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.. PREFACE 

The WISAP Task 4, Third Contractor Information Meeting was held in 
Seattle, Washington, October 14-17, 1979. The purpose of the meeting was to: 

• present an overview of ONWI needs and schedules 
• present an overview of WISAP goals and methodology 

• reiterate Task 4 objectives 
• present technical accomplishments of subcontractors during FY-1979. 

We are grateful to Gary Brock of the Battelle Memorial Institute, Human 
Affairs Research Centers, and John Burlison of Pacific Northwest Laboratory, 
for careful recording of notes on the discussions, for preparing the tran
scripts, and for editorial assistance. Sue Gano of Pacific Northwest Labora
tory provided additional assistance. 

We also wish to thank Jody Marshall and Jolene Kitzerow of Battelle for 
their help in conference organization and logistical support. We are grateful 
to the rest of the Battelle-Seattle conference staff who were responsible for 
lodging, food, and audio-visual services. 

Finally, the effort of guest speakers and attendees--whose participation 
led to lively discussions and program redirection and guidance--is much 
appreciated • 

This research was support~d by the Waste Isolation.Safety Assessment Pro
gram (WISAP) conducted by Pacific Northwest Laboratory. This program was 
sponsored by the Office of Nuclear Waste Isolation. which is managed by 
Bat'telle Memorial Institute under contract DE-AC06-76RLO 1830 with the U.S. 
Department of Energy. 
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INTRODUCTION 

The Contractor Information Meeting (October 14-17, 1979) was part of the 
FY-1979 effort of Task 4 of the Waste Isolation Safety Assessment Program 
(WISAP): "Sorption/Desorption Analysis." The objectives of this task are to: 

' . , . 

• evaluate .sorptjon/desorption measurement methods and develop a standard-. . . . . . ' . .. ~ . . . . 

ized measurement procedure 

• produce a generic data bank of nuclide-geologic interactions using a wide 
. variety of geologic media and groundwaters 

•. perform·statistical analysis and synthesis of these data 

· • ~erfo~~ ~ali dation studies to compare short-term l~boratory studies to 
long-terin in situ behavior 

......... ; 

• develop a fundamental understanding .of sorption/desorption processes 

• produce X-ray and gamma-emitting isotopes suitable for the study of 
actinides at tracer concentrations 

• disseminate resulting information to the international technical 
community 

• provide input data support for repository safety assessment. 

To accomplish these objectives, the experimental program initiated in FY-1977 
is continuing with the assistance of ten scientific groups at national labora
tories and private institutions. 

The purpose of the co·ntractor Information Meeting was to: 

• present an overview of ONWI needs and schedules 

• present an overview of WISAP goals and methodology 

• reiterate Task 4 objectives 

• present technical accomplishments of subcontractors during FY-1979 

• encourage i nf ormat i,on and idea exchange with other representatives of 
related programs 

• solicit program critiques and peer review. 

ix 
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Conference participants included those subcontracted to WISAP Task 4, 
representatives and independent subcontractors to the Office of Nuclear Waste 
Isolation, representatives from other waste disposal programs, and experts in 
the area of waste/geologic media interaction. 

Since the meeting~ WISAP has been divided into two programs: Assessment 
of Effectiveness of Geologic Isolation Systems (AEGIS) (modeling efforts) and 
Waste/Rock Interactions Technology {WRIT) (experimental work): The WRIT pro
gram encompasses the work conducted under Task 4. 

This report contains the information presented at the Task 4, Third Con
tractor Information Meeting. Technical Reports from the subcontractors, as 
well as Pacific Northwest Laboratory (PNL), are provided along with transcripts 
of the question-and-answer sessions. The agenda and abstracts of the presenta
tions are also included. Appendix A is a list of the participants. Appendix B 
gives an overview of the WRIT program and details the WRIT work breakdown 
structure for 1980. 
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Sunday (October 14) 

6:00-9:00 p.m. 

Monday (October 15) 

8:00-9:00 a.m. 

9:00-9:45 a.m. 

9:45-10:05·a.m. 

AGENDA 

Registration/Dinner 

Overview of ONWI/WISAP/Task 4 
R. J. Serne 

Session I: Experimental Methodology and Data Acquisition; 
Subtasks 4.1 and 4.2 · 

(1a) 11 Effects of Hydrogen Peroxide Pretreatment of Clay 
Minerals on.the Adsorption of Sr-85 and Tc-95m Under 
Anoxic Conditioris. 11 J. F. Relyea and C. D. Washburne, PNL 

(1b) 11 Laboratory Studies of Pu-237 on Selected Minerals 
Under Anoxic Conditions ... J. F. Relyea, R •. J. Serne, · 
R. W. Fulton, C. D. Washburne, and W. J. Martin, PNL 

(2) 11 Cesium Sorption on Si02 and Smectites ... 
R. J. Silva, LBL 

10:05-10:15 a.m. Break 

10:15-10:45 a.m. 

10:45-11:15 a.m. 

11:15-11:45 a.m. 

11:45-12:15 p.m.' 

12:15-1:15 p.m. 

1:15-1:45 p.m. 

(3) 11 Transport of Radionuclides in Geologic Media:· 
Methods. P. Rickert, ANL 

(4) 11 Systematic Study of Nuclide Adsorption on Selected 
Geologic Media; Experimental Methodology and Data Acqu.isi
tion..11 R. E. Meyer, ORNL 

(5a) "Strontium, Technetium, and Tritium Transport in 
Tuff and Sandstone Cor~s." H. C. Weed, LLL 

(5b) 11 0bservat1ons on a Batch Kd Technique· Using Filtra
tion at Various Stages... D. G. Coles, LLL 

Discussion 

Lunch 

(6) 11 Sorption of Technetium on Geologic Media Under 
Anoxic Conditions ... C. W. Francis and E. A. Bondietti, 
ORNL: 
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1:45-2:15 p.m. 

2:15-2:30 p.m. 

2:30-3:30 p.m. 

3:30-4:00 p.m. 

4:00-5:00 p.m. 

5:00-5:30 p.m. 

(7) "The Kinetics and Reversibility of Radionuclide Reac
tions with Basalt, Granite, and Argillite." 
G~ S. Barney, RHO 

Brea.k 

(Sa) "Sorption of Salt Dome Materials: Uranium (VI) and 
Technetium (VII).11 B. R. Erdal, D.P. Bayhurst, 
S. J. DeVilliers, F. 0. Lawrence, and E. N. Vine, LASL 

(8b) "Effects of Anoxic Conditions and Water Composition 
on Sorption-Desorption." S. J. DeVilliers, D. P. Bayhurst, 
W. R. Daniels, B. R. Erdal, F. 0. Lawrence, and E. N. Vine, 
LASL 

(Be) "Behavior of Plutonium and Amer1c1um." 
W. R. Daniels and F. 0. Lawrence, E. N. Vine, 
P. Q.·Oliver, and S. Maestas, LASL 

(8d) "Dynamic (Column) Studies of Radionuclide Migration 
Rates." E. N. Vine, LASL 

Discussion 

Session II: Data Synthesis; Subtask 4.3 

(9) "Statistical Investigation of the Mechanics Control
ling Radionuclide Sorption." T. C. Johnson and 
A. N. Mucciardi, Adaptronics 

/ 

Discussion 

Tuesday, (October 16) 

8:00-8:40 a.m. 

8:40-8:55 a.m. 

8:55-9:15 a.m. 

9:15-9:55 a.m. 

Session III: Verification Studies; Subtask 4.4 

(10) "Testing a Site-Binding Electrical Double-L~yer 
Model for Predicting Kd Values." L. W. Benson and 
R. J. Silvu, LBL; G. A. Parks, Stanfor-d University 

(11) "Calculation of;Chemical Equilibrium Between Aqueous 
Solution and Minerals: The EQ3/6 Software Package." 
T. J. Wolery, LLL 

Discussion 

Session IV: Mechanism Studies; Subtask 4.5 

(12a) "Adsorption of Plutonyl by Aerated Soil Minerals." 
D. Rai, D." A. Moore, and R. J. Serne, PNL 
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9:55-10:05 a.m. 

10 : 05 -10 : 40 a • m • 

10:40-11:10 a.m. 

11: 10-11: 40 a.m. 

11:40-12: oo· noon 

12: oo-1 : op p • m. 

1:00-1:20 p.m. 

1:20-1:50 p.m. 

1:50-2:40 p.m. 

2:40-3:00 p.m. 

3:00-~:20 p.m. 

3:20-3:35 p.m. 

3:35-6:00 p.m. 

6:00 p.m. 

(12b) 11 Solubility of Plutonium Compounds and Their Behav
ior in Soils ... D. Rai, R. J. Serne, and D. A. Moore, PNL. 

Break · ' . 

(13) 11 Transport of Radionuclides in Geologic 
Media--Mechanisms... M. G. Seitz, ANl 

(14) 11 Systematic Study"of Nuclide Adsorption on Selected 
Geologic Media-Mechanisms of Adsorption... R. E. Meyer, 
ORNL ' 

(15) 11 Sorption of Americium and Neptunium on Geologic 
Med i a. 11 G. W. Be a 11 and B. A 11 ard, ORNL 

( 16) 11 A Systematic Study of the Kd Va 1 ues for 15 Sand
stones Having a Wide Range of Mineralogical Composition ... 
D. G. Co 1 es, LLL · 

Lunch 

(17) 11 Sorption of Radionuclides on Weathered Rocks. 11 

G. E-. Brown, G. S. Barney, RHO 

(18) 11 Microautoradiographic Studies of Rock Thin-Sections 
. and Cores ... J. L. Thompson, W. R. Daniels, and 
S. Maestas, LASL 

(19) 11 Subsurface Migration of Radioactive Waste Materials 
by Particulate Transport... G. G. Eichholz, GIT 

(20) 11 The Valence States of the Actinides in Natural 
Waters and Sorption on Geologic Media Under Anoxic Condi
tions ... B. Allard and G. W. Beall, ORNL 

Discussion 

Break 

Guest Speakers and Discussion 
(Sandia, USGS, Atomic Energy.of Canada) 

Dinner 

Wednesday (October 17) 

8:00-12:00 noon General Discussion of WISAP Task 4 

xiii 
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ABSTRACTS 

(la) Effects of Hydrogen Peroxide Pretreatment of Clay Minerals on the 
Adsorption of Sr-85 and Tc-95m Under Anoxic Conditions. J. G. Relyea*, and 
C. D. Washburne, Pacific Northwest Laboratory. 

Treatment of three clay minerals with hydrogen peroxide affects the observed 
adsorption behavior of technetium relative to untreated clay under anoxic con
ditions. A;possible adsorption mechanism of Tc is the reduction of Tc04 to 
a more positively charged species. Oxidation of the clay by H2o2 would 
hinder the reduction of the Tco4 by buffering the clay-water system at a 
higher Eh value., 

(lb) Laboratory Studies of Pu-237 Sorption on Selected Minerals Under Anoxic 
Conditions. J. F. Relyea*,· R .. J. Serne, R. W. Fulton, C. D. Wa~hburne, and 
W. J. Martin, Pacific Northwest Laboratory. 

Plutonium Kd values were generally higher under anoxic conditions than ambient 
conditions in both 5.13~ NaCl and 0.03~ CaC1 2• Lower values for Kd(Pu) were 
observed in·o.03~ NaHC03 under anoxic than in an ambient atmosphere· and no 
significant differences were found in Kd(Pu) values in 0.03~ NaCl for the two 
oxygen levels. Sorption of Pu was greatest on the phyilosilicates (illite, 
montmorillonite, vermiculite, and biotite). 

The blank-corrected batch Kd method is not well suited for measuring low Kd 
values when the tracer nuclide is sorbed.by the blank container. Measurement 
of the amount of nuclide sorbed by the blank container can be used to correct 
calculated Kd values; however, the process doubles the radioanalytical count
ing requirements over. the normal blank-corrected batch method. Containers 
which do not adsorb trac:P.r nuclide!; should IJe used, it possible. 

XV 



(2) Cesium Sorption o·n Si02 and Smectites. R. J. Silva*, Lawrence Berkeley 
Laboratory. 

No abstract avail ab 1 e. 

{3) Transport of Radionuclides in Geologic Media-Methods. Paul Rickert*~ 

Argonne National Laboratory. 

(1) Nuclide migration by infiltration versus that predicted by batch Kd, 
(2) batch experiments that reproduce column geometry, (3) analyses of radio .. 
nuclides on particles by dialyses techniques, (4) leach-migration experiments, 
and (5) our new rock column holders with pressurized feflon sleeves. 

(4) Systematic Study of Nuclide Adsorption on Selected Geologic Media.
Experimental Methodology and Data Acquisition. ·R. E. Meyer*, Oak Ridge 
National Laboratory. 

Distribution coefficients have been determined as a function of solution vari
ables for a variety of adsorption systems. Last year, we concentrated on 
studies of adsorption of a number of ions on clay minerals dt low pll villucs 
where complications due·to hydroloysis and precipitation are minimized. We 
also showed in the systems tested that essentially identical results were 
obtained using all three of our methods of measuring distribution coeffi
cients, batch, column, and axial filtration. This year we have concentrated 
on extending adsorption studies to higher pH ranges more characteristic of 
natural systems, usually from about 4 to 10. The nuclides studies were Cs(I), 
Sr(II), Eu(III), 1-, Tc(VII), fun(III), Np(V)~ and U(VI) in various NaCl 
solutions and a ~imulated groundwater, all as a function of pH. Clay minerals 
inc 1 uded montmor ill on ite, kao 11 nite, illite, and attapul gite, and hydrous 
oxides included chromatographic alumina, Coruri8~m, Gibbsite, and Hematite. 

xvi 
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Iodide adsorption was studied in a variety of solutions for a number of min
erals and rocks including most of the controlled sample rocks. The work on 
actinide adsorption (supported in part by the Division of Nuclear Sciences/BES) 
included studies of the adsorption of Am, Np(V), and U(VI) as a function of pH 
on a large number of rock-forming minerals. Strong increases with pH were 
observed for a number of systems including Sr(II) and Eu(III) on the hydrous 
oxides ·and Am(III) on many of the rock-forming minerals. For some cases, for 
example, Sr(II) on montmorillonite, little or no dependen2e on pH was found. 

(5a) Strontium, Technetium, and Tritiu'm Transport in Tuff and Sandstone 
Cores. H. C. Weed*, Lawrence Livermore Laboratory. 

Radionuclide transport experiments have been conducted at room;emperature and 
iOMPa confining pressure on cores of Thirsty Canyon tuff with tuff-equilibrated 
water and St. Peter sandstone with sandstone-equilibrated water. The radi a
nuclides are Sr-85, Tc-95m, and T as HTO. Results will be presented in the 
form of concentration profiles for the cores, concentration vs. time curves 
for the effluent solutions, and sorption ratio values derived from these 
measurements. \ 

{5b) Observations on a Batch Kd Technique Using Filtration at Various Stages 
in the Procedure. David G~ Coles*, Lawrence Livermore Laboratory. 

Simulated groundwater that has been equilibrated with various radiotracers is 
first filtered through. an 0.4 ~m pore size filter before contacting it with 
the geologic media being studied. Implications to the final Kd value derived 
using th~s technique are discussed. In particular, filtration is compared to 
simple centrifugation as a phase separation method. 

xvi i 



(6) Sorption to Tc on Geologic Media Under Anoxic Conditions. C. W. Francis*, 
and E. A. Bondietti, Oak Ridge National Laboratory. 

The influence of time, temperature, pH, Eh, Fe+2, and Tc concentrations on 
the sorption-desorption of Tc on a basalt, granite, and shale was investigated. 
Loss of the Tco4- anion from the solution phase appears not to be due to 
sorption of the anion on the solid phase matrix, but rather due to the reduc
tion to a lower oxidation state; probably Tc02 which is highly water
insoluble. Loss of Tco4- increased with time. There appears to be an 
interaction between the reduction of Tco4- and temperature, viz, increasing 
temperature enhanced the initial reduction rate, but the rate exponentially 
decayed at high temperatures (72 vs. 22°C). Basalt significantly reduced 
Tc04- faster and in greater quantities than the granite or shale samples. 
On the order of 106 more Tc-99 was retained on anoxic basalt columns than 
Tc-95m; however, the apparent distribution coefficients (0.64 and 3.54 ml/g) 
were not appreciably different. The additions of Fe+2 prior to Tc04- addi
tions did not affect Tc04- reduc:ion; however, additions of Fe+2 to Tc04-
suspensions readily reduced Tc04 • The reduced form of Tc is slowly oxi-
dized to the Tc04- under oxic conditions. In Eh~pH monitored stirred sus
pensions, the most important variables influencing the loss of Tco4 are Eh 
and the solution to solid ratio of the suspension. 

(7) The Kinetics and Reversibility of Radionuclide Reactions with Basalt, 
Granite, and Argillite. G. S. Barney*, Rockwell Hanford Operations. 

Observations of sorption-desorption reactions of Cs, Sr, Np, Am, and Pu on 
basalt, granite, and argillite were extended to 218 days. Equilibrium con
centrations of radionuclides in batch experiments were not reached for most 
radionuclides even after this lengthy equilibration time. In addition, reac
tions of the crushed rock with groundwaters (dissolution, hydrolysis, precipi
tation, etc.) did not reach equilibrium after 150 days. The dissolution of 
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.. basalt is accompanied by the formation of colloidal particles which contain 
Si, Fe, Ca, and Al ~ These colloids sorb Cs, Sr, Am, and Pu during equilibra
tion experiments. Some of the colloids pass through 0.3 J..m filters (some are 
not retained even on 0.01 m filters) and therefore cause calculated Kd values 
to be too 1 ow. 

( 

Additional experiments were performed to determine the effects of radionuclide 
concentration on Kd values and to measure the reversibility of radionuclide 
sorption. Several improvements were incorporated into these experimental pro
cedures. Spiked solutions were filtered to eliminate precipitation of tracers 
before equilibration and dried tracers were added to groundwater solutions to 
prevent alteration of solution composition by the tracer stock solution. 

\... 

(Sa) Sorption of Salt Dome Materials, Uranium(VI), and· Technetium(VII). 
B. R. Erdal*, B. P. Bayhurst, S. J. DeVilliers, F. 0. Lawrence, and E. N. Vine. 

Studies of the sorption of strontium, cesium, barium, cerium, europium, ura
nium, and americium on Hainesville salt dome materials were made under aerobic 
and anaerobic {less than 0.2 ppm oxygen) conditions. Results using a dilute 
brine and a bicarbonate water wi 11 be presented. 

Results from investigations of the sorption-desorption of uranium (VI) and 
technetium(VII) on various Nevada Test Site {NTS).materials under aerobic and 
anerohi c conditions, at ambient and e 1 eva ted ( 70 °C'} temperature, wi 11 a ,-so be 
presented. 

xix 



{8b) Effects of Anoxic Conditions and Water Composition on Sorption
Desorption. S. J. DeVilliers*, B. P. Bayhurst, W. R. Daniels, B. R. Erdal, 
F. 0. Lawrence, and E. N. Vine. 

The sorption-desorption behavior of several radionuclides under conditions of 
very low oxygen concentration {less than 0.2 ppm), as may be present in deep 
geologic formations, was studied using the batch technqiue. Samples of argil
lite, granite, and Yucca Mountain tuff from the NTS were used. Comparisons 
will be made between these measurements and those made earlier using the same 
materia 1 s. 

The effect of groundwater composition on the measured sorption-desorption 
behavior for strontium, cesium, barium, cerium, and europium was studied u:;ing 
two groundwaters having rather different ionic strengths. The geologic mate
rials used were argillite, granite, and tuff from the NTS, all ground to the 
same particle size. The dependence of the Rd values on the groundwater compo
sition will be discussed. 

(8c) Behavior of Plutonium and Americium. W. R. Daniels*, F. 0. Lawrence, 
P. Q. Oliver, and S. Maestas. 

The behavior of Pu and Am during batch sorption ratio measurements was studied. 
A multiple-centrifuging technique resulted in aqueous solutions of Pu which 
were not a 1 tered by subsequent filtration, even through membranes as sma 11 as 
0.05 ~m. This result implies that the particulates present in these solutions 
(pH =8) were smaller than 0.05 ~m and that the Pu species present did not sorb 
on. the filter membranes, at least during the time required for filtration. 
Results for Am indicate that solutions prepared in the same way as the Pu 
still contain Am species which are removed by filtration. 

XX 



The effects of passing various soloutions involved in the batch sorption ratio 
measurements through polycarbonate membranes were studied by a microautoradio
graphic technique. 

The results from sorption-desorption studies on granite,, argillite; and tuff 
will also be discussed. 

(Bd} Dynamic (Column) Studies on Radionuclide Migration Rates. E. N. Vine*. 

The migration rates of radionuclides in columns of crushed material from three 
types of geologic media (argillite, granite, and tuff·from the NTS), and some 
of the parameters affecting these rates, will be discussed and compared to 
data previously obtained by a static (batch} technique. 

(9) Stati·stical Investigation of the Mechanics Controlling Radionuclide Sorp
tion. A. ·N •. Mucciardi*, Adaptronics, Inc. 

Nonlinear, adaptive learning network (ALN) models were synthesized that pre
dict Kd for seven radionuclides (Tc, Sr, Cs, Np, Am, I, Pu) as a function of 
solid adsorbent, contacting solution and nuclide properties. Factors that 
were considered in this year's work included: (1) analysis ·of reversibility 
(adsorption versus desorption Kd's), (2) comparison of the Kd predictor equa
tion· on dilute waters versus salt brine,· {3) compar1son of Kd predi~tor equa-

. tions on individual adsorbents versus groups of adsorbents, (4} analysis of 
the ORNL Ion Exchange data base, and (5) identification of the key variables 
controlling Kd for each radionuclide. Results of the predictor equations on 
data not used for model synthesis will be presented. 
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(10} Testing a Site-Binding Electrical Double-Layer Model for Predicting Kd 
Values. L. V. Benson*, and R. J. Silva, Lawrence Berkeley Laboratory; and 
G. A. Parks, Stanford University. 

No abstract available. 

(11) Calculation of Chemical Equilibrium Between Aqueous Solution and Min
erals: The Efl3/fi Software Pack~.9.e .• Thomas J. Wolery*, Lawrence Livermore 
Laboratory. 

The newly developed EQ3/6 software package computes equilibrium models of 
aqueous geochemical systems. The package contains two principal programs: 
EQ3 performs distribution-of-species calculations for natural water composi
tions; EQ6 uses the results of EQ3.to predict the consequence of heating and 
cooling aqueous solutions and of irreversible reaction in rock-water systems. 
The programs are valuable for studying such phenomena as the formation of ore 
bodies, scaling and plugging in geothermal development, and the long-term dis-

1 

posal of nuclear waste. 

(12a) Adsorption of Plutonyl by Aerated Soil Minerals. Dhanp~t Rai*, 
D. A. Moore, and R. J. Serne, Pacific Northwest Laboratory. 

Pl utonyl (VI) was added to aerated mi nera 1 sus pens i un~ ( 1 g mi nera 1 and 34 ml 
of 10 meq CaC1 2) maintained at pH 4. The concentration of Pu in 0.015 m 
filtered solutions was determined at different time intervals. 

The maximum dd~orption occurred within the first two hours. The minerals dif
fered considerably in their adsorption .. capacities. The minerals in an 
increasing order of adsorptio~ were: gibbsite <kaolinite <montmorillonite 
<< vermiculite < biotite. In order to understand this difference in behavior 
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of various minerals, cation exchange capacity, surface area, chemical nature 
of the surfaces, and the chemical makeup of the minerals were determined. The 
results showed that the very high adsorption of plutonyl by vermiculite and 
biotite was largely due to the presence of ferrous iron in their structure 
which reduced plutonyl to very highly adsorbable species Pu(III) and/or 
Pu(IV) • 

(12b) Solubility of Plutonium Compounds and Their Behavior in Soils. Dhanpat 
Rai*, R. J. Serne, and D. A. Moore, Pacific Northwest Laboratory. 

The solubilities of 239Pu02(s)·and 239Pu(OH)4(s) under natural environmental 
conditions were determined. These data were then used td predict the 
1) nature of the solid phas~s present in contaminated soils, and 2) total con
centration of Pu that can be expected in soil solutions when these Pu solids 
are present·. 

Based upon solubility measurements, an estimated value of the 
rium const~nt) for the dissolution of 239Pu02(s) [Pu02(s) ~ 
was found to be -14.8. The estimated value of the log KQ for 

. of 239Pu(OH) 4(s) [Pu(OH) 4(s) ~ Pu02 + 2 H2o + e-J was found 

log KQ (equilib

Puo2J + e-
the dissolution 
to be -12.8. 

' ... 

Comparison of Pu concentration, in solutions in equilibrium with contaminated 
Hanford soils, with the Pu02(s) and Pu(OH)4(s) solub1lity lines indicated that 
Pu·(OH) 4 ( s) was au sent from a 11 the samp 1 es and that two of the samp 1 es con
tained Pu02(s). · The presence of Pu02(s) was also confirmed by X-ray dif
fraction of Pu particles isolated from one of the samples. 

xxiii 



(13) 'Transport of Radionuclides in Geologic Media- Mechanisms. 
Martin G. Seitz*, Argonne National Laboratory. 

(1) Non-linear adsorption isotherms related to concentration expected in 
groundwater after leaching solidified waste, (2) rock loadings and limits they 
place on nuclide immobilization, (3) competing cation effects, Rb-Cs as an 

. example and (4) recommendations for more detailed groundwater analysis to 
serve the need of the repository designer. 

(14) Systematic Study of Nuclide Adsorption on Selected Geolog1c Media: 
Mechanisms of Adsorption. R. E. Meyer*, Oak Ridge National Laboratory. 

The adsorption experiments at low pH values (4 to 5) were designed to test the 
applicability of ideal ion exchange equations to the data. These equations 
predict that at loadings small compared to the capacity, slopes of plots of 
the logarithm of the distribution coefficie·nt versus the logarithm of the 
sodium chloride concentration should be -2 for divalent ion adsorpt~on, -3 for 
trivalent ion adsorption, etc. Such slopes were observed for a number of 
cases, especially at low pH, but, in general, slopes were somewhat less than 
the ideal values. For other adsorption systems, e.g. Eu(III) on montmorillo
nite at i'ntermediate to high pH, little or no salt dependency was found. For 
some systems the logarithm of the distribution coefficient increased approxi
mately linearly with pH. Loading studies show many cases where adsorption 
follows an essentially linear isotherm from trace to intermediate loadings and 
expected decreases in distribution coefficient as loading becomes significant 
with respect to the .capacity. In other cases, more complicated dependencies 
of the distribution coefficient with loading was found. Various explanations 
fur· this loading behavior anrl th~ pH dependence of adsorption are considered 
with respect to our data. 
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(15) Sorption of Americium and Neptunium on Geologic Media. G. W. Beall* and 
B. Allard, Oak Ridge National Laboratory. 

No abstract available. 

(16) A Systematic Study of the Kd Values for 15 Sandstones Having a Wide 
Range of Mineralogical Composition: David G. Coles*. 

Kd measurements have been made on 15 sandstones using a simulated brine ~s the 
aqueous phase.·. These sandstones were chosen for their wide range of mineral
ogical compositions and have been extensively characterized both physically 
and mineralogically. The effects of the Kd•s for Se-75, Sr-85, Sb-125, Cs-137, 
Ce-144, and Pu-237 are discussed in terms of size fraction and mineralogical 
variation. 

(17) Sorption of Radionuclides on Weathered Rocks. G. E. Brown*, Rockwell 
Hanford Operations. 

Samples of crushed basalt, granite, and argillite were artificially 11Weathered 11 

by continuous leaching with distilled water for six months. The leaching was 
performed both in air and ip an oxygen-free stream of nitrogen gas. The 11wea
thered·~ rock was then characterized to determine surf ace area, cation exchange 
capacity, and composition of the weathered surface of the rock. Comparisons 
were made of radionuclide sorption (after 14 days) on fresh rock, rock wea
thered in air, and rock weathered in N2• Although there are some exceptions, 
sorption on rocks weathered in N2 is less than rock weathered in air. This 
is possibly due to.the lack of an Fe(OH) 3 coating on the rock weathered in 
N2• The Fe(OH) 3 is known to scavenge cations and silica from solution. Sorp
tion of Cs, Am, and Pu is strongly affected by weathering basalt and argillite. 
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However, the cation exchange capacity is changed very little. This suggests 
that ion exchange plays a minor role in sorption of these radionuclides. 

(18) Microautoradiographic Studies of Rock Thin-Sections and Cores. 
J. L. Thompson*, W. R. Daniels, and S. Maestas. 

Characteristics of Pu-239 and Np-237 sorption on alluvium, tuff, granite, and 
argillite thin-sections as determined by microautoradiography will be dis
cussed. Also several experiments will be described in which Sr-85 or U-238 
was infused into solid rock cores, yielding sorption data which may be com
pared with that obtained by batch and column methods. Microautoradiographic 
examination of these rock cores will also be discussed. 

{19) Subsurface Migration of Radioactive Waste Materials by Particulate 
Transport. G. G. Eichholz*, Georgia Institute of Technology. 

The objective of this work is the study of the uptake of dissolved radionu
clides leached from waste material by water onto suspended colloidal particu
lates and their subsequent transport through permeable media. Vertical column 
packed with basalt, limestone and other media·have been set·up to observe the 
migration of labeled particles. It has been shown that such particles do, in 
fact, migrate and are absorbed to a degree depending on the type of particle 
and bed medium rather than physical hindrance. The attachment on waste ions 
on such particles has been observed from distilled water, rock-equilibrated 
and saline waters and, as expected, depends on concentration, competition with 
other dissolved ions, pH and effective surface area. The latter does not 
necessarily stay constant since agglomeration of kaolin particles occurs in 
brines. The implication of this on migration in salt beds and in adjacent 
strata is also being studied. 
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(20) The Valence States of the Actinides in Natural Waters and Sorption on 
Geologic Media Under Anoxic Conditions. B. Allard* and G. W. Beall, Oak Ridge 
National Laboratory. 

No abstract available. 
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SYSTEMATIC STUDY OF NUCLIDE SORPTION 
ON SELECTED GEOLOGIC MEDIA 

R. E. Meyer 

ABSTRACT 

This report summarizes the past year's work concerning the adsorp-
tion of nuclides of interest to nuclear waste on clays, hydrous oxides, 
and other geologic media as a function of the pertinent variables of salt 
concentration, pH, and loading. Most of the adsorbent-adsorbate systems 
were investigated in the pH range 5-10 and the salt concentration range 
of from about 0.01 M to 5 M NaCl in order to cover the most probable com
positions of groundwaters in the region of waste repositories located in 
bedded salt formations or salt domes. A batch method was gen~rally used 
to obtain the data, but for some special conditions, the axial filter was. 
used. For adsorption on clay minerals at pH values of about 5 where hy
drolysis reactions are not likely to occur, a strong salt dependence was 
observed, and the data could be fairly well described by ideal ion exchange 
equations. As the pH was increased, for some of the systems, e.g. for 
Eu(III) adsorption on montmorillonite, distribution coefficients, increased 
significantly with pH and the salt dependence decreased or disappeared 
entirely. For adsorption of Sr(II) and Eu(III) on hydrous oxides, usually 
a form of Al203, significant increases in distribution coefficients with 
pH were observed and the salt dependence was very small, but often in
creasing somewhat as the pH was increased. Distribution coefficients for 
adsorption of I- on a large variety of minerals and rocks were almost always 
very small, generally almost zero, and only for a few adsorbents under 
special conditions were distribution coefficients as high as 10 liters/ 
kilogram observed. These results demonstrate that a large number of experi
ments are required for a complete and systematic investigation of a single 
nuclide-adsorbent system but also show that the dependence of the distribu
tion coefficient on the variables show regularities which may be used to 
interpolate and extrapolate the data to non-tested conditions. 
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INTRODUCTION 

Estimation of the migration rates of nuclides in geologic formations 
requires reliable information concerning the adsorption behavior of the 
nuclides on the various minerals present in the formation. As is known 
from basic studies on the adsorption behavior of ions from aqueous solu
tions onto inorganic materials, adsorption behavior may be strongly depen
dent upon such variables as pH and salt concentration as well as on the 
propert1es uf the adsorbent. Furthermore~ thf" functional dependence may 
be very large; for example, a ten-fold increase in distribution coef~ 
ficient is observed for some systems if the pH is varied a single unit. 
The adsorption behavior of a system is therefore best represented by a 
series of functions with respect to the pertinent variables. 

It is clear that because of the many variables involved, investiga
tion of a single adsorbate-adsorbent system requires a great deal of ex
perimentation. It is probably therefore impossible to attempt a complete 
description of all possible nuclide-mineral systems pertinent to nuclear 
waste disposal because the variety of systems is truly enormous. In an 
attempt to reduce this problem to manageable levels, we have chosen to 
investigate systematically a few minerals, representative of classes, 
over a wide range of conditions with initial emphasis on the variables 
of pH, salt concentration, and loading. 

We have chosen to concentrate our determinations in the salt con
centration range of O.OlM to-5M (usually either CaCl2 or NaCl). Current 
policy in the United States appears to be directed toward placing the 

"first nuclear waste repositories in deeply bedded salt deposits or in salt 
domes. Any breach of such a repository will therefore probably result in 
groundwdLers in this concentration ranae. Tt is quite important to de
termine the dependence of adsorption on salt concentration because it is im
possible to predict the actual salt concentrations in the groundwaters, and 
for some adsorption systems, the dependence of distribution coefficient on 
salt concentration is significant. Investigation in this intermediate to 
high salt concentration range is important also because literature data in 
this range are sparse and somewhat fragmentary. 
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.. Much of our initial work was carried out with Cs(I), Sr(JI), and 
Eu(III). The solutions were maintained at pH 5 in order to avoid possible 
problems with hydrolysis and precipitation. These measurements allowed 
us to determine the extent to which relatively simple ion exchange equa
tions could be used to represent the data. During the past year, we 
have concentrated upon extending these results to higher pH values more 
representat1ve of natural systems. 

Most of the work reported here was taken with two mineral classes, .. 
the clays and the hydrous oxides. These two classes were chosen because 
they are ubiquitous in formations and because they tend to have high capa
cities and high selectivities for many of the nuclides. For some nuclides, 
e.g. I-, we have also investigated adsorption behavior wi~h a number of 
other rocks and minerals. 

We have a 1 so supported work done by B. A 11 ard (on 1 eave from the Depart-
' ment ·of Nuclear Chemistry, Chalmers University of. Technolosy, Goteborg, Sweden) 

of the transuranium Research Laboratory here at ORNL concerning actinide ad- · 
sorption on rock-forming minerals. Here the approach was to investigate the 
adsorption of certain actinide species on selected rock-forming minerals 
over a wide range of pH in a simulated groundwater, in 4M NaCl, and for some 
systems other concentrations of NaCl. This work was done largely ~Y Gary Beall 
and Bert Allard. As mentioned above this work was supported in part by our 
WISAP (ONWI) funding and also by Basic Energy Sciences/DOE, Division of Nuclear 
Sciences. We shail include only a brief summary of their work in this report 
because most of their work will be covered in separate reports. 

Last year our report was in the form of a sesquiannual report (Meyer 1978) 

which covered the first 1-1/2 years work funded by the WISAP Program and also 
I . 

by our sponsors in Fossil. Fuel Extraction, Department of Energy. This 
related work deals with two topics of interest to the field of enhanced oil 
recovery, (1) Ion Exchange Characteristics of Enhan~ed Oil Recovery Systems, 
which is in part concerned with alkaline earth/alkali metal ion equilibria in 
oil-bearing geologic formations, and (2) Selection of Multiple Tracers for 
Enhanced Oil Recovery Systems, which is a study of the conditions under which the 
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adsorption of various inorganic ions might be low enough to be useful for 
tracer monitoring of the chemical floods used in certain methods of tertiary 
oil recovery. 

Since much of our initial work' dealt with material of interest to both 
of our sponsors, such as 
single report last year. 
results, we separate the 
common interest. 

METHODS 

method development, we combined the results in a 
This year, which involved mostly accumulation of 
\ 

reports even though there still are some areas of· 

METHODS AND MATERIALS 

In view of the wide variation in results from studies of adsorption on 
minerals in the literature from different laboratories, development of methods 
has been an essential component of our activities. The need for an enormous 
number of measurements in a systematic investigation dictates that these methods 

' be rapid, as well as reproducible and accurate. We have used three methods so 
far to obtain adsorption information: batch equilibration experiments, column 
methods, and axial filtration. Each method has different advantages and dis
advantages for the various experimental situations of interest to us. 

In last year•s sesquiannual report, we explained the operation of our 
axial filter and column.methods of determining distribution coefficients, and 
we showed that these methods give results identical to the commonly used batch 
method. Because of the great number of measurements necessary and because of 
the necessity of fairly long-term equilibration times for some systems·, we 
decided this year to concentrate on using a modified batch method for most of 
our results. 

In our batch equilibrations, weighed amounts of purified and properly pre-
; 

treated clay are shaken with known volumes of solution, and the reduction of 
concentration of the adsorbate in the solution is determined after separation 
of solid and solution by centrifugation or other means. Whenever possible, 
radiometric methods were used for analyses, otherwise atomic absorption analy
sis was used. Results are expressed as distribution coefficients, D, the· 
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amount adsorbed per unit weight of adsorbent divided by the amount per unit· 

volume of solution at equilibrium. 

In order to accomodate the great number of samples we use for a single 

adsorbent-adsorbate system, we reduced the size of the sa~ple .and centrifuge 
tube to as small as practical, usually 7-15 ml. The amount of sample used 
was determined by estimating (usually from preliminary.experiments) the weight 
to volume ratio necessary to give a significant reduction of the adsorbate in 
the solution. 

Distribution coefficients are calculated from the equation 

. ( 1 ) 

where D is the distribution coefficient in liters/kilogram, 
c; is the initial concentration of the nucli~ in t¥ solution 
in any convenient unit, usually count~· min- • ml- , 

Cf ~s the final concentration of the nuclide, 
w is the.weight of the sample in kilograms, 
v is the volume of the solution in liters. 

Distribution coefficients given in this report are related to dried material, 
in the ~ase of clay usually freeze-dried. Usually the adsorbent was pre
equilibrated ~ith the solution in order to stabilize the pH and establish 
equilibrium conditions. After equilibration and separation by centrifugation, 
a volume V of tracer solution was added. In this procedure, the volume was a . 
computed as follows 

(2) 

Here wt is the weight of the sample plus the residual water left after centrif
ugation, a.~d p is the density of the solution. Similarly, the concentration 
of the ini.tial tracer solution was reduced by the factor Va in order to account 

v 
for the dilution by the residual water. Adsorption on the tubes was also 
measured and general1y found to be negligible. 
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We have also used the axial filter method to some extent this year to 
measure distribution coefficients. This system was described in last year•s 
sesquiannual, and we therefore give only a brief description here. A cylin
drical rotor, wrapped with a filter of pore size in the ~m range is rotated 
at rotafional velocities on the order of several thousand RPM wi_thin an outer 
chamber .which contains a slurry of the adsorbent. After preequilibration with 
the medium of interest by pumping it through the chamber and through the filter 
into an exit in the axle, the medium with the adsorbate is introduced at a 
fixed rate and the adsorbate concentration in the effluent is followed with 
time (loading cycle). After the solid reaches eC'juilibrium with the incoming 
medium, i.e. when the effluent concentration equals the influent, adsorbate
free solution is introduced and the concentration of the effluent is again 

followed with time (eluting cycle). 

Equations have been derived for computation of distribution coefficients 
by comparison of effluent concentration curves with time between what is 
expected from dilution and what is observed when adsorbent is present. The 
determination is simplest when distribution coefficients are independent of 
loading of adsorbent by adsorbate and when half-times of the adsorption reac
tions are much less than the average residence time of the medium in the chamber. 
In such cases, a plot of the appropriate adsorption function ~throughput 
volume is linear, and the results for loading and elution coincide. In this 
mode, the axial filter is used essentially as a stirred-tank reactor, with a 
single theoretical plate (the effluent completely equilibrated with adsorbent 
in passage through the chamber). 

This method has the advantage of being able to conveniently measure dis
tribution coefficients for highly dispersible soqds for which liquid-solid 
separation after batch equilibration is difficult. Use of the method also 
offers a quick method of checking the reversibility of adsorption. We have 
used this method a number of times this yeat' to confirm our batch determi na
tions and to check if the adsorption reactions are reversible. In all.cases 
determinations done with both methods under identical conditions gave the same 
results. 

·We have made extensive improvements on the system this year and have 
investigated the effects of non-linear isotherms and the possibilities of 
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investigating kinetics of adsorption reactions with the system. This work was 
largely sponsored by the Division of Chemical Sciences, Basic Energy Sciences/ 
Department of Energy, and these results have now been presented in 
two paper·s (Triolo, Harrison, and Kr.aus, 1979; and Egozy, 1979). 

I~ connection with the use of the axial filter to measure low values of 
distribution coefficients, we have also considered the possible effects of ion 
exclusion or Donnan equilibrium on the measured value of the distribution coef
ficient by both the batch and axial filter methods. Errors in the distribution 
coefficie·nt can be introduced by this effect if it is sufficient to exclude to 
a significant degree electrolyte from the water in the adsorbent. ·rn calculating 
the-distribution coefficient, we normally assume that the water associated with 
the clay ·after centrifugation has the same composition as that in the clear super-

. natant solution. If it is not, an error will be introduced in the calculation. 
We currently are considering ways to estimate the magnitude of this error by 
devising experimental methods to measure the extent of ion exclusion. This 
error normally should not be large but might be significant for systems wi.th 
which low distribution coefficierits are observed. 

We have measured capacities of our adsorbents by .a variety of techniques . 
. Probably the best method is as follows: A chloride solution of an index cation, 
e.g. NaCl orCaC1 2,was equilibrated with the adsorbent several times until. 
analysis of the solution resulted in essentially ldO% index cation solution. 
After separation by centrifugation, the adsorbent along with the residual solu
tion was washed several times with the nitrate salt of another cation, e.g. 
NH4No3. The total index cation and chloride content of the wash solutions was 
then determined. Considerations of charge ba-lance gives the following equation; 
assuming a monovalent chloride MC1: 

M+ M+ C Cl- Cl- + C t•W. res ~ ads + anion·W = res + ads ca (3) 

where M+ and Cl- refers respectively to the number of equivalents 
res res · + _ 

of cations and chloride ions in the residual solution, Mads and Clads 
refer to the number of equivalents of adsorbed cation and chloride ions, 
c . . and C t are the anion and cation exchange capacities of the 

an1on ca 
adsorbents in equivalents/kg, and w is the weight of the sample in kg. 
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Therefore: 

(4) 

where (5) 

Thus, the difference in the amounts of in·dex cation and chloride ion· give the 
difference in c~tion and anion exchange capacities of the clay. If the cation 
capacity is much larg~r than the anion c~pacity, as is qften the case, the 

method gives Ccat; otherwi~e Canion will have to be determined independently. 
This method has the advantaqe of taking into account the possibility of ion 
invasion or exclusion in the interlayer or between clay particles 
residual water; the concentration of the electrolyte in the residual water 
may b~ less than that in the external solution. For materials like montmoril
lonite which are difficult to centrifuge, this difference in concentration and 
the amount of water involved can make this correction significant. 

Using this technique, as reported in last year•s sesquiannual, we obtained 
a value of about 0.95 equivalents/kg for the exchange capacity using 0.1 M NaCl, 
0.1 M CaC1 2, and 0.01 M CaC1 2 as the index cation solutions .. When we used 0.01 
M NaCl, a lower value of the exchange capacity was found. We do not know the 
reason for this. 

We have also used other methods to measure the capacity including a column 

method which we described in last year•s sesquiannual. 

MATERIALS 

Our samples of·clay minerals include the following: 
A. Source clays, Department of Geology, University of Missouri. 

1. STx-1 Ca-Montmorillonite (White), Gonzales County, Texas. 
2. SWy-a Na-Montmorillonite, Crook County, Wyoming. 
3. CMS-P Fl-1 Attapulgite, florida. 
4. CMS-K6a-l Kaolin, well crystallized, Georgia. 

B. Reference clay minerals from Ward•s Natural Science Establishment. 
1. Montmorillonite #27, Belle Fourche, South Dakota. 

. 2. Montmori 11 oni te #31, Cameron, Arizona. 
C. Also a French Montmorillonite from Henry Thomas, University of North 

Carolina (Chapel Hill). 
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D. ·Oklahoma Illite, Beaversbend. 
E. From Baroid Corporation; Houston, Texas.· 

1. Synthetic Montmorillonite. 
2. Aquagel, a spray-dried purified Montmorillonite. 

Our initial experiments have been performed with all of these clays, but 
more recently we have concentrated on those from the University of Missouri. 
We have purified some a·f these by the methods of Jackson (M.- L. Jackson, 11Soil 
Chemical Analysis- Advanced Course 11

, 1956). After removing the sand fraction, 
the clay is treated with sodium acetate - acetic acid, pH 5, reagent to remove 
carbonates, then with 30% H2o2 to remove organic matter, and finally with sodium 
dithionite and citrate to· remove hydrous iron oxides. Some of the clays were 
purified only to the point of removing carbonates. 

Our samples of oxides include the following: 
A.. Fisher Chromatographic Alumina (y AlOOH) 
B. Natura.l Oxides- obtained from Ward's Natural Science. Establishment. 

1 .. Corundum (A1
2
o
3

), 75% a an~ 25% B alumina (X-ray ~nalys~s) .. 
2. Gibbsite (A 1203 • n H20) . 
3. Hematite (Fe2o3). 

Other minerals include Serpentine (3 MgO • 2 Si02 • 2 H20), Augite 
(Pyroxene), Hornblende, and Galena (PbS). These minerals and the natural 
oxides were ground·with a mortar and pestle and sjeved to a size fraction of 
about 0.04 to 0.06 mm. 

The fa 11 owing r·ocks, obta 1 ned from Bate ll e Northwest, \'Jere a 1 so used for 
some of the nuclides. They were used as received: Anhydrite, Culebra, Dolomite, 
Magenta Dolomite, Conasauga Shale, Westerly Granite, Sentinel Gap Basalt, 
Oolitic Limestone, and Green Argillaceous Shale. Characterization of these rocks 

has· been given by Ames (1978). 
THEORY AND EQUATIONS 

Many rocks and minerals, especially the clays, have ion exchange proper
ties. It is desirable to determine the extent to which they behave as ideal 
ion-exchangers in order to know whether we can use ideal ion exchange equations 
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for interpolation and extrapolation of adsorption data to unknown conditions. 

Consider the ion-exchange equilibrium represented by the following 

equations: 

where the bars over the terms represent adsorbed species. 
the equilibrium expression 

..., p n 
eMl 

. 
aM2 

K = . r . p n 
CMl • aM2 

(6) 

We may write for 

(7) 

Here a represents the concentrations of the components in the liquid and 
adsorber phases, K is the equilibrium constant, and r is the appropriate 
quotient of the activity coefficients. If the capacity of the adsorber is 
c, then assuming no invasion of co-fons, 

(8) 

Here c is expressed in equivalents per unit weight. 

'If M1 is present in the adsorber at trace loading, i.e. at only a few 
percent of capacity, then 

(9) 

(10) 

and 

( 11) 
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.. 
where the distribution coefficient is given by· 

(12) 

Assuming K/r to be constant, rearrangement of Equation 11 and di fferentfation 
yields 

= -n/p ( 13) 

Thus for exchange of Sr(II) with Na(I) we would expect a slope of -2 at low 
loading when log Dsr is·plotted ~log cNa· For exchange of Eu(III) with Ca(II) 
at 1 ow lo·adi ng, a s 1 ope of -3/2 is expected. · ·. 

Ii E~uationll i~ not valid, i.e. if loading proceeds to the point where 
it is significant with respect to the capacity, then 

( 14) 

As loading in~reases, the term, naM
1

, becomes significant with respect to c, 
and the distribution coefficient decreases relative to the value at trace 
loading. 

For some systems, we find behavior fairly close to that predicted by 
these equations, e.g. for Sr(II) adsorption on the clay minerals, as we have 
shown in las~year•s sesquiannual report. The degree to which these equations 
are followed is .. shown in Table 1 which summarizes data on adsorption on four 
clay minerals at pH 5. For-illite the equations are almost ideal for a slope 
of -2 is observed as predicted from Equation 13. · For the other clays the · 
relations hold only approximately, and the absolute values of the slopes are 
less .than 2. There. are probably many reasons for this. In deriving the equa
tions, we have assumed that the activity coefficient product is constant. 
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This is most certainly not true; activity coefficient ratios in the aqueous 
phase can be estimated fairly well for these systems, and if these are taken 
into account the slopes of the plots of log D ~ log c {Equation 13) are 
altered somewhat, but correcting for this ratio does not necessarily give 
slopes closer to ideal behavior. Further discussion of the data given in 
Table 1 is given below in the Results section. 

We have also· assumed that the total cation concentration in the adsorbent 
is equal to the capacity {Equation 8). If substantial coion .invasion occurs, 
which is likely at high concentrations of external electrolyte, then this rela
tion is no longer true for charge balance would then require an increase in 
the total number of cations in the adsorbent as the concentration of external 
electrolyte increases. 

From a practical standpoint, another highly likely possibility is the 
presence of several types of adsorption in a mineral sample. This could 
most simply be due to the presence of an impurity at low concentrations but 
with a high selectivity for the adsorbate in question; there could also be 
more than one kind of adsorption 'site' on the same mineral. 

The equations given above are derived on the assumption of a fixed 
capacity resulting from a fixed charge 'imbalance' in the adsorber lattice. 
However, many adsorbers have properties sensitive to pH, and the adsorp-
tion behavior in such cases becomes much more complicated for one must now 
consider the interaction of several cations with the pH-sensitive group. 
Although there are ·many theories in the literature concerning some aspects of 
the behavior of such adsorbers, there are no generally accepted quantitative 
and general theories which describe all aspects of behavior as a function of 
solution composition and pH. Certain general characteristics are known how
ever from experiment, and it is probably worthwhile to repeat them here (cf. 
Helfferich, 1962). The charge on the exchanger lattice,which may be equated 
to the capacity, will depend upon the pH, since e.g. the removal of a hydrogen 
ion will reduce the positive or increase t~e negative charge. However, the 
charge will also depend on the concentration and nature of the competing cations 
so that it is not accurate to speak of a fixed capacity at a given pH. From 
the practical standpoint, this means that a complete description of such an 
adsorption system s~ould include a study of the pH dependence of adsorption 
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.. as well as the concentration dependence of all competing cations including 
the adsorbate in question. This does not mean that there will necessarily be 
a dependence on the concentrations of the cations, i . e. a sa 1t dependence. 
In fact, unlike 11 ideal 11 ion exchange, there appear to be situations where there 
is n6 appreciable salt dependence. In this discussion, we are referring solely 
to the effect of pH on the. solid adsorber and not on the solution species. 

RESULTS 

ADSORPTION OF Cs(I) 

Last year we presented data concerning the adsorption of Cs(I) on the 
sodium form of various samples of montmorillonite at pH values of 5 and 8. 
There were some \significant differences in the data among the various samples 
although there seemed to be no effect of pH. Also, the absolute values of the 
slopesoflog D vs log aNa(I)were·significantly less than unity for some of 
the samples. We showed later that there was an effect of loading of 

Cs(I) on adsorption on both the sodium and calcium forms of montmorill~nite, such 
that values of D at trace loading were somewhat greater than those at inter
mediate values. This loading effect could partially account for the difference 
among the c 1 ay samp 1 es s·i nee the experiments were not a 1 ways done at the same 
loading. This effect may also account for some of the deviations from the ideal 

va 1 ue of -1 for the s 1 opes of p 1 ots of 1 og D ~ 1 og aNa (I) beca~se at the more 
dilute concentrations of NaCl the distribution coefficients were much higher 
and consequently the loading greater. 

In· order to check the pH dependence of Cs(I} adsorption, a large number 
of experiments were done in th~ pH range of s·to 10 for adsorption· on the 
sodium form-of Wyoming montmorillonite. For these experiments, a freeze-dried 
sample of completely purified montmorillonite (Jackson's procedure) was used, 
and the cesium concentration was trace, on the order of lo-10 moles/liter. 
The results shown in Figure 1 show that there is no significant effect of pH 
on this ~dsorption reaction, dnd also that the effect of NaCl concentration is 

significant. It is clear from Figure 1 that the slopes of plots of log D ~ 

log aNa(!) would be somewhat less than -1. This effect could also be partly 
due to the loading effect mentioned above although we have not yet completely 
investigated this effect at very low concentrat·ion levels. 
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We have also investigated the adsorption of Cs(I) from NaCl solutions 
on hydrous oxides. Our samples of adsorbent include Fisher chromatographic 
alumina, corundum. (Al 203), Gibbsite (Al 2o3 • nH20}, and Hematite (Fe2o3). 
In Figure 2 results are shown for the adsorption on the Fisher Al 2o3. Only 
a moderate effect of pH is observed and there is little effect of NaCl con~ 

centration below about pH 8; above pH~. a small decrease in D is observed 
when the NaCl concentration is increased. For adsorption on corundum, shown 
in Figure 3 , there is even a smaller effect of pH; however, there is a fairly 
significant effect of s.alt concentration, with the distribution coefficients 
decreasing significantly when the salt concentration is increased. We do not 
know the reason for this difference. In another series of experiments. (Figure 4), 
mostly ·preliminary, with all of the natural oxides somewhat varied results were 

obtained. In this series of experiments the values we obtained for Cs(I) 
adsorption on corundum do not seem to be consistent with those given in 
Figure 3. Values of D seem higher than they should be considering th~ salt 
dependence shown in Figure 3. This may be due to ~loading effect and to 
check this possibility, we are planning loading experiments for Cs(I) on the 
natural oxides. In the case of hematite there appears to be an effect of pH 
but this experiment will. be repeated; these results for the natural oxides 
should be considered as preliminary. 

ADSORPTION OF Sr(II). 

Last year we showed that the adsorption behavior of Sr(II) on montmoril
lonite, kaolinite, illite and attapulgite at pH 5 could be described fairly 
well by ideal ion exchange equations. Plots of log D vs log cNa(I) were 

linear with slopes between about -1.5 to -2.0, which approach the ideal value 
of -2 .. Loading curves, that is plots of log D ~moles Sr(II)/kilogram of clay 
were almost ideal in shape in that values of u at very low loadings were the 
same as those at larger loadings and the distribution coefficient did not sub
stantially decrease until loadings approached the capacity, i.e., Equation 14 
was a fair approximation to the data. These Sr(II) adsorption data are summa
rized in Table 1 where capacities, the equations for the plots of log D ~ 

log aNa(!)' and K/r (see Equation 7) are given. 
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.. The results given above were for clay-solution systems maintained at 
pH 5 by acetate buffers. In order to extend these results to higher pH 
values, sodium chloride solutions were adjusted with NaOH and HCl to other 
pH values without use of buffers. The clay was then added and allowed to 
equilibrate, usually with further additions of acid or base to give approxi
mately the desired pH value. Tracer Sr(II) was then added to the solution· 
and the systems were allowed to equilibrate for at least 48 hours. Strontium 
concentrations. were maintained at approximately 10-7 moles/liter in order to 
preclude possible problems with precipitation. The results for Sr(II) adsorp
tion on the sodium form of montmorillonite, shown in Figure 5 , show that 
there was no significant effect of pH in the region investigated . 

. For Sr(II) adsorption on illite and kaolinite, however, different results 
were obtained. In the case of illite, Figures 6 and 7, a small increase of D 

with pH was observed. Plots of log D ~log cNa(I) were obtained from the 
data of Figure 6 and are shown in Figure 7 . Slopes of the lines are in good 
to fair agreement with the theoretical slope of -2, and the comparison of the 
data from this eKperiment with last years experiments at pH 5 in acetate
buffered solution~ shows reasonable agreement. One should keep in mind, however, 
that small amounts of montmorillonite are frequently found with illite and that 
it would be difficult to detect the montmorillonite in the illite. Our loading 
curves obtained for illite last ·year (Figure 30, Sesquiannual Report, 
Meyer, 1978 ) however do not give any indications of any other significant 
adsorbent 1n the mixture. 

For kaolinite the data are somewhat more complicated for a strong pH depen
dence is observed as shown in Figure 8 . Except for the dilute solutions, 
a linear dependence of log D vs pH was found roughly to approximate the data. 
Comparison of these data with last year•s data in buffered pH 5 solutions _gives 
good agreement at concentrations of 0.2 M, 0.1 M, and 0.05 M but only fair 
agreement at 0.005 M NaCl. Also at the more dilute concentrations of NaCl shown 
1n Figure 8 a very sharp dependence on pH was observed in the range 4-6 .. 
At the higher pH values, there is only about a factor of 10 difference between 
the values of D at the highest salt concentration, 0.5 M, and the lowest 0.005 M; 
Equation 13 predicts a factor of 104 difference. Since the initial concentration 
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of Sr(II) was 10-7 M and the D's are around 103 liters/kilogram, the loadings 
were less than 10-4 moles/kilogram, considerably below the capacity of kaolinite, 
"' 0.01 equivalents/kilogram. Thus none of the determinations of D ·shown in 
Figure 8 represent conditions near saturation of the capacity. 

In summary, for a 11 three c 1 ays, there is a strong sa 1 t dependence on 
adsorption, and ideal ion exchange equations re~resent the data fairly well 
except for Sr(II) adsorption on kaolinite at the higher pH values. 

Shown in Figures 9 and lOare log D ~log aNa(!) plots for the adsorption 
of Sr(li) on montmorillonite at pH.5 for Wyoming montmorillonite which had been 
prepared and purified in different ways.· For these conditions, we find no sig
nificant differences among the various samples of montmorillonite. 

Figure llshows the results of some preliminary experiments on the adsorp
tion of Sr(II) on Fisher chromatographic alumina and the natural oxides at two 
concentrations of NaCl. In each case a fairly strong increase in distribution 
coefficient with pH ·was observed. Figures 12 and 13show the results of experi
ments on chromatographic alumina at eight different concentrations of NaCl. 
Again there is a fairly strong dependence on pH with approximately a ten-fold 
increase of D for every unit increase ·in pH. Also at high pH values, the 
curv~s begin to show a salt dependence in agreement with the expected increase 
in cation exchange capacity as the pH is increased. 

ADSORPTION OF Eu(III) 

Last year we presented data at pH 5 for the adsorption of Eu(III) on the 
sodium form of montmorillonite. Below concentrations of about 1 M NaCl, plots 

of I og .!J .~ I og cNa (I) were 1 i near, and the s 1 opes approach the theoreti ca 1 va 1 ue 
of -3, but above 1 M NaCl the distribution co~fficients leveled off and tended to 
increase. We have now done the same experiment with Eu(III) adsorption on the 
calcium form of montmorillonite and found a similar effect as shown in Figure 14. 
Also in this figure, a decrease in D in solutions containing acetate is shown. 
Presumably the acetate complexes with Eu(III) and the complexed form is less 
adsorbed than the non-complexed form. We have also checked the loading behavior 
for this adsorrtion system,and the loading curve, Figure 15, at~ Cac1 2 concen-. 
tration of 0.05 M shows fairly normal behavior, i.e. the values of D at trace 
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loading are the same as those at intermediate values and at the highest 
loadings decrease as the cation exchange capacity is approached. 

The pH dependence of adsorption of Eu(III) on the sodium form of mont
morillonite shows interesting behavior (Figures 16-19). There is a strong 
salt dependence on the adsorption reaction at pH values below about 5.5, but 
the distribution coefficients for all of the solutions increase sharply so 
that at higher pH values the plots almost coincide. There is also a sug
gestion that the values tend to level off at. about 105 liters/kilogram. 

A similar observation is noted for adsorption of Eu(III) on the sodium 
form of the Fisher alumina (Figure 20) except that the D's tend to level off 
at somewhat higher values of D, on the order of 106 liters/kilogram. Also 
for this case. the distribution coefficients increase very sharply, almost 
five orders of magnitude when the pH is increased from about 3 to 7. Finally, 
for the natural·~xides, shown in Figures 21 and 22, the distribution coef
ficients also ·increase very sharply in the pH range of 5 to 7 and tend to 
level off-at values of D betwee~- 105 and 106 liters/kilogram. 

In these experiments, 155Eu(t l/2 = 1.7 y) was used as a tracer. For 
the experiments with montmorillonite, the initial concentrations of Eu(III) 
were 1o-6M .and for expe~iments with the oxides on the order of lo-9 to 
lo-lOM. Final concentrations for the montmorillonite experiments at the 
higher pH values were about 10-9M and for the oxide experiments on the order 
of lo-ll to To- 12M. Thus, if the estimated values of log ~p= -24.5 and the 
first hydrolysis constant [Kh = lo-7· 8 = (EuOH++)(H+)/(Eu+++)] given by Bae~· 
and Mesmer (1976) are only approximately correct, we calculated a solubility 
near pH 8 of about 10-6 to 1o-7M, well above the concentrations we observed. 
Of course there is always the possibility that these values of the constants 
may be incorrect. 

CATION AND ANION EXCHANGE CAPACITY OF ALUMINA 

In order to try to understand the behavior of these hydrous oxides we are 
measuring the uptake of Na(I) and Br- on samples of the oxides. The procedure 
was to equilibrate samples of the adsorbent over several days and then measure 
the uptake by an isotope dilution method using 22 Na and 82 Br. The oxides were 
first preequilibrated with the appropriate solutions in order to insure complete 
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uptake of the ions. The results of these experiments are shown in Figures 
23-24 for Na(I) and Br- uptake of Fisher alumina. As one would expect from 
a material with both weak acid and weak base properties, the cation exchange 
capacity increased with pH at higher pH values and the anion exchange capacity 
increased as the pH was lowered at lower values of the pH. 

TEMPERATURE DEPENDENCE OF THE ADSORPTION OF SOME CATIONS ON ILLITE AND 
MONTMORILLONITE 

Most measurements of distribution coefficients are determined at room 
temperature, usually 22-23°C. The temperatures of interest in the waste 
isolation program may var.v from these temperatures depending on a number of 
conditions. It is therefore of some value to see if there may be a signifi
cant effect of temperature. 

Determination of the temperature coefficient at elevated temperatures 
is complicated by the problem of separating the clay from the solution at 
the temperature of interest. This problem was solved in this work by re
moving a sample of the solution at temperature with a syringe attached to a 
small filter chamber fitted with a millipore filter. A small amount of 
solution was removed from the sample to determine the activity of the solu
tion after adsorption. For the samples of montmorillonite, it was found that 
the sodium form would pass through the filter; however the calcium form which 
was less dispersible could be effectively separated by this device. We also 
used a sample of Oklahoma illite, a clay which we had used earlier for studies 
of Sr(II) adsorption and which we found relatively easy to separate. 

The illite was prepared by removal of carbonates .with pH 5 buffer, placed 
into the sodium form. and then separated into the 0.62 ~m to 210 ~m fraction 
by centrifugation. The clay was then washed several times with 1M NaCl and 

/ 
then three times with the solution prepared for equilibration. The clay was 
then added to a traced solution of the same composition. During the equili
bration the suspension was rocked in a sealed test tube which was jacketed so 
that thermostated water could be circulated around it. A portion of the solu
tion was removed for counting and then returned to the tube and the runs 
continued. In general, the suspensions were cycled from low to high and then 
to low temperature again in order to insure that the elevated temperatures 
did not affect the system. In general, equilibration times were several days 

at each temperature. 
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The montmorillonite samples were completely purified by the Jackson 
procedure and then freeze dried. · They were treated the same way as the 
illite samples except that they were put into the calcium form by repeated 
contact with 1 M·CaC1 2. 

The results for these experiments are summarized in Table 2. The 
systems studied include adsorption of Sr(II) on the sodium form of illite 
and the calcium form of montmorillonite, and the adsorption of Cs(I) on the 
calcium form of montmorillonite. Temperatures investigated were room temper
ature and 80°C. In general, the effects of temperature were not large; the 
maximum change observed was about a factor of 3 (Cs(I)/Ca(II) system) decrease 
in Des as the temperature was increased from room temperature to 80°C. The 

.results of these initial experiments suggest that the divalent ions are pre
ferred by the clay at the higher temperature. 

ADSORPTION OF I- ON MINERALS AND ROCKS 

The adsorption of I on a large number of minerals and rocks was de-
r . 

termined as a function of pH and salt concentration. The rocks that were 
used were those supplied by Battelle Northwest for the controlled sample 
program. For some of the samples the I- concentration was determined at 
both 10-5M and 10-8M in order to see if there was an effect of loading. 
Analyses were carried out radiometrically using iodine-131. 

The results are given in Table 3. In general distribution coefficients 
were very low, within experimental error essentially zero. There were some 
~x~Pptions however. For kaolinite at 10-8M I-, there appeared to be a 
regular increase in D as the pH was lowered indicating possibly a very small 
anion exchange capacity at lower pH values. However even at pH 5.52 the dis
tribution coefficient was only 1.14 liters/kilogram. For the Fisher alumina, 
the distribution coefficients increased as the pH decreased and at 0.01 M NaCl 
reached a value of 12.2 at pH 5.38. There was also a significant salt effect 
with the valu~s of D decreasing as the sdlt concentr~tion was increased. Such 
behavior is typical of weak base anion exchangers. The only other m~terial to 
show any adsorption was Galena {PbS) which showed a regular increase in D as 
the pH decreased for both 10-5 and 10-8M I- and values of D of about 12-13 
liters/kilogram at pH 5:6. 
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DISCUSSION 
As we have shown in last year's annual report, adsorption behavior of 

alkali metal, alkaline earth, and rare earth ions on clay minerals can be 
fairly well described at pH 5 by "ideal ion exchange" equations. Significant 
exceptions were the adsorption of alkali metal ions at very low loading (lo-5 

to lo-4 moles/kilogram) on.the calcium form of montmorillonite and the adsorp
tion of Cs(I) on the sodium form of montmorillonite. In both of these cases, 
especially the former, distribution coefficients were higher at these low 
loadings than at intermediate loading levels, i.e. a linear isotherm was not 
followed in this loading region. Another variation noted last year was a 
leveling off of the distribution coefficient of Eu(III) adsorption on n~rlt

morillonite as the salt concentration was increased; at .values above about . 
1M the expected linear decrease of the logarithm of D with respect to the 
logarithm of the salt concentration (cf. Equation 13) was not observed above 

1 M salt concentration. 

During the past year, one of our efforts was to extend these results on 
clay minerals to higher pH values more characteristic of natural systems, 
usually covering a range of from pH 5 to 10. At. these higher pH values, some 
of the adsorption systems, such as Sr(II) adsorption on montmorillonite and 
illite, continued to .follow ideal ion exchange equations but others did not. 
Thus, the adsorption of Sr(II) on kaolinite, which was highly pH dependent, 
did not follow ideal equations at the higher pH values. Also Eu(III) ad
sorption on the sodium form of montmorillonite at higher pH values no longer 
had a strong salt dependence and thus did not follow ideal ion exchange. 
Caution must therefore be used in the application of these equations to ad
sorption on clay minerals at higher pH values. 

