t t i c e dynamics study of relevant oxides, 
focuses on compounds i n the system LaV xNbi_ x04 (0 < χ ? 0.3). 
This choice i s based on the following factors: 

(1) There i s considerable existing information on the host 
compound, LaNbO^; (2) The substitution of V for Nb provides a 
simple (and hopefully interprétable) cation replacement on the 
tetrahedral s i t e ; (3) Preliminary studies i n this Laboratory 
have shown that the V substitution has a si g n i f i c a n t effect on 
transformation temperature. The transformation from the high 
temperature tetragonal scheelite (I4i/a) structure to the low 
temperature monoclinic fergusonite (I2/c) structure [770 Κ i n 
pure LaNb04 (2)] involves two coupled order parameters (a_-x) 
and ($-90) which describe the deformation of the base of the 
scheelite unit c e l l from a square to a parallelogram. 

Materials Preparation 

Polycrystalline samples having densities about 80% of their 
theoretical values were prepared from 99.9+% pure powders of 
L a2°3> v2°5 a n (* N b 2 ° 5 by repetitive sintering, grinding, mixing 
and resintering of pellets at 1700 Κ i n oxygen gas at one atm 
pressure. The La2U^ was obtained by decomposition of lanthanum 
oxalate, and care was maintained to perform a l l the preparation 
steps as f a r as possible under an inert atmosphere. In some 
cases this procedure was followed by a hot i s o s t a t i c pressing 
(HIP) treatment of the sintered and crushed pellets at the same 
temperature i n hermetically sealed capsules i n argon gas at 
2000 atm pressure. The HIP treatment produced samples with 
densities within 3% of theoretical values, and with an average 
grain diameter of approximately 20 pm. As w i l l be discussed, 
the transformation characteristics of the compounds were 
influenced by the sample preparation process. Compositions of 
the conventionally-sintered samples were checked by scanning 
electron microscopy; the compositions of the HIP-treated 
samples are nominal. 

Experimental Methods 

X-ray diffractometry was performed, by methods described i n a 
companion paper (8), between 80 and 600 Κ at ambient pressure 
on thin s o l i d wafers cut from the prepared samples. Mounted 
with high temperature cement on r e l a t i v e l y massive metal 
backing plates, these wafers could be maintained at tempera­
tures constant to within ± 3 K, as measured by either a 
platinum thermometer or a copper-constantan thermocouple. The 
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19. NEVITT AND A L D R E D LaVxNblx04 Compounds 317 

widths of the (004) and (008) l i n e s , unsplit by the transfor­
mation, provided assurance of the chemical homogeneity of the 
samples; the f u l l width at half maximum (FWHM) of these 
reflections did not s i g n i f i c a n t l y exceed the FWHM of a standard 
material and the instrumental resolution, thus indicating that 
the experimental observations could be associated with 
discrete, uniform V-ion substitutions [See also (8)]. Lattice 
parameters were determined by a least-squares procedure based 
on d-spacings derived from ten to twenty refle c t i o n s . 

The s p e c i f i c heat at constant pressure, c p, of the HIP-
treated sample with nominal composition L ^ V Q ^ 25^0^7504 was 
measured over the temperature range 4-400 Κ by the"heat pulse 
method i n a calorimeter that incorporates a feedback system to 
regulate the temperature of concentric radiation shields 
surrounding the sample (9). The Cp values are accurate to 
within 1%, as determined by cali b r a t i o n runs using a poly-
cr y s t a l l i n e copper sample and a sapphire single crystal sample. 

Results 

The upper part of Figure 1 shows the collapse of the monoclinic 
a_ and jç_ l a t t i c e parameters to become the tetragonal a_ parameter 
of LaVQe25NbQe7504 as temperature i s increased. These data are 
typical*of HIP-treated samples, and the transformation, which 
occurs at 215 ± 1 Κ for this composition (see below), i s d i s -
placive and of higher order than f i r s t . Similar results have 
been reported f o r LaNb04 (10). If the transformation can be 
described i n a mean-field model, we would anticipate that the 
order parameters (aj-x) and (3-90) would vary as ( T t - T ) a with 
a = 0.50 over some temperature range near T t» Thus a plot of 
the square of the order parameters versus temperature would 
y i e l d straight lines extraplating to zero at T t. Figure 2, 
showing ty p i c a l plots of this type, indicates that the trans­
formation point i s strongly dependent on the l e v e l of V substi­
tution. Careful, repetitive measurements made with r i s i n g and 
f a l l i n g temperature, and after varying times at constant 
temperature, show that the transformation has no observable 
hysteresis and no measurable induction period. The upper part 
of Figure 3 shows the transformation temperature as a function 
of composition. By analogy with the upper part of Figure 1, 
the lower portion of Figure 3 shows the collapse of the room-
temperature monoclinic l a t t i c e parameters â  and ĉ as a function 
of composition i n the LaVxNbi_x04 system. The transformation 
should occur at ambient temperature and pressure at the 
approximate composition, LaVoe22ND0.78°4e 

The samples prepared without the HIP treatment showed 
substantially the same transformation behavior as the HIP-
treated material, w i th one notable exception: The monoclinic 
and tetragonal forms were seen to coexist over at least a 100 Κ 
temperature range i n a l l vanadium-substituted samples that did 
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150 200 250 300 
TOO 

Figure 1. La t t i c e parameters and s p e c i f i c heat of LaV^ 25^0.75^4 
as a function of temperature. 
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Figure 2. Variation of the square of order parameter, a-c^, with 
temperature for LaV xNbj _ x 0 A compounds. Solid c i r c l e s represent 
data from HIP-treated samples. 
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NEVITT AND A L D R E D LaVxNblx04 Compounds 

Figure 3. Transformation temperature as a function of 
composition for LaV xNbi- x04 compounds (upper) 
and variation of room temperature l a t t i c e 
parameters with composition for LaVxNb^_xU4 
compounds. 
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320 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

not receive a post-sinter HIP treatment and also i n HIP-treated 
samples that were subsequently reground and examined i n the 
powdered condition (par t i c l e size < 64 pm). Faint tetragonal 
reflections could be observed at low temperatures, and these 
reflections increased i n intensity with increasing temperature, 
merging indistinguishably with the coalescing monoclinic 
reflections at the transformation point. Both the i n t e n s i t i e s 
and the 2Θ positions of these tetragonal reflections varied 
smoothly and reproducibly on cycling through the transformation 
with no evidence of hysteresis. Additionally, no time-
dependent effects on the relative i n t e n s i t i e s or 2Θ positions 
of the two phases were observed. As there i s no evidence, X-
ray or otherwise, of chemical inhomogeneity i n any of the 
samples, i t i s tempting to associate this anomaly with a 
constrained phase transformation, which has been connected to 
the metastable retention of tetragonal Zr02 at room temperature 
(11 12). It i s postulated that when Zr02 grains are s u f f i ­
ciently small, the combined effects of surface energy and 
s p e c i f i c volume favor the retention of the high temperature 
tetragonal structure over the monoclinic form. The applica­
b i l i t y of this concept to the LaV xNbi_ x04 transformation i s 
under study i n this Laboratory. 

Figure 1 shows the temperature dependence of cp for 
L a V0.25 N b0.75 04 o v e r a temperature range bracketing the trans­
formation point. There i s no discernable latent heat at the 
transformation point, thus confirming the X-ray observations 
that the order of the transformation i s higher than f i r s t . It 
i s also evident that the s p e c i f i c heat anomaly, which 
accompanies a higher order transformation, i s exceedingly 
small, not greater than 0.05 J/g at. Κ at 215 K. The absence 
of a discernable s p e c i f i c heat anomaly at the transformation 
point, taken together with the observed coexistence of the two 
phases, indicates that there i s l i t t l e difference between the 
free energies of the two polymorphic forms over a substantial 
range of temperature below the transformation. 

Discussion 

The work reported here shows that the transformation tempera­
ture i n the LaV xNbi_ x04 system i s s i g n i f i c a n t l y affected by the 
simple, p a r t i a l substitution of one 5+ ion f o r another at the 
center of the tetrahedron. This effect i s connected closely to 
the dynamical characteristics of the crystal l a t t i c e . A study 
involving i n e l a s t i c neutron scattering, heat capacity and Raman 
scattering i s under way i n this Laboratory to c l a r i f y these 
aspects of the problem. 

With reference to the candidacy of generically-related 
c r y s t a l l i n e materials to host and immobilize nuclear waste 
ions, these results prompt several comments regarding s t a b i ­
l i t y . Displacive transformations, as observed here, represent 
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19. N E V I T T A N D A L D R E D LaVxNb lx04 Compounds 321 

r e l a t i v e l y small d i s t o r t i o n a l changes i n structure that are not 
l i k e l y to produce physically disruptive effects such as would 
accompany f i r s t order, reconstructive transformations involving 
nucleation and growth of another phase. This i s a positive 
consideration as regards long term physical int e g r i t y of the 
material* On the other hand, the occurrence of a composition-
sensitive, and possibly strain-sensitive, displacive trans­
formation, linking polymorphic forms with very small d i f ­
ferences i n structure and free energy, may re f l e c t conditions 
favorable to the occurrence of the metamict state* Since these 
conditions w i l l probably occur i n the waste storage environ­
ment, where there w i l l be diverse and time-variant ion substi­
tutions, the connection to a tendency toward metamict behavior 
should be c l a r i f i e d . 
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20 
Stability of Tetravalent Actinides in Perovskites 

CLAYTON W. WILLIAMS, LESTER R. MORSS, and IN-KYU CHOI 

Argonne National Laboratory, Chemistry Division, Argonne, IL 60439 

This paper reports the first deter­
mination of the enthalpy of formation of a 
complex actinide(IV) oxide: ∆H°f (BaU03,s, 
298 K) = -1690 ± 10 kJ mol-1. The preparation 
and properties of this and other actinide (IV) 
complex oxides are described and are compared 
with other perovskites BaM03. The relative 
stabilities of tetravalent and hexavalent 
uranium in various environments are compared 
in terms of the oxidation-reduction behavior 
of uranium in geological nuclear waste storage 
media; in perovskite, uranium(IV) is very 
unstable in comparison with uranium(VI). 

I n s i m p l e o x i d e s , t h e a c t i n i d e s a r e most s t a b l e i n t he +4 
o x i d a t i o n s t a t e ; t he d i o x i d e s , A n 0 2 , a r e known f o r a l l e l emen t s 
t h o r i u m t h r o u g h c a l i f o r n i u m . A l t h o u g h t h e p r o p e r t i e s o f T h 0 2 , 
U 0 2 , and P u 0 2 a r e e s p e c i a l l y i m p o r t a n t i n n u c l e a r t e c h n o l o g y , 
complex a c t i n i d e o x i d e s ( o x i d e s w i t h one o r more m e t a l i o n s i n 
a d d i t i o n t o an a c t i n i d e ) a r e a l s o i m p o r t a n t s i n c e t h e y may be 
f o u n d as f i s s i o n p r o d u c t s i n n u c l e a r f u e l s and t h e y a r e models 
f o r p o s s i b l e m a t r i c e s i n w h i c h n u c l e a r was t e s w i l l be s t o r e d . 
I t i s s u r p r i s i n g t h a t so much e f f o r t has b e e n d e v o t e d t o 
complex a c t i n i d e o x i d e s t h a t c o n t a i n a c t i n i d e s i n t h e +6 r a t h e r 
t h a n t h e +4 o x i d a t i o n s t a t e ( 1 ) . 

Because t h e p r e p a r a t i v e c o n d i t i o n s o f complex a c t i n i d e 
o x i d e s i n d i c a t e t h a t t h e y f a v o r h i g h e r a c t i n i d e o x i d a t i o n 
s t a t e s , we have s e l e c t e d a mode l s y s t e m i n w h i c h b o t h +4 and +6 
a c t i n i d e s a r e e a s i l y p r e p a r e d i n s i m i l a r o x i d e c o o r d i n a t i o n . 
I n t h e d i o x i d e s each a c t i n i d e i s s u r r o u n d e d b y 8 e q u i d i s t a n t 
oxygens a t the c o r n e r s o f a c u b e , b u t i n complex o x i d e s t h e 
a c t i n i d e i o n i s u s u a l l y s u r r o u n d e d b y 6 oxygens a t t h e a p i c e s 

0097-6156/84/0246-0323S06.00/0 
© 1984 American Chemical Society 
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324 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

of a regular or distorted octahedron (2) . Our model system i s 
perovskite, the mineral CaTi03, i n which structure type many 
complex actinide (IV) , (V), (VI), and even (VII) oxides 
crys t a l l i z e (1,2) (Figure 1). 

We have previously determined the enthalpies of formation 
of several perovskite +4 and +6 oxides (3,4). Our objective 
i n this study was to determine the enthalpy of formation of 
BaU03 and to evaluate the relative s t a b i l i t y of uranium(IV) and 
(VI) i n comparable complex oxides, especially i n comparison 
with binary oxides, halides, and aqueous ions. 

From a practical point of view, these compounds are models 
of crystalline matrices for nuclear waste disposal. One such 
storage material i s SYNROC, a synthetic mineral whose major 
constituents are the complex oxides hollandite, zirconolite, 
and perovskite. We have chosen perovskite as a model 
structural family because of i t s e f f i c i e n t packing and i t s 
accommodation of a wide range of cations, both i n size and 
oxidation state (5). 

Previous Work. The best-known set of actinide(IV) 
perovskites i s BaM03 (M=Th through Cf) (1,6). The 
corresponding lanthanide(IV) oxides BaCeU"3, BaPr0 3, and BaTb03 

are also known and have been well characterized (7). A few 
compounds SrM03 (M=Pa, U, Np, Pu) are also known T l ) . 
Recently. EuU03 and EuNp03 were prepared and characterized as 
(Eu 2 +)(U i +)(02-) 3 (8,9). 

By far the greatest body of literature exists for BaU03 

(10,11) . Very thorough studies of the Ba0-U02 system revealed a 
pseuclô-cubic BaU03 phase with a = 4.387 Â (12), or a = 4.410 
Â (13) . In general, i t was found that BaU03 could only be 
prepared by heating BaO with U02 at 1200-1900°C in inert gas or 
hydrogen. P a r t i a l oxidation and loss of Ba have been noted, as 
has the fact that BaU03 can take up more than 1 mol of BaO i n 
s o l i d solution (10,13). 

While our work was i n progress, a new report on BaU03+x 
appeared (14) . Hydrogen reduction of BaU0i+ was incomplete even 
at 1100°C, yielding BaU0 3. 2 3 or BaU03.3, a 0 = 4.40 ft. Reaction 
of Ba 3U0 6 with U02 i n hydrogen at 1150-1200°C yielded BaU0 2. 8 3 

or Ba0.98U03, a Q = 4.39 Â. These pseudocubic x-ray l a t t i c e 
parameters were resolved by powder neutron diffraction into the 
orthohonibic space group Pnma with refined vacancy structures of 
B ^ O . 9 H U 0 . 9 0 9 ° 3 and B a o . 9 7 6 U 1 . 0 0 1 ° 3 -

The two other most important actinide(IV) complex oxides 
are BaTh03 and BaPu03. The former has been prepared many times 
(15) ; however, there are disputes concerning i t s properties. 
Fava et a l . (16) prepared BaTh03 from stoichiometric amounts of 
BaO ancf Tïït)2 and observed an ideal perovskite, whereas Nakamura 
(17) found that an excess of BaO i s necessary and identified a 
distorted perovskite structure. It is also not obvious why BaO 
is not taken up i n s o l i d solution with BaTh03 (15) ; BaU03 i s 
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20. WILLIAMS ET AL. Stability of Tetravalent Actinides 325 

Figure 1. Perovskite structures: (a) simple perovskite, shown 
as idealized cubic BaU03. (b) ordered perovskite 
Ba2MgU06 (BaMgo.5Uo.5O3). 
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326 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

reported to form a s o l i d solution with up to 2 moles of BaO 
(10). Some doubt remains concerning the Ba/Th ratio i n these 
samples, since no analyses were reported and loss of Ba i s 
possible by v o l a t i l i z a t i o n during heating or during methanol 
extraction. BaPu03 was thoroughly studied by Keller (18) who 
found i t necessary to use a BaO:Pu02 ratio of 3:1 to react a l l 
of the Pu0 2; excess BaO was then extracted with methanol. 

Experimental 
We prepared BaU03 twice, each time beginning with high-

purity BaO (ŒRAC, assay 99.3% by acidimétrie t i t r a t i o n , found 
free of Ba(0H)2 or BaC03 by x-ray powder diffraction) and 
U02.oo (reduced from hi^h-purity U30e i n H 2 at 1000°C; 
composition v e r i f i e d gravimetrically by ignition to U 30 8 at 
800°C). The stoichiometric amount of each oxide was weighed i n 
a dry box (<5 ppm H20 and 0 2), mixed thoroughly i n an agate 
mortar, and heated to 1000°C for 24 hours i n 99.998% H2. After 
repeating the grinding i n the dry box and heating i n H 2, each 
sample was handled only i n the dry box. 

The f i r s t sample was analyzed as Bao.99U03#2o (referred to 
subsequently as BaU0 3 e 2o) by separating the cations by ion 
exchange followed by gravimetric analysis of Ba as BaS0i+ and 
analysis of U using weight-buret modified Davies and Gray 
t i t r a t i o n (19). The oxygen content was determined 
gravimetricâïïy by ignition of a sample to BaUÔ  at 1000°C. 
The second sample was analyzed similarly as BaU03eo6« X-ray 
powder diffraction Debye-Scherrer films were indexed as simple 
cubic with a 0 = 4.4155 ± 0.0005 Â for Bao.99U03.20 and a 0 = 
4.4007 ± 0.0020 Â for BaU0 3. 0 6. Several weak non-cubic lines 
were found on the Bao 99U0 3 e 2 0 film. 

Attempted preparation of BaTh03 and BaPu03 by similar 
procedures was not as successful. As recommended by Scholder 
et a l . (20), BaTh03 was prepared from a 10% excess of BaC03 

mixëcT witE Th02 and f i r e d i n nitrogen at 900 °C. Although the 
product dissolved completely i n 1M HCl(aq) and was extracted 
with absolute methanol i n a dry box to remove excess BaO, i t s 
analysis s t i l l revealed excess BaO. Although the x-ray powder 
diffraction f i l m (cubic, a Q = 4.4960 ± 0.0010 £) showed no BaO, 
BaC03, or Th02 lines, the sample was not considered suitable 
for calorimetry. 

The preparation of BaPu03 paralleled that of BaU03, 
beginning with 2 I f 2Pu0 2 ignited at 800°C, a suffi c i e n t l y low 
temperature that i t would not be refractory. Although the x-
ray powder diffraction f i l m (cubic a Q = 4.3839 ± 0.0004 Â) 
showed no Pu02 lines, the sample dissolved slowly i n 1M HCl(aq) 
or HC10i/(aq). Radiometric (alpha assay) and spectrophotometric 
analyses indicated only 90% of theoretical plutonium i n solu­
tion after 30 minutes i n dilute acid, with some insoluble r e s i -
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20. WILLIAMS ET AL. Stability of Tetravalent Actinides 327 

due (perhaps amorphous P u 0 2 ) r e m a i n i n g a f t e r s e v e r a l d a y s . 
These r e s u l t s were c o n s i s t e n t w i t h t hose o f K e l l e r ( 1 8 ) . 

P a r t o f t he BaPu03 was o x i d i z e d i n f l o w i n g 0 2 i n a Met t i e r 
TGA-2 a p p a r a t u s . Weigh t g a i n was comple te a t 700°C b u t 
c o r r e s p o n d e d o n l y t o B a P u 0 3 e 5 . The p r o d u c t showed an x - r a y 
d i f f r a c t i o n p a t t e r n o f a m i x t u r e o f B a P u 0 3 , P u 0 2 , and B a 3 P u 0 6 . 

S o l u t i o n c a l o r i m e t r y o f B a U 0 3 + x was p e r f o r m e d i n a n 880 c m 3 

i s o p e r i b o l c a l o r i m e t e r d e s c r i b e d by N o c e r a e t a l . ( 2 1 ) . 
Samples o f B a U 0 3 + x were w e i g h e d on a Cahn GRAM e l e c t r o b a l a n c e 
i n t h e d r y b o x and r e a c t e d s e q u e n t i a l l y i n the c a l o r i m e t e r i n 
l M H C l ( a q ) . 

R e s u l t s 

E n t h a l p i e s o f s o l u t i o n were measured s e p a r a t e l y f o r 
B a U 0 3 . 2 Q and B a U 0 3 e Q 6 s a m p l e s . The d a t a a r e shown i n 
T a b l e I . The t h e r m o c h e m i c a l c y c l e s t h a t l e a d t o the e n t h a l p i e s 
o f f o r m a t i o n o f t h e s e n o n s t o i c h i o m e t r i c compounds a re shown i n 
T a b l e I I . 

