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FOREWORD 

Eptr, fuel ir high-level radioactive va3te is now prefaced in many 
cor itri >r. a.* a result of :rs generation of electricity by nuclear reactors. 
The long pe iods of vine over wh'ch this type of waste reaai.)- potentially 
hazardous rrguire a dispcna? method based on i-s capability to provide 
lon^-te m Eolation. Bu ial beneath the ocean floor in geologically stable 
sediment formrtions has been studied because of its potential for long-term 
isolati >n. 

Cince 1*77, countri s conducting research on ocean-r)oo? burial of 
high-l'r el wasce, oftet. called sub-seabed or seabed disposal, h~ve cooperated 
and excnanged information in the framework of the Seabed Working Group estab
lished under the Radioactive Vast:; Management Committee of the OUCD Nuclear 
Energy Agency. Me ibers of the Group are: Belgium, Canada, France, the Federal 
Rej» tblic of Germany, Italy, Japan, the fatherlands, Switzerland, United 
Kingdom, United Stites, id '.he Commission of the European Communities (CEC). 

The objecti . of *iie Seabed Working Group is to provide scientific and 
technical informal n to anable international and national juthoritieu to 
assess :he safety and engineering feasibility of seabed dijpossl. As none of 
the participating cruiU .es intend to use seabed disposal in the foreseeable 
future, the work of r.'ie Seabed Vorking Group should essentially be seen at 
this stage as a scien if is contribution to the identification and assessment 
of potential methods ~jt radioactive waste disposal. 

An Executive Cc .fc.Utee tuided the overall dir«.c%on and policy of the 
Seabed Vorking Group i - 'his .-^search. Its members represented their 
respective national pr jiamm**, made financial commitments and coordinated 
national positions in vrder to permit the Saab'-.d Vorking Group to pursue its 
overall objectives, A arge n-.mber of sciei. .ists have contributed to the 
research which comprises the present body of knowledge relating to seabed 
disposal of radioactive vaste. 

This volume is one of * series of eight volumes assessing seabed dis
pose! based on research rarritJ out by the Seabed Vorking Group over the last 
ten years. Volume 1 pre.ides an overview of the research and a summary of the 
resuJts. Volumes 2 to 8 consut of technical supplements which provide a more 
detailed description of ualological issessment, geoscience characterization, 
engineering studies and '^t sclent?f? . basis upen which the radiological as
sessment is built. Althc gh legal, political. <tnd institutional aspects are 
essentia.* to possible fur-re m e of seabed disposal, they are not being con
sidered in this series. 

This report reprej. .its 'lie view of the authors. It commits neither the 
Organisation nor the Government of Member Countries. 

• / . 
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PREFACE 

A subseabed repository for high-level radioactive waste (HLU) would 

include engineered barriers (the canister and the waste form) designed to 

isolate the waste from the sediments until the short-lived, heat-

producing fission products decay to innocuous levels. The sediments 

themselves, however, would eventually provide the primary barrier to the 

migration of long-lived radionuclides back to the oceanic water column 

and the marine ecosystem. Moreover, the sediments, along with the water 

column, would constitute the major barriers to the migration of 

radionuclides back to man. Initially, the objective of the Sediment 

Barrier Task Group (SBTG) was to evaluate the barrier properties of a 

variety of deep-sea sediments from study locations characterized by the 

Site Assessment Task Group (SATG). Later, the SBTG sought to obtain 

site-specific data for use by the Radiological Assessment Task Group 

(RATG) in models of radionuclide transport through the sediments at the 

Great Meteor East (GME) and Southern Nares Abyssal Plain (SNAP) study 

locations in the North Atlantic Ocean. To meet these objectives, the 

SBTG coordinated field and laboratory investigations in seven countries 

over a period of 12 years. 

This volume contains a review of the laboratory investigations of 

radionuclide migration through deep-sea sediments carried out for the 

SBTG. In addition, it discusses the data selected, on the basis of both 

field and laboratory studies, and submitted to the RATG for its 

radiological assessment of a subseabed repository for HLW. 

Although the SBTG believes that both field and laboratory 

investigations are essential to quantify the barrier properties of deep-

sea sediments, none of its members with expertise in the geochemistry of 

deep-sea sediments had time to review the numerous field studies carried 

out concurrently with the laboratory studies. Fortunately, these results 

were considered by the SATG (see Volume 3, Geoscience Characterization 

Studies). 

Many of the laboratory investigations coordinated by the SBTG have 

not been published in the open literature, and are therefore described in 
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reports that received limited distribution. Because these reports ar 

often difficult to obtain, this volume presents a detailed review of th 

methods used as well as the results obtained from these investigations. 

In some cases, however, important aspects of experimental procedure wer 

not discussed in the original reports. The level of detail thus varies 

somewhat throughout this volume. 

The author is grateful to the following individuals for thei 

assistance during the preparation of this volume: D. Boust, D. Buckley, 

B. C. Bunker, R. E. Cranston, K. L. Erickson, D. Garber, 6. R. Heath, 

J. P. Hickerson, J. J. W. Higgo, B. T. Kenna, J. L. Krumhansl, 

M. 6. Marietta, S. Hakashima, D. Rancon, F. Schreiner, R. Schuttenhelm, 

L. E. Shephard, K. Shimooka, D. A. Stanners, A. van Dalen, and T. R. S. 

Wilson. The author is especially grateful to D. R. Anderson for hi 

encouragement and support during the preparation of this volume, as wel 

as for his tireless efforts over the years on behalf of the investigatio 

of the subseabed disposal option. A complete list of SBT6 members an 

observers is contained in the proceedings of the Seabed Working Grou 

(SWG) annual meetings (see Anderson, 1976; 1978; 1980a; 1980b; 1981; 

1982; 1984; 1985; 1986; 1987). 
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EXECUTIVE SUMMARY 

The Sediment Barrier Task Group (SBTG) coordinated laboratory studies 

of radionuclide migration through deep-sea sediments by investigators in 

six countries over a period of 12 years. The objectives of these studies 

were to evaluate the barrier properties of a variety of deep-sea sediments 

from study locations characterized by the Site Assessment Task Group 

(SATG), and to obtain site-specific data for use by the Radiological 

Assessment Task Group (RATG) in models of radionuclide transport through 

the sediments at the Great Meteor Bast (GME) and Southern Narert Abyssal 

Plain (SNAP) study locations in the North Atlantic Ocean. This volume 

presents a review of these laboratory investigations and the results 

obtained from them. Although the SBTG also participated in numerous 

geochemical investigations at the study locations characterized by the 

SATG, these field studies are not discussed here. For the convenience of 

the reader, however, this volume contains a brief description of the 

sediments from GME and SNAP, and the Mid-Plate Mid-Gyre I (MPG I) study 

location in the North Pacific Ocean. 

The laboratory investigations of radionuclide migration coordinated 

by the SBTG comprised mostly sorption and diffusion experiments, and 

yielded distribution ratios (R.s) and effective diffusion coefficients 
o 

(D g), respectively. This volume presents a general discussion of 
the methodologies used for these investigations, followed by a detailed 

review of the methods used and results obtained at each of the 

institutions that contributed to the SBTG. 

In general, the laboratory investigations carried out for the SBTG 

were empirical in nature, and thus defined neither the speciation of the 

radionuclide of interest, nor the mechanism or mechanisms responsible for 

the removal of each of these species from solution by the sediment. 

Nevertheless, the SBTG did conclude that: (1) the deep-sea sediments 

studied would provide a very effective barrier to the migration of Am, 

Cs, Cm, Np, Pd, Pu, Ra, Sn, Th, U, and Zr, 11 of the 15 critical elements 

in high level radioactive waste (HLW), by removing a very high percentage 

of these elements from the pore water; (2) although the critical elements 
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C, I, Se, and Tc are not removed from solution to a significant extent by 

these sediments, the escape of significant quantities of these elements 

to the overlying water column would still be delayed for a period on the 
4 

order of 10 years after their release from waste packages, emplaced. at 

a depth of 50 + 20 m in the sediments, because of the time required for 

diffusion through the pore water; (3) in most cases, the mineralogy and 

redox state of the sediments studied by the SBTG did not have a signifi

cant effect (as defined by the radiological assessment for GME and SNAP) 

on the distribution ratios or effective diffusion coefficients measured 

in laboratory investigations of radionuclide migration; (4) on an element-

by-element basis, the R.s and D _,s measured with deep-sea sediments 
a etc 

are generally comparable to those measured for continental geologic 

formations. In addition to these general conclusions, this volume 

contains a detailed discussion of the distribution ratios submitted to 

the RATG for its radiological assessment of the GME and SNAP study 

locations. 

The SBTG is confident that its general conclusions are valid, and 

that its estimates of the distribution ratios submitted to the RATG are 

accurate. It does, however, recommend several additional field and 

laboratory investigations to increase its confidence in the efficacy of 

the sediment barrier: (1) carry out additional laboratory sorption and 

diffusion experiments with the critical elements C, Cm, I, Pd, Ra, Se, 

Sn, Th, and Zr to obtain empirical data for a variety of sediments 

comparable to those used for the other six critical elements in HLW; 

(2) conduct more realistic laboratory experiments with all 15 of the 

critical elements (these experiments should at the very least be per

formed with well preserved sediments at in situ pressures and reproduce 

in situ redox conditions more accurately than current laboratory 

experiments); (3) determine the speciation of the critical elements in 

HLW under simulated repository conditions (the SBTG expects that the 

speciation of I, Hp, Pd, Se, Sn, Tc, U, and perhaps Pd will be complex, 

and should be given higher priority than that of Am, C, Cm, Cs, Ra, Th, 

and Zr); (4) identify the mechanism or mechanisms responsible for the 

removal of the important species of each of the critical elements from 

solution by deep-sea sediments; (5) quantify the statistical distribution 

of the distribution ratios and/or effective diffusion coefficients for 
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the critical elements in HLU; and (6) carry out in situ experiments t 

validate calculations based on the results of laboratory investigation 

of radionuclide migration through deep-sea sediments. 

-10-



CONTENTS 

DESCRIPTION OF SELECTED SEDIMENTS USED FOR LABORATORY 
STUDIES OF RADIONUCLIDE MIGRATION 23 

1.1 Introduction 23 
1.2 Atlantic Preference Locations 26 

1.2.1 Great-Meteor-East Study Location 26 

1.2.2 Southern-Hares-Abyssal-Plain Study Location . . . . 29 

1.3 Pacific Study Location 30 

1.3.1 Mid-Plate, Mid-Gyre I Generic Study Location. . . . 30 
REVIEW OF LABORATORY INVESTIGATIONS OF RADIONUCLIDE MIGRATION 

THROUGH DEEP-SEA SEDIMENTS 33 

2.1 Introduction 33 
2.2 Methods of Investigation 33 

2.2.1 Sensitivity Studies 34 
2.2.2 Sorption Studies 34 
2.2.3 Diffusion Studies 39 
2.2.4 Relationship between the Effective Diffusion 

Coefficient and the Distribution Ratio 40 

2.3 Commission of the European Communities 42 

2.3.1 Joint Research Center, Ispra Establishment . . . . 42 

2.3.1.1 Sorption Studies 42 

2.3.1.1.1 Sediments and Solutions . . . 42 

2.3.1.1.2 Experimental Methods 44 
2.3.1.1.3 Analytical Methods 45 
2.3.1.1.4 Americium 45 
2.3.1.1.5 Neptunium 46 

2.4 FRANCE 53 

2.4.1 Environmental Studies and Research Service, 

Cadarache 53 

2.4.1.1 Sorption Studies 53 

2.4.1.1.1 Sediments and Solutions . . . 54 

2.4.1.1.2 Experimental Methods 54 
2.4.1.1.3 Analytical Methods 55 
2.4.1.1.4 Americium 55 
2.4.1.1.5 Cesium 56 
2.4.1.1.6 Cobalt 56 

-11 



CONTENTS (Continued) 

2.4.1.1.7 Manganese 57 
2.4.1.1.8 Neptunium 57 
2.4.1.1.9 Plutonium 57 

2.5 JAPAN 58 

2.5.1 Japan Atomic Energy Research Institute, 

Tokai Research Establishment 58 

2.5.1.1 Sorption Studies 58 

2.5.1.1.1 Sediments and Solutions . . . 58 

2.5.1.1.2 Experimental Methods 59 
2.5.1.1.3 Analytical Methods 59 
2.5.1.1.4 Cesium 59 
2.5.1.1.5 Cobalt 60 
2.5.1.1.6 Plutonium 60 
2.5.1.1.7 Technetium 61 

2.5.1.2 Diffusion Studies 61 

2.5.1.2.1 Sediments and Solutions . . . 61 
2.5.1.2.2 Erperimental Methods 62 
2.5.1.2.3 Analytical Methods 63 
2.5.1.2.4 Technetium 63 

2.6 NETHERLANDS 68 

2.6.1 Delta Institute for Hydrobiological Research . . . 68 

2.6.1.1 Sorption Studies 68 

2.6.1.1.1 Sediments and Solutions . . . 68 

2.6.1.1.2 Experiments in Polypropylene 
Containers 77 

2.6.1.1.3 Experiments in Teflon 
Containers 79 

2.6.1.1.4 Experiments in Glass 
Containers 79 

2.6.1.1.5 Analytical Methods 80 
2.6.1.1.6 Americium 80 
2.6.1.1.7 Cadmium 84 
2.6.1.1.8 Europium 84 
2.6.1.1.9 Neptunium 86 
2.6.1.1.10 Plutonium 88 

2.6.1.2 Column Studies 91 

2.6.1.2.1 Sediments and Solutions . . . 91 
2.6.1.2.2 Experimental Methods 91 
2.6.1.2.3 Analytical Methods 92 

-12-



CONTENTS (Continued) 

2.6.1.2.4 Cadmium 93 

2.6.1.2.5 Plutonium 93 

2.6.2 Netherlands Energy Research Foundation 93 

2.6.2.1 Sorption Studies 93 

2.6.2.1.1 Sediments and Solutions . . . 94 

2.6.2.1.2 Experimental Methods 94 
2.6.2.1.3 Analytical Methods 95 
2.6.2.1.4 Americium 95 
2.6.2.1.5 Neptunium 95 

2.6.2.2 Diffusion Studies 96 

2.6.2.2.1 Sediments and Solutions . . . 96 
2.6.2.2.2 Experimental Methods 97 
2.6.2.2.3 Analytical Methods 97 
2.6.2.2.4 Americium 97 
2.6.2.2.5 Neptunium 97 

2.7 UNITED KINGDOM 99 

2.7.1 Imperial College 99 

2.7.1.1 Sorption Studies 99 

2.7.1.1.1 Sediments and Solutions . . . 101 

2.7.1.1.2 Experiments at a Constant 
Sediment/Sea*ater Ratio . . 106 

2.7.1.1.3 Experiments at a Variable 
Sediment/Seawater Ratio . . 108 

2.7.1.1.4 Analytical Methods 113 
2.7.1.1.5 Americium 113 
2.7.1.1.6 Cesium 119 
2.7.1.1.7 Europium 12 
2.7.1.1.8 Iodine 12 
2.7.1.1.9 Neptunium 124 
2.7.1.1.10 Plutonium 127 
2.7.1.1.11 Technetium 13 
2.7.1.1.12 Uranium 13 

2.7.1.2 Diffusion Studies 137 

2.7.1.2.1 Sediments and Solutions . . . 13 
2.7.1.2.2 Constant-Source Method. . . . 14 
2.7.1.2.3 Steady-State Method 14 
2.7.1.2.4 Profile Method 147 
2.7.1.2.5 Half-Cell Method 14 
2.7.1.2.6 Analytical Methods 15 
2.7.1.2.7 Americium 15 

-13-



CONTENTS (Continued) 

2.7.1.2.8 Cesium 153 
2.7.1.2.9 Iodine 155 
2.7.1.2.10 Neptunium 160 
2.7.1.2.11 Plutonium 163 
2.7.1.2.12 Technetium 164 

2.8 UNITED STATES 167 

2.8.1 University of Rhode Island 167 

2.8.1.1 Sorption Studies 167 

2.8.1.1.1 Sediments and Solutions . . . 167 
2.8.1.1.2 Kinetic Experiments 169 
2.8.1.1.3 Sorption Experiments 170 
2.8.1.1.4 Analytical Methods 171 
2.8.1.1.5 Europium 171 
2.8.1.1.6 Uranium and Thorium 176 

2.8.1.2 Diffusion Studies 176 

2.8.1.2.1 Sediments and Solutions . . . 177 
2.8.1.2.2 Experimental Methods 177 
2.8.1.2.3 Comparison of Experimental 

and Numerical Results . . . 178 

2.8.2 Sandia National Laboratories 178 

2.8.2.1 Sorption Studies 178 

2.8.2.1.1 Sediments and Solutions . . . 180 
2.8.2.1.2 Experiments at 4 and ll'C . . 181 
2.8.2.1.3 Experiments at 20 and 60*C. . 182 
2.8.2.1.4 Analytical Methods 183 
2.8.2.1.5 Results of Americium, Barium, 

Cadmium, Cerium, Cesium, 
Curium, Europium, Gadolin
ium, Plutonium, Prometheum, 
Rubidium, Silver, Strontium, 
Technetium, and Uranium at 
4 and ll'C 183 

2.8.2.1.6 Results for Barium. Cesium, 
Europium, and Strontium at 
20 and 60*C 189 

2.8.2.2 Diffusion Studies 192 

2.8.2.2.1 Sediments and Solutions . . . 192 
2.8.2.2.2 Experimental Methods. . . . . 193 
2.8.2.2.3 Analytical Methods 193 

-14-



CONTENTS (Continued) 

2.8.2.2.4 Results for Barium, Cerium, 
Cesium, Europium, and 
Sodium 193 

2.8.2.3 Speciation Studies 197 

2.8.2.3.1 Sediments and Solutions . . . 199 
2.8.2.3.2 Diffusion Experiments . . . . 200 
2.8.2-3.3 Leaching and Diffusion 

Experiments 202 
2.8.2.3.4 Analytical Methods 202 
2.8.2.3.5 Competitive Equilibria Model 

of Uranium Sorption by Red 
Clay 203 

2.8.2.3.6 The Effects of Bicarbonate 
Concentration and pH on 
the Diffusion of Uranium. . 203 

2.8.3 Argonne National Laboratory 205 

2.8.3.1 Diffusion Studies 205 

2.8.3.1.1 Sediment and Solutions. . . . 206 

2.8.3.1.2 Penetration Method 208 
2.8.3.1.3 Syringe-Ruboff Method . . . . 210 
2.8.3.1.4 Anaytical Methods 215 
2.8.3.1.5 Americium 216 
2.8.3.1.6 Curium 219 
2.8.3.1.7 Neptunium 220 
2.8.3.1.8 Plutonium 223 
2.8.3.1.9 Radium 227 
2.8.3.1.10 Selenium 228 
2.8.3.1.11 Technetium 229 
2.8.3.1.12 Thorium 233 
2.8.3.1.13 Tin 233 
2.8.3.1.14 Uranium 233 

3. CONCLUSIONS AND RECOMMENDATIONS FOR ADDITIONAL INVESTIGATIONS. 235 

3.1 Conclusions 235 

3.1.1 General Observations on the Sediment Barrier . . . 235 
3.1.2 Distribution Ratios for the Critical Elements in 

High-Level Radioactive Waste 237 

3.1.2.1 General Comments on the Selection of 
Distribution Ratios 237 

3.1.2.2 Summary of Distribution Ratios 239 

-15-



CONTENTS (Concluded) 

3.1.2.2.1 Anericium 239 
3.1.2.2.2 Carbon 241 
3.1.2.2.3 Cesium 241 
3.1.2.2.4 Curium 242 
3.1.2.2.5 Iodine 242 
3.1.2.2.6 Neptunium 243 
3.1.2.2.7 Palladium 245 
3.1.2.2.8 Plutonium 245 
3.1.2.2.9 Radium 247 
3.1.2.2.10 Selenium 247 
3.1.2.2.11 Technetium 24 
3.1.2.2.12 Thorium 24 
3.1.2.2.13 Tin 24 
3.1.2.2.14 Uranium 25 
3.1.2.2.15 Zirconium 25 

3.2 Recommendations for Additional Investigations 25 

APPENDIX A: ABBREVIATIONS AND ACRONYMS 25 

REFERENCES 26 

-16-



1.1 Atlantic Study Locations Investigated by the SATG 24 

1.2 Pacific Study Locations Investigated by the US SDP 25 

2.1 The Effect of the Porosity of: (A) Seven Calcareous Sedi-

nents from Core 10 and (B) Five Samples of Bentonite on 
the Effective Diffusion Coefficient Deff for 
Technetium 66 

2.2 The Effects of Final Dissolved Americium Concentration 
and Temperature on the Sorption of Americium by: (A) 
the Mildly Reduced Calcareous Sediment 82PCL14 and 
(B) the Mildly Seduced Calcareous Sediment- 82PCL32 82 

2.3 The Effects of Final Dissolved Americium Concentration 
and Temperature on the Desorption of Americuim by: (A) 
the Mildly Reduced Calcareous Sediment 82PCL14 and 
(B) the Mildly Reduced Calcareous Sediment 82PCL32 83 

2.4 The Effect of Final Dissolved Cadmium Concentration and 
Temperature on the Sorption of Cadmium by the Mildly 
Reduced Calcareous Sediment 82PCL32 85 

2.5 The Effects of Final Dissolved Neptunium Concentration 
and Temperature on the Sorption of Neptunium by: (A) 
the Mildly Reduced Calcareous Sediment 82PCL14 and 
(B) the Mildly Reduced Calcareous Sediment 82PCL32 . . . . 87 

2.6 The Effects of Final Dissolved Plutonium Concentration 
and Temperature on the Sorption of Plutonium by: (A) 
the Mildly Reduced Calcareous Sediment 82PCL14 and (B) 
the Mildly Reduced Calcareous Sediment 82PCL32 89 

2.7 The Effects of Final Dissolved Plutonium Concentration 
and Temperature on the Desorption of Plutonium by: (A) 
the Mildly Reduced Calcareous Sediment 82PCL14 and (B) 
the Mildly Reduced Calcareous Sediment 82PCL32 90 

2.8 Diffusion Profiles of Neptunium-237 in: (A) Turbiditic 
Ooze; (B) Pelagic Clay; (C) Pelagic Nanoforam Ooze 
from 6ME 98 

2.9 The Effect of the Carbonate Content of Three 6ME Sediments 
on the Square Root of the Effective Diffusion Coefficient 
for Neptunium 100 

2.10 The Effect of Various Fixed Proportions of a Weakly Sorbed 
Species on the Relationship between the Sediment/Seawater 
Ratio and (A) R<j and (B) (C°-C)/C for Rn - 1 x 10

6 ml/g 
and Rx - 1 x 10"2 ml/g 11 

-17-



FIGURES (Continued) 

2.11 The Effect of Various .'ixed Proportions of a Weakly Sorted 
Species on the Relationship between the Sediment/Seawa er 
Ratio and (A) Rj and B) (C°-C)/C for Rh = 1 x 10

6 

ml/g and Hi = 1 x 102 wl/g Ill 

2.12 The Effect of Rn on the Relationship between the Sediment/ 
Seawater Ra'io and (A) Rd and (B) (C°-C)/C for 0.05% of a 
Weakly Sorted Species with ^ > 1 x 10 _ 1 ml/g 112 

2.13 The Effect of the Sediment/Seawater Ratio of the Sorption of 
Americium by the Calcareous Sediment 10399 #7K 117 

2.14 The Effect of the Sediaent/Seawater Ratio on the Sorption of 
Americium by the Red Clay 10400 #8K 118 

2.15 The Effect of the Sediment/Seawater Ratio on the Sorption of 
Plutonium by the Calcareous Sediment 10399 #7K 131 

2.16 The Effect of the Sediment/Seawater Ratio on the Sorption of 
Plutonium by the Red Clay 10400 #8K 132 

2.17 Procedures for Preparing Samples of Undisturbed, Tracer-Free 

Sediment for Diffusion Experiments at Imperial College. . . 142 

2.18 Schematic of the Constant-Source Method 143 

2.19 Schematic of the Steady-State Method 146 

2.20 Schematic of the Profile Method 148 

2.21 Schematic of the Half-Cell Method 150 

2.22 Breakthrough Curve for Cesium during an Experiment with the 
Calcareous Sediment 10554 #2K and the Steady-State Method . 154 

2.23 Diffusion Profile (Points Enclosed by Circles) and Erf-1 

(C/C°) for Iodine After a 2-Day Experiment with Calcar
eous Sediment 10554 #5BX and the Constant-Source Method . . 156 

2.24 Breakthrough Curve for Iodine during the 25-Day Experiment 
with the Calcareous Sediment 10554 05BX and the Steady-
State Method 158 

2.25 Diffusion Profile for Iodine after the 25-Day Experiment 
with the Calcareous Sediment 10554 #5BX Experiment and the 
Steady-State Method 159 

2.26 The Effect of Final Dissolved Europium Concentration on 
the Sorption of Eu from 0.68 II MaCl Solutions by Smectite-
Rich Red Clay from Core Y74-3-58P 172 

-18-



FIGURES (Continued) 

2.27 The Effects of Downcore Mineralogical Variations Direction 
of Reaction, and Temperature on the Sorption of Bu from 
0.68 N HaCI Solutions by Red Clays from LL44-GPC-3 174 

2.28 The Effects of Final Dissolved Europium Concentration and 
Direction of Reaction on the Sotptior. of Europium from 
0.68 K HaCI Solutions by Red Clays from LL44-GPC-3 17! 

2.29 Calculated and Experimental Europium Concentration Profiles 
in Deep-Sea Sediments after Exposure to 0.68 II HaCI 
Solutions with an Initial Eu Concentration of 2 x 10~3 M 
for 109 Days (Experimental) and 90 Days (Predicted) . . . . 17* 

2.30 The Effects of Final Dissolved Concentration, pH, and the 
Amorphous Fe- and Mn-Oxhydroxide Phases on the Sorption of 
Cesium and Rubidium from 0.68 H HaCI Solutions by the Red 
Clay LL44-GPC-2 184 

2.31 The Effects of Final Dissolved Concentration, pH, and the 
Amorphous Fe- and Mn-Oxyhydroxide Phases on the Sorption 
of Barium and Strontium from 0.68 H HaCI Solutions by 
the Red Clay LL44-GPC-2 185 

2.32 The Effects of Final Dissolved Concentration and pH on 
the Sorption of Cadmium and Silver from 0.68 H HaCI 
Solutions and Deionized Water by the Red Clay LL44-GPC-2. . 186 

2.33 The Effects of Final Dissolved Concentration and pH on the 
Sorption of Americium, Cerium, Curium, Europium, 
Gadolinium, Promethium, Plutonium, and Uranium from 0.68 N 
HaCI Solutions by the Red Clay LL-J4-GPC-2 187 

2.34 The Effects of Time, Temperature, and pH on the Sorption 
of Ba and Cs from 0.68 H HaCI Solutions by the Red 
Clay LL44-GPC-2 190 

2.35 The Effects of Time, Temperature, and pH on the Sorption of 
Eu and Sr from 0.68 H HaCI Solutions by Red Clay 
LL44-GPC-2 191 

2.36 Schematic of the Apparatus Used for Diffusion Experiments 
at Sandia 194 

2.37 Comparison of Calculated and Observed Distribution Ratios 
for Uranium (in ml/g) as a Function of the pH and Bi
carbonate Activity in Solution 204 

2.38 Schematic of the Penetration Method 209 

2.39 Schematic of the Syringe-Ruboff Method 211 

-19-



FIGURES (Continued) 

2.40 Diffusion Profile for Sodium-22 after 3 Hours in Bentonite 
Saturated with Concentrated Jrine 213 

2.41 Diffusion Profile for Prussian Blue Dye in Bentonite 
Saturated with Concentrated Brine; Run Time Hot 
Reported 214 

2.42 Diffusion Profile for Americium in the Mildly Reduced 
Calcareous Sediment 82PCS19 217 

2.43 Diffusion Profile for Americium in the Mildly Reduced 
Argillaceous Sediment 82-018-019 218 

2.44 Diffusion Profile for neptunium after 46 Days in the Red 
Clay LL44-GPC-2 221 

2.45 Diffusion Profile for Plutonium in the Mildly Reduced 
Calcareous Sediment 82PCS19 225 

2.46 Diffusion Profile for Plutonium in the Mildly Reduced 
Argillaceous Sediment 82-018-019 226 

2.47 Diffusion Frofile for Technetium-95m after 1 Day in the 
Mildly Reduced Argillaceous Sediment TT141-II-7G 230 

TABLES 

2.1 Values of ths Free-solut.on Tracer Diffusion Coefficient 
for Several of the Critical Elements in High-Level Radio
active Waste 43 

2.2 The Sorption of Some Critical Elements in High-Level Radio
active Waste from Seawater or Artificial Seawater by 
Deep-Sea Sediments at Low Temperatures 47 

2.3 Values of the Free-Solution Tracer Diffusion Coefficient 
(in cm2/s) and the Constant a from Diffusion Experiments 
with Technetium 65 

2.4 The Diffusion of Some Critical Elements in High-Level Radio
active Waste through Deep-Sea Sediments Saturated with 
Seawater, Artificial Seawater, or Their Original Pore 
Waters at Low Temperatures 69 

2.5 Description of Sediments Used for Sorption Studies at 
Imperial College. 102 

2.6 Description of Sediments Used for Diffusion Studies at 
Imperial College 139 

-20-



TABLES (Continued) 

2.7 Diffusion Data for Barium, Cesium, and Europium 196 

2.8 Europium Desorption Distribution Ratios Measured after a 
12-Day Diffusion Experiment 198 

2.9 Distribution Ratios Predicted for Uranium (in ml/g) as a 
Function of pH, Bicarbonate Activity, and the Speciation 
of U Sorted to Red Cxay 201 

2.10 Description of Sediments Used for Diffusion Studies at 
Argonne Rational Laboratory 207 

3.1 Distribution Ratios Submitted to the Radiological Assessment 
Task Group for Use in Models of the Performance of the 
Sediment Barrier in a Subseabed Repository for High-Level 
Radioactive Waste 23 

* / . XX 



CHAPTER 1: DESCRIPTION OF SELECTED SEDIMENTS USED 
FOR LABORATORY STUDIES OF RADIONUCLIDE MIGRATION 

1.1 Introduction 

After investigating several study locations in the North Atlantic 

Ocean (see Figure 1.1) the Site Assessment Task Group and Cranston (1985) 

chose two North Atlantic preference locations. Great Meteor East (GME) 

and the Southern Nares Abyssal Plain (SNAP), for additional cooperative 

studies. These two study locations were in turn used by the Radiological 

Assessment Task Group (see Volume 2, Radiological Assessment) for its 

assessment of the over-all performance of a subseabed repository for 

high-level radioactive waste (HLW). In anticipation of these decisions 

by the SATG and RATG, the Sediment Barrier Task Group (SBTG) decided in 

1983 to carry out most of its laboratory investigations of radionuclide 

migration with sediments from GME and SNAP. This chapter therefore 

contains brief descriptions of these sediments. These descriptions are 

based on the comprehensive reviews of the GME and SNAP study locations 

provided by the Site Assessment Task Group (see Volume 3, Geoscience 

Characterization Studies). 

In adcition to reviewing the GME and SNAP preference locations in 

detail, the Site Assessment Task Group also emphasized the E study 

location (see Figure 1.2) in the Western North Pacific Ocean (E was 

investigated by the US Subseabed Disposal Project or SDP). Although no 

radiological assessment was carried out for E by the RATG, this study 

location in the North Pacific abyssal hills province was reviewed in 

detail to complement the choice of two preference locations in abyssal 

plains. The US SDP did not actually conduct any laboratory studies of 

radionuclide migration with E- sediments, but instead used similar 

sediments from the Mid-Plate, Mid-Gyre I (MPC I) generic study location 

in the Central North Pacific (see Figure 1.2). This chapter therefore 

contains a brief description of the sediments at MPG I. 
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1.2 Atlantic Preference Locations 

1.2.1 Great-Meteor-Bast Study Location 

6MB is located between 30 and 33*R, and 23 and 26*U in the Madeira 

Abyssal Plain (see Figure 1.1). The depth of the abyssal plain within 

GMB varies from about 5430 to 5450 m below sea level. Abyssal hills, 

which occupy about 30% of the area of the study location, rise a few 

hundred meters above the surrounding plain. 

About 250 to 1000 m of sediments overlie the Cretaceous basaltic 

basement throughout most of GME, and up to 1750 m cover the fracture-zone 

valleys. The upper 150 to 560 m of the sedimentary section probably con

sist of interlayered turbiditic and pelagic sediments. 

Direct knowledge of the uppermost sediments is based on numerous 

box, gravity, and piston cores that sampled down to a subbottom depth of 

22.5 m, and five long piston cores that reached depths of 25 to 35 m. In 

this interval, thick (0.2 to 5.0 m) turbidites are interlayered with thin 

(0.1 m) pelagic beds. Most of the turbiditic and pelagic units are con

tinuous across the entire abyssal plain, but some of the thin turbidites 

are restricted to the area around their point of entry onto the plain. 

Most of the tut-bidites come from the African continental rise to the 

east; some come from seamounts to the west of GME. The major turbidites 

were deposited during glacial-interglacial climatic changes and vice 

versa (Weaver and Kuijpers, 1983). Each turbidite was probably deposited 

in a period of a few months. The sedimentation rate for the pelagic 

units varied from about 0.25 cm/Ka for the pelagic clays to 0.6 cm/Ka for 

the pelagic marls and oozes (Kuijpers, Rispens, and Burger, 1984; Searle 

et al.f 1985). Estimates of the overall sedimentation rate over the last 

190,000 years (both turbiditic and pelagic sediments) range up to 

10.5 cm/Ka (Searle et al., 1985). 

The thick turbidites have sllty bases that are a few centimeters 

thick in the center of GME. The silty basal layers have a median 

particle diameter of about 40 pm, and contain 50 to 90% CaCO, (mainly 

foreminiferal fragments). Foraminiferal sands were also observed at 
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depths of about 20 m near the center of GME. The upper parts of the 

turbidites are fine-grained (mean particle diameter = 3.5 um) marly 

oozes that contain 45 to 80% CaCO, 30 to 50% silt-size material, 10 to 

20% clay minerals, and 0.5 to 2.0% organic C. The pelagic sediments were 

deposited at or near the carbonate compensation depth, and thus have 

highly variable CaCO, contents (< 10 to > 80%). These calcareous 

clays, marls, and oozes have a median grain size of about 4 urn. 

The abyssal hills at GME are typically covered by 100 to 200 m of 

draped pelagic sediments, with occasional outcrops of basaltic basement. 

The pore waters of the surficial abyssal-plain sediments at GME 

contain free dissolved 0. and/or nitrate (N0~). The thickness of 

this oxidized layer generally varies from about 0.1 to 1.0 m, with an 

average thickness of about 0.5 m. Mildly reduced sediments, in which the 
2+ 2+ 

pore waters contain Fe and/or . Mn but no 0. or NO., are 

present beneath the oxidized layer. These mildly reduced sediments 

persist to a subbottom depth of at least 35 m, the maximum depth from 
2-

which samples were obtained. Significant sulfate (SO. ) reduction 
was not observed in the sediments sampled at GME, except perhaps around 

small (up to a few millimeters in diameter), isolated black specks in the 
2-

mildly reduced sediments. (SO. did decrease with depth in the pore 

waters extracted from long cores; the linear nature of this decrease 
2-

suggests that significant SO. reduction does occur at depths below 
4 

those sampled to date.) 

The boundary between oxidized and mildly reduced sediments is 

marked by an abrupt transition from brown to gray or green sediments. At 

this redox front, 0. and N0~ diffusing down through the pore waters 
' 2 + 2 + 

of the oxidized sediments encounter Fe and Mn diffusing up from 

the pore waters of the mildly reduced sediments; this results in the 

precipitation of amorphous Fe- and Mn-oxyhydroxides, and enrichment of 

these elements in the sediment at the redox front. As organic C is 

consumed by microbial activity in the surficial sediments, this redox 

front "burns down" into the uppermost turbidite in the sedimentary 

section. This process continues until the deposition of the next 

turbidite, which shuts off the supply of 0, and M0~ from the 
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overlying water column, and thus soon results in the establishment of 

mildly reducing conditions throughout the previously deposited turbiditic 

and pelagic sediments. Examination of cores from 6MB reveals numerous 

"fossil" redox fronts marked by residual color changes. 

Investigators at the Institute of Oceanographic Sciences (IOS) in 

the UK have studied the cycling of several metals across these redox 

fronts at GME (Colley and Thomson, 1985; Wilson et al., 1985; Thomson 

et al., 1986; Jarvis and Higgs, 1987). The behavior of U, one of the 

critical elements in HLW (see Volume 2, Radiological Assessment), is of 

particular interest to the SBTG. Because U is much more mobile under 

oxidizing than reducing conditions, it diffuses down through the pore 

waters of the oxidized sediments and is immobilized in the mildly reduced 

sediments just below the redox front. As the redox front migrates down 

through the uppermost turbidite, the previously immobilized U is remo-

bilized and swept downward. This process continues until the deposition 

of the next tiirbidite. The preservation of zones of U enrichment in the 

sediments below fossil redox fronts implies that: (1) redox conditions 

have been relatively constant for periods on the order of 10 yr in the 

mildly reduced sediments at GME; (2) significant downward advection of 

pore waters has not occurred for similar periods of time (this would have 

remobilized the U below the fossil redox fronts); and (3) U is effectively 

immobilized under mildly reducing conditions. The final conclusion 

provides an excellent opportunity to test the results of laboratory 

sorption and diffusion experiments that were carried out with U" (see 

Sections 2.7.1.1.11 and 2.8.3.1.13). 

Also of interest to the SBTG are minima in the dissolved silica 

(SiO.) profiles in cores from GME. These minima suggest that 

diagenetic reactions are consuming Sio. in certain pelagic intervals, 

but the reactions responsible for these minima have not, as yet, been 

identified. 

Faulting and the possibility of pore water advection at CME are 

discussed in Volume 3, Geoscience Characterization Studies. 
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1.2.2 Southern-Hares-Abyssal-Plain Study Location 

SMAP is located between 22 and 24*Ht and 62 and 6711 (see Figure 

1.1). Within SMAP, the depth of the abyssal plain varies fro* about 5770 

to 5880 m below sea level. A few scattered abyssal hills rise up to 

150 a above the surrounding plain. 

The Cretaceous basaltic basement is overlain by 250 to 1000 • of 

sediments throughout most of SNAP. The upper 200 to 400 m of the sedi

mentary section are probably turbidites with interlayered pelagic sedi

ments. 

Numerous box, gravity, and piston cores provided samples from 

depths down to about 13 m; eight long piston cores reached depths of 17 

to 26 m. Most cores contain a number of cycles of basal tilt or clay 

with silt laminations, which grade upwards into homogeneous silty clay or 

clay and are capped by mottled clay. The relative proportions of 

laminated clayey silt, which is generally gray or green, and homogeneous 

and mottled silty clay, which are usually brown, can vary considerably 

from core to core. The laminated clayey silts are probably the distal 

remnants of turbidites, the provenance of which is uncertain. The 

homogeneous and mottled silty clays were deposited during long intervals 

of low-energy hydrodynamic conditions. Because of the complex 

interstratification and lateral variations between the laminated clayey 

silts and the homogeneous or mottled silty clays, it is extremely 

difficult to correlate these depositional cycles over distances of even a 

few kilometers or to develop a depositional model for SMAP. Estimates of 

the sedimentation rate for the silty clays vary from about 0.5 to 3 cm/JCa 

(Carpenter et al.f 1983; Cochran and Livingston, 1985; Kuijpers, 1985a; 

Hargrave, 1985). For the overall sedimentation rate (both turbiditic and 

pelagic sediments) during the Pleistocene and Holocene epochs, estimates 

range from about 1 to 7 cm/Ka (Buckley and Cranston, 1982; Site Selection 

Task Group, 1983). 

The mean particle diameter of the basal silt or silt laminations 

varies from about 8 to 25 vm. The silts contain an authigenic 

component (ferromanganese nodules and pyrite), a biogenic component 
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(coccoliths, diatoms, fish teeth, foraminifera or fragments of 

foraminifera, calcareous nanoplankton and palletized agglomerations, and 

occasional siliceous organisms), and a detrital component (feldspars, 

glass shards, mica, and quartz); the relative proportions of these 

components are unclear (Kuijpers, 1985a; Volume 3, Geoseience 

Characterization Studies). The clays consist of detrital mica, mixed 

smectite-illite, chlorite, and kaolinite, and have a mean grain size of 2 

to 3 |im. The CaCO content of SNAP sediments is generally < 5%; the 

organic C content is typically a few tenths of a percent or less, and 

rarely exceeds 0.5%. 

Oxidized sediments, in Which the pore waters contain free 

dissolved 0- and/or M0_, occur down to a subbottom depth of about 

1 to 13 m at SNAP, and appear to have an average thickness of about 3 m. 

The oxidized layer is relatively thick in cores that have a high 

proportion of homogeneous and mottled silty clays, and relatively thin in 

cores with a high proportion of silts and laminated clayey silts. Mildly 
2+ 2+ 

reduced sediments, in which the pore waters contain Fe and/or Hn 

but no 0. or HO~, occur beneath the oxidized sediments and persist 

to a depth of at least 26 tn, the maximum depth from which samples were 
2-

obtained. Significant SO. reduction was not observed in these 
4 

sediments. The geochemistry of the pore waters and sediments at SNAP is 

reviewed in detail in Volume 3, Geoscience Characterization Studies. 

Faulting and the possibility of pore water advection at SNAP are 

also discussed in Volume 3, Geoscience Characterization Studies. 

1.3 Pacific Study Location 

1.3.1 Mid-Plate. Mid-Cyre I Generic Study Location 

MPG I is located between 30*0' and 31*40'N, and 157*0' and 

159*10'W in the North Pacific abyssal-hills province (see Figure 1.2). 

The depth of the seafloor varies from about 5800 to 6000 m below sea 

level within MPG I. A few seamounts rise up to 600 m above the 

surrounding seafloor. 
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About 20 to 50 m of sediments overlie the Cretaceous basaltic 

basement at MPG I. Because the sediments are so thin, HPG I did not 

satisfy the site-selection criteria of the US SDP or the SATG, but was 

used for numerous generic studies of the barrier properties of red clays 

carried out by the American project. The results of these studies can 

probably be applied to the sediments below a subbottom depth of about 

20 m in the 40-to-75 m-thick red-clay layer at the E study location. 

Numerous box, gravity, and piston cores provided samples from 

depths down to about 13 m; the 24-m piston core LL44-CPC-3 sampled almost 

the entire sedimentary section at MPG I. Stratigraphic studies of 

LL44-GPC-3 imply that sedimentation has been slow and continuous for the 

last 65 million years. From about 65 to 20 or 30 million years ago, 

sedimentation at MPG I was dominated by authigenic and volcanic 

components. As the Pacific lithospheric plate drifted to the north and 

northwest, MPG I moved towards its present position beneath the 

prevailing westerly winds, and windblown continental detritus from Asia 

became the dominant sedimentary component. During the Tertiary Period, 

the sedimentation rate was about 0.02 to 0.03 cm/Ka (Doyle and Riedel, 

1979a; 1979b; Doyle, 1981). In the Quaternary, however, the 

sedimentation rate increased to about 0.11 to 0.25 cm/Ka (Prince, Heath, 

and Kominz, 1980). 

Extensive geochemical and mineralogical studies of the sediments 

at MPG I were carried out by Heath (1976), Heath, Epstein, and Prince 

(1977), Heath et al. (1979a, 1979b), Hollister (1979), Hollister et al. 

(1979), Leinen and Heath (1981), Heath, Leinen, and Epstein (1981), 

Hollister and Corliss (1981), Leinen and Heath (1981), and Corliss et al. 

(1982). The red (actually brown) clays at MPG I are very fine-grained 

(median particle diameter of the 0.63 to 13 ym fraction * 1 to 

4 ym), but contain a silt-size fraction that consists of fish debris, 

Mn-rich micronodules, and detrital quartz. Below a subbottom depth of 

about 10 m in GPC-3, the clay-size authigenic and volcanically derived 

fraction consists of Fe-rich smectite, phillipsite, feldspars, 

clinoptilolite, and amorphous Fe- and Mn-oxyhydroxides. The surficial, 
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clay-size detrital fraction contains illite, quartz, kaolinite, feld

spars, and minor smectite. All of these sediments are essentially 

CaCO.-free (0 to 4%), and contain about 0.05% organic C. 

The pore waters of the red clays at HPG I presumably contain free 

dissolved 0 throushout the entire sedimentary section, and are thus 

oxidized. At the E study location, however, the upper 20 m of the red 
2+ 

clays are mildly reduced (pore waters contain Mn ), and are underlain 

by oxidized sediments (McDuff, 1985). 
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CHAPTER 2: REVIEW OF LABORATORY INVESTIGATIONS OF 
RADIONUCLIDE MIGRATION THROUGH DEEP-SEA SEDIMENTS 

2.1 Introduction 

The Sediment Barrier Task Group (S2TG) coordinated laboratory inves

tigations in six countries over a period of 12 years to evaluate the bar

rier properties of a variety of deep-sea sediments from study locations 

investigated by the Seabed working Group (SWG), and to obtain site-

specific data for use by the Radiological Assessment Task Group (RATG) in 

models of radionuclide transport through the sediments at the Great Meteor 

Bast (GME) and Southern Hares Abyssal Plain (SNAP) study locations. This 

chapter presents a review of these laboratory investigations and the 

results obtained from them. 

2.2 Methods of Investigation 

In the absence of pore-water advection or thermally-induced movement 

of the waste package and surrounding sediment, the most likely mechanism 

for transport of radionuclides back to the water column would be diffusion 

through the pore waters that saturate deep-sea sediments. Most of the 

laboratory investigations carried out to evaluate this mechanism were of 

two types. Initially, several investigators studied the sorption of 

radionuclides from solution by a variety of deep-sea sediments, and used 

the distribution ratios (ft.8} obtained from these experiments to 
a 

calculate the rate at which radionuclides would diffuse through the 

sediments after their release from the waste package. The results of 

these studies were used to predict the relative mobilities of the 

elements contained in high-level radioactive waste (HLH), to compare the 

barrier properties of a variety of sediments, or to determine the effect 

of variations in pore-water composition, pH, redox conditions, or 

temperature on radionuclide retention. Later, some investigators 

measured radionuclide diffusion rates directly in selected samples of 

sediment saturated with the same solution used in their sorption 

experiments, and compared the results to predictions based on the results 
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of the sorption experiments. In addition to the sorption and diffusion 

studies, a few column and speciation studies were carried out. 

The SBTG did not attempt to standardize any of the experimental 

methods used to assess the barrier properties of deep-sea sediments. 

Rather, it felt that the use of a variety of methods, at least in the 

preliminary phase of these investigations, would result in a better 

understanding of the advantages and disadvantages of the various 

techniques employed. 

2.2.1 Sensitivity Studies 

Prior to discussing the methods used for the sorption and diffusion 

studies, the importance of sensitivity studies must be emphasized. The 

laboratory investigations described in this chapter are difficult, time-

consuming, and expensive; it is therefore imperative that sensitivity 

studies be carried out to determine the radionuclides for which transport 

data are required. Because of short half-lives, low concentrations in 

the HLW inventory, or other factors, many radionuclides would not 

adversely affect the performance of a subseabed repository even if they 

were not sorbed at all by the sediment. The RATG carried out sensitivity 

studies to identify the radionuclides in the HLW inventory for Which 

distribution ratios or effective diffusion coefficients are necessary 

(see Volume 2, Radiological Assessment). These radionuclides are: 
241. 243. 14„ 135„ 2 4 5 ^ 2 4 6 ^ 129T 237„ 

am, JUD, c, cs, cm, cm, l, mp, 
107_. 239_ 240_ 242_ 226D 79. 126_ 99, 

Pd, Pu, Pu, Pu, Sa, Se, Sn, Tc, 
229_. 230_ 233,, 234,, 235,, 238,, . 93, _. ____ 

Th, Th, U, U, U, U, and Zr. The SBTG 

assumed that the mass differences between different isotopes of the same 

element would not affect the R. or D ff significantly, and used the 

value of R. or D .. measured for one isotope for all of the other 
d err 

isotopes of that element. 

2.2.2 Sorption Studies 

Although the experimental methods used for the SBTC'e sorption 

studies vary somewhat, they all involve the equilibration of a trace 

amount of a radionuclide or radionuclides of interest between a sample of 
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deep-sea sediment and seawater, artificial seawater, or an HaCl solution 

of the same ionic strength (0.68 B). Because the sediment-solution 

mixture is closed to the addition or subtraction of sediment, solution, 

or the radionuclide during these experiments, they are commonly referred 

to as batch equilibration or static experiments. Continuous agitation of 

the mixture ensures that each particle of sediment is exposed to a uni

form concentration of the radionuclide in solution, and that the removal 

of the radionuclide from solution proceeds at a rate that is limited by 

the rate of the sorption reaction or reactions rather than the transport 

of the radionuclide through the solution to the exposed surfaces of the 

particles. This in turn facilitates observation of the kinetics of sorp

tion. In general, trace amounts of the radionuclide of interest are used 

to simulate the conditions expected for the far-field sediments, in which 

the radial migration of radionuclides away from the waste package would 

rapidly result in very low concentrations. 

The results of sorption studies are reported as distribution coef-

ts 

equation 

ficients (K.s) or distribution ratios (R.s), which are defined by the 
a a 

C 
K d o r H d 3 C • ( 2 1 ) 

sol 

in which C . is the concentration (in tnoles/g) or activity (in Bq/g or 

Ci/g) of the radionuclide associated with the sediment and C , is the 

concentration (in moles/ml) or activity (in Bq/ml or Ci/ml) of the radio

nuclide associated with the solution. Both K. and R. are usually 
d d 3 

expressed in units of mg/1, but may also be expressed in units of m /kg 

or in dimensionless units. Most of the sorption studies carried out for 

the SBTG were empirical in nature and did not identify the reaction or 

reactions that were responsible for the removal of the radionuclide from 

solution, much less whether or not these reactions reached equilibrium. 