Another of our efforts this year was a study of adsorption on hydrous 
oxides, which are ubiquitous in formations and have been reported to have 
very great selectivity for multi-valent ions at higher pH values. The pat
tern of behavior of this class of minerals was somewhat different from that 
of the clay minerals. For Cs(I) adsorption, there was either no, or only a 
slight, pH dependence over the pH range in question, only a relatively small 
salt dependence, and the values of D were generally low, usually less than 
10 liters/kg. For the multi-valent ions Sr(II) and Eu(III), a very large pH 
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.. dependence on adsorption was observed, and only a very small or no salt 
dependence was found. Values of D were very high at higher pH values, 
reaching values of 104 to 106 liters/kg. The salt dependence that was found 
was generally observed only at the highest'pH values investigated, presumably 
because of the increased cation exchange capacity of the hydrous oxides as 
the pH was increased. So far we have carried out these measurements with 
multi-valent ions· primarily at trace loading because of the possibility of 
precipitation at higher concentrations of adsorbate. Thus 'ideal' ion ex
change equations which are partially applicable to adsorption on clay minerals 
where cation exchange capacity is dominant were not at all applicable to hy
drous oxides. 

The data on adsorption on hydrous oxides however showed some consistent 
regularities which should simplify characterization of such adsorption 
systems. For example, it appears that distribution coefficients for multi
valent-ion adsorption tend to follow a linear increase of log D with respect 
to the pH and in some cases, the slope of ~his line was near or close to 
unity. 

It is perhaps not surprising that there is little or no salt dependence 
of adsorption on the hydrous oxides. These materials have properties similar 
to weak acid and weak base ion exchangers and therefore little cation exchange 
capacity would be expected at lower pH va~ues, ; .. e. the weak acid groups are 
not significantly ionized until higher pH values are attained. Further it 
appears from the data that multivalent ions interact very strongly with the 
adsorbent, but Cs(I)'does not. If Cs(I) is at least somewhat representative 
of the alkali metal ions then one would not expect Na(I) to interact strongly 
and to compete with multivalent ions. We have not yet however investigated 
salt dependence of these adsorbents for calcium salts as we have done for 
some of the clay minerals, since all of our e'xperiments have been done so 
far in NaCl solutions. A salt dependence of Sr(II) adsorption on hydrous 
oxides might be expected if the salt is CaC1 2 or the salt of another multi
valent ion. 

In our studies of I- adsorption, we found no significant adsorption on 
almost all of the materials investigated. Only for Al 2o3 and for Galena (PbS) 
at low pH values were distribution coefficients as high as 12 liters/kilogram 

(' 

25 



observed. Since these materials behave as weak base exchangers, some anion 
exchange capacity should be expected at lower pH values, as we observed. 
Galena (PbS) could act as a anion exchanger either if the sulfide group 
interacts with a proton to form an -SH group or if it is partially oxidized 
in the natural state to form an oxide or hydroxide. 

This year we have extended our comparisons of adsorption on clays from 
various sources and purifications to a comparison of Sr(II) adsorption on 
montmorillonite on samples taken after each step of the Jackson purification 
procedure; no differences were found in distribution coefficients among the 
samples. However we have not yet tried this type of experiment with other 
adsorption systems, but it is of some interest to note that Eu(III) ads6rp
tion on Fisher chromatographic alumina gave about the same results as ad
sorption on corundum, the natural form of Al 2o3. 

Last year we presented in tabular form a comparison of our data with 
various values in the literature. Some of these comparisons we now know 
are strictly not valid because for some systems we have found strong pH de
pendencies and the pH was not always noted ·in the literature. The strong 
dependencies on the pH of adsorption of multivalent ions on hydrous oxides 
has been noted in the literature (Kraus. Phillips. Carlson. and Johnson. 
1952). Tamura (1964) reported an increase of D with pH for Sr(II) adsorp
tion on alumina. Kinniburgh, Syers, and Jackson (1975) have given data for 
adsorption of both Ca(II) and Sr(II) on precipitated and natural oxides of 
Fe(III) and Al(III) which show this strong pH dependence. Various theories 
have been advanced in the literature in an attempt to explain adsorption 
behavior of hydrous oxides (James and Healy, 1972a,b.c). However, to our 
knowledge there are not yet any generally accepted theories which satis
factorily explain the behavior of these minerals. 
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SUMMARY OF STUDIES ON ADSORPTION OF 241 Am and 235Np ON ROCK-FORMING MINERALS 
(This work was largely supported by the Basic Energy Sciences, DOE, Division 
of Nuclear Sciences.) · 

Distribution coefficients for 241 Am(III) arid 235Np(V) adsorption as a function 
of pH have been determined on a large number of rock-forming minerals from 
both a synthetic groundwater and 4 M NaCl. The determinations employed a 
batch technique using a solution to solid ratio of 20:0.5 (ml/gm). The ground
water composition was as follows (i.n ppm): ca2+, 14.8; Na+, 56.2; K+, 4.3; 
Mg2+, 4.35; co3

2-, 100; Si02, 15.1; S042-, 11.2; and Al+3, 0.0079. Analyses 
of the groundwater after exposure showed that, in most cases, the composition 
of the groundwater did not change significantly, and ~ost of the changes were 
reasonable when the composition of the mineral is taken into account. The 
solids were prepared by grinding to a size fraction between 38 and 63 microns. 
The solids were preequilibrated three times with the groundwater, but not with 
the 4 ~ NaCl, before the tracers were added from a spiked tracer solution con
taining 0.1 N HCl. The initial concentrations of the sample solutions were 
2xlo-9M for Am and 2xlo-11M for Np. pH values were adjusted by addition of 
HCl or NaOH. The distribution coefficients were measured after five days 
equilibration by removal of a solution aliquot and counting. The pH was then 
readjusted to a new value, and the solution was then allowed to equilibrate for 
another five days. 

Figures 25-27 summarize the adsorption behavior of Am(III) as a function of 
pH on the major rock-forming minerals .. Except for hornblende, apatite, 
marble, and dolomite, all the functions have approximately the same shape. 
With hornblende, a Caco3 impurity was found. These data show that distribu-
tion coefficients are quite low (note that the units are m3/kg)* at low pH 
values but increase by several orders of magnitude to a maximum at about pH 7. 
The carbonate minerals dolomite and marble also exhibit high values of the 
distribution coefficient in the pH range shown, which was limited by the buf
fering capacity of the minerals. Figure 28 shows a comparison of the adsorption 
behavior of Am on quartz and montmorillonite as a function of pH in the dilute 
groundwater and in 4 ~ NaCl. Little difference is noted between quartz in the 
two solutions except at the lowest pH; for montmorillonite a strong salt de
pendence is noted at low pH values only. Thus ideal ion exchange equations 
can be used for the description of the salt dependence at low pH values but not 

*Values of D in m3jkg are a factor of 103 lower than those expressed in t/kg. 
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in neutral solutions. Also the values of D at low pH values- for montmorillonite 
.· 

are much greater than those of quartz, and they are roughly proportional to their 
capacities (0.9 equiv/kg for montmorillonite and 0.002 equiv/kg for quartz). 

For neptunium, similar adsorption behavior with pH was observed for the 
various minerals except that the sharp rise with pH did not occur until the pH 
was about 7-7.5 (Figure 30). Below this pH, distribution coefficients were 
fairly level. The order of increasing adsorption was about the same as for amer
icium with the difference between distribution coefficients for quartz and bio
tite being about one order of magnitude. Studies in 4 M NaCl (not shown· here) 
indicate a slight salt dependence which for most of the minerals is opposite to 
what would be expected from ideal ion exchange equations. 

As part of an effort to study the sorption of actinide ions on whole rocks 
and to compare the results with predictions based on data obtained from pure 
minerals, we have carried out a series of actinide sorption experiments on the 
same well-characterized specimen of Climax Stock granite at varying conditions 
of Eh and pH. Qualitative trends in the sorption were evaluated through use of· 
an autoradiographic technique. 

All sorption experiments employed as the aqueous medium a synthetic ground
water with the same concentrations of principal constituents as that used in 
the studies on batch equilibration of minerals. In equilibrium with ambient 
air, the pH was ~7.8 and.was largely determined by the C02/HC03- equilibrium. 
For experiments under anoxic conditions, N2 gas was bubbled through the solution 
to remove 02 and C02, which shifted the pH to ~9.3. Radioactive concentrations, 
chosen to insure adequate deposition for an autoradiograph, were: 233u, 
6 x 10-7M; 237Np, 4 x 10-5M; 238Pu, 2 x 10-9M; and 241 Am, 8 x 10-loM. After 

each experiment of a~proximately 21 hours, the specimen was cleaned chemically, 
washed, then lightly ground with fine abrasive to expose a pristine surface. 

The essential features of the autora.diograph 1'camera 11 are sketched in Fig

ure 31. The Polaroid* type 57 sheet film (ASA 3000), a ZnS(Ag) scintillator 
film, and the radioactive surface of the granite were placed in firm contact by 
a pressure plate actuated by a mechanical system outside a light-tight box hous
ing the components of Figure 31. This simple arrangement has proved to be very 
convenient and reproducible. 

*Polaroid Corporation, Cambridge, MA 02139. 

28 



r Autoradiographs of the granite specimen after sorption from a solution of 
Am(III) under aerated and anoxic '(N2 purged) conditions suggested that a mildly 
reducing medium did not significantly alter the sorption. Moreover, the degree 
of sorption followed qualitatively the order observed in pure mineral experiments; 
namely, pyrite and biotite grains sorbed strongest, the feldspars less, and 
quartz least. 

Some.results with neptunium are illustrated in Figure 
ments, neptunium was expected to exist as the Np02+cation. 
an optical photograph of the Climax Stock granite specimen 

32.- In these experi
Figure 2(a).shows 

(2.7 x 3.1 em) for 
comparison. Under aerated conditions~ sorption of neptunium was observed to be 
strongest on the Fe(ll)-containing minerals pyrite and biotite. Under nitrogen
purged conditions the specificity for these minerals appeared to be.enhanced. 
Such results are consistent with a sorption·mechanism involving the reduction of 
Np(V) to the much less soluble Np(IV) by Fe(II). As a test of this hypothesis, 
an experiment was made in which the surface of the granite was oxidized"with 
concentrated H2o2 prior to exposure to the Np(V) sol uti on. ·the autoradiograph 
of Figure 2(b) shows that general sorption was found across the whole surface, 
not specific for·any· mineral;, as expected if all Fe(II) sites had been oxidized 
to Fe(III) prior to contact with Np(V). 

Experiments with uranium showed low sorption on all minerals-~xcept biotite. 
2+ The sorption of uranium, assumed to be present as uo2 ,appears to be related to 

the large cation-exchange capacity of biotite. Further, the sorbed uranium could 
be desorbed by re-immersing the specimen in 4 M NaCl, as expected if the sorption 
were due to simple, ion-exchange behavior. 

Plutonium was expected to be present mostly as Pu(IV), and therefore, was 
also expected to be quite insoluble. Autoradiographs showed little effect of 
aerated or reducing conditions on the sorption; instead, the dominant pattern was 
one of general sorption across the surface, consistent with precipitation of Puo2. 
A slight correlation with Fe(II) mineral sites implied that some Puo2

2+ was 
present. A solution treated with 03, in which Puo2

2+ should have been the domi
nant species,. exhibited a strong correlation with the Fe(ll)-containing minerals, 

. + 
implying a reduction mechanism for deposition similar to that suggested for Np02 . 

The experimental details and a more complete discussion of the results of 
this work will be found in the following r~ports: 
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Table.l 

Distribution Coefficients and K/r Values for Sr(II) 
Adsorption on the Sodium Forms of Montmorillonite, 

!~lite, Attapulgite, and Kaolinite Acetate Buffered, pH 5 

Montmorillonite, Ca~acit~ 0.95 Eguiv/kg I 11 ite, Capacity=O.lOl Eguiv/kg 

(Na+) D, 1/kg K/r (Na+) D, 1 I kg K/r 
0. 1 80 .89 0.005 13045 32.0 
0.2 23.3 1.03 0.05 140.5 34.4 
0.6 4.G5 1.85 0.1 38.0 37.3 
1.1 . 1. 75 2.34 0.2 7.65 30.0 

Log Dsr(II) = -1.57 Log aNa++ 0.31 Log DSr(II) = -1 .64 Log aNa+ - 1 . 17 

Atta~ulgite, Ca~adt~=O.l38 Eguiv/kg Kaolinite, Ca~acit~=O.Ol27_~guivLkg 

0.005 1916 2.5 0.005 389 59.8 
0.05 69.1 9.1 0.05 10.25 157 .. 6 

0.1 19.~ 10.4 0.1 2.93 100.2 
0.2 5.6 11.7 0.2 0.90 22.14 

Log Dsr(II) = -1.81 Log cNa + - 0. 52 Log Dsr(I I) = -1.64 Log aNa+- 1.17 
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Table 2 

Temperature Dependence of the Adsorption of 
Sr(II) and Cs(I) on Illite and Montmorillonite 

Cone. at Rm.- Tmp. 
(M) 

· Rm. Tmp. 
o·, £/kg 

' 2+ + Sr from Na Solutions onto Oklahoma Illite 

(Na+) 

0.03 

0.10 

0.30 

22 

23.5 

21.3 

.129 

26.0 

2.8 

80° 
D, £/kg 

240 

40 

5.4 

2+ 2+ . Sr from Ca Solut1ons onto Wyoming Montmorillonite 

(Ca2+) 

0.005 

0.050 

0.50 

21 

21 

21 

74 

9.1 

1.0 

65 

9.1 

0.35 

Cs + from ci+ So 1 uti ons onto Wyo~i ng Montmori 11 on ite 

(c/) 

' 

0.005 

0.050 

0.50 

21 
21 
21 

33 

145 

68 
27.5 

43 

21.5 

9.6 



TABLE 3 

Distribution Coefficients for Adsorption of I
on Kaolinite, Illite, and Alumina 

_E!!__ 

5.11 
5.51 
6.91 
7.24 
7.64 
9. 71 

0.01 M NaCl 

D($1,/kg) 

0.17 
0 

.6 
-0.24 
-0.18 

O.lS 

0.01 M NaCl 

~ D($1,/kg) 

5.52 1.140 
6.30 1.09 
7.52 0.47 
9.59 .020 

pH 

4.45 
.5.18 
5.44 
5.57 
5.69 
5.69 
6.04 
fi .13 
6.18 
6.18 
6.60 
6.83 

0.01 M NaCl 

D($1,/kg) 

-0.13 
-0.16 
-0.34 
+0.28 
+0.31 
-0.55 
+0.17 
-0.09 
-0.04 
+0.36 
-0.40 
-0.10 

0.05 M NaCl 

_E!!_ 

5.01 
7.06 

D($1,/kg) 

0.48 
0.63 

0.05 M NaCl 

_..E!! 

5.20 
5.60 

D($1,/kg) 

+0.40 
-0.40 

34 

__E!! 

4.94 
6.97 

_..E!!_ 

5.00 
6.22 

0.1 M NaCl 0.50 M NaCl 

D (51,/kg) _..E!! 

0.74 5.05 
0.61 6.42 

0.1 M NaCl 

D($1,/kg) 

0.51 
0.25 

0.50 M NaCl 

D($1,/kg) _..E!!_ D($1,/kg) 

0.67 
U.Ol 

-0.70 4.75 
-0.2~ 6.~0 

., 

.. 



0.01 M Nata 

D(~/kg) 

5.38 12.2 
5.92 9.25 
6.40 4.08 
6.70 4.57 
6.88 3.12 
7.19 1.22 
7.55 2.63 
9.61 0.80 

5.52 
6.27 

TABLE 3 

(Continued) 

0.05 M NaC1 

"' D(~/kg) 

3.55 
3.31 

35 

0.10 M NaC1 0.50 M NaC1 

___E!L D(~/kg E!!_ D(~/kg) 

6.15 2.02 6.52 1.07 
6.52 1.82 6.52 0. 71 

6.76 -0.90 
7.13 2.15 



TABLE 3 (continued) 

Distribution Coefficients for Adsorption 
of I- on.Montmorillonite and 12 Minerals 

(In this table, Granula refers to 20-50 mesh and powder to <50 mef?h.) 

Montmorillonite (10-S M I-) 

4.0 M NaCl 

~ D (.fl./kg) 

5.57 -0.097 
6.18 0.181 
6.74 -0.58 
6.74 1.42 
6.85 0.75 
7.17 -0.10 
7 .·84 0.40 
8.58 0.24 

Anhydrite (10-S M I-) (Granular) 
-8 ... 

Anhydrite (10 M I ) (Gramilar) 

0.01 M NaCl 0.20 M NaCl 0.01 M NaCl 

_E!L D(R./kg) ~ D(R./kg) _E!L D(R./kg) 

8.49 0.074 8.36 -0.10 8.29 0.027 
8.58 -0.0076 8.54 -0.13 8.49 0.0078 
8.75 -0.040 8.95 -0.0077 8.80 0.0017 
8.80 0.12 8.97 -0.034 8.80 0.048 
8.94 -0.031 8.98 -0.020 
9.28 0.017 9.54 0.099 

Anhydrite (10-S M I-) (Powder) 
.,..8 -

Anhydrite (10 M I ·)(Powder) 

0.01 M NaCl 0.01 M NaCl 

_E!!_ D (R./kg) _E!L D(R./kg) 

7.89 0.16 7.73 0.024 
7.95 0.0040 8.13 -0.055 
8.26 0.045 8.65 0.063 
8.63 0.066 9.08 0.027 
8.73 0.028 
9.11 0.10 
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TABLE 3 (continued) 

Culebra Dolomite (10-5 M I-) '(Granular) -8 -Culebra Dolomite (10 'M I ) (Granular) 

0.01 M NaCl 0.20 M NaCl 0.01 M NaCl 

~ D (R./kg) ~ D(R./kg) ~ D(R./kg) 

9.19 ' 0.013 9.13 -0.0087 8.96 0.0027 
9.28 0.0062 9.20 -0.026 9.17 -0.043 
9.34 0.056 9.36 0.023 9.39 0.050 
9.54 0.031 9.45 -0.011 9.50 -0.053 
9.56 -0.044 9.48 -0.046 
9.68 0.13 9.61 0.098 

·· Culebra Dolomite (10-5 M I-)· (Powder) Culebra Dolomite (10-8 M I-) (Powder) 

0.01 M NaCl. 0.01 M NaCl 

D(R./kg) ~ D(R./kg) 

8.55 0.056 8.52 . 0.023 
8.79 '-0.023 8.95 -0.059 
9.21 -0.012 9.52 -0.083 
9.51 ··-0.11 9.64 -0.070 
9.52 -0.12 
9.66 -0.015 

. . -5 -
Magenta Dolomite ·(10 · M I). (Granular) . Magenta Dolomite (10-8 M I-) (Granular) 

0.01 M NaCl 0.20 M NaCl 0.01 M NaCl 

__E!L D ( g.fkg) ...J2!!..... n(l/ke) __E!L . D ( 2./kg) 

7.86 0.0042 7.82 0.012 7.98 0.022 
7.91 ' 0.047 7.89 0.032 7.98 0.027 
7.93 -0.0068 7.93 -0.0069 8.14 0.0021 
8.20 '0.11 8.27 0.019 8.37 0.044 
8.21 -0.046 8.30 0.036 
8.28 0.050 8. 35 0 I 
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TABLE 3 (continued) 

-5 -
Magenta Dolomite (10 M I )(Powder) 

0.01 M NaCl 

__pB_ D (R./kg) 

7. 71 0.10 
7.82 0.056 
7.89 0.055 
8.12 0.0048 
8 ')') ..... 0.019 
8.53 0.12 

Conasauga Shale (10-5 M I~) (~rantilar) 

0.01 M NaCl 0.20 M NaCl 

__pB_ . D(i/kg) __pB_ D (R./kg) 

7.94 0.00.53 7.91 -0.057 
8.04 -0.073 7.92 -0.059 
8.04 -0.089 8.02 -0.075 
8.06 ~-0.0065 8.09 -0.012 
8.16 -0.0087 8.10 0.0083 
8.19 -0.10 8.11 -0.040 

Conasauga Shale (10-5 
M I-) (Powder) 

0.01 M NaCl 

__pB_ D (t/kg) 

8.06 0.36 
8.?5 0.048 
8.40 0.074 
8.54 0.27 
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·.. -8 - .. 
Magenta Dolomite (10.. M I ) (Powde,r} 

0.01 M NaCl 

__pB_ D(R./kg) 

7.69 -0.022 
7.86 -0.023 
8.14 ' 0.010 
8. 71 0.060 

-8 -
Conasauga Shale (10 .M I ) (Gr.anular) 

0.01 M NaCl 

__E_!!_ D (R,fkg) . 

8.00 -0.022 
8.07 -0.016 
8.20 ~0.015 
8.21 0.0060 

-8 -.Conasauga Shale (10 ... M I ) (.Powder) 

0.01 M NaCl. 

__E_!!_ D (R. /kg) 

8.04 0.53 
8.22 0.31 
8.50 0.31 
8.61 0.29 



TABLE '3 (continued) 

-5 -
Westerly Granite (10 M I )(Granular) Westerly Granite (10-8 M I-)(~r~riular) 

.... ~ ..... 

0.01 M NaCl 0.20 M NaCl 0.01 M NaCl 

_.E.!!_ D(R,/kg) _.E.!!_ D (R./kg) ~ D(i/kg) 

8.26 -0.030 8.57 -0 •. 048 8.35 -0.074 
8.34 -0.032 8.86 -0.040 8.69 0.031 
8.50 -0.10 8.99 -0.061 9.00 -0.040 
9.02 -0.077 9.12 -0.022 9.34 -0.058 

I 9.03 -0.089 9.18 -0.067 
9. 35 0.0063 9.32 -0.0075 

Sentinel ·Gap Basalt (10-S M I-)· (Granular) 
-8 - . 

Sentinel Gap Basalt (10 M I )(Granular) 

0.01 M NaCl 0.20 M NaCl 0.01 M NaCl 

___pJL D(.t/kg) _.E.!!_ D (i/kg) _.E.!!_ D(i/kg) 

7.35 -0.040 7.08 -0.013 7 .44· -0.051 
7.37 -0.037 7.18 -0 . .034 7.50. -0.013 
7 .·47 ' -0.024 7.20 -0.013 7.68 0.0050 
7.49 -0.021 7.28 -0.033 8.41 0.0020 
7.70 ·-o. o18 7.32 -Q.Oll 
8.54 -0.053 8.09 -0.010 

Oolitic Limestone (10-S M I-) (Granular) Ooiitic Limestone (10-8 M !~)(Granular) 

0.01 M NaCl 0.20 M NaCl 0.01 M NaCl 

~ D(i/kg) __E!!_ D(i/kg) __.E.!!._ D(!l./kg) 

7.88 .0.010 8.06 -0.0064 8.02 .-0.035 
7.94 0.012 8.20 0.036 8.24 0.073 
8.11 -0.020 8.31 0 8.42 -0.039 
8.43 0 8.70 -0.017 8.55 0.010 
8.48 -0.027 8.70 -0.025 
8.54 0.0076 8.85 -0.036 
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TABLE 3 (continued) 

Green Argillaceous Shale (10-5 M I-) (Granular) 

0.01 M NaCl 0.20 M NaCl 

~ D( Q/kg) ~ D ( R./kg) 

8.31 -0.030 8.18 -0.075 
8.38 -0.056 8.24 -0.020 
8.45 -0.083 8.31 -0.039 
8.60 -0.11 8.39 -O.Ol,7 
8.60 -0.077 8.40 -0.014 
8.66 -0.066 8.43 -0.0075 

Serpentine (l0-5 M I-) (230-325 mesh) 

O.Ol ~ NaCl . ' 0.20 M NaCl 
(Except as shown 1n parentheses) -

~ D ( R./kg) ~ D ( t/kg) 

7.49 1.32 (. 019) 7.51 0.39 
7.78 1.06 (. 014) 7.82 0.26 
8.04 1.07 (.012) 8.31 0.43 
8.40 1.29 8.55 0.30 
8.55 1.06 8.74 0.20 
8.88 1.06 8.98 0.41 
8.93 1.03 9.03 0.16 
8.99 o. 72 9.05 0.069 
9.19 0.82 9.19 0.25 

Augite (10-S M I-) (230-325 mesh) 

0.01 M NaCl 0.20 ~ NaCl 

~ D (R./kg) ~ D(R./kg) 

8.22 -0.14 8.39 -0.11 
8.54 -0.042 8.67 -0.20 
8.83 -0.25 9.03 -0.11 
9.14 -0.055 9.30 -0.12 
9.19 -0.12 9.32 -0.20 
9.32 -0.082 9.42 -0.052 

40 

Green Argillaceous- Shale 
· (lo-8 M·I-) (Granular) · 

0.01 M Nacl· 

~· 

8.34 
8.45 
8.63 
8.64 

.-0.072 
-0.010 
-0.059 
-0.058 

8 .. ~· .. 
Serpentine. (10-:- M l-)(2·30-::-32~ mes-h) 

0.01 M ~aCL 
(Except as shown in parentheses)· 

~ D ( t/kg) 

7.66 2.43 ( .019) 
8.12 2.19 (.013) 
8.44 2.31 
8.92 1.88 
8.98 1.48, 
9.15 L43 

0.01 M NaCl 

~~ D(R./kg) 

8.41 -0.079 
8.88 0.0056 
9.19 -0.18 
9.33 -0.026 
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TABLE 3 (continued) 

5 . .. 
Hornblende (10- M I-)(230-325 mesh) "'"' 

0.01 M NaCl 0.20 M NaCl 

~ D($1./kg) _E.!!_ D(.Q,/kg) 

8.06 0.077 8 .• 23 0!014 
8.25 -0.13 8.52 -0.069 
8.63 -0.19 9.05 0.047 
9.22 0.027 9.36 -0.11 
9.26 -0.12 9.38 -0.18 
9.51 ·-o .15 9.61 -0.07.8 

Galena (10-5 M I-) (230-325 mesh) 

0.01 M NaCl ·· 

_E.!!_ D($1./kg) 

5.56 11.97 
6.30 6. 72 
6. 30 ·5.40 
6.49 7.04 
6.58 6.22 
7.60 1.35 

41 

-8 . -
Hornblende (10 M I )(230-325 mesh) 

0.01 M NaCl 

__E!!:_ D (R./kg) 

8.16 0.042 
8.68 -0.10 
9.21 :..o.12 
9.47 -0.052 

Galena (10-8 M I-)(230-325 mesh) 

0.01 M NaCl 

_E.!!_ 

5.59 
6.54 
6.61 
7.80 

D(R./kg) 

12.97 
7.28 
6.11 
1.36 

. -·-=- . . ·~ 
• >, ••. 

..... 
•. '. 
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.. Sorption of neptunium from synthetic 
groundwater. 
(a) optical photograph of specimen for 
comparison; (b), (c), (d) autoradiographs 
after sorption under conditions indicated. 

ORNL-DWG 79-19993 

(a) CLIMAX STOCK GRANITE (b) Np IN NITROGEN PURGED 
SOLUTION 

(c) Np IN AERATED SOLUTION (d) Np ON OXIDIZED SURFACE 

Figure 32 
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QUESTIONS AND ANSWERS 

ORNL-I 

Mineral Characterization 

Q: What is·the sodium form of alumina? Is that some surface saturation of 
alumina? 

A: That's what you get; that just our terminology for taking the alumina and· 
~ pre-equilibrating it to the sodium chloride a number of times at the pH 

in question before we do the experiment and add the tracers. What the . 
actual .form is, w.hat the actual state of the surface is, is a good 
question. But at least all of the exchange capacity that is presen~ at 

\ 
that pH, we saturated with sodium and chloride. 

C 1 ays Versus .Oxides 

Q: Is is ·correct to conclude· from what you said that if you look at the 
repository control in the near-field you have essentially ·no sorption 

·because you have·brine? 

A: Well, I wouldn't-say so. It depends on the pH. If the pH is fairly low 
and the materials behave as ideal ion-exchangers, then there is little 
adsorption, but the oxides, in particular, hydrous oxides,·· do not behave 
in.~he same way.that the clays do. If the p~ is basic, even in fairly 
concentrate~ brine, the distribution coefficients_are going to be 
enormous. 

Pretreatment of Samples 

Q: Do you really 'think that the Jackson treatment which strips the clay bare 
is going to provide the same materials that Mother Nature does? 

A: We.get that question almost every year, and I don't remember who it was; 
somebody said "You're taking all the· charm out of science." I think it's 
usef~l in this kind· of investigation to compare th~ steps in purification. 
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We've used the raw clay and we've used the pure clay and I would hope 
that we could use a--let's call it a synthetic approach that we could 
find out what's in the material whether we could identify how much of the 
clay materials are present, how much of the hydrous oxide mater"ial the 
low-capacity adsorbents and be able to get some kind of estimate, maybe 
not within the precision of 1%, but some kind of estimate of ·what the 
adsorption behavior is going to be. 

Oxidation State 
~ 

Q: Did you comment on how you maintained the oxidation states of the · 
iodide? I guess I should really make the stateme~t that we've had con
siderable difficulty in maintaining the iodine-131 as iodide. 

A: But we're just doing experiments where we put some reducing agents in the 
presence of iodine to see if there's any difference between those and 
those just normally air-saturated and we didn't find any difference but 
we went ahead and did the.experiments and they were fairly quick experi-· 
ments; normally, it is a two-day shaking on those. We didn't find any 
great difference between those in which we put the various re-agents in 
and those that we didn't. We also, as you notice, added sodium iodide. 
It wasn't carrier free. 

Ion Exchange and Competition 

Q: Since you made your measurements at pH 5, could you confirm that in 
effect there was adsorption of cesium and sodium in accordance with what 
you would.expect for a given exchange capacity, and if so, if you raised 
the pH to 7, which presumably is of greater interest in wast~ studies, 
could you just extrapolate those· results in reference to_ solubility 
product? 

A: The experiments that I showed range from pH 5 to pH 10. The second slide 
of the data showed no change in the distribution coefficient when the pH 
is changed from 5 to 10. That was only ••.•• ! believe I showed it only 
for sodium montmorillonite that had been purified and in alumina. 
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Q: I ~as thinki~g of those cesium and· st~ontium t~sts in the presence of 
varying concentrations of sodium where it seemed to me that the adsorp
tion was exactly what you would expect from the different concentrations. 

A: Yes, it was certainly true for strontium. For Cs as I showed, we had a 
little loading effect so we didn't quite get as ideal a behavior as· Bob 
Silva showed in his sample. Did I answer your question? I'm not sure. 

Q: We·J-1, as you say I don't think most of the measurements were made·at 
pH 5, only cesium and strontium. So I was wondering if you get into the· 
range of eyerybody, else's .comparable measurements whether in fact you 

.could expect.to get the same kind of behavior between, say, cesium and 
. . 

sodium for sorption sites~ 

A: As far as we have been able to tell, the answer would be yes for stron
tium and cesium. Of course, with europium there's a different situation 
which I'll amplify tomorrow. 

Characterization of Minerals (Rock) 

Q: I just want to caution everyone that the materials .should be.character
ized. I think that a lot of mineralogists, a lot of metallurgists, and 
most of the laboratories have very fine characterization staffs· and a lot 
of them will te-ll you that there are.a lot of natural materials that are 
as pure or purer as anything they can synthesize in the lab--crystograph
ically and elementally. But there are also sources of materials that 
have the same crystallinity, that have the same crystal structure and 
that are chemically pure, for example, Lyndy's sapphire. There are com
panies that produce synthetic A02o3 which is ~structure (corrundum 
structures). So there are materials around and it is not just Ao2o3• 
There are a lot of materials around that are chemically what you want and 
also crystographically what you want and relevant to the geological sys
tems. That was my comment. I spent 5 years on the thesis where I 
received samples from collectors and they weren't what they supposed)y 
were, and ~hey should be checked. Wards sends students out (every grad
uate department student has to go out every summer); they handle the 
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rocks; they sell them for Wards; and that is what you get. Wards sells· 
their collections for classroom use. You should be very cautious. All 
contractors and investigators should be very cautious about not only 
Wards' material but every source. They label them the best they can with 
the energy and money available. Even the Smithsonian has problems 
because they can't control the collections. So just be very cautious 
about that. And I think everyone is liable for that type of criticism 
and help because it is just a fact of. life that they don't have the ener
gies to do the work in any other way. 

C: Bob, just to emphasize Ken's statement, I have two samples of clays. 
They both have their origins from Wards and they· were both collected at 
the same location and both sold as two similarly related clays. 

A: Yes, I don't think that is a problem. The clays that we have used were 
obtained from the University of Missouri. 

Q: Is that the API collection? 

A: No. I think it's sponsored by the Clay and Clay Mineral Society. I am 
not sure if those are API clays or not. 

C: No, they are. not. 

A: I don't think they, are. The illite that we. got, so far. as··l know, was 
about the best natural illite that you can find. Also, rel~tively fine 
synthetic clays. We have some synthetic montmorillonite that we 
obtained, but-it is a lot harder to work with because. it is synthetic. 
Montmorillonite is a much lower particle size, by about a factor of' 10 
over the natural. 
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Q: The chromographic alumina that you used--did you leach that and look for 
Na as a leachate? 

A: To st~rt with, the alumina is equilibrated with sodium chloride or . 
whatever medium several times until we were sure that all the capacity 
was taken up by the sodium. 

Q: You haven•t done it with just deionized water? 

A: No. 

Q: Was this. the same montmorillonite you used in the other studies. I mean 
with the cobalt and cadmium? 

A: It all came from the University of.Missouri. This information is, I 
believe, contained in the annual report. 

Nuclide Concentration 

Q: How does your Am concentration compare with solubility levels that' were· ·' · ;· 
suggested by others? 

A: The concentration level I have, 10-9 and 10-10 molar, is low enough 
that we wouldn•t expect precipitation in the bulk solution; but according 
to other theories there are different properties in the bulk solution and 
the lay~r around the mineral surface-which would alter the complexation 
process. So, what we actually obs'erve might be a precipitation effect 
that could account for the presence of solids but not in the bulk. 
solution. 

, Q: Those results as I remember could be faulty in that the concentration 
level is pH dependent with considerably lower concentration at the higher 
pHs. 

A: Lower concentrations were 10-}0• 

C: I thought it was 1o-11 or 1o-12 • 
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Abstract 

+2 . 
The influence of time, temperature, pH, Eh, Fe , and Tc concentra-

tions on the sorption-desorption of Tc on a basalt, granite, and shale 

was investigated. Loss of the Tc04 anion from the solution phase appears 

not to be due to sorption of the anion on the solid phase matrix, but 

rather due to the reduction to a lower oxidation state; probably Tc02 
which is highly water-insoluble. Loss of Tc04 increased with time. 

There appears to be ari interaction between the reduction of Teo; and 

temperature, viz, increasing temperature enhanced the initial reduction 

rate, but the rate exponentially decayed at high temperatures (72 vs. 

22°C). ·Basalt significantly reduced Tc04 faster and in greater quanti-
" . . . 

ties than the granite or shale samples. On the order of 106 m6re Tc-99 

was retained on.anoxic 'basalt columns than Tc-95m; however, the iorption 

Concentration Ratios (0.64 and 3.54 ml/g) were not appreciably different. 

The additions of Fe+2 prior to Tc04 additions did not affect Tc04 

reduction; but, additions of Fe+2 to Tc-rock suspensions re~uced 

Tc04. The reduced form of Tc is slowly oxidized to.the Tc04 under oxic 

conditions. In Eh-pH monitored stirred suspensions, the single most 

important variable influencing the loss of Tc04 was Eh of the suspension. 

Losses of Tc04 from basalt suspensions were observed at measured 

Eh's approximately 0.240 volts higher than those theoretically necessary 

for the formation of the water-insoluble TeO?. Pertechnetate (p!:!) was 
L. 

observed to be stable in the presence of 100 ).1!:!_ Fe+2·, pH 5, and Eh 

400 l +2 - . 6 
•v +0. vo ts; even at Fe /Tc04 rat1os > 10 , the pertechnetate was 

observed to be stable at pH's between 4.5 and 5.5. As the pH was 

increased to 6.5 and greater the loss of Tc04 from solution was directly 

proportional to the loss of Fe+2. Data indicated that tc04 was reduced 
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by Fe+2 as the pH was increased, and Tc+4 was isomorphically substituted 

into the lattice of Fe(OH) 3 because of the similarity in ionic radii 

(0.65 A) of Tc+4 and Fe+3. ·1 
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.. INTRODUCTION 

Presented in this report are the data and conclusions derived from 

sorption-desorption of various long-lived radionuclide species on 

geologic material being considered as host rocks for a repository of 

nuclear wastes. The work was supervised and conducted by C. W. Francis 

and E. A. Bondietti, Environmental Sciences Division, Oak Ridge National 

Laboratory. 

OBJECTIVE OF PROGRAM 

The objective of this work is to understand the magnitude of 

sorption-desorption and processes that control the interactions of long

lived radionuclides with geologic materials. To do this, sorption-

desorption is being conducted under various environmental conditions. 

The most important comparison being sorption-desorption under anaerobic 

and aerobic environments; as the presence or absence of oxygen will 

dictate the chemical speciation and hence, the sorption-desorption 

characteristics of Tc-99 and Np-237, and possibly the U radionuclides. 

Sorption is being carried out in stirred cells and columns in which the ........ 

concentration of radionuclides in the aqueous phase is varied from 10-6 

to 10-lO M. The ultimate objective is to identify which long-lived 

radion~clides and the vario~s ~nvironmental conditions in specific 

geologic media that sorption may be ins.ignificant and that would allow 

migration from a geologic repository to the earth•s 'sw·face faster· Ll1drl 

the physical decay of the radionuclide. 

PREVIOUSLY REPORTED PROGRESS 

This program was initiated in January 1976 to investigate possible 

. differences in Kd determinations by thin-Jayer chromatographic techniques 
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and the equilibrium batch methods conventionally used to measure Kd•s. 

The work involved the development of a coupled-equations model-to 

determine Kd values and selectivity coefficients of radionuclides in 

unsaturated-flow along a chromatographic column. Aside from the annual 

reports presented in the proceedings of the Task 4 Contractor inf.orma

tion meeting of the Waste Isolation Safety Assessment Program, a report 

(Quantitative Analysis of Soil Chromatography I. Water and Radionuclide 

Tran~port, ORNL-5337, M. Reeves, C. W. Francis, and J. 0. Duguid) was 

written describing in detail the model used for water and radionuclide 

transport under conditions of unsaturated flow. Using the coupled

equations model, no significant difference could be detected in the Kd•s 

~r _selectivity coefficients of Sr-85 and Ni.-63 with Conasuaga shale by 

either of the two techniques, unsaturated flow chromatographic or the 

equilibrium batch method. The chromatographic technique, however, was 

superior in detecting the presenc~ of one or more species of a radio

nuclide. 

It became obvious that the Kd of a radionuclide depended on the 

speciation and oxidation state of the radionuclide. A major difference 

in the sorption of two long-lived radionuclides (Tc-99 and Np-237) under 

anoxic conditions would be expected as Tc04 and Npo; are not the sta~le 

thermodynamics species in anoxic groundwaters in contact with ferrous 
' . 

bearing igneous rocks. Recent work in Science (Geologic Migration 

Potentials of Tc~99 and Np-237, E. A. Bondictti, and C. W. Francis, 

1979) demonstrated that Tc04 and Npo; are not stable under anoxic con

ditions in presence of a basalt and a granite. Loss of Tc was consid

erably greater in stirred cells than in anoxic columns. We also 'have 

evidence that U(.VI) is reduced to U(IV) under anoxic conditions in the 

presence of the Sentinel Gap basalt. 
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PROGRESS 

Interaction of Tc04 with Rocks 

Objectives: The major objectives in this work are as follows:· 

(1) Determine the influence of Tc concentrations on loss of Tc. 

(2) -Evaluate the kinetics of Tc sorption on rocks. 

(3) Determine· the influence of temperature on Tc sorption. 

(4)· Describe the loss of Tc04 from the aqueous phase of rock 
. . 

suspensions in ~erms of pH, Eh, ratios of solution to solid, 

and Fe+2 concentrations. 

To carry out these objectives, Tc sorption was monitored in'stirred 

reactors and columns -containing various rocks ranging in particle size. 

The Tc was added to the solution phase as Tc04 in contentrations ranging 

from 10-S to lo-13 M Tc using either Tc-99 or Tc-95m. 

Sorption of Tc on Sentinel Gap Basalt in Columns 

We had ~arlier demonstrated that 99Tc04 at .concentrations of lo-7 M 

was easily reduced in anoxic stirred cells (> 99% loss in four days) 

containing Sentinel Gap basalt; however, in anoxic columns containing 
99Tc04 at 10-6 !1 only 9-10% was removed after five days residence time. 

The faster rate of loss in stirred cells was thought to be due to the 

grinding effect produ~ing freshly exposed rocks surfaces in an anaerobic 

environment. Freshly expo~ed rock surfaces would not be generated in 

packed columns, and possible oxygen leakages into tubing and pumps in 

columnar designs makes the maintenance of anoxic environments more 

difficult than in N2 purged stirred cells. 

To obtain long residence times in columns, in excess of five days, 

requires either large columns or very slow pumping rates. For example, 
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at a flow rate of 0.05 ml/min., a column volume of 360 ml would be 

required. Thus, for a pore volume of 50%, approximately 1 kg of sieved 

material would be needed (assuming particle density of ca. 3 g/cm3). 

For unsaturated flow, effective pore volume (20-10%), the quantity of 

processed rock would be 2.5 to 5.0 times greater making procurement of 

the processed rock one of the major constraints of such an experiment. 

Smail to medium size columns conventionally used in the laboratory (50 

to 150 cm3) require flow rates on the order of 50 to 500 ~~/hr which 

are difficult to ma'intain. To avoid the above problems, approximately 

60 grams of Sentinel Gap basalt (18-50 mesh, ground in a ceramic pestle 

and mortar) were placed in a 1.5 x 30 em column (K-15 Pharmicia). The 

columns were purged overnight with high purity N2 gas (scrubbed through:· 

alkaline solutions of dithionite and pyrogallic acid). Simulated basalt 

. groundwater ( Table 2 ) containing tracer quantities of HTO and 

either Tc-95m (4.7 x lo-12 ~) or ~c-99 (6.4 x 10-6 ~) was also purged 

overnight to displace any dissolved 02 b~fore pumping (by negative 

pressure) into the basal~ columns. The simulated groundwater was added 

at the top of the column, and pumping was discontinued when the wetting 

front reached the bottom of the packed column. The columns were sealed 

and afte~ a des~gnated time, fresh, nontagged groundwater was slowly 

pumped into the columns to displace the original solution. The quantity 

of original solution added to the column was determined from HTO assay 

o~ the effluent. Effluent was collected into li~uid scintillation vials 

in 20 drop aliquots (approximately 0.94 ml). Concentrations of HTO and 

Tc were calculated from dual channel counting data using a channel ratio 

technique (Tc-95m concentrations were confirmed by gamma counting in a 

Nal-detector-multichannel counting facility). 
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Form of Tc Sorbed: Earlier studies in small columns had indicated that 

the sorbed Tc was not readily displaced with oxic PNL No. 3 groundwater 

(Fig. 1). Even 2! NaCl did not displace. significant amounts of the Tc; 

however, on adding 5% H2o2 Tc was rapidly eluted from the column (Fig. 

1). Elution of Tc with H2o2 indicated that the TeO~ had been reduced to 

a lower oxidation state under the anoxic sorption condition~. It is not 

clear nor do we have evidence what the lower oxidation state mjght be. 

Based on known thermodynamic data, the most likely oxidation state is 

Tr.(IV) either as the oxide (Tr.02) or hyrlrr~terl o.xirlP. [Tr;O(OH) 2] .. T~P 

elution data illustrated in Figure 1 have revealed that the sorbed Tc is · .. 
not an easily exchangeable ca~ion or anion, and the release of Tc takes 

place in the presence of a mild oxidant (weak bromate solutions have 

also been used to displace the sorbed Tc). Because Tc sorption on 

igneous rocks under anoxic conditions behaves nonideally with respect to 

conventions established for the equilibrium distribution coefficient. 

(Kd)' we will refrain from using the Kd nomenclature in this report. 

Instead, we will define sorption in terms of·a sorption concentration 

ratio (SCR)' viz, a strict literal interpretation of the concentration 

of Tc on the solid phase relative to its concentration in the solution 

phase. Its calculation and its units (ml/g) are identical to those used 

I 

Effect of Residence Time and Tc Concentr-ation~; For· dll re~ideru;c t·ime5 

{1, 3, and 7 days), less than 10% of the Tc-95m was recovered from the 

col~mns (> 90% of the Tc-95m retained with the basalt). On the other 

hand, greater than 10% of the Tc-99 added to the column was recovered 

for all residence times {25 to 84% of the Tc-99 retained by the basalt, 

Table 1). In terms of the fraction of Tc added to the column, and in 
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TABLE 1. Influence of Residence Time and Tc Concentration on Sorption of Tc 
on Basalt Under Anoxic Conditions 

Tr.-99 Tc-95m 
6.4 x lOaG M Tc 4.75 x l0-12 M Tc 

Residence 5cR \R. : 

Time Tc Retcd n~LI Sulut'lun Tc Reta1ned S<fl ut10n 
Days % pM/g ml/g Solid % pM/g ml/g Solid '· 

X 10-4 

1 25.5 178 0.04 0.109 91.9 4.8 1.25· 0.110 

3 52.7 216 0.07 0.064 94.0 7.0 2.42 0.155 

7 83.8 659 0.64 0.123 97.4 4.4 3.54 0.094 

pM = picomoles 

.. 
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terms of the SCR' Tc-95m was retained or reduced by the basalt more 

effectively than Tc~99. However~- on the-basis of mass of Tc sorbed, 

approximately 106 times more Tc-99 was sorbed than Tc-95m. Sorption of 

Tc-99 increased as a function of residence time (Y = 41.1 + 84.5T, r2 = 

0.933, ·where Tis time in days), while sorption of Tc-95m appears to be 

independent of time after a one day residence time. All ScR's are very 

low even when > 97% of the Tc was sorbed to the basalt. This is a 

result of the very low solution to solid ratios in the columns (0.064 

and 0.155). However, desorption OcR's would be very high, in that it 

was difficult to detect quantities of Tc in the third and fourth column 

volumes (> 25 ml of eluant), Figure 2. 

In terms of SCR' Tc-95m at initial Tc concentrations of 4.75 x 

lo- 12 ~was sorbed more effectively than Tc-99 (Tc cone. 6.4 x 10-6 M); 

however, significantly greater quantities of Tc in terms of grams of Tc 

sorbed per gram of basalt was observed with Tc-99. The sorption appears 

to be a precipitation reaction, probably as a result of the reduction of 

Tc04 to an undefined lower oxidation state that is .highly water-insoluble. 

-On :the order of 3-5% of the Tc-95m remained in solution, representing a 
-13 -~ concentration of about 2.4 x 10 M. Based on Tc thermodynamic data 

.· 
(Pourbaix, 1966), Eh's on the order pf -180 to -140 mv would be required 

at pH's 8.5 to 8.0 to ~aintain this concentration in the solution phase. 

These Eh values. are significantly lower than those measured in our 

stirred rea~tors, but at the same time, we have never made Eh measure-

ments at.solution to solid ratios of< 0.1. We do know that as the 

ratio is decreased, the Eh readings are appreciably lower. If lo-13 M 

Tc, or for that matter, any other limiting solubility concentration, . . 

were taken to be an -equilibrium solution phase concentration. thP.n ScR's 

are_ simply a function of the initial Tc concentration. Thus, the 
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,. 
quantity of Tc04 reduced is dependent on the quantity of reductant 

available, probably Fe+2 on the rock surfaces. It is not clear what the 

parameters are that affects the rate, the influence of temperature is 

investigated in the next section. 

Anoxic Batch Sorption Studies 

Anoxic rock (18-50 mesh) suspensions in PNL No. 3 groundwater were 

carried out in the following manner. In a three neck boiling flask, 200 

ml of No. 3 groundwater tagged with Tc were purged overnight with high 

purityN2 (< 1 ppm o2) scrubbed through alkaline solutions of dithionite 

and pyrogallic acid. Weighed amounts of rock were added to 10 cm3 

plastic syringes with a stainless steel hypodermic needle. The syringes·· 

containing the rock sample were purged a few minutes with high purity 

N2. A small hole in the back of the syringe was used for exiting N2, 

and pushing forward the plunger resulted in a deaerated, anoxic system. 

The needles were sealed by inserting into No. 00 rubber stoppers. 

Deaerated No. 3 groundwater was transferred to the syringes via a rubber 

septum in one of the necks of the boiling flask. The syringes were 

weighed before and after purging and filling with Tc labeled solutions 

to determine the quantity of groundwater added. The syringes containing 

the rock-groundwater suspensions were placed in water baths of 0°, 22° 

(room temperature), and 72°C. These water baths were purged with 99.997% 

pure gener·iil purpose N2. Glass vialS capped with silicone rubber septa 

were also used. In this case, the rock sample was purged with N2 
before the addition of deaerated simulated groundwater. Results from 

vial-septa procedure were comparable to data obtained in the syringes. 

Influence·of Time and Temperature: Suspensions of Sentinel Gap Basalt 
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(4 grams in ca. 4 ml of PNL No. 3 groundwater) were used to evaluate the 

influence of temperature on sorption of Tc-99 (v M cone. Tc). Sorption 

was carried out at 0°C (ice bath), 22°C (room temperature), and 72°C 

(hot water bath). The suspensions were agitated on a daily basis 

(week-ends excepted). 

Initially, there appeared to be an interaction between temperature 

and time. For example, the initial sorption (one day) tended to be 

greater at 72°C than at 0 or 22°C, however, at seven (7) days, there was 

significantly more Tc sorbed at 22°C than at 72°C (Table 2). Increasing 
' 

time revealed no statistical difference in sorption at 22 and 72°C. On 

the other.hand, there appears that there was a significant increase in 

sorption at 22 and 72°C over 0°C. The general trend between tempera

ture and time is illustrated in Figure 3. The extreme amount of varia

bility among replicates makes interpretation difficult. The source of 

variability is not clear. The major source of variability was likely 

the inability to adequately control the rate at which oxygen .contami-

nated the system. Variability of Tc sorption on unweathered Conasauga 

shale (Table 3) was considerably less than that observed with Sentinel 

Gap basalt. Previous work under similar sorption conditions showed that 

Tc sorption on basalt was on the ord~r 105 times greater than sorption 

on the shale (based on total mass of Tc sorbed). Sorption on basalt 

thus appears to be more dependent on Eh-pH conditions than sorption on 

shale. Work presented i~ the next section shows that Tc sorption on 

basalt is highly dependent on Eh, as well as pH of the suspension. 

Thus, work labeled "anoxic sorption" should be viewed with caution, as 

the degree of anoxicity has a large influence on sorption. 

Effect of Tc Concentration: There appeared to be no significant differ-
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TABLE 2. 99Tc Sorption (SCR' m]/g) on Basalt from PNL No. 3 Groundwater Under 
Anoxic Conditions 1 

Time (Days) 
Te,mperature oc 1 3 7 15 30 

0 0.34 ± 0.10 0.97! 0.28 7. 72 t· 5.88 2 . 1 0 :l: 0 . 86 2. 01 ± 1. 70 

22 1. 70 :t 0. 51 78.? -r 98.6 420:. 197 139.:1: 106 312 ± 403 

72 2.53! 2.48 8. 48 "t 9. 14 13.7.:t.l5.1 146:1: 37 106 t 61 

1 Data at times less than 15 days ~epresent four or more replicates, 
whi"le data at 15 and 30 days represent two replicates. Composition 
of .PNL No. 3 groundwater in meq per ·liter are as follows: NaHC03, 
0.95; Na2S04, 0.35; MgS04, 0.08; CaS04, 0.07; CaCl2, 0.26; KCl, 
0.20; KF, 0.04. . 

97 

<., 



I rlDI' 1 10.23.55 I"'U 2B m-. 1~9 JDII-<Ifti....Sl\£ • OftHL DISSI"LA Vfft 7.5 

,:~ 
'--' 

FIG. 3 

= 

Influence Of Tennperature 

On So;rption Of Tc On Basalt 

M1--------------------------------------------------------. 

110 
ai 

= ai 

q 
c 

c 

22 c. 

0 c 

0~--------~------~--------~--------~------~~------~ 0.0 10.0 15.0 20.0 30.0 
. Time (Days) 



r 

r 

TABLE.3. 
99 . . . 

Tc Sorption (SCR' ml/g on Unweathered C~nasauga Shale 
(18-50 mesh) from 2 M NaCl Under Ano~ic Conditions 

·Time (Days) 
Temperature . . oc' 5 12 13 

0 0.50 ± 0.03 0.47 ± 0.11 0. 58 ± 0.11 

22 0.35 ± 0.04 1.09· ± 0.04 0.37 ± 0.03 

72 1. 38 ± 0. 40 1.24 ± 0.11 1. 73 ± 0.27 

r 

·. \ 
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ence in sorption (expressed in terms of SCR) of Tc-99 and Tc-95 on 

basalt (Table 4), except at 22°C. In this case, higher sorption was 

observed for Tc-99 (7 x 10-6 ~ Tc) .than for Tc-95m (2.1 x lo-12 ~ Tc). 

Again, it is important to point out that in terms of mass of Tc sorbed, 

there was > 106 times more Tc-99 sorbed than Tc-95m, and final risk 

analysis involving Tc-99 migration from a repository should be directed 

at ultimate or permissible concentration of soluble Tc in the aqueous 

phase, rather than an arbitrary nonequilibrium 11 K/ value. 

Effect of Added Fe+2: The a~dition of Fe+2 {9 ug/ml) to the No. 3 

groundwater pr,ior to the addition of Tc-99 did not appreciably change 

the sorption of Tc-99 on basalt (Table 5). On the other hand, Fe+2 

additions to suspensions of basalt in No. 3 groundwater containi~g Tc04 

effectively removed Tc from the solution phase (next section). The 

solubility of Fe+2 in No. 3 groundwater (pH 8.0, 58 ug HCOj/ml) is 

considerably less than 1 ll9 Fe+2/ml (Hem, 1967) .. Thus, the solubility 

of siderite may control the Tc04 reduction in basalt suspensions. 

Effect of Solution:Solid Ratio of the Suspension:. Increasing the 

solution:solid ratio of the suspension appears to significantly lower 

the SCR of Tc (Table 6). This is probably due to the lower Fe+2 

concentrations, and the greater probability of Fe+2 oxidation by dis

solved oxygen in suspensions of larger solution:solid rat1os. For 

example, we know Eh measurements in basalt suspensions decrease as the 

solution:solid ratio decreases (next section). 

Sorption of Tc on Basalt in an Eh-pH Controlled Stirred Reactor 

An anoxic stirred reactor was made from a small glass desicator (ID 
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TABLE 4. The Effect of Tc Concentration on Sorption of Tc on 
Sentinel Gap Basalt (18-50 mesh) 1 

1 ' 

3 

7 

1 .. 

3 

7 

1 

3 

7 

Sorption Concentration Ratio (SCR in ml/g) 

0°C 
Tc-95m. , 

2.1 x 10-]12 M Tc 

0.37 ± 0.07 
0.68 ± 0.23 
4.83 ± 0.59 

1. 31 ± 0. 04 
5.98 ± 0.36 

. . 

29.1 ± 0.70 

3.20 ± 0.37 
14. 1 ± 7. 20. 
30.4 ±·.10.8 

Tc-99 
7 x 10-6 M Tc 

0.34 ± 0.10 
0.97 ± 0.28 
7. 72 ± 5. 88 

1.70 ± 0.51 
78.2 ± 98.6 
420 ± 197 

2.53 ± 2.48 
8.48 ± 9.14 
l3.i ±'15.1 

1 Data for Tc-95m are from two replicates, and for Tc-99 the 
data represents four replicates except at 72°C which were 
replicated ten. time·s .. Average solution:solid ratio for 
Tc~95m data was 1.47 ± 0.14 and 0.93 ± 0.05 for the Tc-99 
data. 
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Time 
Days 

l 
3 
7 

3 

7 

1 
3 
7 

TABLE 5. Influence of Temperature and Fe+2 Additions on Tc 
Sorption on Sentinel Gap Basalt 1 

Sorption Concentration Ratio All (SCR in ml/g)2 
Samples 

U°C 

F +2 - e F +2 + e 

0.35 o. 102 1.03 . 0. 57 0.68 0. 53 . 

0.97 0.28 1.33 0.89 1.18 0.68 
. 7. 72 5.88 2.17 1.06 4.79 4.91 

22°C 

1. 70 0.51 3.00 1.53 2.53 1.26 
78.2 98.6 17.6 16.9 22.6 15.7 
.420 197 51.4 56.3 236 238 

72°C 

?.~3 ?.4R 5.4R 4.00 3.37 3.14 
8.48 9.14 22.3 12.6 12.7 11.8 
13.7 15. 1 11.4 10.8 13.0 13.5 

1Treatment values represent fou~ replicates except for the 
-Fe+2 at 72°C which included ten replicates. Solution to 
solid ratiQ 0.96 ± 0.09 (ml/g), initial Tc concentration 
ca. 7 x 10 6 M. · 

2 Ferrous iron (~s FeCl2) was added to d~aer~ted simulated· 
. groundwater (equivalent to 9 ~g Fe+2;m1) prior to ihe Tc. · 
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TABLE 6.· Influence of Solution to Solid Ratio on SCR of Tc-99 

Time 
Days 

. 1 

3 

7 

·1 

3 

7 

i 
3 

7 

r on Sentinel Gap Basalt 1 · · 

Sorption Concentration Ratio (SCR in ml/g) 

0°C 

Solution = 9_8Q(m£/q) 
Solid -

0.29 ± 0.04 
1.82 
0.05 ± 0.38 

0.93 ± 0.49 
3.55 ± 2.33 
4.41 ± 2.69 

------------------
3.27 ± 0.57 
4.42 ± 4.55 
3.55 ± 4.21 

72°C 

·so 1 uti on = 0-. 96 (m£/g) 
Solid 

0.34 ± 0.10 
0.97 ± 0.28 
7.72 ± 5.88 

1.70±0.51 
78.2 ± 98.6 
420 ± 197 

2.53 ± 2.48 
8. 48 ± 9.14 ' 
13.7 ± 15.1 

\ 
1 Data at solution:solid ratio of 9.8 are from two replica-
tions and for solution:solid ratio of 0.96, the data 
represent four· replications except at 72°C which were 
replicated ten times .. 
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of 16 em) covered with~ 1.2 em thick plexiglass. Through the plexi

glass, two Pt electrodes (wire probe type- Fisher 13-639-115), and a 

glass combination pH and reference electrode (Ag-AgCl) connected to a 

Corning Digital 110 pH meter were used to monitor pH and Eh (corrected 

by adding 200 mv to the meter readings) of·the suspension. The pH meter 

in turn was connected to a Brown strip-chart recorder {0.14 em/min) that 

wai modified to alternately record either the pH or Eh over 25 se6. 

intervals. The suspension wa.s deaerrtted by flowing N2 (99.997% pure 

. general purpose or z~ro grade N2) through a glass fritted diffusor. The 

solution (1500 ml of No. 3 PNL simulated basalt groundwater) was purged 

with N2 at least 24 hours before the basalt (< 50 mesh) was added .. 

After adding the basalt, the pH of the suspension was altered using :0.1 

li HCl, and was continuously adjusted to the desired pH until the pH was 

stable overnight; thereafter, Tc (~ 10-6 ~ Tc) was added. The concen

tration of TeO~. Fe+2, Eh, and pH were monftored over time. Ferrou~ 

iron was determined immediately after filtering a 10 ml aliquot through 

a 0.22 urn Millipore filter,·using a modified bath-phenanthroline proce-

dure (Lee and Stumm, 1960). 

The objective of this work was to determine how the variables pH, 

Eh. Fe+2, and solution:solid ratio affected sorption of Tc on .Sentinel 

Gap basalt. Rather than·attempting to establish equi.libiium conditions 

·(in terms of Tc sorption), emphasis was placed on determini~g how Eh, 

IJH; Fc+2, and :.;ulutiun:~ul·id rat·iu affected the rate uf Tc ~urj.Jtiun. Tu 

do this, sorption in terms of SCR was measured over time. For the most 

part, a linear relationship between SCR and time in days was observed 

'(Fig. 4 and Table 7). The rate of Tc sorbed on basalt in PNL No. 3 

. groundwater was determined for 25 environmental conditions. Values of 

pH ranged from 5.5 to 9.2, Eh from -0.140 to 0.625 volts, and solution: 
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TABLE 7. Loss Rate of Tc-99 on Basalt (< 50 mesh)~ 

Eh Solution Rate 
R2 

Time Initial 
pH Volts Solid m1/g/day N Days . Tc llM 

8.6 0 0150 100 4.2 0.954 9 4.1 '4'8.0 

7.7 0.080 30 66.0 0.949 9 4.0 4.5 
6.6 0.150 100 83.0 0.982 7 1.9 4.3 
6.6 0.065 10 854.0 0.955 5 2.0 31.0; 
7.9 -0.037 30 .264.0 0.986 7 L3 4.2 
8. 1 -0.140 15 378.0* ,, 0.990 ·6 1.0 ' 6 0 7.: 

7.5 0.300 50 1.9 0.434 3 2.0 5.6 
6.5 0.340 25 7.2 0.980 3 1.7 '5. 6 
5.5 0.420 50 1.8 0.838 3 1.9 5.6 
5.5 0.440 25 5.5 0.704 3 1.9 5.6 
8.5 0.205 25 7.3 1. 000 2 1.0 5.6 
9. 2' 0.410 50 < 0.01 na 3 2.0 5.6 
8.9 0.490 25 < 0. 01 na 3 2.0 5.6 ' 
7.5 0.480 50 < 0.01 na 3 2.0 5.6 ' 

7.5 0.475 25 < 0.01 na 3 2.0 5.6 
6.5 0.590 50 < 0. 01 na 3 2.0 5.6 
6.5 0.410 25 < 0.01 na 3 2.0 5.6 
5.6 0.625 50 < 0.01 na 3 2.0 5.6 
5.6 0.450 25 < 0.01 na 3 2.0 5.6 
9.0 0.240 50 0.68 0.472 3 2.0 5.6 
8.8 0.220 25 

\ 
< 0.01 na 3 2.0 5.6' 

8.8 0.178 15 0.62 0.664 6 5.0 5.6 
8. ·1 0.085 100 < 0.01 na 9 5.0 7.7 

*Worn_magnetic stirrer exposed. 
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solid ratio (ml/g) from 15 to 100. The dissolution of Fe(II) from the 

basalt was monitored in each case, and s~pplemental ferrous iron was 

added in some instances. Contrary to some previous thinking, Tc sorp

tion was not directly dependent on Fe+2 solution ~oncentrati~ns. The 

influence of Fe+2 on Tc sorption will be addressed in a following 

section. 

Statistical Interpretation: Sorption rates less than 1 ml/g/day were 

deleted'for statistical analyses leaving eleven observations. Multiple 

linear regression analysis of these data using the rate of sorption of 

Tc as the dependent variable reveal~d that Eh~ was the single most 

important variable (Table 8). Slightly greater than 50% of the varia

tion could be accounted for by the variables Eh and pH. Use of log 

rate, Eha, and log initial [Tc] increased the coefficient of determi~a

tion (R2). Thus, from these data we are able to quantitatively predict 
.. 

the loss rate of Tc knowing Eh, pH, Tc concentration, and solution:solid 

ratio. 

Rate of Tc Loss Based on Thermodynamit Data: In the above section, the 

loss of Tc·was found to be highly dependent on Eha. Jf the mechanism 

for sorption of Tc (loss of Tc from solution) is due to reduction of the 

Tc04 to the Tc02, then the rate of Tc sorption should be a function of 

the reducing potential of !he syste~. From Pourbaix (1966), the solu

bility of Tc02 i,s based on the folJowing equation:. 

or 

+ - + -Tc02 + 2 H20 + Tc04 + 4 H + 3 e 

Ehc = D.738- 0.0788 pH+ 0.0197.log (TeO~). 

Eh adjusted to pH 7 [Eha = 59.1 (pH-7.0) + Eh] 
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TABLE 8. Multiple Linear Regression Analysis of Tc Sorption Rate 
as the Dependent Variable 

Coefficient of 
Determination 

Variables R2 F pa 

------Model Rate = f(pH, Eh, Eha, LCON, SSR)b ___ _ 

Eha 
Eh 
SSR 

LCON 
pH 

LCON 
SSR 
pH 

LCON SSR 

0. 572 

0.332 
0.195 
0.182 
0.001 

0.633 
0.588 

0. 572 

0.793 

5.36 
4.48 
2.17 
2.00 

0.01 

6.91 
5.69 
5.36 

8.92 

0.0333 
0.0634 
0.1740 
0.1910 
0.9760 

0.0180 
0.0290 
0.0333" 

0.0087 

-----Model LOG RATE= f(pH, Eh, Eha, LCON, SSR) ----

Eha 
Eh 

SSR 

pH 

LCON 

Eh a 

pH 

SSR 
LCON 

pH SSR 

ap = probability of greater F. 

0.881 
0.693 

0.112 

0.039 
0.007 

0.909 

0.902 
0.883 

0.922 

67.9 

20.3 

1.1 

0.4 

0. 1 

4.0.4 
36.9 
30.2 

27.5 

bEha = Eh adjusted to pH 7 [Eha = 59.1 (pH- 7.0) + Eh] 

LCON = 1 og Tc cone. : 
SSR = iolution:solid ratio 
Rate = sorption rate of Tc (ml/g/day) 
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0.0015 
0.3135 

0.5604 
· o·. 8034 

0.0001 
0.001 
0.002 

0.0003 
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Thus, 

.. ,. ·Ra· =' f'(Ehc :.:. "EhmL 

where Ra i$ the rate of Tc loss from solution (in our work expressed as 

ml/g/day), Ehc 1s the calculated potential according to Pourbaix (1966), 

and Ehm, the potential measured in the stirred reactor. If the loss of 

Tc is noted at Ehc- Ehm < 0, then either (1) the loss of Tc from solu

tion is occurring.by a mechanism different than precipitation of Tco2, 

or (2) the standard free energy of formation value for Tc02 listed by 

Pourbaix is incorrect. A likely mechanism is the formation of a com-

pound other than Tc02 which is being precipitated or sorbed to the 

basalt, i.e. TcO(OH) 2. 

Linear regression analysis showed a high correlation between log Ra 

and Ehc Ehm. 

log Ra = 2.09 + 6.45 (Ehc - Ehm) R2 = 0.910 

Expressed in a non-linea~ regression of the form (Fig. 5). 

Ehc - Ehm = -0.241 + 0.330 (1 - e-O.Oll?Ra) 

When Ra = 0, Ehc - Ehm = -0.241 volts. 

