
AECL-8364

ATOMIC ENERGY
OF CANADA LIMITED

L'ENERGIE ATOMIQUE
DU CANADA, LIMITEE

SOIL NUCLIDE DISTRIBUTION COEFFICIENTS

AND THEIR STATISTICAL DISTRIBUTIONS

COEFFICIENTS DE REPARTITION DES NUCLIDES DANS LE SOL

ET LEUR REPARTITION STATISTIQUE

Marsha I. Sheppard, Donald I. Beals, Denis H. Thibault
Patrick O'Connor

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



ATOMIC ENERGY OF CANADA LIMITED

SOIL NUCLIDE DISTRIBUTION COEFFICIENTS

AND THEIR STATISTICAL DISTRIBUTIONS

by

Marsha . Sheppard, Donald I. Beals, Denis I. Thibault

and Patrick O'Connor

Whiteshell Nuclear Research Establishment
Pinawa, Manitoba ROE ILO

1984 December
AECL-8364



COEFFICIENTS DE RARTITION DES NUCLIDES DANS LE SOL

ET LEUR REPARTITION STATISTIQUE

par

Marsha I. Sheppard, Donald I. Beals, Denis H. Thibault
et Patrick O'Connor

RESUME

Les evaluations ecologiques de l evacuation des dchets de combus-
tible nucleaire-dans--les formations de roche plutonique nessitent une
analyse de la migration des nuclides qui passent de l enceinte d evacuation
a la biosphere. Pour l analyse de la migration des nuclides travers len-
ceinte d evacuation, les materiaux tampons et de remblayage, la roche pluto-
nique et les morts-terrains consolides et non consolides, par l entremise de
l'eau souterraine, on se sert de modeles necessitant des coefficients de
repartition (Kd) pour decrire l interaction des nuclides et des materiaux
geologiques et artificiels. Ce rapport presente des coefficients de rpar-
tition dans le sol particuliers certains elements et leur repartition du
point de vue statistique, partir d'une etude bibliographique en detail.
Les elements radioactifs consideres furent les suivants: actinium, ameri-
cium, bismuth, calcium, carbone, cerium, cesium, ode, plomb, molybdene,
neptunium, nickel, nobium, palladium, plutonium, polonium, protactinium,
radium, samarium, selenium, argent, strontium, technetium, terbium, thorium,
stain, uranium et zirconium. Les elements stables consideres furent les
suivants: antimoine, bore, cadmium, tellure et zinc. Lorsque la disponibi-
lite des donnees le permet, lea coefficients de repartition et leur rparti-
tion sont indiques pour les sols sabloneux, limoneux, argileux et organi-
ques. L'utilisation de nos valeurs est recommandee pour les valuations
effectuces dans le cadre du programme canadien de gestion des dchets de
combustible nucleaire.
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ABSTRACT

Environmental assessments of the disposal of nuclear fuel waste in
plutonic rock formations require analysis of the migration of nuclides from
the disposal vault to the bosphere. Analyses of nuclide migration via
groundwater through the disposal vault, the buffer and backfill, the pluto-
nic rock, and the consolidated and unconsolidated overburden use models
requiring distribution coefficients (Kd) to describe the interaction of the
nuclides with the geological and man-made materials. This report presents
element-specific soil distribution coefficients and their statistical dis-
tributions, based on a detailed survey of the literature. Radioactive ele-
ments considered were actinium, americium, bismuth, calcium, carbon, cerium,
cesium, iodine, lead, molybdenum, neptunium, nickel, niobium, palladium,
plutonium, polonium, protactinium, radium, samarium, selenium, silver,
strontium, technetium, terbium, thorlum, tin, uranium and zirconium. Stable
elements considered were antimony, boron, cadmium, tellurium and zinc.
Where sufficient data were available, distribution coefficients and their
distributions are given for sand, silt, clay and organic soils. Our values
are recommended for use in assessments for the Canadian Nuclear Fuel Waste
Management Program.
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1. INTRODUCTION

Canada has selected geological containment n a vault deep in

plutonic rock in the Precambrian Shield as the most promising method for

disposal of its nuclear.fuel waste (Boalton, 1978). A stable granitic

pluton will most likely be the host rock.

Assessment of the integrity of geological containment requires

pathways analysis to determine the travel time from the vault to the

biosphere of all the nuclides associated with the waste (ehta, 1982). The

travel time and the predicted nuclide concentrations in the biosphere will

depend upon the interaction of the nuclides with their surroundings as they

migrate from the vault. Traditionally, this interaction has been described

using a distribution-coefficient, Kd, for rock, unconsolidated regolith and

soil (Wuschke et al., 1981). The objective of this report is to document

these Kd values, separating them according to the major soil types found on

the Precambrian Shield. These parameter values are required for the soil

model in the assessment code used in the Canadian Nuclear Fuel Waste

Management Program.

Further, since the assessment code is stochastic, the

distributions of the Kd values are also needed. Preliminary work with the

K values indicates that they are lognormally, as opposed to normally,

distributed. The lognormal distribution parameters (log) are reported

here. These parrmeters directly represent the data presented where two or

more values were found, and have not been adjusted toward conservatism for

assessment purposes. Sections 4, 5 and 6 list the sil Kd values, and their

appropriate distributions, for the actinides, the radionuclides produced

from nuclear fission and the stable nuclides, respectively, that are

expected to be present in 100-year cooled nuclear fuel Mehta, 1982). A

reference list is included for each nuclide.
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2 DISTRIBUTION COEFFICIENT, K.

The processes of solute migration pertinent to radionuclide

migration in soil and unconsolidated geological materials have been discus-

sed and reviewed extensively (Wheeler, 1976; Onishi et al., 1981; Miller,

1983; Gillham and Cherry, 1979; and Arnold et al., 1982). Many computer

models have been developed to predict nuclide migration through soil (Murali

and Aylmore, 1981; Yeh and Ward, 1981; Oster, 1982; Miller, 1983; Wong et

al., 1983; van Genuchten, 1978, Duguid and Reeves, 1976; and Sheppard,

1981). These models vary n their complexity and purpose. he simplest

model of the solute transport process, expressed in one-dimensional form,

is

where C is the solute concentration in solution, .e., mass of solute

per unit volume of soil (g.cm 3),

t is time (s),

D is the dispersion coefficient (cm 2.- )

x is the space coordinate (cm), and

V is the average linear pore-water velocity (cm.s 1).

Since Equation (1) does not ccount for the interaction of the solute and

the solid phase, the distribution coefficent, K has been introduced to

describe this Interaction. The distribution coefficient s defined as the

concentration of solute in the adsorbed phase (mass of solute per unit mass

of soil) divided by the concentration of solute in the solution phase (mass

of solute per unit volume of soil pore water). The units of Kd are usually

mL/g. The Kd value for each nuclide represents the partitioning of the

solute between the solid and solution phases and s applicable to equilib-

rium reactions, such as ion exchange.

Typical radionuclide interactions with soil include other geochem-

ical processes, such as precipitation, coprecipitation, hydrous metal oxide
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complexation, organic matter complexation, colloid formation, and microbial

effects. Empirically determined Kd values or may not include these pro-

cesses.

Ion exchange is one of the most mechanisms of radionuclide

adsorption on geological materials (Ames and Rai, 1978). Thus, the K. value

depends upon several factors, including the cation exchange capacity (CEC),

and the species and concentration of both the on being exchanged and the

competing ons. If the nuclide is present in smaller concentrations than

the competing ions, then the Kd value will be independent of the concentra-

tion of the nuclide, and it will be constant if all other factors remain

constant (Johnston and Gullham, 1980).

To incorporate the K concept into the solute transport process

described y Equation (1), the dispersion coefficient D) and the pore-water

velocity coefficient (V) become the effective dispersion coefficient (D)

and velocity coefficient (V), respectively, where

(2)

and R is the retardation factor, defined as

where Pb is the bulk density of the soil(g/cm3)

n is the porosity (cm3/cm3), and

Kd is the distribution coefficient (mL/C).