Because the term distribution coefficient is generally used to describe 

the results of experiments for which it can be demonstrated that 

equilibrium was attained (this is best accomplished by reversing the 

reaction), the SBTC used the term distribution ratio to emphasize the 
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empirical nature of these results. The term distribution ratio and its 
abbreviation R. are also used throughout this report, a 

There are two types of batch equilibration experiments: sorption 

experiments and desorption experiments. in a sorption experiment, 

radionuclide-free sediment is placed in a solution that initially 

contains the radionuclide of interest, Which is then removed from the 

solution by the sediment during the experiment. Afterward, the sorption 

distribution ratio is calculated using equations of the form 

(tf (5) sorption Rtf = |- 1 [-) , or (2.2) 

(*"£•) (-) • sorption Rd « | / (3) , (2.3) 

in which C . is the final concentration or activity of the radionuclide sed 
associated with the sediment, C , is the final concentration or 

sol 

activity of the radionuclide associated with the solution, C , is 

the initial concentration or activity of the radionuclide in the 

solution, v is the volume of the solution in ml, and w is the dry mass of 

the sediment in g. In a desorption experiment, spiked (radionuclide-

bearing) sediment is placed in an unspiked solution into which the 

radionuclide is subsequently released. The desorption distribution ratio 

is calculated using equations of the form 

desorption Rd - [ -f 2 4 j (JJ , or (2.4) 

. . ( : desorption Rtf - • [ ^ " V " °»9*) ( £ J . (2.5) 
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in Which C . and C . pre the concentrations or activities of 

the radionuclide associated with the sediment and solution, respectively, 

at the conclusion of the desorption experiment. In this report, the 

results of sorption experiments, Which are also called sorption runs, are 

referred to as sorption distribution ratios; the results of desorption 

experiments or desorption runs are referred to as desorption distribution 

ratios. The unqualified term distribution ratio refers to both sorption 

and desorption distribution ratios. Finally, the terms sorption 

investigations and sorption studies refer to both sorption and desorption 

experiments. 

In view of the poor precision of results obtained from sorption 

and desorption experiments with deep-sea sediments (see Sections 

2.7.1.1.5, 2.7.1.1.9, 2.8.1.1.5, and 2.8.2.1.5), the author of this 

report concluded that the use of more than one significant figure for 

distribution ratios is probably inappropriate in most cases, and rounded 

off the R.s accordingly. This lack of precision cannot be explained at 
a 

present. 

The reversibility of sorption is generally determined by comparing 

the results of sorption and desorption experiments conducted under 

identical conditions. If the sorption and desorption distribution ratios 

are equal, the reaction is said to be reversible. If the desorption 

R.s exceed the sorption R.s, the reaction is generally considered to 

be irreversible. The results of studies of the effect of the sediment/ 

seawater ratio on sorption, however, imply that in some cases desorption 

distribution ratios exceed sorption distribution ratios because of the 

presence in solution of a weakly sorbed species of the radionuclide of 

interest along with the predominant, strongly sorbed species during 

sorption experiments. Because the weakly sorbed species is then 

discarded along with the solution after the sorption experiments, it is 

no longer present in subsequent desorption experiments, and higher 

desorption R.s are obtained even if the sorption of both species is 

reversible (see Section 2.7.1.1.3). 

Careful preservation of samples of deep-sea sediment prior to use 

is probably essential to ensure that the surface properties of the 
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sediments used in laboratory studies resemble those of the in-situ 

sediments. Unfortunately, the SBTG did not carry out any studies of the 

effects of different methods of preservation on these properties. In the 

absence of such studies, most investigators stored their samples in 

tightly sealed containers to prevent desiccation, refrigerated their 

samples, and preequilibrated them with the solutions used in their experi

ments prior to use. Later, when samples of mildly reduced sediments were 

obtained for studies of the effect of redox variations on sorption, the 

sediments were also stored under 0 -free conditions to prevent the 

oxidation of multivalent pore-water and solid-phase components. Despite 

these precautions, it is still possible that disaggregation of the 

sediments prior to use and agitation during these experiments exposed 

fresh surfaces which, because of their previous isolation from the 

in-situ pore waters, had surface properties that were not representative 

of those of the in situ sediments. 

Because the specific surface area of these fine-grained, deep-sea 

sediments is so large, removal of radionuclides from solution by the 

walls of the containers used in the sorption studies was probably not 

significant in most cases, unless the sediment/seawater ratio was very 

low. Blank experiments conducted with the solution and the radionuclide 

of interest but without any sediment present might not necessarily 

indicate how much of the radionuclide would be sorbed by the container in 

the presence of sediment. This can be determined, however, by leaching 

the containers with an acidic solution after selected experiments. 

Finally, incomplete separation of the solid phase or phases from 

the aqueous phase after each experiment can result in errors in the 

reported distribution ratios, especially for experiments carried out with 

fine-grained deep-sea sediments and the actinide elements, which readily 

form microparticles under the conditions of these experiments. Incomplete 

removal of fine particles suspended in the solution can significantly 

lower the distribution ratios calculated using Equations 2.2 through 2.5. 

Some investigators therefore centrifuged and filtered their solutions 

after each experiment. Residual solution adhering to the sediment 

following centrifugation at the conclusion of a sorption experiment can 

lower the desorption distribution ratios obtained from subsequent 
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desorption experiments. Consequently, some investigators rinsed the 

sediment several times between sorption and desorption experiments. 

2.2.3 Diffusion Studies 

All of the experimental methods used for the SBTG's diffusion 

studies involve the transport of a trace amount of a radionuclide or 

radionuclides of interest through samples of deep-sea sediment saturated 

with various aqueous solutions. Because the sediment-solution mixture in 

any region within the developing diffusion profile is open to the 

diffusive transport of the radionuclide through the interconnected, 

saturated void spaces, these experiments are often referred to as dynamic 

experiments. During most of the diffusion studies described in this 

chapter, the radionuclide diffused into the sediment from an overlying 

solution, or from spiked sediment into unspiked sediment. These 

experiments were carried out with sediments disaggregated and 

reconstituted with seawater, artifical seawater, or a 0.68 H MaCl 

solution, as well as with relatively undisturbed sediments that still 

contained their original pore water. 

These diffusion studies yield an effective diffusion coefficient, 

D .., which is a measure of the retardation caused by the diffusion of 

the radionuclide along a tortuous path through the sediment, as well as 

any removal of the radionuclide from the solution by the sediment. The 

effective diffusion coefficient is then used, along with terms for the 

radioactive production or decay of each radionuclide and any transport by 

pore water advection, in equations that describe the migration of radio

nuclides through deep-sea sediments (see Volume 2, Radiological 

Assessment). The methods used to calculate D ., from the experimentally 

obtained diffusion profiles depend on the geometry of the experiment and 

are discussed separately for each of the studies reviewed below. 

Because the precision of results obtained from diffusion 

experiments is probably no better than that of results obtained from 

sorption and desorption experiments (see Section 2.2.2), the author of 

this report rounded o n effective diffusion coefficients to one 

significant figure. 
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Careful preservation of saaples of deep-sea sediaents, described 

above in Section 2.2.2, is also essential prior to diffusion experiments, 

especially in view of the fact that these experiments provide the 

opportunity to aeasure radionuclide transport rates in relatively 

undisturbed saaples of sediaents saturated with their original pore 

waters. 

Finally, the sediaents are generally not separated froa the 

interstitial solution after diffusion experiments; the activity of the 

radionuclide associated with both the solid and aqueous phases at a given 

distance into the sediment-solution sample is used to construct the dif

fusion profile from which the effective diffusion coefficient is obtained. 

This eliminates the problems caused by incomplete ph»»e separation after 

sorption experiments. 

2.2.4 Relationship between the Effective Diffusion Coefficient and the 

Distribution Ratio 

The effective diffusion coefficient obtained directly from 

diffusion studies is related to the distribution ratio obtained from 

sorption studies by equations such as 

D , 
_ sol ., ,. 

•""•^•*"(1f)) ' 

in Which D , is the free-solution tracer diffusion coefficient of the 
sol 

radionuclide of interest in sediment-free seawater; 6 is the 

tortuosity, the average ratio of the path along which the radionuclide 

diffuses through the sediment divided by the shortest (straight-line) 

distance through the sediment; p is the dry density of the sediment 

particles; • is the porosity of the sediment. This relationship is 

based on the assumptions that: (1) the concentration of the radionuclide 

in the sediment is sufficiently dilute that Pick's Laws can be applied; 

(2) diffusion occurs only through the interstitial solution; (3) local 

equilibrium is maintained between the radionuclide in solution and the 

-40-



radionuclide associated with the sediment; (4) the removal of the radio

nuclide from solution by the sediment is reversible; (5) the effects of 

other chemical reactions and radioactive decay are negligible; and (6) the 

values of parameters such as density, porosity, and tortuosity are con

stant throughout the sample of sediment used in a given experiment. If 

these assumptions are met and the proper values for the density, 

porosity, and tortuosity are used in Equation 2.6, then the effective 

diffusion coefficients obtained directly from diffusion studies will be 

equal to those calculated using the distribution ratios obtained from 

sorption studies, or conversely, the distribution ratios obtained from 

sorption studies will agree with those calculated from the results of 

diffusion studies. 

The dry particle density of the sediments from the study locations 
3 

investigated by the SWG is about 2.6 g/cm and relatively constant. 

The porosity of these sediments is high, and generally varies from about 

65 to 75X. The tortuosity is determined by: (1) comparing the diffusion 

coefficient for a nonsorbing ion measured in the pore-water saturated 

sediment to the value measured in sediment-free pore water (Li and 

Gregory, 1974; Berner, 1980); or (2) comparing electrical resistivity 

measurements made in the saturated sediment to measurements made in the 

pore water separated from them (Manheim and Waterman, 1974; McDuff and 

Ellis, 1979; Ullman and Aller, 1982). The tortuosity values measured for 
2 

deep-sea sediments do not vary widely, and a value of 1.8 for 6 is 

probably appropriate for the sediments at the CMS and SNAP study loca

tions (see Higgo et al., 1987). When these values for the density, 

porosity, and tortuosity are used, Equation 2.6 reduces to 

_ sol #« - % 
Deff " 1.8 + (~1) Rd • ( 2 6 a ) 

If R. - 0, then Equation 2.6a becomes 
o 

D .ff-1*i • <2«b) 

For R. » 1, Equation 2.6a becomes 
o 

D . f f ' ^ ' (2'6C> 
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Table 2.1 lists values of D , for several of the critical elements in HLW. 

The distribution ratio, and hence the effective diffusion 

coefficient, can vary by orders of magnitude from element to element, or 

even by orders of magnitude for the same element under different 

conditions. The 5BT6 therefore concentrated its efforts on studies of 

the effects of sediment minerology, redox conditions, pore-water 

composition, and dissolved radionuclide concentration on R. or D .. 
d eff 

rather than measurements of density, porosity, and tortuosity, which do 
not vary as much as R.s and D „ s in deep-sea sediments. 

d eff 

2.3 Commission of the European Communities 

2.3.1 Joint Research Center. Isora Establishment 

2.3.1.1 Sorption Studies—D. A. Stanners and A. DePlano (1986) 

studied the effect of redox variations on the sorption of Am and Np from 

artificial seawater by calcareous sediments from the CV and GME study 

locations. 

2.3.1.1.1 Sediments and Solutions. The oxidized sediment used 

for this study was obtained from 10552 #9BX, a box core taken at 

19*27.3'H, 29*53.6'W in the CV2 study location by the Institute of 

Oceanographic Sciences, United Kingdom. The mildly reduced sediment was 

obtained from a subbottom depth of 9 to 10 m in 82PCS19, a piston core 

taken at 30*40.9 M, 24*58.9'W in the GME study location by the Netherlands 

Geological Service, and subsampled and distributed by R. Cranston. Both 

of these sediments contained 45 to 50% CaCO,, The , mildly reduced 

sediment 82PCS19 had an organic C content of 1.0 to 1.5% and was stored 

under an atmosphere of O.-free V prior to use. 

Artificial seawater was prepared by the method of Lyman and 

Fleming (1940), spiked with Am or Kp, and (for experiments 

carried out under anoxic conditions) purged with V, prior to use. 
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TABLE 2.1. VALUES OF THE FREE-SOLUTION TRACER DIFFUSION COEFFICIENT FOR 
SEVERAL OF THE CRITICAL ELEMENTS IN HIGH-LEVEL RADIOACTIVE 
WASTE.8 

Critical Element 

Americium 

Carbon 

Cesium 

Curium 

Iodine 

Neptunium 

Palladium 

Plutonium 

Radium 

Selenium 

Technetium 

Thorium 

Tin 

Uranium 

Zirconium 

Species i 
D Was i 

or Est 

Am 

HCO3 

cs+ 

Cm 

I~ 

I 03 

HpO* 

-

Pu , 

Ra 2 + 

SeO*+ 
1) 

TcOT 
4 

Th 4 + 

-

uo 2 + 

-

for Which 
Calculated 
imated 

PuO* 

Temperature for Which 
D , 
sol 
or 

Was Calculated 
Estimated 

4 

25 

0 

4 

0 

0 

4 

-

4 

0 

0 

4 

18 

-

25 

-

CO D ,, cm /s 
sol 

3 x 10~6 

1.18 x 10"5 

1.06 x 10~5 

3 x 10-6 

1.03 x 10"5 

5.03 x 10"6 

3 x 10"6 

-

3 x 10"6 

4.02 x 10"6 

4.14 x 10~6 

7.7 x 10"6 

1.53 x 10~6 

-

4.26 X 10"6 

-

a. Values for Am , Np0.f Pu , and Pu02 from Higgo et al. (1987); values 

for HCO", Cs+, I~, I0~, Ra2+, SeO2*, Th4+, and U0 2 + from Li and 
3+ 3+ 

Gregory (1974); value for Cm by analogy to Am ; value for TcO 
from Schwochau (1983). 
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2.3.1.1.2 Experimental Methods. Prior to each sorption experi

ment, a 500-ml mixture of sediment and unspiked artificial seawater with 

a sediment/solution ratio of 22 to 25 g/1 was prepared. After at least 1 

hour of agitation, 50-ml aliquots of the suspension were transferred to 

polyethylene bottles and centrifuged; 25 ml of the supernatant solution 

were removed and replaced with 25 ml of fresh, tracer-free artificial 

seawater; the bottles were agitated for an additional period of at least 

1 hour. 

Following centrifugation, 25 ml of solution were removed and 

replaced with 25 ml of artificial seawater that had been spiked with 
241 239 

Am or Hp. The bottles were maintained at room temperature and a 

pressure of 1 atm, and agitated continuously for periods of a few hours 

to 6 days. 

After various intervals, the bottles were centrifuged, and the 

supernatant solution was decanted and counted. Those sediments not used 

subsequently in desorption experiments were dried and, after acidifica

tion, transferred to counting bottles for analysis. Sorption distribu

tion ratios were calculated using Equation 2.2 or 2.3. 

Desorption experiments were carried out following some of the sorp

tion experiments by replacing the supernatant solution with unspiked 

artificial seawater and agitating for periods of time comparable to those 

of the sorption runs. Desorption R.s were calculated using Equations 
a 

2.4 and/or 2.5. 

All of the experiments with the oxidized sediment 10552 #9BX and 

some of the experiments with the mildly reduced sediment 82PCS19 were 

carried out in the presence of atmospheric 0.; the Eh of the artificial 

•eawater (pH = 7.5 to 8.5) during these oxic experiments was about 300 

mV. During most of the experiments with the 82PCS19, the procedures 

discussed above were conducted in a glove box under H that was 

continuously circulated over a Cu-Pd cat&lyst to remove 0.. The Eh of 

the artificial seawater during these experiments was -200 mV. All of the 

sorption and desorption experiments were carried out in duplicate. 
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241 939 
2.3.1.1.3 Analytical Methods. Am and Hp were determined 

by direct y counting. 

2.3.1.1.4 Americium. The sorption experiments carried out with 

the calcareous sediments 10552 #9BX and 82PCS19 under oxic conditions 

yielded sorption distribution ratios that varied from 2 x 10 to 6 x 

10 ml/g and did not change significantly with time (these values were 

determined after periods of a few hours to 6 days). The sorption R.s 
a 

obtained with the mildly reduced sediment 82PCS19 under anoxic conditions, 
4 

however, increased steadily with time, from values of 4 x 10 to 8 x 

10 ml/g for run times of a day or less, to values of 2 x 10 to 3 x 

10 ml/g after 3 to 6 days. It was therefore concluded that the 

presence of 0, did not significantly affect the final sorption distribu

tion ratios for Am, but might have increased the rate of Am uptake by 

these sediments. The final dissolved Am concentrations were on the order 

of 10"11 M. 

Resorption experiments conducted with 82PCS19 yielded desorption 
5 5 

distribution ratios from A x 10 to 6 x 10 ml/g under oxic condi

tions, and from 2 x 10 to 5 x 10 ml/g under anoxic conditions 

(these values were determined after periods of 1 to 5 days). Because 

these desorption R s for Am are similar to the sorption R.s, the 

up tike of Am by these sediments was reversible under both oxic and anoxic 

conditions. Tnese results also imply that the presence of O. did not 

significantly affect the release of Am by these sediments. 

The distribution ratios for Am obtained with calcareous sediments 

under oxic and anoxic conditions at the Joint Research Center are similar 

to the sorption R.s obtained with calcareous sediments under oxic 

conditions at the Environmental Studies and Research Service, lower than 

the lower limit for the sorption R. obtained with a calcareous sediment 

under anoxic conditions in Teflon containers at the Delta Institute for 

Hydrobiological Research but higher than the R.s obtained there with 
a 

calcareous sediments under anoxic conditions in glass containers, higher 

than the sorption R obtained -with a calcareous sediment under oxic and 

reducing conditions at the Netherlands Energy Research Foundation, and 
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similar to the R.s obtained with calcareous sediments at a constant 

sediment/seawater ratio under oxic conditions at Imperial College (see 

Table 2.2). 

2.3.1.1.5 Beptunlum. The sorption experiments carried out with 

the calcareous sediments 10552 #9BX and 82PCS19 under oxic conditions 
3 

yielded sorption distribution ratios that varied from 1 x 10 to 2 x 
3 

10 ml/g and did not change significantly with time (these values were 

determined after periods of a few hours to 6 days). The sorption R.s 

obtained with the mildly reduced calcareous sediment 82PCS19 under anoxic 

conditions, however, increased rapidly to values of 1 x 10 to 7 x 

10 ml/g after run times of 2 to 3 days. These values are significantly 

higher than the value- obtained under oxic conditions. After equilibra

tion for 2 days under oxic conditions, two of the experiments with 

82PCS19 were transferred into the glove box and equilibrated for 4 days 

under anoxic conditions; this resulted in a 30% increase in the sorption 

R.. The final dissolved Up concentrations for these experiments were 
-17 -8 

on the order of 10 to 10 M. 

Resorption experiments conducted with 82PCS19 gave values of 2 x 
3 4 

10 ml/g under oxic conditions, and 2 x 10 ml/g under anoxic con

ditions (these values were determined after 3 days). Again, the results 

for anoxic conditions significantly exceed those obtained under oxic 

conitions. These results also suggest that the uptake of Np by these 

sediments was reversible under both oxic and anoxic conditions. 

Stanners and dePlano (1986) concluded that oxidation potential 

significantly affects Np sorption. At an Eh of 300 mV and a pH of 7.5 to 

8.5, the species VpO, is stable. At an Eh of -200 roV, however, 

VpO, is reduced to Up (OH)., which has a greater tendency to 

hydrolyze and is thus more strongly sorbed than MpO,. Moreover, it 

was concluded that the presence or absence of 0 ? during these 

experiments prevented or permitted, respectively, the establishment of 

mildly reducing conditions by 82PCS19, and thus determined whether 

IpO. or Hp(OH), was the predominant dissolved Up species. 
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TABLE 2.2. THE SORPTION OF SOME CRITICAL ELEMENTS IN HICH LEVEL RADIOACTIVE WASTE FROM 
SBAMATER OR ARTIFICIAL SEAWATER BX DEEP-SEA SEDIMENTS AT LOU TEMPERATURES. 

Country and 
Institution 

CKC, Joint Research 
Center, Ispra 
Establishment 

Franca, Environmental 
Studies and Research 
Service. Cadaraehe 

Netherlands, 
Delta Institute tor 
Hydrobiological 
Research 

Netherlands, 
Netherlands 
Energy Research 
Foundation 

UK, Imperial College 

Sorption Distribution Ratio 
<«!/«) 

2 x 105 to 6 x 105 

2 X 10s to 3 X 10s 

9 X 10* to 8 X 105 

>8 X ?.0* 

3 x 10* to 1 x 105 

1 x 105 

1 x 105 to 3 x 105 

2 X 105 to * X 105 

8 x 10s and 1 x 106 

Amoricium 

Dasorption Distribution Ratio 
(»!/«) 

4 x 10s to 6 x 105 

2 X 10s to 5 X 105 

> 10s 

Not reported 

1 x 10* to 8 x 10* 

Not determined 

1 x 105 to 1 x 106 

6 x 105 to 2 x 10* 

5 x 10s and 5 x 10* 

BtMrHF 

Hh - 1 X 10
6 (99.95%); Rx > 1 X 10"1 (0.05%) 

Rh - 1 x 106 to 2 X 10' (99.7%); Rx - 1 x 10
_1 (0.3%) 

10552 #9BX and 82PCS19 
(both calcareous), oxic 

82PCS19 (calcareous), anoxic 

Seven calcareous sediments, oxic 

82PCL14 (calcareous), anoxic, 
Teflon containers 

82PCL14 and 82PCL32 (both calcareous), 
anoxic, glass containers 

Calcareous sediment, 
oxic and reducing 

Eight calcareous sediments, 
constsnt sediment/seswater ratio, oxic 

Thrae argillaceous sediments, 
constant sediment/seawater ratio, oxic 

Two crushed Mn nodules, constant 
sediment/aeawater ratio, oxic 

10399 #7K (calcareous), 
variable sediment/seawater ratio, oxie 

10400 #8K (red clay), 
variable sediment/seawater ratio, oxie 



TABLE 2.2. (Cont.) 

Country and 
Institution 

Franca, Environmental 
Studies and Rasaarch 
Service, Cadaraeha 

Japan, Japan Atomic 
Energy Haaaarch 
Institute. Tokai 
Research Establishment 

UK, Imperial College 

oo 

Sorption Distribution Ratio 
("H'S? 

3 x 102 to 8 x 102, 
final dissolved Cs con
centrations on tha order 
of 10"16 M 

2 x 102 to 3 x 102, 
final dissolved Cs con
centrations not reported 

5 x 10° and 1 x 101 

(final dissolved Cs con
centrations on tha 
order of 10-* M) to 
2 x 102 and 7 x 102 

(final dissolved Cs con
centrations on tha order o 

Cesiusi 

Desorption Distribution Ratio 
isU*2 

2 x 102 to 7 x 102 

Not determined 

Remarks 

Not determined 

Seven calcareous sediments, oxic 

Nine calcareous sediments 
from Cora 24, oxic 

Two calcareous sediments, constant 
sediment/seawater ratio, oxic 

10 -10 to 10- H) 

6 x 101 (final dissolved 
Cs concentration « 
7.0 x 10"* M) to 
4 x 102 (final dissolved 
Cs concentration » 
8.1 x 10"10 N) 

2 x 101 and 4 x 101 

(final dissolved Cs con
centrations on the 
order of 10~* H) to 
4 x 102 and 6 x 102 

(final dissolved Cs con
centrations on the order 
of 10"10 and 10~9 M) 

Not determined 

Not determined 

One argillaceous sediment, constant 
sediment/seawater ratio, oxic 

Two crushed Mn nodules, constant 
sedlment/seawater ratio, oxic 



TABLE 2.2. (Cont.) 

Country and 
Institution 

UK, imperial College 

Sorption Distribution Ratio 
<1/«) 

Iodine 
Dasorption Distribution Ratio 

(ml/«) 

Rn and the proportion of strongly sorbad species not 
reported, but overall sorption and desorption R^a were 
S x 10° and 7 x 10°, and 4 x 102 and 8 x 102, 
respectively, at low sediment/seawater ratios. Rj « 
3 x 10° (proportion not reported). 

SQ and the proportion of strongly sorbad species not 
raported, but ovarall sorption and dasorption R^s wara 
9 x 10° and 2 x 101, and 3 x 102 and 2 x 102, 
respectively, at low sediment/seawater ratios. Ri • 
3 x 10° (proportion not reported) 

•xBttnL 

10399 #7X (calcareous), variable 
sediment/seawater ratio, oxie 

10400 #8K (red clay), variable 
sediment/seawater ratio, oxic 

neptunium 

CD 
C1C, Joint Research 
Center, Ispra 
Establishment 

Prance, Environmental 
Studies and Research 
Service, Cadarache 

Netherlands, 
Delta institute for 
Hydro-biological 
Research 

motherlands, 
•etherlands 
•nergy Research 
Foundation 

1 x 103 to 2 x 103 

1 x 10* to 7 x 10* 

3 x 102 to 5 x 102 

3 x 101 to 5 x 102 

5 x 103 

2 x 10* 

2 x 103 

2 x 10* 

Hot reported 

Not reported 

Not determined 

Not determined 

10552 #9BX and 82PSC19 
(both calcareous), oxic 

82PCS19 (calcareous), anoxic 

Two calcareous sad'-ments, oxic 

82PCL14 and 82PCL32 (both calcareous), 
anoxic, glass containers 

calcareous sediment, oxic and 
reducing, artificial seawater spiked 
with 23'Hp 

Calcareous sediment, oxic and 
reducing, 23'np produced by decay 
of 2*3Am 
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TABLE 2.2. (Cont.) 

Country and 
Institution 

UK, Imperial College 
(Cont.) 

Sorption Distribution Ratio 
<»1'H) 

5 x 10* and 9 x 10* 

Plutonlui (cont.) 
Desorption Distribution Ratio 

iffiiZii 

2 x 10s and 1 x 10* 

Rn and the proportion of strongly sorbed species not 
reported. R^ and the proportion of weakly sorbed 
species not reported, but overall sorption and desorp
tion fys were 1 x 102 to 2 x 102, and 1 x 102, 
respectively, at high sediment/seawater ratios 

Rj, » 8 x 10* (99.95%); Hi - 1 X 10"1 (0.05%) 

_fiDE£fic> 

Two argillaceous sediments, constant 
aediment/aeawater ratio, oxic 

10399 #7K (calcareous), variable 
sediment/aeawater ratio, oxie 

10400 #8K (red clay), variable 
sediment/aearater ratio, oxic 

Technetium 

Japan. Japan Atomic 
Energy Research 
Institute, Tokai 
Research Establishment 

2 x 10° Not determined Three calcareous sediments 
from Cora 24, oxic 

UK, Imperial College Overall Rj • 0 at all sediment/seawater ratios studied. 
No strongly sorbed species detected. 

3 x 10"1 to 6 x 10-

4 x 10"1 to 5 x 10-1 

Hot determined 

Not determined 

10399 #7K (calcareous), and 10400 #8K 
(red clay), variable sediment/ 
saawatar ratio, oxic, pure Tc 

11137 tlK (calcareous), constant 
sediment/seawater ratio, oxic, no 
diasolved re*2 added 

11137 #1K (calcareous), constant 
aadiment/seawatar ratio, anoxic, no 
diasolved Fe*2 added 

0 (undetectable dissolved Fe 
at the time of Tc addition) 
to values on the order of 103. 
10*. or even 10s (dissolved 
Fe concentrations on the order 
of 10_* and 10~3 M) 

Not determined 11137 flK (calcareous), constant 
sediment/seawater ratio, anoxic, 
variable amounts of F«S04 and 
S'FeSO^ added to the pore water 
prior to the addition of pertechnetate 



TABLB 2.2. (Cont.) 

Country and 
Institution 

UK, Imperial College 

CJI 

Sorption Distribution Ratio 
Uranium 

Desorption Distribution Ratio 
(ml/*) 

RR, HJ. and tha proportions of tha strongly and weakly 
sorbad species not reported, but the overall sorption R,j, 
varied from 5 x 101 to 1 x 102 at low sediment/ 
seawater ratios, and from 1 x 101 to 4 x 101 at high 
sedinant/saawater ratios (slight concentration dependence 
observed at both high and low sadiment/saawatar ratios) 

Rn, Ri. and tha proportions of tha strongly and weakly 
sorbed species not reported, but the ovarall sorption Rg 
varied from 3 x 101 to 2 x lo2 at low sedinent/seawater 
ratios, and from 9 x 10° to 2 x 101 at high sediment/ 
seawatar ratios (slight concentration dependence observed 
at both high and low sediment/seawater ratios) 

Rwarki 

Cora 37 (calcareous), variable 
aediaent/seawater ratio, oxic 

Cora 37 (calcareous), variable 
sediment/seawater ratio, anoxic 



The distribution ratios for Hp obtained with calcareous sediments 

under oxic conditions at the Joint Research Center are higher than the 

sorption R.s obtained with calcareous sediments under oxic conditions 
a 

at the Environmental Studies and Research Service, similar to the 
237 

sorption R for Hp obtained with a calcareous sediment under oxic 

conditions at the Netherlands Energy Research Foundation, and similar to 

the R.s obtained with calcareous sediments at a constant 
a 

sediment/seawater ratio under oxic conditions at Imperial College (see 

Table 2.2). 

The studies of Hp sorption carried out with calcareous sediments 

under reducing conditions at the Netherlands Energy Research Foundation 

and under anoxic conditions at Imperial College yielded distribution 

ratios similar to those obtained at these institutions with calcareous 

sediments under oxic conditions. The R.s obtained with a calcareous 
d 

sediment under anoxic conditions at the Joint Research Center thus exceed 
239 

all of the other results except the sorption R.s for Hp obtained 
wich a calcareous sediment under reducing conditions at the Hetherlands 

Energy Research Foundation (the latter results, however, were attributed 

to the fact that the dissolved Hp concentration was much lower in the 
239 237 

experiments conducted with Hp than in those performed with Up, 

rather than to redox variations or isotopic effects). 

2.4 France 

2.4.1 Environmental Studies and Research Service. Cadarache 

2.4.1.1 Sorption Studies—D. Rancon and P. Guegueniat (1984) 

studied the effect of temperature on the sorption of Am, Cs, Hp, and Pu 

from seawater by a calcareous sediment from each of the CV. and CV, 

study locations. Later, Rancon (1985) studied the sorption of Am, Co, 

Cs, and Mn from seawater by six calcareous sediments from CV. and CV., 

and a suite of 12 coastal and estuarine sediments from France to 

determine the variability of the sorption distribution ratios for these 

elements under isothermal conditions. 
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2.4.1.1.1 Sediments and Solutions. For the study of the effect 

of temperature on the sorption of Am, Cs, Hp, and Pu, the sediments CV1 

KA4 and CV2 KA2 were used. These sediments were obtained from subbottom 

depths of 5 to 25 cm and 5 to 55 cm, respectively, in the CV and CV 

study locations. CV1 KA4 and CV2 KA2 contained 30 to 50% and 25 to 65X 

CaCO , respectively. The clay fractions contained illite, smectite, 

kaoUnite, and chlorite in decreasing order of abundance. 

For the study of the isothermal variability of the sorption 

distribution ratios for Am, Co, Cs, and Mn, the deep-sea sediments CV1 

KA3, CV2 KA1, CV2 KA2, CV2 KA4, KA2 #2, and KA2 #4 from CV and CV 

were used. These sediments contained 40 to 70% CaCO . The clay 

mineralogy of these sediments was similar to that of the sediments 

discussed above. Six coastal and estuarine sediments from France were 

also used for this study. These sediments contained < 1 to 38% CaCO., 

and 2.0 to 7.1% organic C. 

Mediterranean seawater was used for both of these studies, and was 

filtered through a 0.15 ym filter prior to use. 

2.4.1.1.2 Experimental Methods. For the study of the effect of 

temperature on the sorption of Am, Cs, Np, and Pu, 0.5 g of sediment and 

20 ml of spiked seawater were placed in centrifuge tubes and agitated 

continuously at 5, 15, 30, 50 or 80*C and a pressure of 1 atm under oxic 

conditions. 

After 2 days, the tubes were centrifuged at room temperature. The 

supernatant solutions were decanted and filtered through a 0.05 urn 

filter. Following analysis, the sorption distribution ratios were cal

culated using Equation 2.3. 

Resorption experiments were carried out after most of the sorption 

runs by replacing the original solution with 20 ml of raditnuclide-free 

seawater and agitating the centrifuge tubes for another 2 days. In most 

cases, two sequential desorption experiments were conducted. It was not 

possible to determine the desorption R.s at 80*C, however, because of 

excessive evaporation from the centrifuge tubes. 

-54-



For the study of the isothermal variability of the sorption 

distribution ratios for Am, Co, Cs, and Mn, 0.1 g of sediment and 200 ml 

of seawater were placed in a plastic vessel at 15*C and a pressure of 1 

atm. The vessels were not agitated during these experiments, which were 

also carried out under oxic conditions. 

After periods of 1, 2, 3, 7, 14, 21, 28, and (in the case of Am) 

35 days, 1-ml aliquots of solution were removed from the vessels, 

filtered through 0.05 vm filters, and analyzed. Because the 

sediment/seawater mixtures were never agitated during these experiments, 

the rates at which Am, Co, Cs, and Mn were removed from solution reflect 

both the rates of the sorption reactions and the transport rates of these 

radionuclides through the solution to the sediment-seawater interface. 

The results of these experiments cannot, therefore, be used to determine 

the rates of the sorption reactions or the time required to reach 

sorption equilibrium. 

No desorption experiments were carried out for this study. 

2.4.1.1.3 Analytical Methods. Am, Co, Cs, Mn, Np, 
239 

and Pu were determined by direct y counting. 

2.4.1.1.4 Americium. Because no detectable Am was present in 

solution after most of the sorption and desorption experiments carried 

out with two calcareous deep-sea sediments at 5, 15, 30, 50, and 80*C for 
4 5 

2 days, the distribution ratios were reported as > 10 or > 10 ml/g 

(some Am was detected after one of the sorption experiments at 5°C and a 

sorption R. of 9 x 10 ml/g was obtained). The desorption R.s were 

all > 105 ml/g. 

The final (35-day) sorption R.s obtained with six calcareous 
5 5 

deep-sea sediments at 15*C varied from 4 x 10 to 8 x 10 ml/g; the 
sorption R.s obtained for the 12 coastal and estuarine sediments under 

d 4 5 
comparable conditions varied frcm 6 x 10 to 5 x 10 ml/g. 
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The sorption distribution ratios for Am obtained with calcareous 

deep-sea sediments under oxic conditions at 5 and 1S*C at the Environ

mental Studies and Research Service are similar to the R.s obtained 
a 

with calcareous sediments under oxic conditions at the Joint Research 

Center, similar to the sorption R. obtained with a calcareous sediment 

under oxic conditions at the Netherlands Energy Research Foundation, and 
similar to the R.s obtained with calcareous sediments at a constant 

d 

sediment/seawater ratio under oxic conditions at Imperial College (see 

Table 2.2). 

2.4.1.1.5 Cesium. The sorption distribution ratios obtained with 
2 

two calcareous deep-sea sediments increased from 3 x 10 and 5 x 

102 ml/g at 5°C, to 6 x 103 and 7 x 103 ml/g at 80°C. The final 

dissolved Cs concentrations were on the order of 10 M. The desorp-
2 2 

tion R.s varied from 2 x 10 to 7 x 10 ml/g between 5 and 50°C, 
a 

but were not reported for 50 and 80°C. The sorption of Cs was reversible 

at 5, 15, and 30'C; and irreversible at 50 and 80°C during these 2-day 

experiments. Similar results were obtained with a pure illite under 

these conditions. 

The sorption experiments at 15"C yielded final (28-day) sorption 
2 2 

R.s from 3 x 10 to 8 x 10 ml/g for the six calcareous deep-sea 
2 3 

sediments, and from 3 x 10 to 1 x 10 ml/g for the 12 coastal and 
estuarine sediments. 

Because the exact final dissolved Cs concentrations were not 

reported, the results of these experiments cannot be compared to other 

distribution ratios for Cs, which varied inversely with concentration 

(see Table 2.2, and Section 2.8.2.1.5). 

2.4.1.1.6 Cobalt. The final (28-day) results of the sorption 
2 4 

experiments carried out at 15*C varied from 8 x 10 to 1 x 10 ml/g 
2 

for the six calcareous deep-sea sediments, and from 3 x 10 to 
2 

8 x 10 ml/g for the 12 coastal and estuarine sediments. 
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The sorption distribution ratios for Co obtained with calcareous 

deep-sea sediments under oxic conditions at the Environmental Studies and 

Research Service are higher than the sorption R.s obtained with 
a 

calcareous sediments under oxic conditions at the Japan Atomic Energy 

Research Institute (see Section 2.5.1.1.5). 

2.4.1.1.7 Manganese. The final (28-day) sorption distribution 

ratios obtained with six calcareous deep-sea sediments at 15*C varied 
3 3 

from 1 x 10 to 5 x 10 ml/g; the final values for the 12 coastal and 
2 2 

estuarine sediments varied from 2 x 10 to 6 x 10 ml/g. 

This was the only study of Mn sorption carried out for the SBTG. 

2.4.1.1.8 Neptunium. The sorption R.s obtained with two cal-
d 2 

careous deep-sea sediments increased from a range of 3 x 10 to 5 x 
102 ml/g at 5 and 15*C to a range of 1 x 103 to 3 x 103 ml/g at 30 

2 2 

and 50°C, then decreased to 6 x 10 and 7 x 10 ml/g, respectively, 

at 80*C. Sorption equilibrium was probably not attained, however, during 

these 2-day experiments 

The sorption distribution ratios for Np obtained with calcareous 

sediments under oxic conditions at 5 and 15*C at the Environmental 

Studies and Research Service are lower than the R.s obtained with 
a 

calcareous sediments under oxic conditions at the Joint Research Center, 
237 239 

lower than the sorption R.s obtained for Np and Np with a 

calcareous sediment under oxic conditions at the Netherlands Energy 

Research Foundation, and lower than the R.s obtained with calcareous 
a 

sediments at a constant sediment/seawater ratio under oxic conditions at 

Imperial College (see Table 2.2). 

2.4.1.1.9 Plutonium. The sorption experiments conducted with two 

calcareous deep-sea sediments yielded sorption distribution ratios that 
2 3 

increased from a range of 9 x 10 to 2 x 10 ml/g at 5 and 15*C to a 
range of 3 x 103 to 4 x 103 ml/g at 50 and 80*C. The final dissolved 

-13 -12 
Pu concentrations were on the order of 10 to 10 M. Sorption 

equilibrium was probably not attained, however, during these 2-day 

experiments. 
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The sorption distribution ratios for Pu obtained with calcareous 

sediments under oxic conditions at 5 and 15°C at the Environmental 

Studies and Research Service are lower than the sorption R.s obtained 
d 

with calcareous sediments under oxic conditions at the Japan Atomic 
Energy Research Institute, lower than the R.s obtained with calcareous 

d 
sediments at a constant sediment/seawater ratio under oxic conditions at 
Imperial College but similar to the R.s obtained there with a 

a 

calcareous sediment at high sediment/seawater ratios under oxic 

conditions (see Table 2.2). 

2.5 Japan 

2.5.1 Japan Atomic Enerny Research Institute. Tokai Research 

Establishment 

2.5.1.1 Sorption Studies—T. Ueno studied the sorption of Co, Cs, 

Pu, and Tc from artificial seawater by calcareous sediments from the GME 

study location. This work was part of an investigation that included 

studies of the major-element chemistry, concentration of natural and 

fallout radionuclides, grain size, and specific surface area of sediments 

from two GME cores (Kasai et al., 1987). 

2.5.1.1.1 Sediments and Solutions. Sorption experiments were 

carried out with nine calcareous sediments from Core 24, a 30-m piston 

core (STACOR) taken at 31*26.8'N, 24*48.8'W in the GME study location 

during the Etude des Sediments Oceaniques par Penetration Expedition 

(ESOPE). These samples were taken at subbottom depths of 0.34 to 0.40 m, 

2.94 to 2.99 ra, 6.92 to 6.97 m, 13.92 to 13.97 m, 15.79 to 15.84 m, 

19.75 to 19.80 m, 23.09 to 23.14 m, 26.74 to 26.79 m, and 29,76 to 

29.81 m. 

The composition of these sediments was determined by x-ray 

flourescence (major elements), direct scintillation counting with a Ge(Li) 
. . . ,228. 214„. 137„ 40„ 210_. 214„ 230_. 234_ . 208.,.,. 
detector ( Ac, Bi, Cs, K, Pb, Pb, Th, Th, and Tl), 

and a spectrometry ( Am and , Pu). Grain-size analysis was car

ried out using a Coulter counter. The specific surface area was 

determined by the BET method. 
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Artificial seawater was used for these experiments, but the 

methods used for its preparation and the preparation of the spiked 

solutions were not reported. 

2.5.1.1.2 Experimental Methods. At the start of these 

experiments, 0.02 to 0.7 g (wet weight) of sediment, 50 ml of artificial 

seawater, and unspecified quantities of spiked solution were placed in 

100-tnl Brlenmeyer flasks. After sealing with ground-glass stoppers, the 

flasks were agitated mechanically at 4*C and a pressure of 1 atm in the 

presence of atmospheric 0 for periods of 3 to 56 days. The Eh and pH 

of the artificial seawater were 240 to 280 mV and 7.6 to 8.0, 

respectively, prior to these experiments; and 230 to 300 mV and 7.8 to 

8.1 afterward. 

At the conclusion of each experiment, the suspensions were 

filtered through a 0.1-ym Millipore filter. Following analysis of both 

the sediment and the solution, sorption distribution ratios were 

calculated using Equation 2.2. 

No desorption experiments were carried out. 

60 137 237 95m_ 
2.5.1.1.3 Analytical Methods. Co, Cs, Pu, and Tc were 

determined by direct scintillation counting with a Ge(Li) detector. 

2.5.1.1.4 Cesium. The sorption distribution ratios for Cs varied 
2 2 

from 2 x 10 to 3 x 10 ml/g and were independent of subbottom depth 

(these experiments were carried out with all nine sediments from Core 24 

and lasted 7 days). The sorption R.s for Cs correlated with the con-

centrations of radionuclides such as K, Ra, and Th in these 

sediments. 

Because the final dissolved Cs concentrations were not reported, 

the results of these experiments cannot be compared to other distribution 

ratios for Cs, which varied inversely with concentration (see Table 2.2, 

and Section 2.8.2.1.5). 
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2.5.1.1.5' Cobalt. Kinetic data were reported for three of the 

nine sediments from Core 24. For the sample obtained from a subbottoo 

depth of 0.34 to 0.40 m, the sorption distribution ratio for Co rose 

steadily with tine. For the sediments from depths of 13.92 to 13.97 m 

and 26.74 to 26.79 m, however, the sorption R.s increased for the first 
d 

14 days, then leveled off thereafter (for all three of these sediments, 
sorption R.s were determined after periods of 3, 7, 14, 28, and 56 

a 

days). The sorption distribution ratios obtained with these three sedi

ments also increased with depth; the 56-day sorption R. was 4 x 
2 d 

10 ml/g for the sample from 0.34 to 0.40 m subbottom, and 2 x 
2 

10 ml/g for the samples from depths of 13.92 to 13.97 m and 26.74 to 
26.79 cm. 

For the other six sediments from Core 24, sorption distribution 

ratios were only determined after 7 days. The sorption R.s obtained 
a 

from these experiments, and the 7-day results for the three sediments 
1 2 

discussed above varied from 4 x 10 to 2 x 10 ml/g, and were 

independent of depth (the final dissolved Co concentrations were not 

reported for any of these experiments). Because the 7-day sorption R.s 
c 

correlated with the specific surface areas of these samples, Kasai et al. 

(1987) concluded that physical adsorption was the dominant mechanism for 

the uptake of Co by these sediments. 

The sorption distribution ratios for Co obtained with calcareous 

sediments under oxic conditions at the Japan Atomic Energy Research 

Institute are lower than the sorption R.s obtained with calcareous 
d 

sediments at the Environmental Studies and Research Service (see 

2.4.1.1.6). 
2.5.1.1.6 Plutonium. The sorption distribution ratios for Pu 

4 6 

varied from 6 x 10 to 1 x 10 ml/g and were independent of depth 

(these experiments were carried out with all nine sediments from Core 24 

and lasted for 7 days, but the final dissolved Pu concentrations were not 

reported). 

The sorption distribution ratios for Pu obtained with calcareous 

sediments under oxic conditions at the Japan Atomic Energy Research 
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Institute are higher than the sorption R.s obtained with calcareous 
a 

sediments under oxic conditions at the Environmental Studies and Research 
Service, and similar to the R.s obtained with a calcareous sediment at 

a 
a constant sediment/seawater ratio under oxic conditions at Imperial 
College but higher than the R.s obtained there with a calcareous 

a 
sediment at high sediment/seawater ratios (see Table 2.2). 

2.5.1.1.7 Technetium. A sorption distribution ratio of 2 x 

10 ml/g was obtained for Tc (these experiments were conducted with 

samples from depths of 0.34 to 0.40 m, 13.92 to 13.97 m, and 26.74 to 

26.79 m in Core 24 and lasted for 7 days, but the final dissolved Tc 

concentrations were not reported). 

The sorption distribution ratio for Tc obtained with a calcareous 

sediment under oxic conditions at the Japan Atomic Energy Research 

Institute is higher than the sorption R.s obtained with calcareous 
a 

sediments and a red clay at constant and variable sediment/seawater 

ratios under oxic conditions at Imperial College (see Table 2.2). 

2.5.1.2 Diffusion Studies—S. Nakashima and his colleagues 

studied the diffusion of Tc in calcareous - sediments from the GME study 

location and a Japanese bentonite. The objectives of this study were to 

determine the relationship between the effective diffusion coefficient of 

the nonsorbing pertechnetate ion (TcOT) and the water content of 

highly porous sediments (Nakashima et al., 1987), and to identify the 

mechanism responsible for the partial immobilization of Tc that was 

observed in one of the GME sediments (Nakashima, Kita, and Mitamura, 

1987). 

2.5.1.2.1 Sediments and Solutions. The deep-sea sediments used 

for this study were obtained from Core 10, a 34-m piston core (STAC0R), 

taken at 31*16.7'H, 25*23.3'W in the CMS study location during the Etude 

des Sediments Oceaniques par Penetration Expedition (ESOPE). Eight 

calcareous sediments were sampled from subbottom depths of 0 to 0.05 m, 

1.60 to 1.65 m, 3.00 to 3.05 m, 6.92 to 6.97 m, 13.94 to 13.99 m, 15.95 

to 15.99 m, 23.98 to 24.02 m, and 33.44 to 33.51 m in this core. The 
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bentonite was from Aterazawa, Yamagata Prefecture, Japan, and consisted 

of Ha-montmorillonite and quartz. 

The water content of all of the samples used for this study was 

measured by drying at 105'C to constant weight. Grain-size analysis was 

carried out with a Coulter counter. The mineralogy of the sediments from 

Core 10 was determined by optical microscopy, x-ray diffraction analysis, 

electron microscopy with energy-dispersive x-ray spectroscopy, and dif

ferential thermal analysis. The acetone-soluble fraction of the deep-sea 

sediments was characterized using visible absorption spectroscopy. 

Although the actual water content of the bentonite used for this 

study was 10%, deionized water was added to increase its water content to 

29.6, 40.7, 43.3., 49.?., and 55.3 wtX. The sediments from Core 10 were 

used along with their original pore waters. 

2.5.1.2.2 Experimental Methods. The syringe-ruboff method of 

Schreiner and his colleagues at Argonne National Laboratory (see Section 

2.8.3.1.3) was used for the diffusion study at the Japan Atomic Energy 

Research Institute. This method was modified, however, by: (1) using 

only one plastic syringe instead of two; (2) placing 30 vl of a 

solution that contained 10 pCi/1 of TcoT on a piece of wet filter 
4 

paper and using this, rather than spiked sediment, as the source of Tc; 

(3) extruding, slicing off, and weighing 3-mm sections of sediment after 

the experiments instead of rubbing it off onto strips of filter paper. 

The experimei ts at the Japan Atomic Energy Research Institute were car

ried out at room temperature and a pressure of 1 atm. All of the runs 

were conducted under oxic conditions. During these experiments, which 

lasted for periods of 17 to 124 hours, the syringes were stored over 

water in a tightly sealed box to prevent evaporation. 

After counting each section of sediment, the equation 

C » C° • exp <-<x2)/<4 • D e f f • t) . (2.7) 

was used to calculate the effective diffusion coefficient D .. from the 

concentration profile. In this equation, which was derived by Crank 
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(1975) for one-dimensional diffusion from an infinitely thin source, C is 

the concentration of the radionuclide at a distance x into the sediment 

at time t, and C is its initial concentration on the filter paper. 

0 ,, was obtained from the slope -1/(4 • D ,, • t) of a semi loser f _ erf 
arithmic plot of C versus x . To determine whether or not the thickness 

of the filter paper could be neglected. Crank's (1975) equation for one-

dimensional diffusion from a source of finite thickness, 

C = C° • erfc (x/(2 D c . • t) . (2.8) 
err 

was used. In this equation, erfc is the complementary error function. 

Because the values of D ,- calculated with these two equations were 

indistinguishable, Hakashima et al. (1987) concluded that the thickness 

of their source could be neglected. • 

2.5.1.2.3 Analytical Methods. T C was determined by direct 

scintillation counting with a Hal detector. 

2.5.1.2.4 Technetium. The effective diffusion coefficients 

obtained with seven of the eight calcareous sediments from Core 10 varied 
-6 -6 2 

from 6 x 10 to 8 x 10 cm /s and were independent of subbottom 
depth. The values of D £, reported for the bentonite varied form 7 x 

-7 -6 2 

10 to 3 x 10 cm /s (five runs were carried out after the addi

tion of variable amounts of water to the bentonite). For both the deep-

sea sediments and the bentonite, D ., increased as the water content 
eff 

increased (the water weight fraction of the sediments from Core 10 varied 

from 0.471 to 0.622, and from 0.296 to 0.553 for the bentonite). The data 

fit equations of the form Deff - Dsol * (weight fraction, volume fraction, or $ ) a , (2.9) 

in which D , is the free-solution tracer diffusion coefficient of sol 
TcOT in sediment-free seawater or bentonite-free water; • is the 

4 

porosity of the sample; a is a constant that depends on whether the 

sample was sediment from Core 10 or bentonite, and the parameter used to 

describe the water content of the sample. These data thus plot as 

straight lines of positive slope on a log D ..-versus-log weight fraction, 
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volume fraction, or + diagram (see, for example, Figure 2.1). The values 

of D . and the constant a for these data are listed in Table 2.3. 
sol 

In addition, the tortuosity e was calculated using the equation 

•ff-W*2 • < 2 1 0 ) 

-5 2 
in which D , was assigned a constant value of 1.2 x 10 cm /s. 

For seven of the eight deep-sea sediments, 6 varied from 1.2 to 1.4; for 

the bentonite, it varied from 2.1 to 4.0. 

Vakashima et al. (1987) concluded that the differences in the 

values of D , for Tc obtained with the sediments from Core 10 and the 
sol 

bentonite (see Table 2.3) can be at least partially explained by the 

differences between the composition of the water in these samples: pore 

water (essentially seawater) in the deep-sea sediments, and deionized 

water along with some original interlayer water in the bentonite. They 

also concluded that the differences in the slopes (the constant a in 

Equation 2.9 and Table 2.3) obtained for the sediments from Core 10 and 

the bentonite were caused by differences in the grain size, texture, and 

hence the tortuosity of the samples. The bentonite contained a higher 

proportion of particles in the 4.O-to-8.0-jim size range than, for 

example, the sediment from a depth of 15.95 to 15.99 m in Core 10, 

whereas the Core 10 sediment contained a higher proportion of particles 

in the 8.0-to-16.0-\na and 32-to-128-ym size ranges than the bentonite. 