Thus, the Tc sorption data in the stirred reactors imply that the Tc02 
is formed 0.241 volts higher than predicted by Pourbaix (1966) assuming 

Ehm values are valid .. Another possibility is the formation of the 

TcO(OH) 2 an~ other reduced forms of T~which would account for Tc 

losses observed in our experimental work. Regardless of the actual 

solid phase formed,··Tc04 is lost from the solution phase .and 'sorbed' on 

-~a~alt (not"h~tes~arily &s the T~04) at~$~~nifi~antl~ .higher:·Eh's than 

that predicted for Tc02 (Fig. 6r. 

+2 . 
Influence of Fe on Sorption of Tc on Basalt: In an earlier section, 
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data were presented· that showed additions of Fe+2 (161 l1 r1_, 9"llg/ml) 

to PNL No. 3 groundwater did not significantly alter the SCR of Tc on 
- +2 basalt. These data were obtained by adding the Tc04 following Fe 

additions. However, if Fe+2 is added to an anoxic stirred reactor 

containing a suspen~ion of basalt to which TeO~ had been previously 

added, the TeO~ concentration will rapidly decline. For example, 

ferrous (eq. 450 l1 M br 25 ppm Fe) added to a reactor (15 g basalt in 

1500 ml No. 3 grouodwater) at an Eh = 140 mv, pH 8.6 containing 41 l1 M 

Tc lowered the Tc concentration to less than 0.5 11 ~in approximately , 

one hour (Eh = -100 mv, pH = 8.5). Concentration of Fe+2 in the fina] 

solution was. less than 5 l1 ~· The implication here is that TeO~ is 

not stable in the presence of ferrous iron; however, the data in Ta6le 9 

show that TeO~ ·is stable at concentrations of 3-5 l1 ~ in presence of· 30 

to 50 l1 ~of ferrous. This occurs only at low pH values (< 5.5) in· the 

PNL No. 3 groundwater where Fe+2 is solubilized from the basalt and 

soluble carbonates are purged from the suspension as co2 by the N2 purge 

stream. The point here is that Fe+2 concentrations per ~e do not 

dictate TeO~ concentrations. 

Loss of Tc from solution can be initiated by either adding ferrous 

iron or raising the pH (Table 9). Both actions precipitate Tc from 

solution. Measurements of Ehm are significantly lower; however, adjusted 

to pH 7 (Eha) the redox potentials are not greatly different. In fact, 

in Reactor No. 1, Eha at pH.6.5 1s significantly lower than at 5.9, yet 
\ 

the ·suspension at pH·6.5 supports approximately ten times the· quantity 

of Tc. Tests confirmed that Tc ·in solution at pH 5.5 was present as the 

TeO~, and not a reduced form (i.e., Tc was not precipitated in a solution 

of FeC1 3 adjusted to form a Fe(OH) 3 precipitate). These data indicate 

that Tc is co-precipitated with ferrous iron. Rimshaw (1961) observed 
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TABLE 9·. Influence of pH Adjustment and Ferrous Iron Additions on Sorption of Tc on Bas a 1t 1 

Reactor· No. 1 Reactor No. 2 

Time Ehm Fe Tc Time Ehm Fe Tc 
hr pH Volts JJt!.-- Eo hr pH Volts JJri -- Eo 

... 

72 9.0 0.250 < 6 5.64 1.063 72 8.8 0.350 < 6 5.55 1.147 

72 7.5 0.290 < 6 4.55 0.986 72 7.5 0.260 < 6 5.43 0.955 

72 6.5 0.225 < 6 5.28 0.841. 72 6.5 0.340 < 6 3.83 0.959 

72 5.5 0.400 32.6 5.14 0.938 72 5.5 0.400 53.1 3.50 0.941 

------------------ Added Ferrous ----------------- ~-------------- Adjusted pH to 8.5 ---------------
2 

32 

5.9 0.310 110 . 0.47 0.'900 2 8.5 0.190 4.5 2.71 0.969 

5.9 0.'340 83 0. 81 0.925 32 . 8. 5 0.225 1.8 2.59 1'. 005 

1Reactor No. 1 contained 24 g of Sentinel Gap Basa·lt (< 50.mesh)., No. 2 contained 48 g. Each reactor 
contained 1500 ml PNL grojndwater. 99 Tc as Teo; was added to each reactor equivalent to 6.25 JJM. 
Ferrous chloride, equival=nt to 168 JJ.fi, was added in 0.01 N HCl. E0 = Ehm + 0.0788 pH- 0.0197-log_ 
Tc; Average calculated E0 = 0.969 ± 0.078. 



the same and advocated that Tco2 is isomorphically substituted into the 

magnetite lattice. There is no doubt that both Tc and Fe+2 are precipi

tated. It is well known that reduced forms of Tc are carried on Fe(OH) 3 
precipitation, and it appears that under anoxic conditions Tc is precip

itated with Fe(OH)3 . Presumably Tc(VII) is reduced to the Tc(IV) during 

the process; however, loss of Tc occurs at a higher energy potential · 

(E 0
) than that cited for Tc02 (Pourbaix, 1966). Calculation of Eo (E 0 = 

Eh + 0.0788 pH - 0.0197 log Tc) for these 12 observations g1ves nearly 
Ill - ' 

the same value (0.969 ± 0.078 volts) as·that determined us1ng the 

kinetic sorption illustrated in Figure 5 data (0.979 volts). 

An experiment was carried out to determine the loss of Tc04 from 

an anoxic solution of the PNL No. 3 groundwater not containing basalt. 

In this case, the groundwater was acidified to pH less than 6, and 

additions of ferrous iron were added to evaluate the influence of 

ferrous iron concentrations on loss of Tc04 from solution. Adding Fe+2 

equivalent to 56 ~ ~did ~ot significantly reduce the Tc04 concentration 

after 3.5 hours (Table 10). Another equal increment of Fe~2 appeared to 

lower the Tc04 _conceniration, however, loss was relatively_small (between 

10 to 20%). Technetium was rapidly lost from solution when the pH wa~ 

elevated to 7.5. For example, greater than 95% of the Tc was lost from 

the solution phase after. 10 minut~s (rH = 7.83, Eh = 0.100 volt). 

According to Pourbaix (1966), app_roximately 86 m ~of Tc04_ would be 

stable at this pH and Eh. Thus, as ·in the basalt suspensions,'tco4 is 

lost from solution at Eh-pH values significantly higher than that pre

dicted by thermodynamic _calculations if the mechanism for loss were the 

precipitation of Tc02. A requirement for loss of Tc04 from solution i~ 

an anoxic environment, but the loss coincides with the loss of F~+2 from . .-.. 

solution. The mechanisms or the products of precipitation are not 
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TABLE 10. Influence of pH and Ferrous Iron on Loss of Tc from 

Solution (PNL #3 Basalt Groundwater)a 

Time · Eh Eh Fe+2 99Tc 99Tc 
hr pH m Volts _c_ ll!i % 

4.87 0.412 < 0.1 .4.20 

- - - - - - - - - bAdded Ferrous Chloride- - - - - - ------
0.17 5.55 0.308 0.258 48.3 4.20 100 
0.33 5.57 0.300 0.246 46.4 4.10 97.6 
1.00 5.65 0.282 0.230 51.0 4.12 98.2 
2.00 5.60 0.275 0.239 51.0 3.94 93.6 

. 3. 50 5.62 0.282 0.239 44.6 4.16. 99.1 
29.5 4.83 0.336 0.375 50.7 4.24 101 

- - - - - - - - - bAdded Ferrous Chloride- - - - - - - - - - - - - - -
0.0 5.48 0.265 
0.17 5.49 0.260 0.243 93.5 4.20 99.9 
0.33 5.58 0.245 0.226 94.7 3.50 83.5 
1.00 "5.62· 0.228 0.220 90.6 3.58 85.0 
2.00 5.63 0.223 0.221 83.8 3.62. 86.1 
3.50 5.63 0.222 0.216 100.8 3.62 86.1 

27.2 5.00 0.315 0.329 95.4 3.84 91.4 

- - - - - - - - - cAdded Sodium Hydroxide- - - - - - - - - - - - - - -
0.01 7.48 0.239 
0.17 7.83 0. 100. -0.164 66.8 0.20 
0.33 7.5.4 0.045 -0.116 77.2 0.12 
2.00 7.58 -0.045 -0.123 77.0 0.10 
3.50 7.36 -0.043 -0.085 80.4 0.04 

23 .. 0 6.20 +0. 120 +0.123 72.0 0.06 

- - - - - - dAdded Sodium Bicarbonate- - - - - - - - - - - -
2.0 8.70 <-0.250 -0.265 8.6 0.04 

aMeasured, Eh , and calculated, Eh , values are also presented m 3 c · 
. re+. . 

(Ehc = 0.771 + 0.0591 log --:j:"2, log Ksp Fe(OH) 3 = -38.5). 
Fe 

bEquivalent to 56 l.l~ 

cused 0.1 !1_ NaOH to raise pH 

dAdded ~ 0.3 g solid 
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clearly defined, i.e., one assumes.that loss is via reduction of Tc04 

to Tc(IV), however, we have no definite proof that the sorbed form is in 

the reduced state. A likely mechanism is that precipitation of Fe+2 to 

magnetite activates the reduction of Tc04 to Tc02. Because we observed 

the loss of Tc04 in alkaline environments at potentials si~nificantiy 

above the magnetite-hematite line, it is possible the Fe+2 is oxidized 

to Fe+3 while reduci~g Tc04 to Tc02! The alkaline environment make~ 

Fe+2 very unstnble, and is oxidized to Fc+3 by furnishing electr-uns to 

the most available receptor (TeO~) in the absence of an adequate supply 

of o2. 

Fe(OH) 3. 

Loss of Tc probably occurs due to co-precipitnt.ion of Tc+4 ·wi.th 
0 +4 

Because of the similarity in ionic radii (0.65 A) of Tc and 

Fe+3 , the precipitation of Tc is likely due to the isomorphic substitu

tion of Tc+4 for Fe+3 ultimately fo~ming mixed oxides of hematite 

(Fe2o3) or goethite (FeOOH) and Tc02. 

Dissolution of Tc Sorbed on Basalt: The column work presented in the 

earlier part of this report showed t.hat Tc sorbed on basalt wus re.turned 

to the solution phase on treatment with 5% H2o2 or weak bromate solu

tions indicating that th~ reduced form of Tc was reoxidized to Tc04. 

To test how rapidly sorbed Tc was returned to the aqueous phase under 

oxic environmental conditions, a suspension nf basalt in which Tc had 

been sorbed under anoxic conditions·was purged with air. The aqueous 

ph~~e was monitored fo~ Tc04 over time (pH 7.5 to 7.7). The dissolution 

rate of Tc sorbed on basalt was on the order of 10-2 
].1 !ifday, and pre

sumably represented the oxidation of reduced Tc to the Tc04 (Fig. 7}. 

This rate is significantly slower than the rate of sorption (reduction). 

For example, sorption which was carried out at pH 6.6 and Eh of 0.150 

volts (15 g basalt in 1500 ml of PNL No. 3 groundwater) proceede~ ~t 3.8 
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]..! M/day. Thus, reoxidation of Tc with aerated .. suspensions is signifi

cantly slower than Tc04 reduction under anoxic conditions suitable for 

the formation of Tc02. However, in terms of geological time, the 

oxidation rate is. sufficiently fast to assure the conversion of any 

reduced Tc to the Tc04. 

To test the influence of pH on the dissolution of precipitated Tc, 

Tc was precipitated from solution (in the absence of basalt) by adding 

ferrous iron·to a PNL No. 3 groundwater at pH 9.2 (Table 11). Within 

1.5 hours, the concentration of Tc was less than 1.5% of the initial 

concentration. The concentration of Fe+2 was less than 2 ]..! ~due to the 

precipitation as Fe hydroxides and carbonates. Lowering the pH to 5.5 - · 

6.0 released significant amounts of Fe+2 and Tc in less than one hour, 

indicating that under deaerated conditions the dissolution of precipi

tated Tc is related to the dissolution of iron. The soluble Tc was not 

tested to confirm if it was the Tc04 or a reduced form; however, it was 

assumed to be Tc04, as we have not observed a reduced form in the 

aqueous phase except whe~e appreciable quantities of soluble organic 

matter was also present. These data suggest that on acidification the 

Tc is reoxidized at the expense of ferric iron! Further work should be 

continued to confirm such a relationship. 

SUMMARY AND CONCLUSIONS 

In r.o1umn :.t.urlin:., in~ret\-:;ing residence times increased sorption of 

Tc on Sentinel Gap basalt (18-50 mesh) at both initial influent Tc 

concentrations of ca. 10-6 and 1012 ~ using 99rc and 95mrc respectively. 

At the lower concentrations (1o- 12 ~)·the sorption mea~ured in terms of 

Sorption Concentration Ratio (SCR' ml/g) ranged from 1.2 to 3.5 ml/g and 

were slightly higher tha~ those (0.04 to 0.64 ml/g) measured at the 
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TABLE 11. Dissolution of Tc From an Iron 

Precipitate Suspension 1 

Time· Eh Tc Fe+2 
hr pH Volts --ll!1 

02 Q.23 0.240 4.86 < 2 

. 0. 17 8.95 -0.210'' 0.17 < 2 

0.33 ~ 9. 00 -0.200 0.12 < 2 

1.50 9.10 -0.170 0.08 < 2 

: ~ - - - - - - - - - Adjusted pH - - - - - - - - -
0.-17 5.65 0.200 0.65 22 

. 0.42 5.55 . 0.230 0.63 23 

1.00 5.88 0.205 0.76 26 

22.8 4.85 0.370 1.17 26 

. 25.9 3.35 0.565 1.46 28 

1 PNL No. 3 groundwater purged with zero 
. grade N2 

.2Added FeC1 2 equivalent to 56 ll!1 
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higher influent concentration. However, in terms of actual number of 

grams of Tc sorbed on the basalt, there were approximately 106 times 

99 1 -6 h .b . 95mT more Tc sorbed using Tc at 0 M, t an that o served us1ng c at 

lo- 12 M. Sorption had not reached equilibrium after seven days. Sorbed 

Tc was not easily exchangeable with 2! NaCl, but could be rapidly 

eluted from the columns using 5% H2o2 or weak solutions of HB03, indi

cating the sorbed Tc to be a reduced form likely Tco2 or its hydrated 

analog TcO(OH) 2. 

In batch suspensions (solution:solid ratio of ca. 1) little differ

ence was also noted in SCR•s between tnitial Tc concentration of 10-6 

and l0-12 M. Sorption increased with time (up to 30 days) and was 

higher at 22° and 72°C than at 0°C. Increasing the solution:solid ratio 

appears to have decreased the SCR when using 99Tc at Tc concentrations 

of lo- 12 M. The difference was likely due to lower concentrations of 

Fe+2 in the solution phase, and differences in Eh and pH values between 

the two. However, no significant difference in SCR•s were observed when 
+2 Fe was added to the solution phase before Tc04 additions. On the 

other hand, Tc04 was rapidly removed from solution when ferrous iron was 

added to stirred ano~ic suspensions of basalt and Tc04. In the alkaline 

PNL No. 3 groundwater containing carbonates, the ferrous iron concentra

tions are rapidly lowered to concent~ations less than 6 11 M due to the 

formation of Fe hydroxides and carbonates (Feco3, siderite). 

Experimental work in Eh-pH control1ed stirred reactor·s revealed 

that loss of Tc04 from the solution phase was highly correlated to the 

Eh and pH of the su~pensions. Initial loss rates (0-5 days) of Tc 

expressed as SCR•s were found to increase linearly with respect to time. 

Loss of Tc04 from suspensions of basalt were observed over a pH range of 

5.5 to'9.2, Eh 1 s from 0.590 to -0.140 volts and solution:solid ratios 
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ranging from 15 to 100. Loss of Tc04 from solution was observed at 

redox potentials significantly higher than those theoretically required 

to precipitate Tc04 as Tc02. Loss of Tc04 appeared to be more dependent 
' 

on the loss of ferrous iron from solution than any other measured vari-

able. The mechanism of precipitation, or the form of Tc in the precipi

tate, are not clearly defined. It appears that as the solubility of 

ferrous iron is exceeded in alkaline pH's, ferrous iron is oxidized by 

Tc04 in the absence of 02 to form .a mixed precipitate of Fe(OH) 3 and 

TcO(OH) 2, ultimately forming mixed oxides of hematite (Fe2o3), goethite 

(FeOOH) and possiblY magnetite (Fe3o4) depending on Eh and Tc02. The 

similarity in size of the ionic radii of Tc+4 and Fe+3 (0.65 A) suggests 

that Tc+4 isomorphically substitutes for.Fe+3 during the precipitation -

of Fe(OH3. At pH 5.0, 2 ]1 M of Tc was found to be stable in the_ presence 

of 100 ~~of ferrous iron. Thus, the mere presence of ferrous iron at 

these pH's does not dictate that Tc04 will be reduced to an insoluble 

form. Loss of Tc from solution appears to be highly correlated with the 

simultaneous loss of ferrous iron from the solution phase. 

These experiments have shown that loss of Tc04 from solution is 

dependent on the solution chemistry of the system. The major role of 

the sorbent is providing a source of soluble ferrous iron, or ferrous 

readily available on the surface of the sorbent, which in. alkaline 

environments in absence of an adequate supply of molecul_ar oxygen, .will 

redu~e the Tc04 to the insoluble reduced_ form. Thus, Tc04 wi 11 not 

likely be stable in alkaline groundwater depleted in oxygen in ~ontact 

with rocks rich in reduced forms of iron. 
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Interaction of U, Np, and Pu with Rocks 

The objectives of this work are to (1) evaluate the sorption-desorp

tion of U on ba~alt under anoxic and oxic conditions, (2) evaluate the 

sorption-desorption of Pu on rocks at solution concentrations below the 

solubility of Pu in water, and (3) evaluate sorption of Np(V), U(VI), 

Pu(V & VI), and Pu(IV) on Rustler formation materials. 

Sorption-Decorption of U on Basalt 

Anoxic vs. Oxic 

Uranium-237 as U(VI) was used to evaluate the sorption of U on S-1 

Granite unde~ anoxfc and oxic conditions. Si~ulated groundwater (PNL 

No. 3) containing 237u was purged overnight with N2 scrubbed through an 

alkaline solution of dithionite and pyrogallic acid to remove dissolved 

oxygen. Approximately four ml of this solution were added to 15 ml 

. glass vials containing four grams of granite (18-50 mesh) which had been 

purged of o2 as described in the previous section on batch sorption 

measurements with Tc04 on basalt. Sorption was measured over time at 

three temperatures (0, 22, and 72°C). Controls, consisting of 

solutions and rocks which were not purged with N2,' were used to monitor 

sorption under oxic conditions at the same te~peratures. 

Granite suspensions purged with N2 revealed sign~fi~antly higher 

SCR•s of U at 72°C than suspensions at the same temperature not purged 

with N? (Table 12). An increase in temperature appr.~rRd to have enhanced ... 
sorption of U on granite at 72°C compared to sorption at 0 or 22°C. 

lhese data suggest that U(VI) may be reduced to U(IV) under anoxic 

conditions. Interpretation of the data in this manner should be viewed 

with caution, however, as purging the PNL No. 3 groundwater with N2 
significantly increases the pH of the solution, and may lower the concen-
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TABLE 12. 237u Sorption (ScR, ml/g) on S-1 Granite 

from PNL No. 3 Groundwater 

Temperature Time {Da~s} 
oc 15 36 

- - - - - Anoxic- - - - - - ,. 

0 9.28 ± 2.35 5.67 ± 0.56 
22 3.86 ± 1. 70 5.59 ± 3.88 
72 20.3 ± 7.7 32.3 ± 12.5 

- - - - -Oxic - - - - -
0 4.35 ± 1. 74 3.39 ± 0.01 

22 2.28 ± 0. 72 5.31 ± 2.16 
72 2.88 ± 0.30 7.22 ± 5.21 

Anoxic data are averages from four replicates, 
oxic data ar~ averages from two replicates. 

I 

TABLE 13. Desorption of 237u from S-1 Granite 1 

Temperature 
oc 

0 

22 

72 

Sorption Conditions (36 Days} 

\_ 

Anoxic Oxic 
- - - - -DCR' ml/g 

5.01 ± 0.43 
14.2 ± 0.5 
22.1 ± 7. 3 

3.39 ± 0.72 
15.1 ± 2.7 
27.8 ± 24.5 

1hesorption under oxic conditions at room 
temperature ca. 22°C in PNL NO. 3 ground
water after·a 5-day equilibrium. Average 
of two replicates. · 
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tration of COj 2availabl~ to complex the U(VI). Purging 20 hours with 

the N2 stream raises the pH of PNL No. 3 groundwater from approximately 

8.0 to 9.0-9.2. It is likely that sufficient COj remains to complex the 

U(VI), concentrations on order of l0-13 ~; thus, the higher SCR observed 

at 72°C under anoxic conditions may represent reduction of U(VI) to 

(IV). Subsequent desorption of U sorbed under oxic and anoxic conditions, 

however, indicated that if U(VI) was reduced to U(IV) under the anoxic 

sorption conditions, the U(IV} was rapidly oxidized to U(VI), Table 13. 

Desorption at the highe'r temperatures (22 and 72°C) was significantly 

less than at 0°C. Only at 0°C were the sorption-desorpti6n concentration 

ratios similar indicating equilibrium conditions. 

Sorption-Desorption of Pu on Rocks 

·Very high "Kd•s" of Pu are encountered when rock sorption exper

ime.nts are conducted. This occurs because Pu(IV) is extensively hydro

lyzed in neutral solutions and interacts strongly with rock surfaces. 

In a waste repository, the concentration of Pu )_~_aching from sourr.P. 

materials will be low simply because of the low solubility of Pu in 

water. 

In order to evaluate Pu Kd•s under realistic conditions, two exper

iments were conducted. First, SP.ntinal Gap basalt. Westerly granite, 

and.argillaceous shale were contacted with 238Pu(V) in 10-3 M NaHco3. 

Plutonium-238 WGS added as Pu(V) to avoid the problems encountered when 

Pu (IV) is added to neutral solutions from acid Pu stock solutions. If 

Pu (IV) is added to a neutral solution at concentrations > 10-12 ~' the 

aqueous phase i~ supersaturated with respect to Pu(IV). ~owever, if Pu 

is added as Pu(V), the added Pu(V) is rapidly .reduced to Pu(IV), the 

quantity depending on the amount of ferrous iron leaching from the rock. 
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r The unreduced Pu(V) is then removed from the rock with two N NaCl. 

washes. Thus, the Pu which subsequently •desorbs• represents surface-

associated Pu(IV)~ While 99.9% of the added Pu remained with rocks, the 

concentration of the dissolv.ing Pu [Pu(IV) determined by valence analy

ses] was low enough to insure that with subsequent dilution in an 

aquifer, the concentrations were below natural a-emftters like Ra-226. 

This is illustrated in Table 14. 

:For this experiment, the desorption Kd•s were on the order of 104, 

and the third desorption Kd was not significantly different from the 

first desorption Kd. The molar Pu concentration ranged between 7.9 x 

lo- 13 and 1.2 x 10~ 14 . Desorption Kd•s are probably more representative 

than adsorption Kd•s, since it is almost impossible to avoid some Pu(V) 

formation during the spiking of experiments with Pu(IV). 

We have then examined what the sorption behavior of ·lo-13 ~ Pu-238 

would be if solution-sta~le Pu was contacted with basalt and granite 

.. tc'htps. Sorption and desorption results are presente'd in Table 15. 

Sorption of Pu-238 {lo-13 ~) in 10-3 ~ NaHco3 on basalt and granite 

chips (surface area, approximately 3 to 10 cm2) showed that Pu-238 

concentrations reached a minimum in about 20-30 days. Kd•s were on the 

order of 10 ml/cm2. Final Pu-238 concentrations were approximately 
-14 10 ~and were largely Pu(V). The initial solution contained approxi-

mately 10% Pu(V) and 90% Pu(IV), which had been stable with respect to 

its Pu concentration (lo-13 M) for six months. Desorption with 10-3 and 

10-2 ~ NaHC03 .solutions revealed basalt-sorbed Pu was less leachable 

than granite-sorbed Pu. Carbonate complexes are suggested by the lower 

Kd•s. This experiment does not say much except to point out the impor

tance ~f .valence states in sorption experiments. 
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TABLE 14. Successive Desorption 11 Kd'S 11 (one month intervals) of Pu-238 

Initially Added as Pu(V), Followed by Two NaCl Washes 1 

.. ' 

Rock N 

1 

basalt 4 2.0 ± 

. granfte . 4 2.3 ± 

shale 4 9.9 ± 

11 K 11 x 10-4 (ml/g) 
d 

2 

1.0 3.0 ± 0. 7· 
2.3 1 • 0 1± 0~5 

11.0 30.0 ± 23.0 

Log M of desorbed Pu 2 

3 

2.2 ± 1.2 -12.9 to -12~4 
3.3 ± 2.8 .-13.0 to -12.'1 
5.7 ± 2.2 . - 13 . 9 to -12. 3 

1 Desorption conducted in the presence of synthetic groundwater 
(PNL #3, se~ Table. 2) 

2 -13.2 is equal to 1 pCi Pu-239/liter 

I',' 
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TABLE 15. Surface 8rea Kd's for Pu-238 (lo-13 ~, Stable 
in Solution of 103M NaHC03, pH 8.4 ·for· Six Months) 1 

Time 

Days 

Granite 

- - - - Sorption- -
\ 

·3.3 ± 

l(d 

0.2 
2.0 
0.1 

. Basalt 

(ml/cm2), 

0.4 
3.0 

8.0 ± 0.7 

0.75 
10.0 
20.0 
40.0 5.6 ± 0.42 9.2 ± 0.92 

After 14 Days in 

10=~ ~ NaHC03 10_1 M NaHC03 10 M NaHC03 

-Desorption - - - - - - - -

100 ± 50 
9 ± 3 

1.6 ± 0.2 

100 ± 50 
46 ± 20 
28 ± 10 

1Sentinel Gap basalt and Westerly granite chips with esti
mated surface areas rangin~ from 3.7 to 8.4 cm2 in 5 ml of 
10-3 ~ NaHC03, pH 8.4 (S areas geometrically estimated). 

2 0ver 90% of the soluble Pu in these final solutions was 
Pu(V) originally present in the stock solution. A small 
pnrtion of the Pu(V); between 10-15%, was reduc~d by the 
rock chips. The desorption Kd'S, however, represent only 
the loss at Pu(IV) from the rocks surface, thus if the 
Pu(V) concentrations were subtracted from the soluble Pu, 
the resulting Kd would be ~bout 100 or close to the desorp
tion Kd in lQ-3 M NaHC03. ' 
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Neptunium(V), U(VI), Pu(V), and Pu(IV) Sorption on 

Rustler Formation Materials 

Culebra (dolomite) and Magenta (gypsum) materials sent to the WISAP 

contractors and characterized in PNL-2797 (Ames, 1978) were equilibrated 

with deionized water and air for one week. The solutions were filtered, 

evaporated until precipi~ates formed, and re~filtered .. Chemical analy-
I 

sis (Table 16) showed that the Culebra solution is essentially saturated 

with respect to dolomite (Culebra solution, 14.3 ppm Ca, 8.36 ppm Mg, 69 

ppm total co2, pH 8.6). The Magenta solution da~a (6.05 ppm Ca, 3.67 

ppm Mg, 17 ppm total C02, pH 7.8) woul~ need speciation analysis to 

ascertain species distribution because of sulfate. However, it is 

likely near saturation also. The respective solutio~s were tagged with 

the respective elements and oxidation states, and except for Pu(IV), all 

were solution-stable (one month). The Pu(IV)-tagged solutions were 

immediately added to the rocks. Washed, 20-50 me~~ rocks were used, 10 

. grams to 10 ml of equilibrating solution (Table 16). 

Table 17 indicates that Kd•s for U(VI) are lower than Np(V) for 

both rocks. This is due to the stronger carbonate complexes for U(VI). 

Culebra sorbed both elements more strongly than Magenta.· Plutonium was 

not stable and was reduced as the increasing Kd•s of the Pu(V) work 

suggests. Unpublished work suggests that Np(V) and Pu(V), as well as 

U(VI) and Pu(VI) should have about the same Kd (i.e., each oxidation 

state is similar). Based on desorption and added U-233 experiments, the 

Kd•s for Np and U appear to be truly equilibrium values, that is, 

sorption Kd equals desorption Kd. Not so for Pu(V). 

Tetravalent Pu was sorbed more strongly than the other oxidation 

states, and during the desorption tests, Pu(IV) actually came into 

solution from the Magenta since the soluble desorption concentration was 
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TABLE 16. Chemical Analyses of Solutions 
Equilibrated with Rustler Formation Rocks 1 

Rock 

Element Magenta Culebra 

- - - -~g/ml- - - -

605 
3.67 
4.4 

20.0 
1590 

0.13 
10.4 
17.0 

1.89 
0.02 

. 14.3 
8.36 
1.06 
0.54 
4.45 
0.17 
3.24 

69.0 
11.3 
0.014 

- - - -ng/ml- - - -

Mn 
Fe 

1 Supplied by WISAP 

2 Total alkalinity 

4.4 
1.9 
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TABLE 17. Oxid~·tion States of Np," u, Pu Show Variable Sorption 
Behavior Towards Rustler Formation Rocks 

Both Np(V) and U(VI) show stable valence, and reversible behavior; Pu(V) 
is ~educed to Pu(iV) which shows much higher sorption. Underlin~d 
values are assumed to be nea.r equilibrium Kd 1 S., M~genta solution pre
rock equilibrated (pH"7.8; total alkalinity 17 ppm).· Culebra solution 
pre-rock equilibrated (pH 8.6.; total alkalinity 69_ppm). 

· Kd, ml/gram (±S.D.) 
Time 

239Np(V) 237U(VI) · 236Pu(V) 236p~ (IV) Rock' ·Days 

Magenta ------- - - Sorption- - - - - -
;, 

0.13 2.2(.8) 1.7(.1) 
2 4.7(.6) 2.4(. 1) 2.6(.2) 
7 6.6(.5) 2.2(.1) 1 03(7) 382 ( 17) 
9 403(7) . 

- - - - -Desorption ------
2 3.5(.1) 1 > 200 
5 6.5(.3) 2.5(.5) > 200 
7 450(5) 3 

Culebra ------ - Sorption- -------
0.13 29 (. 7) 6.9(.3) 
2 127(2) 11.0"(.3) 
3 187(3) ' 12.1(.4) 65(6) 
5 118(4) 
7 199(4) l!_J_(.4) 148(5) 769(30) 
9 2136(34) 

- - - - - -Desorption - - - - - -
2 17.5(.2) 2 > 200 
5 199(3) 15.7(.2) > 200 
7 3027(20)1+ 

1U-233 added with re-equilibration solution had Kd = ~.n(.?) 

2 U-233 added with re-equilibration solution had Kd = 14. 6 ( . 5) 

3 Pu did come into solution upon contact with fresh solution 

4 Pu continued to be lost from solution (i.e., less' found in solu-
tion than left with the original aqueous phase not removed to 
determine adsorption). 

131 



larger than the small amount left when the adsorption-phase soluti~n was 

largely withdrawn. For Culebra, however~ the total soluble Pu after 

seven days of desorption was actually less than the soluble Pu .1 eft with 

the rock when the adsorption phase solution was withdra~n.. Th~s data

and the suggested reduction of Pu(V) to Pu(IV) by both rocks, indicated 

that the Pu Kd•s are greater than 400 for Magenta and greater than 3000 

for Culebra. For Pu, we use 11 K/ to compare with the Np and U results; 

nn P.quilibrium condition was established for thi~ 11 Kd 11
• These results 

are interesting because they point out the importance of carbonate in 

affecting Kd•s of Np and U. Granted the proof is not here~ but our 

experience with the two actinide oxidation states indicates this is a 

valid statement. More definitive.work will follow. 

'" 

•,',, 
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QUESTIONS A~D ANSWERS 

ORNL-Il 

Residual Time or Kinetics or Nuclide Concentration 

Q: Did you do the experiment more than once? 

A: No, but I have another one showing the resolution, and the effective time 
on, say, 1 day, 3 days, and 7 days. At the 1-day residence time, we can 
recover about 75% of it. Going down to the 3-day residence time, it is 
approximately 50%, and of course, at the 7-day residence time, which . 
implies that over time adsorption is enhanced. Apparently, more of the 
pertechnetate is being reduced in the column. 

Q: You really say you have an isotope separation process between 95 and 99. 
I mean the previous one. 

A: It is a mass difference, yes. Actually, we would be better off not even 
putting 99 or 95 min there. One.had a concentration of 1o-12 • The 
other had a concentration of 10-6• 

Q: I know that Eh is very difficult to measure, but I noticed that, Chet, 
you had Eh measurements of 0.014 to 0.625 volts measured over a long 
period of time. What was the drift in those measurements, and were you 
successful in measuring them accurately? 

A: There is certain amount of drift, I'd say for the most part less than 10 
or 15%. But that brings up an extremely good point. So many of the pre
sentations or the reports say under anoxic conditions, but what does it 

\ 

really mean? This is very important, because it makes a lot of differ-
ence between anoxic at pH 7 and 0.20 volts versus 0.14. 
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.. LABORATORY STUDIES OF PU-237 SORPTION ON SELECTED MINERALS 
UNDER ANOXIC CONDITIONS 

J. F. Relyea, R. J. Serne, R. W. Fulton, · 
C. D. Washburne and W. J. Martin 

INTRODUCTION 

An objective of the Waste Isolation Safety Assessment Program {WISAP) is 
to develop the capabilities needed to assess the post-closure safet~ of 
geologic ~e~ositories for radioactive waste. In support of this objective, 
scientifically defensible generic and site specific data necessary for safety . . . ' . 
assessments must be obtained. The sorption behavior of plutonium was studied 
as a part. ofWISAP Task 4 (Sorption/Desorption Analysis) to obtain defensible 
generic data, and to evaluate the methodology used for measuring sorption Kd 
values. 

Twelve selected minerals and four solutions were used to investigate the 
sorption ~ehavior of plutonium (Relyea et al. 1979) under ambient atmospheric 
conditions {p02 ~ 0.7). The lack of atmospheric oxygen at depths proposed 
for geologic repositories presents the possibility o~ an anoxic environment 
for waste migration, thus the plutonium behavior study has been replicated 
under anoxic conditions (p02 ~ 2.7). 

Sorption of plutonium by a particular mineral, rock or soil can be 
expressed by the Kd. value, 

(1) 

where: 

CA = Pu concentration in 'the adsorbed phase (dpm/g) and 
' 

CS = Pu concentration in the solution phase (dpm/ml) 

giving the Kd un1ts of ml/g. Complete sorption of Pu by a mineral yields an 
infinite Kd value while th~ other extreme (no mineral adsorption of Pu) gives 
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a Kd value of zero. A zero Kd allows the nuclide to move with the velocity of 
the ground water. As the Kd increases, nuclide movement is retarded. 

METHODS AND MATERIALS 

Bulk samples of twelve common minerals were obtained from Ward's Natural 
I 

Science Establishment Inc. These minerals were characterized chemically, 
physically and mineralogically (Ames 1979). 

The phyllosilicate minerals (kaolinite, montmorillonite, illit~, biotiie 
and vermiculite) were separated by sedimentation to obta1n the fract1on l~s~ 

than 2.0 ~m. Kaolinite, illite and montmorillonite werP furthP~ trPat~d with 
pH 5 sodium acetate to remove Caco3 and with 30% H2o2 to destroy organic 
matter. The tektosilicates (quartz, albite, anorthite and microcline) ~nd 

. . 
inosilicates {hornblende, enstatite and augite) were crushed to pass through a 
No. 140 sieve (<-106 ~m). All twelve minerals were washed with NaCl or CaC1 2 
(depending upon the solution to be used in the sorption study) to saturat~ 
exchange sites. Minerals were weighed in tared polycarbonate centrifuge tubes 
(0.50 g per tube) and washed three times with one of the four· untraced 
solutions. After the third wash, sample tubes were reweighed to determine the· 
excess solution left by.washing. 

Synthetic ground waters were prepared using reagent grade chemicals and 
distilled water. The four solutions used were 1) 5.13! NaCl at pH 7.0, 
2) 0.03 ~ CaC1 2 at pH 7.0, 3) 0.03 ~ NaCl at pH 7.0, and 4) 0.03 ~ NaHC03 
at pH 8.2. Adjustment of pH prior to tracer addition was made as needed with 
NaOH or HCl. 

A portion of each solution was filtered through a 0.45 m membrane and 
spiked with 237 Pu from an acid stock solution (%4 ~ HCl). Solutions were 
allowed to equilibrate for seven days with pH adjustments made as.needed. 
Spiked solutions were filtered again before adding 15 ml aliquots to tubes 
containing the mineral samples. -Blank tubes {15 ml of spiked influent 
solution with no mineral adsorbent) were used for determination of 1nflu~nt 
concentration and container wall adsorption. 
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Samples were shaken at about 60 oscillations per minute in a plexiglass 
box connected by tygon tubing to a modified Forma® anaerobic chamber. 
Samples were renioved from the shaker for analysis after cumulative shaking 
periods of 3, 10 and 30 days. Solid and liquid phases·were separated by 
centrifuging sample tubes at 6000 rpm (800 g*) for 20 minutes. Aliquots of 
10 ml were placed in plastic liquid sdntillation vials for gamma counting in 
a 5-in. by 5-in. Bicron well type Nai(Tl) crystal. Measurements.of pH and Eh 
were made on the slurry left in the sample tubes before returning the. 10 ml 

I 

counting aliquot for further shaking. Eh measurements were made with a 
commercial bright Pt electrode versus a calomel reference electrode. · 

Samples were run in triplicate using the blank-corrected batch method. 
Calculation of Kd values was carried out using the equation 

where: 

r = ratio of spiked solution volume (v) to the total solution volume 
(v + x). · 

v = volume of spiked solution added to sample tubes (15 ml). 
~ = volume of excess solution left after the third cold wash (ml). 

Ai = activity in solution from blank tubes (influent, dpm/ml). 
Ae = activity in solution from sample tubes (effluent, dpm/ml). 
w ~mass of mineral used for sorption (0.50 g). 

RESULTS AND DISCUSSION 

Results from the anoxic Pu adsorption experiment are shown in Tables 1 

through 4. Plutonium adsorption distribution coefficients Kd(Pu) under 
anoxic conditions were generally higher for the phyllosilicates than for 
either the tektosilicates or inosilicates. Comparison of Kd(Pu) values 
between ambient and anoxic environments or among solutions in an anoxic 

* g = 980 cm/sec2• 
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TABLE 1. Pu Adsorption in Reduced Oxygen Atmosphere 
(NaCl 5130 meqh) 

3 Daxs 10 Davs 30 Da;ts 
Mineral ...Q!i_ Eh Kd ..2.!L Eh Kd ...Q!i_ · Eh Kd 

I 11 i te 6.5 464 3090 7.2 . <0 1420 6.8 394 . >1200 
+0.2 +76 +820 +0.2 +590 +0.4 +28 

Montmor ill on i te 8.3 738 694 8.2 407 845 8.1 521 440 
+0.2 +18 +25 .::_0.1 .::_198 +65 +0.4 +11 +105 

Vermi cu 1 i te 8.3 733 448 8.5 833 685 8.5 560 ~998 
+0.5 +41 +105 +0.1 +94 +147 +0.1 -1:49 +453 

Biotite 8.5 744 360 8.3 638 641 7.9 533 >964 
+0.2 ·+21 '+72 +0.1 :,33 +47 .:!:,0.2 '!'50 "+512 

Kaolinite 6.7 464 967 6.4 266 389 6 .• 0 438 "• 343 
+0.3 +258 . +500 +0.2 +128 +53 +0.4 +109 +216 

Quartz 7.0 520 1060 6.5 505 351 7.1 529 251 
+0.5 1,189 .!,307 .!,0.1 +lb8 +48 +u.3 +Yti .!,157 

Albite 8.7 491 3620 8.5 <Q 1175 8.0 488 >1260 
+0.4 +108 +2210 .!,0.1 +309 +0-.4 +64 

Anorthite 8.8 551 • 3160 8.3 407 486 8.2 477 423 
+0.1 +184 .!,3090 +0.2 +104 +34 +0.4 +53 +197 

Microcline 8.7 393 4670 8.2 606 939 8.2 530 >1170 
+0.8 +403 +2240 +0.3 .!,38 +407 +0.3 +75 -+150 

Hornblende 8.7 463 1002 8.5 621 949 8.1 509 730 
+0.4 +127 +175 +0.1 +35 +178 +0.3. +16 +470 

Enstatite 8.6 686 886 8.4 335 497 . 7.5 467 245 . 
.!,0.3 +60 +163 +0.3 +92 +276 +1.5 +49 +46 

Augite 9.3 571 1141 9.1 405 633 8.7 541 >1260 
+0.2 +149 +495 +0.2 +205 +117 +0.1 +27 . 
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.. TABLE 2. Pu AdsorptiO'n in Reduced Oxygen Atmosphere 
(CaCl2 30 meq/R.) 

3 Oa~s 10 Oa~s 30 Oa~s 
·Mineral ..E.!!.. Eh Kd ...E.!:!._ Eh ___M_ ..E.!!.. Eh ~ 

I 11 fte 7.3 724 13,420 7.8 375 >9550. 7.9 162 ~1090 
+0.4 +8 .:!:_4,940 +0.1 +206 +0.2 +81 

Montmorillonite 8.1 785 5,657 7.7 622 >9550 8.1 398 >836 
+0.0 +16 +644 +0.1 +48 +0.2 +186 ~492 

Vermi cu 1 ite 8.0 758 6,770 7.9 109. >6020 8.2 474 >948 
+0.2 +38 .:!:_2,140 +0.0 +98 +2480 +0.2 +47 ~266 

Biotite 8.3 818 >2xl04 7.9 574 3840 8.1 452 >974 
+0.1 .:!:_20 +0.1 +329 +1270 +0.1 +109 E252 

Kaolir:Jite 6.9 .:!:_693 4,550 8;2 516 >9550 8.3 414 >880 
+0.0 +3 .:!:_1,300 +0.1 +116 +0.2 +51 ~380 

Quartz 8.1 .. 721 2,690 8.2 416 1060 8.2 223 588 
+0.5 +72 .:!:_2,040 +0.1 +42 +990 +0.1 +34 _:383 

Albite 9.1 770 >2xl04 8.3 650 NO 8.3 92 >1040 
+0.1 _:26 +0.3 +14 +0.2 +39 -_:110 

Anor.thite 8.5 748 >l.3xl04 8.0 12 1028 7.8 342 >663 
+0.2 _:33 +0.7xl04 +0.1 +19 +528 +0.6 +97 ~387 

Mi C:r.oc·l i ne . . 9.1 770 >1. 8xl04 8.6 26 1603 8.·2 145 >855 
•.. +0.3 .:!:_27 +o·.4x104 +0.1 44 +692 +0.2 +194 +424 

Hornblende 8.8 746 >i.2x104 8.6· 357 1690' 8.2 172 >897 
.:!:_0.1 .:!:_34 +o. 7xl04 +0.6 +256 +289 +0.2 +154 +"386 

Enstatite . 9.7 768 . 9, 790 8.7 606 139.3 8.6 521 >970 
+0.1 .:!:_63 .:!:_4,460 +0.2 +40 +226 +0.1 +95 ~260 

Augite. 9.4 809 >8,500 9.2 NO 1188 9.3 526 ~1100 
+0.3 .:!:_30 - +104 +0.') _:689 +0.1 +38 
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TABLE 3. Pu Adsorption in Reduced Oxygen Atmosphere 
., 

(NaCl 30 meq/~} . · . . · 

3 Da~s 10 Da~s 30 Daxs 
Mineral _2!:!_ Eh Kd _2!:!_ Eh Kd _2!:!_ Eh Kd 

I 11 ite 7.5 716 458 8.6 225 406 ·8.7 504 >467 
+0.1 +63 +161 +0.1 +22 +50 +0.1 +170 :-+57 

Montmor i 11 on i te 9.1 837 601 8.8 481 >2460 8.7 628 >575 
+0.2. +26 +97 +0.2 +278 +0.2 +211 

Vermiculite 8.5 797 5800 8.7 436 >2400 8.8 707 >500 
+0.2 +60 :_2680 +0.1 +70 +0.2 +18 

Biotite 8.7 620 1010 8.5 595 >2460 8.6 710 >575 
+0.3 +280 ,!180 +.0.1 +141 .!_0.1 .!,19 

Kaolinite 7.4 806 222 8.3 464 216 8.3 743 285 
+0.0 +21 +105 +0.1 +137 +18 +0.3 +65 ·+172 

Quartz 9.1 724 232 8.5 391 157 8.3 518 19 
.!_0,1 .!,206 !,4 t,0.3 ;tl09 +39 :_0.?. .:t)98 .:t.l8 

Albite 9.2 332. 216 9.3 246 1120 9.0 535 >575 
+0.1 +65 +24 :_0.2 +229 +800 . +0.4 +109 

Anorthite 9.0 661 236 8.6 <0 417 . a.5 · 595 81 
+0.1 +193 +52 :_0.2 +249 +0.3 +167 :_39 

Microcline 9.7 720 454 9.2 229 409 8.6 534 >335 
:_0.2 +27 :_174 :!:_0.2 :!:,128 :!:,370 +0.2 +265. ;-238 

Hornblende 9'.2. 723 1080 8.8 444 229 8.8 574 333 
:,o.s +22 :_396 :,o.1 :_164 +8 +0.1 +18 +86 

Enstatite 9.4 527 898 8.9 415 254 8.8 513 192 
+0.1 :_277 :_336 +0.1 ,!285 +109 +0.4 +379 +45 

Augite 9.9 716 1400 9.3 103 303 8.9 713 154 
+0.0 +69 +360 +0.2 +21 +249 +o.1 +58 +117 
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TABLE.4. Pu Adsorption in Reduced Oxygen Atmosphere 

(NaHC03 30 meq/i) 

3 Da~s 10 DalS 30 Da~s 
Mineral _.e!!._ Eh Kd ....E!!.... Eh Kd 1!!L Eh Kd 

I 11 ite· 8.5 761 1.8xlo4 8.8 225 3.4xlo4 9.5 27 ~10,860 
. +0.2. +34 +l.Oxlo4 +0.1 +50 + 1. 3x1o4 +1.0 .:_33 ~4,070 

Montmorillonite 8.7 808 2.0x1o4 9.2 401 1.15x104 11.2 332 +4,650 
+0.1 +36 +0.6xlo4 +0.1 +74 +O.l0xlo4 .:_0.9 .::33 ~1,870 

Venniculite 8.7· 803 8800 9.2 412 7tl40 10.8 490 2:15,580 
+0.2 +70 +4450 +0.2 .:_233 +1160 +0.4 +194 

Biotite 8.7 706 5510 9.0. . 448 6900 10.2 116 4,470. 
+0.0 +10 +6820 +0.0 +261 +2260 .::1.5 +104 +660 

Kaolinite 8.6. 675 >2.7x1Q4 9.1 283 l.23xlo4 9.3 419 >8,740 
+0.3 .:_23 -0.4x1Q4 +0.1 +140 +0.15xlo4 +0.1 +122 ~7 ,160 

Quartz 7.7 748 1610+314 9.2 374 309 9.7 693 73 
' .:_0.2 +51 +0.2 +211 +110 .::o.4 +9 +26 

Albite 9.2 . 344 >3x104 9.2 .252 4260 9.2 <0 1,650 
+0.1 +10 +0.1 +247 +1210 +1.0 +330 

Anorthite 9.1 736 5360 9.3 273 492 9.0 199 367 
+0.0 +17 .:_1490 +0.1 .:_173 +428 +0.4 .::197 +221 

Microcline 9.4 532 5010 9.4 '126 6050 10.1 163 288 
+0.2 +158 +4210 +0.1 .:t_55 +3570 .::o •. 5 +47 +87 

Hornblende 8.9 797 > 3x1o4 9.2 528 2650 9.2 638 1,310 
+0.1 +15 +0.0 +186 +990 +0.4 +32 .::1,020 

Enstatite 8.9 780 4090 9.2 279 1740 9.1 602 1,040 
+0.1 +49 +950 +0.1 +36 .::850 .::Lo +52 +110 

Augite 9.3 713 3310 9.3 363 1560 10.0 336 2,070 
+0.2 +20 +1070 +0.1 +224 +1220 +1.4 .::265 +600 
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environment was difficult because of adsorption of Pu by blank container 
walls. The blank container correction assumes that blank and sample tube 
walls adsorb the same amount of radionuclide. When blank tubes adsorb more 
than sample tubes, the measured value for Ai in Equation 2 is too low and the 
calculated Kd values are thus conservatively low.· 

Table 5 compares measured Kd(Pu) values at 30" days for ambient and anoxic 
environments. Blank wall adsorption of Pu placed upper limits on the measured 
anoxic Kd(Pu) values of 1000 ml/g in 5.13 ~ NaCl and 0.03 ~ NaCl, 500 ml/g in 
0.03 li CaC1 2 and 1.5 x 104 ml/g in 0.03 ~ NaHC03• Many· Kd(Pu) values . 
were equal to or larger than the upper limits, .creating difficulties in the 
comparison of Kd values between anoxic and ambient conditions or among 
solutions in the anoxic environment. 

A study of the Pu sorption by b 1 ank and samp 1 e tubes wa·s made to estimate 
the error introduced by blank corrections. Measured 237 Pu activities from · 
anoxic and ambient blank tubes (Ai) ·were determined after 30 days of shaking 
time (78 days elapsed time for anoxic and 178 days elapsed time for the 
ambient blanks). After correction for decay of 237Pu, a comparison was made 
with the influent activities after three days of shaking.· The difference was 
taken as the amount sorbed by blank tubes and is shown in Table 6. More blank 
tube sorption occurred under anoxic than ambient conditions in all solutions 
but the bicarbonate. 

One of each of the triplicate samples from the anoxic study was emptied 
of solid-liquid slurry and counted to determine the amount of 237 Pu sorbed 
by sample tube walls relative to the blank containers. The fraction of the 
tot a 1· Pu added to each tube which is ads or: bed by a b 1 ank tube was designated f 
and the fraction of the total Pu sorbed by a sample tube was called t. We 
found that blank tubes always adsorbed more Pu than the sample tubes with the 
same solution, f > t. Most sample tubes adsorbed less than 5% of the amount 
adsorbed by the blank tubes and none adsorbed more than 20% (t ~ 0.2 f). Some 
activity supposedly ad.sorbed by sample tubes could be attributed to activity 
on fine mineral particles adhering to tube walls or precipitates formed during 
weathering that may plate-out on the container. Thus, values for t would be 
biased toward the high side by these fines and precipitates. 
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TABlE 5; Comparison of Measured Kdm(Pu)(l) Va 1 ues· at 30 Days in 

Ambient Atmospheric and Anoxic Environments 

5.13 N NaCl 0.03 N CaC1 2 0.03 N NaCl 0.0: N NeHCQ., 
Mineral Ambient Anoxic Ambient Anoxic Jliiili1ent Anoxic Amli1ent Ancx1c 

I 11 ite 2,283(2) _::1 ,200 3,291 ~1 ,090 1,086 >467 12,180 >10,860 
+555 +696 +209 -+57 _:!:9,950 -_:!:4,070 

Montmori 11 on ite 918 . 440 5,268 >836 6,760 >575 7,510 4,650 
+781 +105 _:!:3,025 +492 _:!:4,565 _:!:1,810 _:!:1 ,870 

Vermiculite 1,648 >998 4,580 >948 2,333 >sao 6 780** ~,15. 580 
+316 +453 _:!:2,470 '+266 +731 ~864(3) 

Biotite 1,048 >964 1,195 >974 1,243 >575 2,222** ' 4,470 
+320 +512 +135 '+252 +101 . +376 +660 

Kaolinite 641 343 1,270 >880 1,218** 285 10,240 :_8,740 
+146 +216 +220 '+380 +301 +172 _:!:2,860 '!:...7,160 

Quartz 517 251 1,361 588 697* . 19 178* 73 
+235 +157 +334 +383 +300 +18 +31 +26 

Albite 1,997 :_1,260 2,732 > 1,040 2,875 >575 820** 1,650 
+148 +622 - +110' +381 +291 +330 

if~·· 

Anorthite 984 423 1,219 >663 1,219** 81 1,240* 367 
+216 +197 +71 +387 +76 +39 +145 +221 

Microcline 676** :_1,170 . 819 >855 428 >335 458 288 -: 
+122 +150 +135 '+424 +47 +'238 +40 +87 

Hornblence 969 730 1,324 >897 1,160* 333 1,813 1,310 
+150 +470 +284 +386 +340 +86 +382 _:!:1 ,020 :.~ 

Enstatite 755** 245 1,199 970 562** 192 713 1,040 •!:;-

+50 +46 +108 +260 +71 +45 +166 +110 
·:. 

Aupite 863** :_1,260 1,470 ::_1,100 950** ·154 2,660 2,070 
+130 +220 +170 +117 +380 +600 

(1) Kd(Pu) has units of ml/g. . 
(2) Each Kd value is reported as the. mean~ one standard deviation for three identical samples. 
(3) * denote~ a significant difference between the anoxic and ambient Kd(Pu) value with 

95% conf1dence while ** denotes greater than 99% confidence. . 
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TABLE 6. Adsorption of 237pu by Blank Container Walls Under Anoxic 
(p02 = 2.7) and Ambient (p02 = 0.7) Condition.s 

Ambient 
Anoxic 

5.13 N NaCl 

30%* 
76% 

0.03 N CaCl2 

0 
86% 

0.03 N NaCl 

35% 
72% 

0.03 N NaHC03 

47%. 
23% 

* Percent of total 237pu adsorbed after 30-day shaking time compared to 
influent activity after 3 days of shaking. 

Significant negative correlations (95% confidence ) were found between 
calculated Kd values and t/f in both 0~03 ! NaCl and 0.03 !'N~HC03 • The 
same correlation was significant at only 90% confidence in 5.13! NaCl ~nd no .. 
correlation was observed in 0.03 ! CaC1 2• In general more sa~ple tube 
adsorption is observed in containers with low Kd minerals such as quartz. 
Sorption of Pu .by a sample tube would effectively lower the effluent activity, 
Ae, in Equation 2, resulting in a higher Kd value. 

The effects of blank and sample container sorption on Kd{Pu) can be 
studied iff and t are.measured. Actual influent and effluent values (as if 
there were no container sorption) can be calculated from: 

Aim = Aia (1 f) 
and 

Aem = Aea (1 - t) 

(3) 

(4) 

where the letter ~ refers to measured values and ~ refers to actual values. 
Substitution of Aia and Aea into Equation 2 gives a corrected ,value for Kd{Pu): 

Kd = ~( . V ) ( Aim ) _ ( A em ) l ( 1 - t ) ( V + x ) 
a L v + x 1 - f 1 - t Aem w 

which reduces to: 

X 
w 
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.. The values for Kd(Pu) reported in Table 5 are calculated from measured 
values, defined by Equation 2 as: 

v [Aim l Kdm = w 
0 

Aem - 1 oX --w 
·.: 

The ratio Kdm/Kd is useful in displaying the effects of blank and 
0 

0 0 a 0 

sample container sorption of Pu. The ratio of Kdm/Kda obtained from 
Equations 6 and 7 is given by: 

.With the condition: 

we find that as f ..;.. 0 (or f -+ t); Kdm/Kda-+ 1; the measured and corrected 
Kd(Pu) values are the same. As f increases, Kdm decreases relative to Kda 

(7) 

(8) 

and conservatively low values for Kd(Pu) are calculated using Equations 2 or 7. 

Figure~ 1 and ~ graphically show the effect of blank tube sorption (f) on 
oO 0 

measured Kd(Pu) valuei. For large values of Kda, the ratio of Kdm/Kda 
approaches- (1 - f)/(1 - t), thus large values of Kdm can be corrected 
(conservatively) by using 

) 

For small values of Kdm, such as that found for quartz in 0.03 ~ NaCl 
(f = 0.72 ~nd t =·0.14), Figures 1 ~nd 2 ~ho~ that Kdm is less than zero for 
an actual Kd value less than 50 ml/g. Figure 3 shows the result of- lowering 
the solution to solid ratio {v/w). Reducing the solution volume relative to 
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FIGURE 1. Effects of Blank Container Sorption on Calculated Kdm 
Versus Corrected Kda Values . · 
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.. the solid phase results in a higher Kdm:Kd~ ratio only for small values of 
Kda. The limit imposed by Equation 9 on large Kd values remains 
unaffected. Even with v/w reduced from 30 ml/g to·s ml/g, the effects of 
blank tube sorption are large for the lower_ Kda region {0 ~ Kda ~ 10). 
Nuclides in this region are the most critical as they possess the highest 
migration potential. 

If the excess volume, x, is neglected in Equation·8 (resulting in a still. 
conservatively low estimate of Kda), Kda is given in terms of Kdm, f and 
t as: 

Kda = [Kd + _y_ ( f - t )~l ( 1 - t) m w 1 - t j 1 - f 
(10) 

·Table 7 Shows the corrected Kda(Pu) values from Table 5. Because 
sample tube sorption was not measured after the ambient Pu sorption study, a 
conservative value of t = 0.2'was used for correction of the ambient Kd(Pu) 
values. 

Before correction Table 5 shows no significant differences between 
ambient and anoxic Kdm(Pu) values in 0.03 ~ CaC1 2. Table 7 shows that in 
this solution, Kda(Pu) is generally larger under anoxic than ambient 
atmospheric conditions. A trend was found for larger Kdm(Pu) values under· 
ambient than anoxic conditions in 0.03 N NaCl. After correction of the· 

. ··.. . . . ·. 

calculated Kdm values, there were far fewer significant differences and the 
trend diSappeared. Correction of Kdm(Pu) also showed that Pu sorption from 
0.03 ~ NaHC03 is lower under anoxic than ambient conditions. 
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TABLE 7. Comparison of Corrected Kd(Pu)(l) Values at 30 days in 
Ambient Atmospheric and Anoxi.c Environments .. 

Mineral 

Illite 

Montmor ill on ite 

Vermiculite 

Biotite 

K.;o11 n1tP 

Quartz 

Albite 

Anorthite · 

~·1i croc 1 i ne 

Hornblende 

Enstatite 

Augite 

5.13 N NaCl 
Ambient Anoxic 

3,076* >5,100 
+745(2,3)-

1,240 
.:!_1,050 

2,220 
+430 

1,420 
~4:30 

870 
+200 

705 
+1lfi 

2,690** 
+200 

1,330 
+290 

920** 
+160 

1,310 
+200 

1,020 
+70 

1 170** 
~170 

1,930 
+439 

>4,260 
~1,890 

>3,950 
~1,990 

1.500 
+890 

1,110 
+h3ll 

~5,310 

1,810 
+800 

>4,830 
- +610 

>3,030 
~1,890 

1,080 
+190 

::._5,350 

(1) Kd(Pu) has units of ml/g. 

0.03 N CaCl2 
Ambient Anoxic 

3,291** 
. +696 

5,270 
.:!_3,030 

4,580 
.:!_2,470 

. 1,200** 
+140 

1,270* 
+220 

1,360 
:tjjQ 

2,730** 
+620 

·1,220 
+70 

820* 
+140 

1,320* 
+280 

1,200** 
+110 

1,470** 
+220 

'?._7,830 

5,990 
.:!_3,430 

>6,770 
. ~1,850 

> 7,080 
,!1.790 

>6,360 
-~2,680 

3,630 
:!:2.260 

7,400 
.:!,650 

>4,790 
~2,690 

> 6 '180 
~2,990 

>6,480 
:£2,710 

>6,870 
~1,790 

::_7,900 

0.03 N NaCl 
Ambient .Anoxic 

1,567 
+300 

>1,730 
. - +203 

0.03 N NaHC03 
Ambient Anoxic 

2.1x1o4 
+1.7x1o4 · 

>1.4x1o4 
~0.5x1o4. 

9,680 
.:!_6,530 

'?._2,120 ' 1.3x104* 
+0.3x1o4 

6~030 
.:!_2,4.20 

3,350 
+1.050 

1,790* 
;!:150 

1,760 
+430 

1,010*· 
.:!:,4~0 

4,130 
+550 

1,760** 
+110 

630 
+70 . 

1,680 
+490 

820 
+100 

1,370 
+240 

~1,850 

.~2;120 . 

1,070 
+600 

92 
1'69 

?_2,100 

362 
+138 

1,250 
+840. 

1,250 
.:!,300 

753 
+157 

820 
+760 

1.2x104** >2.0x1o4 
.:!_0.1x.1o4 

3,820* 
::_640 

1.ax1o4 
+0.5x1o4 

326** 
+53 

1,420 
+500 

. 2,140** 
+250 

800** 
+70 

3,120 
+650 

1,240 
+280 

4,560* 
+640 

5,780 
.:!,850 

;. l.lxlo4 
+o.Yx1U4 

100 
. +32 

2,120 
.:!,420 

470 
.:!,280 

365 
.:!,108 

1,660 
.:!_1,290 

1,350 
.:!,140 

2,670 
.:!,770 

(2) Each Kd value is reported as the mean + one standard deviation for three identical samples. 
(3) * denotes a significant difference between the anoxic and ambient Kd(Pu) value with 

95% confidence while ** denotes greater than 99% confidence. 
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. SUMMARY-AND CONCLUSIONS 

The blan~~corrected batch method is not well suited for measuring low Kd 
values when the radionuclide. under study is sorbed on blank-container and 

' . 
sample container walls. Containers which do not adsorb-the nuclide should be· 
used, but this may not be possible with nuclides such as Pu and·Am. 

A method which directly determines the radionuclide activity on the sol~d 
phase is more appropriate for '1~w Kd determinations; however, this method is 
more time consUming than. the-blank-corrected batch method as it requires twice 
the counting time. Measurement of the activity sorbed on blank container and 
sample container walls can be utilized to correct measured Kd values, but this 
too requires extra counting time. 

Corrections have been made for measured Kd values for plutonium under 
anoxic conditions after 30 days of shaking. Values for Kd{Pu) were highest 
for the phyllosilicate minerals illite, montmorillonite, vermiculite· and 
biotite. Corrected Kda(Pu) values were generally higher. under anoxic than 
ambient atmospheric conditions in both 5.13 ~ NaCl and 0.03 ~ Cac1 2• Lower 
values for Kda(Pu) were observed in 0.03 ~ NaHC03 under anoxic than under 
ambient conditions. 

There were no statistically significant differences in Kda{Pu) for the 
two oxygen conditions for the 0.03 ~ NaCl solution. Thermodynamic data 
suggest that Pu sorption would be greater under anoxic conditions as shown in 
two of the four solutions used. At present there is no explanat1on for the 
apparent 1 ack of a.greement of the other two so 1 uti ons. In genera 1 Pu 
adsorption by the minerals was high with the lowest mean value for corrected 
data being Kda{Pu) = 92 for quartz under anoxic conditions. Of the 
96 permutations (12 minerals x 4 solutions x 2 oxygen conditions) in only 
14 instances did the Kda(Pu) fall below 1000 ml/g and in only 5 instances 
did Kd (Pu) fall below 500 ml/g. . a 
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.. TABLE 1. Pu Adsorption in Reduced Oxygen Atmosphere 
(NaCl 5130 meq/i) 

3 oa~s 10 Davs 30 Da~s 
Mineral ~ Eh Kd ~ Eh Kd ~ Eh Kd 

I 11 ite 6.5 464 3090 7.2 <O 1420 6.8 394 >1200 
+0.2 +76 +820 +0.2 +590 +0.4. +28 -. 

Mon tmor i 1·1 on ite 8.3 738· 694 8.2 407 845 8.1 521 440 
+0.2 +18 +25 +0.1 +198 +65 +0.4 +17 +105 

.. 
Vermi cu 11 te 8.3 . 733 448' 8.5 833 685 8.5· 560 >998 

+0.5 +41 +105 +0.1 +94 +147 +0.1 +49 +453 -

. ·Biotite 8.5 . 744' 360 8.'3 638 641 . 7. 9 533 >964 
+0.2 +21 +72 +0.1 +33 +47 +0.2 +50 +512 

Kaolinite 6.7 464 967 6.4 266 389 6.0 438 343 
+0.3 +258 +500 +0.2 +128 +53 +0.4 +109 +216 

Quartz 7.0 520 1060 6·. 5 505 351 7.1 529 251 
+0.5 +189 +307 +0.1 '+168 +48 +0.3 +96 +157 

Albite 8.7 491. 3620 8.5 <0 1175 . 8.0 488 >1260 
+0.4 +108 +2210 +0.1 +309 +0.4 +64 

. Anorthite 8.8 551 3160 8.3 407 486 8.2 477 423 
+0.1 '+184 +3090 ·+0.2 +104 +34 +0.4 +53 +197 

Microcline 8.7· 393 4670 8.2- 606 939 8.2 530 >1170 
+0.8 +403 +2240 +0.3 +38 +407 +0.3 +75 -+150 

Hornblende 8.7 463 1002 8.5 621 949 8.1 509 730 
+0.4 . +127 +175 +0.1 +35 +178 +0.3 +lG +470 - - -

·Enstatite 8~6 686 886. 8.4 335 497 7.5 467 245 
+0.3 +60 +163 +0.3 +92 +276 +1.5 +49 +46 - -

Augite· 9.3 571 1141 9.1 405 633 8.7 541' >1260 
+0.2 +149 +495 +0.2 +205 +117 +0.1 +27 
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TABLE 2. Pu Adsorption in Reduced Oxygen Atmosphere I (CaCl2 30 meq/.!1,) 

3 Da~s 10 Da~s 30 Da~s 
Mineral __p_!!_ Eh Kd __p_!!_ Eh Kd __p_!!_ Eh Kd 

Illite 7.3 724 13,420 7.8 375 >9550 7.9 162 >1090 
+0.4 +8 ~4,940 +0.1 +206 +0.2 +81 

Montmorillonite 8.1 785 5,657 7.7 622 >9550 8.1 398 >836 
+0.0 +16 +644 +0.1 +48 +0.2 +186 +492 -

Vermi cu 1 i te 8.0 758 6,770 7.9 109 >6020 8.2 474 >948 
+0.2 +38 +2,140 +0.0 +98. +2480 +0.2 +47 +"266 - . -

Biotite 8.3 818 >2x1o4 7.9 674 3840 8.1 452 >974 
+0.1 +20 +0.1- +329 +1270 +0.1 +109. +252 

Kaolinite 6.9 +693 4,550 8.2 516 >9550 8.3 414 >880 
. +0.0 +3 . ~1,300 +0.1 +116 +0.2 +51 +"380 

Quartz 8.1 721 2,690 8.2 416 1060 8.2 223 588 
+0.5 +72 ~2,040 +0.1 +42 +990 +0.1 +34 +383 -

Albite 9.1 770 >2xl04 8.3 650 ND 8.3 92 >1040 
+0.1 +26 +0.3 +14 +0.2 +39 -+110 

Anorthite 8.5 748 >1.3x1o4 8.0 12 1028 7.8 342 ·>663 
+0.2 +33 +0.7x104 +0.1 +19 +528 +0.6 +97 +387 

Microcline 9.1 770 >1.8x104 8.6 26 1603 . 8.2 145 >855 
+0.3 +27 .+0.4x1o4 +0.1 44 +692 +0.2 +194 +424 -

Hornblende 8.8 746 >1.2x1o4 8.6 357 1690 8.2 172 >897 
+0.1 +34 +o.7x1o4 +0.6 +256 +289 +0.2 +154' +386 

Enstatite 9.7 768 9,790 8.7 606 1393 8.6 521 >970 
+0.1 +63 ~4,460 +0.2 +40 +226 +0.1 +95 ':F2ou 

Augite 9.4 809 >8, 500 9.2 ND 1188 9.3 526 >1100 
. +0.3 +30 - +104 +0.0 +689 +0.1 +38 
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.. TABLE 3. Pu Adsorption in Reduced Oxygen Atmosphere 
(NaCl 30 meq/t) 

3 Da~s 10 Da~s 30 Da~s 
Mineral ...Eli_ Eh- Kd ...Eli_ Eh Kd _1lli_ Eh Kd 

I 11 ite 7.5 716 458 8.6 226 406 8.7 504 >467 
+0.1 +63 +161 +0.1 +22 I +50 '+0.1 +170 -+57 - -

Montmorillonite 9.1 837 601 8.8 481 >2460 8.7 628 >575 
+0.2 +26 +97 +0.2 +278 +0.2 +211 

· ·Vermiculite 8.5 797 5800 8.7 436 >2400 ·8.8 707 >500 
+0.2, +60 +2680 +0.1 +70 +0.2 +18 

Biotite 8.7 620 1010 8.5 595. >2460 8.6 710 >575 
+0.3 +280 +180 '+0.1 +141 +0.1 +19 

Kao 1 i n~te 7.4 806 222 8.3 464 216 8.3 743 285 
. +0.0 +21 +105 +0.1 +137 +18 +0.3 +65 +172 - ... .. 