The K concept is restricted to equilibrium reactions in which the concen-

trations in te solution and solid phases are related. K initially

defined by Mayer and Tompkins (1947) as
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where C is the tracer concentration in the solution before adding the

sorbent,

C is the tracer concentration in the liquid phase of a sorbent-

water suspension,

V s the volume of liquid, and

M is the mass of solid.

Despite the fact that the d concept strictly applies only to

simple cation-exchange, Kd values are reported that describe more complex

reactions. This is n response to the need for nput to simple migration

models. This report does not review the soil chemistry of the nuclides

considered; this has been done adequately elsewhee (Jenson, 1980; Johnston

and Gil1ham, 1980; Allard et al., 1977; Friedman, 1976, Swedish Nuclear Fuel

Supply Co. Ltd., 1983; Ames and Rai, 1978). The report does list all of the

Kd values by predominant soil type for the Precambrian Shield (sand, silt,

clay and organic (Beals, 1984)) and includes other pertinent information

found in the literature. Table 1 lists d distribution parameter estimates

for some nuclides combining all soils, as reported by Baes and Sharp (1981).

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
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3. DISTRIBUTION COEFFICIEITS FR THE ACTINIDES

3.1 ACTINIUM

Nothing was found in the lterature on Kd values or the soil chem-

istry of actinium. We recommend using the Kd values for americium because

of their chemical similarity.

3.2 AMERICIUM

Americium has been studied extensively because of weapons testing

in the 1950s. The summary on americium geochemistry presented by Johnston-

and Gillham (1980) indicates that

(1) the most stable form of americium in aqueous solutions is Am

(2) the soil sorption of americium is correlated to cation exchange

capacity, clay content, and concentration and type of the compe-

ting ions in solution, indicating that the principal retardation

mechanism is ion exchange;

(3) at high Kd values, americium adsorption is sensitive to the con-

centration of americium in solution.

Table 2 lists the Kd values reported by various investigators and includes

soil information (texture, pH, competing ions, etc.) pertinent to the sorp-

tion data. The recommended Kd value means, standard deviations, anges and

distribution parameters by soil type for americium, based on Table 2, are

given in Table 3.
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Americium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radio-
nuclides in clay and bedrock. Prt 1. Determination of distribution
coefficients. BS Technical Report 55.

Ames, L.L. and D. Rai. 1978. Radionuclide interactions with soil and rock
media, Volume 1. U.S. Environmental Protection Agency eport, EPA
520/-78-007.

Baes III, C.F. and R.F. Sharp. 1981. Predicting radionuclide leaching
from root zone soil for assessment applications. Trans. A. Nucl. Soc.
38, 111-112.

Erickson, .L. 1980. Radionuclide sorption studies on abyssal red clays.
In: Scientific Basis of Nuclear Waste Management Vol. 2. Plenum Press,
cd. C.J.M. Northrup.
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Clover, P.A., F.J. Miner and W.L. Polzer. 1976. Plutonium and americium
behaviour in the soil/water environment. I. Sorption of plutonium and
americium by soils. In: Proceedings of the Actinide-Sediment Reac-

tions Working Meeting at Seattle, Washington on 1976 Feb. 10-11. Bat-
telle Pacific Northwest Laboratories Report, BNWL-2117, pp. 225-254.

Hamstra, J. and B. Verkerk. 1977. Review of Netherlands program for geo-
logic disposal of radioactive waste. In: Nuclear Power and its Fuel

Cycle. International Atomic Energy Agency Report, IAEA-CN-36/289.

Johnston, H.M. and .W. Gillham. 1980. A rewiew of selected radionuclide
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record, TR-90*.

Nishita, H., A. Wallace, E.M. Romney and R.K. Schulz. 1979. Effect of soil
type on the extractability of 37Np, 23 , and as a func-
tion of pH. NUREG/CR-0997 UCLA 12-1192. 32 pp.

Routson, R.C., G. Jansen and A.V. Robinson. 1975. Sorption of
and on two subsoils from differing weathering intensity areas.
Battelle Pacific Northwest Laboratories Report, BNWL-1889.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120*.

3.3 PISMUTH

Nothing was found in the literature on soil Kd values for

bismuth, but bismuth should behave similarly to polonium because of their

proximity in the Periodic Table.

3.4 LEAD

Lead is a heavy-metal cation of general environmental concern in

most industrial areas. Consequently, considerable information exists about

its environmental behaviour (Gerritse et al., 1982; Wolf et al, 1977; Sol-

datini et al., 1976; Abd-Elfattah and ada, 1981). Unfortunately, not much

information s available (see Table ).

The recommended Kd value means, standard deviations, ranges and

distribution parameters for lead by soil type, based on Tahle 4, are given

in Table .
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TABLE 5

K FOR LEAD

Soil R S.D. n K Range Lognormal
Type (mL g) ML/g) Distribution

Sand 1693 1646 3 280 to 3500 3.035 0.5527

Organic 2.7845xlO 2.6024x10 4 4 180 to 6.3x10 3.954 1.150

Baes and Sharp (1981) suggested a mean value of 2.0 for the

log 10Kd for lead, with a corresponding standard deviation of 0.7 (see Table

Lead should behave similarly to polonium and Kd values for polonium can

be found in Section 3.6.

Lead References

Abd-Elfattah, A. and K. Wada. 1981. Adsorption of lead, copper, zinc
cobalt and cadmium by soils that differ in cation-exchange materials.
J. Soil Sci. 32, 271-283.

Baes III C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge National Labora-

tory Report, CONF-810606-44.

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roos. 1982. Effect
of sewage sludge on trace element mobility in soils. J. Environ. Qual.
11, 359-364.

Soldatini, G.F., R. Riccardo and R. Levi-Minzi. 1976. Lead adsorption by
soils. I. Adsorption as easured by the Langmuir and Freundlich iso-

therms. Water, Air Soil Pollut. 6, 111-118.

Wolf, A., K. Bunzl, F. Dietl and W.F. Schmidt. 1977 Effect of calcium
ions on the absorption of lead (2+), copper (2+), cadmium (2+), and
zinc (2+) by humic substances. Chemosphere , 207-213.

3.5 NEPTUNIUM

The summary on neptunium geochemistry presented by Johnston and

Gillham (1980) ndicates that



(1) neptunium should exist as Np in the form of NpO in an oxidi-

zing soil environment; however, it s not evident whether NpO + is

also the dominant species under reducing conditions;

(2) neptunium colloids have been reported in some soil-solution exper-

iments (Sheppard et al., 1976) and absent in others (Routson et

al., 1977).

The recommended Kd value means, standard deviations, ranges and

distribution parameters for neptunium by soil type, based on Table 6 are

given in Table 7.
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Baes and Sharp (1981) suggested a mean value of 1.0 for the

logl0Kd for neptunium, with a corresponding standard deviation of 1.0 (see

Table 1). Allard et al. (1977) reported Kd ranges of 10 to 16 L/g for

clay/mud and 25 to 50 L/g for granites. Vandergraaf (1982) recommended a

K of 40 to 100 L/g for granites.

Neptunium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radio-
nuclides in clay and rock. Part 1. Determinations of Distribution
Cofficients. KBS Technical Report 55.
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Ames, L.L. and D. Rai . 1978. Radionuclide interactions with soil and rock
media, Volume 1. U.S. Environmental Portection Agency Report, EPA
520/6-78-007.

Baes III, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge National Labora-
tory Report, CONF-810606-44.

Fowler, S.W. and S.R. Aston. 1982. Application of 2 p in experimental
aquatic radioecology: Preliminary observations on neptunium behavior
in sea water, sediments and zooplankton. Health Pys. 2, 515- 520.

Johnston, H.M. and R.W. Gillham. 1980. A review of selected radionuclide
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record, TR-90.

Nishita, H., A. Wallace, E.M. Romney and R.K. Schulz. 1979. Effect of soil
type on the extractability of 2 3Np, 2 3 4 u, 2Am nd 24tm as a func-
tion of pH. NUREG/CR-0997 UCLA 12-1192. 32 pp.

Routson, R.C., G. Jansen and A.V. Robinson. 1977. 24 An, 2 3p and
sorption on two United States subsoils from differing weathering inten-
sity areas. Health Phys. 311-317.