Saxena et al. (1974) observed a similar difference in the effective 

diffusion coefficients for 2, 4-dichlorophenoxyacetic acid in a porous 

medium (artificially sorted glass beads with identical porosities but 

different size distributions). Moreover, the differences in slope also 

could have been caused by a lower diffusivity of Tc in the interlayer 

water of the bentonite than in the pore water of the calcareous sediment. 

-6 2 
An effective diffusion coefficient of 1 x 10 cm /s was 

obtained for Tc with the calcareous sediment from a depth of 13.94 to 

13.99 m in Core 10. This value is significantly lower than those 

observed with the other sediments from Core 10 (6 x 10~ to 8 x 
-6 2 

10 cm /s), and significantly lower than expected based on the 

porosity of this sample (see Figure 2.1). Nakashima et al. (1987) 
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TABLE 2.3. VALUES OF THE FREE-SOLUTIOH TRACER DIFFUSION COEFFICIENT 
(IN cm2/s) AND THE CONSTANT a FROM DIFFUSION EXPERIMENTS 
WITH TECHNETIUM (from Hakashima et al., 1987). 

Parameter Used to Specify Water Content of Sample 

Weight Fraction Volume Fraction Porosity Sample Type 

Core 10 
sediments 

Bentonite 

D , = 1.3 x 10-5 D , = 1.0 x 10 5 D , = 1.1 x 10~5 
sol sol sol 

a = 1.0 a = 1.7 a = 1.4 

D .= 1.0 x 10 
sol 

a = 2.1 

-5 D , = 7 x 10"6 D , = 6 x 10-6 

sol sol 

a = 3.7 a = 2.5 
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Figure 2.1. The Effect of the Porosity of: (A) Seven Calcareous Sediments 
from Core 10 and (B) Five Samples of Bentonite on the Effec
tive Diffusion Coefficient Daff for Technetium. Point C 
is for the sample from a subbottom depth of 13.94 to 13.99 m 
in Core 10 (from Nakashima et al., 1987). 
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attributed this result to partial reductive immobilization of TcO. 

caused by the black spots in this sediment. These black spots, Which 

made up less than 5% of this sample, were composed of pyrite that had 

replaced some of the diatoms in this sediment. 

During other experiments carried out at the Japan Atomic Energy 

Research Institute, neither pyrite nor biotite removed Tc from solution 

(several tens of milligrams of each mineral were added to 50 ml of a 
-10 

solution that contained 4.7 x 10 M TcO. at a pH of 6.5 and 

stored for a period of time comparable to that of the diffusion 

experiments). Previously, Fisher (1982) reported that diatoms and other 

phytoplankton did not remove TcO. from solution. Hakashima et al. 
A 

(1987) therefore concluded that the reductant that partially immobilized 

Tc in their experiment was: (1) H S associated with the formation or 

oxidation of pyrite; (2) bacteria that might have survived the transpor

tation and storage of this sediment (bacteria were observed at similar 

depths in Core 10 by Izzo and Cranston, 1987); or (3) the carbohydrates 

that are the main constituent of diatoms. These carbohydrates were, 

however, probably also present in the sediment from a depth of 33.44 to 

33.51 m in Core 10, a sample that also contained diatoms but for which an 
-6 2 

effective diffusion coefficient of 6 x 10 cm /s was obtained for Tc. 

Finally, it must be emphasized that members of the ESOPE Shipboard 

Scientific Party observed black spots that disappeared rapidly after 

splitting many of the cores taken at GME. These black spots were 

apparently composed of different constituents than those observed by 

Nakashima et al. (1987) after transportation and storage under oxic 

conditions. If these ephemeral constituents had been preserved by 

storage under anoxic conditions, sorption and diffusion experiments 

carried out under anoxic conditions might have resulted in more complete 

immobilization of Tc (all of the experiments at the Japan Atomic Energy 

Research Institute were conducted under oxic conditions). 

The effective diffusion coefficients for Tc obtained with 

calcareous deep-sea sediments under oxic conditions at the Japan Atomic 

Energy Research Institute are similar to the values of D f( obtained 

with calcareous sediments under oxic conditions at Imperial College, and 
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similar to the value of D _, obtained with a red clay under oxic 
eff 

conditions at Argonne National Laboratory (see Table 2.4). 

2.6 Netherlands 

2.6.1 Delta Institute for Hydrobiolonical Research 

2.6.1.1 Sorption Studies—L. A. van Seldermalsen investigated the 

effect of temperature on the sorption of Am, Cd, Eu, Hp, and Pu froa 

artificial seawater by calcareous sediments from the GME study location 

and an estuarine sediment from the Oosterschelde in the Netherlands 

(Duurnna, van Geldermalsen, and Wegereef, 1983; van Geldermalsen and 

Duursma, 1984; van Geldermalsen and Wegereef, 1985). This study was part 

of an extensive investigation of the effects of temperature on the 

migration of radionuclides in deep-sea sediments that also included 

column studies of radionuclide migration by van Geldermalsen (see Section 

2.6.1.2), a study by van Geldermalsen of the effects of temperature on 

pore-water chemistry (see van Geldermalsen and Wegereef, 1985), and 

laboratory modeling studies of heat transfer in pore-water saturated 

sediments by W. Wegereef at the Technical University Twente (see Duursma, 

van Geldermalsen, and Wegereef, 1983; van Geldermalsen and Wegereef, 

1985). 

2.6.1.1.1 Sediments and Solutions. Three sediments from GME were 

used for the sorption studies: (1) a mildly reduced mixture of pelagic 

and turbiditic sediment from a subbottom depth of 4 m in 80PCL19, a 

piston core taken at 30*59.7'N, 24*30.4'W; (2) mildly reduced pelagic 

sediment from a depth of 2 m in 82PCL14, a piston core taken at 31*10.O'H, 

25*J5.7'W; (3) mildly reduced turbiditic sediment from a depth of 2 m in 

82PCL32, a piston core taken at 32*30.O'H, 24*08.7'W (all three cores 

were obtained by the Netherlands Geological Service in 1980 and 1982). 

These sediments contained about 40 to 60% CaCO., and 2.1 to 2.5% 

organic C. The estuarine sediment from the Oosterschelde contained about 

5% CaCO and 4 to 5% organic C. 

The chemical composition of these sediments was determined at the 

Netherlands Energy Research Foundation (ECH) by neutron activation 
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TABLE 2.4. THE DIFFUSION OF SOME CRITICAL ELEMENTS IN HIGH LEVEL RADIOACTIVE WASTE THROUGH DEBP-SEA 
SEDIMENTS SATURATED WITH SBAWATER, ARTIFICIAL SEAWATER, OR THEIR ORIGINAL PORE WATERS AT LOW 
TEMPERATURES. 

Americium 

a> 
CO 

Country and 

Institution 

Netherlands, Netherlands 
Energy Research Foundation 

UK, Imperial College 

U.S. Argonne 
National Laboratory 

Effective Diffusion Coefficient, 
cm2/s 

Not reported (Deff was too 
low to measure) 

5 x 10~15 to 6 x 10"1*; 
mean = 3 x 10"14 

9 x 10"13 to 3 x 10"12; 
mean = 2 x 10~12 

3 x 10"14 to 3 x 10"13; 
mean = 2 x 10"*3 

2 x 10"1S to 2 x 10"13; 
mean = 6 x 10"14 

< 1 x lO"11 

< 1 x 10~ n (2 runs) 

< 4 x 10~10 (3 runs) 

< 1 x 10~10 (3 runs) 

Remarks 

Details not reported 

10399 #7K (calcareous), oxic, half-cell method 

10554 #5BX, 0 to 10 cm (calcareous), oxic, 
half-cell method 

10554 #11K (calcareous), oxic, half-cell method 

10400 #8K (red clay), oxic, half-cell method 

LL44-GPC-2 (smectitic red clay), oxic, 
syringe- ruboff method 

Illitic red clay, oxic, syringe ruboff method 

82PCS19 (calcareous), anoxic, syringe-ruboff method 

82-018-019 (argillaceous), anoxic, 
a-yringe-ruboff method 

UK, Imperial College 6 x 10-8 

5 x 10"9 to 4 x 10-8; 
mean = 2 x 10"8 

Cesium 

10554 #2K (calcareous), oxic, steady-state method 

10554 #5BX, 10 to 20 cm (calcareous), oxic, profile 
method, results uncorrected for concentration 
dependence 



Country and 

Institution 

UK, Imperial College 
(Cont.) 

Effective Diffusion Coefficient, 

cm2/s 

8 x 10~9 to 1 x 10~8; 
mean = 1 x 10-8 

Cesium (Cont.) 

Remarks 

1C554 #5BX, 0 to 10 cm (calcareous), oxic, half-cell 
method, results uncorrected for concentration 
dependence 

Curium 

US, Argonne 
National Laboratory 

< 2 x 10-11 (2 runs) 

< 7 x 10-11 (3 runs) 

< 7 x 10"11 (3 runs) 

LL44-GPC-2 .'sitwctitie red clay), oxic, syringe-
ruboff method 

82PCS19 (calcareous), anoxic, syringe-ruboff method 

82-018-019 (argillaceous), anoxic, syringe-ruboff 
method 

Iodine 

o 
UK, Imperial College 7 x 10-6 to 8 x 10-6 

3 x 10-6 to 4 x 10-6 

5 x 10" 7 to 2 x 10-6; 
mean = 1 x 10~6 

10554 #5BX, 0 to 10 cm (calcareous), oxic, constant-
source method, results for weakly sorbed X species 

10554 #5BX, 0 to 10 cm (calcareous), oxic, steady-
state method, results for weakly sorbed I species 

10554 #2K, 0 to 25 cm (calcareous), oxic, half-
cell method, results for both strongly and weakly 
sorbed I species 

Weptunium 

Netherlands, Netherlands 
Energy Research 
Foundation 

2 x 10" -10 

1 x 10 -9 

Calcareous sediment oxic and reducing 

Calcareous sediment oxic and reducing 

5 
r 
n 

3 x 10~9 and 7 x 10~9 Argillaceous sediment oxic and reducing, 2 values 
for Defj obtained from diffusion profiles 
(see Figure 2.8) 



TABLE 2.4. (Cont.) 

Country and 

Institution 

UK, Imperial College 

US, Argonne National 
Laboratory 

Effective Diffusion Coefficient, 

cm2/s 

4 x 10"11 to 7 x 10~10; 
mean = 3 x 10"10 

6 x 10~10 to 2 x 10-9; 
mean = 2 x 10-9 

2 x 10~9 to 3 x 10~9; 
mean = 2 x 10"' 

2 x '0-1° (5 days) to 
2 x 10~9 (74 days) 

6 x 10~13 to 2 x 10"12 

(3 runs), 2 x 10-9 (1 run), 
no time dependence 

1 x 10 10 (5 days) to 
7 x 10"10 (74 days) 

5 x 10"11 (5 days) to 
5 x 10~10 (95 days) 

6 x 10~ n (5 days) to 
3 x 10"10 (41 days) 

5 x 10~15 to 2 x 10~13, no 
time dependence 

3 x 10"10 (5 days) to 
2 x 10-9 (74 days) 

2 x 10"10 (5 days) to 
4 x 10 - 1 0 (39 days) 

2 x 10-8 

2 x 10"8 

Hectuni n .ont.) 

Remarks 

10399 #7K (85% CaC03), oxic, half-cell method 

10554 #5BX, 0 to 10 (55X CaC03), 32 to 45.5 cm 
(30% CaC03); and 10554 #11K, 39 to 59 cm 
(30% CaC03), oxic, half-cell method 

10400 #8K (red clay), oxic, half-cell method 

Core 37, 11.66 to 11.79 m (calcareous), oxic, 
half-cell method 

Core 37, 11.66 to 11.79 m (calcareous), anoxic, 
half-cell method 

Core 37, 17.37 to 18.49 m (calcareous), oxic, 
half-cell method 

Core 37, 17.37 to 18.49 m (calcareous), anoxic, 
half-cell method 

Core 37, 22.63 to 22.76 m (calcareous), oxic, 
half-cell method 

Core 37, 22.63 to 22.76 m (calcareous), anoxic, 
half-cell method 

Core 37, 29.64 to 29.74 m (calcareous), oxic, 
half-cell method 

Core 37, 29.64 to 29.73 m (calcareous), anoxic, 
half-cell method 

LL44-GPC-2 (smectitic red -lay), oxic, syringe-
ruboff method, 2 Dp species present? 

TT141-II-7G (argillaceous), anoxic, syringe-ruboff 
method, 2 Np species present? 



Country and 
Institution 

US, Argonne National 
Laboratory (Cont.) 

Effective Diffusion Coefficient, 
cm2/a 

< 3 x 10~10 (4 runs) 

< 7 x 10-8 (1 day) to 
5 x 10-10 (71 days) 

9 x 10"9 to 3 x 10"8; 
mean = 2 x 10~8 

< 1 x lO"11 (2 runs) 

UK, Imperial College 5 x 10~12 to 2 x 10"11; 
mean = 1 x 10-11 

4 x 10 10 

3 x 10"12 and 8 x 10"12; 
mean * 6 x 10' -12 

4 x 10-12 and 2 x 10"11; 
mean = 1 x 10-11 

' x lO"11 and 1 x lO-10; 
mean = 8 x 10-11 

2 x 10"10 and 3 x lO"10; 
mean = 2 x 10-1^ 

US, Argonne 
National Laboratory 

< 1 x 10-H 

< 2 x 10 •11 

< 2 x 10~10 (3 runs) 

Meptunium (Cont.) 

Remarks 

82PCS19, (calcareous), anoxic, syringe-ruboff method 

Core 6 (calcareous), anoxic, syringe-ruboff method 

82-018-019 (argillaceous), anoxic, syringe-ruboff 
method 

Core 66 (argillaceous), anoxic, syringe-ruboff method 

Plutonium 

10399 #7K (calcareous), oxic, half-cell method, 
low sediment/seawater ratio during spiking 

10399 #7K (calcareous), oxic, half-cell method, 
high sediment/seawater ratio during spiking 

10554 #5BX, 32 to 45.5 cm (calcareous), oxic, half-cell 
method, low sediment/seawater ratio during spiking 

10554 #5BX, 32 to 45.5 cm (calcareous), oxic, half-cell 
method, high sediment/seawater ratio during spiking 

10400 #8K (red clay), oxic, half-cell method, low 
sediment/seawater ratio during spiking 

10400 #8K (red clay), oxic, half-cell method, high 
sediment/seawater ratio during spiking 

LL44-GPC-2 (smectitic red clay), oxic, syringe-ruboff 
method, sediment spiked with Pu(IV) 

LL44-GPC-2 (smectitic red clay), oxic, syringe-ruboff 
method, sediment spiked with Pu(VI) 

82PCS19 (calcareous), anoxic, syringe-ruboff method 



TABLE 2.4. (Cont.) 

Country and 

Institution 
Effective Diffusion Coefficient, 

cm^/s 

< 5 x lO"11 (2 runs) 

< 8 x 1CT11 (3 runs) 

< 2 x 10-11 (2 runs) 

Plutonium (Cont.) 

Remarks 

Core 6 (calcareous), anoxic, syringe-ruboff method 

82-018-019 (argillaceous), anoxic, syringe-ruboff 
method 

Core 66 (argillaceous), anoxic, syringe-ruboff method 

Radium 

to 

US, Argonne National 
Laboratory 

< 4 X 10-11 (2 runs) 

1 x 10~7 (1 day) to 6 x 10~9 

(52 days) 

3 x 10"8 (1 day) to 1 x 10"8 

(52 days) 

LL44-GPC-2 (smectitic red clay), oxic, 
syringe-ruboff method 

82PCS19 (calcareous), anoxic, syringe-ruboff 
method 

82-018-019 (argillaceous), anoxic; syringe-ruboff 
method 

US, Argonne National 
Laboratory 

2 x 10-' (two runs) 

Selenium 

LL44-GPC-2 (smectitic red clay), oxic, syringe-
ruboff method 

Technetium 

Japan, Japan Atomic 
Energy Research 
Institute, Tokai 
Research Establishment 

UK, Imperial College 

6 x 10-6 to 8 x 10-6 

1 x 10" 

6 x 10~* (two runs) 

Seven calcareous sediments from Core 10, oxic 

Core 10, 13.94 to 13.99 m (calcareous with black 
spots), oxic 

10554 #5BX, 0 to 10 cm (calcareous), oxic, constant-
source method, impure Tc 



TABLE 2.4. (Cont.) 

Country and 

Institution 

Effective Diffusion Coefficient, 
cm2/s 

Technetium (Cont.) 

Remarks 

UK, Imperial College 
(Cont.) 

US, Argonne national 
Laboratory 

2 x 10~6 to 5 x 10"6; 
mean = 4 x 10-6 

5 x 10"6 

4 x 10~6 to 7 x 10~6 

5 x 10~6 (three runs) 

4 x 10"6 to 5 x 10-6; 
mean = 5 x 10~6 

3 x 10~6 to 5 x 10~6; 
mean = 4 x 10~6; no time 
dependence 

9 x 10" 7 to 3 x 10-6; 
mean = 2 x 10~6 

3 x 10~6 (2 runs) 

1 x 10-10 (2 runs) 

> 1 x 10~8 (2 runs) 

8 x 10"8 (8 hours) to 
8 x lO-9 (9 days) 

10554 #5BX, 0 to 10 cm (calcareous), oxic, constant-
source method, pure Tc 

10554 #5BX, 0 to 10 cm (calcareous), oxic, 
steady-state method 

10554 #5BX, 0 to 10 cm, (calcareous), oxic, 
profile method 

SH2/83/60, oxic, half-cell method, experiments 
carried out with disturbed sediments 

SH2/83/60, oxic, half-cell method, experiments 
conducted with undisturbed sediments 

10554 #2K, 0 to 25 cm (calcareous), oxic, half-cell 
method, experiments carried out for 5 minutes to 7 
hours to test for time dependence 

Core 37, 29.64 to 29.73 m (calcareous), anoxic, 
half-cell method 

LL44-6PC-2 (smectitic red clay), oxic, syringe-
ruboff method 

TT141-II-7G (argillaceous), anoxic, syringe-runoff 
method, sediment spiked with 9 5 m Tc 

TT141-II-7G (argillaceous), anoxic, ayringe-ruboff 
method, sediment spiked with " Tc 

82PCS19 (calcareous), anoxic, syringe-ruboff method 



TABLE 2.4. (Cont.) 

Country and 
Institution 

US, Argonne National 
Laboratory (Cont.) 

Effective Diffusion Coefficient, 

cm2/a 

8 x lO-8 (19 hours) to 
5 x 10~9 (12 days) 

2 x 10"6 (7 hours) to 
1 x lO"7 (9 days) 

4 x 10"8 (16 hours) to 
1 x 10-9 (12 days) 

Technetium (Cont.) 

Remarks 

Core 6 (calcareous), anoxic, syringe-ruboff method 

82-018-019 (argillaceous), anoxic, syringe-ruboff 
method 

Core 66 (argillaceous), anoxic, syringe-ruboff method 

US, Argonne National 
Laboratory 

< 1 x 10~10 (2 runs) 

< 7 x 10"X1 (3 runs) 

Thorium 

LL44-GPC-2 (smectitic red clay), oxic, syringe-ruboff 
method 

82PCS19 (calcareous), anoxic, syringe-ruboff method 

< 5 x 10"11 (3 runs) 82-018-019 (argillaceous), anoxic, syringe-ruboff 
method 

US. Argonne National 
Laboratory 

< 1 x 10-10 (2 runs) 

Tin 

LL44-GPC-2 (smectitic red clay), oxic, syringe-ruboff 
method 

US, Argonne National 
Laboratory 

Uranium 

7 x 10"9 

2 x 10~8 (l day) to 7 x 10"9 

(85 days) 

LL44-GPC-2 (smectitic red clay), oxic, syringe-ruboff 
method 

82PCS19 (calcareous), anoxic, syringe-ruboff method 



TABLE 2.4. (Cont.) 

Uranium (Cont.) 
Country and Effective Diffusion Coefficient, 

Institution cm2/s Remarks 

US, Argonne national 6 x 10~8 (1 day to 2 x 10"8 Core 6 (calcareous), anoxic, syringe-ruboff method 
Laboratory (Cont.) (54 days) 

5 x 10-8 () day) to 6 x 10~9 82-018-019 (argillaceous), anoxic, syringe-ruboff 
(85 days) method 

5 x 10"'' (1 day) to 2 x 10-10 Core 66 (argillaceous), anoxic, syringe-ruboff method 
(54 day 3) 



analysis (van der Sloot and Zonderhaus, 1979). The CaCO content was 

determined at the Netherlands Geological Service by adding acid and 

weighing the CO released from the sediment. The fractions of the 

total Fe, Mn, and Zn that were bound to the carbonate and clay minerals 

were measured at the Delta Institute by atomic absorption spectroscopy 

after sequential extractions with sodium acetate and sodium dithionate. 

Sediment mineralogy was determined by x-ray diffraction analysis at the 

Netherlands Institute for the Monitoring of Drinking Water. The ethylene 

glycol procedure of Dyal and Hendricks (1950) and the Ha-exchange method 

of Duursma and Bisma (1973) were used at the Delta Institute to measure 

the surface area and the cation exchange capacity, respectively, of the 

sediments. The results of these analyses are presented by Duursma, van 

Geldermalsen, and Hegereef (1983), van Geldermalsen and Duursma (1984), 

and van Geldermalsen and Uegereef (1985). 

The GME sediments were stored in their original polyvinylchloride 

core liners at 4*C prior to use. 

All of the sorption studies were carried out with artificial 

seawater prepared by the methods of Grasshof, Ehrhardt, and Kremling 

(1983) to avoid any sorption of the readionuclides of interest by the 

fine suspended particles present in natural seawater. Various quantities 

of ammonium chloride, sodium nitrate, and sodium phosphate were added to 

simulate the pore waters of GME sediments. After preparation, the arti

ficial seawater was filtered through a 0.22 yna polycarbonate filter, 

and deoxygenated by boiling for 30 minutes while purging with H . 

243 
Prior to the start of each experiment, stock solutions of Am, 

152 154 237 239 
stable Cd, Eu or Eu, Np, and Pu were prepared by 

evaporating Cd- or radionuclide-bearing hydrochloric or nitric acid solu

tions to dryness, adding artificial seawater, and adjusting the pH to 8.2. 

These stock solutions were aged overnight and filtered through 0.22 um 

polycarbonate filters prior to use the next day. Considerable precipita

tion of Am and Up occurred during the overnight storage periods. 

2.6.1.1.2 Experiments in Polypropylene Containers. The procedures 

developed by Duursma and Bosch (1970) were followed as closely as possible 

-77-



during the experiments carried out in polypropylene containers, as well 

as in subsequent experiments with Teflon and glass containers. 

A preliminary study of the sorption of stable Cd was carried out 

at the Delta Institute to gain experience with the tectiniques used for 

batch equilibration experiments (Duursma, van Geldermalsen, and Wegereef, 

1983; van Geldermalsen and Duursma, 1984). At the start of these 

sorption experiments, 3 ml of a suspension that contained unspecified 

quantities of sediment and 6 ml of Cd-bearing solution were placed in 

16-tnl polypropylene centrifuge tubes. After dealing with screw caps, the 

tubes were maintained at a constant temperature from 4 to 90*C and a 

pressure of 1 atm. The tubes were agitated by hand twice a day. 

After 3 days, the tubes were centrifuged at 3000 rpm for 10 

minutes at room temperature. Initially, both the sediments and the 

supernatant solution were analyzed for Cd, and sorption distribution 

ratios were calculated using both Equations 2.2 and 2.3. Because 

analysis of the Cd associated with the sediments generally yielded values 

greater than the total amounts added at the start of the experiments, the 

sorption R.s calculated using Equation 2.2 exceeded those obtained with 

Equation 2.3 by as much as an order of magnitude. Subsequently, only the 

solutions were analyzed, and the sorption R.s for Cd were calculated 

using Equation 2.3 (this problem did not arise in later studies with Am, 

Eu, Np, and Pu). 

Ho desorption experiments were coiiuucted with Cd. 

The studies of Am, Eu, Np, and Pu sorption were carried out at the 

Netherlands Energy Research Foundation (van Geldermalsen and Duursma, 

1984; van Geldermalsen and Wegereef, 1985). During preliminary experi

ments with Eu in polypropylene centrifuge tubes, significant amounts of 

the tracer were sorbed by the walls of the tubes, and the sorption distri

bution ratios could not be obtained by determining the final dissolved Eu 

concentration and using Equation 2.3. Because the quantity of sediment 

used in each experiment was small, unacceptable errors were also 
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introduced by analyzing the sediment for Eu and calculating the sorption 

H.s with Equation 2.2. 
d 

2.6.1.1.3 Experiments in Teflon Containers. Because of the 

problems encountered with the polypropylene centrifuge tubes, a series of 

experiments was carried out with Am, Eu, and Pu in Teflon containers. 

For the sorption experiments, 2 ml of a suspension that contained 0.44 mg 

of GME sediment or 27 mg of Oosterschelde sediment and 16 ml of artificial 

seawater were placed in 30-mi Oakridge Teflon centrifuge tubes or Teflon-

lined Parr vessels, maintained at a constant temperature of 4 to 140°C, 

and agitated twice a day. 

After various intervals, the tubes were centrifuged at room temper

ature, and 1-ml aliquots of the supernatant solution were removed for 

counting. Following sampling, the experiments were continued to deter

mine the effect of equilibration time on sorption. 

A few desorption experiments were carried out with Pu by decanting 

the solution after the final sampling and replacing it with unspiked 

artificial seawater. These desorption runs were conducted for 7 days at 
r 

20°C; both the sediments and the solutions were analyzed afterward; and 

desorption distribution ratios were calculated using Equations 2.4 and/or 

2.5. 

The pH of the artificial seawater, which was initially close to 8, 

decreased significantly during most of the sorption experiments performed 

in Teflon containers. This decrease was especially pronounced in the 

high temperature runs. Duursma, van Geldermalsen, and Wegereef (1983) 

attributed this effect to the delayed release of nitric acid used to 

clean these containers prior to the experiments. This effect has been 

observed frequently by other investigators, however, and is generall 

attrlDuted to the release of hydrofluoric acid produced by the reaction 

of aqueous solutions with Teflon containers, especially at hig 

temperatures. 

2.6.1.1.4 Experiments in Glass Containers. Because of the p 

changes in the Teflon centrifuge tubes, most of the sorption studies wit 
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Am, Hp, and Pu were carried out in glass containers. At the start of 

these sorption experiments, 19 ml of a suspension that contained about 5 

mg of sediment and 1.0 ml of radionuclide-bearing solution were placed in 

a glass vial, which was sealed by fusion. The vials were maintained at a 

temperature of 4, 35, 60, or 90*C and a pressure of 1 a tin, and agitated 

by hand twice a day. All of these experiments were carried out in 

triplicate under an atmosphere of O.-free H . Blank experiments were 

conducted without sediments to determine how much of each radionuclide 

was sorbed by the glass containers. 

After 25 days, the vials were centrifuged at 1500 rpm for 30 

minutes at room temperature. Following centrifugation, the vials were 

opened and reequilibrated at run temperature for 40 minutes. Five ml of 

the supernatant solution were analyzed for the radionuclide of interest; 

the rest was used for measurements of Eh and pH. Both the sediments and 

solutions were analyzed after each run; sorption distribution ratios were 

calculated using Equations 2.4 and/or 2.5. 

Desorption experiments were carried out after all of the sorption 

experiments by replacing the decanted solution with 10 ml of unspiked 

artificial seawater, resealing the vials, and equilibrating for 24 days 

at the same temperatures used for the sorption runs. 

2.6.1.1.5 Analytical Methods. Cd was determined by atomic 
.. . 243. 152„ 154„ 237„ . 239„. 

absorption spectroscopy. Am, Eu, Eu, Hp, and Pu 

were determined by liquid scintillation counting; details were provided 

by van Geldermalsen and Wegereef (1985). 

2.6.1.1.6 Americium. The sorption experiments carried out with 

the mildly reduced calcareous sediment 82PCL14 and the estuarine sediment 

under anoxic conditions in Teflon containers yielded sorption distribu

tion ratios that were > 8 x 10 ml/g at all temperatures. Because the 

final dissolved Am concentration was close to the detection limit of 

liquid scintillation counting (the actual concentrations were not pro

vided), these results were considered preliminary by van Geldermalsen and 

Duursma (1984). 
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The lower limit for the sorption distribution ratio for Am obtained 

with a calcareous sediment under anoxic conditions in Teflon containers 

at 4 and 35*C at the Delta Institute for Hydrobiological Research is 

higher than the R s obtained with a calcareous sediment under anoxic 
d 

conditions at the Joint Research Center, and higher than the sorption 

R. obtained with a calcareous sediment under reducing conditions at the 
d 

Hetherlands Energy Research Foundation (see Table 2.2). 

The results of sorption experiments conducted with the mildly 

reduced calcareous sediments 82PCL14 and 82PCL32 under anoxic conditions 

in glass containers decreased as the temperature was increased, but were 

independent of the final dissolved Am concentration, which varied from 
-12 -10 

about 2 x 10 to 5 x 10 H (see Fisure 2.2). The sorption R.s 
obtained with 82PCL14 decreased from a range of 7 x 10 to 1 x 
5 3 3 

10 ml/g at 4*C to a range of 4 x 10 to 8 x 10 ml/g at 90°C. For 
4 

82PCL32, the sorption R.s decreased from a range of 3 x 10 to 6 x 
104 ml/g at 4 and 35°C to a range of 2 x 103 to 2 x 104 ml/g at 60 

and 90#C. 

The results of the desorption experiments carried out in glass 

containers were also inversely dependent on temperature and independent 

of concentration (see Figure 2.3). The desorption distribution ratios 
4 

obtained with 82PCL14 decreased from a range of 2 x 10 to 8 x 
4 3 4 

10 ml/g at 4 and 35"C to values of 8 x 10 and 1 x 10 ml/g at 

90*C. For 82PCL32, the desorption R.s decreased from a range of 1 x 

104 to 5 x 104 ml/g at 4 and 35*C to a range of 2 x 103 to 6 x 
3 

10 ml/g at 60 and 90* C. The dissolved un concentration at the 
-12 

conclusion of the desorption experiments varied from about 2 x 10 

to 4 x 10~ M. Although there is considerable scatter in both the 

sorption and desorption data, these results suggest that the sorption of 

Am by these sediments was reversible during these 24- and 25-day 

experiments. 

The distribution ratios for Am obtained with calcareous sediments 

under anoxic conditions in glass containers at 4 and 35*C at the Delta 

Institute are lower than the R.s obtained with a calcareous sediment 
d 

under anoxic conditions, and mostly lower than the sorption R. obtained 
a 
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Figure 2.2. The Effect of Final Dissolved Americium Concentration and 
Temperature on the Sorption of Americium by: (A) the Mildly 
Reduced Calcareous Sediment 82PCL14 and (B) the Mildly 
Reduced Calcareous Sediment 82PCL32 (from van Geldermalsen 
and Wegereef, 1985). 
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with a calcareous sediment under reducing conditions at the Netherlands 

Energy Research Foundation (see Table 2.2). 

2.6.1.1.7 Cadmium. The sorption distribution ratios obtained 

with the mildly reduced calcareous sediment 82PCL14 under anoxic 

conditions in polypropylene containers at 4*C varied inversely with 
3 

concentration, from a value of 1 x 10 ml/g for a final dissolved Cd 
—6 2 

concentration of 1 x 10 M to 2 x 10 ml/g as the Cd concentration 
_3 

approached 1 x 10 M (see Figure 2.4). At 90*C, the sorption R.s 
1 2 

varied from 7 x 10 to 2 x 10 ml/g and were independent of 

concentration. At intermediate temperatures, the sorption H.s obtained 
-6 -5 

for final dissolved Cd concentrations on the order of 10 and 10 M 

varied inversely with temperature, but were independent of concentration; 

the sorption distribution ratios obtained for higher concentrations, 

however, were independent of temperature but varied inversely with 

concentration. The sorption R.s obtained with 80PCL19 and 82PCL32 were 
d 

similar to those obtained with 82PCL14. The sorption R.s obtained with 
a 

the estuarine sediments varied inversely with the final dissolved Cd 

concentration regardless of the concentration or the temperature. At 

6*C, the sorption distribution ratio decreased from a value of 6 x 
1 -6 

10 ml/g at Cd concentrations on the order of 10 M to a value of 
1 1 -4 

1 x 10 or 2 x 10 ml/g as the concentration approached 10 M. At 
1 0 

90°C, the sorption R. fell from 2 x 10 to 4 x 10 ml/g over the 

same concentration range (see Duursma, van Geldermalsevi, and Wegereef, 

1983; van Geldermalsen and Duursma, 1984). 
No desorption experiments were carried out with Cd. 

This was the only study of Cd sorption conducted for the SBTG. 

2.6.1.1.8 Europium. Sorption experiments were carried out with 

the mildly reduced calcareous sediment 82PCL32 under anoxic conditions in 

Teflon containers, - yielded sorption distribution ratios that varied 
3 5 

from 1 x 10 *o x 10 ir.l,'g and were independent of temperature 
(these runs were conducted at 4, 80, and 85*C for 3 to 46 days). 
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No desorption experiments were carried out with 82PCL32 and no 

experiments at all were carried out with the estuarine sediments. 

Because the final dissolved Bu concentrations were not reported, 

the results of these experiments cannot be compared to other distribution 

ratios for Eu, which varied inversely with concentration (see Sections 

2.8.1.1.5 and 2.8.2.1.5). 

2.6.1.1.9 Meptunium. The results of the sorption experiments 

carried out with the mildly reduced calcareous sediments 82PCL14 and 

82PCL32 under anoxic conditions in glass containers (see Figure 2.5) did 

not vary with temperature (these experiments were performed at 4, 35, 60, 

and 90"C for 25 days). The sorption distribution ratios obtained with 
1 2 

82PCL14 varied from 7 x 10 to 5 x 10 ml/g, but Whether or not they 
were affected by concentration is unclear. The sorption R.s obtained 

2 
at 4*C fell from 4 x 10 ml/g at a final dissolved Np concentration of 

-7 2 
3 x 10 M to a value of 1 x 10 ml/g at a concentration of 8 x 
—6 2 

10 M; at 90"C the sorption R. fell from 4 x 10 ml/g at a final 
-8 1 

dissolved Np concentration of 7 x 10 M to 8 x 10 ml/g at a 
concentration of 9 x 10~ M. The sorption R.s obtained at 35 and 

a 
60s, however, were unaffected by concentration. The sorption 
distribution ratios obtained with 82PCL32 varied from 3 x 10 to 5 x 
2 

10 ml/g, and were clearly independent of both the final dissolved Np 
-8 -6 

concentration (8 x 10 to 9 x 10 M) and temperature. 

The desorption experiments conducted in glass containers yielded 

negative desorption distribution ratios. These results were probably 
233 237 

caused by the interference of Pa (the daughter of Np) during 

the analysis of the solutions after the desorption runs. 

The sorption distribution ratios for Np obtained with calcarec JS 

sediments under anoxic conditions in glass containers at the Delta 

Institute for Hydrobiological Research are lower than the R.s obtained 
a 

with a calcareous sediment under anoxic conditions at the Joint Researc 
237 239 

Center, lower than the sorption R.s for Np and Np obtaine 

with a carcareous sediment under reducing conditions at the Netherlands 

Energy Research Foundation, and lower than the sorption R.s obtaine 
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Figure 2.5. The Effects of Final Dissolved Neptunium Concentration and 
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with a calcareous sediment at a variable sediment/seawater ratio under 

anoxic conditions at Imperial College (see Table 2.2). 

2.6.1.1.10 Plutonium. The results of the sorption and desorption 

experiments carried out with the mildly reduced calcareous sediments 

82PCL14 and 82PCL32, and estuarine sediments under anoxic conditions in 

Teflon containers varied from 3 x 10 to 3 x 10 ml/g (Duursma, van 

Geldermalsen, and Wegereef, 1983; van Geldermalsen and Duursma, 1984). 

Because of the scatter in these results, it is impossible to determine 

the effect of temperature, concentration, run time, or direction of 

reaction on the distribution ratio for Pu. 

The results of the sorption experiments conducted with 82PCL14 and 

82PCL32 under anoxic conditions at 4, 35, 60, and 90*C for 25 days in 

glass containers also displayed considerable scatter, despite the fact 

that each run was performed in triplicate (see Figure 2.6). The sorption 
3 

distribution ratios obtained with 82PCL14 varied from 2 x 10 to 7 x 
4 

10 ml/g, and were independent of temperature and the final dissolved Pu 
3 

concentration. For 82PCL32, the sorption R.s varied from 3 x 10 to 

4 x 10 ml/g, and were also unaffected by temperature and concentration. 

For both of these sediments, the final dissolved Pu concentration varied 
-10 -8 

from about 3 x 10 to 9 x 10 M. 

The desorpHon experiments carried out for 24 days in glass con

tainers aiso yielded results independent of temperature and concentration, 
—10 —8 

which varied from about 3 x 10 to 4 x 10 M (see Figure 2.7), The 
3 5 

desorption distribution ratios varied from 2 x 10 to 1 x 10 ml/g 

for 82PCL14, and from 1 x 103 to 4 x 104 ml/g for 82PCL32. Van 

Geldermalsen and Wegereef (1985) concluded that the desorption R.s for 
a 

each of these sediments were higher than the corresponding sorption 

R.s, and that the uptake of Pu by these sediments was therefore 

irreversible. The conclusion appears questionable, however, in view of 

the scatter in these data. 

This was the only study of Pu sorption carried out under anoxic 

conditions. 
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2.6.1.2 Column Studies—Van Geldermalsen studied the effect of 

temperature on the migration of Cd and Pu through columns of calcareous 

sediment from the GME study location (van Geldermalsen and Wegereef, 

1985). During these experiments, artificial seawater was pumped through 

the columns at very low flow rates. 

2.6.1.2.1 Sediments and Solutions. Mildly reduced, calcareous, 

pelagic sediments from piston core 82PCS14 were used for the column 

experiments. The exact location of this core from the GME study location 

is given in section 2.6.1.1.1. 

Prior to the column experiments with Pu, spiked sediment was 

prepared by adding 250 jil of a Pu-bearing solution to 6.0 ml of a 

slurry with a sediment/artificial seawater ratio of 2 g/1. 

Artificial seawater prepared by the methods of Grasshoff, 

Ehrhardt, and Kremling (1983) was used for these experiments. 

2.6.1.2.2 Experimental Methods. The experiments with Cd were 

carried out at the Delta Institute in glass tubes with an inner diameter 

of 4.1 mm and lengths from 13 to 52 mm. After these tubes were manually 

filled with wet sediment, 10 pi of a solution that contained 1.78 x 
-3 

10 M of Cd was pipetted onto each column. The columns were the. 

eluted with artificial seawater. These experiments were conducted at 20 

and 90°C and a pressure of 1 atm. 

The experiments with Pu were carried out at the Netherlands Energ 

Research Foundation. Because Pu is strongly sorbed by deep-sea sediments, 

little if any elution of Pu from the columns described above was expected, 

and Teflon tubes with an inner diameter of 0.75 mm and lengths from 0.9 to 

1.64 mm were used. After pipetting 100 yl of a Pu-free slurry with 

sediment/artificial seawater ratio of 12.5 g/1 into each tube, 50 pi of 

a spiked slurry with a sediment/artificial seawater ratio of 2 g/1 wer 

added to the top of each column. Artificial seawater was then pumpe 

through the columns at rates from 1 to 10 vl/min. These experiment 

were conducted at 20 and 60*C and a pressure of 1 atm. 
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After the collection and analysis of the artificial seawater, 

distribution ratios for Pu were calculated using the 1-dimensional 

equation for transport by advection and diffusion (see van Geldermalsen 

and Wegereef, 1985). For these calculations, it was assumed that: 

(1) sorption is instantaneous and reversible, and can be described by a 

linear sorption isotherm; (2) the effects of other chemical reactions, 

such as precipitation of Pu from solution, were negligible under the con

ditions of these experiments; (3) the Eh, pH, and speciation of Pu were 

constant throughout the columns; (4) the sorptive properties of the 

sediment were uniform. 

Because very little Pu war eluted during these experiments, the 

columns were sliced into sections and analyzed afterward. The procedure 

used to slice these 1-mm columns was not described, but considerable 

error was apparently introduced during the separation and measurement of 

the sections, as well as by variations in the diameter of the Teflon 

tubes. 

After counting each section of sediment, distribution ratios for 

Pu were calculated using a numerical solution of the 1-dimensional 

transport equation (see van Geldermalsen and Wegereef, 1985). 

Concentration profiles were calculated for different R values and 
a 

compared to the experimentally obtained concentration profile to obtain 

the most likely value of the distribution ratio. 

The experimental method used for the column studies was evaluated 
3 

by eluting a sample of water spiked with tritium ( H). The results of 

this experiment imply that the movement of pore water through the columns 
3 

was uniform, and that the distribution ratio for H.O was 7 x 
_i 

10 ml/g. Van Geldermalsen and Wegereef (1985) attributed this 

nonzero value of R. to the exchange of water between the pore fluid and 
a 

the water associated with the minerals in the sediment, especially cla 

minerals. 

2.6.1.2.3 Analytical Methods. The same analytical techniques wer 

used for the column experiments as for the sorption studies (see above). 

-92-



2.6.1.2.4 Cadmium. Only 2 to 3% of the Cd pipetted onto the 

columns at the start of the experiments at both 20 and 90*C was eluted in 

the first four relative elution volumes (defined by the elution volume/the 

total volume of the column). Van Geldermalsen and Wegereef (1985) con

cluded that the Cd eluted was probably a complex with a low charge, but 

did not report a distribution ratio for this complex. Based on the 

results of the sorption studies with Cd (see Section 2.6.1.1.7), it was 

calculated that about 200 to 1400 relative elution volumes would have 

been required to elute the rest of the Cd from these columns. 

2.6.1.2.5 Plutonium. In the experiments carried out at 20°C, 0.6 
-3 -2 

to 0.7% of the total Pu was eluted in 2.49 x 10 to 1.83 x 10 

relative elution volumes (redefined in the case of Pu as the elution 

volume/the total volume of the column times the porosity). Van 

Geldermalsen and Wegereef (1985) calculated distribution ratios of 6 x 
6 3 

10 and 2 x 10 ml/g for the Pu in the two peaks observed in the 

elution patterns obtained at 20*C. Neither of these peaks was observed 

in the elution patterns obtained at 60°C. 
Posttest analysis of the sediments from the 20°C experiments 

4 6 
yielded R.s from 7 x 10 to 3 x 10 ml/g, with a mean value of 1 x 
10 . The comparable results for the 60*C experiments varied from 1 x 
5 6 5 

10 to 1 x 10 ml/g, with a mean value of 6 x 10 ml/g (five runs 
were conducted at each temperature). 

The distribution ratios for Pu calculated from the two peaks in 

the elution patterns obtained at 20*C are lower than most of the R.s 
a 

obtained from sorption studies at the Delta Institute for Hydrobio-

logical Research. 

These were the only column studies carried out for the SBT6. 

2.6.2 Netherlands Energy Research Foundation 

2.6.2.1 Sorption Studies—A van Dalen and J. Wykstra (1985, 1986) 

studied the sorption of Am and Np from artificial seawater by 

calcareous sediment from the GMF study location. 
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2.6.2.1.1 Sediments and Solutions. The sediment used for these 

experiments was a mildly reduced, olive-gray, turbiditic ooze from a 

subbottom depth of 8 m in a piston core taken at GME by the Netherlands 

Geological Service in 1982. This sediment contained about 55% CaCCL. 

Artificial seawater was prepared by the method of Kester et al. 

(1967), and spiked with Am or Np. The spiked solutions were 

stored at 2 + 1*C for 2 months prior to use. For the experiments carried 

out under reducing conditions, the aged, spiked, artificial seawater was 

boiled to remove 0. and 100 mg/1 of Ha S (a reducing agent) were 

added after cooling. 

2.6.2.1.2 Experimental Methods. Prior to these experiments, the 

sediment was preequilibrated with unspiked artificial seawater at 2 t 1°C 

for 2 months. 

At the start of each experiment, 5 g (dry weight) of sediment 

were added to 100 ml of spiked artificial seawater. For the experiments 

carried out under oxic conditions, light brown sediment from the outer 

part of the core was used; greenish gray sediment from the center of the 

core was used for the experiments conducted under reducing conditions. 

Measurements of the oxidation potential of the solutions after equilibra

tion with these sediments, however, yielded similar values of 587 and 

527 raV, respectively. The sediment-solution mixtures were never agitated 

during these experiments, which were conducted at 2 ± 1°C and a pressure 

of 1 atm. 

After the various intervals, 1-ml aliquots of the solution were 

removed for analysis. These samples were neither centrifuged nor 

filtered. Because the results for duplicate samples "showed no dif

ference," it was concluded that no suspended, radionuclide-bearing 

particles were present. The sorption distribution ratios were calculated 
237 

using Equation 2.3. Although the solutions were spiked with Np, 
239 

sorption R.s were also determined for Np, which was produced in 
243 

small quantities during the experiments by the decay of Am. Becaus 

the sediment-solution mixtures were never agitated during these experi

ments, the rates at which Am and Np were removed from solution reflec 
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both the rates of the sorption reactions and the transport rates of these 

elements through the solution to the sediment-solution interface. The 

results of these experiments cannot, therefore, be used to determine the 

rates of the sorption reactions or the time required to reach sorption 

equilibrium. 

Ho desorption experiments were carried out. 

237 239 
2.6.2.1.3 Analytical Methods. Np and Np were deter-

243 
mined by liquid scintillation counting. Am was determined by « 

spectrometry after coprecipitation with lanthanum fluoride (see Joshi, 

1985). 

2.6.2.1.4 Americium. The sorption distribution ratios for Am 

increased slightly with time (values wore determined after periods of 14 

to 498 days). All of the values were close 

dissolved Am concentrations were not reported. 

to 498 days). All of the values were close to 1 x 10 ml/g. The final 

The sorption distribution ratios for Am obtained with a calcareous 

sediment under oxic and reducing conditions at the Netherlands Energy 

Research Foundation are lower than the R.s obtained with calcareous 
a 

sediments under oxic and anoxic conditions at the Joint Research Center, 
similar to the sorption R.s obtained with calcareous sediments under 

a 
oxic conditions at the Cadarache Center for Huclear Studies, mostly 
higher than the R.s obtained with calcareous sediments under anoxic 

a 

conditions at the Delta Institute for Hydroblological Research, and mostly 

lower than the R.s obtained with calcareous sediments under oxic condi-
o 

tions at Imperial College (see Table 2.2). 

237 
2.6.2.1.5 Neptunium. The sorption distribution ratios for Np 

3 3 
increased from 1 x 10 ml/g after 14 days to 5 x 10 ml/g after 498 

239 4 
days. For Np, the sorption R.s increased from 1 x 10 to 2 x 
4 d 

10 ml/g during the seme period. Van Dalsn and Wijkstra (1985, 1986) 
239 

concluded that the sorption R.s obtained for Np were higher than 
237 237 

those for Np because the dissolved concentration of Np, which 
was used to spike the artificial seawater prior to the experiments, was 

239 243 
higher than that of Np, which was produced by the decay of Am 
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during the experiments. Neither the initial nor the final dissolved Np 
237 239 

concentrations were reported; however, for both Np and Np, the 

results obtained under oxic conditions were similar to those obtained 

under reducing conditions. 

237 
The sorption distribution ratio for Np obtained with a 

calcareous sediment under oxic and reducing conditions at the Netherlands 

Energy Research Foundation is higher than th* R.s obtained with 
a 

calcareous sediments under oxic conditions at the Joint Research Center 
but lower than the R.s obtained there with a calcareous sediment under 

a 
anoxic conditions, higher than the sorption R.s obtained with calcareous 

a 
sediments under oxic conditions at the Environmental Studies and Research 
Service, higher than the sorption R.s obtained with calcareous sediments 

a 
under anoxic conditions at the Delta Institute for Hydrobiological 
Research, and similar to the R.s obtained with calcareous sediments at 

o 
constant and variable sediment/seawater ratios under oxic and anoxic 

239 
conditions at Imperial College. The sorption R. for Np obtained 

wi+h a calcareous sediment under oxic and reducing conditions at the 

Netherlands Energy Research Foundation, however, was higher thar all of 

the other distribution ratios for Np except for those obtained with a 

calcareous sediment under anoxic conditions at the Joint Research Center 

(see Table 2.2). 

2.6.2.2 Diffusion Studies—Van Dalen and Wijkstra (1985, 1986) 

studied the diffusion of Am and Np in three sediments from the GME study 

location. 

2.6.2.2.1 Sediments and Solutions. The three GME sediments used 

for the diffusion studies were: (1) a mildly reduced, olive-gray, 

turbiditic ooze from a subbottom depth of 8 m (this sediment was also 

used for the sorption studies at the Netherlands Energy Research 

Foundation); (2) an oxidized, white, pelagic, nanoforam ooze from a depth 

of 8m; and (3) a brown, pelagic clay from a depth of 8m. All three of 

these piston cores were obtained by the Netherlands Geological Service in 

1982. These sediments contained 55, 85, and 8% CaCO,, respectively. 
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All three of these sediments were used along with their original 

pore waters. 

2.6.2.2.2 Experimental Methods. The syringe-ruboff method of 

Schreiner and his colleagues at Argonne National Laboratory (see Section 

2.8.3.1.3) was used for the diffusion studies at the Netherlands Energy 

Research Foundation. This method was modified, however, by: (1) storing 

the spiked sediment for 2 months between the addition of the radionuclide 

and the start of the experiments instead of starting the experiments 

immediately after spiking the sediment; (2) using only one syringe rather 

than two, and packing both the unspiked and the spiked sedimen s in by 

hand; (3) extruding, slicing off, and weighing 1-mm-thick sect it is of 

sediment after the experiments instead of rubbing it off onto stiips of 

filter paper. 

After counting, Equation 2.21 (see Section 2.8.3.1.3) was used to 

calculate an effective diffusion coefficient from the concentration 

profiles. 

2.6.2.2.3 Analytical Methods. Am and Np were determined 

by liquid scintillation counting. 