Quartz 9.1 724 232 8.5 391 157 . 8.3 518 19 
+0.1 . +206 +4 +0.3 +109 +39 +0.2 +198 +18 

Albite 9.2 332 216 9.3 246 1120 9.0 535 >575 
+0.1 +65 +24 +0.2 +229 +800 +0.4 +109 

'/; 

Anorthite 9.0 661 236 8.6 <0 417 ' 8.5 595 81 
+0.1 +193 +52 +0.2 +249 +0.3 +167 +39 ... 

.. ~· :; 

Microcline 9.7 720 454 9.2 229 409 8.6 534 >335 
+0~2 +27 +174 +0.2 +128 +370 +0.2 +265 +238 

Hornb 1 en de 9.2 728 1080 8.8 444 229 8.8 574 333 
+0.5 +22 +396 +0.1 +164 +8 +0.1 +18 +86 

Enstatite· 9.4 527 898 8.9 415 254 8.8 . 513 192 
+0.1 +277 +336 +0.1 +285 +109 +0.4 +319 +45 

Augite 9. 9·. 716 1400 9.3 103 303 8.9 713 154 
+0.0 +69 +360 +0.2 +21 +249 +0.1 +58 +117 
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TABLE 4. Pu Adsorption in Reduced Oxygen Atmosphere J 
(NaHC03 30 meq/X) 

3 Da~s 10 Da~s 30 Da~s 
Mi nera 1 __£):!__ Eh Kd __£):!__ Eh Kd £!"!___ Eh Kd 

I 11 ite 8.5 761 1. 8xlo4 8.8 225 3.4xlo4 9.5 27 >10~860 
+0.2 +34 +l.Oxlo4 +0.1 +50 +1. 3xlo4 +1.0 +33 -~4,070 

Montmor i 11 on ite 8. 7 808 2.0xlo4. 9.2 401 1.15xlo4 11.2 332 +4,650 
+0.1 +36 +0.6xio4 +0.1 +74 +0.10xlo4· +0.9 +33 ~1,870 

Vermi CLil ite 8. 7 803 8800 9.2 412 7440 10.8 . 490 _::15,580 
+0.2 +70 +4450 +0.2 +233 +1160 +0.4 +194 

Biotite 8.7 706 5510 9.0 448 6900 10.2 116 4,470 
+0.0 +10 +6820 +0.0 +261 +2260 +1.5 +104 +660 

Kaolinite 8.6 675 >2.7xlo4 9.1 283 1.23xlo4 9.3 419 >8,740 
+0.3 +23 - 4 +0.1 +140 +0.15xlo4 +0.1 +122 ~7,160 0.4x10. 

Quartz .7.7 748 1610+314 9.2 .374 309 9.7 693 73 
+0.2 +51 +0.2 +211 +110 +0.4 +9 +26 

A 1 bite 9.2 344 >3xl04 9.2 252 4260 9.2 <0 1,650 
+0.1 +10 . +0.1 +247 +1210 +1.0 +330 

Anorthite 9.1 736 5360 9.3 273 492 9.0 199 ... 367 
+0.0 +17 +1490 +0.1 +173 +428 +0.4 +197 +221 -

Microc1ine 9.4 532 5010 9.4 126 6050 10.1 163 288 
+0.2 +158 +4210 +0.1 +55 +3570 +0.5 +47 +87 

Hornblende 8.9 797 > 3x1Q4 9.2 528 2650 9.2 638 1,310 
+0.1 +15 . +0.0 +186 +990 +0.4 +32 ~1,020 -

Enstatite 8.9 780 4090 9.2 279 1740 9.1 602 1,040 
+0.1 +49 +950 +0.1 . ~3,6 +850 +1.0 +52 +110 -

Augite 9.3 713 3310 9.3 363 1560 10.0 336 2,070 
+0.2 +20 +1070 +0.1 +224 +12?0 +L4 1·265 +600 -
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INTRODUCTION· 

Soil clay minerals purified according to the procedures recommended by 
Jackson (1956) are often used in studies of.the behavior of trace metals from 
sewage sludge, coal fly ash or radionuclides from nuclear waste. Jackson's 
procedure was originally a purification technique for soil clays prior to 
mineralogical analysis. Use of hydrogen peroxide for organic matter removal 
is impJied in numerous references to Jackson (1956) and explicit mention of 
the hydrogen peroxide (H2o2) treatment. is found in many others: Huang 
(1975); Landa, Thorvig and Gast (1977); Shuman (1976); and Weidenfeld and 
Hossner. (1978). 

Destruction of organic matter with H2o2 has been shown to destroy the 
amorphous oxides of Fe, Si, Al and Mn, and to lower the soil pH (Lavkulich and 
Wiens 1970, Douglas 1971). This obviously changes some soil properties but is 
not thought to greatly change the properties of clay minerals for purposes of 
mineralogical analysis. However, these purification procedures are often used 
on clay samples intended for other 'purposes than mineralogical analysis and 
important differences between treated (H2o2 or NaOCl) and untreated clays 
may go unnoticed. 

Many heavy metals and radionuclides that are-potentially hazardous to man 
have more than one possible oxidation state. Anerobic or ano~ic environments 
would find these elements in a reduced state with a concomitant change in 
behavior relative to aerobic environments. 

Oxidation of clay minerals by H2o2 or NaOCl may buffer the redox 
potential (Eh) of a system at sufficiently high values such that expected 
changes in oxidation states cannot occur. Bondietti and Francis (1979) found 
that NaOCl treated.basalt could not reduce Tc04 in :an aerobic environment, 
but untreated basalt in an anoxic environment did reduce the Tc04 to a form 
bound to the basalt surface. It is though that similar effects may be 
observed on clay minerals treated with H2o2 and utilized to study the 
sorption behavior of radionuclides in an anoxic environment. 

161 



METHODS AND MATERIALS 

Bulk samples of kaolinite (Macon, GA), montmorillonite _(Chambers, AZ, 
No. 23) and Vermiculite (ID) were obtained from Wards Natural Scie~ce Estab
lishment Inc. Table 1 shows the surface areas (by Ethylene Glycol) and cation 
exchang~ capacities (CEC determined by the 85sr method) for these clays and 
Table 2 gives their bulk chemical compositions and mineralogies .. 

:In preparation, approximately 200 g of kaolinite and montmorillonite were 
·ground with a ceramic mortar and pestle to pass through a 120 mesh seive 

(>125 ~m). The vermiculite wa~ placled in a blender at a ~lurry for fifteen 
minutes and oven dried prior to grinding with mortar and pestle. Samples were 
wash~d in 1M NaCl then distilled ~ater before being split in halves. 
Approximately one~half of each sample (100 g) was subjected to an H2o2 
treatment in which a 2 to 1 clay-water suspension was heated to 65° ~ 5°C. 
Small aliquots of 30% H2o2 were added over a six hour period. To minimize 
damage to the clays no acid was added to lower the pH. Treated and_untreated· .. . 
clays were then washeo once with 1 N .NaCl and three times in distilled 
de-ionized water before being freeze~dried. 

Adsorption experiments were carried out in a 3x3x2 factorial design 
(3 minerials, 3 salt concentrations and 2 H2o2 treatments - treated ·and 
untreated) with 3 repititions. 

I 

Salt -concentrations used were 1 to 1, 1 to 10 and 1 to 100 dilutions of 
WIPP Brine B as shown in Table 3, which are essentially 5.0,. 0.5 and 0.05 N 
NaCl. 

One· gram samples of each clay were weighed· into tared 50 ml Oak ~idge 
type-screw cap polycarbonate centrifuge tubes. Each sample was subsequently 
washed twice under anoxic conditions with 15 ml of the appropriate solution 
and reweighed to .determine t~e excess solution remaining. Thirty milliliters 

·of spiked (85sr. and 95mTc) de-oxyg~nated solution was then pipetted into 
each tube. 
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Tub.es were shaken under an anoxic atmosphere ( p02 = 2. 7) and samp 1 ed at 

10 and 30 days. At each sampling time all tubes were centrifuged at 7000 rpm 
for 20 min and 10 ml of solution was removed for gamma-ray counting on an 
ORTEC 25% Ge(Li) detector. Measurements of pH and redox potential (~h) were 
also made at these times. 

Distribution coefficients (Kd) were calculated using the blank corrected -
batch Kd formula: 

where 

Kd = ( rA i A; Ae) ( v:x) 

r =·ratio' Of tracer solution volume to total solution volume= ~/(v+x) 

v =volume of tracer solution added (30 ml) 

x = volume of excess solution left after last wash (ml) 

Ai. = radionuclide activity in solution from blank container (tracer 
influent without clay) (cpm in 10 ml) 

Ae· = radionuclide activity left in solution after contact with clay 
(~ffluent) (cpm in 10 ml) 

w = mass of clay in sample tubes (1.00 g) . 
... . 

High Kd values. represent a small amount of activity. in the solution and high 
sorption on the minerals . 

. RESULTS.AND DISCUSSION 

No significant differences were detected for strontium adsorption between 
treated and untr,eated clay·samples (Tables 4, 5 and 6). Values for strontium 
distribution coefficients, Kd(Sr), were found to increase as the NaCl con
centration decreased. Values for Kd(Sr). were also found to increase as the 
mineral surface area and CEC increased. Strontium behavior follows ion 
exch.ange theory and the H 0 pretreatment effects are insignificant. 

163 



No significant differences were detected for ph or Eh values (Tables 7, 8 
and 9) on treated and untreated clay sample pairs. Thus, the treatment did 
not affect clay samples to a measurable extent as far as the pH and Eh were 
concerned. 

Tables 10 and 11 (strontium analysis of variance, ANOVA, for ten and 
thirty day results) show the significant sources of variation for Sr to be 
i) the salt conc'entration, 2) t'he mineral type, and 3) the salt 
concentration - mineral interaction. The relative significance of these· is 
unchanged between ten and thirty days. 

Mineral and treatment effects on technetium adsorption (Tables 12 and 13) 
are significant at both ten and thirty days; however, the mineral effects 
differ from those found with Sr. Values found for Kd(Tc) do not correlate with 
the CEC or the surface area as Kd(Sr) values did. Adsorption Kd values for Tc 
show a tendency to increase with decre_asing salt concentration only at thirty 
days. The salt effects are shown to be significant only in Table 10 (thirty 
day ANOVA). 

At ten days, t~eatment effects are the most signifi~ant source of varia-
; 

tion in technetium adsorption. After thirty days treatment effects are still 
significant, but the order of importance has become: 1) mineral, 2) salt con
centration, 3) salt-concentration-mineral interaction, a~d 4) treatment. The 
behavior of technetium at thirty days has become more like that of strontium. 
Effects from the pretreatment of clays with oxidants may not be significant 
for longer experiments. Values for Kd(Tc) on montmorillonite showed no sig
nificant differences between treatments at thirty days (Table 6); At longer 
times differences between treated and untreated kaolinite and vermiculite may 
also disappear. 

CONCLUSIONS 

Treatment of three clay minerals with hydrogen peroxide affects the 
observed adsorption behavior of technetium relative to untreated clay under 
anoxic conditions .. A possible adsorption mechanism for Tc is the reduction of 
Tc04 to a more positively charged or better adsorbed species. Oxidation of 
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the clay by H2o2 would hinder the reduction of Tc04 by buffering the 
clay-water system at a higher Eh value, although a difference in measured Eh 
value may go undetected. 

Sorption of strontium by the clays under the same conditions is not 
affected by a pretreatment with H2o2• The behavior of strontium follows 
that expected from ion exchange theory • 
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TABLE 1. Physical Characterization of Clays 

·Cation Exchange 

Mineral 
Capacity . 

meq/100 g (85~ 

Surface Area 
m2;g .. 

(Ethylene Gly~ol) 

Kao 1 in ite 
Vermiculite 

.Montmorillonite 

5.0 + 0.9 
n.o + 4.8 
87.4 + 2.7 

30.7 + 0.5 
312.5 + 7.8 
722.2. ~ 6.9 

J 

TABLE 2. Chemical-Mineralogical Characterization of Clays 
(Large area electron microprobe chemical analysis) 

Si02 
Ti02 .. 
A10o3 
Fe 
CaO 
M·go 
Na20 

. K20 · 

TABLE 3. 

. .. 

Kao 1 i nite 
wt% 

54·.8 
1.5 

43.1 
0.1 

<0.1 
<o.1 
<o.1 

,. -0.4 . 
99.9% 

96% 
Kaolinite 

Up to 4% Quartz 

Salt Solution Composition 

CONCENTRATION 

Cations 

.. ca2+ 
Mg2+ 
Sr2+ 
Na+ 
K+ 
cs+ 

Anions 

(mg/Liter) 

900 
10 
1.5 

115,000 
15 
1.0 

10 
4,190 

175,000 
10 

400 
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Vermiculite 
wt% 

47.7 
0.7 

11.7 
9.5 
1.3 

22.0 
0.5 
6.2 

99.6% 

70% 
Vermiculite 
30% Biotite 

(WIPP Brine B, 

meq/L iter) 

45.00 
0.82 
0.03 

5000 
0.38 
0.01 

0.16 
87.3 : 

4936 
0.51 
5.00 

Montmorillonite 
wt% 

64.6 
0.3 

. 19.3 
3.3 
8.5 
3.3 

< 0.1 
<o.1 
99.3% 

92% 
Montmorillonite 
Up to 8% Calcite 

slightly altered} 
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(1) untreated clay was not subjected to H292, treated clay was heated at 
60 C with 30% H20z. 

(2) mean~ std. dev. (n=3). 

TABLE 5. Adsorption Kd Values for 85sr and 95mrc on Vermiculite (ml/g) 

Salt Adsorption Kd(Sr} Kd{Tc} 
·concentration Time (da~s} Untreated Treated Untreated Treated 

' .. 
7.5 + 6.6(2) 3.3 + 0.4 10 21 + 20 5.6 + 7.8 

5.0 M NaCl 
; - I 

30 9.2 + 2.1 3.3 + 0.3 16 + 6 6.8 + 5.3 

7.3 +·1.9 ' 10 5.5 + 0.5 1.2 + 1.4 -1.8 + 2.0 
0.5 M NaCl 

30 7.0 + 0.7 8.6·+ 1.1 45 + 6 -1.9 + 2.8 

10 152 + U} 126 + 20 30 + 19 8.9 + 0.4 
0. 05 M NaCl 

3~)' 260 + 88 194 + 66 170 + 46 124 + 36 

(1) untreated clay was not subjected to H202, treated clay was heated at 
60 C with 30% H20z. 

(2) mean~ std. dev. (n=3). 
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TABLE 6. Adsorption Kd Values for 85sr and 95mTc on Montmorillonite 
{ml/g) 

Salt 
Concentration 

Adsorption Kd(Sr) · Kd(Tc) 
Time (da_ys) Untreated Treated Untreated 

10 o.9 + Lo(2) 0.7 + 0.6 0.0 + 1.2 
5.0 !1 N~Cl 

30 1.9 + 0.6 1.0 + 1.7 3.5 + 2.7 

10 12.3 + 1.2 . 14.6 + 1.1 -0.2 + 1.1 
0. 5 M NaCl 

30 11.3 + 0.7 li.2 + 1.0 5.3 + 0.8 

10 225 + 40 222 + 33 4.3 + 0.4 
0.05 M. NaCl 

30 360 + 90 267 + 32 ~.2 + 1.0 

(1) untreated clay was ·not subjected ·to H202, treated clay was heated at 
60 C with 30% H202. 

(2) mean~ std. dev. tn=3). 

* Eh(o) = measured Eh (mv) + (pH) {59 mv) 

Treated 

.-0.4 + 0.5 

-0.2 + 1.6 

-2.7 ~ 1.0 

4.3 + 1.3 

2.3 + 0.9 

5.7.:!:. 2.9. 

(1) pH = mean ~ (std. dev. of 3 measurements + 0.2 pH units meter accurac~) 
(2) Eh(o) = mean + std. dev. of 3 measurements 
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TABLE~. Measured pH and Eh Values ftir Vermiculite Systems. 

Concentration 
Adsorption Untreated H202 Treated 
Time {da~s) QH Eh{ol* QH Eh{ol* 

10 7.3 + 0.3(1) 520 + 9o(2) 7.3·+ 0.3 590 + 50 
5.0 M NaCl 

30 7.7 + 0.3 610 + 20 7.7 + 0.3 660 + 20 

10 7.6 + 0.2 620 + 10 7.4 + 0.3 600 + 10 
0.5 M NaCl 

30 8.3 + 0.3 640 + 30 7.7 + 0.3 640 + 20 

10 7.4 + 0.3 580 + 50 7.3 + 0.3 590 + 10 
0.05 M NaCl 

30 7.4 + 0.4 640 + 50 7.1 + 0.3 610 + 10 

* Eh(o) = measured Eh (mv) + (pH) (59 mv) 
(1) pH = mean + (std. dev. of 3 measurements + 0.2 pH units meter accuracy) 
(2) Eh(o) =mean~ std. dev. of-3 measurements 

TABLE 9. Measured pH and Eh values for Montmorillonite Systems 

Concentrat1on 
Adsorption Untreated H202 Treated 
Time {da~s) QH Eh{ol* QH Eh{ol* 

10 7.0 + 0.30) 570 + 5o(2) 6.9 + 0.3 580 + 90 
5.0 M NaCl 

30 ·6.9 + 0.3 530 + 30 7.3 + 0.5 580 + 20 

10 7.4 + 0.3 640 + 0 7.4 + 0.2 670 + 20 
0. 5 M NaCl -

30 7.8 + 0.3 680 + 30 7.7 .+ 0.4. 670 + 30 

10 7.4 + 0.2 610 + 20 7.4 + 0.3 600 + 80 
0.05 M NaCl 

30 7.6 + 0.3 620 + 60 7.7 + 0.3 640 + 60 

* Eh(o) = measured Eh (mv) + (pH) (59 mv) 
(1) pH = mean + (std. dev. of 3 measurements + 0.2 pH units meter accuracy) 

· (2) Eh(o) = mean~ std. dev. of 3 measurements 
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TABLE 10. Analysis of Variance for Sr Adsorption at Three Salt 
-Concentrations on Peroxide Treated and Untreated 
Clays 

At 10 Days 

Source of Degrees of Mean 
Variation Freedom Sguares F-Value 

Treatment (T) 1 104 0.5 ns 
Mi ne·ra 1 {M) 2 25,534 134 ** 
Salt Concentration·($) 2 87,510 460 ** 
T x M 2 153 0.8 ns 
T X S 2 127 0.7 ns 
M X s 4 21,070 111 ** 
T X M X s 4 103 0.5 ns 
Error 36 190 

ns - Not Significant 
** - Significant .at 99% Confidence or Higher 

- TABLE 11. Analysis of Varianc~ for Sr'Adsorption at Three Salt 
Concentrations on Peroxide Treated and Untreated 
Clays 

At 30 Days 

Source of Degrees of Mean 
Variation Freedom Sguares F-Value 

Treatment (T) 1 4,396 3.6 ns 

Mineral {M) 2 52,651 43.5 ** 
Salt Concentration.. ( s) . 2 192,289 161.5 ** 
T X M 2. 1,280 1.1 ns 
T X s 2 3,923 3.2 ns 
M X s 4' 45,575 37.7 ** 
T X M X s 4 1,242 1.0 ns 
Error 36 1,209 

ns - Not Significant 
** - Significant at 99% Confidence or Higher 
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.. TABLE 12. Analysis of Variance for Tc Adsorption at Three Salt 
Concentrations on Peroxide Treated and Untreated 
Clays / 

At 10 Days 

Source of Degrees of Mean 
Variation Freedom Sguares F-Value 

Treatment (T) 1 892 13.9 ** 
Mineral {M) 2 478 7.4 ** 
Salt Concentration (S) 2 196 3.0 ns 
T x M 2 158 2.5 ns 
T X S 2 39 0.6 ns 
M X s 4 271 4.2 ** 
T x M X S 4 103 1.6 ns 
Error 36 64 ' 

ns - Not Significant 
** - Significant at 99% Confidence or Higher 

· TABLE 13. Analysis of Variance for Tc Adsorption at Three Salt' 
Concentrations on Peroxide Treated and Untreated 
Clays 

,' 
At 30 Da~s 

Source of Degrees of Mean 
Variation Freedom Sguares F-Value 

Treatment (T) 1 8,006 25 ** 
Mineral {M) 2 15,120 47 ** 
Salt Concentrations {S) 2 14,463 45 ** 
T ·x M 2 1,870 5.8 ' ** 
T X s 2 1,157 3.6 •• 
M X S 4, 10,508 33. ** 
T X M X s 4 423 1.3 ns 
Error 36 323 

n,s - Not Significant 
* - Significant at 95% Confidence 
** - Significant at 99% Confidence or Higher 
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SORPTION BEHAVIOR OF 85sr, 137cs and 95m Tc UNDER NORMAL 
ATMOSPHERIC AND REDUCED OXYGEN LEVELS 

The Objective of this study was to determine whether the sorption
desorption behavior of radionuclides is affected by reducing the oxygen level 
in a rock-solution system. In order to accomplish the objective, a series of 
batch adsorption experiments were conducted in an anoxic chamber for compari
son with previous results obtained under ambient atmospheric conditions.( 1) 
Oxygen levels were reduced to less than 2000 ppm inside the anoxic chamber 
(compared to 200,000 ppm in air). Common to both anoxic and ambient studies 
were four solutions (5.13!! NaCl, 0.03Ji CaC1 2., 0.03!! NaCl and 0.03Ji NaHC03) 
and twelve minerals, including phyllosilicates (montmorillonite, illite, ver.-

. . 
miculite, biotite and kaolinite), tektosilicates (quartz, albite, anorthite 
and microcline), and inosilicates (hornblende, enstatite and augite). 

The minerals were crushed to less than 111 pm; 0.5 gram of each was, 
weighed into an Oak Ridge polycarbonate centrifuge tube. The anoxic samples 
were each washed three times (twenty-four hours for each wash) using one of 
the four solutions to equilibrate the minerals with the solution. Radio
nuclides were added to about 700 ml of cold solution in the anoxic chamber and 
the pH was adjusted to 8.2 ~ 0.1 for 0.03Ji NaHC03 and 7.0 ~ 0.1 for the 
other three solutions. Each spiked solution was monitored for a week, with pH 
adjustment be1ng made as needed before filtering through a 0.45 pm filter. 
Fifteen ml of the appropriate tagged solution were then pipetted into each 
sample tube. The tubes were sealed by wrapping the screw top threads with 
Teflon tape. These were shaken for three days before centrifuging at 7000 rpm 
for 20 minutes and samp 1 i ng. A 1.1 Kd va 1 ues reported are b 1 ank corrected and 
were determined with a 25% Ge(Li) detector system or a 5 in. x 5 in. Nai (Tl) 
well-type detector system. 

(1) Serne, R. J. (Chairman), 1979. "Waste Isolation Safety Assessment Program 
Task 4 Second Contractors Meeting Proceedings, .. Seattle, Washington, 
October 1978, Report No. PNL-SA-7352. 
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Analysis of the minerals for purity was reported at the 1978 Task 4 
Meeting.(!) Table la shows ~he mineral chemical compositions and Table lb 
shows the surface areas and cation exchange capacities (CEC) for each mineral. 
The solution chemical compositions prior to and after mineral contact have 
been determined by inductiv~ly coupled argon plasma spectroscopy, atomic 
adsorption spectroscqpy, and ion chromatography.- Results are given in 
Tables 2 through 6. 

__ .:-S-1-nce reduced ·oxygen· 1 eve 1 s are ·not e·xpected to ch.ange the chemica 1 
behav1 or of sr2+ and cs1 +, Sr and Cs were uti I i zed to determine whether 
changes occur in the minerals be~ause of a difference in ·oxygen levels. As Tc 
is sensitive· to the oxidation-reductfon·potential, Kd differences wer'e expec
ted. An .att~mpt to measure the redox potential {Eh) with Pt electrodes was 
made to determine .the validity of Eh measurements for predicting huclide Kd · 
values. ·Values for pH were also measured~ All pH, Eh, and Kd measurements 
were done.in. triplicate 'at 3 days, 10 days, and 30 days for adsorption and at 
30 days for desorption_ measurements. 
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RESULTS AND DISCUSSION 

Under anoxic conditions the pH was initially higher for each mineral-

so 1 uti on combination than under amb.i ent condi t.i on, but at the 30-day samp 1 i ng 

time, only pH values for the 0.03~ NaHC03 were si-gnificantly different from · 

those values measured in the ambient system. These values were lower- in .the 

anoxic environment than in air. Tc was utilized to determine the effects of 

reduc~d o2 levels-on a multivalent radionuclide. The observed Kd values for 

Sr, Cs, arid Tc .are reported in Tables 7 to 18. 

'Analysis ofthe thr-ee dilute effluent solut1ons (Table 4·, o·.03~ N·aci·; 

Table 5,' o;o3~ CaC1 2; and Table 6, 0.03~·NaHC03 ) showed significant dif

ferenc-es ·betweer( the ·ambient and anoxic cases. Silicon and a 1 umi num concen

trations were generally lower· in the presence of air.- Iron and silicon in the 
. . 

effluents increased over ·initial concentrations· in the bicarbonate solution 

under both 'anoxic and ambient conditions. Iron concentrations were lowest in 

0.03~ CaCT2 effluents.· Bicarbonate and carbonate concentrations in 0.03N 

NaCl and 0.03~ ·cacl 2 were higher _in the anoxic effluent than· solutions_ in 

the ·ambient· 0.03~ NaHC03 effluent.· The differences in solution compositions 

indicate that the minerals are not in the same physico-chemical state under 
ambient atmospheric and towered oxygen 1 eve 1 s. -

Values fo~ -kd(Sr)( 2) in the 5.13~ NaCl brine were found to increase by 

a factor of 100 on illite and vermiculite when compared to values obtained in 

an ambient environment. Comparfsons of the 30-day Kd value-s for Sr, Cs and Tc 

undet anoxic and ambient condition:; are y·iven .in Tiii.Jles 19, 20 e:md 21. The 

Kd(Sr)·value on biotite was reduced by a factor of two in the anoxic environ

ment while values for the other nine minerals ~ontacting the brine re~ained 
unchanged. While some values for··Kd(Sr) changed with time in 0.03!!_ CaC1 2, 

only three significant differences (95% confidence level) were found between 
ambient and conditions at the end of 30 days of mineral-solution 

(2) Kd(Sr) is the Kd value for strontium, Sr, defined in this study as the
ratio of the Sr concentration on the solid phase to the Sr concentration 
in solution with units of ml/g. · 
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contact. In 0.03~ NaCl, Kd(Sr) under anoxic conditions is higher for illite 
than the ambient value, but smaller on the four remaining phyllosilicates 
under anoxic conditions. 

Values for Kd(Sr) after the 30-day desorption period are generally higher 
than the ~0-day adsorption Kd(Sr) values. An analysis of solutions resulting 
from contact with the minerals and 0.03~ NaCl for 30 days show that both 
ca2+ and natural Sr2+ are released into solution by weathering of the 
minerals. Natural strontium concentrations ranged from less than 6 x 10-7M 
up to 3 x 10-6!1_, and calcium concentrations from 4 x 10-5!1 to 8 x 10-4!1 -
were found. The observed decrease in Kd(Sr) with time may be due to increas
ing competition for sorption sites between tracer 85sr and the Ca and Sr 
released from the minerals. Analysis of solutions after desorption was not 
done; howev~r, the ca2+ and Sr2+ released during adsorption studies were 
removed with the original solution before addition of cold 0.03~ NaCl for 
desorption. Since the .most easily weathered ca2+ and Sr2+ were released 
during the adsorption $tudy, it is possible that Ca and Sr concentrations 
after the 30-day desorption study were lower than. they were after the 30-day 
adsorption tests. Less competition with naturally occurring 'Sr and Cs would 
account for the higher desorption Kd values. 

Values for Kd(Sr) were highest in bicarbonate solution (0.03~ NaHC03). 
Kd(Sr) was lowest in 5.13~ NaCl and 0.03~ CaC1 2. An increase of Kd(Sr) with 
time was observed in the bicarbonate solution on all tektosilicates, inosili
cates: and on kaolinite; however, Kd(Sr) was found to decrease with time on 
the remaining phyllosilicates. 

In general, Kd(Sr) values were lower in an anoxic environment than in an 
ambient one. The difference in the two environments was overshadowed by the 

- ' • I 

time dependence of many Kd(Sr) values which indicates that equilibrium had not 
been attained. 

Adsorption of cesium from the 5.13N NaCl brine was generally lower under 
anoxic conditions than in an ambient environment. Vermiculite was the only 
mineral to show higher Kd(Cs) values in an anoxic environment. The values for 
Kd(Cs) on montmorillonite, albite, anorthite and hornblende were significantly 
lower under reduced oxygen levels, while the rest were statistically unchanged. 
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Cesium adsorption from 0.03~. CaC1 2 by the 2:1 layer phyllosilicates 
remained as high under anoxic conditions as in an ambient environment. Signi
ficant increases _in Kd(Cs) under ano.xic conditions were observed on montmoril
lonite ,and_ anorthite compared to ambient conditions. The remaining- minerals 
(tektosilicates and inosilicates) showed decreases in Kd(Cs) ranging from a 
factor of four on microcline to an order of magnitude for kaolinite, albite, 
hornblende and enstatite under anoxic conditions compared to ambient condi
tions. Adsorption of cesium from 0.03~ NaCl and the bicarbonate solution was 
generally l?wer or unchanged under anoxic conditions than in an ambient 
environment. Values for Kd(Cs) in the diluted brine (0.03~ NaCl) and in 
0.03~ NaHC03 were generally lower or unchanged under anoxic conditions 
compared under ambient conditions. 

Sorption Kd values for cesium under anoxic conditions were generally 
lower in all solutions compared to results obtained in the ambient environ
ment. The 2:1 layer phyllosilicates were least affected by reduced oxygen 
levels, whi~h may indicate more weathering of -the primary minerals under 
anoxic conditions. 

The sorption of technetium in a reduced oxygen environment contrasted 
sharply with the sorption of strontium and cesium. In the four soluti6ns, 
with twelve minerals common to studies for all three nuclides, no significant 
decreases in technetium Kd values were observed under anoxic conditions. The 
variabili~y between replicates in Kd(Tc) was large (stand~rd deviation some
times greater than 50% of the mean Kd value). Technetium sorption also 
exhibited erratic behavior with time as Kd values increased or decreased by 
one or two orders of magnitude between sampling times. 

The anticipated correlation between observed Kd(Tc) values and the redox 
potential (measured with commercial Pt electrodes) is not apparent at this 
time. However, 1 the removal of oxygen from mineral-solution systems has 
generally increased the sorption of technetium. 

Adsorption of Tc is greatest on the inosilicates and tektosilicates for 
all times and so.lutions studied. Illite was the only phyllosilicate to show 
any consistent sorption of Tc. Analysis of solutions in contact with illite 
found significant quantities of so42 and lowered pHs which may have bP.P.n 
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caused by oxidation of Fes2 (pyrite). The pertechnetate anion, Tc04, 
could have b~en reduced in this reaction and ~eadily adsorbed. Biotite and 

I 

vermiculite also adsorbed Tc from 0.03!! CaC1 2 and 5.13!! NaCl, respectively. 
Generally, phyllosilicates sorbed Tc poorly compared to the 11 hard rock 11 

minerals (inosilicates and tektosilicates). Bondietti( 1) reported finding 
chunks of metal in rock samples distributed for the controlled sample 
program. (3) These were probably introduced in the grinding process from the 
metal plates used to crush'the rock samples. Oxidation of metallic Fe to 
Fe2+ ahd Fe3+ would reduce Tc04 to the easily adsorbed Tc4+. Thus, 

the key to increased Tc sorption may be found in understanding the environ
mental iron system. 

After completion of anoxic desorption experiments, the sample and blank 
correction tubes were emptied and analyzed for activity sorbed by containers. 
Very little activi'ty was sorb·ed by the blank containers. No significant 
adsorption of Sr by the blank tube walls was observed in any of the anoxic 
solutions~ Cesium adsorption by the·walls was less than 1% ih three anoxic 
solutions and less.than 2% in 0.03.fi CaC1 2• Technetium was not adsorbed by 
the tube containing 0.03!! NaHC03. Less than 2% was adsorbed from the NaCl 
brine or the 0.03N NaCl solution. Significant adsorption of Tc by the blank 
tube was observed only in 0.03!! CaC1 2 where 2 to 10% of the total Tc acti
vity was removed from solution by the polycarbonate tube walls. A portion of 
the activity 1 eft in sa,mp 1 e tubes seemed· to be associ a ted with coatings of 
fine mineral particles (or·precipitates of weathering products) adhering to 
the tube walls. 

(3) Relyea. J. F. and R. J. Serne, 1979. Controlled Sample Program 
Publication Number 2: Interlaboratory Comparison of Batch Kds, PNL-2872. 
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SUMMARY AND CONCLUSIONS 

Identical mineral samples and simulated groundwaters were used in a study 
of the sorption of technetium, strontium and cesium under ano~ic conditions 
for comparison with sorption_ results under ambient atmospheric conditions. 

Results from these experiments show that the anoxic sorption of strontium 
and cesium is generally unchanged or lower than sorption under ambient condi
tions. The sorption of both Cs and Sr is inhibited by the pr-esence of high 
NaCl concentrations (brines), and Sr sorption is reduced by the presence of 
ca2+ ;~-solution. Values for Kd(Cs) and Kd(Sr) often change with time, as 

both the ~ineral properties and solution chemical composition change due to 
weathering of the minerals. In ~hese instances equilibrium has not been 
attained; differences between ambient and anoxic Kd values found at short 

-contact times may disappear at equilibrium. 

Both Kd values and their variability were increased for technetium under: 
anoxic conditions. Technetium adsorption is greatest on the 11 hard rock 11 

minerals (tektosilicates and inosilicates) which may be influenced by small 
chunks of metal from the apparatus used to grind the minerals to power form. 
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TABLE 1a. Mi nera 1 Compos it i.ons (.percent by weight) 

Ph~llosilicates 
I 11 ite Montmorillonite Vermiculite Kaolinite Biotite 

Si02 67.1 64.6 47.7 54.8 43.9 
Ti02 0.8 0.3 0.7 1.5 1.9 
Al203 20.1 19.3 11.7 43.1 11.3 
FeO 5.1 3.3 9.5 0.1 16.9 
CaO 8.5 1.3 0.5 
MgO 3.3 22.0 14.1 
Na20 0.5 
K20 6.1 6.2 0.4 11.1 

99.3 99.3 99.6 99.9 99.7 

Tektosil icates 
Quartz Albite Anorthite Microcline 

Si02 99.8 60.5 64.2 67.5 
Ti02 
Al203 20.5 21.0 17.1 
FeO 0.2 9.0 1.2 1.8 
CaO 5.2 5.6 0.1 
MgO 
Na20 -- 3.6 6.2 
K20 1.3 1.2 13.6 

100.0 100.1 99.4 100.1 

Inosilicates 
Hornb 1 en de . Enstatite Augite 

Si02 50.5 58.6 55.7 
T'i02 1.4 5.0 
Al203 10.0 
FeO 14.5 8.8 6.1 
CaO 0.5 24.4 
MgO 9.3 30.9 9.0 
.Na20 
K20 0.5 

99.0 98.8 100.2 
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TABLE lb. Mineral and Rock Physical Characterization 

Cation Exchange Capacity 
Mineral Rock ·meg/100 g Surface Area 

I 11 ite 13.8 + .8 165.3• + 3.3 
Kao 1 i nite 5.0 + .9 30.7 + .5 
Montmorillonite 87.4 + 2.7 722.2. + 6.9 
Vermiculite 77.0 + 4.8 312.5 + 7.8 
Biotite 15.3 + 1.1 68.8 + .8 
Quartz 0.15 + .07 2.8 + .2 
Albite · 1.5 + .3 8.4 + 3.7 
Anorthite · 1.8 + .4 9.2 + 1.3 
Microcline 1.2 + .2 5.1 + 1.0. 
Hornb 1 en de· 2.9 ~· .• 5. ' 4.3 + .8 
Enstatite 1.9 + .3 15.7 + 1.0 
Augite 4.5 + .6 7.1 + ~4 

( . 

183 



L 

Solution 

(2) (3) (4) 
B 1 ank A 0 

Blank A N 

Blank B 0 

Blank B N 

Blank c 0 

Blank C N 

Blank D 0 

81 ank D N 

TABLE 2. Solution Chemical Compositions from Batch Kd Experiments 
Initial Solution Concentrations (ppm)(l) 

0 

0 

0 

0 

0 

0 

264 
+84 

264 
+34 

11 (5) 
+5(6) 

11 
+5 

11 
+10 

11 
+10 

14 
+10 

14 
+10 

1216 
+Z23 

1216 
+223 

Cl 

183,000 
~7,000 

193,000 
~2,000 

916 
+105 

916 
+105 

1100 
+11 

1100 
+11 

43 
+2•2 

43 
+22 

36 
+33 

36 
+33 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

Al 

<10 

<10 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

Ca 

<20 

<20 

537 
+75 

537 
+75 

0.2 
. +0.2 

<10 

<10 

<0.1 

<0.1 

<0.1 

0.2 <0.1 
+0.2 

0.2 <0.] 
+0.2 

0.2 <0.1 
+0.2 

K 

<500 

<500 

9 
+6 

9 
+6 

14 
+3 

- 14 
+3 

<5 

<5 

<5 

1.4 
+0.2 

1.4 
+0.2 

0.05 
+0.05 

0.05 
+0.05 

<0.05 

<0.05 

(1) Results from nomradio~ctive solution contacting sample minerals for 30 days. 

Na Sr Si 

121,000 <5 
~7,0~0 

dO 

121,000 <5 
~7,000 

<10 

4 <0.05 ' <0.1 
+2 

4 <0.05 
+2 

672. <0.05 
+45 

<0.1 

<0.1 

672 <0. 05 . 2_0. 1 
+45 

652 2_0.05 <0.1 
+37 

652 <0.05 <0.1 
+37 

(2) Blank = no mineral in contact with solution, following tables three letter abbreviations for minerals are 
Ill = illite, Man= montmorillonite, Ver =vermiculite, Bio =biotite, Kao =kaolinite, Qtz =quartz, Alb 
Anr = anorthite, Mic = microcline, Hor = ho~nblende, Ens = enstatite, Aug = augite. 

(3) Initial solutions; A= :..13~ ~laCl, B = 0.03~ CaCl2, C = 0.03!i NaCl, D = 0.03!i NaHC03. 

albite, 

(4) Atmosphere used for test; N = anoxic, 0 = oxic. 
(5) Mean -value of duJlicate samples for each ground water, except when no difference bet~een oxic and anoxic 

treatments are f.Jund, then each concentration is the mean of 4 ana lyses. Numbers without error estimate 
are results of single run or below detectio~ limit. · · 

(6) Error is given a; one standard deviation from the mean. 



...... 
c:o 
ln 

·· Solution 

(2) 
Ill 
Ill 

Mon 
Mon 

Ver 
Ver 

Bio 
Bio 

Kao 
Kao 

Qtz 
Qtz 

Alb 
Alb 

Anr 
Anr 

Mic 
Mic 

Hor · 
Hor 

Ens 
Ens 

Aug 
Aug 

(3) ( 4) 
A 0 
A N 

A 0 
A N 

A 0 
A N 

A 0 
A N 

A· 0 
A N 

A 0 
A N 

A 0 
A N 

A 0 
A N 

A·· 0 
A N 

A 0 
A N 

A 0. 
A N 

A 0 
A N 

TABLE 3. Solution Chemical Compositions from Batch Kd Experiments 
Initial ~olution Concentrations (ppm) from Initial 5.13N CaCl(l) 

__§.:.....__ __!:!fQJ_ Cl 2Q4~ Al Ca Fe K .J:!g__ Na 

0 
0 

Q: 

0 

0. 
0 

0 
~4 

0 
0 

0 
0-' 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

12 
29 

. 15.6( 5) 182,440 
37.1 197,120 

49 
76 

55 
82 

63 
36 

2· 
12 

4· 
14 

18 
49 

59 
63 

8 
23 

57 
70 

31 
47 

59 
32 

179,210 
194,919 

179,210 
193,820 

180,280 
195,470 

178,670 
194,920 

17·9' 210 
194,920 

179,210 
195,470 

179,750 
196,570 

176,.520 
195,470 

178,130 
194,920 

178,130 
194,370 

177.,050 
194,920 

99 
<150 

74 
<150 

112 
<150 

<100 
<150 

95 
<150 

116 
< 150 

<100 
<150 

<100 
<150 

143 
<150 

30 
<150 

97 
<150 

<100 
<150 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
< 10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<20 
<20 

20 
30 

20 
20 

20 
20 

<20 . 
<20 

<20 
<20 

10 
20 

20 
20 

<20 
<20 

20 
20 

<20 
<20 

30 
30 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<500 
<500 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

111,300 
122,600 

113,400 
124,500 

116,500 
112,.700 

113,000 
122,700 

109,500 
123,200 

111' 500 
115,600 

109,900 
119,300 

114,100 
114,100 

109,500 
129,400 

106,600 
117,600 

-119,100 
118;000 

113,200 
120,900 

(1) Results fron nonradioactive so~ution contacting sample minerals for 30 days. 
(2) Blank = no ninerEl in contact with solution, following tables three letter abbreviations for minerals are 

Sr 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

<5 
<5 

Ill = illite, Mor =montmorillonite, Ver =vermiculite, Bio =biotite, .Kao =kaolinite, Qtz =quartz, Alb = albite, 
Anr = anorthite, Mic = microcline, Hor .= hornblende, Ens ~enstatite, Aug = augite. 

(3) Initial solllltions; A= 5.13~ NaCl, B = 0.03~ CaCl2, C = 0.03~-NaCl, .o = 0.03~ NaHC03. 
(4) Atmosphere used for test; N ~ anoxic, 0 = oxic. 
(5) No duplicat·on o~ brine samples. 

Si 

dO 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 

<10 
<10 . 

<10 
<10" 

<10 
<10 

<10 
<10 

<10 
<10 



T.:\BLE 4. Solution Chemi c:1 1 Compos it ions (1) from Batch Kd Experiments 
Mineral-Solution Concentrations (ppm) frcm Initial 0.03! CaCl2 

Solution co~ J@3_ Cl _jQ_4_ Al Ca .Fe K JiL_. Na Sr Si 

( 2) (3) (4) 
937(5) Ill B 0 =· 22 22 < 0.2 567 <0.1 39 15 5 0.2 2.8 
+92(6) +6 +61 +19 +12 +2 +0.3 +1.0 

Ill B ·N =I . 39 937 22 0.3 567 < 0.1 39 15 5 0.2 2.8 
+92 +6 +0.3 +61 +19 +12 +2 +0.3 +1.0 

M9n B 0 0 14 934 2.4 <0.1 547 <0.1 2'' .) 6 8 1.2 ·8.3 
+93 +1.0 +66 + 1'3 +2 +7 +0.4 +4.3 

Mon B N 0 6 934 2.4 <0.1 547 <0.1 2) 6 8 1.2 8.3 
+93 +1.0 +66 +D +2 +7 +0.4 +4.3 

.Ver ·8 .o 0 16 930 0.4 0.2 501 0.3: 63 5.0 19 0.7 2.5 
+95 +0.2 +0.2 +60 +0.4 +15 +1.8 +13 +0.7 +0.1 

, 
Ver B N 0 . 20 930 0.4 0.5 501 1.1 63 7.2 31 0.7 3.5 ...... +95 +0.2 +0.5 +60 +0.1 +15 +1.3 +17 +0.7 +0.6 CX> 

m 
'Bi 0 B 0 0 18 927 :0.4 <0.1 552 0.2 27 4.9 4 <0.05 1.7 

+99 +0.4 +53 +0.2 +26 +2.1 +2 +0.9 

Bio B N 0 29 927 <0.1 <0.1 552 0.7 27 4.9 12 <0.05 1.7 
+99 +53 +o.e +26 +2.1 +8 +0.9 

Kao B 0 0 4 920 0.3 <0.1 559 <0.1 20 1.4 4 <0.05 2.1 
+117 +0.3 +60 +14 0.4 +2 +1.8 

! 

Kao 8 N I) 6 920 <0.1 0. 7 559 <0.1 20 1.4 4. <0.05 2.1 
+117 +{), 7 +60 +14 +0.4 +2 +1.8 

Qtz B 0 0 <0.1 945 <0.1 <0.1 558 0.10 20 1.4 13 <0.05 10 
+88 +67 +0.(·5 +3 +0.4 +12 +8 

Qtz 8 N ·I) 6 945 <0.1 ~0_.1 558 0.4 2:0 1.4 13 . <0.05 10 
+88 +67 +0.£ +3 +0.4 +12 +8 

Alb B 0 I) 14. 934 0.8 0.2 546 <0.] 26 1.5 11 0.1 2.6 
+92 +0.5 +0.1 +63 +16 +0.5 +4 +0.2 +1.6 

Alb B N ) 23 934 0.8 0.2 546 <0". 1 26 1.5 11 0.1 2.6 
+92 +0.5 +0.1 +63 +16 +0.5 +4 +0.2 +1.6 



TABLE 4. (contd) 

Solution __fQJ_ .J!IQJ_ Cl _jQ4_ Al Ca Fe K ...!iL Na Sr Si. 

Anr B 0 0 18 940. 0.4 0.6 554 <0.1 18 1.7 12 0.25 2.9 
+90 +0.5 +0.3 +71 +11 :!:0.8 :!:9. +0.22 +1.0 

Anr B N 0 27 940'· 0.4 0.6 554 0.11 18 1.7 12 0.25 2.9 
+90 +0.5 +0.3 +71 +0.13 +11 +0.8 +9 +0.22 +1.0 

Mic B 0 0 12 950 0.5 <0.1 529 <0.1 22 1.4 9 <0.05 4.2 
+93 +0.7 +80 +6 +0.4 +2 +1. 7 

Mic B N 0 12 950 0.5 0.3 529 0.2 22 1.4 9 <0.05 4.2 
+93 +0.7 +0.3 +80 +0.2 +6 +0.4 :!:2 +1.7 

Hor B 0 0 8 948 0.7 <0.1 547 0.1 28 7.4 8 . <0.05 3.3 
+93 +0.7 +66 +0.1 +3 +2.7 +5 +1.3 

Hor B N 0 18 948 0.7 <0.1 547 0.5 28 7.4 8 <0.05 3.3 
:!:93,. +0.7 +66 +0.5 +3 +2.7 +5 ·' +1.3 . 

....... 
00 Ens B 0 6 2 936 0.4 <0.1 542 <0.1 24·. 13 9 <0.05 16 
" +89 +0.4 +64 +16 +4 +7 +12 

Ens B N 0 25 936 0.4 <0.1 . 542 0.4 24 13 9 <0.05 16 
+89 +0.4 +64 +0.4 +16 +4 +7 +12 

Aug B 0 0 14 951 0.5 <0.1 548 0.1 15 9.1 10 <0.05 22 
+94 +0.5 :!:69 +0.1 +9 1.0 +6 +11 

Aug B N 10 45 951 0.8 <0.1 548 0.3 15 7.0 10 <0.05 22 
+94 +0.8 +69 +0.3 +9 +0.3 +6 +11 

( 1) Results from nonradioactive solution contacting sample minerals for 30 days. 
(2) Blank = no mineral in contact with solution, fo 11 owing tab 1 es three 1 etter abbreviations for mi nera 1 s are 

Ill = illite, Mon = montmorilloni:e, Ver = vermiculite, Bio =biotite, Kao =kaolinite, Qtz = quartz, Alb albite, 
Anr = anorthite, Mic = microcline, Hor = hornblende, Ens = enstatite, Aug = augite. 

(3) Initial solutions; A= 5.13!fNaCl, B = 0;03!:!_ CaCl2'• C = 0.03!:!_ NaCl, D = 0.03!:!_ NaHC03. 
(4) Atmosphere used for test; Ill = ano:ic, 0 = oxic. . . 
(5) Mean value of duplicate samples for each ground water, except when no difference between oxic and anoxic 

treatments ~re found, then eac~ concentration is the mean of·4 analyse~. Numbers without error estimate 
are results of single run or belo~ detection limit. 

(6) Error is given as one standard deviation from the mean. 



TABLE 5. Solution Chemical Compositions from Batch Kd Experiments 
NaCl ( 1) Mineral-Solution Concentrations (ppm) from Initial 0.03N 

Soiution C•:3_ __!!QJ_ Cl _jQ4 _ Al Ca Fe K Jig_ Na Sr s~ 

(2)' (3) (4) 
1098(5} Ill c 0 0 32 42 <0.1 32 <O.l 24 3.9 668 0.21 2.1 
+18(6} +14. +10 +8 +1.1 +32 +0.05 +IJ.1 

Ill c N 0 70 1098 42 <0.1 32 <0.1 24 3:9 668 0.21 2.1 
'+20 +18 +14 +10 +8 +1.1 +32 +0.05 +0.1 

Mon c 0 0 25 1114 3.2 <0.1 26 0.1 19 1.2 710 IJ.23 5.0 
+51 +1.3 +17 +0.1 -15 +0.3 +59 +0.17 +1.3 

Mon ·c N 0 33 1114 3.2 <0.1 26 <0.1 19 1.2 710 0.23 5 .. 3 
+51 +1. 3 +17 -15 +0.3 +59 +0.17 +1.3 

Ver c 0 0 27 1126 <0.1 0.25 7.7 0.3 34 1.8 716 0.05 2.4 
+64 +0.07 +2.1 :+-0.3 +5 +.0.4 +50 +0.05 +0.6 

· Ver c N 0 33 1126 <0.1 0.25 7.7 0.3 41 2.2 716 0.05 2.8 
...... +64 +0.07 . ~2.1 +0.3 +9 +0.4 +50 +0.05 +0.6 
(X) 
(X) 

Bio c 0 0 H 1124 <0.1 0.1 17 <0. ~ 15 2.2 724 <0.05 1.9 
+59 +0.05 +7 +6 +1.6 +42 +1.7 

Bio c N 0 ·B 1124 <0.1 0.1 17 0.20 15 2.2 724 <0.05 1.9 
+59 +0.05 +7 +o.:.:. +6 +1.6 . +42 +1. 7 - .. 

Kao c 0 0 10 1122 <0.1 <0.1 1.6 <0.: 13 0.5 719 .:_0.05 1.7 
+57 +1.6 +3 +0.5 +43 +1.6 

Kao c N 0 4 1122 <0.1 0.3 1.6 <0.1 13 0.5 719 <0.05 1.7 
+57 +0.3 +1.6 +3 +0.5 +43 +1.6 

Qtz c 0 . 0 5 1167 <0.1 <0.1 2.1 <0.2. 24 0.5 749 <0.05 6.5 
+124 +2.1 +19 +O • .S +87 +5.0 

Qtz c N J 12 1167 <0.1 <0.1 .. 2.1 <0.1 24 0.5 749 <0.05 6.5 
+124 +2.1 +19 +0.5 +87 +5.0 

Alb c 0 J 33 . 1093 0.4 1.1 12 <0.1 15 0.6 742 <0.5 2.3 
+3 +0.5 +1.1 +3 +14 ~0.5 +55 +0.7 

Alb c N J 39 1275 0.4 1.1 12 <0.1 15 0.6 742 0.5 2.3 
+22 .+.0.5 +1.1 +3 +14 +0.5 . +55 +0.5 +0.7 



TABLE 5. (contd) 

Solution _lQJ_ ....!!fQJ _ Cl 2.Q4_ Al Ca Fe K ~ Na Sr Si 

Anr C. 0 ·a 35 1178 <0.1 0.9 14 <0~1 15 0.7 756 0.24 2.6 
+172 +0.7 +5 +8 +0.7 +117 +0.07 +0.5 

Anr c N 0 45 1178 <0.1 0.9 18 0.1· 15 0.7 756 0.24 2.6 
+172 +0.7 +2 +0.1 +8 +0.7 +117 +0.07 +0.5 

Mic c 0 0 12 1150 0.5 0.5 2.5 0.5 24 <0.1 724 <0.05 3~9 

:!:?4 +0.5 .:!:_0,5 +2.0 +0.5 +8 +63 +2.8 

Mic c N 0 16 1150 0.5 0.5 2.5 0.5 24 <0.1 724 <0.05 3.9 
+74 +0.5 +0.5 +2.0 +0.5 +8 +63 +2.8 

Hor c 0 0 41 1176 1.0 0.9 12 0.6 23 4 749 <0.05 6.6 
+94 .:!:,1.0 +0.6 +3 .:!:,1.1 +8 +3 +71 +4.4 

Hor c N 0 20 1176' 0.6 0.5 12 0.6 23 4 749 <0.05 6.6 
+94 +0.6 +0.5 +3 +1.1 +8 +3 +71 +4.4 

..... <:-
(X) Ens c 0 0 31 1180 <0.1· <0;1' 4.5 1.2 14 8 757 <0.05 13 1.0 +160 +1.8 +1.7 +1 +5 +109 +12 

Ens c N 0 33 1180 <0.1 <0.1 4.5 1.2 14 8 757 0.50 13 
+160 +1.8 +1. 7 +1 +5 +109 +0.50 +12 

<.. 
Aug c 0 0 68 1136 0.1 0.1 22 1.1 40 4 723 <0.05 31 

+61 +0.1 +0.1 +1 +1.2 +25 +3 +52 +14 

Aug c N 8 44 1136 0.7 0.1 22 1.1 40 4 723 <0.05 31 
+4 +61 +0.5 +0.1 +1 +1.2 +25 +3 +52 +14 

( 1) Results from norradioactive solution contacting sample minerals for 30 days. 
( 2) Blank = no mineral in contact with solution, following tables three letter abbreviations for minerals are 

Ill = illite, Mon =montmorillonite, Ver =vermiculite, Sio =biotite, Kao =kaolinite, Qtz =quartz, Alb albite,. 
Anr = anorthite, Mic = microcline, Hor = hornblende, Ens = enstatite, Aug = augite. 

(3) Initial so·lutions; A= 5.13!! NaCl, B = 0.03!! CaClz, C = 0.03!! NaCl, D = 0.03!! NaHC03. 
(4) Atmosphere used for test; N = anoxic, 0 =oxic. 
(5) Mean value of duplicate samples for each ground water, except when no difference between oxic and anoxic 

treatments are found, then each concentration is the mean of 4 analyses. Numbers without error estimate 
are results of single run or below detection limit. 

(6) Error is given c.s one standard deviation from the mean. 



TABLE 6. Solution Chemical Compositions from Batch Kd Experinents (l) 
Mineral-Solution Concentrations (ppm) from Initial 0.03~ NaHC03 

Solution _iQJ_. ___!!lQJ_ Cl Al Fe K J:!g_. . Na 

(2) 
• I 11 

Ill 

Mon 

Mon 

ver · 

Bio 

Bio 

Kao 

Kao 

Qtz 

Qtz 

Alb 

Alb 

( 3) ( 4) 
D 0 

D N 

D 0 

D N 

D 0 

D N 

66(5) 
+9J(6) 

145 
+3; 

127 
+90 

12;' 
+90 

163 
+83 

163 
+83 

D 0 151 
+69 

D N 269 
+52 

D 0 10: 
+50 

D N 279 
+19' 

D 0 209 
+12!. 

D N 209 
+12: 

D 0 152 
+49' 

D N 26;' 
+82 

1136 
+135 

1498 
+125 

1263 
+270 

1263 
+270 

1438 
+134 

1438 
+134 

1539 
+161 

1292 
+64 

1350 
+177 

1350 
+177 

1243 
+330 

1243 
+330 

1530 
+84 

1281 
+129 

24 
+7 

41 
+3 

14 
.+7 

64 
+43 

12 
+7 

34 
+1 

19 
+11 

19 
.tll 

20 
+1 

35 
+4 

28 
+14 

59 
+37 

18 
+1 

37 
+8 

32 
+12 

32 
+12 

2.1 
+0.6 

1.7 
+2.4 

0;7 
+0.8 

0.7 
+0.8 

1.5 
+1.8 

1.5 
+1.8 

1.6 
+2.4 

1.6 
2.4 

1.6 
+1.6 

1.6 
+1.6 

0.4 
+0.4 

0.4 
+0.4 

3.8 
+3.5 

2.8 
+1.4 

3.8 2.8 
+3.5 . +1.4 

1.4 2.3 
+1.8 +1.1 

1.4 3.1 
+1.8 +1.5 

0.4 3.3 
+0.1 +1.0 

-1.9 
+0.1 

1.6 
+1. 7 

1.6 
+1. 7 

0.2 
+0.1 

0;2 
+0.1 

<0.1 

<0.1 

1.8 
+1.8 

1.8 
+1.8 

2.6 
+1.0 

3.1 
+2.8 

3.1 
+2.8 

. 1.5 
+1.4 

1.5 
+1.4 

3.3 
+2.9 

3.3 
+2.9 

2.7 
+1.6 

2.7 
+1.6 

0.8 
+0.7 

0.8 
+0.7 

0.4 
+0,4 

0.4 
+0.4 

0.9 
+0.3 

2.8 
+0.1 

0.3 
+0.1 

0·;3 
+0.1 

<0.1 

0.1 
+0.1 

1.5 
+0.6 

L5 
+0.6 

o·.5 
.:!:_0.6. 

0.5 
+0.6 

8 
+6 

8 
+6 

7 
+7 

7 
+7 

24 
+4 

24 
+4 

6 
+4 

6 
+4 

7 
+5 

7 
+5 

7 
+2 

7 
+2 

<5 

<5 

1.5 
+1.1 

1.5 
+1.1 

0.8 
+0.1 

1.4 
+0.1 

:2.8 
+0.2 

5.6 
+0.4 

3 
+4 

3 
+4 

0.4 
+0.4 

0.4 
+0.4 

0.9 
+1.0 

0.9 
+1.0 

0.6 
+0.6 

0.6 
+0.6 

695 
+55 

695 
+55 

587 
+63 

587 
+63 

673 
+22 

673 
+22 

693 
+37 

693 
+37 

.694 
+24 

694 
+24 

.714 
+39 

714 
+39 

677 
+43 

677 
+'43 

Sr s; 

0.08 12 
+0.05 +11 

<0.05 12 
+11 

<0.05 8.7 
+0.4 

<0.05 12 
. .:!:_4 . 

<0.05 3.9 

<0.05 

+0.6 

9.2 
+2.0 

<0.05 0.8 
+0.1 

<0.05 0.8 
+0.1 

<0.05 1.2 
+I. 7 

<0.05 1.2 
+1.7 

<0.05 .6 
+3 

<0.05 6 
+3 

<0.05 8 
+6 

<0.05 8 
+6 



---
TABLE 6 . (contd) 

Solution _9b_ HC03 _ Cl ..JQ4_ Al Ca Fe K Jig_ Na Sr Si 

J!.nr D 0 146 1574 20 0.6 1.7 2.5 1.4 6 0.5 696 0.07 5 
+21 +170 +5 +0.6 +0.8 +1.4 +1.5 +1 +0.6 +49 +0.05 +3 

P.nr D N 276 1303 32 0.6 1.7 2.5 1.4 6 0.5 696 <0.05 5 
+110 +148 +2 +0.6 +0.8 +1.4 +1.5 +1 +0.6 +49 +3 

IV1ic D 0 123 1529 15 0.6 0.6 2.3 i.1 12 0.6 659 <0.05 5 
+68 +60 +7 . +0.4 +0.2 +1.9 +1.2 +6 +0.7 +38 +3 

!Vic D N 297 1294 32 0.6 0.6 2.3 1.1 12 0.6 659 <0.05 5 
+142 ~177 +0.4 +0.2 +1. 9 +1.2 +6 +0.7 +38 +3 

Hor D 0 192 1338 23 1.4 0.5 1.3 0.1 9 4.1 672 <0.05 3.3 
+24 +286 +8 +1.1 +0.2 +0.3 +0.05 +8 +2.4 +28 +1.2 

Hor · D N 293 1222 47 <0.1 0.5 1.3 0.3 9 4.1 672 <0.05 3.3 
+107 +234 +12 +0.2 +0.3 +0.05 +8 . +2-:4 +28 +1.2 

....... Erts D 0 203 1479 16 1.6 <0.05 3.6 0.5 5 16 700 <0.05 32 
\0 +50 +151 +2 +L7 +3.0 +0.4 +5 +3 +23 +5 -

Ens D N 314 1303 46 1.6 <0.05 3.6 0.5 5 11 700 <0.05 10 
+61 +136 +21 +1. 7 +0.3 +0.4 +5 +2 +23 +2 

Aug D 0 209 1489 22 0.6 <0.1 2.2 0.2 10 13 686 <0.05 30 
+42 +119 +3 +0.7 +1.7 +0.1 +5 +1 +49 +9 

Aug D N 357 1202 51 0.6 <0.1 2.2 0.2 10 10 686 <0.05 30 
+6 +81 +29 +0.7 +1.7 +0.1 +5 +2 +49 ; +9 

(~) Results from nonradioactive solution contacting sample minerals for 30 days. 
(2) Blank= no·mineral in contact with solution, fo1lowing tables three letter abbreviations for minerals are 

Ill = illite, Mon =montmorillonite. Ver =vermiculite, Bio =biotite, Kao =kaolinite, Qtz =quartz, Alb = albite, 
Anr = anorthite, Mic = microcline, nor = hornblende, F.ns = enstatite, Aug = augite. 

(3) Initial solutions; A= 5.13!! NaCl, i3 = 0.03!! CaCl2, C = 0.03!! NaCl, D = 0.03!! NaHC03. 
(4) Atmosphere used for test; N = anoxic, 0 = oxic. 
(5) Mean value of duplicate samples for each ground water, except when no difference between oxic and anoxic 

treatments are found, then each concentration is the mean of 4 analyses. Numbers without error estimate 

(6) 
are results of single run or below det~ction .limit. 
Error is given as one standard deviation from the mean. 
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TABLE 7. Sr Sorption from 5.13N NaCl Under Anoxic Conditions 
( p02 = 2. 7) 

Mineral 

I 11 i te 

Montmorillonite 

Vermiculite 

Biotite 

Kaolinite 

Quartz 

Albite 

Anorthite 

Microcline 

Hornblende 

Enstatite 

Augite 

3-day Adsorption 
Eh(1) ~ Kd(Sr)(2) 

41Q(31 7.4 -2.5 
+37 +0.1 +2.4 

697 
"+65 

701 
+1.3 

695 
+27 

683 
+55 

511 
+198 

366 
+87 

485 
+41 

470 
+160 

681 
+19 

510 
+280 

467 
+127 

8.4 
+0.1 

8.7 
+0.2 

8.8 
+0.3 

7.2 
+0.2 

7.3 
+0.2 

8.6 
+0.2 

8.3 
+0.3 

7.7 
+0.5 

8.9 
+0.2 

8.9 
+0.3 

·9.5 
+0.3 

0.5 
+0. 7 

-1.9 
+0.8 

2.1 
+1.8 

1.2 
+0.9 

-0.7 
+1.3 

5.9 
+1.4 

6.0 
+2.0 

4.5 
+0.5 

0.9 
+1.2 

3.4 
+1.1 

4.3 
+1.4 

10-day AdsorFtion 
Eh ~ Kd(Sr) 

570 7.2 135 
+39 +0.2 +9 

677 
+6 

632 
+16 

709 
:tll 

675 
+25 

8.3 
+0.1 

8.2 
+0.1 

8.3 
+0.1 

6.8 
+0.1 

654 6.8 
+31 +0.6 

386 
+100 

718 
+28 

693 
+4 

695 
+34 

718 
+11 

720 
+21 

7.8 
+0.2 

8.0 
+0.0 

7.0 
+0.1 

8.1 
+O.i 

8.1 
+0.1 

8.8 
+0.1 

1.7 
+0.3 

136 
+6 

0.3 
+0.7 

0.8 
+2.2 

1.3 
+1.4 

5.8 
+1.7 

2.7 
+1.0 

3.5 
+3.0 

-0.5 
+0.9 

0.4 
+1.3 

6.8 
+2.1 

(1) Eh is measured in mv and corrected to pH 0 .. 
(2) Kd· is measur:=!d in ml/g. 
( 3) A 11 va 1 ues are means of 3 repetitions .:!:_ 1 standard de vi at ion. 