Sheppard, J.D., J.A. Kittrick and T.L. Hart. 1976. Determination of ds-
tribution ratios and diffusion coefficients of neptunium, americium and
curium in soil-aquatic environments. Richland Operations Office Con-
tract Report, RLO-2221-T-12-2.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120*.

3.6 POLONIUM

Polonium information in the literature is extremely scarce.

Bismuth should behave similarly to polonium, and also lead and polonium

should behave similarly. All of the K information on poloniu reported

here (see Table 8) comes from one research program (Hansen, 1970; ansen and

Watters, 1971). The chemical form of natural polonium in soils, resulting

from the decay of radium, ay be similar to that of selenium (Hansen, 1970).

Tellurium is, also a member of Group VIA of the Periodic Table and may behave

similarly to polunium. Polonium compounds with +2 and 4 oxidation states

have been reported, with the preferred oxidation state being +4 (ansen,

1970). Polonium in air generally found as polonium dioxide

Unrestricted unpublished report, available from SDDO, Atomic Energy of
Canada Limited Research Company. Chalk River. Ontario
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(Hansen, 1970). Hansen also reported that, for p values of 1 to 5, 7 to 8

and 12 to 14, polonium exists mainly n dissolved forms, while for pH values

of 6 to 7 and 10 to 11, most of the polonium exists as a colloid. Thus, in

the acidic organic and acidic sandy soils of the Precambrian Shield,

polonium ay exist only in the dissolved form.

The recommended Kd value means, standard deviations, ranges and

distribution parameters for polonium by soil type, based on Table 8, are

given in Table 9.

TABLE 9

K FOR POLONIUM

Soil S.D. n K Range Lognormal
Type (mL/g) mL/g) Distribution

Sand 504.2 1215 35 13 to 7020 2.188 0.6574

Silt 692.5 535.7 13 24 to 1830 2.607 0.5789

Baes and Sharp (1981) suggested a mean value of 2.7 for the

log for polonium, with a corresponding standard deviation of 0.3 (see

Table 1). The value for is higher, but te range of d values is

narrower, than recommended for lead.

Polonium References

Baes III, C.F. and R.D. Sharp. 1981. Predicting radionuclide from
root zone soil for assessment applications. Oak Ridge Natinal Labora-
tory Report, UNF-81U606-44.

Hansen, W.R. 1970. Polonium-210 in soils and plants. Special Report on
U.S. Atomic Energy Commission Contract No.

Hansen W.R. and R.L. Watters. 1971. Unsupported in soil: Soil
adsorption and chraracterization of soil solution species. Soil Sci
112, 15-155.
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3.7 PLUTONIUM

Plutonium, like americium, has been studied extensively because of

weapons testing n the 1950s. The summary on plutonium geochemistry pre-

sented by Johnston and Gillham (1980) indicates that

(1) Pu considered the most probable oxidation state in the envi-

ronment because of reduction of Pu to Pu by organic materials;

reduction of Pu4 to Pu could occur at pH 6 under anaerobic

conditions;

(2) plutonium adsorption is a function of oxidation state (Pu is

adsorbed less than Pu4 ), organic matter content and solution pH;

(3) Kd values for plutonium reported in the literature were often

obtained without knowledge of the oxidation state, and caution

must be used in nterpreting results that use these K. values.

Most Kd values in the literature apply to aerobic conditions. The recom-

mended Kd value means, standard deviations, ranges and distribution para-

meters for plutonium by soil type, based on Table 10, are given in Table 11.
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Baes and Sharp (1981) suggested a mean value of .3 for the

log for plutonium, with. a corresponding standard deviation f 1.0 (see
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Table 1). Allard et al. (1977) reported that the plutonium d range for

both granite and clay/mud is 6.3 x 101 to 1.6 x 102 mL/g. Vandergraaf

(1982) recommended a K d value range for plutonium of 2.8 x 102 to

2.0 x 103 mL/g for granite.

Plutonium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radio-
nuclides in clay and rock. Part . Determination of distribution
coefficients. KBS Technical Report 55.

Baes III, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge National Labora-
tory Report, CONF-810606-44.

Bondietti, E.A. and S.A. Reynolds. 1976. Field and laboratory observations
on plutonium oxidation states. In: Proceedings of the Actinide-Sedi-
ment Reactions Working meeting at Seattle, Washington, 1976 February
10-11, 1976, Battelle Pacific Northwest Laboratories Report, BNWL-2117,
pp. 505-537.

Bondietti, E.A. S.A. Reynolds and M.H. Shanks. 1975. Interaction of pluto-
nium with complexing substances in soils and natural waters. In:
Transuranium Nuclides n the Environment. International Atomic Energy
Agency Report, AEA-SM-199, pp. 23-287.

Erickson, K.L. 1980. Radionuclide sorption studies on abyssal red clays.
In: Scientific Bases of Nuclear Waste Management Vol. 2. Plenum Press,
ed. C..J.M. Northrup.

Glover, P.A., F.J. Miner ad W.O. Polzer. 1976. Plutonium and americium
behaviour in the soil/water environnent. I. Sorption of plutonium and
americium by soils. In: Proceedings of the Actinide-Sediment Reac-
tions Working Meeting at Seattle, Washington on 1976 Feb. 10-11. Bat-
telle Pacific Northwest Laboratories Report, BWL-2117, pp. 225-254.

Hamstra, J. and B. Verkerk. 1977. Review of Netherlands program for geo-
logic disposal of radioactive waste. In: Nuclear Power and its Fuel
Cycle. International Atomic Energy Agency Report, IAEA-C-36/289.

Johnston, M.M. and R.W. Gillham. 1980. A review f selected radionuclide
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record,
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Pillal, K.C. and E. Mathew. 1975. Plutonium the aquatic environment -
its behaviour, distribution and significance. In: Transuranium Nucli-
des in the Environment. International Atomic Energy Agency Report,
IAEA-SM-199/27.

Rhodes, D.W. 1957. The effect of pH on the uptake of adioactive sotpes
from solution by a soil. Soil Sci. Amer. Proc. 21 389-92.

Tamura, T. 1972. Sorption phenomena significant in radioactive waste dis-
posal. In: Underground Waste Manageent and Environmental Implica-
tions. Amer. Assoc. Pet. Geol. Mem. 18, 31.-330.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
auclides on granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120.

3.8 PROTACTINIUM

Nothing on Kd values or soil chemistry for protactinium was found

in the literature. We suggest that Kd values for thorium or uranium be

used, or even some combination of the values for there elements, such as

3.9 RADIUM

The interaction of radium with geological materials and soils, and

the environmental behaviour of radium have been documented by Gilham et al.

(1981b); Nathwani and Phillips (1979), and Sheppard (1980), respectively.

The Kd values for radium vary from 50 to 1000 L/g (Gillham et al.,

Johnston and Gilliham (1980) summarized the Information relevant to K as

follows:
{COULD NOT BE CONVERTED TO SEARCHBALE TEXT}
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The recommended Kd value means, standard deviations, ranges and

distribution parameters for radium by soil type, based on Table 12, are

given in Table 13.
{COULD NOT BE CONVERTED TO SEARCHBALE TEXT}

The Kd values for strontium may used as a uide because of the

chemical similarity of radium and strontium. Baes and Sharp (1981)

suggested a mean value of 1.4 for te log for strontium, with a corre-

sponding standard deviation of 0.9 (e Tble 1). Allard et al. (1977)

reported a Kd range or radium of 40 to 79 or clay/mud and 63 to

100 mL/g for granite. Vandergraaf (1982) recommended a K range of 5 to

5000 mL/g for granite. Since no data were found or organic soils, the

radium K value for clay, or the strontium K value for organic soil, is

recommended.
{COULD NOT BE CONVERTED TO SEARCHBALE TEXT}
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Gillham, R.W., H.D. Sharma, .R. Reddy, E.L. Cooper and J.A. Cherry. 1981b.
Barium and radium migration in unconsolidated Canadian geological mate-
rials. Atomic Energy Control Board Report, INFO-0048.

Johnston, H.M. and R.W. Gillham. 1980. A review of selected radionuclide
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record, TR-90.

Nathwani, J.S. and C.R. Phillips. 1979. Adsorption of 226Ra by soils in
the presence of calcium (2+) ons. Specific adsorption (II). Chem-
osphere , 293-299.