2.6.2.2.4 Americium. After 350 days, no movement of Am was 

observed, and neither an effective diffusion coefficient nor an upper 

limit for D ,, was reported, 
etc 

2.6.2.2.5 Neptunium. The profiles obtained for Np after 350 days 

are shown in Figure 2.8. For the nanoforam ooze and the turbiditic ooze, 
-10 -9 2 

unique values of about 2 x 10 and 1 x 10 cm /s, respectively, 

were obtained for the effective diffusion coefficient. The results for 

the pelagic clay, however, appear to be consistent with two effective 4if-
-9 -9 2 

fusion coefficients, 3 x 10 and 7 x 10 cm /s. Van Dalen and 

Wijkstra (1985, 1986) suggested that the ambiguous results for the pelagic 

clay were caused by: (1) the presence of two Np species during this ex

periment; or more likely, (2) the presence of two components in the sedi

ment, each of which affected the migration of Np differently. Schreiner 

and his colleougues at Argonne National Laboratory, however, concluded 
-97-
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that results such as these were caused by a change in the speciation and 

hence the mobility of the radionuclide during the experiment (see Sections 

2.8.3.1.7 and 2.8.3.1.11). nevertheless, the values of R _, obtained 
eft 

at the Netherlands Energy Research Foundation clearly varied inversely 

with the CaCO c 

(see Figure 2.9). 

with the CaCO content of these sediments, 85, 55, and 8%, respectively 

The effective diffusion coefficients for Up obtained with 

calcareous and argillaceous sediments under oxic and reducing conditions 

at the Netherlands Energy Research Foundation are similar to the values 

of D f f obtained with calcareous sediments and a red clay under oxic 

conditions and some of the values obtained with calcareous sediments 

under anoxic conditions at Imperial College, but are higher than other 

values of D __ obtained there with calcareous sediments under anoxic 
eff 

conditions. The studies carried out at Imperial College also yielded 

effective diffusion coefficients that vary inversely with the carbonate 

content of the sediments. The values of D ,, obtained with calcareous 
eff 

sediments under oxic and reducing conditions at the Netherlands Energy 

Research Foundation are similar to most of the values obtained with 

calcareous sediments under anoxic conditions at Argonne National 

Laboratory. The values of D ._ obtained with an argillaceous sediment 

under oxic and reducing conditions, however, are lower than all of the 

values obtained with argillaceous sediments under oxic and anoxic 

conditions at Argonne except the value obtained for Core 66 under anoxic 

conditions (see Table 2.4). 

2.7 United Kingdom 

2.7.1 Imperial College 

2.7,1.1 Sorption Studies—J. J. W. Higgo and her colleagues 

investigated the sorption of Am, Cs, Eu, I, Np, Pu, Tc, and U from 

seawater by a variety of deep-sea sediments, including samples from the 

GME study location. 

The Imperial College group started their studies with C , Eu, and 

five different sediments to gain experience with their experimental 
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techniques while waiting for facilities capable of handling actinide 

elements to become available (Higgo, Rees, and Cronan, 1982a). Sub

sequently, they studied the sorption of Am and Up by a suite of 13 sedi

ments that included the five used for the initial studies of Cs and Eu 

uptake (Higgo, Rees, and Cronan, 1982b; 1983a; 1983b). These early 

experiments with Cs, Eu, Am, and Mp, which were carried out at a nearly 

constant sediment/seawater ratio, provided distribution ratios for a wide 

variety of sediment types. 

Later, sorption studies with Pu at a constant sediment/seawatcr 

ratio (Higgo, Rees, and Cronan, 1983a; 1985), and studies of the effect 

of the sediment/seawater ratio on the uptake of Am, Bp, and Pu were 

initiated (Higgo, Rees, and Cronan, 1983a; 1984; Higgo et al.„ 1985). 

Because determination of the oxidation state of Pu was very time-

consuming, and because many more experiments were required as the 

sediment/seawater ratio was varied, the Imperial College group carried 

out these experiments with just a few different sediments. Cole et al. 

(1984) also conducted selective leaching studies to determine which phase 

or phases in the sediments sorb Am, Bp, and Pu. Because the UK program 

had focused its attention on the GME study location by this time, the 

four sediments used for the selective leaching experiments included two 

samples from GME. 

Finally, Higgo et al., (1986; 1987) studied the sorption of the 

redoxsensitive elements Up, Tc, I, and U by carefully preserved, mildly 

reduced sediments from GME under anoxic conditions. 

2.7.1.1.1 Sediments and Solutions. The sediments used for the 

sorption studies at Imperial College are described in Table 2.5. 

Chemical analyses of all of these sediments were carried out witti 

inductively coupled plasma emission spectroscopy after fusion witli 

LiBO, (major elements), and atomic absorption spectroscopy after 

digestion with HF, HMO., and HC10. (minor elements); the mineralogy 
3 4 

of all of the samples was determined with x-ray diffraction analysis. 

Measurements of surface area were made with ethylene glycol monoethy] 

ether (Cihacek and Bremner, 1979; Heilman, Carter, and Gonzales, 1965); 
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TABLE 2.5. DESCRIPTION OF SEDIMENTS USED FOR SORPTION STUDIES 
AT IMPERIAL COLLEGE1 

Oxidized Sediments Used for Sorption Studies with Americium, Cesium, Europium, Neptunium, and 
Plutonium at a Constant Sediment/Seawater Ratio: 

o 
I 

Core or Sample 
Identification » 

IOS-22«* 

IOS-32'4 

IOS-*2** 

IOS-52'5 

IOS-62^5 

M77-202»* 

S7022'6 

10399 #7K2'7'8 

IOS-12'3 

SH15782*6*7 

Core Location 

West of Cape 
Verde Abyssal 
Plain, 25*38.3'N, 
30*57.3'W 

King's Trough 
Flank. 41*07.3'N. 
22*57.l'H 

Same as IOS-3 

Madeira Abyssal 
Plain, 26*13.2'N, 
26*54.l'H 

Same as IOS-S 

Not reported 

Hellenic Trench, 
lat. and long, 
not reported 

Cape Verde 
Abyssal Plain, 
lat. and long, 
not reported 

Same as IOS-2 

Eastern Pacific, 
lat. and long, 
not reported 

Core Type 

Not reported 

Not reported 

Not reported 

Not reported 

Not reported 

Not reported 

Not reported 

Gravity (Has
ten) 

Not reported 

Not reported 

Depth 
within Core 

2.12 to 2.22 m 

0 to 8 cm 

80 to 88 cm 

0 to 8 cm 

16 to 24 cm 

Not reported 

Not reported 

Not reported 

Not reported 

Not reported 

Remarks 

Calcareous 

Calcareous 

Calcareous 

Calcareous 

Calcareous 

Calcareous 

Calcareous 

Calcareous 

Argillaceous 

Argillaceous 



TABLE 2.5. (cont.) 

Core or Sample 
Identification * 

10400 #8K2>7»9 

HV 65 I2»6 

6269 #22>6 

Core Location 

Abyssal Hills west 
of Cape Verde Abys
sal Plain, lat. and 
long, not reported 

Mexico, lat. 
and long, not 
reported 

Xarlsberg 
Ridge, lat. 
and long, not 
reported 

Core Type 

Gravity (Kasten) 

Not reported 

Hot reported 

Depth 
within Core 

Not reported 

Not reported 

Not reported 

Remarks 

Argillaceous 

Crushed Hn nodule 

Crushed Hn nodule 

Core or Sample 
Identification » 

10399 #7K* 

10400 #8K9 

Oxidised Sediments Used for Studies of the Effect of the Sediment/Seawater Ratio on the 
Sorption of Americium. Iodine. Neptunium, and Technetium: 

Core Location 

Cape Verde 
Abyssal Plain, 
lat. and long, 
not reported 

Abyssal Hills west 
of cape Verde Abyssal 
Plain, lat. and 
long, not reported 

Cora Type 

Gravity (Kasten) 

Gravity (Kasten) 

Depth 
within Core 

Not reported 

Not reported 

Remarks 

Gray turbidite, 691 c«C03 

Red clay, 3% C»C03 

Core or Sample 
Identification » 

10399 #8K8 

Oxidised Sediments Used for Selective Leaching Studies with Americium, Neptunium, and 
Plutonium: 

Core Location 

Cape Verde 
Abyssal Plain, 
lat. and ion, 
not reported 

Core Type 

Gravity (Kasten) 

Depth 
within Core 

Core top 

Remarks 

Gray turbidite, 60% CaC03 



TABLE 2.5. (cont.) 

Core or Sample 
Identification » 

10552 #9BX10 

1055* fSBX11 

1055* tfSBX11 

10*00 IA8K9 

Core Location 

CV2, lat. and 
long, not reported 

GME. lat. and 
long, not reported 

Sane as above 

Abyssal Hills west 
of Cape Verde Abys
sal Plain, lat. and 
long, not reported 

Core Type 

Box 

Box 

Same ad above 

Gravity (Kasten} 

Depth 
within Core 

IS to 22 cm 

0 to 5 cm 

39 to 45.5 cm 

Core top 

Remarks 

Calcareous 

Calcareous 

Calcareous 

Red clay, 3% CaC03 

Core or Sample 
Identification » 

11137 #lk12»13 

Core 3?1*.15 

Mildly Reduced Sediments Used for Studies of the Effects of Redox Variations and Sediment/ 
Seawatar Ratio on the Sorption of Meptunium. Technetium, and Uranium: 

Cora Location 

GME, 31*26*N, 
2**49,W 

GME, 31-37.O'H, 
24*53.O'W 

Core Type 

Gravity (Kasten) 

Piston (STACORE) 

Depth 
within Core 

10 to 30 m 

22.63 to 22.76 m 

Remarks 

Gray turbidite, 60% CaC03 

Turbidite, calcareous 

1 All sediments provided by the UK Institute of Oceanographic Sciences (IOS) unless otherwise noted. 
2 Used for Am and Up. 
3 I0S Core D10314 #• 
* IOS Core D10333 #? 
5 IOS Core D10316 #T 
' Used for Cs and Eu. 
7 used for Pu. 
8 I0S Core D10399 #7K. 
9 I0S Core D10400 #8K. 
10 xos Core D10552 #9BX. 
1 1 I0S Core D1CS54 #5BX. 
1 2 Used for Up and Tc. 
1 3 IOS Core D11137 #1K. 
1 4 Used for U. 
1 5 Etude des Sediments Oceaniquas par Penetration (ESOPB) Core 37 



the cation exchange capacity was determined using Cs (Beetem, Janzer, 

and Uahlberg, 1962) and sodium acetate. These methods are described in 

detail by Higgo, Rees, and Cronan (1982a); results are presented through

out the reports and publications cited above. 

All of the sediments used in these investigations were stored in 

tightly sealed containers at 4*C prior to use. Initially, samples of 

mildly reduced sediments and the deoxygenated seawater that was used with 

them were stored in a glove box under an atmosphere of O.-free H . 

Storage under these conditions, however, caused the pH of both the 

interstitial pore waters and the seawater to increase to a value of 10. 

0.1% CO was therefore added to the N to maintain the pH of the pore 

waters between 7.5 and 8.2, and that of the seawater at 8.2. The 0_ 

content of this mixture was monitored continuously during storage, and 

generally did not exceed 1 to 2 ppm (see Higgo, et al., 1986; 1987, for a 

detailed discussion of the glove box and its refrigeration and gas 

purification systems, and the procedures used for handling these mildly 

reduced sediments and deoxygenated seawater). 

After storage, subsamples of the mildly reduced sediments used for 

the sorption studies were centrifuged at 7000 rpm for 30 minutes; the 

supernatant solutions were decanted, filtered through 0.1 pm Hucleopore 

filters, and acidified with HC1. The solutions were then removed from 

the glove box and analyzed for Fe and Mn by atomic absorption spectro

scopy. If the values obtained after storage were the same as those 

obtained at the time of collection, it was assumed that significant 

oxidation had not occurred during transportation and storage of the 

sediments. Actually, the post-storage, pore-water Fe and Mn concentra

tions obtained for the sediments used in the sorption experiments were 

somewhat higher than those obtained by the shipboard analyses of sedi

ments from similar stratigraphic levels in the same cores. Higgo et al. 

(1987) concluded that this was because the shipboard glove box "was not 

of the same high quality as that used in the laboratory." 

"Deep-ocean" seawater was obtained from the Institute of Oceano-

graphic Sciences (I0S). Initially, this seawater was filtered through 

charcoal at I0S prior to delivery to Imperial College, but after the 
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experiments with Cs and Eu this procedure was terminated because of 

concerns about the effect of C contamination on the speciation of redox-

sensitive radionuclides. All seawater was stored at 4*C prior to use. 

Spiked solutions were prepared several weeks prior to use to allow 

the radionuclides to preequilibrate with the seawater. These solutions 

were generally prepared by adding about 50 to 200 yl of acidic solu-
.. . . . 241. 137„ 152^ 125T 235„ 237„_ 238„. 95*. 
tions containing Am, Cs, Eu, I, Hp, Hp, Pu, or ^Tc 

to 1 1 of seawater, and adjusting the pH to 8.2 with a few drops of 0.1 M 

HaOH. In some cases, the radionuclide-bearing solution was evaporated to 

dryness at room temperature, and seawater was added to the residue. The 

spiked solutions were filtered just prior to use through 0.22 ym 

Millipore or Nucleopore filters. 

2.7.1.1.2 Experiments at a Constant Sediment/Seawater Ratio. 

Throughout these investigations, the standardized procedures developed by 

Relyea, Seme, and Rai (1980) were followed as closely as possible. 

Prior to each sorption experiment, the sediments were preequili-

brated at 4"C with tracer-free seawater. This procedure was carried out 

to preequilibrate the exchange sites on the clay minerals with the 

seawater, and to dissolve any salts that precipitated on the sediments 

during transportation and storage. The sediments were slurried to obtain 

representative samples, and about 50 to 400 mg (dry weight) were pipetted 

into preweighed, 50-ml Oakridge polycarbonate centrifuge tubes. The tubes 

were sealed with screw caps and Teflon tape, placed horizontally in a 

constant-temperature shaking water bath, and agitated 120 times/minute 

overnight. The next morning the tubes were centrifuged, the seawater was 

decanted, and the tubes were reweighed to determine the amount of 

residual seawater associated with the sediments. 

At the start of sorption experiments carried out at "constant" 

sediment/seawater ratio (Higgo, Rees, and Cronan, 1982a; 1982b; 1983a; 

1983b; 1985), 30 or 35 g of spiked seawater were added to the centrifuge 

tubes containing preequilibrated sediment. These experiments were 

therefore carried out over a relatively narrow range of sediment/seawater 

ratios, from about 1.67 to 26.7 g/1; and were usually conducted at a 
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ratio of 3.33 g/1 (30 ml of spiked seawater were typically added to 0.1 g 

of dediment). The centrifuge tubes were then resealed, replaced in a 

shaking water bath at 4*C, and at tated 120 times/minute for periods that 

varied from about 1 hour to just over 4 months. All of the sorption 

experiments were carried out at a pressure of 1 a tin. 

In later studies of the uptake of redox-sensitive radionuclides by 

mildly reduced sediments, the centrifuge tubes were loaded and sealed in 

a glove box under an atmosphere of 0 -free H_, or H and 0.1% CO . 

After sealing, the centrifuge tubes were transferred to a shaking water 

bath outside the glove box. 

After various intervals, the centrifuge tubes were removed from 

the shaking water baths for sampling. Because the preliminary work with 

Cs had indicated that centrifugation at room temperature resulted in some 

desorption of Cs and a concomitant 15% reduction in its H. (Higgo, Rees, 
d 

and Cronan, 1982a), all centrifugation starting with Am was carried out 

at 4*C for 30 to 180 minutes at 7000 rpm (5280 g), followed by filtration 

through 0.10 or 0.22 urn Millipore or Nucleopore filters. After analysis 

for y- or x-ray-emitting radionuclides by direct counting, the solutions 

were returned to the centrifuge tubes and the experiments were resumed. 

For those actinides that could only be determined by a spectrometry, 

the aliquots (usually 5 ml) were consumed; the number of time series data 

that could be obtained were therefore limited. The determination of 

oxidation states for some of the actinides similarly constrained the 

acquisition of time-series data. Sorption distribution ratios were 

generally calculated using Equation 2.3. 

After a few of the sorption experiments, second sorption 

experiments were conducted to determine if the unsorbed radionuclides, 

after phase separation and agitation with fresh sediment, yielded the 

same sorption R.s as those obtained from the first runs. When the 
d 

second sorption ft. was lower than the first, it was concluded that a 

weakly sorbed species was present along with the predominant strongly 

•orbed species during the experiments. 
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Following most of the sorption experiments, desorption experiments 

were carried out to determine the reversibility of radionuclide uptake. 

For the desorption runs, the loaded sediments obtained from the final 

phase separations of the sorption runs were washed twice; tracer-free 

seawater was added to the centrifuge tubes; the tubes were agitated for 

periods of time comparable to those of the sorption experiments. In a 

few cases, this procedure was repeated once or twice. The objective of 

these second and thirc desorption experiments was to determine if some of 

the sorted radionuclide was present in a form inore readily desorbed than 

the rest, or if some of the radionuclide was sorbed on sites that' hold it 

less strongly. Desorption distribution ratios were calculated using 

Equation 2.4 and/or 2.5. 

2.7.1.1.3 Experiments at a Variable Sediment/Seawater Ratio. 

Although most investigators choose a constant sediment/seawater ratio for 

their sorption studies and quantify the effects of other variables on the 

distribution ratio, the Imperial College group carried out extensive 

studies of the effects of sediment concentration on radionuclide uptake 

(Higgo, Rees, and Cronan, 1983a; 1984; Higgo and Rees, 1986; Higgo et 

al., 1986; 1987). Prior to these experiments with Am, I, Np, Pu, and Tc, 

they reviewed the explanations proposed by other investigators for the 

effect of sediment/seawater ratio on sorption, and carried out a 

theoretical study of these effects (Higgo, Rees, and Cronan, 1984; Higgo 

and Rees, 1986). 

The effect that two stable dissolved or microparticulate species 

would have on the overall radionuclide distribution ratio R. was cal-

culated as follows. It is difficult to distinguish experimentally be

tween a two-site and a two-species model; the latter was chosen for these 

calculations because there would be little competition for sorption sites 

under the conditions expected for the far-field sediments in a subseabed 

repository (high sediment/seawater ratios, low dissolved radionuclide 

concentrations), and because a two-species model is more appropriate for 

the actinide elements, which form a variety of dissolved and colloidal 

species in aqueous solutions. Two cases were considered for the two-

species model: (1) a fixed proportion of a species with a distributio 

ratio R. much lower than that of the predominant species (R.) o 
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the overall distribution ratio R.; (2) a weakly sorbed species with a 
d 

concentration proportional to the sediment/seawater ratio. Equations 
were then derived for R. and (C - C)/C (where C is the total 

a 

initial concentration and C the total final concentration of the 

radionuclide in the aqueous phase) as functions of R-, R., X (the 

proportion of the strongly sorbed species), and Z (the inverse of the 

sediment/seawater ratio). For the case in which the proportion of the 

weakly sorbed species is independent of the sediment concentration, the 

equations are: 

(1^ + Z)(RX + Z) 
8d * X(R1 - 1^) • ̂  + Z) 

(C° - C) 11^ + Z)(RX + Z) 

- Z and (2.11) 

Z(X(R2 - 1^) + Rjj + Z) 
- 1. (2.12) 

For this case, Figures 2.10 and 2.1.1 illustrate the effects of the 

proportion of the weakly sorbed species on the relationship between the 

log of the sediment/seawater ratio and (a) log R.; and (b) log 

(C° - C)/C for HL = 10* ml/g, and Rl = 10_1 and 10* ml/g, 

respectively; Figure 2.12 depicts the effects of R. on these relation-
-1 

ships for 0.05% of a weakly sorbed species with R. * 10 ml/g. 

Experimental distribution ratios obtained over a wide range of 

sediment/seawater ratios were compared to plots such as these to 

determine whether or not a weakly sorbed species was present in the 

aqueous phase along with the predominant strongly sorbed species, the 

proportion of the weakly sorbed species and whether or not its 

concentration depends on the sediment/seawater ratio, and the most likely 

values for R., R. , and R,. 

For the experimental studies of the effects of the sediment/ 

seat/ater ratio on the sorption of Am, I, Mp, Pu, Tc, and U, the sediment/ 

seawater ratio was varied from a few tenths to several hundred g/1 

(Higgo, Rees, and Cronan, 1983a; 1984; Higgo and Rees, 1986; Higgo et al., 

1986; 1987). Figures 2.10, 2.11, and 2.12 demonstrate that in many 
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instances it would have been desirable to lower the sediment/seawater 

ratio even further; at lower sediment/seawater ratios, however, sorption 

by the walls of the centrifuge tubes became significant. 

All of the other procedures used for these experiments were 

identical to those described in Section 2.7.1.1.2 for the experiments at 

constant sediment/seawater ratio. 

137 152 125 235 
2.7.1.1.4 Analytical Methods. Cs, Eu, I, Np, 

95n_ 
and xc were determined by direct scintillation counting of the 

tracer-bearing seawater after periodic removal of the centrifuge tubes 

from the shaking water baths and phase separation by centrifugation 

followed by filtration through 0.1 or 0.22 ym Nucleopore filters (Higgo, 

Rees, and Cronan, 1982a; 1982b; 1983a; 1983b; Higgo et al., 1986; 1987). 
241. 237„ _, 238„ 232, . 238„ A . . _. . 

Am, Np, and Pu, U, and U were determined by a 

spectrometry (Higgo, Rees, and Cronan, 1982b; 1983a; 1983b; 1984; 1985; 

Cole et al., 1984; Higgo and Rees, 1986; Higgo et al., 1986; 1987). 

The oxidation state of dissolved Np was determined by the method 

of Foti and Freiling (1964), with the minor changes discussed in Higgo, 

Rees, and Cronm (1982b). Pu oxidation states were determined by com

bining the methods of Foti and Freiling (1964) and Lovett and Nelson 

(1981), with some modifications (Higgo, Rees, and Cronan, 1983a). 

2.7.1.1.5 Antericium. Higgo, Rees, and Cronan (1982b, 1983c) 

investigated the sorption of Am by 13 deep-sea sediments at a relatively 

constant sediment/seawater ratio of 1.67 to 3.33 g/1 under oxic condi

tions. These samples consisted of eight calcareous sediments, three 

argillaceous sediments, and two crushed Mn nodules. 

Although more than 99% of the Am was sorbed by 1 to 7 days, the 

sorption distribution ratios continued to increase slowly but steadil 

with time (sorption R.s were determined one to four times for eac 

centrifuge tube after equilibration times of 1 to 56 days). Several 

determinations at 1, 7, and 28 days yielded sorption R.s on the orde 
4 d 

of 10 ml/g, but all of the 56-day determinations resulted in value 
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> 1 x 10 ml/g. The 56-day sorption R.s varied from 1 x 10 to 3 x 
5 5 5 

10 ml/g for the calcareous sediments, from 2 x 10 to 4 x 10 ml/g 

for the argillaceous sediments, and were 8 x 10 and 1 x 10 ml/g for 

the Hn nodules. 

The desorption distribution ratios for Am did not change signifi

cantly with time (they were determined one to four times after run times 

of 14 to 105 days). Final values varied from 1 x 10 to 1 x 10 ml/g 

for the calcareous sediments, from 6 x 10 to 2 x 10 ml/g for the 

argillaceous sediments, and were 5 x 10 and 5 x 10 ml/g for the Mn 

nodules. Because the final desorption R s exceeded the 56-day sorption 

R.s by a factor of 2 to 6, it was concluded that the uptake of Am by 
d 

these sediments was irreversible; or that it was reversible, but a small 

proportion of a weakly sorbed Am species lowered the sorption distribution 

ratio relative to the desorption distribution ratio (see the discussion 

below of the effect of sediment/seawater ratio on Am distribution ratios). 

The concentration of dissolved Am had no effect on the distribution 

ratios obtained in these experiments, but the concentration range was 

relatively narrow. The initial Am concentrations varied from 2.0 x 
-10 -9 

10 to 1.8 x 10 M. when the final sorption R.s were determined, 
-13 

the dissolved Am concentrations varied from 2.2 x 10 to 4.4 x 
-12 -14 

10 M; for the final desorption R.s the range was 7 x 10 to 
-12 

1.2 x 10 M. Nevertheless, it was concluded that, at least at these 

low concentrations, this lack of concentration dependence implies that 

the dissolved Am concentration is controlled by a sorption/desorption 

reaction (or reactions), not the solubility of a solid Am phase as 

suggested by Rai et al. (1981). 

Higgo, Rees, and Cronan (1982b, 1983b) could not correlate R. 

variations within the eight calcareous sediments with characteristics 

such as chemical composition, mineralogy, surface area, or cation 

exchange capacity. This is not surprising in view of the small range of 

R. values obtained for these sediments, and the reproducibility of 
d 
these data (see below). 
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It was also determined that although Am readily forms colloids in 

seawater, they were retained by the sediments during these experiments. 

Just prior to the experiments, the spiked seawater was filtered. In the 
-9 

case of the 1.8 x 10 11 solution, IX of the total Am was in the size 

range of 0.10 to 0.22 ym, and another 1% was in the range of 0.025 to 

0.10 tun. Filtration through 0.22 and 0.10 urn filters after the 

experiments, however, revealed that all of Mie Am passed through both 

filters. 

Later, Hi^go, Rees, and Cronan (1983a) investigated the reproduci

bility of these data by carrying out replicate sorption/desorption runs 

with the calcareous sediment 10399 #7K and the red clay 10400 #8K at 

different sediment/seawater ratios and Am concentrations; one duplicate 

and 23 triplicate determinations of the distribution ratio for Am were 

conducted after run times similar to those described above. The devia

tions between replicate determinations were generally < 25%, but devia

tions of 25 to 75% were relatively common, and the maximum deviation 

exceeded a factor of two. 

The results of selective leaching experiments carried out with 

three calcareous sediments and a red clay under oxic conditions suggest 

that Am was preferentially sorbed by carbonate minerals. After the 

removal of carbonate minerals, however, Am was still strongly sorbed by 

the other phases in these sediments (Cole et al., 1984). 

The distribution ratios for Am obtained with calcareous sediments 

at a constant sediment/seawater ratio under oxic conditions at Imperial 

College are similar to the R.s obtained with calcareous sediments under 
a 

oxic conditions at the Joint Research Center, similar to the sorption 
R.s obtained with calcareous sediments under oxic conditions at the 
a 
Environmental Studies and Research Service, and similar to the sorption 

R. obtained with a calcareous sediment under oxic conditions at the 
a 

Netherlands Energy Research Foundation (see Table 2.2). No other studies 

of Am sorption were carried out with argillaceous sediments or Mn nodules. 

For the experimental studies of the effect of the sediment/seawater 

ratio on Am distribution ratios (Higgo, Rees, and Cronan, 1983a; 1984; 
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Higgo and Rees, 1986), two of the 13 sediments used for experiments at a 

constant ratio were selected: the calcareous sediment 10399 #7K and the 

red clay 10400 *8K. 

Because the distribution ratio for Am is so high, it was expected 

that the sorption of Am at high sediment/seawater ratios would be very 

sensitive to the presence of a weakly sorbed species. For both sedi

ments, the sorption distribution ratio declined sharply as the sediment/ 

seawater ratio was increased. In the case of the calcareous sediment, 
6 

the sorption R. fell from 1 x 10 ml/g at a sediment/seawater ratio 
d 4 

of 0.2 g/1 to values close to 1 x 10 ml/g as the sediment/seawater 
ratio approached 600 g/1. For the red clay, the sorption R dropped 

6 4 
from 2 x 10 ml/g at a sediment/seawater ratio of 0.4 g/1 to 1 x 10 

4 
to 2 x 10 ml/g for values of the sediment/seawater ratio between 400 

and 500 g/1. After comparing these data and the sorption data for 

intermediate sediment/seawater ratios to the theoretical curves (see 

Figures 2.13 and 2.14), it was concluded that for the calcareous 

sediment, R. was 1 x 10 ml/g, R, was 1 x 10~ ml/g, and the 

proportion of the weakly sorbed species was 0.05% and independent of the 

sediment/seawater ratio. For the red clay, R. was 1 x 10 to 2 x 

10 ml/g, R, was 1 x 10~ ml/g, and the proportion of the weakly 

sorbed species was 0.3% and independent of sediment concentration. It 

was also concluded that the weakly sorbed Am was microparticulate; 

filtration after these experiments revealed that 0.01 to 0.03% of the 

total Am was in the 0.10-to-0.22-pm size range. 

Second sorption experiments were conducted by agitating solutions 

from the first sorption experiments along with fresh samples of both 

sediments. For comparable sediment/seawater ratios, the first sorption 

distribution ratios exceeded the second sorption R.s by two to four 
o 

orders of magnitude. It was concluded that the species distribution of 

the dissolved Am present at the conclusion of the first sorption experi

ments was quite different from that of the dissolved Am at the start of 

the first experiments, and that these results support the hypothesis that 

a weakly sorbed Am species or species coexisted with the strongly sorbed 

species. 
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For both the calcareous sediment and the red clay, the desorption 

distribution ratios also dropped sharply as the sediment/seawater ratio 

was increased. For the first sediment, the desorption R fell from 

2 x 10 ml/g at a sediment/seawater ratio of 4 g/1 to a value of 4 x 
4 

10 ml/g as the sediment/seawater ratio approached 500 g/1. The desorp
tion R.s exceeded the sorption R.s by a factor of between two to 20 

a a 

for these sediments at comparable sediment/seawater R.s. The fact that 

the desorption R.s approached R. as the sediment/seawater ratio was 

decreased, however, implies that the difference between sorption and 

desorption distribution ratios observed in the earlier work at a constant 

sediment/seawater ratio could be at least partially explained by the 

removal of a weakly sorbed Am species along with the seawater after the 

sorption runs. If this were true, it would in turn imply that Am 

sorption was not as irreversible as the earlier work suggested. 

This was the only study of the effect of the sediment/seawater 

ratio on Am sorption carried out for the SBTG. 

2.7.1.1.6 Cesium. Higgo, Rees, and Cronan (1982a) studied the 

sorption of Cs by five sediments at a relatively constant sediment/ 

seawater ratio of 13.3 to 26.7 g/1 under oxic conditions. The samples 

consisted of two calcareous sediments, one argillaceous sediment, and two 

crushed Mn nodules. 

The sorption distribution ratios for Cs rose slowly but steadily 

with time (sorption R.s were determined three times for each centrifuge 

tube after equilibration times of 7, 13, and 45 days). This increase was 

greater in experiments carried out at low Cs concentrations than in exper

iments at high concentrations. It was concluded that this trend could be 

the result of an increase in surface area corresponding to a reduction in 

particle size of the sediments in the shaking water baths. After 45 days, 

the sorption R.s for the lowest final dissolved Cs concentrations (1 

10~9 to 1 x 10"10 M) were 2 x 102 and 7 x 102 ml/g for the cal-
2 

careous sediments, 5 x 10 ml/g for the argillaceous sediment, and 4 
2 2 

10 and 6 x 10 ml/g for the Mn nodules. 
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Although a few desorption distribution ratios were determined, it 

is difficult to discern whether or not the uptake of Cs was reversible. 

Desorption R.s were not determined after the sorption experiments as 
d 137 

usual, but after measurements of cation exchange capacity with Cs. 

These desorption experiments were carried out in 0.5 H NaCl solutions 

rather than seawater and lasted only 24 hours, much shorter than the 

sorption runs. Moreover, the final dissolved Cs concentrations in the 

desorption runs were at least an order of magnitude higher than in any of 

the sorption runs. 

Higgo, Rees, and Cronan (1982a) studied the sorption of Cs over a 

wide range of concentrations; the initial dissolved Cs concentrations 
-9 -3 

varied from 3.4 x 10 to 1.0 x 10 M in these experiments. The 

sorption distribution ratios for Cs varied inversely with concentration: 

final sorption R.s varied from 4 x 10 to 6 x 10 ml/g for final 
d _4 

dissolved Cs concentrations on the order of 10 M, up to about 2 x 
2 2 -9 

10 to 7 x 10 ml/g for concentrations between 1 x 10 and 1 x 
10~ M. These results could be fitted to Freundlich isotherms. 

The sorption distribution ratios for Cs correlated with the 

mineralogy, surface area, and cation exchange capacity of the five sedi

ments used for this study. 

Although the uptake of Cs in these experiments appeared to occur 

mainly by ion exchange, it was concluded that there are at least two 

sorption mechanisms for Cs, one of which results in a high distribution 

ratio but has a low sorption capacity that is quickly exhausted. This 

conclusion was based on the increases in slope observed on plots of log 

R. versus the log of the dissolved Cs concentration as the concentra-
d 
tion decreased. 

Because the sorption distribution ratios for Cs obtained with 

calcareous sediments under oxic conditions at Imperial College varied 

inversely with concentration, they cannot be compared to the sorption 

R.s obtained with calcareous sediments under oxic conditions at the 
d 
Environmental Studies and Research Service and the Japan Atomic Energy 
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Research Institute, for which the final dissolved Cs concentrations were 

not reported (see Table 2.2). 

The concentration-dependent sorption of Cs observed with an 

argillaceous sediment under oxic conditions at Imperial College is similar 

to that observed with a red clay under oxic conditions at Sandia National 

Laboratories, except thtt significantly higher sorption R.s were 
a 

obtained at Sandia than Imperial College for final dissolved Cs concentra

tions of about 1 x 10~8 M (1 x 104 ml/g instead of 2 x 102 to 3 x 
2 

10 ml/g). A more negative slope (A log R.)/(A log C) was 
o 

therefore obtained at Sandia (-0.4 rather than -0.1). These differences 

could be the result of minor differences between the sediments used for 

these studies, or of the fact that seawater was used at Imperial College 

whereas 0.68 H HaCl solutions were used at Sandia (see Section 2.8.2.1.5). 

2.7.1.1.7 Europium. Higgo, Rees, and Cronan (1982a, 1982b) 

investigated the sorption of Eu by five sediments at a relatively constant 

sediment/seawater ratio of 5..00 to 10.0 g/1 under oxic conditions. 

The sorption distribution ratios for Eu increased slowly but 

steadily with time (duplicate runs were carried out in separate 

centrifuge tubes to provide data after equilibration times of 6 and 113 

days). Because the dissolved Eu concentration after all of the 6-day 
-10 

runs was similar (about 8 x 10 M) regardless of sediment type, it 

appeared that the solubility of a Eu-bearing solid phase, rather than a 

sorption/desorption reaction, was controlling its concentration. To test 
152 

this hypothesis, six additional aliquots of Eu were added success
ively to the centrifuge tubes used for the 6-day runs, and the sorption 

R.s were redetermined after equilibration times that varied from 2 to 
a 

10 days. Although the dissolved Eu concentration increased significantly 

above 8 x 10~ M after some of these additions, the sorption R.s 

generally increased as well. Because of these results, it was concluded 

that the concept of the distribution ratio might not be applicable to the 

behavior of Eu under these conditions. In any case, all of the observed 

sorption R.s were on the order of 10 ml/g. After 113 days, a value 
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of 2 x 10 ml/g was obtained for the two calcareous sediments, 4 x 

10 ml/g was observed for the argillaceous sediment, and values of 4 x 

10 and 5 x 10 ml/g were obtained for the two crushed Mn nodules. 

The desorption distribution ratios for Eu did not change signifi

cantly with time (these experiments were carried out for periods of 5 days 

and 4 months). The desorption R.s varied from 6 x 10 to 2 x 
6 6 6 

10 ml/g for the calcareous sediments, from 1 x 10 to 3 x 10 ml/g 

for the argillaceous sediment, and from 1 x 10 to 2 x 10 ml/g for 

the Mn nodules. Although a 5-day desorption R. for one of the cal

careous sediments was identical to the sorption R. obtained under 
a 

comparable conditions, the desorption distribution ratios for all of the 

other samples exceeded the sorption distribution ratios by a factor of two 

to seven. It was therefore concluded that the uptake of Eu by these sedi

ments was irreversible; or that it was reversible, but a small proportion 

of a weakly sorbed Eu species lowered the sorption R. relative to the 
d 

desorption R.. The results of sorption experiments carried out with 
d 

0.68 N NaCl solutions and red clays at the University of Rhode Island, 

however, imply that the sorption of Eu is reversible (see Section 

2.8.1.1.5). 
Higgo, Ree«, and Cronan (1982a, 1982b) could not determine the 

effect of dissolved Eu concentration on its distribution ratio. Although 
-8 

the sorption experiments were started at Eu concentrations of 9.1 x 10 
~6 

and 1.3 x 10 M, the dissolved Eu concentrations after the runs started 
-8 

at 9.1 x 10 M were too low to count, and the sorption distribution 
4 

ratios for these experiments could only be reported as > 5 x 10 ml/g. 

For each of the five sediments studied, desorption experiments were 

started with two samples to Which different quantities of Eu had been 

sorbed. Unfortunately, the loadings only varied by a factor of about 

three to six, and the final dissolved Eu concentrations for each sediment 

did not differ enough to test the concentration dependence of the desorp

tion R.. Investigators at the University of Rhode Island and Sandia 

National Laboratories, however, found that the sorption of Eu from 0.68 N 

NaCl solutions by red clays is concentration dependent (see Sections 

2.8.1.1.5 and 2.8.2.1.5). 
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The distribution ratios for Eu did not correlate with the surface 

area or the cation exchange capacity of the sediments. 

Finally, temperature variations between 4*C and room temperature 

had no effect on Eu distribution ratios; this implies that ion exchange 

was not the main sorption mechanism for Eu. Studies carried out at the 

University of Rhode Island and Sandia National Laboratories, however, 

imply that temperature does affect the sorption of Eu from 0.68 N NaCl 

solutions by red clay (see Sections 2.8.1.1.5, 2.8.2.1.5, and 2.8.2.1 6). 

2.7.1.1.8 Iodine. Higgo et al. (1987) studied the effect of the 

sediment/seawater ratio on the sorption of I by the calcareous sediment 

10399 #7K and the red clay 10400 #8K. These experiments were carried out 

under oxic conditions. 

For both sediments, the sorption and desorption distribution 

ratios for I decreased as the sediment/seawater ratio was increased. For 

the calcareous sediment, the sorption R. decreased from 7 and 5 ml/g at 
d 

sediment/seawater ratios of 4.0 and 4.2 g/1, respectively, to 3 and 4 ml/g 
at sediment/seawater ratios of 436 and 427 g/1; the desorption R. fell 

2 2 1 1 

from 8 x 10 and 4 x 10 ml/g to 2 x 10 and 5 x 10 ml/g over 

the same range of sediment/seawater ratios. For the red clay, the 

sorption R. decreased from 9 x 10 and 2 x 10 ml/g at sediment/ 

seawater R.s of 5.0 and 4.7 g/1, respectively, to 3 and 4 ml/g at 
a 

sediment/seawater ratios of 395 and 407 g/1; the desorption R. fell 
2 2 1 1 

from 3 x 10 and 2 x 10 ml/g to 3 x 10 and 5 x 10 ml/g over 

the same range of sediment/seawater ratios. Higgo et al. (1987) 

concluded that for both sediments, most of the I occurred as a weakly 

sorbed species, perhaps iodate (IO.) or iodide (I ), but some of 

the I was present as a strongly sorbed species, perhaps molecular iodine 

(I.) or an organic I complex. This complex could have formed from 

organic compounds naturally present in seawater, or from an impurity in 

the I used to spike the seawater (see Section 2.7.1.1.11). It is also 

possible that the weakly sorbed species was I~, and the strongly sobbed 

species was I0~ (see Ullman and Aller, 1985). In any case, the 

weakly sorbed species had a distribution ratio R. of 3 ml/g. It was 

not possible to estimate the distribution ratio R. of the strongly 
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sorbed species, its proportion, or whether or not its concentration 

depended on the sediment/seawater ratio. 

This was the only study of I sorption carried out for the SBTG. 

2.7.1.1.9 Heptunium. Higgo, Rees, and Cronan (1982b, 1983b) 

studied the sorption of Rp by 13 sediments at a relatively constant 

sediment/seawater ratio of 1.67 to 3.33 g/1 under oxic conditions. 

The sorption distribution ratios for the eight calcareous sediments 

did not change significantly with time; for the three argillaceous sedi

ments and the two crushed Mn nodules they increased, then leveled off or 

even decreased (sorption R.s were determined six to eight times for 
d 

each centrifuge tube after reaction times of 1 to 105 days). In the case 
of the calcareous sediments, all of the determinations yielded values 

3 3 
> 1 x 10 ml/g, and the final values varied from 1 x 10 to 8 x 
~ 3 
10 ml/g. The final values for the argillaceous sediment* varied from 

2 3 3 4 
3 x 10 to 7 x 10 ml/g, and were 4 x 10 and 1 x 10 ml/g for 
the Mn nodules. 

The desorption distribution ratios did not change significantly 

with time for any of the three types of sediment (desorption R.s were 

determined either two or five times after run times of 2 to 56 days). 
3 

The final values for the calcareous sediments varied from 1 x 10 to 
3 2 3 

5 x 10 ml/g, from 5 x 10 to 5 x 10 ml/g for the argillaceous 
3 3 

sediments, and were 3 x 10 and 9 x 10 ml/g for the Mn nodules. 

Because the sorption and desorption R.s were generally the same, it was 

concluded that the uptake of Np by these sediments was reversible. 

The concentration of dissolved Np did not significantly affect its 
235 -12 

distribution ratio. The initial concentration of Up (1 x 10 M) 

was not varied for the experiments with 13 sediments at a constant 

sediment/seawater ratio, but for the study of the effect of sediment/ 

seawater ratio on sorption the Imperial College group was forced to switch 
237 237 

to the more readily available isotope Hp. Because Mp has a 
235 6 

much longer half life than Up (2.14 x 10 years instead of 1.08 
years) and thus a much lower specific activity, it was necessary to 
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increase the concentration of Hp by four orders of magnitude and switch 

from scintillation counting to a spectrometry for the experiments with 
237 

Up. Although the final dissolved Hp concentrations increased from a 
-13 -12 

range of 2.6 x 10 to 3.84 x 10 M in the experiments at constant 
-9 -8 

sediment/seawater ratio to the range 1.22 x 10 to 1.45 x 10 M in 

those subsequent experiments conducted at comparable sediment/seawater 

ratios, neither the sorption nor the desorption R.s changed 
d 

significantly. 

As with Am, the distribution ratios for Hp seem to depend on sedi

ment type, but variations within each type did not correlate with any of 

the measured sediment properties. The argillaceous samples, for example, 

yielded the widest variation in distribution ratios for Up, but these 
R.s did not correlate with chemical composition, mineralogy, surface 
o 
area, or cation exchange capacity. 

During all of the experiments at a constant sediment/seawater 

ratio, Np(V) was the only oxidation state present in solution. 

In a subsequent study, Higgo, Rees, and Cronan (1983a) carried out 

24 duplicate determinations of Np sorption and desorption distribution 

ratios with the calcareous sediment 10399 #7K and the red clay 10400 #8K 

(run times were similar to those described above). The deviation between 

duplicate values was generally < 25%; deviations of 25 to 50% were 

relatively common; the maximum deviation observed was 70%. These 

deviations are smaller than those observed for Am. 

The results of a selective leaching study carried out with three 

calcareous sediments and a red clay under oxic conditions suggest that Hp 

was not preferentially sorbed by any of the phases in these sediments 

(Cole et al., 1984). 

Higgo et al. (1986) studied the uptake of Hp by the carefully pre

served, mildly reduced, calcareous sediment 11137 #1K under anoxic condi

tions. The sorption distribution ratios obtained under these conditions 

(see Table 2.2) were within the range of values obtained previously for 

calcareous sediments under oxic conditions. 
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The distribution ratios for Hp obtained with calcareous sediments 

at a constant sediment/seawater ratio under oxic and anoxic conditions at 

Imperial College are similar to the R.s obtained with calcareous sedi-
o 

ments under oxic conditions at the Joint Research Center but lower than 
the R.s obtained there with a calcareous sediment under anoxic condi-o 
tions, higher than the sorption R.s obtained with calcareous sediments 

a 
under oxic conditions at the Environmental Studies and Research Service, 
higher than the sorption R.s obtained with calcareous sediments under 

d 
anoxic conditions at the Delta Institute for Hydrobiological Research, 

237 
and similar to the sorption R. obtained for Np with a calcareous 
sediment under oxic and reducing conditions at the Netherlands Energy 

Research Foundation but lower than the sorption R. obtained there for 
239 

Np with a calcareous sediment under oxic and reducing conditions 

(see Table 2.2). No other studies of Np sorption were carried out with 

argillaceous sediments or Mn nodules. 

For the investigation of the effect of the sediment/seawater ratio 

on the sorption of Np under oxic conditions (Higgo, Rees, and Cronan, 

1984; Higgo and Rees, 1986), the calcareous sediment 10399 #7K and the 

red clay 10400 #8K were used. 

For the calcareous sediment, neither the sorption nor the desorp-

tion distribution ratio decreased as the sediment/seawater ratio was in

creased, and the second sorption R.s were not significantly different 
a 

from the first sorption R.s. These results imply that no weakly sorbed 
d 

Np species was present during these experiments. It must be pointed out, 
however, that because the distribution ratio for Np was relatively low 

3 
(on the order of 10 ml/g) for calcareous sediments, this method was 
relatively insensitive. It was estimated that for a weakly sorbed 

species with an R, of 1 x 10~ tnl/g, the detection limit was 0.2%. 

The results for the red clay likewise provide no evidence for a 

weakly sorbed Np species, but because the distribution ratio for Np on 
2 

red clays was so low (on the order of 1 x 10 ml/g), the detection 

limit for a weakly sorbed species with an R. of 1 x 10~ ml/g was only 

about 0.5%. An upturn in the sorption and desorption R.s at the lowest 
d 

two sediment/seawater ratios might imply that a species with a higher 
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distribution ratio was present. The sorption R.s fluctuated between 
2 2 

4 x 10 and 6 x 10 ml/g as the sediment/seawater ratio was decreased 
2 

from 164 to 5.72 g/1, then increased to 7 x 10 ml/g at a sediment/ 
seawater ratio of 1.77 g/1, the lowest ratio studied. The desorption 

2 2 
R.s fluctuated between about 6 x 10 and 9 x 10 ml/g as the 
sediment/seawater ratio was decreased from 164 to 16.4 g/1, then rose to 

3 3 
1 x 10 and 2 x 10 ml/g at sediment/seawater ratios of 5.72 and 
1.77 g/1, respectively. Second sorption R.s were only determined for 

a 
the two lowest values of the sediment/seawater ratio, and were probably 
not significantly lower than the comparable first sorption R.s. These 

a 
results suggest that as much as 20% of the Hp present might have had a 

2 
higher distribution ratio than 4 x 10 ml/g, the R. for the dominant 

a 
species. 

Higgo et al. (1986) also studied the effect of the sediment/ 

seawater ratio on the sorption of Up by the mildly reduced calcareous 

sediment 11137 #1K under anoxic conditions. The distribution ratios 

obtained with this sediment were unaffected by variations in the 

sediment/seawater ratio. 

These were the only studies of the effect of the sediment/seawater 

ratio on Hp sorption carried out for the SBTG. 

2.7.1.1.10 Plutonium. Because monitoring the oxidation state of 

dissolved Pu was very time-consuming, Higgo, Rees, and Cronan (1983a, 

1983b) studied the sorption of Pu at a constant sediment/seawater ratio 

(2.86 g/1) with just three of the 13 sediments used for the analogous 

studies of Am and Hp uptake: the calcareous sediment 10399 #7K, the red 

clay 10339 #8K, and the argillaceous sediment SH-1578. These experiments 

were carried out under oxic conditions. 

The sorption distribution ratios for the three sediments ros 

steadily with time (sorption R.s were determined after equilibratio 

times of 1 hour, 22 hours, 30 days, and 102 days). During the first day, 
2 4 

the values varied from 1 x 10 to 2 x 10 ml/g; by 30 days, all of 
4 

the sorption R.s exceeded 1 x 10 ml/g; the final values wer 
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4 4 
6 x 10 ml/g for the calcareous sediment, 5 x 10 ml/g for the red 
clay, and 9 x 10 ml/g for the argillaceous sediment. 

After the 30-day sorption experiments, desorption experiments were 

carried out for 125 days with each of the three sediments. Following the 

102-day sorption experiments, three desorption runs were carried out 

sequentially with each sediment to determine first, second, and third 

desorption distribution ratios. Because the second and third desorption 

R.s exceeded the first desorption R.s by up to a factor of two, it 
a a 

was concluded that either a small proportion of the Pu that was sorbed by 

the sediments was present in a form that was more readily desorbed than 

the rest of the Pu, or a small proportion was sorbed on sites that hold 

Pu less strongly. In either case, about 0.03% of the total sorbed Pu was 

readily desorbed (only 10% of the difference between the second or third 

desorption R.s and the first desorption R.s could be explained by the 
a a 

presence of Pu-bearing seawater that adhered to the sediments following 

contrifugation at the conclusion of the sorption experiments). Harvey 

(1981) obtained similar results for Pu with sediments from the Irish 

Sea. The second and third desorption experiments, carried out for 

periods of 1 and 27 days, respectively, yielded similar values: 2 x 

10 and 2 x 10 ml/g for the calcareous sediment, 2 x 10 and 2 x 

10 ml/g for the red clay, and 9 x 10 and I x 10 ml/g for the 

argillaceous sediment. Because the second and third desorption R.s 
o 

exceeded the 102-day sorption R.s by a factor of three to 11, it was 

concluded that the sorption of Pu was irreversible during these experi

ments of a few months duration; or that it was reversible, but a small 

proportion of a weakly sorbed Pu species was present under these 

conditions. 

Higgo, Rees, and Cronan (1983a, 1983b) did not investigate the 

effect of concentration on Pu sorption or desorption. At the start of 

the sorption experiments, the dissolved Pu concentration was 3.1 x 
-11 -13 

10 M, and the final concentration only varied from 1.4 x 10 to 
-13 

8.7 x 10 M. After the desorption experiments, the dissolved Pu 
-14 -13 

concentration varied from 1.6 x 10 to 1.4 x 10 H. 
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Based on numerous determinations of the oxidation state of dis

solved Pu, it was concluded that throughout this study oxidized Pu was 

almost entirely present as Pu(V), and reduced Pu was virtually all in the 

Pu(IV) state. Several weeks after its preparation and just prior to the 

sorption experiments, the spiked seawater contained 72% oxidized and 28% 

reduced Pu. This distribution is very similar to that observed by Nelson 

and Lovett (1978) for surface waters of the Irish Sea, despite the fact 

that the Pu concentration of the spiked seawater used at Imperial College 

was about three orders of magnitude higher than that of Irish Sea water 
-11 -14 

(3.1 x 10 versus 6.7 x 10 M). Early in the sorption experi

ments, Pu(IV) was removed from the seawater much faster than Pu(V); the 

proportion of Pu(IV) fell from 28% at the outset to a range of 4 to 9% 

during the first day. Subsequently, however, Pu(V) was also sorbed very 

effectively, and by 102 days most of the Pu remaining in solution was 

reduced (64 to 78%). The desorption experiments, on the other hand, 

yielded mixed results: Pu(V) was the dominant oxidation state in some 

cases, Pu(IV) in others, and the results did not correlate with run 

time. The oxidation state of the sorbed Pu was not determined. 