30-day Adsorption 
Eh _QH___ Kd(Sr) 

432 6.4 135 
+68 ~Q.2 ~2 

564 
+138 

416 
+55 

690 
+41 

690 
+37 

7.9 
+0.1 

8.1 
+0.1 

8.2 
+0.1 

6.5 
+0 .1 

689 6.7 
+51 +0.1 

600 
+116 

664 
+77 

698 
+18 

693 
+6 

593 
+171 

586 
+70 

7.6 
+0.3 

7.6 
+0.1 

6.5 
+0.6 

8.1 
+0.1 

8.0 
+0.1 

8.2 
+0.0 

2.9 
+1.3 

127 
+7 

1.8 
+1.1 

9.6 
+17.1 

-2.2 
+1.8 

5,5 
+2.!, 

2.3 
+1.1 

5.0 
+6.2 

a.; 
+12.i 

1.6 
+O.E: 

3.9. 
+o.;:·· 

30-day Desorption 
Eh ~ Kd(Sr) 

533 6.4 NO 
+49 +0.1 

728 8.5 
+51 +0.0 

706 8.1 
+23 . .:!:_0.3 

720 8.6 
+63 +0.1 

412 6.8 
+83 +0.3 

739 7.3 
+38 +0.6 

553 
+178 

627 
+144 

471 
+157 

742 
+8 

700 
+11 

671 
+31 

7.0 
+0.1 

8.2 
+0.0 

7.5 
.+0. 7 

8.3 
+0.1 

8.0 
+0.1 

8.6 
+0.1 

3.9 
+14.5 

NO 

<0 

163 
+272 

<0 

12.3 
+13.4 

9.6 
+8.3 

41 
+70 

2.5 
+4.4 

-1.0 
+1.7 

0.6 
+1.1 



TABLE' B. Sr Sorption from 0.03! CaCl2 Under Anoxic Conditions 
( p02 = 2. 7) 

3-day Adsorption 
I!illl __p!!_ K d ( S r )( 2) 

10-day Adsorption 
Mineral 

I 11 i te 

Montmor i 11 on ile 

Vermiculite 

Biotite 

Kaol.inite 

Quartz 

A 1 bite 

Anorthite 

Microcl i rie 

Hornblende 

Enstatite 

Augite 

s1o(3) 7.3 
+42 +0.2 

667 8.0 
+31 +0.0 

614 ·7.9 
+64 +0.2 

534 8.2 
+346 +0.1 

517 7.0 
+289 +0.1 

495 
+231 

177 
+106 

293 
+254 

227 
+103 

579 
- +90 

514 
+161 

528 
+164 

7.0 
+0.1 

8.9 
+0.1 

8.8 
+0.5 

8.6 
+0.3 

8.8 
+0.3 

9.0 
+0.1 

9.7 
+0.0 

5.0 
+0.7 

32 
+2 

30 
+3 

13 
+1 

-0.7 
+0.2 

-0.5 
+0.4 

2.5 
+1.2 

1.7 
+0.5 

2.9 
+1.0 

0.3 
+0.7 

-0.3 
+0.3 

0.8 
+0.4 

382 
+151 

645 
+35 

548 
+111 

388 
+154 

481 
+168 

7.1 
+0.0 

7.8 
+0.0 

7.6 
+0.0 

7.7 
+0.1 

6.1 
+0.1 

511 6.7 
+92 +0.3 

435 
+45 

668 
+28 

630 
+78 

521 
+240 

7.8 
+0.0 

8.2 
+0.2 

7.6 
+0.0 

7.8 
+0.2 

718 8.1 
+11 +0.1 

671 8. 9 
+79 +0.1 

(1) Eh is measured in mv and corrected to pH 0. 
(2) Kd is measured in ml/g. 

6.8 
+1.8 

32 
+1 

29 
+6 

7.8 
+3.5 

1.9 
+0.8 

0. 7 
+2.8 

3.4 
+0.4 

6.4 
+1.7 

7.8 
+4.8 

3.1 
+1.6 

2.0 
+3.2 

3.3 
+1.8 

(3) All values are means of 3 repetitions ~ 1 standard deviation. 

./ 

30-day Adsorption 
Eh __p!!_ Kd(Sr) 

187 
+28 

234 
+132 

173 
+43 

434 
+148 

175 
+25 

7.2 
+0.1 . 

7.7 
+0.0 

7.7 
+0.2 

7.7 
+0.1 

6.4/ 
+0.1 

296 7.4 
+127 +0.3 

446 
+232 

475 
+174 

393 
+254 

293 
+134 

638 
+19 

7.7 
+0.1 

7.7 
+0.1 

7.2 
+0.4 

7.7 
+0.0 

7.8 
+0.2 

8.2 
+0.3 

6.1 
+2.1 

38 
+3 

25.8 
+0.4 

9.0 
+0.4 

2.1 
+3.3 

-0.1 
+1.6 

8.9 
+1.0 

4.7 
+2.7 

5.4 
+4.3 

3.7 
+1.3 

2.6 
+2.3 

2.5 
+3.7 

30-day Desorption 
Eh __p!!_ · Kd(Sr)_ 

352 
+148 

6.7 
+0.1 . 

679 8.1 
+43 +0.1 . 

420 8.2 
+88 +0.1 

249 8.0 
+142 +0.4 

607 6.8 
+96 +0.3 

728 6. 7 
+36 +0.3 

369 
+198 

507 
+87 

743 
+10 

752 
+52 

549 
+83 

544 
+264 

8.2 
+0.5 

8.2 
+0.1 

8.1 
+0.1 

8.2 
+0.1 

8.2 
+0~2 

8.3 
+0.1 

1.0 
+1.7 

45 
+8 

28 
+9 

12 
+11 

15 
+25 

:to 

13 
+10 

7 
+13 

3 
+3 

66 
+92 

1.7 
+2.9 

I ____, 
J • • 



TABLE 9. Sr Sorption from 0.03N NaCl Under Anoxic Conditions 
(p02 = 2.7) 

3-da~ Adsoq~tion 10-dai Adsor~tion 30-da~ Adsor~tion 30-day Desor~tion 
Mineral Ihlll. ~ Kd(Sr)(2) Eh ~ Kd{Sr) Eh ~ Kd(Sr) Eh __E!!_ Kd( Sr 1_ 

I 11 ite 124(3) 7.3 182 250 7.4 103 341 7.6 65 448 7. 3 77 
+53 +0.2 +6 +!14 +0.1 +1 +253 +0.2 +6 ~249 +0.5 +14 

Montmor ill on i te 429 9.3 1000 568 8.9 499 227 8.4 456 439 3.6 753 
+226 -0.1 +102 +62 +0.1 +63 +24 +0.0 +71 +122 +0.1 +148 

Vermiculite 528 8.7 747 613 8.0 475 262 8.0 365 317 3.5 632 
+269 +0.1 +97 +77 +0.0 +54 +140 +0.2 +6.9 +192 +0.4 +26 

Biotite 574 9.'0 220 708 8.3 74 204' 8.0 . 38 673 8.4 94 
+163 -0.0 +5 +12 +0.0 +3 +8 +0.1 +6 +19 +0.2 +16 

Kaolinite 682 7.2 64 464 6.2 36 253 . 9.0 35 491 6.4 53 
+55 -0.2 +2 +34 +0.2 +5 +38 +0.1 +5 +144 +0.1 +9 

- Quartz 193 7.3 121 251 6.5 6.1 424 6.8 -1.7 242 7.4 ~0 
1.0 +215 -0.4 +23 +156 +0.5 +4.1 +277 +0.4· +1.4 +150 +0.2 
~ 

Albite 249 9.6 135 551 8.4 110 690 8.1 88 454 8.2 245 
+114 -'-0.2 +35 +116 +0.5 +15 +52 t-0.1 +35 +279 +0.2 +37 

Anorthite 432 9.2 99 643 8.6 46 474 8.1 30 445 8.7 78 
+263' +0.3 +1 +37 +0.1 '+11 +236 +0.1 +8 +40 +0.1 +17 

Microcline 162 8.4 331 542 7.6 172 441 7.6 53 497 7.9 164 
+87' +0.1 +32 +153' +0.0 +59 +219 +{).2 +4 +319 +0.3 +43 

Hornblende 709 9.3 81 539 8.7 53 332 3.5 43 283 8.8 107 
+20 +0.1 +7 +34 +0.1 +6 +174 +0.0 +7 ~24 . +0.1 +26 

Enstatite 327 9.3 70 656 8.6 58 650 3.6 45 417 9.1 118 
+177 +0.1 +18 +36 +0.0 .~11 +38 . +0.1 +7 +261 +0.3 +57 

Augite 399 9.5 82 416 8.7 42 557 3.6 35 543 8.6 107 
~264 . +0.1 +3 +256 +0.2 +11 +183 +0.2 +16 +98 +0.1 +48 

( 1) Eh is measured in mv ard corrected to pH 0. 
(2} Kd is measured in ml/g. 

3'repetiiion~ ~ 1 (3} All values ar.e means of standard deviation. 

._ .... 



TABLE 10. Sr Sorption from 0.03N NaHC03 Under Anoxic Conditions 
{p02 = 2.7) -

Mineral 

I 11 ite 

Montmor i 11 on ite 

Vermiculite 

Biotite 

Kaolinite 

Quartz 

Albite 

Anorthite 

Microcline 

Hornblende 

Enstatite 

Augite 

3-day Adsorption 
Thill __E!!_ Kd ( S r )( 2 ) 

436(3) 8.7 
+154 +0.2 

483 
+15 

524 9.0 1,300 
+239 +0.1 +130 

630 9.2 1,150 
+50 +0.2 +170 

615 8.5 568 
+75 +0.0 +51 

392 8.9 121 
+305 +0.1 +23 

368 9.3 
+335 +0.2 

243 9.7 
+140 +0.1 

406 
+238 

447 
+116 

497 
+297 

8.9 
+0.0 

9.0 
+0.0 

9.0 
+0.0 

460 9.1 
+337 . +0.2 

175 
+110 

9.1 
+0.2 

51 
+14 

105 
+6 

134 
+8 

67 
+26 

189 
+14 

134 
+7 

334 
+35 . 

10-day Adsorption 
Eh __p!L_ Kd(Sr) 

331 9.1 
+51· +0.2 

551 9.5 
+169 +0.0 

671 9.1 
+35 +0.0 

556 9.2 
+260 +0.2 

686 9.4 
+39 +0.1 

706 9.1 
+14 +0.2 

437 . 
+58 

886 
+60 

807 
+57 

504 
+156 

197 
+2 

250 
+53 

356 
+122 

9.4 3,620 
+0.1 .:!:_2,730 

692 
+19 

583 
+101 

701 
+11 

665 
+41 

475 
+173 

9.4 
+0.1 

9.1 
+0.1 

9.4 
+0.0 

9.2 
+0.1 

9.3 
+0.1 

290 
+42 

506 
+125 

335 
+37 

176 
+17 

425 
+25 

(1) Eh is ~easured in mv and corrected to pH 0. 
(2) Kd is measured in ml/g. 
(3) All values are means of 3 repetitions_: 1 standard deviation. 

30-day Adsorption 
Eh · · __E!!_ Kd( Sr) 

148 8.6' 
+7 +0;1 

256 9.1 
+62 +0.1 

343 9.0 
+180 +0.1 

714 9.1 
+10 +0.1 

253 9.0 
+38 +0.1 

701 9.3 
+29 +0.1 

391 
+226 

302 
+140 

675 
+10 

596 
+30 

9.4 
+0.2 

9.1 
+0.2 

9.2 
+0.1 

9.3 
+0.3 

556 9.3 
+45 +0.1 

477 
+166 

9.2 
+0.2 

168 
+30 

899 
+343 

977 
+360 

334 
125 

252 
+29 

266 
+17 

>104 

308 
+26 

68B 
+69 

466 
+187-

197 
+47 

438 
+102 

30-day Desorption 
Eh __E!!_ Kd{Sr) 

479 
+223 

9.0 
+0.2 

558 
+38 

428 9.6 753 
+164 _:0.0. +174 

466 9.2 ND 
+253 +0.1 

449 9.7 391 
+180 +0.0 +119 

521 9.1 515 
+229 +0.1 +42 

660 9.3 
+44 +0.2 

569 
+230 

704 
+50 

605 
+197 

580 
+120 

426 
+244 

584 
+128 

9.7 
+0.2 

9.6 
+0.0 

9.6 
+0.1 

9.5 
+0.1 

9.8 
+0.5 

9·. 7 
+0.1 

386 
+242 

ND 

347 
+185 

ND 

549 
+95 

238 
'+108 

722 
+138 



TABLE 11. Cs Sorption from 5.13N NaCl Under Anoxic Conditions 
(p02 = 2.7) 

· 3-day Adsorption 
1hlli ~ Kd(Cs)(2) 

10-day Adsorption 
Mineral 

I 11 ite 

Montmor i 11 on i te 

Vermi cu 1 i te 

Biotite 

Kao 1 i nite 

Quartz 

A 1 bite 

Anorthite 

Microcline 

Hornblende 

Enstatite 

Augite 

41Q(3) 7:4 441 
+37 +0.1 +21 

697 8.4 
+65 +0.1 

701 8.7 
+18 +0.2 

695 8.8 
+27 +0.3 

68:3 7.2 
+55 +0.2 

511 7.3 
+198 +0.2 

366 
+87 

485 
+41 

470 
+160 

681 
.:t19 

510 
+280 

467 
+127 

8.6 
+0.2 

8.3 
+0.3. 

7 .} 
+0.5 

8.9 
+0:2 

8.9 
+0.3 

9.5 
+0.3 

13 
+1 

98 
+7 

647 
+36 

2. 1 
+0.7 

-0.4 
+1.4 

2.3 
+0.4 

6.6 
+1.7 

0.3 
+o.1 

3.5 
+1.1 

1.6 
+0.7 

1.8 
+1.4 

677 8. 3 
+6 +0.1 

632 8.2 
+16 +0.1 

709 8.3 
+11 +0.1 

.675 6.8 
+25 +0.1 

654 6.8 
+31 +0.6 

386 
-100 

718 
+28 

693 
+4 

695 
+34 

718 
+11 

720 
+21 

7.8 
+0.2 

8.0 
+0.0 

7.0 
+0.1 

8.1 
+0.1 

8.1 
+0.1 

8.8 
+0.1 

14.6 
+0.5 

131 
+6 

949 
+41 

. ·3.2 
+2.2 

1.0 
+0.4 

3.2 
+0.8 

7.8 
+2.6 

2.9 
+2.6 

3.0 
+1.3 

1.0 
·+O. 7 

5.3 
+1.1 

(1) Eh is measured in mv and corrected to pH 0. 
(2) Kd is measured· in ml/g. 
(3) All values are means of 3 repetitions ~ 1 standard deviation. 

30-day Adsorpticn 
Eh __p_':!_ Kd(Cs) 

432 6.4 455 
+68 +0.2 +211 

564 7.9 
+ 1.38 +0.1 

416 8.1 
+55 +0.1 

690 8.2 
+41 +0.1 

690 6.S 
+37 +0.1 

689 .6.7 
+51 +0.1 

600 
+116 

664 
+77 

698 
+18 

693 
+6 

593 
+171 

586 
.+70 

7.6 
+0.3 

7 •. 6 
+0.1 

8.1 
+0.1 

8.0 
+0.1 

8.2 
+0.0 

15.9 
+2.3 

116 
+5 

1143 
+478 

15 
+17 

-2.3 
+3.2 

5.3 
+0.7 

8.8 
+0.9 

5.2 
+5.4 

5.8 
+0.4 

0.6 
+0.3 

1.3 
+1.0 

30-day Desorption 
Eh ~ . Kd(Cs) 

533 6.4 405 
+49 ~0.1 +48 

728 8. 5 
+51 ~0.0 

706 8.1 
+23 +0.3 

. 720 8.6 
+63 +0.1 

412 6.8 
+83 +0:3 

739 7. 3 
+38 +0.6 

553 
+178 

627 
+144 

471 
+157 

742 
+8 

700 
+ll 

671 
+31 

7.0 
+0.1 

8.2 
+0.0 

7.5 
+0. 7 

8.3 
+0.1 

8.0 
+0.1 

8.6 
+0.1 

21.3 
+4.0 

107 
+13 

1840 
+237 

60 
+71 

17 
+6 

21 
+10 

41 
+72 

4.2 
+3.0 

~0 

38 
+66 



TABLE 12. Cs Sorption from 0.03~ CaCl2 Under Anoxic Conditions 
(p02 = 2. 7) 

Mineral 

I 11 i te 

Montmor i 11 on i te 

Vermiculite 

Biotite 

Kao 1 ini te 

Quartz 

Albite 

Anorthite 

Microcline 

Hornblende 

Enstati:e 

Augite 

3-day Adsorption 
fhili ~ Kd(Cs)(2) 

510(3) 7.3 8380 
+42 +o.2 +Z08o 

667 8.0 
+31 +0.0 

228 
+2 

614 7.9 7500 
+64 +0.2 +2600 

534 8.2 5.9x1o4 
+346 +0.1 +3.0x1o4 

517 7.0 
+289 +0.1 

495 7.0 
+231 +0.1 

177 8.9 
+106 +0.] 

293 8.E: 
+254 +0.!: 

227 8.E 
+103 +0.3 

579 s.e 
+90 +0.3 

514 9.0 
+161 +0.1 

528 9. 7 
+164 +0.0 

44 
+10 

1.9 
+1.0 

79 
+6 

333 
+5 

88 
+7 

137 
. +3 

47 
+0 

88 
+4 

10-day Adsorption 
Eh ~ Kd(Cs) 

382 7.1 5920 
+}51 +0.0 +520 

645 7.8 
+35 +0.0 

296 
+25 

548 7.6 4990 
+111 +0.0 +500 

388 7.7 1.3x1o4 
+154 +0.1 +1.2xlo4 

481 6.1 
+168 +0.1 

511 6. 7 
+92 +0.3 

80 
+19 

4.2 
+4.3 

435. 7.8 59 
+45 +0.0 ~7 

668 8.2 1890 
+28 +0.2 +1140 

630 7.6 65 
+78 +0.0 +13 

521 7.8 
+240 +0.2 

718 8.1 
+11 +0.1 

671 8.9 
+79 +0.1. 

117 
+12 

29 
+4 

96 
+50 

(1) Eh 's measured in mv.and corrected to pH 0. 
(2) Kd 's measured in ml/g. · 
(3) All values are means of 3 repetitions~ 1 standard deviation. 

30-day Adsorption 
Eh ___E!!_:_. K d ( Cs) 

187 7.2 8800 
+i8 +0.1 +1250 

234 7.7 
+132 +0.0 

462 
+109 

173 7.7 1.8x1o4 
+43 +0.2 +1.7x1o4 

434 7.7 
+148 +0.1 

175 6.4 
+25 +0.1 

296 7.4 
+127 +0.3 

> 105 

180 
+58 

5.0 
+2.0 

446 7.7 88 
+232 +0.1 +16 

475 7:7 4230 
+174 +0.1 +1300 

393 7.2 61 
+254 +0.4 21 

7.7 
+0.0 

293 7.8 
+134 +0.2 

638 
+19 

8.2 
+0.3 

171 
+77 

22 
+1 

77 
+22 

30-day Desorption. 
Eh ~ Kd,:cs)_ 

352 6.7 1.2xlo4 
+148 +0.1 +0.2xlo4 

679 8.1 
+43 +0.1 

420 8.2 
+88 :_0,1 

758 
137 

28 
+9 . 

249 s.o 1.6xlo4 
+142 +0.4 ¥1x1o4 

607 6.8 
+96 +0.3 

728 6.7 
+36 +0.3 

369 8.2 
+198 +0.5 

507 8.2 
+87 +0.1 

743 8.1 
+10 +0.1 

752 8.2 
+52 +0.1 

2210 
+830 

75 
+37 

628 
+116 

6690 
+433 

253 
+93 

1155 
+420 

649 8.2 1853 
+83 +0.2 . +3037 

544 
+264 

8.3. 
+0.1 

233 
+57 



L 

TABLE 13. Cs Sorption from 0.03N NaCl Under Anoxic Conditions 
( p·o2 = 2. 7) 

3-daj Adsorption 
Ihi1l ~ Kd(Cs)(2) 

124(3} 7.3 11,000 
+58 . +0.2 ~2,000 

10-day Adsorption 
Mineral 

Illite 

Montmor i 11 on i te 

Vermiculite 

Biotite 

Kaolinite 

Quartz 

Albite 

Anorthite 

Microcline 

Hornblend~ 

Enstatite 

Augite 

429 9.3 
+226 +0.1 

528 
+269 

8.7 
+0.1 

881 
+30 

7740 
+420 

574 
+163 

9:0 16,000 
+0.0 ~3,000 

682 >7.2 
+55 +0.2 

193 
+215 

249 
+114 

_432 
+263 

162 
+87 

709 
+20 

327 
+177 

7.3 
·+0.4 

9.6 
+0.2 

9.2 
+0.3 

8.4 
+0.1 

9.3 
+0.1 

9.3 
+0.1 

399 9.5 
+264 . +0.1 

100 
+2 

98 
+18 

112 
+2 

298 
+41 

135 
+29 

285 
+18 

58 
+8 

100 
+13 

568 8.9 
+62 +0.1 

613 
+77 

708 
+12 

8.0 
+0.0 

8.3 
+0.0 

464 6.2 
+34 +0.2 

251 
+156 

551 
+116 

643 
+37 

542 
+153 

539 
+34 

656 
+36 

416 
+256 

6.5 
+0.5 

8.4 
+0.5 

8.6 
+0.1 

7.6 
+0.0 

8.7 
+0.1 

8.6 
+0.0 

8.7 
+0.2 

(1) Eh is measured in mv and corrected to pH 0. 
(2) l<d is mea~.ured in ml/g. 

848 
+108 

6440 
+550 

5700 
+1620 

99 
+18 

7.3 
+3.1 

·89 
+21 

2570 
+1150 

187 
~5.3 

427 
+106 

41 
+10 

101 
+12 

(3) All value~. are means of 3 repetitions ~ 1 standard deviation . 
.. 

30-day Adsorption 
Eh --.E!:!_ Kd ( C s) 

341 7.6 9719 
+253 ·+0.2. +602 

227 8.4 
+24 f0.0 

763 
+122 

262 
+140 

8.0 2.8xlo4 
+0.2 .+3.4xlo4 

204 
+8 

8.0 l.Ox!o4 
+0.1 -t-0.7xlo4 

253 9.0 
+38 -10.1 

424 . 
+277 

690 
+52 

474 
+236 

441 
+219 

332 
+174 

650 
+38 

557 
+183 

6.8 
f0.4 

8.1 
f0.1 

8.1 
+0.1 

7.6 
+0.2 

8.5 
+0.0 

8.6 
+0.1 

8.6 
+0.2 

278 
+198 

8.5 
+L.5 

310 
+360 

1279 
+171 

131 
+18 

441 
+156 

31 
+13 

91 
-~-~· 

30-day Desorption 
Eh ~ Kd(Cs}_ 

448 7.3 9850 
+249 +0.5 +2800 

439 8.6 
+122 +0.1 

1036 
+125 

317 
+192 

8.5 2.1x1o4 
+0.4 +2.2x1o4 

673 
+19 

8.4 2.0x1o4 
+0.2 +L3x1o4 

491 6.4 
+144 +0.1 

242 
+150 

454 
+279 

445 
+40 

497 
+319 

283 
+24 

417 
+261 

543 
+98 

7.4 
+0.2 

8.2 
+0.2 

8.7 
+0.1 

7.9 
+0.3 

8.8 
~0.1 

9.1 
+0.3 

8.6 
+0.1 

968 
+397 

122 
+146 

467 
~110 

4650 
+1690 

492 
+106 

833 
+25 

139 
+70 

219 
+32 



.. 
TABLE 14. Cs Sorption from 0.03!:!_ NaHC03 Under Anoxic Conditions 

( p02 :i: 2. 7). 

3- da~ Adsoq!!t ion 10-da~ Adsoretion 30-da~ A9soretion 30-da~ Desoretion 
Mineral QilTI . ~ . Kd(Cs)(2) Eh __£!!..._ Kd(Cs) Eh __£!!..._ Kd(Cs) ~L ~ Kd(Csi 

I 11 i te 436(3) 8.7 7,520 331 9.1 7,080 148 8.6 437 479 9.0 2,900 
+154 +0.2 +770 +51 +0.2 .:!:_1,290 +7 +0.1 +72 +223 +0.2 .:!:_1,690 -

Montmor i 11 on ite 524 9.0 1,067 551 9.5 933 256 9.1 985 ·428 9.6 l, 180 
+239 +0.1 +68 +169 .:!:_0.0 +83. +62 +0.1 +125 +164 +0.0 +300 

Vermiculite 630 9.2 5,830 671 9.1 3,855 343 9.0 4.6xlo4 466 9.2 NO 
+50 +0.2 .:!:_2,030 +35 +0.0 +385 +180 +0.1 +3.4xlo4 +253 +0.1 

Biotite 615 8.5 3,410 556 9.2 2,580 714 9.1 3,150 449 9.7 2,020 
+75 +0.0 :!:_2,010 .:!:,260 +0.2 +820 +10 +0.1 .:!:_2,560 +180 +0.0 +241 

Kao 1 in i te 392 8.9 98 686 9.4 109 253 9.0 164 521 9.1 677 
+305 +0.1 +18 +39 +0.1 +9 +38 +0.1 +84 +229 +0.1 +419 

.... Quartz 368 9.3 4.9 706 9.1 8.8 701 9.3 11.4 .. 660 9.3 45 
\0. +335 +0.2 +0.5 / .:!:,14. +0.2 . +2.6 +29 . +0.1 +2.8' +44 +0.2 +16 \0 

.1\1 bite 243 9.7 108 356 9.4 106 391 9.4 167 569 9.7 508 
+140 +0.1 +5 +122 +0.1 +30 +226 +0.2 +12 +230 +0.2 +72 

Anorthite 406 8.9 490 692 9.4 659 302 9.1 1,670 704' 9.6 1,830 . 
+238 +0.0 +70 +19 +0.1 +132 +140 +0.2 .:!:,1 ,440 +50 +0.0 .:!:_1,840 

MicrocJine 447 9.0 90 583 9.1 82 675 9.2 118 605 9.6 414 
+116 +0.0 +17 +101 +0.1 +37 +10 +0.1 +41 +197 +0.1 +26 

Hornblende 497 9.0 303 701 9 .. 4 459 596 9.3 610 580 9 .. 5 778 
+297 +0.0 +25 +11 +0.0 +118 +30 +0.3 +270 +120 +0.1 +278 

Enstatite 460 9.1 75 665 9.2 50 556 9.3 38 426 9.8 129 
+337 +0.2 +4 +41 +0.1 +17 +45 +0.1 +6 +244 +0.5 +12 

Augite 175 9.,1 88 475 9.3 75 477 9.2 113 584 9.7 239 
+110 . +0.2 +4 +173 +0.1 +20 +166 +0.2 +9 +128 +0:1 +97 

(1) Eh is measured in mv and corrected to pH 0. 
(2) Kd is measured in ml/g. 
(3) All values are means of 3 repetitions .:!:. 1 standard deviation. 
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TABLE 15 .. Tc Sorption from 5.13N NaCl Under Anoxic Conditions 
( p02 = 2. 7) 

Mi nera 1 

I 11 i te 

Mont mer i 11 on it:: 

Vermi cu.i i te 

Biotite 

Kao 1 i nite 

Quartz 

A 1 bite 

Anorthite 

Microc1ine 

Hornblende 

Enstatite 

Augite 

3-day Adsorption 
Eh{1) ~ Kd{Tc){2) 

41o(3) 7.4 
+37 +0.1 

697 . 8.4 
+65 +0.1 

701 8.7 
+18 +0.2 

695 8.8 
+27 +0.3 

683 7.2 
+55 +0.2 

511 
+198 

366 
+87 

485 
+41 

470 
+160 

681 
+19 

510 
+280 

7.3 
+0.2 

8.6 
+0.2 

8.3 
+0.3 

7.7 
+O.:. 

8.9 
+0.2 

8.9 
+0.3 

885 
+39 

0.6 
+0.9 

-1.3 
+1.3 

1.9 
+2.2 

-3.6 
+0.6 

267 
+119 

>760 

>490 

"3770 
+3600 

>2490 

860 
+1250 

467 9.5 >4600 
+127 +0.3 

10-day Adsorption 
Eh _£H___ Kd(Tc) 

570 7. 2 
+39 . +0.2 

677 
+6 

8.3 
+0.1 

632 8.2 
+16 +0.1 

709 8.3 
+11 +0.1 

675 6.8 
+25 +0.1 

654 
+31 

386 
+100 

718 
+28 

693 
+4 

695 
+34 

718 
+11 

6.8 
+0.6 

7.8 
+0.2 

8.0 
+0.0 

7.0 
+0.1 

8.1 
+0.1 

8.1 
+0.1 

720 8.8 
+21 +0.1 

1490 
+160 

-0.1 
+0.1 

354 
+22 

-2.7 
+0.2 

-0.3 
+2.0 

12.8 
+2.9 

6120 
+2950 

2700 
+4100 

50 
+45 

593 
+250 

270 
+240 

813 
+115 

(1) Eh is measLred in.mv and corrected to pH 0. 
(2) Kd is meas~red in ml/g. 
(3) AJi. values are mean~ of 3 repetitions:. 1 standard deviation. 

30-day Adsorption 
Eh JH Kd{Tc) 

432 6.4 
. +68 +0.2 

564 7.9 
+ 138 ' ;+-Q.1 

416 8.1 
+55 r0.1 

690 8.2 
+41 t-0.1 

690 6.5 
+37 ~o.1 

689. 6. 7 
; +51 +0.1 

600 
+116 

664 
+77 

698 
+18 

693 
+6 

593 
+171 

7.6 
+0.3 

7.6 
+0.1 

6.5 
+0.6 

8.1 
+0.1 

8.0 
+0.1 

586 8. 2 
+70 +0.0 

2960 
+380 

0.5 
-·+1.8 

371 
+20 

. -1.2 
+0.9 

10.0 
+15.5 

6.2 
+4.1 

581 
+.~26 

4100 
+7500 

38 
.;.25 

348 
-75 

:35 
-83. 

. 469 
+231 

30-day Desorption 
Eh ~ Kd(Tc) 

533 6.4 
+49 ·+0.1 

728 
+51 

8.5 
+0.0 

706 8.1 
+23 +0.3 

720 8.6 
+63 +0.1 

412 6.8 
+83 +0.3 

739 
. +38 

553 
+178 

627 
+144 

471 
+157 

742 
+8 

700 
+11 

7.3 
+.0.6 

7.0 
+0.1 

8.2 
+0.0 

7.5 
+0.7 

8.3 
·+0.1 

8.0 
. +0.1 

671 8.6 
+;n · +0.1 

ND 

<Q 

ND 

<Q 

62 
+86 

45 
+44 

1307 
+315 

1283 
+296 

. 533 
+315 

1107 
+164 . 

555 
. +169 

548 
+95 



TABLE 16. T: Sorption from 0.03~ CaCl2 Under Anoxic Conditions 
. (p02 = 2. 7) 

3-day Adsorption 
lhi1I ~ Kd(Tc)(2) 

10-day Adsorption 
Mineral 

Illite 

Montmor ill on ite 

Vermiculite 

Biotite 

Kaolinite 

Quartz 

Albite 

Anorthite 

~licrocline 

Hornblende 

Enstatite 

Augite 

516(3) 7.3 
+42 +0.2 

667 8.0 
+31 +0.0 

614 7.9 
+64 +0.2 

534· 8.2 
+346 +0.1 

517 7.0 
+289 +0.1 

495 7.0 
+231 +0.1 

177 
+106 

293 
+254 

227 
+103 

8.9 
+0.1 

8.8 
+0.5 

8.6 
+0.3 

1150 
+560 

-3.9 
+2.1 

-3.4 
+2.8 

-3.2 
+3.3 

-3.0 
+2.5 

3.1 
+1.6 

>2500 

>2500 

>2500 

579 8.8 >2500 
+90 +0.3 

514 
+161 

528 
+164 

9.0 
+0.1 

9.7 
+0.0 

52 
+14 

>1700 

382 
+151 

645 
+35 

548 
+111 

388 
+154 

481 
+168 

7.1 
+0.0 

7.8 
+0.0 

7.6 
+0.0 

7,7 
+0.1 

6;1 
+0.1 

511 6. 7 
+92 +0.3 

435 
+45 

668 
+28 

630 
+78 

521 
+240 

718 
+11 

671 
+79 

7.8 
+0.0 

8.2 
+0.2 

7.6 
+0.0 

7.8 
+0.2 

8.1 
+0.1 

8.9 
+0.1 / 

6.6 
+5.4 

-1.2 
+0.9 

3.8 
+2.6 

-0.8 
+0.1 

2.6 
+2.5 

1.3 
+2.7 

9900 
+7200 

196 
+58 

678 
+361 

50 
+5 

18 
+17 

8.9 
+6.9 

(1) Eh is measured in mv and corrected to pH 0. 
l2} Kd is measured in ml/g. 
(3} All values are means of 3 repetitions~ 1 standard devfation. 

30-day Adsorption 
Eh ~ Kd(Tc) 

187 7.2 
+28 +0.1 

234 
+132 

173 
+43 

434 
+148 

175 
+25 

7.7 
+0.0 

7.7 
+0.2 

7.7 
+0;1 

6.4 
+0.1 

296 7. 4 
+127 +0.3 

446 
+232 

475 
+174 

393 
+254 

293 
+134 

638 
+19 

7.7 
+0.1 

7.7 
+0.1 

7.2 
+0.4 

7.7 
+0.0 

7.8 
+0.2 

8.2 
+0.3 

112 
+10 

4.1 
+0.7 

7.8 
+3.5 

.204 
+364 

26 
+14 

6.7 
+3.6 

667 
+262 

425 
+197 

211 
+138 

586 
+271 

1418 
+277 

1300 
+2300 

30-day Desorption 
Eh ~ Kd(Tc) 

352 
+148 

679 
+43 

420 
+88 

249 
+142 

607 
+96 

6.7 
+0.1 

8.1 
+0.1 

8.2 
+0.1 

8.0 
+0.4 

6.8 
+0.3 

728 6. 7 
+36 +0.3 

369 
+198 

507 
+87 

743 
+10 

8.2 
+0.5 

8.2 
+0.1 

8.1 
+0.1 

34 
+11 

14 
+1 

36 
+16 

ND 

169 
+25 

8 
+16 

830 
+247 

605 
+42 

465 
+25 

752 
+52 

8.2 ( 756 

649 
+83 

544 
+264 

+0.1 +81 

8.2 
+0.2 

8.3 
.+0.1 

337 
+124 

261 
+285 
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. TABLE 17. 3r Sorpti•Jn from 0.03N NaCl Under Anoxic Conditions 
( p02 = 2. 7) . 

Mineral 

I'llite 

Montmm; i 11 on i te 

Vermi cu 1 i te 

Biotite 

~ao 1 i n-!te 

Quartz 

Albite 

Anorthite 

Microciine 

Hornbiende 

Enstatite 

Augite 

3-day Adso·ption 
Ehi1) ~ Kd(Tc)(2) 

124(3) 7.3 >900 
+58 +0.2 

429 9.3 
+226 +0.1 

528 8.7 
+269 +0.1 

5-74 9.0 
+163 +0.0 

682 7.2 
+55 +0.2 

193 7.3 
+215 +0.4 

249 
+114 

432 
+263 

162 
+87 

709 
+20 

327 
+177 

399 
+264 

9.6 
+0.2 

9.2 
+0.3 

8.4 
+0.1 

9.3 
+0.1 

9.3 
+0.1 

9.5 
·+0.1 

<·0 

<0 

<0 

<0 

<0 

>900 

>900 

>900 

>360 

>510 

>900 

10-day Adsorption 
Eh ~ Kd(Tc) 

2so 7.4 1.7x1o4 
+114 +0.1 +1.0x1o4 

568 8~9 
+62 +0.1 

613 8.0 
+77 +0.0 

708 8.3 
+12 +0.0 

464 6.2 
+34 +0.2 

251 
+156 

551 
+116 

643 
+37 

542 
+153 

539 
+34 

656 
+36 

416 
+256 

6.5 
+0.5 

'8.4 
+0.5 

8.6 
+0.1 

7.6 
+0.0 

8.7 
+0.1 

8.6 
+0.0 

8.7 
~0.2 

-2.3 
+1. 7 

1.8 
+2.3 

-1.4 
+1.6 

-2.9 
+0.8 

1.7 
+6.2 

5380 
+4050 

1090 
+920 

8.2 
+7.9 

8.1 
+1. 7 

10.8 
+2.6 

1600 
+1700 

(1) Eh is measured in mv and corrected to pH 0. 
(2) Kd is measured in ml/g. 
(3) All values are means of 3 repetitions ~ 1 standard deviation. 

30-day Adsorption 
Eh ~ Kd(Tc) 

.341 7.6 606 
+253 ~0.2 +19 

227 
+24 

262 
+140 

. 204 
+8 

253 
'+38 

424 
+277 

690 
+52 

474 
+236 

441 
+219 

332 
+174 

650 
+38 

557 
+183 

8.'4 
+0.0 

8.0 
+0·.2 

8.0 
+0.1 

9 .. 0 
..:o .. 1 

16.8 
+{). 4 

;E .• 1 
+D.1 

;a .1 
+0.1 

7.6 
+0.2 

8.5 
+0.0 

8.6 
+0.1 

8.6 
+0.2 

-1.0 
+0.7 

'2.4 
+1. 9 

1.5 
+4. 3 

5.4 
+5.1 

27 
il3 

427 
+50 

601 
+::55 

16.8 
8.1 

370 
+279 

47 
+43 

523 
+262 

30-day Desorpti~n 
Eh ~ Kd(Tcl 

'448 7.3 277 
+249 +0.5 +14 

439 
+122 

317 
+192 

673 
+19 

491 
+144 

242 
+150 

454 
+279 

445 
+40 

497 
+319 

283 
+24 

417 
+261 

543 
+98 

8.6 
+0.1 

8.5 
+0.4 

8.4 
+0.2 

6.4 
+0.1 

7.4 
+0.2 

8.2 
+0.2 

8.7 
+0.1 

7.9 
+0.3 

8.8 
+0.1 

9.1 
·+0.3 

8.6 
+0.1 

0 

·12 
+12 

27 
+47 

63 
+77 

87 
+68 

819 
+194 

406 
+97 

448 
+325 

255 
+169 

553 
+334 

.. 
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TABLE 18. Tc Sorption .. from 0.03!! NaHC03 Under Anoxic Conditions 
( p02 =· 2. 7) 

Mineral 

Illite 

Montmor·i ll onite 

Vermiculite 

Biotite 

Kaolinite 

Quartz 

Albite 

Anorthite 

Microcl i ne 

Horn blend:! 

Enstatite 

Augite 

3-day Adsorption 
Khl1I ~ Kd(Tc)(2) 

436(3) 8. 7 
+154 +0.2 

524 9.0 
+239 +0.1 

630 9.2 
+50 +0.2 

615 8.5 
+75 . +0.0 

392 
+305 

368 
+335 

8.9 
+0.1 

9.3 
+0.2 

204 
+8 

4.9 
+9.8 

2.8 
+2.1 

140 
+236 

-2.7 
+0.8 

>2500 

243 9. 7 > 2500 
+140 . +0.1 

406 8.9 
+238 +0.0 

447 
+116 

497 
+297 

460 
+337 

175 . 
+110 

9.0 
+0.0 

9.0 
+0.0 

9.1 
+0.2 

9.1 
+0.2 

1100 
:i-210 

>2500 

10~5 
+284 

>2500 

2870 
+2470 

10-day Adsorption 

331 9.1 
+51 +0.2 

551 9.5 
+169 +0.0 

671 9.1 
+35 +0.0 

556 9.2 
+260 +0.2 

686 
.+39 

706 
+14 

9.4 
+0.1 

9.1 
+0.2 

7.2 
+1.9 

OA 
+1.7 

0.5 
+1.5 

5.0 
+3.0 

oJ.6 
+1.8 

83 
+83 

356 
+122 

9.4 7,791 
+0.1 :!'_7,846 

692 9.4 
+19 +0.1 

583 
+101 

701 
+11 

665 
+41 

475 
+173 

9.1 
+0.1 

9.4 
+0.0 

9.2 
+0.1 

9:3 
+0 .• 1 

111 
+142 

1146 
+407 

76 
+52 

281 
+119 

450 
+140 

(1) Eh is measured in mv and corrected to P.H 0. 
(2) Kd is measured in ml/g. ·· 
(3) All values are means of 3 repetitions:!'_ 1 standard deviation. 

30~day Adsorption 
Eh ~ .Kd(Tc) 

148 8.6 
+7 +0.1 

256 9.1 
+62 +0.1 

343 9.0 
+180 +0.1 

714. 9.1 
+10 +0.1 

253 
+38 

701 . 
+29 

391 
+226 

9.0 
+0.1. 

9.3 
+0.1 

9.4 
+0.2 

302 9.1 
:!'_140 +0.2 

675 9.2 
+10 +0.1 

596 
+30 

556 
+45 

471 
+166 

9.3 
+0.3 

9.3 
+0.1 

9.2 
+0.2 

28~5 
+5.2 

1.1 
+1.9 

2.6 
+1.5 

3'.6 
+4.9 

-0.6 
+1.0 

61 
+28 

1550 
+1120 

100 
+52 

342 
. +72 

43 
+34 

60 
+16 

496 
+105 

30-day Desorption 
Eh ~ Kd(Tc) 

479 9.0 
+223 +0.2 

428 9.6 
+164 +0.0 

466 9.2 
+253 +0.1 

449 9.7 
+180 +0.0 

521 
+229 

660 
+44 

569 
+230 

9.1 
+0.1 

9.3 
+0.2 

9.7 
+0.2 

704 9.6 
+50 +0.0 

605 
+197 . 

580 
+120 

426 
+244 

584 
+128 

9.6 
+0.1 

9.5 
+0.1 

9.8 
+0.5 

9.7 
+0.1 

32 
+11 

10 
+9 

19 
+15 

43 
+64 

0 

220 
+56 

NO 

260 
+56 

520 
+116 

236 
+87 

204 
+20 

388 
+135 



TABLE 19. ·comparison of Kd(Sr) Under Anoxic and Ambien: Atmospheric Conditions 
(30-day Contact Time) 

. 5.13N flaCl 0.03N CaCl2 0.03N NaCl . 0.03N NaHC03 __ 
Mineral Ambient Anoxic Ambient Anoxic Ambient Anoxic Ambient Anoxic 

Illite 1. 2( 2) 135 ** 6.2 6.1 ns 37 65 ** 298 168 ns 
+0.5 +2 +1.5 +2.1 +1 +6 +84 +30 

Montmorillonite 1.4 2.9 ns 27.7 38 ** 1074 456 ** 1353 899 . ns 
+0.6 +1.3 +0.6 +3 +91 +71 +330 +343 

Vermi cu 1 i te 1.9 127 ** 24 25.8 ns 760 365 ** 1041 977 ns 
+1.1 +7 +l +0.4 +19 +69 +103 +360 

B iot it eO) 4.2 1.8* 12.7 9.0 ** 149 38 ** 613 334 * 
+0.6 +1.1 +0.4 +0.4. +6 +6 +61 +125 

Kaolinite 0.2 9.6 ns 0.6 2.1 ns 77 35 ** 284 252 ns 
+0.9 +17.1 +0.2 +3.3 +3 +5 +107 +29 

N Quartz 1.1 -2.2 * -0.2 -0.1 ns 9.0 1.7 ** 348 266 0 ns 
~ +0.4 +1.8 +1.1 +l.6 +1.6 +1.4 +70 \ +17 

Albite 5.2 5.5 ns 4.1 8.9 ** 105 88 ns 545 > 104 ns 
+1.0 +2.4 +0.4 +l.O +2 +35 +48 

Anorthite 5.0 2.3 ns 3.0 4.7 ns 51 30 * 459 308 * 
+1.3 +1.1 .:_Q.3 +2.7 +3 +8 +58 +26 . 

Microcline 4.1 5.0 ns 3.6 5.4 ns 159 53 ** 461 688 ** 
+1.1 +6.2 +0.9 +4.3 +7 +4 +26 +69 

Hornblende (1) 1.7 8.7 ns 3.6 3.7 ns 43.6 43 ns 298 466 ns 
+0.3 +12.7 +1.5 +l.3 +0.3 +7 +4 +187 

Enstatite\1) 2.2 1.6 ns 2.2 2.6 ns 50.7 45 ns 132 197 ns 
+0.5 +0.8 +0.6 +2.3 +0.6 +7 +10 +47 

Augite(!) 6.4 3.9 ** 4.6 2.5 ns 64 35 * 625 438 * 
·. +o.·8 +0.2 +0.6 +3.7 +6 +16 +41 +102 

(1) Ambient Kd values were determined at 20 days. 
(2) All Kd values are given in ml/g as tt·~ mean .:_ staridar.d deviation. 
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TABLE 20. Comparison of Kd(Cs) Under Anoxic and Ambient Atmospheric Conditions 
(30~day Contact Ti~e) 

5.13N NaCl 0.03N CaCl2 0.03N NaCl 0.03N NaHC03 __ 
Mineral Ambient Anoxic Ambient Anoxic Ambient An ox i.e Ambient Anoxic 

Illite 564(2) 455 ns 6960 8800 ns 1.3xlo4 9719 ns l.Oxlo4 437 * 
+35 +211 +4670 +1250 +0.6xlo4 +602 +0.4xlo4 +72 

~1ontmor i · l on i te 33 16 ** 218 462 * 112'0 763 1557 985 ns 
+2 +2 +5 +109 +81 +122 * +370 +125 

\'ermi cu lite 93 116 * 8.2xlo4 1.8xlo4 ns 5.9xlo4 2.8xlo4 ns 2.0x1o4 4.6xlo4 ns 
+9 +5 +6.6xlo4 +1.7xio4 +7.1xlo4 -~3.4xlo4 +1. 5xlo4 +3.4x1o4 - . 

Biotite(]) 1485 1143. ns 7.0xlo4 > 105 ns 6.0xlo4 l.Oxlo4 ns 4211 3150 
+349 +478 +8.2xlo4 +8.7x1o4 +0.7xlo4 +1153 +2560 

l<.ao l i nite 7.3 15 ns 4.6xlo4 180 ns 909 278 * 863 164 ** 
~0.8 +17 +6.7xlo4 +58 +215 +198 +37 +84 

N Quartz 2.2 -2.3 ns 34 5 * 58. 8.5 ** 37 11.4 ** 
0 +0.8 +3.2 +14 +2 +8 +4.5 +5 +2.8 
(.11 

Albite 20 5.3 ** 821 88 ** 519 310 ns 528 167 ** 
+2 +0.7 +123 +16 +11 +360 +10 +12 

Anorthfte- · 22 8.8 ** 774 4230 ** 440 1279 *"'" 608 1670 ns 
+1 +0.9 +48 +1300 +35 +177 +36 +1440 

M i croc l i r.e 7 5~2 ns 222 61 * 391 137 ** 343 118 ** 
+2 +5.4 +76 +21 +18 +18 +21 +41 

Horn b l ence (1) 11 5.8 **. 2155 . 171 ** 835 441 * 1097 610 * 
+1 +0.4 +116 +77 +66 +156 +138 +270 

Ens tat ite·O) 2.5 0.6 ** 188 22 ** 100 31 ** 134 38 ** 
+0.6 +0.3 +18 +1 +9 +13 +8 +6 

Augite(!) 3.7 1.3* 450 77 ** 215 91 ** 293 113 ** 
+0. 7 +1.0 +72 +22 +29 +5 +1 +9 

(1) Ambient Kd values were determined at 20 days. 
(2) Kd values are listed. as the me~n + standard deviation. 



TABLE .21. Comparison of Kd(Tc) Under Anoxic and Ambient Atmosphed c Condi tjons 
(30-day Contact Time) 

5.EN tlc:Cl 0.03N CaClz 0.03N riaCl 0.03N NaHC03 __ 
Mineral Ambient Anoxic Ambient Anoxic Ambient Anoxic Ambient Anoxic 

Illite 4.7(2) 2960 ** 0.5 112 ** 10.2 606 ** -0.9 29 ** 
+0. 5 +380 +0.5 +10 +1.1 +19 +0.4 +5 

Montmor i 11 on i te 0.2 0.5 ns -0.7 4:1 ** -0.6 -LO ns -1·. 5 1.1 ns 
+0.5 +1.8 +0.1 +0.7 +0.4 +0.7 +0.3 +1.9 

Vermiculite 0.6 371 ** -0.8 7.8 * 0.4 2.4 ns 0.0 2.6 * 
+0. 7 +20 +0.3 +3.5 +1.0 ~ + 1. 9 +0.2 +1.5 

. Biotite (1 l -0.3 -1.2 ns -0.5 204 ns -0.1 1. 5 ns -1.0 3.6 ns 
+0.4 +0.9 +0.6 +364 +0.1 +4.3 +0.5 +4.9 

Kao 1 i nite 0.4 10.0 ns 3.0 26 ns -0.4 ·5.4 ns -0.2 -0.6 ns 
+1.0 +15.5 +5.3 +14 +0.6 +5.1 +0.9 +1.0 

N Quartz 1.6 6.2 ns 0.7 6.7 * 1.4 27 * -0.4 61 * 
0 
0'1 

+0.9· +4.1 +1.0 +3.6 +1.5 +13 +0.3 +28 

A 1 bite 18.0 581 * 2.8 667 * 0.7 427 ** -0.4 1550 ns 
+3.3 +226 +1.3 +262 +0.5 +50 +0.7 +1120 

Anorthite 4.4 4700 ns 0.5 425 * 1.8 601 * -0.1 100 * 
+1.0 +7500 +0.7 +197 +1.0 +355 +0.1 +52 

.Microcline l5. 5 38 ns 0.1 211 ns 5.8 '17 ns 0.6 342 ** 
+4.0 +25 +0.4 +138 +1.2 +8 +0.1 +72 

Horn b 1 en de (1 l 1.6 348 ** 0.4 586 * 0.2 370 ns -0.8 43 ns 
+0.5 +75 +1.1 +271 +0.1 +279 +0.5 +43 

Est at iteO l 0.1 135 * 0.7 1418 ** 0.0 47 ns -1.8 60 ** 
+0.5 +83 +0.5 +277 +0.4 +43 +0.4 +16 

Augite(1) 1.7 ~69 * l.l 1300 ns 1.3 523 * -1.0 2196 ** 
+0.9 +Z31 +0.8 +2300 +1.2 +262 +0.2 +105 

( 1) Ambient Kd nlues were _dete7"mi ned at 20 days. 
( 2) Kd values c:re listed·as the mean+ standard deviation. 
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I QUESTIONS AND ANSWERS 

PNL 

Peroxide Pretreatment 

Q: In your first study with montmorillonite, vermiculite and kaolinite, did 
you incorporate the. individual cation exchange capacities and surface 
areas in the statistical analysis or were they combined? 

A:. No, we. didn't include that information in the analysis of variance. The 
analysis w.as done with .the Kd values obtained from a 3 x 3 x 2 factorial 
experiment on three miner~ls with three solution concentrations and two 
mineral treatments. 

Q: _You._.got very high cor;relation or significance with respect to mineral· 
type, but.that may not-be the principal parameter. It·might in fact be 
the surface area, c::ation exchange capacity or the specific cation 
exchange .capacity. 

A: It might be for strontium, but the data for technetium show that techne~ 
tium Kds on kaoli~ite were higher th~n on montmorillonite and the Kds on 
vermiculite were largest. That order doesn't follow the surface area or 
exchange capacity trend for the minerals. 

C: Yes, but in the case of technetium you might have a different mechanism, 
say precipitation, taking place. 

Q: Did you measure the organic matter content of your clays? 

A: No, we didn't. There was no visi~.le organic matter but there probably 
was some that may have affected sorption. The point of the experiment 
was to determine whether or not there was an effect of peroxide treatment 
on technetium sorption. 

Material Characterization 

Q: 1 have a question about your analysis by X-ray diffraction and electron 
excitation. You don't show a water component, but it still sums up to 99 

or 100%. 
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A: We neglected any adsorbed water .. They were bulk chemical analyses of 
elements heavier than sodium. I don•t think the microprobe can detect 
anything below that. 

C: So that was your criteria. Minerals like kaolinite can have 5 or 10% 
hydroxyl groups. 

A: True, but X-ray and microprobe won•t detectthe light el.ements. 

C: But they still can•t come to 100% structurally. 

C: I guess that was my question. It would be better to sum them when you do· 
the X-ray intens1ty analysis to account for adsorption of the water group 
as well. Then you would get a sum that is less than 100%. 

. . 
A: Notice the mineralogy didn•t include carbonates either. That can be done 

by X-ray diffraction" but not by electron microprobe. The microprobe is 
good for doing most elemental mapping because you get a quantitative pic
ture of the heavier elements. You can look at the phases and get more of 
a quantitative feel for the mineralogy than with X-ray diffraction. 

Plutonium.Sorption 
. . 

Q: I see you got high Pu Kds for vermiculite, biotite and montmorillonite 
but not kaolonite. 

A: The large Kds were on the 2:1 clays, not the 1:1 clay kaolinite. 

Q: From this should we infer that Pu exchange sites are located in the inner 
layer positions? 

A: It could be. It might be due to surface area or iron content since 
'. 

Kaolinite has the lowest Fe content of the phyllosilicates studied. 

Pu Oxidation State 

Q: r•m wondering if your Pu oxidation state isn•t suspect siht~ Your solu
tions were evaporated in air on a sandbath. You might have a couple of 
oxidation states when you bring it into the box. It•s not clear whether 
you•ve put the Pu in s6lu~ion before it•i brought into the box. 

208 

, 

I 



A: What we try to do is equilibrate the solution with the atmosphere in the 
box. It sits for about a week in the box until some equilibrium is 
established in solution. 

Q: I would suggest that the equilibrium is already established when you 
evaporate it in air. Taking the Pu up in solution and putting it in the 
box probably won't make· any difference. You may also have different mix
tures of Pu(IV) and Pu(VI) in each of your Pu samples. 

A: We could. 

Q: Well, it would seem the whole solution should have been made up in the 
box. 

A: Our problem with sp~ce in the box is probably the same as with other 
investigators. We are not allowed to have tracer stock solutions in the 
box. It's an anaerobic or anoxic box, not a glove box, so the solutions 
have to be made up in a fume hood. 

. . . 
·Q: This rriay be a question to you or the audience. Isn•t it possible to 

determine" the Pu oxidation state's before and after equilibration by using 
a carrying experiment? Is th~re anything against doing that? 

A: We could and it would terminate the experiment by removing a good part of 
the solution. 

Q: I agree with that~ You could take out a small sample at the start and 
end and run a carrier experiment on it. It wasn't really clear as to 
what oxidation state you were starting wit~. 

A: Yes,' I'm not sure what oxidation· states we were dealing with. 

C: But we could remove one of the uncertainties; we have too many as it is. 

A: Yes. 

Tracer Corrcentrat ions 

Q: Have you tried to vary your Tc, Sr and Pu concentrations over a very wide 
range to see the effects? 
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A: Not at PNL. Others are doing that. We have been looking at a wide 
variety o~ minerals and solutions_ to· find differences in adsorption due 
to structure or interaction between structure and solution.· 

Q: But you also have some rather gross concentration effects that might 
affect interpretation of data. 

A: Nuclide or salt concentration? 

Q: Concentration of the nuclide. 

A: I don't think so. Not with 237Pu. It was below 1o-11 or 1o-12 

molar anp even with Pu that is probably a tracer level. We tried to 
start with abb~t lo- 11 molar Pu, but usu~lly 90% pr~cipitated when it 
was put in solution and filtered. Then 50 to 60% sorbed out onto the. 
blank· tube walls so we were down ·an order of magnitude from where we 

~ 

started. 

Blank Correcti6n·V~rs~s Direct Counting Methods 

Q: May I conclude from your tube adsorption difficulties that you and others 
have found, ·that one really shouldn't measure the distribution coeffi
cients by difference in supernatant; that you should just analyze the 
equilibrated supernatant and the solid phase rather than go through these 

·complicated treatments? 

A: No matter which method you use, if you count each tube to see how much 
was lost that way or if you measure the solid phase Pu, the counting time 
doubles. 

Q: Yes, but you still get something you can rely on. You may only get half 
as many experiments done. 

A: That was the point ·of .this paper, .to show that measuring by difference 
doesn't work with Pu. We have data with Np in the red~ced or anoxic 
atmosphere. Instead of having Kds between 50 and 100 like they are under 
atmospheric conditions, the Kds are in the thousands. But adsorption on 
the tube walls is negligible to slight. It's nowhere·near 90%. It's not 
even 10%. 
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C: Counting the solids and solutions separately doubles the number of sam
ples, not the counting time. Since most of the activity is on the solid, 
they need short counting times. 

C: Counting the solids isn't an easy process because there are several mech
anisms to consider such as self-adsorption of X-rays or y-rays by the 
rock, geometry of the sample and whether your rock sample is representa
tive if you take a subsample from the container. You have to know what 
you're doing: 

Q: This is the third year this problem has come up. Are we going to come up 
with a recommended procedure so we don't have to do this again? 

A: ~ I don't think we decided but more people are counting solution and solids 
separately. Not every, lab is set_up or capable of doing that. We need 
to make sure that the procedure is reported as to how you correct your 
blank correction or if you counted the solid phase. 

Solid to Solution Ratio Used 

Q: In your experiments, did you have your solution volumes constant? 

A: Yes. The solution volu~es were 30 ml and mineral weights were 1 g~ When 
we took it out for counting it was centrifuged and pipetted into a plas
tic liquid scintillation vial._ After counting, the solution was returned 
to the tube -- all but a drop or two. 
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INTERACTION OF PLUTONYL(VI) WITH SOIL MINERALS 
Dhanpat Rai, R. J. Serne, and D. A. Moore 

ABSTRACT 

Plutonium-239 adsorption by different minerals from aerated 0.005 M 
CaC1 2 solutions containing 7.3 x 10-9 ~ Pu(VI) was st~died. When carried 
out at pH 4, adsorption by the selected minerals differed significantly, with 
adsorption increasing in the following order: gibbsite< kaolinite < 
montmorillonite < nontronite = hematite < vermiculite =biotite. When carried 
out at pH 7, the adsqrption on these minerals did not differ significantly and 
exceeded 93% in all cases. 

Several mechanisms .that contributed to Pu adsorption were identified. 
These included ion exchange, specific adsorption, reduction of Pu(VI), and 
Pu(VI) hydrolysis. 

Vermiculite, biotite, and hematite contain relatively large amounts of 
structural Fe(II) and were found to reduce Pu(VI) to Pu(IV) and/or Pu(III) 
even in the well aerated suspensions. 

The initial 239Pu concentration added to the mineral suspensions was 
approximately 22 times the maximum permissible concentration (MPC) of 239Pu 
in unregulated water as established by the U.S. Nuclear Regulatory 
Commission. However, the 239Pu concentration in equilibrated solutions at 
pH 7 that contacted the selected minerals were near or lower than the MPC. 
This was also true for vermiculite, biotite, and hematite at pH 4. A very 
small percentage of the adsorbed Pu was released when the minerals were 
contacted with 1M NaCl. These results combined with the fact that most 
geomedia at deep repository sites are expected to. be alkaline and more 
reducing than the present experimental conditions indicate that Pu in general 
and Pu(VI) specifically would be relatively immobile in geomedia that do not 

contain significant quantities of complexing ligands. 

Additional Index Words: plutonium, Pu(VI), adsorption, clay minerals, 

mechanisms of adsorption. 
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INTRODUCTION 
< • 

The future of nuclear energy depends largely upon the safe dis.posal of 
nuclear wastes. To assess the safety of the nuclear waste disposal, the 
interaction of the waste elements with the geologic media needs to be 
understood. Because of its long half life, toxicity, and significant 
concentration in high level nuclear waste, Pu behavior must be determined in 
order to predict the safe disposal of nuclear waste. 

Plutonium can exist in solution in several oxidation states [Pu(III), 
Pu(IV), Pu(V), Pu(VI)] (Cleveland, 1970). The Pu oxidation state affects the 
ionic charge and the ability to form complexes with different ligands 
(Cleveland 1970); thus various oxidation states would be expected to have 
differing affinities for geologic media. For complete understanding of Pu 
behavior in the environment, data on free energies of formation of all 
expected Pu species and their interaction with geomedia are needed. 

The available Pu thermodynamic data of environJental c6ncern have been 
discussed (Rai and Serne, 1977; Cleveland, 1979; Rai et al., 1980a; Rai 
et al., 1980b}. Ames and Rai (1978) did a comprehensive review on 
soil/sediment interaction with Pu. More recently, extensive data on the 
adsorption of reduced Pu predominantly Pu(IV) by selected rocks, second.ary 
minerals (clay minerals) and primary rock forming minerals have been reported 
(Relyea et al., 1979; Relyea and Serne, 1979). ·However, most of the available 
data on soil/sediment/rock interaction with Pu (Ames and Rai, 1978; Relyea 
et al., 1979; Relyea and Serne, 1979) are of an empirical nature such that 
they are not adequate to predict Pu behavior in the environment. Thus, there 
is a general lack of information on the mechanisms of Pu adsorption and the 
adsorption of oxidized Pu [Pu(V) and Pu(VI)] by different minerals. 
Therefore, the Pu(VI) adsorption studies reported in this paper were 
conducted. When this study was nearly complete, Rai et al. (1980a) reported 
evidence suggesting that Pu~V) may be the dominant solution species in 
oxidizing environments. Although Pu(VI) can: 1) be expected to be much more 
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similar in adsorption to Pu(V) than to Pu(III) or Pu(IV), and 2) under 
appropriate redox potentials change readily to Pu(V), studies on Pu(V) 
adsorption, similar to the ones reported here, will also be conducted. 
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.. METHODS AND MATERIALS 

Clays and Rocks Used for This Study 

The samples used in the stud~ were: kaolinite from Macon, Georgia; 
montmorillonite number 23 from Chambers, Arizona; nontronite number 33A from 
Garfield, Washington; vermiculite; biotite from Bancroft, Ontario; hematite 
from Ironton, M1nnesota; gibbsite from Minas Gerais, Brazil; and vesicular 
basalt. from Chaffee County, Colorado. The samples were obtained from Ward's 
Natural Science E'stablishment, Monterey, California. 

Kaolinite, montmorillonite, and nontronite were treated with pH 5 sodium 
acetate buffer and hydrogen peroxide to remove calcium carbonate and organic 
matter (Jackson 1956). ·Less than 2 m size fractions .of. the clays (kaolinite, 
montmorillonite, nontronite, vermiculite, biotite) were separated by 
s~dimentation and centifugation techniques for use in this study. Hematite, 
gibbsite, and vesicular basalt were crushed to pass through a 105 llm sieve. 
All the samples were saturated with calcium by treating the bulk samples with 
1! CaC1 2 and washing the samples fFee of excess. calcium with distilled. 
water. 

Pu(VI)·stock Solution 

The Pu(VI} stock· solution was prepared by oxidizing a concentrated 
solution of Pu(IV} at 95°C for approximately 16 hr at constant acidity 
(0.5 ~ HN03) (Cleveland, 1970). ·The HNo3 con~entration of the Pu(VI} 
stock .solution was then increased to 8 ~· Oxidation state analyses of· this 
stock solution have shown it to be >9.7% Pu(VI) and stable for over a year. 

Experimental Technique 

One gram of mineral sample was added to a teflon cell containing 34 ml of 
0.005 ~ CaC1 2 solution. · The mineral suspension was adjusted to either pH 4 
or pH 7 and was continuously stirred overnight. Then 0 .• 02 ml of 239Pu(VI} 
stock solution in 8 ~ HN03 containing 8115 ~ 80 dpm was added to the mineral 
suspension. The final concentration of the added Pu (7.3 x 10-9 ~) in the 
suspension was below the solubility limit for precipitation of Pu{OH) 4 
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(amorphous) (Rai et al., 1980b). The pH of the mineral suspension was then 
readjusted to the starting pH. Several times during the course of an 
experiment the stirring was stopped for 5 min and the suspensions were allowed 
to settle. A sample of the supernatant was withdrawn, filtered ·through 
0.015 m filter, and used for total plutonium and oxidation state analysis. 
Duplicate tes~s were conducted. 

At the end of a selected sorption period, the suspensions were 
centr-ifuged and the supernatant discarded. Desorption of Pu _was then carried 
out using 1M NaCl solutions at the pH values used for the adsorption 
studies. 

Analytical Methods 

For the determination of total Pu in filtered solutions, all Pu in the 
solutions was: 1) made 1 ~ in:HN03 and reduced to Pu(III) with NH 2oH·HC1,: 
2) oxidized to Pu(IV) with NaN02, 3) extracted with 0.5 ~ 
thenoyltrifluoroacetone (TTA) in xylene, and 4) back extracted from TTA .w-ith 
10 ~ HN0 3• A portion of the final solution was then dried on stainless 
steel planchets for total alpha counting (Moore and Hudgens, 1957). 

The Pu oxidation state analyses were run using solvent extraction. 
techniques. The test solutions were made 1 ~in HN03 treated with 0.5 ~ TTA 
in xylene to extract Pu(III and IV). Following the Pu(III) and Pu(IV) 
extraction, the aqueous phase was made 3.5 ~ in HN0 3 and 0.01 ~ KBr03 and 
contacted with TBP or DBBP to extract Pu(V) and Pu{VI) • 

Weight percentages of Fe(II) and Fe(III) in the mineral samples were 
determined by Dr. J. W. Stucki (University of Illinois, Urbana, Illinois) 
using his recently developed method. 

Surface areas were determined by the ethylene glycol method (Bower and 
Goestzen, 1959) as modified by Rai and Franklin (1978). 

Cation exchange.capacities of the samples were done by a 85sr column 
method (Routson et al., 1973). 
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Magnesium and potassium saturated clays were prepared for x-ray 
diffraction analyses by smearing the clay on petrographic slides (Theisen and 
Harward, 19~2)., The following characterizationtreatments were u~e~ for x-ray_ 
analysis: Mg satur~ted, 54% relative _humidity; Mg saturated, ethylene glycol; 
K saturated, 105C, dry air; K saturated, 54% relative humidity; and K 
saturated, 550C, dry air. Diffractograms were obtained with Cu Ka radiation 
and a Geiger.Muller tube equipped with a monochromatizing crystal. Brown 
(1961) was used as a reference for _clay mineral identification criteria. 

.... ~ . ,,.: ' 

'· 
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RESULTS AND DISCUSSION 

Monomineralic samples are needed to. determine the contribution of 
different minerals to total Pu adsorption by different· geomedia and to 
facilitate the interpretation of.Pu adsorption data. X-ray diffraction 
patterns were obtai ned to ·determine the cr ysta 11 i ne components of these 
samples. The traCings a part of the·of X-ray diffraction patterns of 1:1 and 
2:1 clay mirierals are given in Figure i. Montmorillonite, nontronite and 
biotite were found. to be free of detectable amounts of crystalline 
impurities. The kaolinite sample contained a small amount of mica. The 
vermiculite sample was found to·contain a small amount of interstratified 
vermiculite-mica. X-ray diffraction data for hematite and gibbsite are not. 
included in this paper, but hematite and gibbsite were found to contain small 
amounts of quartz. Thus any Pu adsorption can be considered to be 
specifically due to the given mineral and its properties. 