Sheppard, 1980. The environmental behaviour of radium. Atomic Energy
of Canada Limited Report, AECL-6796.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lm-
ited Technical Record, TR-120*.

3.10 THORIUM

Little information is available in the literature on thorium in-

teractions n the environment; however, two brief reviews of thorium chemis-

try are available (Rancon, 1973; Sheppard, 1980). Johnston and Gillham

(1980) summarized the information relevant to K as follows:

(1) The primary thorium adsorption mechanism is ion exchange.

(2) In non-calcareous soils, thorium adsorption is extremely sensitive

to initial thorium solution concentrations In organic materials,

increased pH causes increased humic acid solubility and thorium

complexation, resulting in lower Kd values. In calcareous soils,

K values are high ( 10 mL/g), regardless of pH or thorium con-

centration, because of the buffering capacity of the soil and the

precipitation of Th(0H)

(3) values are generally high, in dilute solutions,

indicating limited thorium migration.

The recommended K value means, standard deviations, ranges and distribu-

tion parameters for thoriu by soil type, based on Table 14, are given in

Table 15.
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TABLE 15

K FOR THORIUM
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3.11 URANIUM

Several reviews of uranium chemistry exist (Harmsen and de Haan,

1980; Borovec 1981; Sheppard, 1980), but few Kd values have been reported

the literature. The summary on uranium geochemistry presented by John-

ston and Gillham (1980) indicates that

(1) in oxidizing environments, U6+ compounds are stable and can pre-

cipitate, whereas U is stable in a reducing environment and

would precipitate as U02; thus the oxidation-reduction status is

important;

(2) soluble uranium (U6+) can be adsorbed or reduced by organic mat-

ter; if U6+ s reduced to U+, precipitation can occur;

(3) U02 2 can be adsorbed by clay minerals by cation exchange, but may

also form complexes with anions such as carbonate or phosphate.

Borovec (1981) indicated that K values for uranium for clay minerals range

from 50 to 1000 mL/g and for peat from 104 to 10 mL/g. The recommended

K value eans, standard deviations, ranges and distribution parameters for

uranium by soil type, based on Table 16, are given in Table 17.
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Table 1). Allard et al. (1977) reported d ranges from 2.5 to 20 mL/g for

clay/mud and 4 to 13 L/g for granites. Vandergraaf (1982) recommended a Kd

range of 0.4 to 10 L/g for granites.

Uranium References

Allard, B., H. Kipatsl and J. Rydberg. 1977. Sorption of long-lived radio-
nuclides in clay and rock. Part 1. Determination of Distribution
Coefficients. KBS Technical Report 55.

Baes C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge National Labora-
tory Report, CONF-810606-44.

Borovec, Z. 1981. The adsorption of uranyl species by fine clay. Chem.
Geol. 32, 45-48.

Erickson, K.L. 1980. Radionuclide sorption studies on abyssal red clays.
In: Scientific Basis of Nuclear Waste Management Vol. 2. Plenum Press,
ed. C.J.fl. Northrup.

Harmser K. and F.A.M. de Haan. 1980. ccurrence and behaviour of uranium
and thorium in soil and water. Neth. J. Agric. Sci. 28, 40-62.

Johnstor, H.M. and R.W. Gillham. 1980. A review of selected radionuclide
distribution coefficients of geologic materials. Atomic Energy of
Canada Limited Technical Record, TR-90*.

Rancon, D. 1973. The behaviour in underground environments of uranium and
thorium discharged by the nuclear industry. In: Environmental Behav-
iour of Radionuclides Released in the Nuclear Industry. International
Atomic Energy Agency Report, IAEA-SM-172/55.

Sheppard, .I. 1980. The environmental behaviour of uranium and thorium.
Atomic Energy of Canada Limited Report, AECL-6795.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120.

Yamamoto, T., E. Yunoki M. Yamakawa and M. Shimizu. 1973. Studies on
environmental contamination by uranium. 3: The effects of carbonate
ion on uranium adsorption and desorption from soils. J. Radiat.
Res 14
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4 DISTRIBUTION COEFFICIENTS FOR FISSION PRODUCTS

4.1 CALCIUM

Kd values for calcium reported by Graham (1973) and Graham and

Silva (1979) vary from 1 x 10-3 to 9.8 mL/g; however, there is some

confusion about the units. Wong et al. (1983) reported Kd values of 1117

and 1900 L/g for a sand and a muck soil, respectively. It is recommended

that the Kd values for strontium be used for calcium (see Section 4.11).

Calcium References

Graham, E.R. 1973. Selective distribution and labile pools of micronutri-
ent elements as factors affecting plant uptake. Soil Sci. Soc. Amer.
Proc. 37, 70-74.

Graham, E.R. and C.G. Silva. 1979. Labile pools and distribution coeffi-
cients for soil calcium, magnesium, and potassium determined with ex-
change equilibria and radioisotopes. Soil Science 128, 17-22.

Wong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983. Heavy metal migration in soil-leachate systems. Bio-
cycle 24, 30-33.

4.2 CARBON

Allard et al. (1981) studied the sorption of on some

solids using the batch technique. The sorption of 14C was generally low,

but appeared to increase with increasing calcium content of the solid.

Retardation factors of up to 3 (i.e., three times slower transport of

than of water) were measured for calcite. Concrete will probably retain

most of te and a retardation factor 10 might be expected for a

bentonite-quartz mixture Owing to the paucity of

information, a conservative retardation factor of 1, or a Kd of 0 mL/g, is

recommended.
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Carbon Reference

Allard, B., B. Toratenfelt and . Andersson. 1981. Sorption behaviour of
14C in groundwater/rock and in groundwater/concrete environments.
Report Prav 4.27.

4.3 CESIUM

The work of Gillham et al. 1981a) is the most extensive on Kd

values for cesium for Canadian soils. Their study showed that for 15 Cana-

dian soils, Kd values for cesium ranged from 1 x 102 to 2 x 104 mL/g, but

there was no significant correlation between the Kd value and measured soil

properties such as CEC, major cation concentration, clay mineral composi-

tion, organic matter content and pH. In more than half of the samples, how-

ever, the Kd values were related significantly to the natural exchangeable

cesium content of the soil, and this must be accounted for in sorption

studies.

The recommended K value means, standard deviations, ranges and

distribution parameters for cesium, based on Table 18, are given in Table

19.
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to 794 L/g for clay/mud and granite, respectively. Vandergraaf (1982)

recommended a range of 40 to 1000 mLg for granite.

Cesium References

Aleksakhin, R.M. 1965. Radioactive contamination of soils and plants.
USAEC Report AC-tr-6631.

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radio-
nuclides n clay and rock. Part 1. Determination of Distribution
Coefficients. KBS Technical Report 55.

Baes III, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment applications. Oak Ridge National Labora-
tory Report, CONF-810606-44.

Elprince, A.M., C.l. Rich and D.C. Martens. 1977. Effect of temperature
and hydroxy aluminum interlayers on the adsorption of trace radioactive
cesium by sediments near water-cooled nuclear reactors. Water esour.
Res. 13, 375-380.

Gillham, R.W., L.E. Lindsay, W.D. Reynolds, T.J. Kewen, J.A. Cherry and M.R.
Reddy. 1981a. Studies of cesium and strontium migration in unconsoli-
dated Canadian geological materials. Atomic Energy Control board Re-
port, INFU-0049.

Hajek, B.F. and L.L. Ames, Jr. 1968. Strontium and cesium equilibrium
distribution coefficients: Batch and column determinations.
BNWL-481-3.

Hamstra, J. and Verkerk, b. 1977. Review of Netherlands program for geo-
logic disposal of radioactive wste. In: Nuclear Power and its Fuel
Cycle. International Atomic Energy Agency Report, LAEA-CN-36/289.

Rancon D. 1972. Practical utilization of the distribution coefficient for
the measurement the radioactive contamination of minerals in rocks,
soil and subterranean water. Cadarache Nuclear CEA Research Center,

L-trans-93i, Report-R-4274.
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Serne, R.J., D. Rai and S.J. Phillips. 1978. Monitoring and physical char-
acterization of unsaturated zone transport: Laboratory analysis. n:
Nuclear Waste Management Quarterly Progress Report Oct.-Dec. 1977,
Pacific Northwest Laboratory Report, PNL-2377-4, UC-70.