The results of a selective leaching study carried out with three 

calcareous sediments and a red clay under oxic conditions suggest that Pu 

was preferentially sorbed by organic matter in the sediments (Cole et 

al., 1984). 

The distribution ratios for Pu obtained with a calcareous sediment 

at a constant sediment/seawater ratio under oxic conditions at Imperial 

College are higher than the sorption R.s obtained with calcareous 

sediments under oxic conditions at the Environmental Studies and Research 

Service, and similar to the sorption R.s obtained with calcareous 

sediments under oxic conditions at the Japan Atomic Energy Research 

Institute (see Table 2.2). No other studies of Pu sorption were carried 

out with argillaceous sediments. 

For the investigation of the effect of the sediment/seawater ratio 

on Pu sorption under oxic conditions (Higgo, Rees, and Cronan, 1984; Higgo 

and Rees, 1986), the calcareous sediment 10399 #7K and red clay 10400 #8K 

were used. 
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In the case of the calcareous sediment, the sorption distribution 

ratios for Pu dropped sharply as the sediment/seawater ratio was 
4 5 

increased, from about 6 x 10 to 1 x 10 ml/g at sediment/seawater 
2 2 

ratios close to 2 (/l, to 1 x 10 or 2 x 10 ml/g for values of the 

sediment/seawater ratio near 200 g/1 (see Figure 2.15). Furthermore, 96 

to 98% of the Pu remaining in solution after the sorption runs at high 

sediment/seawater ratios (-200 g/1) was oxidized, in marked contrast to 

the results for low sediment/seawater ratios. These results imply that 

in the presence of calcareous sediments, Pu is mostly in the form of a 

weakly sorbed species (probably a carbonate complex) at high sediment/ 

seawater ratios. It was not possible, however, to estimate the propor

tion of this complex or its distribution ratio R . The results of the 

second sorption experiments support the presence of a weakly sorbed 

species; in particular, when the sediment/seawater ratios of both the 

first and second sorption runs were low, the first sorption R.s exceeded 
a 

the second sorption R.s by up to two orders of magnitude. It was also 
a 

concluded, based on these sequential sorption experiments, that intercon-
version of the Pu carbonate complex and the dominant Pu species is rapid 
in the presence of calcareous sediments. Although the desorption R.s 

o 
continued to exceed the sorption R.s at low sediment/seawater ratios 

d 

(by a factor of about two to three for values of the sediment/seawater 

ratio close to 2 g/1), three out of four of the determinations at the 

highest sediment/seawater ratios (89.1 to 206 g/1) yielded desorption 
R.s similar to the sorption R.s. It was therefore concluded that 
a a 

sorption of the Pu carbonate complex was reversible, contrary to the case 

for the dominant Pu species. 

The effect of increasing the sediment/seawater ratio on the sorp

tion of Pu by the red clay was not as dramatic as with the calcareous sed-
4 

iment; the sorption distribution ratio dropped from about 7 x 10 ml/g 
4 

at a sediment/seawater ratio of 19.0 g/1 to about 1 x 10 ml/g at a 

sediment/seawater ratio of 163 g/1. By comparing these data and the 

sorption data for intermediate sediment/seawater ratios to theoretical 

curves (see Figure 2.16), it was concluded that in the presence of the 

red clay, 99.95% of the Pu was strongly sorbed with a distribution ratio 
A 

R. of about 8 x 10 ml/g; 0.05% was weakly sorbed with an R, of 1 x 

10~ ml/g; the proportion of the weakly sorbed species was independent 

-130-



» 

4 

il
/f

l)
 

* 3 

p
tio

n
 

So
r 

o> 2 
o 

1 

n 

L# 
• 

• 

_ 

— 

— 

i 

\ • 

•~~m 

1 

1 

• 

1 

1 

1 

1 

.. • 
• • ' 

1 

— 

_ 

— 

— 

50 100 150 
Sediment/Seawater Ratio (g/l) 

200 250 

Figure 2.15. The Effect of the Sediment/Seawater Ratio on the Sorption of Plutonium 
Calcareous Sediment 10399 #7K (from Higgo. personal communication). 
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Figure 2.16. The Effect of the Sediment/Seawater Ratio on the Sorption of Plutonium by the Red 
Clay 10400 #8K (from Higgo, Rees, and Cronan, 1984; Higgo and Rees, 1986). 



of the sediment/seawater ratio. Because the proportion of reduced Pu 

remaining in solution after the sorption runs rose from 37 to 100% as the 

sediment/seawater ratio was increased from 19.0 to 163 g/1, it appeared 

that the weakly sorbed species consisted of a reduced form of Pu. The 

second sorption R.s were about two to three orders of magnitude lower 

than the first sorption R.s measured at comparable sediment/seawater 

ratios, and decreased as the sediment/seawater ratio was increased; these 

results support the hypothesis of a weakly sorbed Pu species. The desorp-

tion R.s exceeded the sorption R.s by a factor of about two to five, 
a a 

It was concluded that, except for the experiments conducted at the highest 

sediment/seawater ratios, no more than 10% of this discrepancy could be 

explained by the presence of the weakly sorbed Pu species in solution 

after sorption, and the sorption of Pu by the red clay was therefore 

irreversible. 

This was the only study of the effect of the sediment/seawater 

ratio on Pu sorption carried out for the SBTG. 

' 2.7.1.1.11 Technetium. Higgo et al. (1987) investigated the 

effect of the sediment/seawater ratio on the sorption of Tc by the 

calcareous sediment 10399 M7K and the red clay 10400 #8K under oxic 

conditions. 

Initially, the sorption distribution ratios for Tc decreased from 

the order of 10 to 10*" ml/g as the sediment/seawater ratio was 

increased from 5 or 6 g/1 to a few hundred grams/liter (these experiments 

were carried out under oxic conditions). The results of second sorption 

experiments and the data obtained from desorption experiments both 

implied that these unexpectedly high distribution ratios were caused by 

the presence of a strongly sorbed Tc species. It was suspected, however, 

that the Tc used to prepare the spiked seawater was contaminated with 

organic residues from the post-production separative procedure. These 

experiments were therefore repeated with pure Tc, and the distribution 

ratios for both sediments were 0 ml/g in all cases. All of the subse

quent experiments were conducted with pure Tc. 
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Higgo et al. (1986) studied the uptake of Tc by the carefully 

preserved, mildly reduced, calcareous sediment 11137 #1K under anoxic 

conditions. Concurrent sorption experiments were conducted in the 

presence of air and under an 0 -free mixture of H and 0.1% CO at 

a sediment/seawater ratio of 25.3 g/1. The sorption distribution ratios 

for Tc did not change significantly with time (data were obtained after 

equilibration times of 19 hours, 4 and 75 days), and varied from 3 x 

10 to 6 x 10~ ml/g. Because the sorption R.s obtained under oxic 
a 

and anoxic conditions were identical, it was concluded that the pertechne-

tate ion (TcO.) cannot be reduced by carefully preserved, mildly 
4 

reduced sediment simply by excluding O . 

The effect of adding stable and/or radioactive Fe (as FeSO. 
59 * 

and/or FeSO.) to the deoxygenated seawater and preequilibrating it 
4 

with the sediment prior to the addition of Tc was therefore investigated. 

The initial dissolved Fe concentration varied from 1.1 x 10~ M to 9.5 x 

10 M (in addition to the original dissolved Fe that survived transpor

tation and storage of the sediment and preparation of the samples). After 

preequilibration times of 20 hours to 10 days, the dissolved Fe concentra

tion fell, as a result of sorption and/or precipitation, to a range of 
-6 -3 

< 2 x 10 to 6 x 10 M. TcO. was then added to the seawater 4 -12 
(its initial concentration was 2 x 10 M) and sorption distribution 

ratios were determined once or twice after equilibration times of 1 to 20 

days at a sediment/seawater ratio of 2.37 to 3.0 g/1. In these experi

ments, the sorption R.s for Tc increased with time, as well as with the 
2+d 

concentration of Fe in solution at the time that Tc was added; the 

final values ranged from 0 ml/g for undetectable Fe at the time of Tc 
3 4 5 

addition, to the order of 10 , 10 , and even 10 ml/g when the Fe 
-4 -3 

concentrations was on the order of 10 or 10 M. For dissolved Fe 
concentrations typical of the pore waters of mildly reduced sediments 

(10~ or 10~ H) at the time of Tc addition, the sorption R.s for 
1 6 

Tc varied from 0 to I x 10 ml/g. The amount of Fe that had been 

sorbed or precipitated on the sediment prior to the addition of Tc, 

however, did not affect the sorption of Tc. The dissolved Fe concentra

tion at the time of Tc addition was used to estimate the maximum Eh at 
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which significant reduction of pertechnetate occurred in these experi

ments; for a pH of 7.S to 8.0 it was concluded that an Eh of about -0.2 

to -0.3 V was necessary to reduce most of the TcO? that was present 

at the start of the experiments. 

The distribution ratios for Tc obtained with calcareous sediments 

and a red clay at constant and variable sediment/seawater ratios under 

oxic conditions at Imperial College are lower than the sorption R. 
a 

obtained with calcareous sediments under oxic conditions at the Japan 

Atomic Energy Research Institute. 

Ho other studies of Tc sorption were carried out under anoxic 

conditions. 

2.7.1.1.12 Uranium. Higgo et al. (1987) studied the effect of 

the sediment/seawater ratio on the sorption of U by mildly reduced 

calcareous sediment from Core 37 under oxic and anoxic conditions. 

The sediment that was used for the oxic experiments was slurried 

with oxygenated seawater and exposed to air for several weeks. Three 
-11 232 

sorption experiments in which 4.2 x 10 M of U were added to the 

seawater and the sediment/seawater ratio was 3.44 to 4.02 g/kg yielded 
2 

sorption distribution ratios of 1 x 10 ml/g. When the sediment/ 
232 

seawater ratio was increased to 156 to 164 g/kg and the U concentra
tion was held constant, sorption R.s of 3 x 10 , 3 x 10 , and 4 x 

i a 

10 ml/g were obtained (all six of these sorption R.s were determined 
232 232 

by analysis for U and are thus based on the distribution of U 

between the solid and the aqueous phases). No desorption experiments 

were carried out. Based on these results, Higgo et al. (1987) concluded 

that most of the U occurred as a strongly sorbed species with a distribu-
2 

tion ratio R. of 1 x 10 ml/g, but that 13% was present as a weakly 
sorbed species with an R, of 0 ml/g, and that both of these species 
were probably carbonate complexes. Because the concentration of natural 
238 -8 232 

U in seawater is 1.3 x 10 M, the addition of U did not 
increase the total U concentration significantly. Assuming that complete 

232 238 
isotopic exchange of U and U occurred during these 30-day 
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experiments, the distribution ratios discussed above were obtained at a 
—8 

final dissolved U concentration of 1.3 x 10 M. 

-A 
Oxic experiments were also carried out by adding 1.7 x 10 K of 

238 238 

U to the seawater, followed by analysis for U. In these experi

ments, the concentration of natural U in seawater was negligible. Three 

sorption experiments in which the sediment/seawater ratio was 4.1 to 4.9 

g/kg gave sorption distribution ratios of 5 x 10 , 5 x 10 , and 6 x 

10 ml/g (the final dissolved U concentration for these runs varied from 
-4 -4 1 

1.33 x 10 to 1.42 x 10 M). Sorption R.s of 1 x 10 ml/g were 
a 

obtained from three experiments in which the sediment/seawater ratio was 
164 to 173 g/kg (the final dissolved U concentration varied from 5.23 x 
-5 -5 

10 to 5.39 x 10 M). These results suggest that most of the U was 
present as a strongly sorbed species with a distribution ratio R. of 8 x 
1 

10 ml/g, but that 26% occurred as a weakly sorbed species with an R. 

of 0 ml/g. 

Anoxic experiments were carried out under conditions similar to 

those of the oxic experiments, except that the mildly reduced calcareous 

sediment from Core 37 was never exposed to 0 . Three sorption experi-
-11 232 ments in which 4.1 x 10 M of U were added to the seawater and 

the sediment/seawater ratio was 3.5 to 3.9 g/kg yielded sorption distri-
2 2 2 

bution ratios of 1 x 10 , 1 x 10 , and 2 x 10 ml/g (the total 
—8 

dissolved U concentration was 1.3 x 10 M throughout these runs). The 
sorption R.s obtained from three experiments conducted at the same 
232 

U and total dissolved 15 concentrations and a sediment/seawater ratio 

of 157 to 161 g/kg were 2 x 10 ml/g. Higgo et al. (1987) concluded 

that most of the U occurred as a strongly sorbed species with a distribu-
2 

tion ratio R. of 2 x 10 ml/g, but that 26% was present as a weakly 
sorbed species with an R of 0 ml/g. 

-4 
Anoxic sorption experiments carried out by adding 2.2 x 10 M 

238 
of U at a sediment/seawater ratio of 3.6 to 4.0 g/kg gave sorption 

distribution ratios of 3 x 10 , 5 x 10 , and 8 x 10 ml/g (the 
_4 

final dissolved U concentration for these runs varied from 1.73 x 10 

to 1.96 x 10"4 M). Sorption R.s of 9 x 10°, 1 x 101, and 1 x 
1 d 

10 were obtained from experiments performed at a sediment/seawater 
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ratio of 160 to 161 g/kg (the final dissolved U concentration varied from 

7.97 x 10 to 9.01 x 10 M). These results suggest that most of 

the U was present as a strongly sorbed species with a distribution ratio 
2 

R. of 1 x 10 ml/g, but that 36% occurred as a weakly sorbed species 

with an R. of 0 ml/g. 

Clearly, the sorption distribution ratios measured under anoxic 

conditions are not significantly higher than those measured under oxic 

conditions. In fact, some of the sorption R.s obtained from oxic 
a 

experiments were higher than those obtained from anoxic experiments 

carried out under comparable conditions (U concentration and sediment/ 

seawater ratio). 

This was the only laboratory study of U sorption carried out with 

seawater or artificial seawater. 

The results of field studies of the cycling of metals across 

active and fossil redox fronts at GME carried out by investigators from 

the Institute of Oceanographic Sciences (see Section 1.2.1), however, 

imply that the distribution ratio for U in mildly reduced calcareous 

sediments is > 1 x 10 ml/g (Wilson, personal communication). This 

R, is at least three orders of magnitude higher than the highest R.s 
d a 

obtained under anoxic conditions at Imperial College. This discrepancy 

cannot be explained at present. 

2.7.1.2 Diffusion Studies—Higgo and her colleagues at Imperial 

College investigated the diffusion of Am, Cs, I, Np, Pu, and Tc in 

several samples of Atlantic sediments, including sediments from the CHE 

study location. 

Four experimental methods were used for the diffusion studies 

(Higgo et al., 1987). In the constant-source method, the radionuclide of 

interest diffused from spiked seawater into a column of unspiked sedi

ment. After these experiments, the sediment was sliced and each section 

was counted to obtain a diffusion profile from which the effective dif

fusion coefficient was calculated. Because the constant-source method 
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can be used only if the element of interest is not sorbed by the sedi

ment, this method was only used for I and Tc. 

In the steady-state method, the radionuclide diffused from spiked 

seawater through a column of unspiked sediment into unspiked seawater. 

The effective diffusion coefficient was calculated from the breakthrough 

time and the rate at which the concentration of the radionuclide in the 

initially unspiked seawater increased. The steady-state method was only 

used for Cs, I, and Tc, all of Which diffuse rapidly. 

For the profile and half-cell methods, the radionuclide diffused 

from a column of spiked sediment into an adjacent column of unspiked 

sediment. After experiments with the profile method, the sediment was 

sliced to obtain a diffusion profile. This method provided precise data 

only for elements that diffuse rapidly, and was used only for Cs and Tc. 

After experiments with the half-cell method, the effective diffusion 

coefficient was determined from the total quantity of the radionuclide 

that had diffused into the initially tracer-free sediment. The half-cell 

method provided precise data for elements that diffuse slowly as well as 

for those that diffuse rapidly, and was used for all six of the elements 

studied. 

2.7.1.2.1 Sediments and Solutions. The sediments used for the 

diffusion studies at Imperial College are described in Table 2.6. 

The characterization of these sediments is described in Section 

2.7.1.1.1; results are presented throughout the reports and publications 

cited in this review. The storage procedures for both oxidized and 

mildly reduced sediments are also described above. 

Spiked sediments were prepared by agitating a few grams of sedi

ment along with spiked seawater 120 times/minute at 4"C for a few days. 

For the actinide elements, which have low solubilities in seawater, it 

was necessary to remove the aqueous phase and replace it with fresh 

spiked seawater several times in order to obtain suitable loadings. 

After sufficient quantities of the radionuclide had been sorbed, the 

sediment was allowed to settle; the seawater was decanted; the residual 
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TABLE 2.6. DESCRIPTION OF SEDIMENTS USED FOR DIFFUSION STUDIES 
AT IMPERIAL COLLEGE1. 

Core or Sample 
Identification t 

Oxidired Sediments Used for Diffusion Studies with Americium, Cesium, Iodine, Neptunium, 
Plutonium antf Technetium under Oxic Conditions; , 

Core Location Core Type 
Depth 

within Core Remarks 

SH2/83/602 

10399 #7K3>4 

10554 #2k5-6 

10S54 #5BX7»8 

10554 tSBX8>9 

10554 #11K9>10 

10400 MK 1 1 * 1 2 

Romanche Valley 

Cape Verde Abyssal 
Pima, lat. and 
long- not reported. 

CMS, lat. and 
long, not reported 

GME, lat. and 
long, not reported 

Same as above 

Same as above 

Abyssal Hills west 
of Cape Verde Abys
sal Plain, lat. and 
long, not reported 

Not reported 

Gravity (Kasten) 

Gravity (Kasten) 

Box 

Same as above 

Gravity (Kasten; 

Gravity (Kasten) 

Not reported 

Not reported 

Not reported 

0 to 10 cm 

32 to 45.5 cm 

39 to 59 cm 

Not reported 

Not reported 

Buff turbidite, 65% CaC03 

Buff turbidite, 55% CaC03 

Buff turbidite, 55% CaC03 

Green turbidite, 30% CaC03 

Same as above 

Red clay, 3% CaC03 

Core or Sample 
Identification » 

Core 3713-1* 

Core 3713'1* 

Core 3713«14 

Mildly Reduced Sediments Used for Diffusion Studies with Neptunium and Technetium under Anoxic 
Conditions: 

Core Location 

GME, 31*37.0^, 
24'53.0,W 

Same as above 

Same as above 

Core Type 

Piston (STAC0RE) 

Same as above 

Same as above 

Depth 
within Core 

1166 to 1179 cm 

Remarks 

Green turbidite, calcareous 

17.37 to 17.49 m Gray-brown turbidite, 
calcareous 

22.63 to 22.76 m Gray turbidite, calcareous 



TABLE 2.6. (cont.) 

Core or Sample Depth 
Identification # Core Location Core Type within Core Remarks 

Core 3714>15 Same as above Same as above 29.64 to 29.73 m Green turbidite, calcareous 

1 All sediments provided by the UK Institute of Oceanographic Sciences (IOS) unless otherwise noted. 
2 Used for Tc (half-cell method). 
3 Used for Up and Pu (half-cell method). 
4 IOS Core D10399 #7K. 
5 Used for Cs (steady-state method); and I and Tc (half-cell method). 
6 IOS Core D105S4 #2K. 
7 Used for I and Tc (constant-source and steady-state methods); Cs and Tc (profile method); and Am, Cs, I, Pu, 
and Tc (half-cell method). 

8 IOS Core D10554 #5BX. 
9 Used for Am, Up, and Pu (half-cell method). 
10 IOs Core D10554 #11K. 
11 Used for Up and Pu (half-cell method). 
12 IOS Core D10400 #8K. 
1 3 Used for Mp (half-cell method). 
1* Etude des Sediments Oceaniques par Penetration (ESOPE) Core 37 
15 nSed for Up and Tc (half-cell method). 



slurry was centrifuged three times (1 minute at 3000 rpm, 5 minutes at 

4000 rpm, and 10 minutes at 4000 rpm) to restore the sediment to its 

original porosity of about 65 to 75%. After each centrifugation, the 

seawater was decanted and the slurry was stirred. During the study of Pu 

diffusion, the sediments were loaded at high (155, 164, or 166 g/1) as 

well as low (3 or 7 g/1) sediment/seawater ratios to determine if this 

affected the effective diffusion coefficient in the same way that it 

affected the distribution ratio for Pu. 

Tracer-free sediments were generally obtained directly from 

carefully preserved, undisturbed samples by a procedure that was 

analogous to piston coring (see Figure 2.17). A disposable Gillette 

syringe was driven by hand into the sediment. Each syringe, from which 

the ends had been machined to create a right cylinder with an inner 

diameter of 10.5 mm and a length of 60 to 70 ran, contained a tightly 

fitting plunger. As the syringe was inserted, the plunger remained level 

with the surface of the sediment; as the syringe was removed, the suction 

created by holding the plunger firmly in place retained a column of 

sediment inside the syringe. After removal, the sediment at the exposed 

end of the syringe was smoothed off. In some cases, unspiked sediments 

were prepared in the same way as the spiked sediments (except for the 

addition of the radionuclide) to ensure that the mechanical properties 

and texture of the tracer-bearing and tracer-free sediments used in the 

profile and half-cell experiments were identical (the method of prepara

tion of the unspiked sediments did not affect the outcome of these 

experiments). 

Finally, spiked seawater was prepared by the methods described 

above in 2.7.1.1.1. 

2.7.1.2.2 Constant-Source Method. For these experiments (see 

Figure 2.18), spiked seawater was placed in 400-ml polypropylene con

tainers; syringes loaded with columns of unspiked sediment were put into 

holders; the holders were placed in the seawater so that the sediments at 

the exposed ends were immersed. The containers were then sealed and 

refrigerated at 4*C. The spiked seawater was stirred gently during the 

experiments to prevent the development of concentration gradients. 
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After various intervals, each syringe was removed and clamped in a 

vertical position. A 1- to 2-mm-thick section of sediment was extruded 

from the bottom. A preweighed piece of Al foil was then placed in 

contact with the sediment, which held it in place by surface tension; the 

sediment was sliced off with a thin wire. The weight of the foil caused 

the sediment to drop off the end of the column. After reweighing the 

foil and the attached sediment, and calculating the length of the section 

from its mass, the foil and sediment were placed in a vial for counting. 

Following some runs, a cork borer was used to remove the central portion 

of each slice; the central and annular sections were then counted 

separately to determine if diffusion near the interface between the 

sediments and the syringe was faster than that near the center of the 

column (no differences were detected). 

After counting each section of sediment, the effective diffusion 

coefficient D ff was calculated for each radionuclide from the equation 

(2<»J.«1') C_ . / x V . (2.13) 
— = erfc ' * 
C 

in which C is the concentration of the radionuclide at a distance x into 

the sediment column; C is the concentration of the radionuclide in the 

seawater; erfc(z) » 1 - erf(z) and erf is the error function; t is the 

diffusion time. The constant-source method can only be used for elements 

that are not sorted by the sediments because it is impossible to assign a 

ere 
-1 

0 
value to C if sorption occurs. For this reason, only I and Tc were 

studied by this method. At any specified time t, a graph of erfc 

(C/C ) versus x yields a straight line through the origin with a slope 
1/2 

of 1/2 (D .- • t) Because values of D _. were obtained from 

the slope of this line as well as from the mean of the values of D .. 

calculated from each point on the graph, two values of D ,, were 

reported for each experiment with the constant- source method (see Higgo 

et al., 1987, for the evaluation of Equation 2.13). 

The constant-source method can only be used for elements with an 
0 

S. of 0 ml/g because it is impossible to assign a value of C if 
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sorption occurs. Higgo et al. (1987) therefore used this method only for 

studies of I and Tc diffusion. 

2.7.1.2.3 Steady-State Method. For this method a short tube 

containing unspiked sediment was placed between two identical 300-ml 

boxes with tightly fitting lids (see Figure 2.19). Hylon mesh was 

streched across the ends of the tube to retain the sediment in the 

column. Prior to each experiment, 250 ml of unspiked seawater were 

placed in each compartment and preequilibrated with the sediment for a 

few days. The unspiked seawater was then removed from one of the boxes 

and replaced with spiked seawater with a radionuclide concentration of 
-4 

about 10 M. Both reservoirs were gently stirred, and were maintained 

at 4*C throughout the experiments. 

After various intervals, 5-ml adiquots were removed from each box 

for Y counting. The aliquots were returned to the reservoirs after 

counting. 

Following each experiment, the concentration C. of the 

radionuclide of interest in the initially radionuclide-free reservoir was 

plotted versus the time t. During each run, an initial transient period 

in which the slope dC0/dt increased was followed by an intermediate 

steady-state period in which dC./dt was constant, and a final transient 

period in which dC /dt decreased as C approached C , the 

concentration of the radionuclide in the other reservoir. During the 

period of steady-state diffusion. 

* frS- dc 
__2 , (2.14) 
dt 

in which D, is the intrinsic diffusion coefficient; h is the length of 

the sediment column connecting the two reservoirs; v is the volume of 

the reservoir into which the radionuclide diffused; a is the cross-

sectional area of the sediment column. D, was thus obtained from the 

slope dC_/dt during the steady-state period. The intrinsic diffusion 

coefficient is defined by 
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Fa - " Di '(S) ' (215) 

in Which F is the flux of radionuclide per unit cross-sectional area 
a 

of sediment plus solution at a distance x into the sediment column. The 

effective duffusion coefficient D ff is related to D. by the equation 

Deff = ^ • ( 2 1 6 ) 

a 

The capacity factor a is defined by 

a = • + R. • p (2.17) 
d w 

in which • is the porosity of the sediment and p is the wet density 

of the sediment. Although a could have been obtained from Equation 

2.17, Higgo et al. (1987) evaluated a by extrapolating the steady-state 

slope back to C, = 0 to obtain the breakthrough time t', at which time 

a - fVl (2.18) 
h2 

The value of a obtained from Equation 2.18 was then inserted in 

Equation 2.16 to obtain D ... 
etc 

This method was only used for Cs, I, and Tc. 

2.7.1.2.4 Profile Method. Prior to these experiments, two 

syringes were prepared, one containing spiked and the other unspiked, 

undisturbed sediment (see Figure 2.20). After smoothing off the sediment 

at the exposed end of each syringe, the plunger was removed from the 

syringe containing unspiked sediment and the smooth faces were clamped 

together. A small portion of the spiked sediment was pushed into the 

syringe containing unspiked sediment; the syringes were separated; a 

rubber syringe plug was pushed in behind the spiked sediment. After 

assembly, each column consisted of about 10 mm of tracer-bearing sediment 

and 30 to 40 mm of tracer-free sediment, both in the same syringe. The 
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syringes were placed in a hygrostat to prevent evaporation and stored at 

4»C. 

After various intervals, the sediment was extruded and sliced, and 

effective diffusion coefficients were determined as described above for 

the constant-source method. 

Because the slicing technique used for the profile method yielded 

1- to 2 mm-thick sections, the radionuclide of interest had to diffuse 

through at least 10 and preferably 20 mm of sediment to provide enough 

data points to calculate its effective diffusion coefficient. For 

experiments of a few months duration, this constrained the use of the 

profile method to elements that diffuse rapidly such as Cs and Tc. An at

tempt was made to use the syringe-ruboff method of Schreiner and his 

colleagues at Argonne National Laboratory (see Section 2.8.3.1.3), to 

generate diffusion profiles after these experiments, but there was too 

much scatter to obtain values for D ... Rather than report upper limits 

for the effective diffusion coefficients of slowly moving elements like 

the actinides, the Imperial College group switched to the half-cell 

method. 

2.7.1.2.5 Half-Cell Method. For these experiments (see Figure 

2.21), two syringes were prepared, one containing tracer-bearing and the 

other tracer-free sediment. Although most of the tracer-free sediments 

were undisturbed, some used for experiments with Tc were prepared in the 

same way as the spiked sediments (see Section 2.7.1.2.1), except for the 

addition of the radionuclide. After smoothing off the sediment at the 

exposed end of each syringe, a 12-ym Vucleopore filter was placed 

between the smoothed faces; they were clamped together; both ends were 

sealed with rubber syringe plugs. After assembly, each column consisted 

of equal lengths of spiked and unspiked sediment, about 6 to 10 mm of 

each for rapidly diffusing elements and about 3 mm each for *he actinides. 

The assemblies were placed in a hygrostat at 4*C for periods of up to a 

few months for the actinides. For studies of the diffusion of vp and Tc 

under anoxic conditions, the refrigerator was stored in a glove box under 

an atmosphere of 0_-free V. (see Section 2.7.1.1.1). 
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At the conclusion of each experiment the syringes were separated; 

the sediment was removed and weighed; the total quantity of tracer in 

each half was determined. The exact length of sediment in each syringe 

was calculated from the wet and dry mass of the sediment, and the ef

fective diffusion coefficient D ,, was obtained from the equation 

n *h2f2 . (2.19) 
eff " t 

in which h is the length of the column; f is the fraction of radionuclide 

that diffused into the initially radionuclide-free sediment; t is the dif

fusion time. This equation is only valid if D f, is independent of the 

radionuclide concentration, and only as long as the radionuclide con

centrations at the ends of the column remain at C (the initial tracer 

concentration) and 0, respectively. The latter condition is maintained 

as long as f < 0.15, or (x/(4D ,,t)) > 2 (Li and Gregory, 1974). — err 

Before the half-cell technique was used to measure effective dif

fusion coefficients for Cs, I, and the actinide elements, several experi

ments were carried out with Tc to investigate the reproducibility of the 

technique, and to determine the effects of column length, disturbance of 

the sediments during column preparation, and diffusion time on the effec

tive diffusion coefficient. The results of these investigations are 

discussed below along with the results for Tc (see Section 2.7.1.2.12). 

The half-cell method is more sensitive than the syringe- ruboff 

method used at Argonne National Laboratory (see Section 2.8.3.1.3). The 

half-cell method can be used to measure values of the effective diffusion 
-14 2 

coefficient as low as 1 x 10 cm /s (Higgo, personal communica
tion); the limit of resolution for the syringe-ruboff method is only 

-10 2 
about 1 x 10 cm /s. The half-cell method, however, does not yield 

a diffusion profile. In some cases, the shape of the concentration pro

file obtained with the syringe-ruboff method has suggested that processes 

other than diffusion and sorption of a simple ionic species occur in cer

tain sediments (see Sections 2.6.2.2.5, 2.8.1.2.3, 2.8.2.2.4, 2.8.3.1.7, 

and 2.8.3.1.11). 
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2.7.1.2.6 Analytical Methods. In general, the same analytical 

techniques were used for the diffusion experiments as for the sorption 

studies (see Section 2.7.1.1.4). Higgo et al. (1987) did not, however, 

convert their measurements of radioactivity to chemical concentrations 

after their diffusion experiments. 

The oxidation states of multivalent elements were not determined 

during these experiments. 

2.7.1.2.7 Americium. Higgo et al. (1987) investigated the 

diffusion of Am in three calcareous sediments and a red clay under oxic 

conditions with the half-cell method (for all of these experiments, the 
4 

initial Am concentration in the spiked sediments was 2.00 x 10 cpm/mm). 

The effective diffusion coefficients obtained with the calcareous sediment 

10399 //7K varied from 5 x 10 to 5 x 10~ cm /s, with a mean 
-14 2 

value of 3 x 10 cm /s (six runs were carried out for periods of 

264 to 272 days). Six experiments with the calcareous sediment 10554 
-13 -12 2 

//5BX yielded values of D ,., from 9 x 10 to 3 x 10 cm Is, eff-12 2 
with a mean value of 2 x 10 cm Is (these runs were conducted for 
196 and 204 days). For the calcareous sediment 10554 //11K, values of 3 x 

10 to 3 x 10 cm Is were obtained, with a mean value of 2 x 
-13 2 

10 cm Is (the diffusion times for these five runs were 138 and 195 

days). The scatter in these results was attributed to the fact that very 

little Am diffused across the barrier (a 12-pm Nucleopore filter) that 

separated the spiked and unspiked sediments in these experiments. Higgo 

et al. (1987) concluded, however, that the effective diffusion coefficient 

for Am in 10554 //5BX was significantly higher than in the other calcareous 

sediments, and that this difference was caused by variations in the por

osity of the samples rather than chemical or mineralogical differences 

(the porosity of the samples of 10554 //5BX used for these experiments 

varied from 74.6 to 78.4%, and were 60.0 to 62.2% for 10399 #7K, and about 

65% for 10554 //UK). Six experiments with the red clay 10400 #8K gave 
-15 -13 2 

values of 2 x 10 to 2 x 10 cm Is for D ,,, with a mean value 
-14 2 e f f 

of 6 x 10 cm la (these runs lasted for 230 and 238 days). Clearly, 

the values of D ,f for Am in the red clay are within the range of values 

obtained with the three calcareous sediments. 
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For these sediments, an effective diffusion coefficient of 1 x 
-14 2 7 

10 cm /s is consistent with a distribution ratio of 2 x 10 ml/g, 

a value significantly higher than those obtained from sorption experiments 

with comparable sediments at Imperial College (see Table 2.2). Higgo 

et al. (1987) concluded that this difference resulted from: (1) the 

formation of colloidal Am species that could not be separated from 

solution following the sorption experiments, but did not migrate during 

the diffusion experiments; (2) any weakly sorbed Am species present 

during the preparation of the spiked sediments was discarded with the 

solution prior to the start of the diffusion experiments, but remained in 

solution during the sorption experiments. 

The effective diffusion coefficients for Am obtained with a red 

clay under oxic conditions at Imperial College are consistent with the 

upper limit for D ff obtained with red clays under oxic conditions at 

Argonne National Laboratory (see Table 2.4). 

2.7.1.2.8 Cesium. Higgo et al. (1987) obtained an effective 
-8 2 

diffusion coefficient of 6 x 10 cm /s for Cs in the calcareous 

sediment 10554 //2K under oxic conditions with the steady-state method 

(the results of this experiment, which was carried out for a period of 

about 60 days, are shown in Figure 2.22). Because the distribution ratio 

for Cs varies inversely with the dissolved Cs concentration, D ,, 

decreased as Cs diffused through the sediment and its concentration 

decreased. Equation 2.15 and 2.18 (see Section 2.7.1.2.3) are therefore 

not strictly valid, and can in this case provide only an average value 

for D that depends on the concentration of Cs. Higgo et al. (1987) 

nevertheless concluded that the value of 0 ., obtained using the steady-
eff 

state method is consistent with an R. of 9 x 10 ml/g, a value that 
agrees with those obtained during their sorption studies with similar 

-8 
sediments and final dissolved Cs concentrations on the order of 10 M 

(see Table 2.2). 

Higgo et al. (1987) also studied the diffusion of Cs in the 

calcareous sediment 10554 05BX under oxic conditions with the profile 

method. Three experiments in which the initial Cs concentration in the 
3 

spiked sediment was 9.00 x 10 cpm/g yielded effective diffusion 
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-9 -9 2 
coefficients from 5 x 10 to 9 x 10 cm /s, with a mean value of 

-9 2 
8 x 10 cm /s (these runs were carried out for periods of 124 to 365 
days). The results of these experiments represent average values of 

2 2 
D ,,, and are consistent with R.s of 6 x 10 to 9 x 10 ml/g. 
err a 
Two additional experiments in which the initial Cs concentrations were 

4 5 -8 
8.8 x 10 and 2.98 x 10 cpm/g gave values of 2 x 10 and 4 x 
-8 2 

10 cm /s, respectively, for D ,, (these runs were conducted for 
2 

119 and 18 days). These results are consistent with R.s of 3 x 10 
2 d 

and 1 x 10 ml/g. 

Finally, Higgo et al. (1987) reported effective diffusion coeffi-
—9 —8 2 

cients of 8 x 10 to 1 x 10 cm /s, with a mean value of 1 x 
-8 2 

10 cm /s, for Cs in 10554 #5BX under oxic conditions with the 
half-cell method (four runs, in Which the initial Cs concentration in the 

spiked sediments was 1 x 10 cpm/mm, were carried out for periods of 1 

to 6 days). As with the other methods, these values represent average 

values of D ... 
eff 

This was the only study of Cs diffusion carried out with calcareous 

sediments. 

2.7.1.2.9 Iodine. Results obtained by Higgo et al. (1987) with 

the calcareous sediment 10554 #5BX and the constant-source method imply 

that at least two I species were present during these oxic experiments 

(three experiments were carried out for periods of 8 hours, 1 day, and 6 
3 

days with an I concentration of 2.47 x 10 cpm/g in the spiked seawater; 

the results of the 2-day run are shown in Figure 2.23). In the first 
-1 0 

0.5 to 1.0 cm of the sediment, graphs of activity or erfc (C/C ) 

versus distance deviated from straight lines and could not be used to 

obtain values of the effective diffusion coefficient. This behavior was 

attributed to the presence of a strongly sorbed I species preferentially 

retained in this region of the sediment. Beyond a distance of 0.5 to 

1.0 cm, however, graphs of activity or erfc- (C/C ) versus x yielded 

straight lines. The slopes of these lines, as well as the average values 

of the individual data points, in turn gave effective diffusion coeffi-

mts of 
-6 2 

-6 -6 2 
cients of 7 x 10 and 8 x 10 cm /s. Because a value of 6 x 
10 cm /s for D ., implies an R. of 0 ml/g, Higgo et al. (1987) 
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concluded that a weakly sorbed I species was dominant beyond a distance 

of 0.5 to 1.0 cm in the sediment. 

Kiggo et al. (1987) obtained effective diffusion coefficients of 
—6 ~6 2 

3 x 10 and 4 x 10 cm /s for I in 10554 #5BX under oxic condi

tions with the steady-state method (three experiments were conducted for 

periods of 18, 25, and 38 days; the results of the 25-day run are shown 

in Figure 2.24). These values are consistent with a distribution ratio 
0 

of 0 to 2 x 10 ml/g. After the 25-day experiment, the core was 

extruded, sliced, and counted to obtain & diffusion profile for T (see 

Figure 2.25). The dominant, weakly sorbed species was distributed 

throughout the entire length of the 3-cm-long sample. Because its 

concentration profile was concave upward, Higgo et al. (1987) concluded, 

based on an analysis by Crank (1975), that D f, for the weakly sorbed 

species decreased with distance from the source, and that its R. varied 
d 

inversely with concentration (the total I concentration in the sediment 
-4 

was on the order of 10 M during these experiments). A strongly 

sorbed species produced a peak in the profile at a distance of 0.7 cm in 

the sediment. By integrating the areas under this peak and the profile 

for the weakly sorbed species, Higgo et al. (1987) estimated that the 

concentration of the weakly sorbed species exceeded that of the strongly 

sorbed species by a factor of two to three. The values of the effective 

diffusion coefficient obtained using the steady-state method were slightly 

higher than those obtained with the constant-source method because the 

former are average values for the weakly and strongly sorbed species, 

whereas the latte represent only the weakly sorbed species. 

It is possible that the dominant, weakly sorbed I species present 

during these experiments was iodate dO*) or iodide ( I ) and the 

strongly sorbed I species was molecular iodine (I ) or an organic I 

complex. This complex could have formed from organic compounds naturally 

present in the seawater, or from an impurity in the I used to spike the 

seawater (see Section 2.7.1.1.11). It is also possible that the weakly 

sorbed species was I-, and the strongly sorbed species was I0~ 

(see Ullman and Aller, 1985). 
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Finally, Higgo et al. (1987) studied the diffusion of I in the 

calcareous sediment 10554 #2K under oxic conditions with the half-cell 

method. The effective diffusion coefficients obtained from experiments 

in whicn the initial 1 concentration in the spiked sediments was 1.1 x 
3 -6 2 

10 cpm/mm were all 1 x 10 cm /s (three runs were carried out for 
periods of 18 and 19 hours). Three experiments in which the initial I 

3 -7 
concentration was 7.2 x 10 cpm/ram yielded values of 5 x 10 and 1 x 
10-6 cm2/s for D „ , with a mean value of 9 x 10"7 cm2/s (these 

err 
runs lasted 2.5 hours). With an initial 1 concentration of 1.6 x 

10-4 cpm/mm, values of 9 x 10"7 to 2 x 10"6 cm2/s were obtained. 
-6 2 

with a mean value of 1 x 10 cm /s (three runs were conducted for 2 

hours). Clearly, D was independent of the initial concentration of 

1 in the spiked sediments; this result appears to contradict the 

conclusion (see above) that the D ,. and R. for the dominant 1 
etr d 

species are concentration dependent (the values of D ff obtained using 

the half-cell method are average values for the weakly and strongly 

sorbed 1 species). 

This was the only study of I diffusion carried out for the SBTG. 

2.7.1.2.10 Neptunium. Higgo et al. (1937) investigated the 

diffusion of Hp in three calcareous sediments and a red clay under oxic 

conditions with the half-cell method. The effective diffusion coeffi

cients obtained with the calcareous sediment 10399 #7K varied from 4 x 

10" to 7 x 10" cm /s with a mean value of 3 x 10~ cm /s 

(six runs were carried out for periods of 77 to 101 days). Five experi

ments with the calcareous sediments 10554 //5BX and 10554 //UK gave values 
-10 -9 2 

of D ,, from 6 x 10 to 2 x 10 cm /s, with a mean value of 
eti_ _ 
—9 2 

2 x 10 cm /s (the diffusion time for these runs was 26 days). For 
-9 -9 2 

the red clay 10400 //8K, values of 2 x 10 and 3 x 10 cm /s were 
-9 2 

obtained, with a mean value of 2 x 10 cm /s (six runs were conducted 

for periods of 45 and 46 days). Higgo et al. (1987) attributed the varia

tions in D ,, observed among the results of runs with the same sediment 

to: (1) possible desiccation of the sediments during storage (the 

greatest variability was observed with 10399 #7K, for which the run times 

were the longest of the three sediments); (2) the fact that in runs with 

10399 //7K and especially 10400 #8K the parameter f (the proportion of the 
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radionuclide that diffused into the initially tracer-free sediment) 

exceeded its maximum permissible value of 0.15 (see Section 2.7.1.2.5). 

Despite the variations in the results for each sediment, Higgo et al. 

(1987) concluded that the effective diffusion coefficient for Np varied 

inversely with the CaCO content of these sediments (10399 #7K: 65%; 

10554 #5BX and 10554 #11K: 30%; 10400 #8K: 3%). This conclusion is 

consistent with the results of the Np sorption experiments carried out at 

Imperial College (see Table 2.2). The observed values of D ,, also 
etc 

decreased as the initial Np concentration of the spiked sediments was 

decreased (10399 #7K: 5.60 x 103 to 6.45 x 103 cpm/mm; 10554 #5BZ 

and 10554 #11K: 3.67 x 103 to 3.83 x 103 cpm/nra; and 10400 #8K: 
3 3 

3.00 x 10 to 3.12 x 10 cpm/mm). It seems unlikely, however, that 

these variations in concentration contributed to the observed variations 

in the effective diffusion coefficient; during studies of Np sorption at 

Imperial College (see Section 2.7.1.1.9), large variations in the final 

dissolved Up concentration had no effect on the observed distribution 

ratios. 

The effective diffusion coefficients for Np obtained with cal

careous and argillaceous sediments under oxic conditions at Imperial 

College are similar to the values of D _. obtained with calcareous and 

argillaceous sediments under oxic conditions at the Netherlands Energy 

Research Foundation, which also yielded values that vary inversely with 

the carbonate content of the sediments. The effective diffusion 

coefficients obtained with a red clay under oxic conditions at Imperial 

College are lower than the value of D ff obtained with a red clay under 

oxic conditions at Argonne National Laboratory (see Table 2.4). 

Higgo et al. (1987) also studied the effect of redox variations on 

the diffusion of Np in calcareous sediments obtained from 4 intervals 

within Core 37 (11.66 to 11.79 m, 17.37 to 18.49 m, 22.63 to 22.76 m, and 

29.64 to 29.73 m subbottom). Each of these mildly reduced sediments was 

divided into two portions. One was used for experiments under anoxic 

conditions; the other was slurried with oxygenated seawater, exposed to 

air for several weeks, then used for experiments under oxic conditions 

(the half-cell method was used for both the oxic and anoxic experiments). 
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The oxic experiments yielded effective diffusion coefficients from 1 x 
-10 -9 2 

10 to 2 x 10 cm /s (four runs were carried out with each 

sediment for periods of 5 to 74 days). These results are similar to 

those obtained previously with calcareous sediments at Imperial College, 
3 

and are consistent with distribution ratios on the order of 10 ml/g. 

The values of D ff obtained with two of the four mildly reduced 

sediments (17.37 to 18.49 m, and 29.64 to 29.73 m subbottom) under anoxic 

conditions varied from 5 x 10 to 5 x 10 cm /s (five runs were 

conducted with each sediment for 5 to 95 days). For the other two mildly 

reduced sediments under anoxic conditions, however, D varied from 
-15 -12 2 

5 x 10 to 2 x 10 cm /s, with the exception of 1 value of 1 x 
-9 2 

10 cm /s (three or four runs were performed with each sediment for 

periods of 5 to 53 days). These results, with the exception of the high 

value, are consistent with R.s on the order of 10 ml/g, or greater. 

Because the mobility of Np under anoxic conditions did not correlate with 

the pore-water chemistry, organic C content, color, or location of the 

sediments relative to features such as fossil redox fronts, it is not 

clear why D ff varied so much from sample to sample. Another puzzling 

result is that in those cases, both oxic and anoxic, in which D ,, was 
-10 -9 2 e f f 

on the order of 10 or 10 cm /s, the observed values increased 

with time (these increases varied from a factor of about two to ten). 

Higgo et al. (1987) attributed these increases to "an experimental 

artifact. . . possibly connected with the presence of a barrier (the 

Nucleopore filter) between [the] spiked and unspiked sediment," but did 

not propose a mechanism for this effect (no temporal increases in D . , 

were observed for any other elements with the half-cell method, nor were 

any such increases observed during any of the other diffusion studies 

carried out for the SBTG). 
The effective diffusion coefficients for Np obtained with 

calcareous sediments under anoxic conditions at Imperial College are in 

some cases similar to and in other cases lower than the values of D ., 
eff 

obtained with calcareous sediments under reducing conditions at the 

Netherlands Energy Research Foundation. The ambiguous results obtained 

at Imperial College resemble those obtained with argillaceous sediments 

under anoxic conditions at Argonne National Laboratory, where in some 
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cases the effective diffusion coefficients are similar to but in other 

cases lower than those obtained under oxic conditions (see Table 2.4). 

2.7.1.2.11 Plutonium. Higgo et al. (1987) investigated the 

diffusion of Pu in two calcareous sediments and a red clay under oxic 

conditions with the half-cell method. For each of these sediments, 

concurrent experiments were performed after spiking the sediments at low 

(3 or 7 g/1) or high (155, 164, or 166 g/1) sediment/seawater ratios (the 

initial Pu concentration of the spiked sediments was not reported). 

Three experiments in which the calcareous sediment 10399 #7K was spiked 

at a sediment/seawater ratio of 7 g/1 yielded effective diffusion 
-12 -11 2 

coefficients from 5 x 10 to 2 x 10 cm /s, with a mean value 
-11 2 

of 1 x 10 cm /s (these runs were carried out for periods of 244 
and 245 days); one experiment in which the same sediment was spiked at a 

-10 2 
sediment/seawater ratio of 166 g/1 gave a value of 4 x 10 cm /s 

for D ,. (this run was conducted for 131 days). The effective diffusion 
ett 

coefficients obtained from experiments with the calcareous sediment 10554 

//5BX after spiking at a sediment/seawater ratio of 3 g/1 were 6 x 10 
-10 2 

and 1 x 10 cm /s; the values observed during experiments in which 

the same sediment was spiked at a sediment/seawater ratio of 155 g/1 were 
-12 -11 2 

4 x 10 and 2 x 10 cm /s (all four of the runs with 10554 #5BX 
lasted 69 days). For the red clay 10400 1t8Y, values of 6 x 10~ and 

-10 2 
1 x 10 cm /s were obtained for D ff after spiking at a sediment/ 

-9 -9 

seawater ratio of 3 g/1, and values of 2 x 10 and 3 x 10 were 

reported after spiking at a sediment/seawater ratio of 164 g/1 (all four 

of these runs were carried out for 81 days). At a given sediment/seawater 

ratio, the effective diffusion coefficients obtained with the red clay 

were significantly higher than those obtained with the calcareous sediment 

10399 //7K, which in turn were higher than those observed with the cal

careous sediment 10554 #5BX. Because the CaCO contents of these sedi

ments were 3, 65, and 30%, respectively, this parameter was apparently 

not the cause of the sediment-to-sediment variations in D ,,. For each 
eff 

sediment, the effective diffusion coefficients obtained from experiments 

in which the sediment was spiked at a sediment/seawater ratio of 155, 

164, or 166 g/1 were significantly higher than those obtained after spik

ing at a sediment/seawater ratio of 3 or 7 g/1. This result is surprising 

because: (1) despite the differences in the sediment/seawater ratio 
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during the preparation of the spiked sediments, the diffusion experiments 

were all carried out at the same high sediment/seatrater ratio thereafter 

(neither the sediment/seawater ratio nor the porosity of the sediments 

during these experiments was specified); (2) although the sediment/ 

seawater ratio during the sorption and desorption experiments conducted 

with the calcareous sediment 10399 #7K at Imperial College (see Section 

2.7.1.1.10) significantly affected the distribution ratio for Pu, the 

effect was much less dramatic in the case of the red clay 10400 #8K. 

The effective diffusion coefficients for Pu obtained with argil

laceous sediments under oxic conditions at Imperial College are higher 

than the values of D obtained with argillaceous sediments under oxic 

conditions at Argonne National Laboratory (see Table 2.4). No other 

studies of Pu diffusion were carried out with calcareous sediments under 

oxic conditions. 

2.7.1.2.12 Technetium. Higgo et al. (1987) studied the diffusion 

of pure and impure Tc (see Section 2.7.1.1.11) in the calcareous sediment 

10554 #5BX under oxic renditions with the constant-source method. 
—6 —6 2 

Effective diffuson coefficients of 4 x 10~ and 5 x 10 cm /s were 
obtained from two experiments in which the initial concentration of pure 

3 
Tc in the spiked seawater was 1.02 x 10 cpm/g (these runs were carried 
out for periods of 3 and 7 days). An experiment with a pure Tc concentra-

3 -6 
tion of 1.20 x 10 cpm/g yielded values of 2 x 10 and 3 x 
—6 2 

10 cm Is for D ,, (this run was conducted for 1 day). A value of 
-6 2 

6 x 10 cm /s was obtained from two experiments in which the concen-
3 

tration of impure Tc in the spiked seawater was 2.42 x 10 cpm/g (these 
runs also lasted one day). An effective diffusion coefficient of 4 x 
—6 2 

10 cm /s is consistent with a distribution ratio of 0 ml/g for Tc. 