I n v i e w o f the d i f f i c u l t y i n a p p r o a c h i n g t he s t o i c h i o ­
m e t r i c c o m p o s i t i o n o f B a U 0 3 , i t i s n e c e s s a r y t o e s t i m a t e i t s 
e n t h a l p y o f f o r m a t i o n b y e x t r a p o l a t i o n . I t i s w e l l known t h a t 
t h e p a r t i a l m o l a l thermodynamic p r o p e r t i e s o f s o l i d s o l u t i o n s 
v a r y s m o o t h l y as a f u n c t i o n o f n o n s t o i c h i o m e t r i c pa rame te r s (22) 
so t h a t , b y i n t e g r a t i o n , t h e i n t e g r a l thermodynamic p r o p e r t i e s 
o f c o r r e s p o n d i n g n o n s t o i c h i o m e t r i c compounds a l s o v a r y 
s m o o t h l y . I t i s n o t as o b v i o u s t h a t t h e e n t h a l p i e s o f 
f o r m a t i o n o f a s e r i e s o f compounds s u c h as A B X and A B C X a l s o 
v a r y s m o o t h l y as a f u n c t i o n o f x , even when t h e compounds pass 
t h r o u g h s t r u c t u r e changes . Such a s e r i e s o f compounds, w h i c h 
i s r e l e v a n t t o t h i s s t u d y , i s U 0 2 + x , shown a t t h e t o p o f 
F i g u r e 2 . S i m i l a r smooth v a r i a t i o n o f A H f ( B a U 0 3 + x ) i s s een i n 
t h e l o w e r c u r v e o f F i g u r e 2 ; two o f t h e d a t a p o i n t s a r e from 
T a b l e I I and t h a t f o r BaUOi* ( Δ Η | = - 1 9 9 7 . 1 ± 2 . 1 k J m o l " 1 ) i s 
f rom O 'Ha re e t a l . ( 2 3 ) . By e x t r a p o l a t i n g t h e l o w e r c u r v e o f 
F i g u r e 2 t o χ = 0 , we e s t i m a t e AHSr(BaU03.0o) = -1690 ± 10 k J 
m o l ' 1 . r 

D i s c u s s i o n 

I t i s i n t e r e s t i n g t o n o t e the d i f f e r e n c e s i n s l o p e s o f the 
two c u r v e s o f F i g u r e 2 . The s l o p e o f t he B a U 0 3 + x d a t a i s 
a p p r o x i m a t e l y t w i c e t h a t o f the U 0 2 + x d a t a ; t h i s f a c t r e f l e c t s 
the enhanced s t a b i l i t y o f h e x a v a l e n t compared t o t h a t o f 
t e t r a v a l e n t u r a n i u m i n complex o x i d e s v e r s u s s i m p l e o x i d e s . 
Ackermann and C h a n d r a s e k h a r a i a h (24) c a l c u l a t e d s i m i l a r d a t a 
f o r U 0 2 _ x , w h i c h p l o t on a s t e e p e r c u r v e t h a n t h e A H K U 0 2 + x ) 
because U 0 2 _ x i s a c a t i o n - v a c a n c y U ( I V ) compound r a t h e r t h a n a 
m i x e d - v a l e n c e U ( I V ) - U ( V I ) o x i d e . 
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328 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

T a b l e I . E n t h a l p y o f S o l u t i o n o f B a U 0 , + x i n 880 cm-
o f 1M H C l ( a q ) a t 298 .15 Κ 

AH* 
ΔΗ . s o i n 

C o m p o s i t i o n Mass/mg J k J m o l " 1 

B a U 0 5 > 2 0 92 .46 - 5 1 . 6 2 - 2 3 8 . 2 

B a U O j ^ O 7 3 . 9 7 - 4 1 . 3 7 - 2 3 8 . 6 

B a U 0 3 # 0 6 7 4 . 3 2 - 4 8 . 7 0 - 2 7 4 . 3 

B a U 0 5 < 0 6 6 9 . 1 0 - 4 5 . 4 5 - 2 7 8 . 5 

B a U 0 3 # 0 6 8 3 . 4 8 - 5 5 . 3 9 - 2 8 0 . 9 

B a U 0 3 > 0 6 68 .04 - 4 4 . 3 6 - 2 7 6 . 0 

A v e - ^ s o l n ( B a U 0 5 # 2 0 ) - 2 3 8 . 4 ± 5 . 0 b 

A v e - ^ s o l n ( B a U 0 3 # 0 6 ) - 2 7 8 . 8 + 2 . 9 b 

a . C o r r e c t e d f o r b u l b b r e a k i n g and e v a p o r a t i o n o f s o l v e n t i n t o 
b u l b g a s . 

b . 95$ c o n f i d e n c e .  P
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Figure 2. Enthalpies of formation of U02+x and BaU0 3 + x.  P
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I n T a b l e I I I a r e shown AG° d a t a f o r s e v e r a l U ( I V - U ( V I ) 
r e a c t i o n s , each o f w h i c h i s n o r m a l i z e d b y i n c l u d i n g 1/2 0 2 ( g ) 
as t h e o x i d a n t . The f i r s t r e a c t i o n i s u s e f u l as a r e f e r e n c e , 
p a r a l l e l i n g the two ex t remes on the oxygen ΔΗ c u r v e o f F i g u r e 
2 . The n e x t t h r e e r e a c t i o n s a r e o x y h a l i d e s and a r e s l i g h t l y 
more f a v o r a b l e . The f i f t h r e a c t i o n i s t h a t o f s t a n d a r d - s t a t e 
aqueous i o n s and i n c l u d e s a c i d - b a s e e f f e c t s [weak a c i d U ^ C a q ) 
on l e f t and s t r o n g a c i d H + ( a q ) on r i g h t ] . N e v e r t h e l e s s , i t i s 
more f a v o r a b l e f o r the o x i d a t i o n U ( I V ) - U ( V I ) t h a n t h e r e a c t i o n s 
a b o v e , p r e sumab ly because o f t he f o r m a t i o n o f t h e s t r o n g l y 
c o v a l e n t l y bonded U 0 £ + i o n . P a r a l l e l s t a b i l i z a t i o n s a r e f o u n d 
f o r NpO^Î PuO^t and AmO£J where the M ( V I ) d i o x o c a t i o n s a r e 
r e l a t i v e l y s t a b l e . The l a s t two r e a c t i o n s show t h e s t a b i l i t y 
o f U ( V I ) i n complex o x i d e s . E a c h o f t he se r e a c t i o n s t a k e s 
U ( I V ) i n o c t a h e d r a l ( s i x f o l d ) c o o r d i n a t i o n t o U ( V I ) i n s i x f o l d 
c o o r d i n a t i o n ; t h e v e r y f a v o r a b l e f r e e e n e r g y changes i l l u s t r a t e 
how s t r o n g l y h e x a v a l e n t a c t i n i d e s a r e s t a b i l i z e d i n complex 
o x i d e s . 

T a b l e I I I . A G f 9 8 K f o r U ( I V ) - U ( V I ) R e a c t i o n s 2 1 

R e a c t i o n A G ° ( 2 9 8 K ) / ( k J m o l " 1 ) 

U 0 2 ( c ) + 1/2 0 2 ( g ) - U 0 3 ( c ) =114 
U 0 F 2 ( c ) + 1/2 0 2 ( g ) = U 0 2 F 2 ( c ) -123 
U 0 C l 2 ( c ) + 1/2 0 2 ( g ) = U 0 2 C l 2 ( c ) -150 
U 0 B r 2 ( c ) + 1/2 0 2 ( g ) = U0 B r 2 ( c ) ^ ^ -137 
H 2 0U) + U 4 + ( a q ) + 1/2 0 2 ( g ) = UO^taq) + 2 H + ( a q ) -185 
B a U 0 3 ( c ) + 1/2 0 2 ( g ) = BaUOi^c ) -278 
B a U 0 3 ( c ) + 2 BaO(s) + 1/2 0 2 ( g ) = B a 3 U 0 6 ( c ) -400 

^ T h e r m o d y n a m i c d a t a f rom Wagman, D , D, e t a l , , " S e l e c t e d V a l u e s 
o f C h e m i c a l Thermodynamic P r o p e r t i e s , 1 1 N B S T ' e c h n i c a l No tes 270-
3 , 2 7 0 - 6 , and 2 7 0 - 8 , U , S . Government P r i n t i n g O f f i c e , 
W a s h i n g t o n , D . C . , 1981, E n t r o p i e s o f BaU03 and Ba3U06 
e s t i m a t e d as sums o f c o r r e s p o n d i n g b i n a r y o x i d e e n t h a l p i e s . 

I t i s e a s y t o show t h a t B a U 0 3 i s a v e r y s t r o n g r e d u c t a n t ; 
u s i n g e s t i m a t e d S ° ( B a U 0 3 ) , we c a l c u l a t e AG°(298 K) = -50 k J f o r 
t he r e a c t i o n 

B a U 0 3 ( c ) + H 2 0 ( g ) = BaUO^(c) + H 2 ( g ) (1) 

so t h a t B a U 0 3 i s a s i g n i f i c a n t l y s t r o n g e r r e d u c t a n t t h a n 
h y d r o g e n . T h i s c a l c u l a t i o n c o n f i r m s t h e e x p e r i m e n t a l 
o b s e r v a t i o n (14) t h a t h y d r o g e n w i l l n o t r educe BaUO^ t o B a U 0 3 . 

A u s e f u l pa r ame te r by w h i c h t h e s t a b i l i t y o f p e r o v s k i t e s 
can be j u d g e d i s t he G o l d s c h m i d t t o l e r a n c e f a c t o r t ( 2 5 ) . I n a 
s t u d y o f the t h e r m o c h e m i s t r y o f t h e l a n t h a n i d e ( IV) p e r o v s k i t e s 
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B a ( C e , P r , T b ) 0 3 , Morss and M e n s i (7) showed t h a t t h e t o l e r a n c e 
f a c t o r c o r r e l a t e s r o u g h l y w i t h A H X c o m p l e x ) , i . e . , ΔΗ f o r t he 
r e a c t i o n 

BaO(c) + M 0 2 ( c ) = B a M 0 3 ( c ) (2) 

T a b l e I V i s an expanded t a b l e o f t h e s o r t u s e d b y Morss and 
M e n s i , showing t h a t B a U 0 3 b e h a v e s , as e x p e c t e d , l i k e B a C e 0 3 

w i t h r e s p e c t t o r e a c t i o n ( 2 ) . Because o f the i m p o r t a n c e o f 
o t h e r a c t i n i d e ( I V ) i o n s i n s i x f o l d c o o r d i n a t i o n , we have 
i n c l u d e d e s t i m a t e s o f ΔΗ(complex) f o r B a T h 0 3 and B a P u 0 3 . 
B a T h 0 3 i s c l e a r l y a compound o f m a r g i n a l s t a b i l i t y ; B a P u 0 3 i s 
much more s t a b l e b u t d i f f i c u l t t o s y n t h e s i z e f r e e o f P u 0 2 

u n l e s s e x c e s s BaO i s u s e d . The e s t i m a t e s i n T a b l e I V a r e 
u s e f u l because i t may be v e r y d i f f i c u l t t o p r e p a r e B a T h 0 3 and 
B a P u 0 3 i n s u f f i c i e n t l y h i g h p u r i t y f o r t h e r m o d i e m i c a l 
measurements . 

TABLE I V . P e r o v s k i t e s : S t r u c t u r a l and 
Thermodynamic Pa ramete r s 

Compound 
I R ( B 4 + ) 

Â t 

M 0 2 ( s ) + Ba0( s ) 
Δ ( M o l a r V o l . ) 

c m 3 / n i o l 

= B a M 0 3 ( s ) 
ΔΗ (complex) 

k J / m o l 

B a T i 0 3 0 .605 0 . 9 7 - 5 . 8 -163 
BaMo0 3 0 .650 0 .95 - 5 . 4 - 9 2 a 

B a H f 0 3 0 . 7 1 0 .92 - 3 . 5 -134 
B a Z r 0 3 0 .72 0 .92 - 2 . 4 -126 
B a T b 0 3 0 .76 0 .90 +0.5 -88 
B a P r 0 3 0 .85 0 .864 +0.5 -147, 
B a P u 0 3 0 .86 0 .860 +0.5 ( - 8 0 ) b 

B a C e 0 3 0 .87 0 .856 +1.7 -52 
B a U 0 3 0 .89 0 .849 +0.7 " 5 7 κ 
B a T h 0 3 0 .94 0 .831 +2.3 ( - 2 0 ) b 

ΊΓ. U n u s u a l l y s m a l l AH(complex) s i n c e M o 0 2 i s s t a b i l i z e d b y Mo-
No b o n d s , 

b . E s t i m a t e d . 

F i n a l l y , we w i s h t o p o i n t o u t t h a t o u r r e s u l t s a r e s i g n i ­
f i c a n t i n the c o n t e x t o f g e o c h e m i c a l b e h a v i o r o f u r a n i u m i n 
o x i d e h o s t s . F o r example , S c h r e i b e r e t a l . (26) f o u n d t h a t 
U ( I V ) , U ( V ) , and U ( V I ) c o e x i s t i n C a - M g - A l - s i l i c a t e g l a s s e s , 
w i t h h i g h - c a l c i u m g l a s s f a v o r i n g t h e h i g h e r o x i d a t i o n s t a t e s . 
P e p i n e t a l . (27) a rgue t h a t U ( V I ) and i n t e r s t i t i a l oxygen a r e 
f a v o r e c T i n f l u o r i t e s o l i d s o l u t i o n s s u c h as ( U , T h ) 0 2 + x w i t h 
u n i t c e l l s l a r g e r t h a n t h a t o f U 0 2 . I t i s w e l l known t h a t U0£ 
i s much more r e a d i l y l e a c h e d t h a n ϋ 4 + ; Wang and Katayama (28) 
showed t h a t the d i s s o l u t i o n o f U 0 2 and s p e n t n u c l e a r f u e l i n 
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w a t e r , b i c a r b o n a t e , and b r i n e i s i n i t a t e d b y o x i d a t i o n o f 
i n t h e s o l i d s t o U 0 £ + ( a q ) . Our s t u d y shows t h a t p e r o v s k i t e i s 
a weak s t a b i l i z i n g agen t f o r U ( I V ) and a v e r y s t r o n g 
s t a b i l i z i n g agen t f o r U ( V I ) ; we have p r e s e n t e d q u a n t i t a t i v e 
d a t a t o show how much more s t a b l e i s U ( V I ) t h a n U ( I V ) i n 
p e r o v s k i t e . We do n o t w i s h t o i m p l y t h a t i f B a U 0 3 o r a 
p e r o v s k i t e c o n t a i n i n g U( IV) i s p r e s e n t i n a g e o c h e m i c a l 
env i ronmen t i t i s c o n v e r t e d t o BaUOi* by a r e a c t i o n s u c h as 
r e a c t i o n ( 1 ) . O x i d a t i o n o f U( IV) b y d i s s o l v e d 0 2 o r a weaker 
aqueous o x i d a n t w o u l d p r o b a b l y be f o l l o w e d by c o m p l e x a t i o n o r 
d i s s o l u t i o n o f t he r e s u l t i n g U0£t 

Mos t k i n e t i c s t u d i e s ( e . g . , 29) and a thermodynamic s t u d y 
(30) o f n u c l e a r was te h o s t d i s s o l u t i o n focus on he te rogeneous 
r e a c t i o n s w i t h major c o n c e r n f o r t e m p e r a t u r e , p H , and com­
p l e x a t i o n . We b e l i e v e t h a t s t r o n g l y r e d u c i n g c o n d i t i o n s a r e 
n e c e s s a r y t o i n h i b i t t he u n d e s i r a b l e U ( I V ) - U ( V I ) o x i d a t i o n i n 
n u c l e a r was te m a t r i c e s . T h e r e f o r e , n u c l e a r was t e m a t r i c e s 
s h o u l d i n c o r p o r a t e r e d u c t a n t s o r o x i d a t i o n - r e d u c t i o n Eh b u f f e r s 
t o m a i n t a i n v e r y l ow oxygen p a r t i a l p r e s s u r e , and l e a c h s t u d i e s 
s h o u l d be c o n d u c t e d under o x i d a t i o n - r e d u c t i o n c o n d i t i o n s t h a t 
n e a r l y match r e p o s i t o r y c o n d i t i o n s . 
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21 
Chemical and Physical Consequences 
of α and β- Decay in the Solid State 

J. P. YOUNG and R. G. HAIRE 

Oak Ridge National Laboratory, Transuranium Research Laboratory, Oak Ridge, TN 37830 

J. R. PETERSON 

University of Tennessee, Department of Chemistry, Knoxville, TN 37996-1600 

D. D . ENSOR 
Tennessee Technological University, Department of Chemistry, Cookeville, TN 38501 

Interesting chemical and structural phenomena can 
occur when radioactive materials are stored in the 
solid state. Extensive studies have been made of 
both the chemical and physical status of progeny 
species that result from the α or β- decay of acti­
nide ions in several different compounds. The 
samples have been both initially pure actinide 
compounds--halides, oxides, etc.--and actinides 
incorporated into other non-radioactive host mate­
rials, for example lanthanide halides. In general, 
the oxidation state of the actinide progeny is con­
trolled by the oxidation state of its parent (a 
result of heredity). The structure of the progeny 
compound seems to be controlled by its host (a 
result of environment). These conclusions are 
drawn from solid state absorption spectral studies, 
and where possible, from x-ray diffraction studies 
of multi-microgram sized samples. 

The geochemical behavior of disposed radioactive wastes i s con­
t r o l l e d by a number of different physical and chemical phenomena. 
Some changes are caused by thermal processes which influence 
chemistry of both the stored material and i t s host. These thermal 
effects can also influence the physical characteristics of the 
stored material. Laboratory and f i e l d studies are underway i n 
many s c i e n t i f i c and engineering f a c i l i t i e s to understand these 
effects. 

The transmutation of one elemental species into another by 
radioactive decay i s a phenomenom that w i l l certainly influence 
the behavior of stored radioactive waste, but transmutation has 
received l i t t l e attention i n this context. Although the cause can 

0097-6156/84/0246-0335S06.00/0 
© 1984 American Chemical Society 
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336 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

be considered a physical effect, i t can provoke both chemical and 
structural changes. The important question i s , i n what way w i l l 
this transmutation affect the stored material and i t s host? Too 
often transmutation i s considered simply as the physical change of 
one element to another. The r e a l process i s , however, the change 
of one chemical species into another chemical species. What w i l l 
be the resultant oxidation state? How w i l l the daughter or 
progeny species achieve this oxidation state? What structure w i l l 
the resultant species exhibit? The answers to these questions 
w i l l be required to demonstrate geochemical s t a b i l i t y of a l l 
possible storage forms and to identify those forms most suitable 
for storage. Note that these are questions to be answered for 
chemical species i n the s o l i d state. Numerous studies have been 
carried out i n which the answers to questions such as these are 
based on the results of chemical analyses of solids dissolved i n 
some solvent system prior to analysis. A survey of such studies 
has been published (1). The results of these studies were proba­
bly influenced by the dissolution treatment and are probably not 
representative of effects that actually occurred i n the s o l i d 
state. Our studies to date do not answer a l l the questions posed 
above. A start has been made, however, with some very interesting 
investigations that deal with the effect of heredity and environ­
ment on the chemical and physical consequences of α and f ~ decay 
i n the s o l i d state. 

A suitable radioactive decay series i n which both α and $~" 
emission occur within a reasonable time i s found i n the heavier 
actinides where: 

2 5 3 - rf* 5 f e r 2 4 9 « 

The Cf-249 i s considered to be stable over the time of our 
experiments. The growth and decay of the various isotopes i n this 
series, starting with pure Es-253, are shown i n Figure 1. Each 
member of this series has been prepared i n various compounds, 
mainly halides and oxides, which have been characterized by 
absorption spectrophotometry and X-ray powder d i f f r a c t i o n where 
possible. The microchemical techniques for carrying out these 
studies have been previously reported (2). The growth of the 
respective progeny species i n either the berkelium or einsteinium 
compounds has also been followed by the above techniques. Such 
studies have been carried out with i n i t i a l l y "pure" compounds, 
where the parent species was at as high a concentration as possi­
ble. This was achieved by minimizing the time between i s o l a t i o n 
of the particular actinide and i t s conversion to a given compound 
for study. The conclusions derived from the studies of such 
bulk-phase compounds have been tested by changing the chemical 
composition at various stages of time after the i n i t i a l isotope 
separation and by doping Es-253 into various non-radioactive 
hosts, such as lanthanide or alkaline earth halides. The results 
of these studies and our conclusions drawn from them w i l l be 
presented i n this paper. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

02
1



21. Y O U N G ET A L . a and β~ Decay in the Solid State 337 

Results and Discussion 

The various bulk-phase compounds that have been prepared and 
studied over periods of time are summarized i n Table I. 