Schmalz, B.L. 1972. Radionuclide distribution n soil mantle of the litho-
sphere as a consequence of waste disposal at the National Reactor Test-
ing Station, SAEC Report, IDO-10049.

Tymochowicz, S. 1981. Sorptive properties of mineral deposits occurring in
Poland. Nukleonika, 26, 595-599.

Wildung, M.W. and D.W. Rhodes. 1963. Removal of radioisotopes from solu-
tion by earth materials from eastern Idaho. IDC-14624.

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120.

Zelazny, L.W., D.C. Martens, A.M. El-Prince and C.I. Rich. 1978. Effect of
temperature and hydroxy-aluminum interlayers on cesium selectivity and
fixation n river suspensions and soils. ORO-4851-2

4.4 IODINE

The most extensive study of iodine adsorption on soil was that of

Wildung et al. (1974). Johnston and Cillham (1980) have summarized the

known soil chemistry of iodine as follows:

(1) the most stable form of iodine in both oxidizing and reducing

environments is iodide, I-. Because the predominant iodine spe-

cies is an anton, ion exchange would not be important in soil

adsorption, particularly at neutral or high p values.

(2) organic matter appears to be a significant factor in iodine ad-

sorption.

(3) Kd values for iodine range from .1 to 0 nL/g, depending on the

form of the iodine and the pH of the solution. The maximum K

value would be obtained for
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Since no Kd values for specific soils were found in the literature, the

multiple-regression equations (based on iodide (I-) and methyl Iodide (CH31)

Interactions with 22 soils) rep rted by Wildung et al. (1974) were applied

to soils already described in this report. The Kd values were calculated

only or soils whose properties were within the range of the soils used to

generate the multiple-regression equations. The equations for iodide Kd and

methyl iodide Kd differ, and are

K 0.33 X + 0.09 X (5)
iodide

Kd methyl 0.027 X2 + 0.10 X3 (6)

iodide

where X is the silt content (range for equation development is 7.6 to

58.0),

X2 is the clay content range for equation development is .8 to

46.6), and

X3 Is the organic carbon content (range for equation development

is 0.23 to 28.8%).

The recommended Kd value means, standard deviations, ranges and distribu-

tion parameters by soil type (using Equation (6) since it will predict the

lowest K values because methyl iodide is more highly obile), based on

Table 20, are given in Table 21.
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Gillham, R.W., L.E. Lindsay, W.D. Reynolds, T.J. Kewen, J.A. Cherry and
M.R. Reddy. 1981a. Studies of cesium and strontium migration in un-
consolidated Canadian geological materials. Atomic Energy Control
Board Report, INFO-0049.

Clover, P.A., F.J. Miner and W.O. Polzer. 1976. Plutonium and americium
behaviour n the soil/water environment. I. Sorption of plutonium and
americium by soils. In: Proceedings of the Actinide- Reac-
tiots Working Meeting at Seattle, Washington on 1976 Feb. 1-l1. BAt-
telle Pacific Northwest Laboratories Report, BNWL-2117,

Nowak, E.J. 1981. Composite backfill materials for radioactive waste
by deep burial in salt. Scientific Basis of Nuclear Waste Man-

agement 3 545-552.

Routson, R.C. 1973. A review of studies on boil-waste relationships o the
Hanford Reservation from 1944 to 1967. Battelle Pacific Northwest
Laboratories Report, BNWL-1464, UC-70.

Vandergraat, T.T. 1982. A compilation of sorption coefficients or radio-
nuclides on granites and granitic rocks. Atomic Energy o Canada Lim-
ited Technical Record, TR-120*.

Wildung, R.E., R.C. Routson, R.J. Serne and T.R. Garland. 1974. Pertech-
netate, iodide, and ethyl iodide retention by surface

4.5 MOLYBDENUM

No data were found in the literature for molybdenum; however,

because Its position in the Periodic Table, the K values tr technetium

can be used for molybdenum.

4.6 NICKEL
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Gerritse et al. (1982) suggested that the K value range for

nickel is 1 X 102 to 1 x 103 m/g. They reported two sandy mineral soil

values of 6 x 101 and 3.4 x 102 L/g and four peat soil values of 3.6 x 10

6 x 102, 9.9 x 102 and 4.7 x 103 L/g. Wong et al. (1983) reported

values of 604 and 1437 m./g for a sand and a muck soil, respectively. The

recommended values of and a for the Kd distribution for nickel, bsed on

this information and distribution information for the other nuclides, are

given in Table 22.
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Sand 1.5 1.0
Silt 2.0 1.0

Clay 3.0 1.0

Organic 3.0 1.0

Nickel References

Gerritse, R.G., R. Vriesems, J.W. Dalenberg and H.P. De Roos. 1982. Effect
of sewage sludge on trace element mobility in soils J. Environ. Qual.
11, 359-364.

Swanson, J.L. 1981. Effect of organic complexants on the mobility of Low-
level wste radionuclides in soils: Status report. Pacific Nrthwest
Laboratory Report, PNL-3927, UC-70.

Wong, K.V.. S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and
Gerrish. 1983. Heavy metal migration in soil-leachate systems.
cycle 24, 30-33.

4.7 PALLADIUM

No specific information was found on soil adsorption of

We suggest that the K values for nickel be used for palladium.
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(1982) reported a range of 0 to 8 mL/g for the Kd of palladium for granite.

He recommended that a K value of 11 m/g be used.

Palladium Reference

Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120*.

4.8 RARE EARTHS - ERBIUM, SAMABIUM AND CERIUM

Terbium, anmarium and cerium are fission products, and it is con-

venlent to discuss these three rare-earth elements together because of their

chemical similarity. Cerium was the only one of these elements for which

data were found. Vandergraaf (1982) reported that the K value for cerium

ranges from 250 to 5000 mL/g, and recommended a value of 1000 mL/g. Allard

et a. (1977) reported a K range for cerium of 100 to 10 000 mLg for

clay/ mud and 1000 to 1.6 x 104 mL/g for granite. Baes and Sharp (1981)

suggested a mean value of 3.0 for the log for cerium, with a correspon-

ding standard deviation of 0.6, and a K range of 58 to 6000 L/g (see

Table 1 for all soils. We recommend using the values of Baes and Sharp for

all soil types.

Rare Earths References
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4.9 SELENIUM

Elsokkary (1980) reported selenium adsorption for three soils,

which allowed the computation of Kd values of 1.6, 2.2 and 2.5 ml/g on a

clay soil and two silty soils, respectively. Frost and Griffin (1977)

reported a K value of 50 m/g for HSeO adsorption on calcium-montmoril-

lonite at a of 7. Singh al. (1981) reported K values ranging from 3

to 73 L/g for selenate adsorption on sandy soils. Since insufficient data

are available, we suggest that the values for polonium be used for assess-

ment purposes.

Selenium References

Elsokkary, I.H. 1980. Selenium distribution chemical fractionation and
adsorption in some Egyptian alluvial and lacustrine soils. Z. Pflan-
zenernaehr. Bodenkd., 143, 74-83.

Frost, R.R. and R.A. Griffin. 1977. Effect of pH on adsorption of arsenic
and selenium from landfill lachate by clay minerals. Soil Sci. Soc.
Amer. J. 41, 53-57.

Singh, ., N. Singh and P.S. Relan. 1981. Adsorption and desorption of
selenite and selenate selenium on different soils. Soil Sci. 132,
134-141.

4.10 SILVER

Little information exists for soil adsorption of silver and o

specific soil K d values were found. Consequently, it is suggested that in-

formation for copper be used for silver because of their proximity in the

Periodic Table. Gerrite t al. (1982) suggested that the K value range

for silver s I x t I x 10 mg. They reported Kd values of 1.6 x 102

and 5.6 x m/g for copper on sandy mineral soil, and K values of

4.4 x 10 , 1.7 10 10 and 3.3 x 1 nL/g for copper on peaty soil.