All of the subsequent experiments were carried out with pure Tc. 

Higgo et al. (1987) obtained an effective diffusion coefficient of 
-6 2 

5 x 10 cm /s for Tc in 10554 #5BX under oxic conditions with the 

steady-state method. 

Similar results were also obtained by Higgo et al. (1987) for Tc 

in the same sediment under oxic conditions with the profile method. An 
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experiment in Which the initial Tc concentration in the spiked sediment 
3 

was 1.70 x 10 cpm/g yielded effective diffusion coefficients of 6 x 
—6 —6 2 

10 and 7 x 10 cm /s (this run was carried out for 7 days). The 

value of D _, obtained from two experiments with an initial Tc concen

tration of 2.30 x 10 cpm/g were all 4 x 10~ cm /s (these runs 

lasted 2 and 4 days). An experiment in which the initial Tc concentration 
3 —6 2 

was 3.10 x 10 cpm/g also gave a value of 4 x 10 cm /s (this run 
was conducted for 1 day). 

Higgo et al. (1987) investigated the effects of sediment distur

bance on the diffusion of Tc in the sediment SH2/83/60 (type unspecified) 

under oxic conditions with the half-cell method. Disturbed (slurried and 

centrifuged) and undisturbed (subsampled from carefully preserved sediment 

with a syringe and plunger), tracer-free samples of SH2/83/60 were pre

pared as described above (see Section 2.7.1.2.1). After the diffusion 

experiments, the permeability (measured by D. A. Stanners) and porosity 
—8 

of the disturbed, unspiked sediment (6.6 + 0.6 x 10 m/s and 74.2 to 

74.9%, respectively) were not significantly different from those of the 
—8 

undisturbed, unspiked sediment (5.6 + 0.8 x 10 m/s and 73.0 to 

73.2%). Furthermore, the effective diffusion coefficients obtained using 
—6 2 

these sediments were indistinguishable: 5 x 10 cm /s for the 
-6 

experiments with the disturbed, unspiked sediment, and 4 x 10 and 5 x 
—6 2 

10 cm /s for the undisturbed, unspiked sediment (three runs were 

carried out in each case for a period of 3.5 hours). Clearly, 

disaggregating and repacking this sediment had no observable effect on 

its permeability or porosity, or on D .. for Tc. 

Higgo et al. (1987) also investigated the effects of the length of 

the sediment column, the initial concentration uf Tc in the spiked 

sediment, and run time on Tc diffusion under oxic conditions with the 

half-cell method. For these experiments, however, the calcareous 

sediment 10554 //2K was used. Samples of unspiked red intent were slurried, 

agitated, and centrifuged in the same way and at the same time as the 

spiked sediment, except for the addition of Tc to the seawater. The 

effect!/e diffusion coefficients obtained from 14 runs varied from 3 x 
—6 —6 2 

10 to 5 x 10 cm /s, and were unaffected by the length of the 
half-cells (about 0.5 to 1.0 cm), the initial Tc concentration of the 
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2 3 

spiked sediment (8.8 x 10 to 3.62 x 10 cpm/mm), or run time (5 

minutes to 7 hours). D ,, was also unaffected by the fact that the 

parameter f, the proportion of the Tc that diffused into the initially 

tracer-free sediment, reached values as high as 0.20, well in excess of 

its maximum permissible value of 0.15 (see Section 2.7.1.2.5). Moreover, 

all of the results for Tc obtained with the half-cell method agree well 

with those obtained using the constant-source, steady-state, and profile 

methods. 

The effective diffusion coefficients for Tc obtained with cal

careous sediments under oxic conditions at Imperial College are similar 

*o the vulues of D ,, obtained with calcareous sediments under oxic 
eff 

* nditions at the Japan Atomic Energy Research Institute, and similar to 
the values of D ., obtained with a red clay under oxic conditions at 

eff 
Argonne National Laboratory (see Table 2.4). 

Finally, Higgo et al. (1987) studied the diffusion of Tc in a 

mildly reduced calcareous sediment from a subbottom depth of 29.64 to 

29.73 m in Core 37 under anoxic conditions with the half-cell method. 

Six experiments yielded effective diffusion coefficients from 9 x 10~ 
-6 2 

to 3 x 10 cm Is, with a mean value and standard deviation (2 o) 
—6 2 

of (1.5 + 0.6) x 10 cm /s. The mean of the results obtained under 

anoxic conditions is statistically different from the mean of the results 

of 25 runs conducted under oxic conditions at Imperial College, (4.9 + 
—6 2 

0.8) x 10 cm /s. It is unclear, however, whether this difference 

was caused by the reductive immobilization of some of the Tc under anoxic 

conditions, or by slight chemical and/or mineralogical differences among 

the sediments used for the oxic and anoxic experiments. The results of 

the Tc sorption experiments carried out at Imperial College (see Section 

2.7.1.1.11) imply that the reductive capacity of mildly reduced calcareous 

sediments depends upon the Fe content of their pore water. 

The effective diffusion coefficients for Tc obtained with a cal

careous sediment under anoxic conditions at Imperial College are higher 

than most of the values of D ,, obtained with argillaceous and cal-
err 

careous sediments under anoxic conditions at Argonne National Laboratory 

(see Table 2.4). 

-166-



2.8 United States 

2.8.1 University of Rhode Island 

2.8.1.1 Sorption Studies—G. R. Heath and his colleagues carried 

out a detailed investigation of the sorption of Eu and, to a lesser 

extent, U and Th from 0.68 H HaCl solutions by red clays from the MPG-I 

study location. Although they conducted a few of their experiments with 

red clays in artificial seawater, some experiments with other types of 

sediments, and a few experiments to determine the kinetics of Eu sorption, 

their primary objectives were to determine the effects of temperature, 

dissolved radionuclide concentration, and downcore variations in the 

mineralogy of the sediments at MPG I on the uptake of Eu from a relatively 

simple solution. Heath's group amassed a data base that contains a few 

thousand distribution ratios for Eu, as well as several hundred for U and 

Th (Heath, Epstein, and Prince, 1977; Heath et al., 1979a; 1979b; and 

Epstein and Heath, 1986). 

2.8.1.1.1 Sediments and Solutions. Host of these experiments 

were carried out with red clays from LL44-GPC-3, a 24-m piston core taken 

at 30*19.9'N, 157*49.4'W by the US Subseabed Disposal Project (SDP) for 

its investigation of the MPG-I study location. This core sampled most of 

the sedimentary section at MPG I (see Section 1.3.1), and was thus well-

suited for studies of the effect of stratigraphic mineralogical variations 

on sorption. A few experiments were also conducted with sediment from 

LL44-GPC-2, a long piston core taken at 30*20.9*11, 157*50.8'W. This core 

consisted entirely of flow-in material which probably came from a sub-

bottom depth of about 30 m and comprised the smectitic sediment that 

dominates the sedimentary section below a depth of about 10 m. 

Before these long cores were obtained, two red clays from MPG II 

were used for some of the experiments with Eu and all of the experiments 

with U and Th: (1) illitic sediment from a subbottom depth of 20 to 25 

cm in Y74-3-66LG, a gravity core taken at 32*12.8'N, 150*58.8'W; 

(2) smectite-rich sediment from a depth of 8.67 to 10.83 m in Y74-3-58P, 

a piston core taken at 33*10.I'M, 150*54.1*W. 
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Finally, a South Pacific red clay from 7*20.6'5, 150*20.8'W; a 

Horth Pacific nanofossil ooze from 7*36.7*N, 134*1.2'W; an equatorial 

Pacific foraminiferal ooze from 0*52.5'N, 160*56.6*E; and a Horth Pacific 

radiolarian ooze from 14*13*11, 146*24'W were also used for some of the Eu 

uptake experiments. 

Detailed chemical and mineralogical analyses of the red clays from 

MPG I were carried out as part of the generic investigation of this study 

location by the US SDP. The results of these atomic absorption and x-ray 

diffraction analyses are presented in Heath, 1976; Heath, Epstein and 

Prince, 1977; Heath et al., 1979a; 1979b; and Heath, Leinen, and Epstein, 

1981. 

After subsampling the cores Y74-3-66L6 and Y74-3-58P, 1 kg of each 

sediment was disaggregated by tumbling with distilled water in a jar 

mill. After splitting, 1 to 2 g samples were placed in dialysis tubing 

and dialyzed with distilled water to remove any salts that precipitated 

during transportation and storage of the cores. The sediment was then 

removed from the tubing and freeze dried. The effects of these procedures 

on the sorptive properties of the sediments were not determined. 

For all of th. other sediments, a short tube was pressed longitu

dinally into the core; the sediment was slurried by shaking with 

deionized water; the slurry was placed in dialysis tubing and dialyzed 

with deionized water. As with the other samples, the sediment was freeze 

dried and stored for later use. 

Some sediment samples were treated with ammonium oxalate to remove 

amorphous aluminum and iron oxyhydroxides; the results obtained with the 

residues were compared to those obtained with untreated sediments and 

amorphous Fe-hydroxide to determine the role of amorphous oxide phases in 

Eu uptake reactions. 

Most of the sorption experiments were carried out with 0.68 V NaCl 

solutions rather than seawater to avoid the effects of competing ions, 

the formation of Eu complexes, or the precipitation of Eu, yet still 
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maintain a charge distribution on the sedimentary particles similar to 

that of the in situ environment. 

Stock solutions of Eu, Th, and U in 0.68 N HaCl were prepared by 

dissolving preweighed portions of EuCi-> " 6 H °, U0.C1 , and 

ThCl. in 1 1 of deionized water. The concentrations of these solutions 

were checked by chloride titration. Aliquots were then diluted to the 

desired experimental concentrations, and enough NaCl was added to bring 

the ionic strength of the final solutions to 0.68 H. The Eu and Th 

solutions were spiked with about 200 yl of a concentrated solution of 

Eu or Th in 0.1 N MCI. The U solutions were not spiked. 

For a few of the sorption experiments, artificial seawater prepared 

by the method of Kester et al. (1967) was used. Because Eu is very in

soluble in seawater, a solution of EuCl„ • 6H„0 in distilled water 
154 3 2 

was prepared and spiked with Eu. Aliquots of this solution were 

added to the artifical seawater just before it was diluted to volume and 

used to start an experiment. Moreover, it was necessary to suspend any 

precipitate as the artifical seawater was added to the centrifuge tubes 

containing the sediment. 

2.8.1.1.2 Kinetic Experiments. Three methods were used to 

investigate the kinetics of Eu sorption. Initially, sorption experiments 

were carried out as described above, but for variable periods of up to a 

few days. Because most of the uptake of Eu occurred during the first 

day, it was concluded that this method was unsuitable. 

Next, 200 to 250 ml of spiked Eu solution were placed in a poly

carbonate jar, and enough sediment was added to bring the sediment/sea-

water ratio to 4 g/1, the same value used for the sorption experiments. 

The solution was stirred continuously with a magnetic stirring bar that 

was mounted on a pivot to prevent grinding of the sediment, and aliquots 

of the suspension were withdrawn periodically, filtered, and analyzed for 

dissolved Eu. Although aliquots could be withdrawn at intervals of 

< 1 minute, resolution was lost because of the time that was required for 

filtration (about 5 to 10 seconds). 
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Finally, differential pulse polarography with a dripping mercury 

electrode was used to determine the Eu concentration of suspensions dur

ing sorption. A 12.5-ml solution of unspiked Eu in 0.68 N NaCl was 

deoxygenated with N?, and 50 mg of sediment were added to bring the 

sediment/seawater ratio to 4 g/1. Polarographic scans were made period

ically. 

2.8.1.1.3 Sorption Experiments. Prior to each experiment, 0.1 g 

of the freeze-dried sediment was preequilibrated with tracer-free 0.68 V 

NaCl solution in preweighed, 50-ml polycarbonate centrifuge tubes with 

screw-cap closures by dispersing the sediment in the solution for 30 min

utes, centrifuging, and decanting the solution. After this procedure was 

repeated twice, the centrifuge tubes were reweighed to determine the 

amount of residual solution remaining with the sediment. 

For the sorption experiments, 25 ml of the Eu-, U-, or Th-bearing 

solutions were added to the centrifuge tubes, and the tubes were recapped 

and placed in a constant temperature bath for a period of 18 to 24 hours 

at 5, 15, 25, 45, or 85*C and a pressure of 1 atm. Because the pore 

waters of red clays contain free dissolved 0 , these experiments were 

carried out in the presence of air. During the first few hours, the 

tubes were removed and shaken several times, then allowed to stand in the 

bath overnight. 

After each experiment, the tubes were centrifuged for 5 minutes at 

10,000 rpm at the temperature of the run, and returned to the bath for a 

few minutes to ensure that the run temperature was maintained. The solu

tions were then decanted and filtered through 0.45 jim membrane fil

ters. Prior to filtration, the decanted solutions were treated with HCl 

to prevent sorption of Eu during filtration. After counting, sorption 

ratios were calculated using Equation 2.3. 

Desorption experiments were carried out after most of the sorption 

experiments. The centrifuge tubes were first reweighed to determine the 

amount of residual solution associated with the sediment, then 25 ml of 

tracer-free solution were added to each tube. Resorption runs were also 
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carried out for about 1 day. Desorption ratios were calculated using 

Equation 2.5. 

In general, each experiment was carried out in triplicate. Blank 

and standard solutions without sediment were run through the same 

procedure. 

1 1A OOtL 

2.8.1.1.4 Analytical Methods. Eu and Th were determined 

by direct scintillation counting with a 3" Nal detector. U was determined 

colorimetrically with dibenzoylmethane (Loe, Will, and Black, 1953). 

2.8.1.1.5 Europium. The sorption of Eu by the smectite-rich red 

clay Y74-3-58P was very rapid during the first few seconds of the kinetic 

experiments, then slowed significantly over a period of minutes to hours. 

The similarity of the rate curves for this sediment and for amorphous « 

Fe-hydroxide, and the difference between these curves and the rate curve 

for the same sediment after extraction of the amorphous Al- and Fe-

oxyhydroxides by ammonium oxalate together imply that oxide phases, 

possibly as grain coatings, were responsible for the uptake of Eu, at 

least during the first few hours of these experiments (see Epstein and 

Heath, 1986). 

During the 1 *ay batch equilibration experiments, sorption and 

desorption distribution ratios were determined over a wide range of final 
-7 -3 

dissolved Eu concentrations: from 1.87 x 10 to 2.00 x 10 M 
-8 -4 

(sorption runs), and from 6.51 x 10 to 2.G4 x 10 M (desorption 

runs). Within these ranges, the distribution ratios decreased as the Eu 

concentration was increased. For a given sediment and temperature, the 

data fit equations of the form 

Rj = aCb , (2.20) 

in which a and b are constants and C is the final dissolved Eu concentra

tion. The data thus plot as straight lines of negative slope on a log 

R.-versus-log C diagram (see, for example, Figure 2.26). It was con-
a 
eluded that because the slopes of these lines are generally much closer 
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Figure 2.26. The Effect of Final Dissolved Europium Concentration on the 
Sorption of Eu from 0.68 N NaCl Solutions by Smectite-Rich 
Hed Clay from Y74-3-58P (from Heath et al., 1979b). 



to -1 than to 0, the sorption of Eu in these experiments was nearly ir

reversible (Heath, et al., 1979a; 1979b). Although a slope of -1 on a 

lor R.-versus-log C diagram suggests that a constant amount of the 

radionuclide was sorbed by the sediment regardless of its final dissolved 

concentration and hence that sorption was irreversible, the data obtained 

at the University of Rhode Island imply that the uptake of Eu was 

generally reversible. Slopes close to -1 do not, therefore, necessarily 

imply nearly irreversible sorption. The commonly accepted test for 

reversibility is whether or not sorption and desorption experiments con

ducted under identical conditions (solution composition, pH, final dis

solved radionuclide concentration, etc.) give identical results. Although 

Heath's group studied the uptake of Bu over a wide concentration range, 

the range of final dissolved Eu concentrations reported for sorption 

experiments generally did not overlap that of the desorption experiments 

for a given sediment and temperature. Nevertheless, the sorption and 

desorption R.s for a given sediment and temperature generally plot close 
a 

to the same straight line on a log R.-versus-log C diagram (see, for 

example, Figure 2.27). This suggests that if the final dissolved Eu 

concentrations of the sorption and desorption experiments had been the 

same, the sorption and desorption R.s obtained from these runs would 
a 

have been identical. Moreover, in those instances where the Eu concentra

tions after sorption and desorption runs were identical, the sorption and 

desorption R.s were experimentally indistinguishable (see Figure 2.28). 

It is also worth nothing that the sorption distribution ratios for Eu 

obtained with the smectite-rich red clay LL44-GPC-2 and 0.68 N HaCl solu

tions under oxic conditions at 4 and 11*C at Sandia National Laboratories 

have a slope that is much closer to 0 than to -1 on a log R.-versus-log 
a 

C diagram (see section 2.8.2.1.5). 

The effects of downcore mineralogical variations in LL44-GPC-3, 

final dissolved Eu concentration, direction of reaction, and temperature 

on Eu uptake from 0.68 N NaCl solutions by red clay are shown in Figure 

2.27. For a given Eu concentration and temperature, the distribution 

ratios increased by about an order of magnitude from the surficial 

sediments rich in quartz and illite to the smectitic sediments at 

intermediate depths in LL44-GPC-3, then decreased somewhat for the Fe- and 

Hn-oxyhydroxide-rich sediments from the bottom of the core. The uptake 
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of Bu by these sediments increased with temperature; distribution ratios 

measured at 85*C exceeded those at 15*C by up to about a factor of three. 

The results obtained for other red clays from the central North Pacific 

and the South Pacific were similar to those for LL44-GPC-3. Furthermore, 

the variability of the Bu distribution ratios obtained for the suite of 

Pacific sediments listed above (see Section 2.8.1.1.1), with the 

exception of the siliceous ooze, did not exceed the downcore variations 

observed for LL44-GPC-3. 

Experiments carried out in artificial seawater yielded distribution 

ratios virtually identical to those obtained with 0.68 N HaCl solutions 

when the final dissolved Eu concentration was low (1 x 10~ M or less). 

This implies that the higher pH (8.2 versus 6.0) and complex composition 

of artificial seawater relative to the HaCl solutions had no effect on 

the uptake of Eu at low concentrations by these sediments. At higher 

concentrations, however, the distribution ratios obtained with artificial 

seawater were higher th&n those measured with NaCl solutions under 

comparable conditions due to the precipitation of Eu from seawater. 

Because almost all of these sorption and desorption experiments 

were carried out in triplicate, the results provide an excellent 

opportunity to assess the variability of data obtained for identical 

initial conditions and run times of 18 to 24 hours. Inspection of the 

sorption and desorption data for Eu reveals that most of the replicate 

data were well within a factor of two of each other, but that deviations 

of a factor of two to five were relatively common, and deviations of as 

much as an order of magnitude occurred in rare instances. 

2.8.1.1.6 Uranium and Thorium. A few sorption experiments were 

carried out with U and Th. All of the experiments with U and most of 

those with Th were carried out in 0.68 N NaCl solutions. These results, 

which are generally similar to those for Eu, appear in Heath, Epstein, 

and Prince (1977), and Heath et al. (1979a), and are not discussed 

further here. 

2.8.1.2 Diffusion Studies—Heath and his colleagues carried out 

an experimental study of the diffusion of Eu in several samples of red 
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clay from the MPG-I study location, as well as one calcareous and one 

siliceous sediment. The results of these experiments were compared to 

numerical predictions of Eu diffusion through sediments with properties 

similar to those of the sediments used in the experimental study. 

2.8.1.2.1 Sedii.-PTVts and Solutions. Samples of red clay from the 

long piston cores LL44-GPC-2 and LL44-GPC-3, and the standard piston 

cores Y74-3-58P4 and Y74-3-66LG3 were used for the Eu diffusion experi

ments. The exact locations of these cores from the MPG-I study location 

are given in Section 2.8.1.1.1. The North Pacific nanofossil ooze and 

the Horth Pacific radiolarian ooze used for the study of Eu sorption were 

also used for the diffusion experiments. Prior to the»e experiments, all 

of the sediments were dialyzed using deionized water and freeze dried as 

described above. 

All of the Eu diffusion experiments were carried out with 0.68 N 

NaCl solutions rather than artificial seawater. The preparation of these 
-3 154 

solutions, which contained 2 x 10 M EuCl. spiked with feu, is 
described in section 2.8.1.1.1. 

2.8.1.2.2 Experimental Methods. Samples of sediment were 

weighted, slurried with 0.68 N MaCl solution, placed in SO-ml polycar

bonate centrifuge tubes, and centrifuged to restore each sediment to its 

original bulk density. Each centrifuge tube was then cut off just above 

the surface of the sediment and placed in a bath with 14 1 of 0.68 N NaCl 
-3 154 

solution containing 2 x 10 M EuCl. spiked with Eu. The bath 

was maintained at 85'C throughout the experiments. The concentration of 

Eu in the bath was monitored periodically by removing 5-ml aliquots of 
154 

the solution for analysis by direct scintillation counting of Eu; 
fresh aliquots of solution were returned to the bath after each analysis 

to maintain it at constant volume and concentration. 

After 109 days the tubes were removed from the bath and scanned 

with a Geiger counter collimated by two Pb bricks separated by a 7-mm 

slit. The Eu profile was determined by moving each centrifuge tube past 
154 

the slit with spacers, counting the activity of Eu at each depth in 

the sediment for 1 minute, comparing these activities to that of the 
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surficial sediment, and determining the absolute concentration of Eu in 

the surficial sediment after extraction overnight in 25 ml of a 20% HCl 

solution. 

Effective diffusion coefficients were not calculated for Eu, but 

the experimentally obtained concentration profiles were compared to 

predictions based on a one-dimensional numerical solution of the diffu

sion equation developed by Roache (1972), values of the diffusion coeffi

cient for La(III) from Li and Gregory (1974), and the properties of a 

hypothetical red clay that is representative of the sediments used in 

these experiments (see Heath, Leinen, and Epstein, 1984; and Epstein and 

Heath, 1986, for details). The diffusion of Eu through calcareous 

sediments was also modeled, but is not discussed here. 

2.8.1.2.3 Comparison of Experimental and numerical Results. 

Figure 2.29 shows experimental and numerically predicted diffusion pro

files for Eu in eight deep-sea sediments. Clearly, most of the experi

mental profiles differ significantly from the predicted profiles in shape. 

Furthermore, Eu pentrated much further into the sediments than predicted. 

Epstein and Heath (1986) attributed the latter discrepancy to cracks 

formed in the sediment upon heating to 85*C, but Erickson observed simi

lar anomalous behavior in the absence of cracking in diffusion experiments 

conducted with Ba, Ce, Cs, and Eu in red clay from MPG I (see Section 

2.8.2.2.4). 

2.8.2 Sandia National Laboratories 

2.8.2.1 Sorption Studies—K. L. Erickson investigated the sorption 

of Ag, Am, Ba, Cd, Ce, Cm, Cs, Eu, Gd, Pm, Pu, Rb, Sr, Tc, and U from 

0.68 N NaCl solutions by red clay from the MPG-1 study location at 4*C 

and, to a lesser extent, 11°C. Although a few experiments were carried 

out with artificial ieawater or deionized water, and some experiments 

were conducted wit vo elements of interest at a time, the primary 

objectives of th's rk were to determine the effects of the dissolved 

concentration of each element, pH, and the amorphous Fe- and Mn-

oxyhydroxide phases on the sorption of a wide variety of elements, one at 

a time, from a simple solution by a single sample of red clay from MPG I 
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(Erickson, 1979a; 1979b; 1979c; 1980; 1981a; 1981b; 1982). This approach 

complemented that of Heath and his colleagues at the University of Rhode 

Island (see Section 2.8.1.1), Which was to investigate the sorption of 

just three elements (Eu and, to a lesser extent, U and Th) from 0.68 H 

NaCl solutions as a function of the mineralogy of the red clays at MPG I 

and other sediments, concentration, and temperature. 

Later at Sandia, B. T. Kenna (1981a, 1981b) studied the sorption 

of Ba, Cs, Eu, and Sr from 0.68 N NaCl solutions at 20 and 60°C by the 

same red clay used by Erickson at 4 and 11*C. 

2.8.2.1.1 Sediments and Solutions. All of the sorption studies 

at Sandia were carried out with red clay from LL44-GPC-2, a long piston 

core taken at 30*20.9'N, 157*50.85*W in the MPG-I study location. This 

core consisted of flow-in material from a subbottom depth of about 30 m, 

and comprised the smectitic sediment that dominates the sedimentary sec

tion below a depth of about 10 m. The sediments at MPG I were character

ized in great detail during the investigation of that study location by 

the US SDP (see Section 2.8.1.1.1). It was found that, in addition to 

Fe-rich smectite, the sediment from LL44-GPC-2 contains abundant 

phillipsite and about 5 to 6% amorphous Fe- and Mn-oxyhydroxides. 

Erickson (1979a, 1979b, 1979c) carried out semiquantitative 

emission spectrographic analysis for 19 elements in the sediment from 

LL44-GPC-2 used for experimental work at Sandia. It was determined that 

the Ba, Rb, and Sr contents of the sediment probably resulted entirely 

from the in situ sorption of these elements; these data were therefore 

used to correct the experimentally observed distribution ratios for these 

elements (in some cases uncorrected distribution ratios were reported in 

addition to or instead of the corrected values). The sorption capacity 
133 

of the sediment was determined by isotopic exchange of Ba and 
137 

Cs (Erickson, 1979a; 1979b; 1979c). 

Prior to use, the sediment was dialyzed with deionized water to 

remove any salts that precipitated during transportation and storage. 

Dialysis was carried out until a twentyfold concentration of the dialyz-

ing solution failed to yield a precipitate, even upon addition of silver 
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nitrate. The sediment was then dialyzed once more, vacuum dried, and 

stored in a desiccator until needed. The effects of these procedures on 

the sorptive properties of the sediment were not determined. To determine 

the role of the amorphous Fe- and Mn-oxyhydroxides in sorption, a few 

experiments were carried out with sediment from which these phases had 

been removed with a dithionite-citrate-bicarbonate solution by the pro

cedure of Mehra and Jackson (1960). This treatment removed about 10% of 

the red clay, and turned the residual sediment green. These samples are 

referred to as deferrated. 

Although a few experiments were carried out in artificial seawater 

(prepared a^-ording to the method of Kester et al., 1967) or deionized 

water, almost all of the sorption work at Sandia was carried out with 

0.68 N NaCl solutions to avoid the effects of competing ions, the forma

tion of complexes, or the precipitation of the element of interest, yet 

still maintain a charge distribution on the sedimentary particles similar 

to that of the in situ environment. 

2.8.2.1.2 Experiments at 4 and 11°C. For these sorption experi

ments, Erickson (1979a, 1979b, 1979c) placed about 0.25 to 0.55 g of 

predried sediment and 45 to 70 ml of 0.68 N NaCl solution in 125-ml 

polyethylene bottles. For experiments under neutral or nearly neutral 

conditions, another 2.5 ml of 0.68 N NaCl solution containing predeter

mined amounts of sodium bicarbonate and/or boric acid were added to set 

the pH. For experiments under acidic conditions (pi: * 2) the buffer 

was omitted and 0.25 ml of 1.0 N HC1 was >dded directly to the bottle. 

Finally, 2.5 ml of 0.68 N NaCl solution containing variable concentrations 

of stable and/or radioactive isotopes of the element (or elements) of 

interest were added. The bottles were then sealed and placed in a shaking 

water bath for periods of 2 to 4 days at 4 and ll'C and atmospheric pres

sure in the presence of air. 

At the conclusion of each experiment, aliquots of solution were 

removed from each bottle and filtered through a 0.2 um Gelman filter. 

After some of the experiments, the solids were removed and analyzed as 

well. For those experiments in which both the solution and the sediment 

were analyzed, the difference between the quantity of the element lost 
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from solution and that gained by the sediment was generally less than 

+10%. Blank experiments were carried out by the same procedure, except 

for the addition of sediment. After most of the experiments, the sorp

tion distribution ratio was calculated using Equation 2.3. For Ba, Rb, 

and Sr, the sorption R.s calculated by this equation were generally 

corrected for the quantity of each element that was present in the sedi

ment at the start of the experiments; it was assumed that the total amount 

of these elements had been sorbed in situ. In the case of Ce, Eu, and Gd, 

significant quantities of the element of interest were lost from solution 

(presumably by hydrolysis) during the blank experiments. The sorption 

R.s for these elements were corrected by using the final dissolved 
a 

concentration of each element in the blank runs as the initial dissolved 

concentration of that element in the sorption runs (see Erickson, 1979a; 

1979b; 1979c). For Ba, Ce, Eu, Gd, Rb, and Sr, corrected sorption R.s 
a 

were often reported in addition to or instead jf the uncorrected values. 

Although most of these sorption experiments were carried out with 

one element of interest at a time, a few runs were conducted with Ba and 

Ce, Ba and Cs, or Ce and Cs present in the same 0.68 N NaCI solution (see 

Erickson, 1979a; 1980; and 1981a for details of these experiments and a 

discussion of the results). 

A few desorption experiments were conducted, but the procedures 

used for these experiments were not discussed, and no results were 

reported. 

2.8.2.1.3 Experiments at 20 and 60*0. Prior to the start of these 

experiments, Kenna (1981a, 1981b) prepared 0.68 N NaCI solutions that con-
-7 -7 -6 

tained 1.7 x 10 M BaCl , 3 x 10 CsCl, 5 x 10 H EuCl , and 
7 x 10~ M SrCl,, including 1 pCi/1 of Ba, Cs, Eu, 

85 
and Sr, respectively. Next, 50 ml of these solutions and 0.25 g of 

predried sediment were placed in plastic bottles, and the pH was adjusted 

to values between 2 and 10 by adding HC1 or NaOH. In some cases, neither 

HC1 nor NaOH was added, and the pH remained at its initial value of 7.5 to 

7.8. The bottles were then sealed, placed in a shaking water bath at 20 

or 60°C at atmospheric pressure in the presence of air, and agitated for 

periods of 1 to 14 days. Each experiment was carried out in duplicate. 
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After various intervals, the bottles were removed from the shaking 

water bath; the solutions were filtered through 0.2 vm filters; 5-ml 

aliquots were counted. The sorption distribution ratios for each element 

were calculated using Equation 2.3, and were apparently not corrected for 

the Ba and Sr initially present in the sediment, nor for the loss of Eu 

observed by Erickson during blank runs. 

No desorption experiments were carried out. 

2.8.2.1.4 Analytical Methods. Erickson (1979a, 1979b, 1979c) 

analyzed for Ba, Cd, Cs, and Rb by atomic absorption spectroscopy, and 

for Ag, Am (isotope not reported), Ba, Ce, Cm (isotope not 
. .x 137„ 152_ 153.. 147„_ « . , . , . . . ^ 

reported), Cs, Eu, Gd, Pm, Pu (isotope not reported), 
85 99 
Sr, Tc, and U (isotope not reported) by direct B or y counting. 

Kenna (1981a, 1981b) analyzed for Ba, Cs, Eu, and 
85 
Sr by direct y counting. 

2.8.2.1.5 Results for Americium. Barium. Cadmium. Cerium. Cesium. 

Curium. Europium. Gadolinium. Plutonium. Prometheum. Rubidium. Silver. 

Strontium. Technetium, and Uranium at 4 and 11*0. The effects of final 

dissolved concentration, pH, and (in a few cases) the amorphous Fe- and 

Mn-oxyhydroxide phases on the sorption of several elements by the red 

clay LL44-GPC-2 are shown in Figures 2.30, 2.31, 2.32, and 2.33 (the 

sorption distribution ratios for Tc at a pH of 2.6 and 8.2 were 0 ml/g 

and hence do not appear on Figure 2.33). In experiments conducted under 

neutral or nearly neutral conditions, the sorption R.s for Ba, Ce, Cs, 
d 

Eu, and Gd varied inversely with concentration. 

The results for Eu obtained at Sandia National Laboratories imply 

that the concentration dependence observed at the University of Rhode 

Island (see Section 2.8.1.1.5) extends to lower concentrations; the final 

dissolved Eu concentrations for the latter experiments generally ranged 
-3 —6 

from about 1 x 10 M down to about 1 x 10 M, whereas the concentra

tions at the conclusion of the experiments at Sandia varied from about 1 x 
-6 -9 

10 M down to about 1 x 10 M. At final dissolved Eu concentrations 
around 1 x 10~ M, distribution ratios on the order of 10 mi/g were 
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Figure 2.30. The Effects of Final Dissolved Concentration, pH, and the 
Amorphous Fe- and Hn-Oxyhydroxide Phases on the Sorption of 
Cesium and Piibidium from 0.68 U NaCl Solutions by the Red 
Clay LL44-GPC-2 (from Erickson, 1979a). 
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Figure 2.31. The Effects of Final Dissolved Concentration, pH, and the 
Amorphous Fe- and Mn-Oxyhydroxide Phases on the Sorption of 
Barium and Strontium from 0.68 N ti&Cl Solutions by the Red 
Clay LL44-CPC-2 (from EricVson, 1979a). 
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Figure 2.33. The Effects of Final Dissolved Concentration and pH on the 
Sorption of Americium, Cerium, Curium, Europium, Gadolinium, 
Promethium, Plutonium, and Uranium from 0.68 N NaCl Solu
tions by the Red Clay LL44-GPC-2. The sorption distribution 
ratios for technetium at a pH of 2.6 and 8.2 were zero (from 
Erickson, 1979a). 
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obtained from both of these studies, but the slopes (A log R.)/(& 
a 

log C) of the data obtained at Sandia, about -0.3 to -0.7, are signifi

cantly different from those obtained at the University of Rhode Island, 

about -0.8 to -1.0. 

The results shown in Figures 2.30, 2.31, and 2.33 suggest that the 

sorption distribution ratios for Am, Cm, Pm, Pu, Rb, Sr, and U vary 

inversely with concentration, but the concentration range studied and 

hence the range of sorption R.s observed for each of these elements was 
a 

small relative to the inherent variability of sorption data (see Sections 

2.7.1.1.5, 2.7.1.1.9, and 2.8.1.1.5). Based on the sorption data for Ba, 

Ce, Cs, Bu, and Gd obtained at Sandia, and the chemical similarities 

between Pm and Ce, Eu and Gd, Rb and Cs, and Sr and Ba, it can be argued 
that the sorption R.s for Pm, Rb, and Sr should vary inversely with 

a 

concentration. For Am, Cm, Pu, and U, however, the situation is 

ambiguous. At Imperial College it was observed that concentration had no 

effect on the sorption of Am (see Section 2.7.1.1.5), but the concentra-
-13 -12 

tion range there (2.2 x 10 to 4.4 x 10 M) was well below that 

of the experiments at Sandia (see Figure 2.33). The effect of concentra

tion on Pu sorption was not determined at Imperial College, but a compar-
4 

ison of a sorption R. of 5 x 10 ml/g obtained at a dissolved Pu 
-13 

concentration of 1.9 x 10 M with an Atlantic red clay (see Section 
2.7.1.1.10), and the Sandia results, which were on the order of 
3 -10 

10 ml/g for concentrations around 10 M, suggests that the 

distribution ratio for Pu varies inversely with concentration. On the 

other hand, the chemical behavior of Pu is similar to that of Np, for 

Which the Imperial College group (see Section 2.7.1.1.9) observed no 
-13 

variations in R. over a wide range of concentrations (2.6 x 10 to 
—8 

1.45 x 10 M), a range that includes the concentrations at Which 

Erickson carried out his experiments with Pu (see Figure 2.33). The 

author of this report cannot, therefore, determine from the Sandia data 

Whether or not the distribution ratios for Am, Cm, Pu, and U are 

concentration dependent. 

Acidic conditions resulted in lower sorption distribution ratios 

for Eu at final dissolved Eu concentrations near 3 x 10~ H, and 
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possibly for Ba at concentrations near 1 x 10~ M, but did not affect 

the sorption R.s for Ba at 1 x 10~ M, or for Cs at 3 x 10~ M. 
a 

The results for Am, Cm, Pu, and U are inconclusive (see Figure 2.33). 

The effect of pH on the sorption of Ce, Gd, and Pm was not studied. 

The removal of the amorphous Fe- and Kn-oxyhydroxide phases prior 

to some of the experiments lowered the sorption distribution ratios for 

Ba by about two orders of magnitude at final dissolved Ba concentrations 

of about 1 x 10~ M, and possibly lowered the sorption R.s for Cs at 

1 x 10"7 and 3 x 10~7 M (see Figures 2.30 and 2.31). 

Based on the effects of concentration, pH, and the amorphous Fe-

and Mn-oxyhydroxide phases on sorption, Erickson (1979a, 1979b, 1979c) 

concluded that there were at least two sorption mechanisms for each 

element studied. For all of the elements, one mechanism was an ion 

exchange reaction associated with the silicate phases, and had a much 

larger sorption capacity than the other mechanism(s). For Cs (and prob

ably Rb as well), the other mechanism was also related to the silicate 

phases and might or might not have been an ion exchange reaction. For 

the other elements, however, the second mechanism was probably associated 

with the amorphous Fe- and Mn-oxyhydroxides, and might or might not have 

been an ion exchange reaction. 

Based on the results of replicate runs, Erickson (1979c) concluded 

that the sorption distribution ratios he reported were generally subject 

to variations of about +0.5 log units (+ about a factor of three), and 

that even greater variations were possible for Ba, Rb, and Sr because of 

uncertainties as to whether or not the concentrations of these elements 

in the sediment prior to the experiments were the result of in situ sorp

tion. The variability in the sorption data was attributed to "very 

subtle variations in the nature of the clay samples." 

2.8.2.1.6 Results for Barium. Cesium. Europium, and Strontium at 

20 and 60*C. Kenna (1981a, 1981b) studied the effects of time, tempera

ture, and pH on the sorption of Ba, Cs, Eu, and Sr from 0.68 N NaCl 

solutions by the red clay LL44-GPC-2 (see Figures 2.34 and 2.35). The 

sorption distribution ratios for Ba at 20 and 60"C, Cs at 20*C, and Eu at 
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20 and 60*C clearly increased with time. The sorption H.s for Cs at 
a 

60*C and Sr at 20 and 60*C, however, did not change significantly with 

time. 

Under neutral or nearly neutral conditions, the sorption distribu

tion ratios for Ba and Eu increased by about two orders of magnitude, the 

sorption R. for Cs decreased by about one order of magnitude, and the 

sorption R. for Sr did not change as the temperature was increased from 

4 to 60*C (see Figures 2.14 and 2.35). The increase of two orders of 

magnitude observed fo..' Eu is much larger than the increase of up to about 

half an order of magnitude observed at the University of Rhode Island 

between 15 and 85*C (see Section 2.8.1.1.5). This discrepancy can 

perhaps be partially explained by the fact that most of the increase in 

the sorption R. for Eu that was observed by Kenna occurred in the 

temperature range of 4 to 20°C, whereas Heath's group only covered part 

of this temperature range (15 to 20*C) in their experiments at 15 and 

85*C. 

The sorption distribution ratios for all four of these elements 

were affected 'oy the pH of the 0.68 N NaCl solutions at both 20 and 60*C 

(see Figures 2.34 and 2.35). 

2.8.2.2 Diffusion Studies—Erickson (1981a, 1981b, 1982) studied 

the diffusion of Ba, Ce, Cs, Eu and Ha in red clay from the MPG-I study 

location to evaluate mathematical models of ion transport through porous 

media and to determine if any mechanisms, such as surface diffusion along 

the sediment-pore water interface, exist that can produce higher migration 

rates than those calculated assuming only molecular diffusion through the 

interstitial solution. 

2.8.2.2.1 Sediments and Solutions. The same sediment and solu

tions used for the sorption studies at Sandia National Laboratories, 

smectite-rich red clay from the long piston core LL44-CPC-2 and 0.68 N 

NaCl solutions, were used for the diffusion experiments. The location of 

this core and the reasons for using 0.68 N NaCl rather than seawater are 

discussed in Section 2.8.2.1.1. 
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2.8.2.2.2 Experimental Methods.Erickson (1981a, 1981b, 1982) 

provided very little information on the procedures used for these 

experiments. Samples of sediment were placed in a cylindrical plastic 

housing with removable seals. The sediment at one end of the column was 
1 ̂ ^ 1AA 1^7 

exposed to a 0.68 N NaCl solution spiked with Ba, Ce, Cs, 
152 22 

Eu, or Na. The solution was then removed and the end of the 

tube was resealed. Radionuclide concentration profiles were determined 

periodically by scanning the sediment column with a collimated Hal(Tl) 

detector (see Figure 2.36). The diffusion profile for Cs was easily 

resolved by scanning; the profile for Ba was near the limit ;f resolution 

of this technique; the diffusion profile for Eu could not be resolved by 

scanning. 

After periods that varied from a few days to almost a year, the 

sediment columns were extruded and sliced so that the results of the 

final y vaY scan could be checked by counting each section of sediment 

individually. In some cases, the sections were examined using 

autoradiography to determine if diffusion had been uniform throughout the 

sediment. 

2.8.2.2.3 Analytical Methods. Radionuclide concentration 

profiles obtained during the experiments as well as those obtained after 

extruding and slicing the sediment were determined by direct counting of 
133„ 144 137„ 152„ . 22„ ... M _.„.. . t A Ba, Ce, Cs, Eu, and Na with a Nal(Tl) detector. 

Ho atomic absorption analyses were carried out for these experiments. 

2.8.2.2.4 Results for Barium. Cerium. Cesium. Europium, and 

Sodium. Generally, most of the experimentally obtained diffusion data 

were consistent with predictions based on the previously obtained 

sorption data or, in the case of Na, the results of other investigators. 
—6 2 For Na, an effective diffusion coefficient of 3 x 10 cm /s was 

obtained; this value is consistent with the results of Li and Gregory 
-10 -9 

(1974). For Ba, Cs, and Eu, values of about 2 x 10 , 2 x 10 , and 
-10 2 2 x 10 cm /s, respectively, were obtained (the value reported for 

Eu was actually an upper limit for D ,,; no results were reported for 

Ce). Because the distribution ratios for Ba, Cs, and Eu re concen

tration dependent, these results actually represent average values of the 
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Figure 2.36. Schematic of the Apparatus Used for Diffusion Experiments at Sandia (from 
Erickson, 1981bi^ 



effective diffusion coefficient. These values are, however, within the 
-10 -8 2 

range (1 x 10 to 1 x 10 cm /s) predicted by Erickson (1981b, 

1982) on the basis of his sorption data (see Section 2.8.2.1.5) and the 

concentration of each element used in the diffusion experiments. 

Although the concentration profiles obtained in the diffusion 

experiments carried out with Ba, Ce, Cs, and Eu were generally consistent 

with predictions based on the previously obtained sorption data, small 

but significant quantities of each of these elements diffused much faster 

than expected. Table 2.7 compares predicted and experimentally observed 

values of the ratio C/A, where C is the concentration of each element in 
3 

moles/cm at a distance x into the sediment and A is the quantity of 

each element added to the sediment divided by the cross-sectional area of 

2 

the sediment column in moles/cm , for Ba, Cs, and Eu (data were not re

ported for Ce). Clearly, the observed values of the ratio C/A signifi

cantly exceed the predicted values at distances greater than 0.21 cm in 

the case of Ba, 1.3 cm for Cs, and 0.29 cm for Eu. 

Extensive studies were carried out to determine the cause or 

causes of this anomalous behavior (see Erickson, 1981a: 1981b; 1982). 

Posttest autoradiography of several sections of sediment revealed that 

diffusion had been uniform throughout the sediment and had not been 

channelized by cracks or along the interface between the sediment and the 

plastic housing. Contamination and surface diffusion were also ruled 

out. The most likely explanation for the enhanced migration of Cs and Eu 

is that small amounts of weakly sorbed and, in the case of Eu, transient 

species were present during these experiments. For Cs, a few experiments 

carried out at high sediment/solution ratios (about 100 to 200 g/1 instead 

of the usual range of 3.33 to 10.9 g/1 used to obtain the results shown 

in Figure 2.30) yielded sorption ratios that were one to two orders of 

magnitude lower at final dissolved Cs concentrations near 4 x 10 

than those obtained at the same Cs concentrations and the usual range of 

sediment/solution ratios. This suggests that a weakly sorbed Cs species 

was present along with the predominant strongly sorbed species (se 

Section 2.7.1.1.3). For Eu, several diffusion experiments were carrie 

out in the usual way, except that the duration of the experiments and th 
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length of the sediment columns were varied. After slicing and counting 

the sediment from a 12-day experiment with a 2-cm column, desorption 

distribution ratios were determined with the sediment from each section. 
4 

These desorption R.s (see Table 2.8) dropped from the order of 10 or 

10 ml/g in the region where the observed concentration profile matched 
1 2 

the predicted profile, to the order of 10 or 10 ml/g in the region 

of anomalous Eu concentrations (x > 0.23 cm). This implies that a weakly 

sorbed Eu species was present in significant quantities in the region 

beyond 0.23 cm in this column. Moreover, the magnitude of these anomalies 

decreased as the duration of the experiments and the length of the 

sediment columns were increased (see Figure 6 in Brickson, 1982), which 

suggests that this weakly sorbed Eu species was short-lived. This 

conclusion is supported by the results of other experiments in which a 

sample of spiked sediment, rather than spiked 0.68 N NaCl solution, was 

used to introduce Eu to the initially tracer-free sediment. In contrast 

to the results of experiments in which the spiked sediment was joined to 

the unspiked sediment immediately after addition of the tracer, an 

experiment in which the spiked sediment was aged for 40 days prior to 

joining revealed no anomalous behavior. These results imply that, at 

least for Eu, the duration of this weakly sorbed species is probably too 

short to significantly enhance the transport of Eu in a subseabed 

repository. 

These anomalous results for Ba, Ce, Cs, and Eu demonstrate the 

importance of obtaining a concentration profile for the radionuclide of 

interest in diffusion experiments. The half-cell method used at Imperial 

College (see Section 2.7.1.2.5) cannot detect small anomalies such as 

these. 

2.8.2.3 Speciation Studies—B. C. Bunker and K. L. Erickson 

(1984) studied the effects of bicarbonate (HC0~) concentration and 

pH of 0.68 N NaCl solutions on the diffusion of U through red clay from 

the MPG-I study location. The results of these experiments were compared 

to predictions based on competitive equilibria models to determine the 

speciation of U sorbed by the sediment under the conditions studied. U 
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TABLE 2.8. EUROPIUM DESORPTION DISTRIBUTION RATIOS FOR EUROPIUM 
MEASURED AFTER A 12-DAY DIFFUSION EXPERIMENT (from 
Erickson, 1982). 

C/A1 (cnr1) 
x (cm) 

0.07 
0.23 
0.42 
0.61 
0.80 
0.99 
1.20 
1.41 
1.61 
1.80 
1.99 

6.4 x 100 
5.9 x 10-2 
5.4 x 10-* 
2.4 x 10-4 
1.6 X 10-4 
3.3 x 10-6 
1.4 X 10-3 
1.4 x 10-4 
1.1 x 10-3 
9.3 x 10-4 
1.9 X 10-5 

Rd (ml/g) 

1 x 106 

5 x 104 

5 x 102 

1 x 102 

1 x 102 

1 x 101 

1 x 102 

6 x 101 

2 x 102 

1 x 102 

1 X 102 

See text for explanation of C/A. 
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was chosen for this investigation because it is the only actinide that 

can be handled without using a glove box or a hot cell, and because its 

behavior in aqueous solutions is relatively well known. Uranyl 
2+ 

(UO. ) carbonate complexes were selected for study because they are 

apparently the most stable anionic U complexes known to exist under the 

conditions found in the pore waters of red clays. 

2.8.2.3.1 Sediments and Solutions. The same sediment that was 

used for the sorption and diffusion studies at Sandia National Labora

tories, smectitic red clay from the long piston core LL44-GRP-2, was used 

for the speciation experiments. The location of this core is given in 

Section 2.8.2.1.1. Samples of this sediment were washed repeatedly with 

0.68 N NaCl solutions until the Ca, Mg, and Sr concentrations of the 

decanted supernatant solutions were each less than about 3 ppm. Next, 

the sediments were washed repeatedly with deionized water until the 

chloride concentration of the solution was less than 0.01 N. The sedi

ments were then dried in an oven at 60*C. 

Most of the spiked sediments were prepared by adding 2.0 g of pre-

dried sediment, 3.0 ml of a 0.68 N NaCl solution containing 100 or 

200 ppm U and predetermined amounts of HC0~ (see below), and 3.0 ml 

of deionized water to a small plastic bottle. The slurry was mixed for 

at least 5 minutes and allowed to evaporate at room temperature until the 

solution/sediment mass ratio was 1.5. The bottles were then capped and 

stored in a large, tightly sealed polystyrene jar along with a beaker of 

water to maintain saturated conditions and prevent further evaporation. 

For a few of the later experiments, 2.0 g of sediment and 3.0 ml of 

spiked 0.68 N NaCl solution were added to a 5-ml plastic vial and stirred 

continuously with a spatula for 30 minutes, thereby eliminating the 

addition and subsequent evaporation of deionized water. The vials were 

then sealed and stored as described above. 

Unspiked sediments were prepared in the same way as the spiked 

sediments, except that U-free 0.68 N NaCl solutions were used instead of 

•piked solutions. 
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All of the speciation experiments were carried out with NaCl-

NaHCO solutions that were 0.68 N in Na , close to 0.68 N in Cl~, 

and contained small but variable concentrations of HC0~ (see 

Table i'.9). These solutions were spiked with uranyl carbonate complexes 

by diluting 1000 ppm uranyl nitrate standard solutions to 100 or 200 ppm 

and adding predetermined quantities of 1.0 M NaHCO solutions. During 

the addition of NaHCO., the pH of the solution was held below 5 to 

prevent the precipitation of uranyl hydroxide. After the addition of 

NaHCO., the solution pH was adjusted to the values given in Table 2.9 

with NaOH, and the Na concentration was adjusted to 0.68 N with NaCl. 

Because the 100 and 200 ppm U solutions used for the actual experiments 

were too dilute to provide adequate ultraviolet-visible spectra for 

characterization of the uranyl carbonate complexes, solutions with 500 ppm 

U were prepared; these yielded spectra that closely resembled those re-
2-

ported by Scanlan (1977) for the uranyl dicarbonate (U0_(C0,)9 ) 
4-

and uranyl tricarbonate (U0.(C0 ) ) complexes. Furthermore, 

the relative intensities of the spectra for these complexes were consis

tent with the speciation expected on the basis of their stability con

stants (see Baes and Mesmer, 1976) and the HCO. content and pH of 

the solutions (see Table 2.8). 

U-free solutions were prepared in the same way as the spiked 

solutions, except for the addition of uranyl nitrate solutions. 