Table I. Actinide Compounds Prepared for Time Studies 

Min. Time Min. Time 
of Study, of Study, 

Compound* Yrs. Ref. Compound* Yrs. Ref. 

E s 2 0 3 2 Unp + BkBr3 § 3 7 
E S F 3 2 3 B k l 3 - Unp 
ESCI3 3 4 Cf 203 - Unp 
EsBr3 3 4 C f C l 3

§ 

- Unp 
ESI3 3 4 CfBr3 - 8 
E s C l 2 3 4,5 C f l 3 - 9 
EsBr 2 3 4,5 C f C l 2 - 10 
Eslo 3 4 CfBr 2 - 8 
BkF 3

3 

BkCl 3
§ 

2 6 Cf I 2 - 9 BkF 3
3 

BkCl 3
§ 3 Unp CmBr3 5 Unp 

*Isotopes used: Es-253, Bk-249, Cf-249, Cm-244 
tUnpublished 
§2 or more structures 

The references given i n Table I are those describing the prepara­
tion of a given compound; the reference may or may not contain 
information on the behavior of the compound with time. Note that 
the compounds have been synthesized i n different oxidation states 
and different c r y s t a l structures where possible. Not shown i n the 
table are einsteinium, berkelium, and californium phosphates which 
have also been prepared and are being studied at present (11). 

Bulk-Phase Compounds. Some of our results i n the studies of the 
bulk-phase compounds have been published (3-7). These studies 
have shown that oxidation state i s preserved for these actinides 
i n either α or $~~ decay. Trivalent einsteinium w i l l transmute to 
trival e n t berkelium which transmutes to trivalent californium. It 
has also been observed that divalent einsteinium yields divalent 
californium. It i s interesting to note i n this l a t t e r case that 
i t has not yet been possible to synthesize divalent berkelium i n 
the bulk phase. Berkelium(II) has not been observed in our aged 
einsteinium(II) compounds either, but i t would be l o g i c a l to 
assume i t has been produced there. Our i n a b i l i t y to observe 
Bk(II) could be related to weak absorption intensities and/or 
interference by absorption bands of einsteinium(II) or 
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338 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

californium(II). The results of our studies of bulk-phase halide 
compounds of 2*^Bk have also proven that c r y s t a l structure i s 
preserved i n this fT~ decay (_7). The spectrum of an aged orthor-
hombic BkBr3 sample containing the οrthorhombic form of CfBr3 
i s shown i n Figure 2. This form of CfBr3 has not been synthe­
sized d i r e c t l y but was prepared by nature through the transmuta­
tion of orthorhombic BkBr3 over a 3-year period. The absorption 
spectrum and X-ray d i f f r a c t i o n pattern of this material demon­
strated that i t did indeed contain orthorhombic CfBr3 (7). 
Heating this compound to 350°C converted i t to the thermo-
dynamically stable monoclinic form of CfBr3, the form that can 
be synthesized d i r e c t l y . With bulk-phase compounds our results 
suggest that l o c a l order i s also preserved i n α decay. Conclusive 
proof of this could not be obtained, however, since useful X-ray 
powder d i f f r a c t i o n data are d i f f i c u l t to obtain from Es compounds 
(12). The belief that structure i s maintained, at least i n the 
l o c a l order or coordination sense, i s a subjective conclusion (4); 
i t should be remembered that long range order i n highly radio­
active compounds, such as 253 E s halides, i s apparently 
destroyed by self-irradiâtion damage. Local order i s not 
destroyed; i f i t were, i t would not be possible to obtain repro­
ducible absorption spectra from these compounds. Extensive data 
are not available for oxides or other types of oxyanion compounds, 
but nothing observed using such compounds, i n the studies carried 
out so far, i s i n disagreement with the conclusions described 
above. ES2O3 presents an interesting case i n that i t u l t i ­
mately generates an unidentifiable form of CÎ20^; this work 
continues (11). 

Material Balance. It has been pointed out that i n our studies 
only t r i v a l e n t progeny grow into a t r i v a l e n t parent compound, and 
only divalent progeny grow into a divalent parent compound. No 
other species are seen. What of the quantitative nature of these 
observations? Is there a material balance of the observable 
species? With the irregular-shaped samples that result from the 
synthesis, i t i s not possible to obtain absorption coefficients 
f o r even the reference compounds (2), l e t alone the compounds of 
mixed species. What was done, however, was to obtain the r e l a t i v e 
absorbance ratios of several daughter Bk(III) and granddaughter 
Cf(III) peaks to parent Es(III) peaks i n the spectra of e i n s t e i ­
nium tr i h a l i d e s as a function of time. These ratios were compared 
to the r e l a t i v e absorbance ratios of the same peaks i n the spec­
trum of a halide "freshly" synthesized from a sample of ES2O3 
that had aged an i d e n t i c a l period of time. It was assumed i n this 
study that a l l actinide parent and progeny species, no matter what 
thei r form i n a sample of oxide, would be quantitatively converted 
into the respective t r i h a l i d e s and would therefore serve as stan­
dards to which the stored halide could be compared. Since only 
peak ratios were compared, no absolute absorbance measurements 
needed to be made, and variations i n the peak ratios between the 
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YOUNG ET AL. a and β~ Decay in the Solid State 

E L A P S E D T I M E , days 

Figure 1· Growth and decay curves for progeny originating 
from 2 ^ ^ E s . Reproduced with permission from Ref. 2, 
copyright 1978, Elsevier Sequoia, S.A. 

WAVELENGTH (nm) 
500 6 0 0 700 800 9 0 0 1100 

l l l l l l l l l l l l l l l l l l l l l l H l l l l l l l l l l l l l u l l l l l l l l l l l l l l l l l 

20 19 18 17 16 15 14 13 12 11 10 9 
WAVE NUMBER (105m-<) 

Figure 2. Spectra of aged οrthorhombic BkBr3 showing 
absorption peaks for orthorhombic CfBr3. Reproduced with 
permission from Ref. 7, copyright 1980, American Chemical 
Society. 
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340 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

stored halides and the halides made from stored oxides should 
r e f l e c t differences i n amounts of the actinides present i n the two 
types of samples. One can compare, for example, the spectrum of 
91-day-old ΕβΒΓβ plus progeny with that of a sample of 91-day-
old ES2O3 plus progeny converted into a tribromide. The 
result of such a study i s shown i n Figure 3. Although the absor-
bance peak heights in the two spectra are different, the ratios of 
peak heights of the various pairs are comparable. The data are 
given i n Table II. Data for similar experiments with a series of 
ESCI3 samples are l i s t e d i n Table III. 

Table II. Ratio of Progeny and Parent Absorption Peaks* in 91-
Day-Old EsBr3 and i n 91-day-old ES2O3 Converted to Bromide 

Sample EsBr3 ES2O3 y EsBr3 
Age (days) 91 91 0 _ 

Peak Ratio 

Cf(a)/Cf(b) 1.1 0.70 

Bk/Es 0.41 0.65 
Bk/Cf(a) 0.48 0.88 
Bk/Cf(b) 0.53 0.62 

Es/Cf(a) 1.2 1.4 
Es/Cf(b) 1.3 0.96 

*Peaks used i n analysis: Cf(a), 875 nm; Cf(b), 640 nm; Bk, 660 
nm; and Es, 790 nm. 

Although i n this type of comparison there i s s t i l l a problem 
of using single beam absorption data (2) and a problem with 
absorption peak overlap, both of which lower the precision of 
analysis which might otherwise be possible, reasonably comparable 
ratios were obtained i n both examples. This study was carried out 
with samples of various ages up to 130 days, and the results 
suggest that the same amounts of berkelium and californium were 
present i n the stored halides as were present i n the stored oxides 
converted to halides. This indicates that a l l progeny species may 
well be accounted for. In an auxiliary analysis of these data 
presently underway, the growth and decay curves for the various 
species involved are i n reasonable agreement with that expected 
based on the h a l f - l i v e s of the respective species (13). 
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21. YOUNG ET AL. a and β Decay in the Solid State 341 

Figure 3. Spectrum of 91-day-old EsBr3 compared to that of 
91-day-old E S 2 O 3 converted to tribromide. 
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342 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table III· Ratio of Progeny and Parent Absorption Peaks* i n 81-
Day-Old ESCI3 and i n Aged ES2O3 Converted to Chloride 

Sample ESCI3 ES2O3-* ES2CI3 E s 2 0 j * E s C l 3 

Age (days) 81 43 24 81 0 

Peak Ratio 

Cf(a)/Cf(b) 1.0 .99 1.4 

Bk/Es 1.5 1.2 2.0 
Bk/Cf(a) 4.2 3 4 
Bk/Cf(b) 4.2 3 5.6 

Es/Cf (a) 2.8 2.5 2.0 
Es/Cf(b) 2.8 2.5 2.8 

*Peaks used i n analysis: Cf (a), 875 nm; Cf(b), 740 nm; Es, 790 
nm; and Bk, 650 nm. 

Solid State Dilutions. Thermalization of r e c o i l i n g species formed 
as a result of α and (Γ" decay processes i n a s o l i d material can be 
considered a process of charge-compensated ion implantation. In 
bulk-phase einsteinium halides i t has been established that prog­
eny species have the same oxidation state as the parent and postu­
lated that the l o c a l order of the progeny i s the same as that of 
the parent einsteinium compound. These features may be caused by 
two different mechanisms. The maintenance of oxidation state 
through the decay processes may arise from the necessity for 
charge compensation (4) i n the s o l i d material, an effect of hered­
i t y . The maintenance of l o c a l order may arise because of the 
nature of radioactive decay, i . e . , the replacement of ions, one by 
one, i n an established and stable, at least on the time frame of a 
single radioactive event, matrix so that each implanted ion i s 
influenced by i t s environment. To test the above hypotheses, 
s o l i d state mixtures of einsteinium species (< 10 mole % e i n s t e i ­
nium) with various inorganic s a l t s were prepared i n which the e i n ­
steinium exhibited an oxidation state different from that of the 
host cation. Dilute einsteinium-lanthanide halide mixtures (ap­
proximately 10 mole % einsteinium) were prepared i n which the host 
halide exhibited various structures that were not necessarily the 
same as the structure believed to be characteristic of the pure 
phase of the respective einsteinium halide. The former sample 
series would allow evaluation of the effects of heredity; the l a t ­
ter series, the effects of environment. Although both berkelium 
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21. YOUNG ET AL. a and β Decay in the Solid State 343 

and californium spectra can be observed i n aging bulk-phase 
einsteinium(IIl) halides, only californium spectra could be 
observed i n the einsteinium-lanthanide halide mixtures due to the 
low absorptivity of berkelium. 

In a l l samples prepared in which the oxidation state of the 
einsteinium differed from that of the host cation, over a time 
period of several years, only californium(III) has been i d e n t i f i e d 
as a r i s i n g from the samples that i n i t i a l l y contained einsteinium 
(III) , and only californium(II) has been observed i n samples that 
o r i g i n a l l y contained einsteinium(II). Even when the parent was i n 
a host of d i f f e r i n g oxidation state, the progeny species 
maintained the oxidation state of the parent. 

The c r y s t a l structures of the various lanthanide halides into 
which einsteinium t r i h a l i d e s were incorporated are summarized i n 
Table IV. Both bromides and chlorides were prepared. The crys t a l 

Table IV. Crystal Structures of Lanthanide Halides Used as Hosts 
for Einsteinium Halide Decay Studies 

Lanthanide Trichloride Tribromide 

Lanthanum Hexagonal Hexagonal 
Samarium - Orthorhombic 
Gadolinium Hexagonal (dimorphic) Rhombohedral 
Terbium Orthorhombic Rhombohedral 
Ytterbium - Rhombohedral 
Lutetium Monoclinic Rhombohedral 

Actinide 

Einsteinium Orthorhombic Monoclinic 

Californium Orthorhombi c Monoclinic 
or Hexagonal 

structures of the pure bulk-phase einsteinium and californium 
t r i h a l i d e s are also given i n the table. The spectra of several of 
the bromide samples obtained 6 months af t e r preparation of the 
i n i t i a l mixture are shown i n Figure 4. There are three different 
c r y s t a l forms of lanthanide(III) bromides represented in this 
series, and there are three different spectra for californium 
corresponding to these three different structures. We had 
expected the spectrum of californium growing into SmBr3 to 
correspond to that of the orthorhombic form (the form of CfBr3 
that had previously been made only by transmutation of BkBr3). 
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GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

WAVELENGTH (nm) 
500 600 800 1000 

ι 1 1 1 1 — ι — I I 

— ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — I 

Figure 4. Spectra of 6-month-old mixtures of EsBr3 10 
mole %) i n several lanthanide bromides. Absorption peaks of 
tr i v a l e n t californium are also present. 
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21. YOUNG ET AL. a and β~ Decay in the Solid State 345 

The spectrum of californium i n SmBr3 i s not exactly l i k e that of 
orthorhombic CfBr3» The spectrum, rather, i s l i k e that of a 
mixture of orthorhombic and monoclinic CfBr3» Although this 
seems to be an exception to what was predicted, the presence of 
such a mixture of two forms of CfBr3 i s probably to be expected 
since i t i s known that heat w i l l convert orthorhombic CfBr3 to 
the monoclinic form, and since the mixed c r y s t a l started out at 
some elevated temperature because of the presence of EsBr3 (the 
decay energy of Es-253 i s 1.5 χ 10^ kJ/mol-min). In the other 
three spectra, the absorption peaks of CfBr3 i n the hexagonal 
LaBr3 are unique and d i f f e r from the similar spectra of CfBr3 
i n rhombohedral TbBr3 and LuBr3* The spectra of californium 
(III) i n the chloride hosts were weak i n a l l cases, but the 
spectrum of californium i n orthorhombic TbCl3 i s i n l i n e with 
what one would expect for orthorhombic CfCl3. The absorption 
spectra of californium(III) growing into LUCI3 i s unlike any 
CfCl3 spectrum we have previously seen. This l a s t spectrum i s 
similar to the spectrum attributable to californium i n monoclinic 
CfBr3« Taking into account the possible effects of heat, which 
i s also an environmental effect, i t appears that the spectra of 
californium progeny species tend to conform to that expected for 
the host l a t t i c e and not those of the pure californium halide 
structure. 

The results of these and our previous studies of actinide 
compounds suggest that i t i s reasonable to assume that most of the 
progeny species are accounted for i n our observations. The data 
also suggest that the oxidation state of progeny species i s 
controlled by heredity and their structure by environment. We are 
not, however, invoking any severe chemical or structural 
i n s t a b i l i t i e s i n the model systems we have studied. In sharp 
contrast to our results, severe chemical i n s t a b i l i t i e s could be 
created i f oxidation state i s preserved by progeny ions i n α or 3"" 
decay processes i n elements or to elements other than those i n the 
4f or 5f transition element series. Many of these other progeny 
elements exhibit normal oxidation states that vary considerably 
from the ( I I ) , ( I I I ) , or (IV) states more common for the 
f- t r a n s i t i o n series. It would seem that nature might correct 
these i n s t a b i l i t i e s by appropriate redox reactions, thereby 
releasing or consuming electrons i n the host storage material. 
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22 
Effects of Water Flow Rates on Leaching 

C. PESCATORE1 

University of Illinois at Urbana-Champaign, Urbana, IL 61801 

A. J. MACHIELS 
University of Illinois at Urbana-Champaign, Nuclear Engineering Program, Electric Power 
Research Institute, Palo Alto, CA 94303 

Waste form leach rates in a geologic repository 
will be affected by unknown water flow rates and by 
extensive cracking of the waste form monolith. An 
understanding of these effects is important in pre­
dicting the geochemical behavior of disposed radio­
active waste forms over the full range of possible 
scenarios. The dependence of the waste form source 
term on the rate of renewal of aqueous solution is 
first established for the simple but important case 
of solubility-limited network dissolution control. 
Next, the case of selective leaching control is 
investigated. Leaching in the presence of both 
mechanisms is then explored by using the mechanis­
tic leaching code, LIX. The latter appears parti­
cularly well suited for deriving, from information 
obtained in static tests, the leach rates appli­
cable to low-flow conditions which are difficult to 
simulate experimentally. It is suggested that, for 
glass waste forms, the leaching process is even­
tually controlled by selective leaching of modifier 
species at very low flow rates and by network 
dissolution of the glass structure at higher flow 
rates. 

In glass leaching experiments, the rate of renewal of the corro­
sion solution i s an important system parameter, the effect of 
which has been investigated i n a number of recent studies focus­
ing on complex, simulated nuclear waste glasses (1-4). In p a r t i ­
cular, changes i n the leachant renewal frequency have been found 
to strongly affect elemental releases of both network formers and 
modifers as well as the pH of the solution. The results 
p a r a l l e l those for the effects, of the sample surface area-to-
solution volume r a t i o (5,6). Namely, higher mass losses are 
obtained the more di l u t e the contacting aqueous solution ( i . e . , 
the higher the solution flow rate). 

'Current address: Brookhaven National Laboratory, Upton, N.Y. 11973. 

0097-6156/ 84/ 0246-0349$06.00/ 0 
© 1984 American Chemical Society 
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350 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

In a geologic repository, waste form leaching w i l l be 
affected by unknown flow rates both under normal repository 
operation and accidental conditions. An understanding of these 
effects i s then necessary i n order to predict the geochemical 
behavior of disposed radioactive waste over the f u l l range of 
possible scenarios. 

In the present paper, flow rate effects on leaching are 
analyzed from a theoretical point of view and are rationalized i n 
a consistent, generic leaching model incorporating the dependence 
of the mechanisms of selective leaching and network dissolution 
on solution feedback effects. 

Flow rate effects on the rate of dissolution of the glass 
network and on the rate of selective leaching of glass modifiers 
are discussed f i r s t separately, i n order to address expected 
leaching behaviors under network dissolution control and selec­
tiv e leaching control, respectively. Flow rate effects are then 
analyzed i n the presence of both leaching mechanisms. It i s 
concluded that the distinguishing feature of flow rate effects on 
leaching i s that they determine the long-term rate-controlling 
leaching mechanisms. 

Effects on Network Dissolution 

A distinguishing effect of flow rate i s that saturation of the 
solution i s never achieved under dynamic leaching conditions. 
Thus, network dissolution, a s o l u b i l i t y limited process, i s never 
allowed to halt. A steady-state condition i s eventually estab­
lished whereby leach rates of network formers equalize the rate 
of removal of species from the leachant due to the flowing solu­
tion. This can be i l l u s t r a t e d by formulating a network dissolu­
tion model which incorporates the dependence of leaching of 
network formers on s o l u b i l i t y l i m i t s and water flow rates. 

With reference to the s i l i c a dissolution reactions: 

[ S i 0 2 ] ( g l ) + 2 [H 20](aq) = [ l ^ S i O ^ (aq) (1) 

[H 4Si0 4](aq) = [ l ^ S i O ^ a q ) + [H +](aq) pK=9.8 at 25° C (2) 

the instantaneous s i l i c o n dissolution leach rate per unit area of 
the s o l i d , L ( t ) , can be expressed as: (4,7) 

L(t) = L o (1 - C/C s a t) (3) 

where C denotes the concentration of o r t h o s i l i c i c acid i n solu­
tion. L 0 i s a ki n e t i c parameter representing the rate of 
forward reaction (1) when the solution i s uncontaminated with 
s i l i c a . Gsat * s t n e saturation value of o r t h o s i l i c i c acid i n 
solution. Both L Q and C s a t exhibit an Arrhenius dependence on 
temperature, but negligible dependence on pH i n water (7,8). 
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22. PESCATORE AND MACHIELS Effects of Water Flow Rates on Leaching 351 

Considering, then, an example of leaching under moderate pH condi­
tions (pH 9, say), such that ionization of o r t h o s i l i c i c acid can 
be neglected, the balance of s i l i c o n species i n a well-mixed 
solution can be written as follows: 

|£ = 3 (9t) - Φ(0 -C*) t>0 (4) 

3 - r a t i o between the sample "true 1 1 surface area, A, and 
the volume of the contacting solution V; 

Φ - r a t i o between the volumetric flow rate of the leachant, 
F, and the volume of the contacting solution, V, i . e . , 
the leachant renewal frequency; 

C* - s i l i c o n volumetric concentration i n the incoming solu­
tion; 

t - time. 