Values for copper also from 5.5 x 
1 0

t 1.2 x 1 L/g for 0 to

0.9 meq dry Wong et al. (1983) reported Kd values for copper

of and muck soil, respectively. The recom-

mended distribution pirameter values for silver, based on this informa-

tion, on the distributin , information for the other nuclides and on Table
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TABLE 24

RECOMENDED VALUES OF AND a FOR SILVER

Lognormal Distribution
Soil Type

Sand 1.726 0.9988 4

Silt 2.090 0.5678 3

Clay 4.0

Organic 4.184 0.3792 4

Silver References

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roos. 1982. Effect
of sewage sludge on trace element mobility in soils. J. Environ. Qual.

359-364.

Grahams, E.R. 1973. Selective dtribution and labile pools of micronutri-
ent elements as factors affecting plant uptake. Soil Sci. Soc. Amer.
Proc. 37, 70-74.

Wong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983. Heavy metal migration in soil-leachate systems. Bio-
cycle 24, 30-33.

4.11 STRONTIUM

The most extensive report on strontium Kd values for Canadian

soils is the work of Gillham et al. (1981a). For 15 Canadian soils, the Kd

values ranged from 2.5 to 1 x 02 mL/g. The study also showed that stron-

tium in some or possibly many circumstances would migrate at velocities

smaller than the groundwater velocity but at velocities which nevertheless

could be significant."

The recommended K value means, standard Jevlations, ranges and

distribution parameters for strontium by soil type, based on Table 25, are

given in Table 26.
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port, INFO-0049.

Hajek, B.F. and L.L. Ames, Jr. 1968. Strontium equilibrium
distribution coefficients: Batch and column determinations. Battelle
Pacific Northwest Laboratories Report, BNWL-481-3.

Hamstra, J. and B. Verkerk. 1977. Review of Netherlands program for geo-
logic disposal of radioactive waste. In: Nuclear Power and ts Fuel
Cycle. International Atomic Energy Agency Report, IAEA-CN-36/289

Juo, A.S.R. and S.A. Barber. 1970. The retention of strontium by soils
Influenced by pH, organic matter and saturation cations. Soil Sci.
109, 143-148.

Palmer, D.A., S.Y. Shiao and R.E. Meyer. 1981. Adsorption of nuclides on
mixtures of inerals. J. Inorg. Nucl. Chem. 43, 3317-3322.

Patterson, R.J. and T. Spoel. 1981. Laboratory measurements of the stron-
tium distribution coefficient KdSr for sediments from a shallow sand
aquifer. Water Resour. Res. 17, 513-520.

Rancon, D. 1972. Practical utilization of the distribution coefficient for
the measurement of the radioactive contamination of minerals in rocks,
soil and subterranean water. Cardarache Nuclear CEA Research Center,
ANL-trans-93l, Report-R-4274.

Rhodes, D.W. 1957. The effect of pH on the uptake of radioactive isotopes
from solution by a soil. Soil Sc. An. Proc. 21. 389-392.

Routson, R.C. 1973. A review of studies on soil-waste relationships on the
Hanford Reservation from 1944 to 1967. Battelle Pacific Northwest
Laboratories Report, BNWL-1464, UC-70.

Schmalz, B.L. 1972. Radionuclide distribution in soil mantle of the litho-
sphere as a consequence of waste disposal at the National Reactor Test-
ing Station, USAEC Report, IDO-10049.

Serne, R.J., D. Rai and S.J. Phillips. 1978. Monitoring and physical char-
acterization of unsaturated zone transport: Laboratory analysis. in:
Nuclear Waste Management Quarterly Progress Report 1977 Oct.-Dec.
Pacific Northwest Laboratory Report, PL-211-4, UC-70.

Tamura, T. 1972. Sorption phenomena significant In radioactive wste dis-
posal. in: Underground Waste Management and Environmental Implica-
tions. Amer. Assoc. Pet. Geol. Mem. 18,
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Vandergraaf, T.T. 1982. A compilation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-
ited Technical Record, TR-120.

Wahlberg, J.S., J.H. Baker, R.W. Vernon and RS. Dewar. 1965. Exchange
adsorption of strontium on clay minerals. U.S. Geol. Surv. Bull.,
1140-C, U.S. Government Printing Office, Washington.

4.12 TECHNETIUM

The environmental behaviour of technetium has recently been re-

viewed (Turcotte, 1982) as has the chemistry of technetium (PaqLette et

al., 1980). Technetium migration s generally retarded under reducing con-

ditions (i.e., n geological formations), where it is less soluble. Techne-

tium, however, moves with the groundwater in aerated soils of low organic

carbon content. Johnston and Gillham (1980) indicated that

(1) because the pertechnetate ion, TcO-, is the most stable species

of technetium in aqueous solutions, Tc will not be subject to

ion exchange; hence, technetium will show little adsorption to

soil;

(2) in soils with appreciable organic matter, Tc 4 may be reduced to

Tc and adsorbed.

The recommended Kd value means, standard deviations, ranges and distribu-

tion parameters for technetium by soil type, based on Table 27, are given in

Table 28.
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distribution coefficients of geologic materials. Atomic Energy of
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Mousny, J.M. and C. yttenaere. 1981. Absorption of technetium by plants
in relation to soil type, contamination level and time. Plant and Soil
61, 403-412.

Nowak, E.J. 1981. Composite bkfill materials for radioactive waste iso-
lation by deep burial in salt. Scientific Basis Nuclear Waste Manage-
ment 3, 545-552.

Paquette, J., J.A.K. Reid and E.L.J. Rosinger. 1980. Review of technetium
behavior n relation to nuclear waste disposal. Atomic Energy of
Canada Limited Report, R-25.

Routson, P..C., G. Jansen ad A.V. Robinson. 1977. 24 1Am, 237Np, and
sorption on two United States subsoils from differing weathering inten-
sity areas. Health Phys. 33, 311-317.

Serne, R.J.. D. Raf and S.J. Phillips. 1978. Monitoring and physical char-
acterization at unsaturated zone transport: Laboratory analysis. In:
Nuclear Waste Management Quarterly Progress Report 1977 Oct.-Dec.,
Pacific Northwest Laboratory Report, PL-2377-4, UC-70.

Sheppard, .I., T.T. Vandergraaf, D.H. Thibault and J.A.K. Reid. 1983.
Technetium and uranium: Sorption by and plant uptake from peat and
sand. Health Phys. 44, 635-643.

Turcotte, M.S. 1982 Environmental behavior of technetium-99. E.I. du
Pont de Nemours & Co., Savannah River Plant and Laboratory Report,
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Tin Reference

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roos. 1982. Effect
of sewage sludge on trace element mobility in soils. J. Environ. Qual.
11, 39-364.

4.14 ZIRCONIUM AND NIOBIUM

Rhodes (1957) reported Kd values ranging from 90 mL/g (pH - 6.0)

to > 1980 mL/& (p - 2.7, 3.5, 4.4, 8.4 and 9.3) for zirconium-niobium ad-

sorption on Hanford subsoil. From this information, in the pH range of most

interest for surface soil (pH - 5 to 8, a sandy soil), zirconium has an

average K of 164 mLg. This appears to agree well with the Kd for niobium

of 210 L/g recommended for granite (Vandergraaf, 1982). Vandergraaf also

recommended a K range for zirconium of 1000 to 6000 L/g for granite.

Allard t al. (1977) reported a Kd range for zirconium of 50 to 1000 L/g

for clay/mud ad 1250 to 6300 L/g for granite.

Based on this information, the recommended mean of the lognormal

distribution for zirconium and niobium is 2.5 with a standard deviation of

1.0. Because information s insufficient to break it down by soil type, one

value is recommended for all soil types.

Zirconium and Niobium References

Allard, B. . Kipatsi and . Rydberg. 1977. Sorption of long-lived radio-
nuclides in clay and rock. Part 1. Determination of Distribution
Coefficents KBS Technical Report 55.

Rhodes, D.W. 1957. Te effect of p on the uptake of radioactive isotopes
from solation by a soil. Soil Sc. Am. Proc. 21, 389.