2.8.2.3.2 Diffusion Experiments. Plastic syringes, which had 

been cut to form right cylinders with an inner diameter of 0.8 cm and a 

length of about 4 cm, were sealed at one end with a paraffin plug. About 

2.0 g of U-free sediment were added to each syringe and tamped with a 

spatula to remove all visible air bubbles. After centrifugation at 

1200 rpm for 15 minutes, 0.5 g of spiked sediment was added without 

tamping or centrifuging. Each syringe, which now contained about 2.0 cm 

of U-free sediment and 0.5 cm of U-bearing sediment, was sealed at both 

ends with two layers of parafilm secured by rubber bands and stored for 

about 50 days in a vertical position (spiked sediment on top) in a sealed 

polystyrene jar along with a beaker of water. 
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TABLE 2.9. DISTRIBUTION RATIOS PREDICTED FOR URANIUM (IN ml/g) AS A FUNCTION 
OF pH, BICARBONATE ACTIVITY, AND THE SPECIATION OF U SORBED TO RED 
CLAY1 (from Bunker and Erickson, 1984). 

pH [HC03-] (M) Rds Predicted for Uranium Sorbed as: 

UO ^ U02(OH)
+ (U02)2(OH)g 

6.6 2 X 10"3 2.2 X 103 1.4 X 10* 1 X 106 

6.0 5 x 10"3 1.5 x 101 2.2 x 102 4 x 10* 
8.0 2 x 10"3 1.4 x 10° 2.2 x 101 6.3 x 103 

8.8 4.9 x 10_1 0 0 0 

The dominant dissolved U species was assumed to be UO.(CO.) in all cases. 



After storage, the parafilm plug was removed from the bottom of 

each syringe, and about 2 mm of sediment were extruded from the U-free 

end with a plunger. The sediment was removed with a razor coated with 

oil to prevent sticking. Each section of sediment was weighed, and its 

pH was determined with pH paper. 

2.8.2.3.3 Leaching and Diffusion Experiments. For some experi

ments, the simulate 1 high-level-nuclear-waste glass PNL 76-68, rather 

than spiked sediment, was used as a source oi U. This glass, which con

tained 3.8% depleted U to simulate the actinide elements, was ground to 

pass 200 mesh (particle size < 75 ton). 

One end of each plastic syringe was sealed with epoxy instead of 

paraffin. About 2.0 g of U-free sediment were added to each syringe as 

before, followed by 0.2 ml of U-free NaCl-NaHCO^ solution. Between 0.2 

and 0.3 g of powdered glass were added to the solution, after which the 

glass-solution mixture occupied about 0.2 to 0.3 cm of the syringe and 

was in turn overlain by a thin f.lm of solution. Both ends of the 

syringe were then sealed as described above. The syringes were then 

placed vertically (glass on top) in a sealed polystyrene jar, and stored 

in an oven at 70*C for 21 to 24 days. The samples were checked periodi

cally, and deionized water was added to the top of the glass to prevent 

drying of the sediments. Some drying probably occurred early in the 

experiments, and was apparently responsible for the cracking observed in 

some of the samples. 

2.8.2.3.4 Analytical Methods. After extruding and slicing the 

sediment, the U content of each section was determined by neutron activa

tion analysis at Los Alamos National Laboratory by M. Bunker. Because 
235 

the technique used detected only U directly and calculated the total 
235 

U concentration by multiplying the observed U content by the ratio 
238 235 235 

( U + U)/ U for natural U, the concentrations obtained for 

the depleted U that was used to spike the sediment and contained in the 

glass were corrected after isotopic analysis by mass spectrometry or by 

comparison of previously reported chemical analyses and the results of 

neutron activation analysis. 
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2.8.2.3.5 Competitive Equilibria Model of Uranium Sorption by Red 

Clay. A model was developed to determine the speciation of the U sorbed 

by the sediment during the diffusion experiments, and to predict U migra

tion rates over a range of HCO~ concentrations and pH (see Bunker 

and Erickson, 1984). For this model, U sorbed to the sediment (as 

UO.OH or (UO,),(OH),.), a dissolved uranyl hydroxide complex 
2 i i +5 

(UO.OH or (UO-)-(OH),.), and a dissolved uranyl carbonate complex 
2- 4-

(U02(C0.)2 or IKMCO,), ) were all assumed to be in 

chemical equilibrium. Moreover, it was assumed that uranyl hydroxide 

complexes are strongly sorbed by the sediments, but that uranyl car

bonate complexes are not; sorbed at all. Equations were then derived for 

the distribution ratio as a function of the formation constants for one 

of the uranyl hydroxide and one of the uranyl carbonate complexes, the 

equilibrium constant for the reaction between the uranyl hydroxide and 

the uranyl carbonate complex, and the R. that had been measured pre-
c 

viously by Erickson for the sorption of U from NaHCO -free 0.68 N NaCl 
solutions by red clay (about 10 ml/g). This model was then used to 
calculate R. as a function of the HCO~ concentration and pH of the 

a 3 
diffusion experiments. For each combination of these variables, it was 

2+ 
assumed that the U sorbed by the sediment was bound as UO. , 

U020H
+, or (U02)3(OH)* (see Table 2.8). Clearly, increasing 

either the HCO~ concentration or the pH while the other variable is 

held constant results in the formation of more of the uranyl carbonate 

complex, the sorption of less U (as the uranyl ion or a uranyl hydroxide 

complex), a lower distribution ratio, and a higher effective diffusion 

coefficient. For some combinations of HCO. concentration and pH, 

however, the predicted value of R. depends on the speciation of U on 
a 

the sediment. Diffusion experiments were therefore carried out under the 

conditions shown in Table 2.9 to determine which U species was bound to 

the sediment. 

2.8.2.3.6 The Effects of Bicarbonate Concentration and pH on the 

Diffusion of Uranium. The results of the diffusion experiments carried 

out with spiked sediment are shown in Figure 2.37. No U diffusion was 
- -3 

observed at an HCO, concentration of 2 x 10 M and a pH of 6.6 or 
•* 4 

6.9; a distribution ratio in excess of 10 ml/g was calculated from the 
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Figure 2.37. Comparison of Calculated and Observed Distribution Ratios 
for Uranium (in ml/g) as a Function of the pH and Bicarbon
ate Activity in Solution (from Bunker and Erickson, 1984). 



concentration profiles obtained for these conditions. At an HCO-
_3 J 

concentration of 5 x 10 M and a pH of 6.9, some diffusion apparently 
4 

occurred, but the R. calculated for these conditions, about 10 ml/g, 
was close to the limit of resolution of the experimental technique. At 

an HC0~ concentration of 4.9 x 10~ M and a pH of 8.8, the diffu-
-1 

sion of U was rapid and an R. of 5 x 10 ml/g was calculated. This 

very low distribution ratio is predicted by the competitive equilibria 

model regardless of the speciation of the U bound to the sediment. The 

other results, however, are only consistent with (UO2),(0H)5 on 

the sediment (see Table 2.9). On the basis of this conclusion, the 

competitive equilibria model was used to calculate the R. for U as a 

function of the HC0~ concentration and pH of 0.68 N HaCl solutions; 

the results of these calculations are superimposed on Figure 2.37. 

Similar results were obtained from the diffusion experiments 

carried out with powdered glass. At an HC0~ concentration of 2 x 

10~ M and a pH of 7.0, essentially no U leaching and diffusion were 

observed. At an HCO. concentration of 4.9 x 10 M and a pH of 

8.8, however, about 8% of the U initially present in the glass was 

removed, and its diffusion through the sediment was rapid. These results 

imply that the formation of uranyl carbonate complexes accelerates the 

dissolution of U from borosilicate glass as well as its migration through 

red clay, and that the interactions between U and the sediment are 

governed by the same competitive equilibria regardless of whether the U 

is introducted in glass or sediment. 

2.8.3 Arnonne Rational Laboratory 

2.8.3.1 Diffusion Studies—F. Schreiner and his colleagues at 

Argonne National Laboratory investigated the diffusion of Am, Cm, I, Ha, 

Np, Pu, Ra, Se, Sn, Tc, Th, and U in pore-water saturated sedimerits from 

the MPG-I and W-N study locations in the North Pacific Ocean, and the GME 

and SNAP study locations in the North Atlantic Ocean. 

Initially, the penetration method, in which the radionuclide or 

radionuclides of interest diffused from a solution of spicked artificial 
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seawater into sediments subsequently sliced to obtain a concentration 

profile, was used to measure the diffusion of Am, I, Kp, and Pu in 

sediments from MPG I and W-H (Fri^d et al., 1981). 

Later, the syringe-ruboff method was developed. In experiments 

carried out with this method, the radionuclide diffused from spiked sedi

ments into unspiked sediments. Afterwards the sediments were rubbed off 

onto a long strip of filter paper to obtain a diffusion profile. Because 

the syringe-ruboff method was developed after sensitivity studies had 

identified the elements for which transport data were necessary for a 

radiological assessment of a subseabed repository, and could be used with 

well preserved sediments and pore waters rather than freeze-dried sedi

ments and 0.68 N NaCl solutions, the results obtained with this method 

were used almost exclusively for modeling by the US SDP (see, for example, 

Seabed Programs Division, 1983). 

2.8.3.1.1 Sediments and Solutions. The sediments used for the 

diffusion studies at Argonne National Laboratory are described in Table 

2.10. Mildly reduced, hemipelagic, argillaceous sediment from TT141-II-

76, a gravity core from the W-N study location, was used for the initial 

studies of the effect of redox variations on radionuclide diffusion (the 

W-N study location is located 300 tan off Cape Mendocino, California, and 

was one of the sites that was investigated by the US Low-Level Waste Ocean 

Disposal Program). This mildly reduced sediment from W-N was used until 

mildly reduced sediments were obtained from the 6ME and SNAP study 

locations. 

All of the sediments used in these investigations were stored in 

tightly sealed containers at room temperature prior to use. Samples of 

mildly reduced sediments were stored in a glove box under an N. atmos

phere. Later, the 0, content of the N, was monitored continuously 

during storage, and generally did not exceed a few ppm. 

After they were received at Argonne, subsamples of the ES0PE Cores 

6 and 66 were centrifuged at 4*C under O.-free N.. The supernatant 

solutions were decanted, filtered, and acidified, then analyzed for Fe 
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TABLE 2.10. DESCRIPTION OF SEDIMENTS USED FOR DIFFUSION STUDIES 
AT ARGOWE NATIONAL LABORATORY. 

Core or Sample 
Identification » 

LL44-GPC-21 

Not reported2 

Oxidized Sediments Used for Diffusion Studies with Americium, Curium, Neptunium, Plutonium, 
Radium. Selenium. Technetium. Thorium. Tin, and Uranium under Oxic Conditions: 

Depth 
within Core Core Location 

MPG I, 
30*20.9'K, 
157.50.8'W 

MPG III, lat. 
and long, not 
reported 

Core Type 

F.ston 

Not reported 

- 30 m sub-
bottom 

Not reported 

R*»«rK« 

Smectitic red clay 

Illitic red clay 

O 

Mildly Reduced Sediments Used for Diffusion Studies with Aaericium, Curium, Neptunium, 
Plutonium Radium. Technetium. Thorium, and Uranium: 

th 
Remarks 

Core or Sample 
Identification # 

TT141-II-7G3 

82PCS19*-5 

Core 6*»7 

82-018-019*-8 

Cor* 666»9 

Core Location 

W-N, 39*39.4'N, 
127*55.7'W 

GMB, 30*40.9'N, 
24*58.9'W 

GME. 31*16.76'N, 
25*22.09'W 

SNAP, 22*54.l'N, 
63*29.4'W 

GMB, 22*41.34'N, 
63*28.83'W 

Core Type 

Gravity 

Piston 

Piston (STACORE) 

Piston 

Piston (STACORE) 

Depth 
within Core 

1.50 to 1.68 m 

9 to 10 m 

Not reported 

9 to 10 m 

Not reported 

Hemipelagic, argillaceous 

Turbidite, 45 to 50% CaC03 

Turbidite, calcareous 

Turbidite, 1 to 5% CaC03 

Turbidite, argillaceous 

1 Used for Am, Cm, Up, Pu, Ra, Se, Sn, Tc, Th, and U (syringe-ruboff method). 
2 Used for Am <syringe-ruboff method). 
3 Used for Np and Tc (syringe-ruboff method). 
4 Used for Am, Cm, Np, Pu, Ra, Tc, and U (syringe-ruboff method). 
5 Core taken by Netherlands Geological Service, and subsampled and distributed by R. Cranston. 
• Used for Np, Pu, Tc, and U (syringe-ruboff method). 
7 Etude des Sediments Oceaniques par Penetration (ESOPE) Core 6. 
B Cor* takan by Bedford Institute of Oceanography, and subsampled and distributed by R. Cranston. 
9 Etude des Sediments Oceaniques par Penetration (ESOPE) Core 66. 



and Mn. The pore-water Fe and Mn concentrations obtained for these sedi

ments were somewhat higher than those obtained by shipboard analyses of 

similar sediments, so it was assumed that significant oxidation had not 

occurred during transportation. Both of these sediments were used for 

diffusion experiments immediately after these analyses. 

All of the sediments listed in Table 2.10 were used along with 

their original pore waters. 

2.8.3.1.2 Penetration Method. For these experiments (see 

Figure 2.38), sediments were packed to a depth of 1.5 cm in paraffin 

cylinders with an inner diameter of 1.3 cm. After leveling the surface 

of the sediments, a paraffin extension ring was fused onto the original 

cylinder to hold the solution. Tracer-free artificial seawater was placed 

on the surface of the sediments to preequilibrate them, then replaced with 

0.2 to 0.3 ml of spiked artificial seawater. A glass cover slip was fused 

onto the top of the paraffin to prevent evaporation, and the assemblies 

were stored at room temperature for periods of 1 hour to 120 days. 

After various intervals, the artificial seawater was removed and 

the assemblies were sectioned for analysis. Most of the assemblies were 

sliced with a refrigerated microtome after freezing; each of the crumbly, 

0.5-mm-thick sections was collected on tissue paper and transferred to a 

plastic vial for counting. For those assemblies not frozen, it was neces

sary to wipe the sediment off the blade. The activities were corrected 

for material lost during slicing and concentration profiles were plotted. 

Although it was possible to determine qualitatively whether or not 

an element was retarded by the sediments used for these experiments, scat

ter in the concentration profiles precluded quantitative measurement of 

the effective diffusion coefficient with the penetration method, and the 

results are not discussed in this report. The scatter was attributed to: 

(1) distortion of the diffusion profiles caused by posttest freezing of 

the sediments; (2) difficulties in estimating the thickness of the sec

tions of sediment; (3) low counting rates (see Fried et al., 1981). 
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Figure 2.38. Schematic of the Penetration Method (from Fried et a l . , 1981) 
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2.8.3.1.3 Syringe-Buboff Method. For these experiments (see 
3 

Figure 2.39), about 1 cm of pore water-saturated sediment spiked with 

1 x 10~ to 5 x 10~ Ci of the radionuclide of interest was placed in 

a disposable polyethylene syringe. Bach syringe, from which the tips had 

been cut off, was a right cylinder with an inner diameter of about 

1.44 cm and a length of 12.25 cm. The face of the trailing edge ot the 

sediment was smoothed off, and a similar sample of unspiked sediment was 

placed in a second syringe and brought into contact with the spiked 

sediment. The unspiked sediment was then pushed into the first syringe 

with a plunger, and the second syringe was removed. The first syringe 
3 3 

thus contained about 1 cm of tracer-bearing sediment and 1 cm of 

tracer-free sediment joined by a sharp boundary. The plunger was re

placed with a rubber stopper; at the other end a closed-end tube con

taining seawater was attached to prevent evaporation. All of the 

syringes were stored vertically at room temperature and 1 atm pressure. 

During experiments carried out with mildy reduced sediments, the syringes 

were prepared and stored in a glove box under an atmosphere of pure 

M . The 0 content of the H? was monitored continuously during 

most of these experiments, and generally did not exceed a few ppm. For 

each radionuclide-sediment combination, two, three, or four syringes were 

generally assembled to obtain time series data. Run times usually varied 

from a few hours to a tew ninths, but in a few cases experiments were 

carried out for over a year. 

After various intervals, diffusion profiles were obtained by rub

bing off the sediment onto 46 cm-long by 2 cm-wide strips of filter paper 

that had been moistened with a solution containing 20% caramelized su

crose. Most of the sediment columns were rubbed off manually after remov

ing the closed-end tube containing seawater and replacing the rubber 

stopper with a plunger (early attempts to rub off the sediment mechani

cally yielded results that were less precise). By rubbing off a known 

thickness of the sediment (usually 2.25 mm) and noting the length of the 

deposit on the paper, the axial coordinate of the sample in the syringe 

wan correlated with its position on the filter paper. After drying, the 

strips of filter paper were cut into 2-cm-by-2-cm squares and were 

generally analyzed directly by scintillation counting. Because the 
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figure 2.39. Schematic of the Syringe-Ruboff Method (from Schreiner, Fried, and Friedman, 1984). 



sediment on each square corresponded to a thickness of about 5 to 10 ym 

in the original sample, only about every fourth piece of paper was 

counted, except in regions of maximum activity or no activity where even 

fewer squares were counted. The exact mass of sediment on each piece of 

paper was then determined by immersing the squares in high purity water 

and measuring the increase in conductivity caused by the salts associated 

with the sediment; each square generally contained about 1 to 10 mg of 

sediment. The specific activity of each square was then divided by the 

original specific activity of the radionuclide in the spiked sediment and 

plotted as a function of the axial coordinate of the sediment in the 

syringe. 

The general form of the solution of the diffusion equation for this 

case of linear, bounded diffusion in a region initially divided into two 

equal compartments, one of which initially contains a uniform concentra

tion C of the diffusing species and the other of which initially con

tains none of the species, 

- M2 

C 1 2 r \ h / _ . , n* rnrx , „ „ , . 
j> - 2 - ; • \ e y ,m Deff •* • •*» r • c o s '"s ( 2 2 1 ) 

C n=l 

was used to calculate the effective diffusion coefficient D . , from the 
etc 

concentration profiles. In this equation, C is the concentration of the 

radionuclide at a distance x into the initially unspiked sediment at time 

t, and h is the length of the sediment column. Concentration profiles 

were calculated for several values of D _ and compared to the experi

mentally obtained diffusion profile to determine the most likely value of 

the effective diffusion coefficient. 

The syringe-ruboff method was evaluated by determining the 
22 

diffusion coefficient for Ha, a mobile species, in bentonite 

saturated with concentrated MgCl.-NaCl brine (see Figure 2.40), and by 

rubbing off a sample of bentonite that contained a 0.1-mm-thick layer of 

Prussian blue, an insoluble dye that was not expected to diffuse (see 
22 -6 2 

Figure 2.41). For Ha, the observed value of 3 x 10 cm /» 
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2 3 

Distance from End of Sample (mm) 

Figure 2.40. Diffusion Profile for Sodium-22 after 3 Hours in Bentonite 
Saturated with Concentrated Brine. The upper curve was 
calculated for an effective diffusion coefficient of 3.3 
10"14 cm2/s; the lower curve was calculated for 
Deff of 2.5 x 10"14 cm2/s (from Schreiner, Fried, an 
Friedman, 1981). 
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Figure 2.41. Diffusion Profile for Prussian Blue Dye in Bentonite 
Saturated with Concentrated Brine; Run Time Not Reported 
(from Schreiner, Fried, and Friedman, 1981). 

214 



-5 2 
appears reasonable in view of reported values of about 1 x 10 cm /s 

for the free-solution tracer diffusion coefficient of Ma in electolyte 

solutions with concentrations up to 3 I (Mills, 1955; Mills and Godbole, 

1960) and values for the tortuosity of sediments similar to the bentonite 

used for these experiments (Li and Gregory, 1974). After rubbing off the 

dye test, the Prussian blue was distributed over a distance of the filter 

paper equivalent to a thickness of 0.50 to 0.75 mm in the syringe. The 

difference between this apparent thickness and the actual thickness of 

0.1 mm was probably caused by: (1) roughness of the surfaces of the 

sediment prior to joining the sections at the start of the experiment; 

(2) some smearing of the dye along the walls of the syringe during 

joining; (3) nonparallel alignment of the sediment surface and the 

surface of the filter paper during ruboff. These results imply that the 

resolution of the syringe-ruboff technique is about 1 mm; unless the 

diffusive spread exceeds this distance, its movement during the period of 

storage cannot be quantified. For diffusion times of a few hours to a 

few months, this in turn implies a limit of resolution of about 1 x 
-10 2 

10 cm /s for the effective diffusion coefficient. 

The syringe-ruboff method is less sensitive than the half-cell 

method used at Imperial College (see Section 2.7.1.2.5.. The half-cell 

method can be used to measure values of D ,, as low as 1 x 
-14 2 e f f 

10 cm /s. This technique, however, is based on the determination 

of the total quantity of radioactivity that diffuses into the initially 

tracer-free sediment, and does not yield a diffusion profile. In some 

cases, the shape of the concentration profile obtained with the sytringe-

ruboff method has suggested that processes other than diffusion and 

sorption of a simple ionic species occur in certain sediments (see 

Sections 2.6.2.2.5, 2.8.1.2.3, 2.8.2.2.4, 2.8.3.1.7, and 2.8.3.1.11). 

It is also important to note that the results obtained with the 

syringe-ruboff method for Pu and U (see Sections 2.8.3.1.8 and 2.8.3.1.14) 

disagree with the results of field studies. 

, o , , * . ... , .. ^ * 241. 243. 235„_ 237,^ 237„. 
2.8.3.1.4 Analytical Methods. Am, Cm, Mp, ffp, Pu, 

225Ra, 75Se, 113Sm, *5mTc, and 228Th were determined by direct 
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counting of the x or y radiation emitted by these radioisotopes after 

rubbing the sediments off onto strips of filter paper, drying, and 

cutting the strips into 2-cm-by-2-cm squares (see Section 2.8.3.1.3). 

Schreiner, Fried, and Friedman (1984) used liquid scintillation counting 
99 233 

to analyze for Tc. Finally, the a-emitting radioisotope U was 

determined by gas proportional counting. The U was not extracted from 

the sediment prior to analysis; rather, it was assumed that the thickness 

of the sediment on the filter paper was sufficiently uniform to produce 

nearly constant shielding of the a radiation from sample to sample (see 

Schreiner and Sabau, in prep., a; b). 

2.8.3.1.5 Americium. Schreiner, Fried, and Friedman (1981) 

studiea the diffusion of Am in the red clay LL44-GPC-2 and an argillaceous 

sediment from MPG III under oxic conditions with the syringe-ruboff method 

(the initial concentration of AmCl in the spiked sediments for these 
_7 3 

experiments was about 5 x 10 moles/1 of wet sediment). For both of 
-11 2 

these sediments, an effective diffusion coefficient of < 1 x 10 cm /s 

was obtained (one run was carried out with the red clay for a period of 36 

days; two runs were conducted with the argillaceous sediment for 134 and 

240 days). 

The upper limit for the effective diffusion coefficient for Am 

obtained with red clays under oxic conditions at Argonne National 

Laboratory is consistent with the values of D ,. obtained with a red 

clay under oxic conditions at Imperial College (see Table 2.4). 

Schreiner and Sabau (in prep., a) studied the diffusion of Am in 

the mildly reduced calcareous sediment 82PCS19 (see Figutv. 2.42) and the 

mildly reduced argillaceous sediment 82-018-019 (see Figure 2.43) under 

anoxic conditions with the syringe-ruboff method (for these experiments, 

the initisl AmCl. concentration in the spiked sediments was about 6 
_7 3 

10 moles/1 of wet sediment). An effective diffusion coefficient of < 
-10 2 

4 x 10 cm It was obtained for the calcareous sediment (three runs 

were conducted for periods of 1, 47, and 72 days). Although no movemen 

of Am was observed during any of these experiments, an upper limit fo 

D .. was only determined for the 72-day run. Three experiments wit 
-10 2 

the argillaceous sediment yielded a value of < 1 x 10 cm /» fo 
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D ._ (these runs also lasted for 1, 47, and 72 days). As with the 

calcareous sediment, D ff was only determined for the 72-day run. 

This was the only study of Am diffusion carried out under anoxic 

conditions. 

2.8.3.1.6 Curium. Schreiner, Fried, and Friedman (1985) obtained 
-11 2 

an effective diffusion coefficient of < 2 x 10 cm /s for Cm in the 

red clay LL44-GPC-2 under oxic conditions with the syringe-ruboff method 

(two runs were carried out for periods of 1 and 48 days; the initial 

CmCl. concentration in the spiked sediment was not reported). 

Schreiner and Sabau (in prep., b) studied the diffusion of Cm in 

the mildly reduced calcareous sediment 82PCS19 and the mildly reduced 

argillaceous sediment 82-018-019 under anoxic conditions with the syringe-

ruboff method (again, the CmCl concentration in the spiked sediments 

was not reported). The effective diffusion coefficients obtained with 
-9 -11 

the calcareous sediment were < 6 x 10 , < 9 x 10 , and < 7 x 
-11 2 

10 cm /s (these runs lasted for 1, 89, and 108 days, respectively). 
Experiments with the argillaceous sediment yielded values of < 6 x 
-9 -10 -11 2 

10 , < 2 x 10 , and < 7 x 10 cm /s for D ,, (the diffusion 

times for these runs were 1, 90, and 108 days). These results do not imply 

that the mobility of Cm in these sediments decreased with time. Because 

the movement of Cm in these experiments did not exceed 1 mm (the approxi

mate resolution of the technique that was determined using the dye test 

described in Section 2.8.3.1.3), Schreiner and Sabau (in prep., b) con

cluded that no observable diffusion of Cm occurred in any of these experi

ments. Equation 2.21, however, contains the factor D ,, • t; the 

maximum permissible value for the effective diffusion coefficient of an 

itnmobi.'j element like Cm therefore decreases as the diffusion time is 

increased. The upper limit for D .. obtained from the longest run is 

thus the most appropriate value for an immobile element, and only the 
-11 2 

value of < 7 x 10 cm /s appears in Table 2.4 for the sediments 
82PCS19 and 82-018-019. 

This was the only study of Cm diffusion carried out for the SBT6. 
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2.8.3.1.7 Heptunium. Schreiner, Fried, and Friedman (1982a, 

1982b) studied the diffusion of Hp in the red clay LL44-6PC-2 under oxic 

conditions with the syringe-ruboff method (two runs were carried out for 

periods of 5 hours and 46 days; the initial HpO CI concentration in the 

spiked sediment was not reported). The concentration profiles obtained 

from these experiments could not be modeled using a single value of 

D .,; the profiles near both ends of the s~ timent columns were consis

tent with an effective diffusion coefficient too high for the steep, cen

tral portion of the profiles (see Figure 2.44). These results suggest 

that two Hp species were present. Schreiner, Fried, and Friedman (1982a, 
—8 2 

1982b) reported an effective diffusion coefficient of 2 x 10 cm /s 

for the mobile species (presumably HpO.), but concluded that slow 

immobilization of Hp (perhaps by reduction of Hp(V) followed by precipita

tion of an insoluble Up(IV) species) occurred during these experiments. 

The effective diffusion coefficient for Np obtained with a red 

clay under oxic conditions at Argonne Rational Laboratory is higher than 

the values of D ,, obtained with an argillaceous sediment under oxic 

conditions at the Hetherlands Energy Research Foundation, and higher than 

the value of D ,, obtained with a red clay under oxic conditions at 

Imperial College (see Table 2.4). 

Schreiner, Fried, and Friedman (1982a, 1982b) also studied the 

diffusion of Hp in the mildly reduced argillaceous sediment TT141-II-7G 

under anoxic conditions with the syringe-ruboff method (the initial 

HpO.Cl concentration in the spiked sediment was not reported). The 

concentration profile obtained from a 50-day experiment with this 

sediment was very similar to the profiles obtained with the red clay 

LL44-CPC-2 under oxic conditions. Schreiner, Fried, and Friedman (1982a, 
-8 2 

1982b) reported an effective diffusion coefficient of 2 x 10 cm 1% 

for the mobile Hp species in TT141-II-7G, but concluded that some of the 

Hp was immobilized during this experiment. 

The concentration profiles obtained for Hp in the red clay 

LL44-GPC-2 under oxic conditions and the mildly reduced argillaceous sedi

ment TT141-II-7G under anoxic conditions are similar to those obtained for 
95m 

Tc in TT141-II-7G under anoxic conditions (see Section 2.8.3.1.11). 
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Figure 2.44. Diffusion Profile for Neptunium after 46 Days in the Red 
Clay LL44-GPC-2 (from Schreiner, Fried, and Friedman, 1981). 

221 



Schreiner and Sabau (in prep., a, b) investigated the diffusion of 

Hp in two mildly reduced calcareous sediments and two mildly reduced 

argillaceous sediments under anoxic conditions with the syringe-ruboff 
-10 2 

method. An effective diffusion coefficient of < 3 x 10 cm /s was 

obtained with the calcareous sediment 82PCS19 (four runs were carried out 

for periods of 1, 8, 26, aad 53 days). Ho movement of Hp was observed 

during any of these experiments, but an upper limit for D ,f was only 

determined for 53-day run. Two experiments with calcareous sediment from 
—8 —10 2 

Core 6 yielded values of < 7 x 10 and 5 x 10 cm /s for D ff 

(these runs were conducted for 1 and 71 days). Because the 1-day value 

is only an upper limit for D ff, it is unclear Whether or not the 

mobility of Hp in this sediment decreased with time. The values obtained 
_a 

with the argillaceous sediment 82-018-019 varied from 9 x 10 to 3 x 
—8 2 —8 2 

10 cm /s, with a mean value of 2 x 10 cm /s; D .. did not 
eff 

vary monotonically with time (1, 8, 26, and 53 days) in these experiments. 
Finally, two experiments with argillaceous sediment from Core 66 gave 

-9 -11 2 

effective diffusion coefficients of < 6 x 10 and < 1 x 10 cm /s 

(these runs lasted for 1 and 71 days). The results obtained with Core 66 

do not imply that the mobility of Hp in this sediment decreased with 

time; rather, they reflect the fact that the maximum permissible value 
for D ,, decreased as the diffusion time increased (see Section 

est 
2.8.3.1.6). The initial Hp concentration in the spiked sediments used 
for the experiments with 82PCS19 and 82-018-019 under anoxic conditions 

_3 
was about 2 x 10 moles/1 of wet sediment, a very high value for 

studies of far-field radionuclide migration. This high concentration was 

necessary because Schreiner and Sabau (in prep., a) could not obtain 
235 

Hp for these experiments and thus had to use the more readily 
237 

available isotope Hp, which has a much lower specific activity than 
235 235 

Hp ( Hp had been used for the experiments with LL44-GPC-2 and 
TT141-II-7G). When the Imperial College group was forced to switch from 
235 237 

Hp to the more readily obtainable Hp for their investigation of 

the effect of the sediment/seawater ratio on Hp sorption (see Section 

2.7.1.1.9), they observed that the resulting increase in dissolved Hp 
-13 -12 

concentration (from the order of 10 and 10 M to the order of 
10~9 and 10~8 M) did not affect the distribution ratios for Hp. The 
237 

Hp concentration in the diffusion experiments carried out at Argonne, 
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however, was much higher than those of the sorption experiments conducted 

at Imperial College. Nevertheless, no pH changes were observed in the pore 

water after spiking the sediments at Argoime. 

Unfortunately, the results obtained for Hp in mildly reduced 

sediments under anoxic conditions at Argonne are ambiguous. The 

effective diffusion coefficients reported for the argillaceous sediments 

TT141-II-7G and 82-018-019 are intermediate between those of mobile 
—6 2 

elements (D -_ > 1 x 10 cm /s) and immobile elements (D c. < 
-10 el f " e f f ~ 

1 x 10 cm /s). The results obtained with the calcareous sediments 

82PCS19 and Core 6, and the argillaceous sediment from Core 66, however, 

are characteristic of an immobile element. 

The effective diffusion coefficients for Hp obtained with 

argillaceous sediments under anoxic conditions at Argonne Rational 

Laboratory are in some cases higher and in other cases lower than the 

values of 0 ,, obtained with an argillaceous sediment under reducing 

conditions at the Netherlands Energy Research Foundation. The effective 

diffusion coefficients obtained with calcareous sediments under anoxic 

conditions at Argonne are consistent with, similar to, or lower than the 

values of D ff obtained with calcareous sediments under reducing condi

tions at the Netherlands Energy Research Foundation, and consistent with, 

lower than, or higher than the values of D , . obtained with calcareous 

sediments under anoxic conditions at Imperial College (see Table 2.4). 

2.8.3.1.8 Plutonium. Schreiner, Fried, and Friedman (1981) 

studied the diffusion of Pu in the red clay LL44-GPC-2 under oxic condi

tions with the syringe-ruboff method. Two experiments were carried out 

with an initial Pu concentration in the spiked sediment of about 2 x 

_q 

10 moles/1 of wet sediment. For the first experiment, a stock solu
tion of PuCl. was used to spike the sediment; for the second, 

4 
Pu0-(H0,), was used. These experiments yielded effective diffusion 

-11 -11 2 

coefficients of < 1 x 10 and < 2 x 10 cm /a, respectively (the 

diffusion times for thete runs were 28 and 60 days). The difference be

tween these results is probably insignificant. 
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The upper limits for the effective diffusion coefficient for Pu 

obtained with a red clay under oxic conditions at Argonne Hational 

Laboratory are lower than the values of D obtained with a red clay 

under oxic conditions at Imperial College (see Table 2.4). 

Schreiner and Sabau (in prep., a, b) investigated the diffusion of 

Pu in two mildly reduced calcareous sediments and two mildly reduced 

argillaceous sediments under anoxic conditions with the syringe-ruboff 
-10 2 

method. An effective diffusion coefficient of < 2 x 10 cm /s was 

obtained for the calcareous sediment 82PCS19 (three runs, in Which the 

initial PuCl. concentration in the spiked sediments was 1.7 x 

10~ moles/1 of wet sediment, were carried out for periods of 1, 46, 

and 60 days). Although no movement of Pu was observed during any of 

these experiments (see Figure 2.45) an upper limit for D ,, was only 
err 

determined for the 60-day run. The values for D ,, obtained with cal-
_9

 eff -n 2 
careous sediment from Core 6 were < 6 x 10 and < 5 x 10 cm /s 

(these runs were conducted for 1 and 91 days; the initial Pu concentration 

in the spiked sediment was not reported). These results do not imply 

that the mobility of Pu in this sediment decreased with time, but instead 

reflect the fact that the maximum permissible value for D ff decreased 

as the diffusion time was increased (see Section 2.8.3.1.6). Three 

experiments with the argillaceous sediment 82-018-019 (see Figure 2.46) 
-11 2 

gave an effective diffusion coefficient of < 8 x 10 cm /s (these 

runs, in Which the initial PuCl. concentration in the spiked sediment 
in 

was 1.7 x 10~ moles/1 of wet sediment, lasted for 1, 46, and 61 

days). As with 82PCS19, an upper limit for D .. was only determined 

for the 61-day experiment. Values of < 1 x 10~ and < 2 x 
-11 2 

10 cm /s were obtained with argillaceous sediment from Core 66 

(the diffusion times for these runs were 1 and 91 days; the initial Pu 

concentration in the spiked sediment was not reported). Again, these 

results do not imply that the mobility of Pu in this sediment decreased 

with time. 

This was the only study of Pu diffusion carried out with deep-sea 

sediments under anoxic conditions. 
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Finally, Schreiner and Sabau (in prep., b) studied the diffusion 

of Pu in a sample of strongly reduced sediment (defined by the reduction 

of pore-water sulfate) from Buzzards Bay, Massachusetts, under anoxic 

conditions with the syringe-ruboff method. The objective of this study 

was to compare their laboratory results to those obtained by Sayles and 

Brockhurst (in prep., a) from an in situ study of Pu diffusion in 

Buzzards Bay sediment. Four laboratory experiments yielded effective 
-8 -9 -11 

diffusion coefficients of < 3 x 10 , < 2 x 10 , < 3 x 10 , and 
-10 2 

< 1 x 10 cm /a (these runs were carried out for periods of 1, 13, 

83, and 146 days, respectively; the initial Pu concentration of the 

spiked sediment was not reported). These results do not imply that the 

nobility of Pu in these sediments decreased with time; rather, they 

reflect the fact that the maximum permissible value for D _. decreased 
ett 

as the diffusion time increased (see Section 2.8.3.1.6). The values of 
_9 

D ,, obtained from the field study, however, varied from 4 x 10 to 
e f f -9 2 -9 2 
9 x 10 cm /s, with a mean value of 6 x 10 cm /s (five values 
were reported from three experiments conducted for 168 to 225 days). The 
mean value of D _. obtained from the field study thus exceeds the 

eff 

146-day laboratory value, the most appropriate value (see Section 

2.8.3.1.6), by a factor of > 60. This difference is clearly significant, 

but cannot be explained at present. 

A similar discrepancy exists between the results of field and 

laboratory studies of U migration in GME sediments, except that the field 

study Implied that the mobility of U was significantly less than that 

implied by the laboratory studies (see Sections 2.7.1.1.12 and 

2.8.3.1.14). 

2.8.3.1.9 Radium. Schreiner, Fried, and Friedman (1985) obtained 

effective diffusion coefficients of < 1 x 1 0 ~ U and < 4 x 10 - 1 1 

2 
cm /» for Ra in the red clay LL44-GPC-2 under anoxic conditions with 

the syringe-ruboff method (two runs were carried out for periods of 1 and 

28 days, respectively; the initial RaCl. concentration in the spiked 

sediment was not reported). These results probably do not imply that the 

nobility of Ra in this sediment increased with time; the 28-day value was 

listed in Table 2.4 to be consistent with those instances in which the 

upper limit for D .. decreased with time. Some radioactivity (about 
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0.5 to 1.0% of the initial activity In the spiked sediment) was observed 

at the unspiked end of the samples. Schreiner, Fried, and Friedman 

(1985) attributed this to the rapid diffusion of Kn, a gas produced by 

the decay of other Ra isotopes present as impurities along with the 
225 225 

Ra used to spike the sediments. ( Ra was selected because it 
decays by B decay and thus does not produce a gaseous daughter product.) 

Schreiner and Sabau (in prep., a) studied the diffusion of Ra in 

the mildly reduced calcareous sediment 82PCS19 and the mildly reduced 

argillaceous sediment 82-018-019 under anoxic conditions with the 

syringe-ruboff method (the initial Ra concentration in the spiked 

sediments was not reported). For the calcareous sediment, effective 
—7 —8 —8 

diffusion coefficients of 1 x 10 , 4 x 10 , 3 x 10 , and 6 x 
-9 2 

10 cm /s were obtained (these runs were conducted for periods of 1, 

10, 22, and 52 days, respectively). Four experiments with the 
-8 —8 

argillaceous sediment yielded values of 3 x 10 , 2 x 10 , 4 x 
—8 —8 2 

10 , and 1 x 10 cm /a for D ,_ (the diffusion times for the 

argillaceous sediment were the same as for the calcareous sediment). 

Although the effective diffusion coefficients obtained with both of these 

sediments decreased with time, it is unclear whether this was caused by 

slow immobilization of Ra during these experiments, or was an artifact of 

the experimental technique. 

This was the only study of Ra diffusion carried out for the SBT6. 

2.8.3.1.10 Selenium. Schreiner, Fried, and Friedman (1984) 
—6 2 

obtained an effective diffusion coefficient of 2 x 10 cm /s for Se 

in the red clay LL44-GPC-2 under oxic conditions with the syringe-ruboff 

method (two runs were carried out for periods of 5 and 24 hours; the 

initial concentration of H^SeO. in the spiked sediment was not 

reported). 

Schreiner, Fried, and Friedman (1984, 1985} mistakenly reported 

that they conducted diffusion experiments with Se in the mildly reduced 

sediment TT141-ZI-7G. No such experiments were performed at Argonne 

national taboratoi, (Schreiner, personal communication). 
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This was the only study of Se diffusion carried out for the SBTG. 

2.8.3.1.11 Technetium. Schreiner, Fried, and Friedman (1982a, 
—6 2 

1982b) obtained an effective diffusion coefficient of 3 x 10 cm /s 

for Tc in the red clay LL44-GPC-2 under oxic conditions with the 

syringe-ruboff method (two runs were carried out for 5 hours and 17 days; 

the initial NH.TcO. concentration in the spiked sediment was not 
4 4 

reported). 

The effective diffusion coefficient for Tc obtained with a red 

clay under oxic conditions at Argonne National Laboratory is similar to 

the values of D „ obtained with calcareous sediments under oxic 
eff 

conditions at the Japan Atomic Energy Research Institute, and similar to 

the values of D ,, obtained with calcareo 
eff 

conditions at Imperial College (see Table 2.4). 

the values of D ,, obtained with calcareous sediments under oxic 
err 

Schreiner, Fried, and Friedman (1982a, 1982b) also studied the 

diffusion of Tc in the mildly reduced argillaceous sediment TT141-II-7G 

under anoxic conditions with the syringe-ruboff method. The isotope 
95m_ 

Tc (added as SH.TcO.) was used for these experiments, but its 
4 4 

initial concentration in the spiked sediment was not reported. The 

concentration profiles obtained from these experiments could not be 

modeled using a single value of D ..; the profiles near the initially 

tracer-free end of the sediment columns were consistent with an effective 

diffusion coefficient too high for the steep, central portion of the 

profiles (see Figure 2.47). These results suggest that two Tc species 

were present. Moreover, the fact that some Tc diffused well into the 

unspiked sediment by 1 day, but little if any additional diffusion 

occurred by 65 days suggests that a mobile Tc species, presumably 

pertechnetate (Tc0~) ion, was present initially, but was 
4 

subsequently immobilized by reduction and precipitation of a Tc(IV) 
compound. Schreiner, Fried, and Friedman (1982a) therefore reported an 

-10 2 
effective diffusion coefficient of 1 x 10 cm /s for the immobile 

species, presumably based on the steep, central portion of the 65-day 

concentration profile. 
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Figure 2.47. Diffusion Profile for Technetium-95 m after 1 day in the 
Mildly Reduced Argillaceous Sediment TT141-II-7G (from 
Schreiner, Fried, and Friedman, 1981) 
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95m_ 
The concentration profiles obtained for T C in the mildly 

reduced argillaceous sediment TT141-II-7G are very similar to those 

obtained for Hp in the red clay LL44-6PC-2 under oxic conditions and 

TT141-II-7G under anoxic conditions (see Section 2.8.3.1.7). 

Schreiner, Fried, and Friedman (1984) carried out two long-term 

(230- and 232-day) diffusion experiments with Tc in TT141-II-7G under 

anoxic conditions with the syringe-ruboff method. Because the half-life 
95m_ 99 

of T C (61 days) was too short for these experiments, Tc (t,/2 

- 2.13 x 10 years) was used instead. In the first experiment, the 

spiked and unspiked sediments were joined 15 minutes after preparation of 

the spiked sediment; in the second, the spiked and unspiked sediments 

were joined 47 hours later. After both experiments, the Tc concentration 

throughout the spiked and unspiked sediments was essentially constant, 
-8 2 

which implied that D ff was > 1 x 10 cm /s. Schreiner, Fried, 

and Friedman (1984) concluded that the discrepancy between these results 

and the 1- and 65-day results obtained with TT141-II-7G was probably 

caused by the use of different Isotopes of Tc. Because of the different 

half lives and specific activities of these isotopes, the initial 
99 

concentration of Tc in the spiked sediment used for the long-term 

experiments was 1.2 x 10 times that of the T?c in the spiked 

sediment used for the short-term experiments (neither concentration was 

reported, however). It is thus possible that the reductive capacity of 

the sediment was sufficient to immobilize Tc during the short-term 

experiments, but was overwhelmed during the long-term experiments. It is 

also possible that the subsample of TT141-II-7G used for the long-term 

experiments oxidized during storage and/or use (the long-term experiments 

were conducted about a year after the short-term experiments). Unfor

tunately, pore water was never extracted from TT141-II-7G and analyzed 

for Fe and/or Mn after this sediment was received at Argonne National 

Laboratory (pore waters from Cores 6 and 66 were extracted and analyzed 

at Argonne, and retained their Fe and Mn). 

Finally, Schreiner and Sabau (in prep., a, b) investigated the 

diffusion of 'TC in two mildly reduced calcareous sediments and two 

mildly reduced argillaceous sediments under anoxic conditions with the 

syringe-ruboff method. Experiments with the calcareous sediment 82PCS19 
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yielded effective diffusion coefficients of 8 x 10 , 4 x 10 , 2 x 
—8 -9 2 

10 , and 8 x 10 cm /s (four runs, in which the initial concentra

tion of NH.TcO. in the spiked sediment was 2.5 x 10~ moles/1 of 
4 4 

wet sediment, were carried out for periods of 8 hours, 2, 5, and 9 
days). The values of D ,, obtained with the calcareous sediment f.'om 

-8 -8 -8 2 
Core 6 were 6 x 10 , 3 x 10 , and 2 x 10 cm /s (three runs 
were conducted for 1, 10, and 54 days; the initial NH.TcO. 

4 4 
concentration in the spiked sediment was not reported). Four experiments 
with the argillaceous sediment 82-018-019 gave values of 2 x 10 , 6 x 
-7 -7 -7 2 

10 , 2 x 10 and 1 x 10 cm /s (these runs, in which the 
initial NH.TcO. concentration in the spiked sediment was 2.5 x 
-10 

10 moles/1 of wet sediment, lasted for 7 hours, 2, 5, and 9 days). 
_9 

For the argillaceous sediment from Core 66, values of 5 x 10 , 1 x 
-9 -10 2 

10 , and 2 x 10 cm /s were obtained for D f, (the diffusion 
times for these runs were 1, 10, and 54 days; the initial NH.TcO. 

4 4 

concentration in the spiked sediment was not reported). Although the 

effective diffusion coefficients obtained with all four of these mildly 

reduced sediments decreased with time, it is unclear whether this was 

caused by slow reductive immobilization of TcO. during these 

experiments, or was an artifact of the experimental technique. 
As with Np, the results obtained for Tc in mildly reduced 

sediments under anoxic conditions are ambiguous. The 7-hour value for 

D ff reported for the argillaceous sediment 82-018-019 is character-
-6 2 

istic of a mobile element (D ._ £ 1 x 10 cm /s). The 54-day 

value for D .. obtained with the argillaceous sediment from Core 66, 
-10 

however, is similar to those of immobile elements (D ., < 1 x 10 
2 f ~ 

cm /s). All of the other results are intermediate between those of 
mobile and immobile elements. 

Mo t of the effective diffusion coefficients for Tc obtained with 

argillaceous and calcareous sediments under anoxic conditions at Argonne 

National Laboratory are lower than the values of D ,, obtained with 

calcareous sediments under anoxic conditions at Imperial College (see 

Table 2.4). 
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2.8.3.1.12 Thorium. Schreiner, Fried, and Friedman (1985) 
-10 2 

obtained an effective diffusion coefficient of < 1 x 10 cm /s for 

Th in the red clay LL44-GPC-2 under oxic conditions with the syringe-

ruboff method (two runs were carried out for periods of 19 hours and 56 

days; the initial ThCl concentration in the spiked sediment was not 

reported). No movement of Th was observed during either of these 

experiments, but an upper limit for D ff was only determined for the 

56-day run. 

Schreiner and Sabau (in prep., b) studied the diffusion of Th in 

the mildly reduced calcareous sediment 82PCS19 and the mildly reduced 

argillaceous sediment 82-018-019 under anoxic conditions with the 

syringe-ruboff method (again, the ThCl. concentration in the spiked 

sediments was not reported). For the calcareous sediment, effective 
—8 —10 

diffusion coefficients of < 2 x 10 , < 3 x 10 , and < 7 x 
-11 2 

10 cm /s were obtained (these runs were conducted for 1, 67, and 

99 days, respectively). Experiments with the argillaceous sediment 

yielded values of < 1 x 10~ , < 9 x 10~ , and < 5 x 10~ 
2 

cm /s for D _, (these runs also lasted for 1, 67, and 99 days). 

These results do not imply that the mobility of Th in these sediments 

decreased with time, but instead reflect the fact that the maximum 

permissible value for D ff decreased as the diffusion time increased 

(see Section 2.8.3.1.6). 

This was the only study of Th diffusion carried out for the SBTG. 

2.8.3.1.13 Tin. Schreiner, Fried, and Friedman (1985) obtained 
-10 2 

an effective diffusion coefficient of < 1 x 10 cm /s for Sn in the 

red clay LL44-GPC-2 under oxic conditions with the syringe-ruboff method 

(two runs were carried out for periods of 19 hours and 16 days; the 

initial SnCl. concentration in the spiked sediment was not reported). 

This was the only study of Sn diffusion carried out for the SBTG. 

2.8.3.1.14 Uranium. Schreiner and Sabau (in prep., a) obtained 
-9 2 

an effective diffusion coefficient of 7 x 10 cm /s for U in the red 

clay LL44-CPC-2 under oxic conditions with the syringe-ruboff method (one 
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run was carried out for 47 days; the initial UO.Cl. concentration in 

the spiked sediment was not reported). 

Schreiner and Sabau (in prep., b, c) investigated the diffusion of 

U in two mildly reduced calcareous sediments and two mildly reduced 

argillaceous sediments under anoxic conditions with the syringe-ruboff 

method (again, the UO CI concentration in the spiked sediments was 

not reported). Experiments with the calcareous sediment 82PCS19 yielded 
-8 -9 

effective diffusion coefficients of 2 x 10 , 8 x 10 and 7 x 
-9 2 

10 cm Is (three runs were carried out for periods of 1, 34, and 85 
days). The values obtained with the calcareous sediment from Core 6 were 

—8 —8 —8 2 
6 x 10 , 3 x 10 , and 2 x 10 cm /s (three runs were conducted 
for 1, 10, and 54 days). Experiments with the argillaceous sediment 

—8 -8 -9 2 
82-018-019 gave values of 5 x 10 , 5 x 10 , and 6 x 10 cm /s 
for D ,, (the diffusion times for these runs were 1, 34, and 85 days), 

etc 
Finally experiments with the argillaceous sediment from Core 66 gave 

-9 -9 -10 2 

values of 5 x 10 , 1 x 10 , and 2 x 10 cm Is for the effec

tive diffusion coefficient (these runs lasted for 1, 10, and 54 days). 

Although the effective diffusion coefficients obtained with all four of 

these mildly reduced sediments decreased with time, it is unclear Whether 
2+ 

this was caused by slow reductive immobilization of uranyl (U0. ) 
ion during these experiments, or was an artifact of the experimental 

technique. 

This was the only laboratory study of U diffusion carried out for 

the SBTG. 