In addition to mineral samples, a rock sample (vesicular basalt) was also 
included in the study. The mineralogy of a powder sample of this vesicular 
basalt was determined by X-ray diffraction and petrographic microscopy. The 
sample has a fine-grained, black, glassy matrix which consists primarily of 
intersertal glass and plagioclase feldspar. The matrix also contains minor 
amounts of iron oxide and possibly a pyroxene. The basalt also contains a 
large proportion of millimeter-size vesicles which were coated or filled with 
secondary mineralization. These secondary minerals were tentatively 
identified as a hydrated iron oxide, calcite, and zeolite. 

· At pH values of approximately 4, the percent of the total 239Pu added 
which was adsorbed by the different minerals' is plotted against time in 
Figure 2. In general the'·adsorption increases with time. Pu adsorption by 
biotite and vermiculite differ substantially from that of the rest of the 
minerals. Biotite and vermiculite showed high adsorption (>97%} within an 
hour, then subsequently remained constant with time. The minerals and rocks 
can be arranged in an increasing order of Pu(VI) adsorption as follows: 
gibbsite< kaolinite< vesicular basalt< montmorillonite< nontronite ~ 
hematite < vermiculite ~ biotite. 
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The reasons for differences in Pu adsorption of Pu by different geomedia 
should be understood before one attempts to predict Pu behavior in the 
environment. Therefore, several adsorption mechanisms or factors that control 
Pu adsorption behavior were investigated. 

In order to determine the contribution of exchangeable Pu to the total Pu 
adsorbed, cation exchange capacities of minerals and desorption experiments on 
the adsorbed Pu were carried out (Table 1). The exchangeable Pu in all the 
minerals studied varied from 1 to 32.3% of the total adsorbed. Therefore, 
ion exchange does not appear to be the dominant mechanism for the adsorption 
of Pu. Regardles~ of amount, the exchangeable Pu did not correlate with 
either the cation exchange capacity or the surface area of the minerals 
(Table 1). Montmorillonite, nontronite, and vermicu·lite have nearly the same 
cation exchange capacity but they differ significantly from each other in Pu 
adsorption (Fig. 2) and show 32.2, 1.4, and 9.0% (of the total adsorbed} 
exchangeable Pu, respectively. On the other hand, biotite, which has a much 
lower CEC than montmorillonite, nontronite, or vermiculite, is similar in its 
percentage adsorption and exchangeable Pu to vermiculite. In general 2:1 type 
clays (montmorillonite, nontronite, vermiculite, biotite) showed higher 
adsorption than the 1:1 (kaolinite) type clay, although no such pattern was · 
obvious in exchangeable Pu. 

In a further effort to understand the difference in adsorption behavior 
of minerals, the oxidation state of Pu in solutions in equilibrium with 
different minerals was studied (Table 2). These results show that essentially 
all solution Pu is in the oxidized state (plutonyl}. However, the presence of 
oxidized Puis no guarantee that the.adsorbed Puis also oxidized, because the 
reduced Pu [Pu(III) and Pu(IV}] has very high adsorption affinity for geomedia 
compared with the oxidized Pu. Therefore, if a portion of oxidized Pu were 
reduced, the reduced Pu would be· readily adsorbed by the minerals, leaving 
ueh ind the oxidized Pu. 

Ozone is a strong oxidant and can oxidize all Pu to Pu(VI} and can also 
oxidize the exposed surfaces of minerals. Vermiculite and biotite, at pH 4, 
showed considerably less adsorption (<50%) when the adsorption was carried out 
in the presence of ozone (Figure 3). Ozone made little difference in the 
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TABLE 1. Exchangeable Pu and Selected Properties of Minerals and Rocks 

Surface Oesorbed or 
Sam le CEC Area Exchan eable Put 

meq/100 g m2/g % % % % 
Kaolinite ' 5·~0 ~ o.s 37 + 3 0.15 0.21 0.35 17.2 
Montmori ll on ite .. 87.4 + 2.7 767 + 39 0.07 2A5 2.52 32.2 
Nontroni te 95.0 + 3.0 888 + 45 0.15 23.67 23.82 1.4 
Vermiculite 77.0 + 4.8 317 + 8 1.08 5.67 €.75 9.0 
B i ot it;! 15.3 + l.l 71 + 3 11.46 2.29 ·E.75 4.8 
Hematite N0° NOo 1.25 11.18 12.43 1 
Gibbsite N0° 12 + 1 o.·oo 0. 79 0. 79 . NO 
Vesicular Basalt . 4.0 + 1.4 72 + 4 1.24 3.82 .5.06 28.1 

N 
N 

"' t Fe(lli) was calculated by subtracting Fe(II) from Fe(total) 
:fAt the end of ·sorption (at pH 4) period noted in Fig. 2, the exchangeable Pu at pH 4 was 

determined with 1! NaCl (except in vesicular basalt where 0.01 N CaCl2 was used). 
·5 The results are presented as percentage of the total Pu origiinalTy sorbed. 

NO = not determined. 



I 
TABLE 2. Plutonium-239 Oxidation State Distribution in Solutions 

Contacting Different Minerals at pH 4 

Sam~le Contact Time Pu{V} and/or Pu{VI} 

hr % 

Kao 1 i nite ·.·':· 22 99 
94 

95 95 
98 

' Montmor i 11 on i te 23 94 
.95 

121 99 
86 

Nontronite 189 95 

Gibbsite 49 84 
88 

192 NOt 
NOt 

Vesicular Basalt 22 95 
143 99 

t NO = not dete'rmi ned • 
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adsorption of Pu by kaolinite. These results strongly. suggest that a large 
. ' 

·amount of Pu adsorption by vermiculite and biotite is due to reduction of 
plutonyl ions, whereas the predominant amount of adsorption by kaolinite is 
not due ~o the reduction of plutonyl. Bondietti and Francis (1979) showed 
that some of the aerated water equ i 1 i brated rocks had an ability to reduce 
NpO~ and Tc04. Therefore, it is not surprising to note that some of these 
aerated water equ~librated samples possess reduction capacities. 

Vermiculite .and biotite are known to conta.in Fe(II) in their structure 
and the Fe( II) is. known to be a strong reductant for plutonyl ions (Cleveland, 

/ 

1970). In order to check whether the amount of Fe(II) in the minerals could 
explain the· reducing nature of the minerals. and the differences in their 
adsorption behavior (Figure 2), the minerals were analyzed for Fe(II) and 
Fe(III). The results show that the ccincentr~tion of Fe(II) in the minerals 
varied from undetectable to 11.46 weight percent (Table 1). All the minerals 
(vermiculite, biotite, and hematite) that had high concentrations of Fe(II) 
(Table 1) also showed very high Pu(VI) adsorption (Figure 2). On the 
contrary, one of the rock samples (vesicula.r· basalt) that had a high 
concentration of.Fe(II) did not show high adsorption. The reasons for this 
anomalous behavior of vesicular basalt· are not known. Kaolinite and gibbsite 
had relatively low concentrations of Fe(II) and also showed the low 
adsorption. Montmorillonite and nontronite are similar in structure and have 
similar chemica 1 properties except that the octahedra 1 1 ayer· in 
montmorillonite consists predominantly of aluminum where as the octahedral 
layer in noritronite consists mainly of ,iron. Montmorillonite has a very low 
amount of Fe(II), relatively high exchangeable Pu (Table 1) and intermediate 
adsorption. Thus, the adsorption by montmori 11 onite may be specifically 
related to the structure arid the properties of this mineral. Nontronite, on 
the other hand; has only slightly more·Fe(II) (0.15%) than montmorillonite 
(0.07%) but exhibited very low exchangeable Pu and relatively high 
adsorption. This suggests that the differences in adsorption between 
nontronite and montmorillonite may be due to the higher reduction of plutonyl 
in nontronite. 

229 



The adsorption of Pu under acidic conditions, such as pH 4, was expected 
to be lower than under alkaline conditions but was studied to determine the 
extent of adsorption of Pu(VI) under conditions m6re favorabl~ to its 
mobilization. Most of the geomedia under consideration as deep geologic 
repository sites for radioactive wastes are alkaline (pH >7). Therefore, 
adsorption of Pu(VI) by different minerals was also studied at pH 7 
(Table 3). The results show that the minerals did not differ significantly 
from each other in their adsorpt1on capacities and that all the minerals 
exhibited very high adsorption (>93%). Relative to other minerals ·at pH 4, 
kaolinite and montmorillonite had fairly high desorption of Pu (Table 1). The 
percentage of desorption from kaolinite and montmorillonite decreased to <8 at 
pH 7 (Table 3). Compared ·with approximately 17 and 32%, respectively, at pH 4 
(Tab 1 e 1). 

Specific adsorption, ion exchange, and reduction of plutonyl were 
discussed as some of the mechanisms that controlled Pu adsorption at pH 4. In 

' . 
addition to these mechanisms, it would appear that the hydrolysis of plutonyl 
(VI) ions and their subsequent adsorption may contribute significantly to the 
adsorption of Pu at pH 7 since the minerals {kaolinite, gibbsite) that showed 
very low adsorption at pH 4 showed very high adsorption under alkaline 
conditions. 

Different radioactive waste disposal sites are expected to contain the 
minerals used in this study. Thus, to determine the practical usefulness of 
these results, the concentrations of Pu in the solutions contacting different 
mineral were compared .with the maximum permissible concentrations (MPC) of 
239Pu in the.wate~s (3.37 x 10~ 10 tl), at the boundary of the restricte~. 
areas, as establisheq by the U.S. Nuclear Regulatory Commission (1979). The 
initial concentration of 239Pu(VI) (7.3 x lo-9 ~) added to the suspensions 
was approximately 22 times the MPC. Greater than 95.4% adsorption values in 
this study correspond t~ 239Pu concentrations less than the MPC. Thus, the 
results show that 239Pu concentrations in equilbrated solutions at pH 7 that 
contacted the selected min.erals were near or lower than the MPC (Table 3). 
This was also true for vermiculite, biotite, and hematite at pH 4 (Figure 2). 

230 



.. TABLE 3. Adsorption and Desorption of 239pu(VI) by Different 
Minerals at pH 7 · 

Sample $orption Time 239pu Sorption 
DesorBtion 
of 23 Put 

hr % % 

Kao 1 i nite 2.5 88.9 + 1.5 
96.0 93.8 + 2.3 .8.1 + 3.8 

Montmor i 11 on i te 2.5 92;9 + 1.6 
96.0 97.7 + 0.4 4.9 + 0.1 

~3. 5 99.7 + 0.2 
NOt 22.0 99.8 :£ 0.2 

·vermiculite·. 

3.5 93.6 + 1.2 
Nof 48.0 95.7 + 1.3 

Gibbsite 

tAt the end of sorption period, desorption was carried out. with pH 7 LM 
NaCl. The results are present as percent of the total P·u adsorbed. 
Subsequent to NaCl desorption, approximately 35% Pu was desorbed with· 
1 ~ HN03 at the end of 1 hr. 

:f NO =· not determined. 

\ 
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A very small percentage of the adsorbed Pu was released when the minerals were . . 

contacted with 1 ~ NaCl. (Tables 1 and 3).· Mi~erals used in the present study 
were also used by Relyea et al. (1979). Under ambient and anoxic conditions 
they observed very large adsorption coefficients (adsorption >97%) from 
30 .meq/1 CaC1 2, NaCl, and NaHC03 solutions spiked with 237Pu [considered 
to be predominantly Pu(IV)](a) at concentrations (~5 x 10-13 ~) much lower 
than the MPC. These results cpmbined with the fact that most geomedia at 
potent i a 1 deep repository sites are expected to be a 1 k a 1 i ne and more reducing 
than the present experimental conditions indicate that Pu in general and 
Pu(VI) specifically would be relatively immobile in geomedia that do not 
contain significant quantities of complexing ligands. However, the presence 
of organic and inorganic ligands that complex Pu, may increase the mobility of 
Pu. 

(a) Subsequent analyses of-air-equilibrated stock solutions showed ·large 
·amounts of oxidized Pu in addition to reduced Pu. 
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SOLUBILITY OF PLUTONIUM COMPOUNDS AND THEIR BEHAVIOR IN SOILS 

Dhanpat Rai, R~ J. Serne and D. A. Moore 

ABSTRACT 

The solubilities of 239Pu02(c) and 239Pu(OH)4(am) under natural 
environmental conditions were determined. These data were then used to pre
dict the 1) nafure of the solid phases present in contaminated soils, and 
2) total· concentration of Pu that can be expected in soil solutions when these 

·' 

Pu solids are present. 

Based upon solubility measurements, an estimated value of the log Kc 
(equilibrium constant at room temperature and an approximate ionic strength of 
0.004.5} for the dissolution of 239Pu02(c) [Pu02(c) ~ Pu02 + e-] was 
found to be -14.8. The estimated value_ of the log Kc for the dissolution of 
239P~(OH) 4 (am) [Pu{OH} 4(am) ~ Pu02 + 2 H2o + e-] was found to be -12.8. 

Comparison of Pu concentration in equilibrium solutions of contaminated 
Hanford- soils with the Pu02(c) and Pu(OH) 4(am) solubility lines suggested 
that Pu(OH) 4(am) was absent from all the samples and that two of the samples 
contained Pu02(c). The. presence of Pu02(c) was also confirmed by X-ray 
diffraction of Pu particles isolated from one of the samples. 

·Additional Index Words: solubility of Pu02(c), solubility of 
Pu(OH} 4(am}, equilibrium constant, plutonyl (V), oxidation-reduction, redox 
potential. 
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INTRODUCTION 

The solid compounds -of Pu that may be present in soils have a specific 
solubility at equilibrium in a given weathering environment and could control 
the final concentration of Pu in the soil solution. The final concentration 
could, in turn, largely control the distribution of Pu in the environment. 
Therefore, knowledge of Pu compounds present in the soil and their solubility 
are necessary in· order to predicfthe behavior or fate of Pu in soil.' 

Rel1abl~ data on the s·olub111ty of crystalline Pu oxide [Pu02(c)]. and 
am?rphous Pu hydroxi_de [Pu(OH) 4(am)J, the compounds most likely_ to_ form fn 
soi)s at environ~ental pH arid redox potentials, are lac~ing (Rai and ~erne 
1Y77). Based upon thermodynamic data reported in the literature, an uncer
tainty of at least five orders of magnitude in the solubility of these tom
pounds:- is· expected (Ra\ and s·erne 1978). An extensive review (Ames and Rai 
1978; Ames,Rai and Serne 1976) of the actinides indicate that numerous workers 
have·studied Pu concentrat1ons and distribution with depth in soils around 
nuclear installations~ However, with the exception of Price and Ames (1975), 
none have made any attempt to_ identify the solid phases of Pu present in soils. 
Price and Ames (1975) isolated plutonium particles from contaminated soils and 
analyzed the~ with electron microprobe and X-ray diffraction~ They were able 
to i so 1 at,e and identify discrete part i c 1 es. of Pu as Pu02 (.c). but were not 
able to identify the nature of other Pu compounds associated with soil sili
cates. The results of Price and Ames (1975) are consist~nt with the theoreti
cal calculations of Rai a~d.Se~ne (1977)-who predicted that ~he Pu02(c) would 
be comparatively stable in the pH and redox potential ranges found in terres
trial environments. 

Clearly more information is needed regarding the solubility of various Pu 
compounds and the nature of the solid compounds that may be present in the 
soils. The objectives of this study were to: 1) determine Pu concentrations 
in equilibrium with Pu02(c) and Pu(OH) 4(am) under environmental· conditions, 
2) identify Pu compounds in contaminated soils, and 3) provide guidelines for 
selecting concentrations of Pu for adsorption experiments to assure that Pu 
precipitation would be negligible or absent. 
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METHODS AND MATERIALS 

The 239Pu(IV} hydroxide used in this study was prepared by rapid neu
tralization of~- pur~ 239Pu(IV) nitrate solution (.8!1 HN03) with NaOH (Cleveland 
1970). The precipitate was washed with distilled water. The Pu(IV) hydroxide 
thus prepared is represented in this study as Pu(OH) 4(am). As expected, the 
X-ray diffra~tion pattern of Pu(OH)~(am) indicated it to be an-amorphous com
pound (Table 2). The crystalline 2 9Pu02(c) (99.1% enriched in 239Pu) 
microspheres were obtained from Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. A nearly perfect match of the sample•s d spacings with the values 
reported in American Society for Testing and Materials (1966) indicated that 
the Pu02(c) sample used for ~his study was indeed crystalline (Table 1). In 
order to determine solubility, approxi~ately 8 mg of these 239Pu solids were 
suspended in 20 ml of 0.0015!1 CaC1 2 solution. The samples were adjusted to 
different pH values with.·HCl or NaOH. ·The suspensions were equilibrated with 
air and shaken for various lengths of time. The ~H of the suspensions was 
periodically readjusted (approximately .every fifth day) for the first 3 weeks 
of the experiment. The pH was measured using a glass electrode. The redox 
potential (Em) was measured with a platinum electrode (versus standard calo
mel electrode corrected to standard hydrogen electrode}. 

·In order to determine the nature of the plutonium compounds pre~ent in 
contaminated soils, three contaminated soil samples (Z9-4-5A; Z9-4-11A; Z12-1D) 
from two· Hanford waste disposal cribs (Z9 and Z12) were used. The samples wer~ 
washed once with distilled water to remove soluble salts and theri equilibra~ed 
with 0.0015!1·CaC1 2 solution in duplicate. Equilibrations were also carr.ied 
out with soil only and soil plus 5 mg Pu02(c). As in the case of Pu com-·' 
pounds, the suspensions were equilibrated with air and shaken for various 
lengths of time. 

At various times, the suspensions containing Pu compounds and contaminated 
soils were centrifuged at 6000 g for 40 min and a small aliquot of the super
nate was withdrawn for Pu analyses. A preliminary analysis of these solutions 
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TABLE 1. X-ray Diffraction Data for Pu Samples 

d(A0
) From Dif{erent Pu SamQlest 

Standard Pu Used in Stud~ 
Pu02 (c)· Filtered Pu Soil Pu Pu02(c) Pu(OH)4~ 

3.08 3.118 A 3.13 3.13 
2.67 2:696 A 2. 71 

1.894 1.909 A 1.919 1.888 

1.617 1.627 A 1.631 1.623 
1.548 1. 559 A 1.552 
1.234 1.239 A 1.235 
1.203 1.208 A 1.204 
1.199 1.103 A 1.098 

tStandard Pu02(c)' data ASTM (1966}; A= amorphous; 
Filtered Pu·= Pu retained by 0.1 m membrane used to 
filter Pu02(c) suspension No. 20 equilibrated for 
90 days (Table 1); Soil Pu = Pu separated from 
contaminated soil Z9-4-11A {Ames, 1974}. 

indicated a wide. variation (as high as 30 fold in some cases) in Pu concentra
tions of duplicate aliquots withdrawn from a sample. This variation was later 

found to be due to the inability of centrifugation to completely separate the. 
solid particles from the solution. Filtration through (0.1 and/or 0.015 urn) 
Nuclepore®filters.gave consiste~t analyses of dupl_icate aliquots and thus pre
~umably remov~d ~he fine solid p~rticles. The Pu activity in solutions was 
determined by alpha counting in a 21T Qeometry. 

The crystallinity of the Pu samples was determined from X-ray diffraction 
patterns obtained by using Cu Ka. 
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TABLE 2. Concentration of Pu in 0.0015~ CaCl2 Solution 
after Contact with 239puo2(c) and 
239Pu{OH)4(am) for Approximately 90 ·Days 

Sample 
· No. 

13 
14 
15 
16 
18 
17 
19 
20 

21 
. 22 

5 
6 

24 
23 
8 

'7 
26 
25 
10 
9 

27 
28 
12 

Log Pu (moles/1) in·Solutiont 
Filtered Through 

___E!!_ Unfiltered 0.1 ·m 0.015 lJI1l 

Solutions Contacting Pu02(c)~ 

3.80 
3.80 
4. 30 . 
4. 30 . 
5.40 
5.45 
7.30 
7.30 

-6.14 
-6.09 
-6.-42 
-6.43 
-5.69 
-6.15 
-6. 33• 
-5.62 

-6.17 
-6.08 

. -6.60 
-6.43 
-7.28 
-7.46 
-8.70 
-8.71 

-6.12 
-6.05 
-6.57 
-6.44 
-7.29 
-7.47 
-8.55 
-8.78 

Solutions ContactingPu(OH)4(am)f 

3.95 
4.00 
4.00 . 
4.00 
5.00 
5.05 
5.25 
5.30 
6.60 
6.70 
6.80 
6.83 
7~ 50 
7.70 
7.85 

-4.40 
-4.54 
-3.90 
-3.39 
-5.26 
-5.43 
-4.99 
-5.19 
-6.51 
-6.56 
-5.18 . 

. -5.71 
-7.43 
-7.19 
-5.21 

-4.44 
-4.54 
-4~31 
-4.22 
-5.25 
-5.44 
-5.17 
-5.31 
-6.77 
-6.83 
-6.63 
-6.73 
-7.54 
-7.77 
-7.11 

-4.46 
-4.52 

ND 
ND 

-5.25 
-5.47 

ND 
ND 

-6.79 
-6.98 

ND 
ND 

-7.58 
-7.79 

ND 

tAll solutions were centrifuged at 6000 g 
for 40 min; ND = not determined; the aver
age values of three subsamples counted.from 
each sample are given and the error (one 
standard deviation) in all the samples was 
<~0.06, except in unfiltered Pu02(c) sam
ples 19 and 20 and Pu(OH)4(am) samples 7 
and 9 where the error var1ed from +0.13 to 
+0.18. -

i=Approximately 8 mg of crystalline Pu02 or 
amorphous Pu(OH)4(c) was shaken with 
20 ml of 0.0015~ CaCl2. 
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RESULTS AND DISCUSSION 

SOLUBILITY OF Pu COMPOUNDS 

The concentration of Pu in unfiltered and filtered solutions after contact 
with 239Pu02(c). and 239Pu(OH) 4(am) for 90 days is given in Table 2. 
The samples passed ~hrough 0.1 and 0.015 ~m filters do not d1ffer significantly 
from each other, indicating that discrete Pu parti~les >0.015 ~m and <0.1 ~m 
are absent from solutions. The Pu concentrations in unfiltered samples were 
generally close to those 1n the f1ltered soluttons except in a few relatively 
high pH samples where the concentration in unfiltered solutions was. up to three 
orders of magnitude higher than in the filtered solutions. Discrete particles 
of Pu were found when severa·l fiHers emp'loyed in filtration were examined with 
a scanning electron microscope and an electron microprobe. X-ray diffraction 
patterns of the Pu retai·ned on a 0.1 ~m membrane (Table 1) used to filter a 
Pu02(c) sample indicated it to be a crystalline Pu02(c). Thus, the differ
ence in Pu concentration between the unfiltered and filtered solutions can be 
attributed to the incomplete separation of ru particles from the unfiltered 
solutions. Therefor~, all subsequent samples were filtered befor~ analysis. 
At the end of the 90 day equilibration, the X-ray diffraction patterns showed. 
that the Pu02(c) samples were crystalline and Pu(OH) 4(am) samples were · 
amorphous. as was .the case at the beginning of the experiment. Thermodynamic 
prediction (13) and literature data (Lloyd and Haire 1973) indicate that with 
time Pu(OH) 4(am) will crystallize and change to PuO~(_~). However, the 
equilibration period employed in this study apparently was not long enough for 
this change to occur to any measurable extent. 

Plutonium conc~ntrations in solution in contact with Pu02(c) and 

Pu(OH)4(am)' for 90, 130, and approxim~tely 250 days are plott.ed against pH 

in Figures 1 and 2. Values for 90, 130, and 250. duys are similar, suggesting 
that equilibrium had been reached after 90 days. The pH of the solutions was 
observed to continuousl~ decrease with time (Figures 1 and 2) presumably due 
to radiolysis of water caused by alpha decay. With this decrease in pH the 
concentration of Pu has increased proportionally again suggesting that the Pu 
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concentrations have reached equilibri~m values at all of the measured pH_ 
values. As expected (Rai and Serne 1977.), Pu(OH} 4(am) maintains a higher Pu 
concentration in solutiqn at environmental pH values than does Pu02(c). The 
solubilities of both Pu02(c) and .Pu(OH)4(am) decrease with increasing pH. 
Linear relationships exist between the pH and total Pu concentration in solu
tion in ~quilibrium with the different Pu compounds. Theserelationshi~s for 
Pu02(c) [Eq. (1)] and for Pu(OH) 4(am) [Eq. (2)] are: 

log (Putotal) = (-3.90 ~ 0.10) - (0.64 ~ 0.02) pH 

log (Putotal) = (-1.19 1 0.08) - (0.80 ~ 0.01) pH 

where Putotal is in molei/1: The meas~red redox potentials (Em in volts) 
and pH of Pu02(c) and Pu(OH) 4(am) suspensions (Figure 3) also exhibited a 
linear correlation as shown in Eq. (3). 

Em = (0.727 ~ 0.011) -. (0.0545 ~ 0.0008) pH 

(1) 

(2) 

(3) 

Rai et al. (1980) have shown that the solutions in equilibrium with 
Pu(OH) 4(am) con~ain mainly Pu(V). Their results also strong-ly suggest the 
presence of Pu(V) in solutions contacting Pu02 (c)~ Pu(V).would be expected 

+ 
to be present predominantly as Pu02 in these solutions because: 1) the 
relative tendency of Pu ions to form complexes is Pu(IV) > Pu(III) > Pu(VI) > 

Pu(V) (Coleman 1965), 2) the only anion present in these solutions in signifi
cant amounts is Cl-, which does not

1
form significant complexes with Puo2+. 

(Rai and Serne 1977), and 3) the species PuO/ remains without further hydro
lysis between pH zero and pH of approximately 8 (Baes and Mesmer 1976, Rai 

and Serne+ 197~). Therefore, the Putotal in Eq. ~1) and (2} lan be replaced 
with Pu02 • Thus, Eq. (1) and (2) can now be wntten as Eq. (4) and (5), 
respectively. 

log (Puo2+) = (-3.90~0.10} (0.64~0.02) pH (4) 

1 og ( P uO 2 + ) = ( -1. 19 ~ 0. 08 ) ( 0. RO ~ 0. 01. ) pH (5) 

24~ 



'Vi -0 
> 
E 

LI.J 

0.7 

0.6 

0.5 

0.4 

0.3 

0 

0 
0 

o SOLUTIONS CONTACTING 
Pu02(c) 

.!J. SOLUTIONS CONTACTING 
Pu(0H)4(am) 

0 

0 

6 0 

Eh = (0. 727±0. 011)-(0. 0545±0. 0008) pH 

r2 = 0.86 0 

CONFIDENCE LIMIT= 95o/o 

0. 2 L__ __ ...l.,._ __ __J.. ___ L...-. __ ~ __ __,___, 

3 4 5 6 7 8 

pH 

FlGURE 3. Concentration of Pu in Filtered (0.1 ~m) Solutions 
Contacting Contamin~ted Hanford Soils with 
Different Treatments 

246 

., 



•• 

ESTIMATION OF EQUILIBRIUM CONSTANTS 

The solubility of Pu02(c) and Pu(OH) 4(am) is written [Eq. (6) and (7) 
in terms of Puo;J, because the Pu02 +is shown to be the solution species 
in equilibrium with these compounds (Rai, Serne and Swanson 1980). 

(6) 

(7) 

The products and reactants in Eq. (6) and (7) are related to the .equilibrium 
constant (K 0

) as follows: 

+ log K = log [puo2 ] - pe (8) 

.. +. 
where' ( ·) around Pu02 denotes activity and the pe refers to the negative log 
of the electron activity. The pe is related to (Stumm and Morgan 1970) the · 
electrochemical potential (Eh in volts) by 

pe = 16~9 Eh. {9) 

For reasons discussed later in this paper, it is inferred that the Em 
values are similar to Eh values. Therefore, pe can be calculated from , . . . . 
Eq. (9) for its use in estimating the equilibrium constants. Substituting the 
va 1 uP. of Em [Eq. ( 3) ] into. Eq. ( 9) 

pe = (16.9) [(0.727 +,0.011) - (0.0545 ~ 0.0008) pH] (10) 

Substituting Eq. (4) .or (5) and Eq. (10) into Eq. (8) and simplifyi~g, the log 
of the equilibrium concentration .constant (log· Kc) ~t room temperature an9 
low ionic strength (~.0045) for the dissolutio.n of Pu02(c) according to 
Eq. (6) can be written as 

log Kc = (-16.19 ~ 0.21) + (0.28 ~ 0.02) pH (11) 
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and the log Kc for the dissolution of Pu(OH} 4(am) according to Eq. (7) can 
be written as: 

log Kc ~ (-13.48 ~ 0.20) + (0.12 ~ 0.02} pH (12) 

Equations (11) and (12) hold for a pH range of approximately 4 to 8 (Figure 1). 
The errors quoted in Eq. (11) and (12) were calculated using a propagation of 
errors method described by Mandel (1976). Log Kc, at fixed ionic strength 
and .temperature, by definition is a constant. However, log Kc in Eq •. (11) 
and (12) shows a dependence upon pH (approximately 2% deviation per pH unit). 
This dependence on·pH is likely due to experimental errors in measuring Pu02 
pH, and Em. 
lhe estimated value ot log Kc tor 

Pu02(c) Pu02 + e-

at the average pH (4.8) value of soluti~ns contacting Pu02(c) is -14.8. The 
est i·mated va 1 ue of 1 og Kc for 

Pu(OH} 4(am) ~ Pu02 + 2H 2o + e-

at the average value of pH (5.8) of solutions contacting Pu(OH} 4(am) is 
-12.8. · It should be mentioned. that the solutions are of low ionic strength 
(~0.005) and thus the concentration equilibrium constant (Kc) is approxi
mately equal·to:the thermodynamic equilibrium constant (K 0

). 

A literature review was done in order to compare the equilibrium constants 
determined in this study with the reported values. A log K0 for 

(13} 

based upon solubility measurements in solutions of pH <3.5 is reported by· 
Perez-Bustamante (1965) to.va~y from -47.3 to -56.3. Baes and Mesmer (19l.6} 
reported log K for Eq. (13) to vary from -52.0 to -56.0. Smith and Martell 

' (1976) selected a value of -47.3 which they believed best represents the log 
KP. for this reaction. Clearly, there is wide variation and disagreement in 
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reported values for the solubility product of Pu(OH) 4(am). Based upon the 
results obtained in the present study, the log K9 for. the solubility product 
of Pu(OH) 4(am) ~q. (13) can be estimated in the following manner: 

log K0 Reference 

Pu{OH)4(am) ~ Puo~+ + 2 H2o + e - -12.8 Present Study 
'+ + - Pu4 + 2 H20 18.6 Fuger and Oetting 1976 Pu02 +4H +e ~ 

4 H20 ~ 4 H+ + 4 OH -56.0 Sillen and Martell 1964 

Pu(OH) 4(am) .L- Pu4+ + 4 OH -50.2 Ra i and Serne 1977 ~ 

Assuming the thermodynamic data used in the above equa~ions is correct, an 
estimated log K of -50.2 for the solubility product of Pu(OH) 4(am) is 
obtained. We prefer to represent the solubility of Pu{OH) 4(am) as described 
by Eq. (7) rather than Eq. (13), because there is a large possibility of er:ror 
in the thermodynamic data used to derive Eq. (13). Nevertheless, the estimated 
solubility product of Pu{OH) 4(am) ·obtained iri this study is certainly within 
the range of values reported. 

There are no data available in the literature for the measured solubility 
constant of ~uo2 (c) for comparison with this study. Baes and Mesmer (1976) 
calculated the solubility of Pu02(c) based upon the thermodynamic data and 
compared it with the reported log K0 values (-52 to -56) of the solubility pro
duct of .Pu(OH) 4(am) and found a great difference (approximately 12 log units) 
between them. They report that such great differences between the precipitated 
hydrous oxide and the oxide are unusual and suggested that the reported values 
for Pu02(c) and/or Pu(OH) 4(am) are probably in error by several log units. 
The differenc.e (2 log units) between the log Kc of Pu02(c) and Pu(OH) 4(am) 
found in the present study is low as predicted by Baes and Mesmer (Rai, Serne 
and Swanson 1980) but is considerably smaller than their estimated difference 
(8 log units) based upon the extrapolation of log K0 versus the. recipr~;~cal of 
the lattice parameters of the actinide dioxides. 
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Making meaningful redox measurements, hence pe, in unpoised solutions with 
a platinum electrode is difficult. If reliable values of the equilibrium con
stant and the Puo2+ activity in solution were available, accurate values of 
pe and/or redox potential could then be calculated from Eq. (8). The values 
of redox potential thus calculated for Pu02(c) and Pu(OH) 4(am) suspensions 
should be similar to each other, as was the case in measured redox potentials 
(Figure 3), because the study was conducted using the same isotope of Pu and 
under similar experimental conditions. Plutonyl (Pu02 +) concentrations mea
sured in this study were all greater than 1.0 x 10-9 ~, where accurate mea
surements of Pu concentration can be made. Baes and Mesmer (1976) estimated 
the log K 0 value of -6.5 for the dissolution of Pu02(c) [Eq. (14} l 

(14) 

Perez-Bustamante (1965) reported the log K o for the solubility product of 

Pu(OH) 4(am) [Eq. (13}] to vary from -47.3 to -56.3. Assumi!1~g these reported 
log K values are correct, redox potentials were calculated·~sing these log K 
values and the measured Pu0

2 
concentrations in Eq: (8) and (9). The redox 

potential thus calculated, Ec, for Pu02(c) reaction [Eq. (8)] was approxi
mately 0.61V higher than the Em. The calculated Ec for Pu(OH) 4(am) sus
pension was found to vary approximatel.v from O.l7V lower to 0.36V higher than 
the Em. We conclude from these data that the reported value (1976) for 
Pu02(c) solubility is in error and that the measured Em may truly represent 
the equilibrium potential of our suspensions which supports usage of our cal
culated log Kc ~alues ·as true equilibrium constants. The specific reasons 

- for this conclusion are: 1) the measured Em for Pu02(c) and Pu(OH)4(am) 
suspensions are si~ilar (Figure 3) as·expected, whereas theE for Pu02(c) . c 
and Pu_(OH) 4(am) are significantly different, 2} the Em for Pu(OH) 4(am) 
suspension falls within the range of Ec, 3} the Ec of Pu02(c) suspensions 
fall outside the water stability region, and, 4} the Ec of Pu02(c) falls 
in the PuO~+ stability region, whereas the Pu species· in solution were 
inferred to be Pu02 + (Rai and Serne 1977}. The measured redox potentials 
(Figure 3) appear to be poised. This poising is hypothesized to be due to 
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relatively high concentrations of Pu in the low pH region and/or radiolysis 
products of water caused by alpha decay. Further studies with the use of redox 
buffers andsolid compounds of different alpha emitting isotopes have been 
initiated to check these hypotheses. 

IDENTIFICATION OF Pu COMPOUNDS FROM CONTAMINATED SOILS 

The presence of Pu compounds in sediments implies that the concentration 
of Pu in solution will be governed by the solubi'lity of the Pu compounds. 
Thus, it is importa~t to determine the nature of t,he solid compounds that may 
be present.in sediments. If no Pu solid compounds are present, sorption reac
tions alone may govern·the concentration of plutonium in solutions. 

Large quantities of Pu solids would not be expected to be present in sedi
ments. Therefore, it would be difficult to physically isolate, for identifica
tion, the trace amounts of Pu solids that may be present in sediments. It wa·s 
decided to compare the plutonium concentrations in soil solutions with the 
experimental solubility of the solid compounds as a means of possibly identify
ing the plutonium solids that may be present in the sediments. 

The soil solution data are plotted in Figure 4 where experimental solu
bility lines for Pu02(c) and Pu(OH) 4(am) are also traced for reference. 
Soil solution points for soils Z9-4-11~ and Z9-4-5A fell very near the Pu02(c) 
solubility:·line; however, the solution points for soil Z12-1D fell considerably 
below the Pu02(c) solubility line. When Pu02(c) was added to these suspen
sions the solution concentration for Z9-4-11A and Z9-4-5A did not change appre
ciably. The solution concentration for Zl2-1D soil increased considerably and 
approached that of the Pu02(c) solubility line. Thus, soils Z9-4-11A and 
Z9-4-5A.appear to contain Pu02(c) since the soil solution points fell close 
to the Pu02(c) solubility line and the soil solution concentration did not 
change appreciably with the addition of Pu02(c). The presence of crystalline 
Pu02(c) in Z9-4-11A sample, inferred from the solubility data, was confirmed 
by X-ray diffraction analysis of Pu particles isolated from this sample 
(Table 1). Concentrations of Pu in solutions contacting soil Zl2-1D indicate 
that this soil does not contain Pu02(c). 
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The Pu concentration in all the soil solutions studied were much lower 
than the Pu(OH) 4(am) solubility line, indicating that the soils do not con
tain this compound. 

The results presented above help demonstrate the ability of solid com~ 
pounds to control the solution concentrations. If leaching occurs from 
Z9-4-11A an9 Z9-4-5A soils and the leachate perco)ates into the soils contain
ing no Pu02(c), the concentration of Pu in solution would be lower than· the 
Pu02(c) solubility line and would be governed by sorption reactions. On the 
other.hand, Pu concentrations in solutions percolating through Pu02(c) con-
taminated sediments would be expected to be similar to the concentrations pre
dicted from the PuOi{c) solubility line (Figure lf. Such an event might 
occur in the immediate vicinity of stored wastes. It is also evident that for 
the determination of meariingful equilibrium dist~ibution coefficients (Kd), in 
an oxidizing environment, the Pu concentrations must be below the Pu(OH) 4(am) 
solubility line (and preferably berow the Pu02(c) solubility line) (Figure 1). 

Two of the soi'l samples. studied (Z9-4-11A and Z9-4-5A) in this report had 
received. a" complex waste with significant amounts of organic ligands with 
strong potential for forming soluble Pu complexes. However, the observed Pu 
conce.ntrati"ons are .. not s·ignificantly.different than the concentrations present 

. . ' '·.. ' . . 
in a dilute Pu02(c) suspension dev.oid of organic lig-ands. It is inferred 
that the organic ligands originally qisposed into these soils have degraded 

' ·. . - . 

over the period when the wastes were first disposed (approximately 20 yr). 
This 1nfere·nce is supported by the results of Cleveland ·(J. M. Cleveland, 
Chief, Transuranium Research Project, USGS, Denver, Colorado, Personal Communi
-cation, September 1977).who did not find detectable amounts of organics in 
Rocky Flats soil that had been contaminated by lathe cooling oil. 
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QUESTIONS AND ANSWERS 

D. RAI 

Species and Redox (Eh) Control 

Q: In your series of experiments for sorption of plutonyl by vermiculite and 
biotite in the presence of oxidants (ozone), you saw a reduction in the 
amount that was sorbed. Have you run, ~r are you planning to run, a 
series of experiments un9er the same type of conditions to see how much 

·- they can desorb? 

A: We did do some experiments and found that we can desorb more in the pres
ence of ozone than with sodium chloride alone. 

Solubility 

Q: In the beginning of ybur talk, didn•t you refer to papers that stated the 
plutonium continued to dissolve? 

-A: Yes. That was a reference to Patterson•s work at Los Alamos. 

C: But I think the context in which that work was done presumes that plu
toni~m oxid~ was_put in the environment in an open ~ystem, not in a test 
tube. Presumably we•re not going to saturate sea water with plutonium. 

A: As I recall Patterson•s data, their test tubes weren•t much different 

from my test tubes. They were done in the t~st tube only. Refer:-ring to 
the statement, 11 they continued to dissolve•!, I understand that in the 
context of placing this into the envirurnnent ·in an open system. 

Q: You also calculated a_log K for the solubility of Pu(OH) 4 in terms Of 
+ Pu02 and then you summed up with water and other reactions and came 

up with solubility product. 

Eh Control Measurements 

Q: Implicit in that calculation is ·a use of some kind of potential. What 

potential did you use to calculate? 
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A: We measured the potential with a platinum electrode and then converted 
these potentials to pe for use in calculations. We recognize that there 
is a problem about measuring the Eh with platinum electrodes, but we know 
of no other method better than what we used. 

C: Well, I'm not questioning the measurement, you actually took a measure
ment off the electrode and plugged it in and it came out close to the 
actual value. Now, I had the same situation in a much different context 
where I happened to take an electrode reading and the number came out 
riyl1t. Du yuu believe the electrode read1ng because the final answer is 
correct, or do you assume the common accepted belief that these measure
ments aren't any good. 

A: Whether the measurements are good or not depends upon a particular sys
tem. If the measurements represent a particular reaction, then they. 
would be right; however, in soils what one most often me~sures is a mixed 
potential which may be difficult to interpret. It would also be· diffi
cult to make measurements in an unpoised system. The concentration of Pu 
in the solutions is such that our system appears to be poised. In addi
tion to Pu species the only other species present are the radiolysis 
products of water. Since our system appears to be poised, the redox 
values we measure may be fairly close to the actual values. 

Q: You say that the plutonium is poising the electrodes. 
' 

A: Yes, it would appear that Pu is poising the electrode since the concen
tration of Puo;, where it was definitely identified, in solution was 
greater than lo-5 ~· Systems are most often considered poised if the 
concentration of the electroactive species is greater than 10-5 M:· 

Sol ubi lit~ 

Q: Regarding solubility, you discussed the difference in solubility of what 
you called PuOH 4 and Pu0 2• I think what you are seeing is a dif-
ference in rate. And whether you've achieved equilibrium may be when the 
two lines overlap, which they did tend to do there the longer you went. 
I ~hink that's a rate you're looking at and not a thermodynamic. 
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A: I would disagree because there is a difference in starting materials. In 
Pu(OH} 4 case it is amorphous whereas Pu02 is crystalline. Based upon 
thermodynamics, one would predict that Pu(OH) 4 would change in~o Py02. 
The concentration of Pu in equilibrium with Pu(OH)4 to begin with was 
approximately 2 log units higher than Puo2. However, after two years 
of equilibration, we are seeing some evidence of decrease in c011centra
t~on of ~u i~ solut{on contacting Pu(OH)4, suggesting the conver~ion of 
Pu (OH) 4 into a more stab 1 e · crysta 11 i ne form. · 

Q: Did you ever vary the .pH after what you considered equilibrium dissolu
tions? Had you done some at pH 2; did you then raise some to pH 7 and 

( 

havin~ conta~t with the solid to see if they would fall back? 

C: One of the things you•ve got to do with solubility is you have to 
approach it from both sides. You cannot just go from.one side and ~hen 
assume • • • , ~ · ... ;;~'· 

A: I recognize that. and it is nearly impossible to do in the case of plu
tonium oxide, ~u_t we. probably could h~ve done it ,in the case of plutonium 
hydroxide·. It is a question about whether we reached an equilibrium or 
not. We have data of almost 2 yr. The pH•s of the solutions have con
tinually been decreasing because of the radiolysis of wat~r. In response 

,.,, .. ., 
·~ . 

to th1s decrease 'in pH, the concentration of plutonium has continuously ·~)'2 

been increasing. However, it is important to note that increase in Pu -~ 

concentration has been proportion a 1 to the d.ecrease in pH. This· fact, in 
addition to 2 yr data, indicates that equilibrium has been reached. 

Q: There was some doubt expressed as to your Eh measurement. How do your Eh 
and pH measurements coincide with your estimated P02? Or can you esti
mate it? 
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A: Oxygen acts as a much weaker oxidant than what one calculates based upon 
the oxygen partial pressures using H2oto2 couple. Therefore, th~ 
measured values never coincide· with the theoretical vaiues. I do not 
know of any one method of measuring Eh that would be applicable in the . ., . . 

whole.Eh ~ang~. A re~ent publication {Cherry et al. 1979; ~ubmitt~d to 
Journal of Hyd~ology) discusses various methods (carbon, sulfur,_ iron,. 
nit.rogen, arsenic couples, and platinum) and gives the ranges in which · 
~hey are suitable. The values measured in our study are in the range 
where these authors indicate that'platinum electrode ·can be used. At a 
pH. value .of approximately 4~5; we definitely identified the Pu species in 
solution as Pu{V).· At these pH values the measured Eh values are close 
to the calculated Pu(V) stability field. 

Q: So it•s anoxic then? Is that right? 

A: No, I_ wouldn•t say so. The measurements that we made show Eh of 
0.72 volts· at pH 0. But niost of our work was in equilibrium with the 
air. ·But if you take the oxygen path at pressure and back-calculate Eh, 
it do~sn•t give·the same value as we measured. 

Q: What if the plutonium sorbs on the electrode surface? That is, if it 
: sits on t.he electrode surface, and that gets ·reduced to plus three states 

on the surface itself. 

A: I don•t know. I haven•t figured that. 

( 
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THE KINETICS AND REVERSIBILITY OF RADIONUCLIDE SORPTION 
REACTION WITH ROCKS--PROGRESS REPORT 

FOR FISCAL YEAR 1979 

G. S. Barney 
G. E. Brown 

ABSTRACT 

Observations of sorption-d~sorption reactions of cesium,·strontium, 
n~ptunium, americium, and plutonium on basalt, granite, and argillite were 
extended to 218 days. Equilibrium concentrat~ons of radionuclides in batch 
experiments were~not reached for most radionuclides even after this lengthy 

·equilibration time. In addition, reactions of the crushed rock with ground
waters (dissolution, hyd~olysis, pre~ipitation, etc.) did not reach ~quilib
rium aft~r 150 days. The dissolution of basalt is accompanied by the for
mation of colloidal particles which contain silicon, iron, calcium, and 
aluminum. These colloids sorb cesium, strontium, americium, and plutonium 
during equilibration experiments. Some of the colloids pass through 0.3-~m 
filter~ (some are not retained even·on 0.01-~m filters) and, therefore, 
cause calculated Kd values to be too low. Additional experi~ents w~re per
formed to measure the reversibility of radionuclide sorp~ion and the rate of 
des·orpti on. 

. . 

Samples of crushed basalt, granite, and argillite were artificially 
11Weathered 11 by continuous leaching with distilled water for 6 months. The 
leaching was performed both in air and in an oxygen-free stream of nitrogen 
gas. The 11Weathered 11 rock was then characterized to determine surface area, 
surface structure, cation exchange capacity, and composition of weathered 
surface on the rock. Comparisons were mad~ of. radionuclide sorption (~fter 
14 days) on fresh rock, rock weathered in air, and rock weathered i~ N2. 
Although there are· some exceptions, sorption on rocks weathered in Nz is 
less than on rock weathered in air. This is possibly due to the lack of an 
Fe(OH)3 coating ~n the rock weathered in N2. The Fe(OH)3 is known to 
scavence cations and silica from:solution. Sorption of cesium, ~mericium, 
and plutonium is strongly affected ~Y weathering ba~alt and argillite. 
However, the cation exchange ·capacity is changed very little. This suggests 
that ion exchange plays a minor role in sorption of. these radionuclides. 
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INTRODUCTION 

The work described in this report was supported by the Waste Isolation 
Safety Assessment Program (WISAP) managed,by the Pacific Northwest Labora
tory for the Office of Nuclear ~Jaste Isolation (ONl~I). This is the third 
annual progress report of a study begun in March 1977 (Barney and ·Grutzeck 
1977 and Barney and Anderson 1978). Progress for FY 79 is reported herein. 

The objectives or Lt1is study ate to determine the effects of sorption 
kim:!tics and 1treversible sorption reactions on the measurement of radio
nuclide distribution between geologic media and groundwater. Distribution 

' . 
}'atio (Kd) values w111 control the rate of migration of ru.dionuclides in 
groundwater flow from the nucle~r waste repository to the biosphere .. This 
information. is, therefore, essential for assessment of the safety of radio
active waste disposal in rock formations. 

Distribution ratios measured in the laboratory are used to model 
radionuclide migration in various rock formations proposed as ·repository 
sites; Reliable estimates of Kd values must take into account all signi
ficant parameters which control Kd under conditions found in the pathway 
of radionuclide-contaminated groundwater from the repository to the bio
sphere. Seve~al of these parameters are difficult to control experimentally 
and/or are poorly understood. Information obtained from this study of two 

·of these parameters (sorption kinetics and reversibility of sorption) will 

help define a specific method for Kd measurement and will provide insight 
into the mechanism of sorption reactions. 

Rates of tracer sorption on fresh silicate rock surfaces are'initially 
rapid due to fast ion exchange or precipitation reactions. However, there 
are also very slow so}·ption r'eactions occurring which may ·involve aitera
tion of the rock surfaces due to reaction with groundwater, or diffusion of 

the tracer into micropores in the rock surface. These slow reactions can 
greatly affect Kd values over equilibration periods normally used for mea

suring them in the laboratory. They will also have a significant effect in 
the actual rock formations near the repository. 
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Irreversible sorption reactions will also affect Kd measurements. Since 
"fixed" radionuclides will not appreciably exchange with ions in the aqueous 
phase, Kd values will likely be more sensitive to the total amount of radio
nuclides present in ~he experiment than if sorption were reversible . 

. It was· concluded from, prior work (Barney and Anderson 1978) that sorp
tion of radionuclides on basilt, granite, and argillite is. strongly affected 
by reactions of the rock surfaces with groundwater. These reactions (hydrol
ysis, dissolution, and mineral transformation) are slow under the conditions 
required for radionuclide distribution mea~~rements. Significant sorption
desorptio~ reactions continue for many months after contacting these silicate 
rocks with ra~ionuclide-spiked groundwaters. Because of these slow reactions, 
measurement of equi 1 i bri urn Kd va 1 ues for these rocks is probably not prac
tical. Radionuclide distribution must be measured as a function of time for. 
rocks that react slowly with groundwater. 

Attempts were made to speed the rock-groundwater reaction by artifi
cially weathering crushed rock with hot, di sti 11 ed water. Basalt and 
argillite appear to be more easily weathered than granite. Radionuclide 
sorption measurements were made on those "weathered" rocks a.nd compared to 
fresh rock surfaces. Weathering basalt greatly increased the sorption capac~ 
ity for each radionucl ide. ~leathered argillite sorbs cesium, plutonium, and 
americium more strongly tha~ fresh.argillite. Weathering g~anite had no 
observable effect on sorption. 

Several irreversible sorption reactions were identified. Cesium is 
irreversibly sorbed on granite, and ruthenium is irreversibly-sorbed on each 
of the three rock types. Strontium and neptunium sorption is reversible for 
each.rock type. 
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MATERIALS AND METHODS 

ROCKS 

Five crushed rock samples were selected for study, each representing a · 
rock formation at Hanford and the Nevada Test Site which are proposed loca
tions for nuclear waste repositories. The sampling locations· and geologic 
formations from which the. sampl,es were taken are given· in Table 1. 

TABLE 1. Source of Rock Samples 

· Rock Types Sampling Location Geologic Formatiory 
-------:---t--"'----------....,...,-f-----····- ... ······----

Basalt A 

Basalt B 

Granite A* 

Gran.ite B* 

Arg1111te 

. * . 

Sentinel Gap, Washington 
Outcropping 

.· ' 
Sentinel Gap, Washington 
Washington State Hwy 243 
Outcropping 
Nevada Test Site 
Sample UE15e7 
Nevada Test Site 
Sample N901, 147£677.016 
(1 ,367 feet below collar 
of shaft 1501) 

· Nevada Test Site 
Sample UE17e (2,200 feet)· 

Umtanum Flow 

Umtanum Flow · 

Climax Stock 

Climax Stock 

Eleana 

More correctly, a quartz monzonite porphyry. 

The bulk elernental compositions, mineral compositions, surface areas, 
and cation exchange capacities (CEC) of those samples were measured and are 
g1ven in the Results and Discussion section. The particle sizes of·th~ 
crushP.d rocks were; ..-:0.5 mm for Basalt A, Cir'ar~ite A, and Argil'lile; ·and 
0.3 to 0.9 mm for Basalt B and Granite B. 

GROUNDWATER$· 

Groundwater analyses were obtained for the three ge~logic formations 

listed in Table 1. Synthetic groundwaters with compositions approximating 
those of the above sites wer~ prepared. A thoroughly analyzed water from 
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a well near Paterson, Washington (Pearson 1973) was selected as representa
tive of Hanford basalt aquifers. It is a sodium bicarbonate water wifh a 
pH of. 8.2. Two groundwater types found beneath the Nevada Test Site (NTS) 
were chosen for experiments with granite and Eleana argillite. These are, 
respectively, a sodium-calcium-sulfate water (Walke~ 1962) and a calcium
magnesium-bicarbonate water (Borg et al. 1976). The compositions of the 
synthetic groundwaters are given in Table 2. 

TABLE 2. Composition of Synthetic Groundwaters 
(As Prepared) 

Basalt 

RADIONUCLIDE TRACERS 

G_rani te 

620 mg/R. CaS04•2H20 

302 mg/ !1. NaHC03 

Argi 11 i te 

n 2 mg/ R. Caco3 
76 mg/ R. MgC03 
135 mg/R. NaHC03 

The radionuclides included in this study were: 137Cs, 85Sr, 99 Tc, 
237 Np, 241 Am, and plutonium (a mixture of isotopes 238 through 241

). The 
purity of'each tracer was checked by either gamma or alpha energy analysis. 

t~ethods 

Kinetics Experiments 

All kinetics experiments and equilibrations were performed at room 
temperature (23 ± 2°C). Twenty grams of crushed rock and 300 mR. of the 
appropriate groundwater were added to sealed, pretared, 16-ounce polyethyl-

.. 
ene bottles and the mixtures were shaken overnight to pre-equilibrate. The 
crushed rock w~s allowed to settle for 24 hours and the supernates were 
decanted ant~ 0.3-pm Millipore filters td retain any suspended solids. The 
solids on the filters ~ere washed into the bottles, and the pre-equilibration 
procedure was repeated~ The bottles were ·weighed to measure the volume of 

267 



RHO-ST-29 

residual groundwater solution after decanting. Three hundred milliliters 
of groundwater solution were again added to ~ach bottle. Th~ trac~rs were 
added and time was recorded. One bottle for each rock type was not spiked 
so that the concentration of inert (nonradioactive) groundwater components 
could be measured a~ a function of time. The bottles wer~ shaken co~tinu
ously and the groundwaters were -sampled (~5 m£) and filtered with either a 
0.3-~m filter or a 0.01-~m filter. Tracer and metal ion concentrations· 
were determined in the filtered samples. Samples were t~ken o~er a peri~d 
of 218 days. After this length of time, the volume of groundwater solution 
*as not sufficient to sample and the experiments were termin~ted. 

·:'I 

Reversibility Experiments 

The reversibility of radiQnuclide sorption reactions was measured by 
attempting to desorb radionuclides from crushed rocks. Radiqnucl_i~es were 
previously sorbed onto the rocks from spiked groundwater solutions. Forty
five grams of crushed rock were pre-equilibrated twice with 300m£ of the 
appropriate groundwater as above. Spiked groundwater solutions were then 
prepared by pipetting stock tracer solutions into small polyethylene vials, 
evaporating the solutions in the vials under a heat lamp and adding the 
dried tracers to the groundwaters. The tracers were allowed to dissolve 
for 48 hours, during which time the groundwater solutions were shaken con
tinuously. The spiked solutions were then filtered through 0.3-~m Millipore 
filters. Three hundred milliliters of the spiked groundwaters were added 
to the pre-equilibrated rocks and the mixture was shaken for 14 days. Sam
ples of the loaded, crushed rock were separated from the mixtures by filte·r
ing through 0.3-~m filters. These were kept wet until desorption e~periments 
could be started. Five grams of the loaded rock were contacted for 14 days 
with ~0 m£ of the appr~~r~ate groundwater solution containing various con-. .. 
centrations of CsCl, Sr(N03)2, HN03, or Na 2H2(EDTA_). The mixtures were 
centrifuged (the basalt samples were filtered with Amicon CF50A ultrafilters) 
and the concentration of tracer in the solution was measured. 

The kinetics of radionuclide desorption was studied by adding 300m£ 

of unspiked groundwaters to 10 g of the loaded, crushed rock in 16-ounte 
polyethylene bottles. The bottles were shaken continuous.ly and the solutions 
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sampled weekly for tracer analysis. The solutions were filtered with 
Amicon CF50A ultrafilters before analysis. Blank kinetics experiments were 
run using unspiked groundwater for each rock type. Solutions from these 
experiments were s~mpled weekly and analyzed for sodium, calcium, magnesium, 
manganese, zinc, silicon, potassium, strontium, iron, aluminum, boron and 
phosphorus. 

Sorption on Weathered Rock 

Artificial weathering of crushed rock under oxygen-free nitrogen gas 
was accomplished by placing 100 g each of crushed Umtanum basalt (0.5 to 
1.0 mm), NTS granite (<1.0 mm), and NTS argillite (<1.0 mm) in separate· 
soxhlet extractors. The gas inlet and exit ports of the extractors were 
connected in series to ~ pure N2 tank with two gas washing bottles between 
the tank and the extractors. The first bottle was filled with a caustic 
pyrog~llol solution to remove any oxygen pres~nt in the N2 and the second 
was filled with distilled water to prevent any entrained pyrogallol solu
tion from entering the extractors. ·The rocks were leached with hot, dis
tilled ~ater for 6 months in flowing N2 and then air dried. 

Radionuclide Kd values for sorption on the weathered rocks were mea
sured as follows. 

Five-gram samples of each weathered rock type were added to polycar
bonate centrifuge· tubes. The rocks were pre-equilibrated twice with the 
appropriate groundwater type and the tubes centrifuged, decanted, and 
weighed. Thirty mill"iliters of spiked groundwater were added to each tube 
and the mixtures were shaken in the presence of air for 14 days. Tubes 
containing granite or argillite were centrifuged after this time and the 
solution and rocks analyzed for tracers. Tubes tontaining basalt-groundwater 
mixtures were centrifuged and the solutions filtered through Amicon 50A 
ultrafilters to remove any colloidal particles present before tracer analysis. 

Measurement of CEC, Surface Area, and Surface Analysis 

Measurement of CEC: · 2-g samples of crushed rock were placed in fritted 
disk sealing tubes (Corning 39570). A buffered l.ON Sr2+ solution at pH 5 
was passed through the tube to remove any carbonates from the sample. A 
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second 1 .ON Sr2+ solution at pH 7 was passed through the tube to saturate 
exchange sites with Sr2+. A 0.05!i Sr2+ solution at pH 7 spiked with 85Sr 
was then passed through the tubes and the entrained solution was removed 
with vacuum. The tubes were then washed with solutions of Magnifloc 905 in 
distilled water and methanol. The tubes were counted and the_CEC calculated . 

. Surface areas of the crushed rocks were measured using both the BET 
method and a glycerol sorption method (Madsen 1977). The glycerol sorption 
method was found to he unsuitable for basalt and granite because of their 
small surface areas. However, since argillite is largely composed of clay 
materials, the surface area was large enough to be measured bY this method. 
Comparison of the results obtained ·tor argillite bY the. two methods illus.:. 
trates the very large interanl surface area measured by the ~lycerol 
method. 

The surfaces of artificially weathered and fresh ~ock surfaces were 
analyzed using a JEOL-JSM-3 scanning electron microscope with an energy 
dispersiv'e x-ray analyzer (Pr~nceton-Gamma-Tech) attached to the column. 
Both surface st~ucture and chemical composition of the surface phases were 
determined. The effects of weathering were observed by comparing fresh and 
artificially weathered surfaces mounted in polished section~. 

Solution Analyses 

Tracer concentrations in solution were determined by s~andard gamma, 
alpha, and beta counting techniques. Amounts of tracer in the crushed 
rock samples.wer~ measured for use in Kd calculatio~s ~sing standard gamma 
counting techniq~e~. Analyses of elemental concentrations in groundwater 
solutions were accomplished using an inductively coupled argon plasma 
source spectrometer (Applied Research Labo~atories). 
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·RESULTS AND DISCUSSION 

CHARACTERIZATION OF THE ROCKS 

Each of the rock samples used in thes~ sorption ~xperiments was char
acterized as fo~lows: (1) bulk elemental analysis, (2) qualitative 
mineralogy, (3) surface area,· and (4) cation exchange c:·apacity. Thorough 
characterization was necessary so that effects of sample characteristics 
on sorption measurements could be evaluated. The- procedures used for these 
measurements are given in the Methods section. 

The oxide compositions of the rock sample are given in Table 3 .. 
Averages of at least three analyses are given. Carbonate and water were 
not determined. The mineral content of each rock type was determined using 
x-r~y diffraction and scanning electron microscope-microprobe techniques. 

TABLE 3. Chemical Composition of Basalt, Granite, and Argillite. 

' Chemical Composition, wt% 
Oxide. 

Bas a 1t A Basa 1t B* Granite A Granite B* Argi 11 i te 

Si02 · 56.7 54.0 68.4 68.4 57.3 

Al 20~ 12.0 . 13.9 15.9 16.4 20.7 
FeO** 11.2 12.3 2.62 2.45 5.62 
MgO 3.55 4.37 0.86 1.05 2.33 
CaO 6.73 8.39 3.37 3. 72 1.41 
Na2o 3. i9 3.39 3.37 3;55 0.92 
K20 1.69 1.19 3.61 3.91 1.29 
Ti02 1.53 1. 95 0.29 0.37 0.79 
BaO 0.06 -- 0.09 -- 0.02 

P205 0.47 0.31 0.2.3 0.10 0.30. 

Tota 1 · 97.12 99.80 98.74 99.95 90.36 

* Ames 1978. 
** Only ferrous iron is assumed to be present. 
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The following minerals were identified in these rock samples: 

Basalt A 

Labradorite 
Augite 
Ilmenite 

* 

Basalt B* 

Laboradorite 
Augite 
Andesine . 
Ilmenite 
Nontronite 
t·1agnetite 

Ames 1978. 

Granite A 

Plagioclase 
Quartz 
Albite 
Orthoclase 
Magnetite 
Biotite 
Titanite 
Apatite 

Granite B* Argi 11 ite 

Plagioclase Quartz 
Quartz Chlorite 
t1i croc 1 i ne or : c'al cite 
Orthoclase Orthoclase 

Magnetite Ti02 .Biotite 
Titanite 
Apatite 
Hematite 
Hast.ingsite 

The basalt is fine-grained (crysta.ls are 1 to 200 llm) with a large 
amount of ·glassy ·or very fi n·e crysta 11 i ne groundmass. The relatively weak 
diffraction Hnes for the basalt indicate a large amount of amorphous mater
ial is present. Ilmenite exists as dendrites throughout the mitrix. The 
11 granite 11 (actually a quartz monzonite porphyry) is very coarse grained with 
some crystals as. large as a few centimete.rs long. There appears to be very 
little amorphous material present. PHotomicrographs of argillite show crys
tals of quartz, orthoclase, TiO~, and calr.itP ~cattered throughout a clay 

L 

matrix (the principal clay mineral.is chlorite as determined by x-ray.dif-
fraction). The lamellar structure of the clay is apparent.from the 
photomicrographs. 

Surface areas of the crushed rocks were measured using both the BET 
method and a glycerol sqrption method (Madsen 1977). The results of dupli
cate measurements are given in Table 4. The glycerol sorption method was 
found to be unsuitable for basalt and granite because of their small surface 
areas. However, since argillite is largely composed of clay minerals, the 
surface area was large enough to be measured by this method. Con1parison of 
the results obtained for argillite by the two methods illustrates the very 

large internal surface area measured by the glycerol method. Also, it appears 
that artificially weathering the argillite opens up the layered structure 
of the clay component and greatly increases the surface area. 
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· TABLE 4. Surface'Area Measurements 

Rock Type. 

Basalt A 
Basalt B* 
Granite A 
Granite B* 
Argi 11 ite 
Weathered Argillite 

(in air) · 

* Ames 1978. · 

2 . 
BET, m /g 

5.1 
2.5 
0.9 
0.08 
5.4 

Glycerol, m2/g 

10.3 

3.9 
266 
426 

Cation exchange capabities of fresh rock and rock weathered in air are 
shown in Table 5. Artificially weathering basalt appears to slightly lower 
the CEC .. The CEC of argillite is slightly increased after weathering. No. 
change is observed in the CEC for granite after weathering. 

TABLE 5. CEC of Fresh and Weathered Rock 

Rock Type 

Umtanum Basalt A: 
Fresh (<0.05 mm) 
Fresh (0.5 to 1.0 mm) 
Weathered in air (0.5 to 1.0 mm) 

Umtanum Basalt B: · 
Fresh (20 to 50 mesh)* 

Climax Stock Granite A: 
Fresh. (<1.0 mm) 
Weathered in air (<1.0 mm) 

Climate Stock Granite B: 
fresh (20 to 50 mesh)* 

Eleana Argillite: 

Fresh (<1.0 mm) 
·Weathered in air (<1.0 mm) 

* Ames 1978. 
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3.97 
3.11 
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4.61 
4.63 

0.851:0.19 
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Kinetics of Radionuclide Sorption-Desorption. 

In the previous annual report (Barney and Anderson 1978), ·both short
and long-term kinetic data for the sorption of radionuclides on crushed 
basalt, granite, and argillite were presented. These data showed that 
sorption is rapid initially due to.fast ion exchange reactions or physical 
sorption on the surface of the fresh rock. There are a~·so very slow 
sorption-desorption reactions which take place over a much longer period 
of time. Sorption curves covering a periorl of 91 days showed that equi
librium concentration.of radionuclides were not achieved in batch equili-

• I 

bration during that time. These long-term sorption-desorption reactions 
are a result of slow changes in the composition of the rock surface and 
bulk solution. The rock slowly r·eacts with the groundwater by hydrolysis, 
dissolution, oxidati6n, ·or mineral tr~nsfo~mation of the compon~nts of the 
rock. The products of these re.actions influence radionuclide sorption. 

The kinetic observations were extended to 218 days. Sorption curves 
for cesium, strontium? neptunium, plutonium, and.americium for this time 
period are given in Figures 1 through 4. Sorption curves for 137 Cs sorp
tion on basalt, granite,, and argillite are given in Figure 1. The basalt 
curve ap~ears to be relatively flat, except for the time from 100 to 
150 days. The peak observed in this time range is due to r.ollnirlnl parti
cles contaminated with 137 Cs which pass through the 0.3-~m filter. After 
150 days, the solutions were filtered with 0.01-~m filters which apparently 
retained these colloidal particles. Filtering solutions from granite and 
argillite experiment~ with the 0.01-um filters rlirl not ~ff~ct the analy
tical results. Therefore, no colloids were formed during equilibration. 
The curve for argillite does not level off even after 218 days. The granite 
curve, however, appears to reach a constant value after abou~ 190 days. 