Vandergraat. T.T. 1982. A compilation of sorption coefficients tor radio-
nuclides on granites and granitic rocks. Atomic Energy of Canada
ited Technical Record,.
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5. DISTRIBUTION COEFFICIENTS FOR OTHER NUCLIDES

5.1 ANTIMONY

No specific soil Kd information was found for antimony. The Kd

values for lead are recommended for antimony, because of ts proximity to

lead n the Periodic Table.

5.2 BORON

Little information was found on boron adsorption on soils; how-

ever, there is some indication that adsorption is influenced by soil texture

and the presence of soluble salts and exchangeable cations (Gupta, 1980).

Boron adsorption information reported by Keren and O'Connor (1982) for mont-

morillonite and illite indicated that the K value for boron for these pure

clays could be as high as mL/g. That work suggested that the Kd value

for soils may be in the range 0 to 10 mL/g. We recommend a value of 1 mL/g

for assessment purposes; the lognormal dstribution parameter values cannot

be given.

Boron References
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TABLE 30

K FOR CADMIUM
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Wolf, A., K. Bunzl, F. Dietl and W.F. Schmidt. 1977. Effect of calcium
ions on the absorption of lead (2+), copper (2+), cadmium (2+) and zinc
(2+) by humic substances. Chemosphere 6, 207-213.

Wong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983. Heavy metal migration in soil-leachate systems. Bio-
cycle 24, 30-33.

5.4 TELLURIUM

Allard et al. (1977) suggested that the Kd value for tellurium for

clay/mud and granite is I mL/g. This work suggests that the Kd range may be

0 to 1 mL/g. We recommend a Kd value of aL/g for assessment purposes; no

distribution parameter values can be given.

Tellurium Reference

Allard, B., H. Kipatsi and J. Rydberg. 1977. Adsorption of long-lived
radionuclides in clay and bedrock. Part 1. Determination of distribu-
tion coefficients. KS Technical Report 55.

5.5 ZINC

Gerritse et al. (1982) suggested that the Kd values for both zinc

and cadmium range from 1 x 103 to 1 x 104 mL/g, and their data for sandy and

organic soils show that the wo elements exhibit very similar sorption be-

haviour. The recommended Kd value means, standard deviations, ranges and

distribution parameters for zinc, based on Table 31, are given in Table 32.
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Zinc References

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Roos. 1982. Effect
of sewage sludge on trace element mobility in soils. J. Environ. Qual.
11, 359-364.

Graham, E.R. 1973. Selective distribution and labile pools of micronutri-
ent elements as factors affecting plant uptake. Soil Sci. Soc. Amer.
Proc. 37, 70-74.

Wolf, A., K. Bunzl, F. Dietl and W.F. Schmidt. 1977. Effect of calcium
ions on the absorption of lead (2+), copper (2+), cadmium (2+) and zinc
(2+) by humic substances. Chemosphere 6, 207-213.

Wong, K.V., S. Sengapta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
Gerrish. 1983. Heavy metal migration in soil-leachate systems. Bio-
cycle 24, 30-33.

5. CONCLUSIONS

The paucity of Kd values for organic soil is the most striking

observation from our review of the literature. Plutonium lead, technetium,

cadmium and zinc were the only nuclides for which more than two K values

have been determined for an organic soil (see Table 33). The next most

important observation is that very little work has been done with ineral

soils for some of the ore mobile nuclides with Kd values up to 100 mL/g,

such as uranium, technetium, molybdenum, iodine, selenium, carbon, boron,

and tellurium. There ay be good reasons why more K work is not warranted

for these nuclides in the Canadian waste management program, such as the

formation of precipitates or reduction to an immobile species in the vault

or geosphere. Our major recommendation is that effort be directed towards

the chemistry (including parameter determination, i.e., Kd determinations

of organic soils, and in particular the reactions of uranium, technetium,

iodine, selenium and carbon with organic sls. In spite of the limited

data base, it is possible to select reasonable K distribution parameter

values fr most nuclides for long-term waste management assessement

purpose .
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TABLE 33

AVAILABILITY OF Kd DATA FOR EACH NUCLIDE BY SOIL TYPE
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



REFERENCES

Abd-Elfattah, A. and K. Wads. 1981. Adsorption of lead, copper, zinc.
cobalt ad cadmium by soils that differ in cation-exchange materials.

J. Soil Sci. 32, 271-283.

Allard, B., H. Kipatsi and J. Rydberg. 1977. Srption of long-lived radio-
nuclides in clay and rock. Part 1. Determination of Distribution

Coefficients. KBS Technical Report 55.

Allard B., B. Torstenfelt and K. Andersson. 1981. Sorption behaviour of
in groundwater/rock and in groundwater/concrete environments.

Report Prav 4.27.

Aleksakhin. R.H. 1965. Radioactive contamination of soils and plants.
USAEC Report AEC-tr-6631.

Ames, L.L. and D. Rai. 1978. Radionuclide Interactions with soil and rock
media, Volume 1. U.S. Environmental Protection Agency Report, EPA
520/6-78-007.

Arnold, E.M., G.W. Gee and R.W. Nelson. 1982. Proceedings of the Symposium
on Unsaturated Flow and Transport Modeling. Pacific Northwest Labora-

tory Report, NUREG/CP-0030, PL-SA-10325.

Baes 111, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soil for assessment pplications. Trans. A. Nucl. Soc. 38,

111-112.

Balogh, J.C. and D.F. Grigal. 1980. Soil chromatographic movement of
through selected Minnesota soils. Soil Si. 130, 278-282.

Beals, D. 1984. Soil and climate parameters for post-closure biosphere
assessment of nuclear fuel waste disposal. Atomic Energy of Canada

Limited Technical Record, TR-285.

Bondietti, E.A. and S.A. Reynolds. 1976. Field and laboratory observations
on plutonium oxidation states. In: Proceedings of the Actinide-Sedi-
ment Reactions Working meeting at Seattle, Wshington, February 10-11,
1976 Battelle Pacific Northwest Laboratories Report, BWL-2117,

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



- 59 -

Cochran, J.K. and S. Kri shnaswami. 1980. Radium, thorium, uranium and
210Pb in deep-sea sediments and sediment waters from the north
equatorial Pacific. Amer. J. Sci. 280, 849-889.

Duguid, J.D. and M. Reeves. 1976. Material transport in porous media: a
finite-element Galerkin model. Oak Ridge National Laboratory Report,
ORNL-4928.

Elprince, A.M., C.I. Rich and D.C. Martens. 1977. Effect of temperature
and hydroxy aluminum interlayers on the adsorption of trace radioactive
cesium by sediments near water-cooled nuclear reactors. Water Resour.
Res. 13, 375-380.

Elsokkary, I.H. 1980. Selenium distribution chemical fractionation and
adsorption in some Egyptian alluvial and lacustrine soils. Z. Pflan-
zenernaehr. Bodekd., 143, 74-83.

Erickson, K.L. 1980. Radionuclide sorption studies on abyssal red clays.
In: Scientific Basis of Nuclear Waste Management Vol. 2. Plenum Press,
ed. C.J.M. Northrup.

Franz, J.A., L.Y. Martin and D.J. Wiggins. 1982. Behavior of reduced
and organic complexes on Hanford soil. Pacific Northtest Labora-
tory Report, PNL-4178, UC-70.

Fowler, S.W. and S.R. Aston. 1982. Application of 2 3Np n experimental
aquatic radioecology: Preliminary observations on neptunium behavior
in sea water, sediments and zooplankton. ealth Phys. 42, 515- 520.

Friedman, A.M. 1976. Actinides in the Environment. ACS Symposium Series
35, American Chemical Society, Wshington, D.C.

Frost, R.R. and R.A. Griffin. 1977. Effect of pH on adsorption of arsenic
and selenium from landfill leachate by clay minerals. Soil Sci. Soc.
Amer. J. 41, 53-57.

Garcia-Miragaya, J. 1980. Specific sorption of trace amounts of cadmium by
soils. Commun. Soil Sci. Plant Anal. 11, 1157-1166.

Gee, G.W. and A.C. Campbell. 1980. Monitoring and physical characteriza-
tion of unsaturated zone transport - Laboratory analysis. Pacific
Northwest Laboratory Report, PNL-3304.