Indicating by C Q the i n i t i a l concentration of s i l i c o n i n solu­
tion, Equation (4) predicts i t to evolve according to the 
expression : 

C (t) = (C 0 - CJe~th + Cm (5) 

where : 

C = g L o + * c * c s a t (6) 
C " BL 0 + » C 8 a t

 ( b > 

and 

τ = C s a t / (6L 0 + K s a t ) (7) 

Accordingly, a flow-rate limited steady-state characterized by a 
constant concentration of s i l i c o n i n solution, Coo, and a constant 
leach rate 

Κ-** α - C* / C s a t ) β ™ï $ C s a t (8) 

i s eventually achieved. The time needed to reach 1% departure 
from steady-state, T, i s approximately: 

T = 5 T = BL 0 / C s a t + Φ ( 9 ) 

Therefore, i f leaching i s network dissolution controlled, the 
higher the flow rate the sooner steady-state i s achieved and the 
higher the leach rate, which accords with the experiments1 
evidence. In par t i c u l a r , because 3 = A/V and Φ - F/V, 
Equations (6)-(8) indicate that the only parameter characterizing 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

02
2



352 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

the system at steady state i s the r a t i o F/A, i . e . , i n a repository 
environment, the s p e c i f i c flow of groundwater past the waste 
form specimen. 

Effects on Selective Leaching 

Selective leaching of the glass matrix takes place by ion ex­
change of modifier ions ( a l k a l i s or alkaline earths, essentially) 
from the glass for hydronium ions i n solution. This process 
results i n dealkalinization of the o r i g i n a l glass. Glass modi­
f i e r s exhibit high s o l u b i l i t i e s i n water indicating that selective 
leaching i s not s o l u b i l i t y limited and that flow rates are not 
expected to influence this mechanism unless i n the extreme case 
of a stagnant solution. This can be i l l u s t r a t e d by formulating a 
selective leaching model which incorporates ion exchange pro­
cesses taking place within the glass bulk and at the glass-solu­
tion interface as well as the flow condition of the solution. 

With reference to sodium species and to Figure 1, the ion 
exchange reaction 

can be modeled separately for the glass bulk and surface 
phases (4). Ion exchange i n the bulk phase results i n an ionic 
counterdiffusion process characterized by a concentration-
dependent d i f f u s i o n c o e f f i c i e n t , D (4,9). Ion exchange at the 
glass-solution interface can be modeled i n terms of the pheno-
menological constants k + and k"* yielding the following 
expression for the leach rate of sodium species per unit area of 
the s o l i d : 

where η represents the surface concentration of sodium species; 
c s o l t n e concentration of sodium species i n solution; k +n the 
rate of sodium release into solution; k""C s oi the rate of 
sodium resorption on the glass surface. The parameters k + and 
k~ depend i n general on temperature, and may depend on the 
physico-chemical properties of the solution and the glass surface. 

Considering an example of leaching under moderate pH excur­
sion, such that the autoprotolysis of water can be neglected and 
k + and k~ are approximately constant, the balance of sodium 
species i n the system obeys the following set of equations: (4) 

[Na +](gl) + [H 30 +](aq ) 5 Ê[Na +](aq) + [H 30 +](gl) (10) 

L(t) = k +n = k" C s o l 

3t 3x 1 3x J x,t>0 (12) 

dn 
dt - L(t) + (D 5 J r 

8x 
) x=0+ t>0 (13) 

dC s o l 
dt = 3 L(t) - <ï>(Csol-C*) t>0 (14) 
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22. P E S C A T O R E A N D M A C H I E L S Effects of Water Flow Rates on Leaching 353 

where C * represents the sodium concentration i n the incoming 
leachant } henceforth assumed equal to zero. The two parameters 3 
and Φ are the usual surface area-to-solution volume r a t i o and the 
leachant renewal frequency, respectively. The c o e f f i c i e n t D can 
be expressed i n terms of the molar frac t i o n of sodium i n the 
glass, XNa> a n ( * the s e l f - d i f f u s i o n c o e f f i c i e n t s of Na + and H30 + 

species: 
D D 

D m Na Η (15) 
" -Na DNa + ( 1^Na> DH 

In practice Djga >> DH, (10) and counterdiffusion i s controlled by 
the slower hydronium ion. This suggests assuming that: 

which linearizes the system of Equations (12)-(14). Assuming 
further chemical equilibrium between sodium species on the glass 
surface and sodium species immediately adjacent i n the bulk 
phase, the law of mass action requires that: 

=K t > 0 (16) n(t) — 

where Κ i s a true equilibrium constant. 
Within the context of the above approximations, the o r i g i n a l 

system of Equations (12)-(14) can be solved with the usual boun­
dary and i n i t i a l conditions: 

C(«,t) - C Q (17) 

C(x,0) = C Q (18) 

n(0) = C Q / K (19) 

C s o l ( 0 ) = 0 (20) 

The predicted asymptotic behaviors for the leach rate are as 
follows: (4,11) 

L . ( t ) - Οο,β . Î k + 3 2 _ 2

 t l a r * e e n o U * h ( 2 1 ) 

H-nt 2 Κ 2 D (k 3) t Φ = 0 

and 

Loo(t) - co * / ^ H t large enough (22) 
Φ + 0 
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354 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Equations (21) and (22) both suggest that leaching w i l l eventually 
slow down to zero under selective leaching control. Under the 
conditions of Equation (21), leaching tends to zero as a build-up 
of glass modifiers i n solution allows the s o l i d surface to come 
to equilibrium with the leachant. Under the conditions of 
Equation (22), species build-up effects do not play a role, 
regardless of how small the flow rate, and leaching tends to zero 
as the glass matrix gets depleted of network modifiers. This 
accords with physical i n t u i t i o n . 

Equation (22) i s the c l a s s i c a l expression for the leach rate 
per unit area under d i f f u s i o n controlled conditions. 

The General Case 

While i t proved convenient to consider flow rate effects on 
leaching under network dissolution control and selective leaching 
control separately for i l l u s t r a t i o n purposes, these mechanisms 
are not independent of each other. Indeed, as ion exchange 
reactions of the kind (10) deplete the solution of hydronium 
ions, the solution becomes more alkaline causing o r t h o s i l i c i c 
acid to ionize and, consequently, additional dissolution of the 
glass matrix according to reactions of the kind (1). It i s , 
however, the flow condition of the solution that determines the 
long-term rate-controlling leaching mechanisms. If the solution 
i s stagnant, saturation of the solution i s reached much sooner 
with respect to the network formers than the a l k a l i s ; thus leach­
ing w i l l eventually take place at a rate controlled by selective 
leaching of the a l k a l i s . If the solution i s flowing, saturation 
i s never achieved, and selective leaching, a process which other­
wise would slow down to zero, i s controlled eventually by the 
constant network dissolution rate of the glass matrix. In this 
case, a l l elements eventually leach out at the same rate dictated 
by the dissolution kinetics of the network forming element with 
highest s o l u b i l i t y i n solution and by the flow conditions of the 
solution. This can be i l l u s t r a t e d for the case of sodium and 
s i l i c o n leaching from nuclear waste glasses by combining together 
to the modeling approach outlined e a r l i e r for network dissolution 
and selective leaching controls, and by taking into account the 
dissociation of the o r t h o s i l i c i c acid, Reaction (2), and the 
autoprotolysis of water: 

H 2 0 ^ ± O H " + H + (23) 

The mathematical formulation of the model complicates somewhat 
(4), and i t i s not reported here for the sake of simp l i c i t y . 
In p a r t i c u l a r , the model results i n a system of coupled, non­
linear ordinary and p a r t i a l d i f f e r e n t i a l equations which have 
been f u l l y implemented i n a computer code, named LIX, to predict 
elemental releases of s i l i c o n and sodium from bor o s i l i c a t e 
glass. 
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22. PESCATORE AND MACHIELS Effects of Water Flow Rates on Leaching 355 

Figure 2 shows the predicted, normalized cumulative mass 
losses based on the behaviors of s i l i c o n and sodium for three 
different values of the leachant renewal frequency. The physical 
parameters used refer to the leaching of PNL 76-68 bor o s i l i c a t e 
glass i n deionized water at 90°C, (4) and reference i s made to 
the geometric surface area, SA, of the sample. In particular, the 
curves corresponding to s i l i c o n and sodium tend to have the same, 
constant slope with increasing flow rate. In particular, the 
curves corresponding to Φ = 1 day" 1 p r a c t i c a l l y coincide, indica­
tiv e of network dissolution control. 

Figure 3 shows the predicted behavior of the pH of the solu­
tion as a function of leachant renewal frequency for the same 
system parameters. As can be seen, the higher the flow rate, 
the sooner steady state i s achieved, and the closer the leachant 
composition to that of the o r i g i n a l solution. In particular, the 
pH curve for the s t a t i c case (Φ= 0) shows that the solution pH 
has not reached steady state yet after 28-days leaching. Approach 
to steady state under the s t a t i c leaching conditions can be a 
very lengthy process. However, an equilibrium pH value can be 
estimated by use of the solution electroneutrality condition as 
applied to the reactions modeled. Indeed, at a l l times: 

[H +] + [Na +] - [0H +] - [H 3Si0 4-] = 

I [H +] + [Na +] - [0H~] - [ H 3 S i 0 4
_ ] } t = Q (24) 

which yields an equilibrium pH of -12 at 90°C based on the 
equilibrium r e l a t i o n between sodium solution and surface species: 

k+C 

i F i ( 2 5 ) 

and on values of the physical parameters from Reference 4. 
Figure 4 shows a plot of the long term, normalized leach 

rate, L*(t ) = L o o(t)/Lsi(t=0), based on the behaviors of sodium 
and s i l i c o n as a function of Φ, where leaching follows a law of 
the type (21). This lower range of Φ values may encompass flow 
rates i n a nuclear waste repository under normal operational 
conditions. Network dissolution control operates i n the higher 
ranges of Φ according to a law of the type (8). Higher ranges 
of Φ values may encompass flow rates i n a nuclear waste repository 
under accident conditions. If species are released, whose 
saturation concentration i s lower than the o r t h o s i l i c i c acid 
saturation concentration, new s o l i d phases may form both i n 
solution and at the solution-glass interface (12). Formation of 
new phases i n solution may accelerate leaching; new phases at 
the solution-glass interface may s t a b i l i z e the dealkalized 
layer and slow down both leaching mechanisms. 
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356 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Figure 1. Graphical Representation of the Waste Form-Leachant 
System. 

DAYS 

Figure 2. Predicted, Normalized Mass Loss vs. Time for Various 
Values of Φ. [φ] = [day" 1]; Q* - grams of Glass 
Leached After 28 Days Assuming Congruent Dissolution 
at the I n i t i a l S i l i c o n Leach Rate. 
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Figure 3. Predicted Behavior of Solution pH vs. Time for Various 
Values of Φ. 
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Figure 4. Long-Term Normalized Leach Rates vs. Time. 
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358 G E O C H E M I C A L BEHAVIOR O F R A D I O A C T I V E WASTE 

Conclusions 

The distinguishing feature of flow rate effects on leaching i s 
that they determine the long-term rate-controlling leaching 
mechanisms. Under dynamic leaching conditions saturation of the 
solution i s never achieved; steady-state elemental releases are 
thus controlled by dissolution of the glass network. The 
higher the flow rate, the faster steady-state i s approached, and 
the higher the resulting leach rates. Under low groundwater 
flow rates, leaching i s controlled eventually by the selective 
release from the glass of modifier species which have high 
s o l u b i l i t i e s i n water. The release of species with lower s o l ­
u b i l i t i e s than the network former controlling the dissolution 
process may or may not slow down leaching of both glass modifiers 
and network formers. In general, the mechanistic leaching code 
LIX appears p a r t i c u l a r l y well-suited for deriving from informa­
tion obtained i n s t a t i c tests the leach rates applicable to any 
flow conditions, including the low flow conditions which are 
d i f f i c u l t to simulate experimentally. 
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23 
Characterization of Borosilicate Glass-Containing 
Savannah River Plant Radioactive Waste 
MCC-1 Tests and Durability in Geologic Repository Groundwaters 

NED E. BIBLER 

Ε. I. du Pont de Nemours & Co., Savannah River Laboratory, Aiken, SC 29808 

Results are presented from static leach tests on 
borosilicate glass containing high-level radioactive 
nuclear waste from the Savannah River Plant. Tests 
were performed in shielded facilities closely 
following MCC-1 procedures. Leachants were deionized 
water, MCC brine, or silicate water, all at 40°C. 
Normalized mass losses (g/m2) based on 137Cs, 90Sr, 
and 238Pu were calculated. Results of leach times 
of 3, 7, 14, 28, and 300 days are reported for 
deionized water. Results for 28 and 200 days are 
reported for silicate water and brine. Normalized 
mass losses and pH changes indicate that glass 
containing radioactive waste leaches similarly to 
glass containing nonradioactive, simulated waste. 
Release rates in the two simulated groundwaters were 
slightly less than in deionized water. Also, 
radiolysis of the leachant by alpha, beta, and gamma 
rays from the glass did not significantly affect the 
normalized mass losses or the pH changes due to 
leaching. Results of the long-term tests suggest 
that equilibrium concentrations of radionuclides will 
be achieved. Based on tests with different ratios of 
glass surface area to leachant volume, these concen­
trations are controlled more by solubility and surface 
layer effects than by the surface area of the glass. 

An environmental assessment^) concluding that borosilicate glass 
is suitable for the immobilization of Savannah River Plant (SRP) 
waste has recently been published by the Department of Energy. 
This assessment included results of leach tests with glass contain­
ing either actual(2,3) or simulated(4) radioactive waste in leach­
ants that simulated groundwaters of possible geologic repositories: 
s a l t , basalt, t u f f , and granite. In support of the environmental 
This is Part 3 in a series. 

0097-6156/84/0246-0359S06.00/0 
© 1984 American Chemical Society 
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360 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

assessment, a detailed report summarizing the extensive body of 
glass characterization data was preparedO). That report concen­
trated on the performance of SRP borosilicate glass in generic 
repository environments. A major conclusion was that SRP waste 
glass could e f f e c t i v e l y limit radionuclide release as part of a 
waste package in these generic repository environments. 

This paper presents further data on the leaching of SRP boro­
s i l i c a t e glass containing actual radioactive waste. Two previous 
papers describing this glass are currently being published. One 
deals with general methods of preparation and characterization ( 2 ) . 
The second is a study of d e v i t r i f i c a t i o n of the glass(j>). The 
results of that study indicate that d e v i t r i f i c a t i o n (up to 
19 vol %) does not s i g n i f i c a n t l y affect the leach rate. The 
present paper presents the results of MCC-1 leach tests(7) and of 
leach tests in which the leachant was periodically changed. 
Leaching was at 40°C in deionized water or in the MCC-1 brine or 
s i l i c a t e solutions. This temperature approximates that expected 
at the onset of leaching in a salt or granite repository (5). The 
brine simulates groundwater in a salt repository. The s i l i c a t e 
solution simulates groundwater in a hard rock repository. Normal­
ized mass losses were calculated based on the amounts of /Cs, 
90sr, or 2 3 8 P u a c t i v i t y leached from the glass. Because of the 
intense radioactivity of the glass (surface dose rate of approxi­
mately 104 rad/hr), a l l the tests had to be performed remotely 
in shielded f a c i l i t i e s . Results indicate that this r adioactivity 
did not affect the leaching process. Also, in the long-term tests 
(approximately 200 days), radioactivity measurements indicate that 
the radionuclides are approaching equilibrium concentrations. 

Glass Preparation and Composition 

The glass was prepared by feeding an aqueous slurry of glass-
forming f r i t (SRP F r i t 131) and waste (approximately 70 wt % f r i t 
on a dry basis) to a joule-heated melter in the shielded c e l l s . 
The waste was from SRP storage Tank 11. Major components of the 
waste were nonradioactive Fe, Mn, and Al resulting from chemical 
operations at SRP. These materials were highly contaminated with 
f i s s i o n products and transuranic radionuclides. The composition 
of the glass (Table I) was determined by elemental analysis of 
solutions of dissolved glass. Determination of the s p e c i f i c 
a c t i v i t y of the glass was performed on the dissolved glass 
solutions following normal counting procedures. Sources of radio­
a c t i v i t y were beta from 90sr, gamma from 137cs9 and alpha from 
238p u Specific a c t i v i t i e s (Table I) were very high. Also, the 
surface dose rate of the glass was estimated with an ion chamber 
to be 104 rad/hr. This was due primarily to 90gr beta p a r t i c l e s . 
Quantitative metallography indicated that the glass contained 
<1 vol % cr y s t a l l i n e material (6 ) . These crystals were f e r r i t e 
spinels. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

02
3



23. BIBLER Borosilicate Glass-Containing Waste 

Table I. Composition of SRP Radioactive Borosilicate Glass 
Containing Tank 11 Waste* 

Nonradioactive Composition 
Component Wt % Component Wt % 

Si02 45.5 NiO 0.9 
F e 2 ° 3 5.7 MgO 1.4 
Na 20 15.8 ZnO 0.3 
B2°3 9.1 Cr 203 4 
L i 2 0 2.3 U 30 8 0. 
A1 20 10.2 T i 0 2 1.5 
Mn02 1.7 
CaO 4.0 

Radioactive Composition** 
A c t i v i t y , mCi/g Glass 

1.0 
2.7 
0.59 

Radionuclide 

137 C s 

9 0 S r 

238 P u 

* Prepared by melting a mixture of waste and glass-forming 
f r i t at 1150°C. 

** Other radionuclides were present but at much lower levels. 
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362 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Leaching Procedures 

Because of the intense r a d i o a c t i v i t y of the glass, four procedures 
prescribed in MCC-1 were modified. F i r s t , polypropylene leach 
containers rather than Teflon (Du Pont) were used because of the 
r e l a t i v e l y low radiation s t a b i l i t y of Teflon and the p o s s i b i l i t y of 
radiolysis producing HF from the Teflon. Second, the radioactive 
glass was placed in stainless steel baskets for leaching. Platinum 
baskets were used for brine leaching to avoid chloride induced 
corrosion of stainless s t e e l . P l a s t i c could not be used adjacent 
to the glass because i t would quickly degrade from the intense beta 
radiation from the glass. Third, the vigorous cleaning procedure 
to remove contaminants from the leach vessels was not necessary 
because only radioactivity was used to measure leach rates. The 
vessels were soaked for 16 hours at room temperature in 1M H N O 3 

followed by rinsing in deionized water, followed by two successive 
soakings at 90°C for 16 hours in deionized water. Lastly, glass 
samples for leaching were obtained by fracturing the glass rather 
than by core d r i l l i n g . The fractured surfaces were not polished 
before leaching. Because fractured samples were used, the surface 
area had to be estimated. This was done by placing each surface 
against a calibrated grid and estimating i t s area. The error 
introduced by this procedure was <20%. As prescribed in MCC-1, the 
glass was washed in an ultrasonic cleaner in water and alcohol 
prior to leaching. Control experiments indicated that radioactive 
contamination was not a problem in the shielded c e l l s . The tests 
contained 3-10 g glass and 200 ml leachant. During leaching, the 
sample bottles were placed in a 40 +2°C oven. After the test, the 
glass was removed from the leachant. The leachate in the container 
was then a c i d i f i e d and sampled after being l e f t to stand one day. 
The 137ç s > 90g r > and 

2 3 8 P u 

a c t i v i t i e s of the leachate were 
determined by standard counting techniques. The vessel was then 
rinsed with 4M H N O 3 to determine the amount of radioactivity 
sorbed on the container. Except for 238p u this amount of 
a c t i v i t y was negligible. For 238p u > 1 0 to 25% of the a c t i v i t y had 
sorbed on the walls of the leach vessel. 

Leach test results were calculated in terms of normalized mass 
loss of the glass (mass loss/unit area) based on l ^ C s , 9 0 S r > o r 

238pu, The appropriate equation i s : 
ν Ί · C. , 

where (NL)£ j t, is the grams of glass leached per unit surface 
area in t o t a l time t based on species i . V^ is the volume of 
leachant, SA is the surface area of the glass, and Cj^g is the 
concentration of species i in the glass (mCi/gram glass). C£ 1 
is the concentration of i in the leachant (mCi/ml). This 
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23. BIBLER Borosilicate Glass-Containing Waste 363 

concentration was calculated to include the amounts of radio­
nuclides that had sorbed on the walls of the leach vessel. In 
some of the leach tests, the leachant was changed p e r i o d i c a l l y . 
The t o t a l normalized mass loss was then determined by summing the 
mass losses over a l l the previous time increments. These tests 
were performed so that both short and long term data could be 
obtained with the same sample of glass. 