Curves for 85Sr sorption are given in Figure 2. The basalt curve 
appears to be fairly flat after about 80 days except for the peak due to 
colloid formation (at 100 to '150 days). Sorption of 85Sr on granite ap
pears to be almost a linear function of time over the 218 days: The argil
lite curve continues upward, indicating that a desorption reac4ion is 
occurring which· has not· reached equilibrium. 
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FIGURE 1. Sorption of 137Cs on Basalt, Granite, and Argillite 
Over a 218-Day Period. 
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Figure 3 shows that 237 Np continues to sorb even after 218 days of 
equilibration with each of the rock types. _The increasing concentrations 
of plutoni~m and 241 Am in .. solutions equilibrated with basalt appear to be 
due to sorption of these actinides o~ colloids which pass through 0.3-~m 
filters. Figure 4 shows that when 0.01-~m filters are used (after 180 days) 
the concentrations of plutonium and 241 Am are dramatically reduced. Plots 
of plutonium and 241 Am sorption on granite and argillite show much scatter 
of the data. and no significant tren~s can be observed. 

The results of measurements of the rate of radionuclide sorption on 
fresh rock surfaces for r6ck-~roundwater-~adionuclid~ syst~ms show that 
equilibrium is rarely attained even after many months of equilibration. The 
only sorption reactions that appeared to reach equilibrium before 218 days 
were ! 37 Cs sorption on basalt and granite, 85Sr ~orption on basalt, and 
plutonium and 241 Am sorption on basalt. The surfaces of the rocks are b~ing 
chemically altered by groundwater, thus changing the sorption characteristics 
of the rock. Also, the compositions of the groundwater are changing. Ions 
which·compete for sorption sites are being introduced into the solutions. 
Since.these hydrolysis reactions are very slow, the changes in radionuclide 
sorption are also very slow. 

~ecause of the very slow approach to equilibrium, Kd values based on 
short equilibration'times are of .limited value unless the Kd is given as a 
function of time. This is true for all silicate rocks and minerals which 
can undergo slow hydrolysis reactions. 

Dissolution and precipita~ion reactions of major components of the 
three groundwater-rock systems were measured over an extended period of 
time (154 days). Concentrati~ns of sodium, potassium, calcium, magnesium, 
barium, zinc, curium, ·aluminum, iron, si"licon, and.ch.romium were determined 
in groundw~ters equilibrated with curshed basalt, granite,_ and argillite. 
The results are shown in Figures 5, 6, and 7. Only those elements with 
significant concentrations (>1 pp~) a~e· p16tted. The pH was constant for 

each groundwater over the 154 days. Values of pH for basalt, granite, and 
argillite averaged 8.8, 8.4, and 8.8, respectively. 
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Figure 5 shows dissolution of silicon, iron, and calcium from basalt 
in the'NaHCOj groundwater. This is most likely due to dissolution and 
hydro1ysis of the glassy phase of the basal~. The concentrations of silicon 
and iron exceed the solubilities ~f Si02 • xH20 and must be pre~ent in solu
tion as colloids which pass through 0.3-~m filters. The discontinuities in 
the silicon, irory, and calcium curves at 98 days.are a result of filte~ing 
the solutions with 0.01-~m filters. Most of the colloidal particles con
taining these elements must be larger than 0.01 ~m. The sudden increase in 
sodium concentration is not understo'od. 

Figure·6 shows dissolution of potassium and magnesium from granite and 
precipitation of calcium as a function of time. Silicon and aluminum con
centrations reach equilibrium concentrations after approximately 30 days. 
Calcium ion appears to be replacing K+. and Mg2+ either by ion exchange or 
mineral replacement reacti~ns. The number of equivalents of ca2+ preclpl
tated (0.0040 eq.) is approximately equal to the total equivalents of K+ 
(0.0014 ~q.). ~lus Mg2+ (0.0025 eq.) released. 

Ca 2+ + R(K,Mg) ~ R(Ca) + K+ + Mg2+ 

R = mineral substrate 

'~oth silicon and aluminum appear to be in equilibrium with products of the 
. . 

reaction between groundwater and granite. Filtering the granite groundwater 
·with O.Dl-~m filters did ~ot affect the dissolution curves. Therefore, it 

appears that no measureable amounts of colloids are ~roduced by dissolution 
of granite . 

. Both magnesium. and calcium are dissolved from argillite.' The rate of 
dissolution of these elements is nearly const~nt throughout the 154 days. 
Silicon reaches a constant concentration after about 50 days. Potassium is 
very gradually dissolvP.d by the groundwater. 

Dissolution of elemental components of basalt, granite, and argillite 
in synthetic groundwaters continues even after 150 days of equilibration. 
The dissolution of basalt is accomplished by formation of colloidal solids 
which contain silicon, iron, calcium, and aluminum. These colloids are 
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probably products of hydrolysis of the glassy phase of basalt. This amor
phous phase is the most susceptible to leaching with water as shown by SEM 
photomicrographs of leached basalt surfaces. 

Components of granite dissolve incongruently with _time. This suggests 
that a new solid phase (or phases) forms on the granite surface with time. 
Calcium ions appear to replace K+ ~nd Mg2+ in the granite since equivalent 
amounts of Ca2+ and K+ + Mg2+ a~e precipitated and dissolved, respectively. 
Apparently, trace amounts of Sr2+ ~lso participate in ~his replacement reac
tion since 85 Sr has a precipitation curve similar to ca2+. 

Magnesium, calcium, and potas$ium are dissolved when argillite is equi
librated with groundwater. Small amounts of sodium are also dissolved.·: 
Since these ions are not replaced by.other cations from solutio~, anions 
must be going into solution to balance the charge. Hydroxyl ion is ruled 

·out since 'the pH is const~nt. The anions are likely CO~- or Hco; since a 
significant amount of carbonate was previously found in the argillite. Some 
magnesium and calcium are rapidly precipitated on addition of argillite to 
the groundwater. The initial concentrations of these ions are larger than 
those found after 1 day of contact with argillite. 

In general, the rock surfaces undergo reactions of the type: [Rock + 
H20 + M = dissolved species + solid products], where M is a general chemical 
species originally present in the groundwater. The solid products may be 
deposited on the rock surfaces as a continuous layer or, as in the case wi~h 
feldspars (Berner and Holdren 1979), as discrete crystalline deposits. With 
basalt, the solid products form colloidal-sized particles which are dispersed 
in the groundwater. In each case, the above reaction influences the sorp
tion of radionuclides since the reaction products have differ~nt affinities 
for the radionuclides than the original rock surface.· In addition, the dis
solved species can affect sorption by competing with the radionuclide for 
sorption sites or by changing the chemical identify of the radionuclide (by 
complexing, redox reactions, etc.). 
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REVERSIBILITY OF RADIONUCLIDE SORPTION 

Experiments to determine the reversibility of several radionuclide 
sorption reactio~s were continued in FY 79. Improvements in the design of 
the reversibility experiments were as follows: 

• Longer equilibratfon times ~ere used·fo~ both sorption and desorption 
experiments. 

• Lower concentrations of tracers were used to prevent precipitation. 

• Dried tracers were added to the groundwater to prevent alteration of 
the groundwate·r composit-Ion due to addition of t~ace-r solution. 

• Spiked groundwaters were filtered through 0.3-].lm filters to remove 
any undissolved tracer. 

The roc~ loaded with tracer was equilibrated with several different 
solutions and the amount of tracer desorbed was measured. Rates of radio
nuclide desorption into unspiked groundwater were measured over a period 
of 5 weeks. ·The results for cesium desorption into solutions of various 
CsCl concent~ations are shown in Figure 8. Radioactive cesium desorbs from 
each rock type when contacted with relatively high.concentrations of CsCl 
solution. However, the granite curve levels off after saturation of sorp
tion sites (as determined by CEC) is completed. If exchange of cesium on 
the rock is rapid and reversible, 

[R*Cs] [*Cs+] 
--- = ---:---
[RCs] ·[cs+] 

+ where [RCs] is the concentration of cesium sorbed on the rock and [*Cs ] 
is the concentration of radioactive tracer. Since the rock is saturated, 

[R*Cs] + [RCs] = C 

where C is a constant. Since, 

[RCs] » [R*Cs] 
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Therefore, as the concentration of total cesium increases the percent c.esium 
desorbed should increase if the reaction is reversible. 
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FIGURE 8. Desorption of 137 Cs (After 14 Days) 
From Basalt, Granite, and Argillite 
Into Groundwater Solutions. Contain
ing Various Concentrations of CsCl. 
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If the reaction is irreversible or if desorption is slow compared to 
sorption, 

and · 

[R*Cs] [*Cs] 
--->.--
[RCsl [Cs +] 

+ [Cs ] >C 
[*Cs+] 

[R*Cs] 

Therefore, the slopes of the curves (percent 137Cs desorbed versus Cs + 

concentration) should decrease if the sorption is irreversible. The slope 
of the granite curve is almost zero after the initial desorption of ~50% of 
the 137Cs, indiiaf{~~ partial irreVersible sorption of cesium.on granite .. 

If a radionuclide sorption reaction is truly reversible, the equilibrium 
Kd value .should be approached by either sorption or desorption of ·the radio
nuclide. In other words, Kd·(sorption) = .Kd (desorption). For this to be 
true, :the rates of sorption and desorption must not be widely different and 

·all other 

isotherms 
factors which affect Kd must remain the same. Since some sorRtion 
are not linear, it is important that total radionuclide concentra

tion be considered when ~omparing sorption and.desorption Kd values. 
results of desorption of cesium, strontium, and neptunium from basalt, 
granite, and argillite into their respective unspiked groundwaters are 
in Figures ·9~ 10, and 11. 

The 

shown 

Desorption Kd values over a 5-week period for basalt are.shown in 
Figure 9. Sorption Kd values for.2-we.ekequilibrations are given for com.,. 
pari son. The desorption Kd values are .larger than sorption Kd values for 
each radionuclide. However, the deso~~tion Kd values ·are gradually de
creasing with time and may eventually approach sorption Kd values. From 
these data, it appears that the desorption reactions are slower than the 

sorption reactions. The reactions do, however, appear to be reversible: 
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FIGURE 10. Values of Kd for Desorption of Cesium, Strontium, 
and Neptunium From Granite Into Unspiked Ground
water Over a 5-Week Period. (14-day so~ption 
Kd values are shown for comparison.) 

The sorption of cesium, strontium, and neptunium on granite (Figure 10) 
appears to be reversible. However, longer term desorption measurements 
show that cesium and.neptunium are gradual~y resorbed onto the granite. 
This behavior can be explained by assuming at least two types of sorption 
sites on the grnnite - one that binds the tracer strongly and one that 
binds the tracer weakly. When the loaded granite is placed in unspiked 
groundwater, weakly-bound tracer is quickly released into solution. This 
released tracer is then slowly sorbed at the sites which strongly bind the 

tracer .. This process continues until almost all'the tracer is strongly 
bound. 
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FIGURE 11. Values of Kd for Desorption of Cesium and Neptunium 
From Argillite Into Unspiked Groundwater Over A 
5-Week P~riod. (14-day sorption Kd values are 
shown for comparison.) 

Desorption Kd values for cesium on argillite (Figure 11) are about one 
order of magnitude larger than sorption Kd values. This reaction appears 
to be irreversible (or the sorption rate is much faster than the de~orption 
r·d te). The same is true for neptuni urn. 

ROCK WEATHERING 

Contaminated groundwater from a waste repository will contact hnth 
weathered anu rr~sh rock surfaces in the repository environment. These 
weather~d rock surfaces will be composed of layers of alteration produ~ts 
from the parent rock, such as clay minerals, oxides, and hydroxides. The 
a ltP.rati on products wi 11, uf COUI·se, have different sorption ·characteri s
ties than the parent rock. To determine the effect of weathering on radio
nuclide sorption, samples of crushed basalt, granite, and argilli-te were 
artificially weathered. Sorption experiments were then performed using 
the weathered rocks. Scann~ng electron microscope analysis of the ~ocks 
identified changes caused by weathering which affect the sorption properties. 
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The rock samples were artificially weathered by leaching with hot dis

tilled water in a soxhlet extractor. After 6 months of leaching in air, 

the basalt developed a brown crust due to formation of ferric hydroxide. 

A brown layer also formed on the granite sample. Also, a white colloidal 

suspension (probably Si02·xH20) was abundant in the basalt and argillite 

boiling flasks, with a smaller amount present in the granite boiling flask. 

In an oxygen-free atmosphere, no ferric hydroxide crusts formed, but the 

colloidal suspension was seen . 

Scanning electron photomicrographs of the rocks before and after 

weathering show that the surface structure of the basalt is altered signi
ficantly by weathering. The relatively smooth surface of fractured, fresh 

basalt contrasts with the rough, detailed surface of the weathered basalt. 
It appears that the glassy matrix of the basalt has been leached away, 

leaving the more persistent crystalline phases behind. No obvious changes 

were found in the microstructure of granite or argillite after weathering 

as observed from SEM photomicrographs of the rough, unpolished surfaces of 

the rocks. However, the layered structure of the argillite did expand during 

weathering. This is indicated by the large increase in internal surface area. 

Scanning electron photomicrographs of polished sections of basalt, 

granite, and argillite showed additional changes due to weathering. Energy 

dispersive x-ray analysis was used for phase identification. Comparisons 

were made for unweathered rocks and rocks weathered in a N2 atmosphere. 

Four phases were found in the basalt samples. Augite, plagioclase, 

ilmenite and groundmass areas are labelled in Figure 12. This figure also 
shows the differences between weathered and unweathered basalt surfaces. 

The weathered basalt has an altered layer about 100 ~m into the surface 

(Figure 13) . In this altered layer. the groundmass has partially dissolved 

away, leaving a fine, web-like framework. On some of the augite grains, 

2- to 5-~m crusts of iron oxide (Fe2o3·xH20) have formed (Figure 14). The 

x-ray spectra in Figure 14 show the change in relative amounts of aluminum, 

silicon, and iron between the crust and inner area of the grain. Some of 

the other augite grains are cracked. The plagioclase grains are also 

cracked, and beginning to break into smaller pieces. No changes were 

noticed for the ilmenite grains. 
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A. UNWEATHERED BASALT 

B. WEATHERED BASALT 

1. AUGITE 3. ILMENITE 

2. PLAGIOCLASE 4. GROUNDMASS 

FIGURE 12. Comparison of Unweathered 
and Weathered Basalt. 
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FIGURE 13. Weathered Basalt. 

Altered layers within the cracks in the plagioclase and augite grains 
were also seen. Figure 15 shows a cracked plagioclase grain, and x-ray 

spectra for the surface and the alteration product in the crack. The rela

tive ratios of elements in the two areas are given in Table 6. Table 6 also 

gives the ratios for a cracked augite grain and alteration layer. Figure 16 

shows the auqite reqion of interest and corresponding x-ray spectra. The 
plagioclase elemental ratios indicate that an iron oxide layer has formed in 
the crack. The lack of change in the aluminum, sodium, silicon and calcium 

ratios is most likely due to the x-ray analysis volume (about 1 ~m) being 
larger than the crack. The changed elemental ratios for weathered augite 

are consistent with dissolution of magnesium, aluminum, silicon and calcium 

from the phase. 
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TABLE 6. Elemental Ratios for Fresh and Weathered 
Plagioclase and Augite Surfaces 

Element Surface Crack 

Plagioclase 

Aluminum 1.0 1.0 

Sodium 0.10 0.103 
Silicon 1. 910 1. 917 
Calcium 0.468 0.632 
I1~on 0.062 2.046 

Augite 
Iron 1.0 1.0 
Magnesium 0.718 0.055 
Aluminum 0.257 0.105 
Silicon 3.527 0. 461 
Calcium 0.756 0.339 
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Weathered granite also shows changes due to the weathering process. 

Figure 17 is representative of unweathered granite. The phases present (not 

all labelled) include quartz, orthoclase, plagioclase, biotite, magnetite, 

and apatite.. Figure 18 is representative of the weathered granite. Note 

the cracks forming along phase boundaries and through the phases. The 

layered structure of the biotite has also become very obvious (compare the 

two biotite areas in Figures 17 and 18). Clay-like minerals have also 

formed within the cracks on some of the plagioclase grains (Figure 19). 

The changes caused by weathering argillite are much more subtle than 

those seen for basalt or granite. Figure 20 shows low magnification (300x) 

views of unweathered and weathered argi ll ite. 
nification (lOOOx) views of the two samples . 

Figure 21 shows higher mag

Phases identified in the 

unweathered argillite included quartz, apatite, calcite, chlorite, pyrite, 

orthoclase, and pyroxene. The phases identified in the weathered argillite 
were quartz, pyroxene, and clay. The weathered argillite shows more small 
(<5 l-Im) particles, and more of the "matrix" clay-like material. The holes 
in Figure 20 show that some phase (probably calcite) has completely dis
solved away. No other changes in phase compositions due to the weathering 
were noticed. 

SORPTION ON WEATHERED ROCK 

Sorption measurements were made using the weathered and fresh rock 
samples. The particle size of the weathered and fresh rock samples were 

the same, since both were taken from the same original crushed rock sample. 
Values of Kd were calculated for 137 Cs, 85Sr, 237 Np, 2 41 Am, and plutonium 
for both weathered and fresh rock. These are compared in Table 7. 

WcJthcrcd basalt sorbs each radionuclide more stt'ongly Lhctn rn~sh 

basalt. Values of Kd for 137Cs, 85 Sr and 2 3 7 Np increase by about a factor 

of five. The increase for 2 41 Am and plutonium is even qreater. Sorption 

properties of weathered and fresh granite are identical within the error 

of the experiments. Weathered argillite sorbs 137Cs, 8 5Sr, and plutonium 

more strongly than fresh argillite. However, the opposite is true for 
85 Sr and 237 Np. 
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A. BIOTITE C. QUARTZ 

D. rLAGIOCLASE D. MAGNETITE 

E. APATITE 

FIGURE 17. Unweathered Granite. 
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D ~ 

A. BIOTITE C. QUARTZ 

B. PLAGIOCLASE D. ORTHOCLASE 

FIGURE 18. Weathered Granite. 
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FIGURE 19. Weathered Granite With 
Alteration Products. 
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A. UNWEATHERED ARGILLITE 

B. WEATHERED ARGILLITE 

FIGURE 20. Argillite. 
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A. UNWEATHERED ARGILLITE 

B. WEATHERED ARGILLITE 

FIGURE 21. Comparison of Unweathered and 
Weathered Argillite. 
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TABLE 7. Comparison of Radionuclide Distribution Ratios for 
Fresh Rock and Rock Weathered in Air c..nd N2 

Kd*, mt /g for 

Cesium Strontium Neptunium P.meri ci um 

350 ± 40 108 ± 20 10 ± 1 6.2 ± 2.3 
in a.i r 1 :.oo ± 300 500 ± 100 49 ± 16 18 '(1(•0 ± - 7 '000 
in :-J2 1420 ± 150 34 ± 2 37 ± 4 > 116,000 
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in air 1100 ± 300 6.4 ± 0.8 39 ± 3 2l,OCO ± 5000 
in N2 1070 ± 70 3.9 ± 0. 2 3.4 ± 2.2 35,000 ± 18,000 

2400 ± 400 108 ± 5 79 ± 10 22,000 ± 14,COO 
in air 13,000 ± 2000 78 ± 6 56 ± 16 65,000 ± 44,000 
in N2 33,000 ± 8000 41 ± 2 17 ± 2 6100 ± 700 

Plutonium 

18 ± 2 

2000 ± 200 
11 ,000 ± 500 

12,000 ± 10,000 

12 , 000 ± 7000 
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870 ± 120 
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The large increase i~ djstribution ratios for bas~lt may be due to the 
large increase in surf~ce area caused by weathering. The lack of change in 
distribution. ratio~ for .granite is consistent with the ·SEM data. Only minor 
changes (biotite layering, beginning of cracking and clay formation) between 
the unweathered and weathered granite samples were found. 

The increase in distribution ratios for 137Cs, 2 ~ 1 Am and plutonium with 
weathered argillite may also be due to increased surface area. It may also 
be due to an iron oxide coating on the argillite surface. Strontium and nep
tunium are probably sorbed by an ion exchange mechanism. Very little in
crease in CEC (Table 5) is seen for weathered rock, so no large changes 
should be seen in Kd if sorption is dominated by ideal cation exchange. 

In general, the change in sorption properties after weathering is.not 
due to changes in CEC. The CEC of each rock type changes very little after 
weathering. This suggests that ion exchange plays a minor role in sorption 
of cesium, americium and plutonium, but may be more important for strontium 
and neptunium sorption. 

Changes in Kd for rocks weathered in air and in N2 are pronounced. 
The principal difference between weathering basalt, granite, pr argillite 
in air or under anoxic conditions is oxidation of the Fe2+ in each of these 

i 

iron-containing rocks. According to Siever and Woodford (1979}, dissolution 
of basalt, obsidian, fayalite, and hypersthene is slowed in the presence of 
oxygen due to the armoring effect of Fe(OH) 3 which precipitates on the sur
face. This Fe(OH) 3 coating not only slows dissolution, but scavenges 
cations and silica from solution. Therefore, we should observe different 
sorption properties for rocks weathered in air compared to those weathered 
in N2. Although there are some exceptions, sorption on rock weathered in 
N2 is less than that weathered in air. This might be due to the lack of 
an Fe(OH) 3 coating on the rock weathered in N2. However, for basalt, 
weathering under N2 generally increases sorption compared to fresh rock 
surfaces. Thi's increase may be due to a surface area phenomenon. 
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.
The radionuclides are sorbing via different mechanisms.  For strontium

and neptunium sorption on argillite, ion exchange may be important.  In
other cases, distribution ratios may depend on surface area.  For others,
reaction between the radionuclide, groundwater, and rock determines the
distribution ratios.
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QUESTIONS AND ANSWERS 

RHO 

Q: What particle sizes did you use?. 

A:· We started with .<0.5 mm. 

Colloid Formation by Rock Weathering 

Q: There must be a reason the colloids suddenly appeared at that particular 
moment? (100 days) 

A: That is a good question. I think there is probably a continuous forma
tion of colloids. I don't know why at 100 days all of a sudden we 
started seeing this very.strong sorption of cesium on colloids passing 
through 0.3 ]1m filters. 

Q: At what point did you change your filter types? 

A: At 150 daY,~; that :is why we get the large· decrease in the apparent con-
centration of ·americium and ·plutqnium. 

Weath~~~ng Product~ 

Q: Is that discontinuity~ith sodium for real? 

A: I really don't know where that Sodium comes from. The only explanation 
that I can see is that it came from the fi 1 ters. 

Q: What is the material that has been used in the filters? 

A: · 'I am nol rea 11 y sure what the filter materia 1 was cdmposed of. It 

doesn't seem likely that the sodium came from the filters, but I can't 
··think of any other explanation. We have used ultrafilters in some recent 
experiments to: try to eliminate these' colloids, and we still have a prob
lem. We are using 0.003 micron ultrafilters and we are still getting 

.colloids pa:ssing through those filters, so I don~t know what.else we can 
do. Kd sorption .on basalt is experimentally not very .easy. 

Ground Water 

Q: What did you use for ground water for the climax stock? You implied that 
you have made it up from an aquifer close by, but there really isn't any 

aquifer in climax stock. 
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A: No, there•s none in climax stock but there are aquifers nearby. 

Q: But in the granite? 

A: Not in the granite. 

Colloid Formation or Solid-Solution Separation 

Q: Are there any special techniques in using these super fine por~-size fil
ters? I have never used one, and I know I have trouble with even 
1/10 micron. 

A: We found a very.good filter to use for these particular filtrations. It 
is a cone ultrafilter th~t can be used in a centrifuge, and it works out 
very nicely. 

Q: So you sp1n it"? 

A: You spin it and the solution goes through the filter. 

Rock Weathering 

Q: Something implic.it in what you .are saying is. that the radionuclides you 
are monitoring as a function of time ~ay simply be sitting in s.olution 
waiting for the rock to alter. In other words the rock is changing com
position, perhaps forming more hydrated minerals on the surface as the 
adsorption site density increases; then the cesi~m goes onto the sutface· 
of· the rock. However, what you are· monitoring in actuality is a rock 
alteration phenomena and not necessarily a reaction rate of the 
rad i onucl ide. 

A: That•s right. Well, there•s another possibility, diffusion of the radio
nuclides into the pores of ,the rock. 

Q: Have you looked.at these colloids that you have_filtered out in terms of 
the .activity that•s on them or are you hypothesizing that that•s where 
the nuclides are? 

A: Well, it seems reasonable: to assume that the radionuclides are sorbed on 
the colloids because when we remove the colloids the radioactivity disap
pears from the solution. 
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Q: You counted the filters; they•re on the filters? 

A: No, we d i dn • t count the filter. We count.ed the . so 1 uti ons after 
filtration. 

Colloids 

Q: Did you have any colloid problems with granites? 

A: No. ·we used 0.01 to 0.3 micron filters and saw no difference at all. 

Q: Only with iron ric~ rocks did you have colloid problems? 

A: .Well, only with basalt. I suspect what we•re seeing is dissolution of 
the glassy phases 9f basalt and then precipitation of iron and silicon 
and calcium to form the colloid. 

Weathering Products 

Q: Do you prewash the ultrafilters to remove anything that was in them? You 
had to have sod1um--higher concentrates of sodium--when you changed over 
the fi·l ters ·~ 

A: Well, we haven•t shown the working of the ultrafilters here. We used the 
0.01 micron.filter •. I haven•t gotten all the data yet. 

Q: I found quite fascinating your simultaneous measurement of all of the 
ni'ajor·· solution components· that were coming from the other end of rock 
columns as well as the measurements of the nuclides. The fact that you 
saw such changes in the water composition ••• what does this imply about 
the so-called pre-equilibration of water with rock before the experiment 
·~tarts? .. 

A: That•s a question that I have myself. Pre-equilibrated water or rock
·equilibrated water seems to me like .it·•s going to be very important how 
long you pre-equilibrate them. You can have a whole range of concentra
tions of ions depending on what length of pre-equilibration.· 
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C:. I have one thing to say about that. The tuff waters that we have pre
equilibrated, waters have equilibrated with tuff, we have them ranging 
from a few weeks to about a year, really hasn't changed much at all. 
(The major ions that are in solution are constant.} 

A: 

C: 

C: 

Right. 

We see the same thing on the granites and argillites -- the same material 
you • re ta 1 king .about. Some of those ions are a 1 ready present and ·the 
concentrations don't change fast -- particularly with the granite. 

Maybe the real question is that you should look at an equilibrated rock 
with the ground water. It wou·l d seem to me that the vo 1 ume of grou·nd . . . 
water and ·its composition are not going to be affected by the rock. That 
will stay the same. What will be affected are the fractures in the rocks 
and the alteration products, and eventually maybe the alteration products 
within the fr_actures -- especially in hard .rocks like basalts. and in 
granite. That's going to govern much of the solubility and a lot of the 
adsorption of nuclides when the canister and backfill materials have been 
breached. 

C: In the laboratory, maybe, but maybe not necessarily in the field where 
the rock-to-fluid ratio may be very high. 

C: Yes, but.you•re still going to have an influx of ground water as we keep 
flushing the system, you have solubility of product precipitates,. along 
with fr~ctures and so on, and it's a more complicated system than just 
putting in a certain water and watching what's coming out. 

C: Hopefully, you wouldn't put a repository where you'd have the Mississippi 
River flowing through the rock~ 

C: That's true. But we're looking at the worst-case where there is a breach • 
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C: In Scott's experiment he agitated the materials.so that there was a con

stant abrasion of the material against itself so .that any hydrolysis that 
went o'n at the surface wouJd soon be removed a~d the process be allowed 
to continue. I don't think it's going to be possible in Scott's experi
ment to understand what's going on until those solids are charactertzed. 
I doubt exceedingly that we'll understand;the process so long as we're 
continually renewing the surface and allowing that process to go for
ward. I~ the case of basalt, several people have been making simple 
assumptions it's the iron that's involved. My own perception of that 
would be that it is hydrolysis of the plagioclase which is increasing the 
pH to the point that the OH- concentration precipitates the iron which 
then adsorbs the radionuclide. 

C: You could carry that particular pro~ess to its conclusion by essentially 
equilibrating your rock, by grinding the rock in the water -- grinding, 
mechanically pulverizing it and then you would probably reach a very 
high pH. 

C: Quite ~o. in the case rif the so-called ultra-grinder for muscovite, for 
example, you can grind the muscovite to the place where you no longer get 
an X-ray·diffracti6n pattern, and the material is a virtual base. And 
the same way you can grind carbonates to the point that they no longer 
have ~rystallinity. Th~ continuous agitation is no longer related to any 
of th.e simple long-range structures we call minerals. It's a surface and 
colloids and other material which must be highly sorptive. (And you have 
to look at that solid phase.) You have to characterize it. I don't 
understand that at three years into this program how it's possible to 
conceive of an experiment as a straight chemical one without any charac
terization of the phases • 

.. 
C: I think tomorrow we'll get more into the characterization. We've seen • 

some of the work. 

C: But you see in that dynamic experiment, you're continually grinding and 
continually making an array of fresh surfaces, altered material, material 
1n between. You're getting adsorption on the whole array. 
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Q: Well-, the argument before about the renewing of the surface increasing 
the basicity of the rock or otherwise di~turb~ng the whole process and 
making it inapplicable to the real situation points out something we've 
been advocating for a long time -- use intact rock, and then you don't 
have this problem of introducing activated surfaces. 

C: I think the more basic generalization than that ts to use the same phase 
throughout (the same phases) .at least throughout the experiment. 

Rock Weathering 

Q: The pyroxines in basalts are very generally zoned. Have you looked for 
·zoning in these pyroxines before you weathered them? In o~her word5, 
int~rior cores beirig of a different composition than the exterior por
tions of the single mineral? 

Q: 'You ·didn't see indications of that though on your unweathered cross sec
tions, from what .I remember of the s 1 ides (you showed the. weathere~ ver
sus the unw~athered); and I don't think the unweathered had those. 

Q: By zoning, do you mean changes in compositions as you go from exterior to 
interior? 

A: Yes. I didn't see any of that, although I wasn't looking specifically. 
for it. 

A: I think that most of what you were 1 ook i hg at probab.ly wasn • t zoned·,. but 
._you-ought to consider the fact that minerals cannot very often be zoned, 

and what -you might be looking at is the zoning phenomenon, rather than a 
weathering phenomenon. Perhaps the two coupled. 

A: That might be true. 

Q: Now that you have weathered with nitrogen and air, maybe you would think 
about expanding this into weathering with water, pure water, and weather
ing with some type of ground-water compositions. 

A: I haven't thought about that. I should. 

314 



Q: With all of the differences in your Kd, did you take into consideration 
the effects of the solution parameters? 

A: I didn't do the sorption experiments myself. Scott, would you like to 
address that question? 

A: All the experiments were conducted under the same conditions and experi
mental procedures. 

Q: But the implication here is that the differences in Kd are due to wea
thering, but this may not be associated with the solution values problem. 

A: Well, I think the difference is due to weathering whether there is a 
change in pH or not. We are doing the experiment identically. The only 
difference is that in weathered rock versus fresh crushed rock. I don't 
think that it is due to differences in pH. I think it is due to the dif
ference in surface area. 

Q: You mentioned one of the things that the future held was to investigate 
naturally weathered rocks, would you comment on the connection between 
naturally weathered rocks and rocks at depth in a candidate repository 
site? 

A: Well, for basalt we have found areas in which there are large quantities 
of secondary minerals from the actual weathering. I'm hoping there 
aren't too many differences from what we've seen. 

Q: I would like :to add to Glenda's reply that we are doing some characteri
zation work with secondary minerals at depth in ~nnjunction with what 
we're doing in the laboratory and there are significant amounts of secon
dary mineralization at depth to 4,000 ft. As a matter of fact, in Pomona 
we have found, if I remember the dimensions correctly, about 2 ft x 
18 in. deep into the wall. We don • t know what the 1 atera 1 extent out 
into the mine section was. 

Q: Is it the same type of mineral basically that you might expect to get at 
the surface? 

A: I don't know, we haven't done it yet. 
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GENERAL DISCUSSION 

Four 20-30 minute discussion periods were held during the meeting, and a 
four-hour discussion period was held on the morning of October 17. Following 
is a distillation of the primary concerns and suggestions offered by the group. 

FACTORS AFFECTING SORPTION 

Solubility was identified as a problem area in studies of.actinides in 
particular .. It was suggested that solubilities be calculated from available 
data and the problem of tracer precipitation would be eliminated. In theory 
this approach would work but the data available does not cover the pH or con
centration range of interest in environmental studies. Much of the data i~ 

from work in acidic media with gram quantities of the radionuclides. Solu-
. bilities of actinides at very low concentrations and neutral pH are not easily 

determined because the solubilities depend on the solution concentration 
(ionic strength, complexes formed by the actinides and multiple oxidation 
states)~ Furthermore, the solid compounds are present in such small quantites 
.that they are difficult to identify. Evidence was presented that some ameri
cium sorption Kd values in the literature were simply the result of the solu
bility of some unknown Am compound. 

Colloids in solution may be formed by actinides because of hydrolysis 
(true radiocolloids) or by sorption of the .actinides on some particle in solu
tion (pseudo-colloid).. Both types of colloid may behave the same in regard to 
migration. Much work has been done to separate solutions from solids by fil
tration and centrifugation. The major problem is that migration of colloids 
in porous media has not been quantified sufficiently. As yet there is no 
practical definition for determining what size'colloid behaves as if it is in 
solution and is not filtered by a given porous medium. 

Speciation of radionuclides in low-level solution is a problem for ele
ments which have more than one possible oxidation state. Chemical behavior 
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and migration potentials of an element's multiple oxidation states can be 
different enough to behave like separate elements. The concentration ranges 
( 1 ess tha.n 10-6 ~) were beyond conventi ana 1 chemistry of 20 to 40 years ago. 
Techniques are presently available for many oxidation state determinations 
and should be used before, during, and after an experiment when possible. 
Techniques should be developed for identification of oxidation states 
that ·cannot now be determined. 

Diffusion has been identified as a mechanism responsible for Kd values 
that increase with time (usually observed in batch experiments) and for tailing 
(non-ideal behavior in column effluent). Diffusion may occur in batch experi
ments as the radionuclide diffuses from bulk solution into small pores in the 
rock particles. In frac.ture flow or column flow, diffusion would occur as 
radionuclides in the main flo~ channels diffuse into dead end channels or 
small pores. The time to reach equilibrium would be delayed by the restricted 
movement of radionuclides into these stagnant areas. 

PROBLEMS IN MEASURING Kd VALUES 

The batch method is often selected for making sorption and desorption Kd 
measurements. The claim was made that optimum measurements are obtained when 
about 50% adsorption occurs, that is when the initial tracer concentration 
is reduced by a factor of 2. This can be done by varying the solutton to 
solid ratio in short term preliminary experiments. Previous work has 
shown that reliability of the batch. method decreases rapidly when sorption of 
radionuclides is so large that final nuclide concentrations approach the lower 
limit of detectability. The other extreme (low Kd values) occurs when adsorp
tion is low enough that no significant difference between influent and effluent 
is observed. 

Adsorption isotherms for several nuclides (Cs in particular) has shown a 
strong dependence between riuclide concentration and Kd (increasing Kd with 
decreasing nuclide concentration) .. Batch measurements of sorption Kd values 
were pointed ou~ to be lower than subsequent deso~ption Kd measurements. When 
the original solution is removed from a sample and replaced with unspiked 
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solution for a desorption measurement, the final solution concentration is 
likely to be lower. The resulting Kd value is at a different point on the 
isotherm. Even in the case of a reversible sorptiori/desorption such methods 

' . 

may yield seemingly higher Kd values for desorption. 

In the blank corrected batch Kd method, tube wall sorption of strongly 
adsorbed nuclides such as plutonium lowers the measured Kd. The method gives 
a conservatively low Kd (which is fine for safety assessment) but interferes 
with interpretation of data., Two reasons were presented for varying amounts 
of adsorption on walls. The. first reason was that the nuclide was scraped off 
the wall by rock samples and depends on the rocks hardness and the amount of 
agit~tion. The second was that Pu is.sorbed on almost any surface, thus iQ 
blank tubes with no sample it sorbs on the wall and in tubes with rock samples 
it sorbs mostly on the rock. Most participants felt that the latter reason 
(sorbed according to surface area) applied. The suggestion was made that 
accurate sorption data for these systems could be obtained by direct counting 
of the activity _on the rock, thereby eliminating the need to make secondary 
corrections. However, caution must be taken to insure that precipitation is 
not the reason for nuclide disappear~nce from solution. 

,_The manner of reporting Kd values was discussed. Some researchers are 
unsatisfied with the mean and standard deviation. These parameters would be 
valid if the Kd had a gaussian distribution. One participant introduced the 
group to the Cauchy distribution which comes close to describing the distri
bution of Kd values for a replicated experiment. He also pointed out that 
nuclide concentration distribution were truncated gaussian functions, thus the 
Cauchy distribution doesn•t fit exactly. After_ this discussion t.he subject 
was dropped •. 

~ ' 

STANDARDIZATION: NAMES, UNITS, AND DATA 

The name (or symbol) for the quantity which· describes sorption was dis
cussed at some length. Various names (distribution coefficient, distribution 
ratio, partition coefficient, sorption concentration ratio) are presently used 
in an interchangable and possibly incorrect manner. Symbols used presently 
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include Kd, Rd, D, Scr and Ocr· These differences arise because researchers 
from different scientific backgrounds·use the symbol or name common in their 
field of interest. The distribution coefficient, Kd in chromatography or D to 
chemists, is an equilibrium thermodynamic quantity in the strict sense in 
which it is used for ion exchange. Many times the Kd is used to express a 
non-equilibrium ratio·of the amount of radionuclide adsorbed per unit mass of 
solid to the. solution concentration of that radionuclide. The distribution 

ratio, Rd, or sorption concentration ratio, Scr' are used to denote non
equilibrium·conditions. Several investigators feel that the·most widely used 
term, Kd, should be reserved for equilibrium sytems which have been shown to 
be reversible and all other measured sorption coefficients should be symbolized 
by'something eJse such as Rd or Scr· One participant even suggested an 
empirical (non-equilibrium) bound fraction distribution ratio, Bfd" 

Since chromatographic behavior is assumed for most safety assessment 
models, the bulk of both equilibrium and non-equilibrium sorption/desorption 
measurements is reported as Kd values. An observation was made to·the effect 
that the Kd should be left alone. If Kd is reserved for equilibrium and Rd 
for non-equilibrium measurements, anyone using Kd had better be ready to prove 
equilibrium exists for that system. Simply define the symbol in each paper 
and show what experimental conditions were used. Too many symbols are used at 
this time and someone new to the field can easily be confused by the half 
dozen seemingly interchangeable terms. 

The somewhat divided opinion of participants seemed to be that consistency 
is needed. Perhaps one symbol such as Kd should be used for equilibrium dis
tribution coefficients and a different one for non-equilibrium measurements. 
Agreement·was reached on the need to report as complete a system characteriza
tion as possible (pH, Eh or 02 level, macro and trace elements in solution, 
solid phase mineralogy and/or chemical composition, radionuclide concentra

tions, etc.). 

The possibility of having to report data in S.I. units was presented. 
Common·ly, sorption data' (Kd or Rd) has been reported in milliliters per gram 
(ml/g). S.I. units for the data would require units of cubic meters per 
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kilogram according to one observer. Another observer claimed it makes little 
difference what units are used as long as everyone uses the same set of units. 
It was also pointed out that liters per kilogram (which were said to be S.I. 
units also) are numerically equivalent to milliliters per gram. From common 
usage in the past and ease of comparison ml/g or 1/kg .seem to be the favorite 
choice of units for sorption measurements. 

Much more column work was done in FY-79 than in previous years. Results 
were presented by using pore volumes, column volumes and simply volume ·with no 
reference to column parameters. The major information gained from a column 
experiment· is the relative veloc·ity of a radionuclide to the velocity of moving 
groundwater (the retard~tion factor) and some stand~rd is required for compari
son of the two velocities. Information needed for characterization of a column 
expe~iment include~: porosity and bulk density of the porous media, column 
length, volumetr.ic flow rate (darcy velocity or pore velocity can be determined 

' .. ' 

using porosity, column length and flow rate). Ideally the static porosity 
should be measured for a column before (and perhaps after) and experiment. 
The effective porosity under flow conditions should also be determined for 
comparison with the static measurement. A question was raised about the defi
nition of porosity since adsorbed water on some solid surfaces is strongly 
bound, thus not all void space is available for groundwater transport. Tracer 
methods for determining pore volumes under flow conditions are not thought to 
be exact because of anion exclusion from near negatively charged surfaces and 
the slight differences in behavior of tritiated versus natural water. Some 
investigators have used breakthrough times to quantify their retardation 
factors, but time is applicable only when flow rates and permeability are 
constant. As stated before, column experiments when reported, should include 
column volume, length, porosity, flow rate, and a break through for some 
mobile anion or 3H. 

DEFINITION AND SIMULATION OF REALISTIC CONDITIONS 

A need was expressed to be able to convert laboratory data to something 
useful in the field by means of a scaling factor. Porous lab systems using 
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granulated material are not necessarily related to in situ systems and a con
nection must be made between the chemistry observed in the lab and in situ. 

A large amount of data on many radionuclides has been collected under 
wide ranges of pH, Eh, groundwater type and geologic media. However, probably 
not all of the combinations of nuclides and conditions imaginable can be 
covered. Arguments were given that the parameters under study can be limited 
by using knowledge available now. The groundwater and rocks have existed for 
hundreds of thousands of years and need to be characterized to place limits on 
the problem of nuclear waste management. 

The. following discussion concerned the definitions of Eh and anoxic 
conditions, how these parameters could be measured and how ~hey relate to 
rcali5tic condition5. 

Anoxic is a descriptive term which denotes a lack of oxygen. The degree 
to which oxygen is actually removed from an experimental system depends on the 
equipment used,. but the reported oxygen levels are limited by the ability to 
measure o2 i~ the gas phase. The lower limit discussed here is about 
0.2 ppm 02 and corresponds to about 2 x 10-10 ~ dissolved oxygen in water 
compared to x 2 x 10-4 ~aqueous o2 in equilibrium with air. Assuming 
Henry's law holds; 0.2 ppm atmospheric 02 is equfvalent to. 6 x 10-6 ppm 
dissolved oxyen, which is two to three orders of magnitude lower than present 
equipment can detect. 

Redox potentials (or Eh) are defined theoretically by the thermodynamics 
of specific oxidation:reduction couples. However, experimental measurements 
of Eh do not always correspond with theory. A lack of oxygen in anoxic 
experiments is not sufficient for obtaining reducing conditions. If no 
electron donor species are present for the reaction being studied, no 
reduction can occur. Even if electron donor species are present, the quantity 
must be large enough to allow an observable reaction between oxidized and 
red.uced system. 

The lack of electron donor or acceptor species in most environmental 
systems was cited as a problem area. These systems are unpoised, which means 
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that Eh readings made with Pt electrodes are of little use for predicting 
radionuclide behavior~ Chemical analysis of Fe(II)/Fe(III) or sulfide/sulfate 
concentrations was suggested as a·method.f6r theoretic~l Eh determinations in 
groundwaters. The chemical analysis for specieis such as these is limited and 
results become uncertain in roughly the same Eh region (or just below) that 
e 1 ectrodes -fa i 1. 

Controlling the redox potential with Eh buffers (used in the past) was 
again suggested·for this area. Organic dyes that act.as Eh buffers might 
be used if they can be shown not to affect 'the system in some manner other 
than controlling the Eh. They could, for instance, affect radionuclide 
activities by complexation or by altering the solid phase~ Solids as Eh 
buffers were discussed but th'ey present the problem of additional surfaces 
and sorption sites. 

Comments were made that implied that redox sensitive elements may not be 
the only radionuclides affected by Eh or oxygen level.. Mineral stability can 
change between oxidizing and reducing conditions, thus changing the surfaces 
present. Ferric hydroxide, Fe(OH) 3, would dissolve under reducing condi
tions to form Fe(OH) 2 and Fe+3 in solution. The valence state of Sr2+ . · 
or Cs+ may not be affectea, but their sorption behavior might change as new 
minerals are formed. Chemical composition of solution will also be functions 
of redox potentials, which could affect nuclide behavior. Subtle effect may 
also occur which are unrelated to Eh, such as the removal of co2 along with 

02. 

The consensus was that the redox potential is an important parameter for 
determining radionuclide behavior in geologic systems. The Water Resources 
Division of the USGS was suggested as a source of information for under
standing what chemical parameters and conditions can be used to determine Eh. 
Solutions and solids should still be characterized in an attempt to measure or 
estimate the redox potential. Until a specific site is selected (and perhaps 
afterward) experimenters should continue to be carried riut over a range of 
oxygen levels and Eh values to determine what chemical/mineralogical para
meters significantly affect radionuclide behavior and which parameters can be 
ignored. 
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DATA INPUT FOR TRANSPORT MODELS. 

The possibility was again mentioned that Kd values measured in the lab may 
not apply to field environments unless they are translated or scaled to field · 
conditions. The scaling factor for lab to field for porous flow will probably 
be different than a scaling factor for lab data to fracture flow in the field. 
Characterization of experiments should be done with the translation of lab to 
field in mind. 

The group was reminded that hydrologic models describing groundwater 
movement de~l with a gross distribution of porosities and permeabilities. The 
role of dispersion (in the ffeld) was also claimed to be sometimes exaggerated. 
The dispersion·coefficient can usually be defined to within an order of magni
tude (which is r:lilimP.rl t.n be better than what i!; po~5ible fot other ttdrr~!Jur·L 

parameters) •. Solute transport· is much more sensitive to porosity or Kd than 
to d is per s i on . 
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APPENDIX B 

OVERVIEW OF WRIT PROGRAM 

Radioactive waste products, which result from commercial nuclear power 
production, require isolation from the biosphere for thousands of years. 
Current plans of the Department of Energy (DOE) call for final management of 
these wastes by isolation in deep continental geologic formations •. The wastes 
are expected to be kept in isolation as a result of chemical, thermal, and 
mechanical stability of the waste package systems and geologic repositories. 

·The :Department of Energy, through the National Waste Terminal Storage 
(NWTS) program, is developing nuclear waste isolation systems in geologic 
formations that prevent unsafe radionuclide concentrations from entering the 
biosphere. In order to ass~ss the safety of g~ologic repositories, the 
following factors must be addressed: 1) geologic and repository stability, 
2) magnitude and di~ection of possible transport media flow, 3) concentration 
and nature of species of the radionuclides.in the transport fluid, and 
4) biological uptake of radiorJUclides by food chains. 

The Waste Isolation Safety Assessment Program (WISAP) was begun in 1976 
to respond to these needs. The purpose of this program is to develop a suit
able methodology for evaluating the relationship of the above factors and the 

. . 
effectiveness of deep geologic disposal for waste isolation. The efforts of 
WISAP were divided into· two areas: 1) Release Scenario and. Release Conse
quence. Analysis (modeling effort), and 2) Waste Form Release Rate and Sorp-. . 
tion/Desorption Analysis (experimental effort). Modeling efforts have been 
consolidated for FY-1980 into the AEGIS Program (Assessment of the Effective
ness of Geologic Isolation Systems) and the experimental work has been con
solidated ·into the WRIT P·rogram (Waste/Rock Interaction Technology). 

The WRIT program is specifically designed to address the concentration 
and nature of the radionuclides species the transport fluid. To accomplish 
this goal, the WRIT program will develop the necessary data and predictive 
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capability on the release and subsequent geochemical interactions of radionu
clides with engineered barriers and natural geologic media. The major prod
ucts of the planned research in the WRIT program are: 1) the generation of . 
defensible, reproducible data on leaching, sorption, and nuclide released pro
cesses through the use of scientifically acceptable methodologies, and 2) the 
development of credible models of leaching, sorption, and release processes 
based on underlying theory and experimental observation that can be used in 
consequence analysis. 

To enable the prediction of the concentration and nature of the species 
of radionuclides in transport media, an understanding of the dynamic equilib
rium that exists between the solution, solid phases, and any adsorbed ions 
must be developed at a variety of locations within the repository and the sur
rounding geologic media. Changes in one of these phases will result in 
changes of the other phases. For example, the concentration of radionuctides 
close to the repository will be affected by the solubi1ity of the waste form 
and the interaction of the waste package materials with the ground-water solu
tion under conditions of elevated temperature and radiation levels. These 
processes must be coupled with our knowledge of waste form leaching to deter
mine a "source term" for potential migration from the repository. As the 
radioactive solution moves away from the repository, it acquires the proper
ties of the solution phase of the surrounding geomedia. Several processes may 
take plac~ which change the solution chemistry, including the precipitat1on of 
new solid phases, dissolution, changes in the concentration of ligands (and 
thus, solution species), and ion exchange and other surface sorption mechan
isms. These processes are all affected by pH, Eh, and other solution param
eters. The emphasis of the WRIT program 1s to develop preuicLiv~ capauility 
for above processes through the understanding of underlying mechanisms and 
experimental observation. 

The work under WlSAP ·has emphasized two major processes which drfect the 
release and geochemical interaction of nuclides: leaching and adsorption/ 
desorption. Past efforts have been directed toward experimentation in simple 
binary waste-solution and radionuclide-geomedia tests. These tests have 
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provided a sound basis for the initiation of three research effort~ in support . : . 

of the WRIT goals. The first effort is a series of laboratory experiments on 
complex waste-package/geologic-media interactions. These tests will simulate 
a_nticipated repository conditions, as well as provide valuable data on the 
interactions of all of the waste-package and geomedia elements. The second 
effort will strive to improve our understanding of the solution chemistry of 
important radionuclides, through the development of a thermodynamic equilib
ri urn mode 1 • The third effort ~mtai 1 s the development of re 1 i ab 1 e 1 each i ng, 
sorption, and release models for use in consequence analysis~ The use of 
these models, in concert with other models (transport model, release scenario 
stability model, dose model) that are being developed under the Assessment of 
the Effectiveness of Geologic Isolation Systems (AEGIS) and WIPAP programs, 
will result in a suite of models capable of a~sessing the safetj of geologic 
repositories. 

In summary, systematic studies of the waste package and geologic media 
elements of waste repositories are needed to develop an understanding of geo
chemical interactions, especially nuclide release, and are ~~cessary to enable 
credible assessments required for specific geologic isolation systems. 

OBJECTIVES 

The objectives of the Waste/Rock Interactions Technology (WRIT) Program 
are as follows: 

1. identify and characterize the mechanisms of waste form radionuclide 
release and subsequent geochemical interactions with engineered barriers 
and natural geologic media, e.g., leaching, solubility, and sorption; 

2. collect data, develop and evaluate the effectiveness (develop a perspec-. 
tive on applications/limitations of each model) of models that predict 
leaching, sorption, and release processes in the repository and surround
ing media; 

. . 
3. obtain, through verification studies and documentation, the most accept-

able tesi methodologies for sorption, leaching, solubility limitations, 
and waste package/geomedia interaction studies; 
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4. support repository site characterization and licensing specifically 
through data generation, analysis, and predictive model formulatioh. 

SCOPE 

There are two basic elements to this program: 

1. development of knowledge of waste form radionuclide release and subsequent 
inter-actions w.ith engineered barriers and natural geologic media 

2. dissemin~tion o~ this developed knowledge in the_form of sorption, leach
ing, and release models, verified test methodologies, and data banks. 

The Waste/Rock Interactions Technology program consists of a management 
. . ' 

task and four technical tasks (Figure 1). These five tasks are integrated into 
•' . ' 

the WRIT program to produce the needed data and models pertaining to waste 
p~ckage-geologic ·media interactions. These tasks involve work at PNL and num
erous other laboratories, and are listed below. 

1. Program Management 
2. Waste Package Inte~actions ·~ Nuc~ide Release Studies 
3. Geologic Media - Nuclide Interactions Studies 
4. Nuclide Solution Chemistry Studies 
5. Predictive Model Development. 

Figure 1 displays the program.organization, a number of the key management 
and technical contributor·s, and the work breakdown structure (WBS) elements. 

WASTt PACkAGE INTtRACTJOIIS GEOLOGIC MEDIA • NUC:liDE 
riUCLIOC R£l£AS£ STUDJ!:3 INTUACTJOI'I STUOIES 
0. J. Bradley 02 J. F. ReI yea OJ • 

0201 Techn lea 1 Coordinat ton OJOl Techn lea 1 Coord I nat ion 0401 Techn lea 1 Coord I nat ion 0501 Techn lea I Coordination 

0202 Expert~~ental leaching 0302 Evaluation of Expert· 0402 Ground Water Chemistry 0502 Generation and Manage· 
& Nuclide Release ~~~ental Methodology ~nt of Dau Rant'l 
M~;thuWlt,»\1' 

0203 Waste· Solution OJOJ Mectlan Ism Studies 0403 Nuc Hde So Jut ion Stud les 0503 [mp Ideal Mode 1 
Interactions Development 

0204 Waste Package OJM SUe Specific Sorption/ 0404 Solubility of 0504 Mechanistic Model 
Interactions/ Desorption Data Selected C~onents Development 
Application Studies Gene~etton 

0205 f~ansurantc Waste Fonn OJOS Methodology Application 
Release Studies Studtes 

OZCKi Solid Slate md su~face 0306 r.enerattcm ot SQectal 
Studies Isotopes 

0207 Spent Fuel Special 
Studies " 

OSOS So~o~rc:e Term Model 
Oeve lopment 

FIGURE 1. WRIT Organization 
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PROGRAM COORDINATION 

As stated earlier, the WRIT and AEGIS programs are an outgrowth of the 
previous WI SAP program. To assure programmatic coordination between WRIT and 
AEGIS, five interfaces have been identified as follows: 

1. The associate program manager of WRIT will be the data and sample inter
face for all site-related work. This individual will work with the 
assigned individual within AEGIS to· ensure the timely provision of av·ail
able sorption, leaching, and solubility values for each site-related 
study. 

2. A geochemist in the Methodology Development branch of AEGIS will be 
assigned a monitor role to follow the technical work of the WRIT program 
and identify areas of research needs for both programs. 

3. There will be a complementary effort within each program to monitor the 
licensing process as it develops and thus provide guidance to both pro
grams. The individual within AEGIS will follow this effort from a proce
dural and methodological framework, working closely with the WRIT program 
manager who will approach this process from a technical criteria 
standpoint. 

4. A Coordination Committee will be established, consisting of the project 
manager and associate project manager of each program. This committee 
will meet quarterly to review long-range plans, coordination, and project 
status. The Coordination Committee will be chaired by the Water and Land 
Resources Department Manager, and w111 1 nc 1 ude the cognizant manager in 
the Nuclear Waste Technology Programs Office (NWTPO). This approach will 
assure the commitment of the PNL line management structure and the NWTPO 
office to the cooperative efforts of the WRIT and AEGIS programs. 

5. A peer review group of a variety of scientists will monitor both pro
grams, providing guidance for each in the context of the large safety 
assessment problem. 
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WRIT OBJECTIVES FOR FY-1980 

The emphasis for WRIT during FY-1980 will be to establish a coordinated 
and efficient program which, over the next several years, can expeditiously 
accomplish the objectives set forth. In addition, efforts will be expended to 
interact with the AEGIS program to ensure that data needs continue to be met. 

Specific technical objectives include completion of the analytical backlog 
on leaching tests; start of experimentation on mixed waste form, water, and 
rock-nuclide release studies; continuation of generic sorption and sorption 
mechanistic experiments; and initiation of leaching, sorption, and nuclide 
release predictor computer models. 
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WBS ELEMENT OBJECTIVES, DEFINITION, AND MAJOR CONTRIBUTORS 

The WRIT program con~ists of the five tasks described below •. 

TASK 1 - PROGRAM MANAGEMENT 

Activities withi.n this task are directed toward;the successful performance 
of planned work withih schedule ~nd budget .. These activities-include: 

• direct and participate in the planning of the work, including the state~ 
ment of objectives, work scope, work breakdown structure, task descrip-

. - . 
tions, resource commitments, schedules, and costs estimates 

• provide close liaison with DOE and ONWI to ensure proper communication 
and responsiveness 

• coordinate the work within the program tasks 

• enhance interface with interrelated research and ·developme~t effoiis 

• participate in the over·all Coordination Committee for the WRIT and AE'GIS 
I • 

programs 
;.;.. ! 

• implement an approved ,quality assu~ance program 

~ provide fiscal·contrdl and management. 

WBS Element 0101 - Program Management 

Major Contributors: R. J. Serne and W. L~ Kuhn. 

This work element will provide. the overall _adll)inistrative mana_gement for 
WRIT, including internal and external programmatic coordination_, program .plan
ning and control, fiscal control and management and quality assurance •. An 
annual Technology Program Plan for WRIT will be submitted in·draft for ONWI 
review each September. The plan will include statement of objectives, work 
scope, work breakdown structures, task descriptions, .resource commitments, 
milestones, schedules, and cost estimates. 
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This work element will also provide periodic progress reports. These 
reports are of two types. Monthly pr.ogress reports wi 11 be prepared in 1 etter 
form by the tenth of each month, and transmitted to ONWI and DOE. These 
monthly reports will include technical progress against milestones, and infor
mation on costs and manpower. Quarterly technical pr~gress reports will be 
prepared and submitted to the PNL Nuclear Waste Technology Program Office 
{NWTPO) and ONWI on the fifteenth day of the first morith of each quarter. 
Publication of the quarterly reports is the reponsibility of ONWI. 

WBS Element 0102 ~ Interface with Interrelated Programs 

Major Contributors: PNL: R. J. Serne, W. L. Kuhn, and task leaders. 

This task is designed to provide the necessary technical interchange and 
data exchange between interrelated waste management programs and the WRIT pro
gram. Effo~ts in th·is task will be expended toward closer communication with 
projects involving waste form and package development, engineered barriers 
development, overall repository design, waste-geologic media interactions 
studies, geochemical research, and hydrologic transport studies. These com
munications will be directed toward: 1) gathering design and operational cri
teria for waste package components to be used in the formulation of responsive 
geochemical tests performed under the WRIT program, 2) effectively transmit
ting the data generated and knowledge gained in the WRIT program to the inter
related research programs through an annual workshop, 3) identifying overlap
ping work among the various research projects, and 4) continue to input to sub
group 2 of the Earth Sciences Technical Planning (ESTP) committee. 

Waste-media interactions and hydrology projects of particular interest in 
thi.s data exchange task are taken from the second draft ESTP.document 
(November 1979) and other sources listed below: 

ONWI Sponsored: 

Waste-Media Interactions 

3.1.1 

3.1.3 
3.1. 6 

Near-Field Waste-Rock Interactions (PSU) 
Salt Brine-Waste-Canister Interactions (USGS) 
Effect of Water on Salt Repository (ORNL) 
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3.1.7 Radiolysis of Brine (ORNL) 
3.1.8 Strain Related Radiation Damage (BNL) 
3.1.10 Thermodynamic Properties of Actinides (LBL) 

3.1.16 Release Rates of Reactor Products ,(LASL) 
3.1.17 Engineered Barriers (Lehigh) 

Rock Mechanics 

3.2.12 Independent Measurement Laboratory (NBS) 

Geology 

-4.1.20 Natural Fission Reactor Program, OKLO (LASL) 
4.1.21 Study of the Morro do Feria Thorium Deposits (NYU) 

Geochemistry 

4.2.4 Organic Compounds in Ground Water (BCL) 

Hydrology 

4.3.3 Development of Analytical Transport Models (LBL) 

Performance Assessment 

4.4.1- Performance A~sessment Program (to be ·determined) 

Basalt Wast~ Isolation Program (BWIP) Spohsored: 

3.1.2 Characterization of Waste Form and Geologic Environment 
3.1.18 Engineered Barriers Optimization 
3.1.19 Waste/Barrier/Rock Interactions in Basalt 
4.2.8 Chemical Environment Modeling 

Waste Isolation Pilot Plant {WIPP) Sponsored: 

3.1.4 High-Level-Waste-Container Interactions with Rock Salt and Brine 

3.1.5 Brine Migration 

3.1.13 Transuranic Waste Characterization Studies Under Conditions of 
J 

Geologic Isolation 
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United States Geologic Survey (USGS) Sponsored: 

3.1.9 Geochemistry of Transuranium Elements 

3.1.11 Redox Potentials and Chemistry of Actinides in Water 

4.1.22 Geochemical Study for Verification of Complex Solute Transport 
Models 

4.3.2 Solution of Solute Transport Equations 

Other PNL Programs: 

High Level Waste Immobilization Program, Task 3 (R. E. Westerman) 
Alternative High-Level Waste Forms (J. M. Rusin) 
Alternative Transuranic Waste Forms (C. R. Palmer) 
Materials Characterization Center (R. D. Nelson) 
Systems Study of Engineered Barriers (M. 0. Cloninger) 

WBS Element 0103 - Coordination with AEGIS and MCC 

Major Contributors: PNL: R. J. Serne, W. L. Kuhn, and D. J. Bradley. 

A PNL Coordination Committee will be formed to assure an adequate inter-
) 

face between WRIT and AEGIS, both with respect to long-range program planning 
and to ongoing technical work. This committee will support and enhance the 
interaction and exchange between the WRIT and AEGIS programs to ensure prompt 
delivery of needed data for site qualification and licensing needs. The com
mitte, which will meet quarterly, will consist of the following PNL staff 
members: 

D. B. Cear 1 ock 

A. Brandstetter 

D • J • S i1 vi era 

F. H. Dove 

R. J. Serne 

(Chairman) Manager, Water and Land Resources 
Department 

Project Manager, AEGIS 

Assistant Project Manager for Methodology D~vclopm0.nt, 
AEGIS 

Assistant Project Manager for Site Applications, AEGIS 

Program Manager, WRIT 
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W. L. Kuhn 
D. J. Bradley 
M. R. Kreiter 

J. H. Jarrett 

Associate Program Manager, WRIT 
Technicai Leader, WRIT 
Project Manager, Nuclear Waste Technology Program 
Office 
Manager, Nuclear Process Technology and Analysis 
Section. 

This work element also includ~s coordination with the Materials Character
ization Center (MCC). A coordination committee similar to the above will meet 
periodically to facilitate interaction. The committee, will consist of the 
following PNL staff members: 

WRIT: R. J. Serne 
W. L. Kuhn 
D. J. Bradley 
J. F. Relyea 

MCC: R. D. Nelson 
W. A. Ross 
R. P. Turcotte 
0. F. Hi 11 

Line Managers: R. A. Walter 
J. H. Jarrett 

Program Office: M. R. Kreiter 
L. T. Lakey 

WBS Element 0104 - WRIT Peer Review 

Major Contributors: PNL: (see below) 

During FY-1980, two review committees will be established to provide. peer 
review and monitor the programmatic direction of WRIT. 

An internal PNL peer review .committee will meet annually. It will then 
meet prior to the ONWI mid-year review of WRIT to evaluate the program·•s pro
gress and the need for program redirection. The following composition of the 

' internal peer review committee is planned: 
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J. R. Burnham 
R. Burns 

G. W. Dawson 

H. Harty 
I. L. Levy 
H. B. Parker 
A. ·M. Platt 

Staff Scientist in the Energy Systems Department; 
Consultant to DOE, formerly in Chemical Technology 
Department; 
Associate Manager of the Water and Land Resources 
Department; 
Staff Scientist in the ·Engineering Physics Department; 
Seni.or Staff Scientist, Materials Department; 
Senior Staff Scientist in the Director's Office; 
Manager of thP. Nuc::lear Waste Technology Programs 
Office. 

The external peer review committee will meet annually to review overall 
WRIT progress and direction. The committee will also be invited to attend WRIT 
workshops covering special technical topics to review technical progress in 
mqre detail. It is presently planned that ONWI would directly fund this 
external committee and have final say on members and timing of the annual 
review. 

TASK 2 WASTE PACKAGE INTERACTIONS - NUCLIDE RELEASE STUDIES 

The objective of this task is to measure and understand radionuclide 
release rates for waste forms and waste package systems anticipated for geo
logic isolation. Waste package interactions are created by solutions migrat
ing to and then from nuclear wastes placed in a geologic repository. 

Two major sets of possible waste package/solution conditions may exist 
that require an understanding of how the waste package will behave. The first 
case assumes that a breach has occurred which short-circuits the multiple bar
riers protecting the waste form. Thus, a bare waste form is in contact with a 
solution system that allows minimal interaction with the barriers placed in 
the repository for sorption or water exclusion properties. 

The second condition is concerned with a slow permeation of solution 
through the waste package barriers, which may eventually reach the waste 
form. In this condition, interactions between the waste form, solution, and 
waste package barriers are most important. More complex studies addressing 
these interactions must be addresssed in the second condition. 
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The input needed to study the first breach condition is a description of 

the properties of the solution that contacts the waste form. This solution 
definition will be determined via input from AEGIS and ONWI activities, and by 
studying solution/rock interactions as described in Task 4 (Solution Chemistry). 
The resulting solution will then be used in waste form/solution leaching tests 

'to determine the rates, types, and characteristics of radionuclide release, 
along w{th surface/structural or bulk changes in the waste form. The output 
of tests addressing this first breach condition are as follows: 

1. Radionuclide release rates and types are placed into a data bank and are 
mad~ available for those performing safety assess~ents (AEGIS). 

2. Radionuclide ch~racteristics, mainly valence state and chemical species, 
are used to interpret both the leaching tests -and sorption tests ~- as 
the solutions generated by the.waste form/solution tests are then ·used in 
the natural media/sorption studies described in Task 3. This .completes .. , 
the path from the waste form to the rock media outside the temperature 
and radiation zones of the repository. This information is also input 
into Task 5 (Predictive Model Development) to assist in model interpreta
tion and formulation. 

3. Surface ·and structural analyses of the waste form, coupled with the above 
\ 

information, will assist in mechanistic interpretation (and prediction) 
of the release process to be made. Thus, the information feeds directly 
to Task 5, the work element pertaining to leach model development, which 
will predict radionuclide source terms. 

At this point, work has progressed on items (1) and (3) above, using spent 
f~el, waste glass, and TRU waste forms where the release dependencies on 
generic solution composition, time, temperature, and .solution flow rate are 
being investigated. In the future, other waste forms being developed (such as 
synrock, supercalcine~ etc.) will be i~corporated if they continue to be 
viable alternatives after current DOE studies reach Gonclusions. 

These tests must continue through points (1), (2) and (3) (more exten
sively) to allow their full potential to be attained. Future tests on site
specific solutions ~ill be more limited in scope due to the knowledge gained 
from the generic studies. 

B.13 



As stated above, the second major condition is concerned with a slow per
meation of solution through the various barrier systems, which may reach the 
waste form itself. Here, barrier/solution/waste form interactions are maxi
mized. The solution reaching the waste form is likely to be different from 
the previously discussed case. The solution chemistry will be influenced by 
the components of the waste package system (waste form, canister, engineered 
barrier~ backfill) with respect to ionic strengh, pH, and Eh. The effects on 
radionuclide solubilities, as well as corrosion properties on the canister and 
waste form, may be different from those in the first condition. 

The experim~ntal program in this area is just beginning. Initial experi
ments will study the effects of a metal canister, rock media, and ground water 
on radionuclide release under a range of possible repository environments. 
More advanced tests will add engineered barriers, as they are developed and 
selected by other programs, and intact rock cores. The effects of scaleup 
will also be addressed by using large autoclave equipment placed within 
hot-cells to simulate near field environments. 