The results of field studies of the cycling of metals across 

active and fossil redox fronts at GME that were conducted by 

investigators from the Institute of Oceanographic Sciences (see Section 

1.2.1), however, imply that the effective diffusion coefficient for U in 
-11 2 

mildly reduced sediments is on the order of 10 cm Is, or less 

(Wilson, personal communication). This value is at least two orders of 

magnitude below the 85-day value for the mildly reduced GME sediment 

82PCS19, the lowest effective diffusion coefficient for U that was 

obtained with calcareous sediments at Argonne National Laboratory. This 

discrepancy cannot be explained at present. 
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CHAPTER 3: COHCLUSIOHS AHD RECOMMENDATIONS FOR ADDITIOHAL INVESTIGATIONS 

The Radiological Assessment Task Group (RATG) carried out a 

quantitative assessment of the performance of a subseabed repository for 

high-level radioactive waste (HLH) based on data provided by the other 

Seabed Working Group (SWG) task groups for two North Atlantic study 

locations, Great Meteor Bast (GME) and the Southern Hares Abyssal Plain 

(SNAP). The results of these calculations constitute the final 

conclusions cf the SWG (see Volume 2, Radiological Assessment). One 

objective of this chapter of the Sediment Barrier Task Group (SBTG) 

report is to summarize and justify the estimates of the radionuclide 

distribution ratios (R.s) submitted to the RATG for its assessment (see 
d 

Section 3.1). The other objective is to recommend additional field and 

laboratory investigations that could increase the SBTG's confidence in 

these estimates of the R.s for the critical elements in HLW. 
a 

3.1 Conclusions 

3.1.1 General Observations on the Sediment Barrier 

Prior to discussing the radionuclide distribution ratios submitted 

to the RATG, some general observations regarding the expected performance 

of the sediment barrier are presented. Although not the result of an 

assessment of the overall performance of a subseabed repository such as 

that carried out by the RATG, these conclusions are based on many years 

of study by investigators who in some cases have also studied land-based 

geologic disposal of radioactive waste, and represent the consensus of 

the SBTG. 

It must be emphasized at the outset that most of the laboratory 

investigations carried out for the SBTG were empirical in nature, and 

thus did not define Uie speciation of the radionuclide of interest during 

these experiments, the speciation of these radionuclides after release 

from the waste package, the effects of variations in environmental 

conditions on radionuclide speciation, or the mechanism or mechanisms 
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responsible for the removal of each of these species from solution by the 

sediment. Hevertheless, the SBTG is confident that the general 

conclusions discussed below are valid. 

First, the deep-sea sediments studied by the SBTG would provide a 

very effective barrier to the migration of Am, Cs, Cm, Up, Pd, Pu, Ra, 

Sn, Th, U, and Zr, 11 of the 15 critical elements in HLW, by removing a 

very high percentage of these elements from the pore water. (The identi

fication of the 15 critical elements in HLW is discussed in Volume 2, 

Radiological Assessment.) 

Although the critical elements C, I, Se, and Tc are not removed 

from solution to a significant extent by these sediments, the escape of 

significant quantities of these elements to the overlying water column 
4 

would nevertheless be delayed for a period on the order of 10 years 

after their release from waste packages, emplaced at a depth of 50 + 20 m 

in the sediments, because of the time required for diffusion through the 

pore water (see Volume 2, Radiological Assessment, for the calculated 

release rates of radionuclides into the water column). 

In most cases, the mineralogy and redox state of the sediments 

studied by the SBTG did not have a significant effect (as defined by the 

radiological assessment for GME and SNAP) on the distribution ratios and 

effective diffusion coefficients measured in laboratory investigations of 

radionuclide migration. If this conclusion were confirmed by additional 

investigations, it would imply that factors other than site-specific 

radionuclide R.s or D ..s should be given more weight in the overall 

site selection criteria for a subseabed repository. These other factors 

would include, but would not necessarily be limited to, the transportation 

risks associated with a given site, the hydrologic properties of the 

site, the geotechnical properties of the sediment that influence the 

penetration depth and the extent of hole closure after the emplacement of 

streamlined penetrators containing HLW, and the physical and biological 

oceanographic characteristics of the site. It must be emphasized, 

however, that this apparent lack of dependence of radionuclide R.s and 
a 

D ,,s on sediment mineralogy and redox state could result from our 
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inability to reproduce in situ conditions in the laboratory. The SBTG 

feels that this concern is especially relevant in the case of redox 

conditions (see Sections 3.1.2.2.6, 3.1.2.2.8, 3.1.2.2.11, and 

3.1.2.2.14). 

Finally, it is interesting to compare the barrier properties of 

the deep-sea sediments studied by the SBTG to those of the geologic media 

under consideration for land-based repositories. The SBTG feels that on 

an element-by-element basis the radionuclide distribution ratios and 

effective diffusion coefficients measured for deep-sea sediments are 

generally comparable to those measured for continental geologic 

formations (compare the R.s summarized below to compilations such as 
a 

that of Krauskopf, 1986). 

3.1.2 Distribution Ratios for the Critical Elements in High-Level 
Radioactive Waste 

3.1.2.1 General Comments on the Selection of Distribution 

Ratios—The unexpected termination of the US Subseabed Disposal Project 

in 1986 forced the Seabed Working Group to complete several of its joint 

activities ahead of schedule. In particular, the RATG was asked to 

finish its radiological assessment by the end of 1986, and the SBTG was 

in turn requested to provide data for the radiological assessment by 

the end of June, 1986; well before the completion of many field and 

laboratory investigations of radionuclide migration through deep-sea 

sediments. 

Because of these developments, the RATG did not provide the SBTG 

with a list of the critical radionuclides in high level radioactive waste 

for which distribution ratios were required (see Table 3.1) until the 

11th Annual Seabed Working Group Meeting in late May, 1986, just one 

month before the deadline for submission of data for the radiological 

assessment. The SBTG therefore carried out only limited research on the 

mobility of I, Se, and Sn in deep-sea sediments, and no studies at all 

with C, Pd, and Zr. Moreover, the RATG did not provide guidelines for 

the selection of R.s (see below) until the 11th Annual Meeting. The 
d 

SBTG was thus forced to select most of the R.s listed in Table 3.1 
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TABLE 3.1. DISTRIBUTIOa RATIOS SUBMITTED TO THI RADIOLOGICAL ASSISSHMT TASK GROUP FOR USI IB 
MODELS OP THS PBJtPORHAHCB OP THE SRDIHER BARRIER IV A SUBSBABRD REPOSITORY FOR 
HIGH LEVEL RADIOACTIVE WASTE (BIST ESTIMATE, HIRIHUM ESTIMATE, AID MAIIMUH ESTIMATE 
IB «l/g). 

C r i t i c a l 
1 1 — n t «nd Hotopoa <m, w*tw<,. CM. Mildly R.duod SBAP. OxldlEOd RBAP. Mildly Roducd 

to 

oo 

AMriciuav-241, -243 

Carbon-1* 

Caaiua-133 

Curli»-245. -24* 

Iodlna-129 

••piuniuM-237 

Palladiu»-107 

Plutoniu»-239. -240. 

*adiu»-22t 

S*l«mlx»-79 

TochnotluB-99 

Thoriua>-229, -230 

Tln-12t 

Uraniut-233 ,-234 .-235 

ZlreonliB-93 

1 x 10* (I x 10S to I x 107) 

0 (0 to 1 x 10°) 

02 (1 x 101 to 1 x 103) 

1 x 10* (1 X 105 to 1 x 107) 

1 X 10" (0 to 1 x 10*) 

2 x 10" (1 x 103 to 5 x 103) 

5 X 10 (0 to 2 x 10 ) 

-242 2 X 10 

1 X 10* 

0 (0 to 

0 (0 to 

(1 X 10* to 1 x 10S) 

(4 x 103 to 4 x 10*) 

1 x 10*) 

1 X 10°) 

<S x 10S to 1 x 107) 

5 x 10 (0 to 5 x 10 ) 

-238 1 X 10 (( x 101 to 8 x 102) 

I x 10* (1 x 105 to 1 x 107) 

0 (0 to 1 x 10°) 

1 x 102 (1 x 101 to 1 x 103) 

1 x 10* (1 X 10S to I x 107) 

1 x 10 (0 to 1 X 10*) 

2 X 10" (1 x 103 to S x 103) 

5 x 10 (0 to 2 x 10 ) 

2 x 10' 

1 x 10* 

0 (0 to 

0 (0 or 

1 X 10* 

(1 x 102 to 1 x 105) 

(7 x 103 to « x 10*> 

1 x 10 ) 

1 X 102) 

<5 x 105 to 1 x 107) 

5 x 10 (0 to 5 x 10s) 

1 x 10' (1 x 102 or 1 x 10S) 

1 x 10 (0 to 5 x 10") 1 x 10 (0 to 5 x 10*) 

1 x 10* ;i x 105 to 1 x 107) 

0 (0 to 1 x 10 ) 

1 X 10* (1 x 101 to 1 x 103) 

1 x 10* (1 x 10S to 1 x 107) 

1 x 10° (0 to 1 x 102) 

S x 102 (1 x 102 to 8 x 102) 

5 x 103 (0 to 2 x 10*) 

5 x 10* (1 v 10* to 1 x 105) 

1 x 10* (4 x 103 to 4 x 10*) 

0 (0 to 1 x 10 ) 

0 (0 to 1 x 10°) 

1 x 10* (5 x 10S to 1 x 107> 

3 X 10* (0 to 5 X 10S) 

1 x 102 (8 x 101 to 8 x 102) 

1 x 10* (0 to 5 x 10*) 

1 x 10* (1 x 10S to 1 x 107) 

0 (0 to 1 x 10°) 

1 x 102 <1 x 101 to 1 x 103) 

1 x 10* (1 x 10S to 1 x lO7) 

1 x 10° (0 to 1 x 102> 

S x 10' (1 x 102 to 8 x 102> 

5 x 10 (0 to 2 X 10 ) 

3 x 10 

1 x 10* 

0 (0 to 

0 (0 or 

1 x 10* 

(1 X 10* to 1 X 10S) 

(7 x 103 to * x 10*) 

1 x 10*) 

1 X 102) 

<S x 10S to 1 x 107> 

S X 10 (0 to 3 X 10*) 

1 x 10' <1 x 102 or 1 x 10s) 

1 x 10 (0 to 3 X 10") 



during the meeting, and to rely heavily on the expertise of those present 

at the meeting for its selections. Consequently, the results of labora

tory studies were probably favored over the results of field studies. It 

must also be emphasized that although Table 3.1 was reviewed and modified 

slightly between the meeting and its submission to the RATG in July, the 

SBTG did not have time to conduct a thorough review of field and labora

tory studies of radionuclide migration in deep-sea sediments carried out 

by other investigators. 

During the 11th Annual SWG Meeting, the RATG requested that the SBTG 

provide a best estimate, a minimum estimate, and a maximum estimate of 

the distribution ratio for each of the critical radionuclides in HLW 

rather than the minimum values that the SBTG had produced for some of the 

critical elements a year before. For several of the critical elements, 

the RATG used the minimum and maximum estimates of R_ as limits within 
a 

Which it varied this parameter to determine the sensitivity of repository 

performance to sorption by the sediments. 

Finally, the SBTG assumed that the mass differences between 

different isotopes of the same element would not affect the distribution 

ratio or the effective diffusion coefficient significantly, and used the 

value of R. or D ,, measured for one isotope for all of the other a err 
isotopes of that element. 

3.1 2.2 Summary of Distribution Ratios—The criteria that the SBTG 

used for its selection of distribution ratios for the IS critical elements 

in HLW are described below. 

3.1.2.2.1 Americium. The SBTG based its estimates of the dis

tribution ratio for Am (see Table 3.1) on the results of sorption studies 

carried out at Imperial College (see Section 2.7.1.1.5). The 56-day sorp

tion R.s and all of the final desorption R.s obtained with eight cal-
u a 

careous and three argillaceous sediments at a constant sediment/seawater 
ratio under oxic conditions varied from 1 x 10 to 2 x 10 ml/g. 
Because the R.s obtained with the calcareous sediments are similar to a 
those obtained with argillaceous sediments, the SBTG chose a best estimate 

6 5 
of 1 x 10 ml/g, a minimum estimate of 1 x 10 ml/g, and a maximum 
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estimate of 1 x 10 ral/g for Am in both oxidized GME and oxidized SNAP 

sediments. During the study of the effect of the sediment/seawater ratio 

on the sorption of Am by a calcareous sediment and a red clay under oxic 

conditions, a weakly sorbed Am species was detected in small quantities 

along with the predominant, strongly sorbed Am species. It was concluded, 

however, that the weakly sorbed species was microparticulate and would be 

effectively immobilized by the sediments under in situ conditions. The 

detection of this weakly sorbed species thus did not affect the estimates 

of the R. for Am based on the experiments at a constant sediment/ 
o 

seawater ratio. Because Am(III) would probably be stable under mildly 

reducing as well as oxidizing conditions, the SBTG assumed that redox 

variations at GME and SNAP would not affect the sorption of Am, and that 
the R.s for Am in mildly reduced GME and SNAP sediments would be 

a 
similar to the R.s selected for oxidized GME and SNAP sediments, 

a 

The distribution ratios for Am obtained with calcareous 

sediments at a constant sediment/seawater ratio under oxic conditions at 

Imperial College are similar to the R.s obtained with calcareous 
a 

sediments under oxic, anoxic, and reducing conditions at the Joint 

Research Center, the Environmental Studies and Research Service, and the 

Netherlands Energy Research Foundation. The R.s obtained at Imperial 
a 

College, however, are lower than the R.s obtained with a calcareous 
a 

sediment under anoxic conditions in Teflon containers at the Delta 
Institute for Hydrobiological Research, and higher than most of the R.s 

a 

obtained there in glass containers. No other studies of Am sorption were 

carried out with argillaceous sediments and seawater or artificial 

seawater. 

The diffusion studies carried out with Am in red clays under 

oxic conditions, and in a calcareous and an argillaceous sediment under 

anoxic conditions at Argonne National Laboratory yielded upper limits for 

the effective diffusion coefficient consistent with the distribution 

ratios obtained at Imperial College. The values of D f, obtained with 

calcareous sediments and a red clay under oxic conditions at Imperial 

College, however, are consistent with R.s that are higher than the 

R.s obtained there from sorption studies. 
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3.1.2.2.2 Carbon. Although C would not be present in a 

vitreous waste form and would thus have to be stored or disposed of 

separately, the RATG considered carbon along with the other critical 

elements in HLW to provide a comprehensive radiological assessment of the 

subseabed disposal option. 

The SBTG did not carry out any field or laboratory 

investigations of the migration of C through deep-sea sediments. 

Nevertheless, a best estimate for its R. of 0 ml/g was selected based 
a 

on the expectation that C would speciate as the bicarbonate oxyanion 

(HCO~) in GME and SNAP sediments under both oxidizing and mildly 

reducing conditions. The maximum estimate of 1 x 10 ml/g was chosen 
14 

because of the possibility that isotopic exchange of C with stable C 
14 

in the sediments might retard the migration of C to some extent. 

3.1.2.2.3 Cesium. The SBTG used the results of a sorption 

study at Imperial College (see Section 2.7.1.1.6) for its estimates of 

the distribution ratio for Cs shown in Table 3.1. Of the 15 critical 

elements in HLW, Cs is the only one for which the SBTG found convincing 

evidence of concentration-dependent sorption. The SBTG therefore chose 

the range of sorption R.s that correspond to the range of final 

dissolved Cs concentrations in the experiments carried out at Imperial 

College instead of the minimum and maximum estimates selected for the 

other critical elements, and chose the sorption R. obtained near the 
a 

midpoint of this concentration range as its best estimate for Cs. 
Because the sorption R.s obtained with two calcareous sediments under 

a 

oxic conditions are similar to those obtained with an argillaceous 

sediment, the SBTG selected the same estimates for oxidized GME and 

oxidized SNAP sediments. Moreover, the same estimates were in turn 

assigned to mildly reduced GME and SNAP sediments because redox 

variations were not expected to affect the sorption of Cs. 

Because the sorption distribution ratios for Cs obtained with 

calcareous sediments under oxic conditions at Imperial College varied 

inversely with concentration, they cannot be compared to the sorption 

R.s obtained with calcareous sediments under oxic conditions at the 

Environmental Studies and Research Service and the Japan Atomic Energy 
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Research Institute, for which the final dissolved Cs concentrations were 

not reported. No other studies of Cs sorption were carried out with 

argillaceous sediments and seawater or artificial seawater. 

The diffusion studies carried out with Cs in calcareous 

sediments under oxic conditions at Imperial College yielded effective 

diffusion coefficients consistent with the distribution ratios obtained 

there. Ho other studies of Cs diffusion were conducted with seawater or 

artificial seawater. 

3.1.2.2.4 Curium. Because the chemical behavior of Cm in the 

marine environment is very similar to that of Am, the SBT6 selected the 

same values for the distribution ratio of Cm as for Am (see Table 3.1). 

The diffusion studies carried out with Cm in a red clay under 

oxic conditions, and in a calcareous and an argillaceous sediment under 

anoxic conditions at Argonne National Laboratory yielded upper limits for 

the effective diffusion coefficient consistent with these estimates of 

the distribution ratio for Cm. 

129 

3.1.2.2.5 Iodine. Despite the fact that I would not be 

present in a vitreous waste form and would thus have to be disposed of 

separately, the RATG considered iodine along with the other critical 

elements in HLW to provide a comprehensive radiological assessment of the 

subseabed disposal option. 

The SBTG based its estimate of the distribution ratio for I (see 

Table 3.1) on the results of a sorption study carried out at Imperial 

College (see Section 2.7.1.1.8). The effects of the sediment/seawater 

ratio on the sorption of I by a calcareous sediment under oxic conditions 

were similar to those observed with a red clay under the same conditions; 

the SBTG therefore chose the same estimates for I in both oxidized GME 

and oxidized SNAP sediments. The best estimate of 1 x 10 ml/g was 

based on the R. of the predominant, weakly sorbed I species, perhaps 
a 

iodate d0~) or iodide (I~), present during these experiments. 

The SBTG selected a minimum estimate of 0 ml/g because of the possibility 

that these anions would not be sorbed at all by deep-sea sediments under 
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in situ conditions. The maximum estimate of 1 x 10 ral/g was based on 

the observation of a strongly sorbed species, perhaps molecular iodine 

(I ) or an organic I complex, present along with the predominant, 

weakly sorbed species, but this estimate is speculative because neither 

the R. nor the proportion of the strongly sorbed species could be 

determined from these experiments. Ho studies of I sorption were 

conducted under anoxic conditions. The SBT6 therefore chose the same 

S.s for I in mildly reduced GME and SNAP sediments as for oxidized GME 
a 
and SNAP sediments. 

The diffusion studies carried out with I in calcareous sediments 

under oxic conditions at Imperial College yielded effective diffusion 

coefficients consistent with the distribution ratios obtained there. 

3.1.2.2.6 Neptunium. The SBT6 used the results of sorption 

studies carried out at Imperial College (see Section 2.7.1.1.9) for its 

estimates of the distribution ratio for Np in oxidized GME and oxidized 

SNAP sediments (see Table 3.1). The final R.s obtained with eight 

calcareous sediments at a constant sediment/seawater ratio under oxic 

conditions varied from 1 x 10 to 8 x 10J ml/g. The final R.s 
2 

obtained with three argillaceous sediments varied from 3 x 10 to 7 x 
3 

10 ml/g, but the results for two of these sediments were significantly 

lower than those obtained with the calcareous sediments. The SBTG 

therefore chose lower R.s for Np in oxidized SNAP sediments than in 
a 

oxidized GME sediments. A study of the effect of the sediment/seawater 

ratio on the sorption of Np by a calcareous sediment and a red clay under 

oxic conditions suggested that no weakly sorbed Np species would be 

present under these conditions. 

The distribution ratios for Np obtained with calcareous 

sediments at a constant »ediment/seawater ratio under oxic conditions at 

Imperial College are similar to the R.s obtained with calcareous 

sediments under oxic conditions at the Joint Research Center, ar.d similar 
237 

to the sorption R. for Np obtained with a calcareous sediment 

under oxic conditions at the Netherlands Energy Research Foundation. The 

R.s obtained at Imperial College, however, are higher than the sorption 
a 
R.s obtained with calcareous sediments under oxic conditions at the 
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Environmental Studies and Research Service, and lower than the sorption 
239 

R. for Np obtained with a calcareous sediment under oxic 
a 

conditions at the Netherlands Energy Research Foundation. 

The diffusion studies carried out with calcareous and 

argillaceous sediments under oxic conditions at the Netherlands Bnergy 

Research Foundation in most cases yielded effective diffusion coefficients 

consistent with the distribution ratios obtained at Imperial College. In 

particular, the values of D ,f obtained at the Netherlands Energy 

Research Foundation varied inversely with the carbonate content of the 

sediments. The values of D ff obtained with calcareous and argillaceous 

sediments under oxic conditions at Imperial College also varied inversely 

with the carbonate content of the sediments, but are in many cases 

consistent with R.s higher than the R.s obtained there from sorption 
a a 

studies. The value of D ff obtained with a red clay under oxic 

conditions at Argonne National Laboratory is consistent with most of the 

R.s obtained with argillaceous sediments at Imperial College, 
d 

The SBTG reviewed several investigations of the effect of redox 

variations on the mobility of Np for its selection of the distribution 

ratios for mildly reduced 6ME and mildly reduced SNAP sediments. The 

R.s obtained with a calcareous sediment under anoxic conditions at the 
a 

Joint Research Center are higher than the R.s obtained there with 2 

calcareous sediments under oxic conditions. On the other hand, the sorp

tion R.s obtained with 2 calcareous sediments under anoxic conditions 

at the Delta Institute for Hydrobiological Research, the sorption R. 
237 

for Np obtained with a calcareous sediment under reducing conditions 

at the Netherlands Energy Research Foundation, and the sorption R.s 

obtained with a calcareous sediment at a variable sediment/seawater ratio 

under anoxic conditions at Imperial College are similar to, or even lower 

than, the R.s obtained with comparable sediments under oxic conditions. 
239 

Furthermore, the relatively high sorption R. for Np obtained with 

a calcareous sediment under reducing conditions at the Netherlands Energy 

Research Foundation was attributed to the low dissolved Np concentration 

during this experiment rather than the fact that this experiment was 

carried out under reducing conditions. 
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The effective diffusion coefficients obtained with 2 calcareous 

sediments and an argillaceous sediment under reducing conditions at the 

Netherlands Energy Research Foundation are similar to those obtained 

there with the same sediments under oxic conditions. The results of 

diffusion studies carried out with four calcareous sediments at Imperial 

College, and with three argillaceous sediments and two calcareous 

sediments at Argonne National Laboratory are ambiguous. In some cases, 

the values of D ., obtained under anoxic conditions are lower than 
eff 

those obtained with the same or comparable sediments under oxic 

conditions, but in other cases the results obtained under oxic and anoxic 

conditions are similar. 

Because the results obtained from these sorption and diffusion 

studies are inconclusive, the SBTG chose the same values for the 

distribution ratio of Np in mildly reduced GME and SNAP sediments as for 

oxidized GME and SNAP sediments. 

3.1.2.2.7 Palladium. The SBTG did not carry out any field or 

laboratory investigations of the migration of Pd through deep-sea 

sediments. The best and maximum estimates of the distribution ratios for 

Sn were therefore taken from a recent compilation of K.s for particu-
d 

lates in the oceanic water column (International Atomic Energy Agency, 
1985). These "pelagic ocean K.s" however, often differ by orders of 

d 
magnitude from the R.s measured for the same element in deep-sea 

a 
sediments (compare, for example, the K.s for C, I, Se, and Tc in Table 
I of the IAEA compilation with the R.s for these elements in Table 3.1 

a 
of this report). The SBTG therefore chose a value of 0 ml/g for its 

3 
minimum estimate of the R. for Pd instead of 1 x 10 ml/g, the 
minimum value in IAEA (1985). 

3.1.2.2.8 Plutonium. The SBTG based its estimates of the 

distribution ratio for Pu (see Table 3.1) on the results of the sorption 

studies carried out at Imperial College (see Section 2.7.1.1.10). The 

final sorption R.s obtained with one calcareous sediment and two argil-
d 

laceous sediments at a constant sediment/seawater ratio under oxic 
4 4 

conditions varied from 5 x 10 to 9 x 10 ml/g; the second and third 
desorption R.s obtained with the same sediments under comparable 
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conditions varied from 2 x 10 to 1 x 10 ml/g. The sorption and 

desorption R.s obtained for the calcareous sediment in these experi

ments are similar to those obtained with the argillaceous sediments. On 

the basis of these results, the SBTG would have chosen a best estimate of 
4 4 

5 x 10 ml/g, a minimum estimate of 1 x 10 ml/g, and a maximum 

estimate of 1 x 10 ml/g for Pu in both oxidized GME and oxidized SNAP 

sediments. The results of a study of the effect of the sediment/seawater 

ratio on the sorption of Pu by a calcareous sediment and a red clay under 

oxic conditions, however, imply that a weakly sorbed Pu species with an 
2 

R. on the order of 10 ml/g was present in the experiments with the 

calcareous sediment, and that interconversion of the weakly and strongly 

sorbed Pu species was rapid in the presence of calcareous sediment. The 

SBTG therefore lowered its best and minimum estimates of R. for Pu in 
2 2 d 

oxidized GME sediments to 2 x 10 and 1 x 10 ml/g, respectively. 

Because numerous determinations of the oxidation state of dissolved Pu 

during these experiments showed that both oxidized and reduced Pu were 

effectively removed from solution, the SBTG concluded that the R.s for 
a 

Pu in mildly reduced GME and SNAP sediments wculd be similar to those 

selected for oxidized GME and SNAP sediments. The distribution ratios for the weakly sorbed Pu complex 

obtained with a calcareous sediment at a variable sediment/seawater ratio 

under oxic conditions at Imperial College are lower than all of the 

sorption R.s obtained with calcareous sediments under oxic conditions 

at the Environmental Studies and Research Service and the Japan Atomic 

Energy Research Institute. 

The effective diffusion coefficients for Pu obtained with 

calcareous sediments under oxic conditions at Imperial College are 

consistent with distribution ratios higher than the R.s obtained there 
d 

from sorption studies with a calcareous sediment at a variable 
sediment/seawater ratio under oxic conditions. The values of D ,, 

eff 
obtained with red clays under oxic conditions at Imperial College are 
consistent with R.s lower than most of the R.s obtained there fi.*om 

d d 

sorption studies with argillaceous sediments at a constant 

sediment/seawater ratio under oxic conditions. The upper limits for 

D ,. obtained with a red clay under oxic conditions at Argonne National 
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Laboratory are consistent with R.s higher than most of the R.s 
a a 

obtained from sorption studies with argillaceous sediments at a constant 

sediment/seawater ratio under oxic conditions at Imperial College. 

3.1.2.2.9 Radium. The distribution ratios for Ra in mildly 

reduced GME and oxidized SHAP sediments (see Table 3.1) were calculated 

by Cochran (personal communication) from measurements of the pore-water 
226 

and solid-phase concentrations of Ra in two mildly reduced 

calcareous sediments and four oxidized argillaceous sediments from the 

Pacific Ocean. The SBT6 used the values calculated by Cochran for mildly 

reduced GME sediment for its estimates for Ra in mildly reduced SNAP 

sediment, and the values calculated for oxidized SHAP sediment for its 

estimates for oxidized GME sediment. 

The effective diffusion coefficients for Pu obtained with a red 

clay under oxic conditions at Argonne National Laboratory are consistent 

with distribution ratios higher than the R.s calculated by Cochran for 
a 

oxidized argillaceous sediments. The values of D ,, obtained with a 

calcareous sediment under anoxic conditions at Argonne, however, are 

lower than the values calculated by Cochran for mildly reduced calcareous 

sediments. 

3.1.2.2.10 Selenium. The SBTG based its estimate of the 

distribution ratio for Se (see Table 3.1) on the results of a diffusion 

study carried out at Argonne National Laboratory (see Section 

2.8.3.1.10). The effective diffusion coefficient obtained for Se with a 
-6 2 

red clay under oxic conditions was 2 x 10 cm /s, which is 

consistent with an R. of 0 ml/g. The rapid migration of Se through 
d 2-

this sediment was probably due to the dominance of SeO- under these 
conditions. Because the SBTG expected that Se would also speciate as 

2-
Se03 in GME and SNAP sediments under both oxidizing and mildly 

reducing conditions, it chose a best estimate of 0 ml/g for all four 

cases. The maximum estimate was taken from the International Atomic 

Energy Agency (1985) compilation of K.s for particulates in the oceanic 

water column. 
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3.1.2.2.11 Technetium. The SBTG used the results of the 

sorption studies carried out at Imperial College (see Section 2.7.1.1.11) 

for its estimates of the distribution ratio for Tc in oxidized GME and 

SNAP sediments (see Table 3.1). The R.s obtained with a calcareous 
a 

sediment and a red clay at a variable sediment/seawater ratio under oxic 

conditions, and with a calcareous sediment at a constant 

sediment/seawater ratio under oxic conditions varied from 0 to 6 x 10 
ml/g. The SBTG therefore chose a best estimate of 0 ml/g and a maximum 

0 
estimate of 1 x 10 ml/g for Tc in GME and SNAP sediments under 
oxidizing conditions. 

The distribution ratios for Tc obtained with calcareous and 

argillaceous sediments at both a constant and a variable sediment/ 

seawater ratio under oxic conditions at Imperial College are lower than 

the R. obtained with calcareous sediments under oxic conditions at the 
a 

Japan Atomic Energy Research Institute. 

The diffusion studies carried out with Tc in calcareous and 

argillaceous sediments under oxic conditions at the Japan Atomic Energy 

Research Institute, Imperial College, and Argonne National Laboratory all 

yielded effective diffusion coefficients consistent with the distribution 

ratios obtained at Imperial College. 

The SBTG carried out three investigations of the effect of redox 

variations on the mobility of Tc. The R.s that were obtained with a 

calcareous sediment at a constant sediment/seawater ratio under anoxic 

conditions at Imperial College are similar to the R.s obtained there 

with the same sediment under oxic conditions. The effective diffusion 

coefficients obtained with a calcareous sediment under oxic conditions at 

Imperial College are also similar to the values of D f, obtained there 

with similar sediments under oxic conditions. The results of diffusion 

studies conducted with three argillaceous and two calcareous sediments at 

Argonne National Laboratory are inconclusive. In some cases, the values 

of D ,, obtained under anoxic conditions arc lower than those obtained 
err 

with comparable sediments under oxic conditions, but in other cases the 

results obtained under oxic and anoxic conditions are similar. 
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Because the results obtained from these sorption and diffusion 

studies are ambiguous the SBTG selected the same best estimate for Tc in 

mildly reduced GME and SNAP sediments as for oxidized GME and SNAP 

sediments. The SBTG did, however, choose a higher maximum estimate for 

Tc under mildly reducing conditions. It is important to note that for 

mildly reduced GME and SNAP sediments, the SBTG felt that the R. for Tc 
2 d 

would be either 0 or 1 x 10 ml/g, but not some intermediate value. 

3.1.2.2.12 Thorium. The distribution ratios for Th in oxidized 

SNAP sediment (see Table 3.1) were calculated by Cochran (personal 

communication) from measurements of the pore-water and solid-phase 
230 

concentrations of Th in a Pacific red clay. The SBTG assumed that 

the R. for Th in oxidized GME sediment would be equal to that 
a 

calculated by Cochran for oxidized SNAP sediment, and that the R.s for 

Th in mildly reduced GME and SNAP sediments would be equal to those for 

oxidized GME and SNAP sediments. 

The diffusion studies carried out with Th in a red clay under 

oxic conditions, and in a calcareous and an argillaceous sediment under 

anoxic conditions at Argonne National Laboratory yielded upper limits for 

the effective diffusion coefficient consistent with these estimates of 

the distribution ratio for Th. 

3.1.2.2.13 Tin. The SBTG carried out no field investigations 

and only one laboratory study of the migration of Sn through deep-sea 

sediments. The best and maximum estimates for the distribution ratio for 

Sn were therefore taken from a recent compilation of K.s fo 
a 

particulates in the oceanic water column (International Atomic Energ 

Agency, 1985). Because these "pelagic ocean K.s" often differ b 

orders of magnitude from the R.s measured for the same element i 
a 

deep-sea sediments, the SBTG selected a minimum estimate of 0 ml/g rathe 
3 

than 5 x 10 ml/g, the minimum value in IAEA (1985). 

The diffusion study carried out with Sn in a red clay under oxi 

conditions at Argonne National Laboratory yielded an upper limit for th 

effective diffusion consistent with the best and maximum estimates for S 

discussed above. 
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3.1.2.2.14 Uranium. The distribution ratios for U in oxidized 

GME sediments were calculated by Santschi (personal communication) from 
238 

measurements of the pore-water and solid-phase concentrations of U 

in oxidized calcareous sediments from GME and the Cape Verde Abyssal 

Plain. The SBTG used the values calculated by Santschi for oxidized GME 

sediment for its estimates for U in oxidized SHAP sediment. 

The diffusion study carried out with U in red clay under oxic 

conditions at Argonne National Laboratory yielded an effective diffusion 

coefficient consistent with the estimates of the distribution ratio for U 

in oxidized SNAP sediment. 

The SBTG reviewed three investigations of the effects of redox 

variations on the mobility of U for its selection of the distribution 

ratios for mildly reduced GME and SNAP sediments. The R.s obtained 
d 

with a calcareous sediment at a variable sediment/seawater ratio under 
anoxic conditions at Imperial College are similar to the R.s obtained 

d 

there with the same sediment under oxic conditions. The results of 

diffusion studies carried out with two argillaceous and two calcareous 

sediments at Argonne National Laboratory are ambiguous. In some cases, 

the values of D __ obtained under anoxic conditions are lower than 

those obtained with comparable sediments under oxic conditions, but in 

other cases the results obtained under oxic and anoxic conditions are 

similar. The results of field studies of the cycling of metals across 

active and fossil redox fronts at GME conducted by investigators from the 

Institute of Oceanographic Sciences, however, imply that the distribution 

ratio for U in mildly reduced calcareous sediments is > 10 ml/g 

(Wilson, personal communication). 

Because the results obtained from these field and laboratory 

studies are inconclusive, the SBTG chose the same best estimate for U in 

mildly reduced GME and SNAP sediments as for oxidized GME and SNAP 

sediments. The SBTG did, however, choose a higher maximum estimate for U 

under mildly reducing conditions. In addition, the SBTG felt that for 

mildly reduced GME and SNAP sediments the R. for U would be either 1 x 
2 5 d 

10 or 1 x 10 ml/g, but not some intermediate value. 
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3.1.2.2.15 Zirconium. The SBTG did not carry out any field or 

laboratory investigations of the migration of Zr through deep-sea sedi

ments. The best estimate of the distribution ratio for Zr in oxidized GME 

and oxidized SNAP sediments was therefore based on the results of a study 

by Duursma and Bosch (1970) of the sorption of Zr by an oxidized argilla

ceous sediment from the Mediterranean Sea. For its maximum estimate, the 

SBTG used the maximum estimate for Zr in the International Atomic Energy 

Agency (1985) compilation of K.s for particulates in the oceanic water 
a 

column. Because these "pelagic ocean K.s" often differ by orders of 
a 

magnitude from the R.s measured for the same element in deep-sea sedi-
d 4 

ments, the SBTG chose a value of 0 ml/g instead of 1 x 10 ml/g, the 

minimum value in IAEA (1985). Because Zr(IV) would probably be stable 

under mildly reducing conditions as well as oxidizing conditions (see 

Pourbaix, 1966), the SBTG assumed that the redox variations at GME and 

SNAP would not affect the sorption of Zr, and that the R.s for Zr in 

mildly reduced GME and SNAP sediments would be similar to the R.s 

selected for oxidized GME and SNAP sediments. 
3.2 Recommendations for Additional Investigations 

The SBTG is confident that its general conclusions are valid, and 

that its estimates of the distribution ratios submitted to the RATG are 

accurate. It does, however, recommend several additional field and 

laboratory investigations to increase its confidence in the efficacy of 

the sediment barrier. 

First, additional laboratory sorption and diffusion experiments 

should be carried out with the critical elements C, Cm, I, Pd, Ra, Se, 

Sn, Th. and Zr to obtain empirical data for a variety of sediments 

comparable to that used for the other six critical elements in HLW (Am, 

Cs, Np, Pu, Tc, and U). The SBTG obtained only limited laboratory data 

for Cm, I, Ra, Se, Sn, and Th; and no data at all for C, Pd, and Zr. For 

C, I, and Se, the expected far-field speciation and (in the case of I and 

Se) limited laboratory data obtained by the SBTG imply that these elements 

would not be removed from the pore water to a significant extent by any 

of the deep-sea sediments studied to date. For Pd, Sn, and Zr, however, 

the SBTG expects that most sediments would remove a high percentage of 
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these elements from the pore water, but chose a minimum estimate of 0 ml/g 

for their distribution ratios because of the paucity of data for these 

elements in deep-sea sediments. These minimum estimates of 0 ml/g in 

turn caused significant quantities of Pd, Sn, and Zr to escape from the 

sediments to the overlying water column when the RATG varied the R.s of 
a 

the critical elements from the minimum to the maximum values submitted by 

the SBTG (see Volume 2, Radiological Assessment). If, as the SBTG 

expects, laboratory experiments with Pd and Zr, and additional experiments 

with Sn confirm that these elements are effectively removed from solution 

by deep-sea sediments, the minimum estimates of the R.s for these 
d 

elements could be increased, and they would probably not escape from the 

sediments as currently predicted by parametric calculations. Furthermore, 

if other elements in the HLW inventory were identified as critical by 

future sensitivity studies, laboratory sorption and diffusion experiments 

would be required for them. 

Furthermore, laboratory experiments that simulate in situ conditions 

more realistically should be carried out with all 15 of the critical 

elements in HLW. Additional characterization of sediment samples should 

be conducted in the laboratory just prior to these experiments to deter

mine the extent to which the pore-water chemistry and the solid-phase 

surficial properties resemble those of in situ deep-sea sediments. (To 

date, only dissolved Fe and tfn have been redetermined in the laboratory 

to demonstrate that oxidation did not occur during transportation and 

storage of the samples.) These experiments should also be performed at 

in situ pressures (about 500 to 600 bars); an investigation is currently 

underway at the CEC Joint Research Center, Ispra Establishment, to 

determine the effects of high pressure on the sorption, diffusion and 

speciation of radionuclides (Stanners and Planson, 1986; Stanners, 

Murray, and Planson, in prep). 

Finally, it might be possible to design laboratory experiments that 

reproduce in situ redox conditions more accurately than the experiments 

that have been carried out to date. It is widely known that, at least in 

surficial deep-sea sediments, bacteria mediate the diagenetic redox 

reactions observed in pore-water chemical profiles (see, for example, 

Froelich et al., 1979). This fact, along with the discovery of bacteria 
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at depths down to at least 35 m subbottom at GME and 20 m at SNAP (Izzo 

and Cranston, 1987), suggest that experiments that include viable, in 

situ microbiota might be necessary and sufficient to reproduce in situ 

redox conditions in the laboratory. 

The speciation of the critical elements in HLW should be determined 

under simulated repository conditions (see, for example, Hurray et al., 

1984). The SBTG expects that the speciation of I, Up, Pu, Se, Sn, Tc, U, 

and perhaps Pd will be relatively complex, and should thus be given higher 

priority than that of Am, C, Cm, Cs, Ra, Th, and Zr. Clearly, these 

investigations will require considerable effort. It is likely, however, 

that a substantial amount of information applicable to a subseabed 

repository will be generated by the mined-repository projects that are 

underway in several countries. 

The mechanism or mechanisms responsible for the removal of the 

important species of the critical elements from solution by deep-sea 

sediments should be identified. Because these sediments are complex, 

fine-grained mixtures of crystalline and amorphous phases, investigations 

of retardation mechanisms will probably be much more difficult than for 

many continental geologic formations, from which the constituent minerals 

can often be separated and characterized prior to radionuclide migration 

experiments. As in the case of radionuclide speciation, the 

mined-repository programs will probably produce a substantial amount of 

information that is applicable to a subseabed repository. 

The statistical distribution of the distribution ratios and/or 

effective diffusion coefficients for the critical elements in HLW should 

be quantified. This will improve the probabilistic models used for the 

radiological assessment of a subseabed repository (the RATG assumed a log 

normal distribution for the sediment R.s at GME and SNAP; see Volume 2, 
a 

Radiological Assessment). 

Finally, in situ experiments should be carried out to validate the 

results of laboratory investigations of radionuclide migration through 

deep-sea sediments. Radionuclide diffusion experiments were developed 

for the US Subseabed Disposal Program's (SDP) In Situ Heat Transfer 
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Experiment (ISHTB), a year-long field test of the thermal, thermomechani-

cal, and chemical response of surficial deep-sea sediment to a high-

temperature (~300*C) heat source (see Percival, 1983; Percival et al., 

1987). Because of the termination of the US SDP, ISHTE was never 

deployed. In addition to an experiment such as ISHTB, an in situ test at 

or near the reference depth for penetrator emplacement (50 + 20 a 

subbottom) would be desirable. The technology for investigations of 

radionuclide migration at these depths has not been developed, and would 

probably be difficult, time-consuming, and expensive. 
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APPENDIX A: ABBREVIATIONS AMD ACRONYMS 

A The quantity of an element added to the sediment divided by 

the cross-sectional area of the sediment column (moles/cm2) 

a A constant; cross-sectional area 

Ag Silver 

Am Americium 

atm Atmosphere 

b A constant 

Ba Barium 

BET Brunauer-Emmet-Teller 

Bq Becquerel 

C Carbon; the concentration of a radionuclide in the sediment 
and/or solution 

*C Degrees Celsius 

C° The initial concentration of a radionuclide in the sediment 
and/or solution 

C1 The final concentration of a radionuclide in the sediment 
and/or solution 

C} The concentration of a radionuclide in a high-concentration 
reservoir 

C2 The concentration of a radionuclide in a low-concentration 
reservoir 

csed T h e concentration of a radionuclide in the sediment 

csol T n e concentration of a radionuclide in the solution 

Ca Calcium 

Cd Cadmium 

Ce Cerium 

CEC Commission of the European Communities 

Ci Curie 

CI Chlorine 
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Cm Curium 

cm Centimeter 

Co Cobalt 

cos Cosine 

cpm Counts per minute 

Cs Cesium 

CVi Cape-Verde-1 study location 

CV2 Cape-Verde-2 study location 

Deff Effective diffusion coefficient 

D^ Intrinsic diffusion coefficient 

Dsoi Free-solution tracer diffusion coefficient 

d Differential 

3 Partial differential 

E East longitude 

Eh Oxidation potential 

erf The error function 

erfc The complementary error function 

ESOPE Etude des Sediments Oceanique par Penetration (SWG long-
coring expedition to GME and SNAP in June and July, 1985) 

Eu Europium 

exp Exponential 

Fa Flux per unit cross-sectional area 

f The fraction of a radionuclide that diffused into initially 
radionuclide free sediment 

Fe Iron 

g Gram 

Gd Gadolinium 

GME Great-Meteor-East study location 
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H Hydrogen 

h The length of an experimental sediment column 

HLW High-level radioactive waste 

I Iodine 

IOS Institute of Oceanographic Sciences, Wormley, Godalming, 
Surrey, UK 

ISHTE In Situ Heat Transfer Experiment (an American thermal, 
thermomechancial, and geochemical experiment that was never 
deployed) 

Kg The distribution coefficient 

Ka 1000 years 

kg Kilogram 

km Kilometer 

1 Liter 

La Lanthanum 

lat Latitude 

log Logarithm (base ten) 

long Longitude 

M Molar 

m Meter 

mg Milligram 

ml Milliliter 

mm Millimeter 

Mn Manganese 

MPG I Mid-Plate, Mid-Gyre I study location 

MPG II Mid-Plate, Mid-Gyre II study location 

mV Millivolt 

N Nitrogen; normal; north latitude 

Na Sodium 
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NEA Nuclear Energy Agency, Paris, France (an agency of OECD) 

Np Neptunium 

0 Oxygen 

OECD Organization for Economic Cooperation and Development, 
Paris, France 

Pd Palladium 

pH The negative logarithm of the activity of H + 

Pm Prometheum 

ppm Parts per million 

Pu Plutonium 

Rd The distribution ratio 

Rjj The distribution ratio of a strongly sorbed species 

%l The distribution ratio of a weakly sorbed species 

Ra Radium 

RATG Radiological Assessment Task Group 

Rb Rubidium 

rpm Revolutions per minute 

S Sulfur; south latitude 

s Second 

SATG Site Assessment Task Group 

SBTG Sediment Barrier Task Group 

SDP Subseabed Disposal Project 

Se Selenium 

8in Sine 

Sn Tin 

SNAP Southera-Nares-Abyssal-Plain study location 

Sr Strontium 

STACOR The French long-coring apparatus used on the ESOPE expedition 
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SWG Seabed Working Group 

t Time 

t^ Breakthrough time 

Tc Technetium 

Th Thorium 

Tl Thallium 

U Uranium 

UK United Kingdom 

US United States 

v The volume of solution 

Vi The volume of the high-concentration reservoir 

V£ The volume of the low-concentration reservoir 

vol Volume 

W West longitude 

w The dry mass of sediment 

wt Weight 

X The proportion of a strongly sorbed species 

x Distance; x radiation 

Z The inverse of the sediment/seawater ratio 

Zn Zinc 

Zr Zirconium 

a The capacity factor ($ + Rj • pw) 

Y Gamma radiation 

8 Tortuosity 

ti l Microliter 

vm Micrometer 

« A constant =3.14 

P Density 
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pw Wet density 

I The sum 

• Porosity 

X Percent 

• Infinity 
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Singapore 1953 Tel. 2831786, 2831798 

NETHERLANDS - PAYS-BAS 
SDU Uitgeverij 
Christoflel Plantijnstraat 2 
Postbus 20014 
2500 EA's-Gravenhage Tel. 070-789911 
Voor bestellingen: Tel. 070-789880 

NEW ZEALAND - NOUVELLE-ZELANDE 
Government Printing Office Bookshops: 
Auckland: Retail Bookshop, 25 Rutland Stseet, 
Mail Orders, 85 Beach Road 
Private Bag C.P.O. 
Hamilton: Retail: Ward Street, 
Mail Orders, P.O. Box 857 
Wellington: Retail, Mulgravc Street, (Head 
Office) 
Cubacade World Trade Centre, 
Mail Orders, Private Bag 
Christchurch: Retail, 159 Hereford Street, 
Mail Orders, Private Bag 
Dunedin: Retail, Princes Street, 
Mail Orders, P.O. Box 1104 

NORWAY - NORVEGE 
Narvesen Info Center - N I C , 
Bertrand Narvesens vei 2, 
P.O.B. 6125 Etterstad, 0602 Oslo 6 

Tel. (02) 67.83.10, (02) 68.40.20 

PAKISTAN 
Mirza Book Agency 
65 Shahrah Quaid-E-Azam, Lahore 3 Tel. 66839 

PHILIPPINES 
I.J. Sagun Enterprises, Inc. 
P.O. Box 4322 CPO Manila 

Tel. 695-1946, 922-9495 

PORTUGAL 
Livraria Portugal, Rua do Ca'mo 70-74, 
1117 Lisboa Codex Tel. 360582/3 

SINGAPORE/MALAYSIA -
S INGAPOUR/MALAISIE 
See "Malaysia/Singapor". Voir 
• Malaisie/Singapoiir» 

SPAIN - ESPAGNE 
Mundi-Prensa Libra, S.A., 
CaslelM 37. AparUdo 1223. Madrid-28001 

Tel. 431.33.99 
Libreria Bosch, Ronda Universidad 11, 
Barcelona? Tel. 317.53.08/317.53.58 

SWEDEN - SUEDE 
AB CE Fritzcs Kungl. Hovbokbandel, 
Box 16356, S 103 27 STH. 
Regeringsgatan 12. 
DS Stockholm Tel. (08) 23.89.00 
Subscription Agency/Abonnements: 
Wcnnergren-Williams AB, 
Box 30004. SI04 25 Stockholm Tel. (08)54.12.00 

SWITZERLAND - SUISSE 
OECD Publications and Information Centre, 
4 Simrockstrasse, 
5300 Bonn (Germany) Tel. (0228) 21.60.45 

Librairie Payot, 
6 rue Grenus, 1211 Geneve 11 

Tel. (022)31.89.50 

Maditcc S.A. 
Ch. des Palettes 4 
1020 - Rencns/Lausannc Tel (021) 35.08.t5 

United Nations Bookshop/Librairie des Nalkms-
Unies 
Palais des Nations, 1211 - Geneva 10 

Tel. 022-34-60-11 (ext. 48 72) 

TA IWAN - FORMOSE 
Good Faith Worldwide Int'l Co.. Ltd. 
9th floor. No. 118, Sec 2, Chung Hsiao E. Road 
Taipei Tel. 391.7396/391.7397 

T H A I L A N D - T H A I L A N D E 
Suksit Siam Co., Ltd., 1715 Rama IV Rd, 
Samyam Bangkok 5 Tel. 2511630 

INDEX Book Promotion & Service Ltd. 
59/6 Soi Lang Suan, Plocnchit Road 
Patjumamwan, Bangkok 10500 

Tel. 250-1919.252-1066 
TURKEY - TURQUIE 
Kttltur Yayinlari Is-TUrk Ltd. Sti. 
Ataturk Bulvari No: 191/Kat. 21 
Kavaklidere/Ankara Tel. 25.07.60 
Dolmabahcc Cad. No: 29 
Besiklas/lstanbul Tel. 160.71.88 

UNITED K INGDOM - ROYAUME-UNI 
H.M. Stationery Office, 
Postal orders only: (01)211-5656 
P.O.B. 276, London SW8 5DT 

Telephone orders: (01) 622.3316, or 
Personal callers: 
49 High Holborn, London W C I V 6HB 
Branches at: Belfast, Birmingham, 
Bristol, Edinburgh, Manchester 

UNITED STATES - ETATS-UNIS 
OECD Publications and Information Centre, 
2001 L Street. N.W., Suite 700. 
Washington, D C . 20036 - 4095 

Tel. (202) 785.6323 

VENEZUELA 
Libreria del Este, 
Avda F. Miranda 52, Aptdo. 60337, 
Edificio Galipan, Caracas 106 

Tel. 951.17.05/951.23.07/951.12.97 

YUGOSLAVIA - YOUGOSLAVIE 
Jugoslovenska Knjiga, Knez Mihajlova 2, 
P.O.B. 36, Bcograd Tel. 621.992 

Orders and inquiries from countries where 
Distributors have not yet been appointed should be 
sent to: 
OECD, Publications Service, 2, rue Andre-Pascal, 
75775 PARIS CEDEX 16. 

Les commandes provenant de pays oil I'OCDE n'a 
pas encore design^ de distributeur doivent etre 
adresseca a : 
OCDE, Service des Publications. 2, rue Andre-
Pascal, 75775 PARIS CEDEX 16 
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