Leaching Results 

Tests in Deionized Water. Results in deionized water for MCC-l 
tests up to 28 days and for tests where the leachant was periodi­
c a l l y replaced up to 300 days appear in Figure 1. For the l a t t e r 
type of tests, the glass was periodically transferred to a new 
vessel containing fresh deionized water. The glass was not 
allowed to dry during these transfers. The error brackets in 
Figure 1 indicate the deviation of the results of duplicate tests. 
Only single data points were available for the longer tests 
measuring 238p U e Data for the 3 day tests for each respective 
radionuclide are in good agreement. For the 7, 14, and 28 day 
results, data for the MCC-l tests are lower than the results for 
the tests where the deionized water was changed at those respec­
tive days. A possible explanation for this is that saturation 
effects in the leachate are not as effective in the tests in which 
the leachate was changed. In a l l the tests, most of the leaching 
occurs in the f i r s t 28 days. The long-term tests indicate, 
especially for 137cs and 238p U j that leaching has nearly 
stopped. During this time, leaching is inhibited by surface 
layers being formed on the glass and by leachate saturation by 
various species from the glass(4,8). These results are consistent 
with other long-term leach tests of SRL 131 waste glass(9) and of 
Pa c i f i c Northwest Laboratory 76-68 waste glass(8>) both of which 
contained nonradioactive simulated waste. On this basis, glasses 
containing actual and simulated waste leach s i m i l a r l y . 

28 Day Tests in Deionized Water, S i l i c a t e Water, and Brine. 
Normalized mass losses for these tests are shown in Table II. The 
results for deionized water and s i l i c a t e water are similar with 
results at 40°C based on leaching Cs, Sr, and U from SRL 131 glass 
containing nonradioactive simulated waste(j)). Comparable data at 
40°C for Cs and Sr in brine are not available. For U in brine, a 
value of 0.07 g/m2 has been reported(£). Data in Table II 
indicate that s i l i c a t e water is less aggressive than deionized 
water in agreement with results of Wicks(4) and Lokken(9). For 
brine, the results in Table II indicate that the leachability of 
yuSr is much higher than in the other leachants. This has been 
observed by Strachan(jS) and has been attributed to the fact that 
the pH does not increase during leaching in brine as much as i t 
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364 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Pu-238 RESULTS 

* • ·" 

100 200 300 

Sr-90 RESULTS 

CO 

Cs-137 RESULTS 

100 200 300 
Leach Time, days 

Figure 1. Time dependence of normalized mass losses in 
deionized water at 40°C based on Cs-137, Sr-90, and Pu-238 
from SRP borosilicate glass containing actual radioactive 
waste. 0, MCC-1 tests; ·, tests where leachant was replaced 
p e r i o d i c a l l y . Error bars indicate the precision of du p l i ­
cate tests. 
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23. BIBLER Borosilicate Glass-Containing Waste 365 

does during leaching in deionized water or s i l i c a t e water(8). Such 
a smaller increase in pH for brine was also observed in this study 
(Table I I I ) . Another reason for the higher normalized mass loss 
for 9^Sr ( a n < j possibly also 2 ^ P u ) m a v fce the low glass surface 
area to leachant volume r a t i o (SA/V) in this test compared to the 
tests with deionized and s i l i c a t e water. This effect of SA/V on 
normalized mass loss is discussed later. The agreement of the 
results for normalized mass losses in Table II in the presence of 
stainless steel baskets with results where steel was absent,(9) 
suggest that the steel is not affecting the leaching process. Data 
indicating this have also been obtained in tests with nonradioactive 
glass(4). Thus, i t appears that the stainless steel is not a f f e c t ­
ing the leaching chemistry. 

The pH changes in these tests (Table III) are consistent with 
H + ions in solution exchanging with Na + ions in the glass. 
These changes are in agreement with results with nonradioactive 
glass(4,8); thus radiation from the glass containing actual waste 
does not affect the pH. 

200 Day Leach Tests in S i l i c a t e Water and Brine. Normalized mass 
losses for four long-term tests in s i l i c a t e water and brine are 
given in Table IV. With each leachant, the tests were performed at 
two different values of SA/V by increasing the amount of glass in 
the second tests while holding the leachant volume constant. A 
direct comparison of the results obtained in the simulated ground­
waters with those obtained in deionized water at long times 
(Figure 1) cannot be made because the tests were performed 
d i f f e r e n t l y . The long term normalized mass losses in deionized 
water are for tests where the leachant was changed per i o d i c a l l y . 
Results for the simulated groundwaters (Table IV) are for single 
200 day tests. Because of the limited a v a i l a b i l i t y of radioactive 

glass when these studies were i n i t i a t e d , the glasses used for the 
long-term tests in brine and s i l i c a t e water had previously been 
leached in scouting tests for 28 days. Thus, the normalized mass 
losses in Table IV do not contain the contributions from these 
shorter times. However, the data in Table IV for each groundwater 
can be compared to each other. They indicate the effect of SA/V on 
the normalized mass loss. For smaller SA/V values, larger normal­
ized mass losses are obtained. Based on these limited data, there 
is nearly quantitative agreement with the change in SA/V. A 2X 
decrease in SA (V was held constant) leads to a 2X increase in 
normalized mass loss. These results imply that in each respective 
simulated groundwater, each glass has lost the same amount of 
137Cs, 9 0 S r , or 238p u. Data in Table V confirm t h i s . The 
concentrations of gamma, beta, and alpha a c t i v i t y in the respective 
simulated groundwaters are equal regardless of the SA/V in the 
test. This dependence of normalized mass loss on SV/V in long-term 
tests has also been observed by Oversby(lO) and Pederson, et al.(11). 
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366 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table II. 28 Day MCC-l Leach Results for Radioactive 
SRP 131/Tank 11 Glass* 

SA/V Normalized Masi 3 Loss, g/m2 

Leachant 137Cs 90sr 2 3 8 P u 

Deionized H2O 0.1 1.3** 0.32 ** 0.37** 

Brinet 0.03 0.68 1.5 0.7 

S i l i c a t e t t 0.1 0.25 0.19 0.13 

* Τ = 40°C. 
** Standard deviation in three separate tests was: 

137 C s, 0.4; 9 0 S r , 0.08; 238 P u > 0.02 
t Composition of brine, g/1; KC1, 48.2, NaCl, 90.0, and MgCl2, 

116.0. pH = 6.5. 
f t Composition of s i l i c a t e water, g/1; NaHC03, 0.179; S1O2, 

0.058. pH = 7.5. 

Table III. pH Changes for 28 Day MCC-l Leach Tests for 
Radioactive SRP 131/Tank 11 Glass* 

PH 
Test 1 Test 2 Test 3 

Leachant I n i t i a l Final I n i t i a l Final I n i t i a l Final 

Deionized H2O 6.8 7.6 6.9 7.9 6.2 8.4 
Brine*** 6.5 6.6 6.5 ** 6.5 ** 
S i l i c a t e H20*** 7.5 8.4 7.5 6.3 7.5 9.3 

* Τ = 40°C. 
** Data for f i n a l pH not available. 

*** Compositions are l i s t e d i n Table I I . 
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In regard to long-term geologic storage of borosilicate 
nuclear waste glass, these results imply that the surface area of 
the glass is not the main factor that w i l l control the amount of 
radionuclides released. The main factors w i l l be the volume of 
groundwater available, the s o l u b i l i t y of radionuclides in that 
groundwater, and the formation of a gel layer on the glass that 
inhibits d iffusion from the glass. Surface area of the glass w i l l 
be an important factor in determining how fast these equilibrium 
concentrations w i l l be reached. Considering that the residence 
time of water in an emplacement hole in a repository w i l l probably 
be greater than 100 years,(5) saturation of this water and gel 
layer formation w i l l e asily be achieved. Recently, the use of 
s o l u b i l i t i e s has been employed to demonstrate the effectiveness of 
geologic storage for nuclear waste(12). 

pH Changes in Long-Term Tests. The i n i t i a l and f i n a l pH values in 
the long-term tests are shown in Table VI. Values for the longest 
test in deionized water (day 82 to day 220 in Figure 1) are also 
included. The values for deionized water and s i l i c a t e water are 
consistent with pH changes caused by leaching, i . e . the pH 
increased. The small changes observed for the tests in brine are 
consistent with e a r l i e r data(8). During these long-term tests, the 
leachant was continuously being irradiated by gamma rays and alpha 
and beta particles from the glass. The dose to the leachant was 
MO Mrad. The data in Table VI cl e a r l y indicate that this dose i s 
not affecting the pH change during leaching by producing HNO3 from 
radiolysis of the N 2, 02, and H20 present. Production of HNO3 and 
a lowering of the pH has been observed in leach tests where the 
entire system (leachate, glass, and a i r ) was being simultaneously 
irradiated by an external 60co γ-ray source(13-14). Also, other 
work has shown that radiolysis of moist a i r produces HNO3O5), 
while the gamma radiolysis of water and dissolved a i r in the 
absence of a vapor phase produces no HN0q(16). In the tests 
described here with radioactive glass, the radiation dose to the 
vapor phase during the test was small because of the low gamma flux 
coming from the glass (~10 rads/hr based on ion chamber measure­
ments); thus, the amount of HNO3 formed in this manner would be 
small. Also, radiolysis of the leachant was primarily from f i s s i o n 
product beta p a r t i c l e s , which have the same effect as gamma 
rays(17). Thus, l i t t l e HNO3 would be formed by this process. 
Consequently, the HNO3 production was i n s u f f i c i e n t to effect the 
pH change due to leaching. The above results and discussion are in 
complete accord with conclusions presented in a recent review on 
this subject by Burns, et a l . (18). 

Conclusions 

The data presented in this paper support the following 
conclusions concerning the performance of SRP radioactive nuclear 
waste glass in deionized water and in two simulated groundwaters. 
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370 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Table VI. pH Changes for 200 Day Leach Tests of Radioactive 
SRP 131/Tank 11* 

PH 
Test 1 Test 2 Test 3 

Leachant I n i t i a l F i n a l I n i t i a l F i n a l I n i t i a l F i n a l 

Deionized H20 6.7 8.0 6.8 8.5 - -

Brine** 6.5 5,9 6.5 6.3 6,5 5.7 

S i l i c a t e H20** 7.5 8.4 7.5 8.2 7.5 8.5 

* Τ = 40°C, SA/V = 0.02 ~ 0.2. 
** Compositions are l i s t e d i n Table I I. 
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23. BIBLER Borosilicate Glass-Containing Waste 371 

1. Leach behavior of boros i l i c a t e glass containing actual radioactive 
SRP high-level waste i s similar to glass containing nonradio­
active simulated waste. 

2. Release rates in MCC brine and s i l i c a t e water are lower than 
in deionized water. 

3 . Radiolysis of the leachants by radiation from the glass does 
not affect the leaching process nor does i t produce s u f f i c i e n t 
HNO3 to cause a pH decrease. 

4. In long-term tests ( 1 y r ) , the amount of 2 3 8 P u , 9 0 S r , and 
137 C s released are affected more by the radionuclide solu­
b i l i t y in the leachant and layer formation on the glass than 
by the surface area of the glass. 

5. Stainless steel does not affect the leaching chemistry. 

Site-Specific Repository Testing Program at Savannah River 
Laboratory 

The above conclusions are a l l based on data for a generic reposi­
tory system. Each of these conclusions w i l l now be tested under 
s i t e - s p e c i f i c conditions. This is one of the objectives of the 
current program being developed at SRL. SRP borosilicate waste 
glass (both radioactive and simulated) w i l l be leached under con­
ditions expected in three s i t e - s p e c i f i c repositories. These are 
s a l t , t u f f , and basalt. SRL is currently working with developers 
of these repositories to estimate long-term storage conditions so 
that r e a l i s t i c testing parameters can be established. One unique 
feature of these tests w i l l be that the actual repository rock 
w i l l be used for the primary leaching vessel. 
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24 
Leach Resistance of Iodine Compounds 
in Portland Cement 

R. D. SCHEELE, L. L. BURGER, and K. D. WIEMERS 

Pacific Northwest Laboratory, Richland, WA 99352 

Several radioactive iodine isotopes arise from the production of 
electricity by nuclear power. Most of these are short-lived with 
half-lives less than a few days and will have decayed to 
negligible levels by the time the spent nuclear fuel is 
reprocessed; however, 129I has a half life of 16 million years. 
Table I presents its radiological properties, environmental 
inventory and nuclear production rates. Because of the biological 
significance of iodine (it accumulates in the thyroid gland) and 
the amount of 129I arising from the generation of electricity of 
nuclear power, 129I is a potential hazard if released uncontrolled 
to the environment. 

Table I. 1 2 9 I Properties, Inventory 
and Nuclear Production Rate 

Properties 
β",0.156 MeV max (0.06 • Radiation β",0.156 MeV max (0.06 
MeV A v e ) , γ , 0.04 MeV 

• Half Life 16 My 
• Specific Activity 1.7 χ 10"4 Ci/g 

Envi ronmental Inventory 
• Natural 40 Ci 
• Total 300-1000 Ci 

Nuclear Production Rate (33,000 MWd/tonne U 
• 0.037 Ci/tonne U 
• 1.25 Ci/GWe-yr 
• 10H Ci estimated by yr 2000 (JJ 
• 56 Ci/yr for a 1500 MTU/yr reprocessing plant 

The ultimate objective of any disposal form development 
project is to find an immobilization system which is prepared 
easily from the waste products of the recovery processes and will 
not allow hazardous material release during transport, interim 
storage, normal disposal, and in the event of a credible 

0097-6156/ 84/ 0246-0373S06.00/ 0 
© 1984 American Chemical Society 
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374 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

occurrence such as groundwater intrusion into the disposal 
repository. For 129I the time required for radioactive decay 
makes achievement of this goal very difficult. In our laboratory 
we have examined methods of iodine removal from gas streams, 
techniques for fixing the iodine in stable solid forms, and 
methods of disposal. One of the techniques which proved 
attractive was to incorporate an insoluble, stable iodine compound 
in a cement matrix. The present report describes the development 
and leach testing of this system using Portland III cement as the 
solidification matrix. Other aspects of the iodine work have been 
reported elsewhere.(2,3) 

Development Considerations 

A satisfactory disposal form requires that the material may be 
easily made from the iodine capture technology in place, and that 
i t be resistant to and stable at the conditions imposed by 
transportation and storage and disposal environments. Temporary 
storage does not appear to be a problem. Transportation 
requirements are minimum for 1 2 9 I requiring only proper labeling 
and transportation on sole-use vehicles. 

Capture Technologies. When spent nuclear fuel i s treated to 
recover the valuable f i s s i l e content at a fuels reprocessing 
f a c i l i t y (FRP), the preferred scheme is to cause the iodine to 
v o l a t i l i z e during fuel dissolution and be released to the process 
off-gas system (POG). It is thus separated from the bulk of the 
radioactive wastes. Several technologies have been developed for 
col lecting gaseous iodine. These technologies and their primary 
products and, with additional treatment, their secondary products 
are presented in Table I I . The organic traps, charcoal and other 
organic sorbers are used at nuclear power plants but cannot be 
used at FRP's because of their reactiv i ty . Methods of iodine 
removal from gaseous streams have been reviewed by Holladay (4) 
and by Jubin (_5). The overall technology requirements for 1 Z 9 I 
management have been reviewed by Burger and Burns (6), in an IAEA 
document (7), and by McKay, Miquel, and White (8). 

Inspection of Table II shows that a variety of iodine 
products are formed with the iodine in several oxidation states. 
Thus f ixation materials with iodine as complexed elemental iodine, 
iodide, and iodate, must be evaluated, and the sol id f ixation 
matrix selected must be able to accept a variety of materials. 

Disposal Strategy. Two basic strategies for radioactive waste 
disposal have been developed: (1) isolation and (2) dispersion. 
For i s o l a t i o n , the waste can be stored in a dry geologic 
respository. Space disposal has been examined but is not 
considered atrtractive at the present ^3, 9). 1 Z 9 I dispersion in 
the ocean i s attractive because of the large volume of the ocean 
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24. SCHEELE ET AL. Leach Resistance of Iodine Compounds 375 

Table II. Iodine Capture Technologies 

Technology 

Caustic scrubbers 

Mercuric n i t r a t e - n i t r i c 
acid (Mercurex) 

20-22 H HN03 (Iodox) 

Solid sorbents containing 
s i l v e r : 

Si lver mordenite (AgZ) 

Silver zeolite Type X 
(AgX) 

Silver nitrate impreg­
nated s i l i c a 

Purex Silver reactors 
Charcoal 

Organic sorbers 

Product(s) 

5 Nal : l NaI03 

Hgl + 

Iodic acid 

AgZI, 

AgXI 

Agi 
Agi, AgI03 

Iodine loaded 
charcoal, I 2 

Iodine loaded 
material, I 2 

Potential 
Products after 
Secondary 
Treatment 

Insoluble iodate 
or iodide 
Hg(io3)2, 
B a ( I 0 3 ) 2 , 
S r ( I 0 3 ) 2 , Cul 
Insoluble 
iodate or iodide 

Insoluble 
iodate or 

other metal 
zeolite 

The released *^I and i t s large content of nonradioactive iodine, 
could be diluted to harmless levels (2, 10). 

If the waste i s isolated in a geologic repository, the iodine 
form should be stable to at least 100°C and possibly at 250°C 
depending on the repository s i t e . If the waste form s a t i s f i e s the 
thermal s t a b i l i t y requirement, the most l i k e l y release mechanism 
then becomes leaching in the event that groundwater contacts the 
immobilization form. Allard et a l . (11) report log Kd values for 
s i l i c a t e minerals ranging from -0.5 to - 3 . 5 . Fried et a l . (12) 
found l i t t l e retention of iodine (as iodide or iodate) by Los 
Alamos Tuff. Thus, once the iodine has been removed by leaching, 
i t w i l l potentially move at the same velocity as the groundwater. 

Ocean disposal requires that the 1 Z 9 I release rate (by 
leaching) must be less than the mixing rate of the ocean to insure 
adequate mixing of the 1 Z 9 I with stable iodine. No thermal 
s t a b i l i t y requirements are seen for this dispersion strategy. 

Immobilization Form Selection 

Matrix. A matrix material to encapsulate the chosen iodine 
compound for storage, transportation, or disposal purposes i s 
desirable regardless of the management mode chosen; several 
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376 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

alternatives exist: bitumen (asphalt), synthetic minerals, 
p l a s t i c , glasses, and Portland cement. 

Bitumen i s attractive because i t is relatively impermeable to 
water and presents a reducing, nonhydrolytic environment for the 
f ixation compounds. A disadvantage i s combustibility, of 
particular concern during the packaging operations. Minerals have 
not received much attention although preliminary work with 
sodalite was promising (13, 14), and the Teachability of samples 
was very low (3_). Organic polymers could provide good short term 
protection. Disadvantages would include chemical and radiation 
i n s t a b i l i t y over very long time periods and potential f i r e 
hazards. Glasses have been examined at Rennes University (15) but 
have not proved completely satisfactory. 

Cement was chosen for the present study because of i t s low 
cost, simplicity of use, and s t a b i l i t y in most environments. It 
i s , however, rather porous. Also, in the presence of water, 
hydrolysis reactions promoted by the high pH of the cement can 
cause conversion reactions resulting in the release of iodine from 
many compounds. Type III Portland cement was chosen because of 
i t s early strength (curing time 8 days). 

Iodine Compounds. Since contact with water i s the most l i k e l y 
release mechanism in either of the t e r r e s t r i a l disposal 
operations, we i n i t i a l l y screened iodide and iodate compounds 
on the basis of their s o l u b i l i t i e s . Tables III and 
IV present rankings of the low s o l u b i l i t y iodides and iodates, 
respectively, with the least soluble at the top. 

Since we selected cement as our s o l i d i f i c a t i o n matrix, i t is 
also desirable to use an iodine compound which is resistant to 
hydrolysis. Tables III and IV also include s o l u b i l i t y data for 
the hydroxide analogs of the low sol u t i l i t y iodides and iodates, 
respectively. 

The only iodides which are more insoluble than their 
hydroxide analogs are Hg(I), Ag, and T l . I t should be mentioned 
that even though a compound has a less soluble hydroxide analog, 
the rate of conversion may be slow enough for the iodine release 
rate to be acceptable. 

Additional factors used to screen candidate iodine f ixation 
compounds were thermal and chemical s t a b i l i t y and v o l a t i l i t y . Of 
the low s o l u b i l i t y iodides, those of Ag, Cu(I), Pb, Pd, and Tl 
meet the arbitrary 250°C s t a b i l i t y requirement. Several, such as 
those of Bi and Hg, have excessive vapor pressures. Many of the 
iodates show excellent thermal s t a b i l i t y including those of the 
alkaline earths, rare earths, Ag, Cu, Pb, Zn, Hg, Th, and U. 
Several, including AglOo and Hg(I0o)o convert to the iodide on 
heat1ng(l9). 