These tests will be run on a more limited basis than those described for 
the first condition (which will provide a foundation for the more complex 
tests in the second condition) as the reactions are expected to be more com
plex and require much greater care and analytical expense to do a thorough 
job. In addition to the points discussed for the first condition, surface and 
bulk .examination will have to be performed on the rock, barriers, and canister 
materials as well. 

Solutions generated by these tests will again be used by Task 3 to study 
their sorption properties. A nuclide release model will be constructed and 
refined, in collaboration with Task 5, based upon the solution che~istry, sur
face and bulk properties resulting from the waste package interactions tests. 

It is expected th~t in FY-1980 arfurts will be expended in consulting 
with the Office of Nuclear Waste Isolation (ONWI) and in detailed review of 
the Earth ~ciences Technical Plan (ESTP) on these.matters. There will be a 
cooperative waste package systems test with Sandia Laboratories. Task 2 will 
also maintain an interface with other groups interested in large-scale and/or 
insitu testing of waste package systems. 
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WBS Element 0201 - Technical Coordination · 

. . . ~ 

Major Contributors: D. J. Bradley ·and G. L. McVay. 

This work element will provide the overview.and t~chnical guidance to the 
other subtasks, including experimental design assistance and coordinatio~ of 
Task 2 efforts, to preclude overlap with other similar studie~. Also, this 
effort will coordinate topical reports on Task 2 technical work. 

WBS Element 0202 - Evaluation of Experimental' Leaching and Nuclide Release 
Methodology 

Major Contributors: PNL: D. J. Bradley, G. L. McVay, and Y. B. Katayama. 

An assessment will be made to determine any inherent biases or dependen
cies among the various WRIT leach tests in use. A critical ·asse~sment will b~ 

performed to document the strengths, weaknesses and applicability of the vari
ous WRIT 1 each i ng methods to probab 1 e repository environments, inc 1 ud i ng the · · 
waste form/waste package interface. A major effort of this subtask will be to 
evaluate the· scaleup ·made from short-term laboratory leaching and release 
experiments on small-scale waste forms to real-world conditions. 

In addition, this documentation of WRIT leaching and release methodology· 
. . 

will be submitted via ONWI to independent certification bodies, such as the 
Materials Characterizati'on Center and the National Bureau of Standards, for 
formal comment. 

WBS Element 0203 - Waste - Solution Interactions 

Major Contributors: PNL: G. L. McVay, Y. B. Katayama, C. 0. Har·vey, and 
D. J~ Bradley. 

ANL: H. Diamond and A. Friedman. 

The waste form itself constitutes the innermost barrier of the waste iso
lation system. Consequently, the behavior of the ground-water/waste form sys
tem in the event of failure of the other barriers must be understood. Being 
able to understand this relatively simple system will provide a b~seline for 
interpreting the complex system tests that will be carried out in WBS 0204. 
This subtask is concerned with performing tests on spent fuel and high-level 
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waste glass to provide the required nuclide release fluxes and understanding 
of the leaching process through solution speciation studies and surface analy
sis under WBS 0206. In the future, other waste forms may be studied. 

This effort is a continuation of IAEA and static leach testing previously 
begun on spent fuel, and cold and actinide doped glass. The spent fuel tests 
are coming to completion. A test will be continued to determine the effect of 
anoxic leach solutions on the release rate of actinides from glass, since 
anoxic conditions are lik~ly in a repository. The latter test will be .Per
formed at Argonne National Laboratory (ANL). 

The IAEA tests, ·Which. have been used internationally, were the first . 
started to gain information on the effects of solution chemistry on the 
release rate. The static leach testing is being used to study release rates 
for the condition of low flow of solution past the waste form. This test will 
yield information on the effect of dissolved species and possible precipita
tion/structure alteration reactions on release rates when evaluated with data 
from continuous flow tests. The continuous flow test has concluded at 
Lawrence Livermore Laboratory, and tne effort 1n this type of test method has 
been expanded to include rock media (see WBS 0204). 

In addition to static and IAEA tests, autoclave tests on spent fuel and 
glass will be run ~o· determine the effect of waste solution interactions on 

' nuclide release, simulating conditions when the repository is at e'levated tem-
peratures. In addition, for many matrix-related processes on solids, higher 
temperatures simulate prolonged time periods. The kinetic data obtained under 
autoclave conditions may enable the extrapolation to long-term, low-tempera
ture effects. Solubility of the leached radionuclides will be, in part, 
determined by tests using autoclaves. 

The waste-fluid interaction studies tests will be made with three differ
ent levels ot radioisotope activity: 

1. nonradioactive 
2. doped with special isotopes, such as the actinides 

3. fully radioactive. 

The purpose of this is to maximize the data and hold costs within reason. 
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In summary, these studies will provide the functional relationships 

between element release and laboratory time, temperature, solution composi
tion, and solution flow rate. 

WBS Element 0204 - Waste Package Interactions/Applications Studies 

Major Contributors: PNL: J. W. Shade, J. H. Westsik, Jr., Y. B~ Katayama, · 
G. L. McVay, and D. J. Bradley. 

LLL: D. Coles and H. Weed. 

In addition to understanding waste solution interactions, it is of great 
importance to test the behavior of the waste form (spent fuel, HLW glass, 
etc.), ground water, canister, backfill, engineered barrier, and host rock 
components. This integrated test more accurately describes the real reposi
tory, and we must gain some understanding of the effect of this complex system 
on the degradation of the waste form, release of radioisotopes and their 
interactions with the immediate surroundings~ the very near-field zone. This 
understanding is necessary to develop confidence in our safety a~sessment and 
nuclide migration predictions. Nuclide release in this case is a combination 
of leaching and sorption/desorption interactions complicated by recrystalliza-

. . . 
tion and precipitation reactions and mass transport considerations. 

It must be emphasized that detailed solid state and solution analyses must 
be incorporated into these studies to gain.knowledge of the mechanisms of 
release. In addition to isotope release concentrations, valence state and 
nuclide solution species experiments need to be performed. Solid state analy
ses should include detailed mineralogic studies to identify alteration prod
ucts, such as recrystallized minerals. This levet of analysis applies to all 
tests under WBS 0204. 

Studies in this area will first combine the waste form + canist~r + host 
rock + equilibrated ground water using as much site-specific detail and real
istic repository conditions as possible. Studies involving spent fuel must be· 

. . 

conducted in a hot cell and will be very expensive; moreover, a reference 
scheme ~or packaging spent fuel has not been selected. Consequently, initial 
studies will involve nonradioative, simulated high-level waste glass; spent 
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fuel studies will begin once an appropriate system is defined. The effeGts of 
engineered barriers and backfill will be assessed by adding them to this sys-. 
tern as they are developed. 

These tests will proceed from laboratory scale (inches) to intermediate 
scale (feet) to take advantage of gaining as much information as possible from 
tests that are easier to fabricate and relatively inexpensive (laboratory 
scale). The test will also provide enough sample solution, waste form, and 
rock media for the solid state solution and sorption/desorption studies. The' 
effects of scaleup (intermediate scale) will also be addressed. Tests will be 
replicated to ascertain the reproducibility of the intermediate results. 

The intermediate-scale tests will contribute to activities to assess 
whether it is meaningful· and valid to use laboratory-scale data to model real
world potential near-field interactions. This assessment of application of 
laboratory methods to prediction of real-scale in situ near-field geochemical 
interactions and subsequent nuclide release will be a primary goal of WBS 0204. 

It must be pointed out that sorption/desorption analyses are an intimate 
part of these ~ystematic st~dies. The combination of waste-form leaching, the 
mineralogic alteration of the waste package system, and sorption reactions 
control the nuclide s~urce term from the very near field. As outlined in WRIT 
Tasks 3 and 5, the leachate and this source term are used as input for the 
far-field studies, thus making the connection from the waste form to far-field 
migration. 

WBS Element 0205 - Transuranic Waste Form Release Studies 

Major Contributors: PNL: D. J. Bradley. 
BNL: P. Colombo and R. Neilson. 

Transuranic (TRU) waste constitutes the largest quantity of waste to be 
isolated from the biosphere. Current repository ~lanninq includes possible 
co-storage of high-level wastes and TRU waste. Therefore, the release behavi~r 
of transuranic waste forms under storage conditions must be known. Leach tests 
will continue paralleling those at PNL on concrete, ureaformaldehyde, bitumen, 
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and plastic polymers using the IAEA and static leach tests •. Work will be 
started on ~glass TRU waste form and continuous flow leach .tests will be 
initiated. 

rWBS Element 0206 - Surface and Solid State Stu.dies 

Major Contributors: PNL: L. R. ·Pederson, G. L. McVay, J. W. Shade, D. Rai, 
and M. T. Thomas. 

ANL: D. Karim and.D. Lam. 

The primary objective in this work element is to correlate solid-state 
changes in engineered waste form, barriers, and rocks with leachate and· gr.ound
water analyses in the various experiments undertaken in Tasks 2, 3, and 4. 
The work at PNL will focus mainly on physical ·structure evaluation of leached 
surfaces and on kinetic theory evaluation of the leaching processes. The ANL 
effort will focus on generating and understanding· the complex spectral infor
mation needed on actinide and rare-earth elements in waste forms. Between PNL 
and ANL, an effort will also be started to determine the nuclide ~pecies in 
solution to include vaJence state and chemical form. These studies will pri
marily involve applicati~n of auger electron spectroscopy, elemental profiling 
techniques, electron spectroscopy for chemical analysis (ESCA), and secondary 
ion mass spectroscopy (SIMS) to evaluate the physical and chemical thanges 
occurring at the surface of the waste form as leaching occurs. · 

Efforts will also beg.in in FY-1980 to· study surface and solid-state 
effects on the canister, rock, and barrier material involved with the waste
package interaction tests. 

The importance of chemical bonding/thermodynamic theory in the leaching 
processes will be evaluated in conj~nction with .the ~indings fro~ the 6ther 

. . 
subtasks. A strong interfac~ exists between this subtask, Task 4~ Solution 
Chemistry, and Task 5, Modeling Studies .. Information gleaned from these : 
mechanistic studies will form a base for supporting and formulating the 
release models developed in Task 5, initially with empirical data·and later 
with transport theory considerations. 
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Mechanistic studies in this subtask are clearly necessary to achieve_a 
general understanding of leaching processes. The experimental objective here 
is to perform laboratory studies needed to correlate ~olid state changes with 

\ 

leachate and ground-water analysis to known thermodynamic prin~iples. It is 
expected that two major questions will be resolved: 

• ·Can predictive use of relatively short duration leaching experiments be 
justified for a specific set of conditions and long time frames? 

• Can a general understanding of leaching processes based on physicochemical 
principles be developed? 

WBS Element 0207 - Spent Fuel Special Studies 

Major Contributors: Y. B. Katayama, J. L. Ryan, and R. Wang. 

The objective of the spent fuel special studies subtask is to gain under
standing of the effects of ·degree of oxidation and chemical distribution on 
nuclide release from spent fuel. An oxidation study will precede anoxic tests 
in order to establish necessary analytical methods for the study of oxidation 
phenomena, using experiments where the phenomena are expected to be easily 
observable. Once established, the methods will be applied to anoxic tests. 
Initial efforts will also work with crystalline uo2 to maximize information 
on the behavior of the uranium matrix without the very high radiation levels 
associated with spent fuel. 

The oxidation study includes two tasks: 1) measure the radionuclide 
release rates after oxidation of the spent fuels in various ground-water solu
tions, and 2) identify the release mechanism at single crystal uo2 surfaces. 
The first task will determine the congruent dissolution period and release
rate for spent fu~ls oxidized in solutions. The increase of radionuclide 

release rate, which may be due to oxidation of the uo 2 matrix to UO XH o will 
. 3 2 ' 

be related to the amount of dissolved oxyqen content in water. The second 
task will compare the· oxidation and leaching kinetics at elevated temperatures 
for single crystal uo2 surfaces and other uo2+x surfaces. The composition and 
microstructure of the uranium oxide and uranium oxide-hydrate films will be 
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characterized and correlated to the leaching kinetics. A high activation 
energy oxidation path will be sought for stabilization of the uo2 surfaces 
for the case of oxygen present in ground-water solutions. 

Predicting release from spent LWR fuels requires an assumption of the 
distribution of radionuclides at the leachate-spent fuel interface. This 
radionuclide distribution is heterogeneous and is dependent on burnup and 
irradiation temperatures. There is a need to know the leach rate variation 
with degree of inhomogeneity of the radionuclides. The first phase will 
involve the measurement of fission product chemistry distribution in spent fuel 
with known in-reactor parameters. This distribution, based on temperature and 
burnup, will be compared to calculations based ·on thermodynamic and mas·s 
transport predictions. The second phase will involve measurement of leach 
rates for spent fue.l samples with known chemical distribution and repeat of 
the chemical ~istribution analysis to detect the changes in surface chemi~try. 

TASK 3 - GEOLOGIC MEDIA - NUCLIDE INTERACTIONS STUDIES 

This task i~ designed to develop knowledge on radionuclide interactions 
with natural ·geologic media. Work under way in this task is described in the 
following WBS elements, and includes: 1) the evaluation of different test 
methods used to study adsorption and desorption, 2) performance of laboratory 
experiments to facilitate development of waste/rock interactions models, 
3) the study of radionuclide adsorption and desorption mechanisms, and 
4) sitespecific sorption/desorption data generation (licensing support). The 
fourth effort is in support of the AEGIS program, and is related to WRIT WBS 
Element 0103. 

WBS Element 0301 - Technical Coordination 

Major Contributors: PNL: J. F. Relyea. . . 

This work element is to provide the overview and technical gufdance to 
Task 3. This effort will coordinate topical reports on Task 3.and any 
ONWI/DOE requests for technical assistance on related topics. 
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WBS Element 0302 - Evaluation of Experimental Methodology 

Major Contributors: PNL: J. F. 
R. G. 

Subcontractors: LASL, LLL, 

Relyea, R. J. Serne, 
Strickert, and W. L. 
RHO, ANL, and ORNL. 

D. Ra i , 
Kuhn. 

Several unresolved issues exist in the area of sorption/desorption data 
collection. Presently, investigators from various laboratories determine 
sorption Kds and/or migration,rates for nuclides utilizing numerous experimen
tal techniques. Unfortunately, it appears that the resultant data are depen
dent not only on the type of solution and geological material utilized, but 
also on the experimental methods used. A systematic effort will be expended 
in this subtask to resolve the apparent method dependencies, to assess which 
method or methods yield the most accurate results, or to determine what con
versions can be made to compare the results of different methods. It is 
imperative that th~ various experimental methods be studied and, if possible~ 
consensus be formed as to which method or methods should be proposed as a 
standard measurement technique. Such standardization of measurement tech
niques may be critical' to providing credibility to the data that will be used 
in site qualification and licensing procedures. ·The process of producing 
defensible data and test methods involves three steps: verification tests by 
involved research organizations; documentation of recommended test methodolo
gies; and certification of test methodologies by an independent certification 
body, presently planned to include the Materials Characterization Center (MCC) 
and possibly the National Bureau of Standards. 

In this subtask, various laboratory methodologies will be evaluated using 
a wide range of geolagic materials a~d nuclide-spiked ground waters. Ea~h 

method will be evaluated for its ease of utilization, time and cost expendi
tures, precision, and limitations. Disagreements and range of applicability 
for observed results will be investigated through further experimentation on 
the independent variables (geologic media, waste form, ground-water composi
tion, pH, Eh, and.temperature). 
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030201 

030202 

030203 

030204 

030205 

Comparison of batch method with columns packed with crushed material 
and intact core co 1 umn flow through methods.- Parameters to be 
varied are residence time {batch), flow rate (columns), anq surface· 
area. ANL {limestone and basalt), PNL (sandstones), LAS~ (argillite 
and granite), and ORNL {clays). 

Effects of solid to liquid ratio on sorption. LASL (argillite and 
granite). 

Effects of temperature on Kd values and solution composition. PNL, 

LASL. 

Assessment of solid solution separation techniques, centrifugation, 
.and tiltration (LASL, LLL, PNL), and colloid filtration by porous 
med i a ( G IT ) • 

Generation and certification of proposed "standard•• method{s). ~NL. 

Documentaton of verified test methodolgies completed in WBS 0301 will be 
submitted to an independent certification body, such· as the Materials Charac
terization Center (MCC) or National Bureau of Standards (NBS), for certifica
tion. A purpose of this task is to effectively coordinate WRJT•s verification 
studies with the MCC, the Materials Review Board (MRB), and the Independent 

. Certification Laboratory (ICL). Work within this task includes not only the . 
submission of documentation (such as test results, data bases, and recorrmended 
methodologies) to the body, but also participation in the resolution of data 
and/or analytical discrepancies. 

WBS Element 0303 - Mechanism Studies 

Major Contributors: PNL: D. Rai, R. G. Strickert, D. A. Moore, and 
R. W. Fulton. 

Subcontractors; ORNL, RHO, GIT, LBL, LASL, LLL, and ANL. 

As noted from previous work on methodology evaluation, WBS 0302, the 
determination of migration of radionuclides often shows significant variation 
across methods. Resolution of the discrepancies will not giVe ·a general 
understanding of the mechanisms controlling the migration rates of radionu
clides. Fur~her, WBS 0302 and 0304 are empirical and geologic media/solution 
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specific. Interpolations within ranges of parameters actually measured are 
possibie; however, to increase the defensibility of interpolations, under
standing of the operative sorption/desorption mechanisms is needed. 

Mec'hanistic studies will be directed toward a predictive capability on 
radionuclide concentrations in solution. Near the repository, the concentra
tion of the radioactive elements in solution will be governed by the nature of 
the precipitated solid phases. In other locations and circumstances, where 
solid phases are absent, the elemental concentrations will mainly be governed_ 
by exchange and surface phenomena occurring in the geomedia. The solid phases 
of the radionuclide, the solution, and the adsorbed ions are in a dynamic 
equilibrium w~th each other. Therefore, the studies conducted will be 
directed toward a description of the system: The effects of the following 
variables on the interaction with rock minerals wi-ll be investigated: pH, Eh, 
complexing ions, competing ions, oxidation states of radionuclides, concentra
tion of the elements, and structural, mineralogical, and chemical composition 
of the geologic materials. These investigations will result in. adsorption 
isotherms of various radionuclides in different geologic environments. When 
this information is combined with the minerals and their solubilities, an 
understanding of the concentrations of radionuclides expected in different 
geologic media can hopefully be developed. 

030301 Ion exchange is the most predominant surface sorption mechanisms. 
Effects of pH on the exchange capacity and competition from other 
ions in solution are needed for modeling this process at concentra
tions below the solubility limit. Sorption isotherms {lo.ading) for 
many nuclide-solid-solutinn ~ystems will be studied. The 5urfuces 
will be characterized for surface area, cation exchange capacities, 
and mineralogy. 

ORNL 1) Single mineral-nuclide systems using oxides-hydrous oxides of 
Al(III)~ Fe(III), and Si(IV). Nuclides: Cs, Sr, Eu, I, Tc, and U • 

. 2) Mixtures of clay plus oxide (with Sr initially) for comparison 
with predicted Kd values from (1) above. 
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RHO Effects of tracer concentrations of Cs, Sr, Np, and Se {loading) on 

Hanford basalts, NTS granites, and their secondary mineral weathering 
products. 

LBL Loading, pH, and salt concentration effects on sorption of Cs and·U 
on a smectite, and Si02 and Cs on albite and clinoptilolite •. 

LASL Loading effects on sorption of Sr, Cs, Ba, Ce, Eu, Tc, U, Pu, and Am 
on NTS argillite and granite. 

PNL. Literature data indicate that Cm sorption by minerals may be con
trolled by precipitation reactions on surfaces. Studies of Cm 
behavior (as a function of Cm concentration), pH, mineral type, and 
ionic strength will be conducted to.determine ranges in which ion 
exchange and surface precipitation mechanisms dominate. 

030302 Redox reactions between solids and nuclides. 

RHO Anoxic sorption of Np, Se, Tc, and L.PJliBSNI~:-<!'95~!!~1~~~,.,(liJ~ .. _-basalt~---
.~~"-~~,.~~::''"-""·~ :--,..-::\,.._.··.··--.. ,. ..::~·' ~ .. 

LASL Sorptiori of Sr, Cs, Ba, and U in mixtu~~s-of calcite-dolomitesider-
ite in an anoxic environment. Sorption of Sr, Cs, Ba, __ Ce~ Eu, Tc, 
U, Pu, and Am on argillite and granite in~anoxic e_n:vironment with 
C0 2 and with C0 2 removed. Sorption of"''Pu""-fn:oofraG;tiJted; .. g~an.,ite ...... ~-:.... -""c .. ~,_,.~.,...:-"" ........... . 

core and crushed granite and argillite in anoxic atmosphere (Pu, Am; 
Tc, and with crushed material in column). 

PNL Sorption of the different oxidation states of Pu by rock-forming 
minerals will be investigated by batch and column methods. Param
eters studied will be: Eh, pH, mi.neral type and composition, Pu 
concentration, and oxidation state. 

030303 

030304 

Nuclide sorption and rock dissolution kinetics. RHO.· Cs, Sr, Np, 
Se, and I on secondary minerals from basalt and granite, and Np, Se, 
Tc, and I in anoxic environment on basalt and granite. 

Particulate transport {GIT). Determination of particle mobility as 
a function of particle size and physical properties of the media 
(permeability, porosity, pore size di~tribution, effective flow 

. porosity, etc.). Determination of particle mobility as affected by 
solution and solid chemistry {pH, CEC, SAR, and ionic strength). 



WBS Element 0304 - Site-Specific Sorption/Desorption Data Generation 

Major Contributors: PNL: J. F. Relyea. 

The objective of this subtask is to perform site-specific Kd experiments 
on geologic materials and ground waters supplied to WRIT by AEGIS and ONWI. 
These analyses will be performed using ONWI or AEGIS determined condit.ions 
that simulate the in-situ environment. The manpower and funding estimated for 
this wo'rk element are based on the analyses of six samples, since it is 
unknown at this time the number of site-specific samples that will be avail
able. In addition, control .at· funds and responsibility for obtaining funds 
resides with AEGIS. 

This work element is related to WBS Element 0103. Resource allocations 
to this task will be obtained via AEGIS and will be used to analyze only those 
that involve the analysis of site-specific samples requested. Data that 
involve existing information will be provided to AEGIS on a work 
order basis only. 

WBS Element 0305 - Methodology Application Studies 

Major Contributors: PNL: J. F. Relyea, D. Rai, and R. G. Strickert. 
Subcontractors: LLL, ANL, and LASL. 

Defensible, empirical data to estimate the long-term fate of nuclides in 
geologic environment~ are urgently needed. Present data collection methods 
rely on laboratory experiments, which are characterized by short times and 
small sample sizes. The uncertainty involved in scaiing these results to the 
million-year time frame and to path lengths of many kilometers has not been 
determined. In many instances, the scaleup is tacitly assumed to be valid 
without proof. However, it will be necessary to demonstrate the validity of 
short-term data measurements used for long-term analyses, if the safety 
assessments which utilize these data are to be defensible in the lir.P.nsing 

process. ·-
A major effort of the verification subtask will be to evaluate the scaleup 

made from short-term laboratory result~. Using models de~eloped in Task 5, 
the short-term results will be compared with theoretical concepts, such as 
weathering, ore deposition geoc.hemistry, mineral stability, and thermodynamic 
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Eh-pH diagrams. Results from the LASL Natural Reactor Study, uranium ore 
bodies or literature data on migration at shallow-land burial sites will be 
studied to see if WRIT data are verified. 

Another effort, laboratory.verification, utilizing intact and fracture 
core and/or rock blocks under flow-through conditions similar to repository 
far-field conditions, will be performed. Results will be compared with 
shorter term batch, column work on disaggregated rock and small intact core 
migration experiments. Experimentation with actual waste-form leachate will 
also be compared with synthetic tracer solutions. ONWI will also be consulted 
on in-situ testing or .field migration tests. Past WISAP subcontractor feasi
bility studies ~nd technical proposals have been forwarded to ONWI. 

30501 

30502 

Development of large core techniques for application to: 1) porous 
media flow, 2) .flow in fractured media,. and 3) in situ testing. ANL. 

App 1 i cation of co 1 umn method a 1 ogy· to fracture flow. 

ANL Effects of diffusion controlled sorption kinetics on flow through 
ariifi~ial planar ~ractures (packed and unpacked} compared ~ith 
chromatographic (Kd) theory. 

LASL Sorption behavior in high pressure flow through intact cores with 
natural fissures. Microautoradiography of sectioned cores for iden
tific·ation of nuclide sorbing minerals. 

30503 . Comparison of nuclide migration in waste form leachate versus syn
thetic leachate solutions. ANL, PNL. 

30504 Experimental verification of MINEQL versus pH, ionic strength, and 
1 oad i ng. LBL. 

30505 Comparison of WRIT data to OKLO, U ore, shallow land burial, and 
available field literature. PNL. 

WBS Element 0306 - Generation of Special Isotopes 

Major Contributors: PNL: R. G. Strickert. 
Subcontractors: ANL. 
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To examine the migration of actinide elements in rock and soil strata, 
complicated and expensive wet chemical extraction procedures are usually 
needed to detect the alpha-emitting isotopes. It is possible to generate 
x-ray and gamma-emitting isotopes of several of these actinides by cyclotron 
activation. Analyzing gamma-emitters is much easier than analyzing alpha
emitters, so the use of special isotopes has greatly facilitated· the Task. 4 
experimental program. In addition, the use of these isotopes allows the 
behavior of more than one element to be observed in a single experiment, thus 
saving time and e 1 imi nat i ng the uncertainties of dup 1 i cat i ng ex· act cond i t"i ons 
across experiments. Bec~use of these considerations, ~he emphasis of this 
subtask 1s to both identify the X-ray and gamma-emitting isotopes needed by 
the other subtasks and ensure their'timely production. 

TASK 4 - NUCLIDE SOLUTION CHEMISTRY STUDIES 

Among factors that influence radionuclide behavior in the geologic 
environment, the solution chemistry, as it affects solid phases and solution 
species of the radibnuc~ides, is one of the most important. Through their 
precipitation and dissolution, solid phases cause changes in solution concen
tration which, in turn, affect the distribution of adsorbed ions. Discrete 
solid phases of radionuclides may be present within the repository because of 
the high inventory of radionuclides. In the absence of discrete solid ph~se~. 
the nuclide may be distributed throughout the rock matrix and sorption reac
tions may ·control solution concentrations. However, if the concentration of 
the element in solution is such that a solid phase can precipitate, knowledge 
of this solid phase and solution ions would help in predicting the solution 
concentrations available for transport. Granted the importance of the total 
solution concentration of the element, the nature of the predominant solution 
species are important since they affect: 1) charge dependent ion exchange, 
2) sur·face sorpt1on, 3) movement through the rock and sediment matrices 
because of their physical size, and 4) biological uptake. 
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Information on possible solid phases and solution species of elements 
that may be present in different ·environments is sparse, especially for. the 
elements with unstable isotopes and those not naturally occurring (e.g., Np, 

Pu, Cm, Am). In order to bridge this gap, available thermodynamic data have 

been reviewed under the WISAP program to construct Eh-pH diagrams that predict 
\ 

stable phases and solution species of Am, Sb, Ce, Cs, Co, Cm, Eu, I, Np, Pu, 
Pm, Ra, Ru, Sr, Tc, U, and Zr. Unfortunately for some of the elements, the 

reliability of thermodynamic predictions is limited by: a) the inaccuracy of 

the data, b) nonav~ilability of th~ data for all the solid phases and solution 
species that may form in a geomedia, and c) the disregard of kinetic effects. 
More reliable ~redictions .can be made with this approach only as the necessary 
laboratory data become available. 

Needed studies for understanding solution chemistry of important radio
nuclides are outlined below. These studies will concentrate on elements (Am, 
Cm, Cs, I, Np, Ni, Nb, Pd, Pu, Ra, Se, Sn, Tc, Th, U, and Zr) that are shown 
to have radioiso~opes with long half-lives and that are li.able to be present 
in relatively· large concentrations in solidifed nuclear wastes to be isolated 
in deep geologic repositories. 

WBS Element 0401 - Technical Coordination 

Major Contributors: D. Rai. · 

This work element is to provide the overview and technical guidance to 
Task 4. This effort will coordinate topical reports on Task 4 and any ONWI/DOE 
requests for technical as~istance on relate~ topics. 

WBS Element 0402 - Ground-water Chemistry 

Major Contributors: PNL: D. Rai and J. W. Shade. 

Subcontractor:· LBL. 

Literature and selected laboratory experiments will be reviewed and per

formed, respectively, to delineate long-term mineral/ground-water reactions to 
ensure_ that leaching and sorption experiments use realistic solutions and 
mineral assemblages. This work element will provide a rational~ f6r 
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extrapolating short-term mobility data to longer time periods. The mineral 
systems, which will be selected to perform laboratory experiments, will be 
chosen on the following bases: 

1. They should be the dominant mineral-water reaction system leading to wall 
rock alteration. in a given repository rock type (i.e., Hanford basalt, 
Nevada Test Site quartz ~onzonite (granite), welded tuff, ar~illite, 

etc.). 

2. Experimental data or reliable extrapolations of a specific mineral•s 
solubility, alteration, and formation germane to proposed repository tem
peratures are lacking. 

3. ·Thermodynamic data on important end member mineral reactants and products 

are 1 ack i ng. 

Fortunately,·for the repository rock types currently receiving the most 
attention, ,these data and criteria, for the most part, are available in the 
economic geology and geothermal literature; thus, laboratory efforts should be 
manageable. For example, using the.system potash feldspar-kaolinite-quartz-H 2o 
(representing granite alterat1on) and albite-chlorite-quartz-H2o, or 
plagioclase-montmorillonite-quartz-H2o (representing basalt alteration), it 
would be possible to design experiments with buffered, known solute activities 
at P and T. In an actual.repository, the ground-water composition will be 
controlled by rock/ground-water interactions; specifically, mineral/ground
water interactions.· Because the volume of the rock/ground-water system is 
much larger than the waste-canister system in the event of an accident, any 
nuclides leached from the waste-canister system would almost immediately be 
under control of the rock-ground water system. Consequently, resultant 
mobility, adsorption, new mineral precipitation, fracture filling, replacement 
reactions, and related processes will be dominated by mineral/ground-water 
cquil i br1 il. 

The behavior of the waste package in appropriate mineral/ground-water 
systems could be more readily qu~ntified than it could in the more chemically 
complex systems using the whole rock. Moreover, because properly 
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ch~racterized mineral ~eactions are the dominant alteration reactions in the 
rock, the resulting data can be compared with the whole rock data to provide a 
more quantitative interpretation of whole rock wast.e package/geologic media 
tests. Both the mineral/waste package and whole-rock/waste package results 
can then be compared with observed alteration in appropriate rock types from 
the geothermal data base to address transport, corrosion, and precipitation 
questions. These studies will also provide a foundation from which to inves
tigate the efficiency of radionuclide mobility retardants and overpack mate
rials, such as hydrous oxides, zeolites, serpentine, and clays. 

In summary, increas~d emphasis. on mineral/ground-water reactions will 
provide a more efficient and defensible study than total reliance on whole
rock/waste interaction data, and will also provide data which will be useful 
in asses~ing and modifying existing thermodynamic models. 

WBS Element 0403- Nuclide Solution Species· 

Major Contributors: PNL: D. Rai, J. Swanson, and R. J. Serne. 
Subcontractor: ORNL. 

It is important to understand the distribution of solution species 
because they contribute to total concentration of the element in solution, 
affect sorption by geologic materials, and affect the··solubility o{ solid 
phases. However, their amount is dependent upon the nature and amount of the 
ligands, relative formation constants of various complex ions and the other 
solution parameters such as Eh and pH. 

Partial data are 'd.Vaildble on the formation constants of most metal ions 
expected in the radioactive wastes, with the common ligands (HC03, OH, Cl, 
so4 ) expected in geomedia. To check the accuracy of these formation con
stants, and to fill in all the gaps, would require long times and large funds. 
Instead the following approach will be taken. The formation constants of 
radioelement species will be determined for those that are most likely to be 

. . 

dominant and for which ther·modynamic data are suspect. Additionally, methods 
will be selected or d~veloped to determine the oxidation states of multiva)ent 
elements in solutions, because the oxidation-reduction potential (Eh) of the 
solution affects the oxidation state which, in turn, affects the solution 
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species. The first effort will be to evaluate what data are missing and coor
dinate with. independently funded programs at LBL (Edelstein and Bucher) and 

USGS (Cleveland). 

WBS Element 0404 - Solubility of Selected Compounds 

Major Contributors: D. Rai andY. B. Katayama. 

Many of the actinides and lanthanide fission products that are important 
in safety assessment calculations, appear to form solid phases under geologic 
conditions (natural or basic pH) having very low solubilities. These solid 
phases, if present, would control the upper concentration of the element in 
the ground water arid might control the leach rate from proposed waste forms.· 

Knowledge .of the thermodynamic solubility constants (Ksp) for impotta~t 

mineral compounds of these nuclides would facilitate long-term predictions of 
nuclide migration potential. Part of this work element include a critical 
assessment of literature data on Ksp values and the effects· of geochemical 
parameters, such as pH, Eh, and ligand concentrations on nuclide solubilities. 
Experimental studies will be performed to collect missing data and/or verify 
critical data at probable repository conditions. 

TASK 5 - PREDICTIVE MODEL DE_VELOPMENT 

The objective of this task is to develop models predicting leaching, 
solubility, sorption, and waste-package release processes in the repository 
and surrounding media. The scope will ultimately include accumulation and 
management of data developed in other tasks, reduction of data to empirical 
models, developing predictive mechanistic models and testing them against the 
data, and constructing models of radionuclide release from a repository to the 
"far field": the "source term" for geotransport calculations. These activi
ties can be separated from the ~ssociated experimental tasks and are collected 
in this task in order to provide a strong, central contact with the AEGIS pro
gram and other related programs, such as WIPAP (Waste Isolation Performance 
Assessment Program) and engineered barrier programs, which will exchange data 

and models with WRIT. This task will coordinate closely with the experimental 
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tasks both to assure timely accumulation and correct interpretation of data, 
and to propose mechanisms for explanation of data and for construction of 
predictive models. 

Activities in FY-1980 will include primarily establishing a WRIT sorption 
data bank, continuing sorption data reduction using adaptive learning methods, 
evaluating existing computer codes, and proposing simple source term models 
for use by AEGIS. 

WBS Element 0501 - Technical Coordination 

Major Contributor: W. L. Kuhn. 

The objective of this work element is .to coordinate and guide ~echnical 
activities and communications in Task 5. The scope includes coordinating 
topical reports, responding to ONWI or DOE requests for technical assistance 
or consultation for related work (e.g., WIPAP), and studying the literatu~e 
sufficiently to assure that available technology is utilized and appropriate 
contacts are maintained with related programs. 

The current scope of WRIT excludes testing models by conducting release 
tests at large· scale and for long times, either in situ or in a large hot-cell 
engineering facility. Should DOE or ONWI intiate such tests, this work 
element will include coordination of WRIT personnel with test personnel in 
order to advise and recommend experiments testing the validity of WRIT models 
of leaching, sorption, and waste-package release. Recommendations will be 
available regarding choice and extent of experiments, facilities, and cost and 
schedule estimates based on experience in WBS 0204. 

WBS Element 0502 ~ Generation and Management of Data Banks 

Major Contributors: D. D. Hostetler, R. J. Serne, D. J. Bradley, 
J. F. Relyea, and 0. F. Hill (MCC). 

The objective of this work element is to make the extensive data 
generated in experimental tasks available through a computer storage and 
retrieval system. Ultimately, leaching, sorption, solubility, and 

waste-package release· data will be included; these will comprise tens of 
thousands of data, requiring computer storage to make either data reduction or 

B.33 



data transfer feasible. Work is already under way on a sorption data bank; 
during FY-1980 it will be expanded and work will begin on a leaching data bank. 

Initial emphasis will be on establishing data banks facilitating data 
transfer to AEGIS and for WRIT data reduction work (see WBS 0503), and data 
retrieval in response to DOE or ONWI requests or requests from related pro
grams. Ultimately, data banks can be constructed to match national or inter
national formats, as sponsor interest and r~sources dictate~ Effort on this 
subtask will be interfaced with the MCC. 

WBS Element 0503 - Empirical Model Development 

Major Contributors: J. F. Relyea, R. J. Serne, R. D. Peters, and 
D. J. Bradley. 

Subcontractor: Adaptronics, Inc. 

The objectives of this work element are to: a) construct empirical 
models serving to reduce data to a relatively few coefficients in equations 
"fitting" the data according to appropriate statistical criteria; b) make 
empirical models available to AEGIS, WIPAP, or related programs; and c) initi
ate geochemical criteria for ranking potential repository sites. The equations 
will be developed primarily by using the •:adaptative learning networks" 
methods, for which Adaptronics, Inc., is expected to be a subcontractor. 
Empirical models will ultimately be developed for leach rates, sorption coef
ficients, and solubility constants; in FY-1980 emphasis will be on continued 
reduction of sorption data. 

Empirical models will be cast into the form of relationships between 
functions {leach rat~s, sorption coefficients, solubilities) and parameters 
(geochemical, hydrologic) on which they depend, such that leaching, sorption, 
or solubility "subroutines .. can be made available to AEGIS, WIPAP, etc., for 
geotransport safety assessment computations. The relationships are expected 
to' identify by their forni the most important parameters, thereby he-lping to 
guide WRIT sorption, leaching and release studies. 

These models will also facilitate development of geochemical criteria for 

the ranking of potential repository sites by quantitatively relating geochem
istry and geotransport. 
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As geochemi ca 1 data are accumu 1 ate9 -.and reduced as· part of· this work e 1 e

ment, preliminary criteria for ranking potential repository sites according to
geochemistry will be proposed to ONWI. Criteria will be revised as new data 
and technical reviews warrant. It is anticipated that review of the criteria 
will help guide WRIT experimental studies. 

WBS Element 0504 - Mechanistic Model Development 

Major Contributors: W. L. Kuhn, G. L. McVay, D. Rai, R. G. Strickert, 
J. F. Relyea, and R. D. Peters. 

-Sub~ontractor~ ~ LLL. 

The objective of this work element is to develop credible models for 
1 each i ng, sorption, and so 1 ub il i ty, based on mechanisms . acting over the dura
tion ~f wast'e packag~ rel~ase or geotran,sport, and to make the models avail
able to AE~is, WIPAP, or relai~~ programs. The scope will ultimately include: 
a) addressing mechanisms identified by Tasks 2, 3, and 4; b) formulating 
mathem~tic modeJ~ describing the ~echanisms; c) constructing computer codes 
which "solve" or "evaluate" the mathematical models to describe leach rates, 
sorption coefficient, or solubility in terms of.geochemical/hydrologic param
eters; d) testing computer codes against experimental data; and e) casting 
computer'codes into the form of "subroutines" which can be used by AEGIS, 
WIPAP, etc.· FY-1980 activites will be limited to assessing our understanding 
of mechan·isins controlling leaching, sorption, and solubility, discussions with 
AEGIS and WISAP'personnel to determine any constraints which current geotrans-

' 
port,codes would place ~n the mathematical form of WRIT mechanistic models, 
and recommending.priori.ties for .investigation of mechanisms. 

It is necessary that WRIT models ultimately be based on physicochemical 
phenomena in order to establish predictive capability. Waste/rock interac
tions are expected to involve many kinds of phenomena, such as: 

• leaching.of the waste form {chemistry, diffusion, kinetics, etc.) 
• chemical effects of radiation 
• corrosion 
• ion exchange 
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• adsorption 
• precipitation, coprecipitation, crystallization 
• redox reactions 
• formation of complexes in solution · 
• mineral replacement 
• thermochemical phenomena 
• steric phenomena 
• diffusion 
• colloid/~articulate behavior. 

As funding and technical priorities dictate, these or other phenomena w111 be. 
studied and characterized as part of the experimental tasks. From these 
studies will come an understanding of controlli~g mechanisms, from which 
mathematical models wil) be develo~ed in collaboration with experimental tasks 
as part of this work element. Together, the resulting models will quantita
tively dest'ribe the role and efficacy of engineered barriers, as·well as the 
behavior of released isotopes during geohydrologic transport away from waste 
packages and into a repository, and away from a repository and into· the 
biosphere. 

. 
As part.of the .experimental tasks, experiments will be designed to dis-

cover or elucidate mechanisms controlling radionuclide release and transport. 
As·mechanist~c models are subsequently developed and teste~ against experimen
tal data, possible changes in emphasis, method, or level of effort deemed to 
aid this work element will be recommended to the experimental tasks. 

The-development of predictive, mechanistic models is organized into three 
subtasks to reflect the requi~ite .collaboration with the three experimental 
tasks. 

050401 Waste Form Release Model 

ihis work elernerll comprises the cunstr·uctiun of a 

tine predicting the release of radionuclides from 
(spent fuel, borosilicate glass) as a function of 
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050402 

050403 

and hydrologi.c parameters (e.g., te1J1perat~re, pH, Eh, identity of 
rock with which g,round_ water equilibrates, water velo.city,, or 
others). The subroutine is to be used both for. release calcula-. .. \ 

tion~, where the ground water is presumed to breach other engineered 
barriers and contact the waste form directly, and .. as. part of ov.erall 

: . ' . . . 
w~ste package release calculations (see WBS 0505). 

Exper~ments conducted ~s part o.f. Task 2 will .be interpreted in that . 
task to propose or ·verify .mechanisms affecting the release from the 
wa~te form. Through this task, .the mechanisms will be interpreted 
mathematically to develop quantitative, preditt~ve models suitable 
for:c6~structio~ ~f ~ c~mp~te~_su~routine. The model will be tested 
against corresponding_experimental data; based on the comparison, 
recommendations regarding waste form or wa~te package studi.es wi 11 

· .. 
be made to Task 2 • 

. Geomedia Sorption Model 

This work element compr'ises the·construction of·a computer subrou
tine predicting the ·sorption of radionuclides on natural geomedia as 

-a function of geochemical parameters. The subroutine is to be used 
both for 11 far field 11 geotransport caiculations (e.g·., by AEGIS or 
WIPAP), and for .. source term .. calculations (see WBS 0505). 

Experiments conducted as part of Task 3 will be interpreted in that 
I 

task to propose or verify mechanisms affecting the sorpt~on of 
raciionuc:lides on natural geomedia. Through this task, the mechan
isms will be interpreted mathematically to develop quantitative, 
predictive models suitable for construction of a computer subrou
tine. The model will be tested against corresponding experimental 
data; based on the comparison, recommendations regarding sorption 
studies will be made to Task 3. 

Solut1on Equilibria Model 

This work element comprises the construction of (or adoption of an 
existing) computer subroutine predicting or boundinglthe concentra
tion of radionuclides and geochemical species that coexist in ground 

l. 
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water during geotransport. · The subroutine is to be used in either 
11 near field 11 or 11 far field 11 calculations to determine the geochemi
cal environment affecting waste form release (i.e., to provide some 
of the information'needed for other subroutines) or to establish 
bounds on radionuclide concentrations that may occur during release 
or sorption/desorption processes (potentially nonequilibrium pro
cesses), and for ... source term11 calculations (see WBS 0505). 

Computer subroutines already exist (e.g.,· at LLL) predicting species 
con~~ntrations prevailing as various geochemicdl substances equi li
brate in the presence of water. In collaboration with Task 4, 
existing computer codes will be assessed in terms of possible early 
app 1 i cation to rad ionuc 1 i de/geornedi a equilibrium cal cul ati ons. This 
includes assessing the adequacy of existing thermodynamic data and 
the probable additional data on radionuclides forthc:oming from 
Task 4. Either existing codes will be adopted, or specialized codes 
of limited scope will be developed to meet the uses described above. 
As it e~olves, the desired computer subrouttne will be,tested 
against data developed in Tasks 2, 3, and 4; based on the compari
son, recommendations regarding equilibrium experiments will be made 
to these tasks. 

8.38 



r 
WBS Element 0505 - Source Term Model 

Major Contributors: W. L. Kuhn, R. D. Peters, and J. W. Shade. 

The objective of this work element is to construct a 11 Source-term11 com
puter subroutine providng one of the boundary conditions (radi'onuclide mass 
flux or radionuclide concentration at the repository) required for 11 far field 11 

geotransport calculations. The scope will utlimately include: a) combining 
models of waste form_ release, sorption, agd solution equilibria with waste 
package descriptio~s {from other ONWl or DOE programs) and a description of 
the .. near field 11 conditions in the repository (e.g., based on scenarios inves
tigated by AEGIS) to predict the overall release to the 11 far field; .. b) cast
ing the combined models into the form of a computer subroutine conveniently 
attached to and used by 11 far field 11 geotransport codes; c) conducting para
metric studies based on hypothesized mechanistic models to determine their 
potential importance to overall source-term calculations, and d) recommending 
experimental work deemed to optimize confidence in source-term calculations. 
FY-1980 activities will be limited to developing simple source term models 

,_ 

utilizing available solubility limits, assessment of suitability of current 
experimental studies for incorporation into source-term models, and some ini
tial parametric studies. 

An important part of this work element is testing source-term models 
against data obtained in WBS 0204 (Waste Package Interactions), and as appro
priate to aid design of waste package experiments using parametric stud.ies 
based on the phenomena to be studied. As appropriate, models of engineered 
barrier behavior developed as part of other ONWI or DOE programs will be uti
lized in this work element. 

In general, the .._source term11 will involve simultaneous fluid flow and 
heat and mass transfer, coupled with thermodynamic equilibria and chemical 
reaction and sorption/desorption kinetics. In light of the extreme complexity 
of the problem, the philosophy adopted here is to attack the problem step by 
step as new information warrants, striving to keep the model from being, at 
any given time, ~he weak link in overall repository safety assessment 
calculations. 

8.39 

. ' 



.. 
CONF-7910160 Vol.II 

PNL-SA-8571 

DISTRIBUTION 

No. of 
Copies 

OFF SITE 

A. A. Churm 
DOE Patent Divisiori 
9800 S. Cass Avenue 
Argonne, IL 60439 

27 DOE Techn·i ca:l Information Center 

John A. Apps 
Lawrence Berkeley Laboratory 
University.of.California 
One•Cyclotron Road 
Building 90/1140C 

·Berkeley, CA'· 94720 

Char 1 es Baes 
Oak Ridge Nat i on.a 1 Laboratory 
P. 0. Box X 
Oak Ridge, TN 37830 

S. J. Basham 
Office of Nuc 1 ear w·aste 

I so 1 at ion 
Battelle Memorial Institute 
505: King Avenue · 
Columbus, OH 43201 

Randy L. Bassett 
Bureau of Economic Geology 
University of Texas 
University Station, Box X 
Austin, TX .78712 

Chuck Bazan 
Lawrence L i v.er_more Laboratory 
P.O. Box 808 
Livermore, CA · 94550 

Gary B'eall 
R ad i an Corp or a:t ion 
8500 Shoal Creek 
Austin,· TX 78766 

No. of 
Copies . 

Larry Benson 
Lawrence Berkeley Laboratory 
University of California 
1 Cyclotron Road 
Building 90/1140G 
Berkeley, CA 94720 

Dr. Ernest A. Bondietti 
Oak Ridge National Laboratory 
P. 0. Box X, Bldg. 3504 . 
Oak:Ridge, TN _37830 

J. Braithwaite 
Sandia Laboratories 
Nuclear· Waste Experimental ' 

.Programs 
Division 4512 
Albuquerque, NM 87115 

Gary Brock 
Battelle, Human Affairs 

Research Center 
4000 NE 41st St. 

. Seattle, WA 98105 

Doug G. Brookins 
University of New Mexico 
Department of Geology 
A 1 buquer·que ,· NM . 87131 

Steve Brown 
Lawrence Berkeley Laboratory 
University of Califorriia 
One Cyclotron Road 
Building 90/1140C 
Berkeley, CA · 947~0 

H. B. Brugger 
Office ot Nuclear Waste 

Isolation 
Battelle Memorial Institute 
505 King Avenue 
Columbus, OH 43201 

Distr-1 



No. of 
Copies 

Jerry Bucher 
Lawrence Berkeley Laboratory 
University of California 
70A-2223 
One Cyclotron Road 
Berkeley, CA 94720 

H. C. Burkholder 
Office of Nuclear Waste 

I so 1 at ion 
Battelle Memorial Institute 
505 Ki.ng Avenue 
Columbus,.OH ~3201 

J. L. Burnett , 
Office of Basic Energy 'Sciences 
U.S. Department of Energy 
Washington, D.C. 20545 

Wayne A. Carbi ener 
Office of Nuclear Waste 

I so 1 at ion 
Battelle Memorial Institute 
505 KiQg Avenue 
Columbus, OH 43201 

w. T. Carnall 
Argonne National Laboratory 
Chemistry Division 
9700 South Cass 
Argonne, IL 60439 

H. Clyde Claiborne 
Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, TN 37830 

Jess M. Cleveland 
U.S. Geological Survey 
Box 25046, MS-412 
Denver Federal Center 
Lakewood, CO 80225 

David G. Coles 
Lawrence Livermore Laboratory 
L-233 
P. 0. Box 808 
Livermore, CA 94.550 

No. of 
Copies . 

Distr-2 

Pete Colombo 
Brookhaven National Laboratory 
Dept. of Applied Science 
Upton, NY 11973 

Carl R. Cooley 
Office of Waste Management 
U.S. Department of Energy 
Washington, D.C. 20545 

Rex Couture 
Chemical Engineering Division 
Argonne National Laboratory 
9700 S. Cass Ave. 
Argonne, IL 60439 

Williams R. Daniels 
Los Alamos Scientific Laborattiry 
MS-514 . . 
Los Alamos, NM 87545 · 

Jared Davis 
Nuclear Regulatory Commission 
Washington, DC 20555 

George DeBuchananne 
U.S. Geological Survey 
Reston, VA. 22092 

Sylvia DeVilliers 
Los Alamos Scientific Laboratory 
MS-514 
Los Alamos, NM 87545 

R. G. Dosch 
·Sandia Laboratories 
P. 0. Box 5800 
Albuquerque, NM. 87115 

-Norm Edelstein 
Lawrence Berkeley laboratory 
1 Cyclotron Road 
Berkeley, CA 94720 

Dr. Geoffrey G. Eichholz 
School of Nuclear Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332 

.J 



No. of 
Copies 

Merril Eisenbud 
New York University 

Med i cal: Center' 
Box 817 
Tuxedo, NY 10987_ 

W. E"ister 
Office of Waste Management 
U.S. Department of Energy 
Washington, .D.C. 20545 

Dr. Bruce·R. Erdal 
Los Alamos Scientific Laboratory 
CNC-11, MS-514. . 
P. 0. Box 1663 
Los Alamos, NM 87545 

Fred Ernsberger 
Box 11472 . 
Pittsburgh, PA 15238 

D. R. Fortney 
Sandia Laboratories 
P. 0. Box 5800 
Albuquerque, NM 87115 

Chet W. Francis 
Environmental Sciences Division 
Oak Ridge National Laboratory 
Building 1505 
Oak Ridge, TN 37830 

Sherman Fried 
Argonne Nation a 1·· 
9700 S. Cass Ave. 
Argonne, IL 60439 

Steven Fritz 
E. I. duPont De Nemours Co. 
Savannah River Laboratory 
Aiken, SC 29801 

:A~·:J. Gancarz"·· .. . 
Los Alamos Scientific Laboratory 
P. 0. Box 1663 · 
Los Alamos, NM 87545 

No. of· 
Copies 

Robert G. Garvin 
E. I. duPont DeNemours Co. 
Savannah·River Laboratory 
Aiken, SC 29801 

Richard L. Hahn 
Oak Ridge National Laboratory· 
P. 0. Box X 
Oak Ridge, TN 37830 

R. J. Ha 11 
Office of Nuclear Waste 

Isolation 
Battelle Memorial. Institute 
505 King Avenue 
Columbus, OH 43201 

M. A •. Harwell 
P. 0. Box 667. 
Cannon Beach, OR 97110 

Colin A. Heath· 
Office of Waste Management 
U.S. Department of Energy 
Washington, D.C .. 20545 

Wi 11 i am M. Hewitt 
Office of Nuclear Waste 

Isolation 
Battelle Memorial Institute 
505 King Avenue 
Columbus, OH 43201 

Peter L. Hoffmann 
Office of Nuclear Waste 

I so 1 ati on 
Battelle Memorial Institute· 
505 King Avenue 
Columbu~, OH 43201 

H. H. Ho 11 and 
Department of Geological Sciences 
Harvard University 
Cambridge, MA 02138 

Distr-3 



No. of 
Copies 

Norman Hubbard 
Office of Nuclear Waste 

I so 1 at ion 
Battelle Memorial Institute 
505 King Avenue 
Columbus, OH 43201 

Dana Isherwood 
Lawrence Livermore Laboratory 
MS L-224 
P.O. Box 808 
Livermore, CA 94550 

G. Jenks 
Oak Ridge National Laboratory 
P. 0. Box X . 
Oak Ridge, TN 37830 

Greg Jones 
Columbia Bank Bldg. 
3rd Floor 
P.O. Box 800 
Richland, WA 99352 

Muzaff er Kehnemuyi · 
Office of Nuclear Waste 

I so 1 at ion 
Battelle Memorial Institute 
505 Kinq Avenue 
Columbus, OH 43201 

James Keith 
Mail Code - SN7 
Johnson Space Cent~r 
Houston, TX 770!1R' 

John F. Kircher 
Office of Nuclear Waste 

I so 1 at ion 
Battelle Memorial Tnstitute 
505 King Avenue 
Columbus, OH 43201 

Mel Knapp 
Division of Waste Management 
Nuclear Regulatory Commission 
Washington, DC 20555 

No. of 
Copies 

Distr-4 

G. A. Kolstad 
Office of Basic Energy Sciences 
U.S. Department.of Energy 
Washington, D.C. 20545 

Dr. Kurt A. Kraus 
110 Ogontz Lane 
Oak Ridge, TN 37830 

Daniel Lam 
Argonne National Laboratory 
Materials Science Division 
Building 212 
9700 South Cass Avenue 
Argonne, IL 60439 

S. J. Lambert 
Sandia Laboratories 
P. 0. Box 5800 
Albuquerque, NM ~7115 

R. B. Laughon 
Office of Nuclear Waste 

Isolation 
Battelle Memorial Institute 
505 King Avenue 
Columbus, OH 43201 

Darrell Leap 
Denver Federal Center 
U.S. Geological Survey WRD 
P.O. Box 25046 
MS-416 . 
Denver, CU 80225 

S. Y. Lee 
Oak R1dge National Laboratory 
Environmental Studies Division 
Buiding 1505 
Oak Rid~e, TN 37830 

Linda Lehman 
U.S. Nuclear Regulatory Commission 
Division of Waste Management 
Washington, D.C. 20555 

, 



No. of 
Coeies 

David H. Lester 
Sc.ientific Applications, Inc. 
P. o. Box 2351 
1200 Prospect Street 
La Jolla, CA 92037 

P au 1 W •. Levy 
Brookhaven National Laboratory 
Upton, NY 11973 

Stan E. Logan · 
Los Alamos Technical 

Associates, Inc. 
P. 0. Box 410 
Los Alamos, NM 87544 · 

R. W. Lynch 
Sandia Laboratories 
P. 0. Box 5800 
Albuquerque, NM ~7115 

I. D. MacGreagor 
Office of Basic Energy Sciences 
U.S. Department of Energy 
Washington, D.C. 20545 

I • W. Mar i ne . 
E. I~ duP6nt DeNemours Co. 
Savannah R i v.er·. Laboratory 
Aiken, SC 29801 

J. B. Martin 
Asst. Director for Radioactive 

Waste Management Branch 
NRC Division of Materials and 

Fuel Cycle Facility Licensing 
Washington, DC 20555 

S. C.· M~tthews 
Office of Nuclear Waste· 

Isolation . 
Battelle Memorial Institute 
505 King Avenue 
Columbus, OH 43201 

No. of 
Copies 

Jeff t. Means 
Battelle Memorial Institut~ 
505 King Avenue 
Columbus, OH 43201 

Dr. Robert E. Meyer 
Oak Ridge.National Laboratory 
P. 0. Box X 
Bldg. 4500, MS-C18 
Oak Ridge, TN 37830 

Don Moak . 
Office of Nuclear Waste 

Isolation 
Battelle Memorial Institute 

.505 King Avenue 
Columbus, OH- 43201 

Martin Molecke 
Sandia Labdr~to~ies 
Nuclear Waste' Experimental 

Programs · 
Division 4512 
Albuquerque, NM 87185 

.Anthony N.·Mucciardi 
Adapton i cs, Inc. 
1750 Old Meadow Road 
Mclean, VA 22102 

Bob Nebeker 
Exxon Nuclear Idaho 
P.O. Box 2800 
Idaho Falls, ID 83401 

J. 0. Neff 

Distr-5 

Department of Energy 
Columbus Program Office 
505 King Avenue 
Columbus, OH 43201 

Ivars Nerentnieks 
Lawrence Berkeley Laboratory 
University of California 
Earth Sciences Bldg. 90 
1 Cyclotron Road 
Berkeley, CA 94720 



No. of 
Copies 

E. Norris 
Los Alamos Scientific Laboratory 
CNC-11, MS-514 
P. 0. Box 1663 

Clyde Northrup 
Chemicl Technology Division 
Sandia Laboratories 
P.O. Box 5800 
Albuquerque, NM 87185 

E. J. Nowak 
Sandia Laboratories 
Division 5824 
Albuquerque, NM 87115 

Edward 0 1 Donnell 
Nuclear Regulatory Commission 
Washington, D.C. 20005 

· Office of Radiation Programs 
Technical Assessment Division 
Environmental Protection Agency 
Washington, DC 20460 -

W. M. Pardue 
Office of Nuclear Waste 

Isolation. 
Battelle Memorial Institu~e 
505 King Avenue 
Columbus, OH 43201 

George A. Parks 
Department of Applied Earth 

Sciences 
Stanford University 
Stanford, CA 94305 

M. A. Penneman 
Los Alamos Scientific Laboratory 
P. 0. Bnx 1663 
Los Alamos, NM 87545 

Kent Peterson 
U.S. Bureau of Mines 
P .0. Box 1660 
Twin Cities, MN 55111 

No. of 
Copies 

Gil Raines 
Office of Nuclear Waste Isolation 
Battelle Memorial Institute 
505 King Ave. 
Columbus, OH 43201 

B. A. Rawles 
Battelle Memorial Institute 
Office of Nuclear Waste 

Isolation 
505 King Avenue 
Columbus OH 43201 

Terry F. Rees 
Denver Federal Center 
U.S. Geological Survey 
P.O. Box 25046 
MS-412 
Lakewood, CO 80225 

Paul Rickert 
Argonne National Laboratory 
Building 200 
9700 S. Cass Ave. 
Argonne, IL 60439 

Gary Robbins 
Nuclear Regulatory Commission 
Division of Waste Management 
Washington, DC 20555 

John Robertson 
Office of Radio Hydrology 
U.S, Geological Survey 
MS-410 
Reston, VA 20092 

D. M. Rohrer 
Nuclear Regulatory Commission 
Division of Waste Management 
Wd~hington, DC 20555 

D. R. Roy . 
Materials Research Laboratory 
Pennsylvania State University 
University Park, PA 16802 

Distr-6 



No. of 
Copies 

L. Santos 
Nuclear Regulatory Commission 
Mail Stop 1130-SS · 
Washington, DC 20555 

Dr. Martin G. Seitz 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, IL . 60439 

Barry E •. Sche~tz 
Materials Res~arch Laboratory 
Pennsylvania State Univer~ity 
University Park, PA.· 16802 

Hank SchiJli.ng 
Battelle Human Affairs Research 

Centers .. 
4000 NE 41st Street 
Seattle, WA 98105 

Genevieve Segol 
Bechte·l Corporation 
P.O. Box 3965 
San Francisco, CA 94119 

Martin Seitz 
Argonne National Laboratory 
9700 S. Case Ave. 
Argonne, IL 60439 

C. G. Shirley 
Los Alamos Technical Association 
P.O. Box 410 
Los Alamos,· NM 87544 ... · 

Dr. Robert J. -Silva· 
Lawrence Berkeley Laboratory 
1 Cyclotron Road 
B 1 dg. 70A/1160 
Berkeley, CA 94720 

D . R . S imp son 
Lehigh University 
Bethlehem, PA 18001 

No. of 
Copies 

Bruce -Staples 
Exxon Nuclear 1daho 
P .0. Box· '2800 ·· 
Idaho Falls, ID 83401 

David B. Stewart 
U.S. Geological Survey 
National Center 959 
Reston, VA 22092 

H. P.·stephens 
Sandia Laboratories 
Albuquerque, NM 87115. 

Joseph L.· Thompson 
Department of Chemistry 
Idaho State University 
P.O. Box 8397 
Pocatello, ID 83209 

Daryl Tweeton 
U.S. Bureau of Mines 
P.O. Box 1660 
Twin Cities, MN 55111 

Elizabeth R. Vine 
Los Alamos Scientific Laboratorr 
CNC-11, MS- 514 
Los Alamos, NM ~7545 

R. L. Watters 
Department of Energy 
Office of Biomedical and 

Environmental Research 
Washington, DC 20545 

Homer C. Weed 
Lawrence Livermore Laboratory 
MS-L350 
P.O. Box 808 
Livermore,.CA 94550 

Allen Weiss 
Brookhaven National Laboratory 
Building 830 
Upton, NY 11973 

· · Distr-7 

1.~·-

/ 



No. of 
Copies 

William B. White 
Materials Research Laboratory 
Pennsylvania State University 
University Park, PA 16802 

· w. A. Wi 11 i ams 
Office of Radiation Programs 
Environmental Protection Agency 
Washington, DC 20460 

Wi 11 ste Library 
Nuclear Regulator.v Commission 
Washington, DC 20555 

Tom Wolery 
Lawrence livermore La.bortltory 
P.O. Box 808 MS-L224 
Livermore, CA 94550 

Kurt Wolfsberg 
Los Alamos Scientific Laboratory 
CNC-11, MS-514 
Los Alamos, NM 87545 

R. Wunderlich 
Department of Energy 
Columbus Program Office 
505 King Avenue 
Columbus, OH 43201 

H. Tom Yolken 
National Bureau of Standards 
Physics Building 1B230 
Washington, DC 20234 

FOREIGN 

B. A 11 ard 
Chalmers University 
S-402 
20 Goteborg 5 
SWEDEN 

No. of 
Copies 

D1Allessandro Avogadro 
Commission of European 

Communities 
Joint Research Centre 
I-21020 Ispra (Varese) 
ITALY 

L. R. Dole 
Institut fur Tieflagerung 
Wissenschaftliche Abteilung 
Berliner Strasse 2 
3392 Clansthal Zellerfeld 
F.R. of GERMANY 

Ferrur.cio Gera 
Rad1at1on Protection and 

Waste Management Division 
Nuclear Energy Agency/OECD 
38 boulevard Suchet 
75016 Paris 
FRANCE 

David Grey 
Institute of Geologic Sciences 
Exhibition Road 
S. Kensington 
London, SW7-2DE 
UNITED KINGDOM 

Owe Landstrom 
Studsvik Emergiteknik AB 
S-611 82 Nykoping 
SWEDEN 

H. Lang 
Inst. F. Radiohydrometrie der 

Gesellschaft Fuer Strahlen
und 'Umweltfopschung 

Ingolstaedter Landstrasse 1· 
8042 Neuherberg 
GERMANY 

Distr-8 

, 



No. of 
Copies 

Hans W. Levi 
Hahn-Meitner-Institut fur 

Kernforschung . ~ . 
Gl i en i cker Strasse 100 · 

· 1000 Ber 1 i n 39 
F.R. of GERMANY 

Ian McKi.nley, ··! .. 

Environmental Pollution Section 
Building 151 
Harwell Laboratory 
Oxfordsh.ir~,. Ox· 11 .ORA . 
UNITED KINGDOM 

Fran~ Pet~r O~sterle . 
Physikalisch-Chemische 

Bundesanstalt 
Bunde sa 11 ee 100 
D-3300 Braunschweig 
F.R. of GERMANY 

Peter Sargent 
Atomic Energy of Canada 
Whiteshell Nuclear Research 

Establishment 
Storage and Disposal Branch 
Pinawa, Manitoba, REO 1LO 
CANADA 

T. Chuck Vandergraff 
Atomic Energy of Canada 
Whiteshell Nuclear Research 

Establishment 
Pinawa, Manitoba REO 1LO 
CANADA 

ONSITE. 

4 DOE Richland ·operations·Office 

0. J. El gert 
H. E. Ransom 
J. J. Schreiber 
F. R. Standerfer 

, ·No. of 
Copies 

3 Hanford Engineering·Development 
Laboratory 

D. A. Cantley 
D. E. Clark .. 
A.:··c. Leaf 

8 Rockwell Hanford Operati~ns 

G. Scott Barney 
G. E. Brown 
W. Coons 
S. A. Gallagher 
R. G. Johnston 
R. Reitz 
R. A. Deju 
M. J. Smith 

62 Pacific Northwest Laboratory 

L. L. Ames 
D. J. BradJey 
A. Brandstetter 
A. C .. Campbell 
D. B. Cearlock/G. W. Dawson 
T. D. Chikalla 

· M. 0. C 1 on i nger 
W. J. Deutsch 
F. H. Dove 
H. Drucker 
C. E. Elderkin 
R. W. Fulton 
J. K .• Gower 
C. R. Hann . 
D! D. Hostetler 
J. H. Jarrett 
C. G. Jordan 
· Y .. B. Katayama 
M. R. Kreiter 
K. M. Krupka 
W. L. Kuhn 
L. T. Lakey 
D. E. Larson/E. Wheelright 
J. L. McElroy/R. E. Nightingale 

Distr-9 



No. of 
Copies 

,· 

G. L. McVay 
W. J. Martin 
D. A. Moore 
R. D. Nelson/W. A. Ross/0. F. Hill 
J. M. Nielson 

I c·. R. Palmer/R. 0. Lokken/ 
A. D. Chockie/G. B. Mellinger 

H. M. Parker 
A. M. Platt 
D. Ra i 
J. F. Relyea 
J. L. Ryan 
J. M. Rusin/R. P. May ". 
R. J. Serne 
J. W. Shade 
D • J . S i 1 vier-a 

No. of 
Copies 

R. G. Strickert 
A. M. Sutey 
J. L. Swanson · 
R. P. Turcotte/D. M. Strachen 
H. H. VanTuyl 
B. E. Vaughn 
R. Wang. 
C. D. Washburne 
R. E. Westerman/L. A. Charlot/ 

L. A. Chick 
J. H. Westsik · 
L • D • W i 11 i ams 
Water and Land Resources 
·Library (6) 

Technical Information (5) 
Publishing Coordination (SH)(2) 

/ 

Djstr-10 
I' • 

lo 