Also considered was the thermodynamic resistance of the 
iodides to reaction with oxygen. Of the low s o l u b i l i t y iodides, 
only Agi and T1(I) were stable. 
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24. SCHEELE ET AL. Leach Resistance of Iodine Compounds 311 

TABLE I I I . Ranking of Iodide Compounds by Solubi l i ty 

Compound Solubi l i ty Product(_16) [I"] or [OH"], 

1. Hg 2 I 2 

Hg2(0H)2 

4.5 
2.0 

X 
X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

6.7 
1.4 

X 
X 

1 0 - 1 5 

l O - i 2 

Ι Ο " 9 2. Agf £ 8.3 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

9.1 X 

1 0 - 1 5 

l O - i 2 

Ι Ο " 9 

AgOH 2.0 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

1.4 X Ι Ο " 4 

10~ΰ 

l o - i i 
10"° 
10-7 

3. Pdlo 2.5 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

3.7 X 

Ι Ο " 4 

10~ΰ 

l o - i i 
10"° 
10-7 

Pd(0H)? 1.0 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

5.8 X 

Ι Ο " 4 

10~ΰ 

l o - i i 
10"° 
10-7 

4. Cul 1.1 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

1.0 X 

Ι Ο " 4 

10~ΰ 

l o - i i 
10"° 
10-7 CuOH 1.0 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

1.0 X 

Ι Ο " 4 

10~ΰ 

l o - i i 
10"° 
10-7 

5. B i l 3 8.1 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

3.9 X 10-5 
ΙΟ"» Bi(0H) 3 4.0 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 

3.0 X 

10-5 
ΙΟ"» 

6. Hgl 2 1.1 X 

" " S 
Ι Ο " 2 4 

10-17 
ΙΟ"® 
1 0 - 2 3 Q 7 ) 
1 0 " J 1 

10-1 9 

10-31 
10~11 1.3 X 

1 0 9 Ι Ο " 9 Hg(0H)2 3.0 X 10-26 
1 0 - 8 

3.9 X 
1 0 9 Ι Ο " 9 

7. Tl I 6.5 X 

10-26 
1 0 - 8 2.5 X 10" 4 

T10H 2.4 
1 0 - 9 

IO-I 5 

1.6 A 

8. P b l 2 7.1 X 1 0 - 9 

IO-I 5 

2.4 X 10 -J 
Ι Ο " 5 Pb(0H)2 1.2 X 

1 0 - 9 

IO-I 5 1.3 X 

10 -J 
Ι Ο " 5 

Oxidation may be a problem only prior to closure of the waste 
form canister since the earth's crust is predominantly reducing. 
However, reduction of iodates becomes possible after water 
intrusion and oxidation of iodides can occur on reaching 
atmospheric environment. Allard et a l . (11) predict that any 
released iodine in the groundwater w i l l be as iodide. 

Based on this screening and consideration of the products of 
the iodine capture technologies, Agi, Cul, Pblo, Ba(I0o) 2, 
Ca(I0o) 2, Pb(103)2» H9(I03)2» iodine-loaded s i l v e r mordenite 
(AgZIj and iodine-loaded lead zeolite X (PbXI) were selected for 
incorporation into cement and subsequent leach test ing. 

Leach Resistance 

Previous Studies. Clark (20), Morgan et a l . (21), Partridge and 
Bosuego (_22), and the Pacif ic Northwest Laboratory (PNL) (23-27) 
have performed leaching studies on selected iodine compounds in 
cement, evaluating various cement additives or coatings. 

Clark used a modified IAEA dynamic leach simulation test to 
evaluate B a(I0 3) 2, AgI0 3, H g(I0 3) 2, and P b(I0 3) 2 in Portland 
type I cement as disposal forms for 1 Z 9 I captured using the Iodox 
process. Of the iodates tested, B a(I0 3) 2 in cement was generally 
superior and gave the most consistent results; some samples with 
Hg(I0o) 2 and AgI0 3 loadings performed comparably. Of the coatings 
and additives t r i e d , addition of butyl s t é a r a t e proved the most 
effective and reduced the leach rate by a factor of three. 
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378 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

TABLE IV. Ranking of Iodates by Solubi l i ty 

Compound 

1. H g 2 ( I 0 3 ) 2 

Hg2(0H)2 

2a. H g f l 0 3 ) 2 

Hg(0H)2 

2b. P b ( I 0 3 J 2 

Pb(0H)2 

3. AglOo 
AgOH 

4. CuIOo 
CuOH 

5. F e ( I 0 3 ) 3 

Fe(0H)3 

6. C e ( I 0 3 J 4 

Ce02 

7. Ba(I0o)o.2Ho0 
Ba(0HJ2 

8. Th(I0 3 y 4 

Th(0H)4 

9. TlIOo 
T10H 

10. L a ( I 0 3 ) , 
La(0H]3 

11. N i ( I 0 3 ) ? 

Ni(OH)ο 
12. I n ( I 0 3 J 3 

In(OH), 
13. Z n ( I 0 3 ) 2 

Zn(0H)2 

14. U 0 2 ( I 0 3 ) 2 

U0 2(0H) 2 

15. P u f l 0 3 ) 4 

16. C u ( I 0 3 ) 2 

Cu(0H)2 

17. C e ( I 0 3 ) 3 

Ce(0H}3 

18. S r ( I 0 3 } 2 

Sr(0H) 2 

19. Ca(I0oJo.6H ? 0 
Ca(0HJ2 

20. Co(10o) 2 

21. B i ( I 0 3 ) 3 

Bi(0H) 3 

Solubi l i ty Product(16) [IO3] or [ Ο Η ' ] , M 

2.0 
2.0 
3.2 
3.0 
3.2 
1.2 
3.0 
2.0 
1.4 
1.0 
1.6 
4.0 
5.0 
8.0 
1.5 
5.0 
2.5 
4.0 
3.1 
2.4 
6.1 
2.0 
1.4 
2.0 
1.2 
6.3 
2.0 
1.2 
3.2 
1.1 
5.0 
7.4 
2.2 
3.2 
1.6 
3.3 
6.0 
7.1 
5.5 
1.0 

-14 
•24 
•13 
•26 
•13 
•15 
•8 
•8 
•7 
-14 
•15 
•38 
•17 
•37 
•9 
•3 
-15 
•45 
•6 

•12 
•19 
•8 
•15 
•12 
•34 
•8 
• 17 
•8 
•22 
•13 
•8 
•20 
•10 
•20 
•7 
•5 

(I8J 

Q8) 

=(18) 

Insoluble 
4.0 χ 10 

•6 
•4 

31 

1.4 
1.4 
8.6 
3.9 
8.6 
1.3 
1.7 
1.4 
3.7 
1.0 
6.0 
5.9 
7.0 

1.4 
2.1 
1.6 
1.7 
1.8 
1.6 
2.1 
2.8 
3.0 
1.6 
3.1 
6.6 
3.4 
2.9 
4.0 
6.0 
5.0 
5.3 
3.5 
5.6 
1.5 
8.7 
8.0 
1.1 
2.2 
5.8 

3.3 χ 10" 
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24. SCHEELE ET AL. Leach Resistance of Iodine Compounds 379 

Morgan et a l . evaluated the effect of water-to-cement rat ios, 
curing time, iodine content, gamma i r r a d i a t i o n , and different 
leachant compositions on iodine leaching from 9-15 wt% Ba(IÛ3)2 
cement using a modified IAEA leach t e s t . Their studies showed 
that only the leachant composition caused a signif icant change in 
leach rates. Simulated seawater, tap water, and spring water 
showed lCr times lower leach rates than d i s t i l l e d water. This 
reduction was attributed to the formation of a protective surface 
f i l m which slowed iodine loss. 

Partridge and Bosuego studied the leaching of 26.9 wt% 
Hg(103)2 i n P o r t l a n d tyPe cement. The Hg(I0o)2 was produced 
by a process that uses HNO3 to oxidize iodine in Mercurex 
solution. In addition to their test using recovered pure 
H g ( I 0 3 ) 2 , another test using 2.9 wt% H g ( I0 3 ) 2 and 24.8 wt% 
Hg(N0o)2 was performed. They used a simulated dynamic leach 
procedure in both cases and observed a leach rate a factor of 2 
greater for the former test based on the fraction leached. 

Preliminary studies at PNL (23-27) consisted of three 
screening tests to evaluate the effects of leaching method, 
environmental parameters, cement additives and coatings, and the 
nature of iodine compound on iodine leachabil ity from Portland 
type III cement. Summarizing the most signif icant factors in 
these tests: 1) for pure iodine compounds in cement, approach to 
dynamic leach conditions increased leach rates, 2) higher 
temperature increased leach rates, 3) high carbonate leachant 
concentration decreased leach rates, 4) iodine loading in cement 
of >5 wt% increased leach rates, 5) low iodine compound s o l u b i l i t y 
decreased leach rates, and 6) no additives or coatings tested had 
a signif icant e f f e c t . 

Altomare et a l . (28) assessed the status of waste management 
of X ^ I . Using the data of Clark {20) and Morgan et a l . (_21) for 
Ba ( 10^ ̂ -cement, Altomare and coworkers estimated that under 
dynamic conditions a l l of the iodine would be leached from the 
^ t e form in l ( r years, a short time relative to the l ifetime of 

Experimental. Characteristics of a typical iodine-containing 
cement monolith are l i s t e d in Table V. The monoliths were 
suspended in glass beakers containing the leachant at ambient 
temperature (19-23°C), and the tests were peformed in a i r . The 
leachant-to-surface-area ratio was 10:1. The results are 
presented as the normalized fraction leached, which i s calculated 
by multiplying the fraction leached by the sample's geometric 
volume-to-surface area r a t i o , normally 0.5 cm. 

Two leach test procedures were used: a modified IAEA dynamic 
leach test and a s t a t i c leach t e s t . In the former test the 
leachant was gently agitated on a mechanical shaker and was 
changed at selected intervals. A typical sampling schedule was 
three times daily for the f i r s t week, twice per day for week 2, 
once per day for weeks 3 through 5, and once per week through week 
9. 
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380 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

TABLE V - Typical Characteristics of Iodine-Cement Monoliths 

Property Value 

Iodine concentration, 
mmol I/g dry cement 0.8 

Cement type Portland Type III 
Water/cement weight ratio 0.3 
Height, cm 4.5 
Diameter, cm 2.54 
Geometric volume, V, cm3 23.0 
Geometric surface area, S, cm2 45.0 
V/S, cm 0.5 
Curing time 7 days 

The leachate was d i s t i l l e d water. The iodine forms tested by the 
modified IAEA method were Agi, B a (103 )0, C a ( 103 )0 , and AgZI, a l l 
in Portland type III cement. In the s t a t i c leach t e s t , the 
leachant was sampled on days 3, 7, 14, 56, 112, and 180. The 
sample was replaced with an equal volume of leachate 
preequilibrated with a pure cement sample. The iodine forms 
tested by the s t a t i c method were Agi, Cul, Pblo, B a(I0 3) 2, 
Ca(I0o) 2, Hg(I0o)o, PbXI, and AgZI a l l in Portland type III 
cement. D i s t i l l e d water was the leachate. For Ba(IÛ3)2 and 
Hg(I0o) 2, seawater and Columbia River water leachates were also 
tested. 

An iodide-specif ic ion electrode was used to analyze the 
leachate. For iodates, the iodine was f i r s t reduced to I" using 
hydroxylamine. The detection l imit was -10" 7 _M I". 

Results. The Cul and P b l 2 cements lost iodine very rapidly, e . g . , 
for Cul, 20% in 15 days. Even though Cul and P b l 2 have low 
s o l u b i l i t i e s , they are susceptible to oxidation and hydrolysis in 
the alkaline environment of the cement. Also, there are no 
cations present in the cement to lower the s o l u b i l i t y of the 
released iodine. For these forms, bitumen may be a preferred 
matrix. 

The Agl-cement exhibited the best leach resistance of a l l 
forms tested. Figure 1 presents the results for the s t a t i c and 
dynamic leach tests of Agi cements. The leach rate unit of cm/d 
may be converted to fraction leached per day by multiplying by the 
surface area-to-volume r a t i o . Using the data presented in Figure 
1 for the dynamic leach test between days 40 and 100 and assuming 
a l inear extrapolation, over 4000 years are required to leach 1% 
of the iodine from a 208 L (55 gal) cement monolith. A 208 L 
steel drum i s the typical waste container used for disposal of low 
act iv i ty radioactive waste and i s used in this report as the 
standard waste package. 

The results from the s t a t i c leach tests for Ba, Hg, and Ca 
iodates are presented in Figures 2, 3, and 4, respectively. 
L i t t l e difference i s seen between these forms except for Ba(I03) 2 
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SCHEELE ET AL. Leach Resistance of Iodine Compounds 

FIGURE 1. Static and Dynamic Leach Tests of 
Agl-Cement 

FIGURE 2. Static and Dynamic Leach Tests of 
Ba(I03)2-Cement 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

02
4



382 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

10 

χ 
υ 

ο 
ο 

10- 2 h-

< 
oc 
Ο 

10 3 

DISTILLED WATER 
(DYNAMIC) 

DISTILLED WATER 
(STATIC) 

20 
—i L 

40 
J ι L 

60 80 100 120 140 160 
TIME, days 

FIGURE 3. Static and Dynamic Leach Tests of 
Ca(IO3)2~Cements 

10 1 F 

10 2 

10 3 

SEAWATER 
- RIVER WATER 

χ 
IT 

DISTILLED WATER 
J . ι > » . ι J_ -Χ­
Ι Ο 20 30 40 50 60 

TIME, days 

70 80 90 100 

FIGURE 4. Static Leach Test of Hg(103)2-Cement 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 8
, 1

98
4 

| d
oi

: 1
0.

10
21

/b
k-

19
84

-0
24

6.
ch

02
4



24. SCHEELE ET AL. Leach Resistance of Iodine Compounds 383 

in seawater which exhibits a much higher leach rate than in other 
waters. No explanation has been determined for the l a t t e r result 
which is in contrast to that found by Morgan et a l . (22) for 
Ba(I0 3 )2. Figure 2 also shows the dynamic leach results for 
Ba(103)2 i n c e m e n t - Comparison of the dynamic leach test results 
shown in Figures 2 and 4 shows Ca(I03) 2 to behave similarly to 
Ba(I0 3 )2. Note also that the fraction leached i s a factor of 10 
greater than in the s t a t i c t e s t s . From the dynamic test results 
in Figure 2, using a l inear extrapolation of the 40 to 70 day 
data, 5 years would be required to leach 1% of the iodine from a 
208 L monolith. This estimated leach rate i s comparable (factor 
of 3 less) to that found for 9 wt% iodine as Ba(I0o)o by Clark 
(20) . 

In s o l u b i l i t y tests of the pure compounds in d i s t i l l e d and 
cement-equilibrated water, iodate concentrations in both l iquids 
were near the expected theoretical values for B a(I0o) 2 and 
Ca(I0 3 )2. For Hg(I0 3 )2 the concentration in d i s t i l l e d water 
corresponded to the expected value; however, the concentration in 
the cement-water was a factor of -1000 higher. This higher 
concentration was attributed to hydrolysis due to the high pH 
(-12) of the cement-water. Hydrolysis would account for the 
release of iodine from the HgHOoK-cement. The iodate 
concentrations found in the leachates of the cements containing 
B a(I0o) 2 and Ca(I03) 2 were a factor of 10 lower than expected. No 
metallic ion concentration was s u f f i c i e n t l y high to cause 
precipitation of the iodate. 

In the s t a t i c leach test of AgZI in cement, presented in 
Figure 5, iodine leached from the AgZI cement at nearly the same 
rate as from the iodate cements. In the dynamic leach test , also 
presented in Figure 5, the leach rate was a factor of 10 faster 
than from Agi cement, and a factor of 10 slower than from Ba(I03)2 
cement. Based on dynamic leach test sample 1 in Figure 5, 100 
years would be required to leach 1% of the iodine from a 208 L 
cement monolith. The iodine release rate from AgZI may depend on 
the iodine loading of the AgZ since a fraction of the iodine i s 
apparently held as a less stable molecular complex with this 
fraction increasing with increasing iodine loading (2). 

In contrast, iodine is readily lost from PbXI-cement (see 
Figure 6). When the concrete was prepared, the cement mixture 
turned purple suggesting release of elemental iodine, which in the 
alkaline environment of the cement, disproportionates to iodide 
and iodate. 

Conclusion 

Our studies have shown that there is a considerable difference in 
s t a b i l i t y and leach resistance among the various iodine compounds 
in Portland III cement. Of the compounds examined, Agi had the 
best leach resistance followed by AgZI, Ba( 103)2, ^ ( ^ 3 ) 2 » 
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Η 9 ( Ι 0 3 ) 2 , and Sr(I0 3 )2. Long time extrapolations of leach rates 
are uncertain to one or two orders of magnitude, but the data 
indicate that i f the disposal form comes in continuous contact 
with the water the 1 Z 9 I w i l l be released before i t has decayed. 
Thus, good disposal strategy includes a mechanism for dispersal 
such that di lut ion to harmless levels is achieved. For interim 
storage, where a dry environment can be assured, and for 
transportation, the forms appear to be adequate. 
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25 
Nuclear Waste—A View from Washington, D.C. 

MIKE MCCORMACK 

McCormack Associates, Inc., 508 A Street, SE, Washington, DC 20003 

If the American people were aware of the tremendous amount 
of scientific research--to say nothing of the outstanding quality of 
engineering development--that has gone into management policies 
and regulations for handling, transporting, and storing high-level 
and low-level radioactive waste, much of the emotionalism and 
fear associated with this subject would be eliminated. 

It should be observed at this point that one of the 
responsibilities that falls on the shoulders of all scientists in this 
country is the scientists' obligation to help their fellow citizens, 
who have not had the advantage of technical or scientific training, 
to understand the realities of such subjects as nuclear waste, thus 
making it possible to legislate more intelligently and realistically 
in subject areas wherein technical and scientific facts are so 
important. 

Last December the Congress enacted landmark legislation 
entitled, "The Nuclear Waste Policy Act of 1982." It establishes a 
number of federal programs for the management and storage of 
high-level nuclear waste and spent nuclear fuel. The 
U.S. Department of Energy (DOE) is presently developing 
programs for implementing that law. At the same time, the 
various state legislatures are preparing interstate compacts and 
submitting them to the Congress for approval, as called for in the 
Low-Level Radioactive Waste Policy Act of 1980. In addition, the 
new budget requests for FY 84 for nuclear waste research and 
development are now under consideration by the Congress. 

Before reviewing these subjects in greater detail, it may be in 
order to call to mind several facts about nuclear waste that must be 
understood before any rational consideration of laws, programs, 
regulations, or research can proceed. 

1. The first fact is that there are no scientific, technical, or 
economic obstacles that delay—let alone prevent—the safe 
handling of all nuclear wastes. A number of completely 
acceptable methods exist today for the removal of all high-
level wastes from the biosphere, essentially forever, and 
certainly far beyond the time when they will have decayed 
away to activity levels below the natural uranium from 
which they came. 

0097-6156/ 84/ 0246-0391 $06.00/ 0 
© 1984 American Chemical Society 
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392 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

For chemists who are accustomed to severe peer review, 
the words "all" and "forever" have a slightly different 
meaning than they do for the average non-technical 
person. It is important that scientists recognize the 
discontinuity that exists between their professional 
language and the language of the average citizen. In the 
real world, it is an accurate statement of fact that the 
technology exists to totally remove all high-level nuclear 
waste from the biosphere, essentially forever; that 
inexpensive and simple technologies do exist to 
accomplish this. It is necessary to help others outside the 
scientific community to understand this fact. 

2. The second fact is that there are a number of satisfactory 
methods for solidifying high- or low-level nuclear wastes 
for permanent disposal. One system or another may be 
preferred for a specific situation, and there will 
undoubtedly be several schools of thought as to which one 
is best in each case. 

3. The third fact is that spent nuclear fuel is not waste. 
Spent nuclear fuel contains 2% to 3% waste, but is about 
97% recoverable uranium and plutonium. Each bundle 
has the potential electric energy equivalent of more than 
10 million barrels of oil. High-level nuclear wastes consist 
of fission products and actinides that are extracted from 
spent fuel, but not saved for commercial use or research. 
Spent fuel may be temporarily stored until it is 
reprocessed to separate the waste from the valuable 
plutonium and uranium. The remaining glassified waste 
will then be permanently entombed. 

4. The fourth fact is that there will be no high-level waste 
extracted from spent commercial nuclear fuel until there 
is a reprocessing program with a chemical separation 
facility to isolate the waste from the reuseable fuel. Since 
this will not be accomplished during this decade, there 
will not be any high-level waste available from 
commercial nuclear fuel for geologic storage before 1990. 

5. The fifth fact is that the most dangerous ingredients of 
high-level waste do not (contrary to some popular 
misconceptions) last for geologic periods of time. Highly 
active radio-isotopes cannot be long-lived. This is a 
contradiction in terms. The activity level of the most 
radioactive isotopes in waste, such as cesium-137 and 
strontium-90, decay in 1,000 yr by a factor of 10 billion, 
and glassified waste of that age would be scarcely more 
hazardous than the natural uranium ore mined today in 
the Western United States. 
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6. The sixth fact is that extremely demanding and rigid 
regulations, supported by exhaustive research and the 
highest standards of engineering, have been established 
for the management, transportation, and storage of all 
radioactive wastes-from the least dangerous low-level 
wastes originating in hospitals and research laboratories 
to the most dangerous high-level wastes from spent 
nuclear fuel. Strict compliance with every detail of every 
regulation reduces the threat to the environment or to 
public health and safety to a level substantially below that 
from any one of a multitude of non-nuclear sources. 
Accordingly, all such regulations must be observed 
religiously, thus insuring that any threat to the 
environment or to human health and safety shall continue 
to decline to levels below its present low level, even as the 
people of this country and the world depend more and 
more on nuclear medicine, research, industrial 
applications, and power production. 

Another piece of legislation, The Low-Level Radioactive Waste 
Policy Act of 1980, establishes the policy that each state is 
responsible for disposal of the commercial low-level waste 
generated within its borders and that such waste can be most 
safely and efficiently managed on a regional basis. The law 
encourages states to enter into interstate compacts to establish and 
operate regional disposal facilities for low-level waste. This law 
requires subsequent approval of the compacts by the Congress. 

Perhaps the most significant provision of the act was the 
authority given to Congressionally approved, compact states to 
exclude waste generated outside their compact region after 
January 1,1986. Today, individual states with waste Sites cannot 
refuse waste without being in violation of the commerce clause. 
Thus, the right of a region with an operating compact to refuse to 
accept waste from an outside state provides an incentive for the 
states of each region to form a compact and select a site within 
their region to store low-level waste. Furthermore, a state that 
refuses to join a compact will be obligated, starting in 1986, to take 
care of its own waste. This "stick" was inserted to encourage state 
legislators, many of whom did not realize that most low-level waste 
is generated in hospital and other health facilities, to face up to 
their responsibility for the benefit of the people they represent. 

Passage of the policy act was a major step toward addressing 
a problem that had previously received far less attention than the 
issues of high-level waste disposal and interim storage of 
commercial spent fuel. This lack of interest was easy to 
understand. As long as there were three commercial sites open and 
providing adequate storage space, there was little incentive for 
other states to consider opening additional sites-to become 
embroiled in the troublesome issues involved in siting, licensing, 
constructing, and operating new sites. This situation was clearly 
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an untenable one. It placed three states-South Carolina, 
Washington, and Nevada--in the position of shouldering the entire 
responsibility for disposing of waste generated in all fifty states. 
The fundamental unfairness and inefficiency of this system was 
brought to light in the summer of 1979 when the Governors of 
Nevada and Washington temporarily closed those sites, and the 
Governor of South Carolina announced that the amount of waste 
accepted at the Barnwell Site would be significantly reduced in the 
future. By these actions, South Carolina, Washington, and Nevada 
sent a clear warning signal to other states and to the federal 
government that action needed to be taken. An immediate crisis 
was averted, however, when the Washington and Nevada sites 
were reopened in late 1979. 

In response to the 1980 enactment of the low-level waste law, 
compacts have been drafted and adopted or are under consideration 
in most of the states. In the northwest, a proposed compact has 
been ratified by Hawaii, Idaho, Oregon, Utah, and Washington; it 
is now before the legislatures of Alaska and Montana. 

The Northwest Interstate Compact on Low-Level Radioactive 
Waste Management recognizes that low-level wastes are generated 
in constructive and essential activities, that they must be managed 
properly within the region with a minimum of handling and 
transportation, and that the economies of the area will be 
enhanced by sharing the responsibilities of such management. 
Each party state has agreed to adopt practices that will require 
low-level waste shipments originating within its borders and 
destined for a facility within another state to conform to applicable 
package and transportation requirements and regulations of the 
host state. 

The compact provides for appropriate record keeping, 
inspections, penalties, and the imposition of fees by the host state 
upon those generating wastes and creates a Compact Committee to 
administer the business of the compact. The agreement of two-
thirds of the member states and an affirmative vote by the host 
state must be obtained before waste from outside the compact area 
may be accepted. 

The consent legislation for the Northwest Compact is S. 247 
in the Senate. It has been referred to the Judiciary Committee and 
will be held at full Committee level. In the House, H.R. 1012 has 
been referred to the Energy and Commerce Committee, chaired by 
Congressman JohnDingell of Michigan, and to the Interior 
Committee, chaired by Congressman Morris Udall of Arizona. 

The Senate Judiciary Committee, under Senator Thurmond, 
held hearings on S. 247 during the week of March 2, 1983, along 
with an oversight hearing on the status of all the compacts and on 
issues that have surfaced in connection with them and the low-
level waste law. Senator Thurmond is expected to wait for several 
more compacts to be introduced so that some comparison may be 
made as to how different regions are approaching the compacting 
process and handling the issues involved in disposal of low-level 
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waste before bringing them to the full Senate for approval. On the 
other hand, he will not wait for all compacts to be introduced in 
Congress if that takes a long period of time. The 1986 date, after 
which Congressionally approved compacts may begin to exclude 
out-of-region waste, would appear to require approval within a 
year of all compacts submitted during this session of the Congress. 
As it is, there is likely to be a gap between the 1986 exclusionary 
date and the date by which some new disposal sites will be ready 
for operation. Senator Thurmond does not, however, support an 
extension of the exclusionary date as a means of resolving this 
problem. The Northwest Compact calls for the exclusion of waste 
from outside the region starting July 1, 1983. However, this will 
not be accepted by the Congress, and, in a compromise with those 
regions wishing further delay, the effective exclusionary date for 
all compacts will probably be held to January 1,1986, as originally 
provided in the law. 

Congress has the option of approving a compact in its 
entirety, rejecting the compact, or approving it subject to certain 
conditions. Should Congress choose to condition its approval of a 
particular compact, such conditions would not necessarily require 
subsequent action by state legislatures unless the alteration were 
substantial and went to the essence of the compact. This is not 
expected, even though Congress will move the Northwest exclusion 
date from July, 1983 to January 1,1986. 

There are options available to the states to provide for 
interim storage or disposal until new sites begin operation. One 
option is to establish interim storage facilities within the region. A 
second solution is to negotiate with sited regions for continued 
access to existing sites as long as those regions without sites have a 
compact in place and are making a good faith effort to designate a 
host state and bring a new disposal site on-line. 

The Northwestern and Southeastern regions of the country 
are moving rapidly, but there has been less progress in other parts 
of the country. Some states, such as Texas and California, may "go 
it alone" as is allowed under the law. However, a quirk in the 
enabling legislation does not give them the right to refuse waste 
from outside their respective state boundaries, as it does for 
compact states. The question arises as to whether or not two states 
such as California and Texas, even though they are not contiguous, 
and even though each may plan to handle its own waste within its 
boundaries, may enter into a compact with each other for the sole 
purpose of preventing the importation of waste from outside their 
respective states. This quirk in the law was unintentional and 
came about through an oversight. 

On January 7, 1983, President Reagan signed into law The 
Nuclear Waste Policy Act of 1982 for the management and storage 
of high-level, commercial nuclear waste and spent fuel. As a 
result, the Department of Energy has established a Nuclear Waste 
Policy Act Project Office. Its new director, Robert L. Morgan, has 
initiated a coordinated effort to meet the elaborate set of near-term 
actions that are required by this complex law. 
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396 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

The act requires major efforts in two primary areas, disposal 
and storage of spent fuel and high-level waste. This program is to 
be financed by a fee of 1 mil/KWhr of nuclear power produced, 
collected from utilities. The act provides for cooperative research, 
development, and demonstration activities at utility sites and 
federal sites. 
The act finds that: 

"1. The federal government has the responsibility to provide 
for the permanent disposal of high-level waste and spent nuclear 
fuel. 

2. The generators and owners of high-level waste and spent 
fuel have the primary responsibility to provide for, and the 
responsibility to pay the costs of, the interim storage of such waste 
and spent fuel until such waste and spent fuel is accepted by DOE. 

3. State and public participation in the planning and 
development of repositories is essential in order to promote public 
confidence in the safety of disposal of such waste and spent fuel. 

4. High-level radioactive waste and spent nuclear fuel have 
become major subjects of public concern, and appropriate 
precautions must be taken to ensure that such waste and spent fuel 
do not adversely affect the public health and safety and the 
environment for this or future generations." 

Under the act, DOE, with the concurrence of the U.S. Nuclear 
Regulatory Commission (NRC), has 180 days to issue guidelines 
for repository site recommendations. These guidelines must 
include consideration of geologic criteria; location of valuable 
natural resources; hydrology; geophysics; seismic activities; atomic 
energy defense activities; proximities to water supplies and 
population; the effect upon the rights of users of water; proximity 
to national parks, forests, etc.; proximity to sites where high-level 
radioactive waste and spent nuclear fuel is generated or stored; 
transportation and safety factors involved in moving such waste to 
a repository; the cost and impact of such transportation; and the 
advantages of regional distribution in the siting of repositories. To 
the extent practicable, DOE must recommend sites in different 
geologic media. 

A site is automatically disqualified if any surface facility of 
the repository is located in a highly populated area or adjacent to 
an area 1 mile by 1 mile having a population of not less than 1,000 
individuals. 

The act establishes a step-by-step process by which the 
President, the Congress, the states, affected Indian tribes, DOE, 
and other federal agencies can work together in the siting, 
construction, and operation of a high-level nuclear waste 
repository. One of the priorities is to strengthen consultation and 
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cooperation between DOE and affected states and affected Indian 
tribes. 

Based on the information acquired thus far, DOE believes 
that the states of Louisiana, Texas, Utah, Mississippi, Nevada, and 
Washington each contains a potentially acceptable site for a 
repository. Accordingly, on February 2, 1983, DOE Secretary 
Hodel sent letters to the governors and legislative leaders of those 
states formally notifying them to these findings. 

As an early step, DOE guidelines for the recommendation of 
sites for a repository were published in the Federal Register for 
public review and comment on February 7,1983. These guidelines 
will be used to identify and nominate sites for characterization 
and, eventually, to determine the suitability of a site for 
development as a repository. Through consultation with the 
interested governors, the Council on Environmental Qua^ty> the 
Environmental Protection Agency, the U.S. Geological Survey, 
and with the concurrence of the NRC, DOE had plans to finalize 
these guidelines no later than July 7,1983, as required by the act. 
To facilitate public involvement, DOE was holding public hearings 
in March in Seattle, Chicago, New Orleans, Washington, D .C , and 
Salt Lake City. 

The next step under the act is DOE's initial nomination of 
five locations for site characterization, based on a consideration of 
the guidelines and the environmental assessments to be prepared 
for each of the five nominated sites, followed by a recommendation 
of three candidate sites to the President for his approval. The DOE 
had intended to complete these actions in the summer of 1983 in 
order to permit the conduct of a sufficiently thorough site 
characterization program at each site to support the presidential 
recommendation of a site for the first repository by March 31,1987, 
as required by the act. The act requires that for each site under 
consideration, DOE conduct public hearings to solicit 
recommendations on issues to be addressed in the environmental 
assessment and in any site characterization plan to be used if the 
site is approved by the President. The specific date and location for 
these hearings will be established after consultation with state 
representatives. 

In FY 1984, the program begins a transition from the 
research phase to the engineering development phase. In basalt, 
drilling of an exploratory shaft will be completed and repository 
design studies will continue. In addition, at-depth testing in the 
preferred repository region will be initiated. In tuff, the 
exploratory shaft mining will be inaugurated. Confirmatory site 
characterization will continue. Additionally, R&D will continue 
on waste package design, materials characterization, and 
transportation studies. The aim of this overall work is to develop 
the data to assist a presidential site selection and subsequent 
repository license application for a first repository in the mid to 
late 1980's. 
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By June 1, 1985, a detailed study of the need for and 
feasibility of construction of one or more Monitored Retrievable 
Storage (MRS) facilities is required. The study is to include a 
proposal for the construction of one or more MRS facilities and to 
contain at least five alternative site-specific designs at a minimum 
of three different sites. 

Implementation of the spent fuel storage provisions of the act 
is predicated upon the primary responsibility for storage 
remaining with the utilities. Federal actions are limited to: 
(1) encouraging and expediting effective use of existing at-reactor 
storage capacity through research, development, and 
demonstration, along with consultative assistance and 
(2) providing up to 1,900 metric tons of federal storage for use by 
utilities who have been certified by the NRC as having exhausted 
other reasonable alternatives. 

As directed by the act, DOE intends, within one year, to enter 
into a cooperative agreement with one to three utilities desiring 
DOE assistance in at-reactor demonstrations of spent fuel storage 
technologies. The DOE is authorized to do unlicensed 
demonstrations for dry storage at DOE sites using up to 300 metric 
tons of spent fuel. 

The act assigns the responsibility to DOE for interim storage 
of spent nuclear fuel from those civilian nuclear power reactors 
that cannot reasonably provide storage needed to assure their 
continued, orderly operation. The capacity provided by this 
program shall not exceed a total of 1,900 metric tons. Following an 
NRC determination of a utility's eligibility for interim storage, 
DOE will enter into contracts with the utility, take title to its fuel, 
provide the storage capacity for this fuel at a DOE site, ship the 
fuel to the storage site (using private industry under contract to 
provide these services), and store the fuel pending availability of 
disposal or other storage facilities. 

The act stipulates that it shall be the policy of the United 
States to cooperate with and provide technical assistance to non-
nuclear weapon states in the field of spent fuel storage and 
disposal. 

These are only a small fraction of the requirements of that 
act, and they are greatly simplified in this review. Aside from 
making the federal government responsible for the ultimate 
storage of high-level commercial waste, and aside from the 
precedent-setting provision that the DOE will take title to spent 
fuel, the outstanding feature of the act is its meticulous attention 
to procedural details, especially in involving the public, the states 
where repositories may be located, and the agencies of government 
responsible for protection of the environment and human health 
and safety. 

It is obvious that the DOE, Secretary Don Hodel, and Project 
Director Robert Morgan are committed to carrying out the most 
demanding requirements of the law even more rigorously than 
required. For instance, the DOE was to hold a public hearing in 
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Richland, Washington on March 25 on the environmental assess­
ment it has prepared with respect to the vertical exploratory shaft 
it is planning to excavate in basalt at Hanford. This hearing was 
not required. However, the DOE is reaching out to obtain public 
involvement in all steps it takes in implementing the waste 
program. 

Thus, the view from Washington is an optimistic one. With 
support of the vast amount of research, development and 
engineering that scientists and engineers have completed and will 
do in the future, this country certainly is now headed towards a 
successful and orderly program for handling all radioactive wastes 
safely and inexpensively. The high-level waste program, for 
instance, will require only about 2% of the cost of electricity 
produced from nuclear power. 

There is one additional subject that deserves attention at this 
time. It is the need for the federal government to create, by law, a 
public corporation for handling the fuel cycle for commercial 
nuclear fuel. Such a Federal Nuclear Fuel Cycle Corporation 
(FNFCC) would handle almost all of the nuclear power fuel cycle in 
a manner similar to the DOE management of the fuel cycle for the 
weapons program. Except for the mining and milling of uranium 
and the fabrication of uranium (only) fuel elements, the federal 
government would pre-empt ownership of all facilities used in the 
fuel cycle and operate them by contract with private industry (as 
with the weapons fuel cycle). Ownership of all fissile and fertile 
material (and all existing and future fuel elements) would be pre­
empted by law and vested in the FNFCC. 

The FNFCC would lease fuel elements to any utility, foreign 
or domestic, (with IAEA supervision for foreign utilities) on 
condition that the fuel elements are returned for reprocessing. 

The United States will probably need three fuel cycle centers. 
Each would include a reprocessing plant, an advanced fuel 
fabrication facility, and a waste glassification and storage facility. 

The separations plants would produce a stream of blended 
uranium and plutonium, and a stream of waste for immediate 
glassification. The uranium-plutonium blend would be in such 
ratios as required for fuel but not for weapons production. 

The FNFCC would probably be controlled by a Board of 
Directors, nominated by the President and confirmed by the 
Senate. Initial financing could come from assessments against 
utilities for reprocessing of existing spent fuel, as for the new high-
level waste program. An assessment of 3 mils per kilowatt hour of 
nuclear electricity produced would probably fund all operations of 
the FNFCC, and all of the nuclear power research, development, 
and demonstraton presently funded in the DOE budget. 

The FNFCC would absorb the high-level waste program, 
Barnwell, and all enrichment facilities. Thus, all these items 
would be "off-budget" in the future but still approved annually by 
the Congress. 
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Private industry would perform all operations on cost-plus 
contracts, thus eliminating potential conflicts between safety and 
profits. 

Small nations with a few nuclear power plants would find it 
cheaper to lease fuel from the FNFCC than to try to reprocess it 
themselves. This would constitute a major, realistic, non-
proliferation initiative. Candidate nations include the Republic of 
China, South Korea, the Philippines, Argentina, and Brazil. 

Reprocesing fuel to extract and glassify waste for permanent 
geologic disposal is the most attractive method for handling spent 
fuel from a safety and environmental perspective. Also recycling 
fuel is probably more environmentally attractive than mining 
more uranium, especially from lower grade ores. 

This concept of an FNFCC has been suggested to the 
Adminstration and to some Congressional leaders. There has been 
no known opposition expressed, but there is some indication of a 
reluctance to undertake such a major problem-solving initiative in 
one step. 

RECEIVED December 12, 1983 
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sample p r e p a r a t i o n , 183 
u n a l t e r e d , r o l e i n a c t i n i d e 

m i g r a t i o n , 246 
B a s a l t c o r e s 

e f f e c t s 
o f a l k a l i n e - e a r t h e l e m e n t s , 238 
o f c a l c i u m i o n , 238 
on g r o u n d w a t e r , 235 
o f sodium i o n , 235 

f i s s u r e d 
h y d r o a l t e r a t i o n , 235 
t h e r m o a l t e r a t i o n , 235 

f i s s u r e s , neptunium s o r p t i o n , 243f 
B a s a l t f i s s u r e s u r f a c e s , groundwater 

i n t e r a c t i o n w i t h , 229-46 
B a s a l t f i s s u r e s , s o r p t i o n o f 

a c t i n i d e s , 244t 
B a s a l t g r o u n d w a t e r , c o m p o s i t i o n , 297t 
B a s a l t - w a t e r s y s t e m s , r e d u c i n g 

a g e n t s , 188 
B e n t o n i t e 

a d d i t i o n t o b a s a l t b a c k f i l l , 191 
b a s a l t b i n d i n g , 246 
e f f e c t s 

on a l k a l i n e - e a r t h e l e m e n t s , 238 
on c a l c i u m - i o n , 238 
on g r o u n d w a t e r , 235 
on s o d i u m - i o n , 235 

h y d r o a l t e r a t i o n , 235 
i n t e r a c t i o n w i t h g r o u n d w a t e r , 238 
neptunium s o r p t i o n o n , 74 
t e c h n e t i u m s o r p t i o n o n , 74 
t h e r m o a l t e r a t i o n , 235 
t r a n s p o r t , 246 

B e n t o n i t e b a c k f i l l , 233 
B e n t o n i t e c l a y , p r o p e r t i e s , 234 
B e r k e l i u m 

a l p h a e m i s s i o n , 336 
b e t a d e c a y , c r y s t a l s t r u c t u r e , 338 

B e t a decay 
consequences i n s o l i d s t a t e , 335-46 
s o l i d s t a t e d i l u t i o n s , 342-45 

B i t u m e n , i o d i n e i m m o b i l i z a t i o n , 376 
B l i n d - t e s t s , 168 
B o r o s i l i c a t e g l a s s 

b r i n e l e a c h i n g , 3 6 3 , 3 6 5 , 3 6 6 t 
c h a r a c t e r i z a t i o n , Savannah R i v e r 

p l a n t , 359-72 
c o m p o s i t i o n , 361t 
l e a c h a n t a c t i v i t y , 367t 
l e a c h i n g i n d e i o n i z e d 

w a t e r , 3 6 3 , 3 6 4 f 
l e a c h i n g , 3 5 5 , 3 6 2 - 6 9 
l o n g - t e r m l e a c h i n g , 366t 
n i t r i c a c i d e f f e c t s , 369 

B o r o s i l i c a t e g l a s s — C o n t i n u e d 
p r e p a r a t i o n and c o m p o s i t i o n , 360 
s i l i c a t e water 

l e a c h i n g , 3 6 3 , 3 6 4 , 3 6 6 t 
s u r f a c e a r e a e f f e c t s , 369 

B r i n e , 360 
e f f e c t on b o r o s i l i c a t e g l a s s , 367t 

B r i n e l e a c h i n g 
b o r o s i l i c a t e g l a s s , 363,365 
use o f p l a t i n u m , 362 

B u l k p h a s e , i o n exchange, 352 

C 

C a l c i u m , e f f e c t on s t r o n t i u m 
s o r p t i o n , 19 

C a l c i u m i o d a t e - c e m e n t , l e a c h 
t e s t s , 382f 

C a l c i u m i o n s 
b a s a l t c o r e , e f f e c t s , 238 
e f f e c t s o f b e n t o n i t e , 238 
s t e a d y - s t a t e a t t a i n m e n t , 2 3 6 f , 2 3 7 f 

C a l i f o r n i u m 
spectrum i n samarium t r i b o m i d e , 345 
s t a b i l i t y , 336 

C a l i f o r n i u m b r o m i d e , o r t h o r h o m b i c 
f o r m , 3 3 8 , 3 3 9 f 

CANDU, 26 
C a n i s t e r c o r r o s i o n , r a t e e f f e c t s , 198 
Carbonate i n g r o u n d w a t e r , uranium 

s o l u b i l i t y , 287 
Cement, l e a c h r e s i s t a n c e , i o d i n e , 383 

Cerium 
i r o n e f f e c t s , 6 2 - 6 3 
model f i t s , 64 

C e r i u m - 1 4 4 , d o u b l e f i r s t - o r d e r 
m o d e l , 58t 

Cesium 
humic a c i d i n t e r a c t i o n , 175t 
humic a c i d s o r p t i o n , 174 
i n t e r a c t i o n w i t h f e l d s p a r s , 2 1 7 - 2 8 
i r o n e f f e c t s , 62 

C e s i u m - 1 3 7 , d o u b l e f i r s t - o r d e r 
m o d e l , 58t 

Cesium i s o t h e r m s , 10f 
Cesium s o r p t i o n , 19 

on c l a y , 82f 
on gamma-alumina, 85f 
v a r i a b l e s , 20t 

Charge-compensated i o n 
i m p l a n t a t i o n , 342 

C h e l a t i n g a g e n t s , 265 
C h e m i c a l e x t r a c t i o n 

g r a n i t i c r o c k , 4 5 - 6 6 
s e l e c t i v e , model p r e d i c t i o n s , 59t 

C h l o r i d e , i n g r a n i t e g r o u n d w a t e r s , 296 
C l a y 

b e n t o n i t e , p r o p e r t i e s , 234 
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406 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Clay—Continued 
cesium sorption, 82f 
europium sorption, 82f 
ideal 

definition, 80 
isotherms, 80-81 

natural, 88 
strontium sorption, 82f 
trivalent ion sorption, 91f 

Clay colloids, actinide sorption 
on, 67-77 

Cobalt 
double first-order model, 58t 
humic acid interaction, 174,175t 
s o l u b i l i t y , 98 

Cobalt-60, EDTA coelution, 268 
Cobalt sorption 

onto oxyhydroxides, 62 
Plackett-Burman test, 104 

Coffinite, 290 
Colloid species, ve r i f i c a t i o n of 

existence, 125 
Colloid zeta potential, 73f 
Colloidal iron sorption 

cesium, 76f 
strontium, 76f 

Columbia River basalt formation 
interbed materials, 3-24 
groundwaters, 5 
synthetic groundwater 

compositions, 6t 
Combined isotherms, 87-93 
Complexing agents, organic, i n 

groundwat ers, 161 
Contaminated groundwater, 

migration, 198 
Counterdiffusion, glass matrix, 353 
Crushed basalt 

addition to bentonite, 191 
b a c k f i l l , 182 

Crystalline matrices for nuclear waste 
disposal, 324 

D 

Desorption isotherms, 9 
Desorption measurements, 8 
Desorption reaction, 

radionuclides, 3-24 
Dialysis 

information obtained, 167 
radionuclide-humic acid 

interactions, 167-78 
Dissolution process, 162 
Dissolved oxygen 

absence of basalt, 190 
basalt, 186 
first-order rate constant, 190 
vs. time, basalt, I89f 

Dissolved species, speciation, 125-32 
Distribution coefficients, trivalent 

ion sorption, 89f,91f 
Double first-order model, 55 

comparison to mixing-cell 
data, 56f,57t 

parameters, 58t 

Ε 

EDTA 
chemical structure, 266f 
cobalt-60 coelution, 268 
effect on radioactive 

sorption, 96-110 
EDTA-like species, 265 
Eh 

See also Redox potential 
basalt-groundwater system, 152 
Grande Ronde groundwater, 152 
neptunium s o l u b i l i t y , 156f 
nickel s o l u b i l i t y , 154f 
Plutonium s o l u b i l i t y , 156f 
selenium s o l u b i l i t y , 154f 
t i n s o l u b i l i t y , 155f 
uranium s o l u b i l i t y , 155f 

Einsteinium 
alpha emission, 336 
bulk phase, 337 
growth and decay, 339f 

Einsteinium bromides 
progeny vs. parent absorption 

peaks, 340t 
spectra i n lanthanide bromides, 344f 
spectra, 34lf 

Einsteinium chlorides, progeny vs. 
parent absorption peaks, 342t 

Einsteinium halides 
long-range order, 338 
progeny species, 342 

Empirical distribution coefficient, 4 
Enhanced sorption, 83 
Equilibrium constant, ion exchange 

reaction, 81 
Equilibrium distribution coefficient, 

ion exchange reaction, 81 
Europium 

adsorption 
corundum, 92f 
montmorillonite, 88,89f 

sorption 
clay, 82f 
gamma-alumina, 85f 
loading effect, 86f 
to cellulose, 174 

Europium-fulvic acid complex, 
s t a b i l i t y , 174 

Extraction, high-level waste, 392 
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INDEX 407 

F 

Feldspars 
alteration product i n acid, 226 
elemental binding energies, 223t 
Fourier transform IR spectra, 219 

Fergusonite, structure, 306 
Ferrous iron from mesostasis, 188 
Ferrous iron-containing minerals, 

technetium sorption, 31-37 
First-order model 

comparison to mixing-cell data, 57t 
double, 55 

Fourier transform infrared spectra of 
feldspars, 219 

Freundlich equation, 4 
assumption, 12 
comparison to mixing-cell data, 57t 

Freundlich isotherm, net rate of 
sorption, 47 

Fuel cycle centers, 399 
Fulvic acid, 167 

G 

Gabbro, technetium sorption 
coefficients, 31t 

Gabbro rock feldspars, 217 
Gamma counting, 168 
Gamma radiation 

effect on leaching, 246 
groundwater composition effects, 246 

Gamma-ray spectrometry, 255 
Glass matrix, selective leaching, 352 
Glass waste form 

radionuclide releases, 162 
leaching, 349 

Glass-solution interface, ion 
exchange, 352 

Grande Ronde groundwater 
composition, 157t,232t 
dissolved oxygen, I87t 
Eh values, 152 
pH value, 151 
sulfate, 152 
synthetic, analysis, I83t 

Granite 
cesium concentrations, 225 
iron extraction, 51 
Lac du Bonnet, 49t 

iron extraction rates, 52f 
selective chemical extraction, 61 
technetium sorption 

coefficients, 31t 
Granite coupons, photographs, 54f 
Granite feldspars, 217 
Granite groundwater 

albite,220 
composition, 297t 
microcline, 220 

Granitic feldspars, cesium 
concentrations, 225 

Groundwater 
contaminated, migration, 198 
effect on radionuclide 

sorption, 16-22 
effects of basalt cores, 235 
effects of bentonite, 235 
Grande Ronde 

composition, 232t 
Eh values, 152 
pH values, 151 

interaction with basalt fissure 
surfaces, 229-46 

interaction with bentonite, 238 
organic complexing agents, 161 
redox potential, effects, 22 

H 

Hanford high-level waste components, 
effect on s o l u b i l i t y and 
sorption, 95-112 

Hanford Reservation, location, 181 
High-level waste, extraction, 392 
Hot iso s t a t i c pressing of lanthanum 

compounds, 317-20 
Humate anions 

cobalt interaction, 174 
europium interaction, 174 
metal ions reaction, 169 

Humic acid, 30 
complexing capacity, 176-177 
complexing si t e s , 171 
dissociation, 169 
importance of origin, 176 
sorption of cesium, 174 
sorption of strontium, 174 

Humic acid-acid interactions, dialysis 
studies, 167-78 

Humic acid-metal ion interaction 
equation, 170 
free ligand concentration, 170 

Hybride generation-flame atomic 
absorption spectroscopy, 184 

Hydrazine 
neptunium sorption, 21 
plutonium sorption, 21 
technetium sorption, 19 

Hydroalteration 
bentonite, 235 
fissured basalt cores, 235 

Hydrolysis, americium(III), 115-32 
Hydrophilic organic compounds, Maxey 

Flats, 259t,26lt 
Hydrophobic organic compounds, Maxey 

Flats, 263t,264t 
Hydrothermal experiments, monitoring 

Eh-pH conditions, 197-216 
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408 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE 

Hydrous oxides 
adsorption characteristics, 81 
isotherms, 81-87 
nuclide adsorption, 79-94 
s o l u b i l i t y effects, 160 

Hydroxides, s o l u b i l i t y effects, 160 
Hydroxyethylethylenediaminetriacetic 

acid, 96-110 
Hysteresis, definition, 4 

I 

Ideal clay, definition, 80 
Ideal hydrous oxides, isotherms, 81-87 
In s i t u leach mining, 288,291 
In s i t u uranium mine, well 

pattern, 292f 
Inactive coupon experiments, Lac du 

Bonnet granite, 48-50 
I n i t i a l containment, 198 
Interbeds 

definition, 5 
mineralogical characteristics, 7t 

Interbed solids, precipitation, 4 
Iodates 

leach tests, 382f 
s o l u b i l i t y ranking, 378t 

Iodides, s o l u b i l i t y , 376,377 
Iodine 

biological significance, 373 
capture technologies, 375t 
immobilization form, 375-77 
leach resistance, 377,383 
leaching, factors, 379 
reduction, 380 
release mechanism, 375 

Iodine-129 
disposal strategy, 374-75 
h a l f - l i f e , 373 
production rate, 373t 
properties, 373t 
transportation requirements, 374 

Iodine-cement monoliths, 
characteristics, 380t 

Iodine compounds, leach 
resistance, 373-88 

Ion exchange 
bulk phase, 352 
glass-solution interface, 352 

Ion exchange reaction, equilibrium 
distribution coefficient, 81 

Ion implantation, charge-
compensated, 342 

Iron hydroxides, sorption, 61 
Iron oxides, technetium sorption, 37 
Iron oxyhydroxides, technetium 

sorption, 37 
Iron s i l i c a t e colloids, 

preparation, 68 

Iron s i l i c a t e sorption, 70t 
neptunium, 75f 
Plutonium, 72f 
radionuclides, 69 
technetium, 75f 
uranium, 72f 

Iron sorption 
cesium, 76f 
strontium, 76f 

Iron-containing minerals, technetium 
reactions with, 25-44 

Iron-silicate 
actinide sorption, 67-77 
technetium sorption, 67-77 

Isotherms, 9 
cesium, 10f 
combined, 87-93 
for ideal clay, 80-81 
for ideal hydrous oxides, 81-87 
neptunium, 14f 
selenium, 17f 
technetium, 17f 
uranium, 10f,15f 

Κ 

Kaolinite, 226 

L 

Labradorite, 217 
elemental binding energies, 223t 
fines, 224f 
reaction with cesium chloride, 221f 

Lac du Bonnet granite 
active coupon experiments, 48 
chemical composition, 28t,49t 
inactive coupon experiments, 48-50 
iron extraction rates, 52f 
mineral composition, 29t 

Langmuir sorption isotherm 
comparison to mixing-cell data, 57t 
net rate of sorption, 47 

Lanthanide compounds 
crystal chemistry, 305-14 
polymorphism, 306 

Lanthanide halides, einsteinium 
trihalide incorporation, 343 

Lanthanum compounds 
hot iso s t a t i c pressing, 317-20 
l a t t i c e parameters, 3l8f 
specific heat, 3l8f 
transformation 

characteristics, 315-22 
transformation temperature, 319f 

Lanthanum sesquioxide, 307 
Leach mining, i n s i t u , 288 

process, 291 
of uranium, 290-91 
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INDEX 409 

Leach rates 
asymptotic, 353 
glass, 67 
sodium-bentonite b a c k f i l l 

materials, 67 
Leach resistance, of iodine 

compounds, 373-88 
Leach results, calculation, 362 
Leachability 

radium-226, 284 
uranium, 284 

Leaching 
effects of water flow rates, 349-58 
flow rate, network dissolution 

effects, 350-52 
mechanisms, flow conditions, 354 
network dissolution control, 351 
selective, without saturation, 354 
vs. time, 357f 

Lead, presence of sulfur, 153 
Legislative views, 391-400 
Lixiviant, interaction with 

sediment, 231 
Loading effect 

cesium sorption, 86f 
europium sorption, 86f 
strontium sorption, 86f 

Long-range order, 338 
Low-Level Radioactive Waste Policy Act 

of 1980, 393 
Low-level waste, generation, 393 

M 

Mabton Interbed, 6,7t 
Mabton Interbed solids 

hysteresis, 18 
neptunium sorption, I4f 
selenium sorption, 17f 
technetium sorption, 17f 
uranium sorption, 15f 

Material balance, 
transmutation, 338-42 

Maxey Flats, 252 
groundwaters, organic 

content, 258-67 
hydrophilic organic 

compounds, 259t,26lt 
hydrophobic organic 

compounds, 263t,264t 
organic analyses, 255-56 
radionuclide migration, groundwater 

movement, 257 
steric exclusion 

chromatography, 269f 
study area, 254f 

Mesostasis, 188 
Metal ion3, reaction with humate 

anions, 169 
Metal ion-humic acid interaction, 170 

Metal io n - s o i l organic matter 
interactions, 167 

Microcline, 217 
cleaved, 222f 
elemental binding energies, 223t 
fines, 224f 
in granite groundwater, 220 
reaction with cesium chloride, 221f 
scanning electron microscopy, 219 

Migration 
and organics, 267-69 
radionuclide, dependence, 230 

Mixing-cell, 52f 
Mixing-cell data, model f i t t i n g , 63 
Mixing-cell experiments, models, 50 
Monazite 

polymorphism, 313 
structure, 306 

Monitored retrievable storage 
f a c i l i t i e s , 398 

Montmorillonite, 93 

Ν 

Natural clay, 88 
Natural pollucite, grown on 

microcline, 224f 
Neptunium 

chemical separation, 234 
Freundlich constants, 13t 
oxidation-reduction behavior, 101 
sodium hydroxide effects, 101 
s o l u b i l i t y , 101 

vs. Eh, 156f 
solution, behavior, 140 
sorption and desorption 

isotherms, I4f 
Neptunium-237 stock solution, 

preparation, 136 
Neptunium hydrous oxide 

aging effects, 135-44 
c r y s t a l l i n i t y development, 136 
equilibration time effect, 139f 
equilibration time vs. pH, I42f 
equilibrium, pH effect, 138f 
pH effects, 137-42 

Neptunium oxidation state 
analyses, 14Of 

Neptunium sorption 
additives effect, 108 
on bentonite, 74 
hydrazine effects, 21 
Mabton interbed solids, I4f 
variables, 20t 

Neptunium suspensions 
oxidation state analyses, I43t 
solid phase analyses, 143 
X-ray diffraction analyses, I44t 

Network dissolution effects, leaching 
flow rate, 350-52 . 
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410 GEOCHEM1CAL BEHAVIOR OF RADIOACTIVE WASTE 

Nickel, presence of sulfur, 153 
Nickel, s o l u b i l i t y vs. Eh, 154f 
Niobate compounds, 307 
Nuclear Waste Policy Act of 

1982, 391,395-96 
Nuclear waste repository 

basalt 
oxygen consumption, 181-96 
parameters, 148 
redox conditions, 181-96 
s o l u b i l i t y relationships, 150 
temperature effects, 160 

licensing regulations, 135 
Nuclide, adsorption, on hydrous 

oxides, 79-94 

0 

Olivine Gabbro 
chemical composition, 28t 
mineral composition, 29t 

One-dimensional transport, equation, 4 
Organic complexing agents in 

groundwat ers, 161 
Organics and radionuclide 

migration, 267-69 
Organics, subsurface migration 

role, 251-70 
Oxides 

adsorption characteristics, 81 
adsorption vs. pH, 84f 
ideal hydrous, isotherms, 81-87 
s o l u b i l i t y effects, 160 
sorption, 83 

Oxygen consumption 
in basalt, 180-96 
in basalt—See also Dissolved oxygen 
effect of crushing basalt, 191 

Ρ 

Palladium, presence of sulfur, 153 
Pasco Basin, stratigraphy, I49f 
Pentafluorobenzoic acid, 253 
Pentobarbital, 267 
Perovskites 

enthalpies of formation, 330f 
enthalpies of solution, 327,328t 
preparation, 326 
structures, 325f,332t 
thermochemical cycles, 329t 
thermodynamic parameters, 332t 

pH, effect on sorption of polyvalent 
ions, 93 

pH electrodes, calibration and 
evaluation, 206 

pH response, zirconia pH 
sensors, 204,206 

pH sensing mechanisms, 214 
pH testing system, pumpable, 207f 

pH variation, causes, 203 
Plackett-Burman design, 96 
Pluton, igneous rock, 217 
Plutonium 

chemical separation, 234 
determination, 255 
direct speciation, 129 
Freundlich constants, 13t 
hexavalent vs. tetravalent, 252 
oxidation-reduction behavior, 101 
recoverable, 392 

Plutonium-239, fissioning, 26 
Plutonium(VI) 

absorption spectra, 124f 
hydrolysis products, 125,132 
hydrolysis reactions, 115-32 
sorption of dissolved species, 129 

Plutonium hydroxide, 
s o l u b i l i t y , 122-25 

Plutonium s o l u b i l i t y , 124f 
additives effect, 104 
sodium hydroxide effects, 101 
vs. Eh, 156f 

Plutonium sorption 
additives effect, 106 
hydrazine effects, 21 
variables, 20t 

Pollucite 
elemental binding energies, 223t 
formula, 217 
grown on microcline, 224f 

Polypropylene, radiation 
s t a b i l i t y , 362 

Polyvalent ions, sorption, pH 
effect, 93 

Portland cement, leach 
resistance, 373-88 

Precipitation, on interbed solids, 4 
Promethium, 26 

Q 

Quartz, technetium sorption 
coefficients, 31t 

R 

Radioélément distribution 
coefficients, prediction, 106 

Radionuclides 
desorption reactions, 3-24 
one-dimensional transport, 

equation, 4 
sorption reactions, 3-24 

Radionuclide s o l u b i l i t y , temperature 
effects, 160 

Radionuclide sorption 
groundwater composition 

effects, 15-22 
mathematical models, 47 
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INDEX 411 

Radionuclide sorption—Continued 
mechanisms, determination, 45-66 
redox potential effects, 16-22 
retardation, 46 

Radium 
Freundlich constants, 13t 
release from Ralston Creek, 271-86 

Radium-226 
concentration 

particle size effects, 282f 
Ralston Creek, 272,275 

distribution 
particle size effect, 279f 
Ralston Creek, 280,28lt 

leachability from Ralston 
Creek, 283t 

leaching efficiency, 281t 
Radon transfer system, 274f 
Ralston Creek 

bottom sediments, 278-80 
dissolved radium-226, 277f 
dissolved uranium, 277f 
leaching studies, 280-84 
radium-226 concentrations, 272,275 
and Reservoir, map, 274f 
suspended solids, 276 
uranium concentrations, 275 

Ralston Reservoir 
radium-226 concentration, 276 
uranium concentration, 276 

Rattlesnake Ridge interbed, 
mineralogical characteristics, 7t 

Rattlesnake Ridge sandstone, 
radionuclide sorption, 11t 

Redox conditions 
basalt nuclear waste 

repository, 181-96 
effect of crushing basalt, 191 

Redox potential 
arsenic(III)-arsenic(V) 

calculations, 190 
effect on radionuclide 

sorption, 16-22 
groundwater, 22 
monitoring, 182 

Redox-pH conditions, i n hydrothermal 
experiments, 197-216 

Reduced minerals, interaction with 
uranium, 291-95 

Release mechanism, iodine, 375 
Resistance measurements, zirconia pH 

sensors, 206 
Retardation factor, 4 
Roll-front deposits 

composition, 287-302 
uranium concentration, 288-290 
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