Gerritse, R.G., R. Vriesema, J.W. and H.P. De Roos. 1982. Effect
of sewage sludge o trace element mobility in soils. J. Environ. Qual.

Gillham R.W. and J.A. Cherry. 1979. Contaminant migration In nonindurated
geological deposits. In: Trends in Hydrogeology, Memoir Proceedings,
Volume of the Geological Society of America.



- 60 -

Gillham, R.W., L.E. Lindsay, W.D. Reynolds, T.J. Kewen, J.A. Cherry and
M.R. Reddy. 1981a Studies of cesium and strontitum migration in un-
consolidated Canadian geological materials. Atomic Energy Control

Board Report, INFO-0049.

Gillham, R.W., H.D. Sharma, M.R. Reddy, E.L. Cooper and J.A. Cherry. 1981b.
Barium and radium migration n unconsolidated Canadian geological mate-
rials. Atomic Energy Control Board Report, INFO-0048.

Glover, P.A., F.J. Miner and W.L. Polzer. 1976. Plutonium and americium
behaviour n the soil/water environment. I. Sorption of plutonium and
americium by soils. In: Proceedings of the Actinide-Sediment Reac-
tions Working Meeting at Seattle, Washington on 1976 Feb. 10-11. Bat-
telle Pacific Northwest Laboratories Report, BNWL-2117, pp. 225-254.

Graham, E.R. 1973. Selective distribution and labile pools of micronutri-
ent elements as factors affecting plant uptake. Soil Sci. Soc. Amer.
Proc. 37, 70-74.

Graham, E.R. and C.G. Slva. 1979. Labile pools and distribution coeffi-
cients for soil calcium, magnesium, and potassium determined with ex-
change equilibria and radioisotopes. Soil Sci. 128, 17-22.

Gupta, I.C. 1980 Equilibrium adsorption of boron as affected by texture,
salinity and alkalinity of soil. Ann. Arid Zone 19, 243-248.

Hajek, B... and L.L. Ames, Jr. 1968. Strontium and cesium equilibrium
distribution coefficients: Batch and column determinations.
BNWL-481-3.

Hamstra, J. and B. Verkerk. 1977. Review of Netherlands program for geo-
logic disposal of radioactive waste. In: Nuclear Power and ts Fuel
Cycle. International Atomic Energy Agency Report, IAEA-CN-36/289.

Hansen, W.R. 1970. Polontum-210 in soils nd plants. Special Report on
U.S. Atomic Energy Commission Contract No. AT(1l-1)-1733, C00-1733-11.

Hansen, W.R. and R.L. Watters. 1971 Unsupported 21.P00, in soil: Soil
adsorption and characterization o soil solution species. Soil Sci.
112, 145:155.

Harmsen, K. and F.A.M. de Haan. 1980. Occurrence and behaviour of uranium
and thorium in soil and water. Neth. J. Agric. Sci. 28 40-62.

Hendrickson, L.L. and R.B. Corey. 1981. Effect of equilibrium etal con-
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



- 61 -

Juo, A.S.R. and S.A. Barber. 1970. The retention of strontium by soils as
Influenced by pH, organic matter and saturation cations. Soil- Sci.
109, 143-148.

Keren, R. and G.A. O'Connor. 1982. Effect of exchangeable ions and ionic
strength on boron adsorption by montmorillonite and illite. Clays Clay
Miner. 30, 341-346.

Mayer, S.W. and E.R. Tompkins. 1947. Ion exchange as a separation ethod:
IV. A theoretical analysis of the column separation process J. Amer.
Chem. Soc. 69. 2866-2874.

Mehta, K. 1982. Nuclide Inventory for nuclear fuel waste management
Post-closure phase. Atomic Energy of Canada Limited Report,
AECL-6830.

Miller, C.W. 1983. Toward a comprehensive model of chemical transport n
porous media. Lawrence Berkeley Laboratory Report, LL-14604 Rev.

Mousny, J.M. and C. Myttenaere. 1981. Absorption of technetium by lants
in relation to soil type, contamination evel and time. Plant and Soil
61. 403-412.

Murali, V. and L.A.C. Aylmore. 1981. A convective-dispersive-adsorptive
flow model for solute transport in soils. I Model description and
some simulations. Aust. J. Soil Res. 19, 23-29.

Nathwani, J.S. and C.R. Phillips. 1979. Adsorption of 226Ra by soils in
the presence of calcium (2+) ons. Specific adsorption (11). Chemo-
sphere 8, 293-299.

Navrot, J., A. Singer and A. Banin. 1978. Adsorption of cadmium and its
exchange characteristics n some Israeli soils. J. Soil Sci. 29,
505-511.

Nishita, ., A. Wallace, E.M. Romney and R.K. Schulz. 1979. Effect of soil
type on the extractability of and as a func-
tion of pH. NUREG/CR-0997 UCLA 12-1192. 32 pp.

Nowak, E.J. 1981. Composite backfill materials for radioactive waste iso-
lation by deep burial in salt. Scientific Basis uclear Waste
Management 3, 545- 552.

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



- 62 -

Palmer, D.A., S.Y. Shiao and R.E. Meyer. 1981. Adsorption of nuclides on
mixtures of minerals. J. Inorg. Nuc Chem. 43, 3317-3322.

Paquette, J., J.A.K. Reid and E.L.J. Rosinger. 1980. Review of technetium
behavior in relation to nuclear waste disposal. Atomic Energy of
Canada Limited Report, TR-25.

Patterson, R.J. and T. Spoel. 1981. Laboratory measurements of the stron-
tium distribution coefficient KdSr for sediments from a shallow sand
aquifer. Water Resour. Res. 513-520.

Pillai, K.C. and E. Mathew. 1975. Plutonium in the aquatic environment -

its behaviour, distribution and significance. In: Transuranium Nucli-
des in the Environment. International Atomic Energy Agency Report,
IAEA-SM-199/27.

Poelstra, P., .J. Frissel and N. Fl-Bassam. 1979. Transport and accumula-
tion of Cd ions in soils and pants. Z. Pflanzenernaeir. Bodenkd.
142, 848-864.

Randon, D. 1972. Practical utilization of the distribution coefficient for
the measurement of the radioactive contamination of minerals in rocks,
soil and subterranean wter. Cadarache Nuclear CEA Research Center,
ANL-trans-931, Report-R-4274.

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



- 63 -

Schmalz, B.L. 1972. Rad i onu c lide distribution in soil mantle of the litho-
sphere as a consequence of waste disposal at the National Reactor Test-
ing Station, USAEC Report IDO-10049.

Serne, R.J., D. at and S.J. Phillips. 1978. Monitoring and physical char-
acterization of unsaturated zone transport: Laboratory analysis. In:
Nuclear Waste Management Quarterly Progress Report 1977 Oct.-Dec.,
Pacific Northwest Laboratory Report, PL-2377-4, UC-70.

Sheppard, J.D, J.A. Kittrick and T.L. Hart. 1976. Determination of dis-
tribution ratios and diffusion coefficients of neptunium, americium and
curium in soil-aquatic environments. Richland Operations Office Con-
tract Report, RLO-2221-12-2.

Sheppard, M.I. 1980. The environmental behaviour of uranium and thorium
Atomic Energy of Canada Limited Report, AECL-6795.

Sheppard, M.I. 1981. SCEMR A model for soil chemical exchange and migra--
tion of radionuclides unsaturated soil, Part 1: A user's manual.
Atomic Energy Canada Limited Techncal Record, TR-175.

Sheppard, M.I., T. Vandergraff, D.H. Thibault and J.A.K. Reid. 1983.
Technetium and uranium Sorption by and plant uptake from peat and
sand. Health Phys. 44, 35-643.

Singh, ., N. Singh nd P.S. Relan. 1981. Adsorption and desorption of
selenite and selenate selenium on different soils. Soil Sci. 132,
134-141.

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT]



Canada Limited Research Company, Chalk River, Ontario KOJ JO.

- 64 -

van Genuchten, M.T. 1978. Mass transport in saturated-unsaturated media:
One-dimensional solutions. Water Resources Program, Dept. of Civil
Engineering, Princeton University, Princeton, New Jersey, Research
Report 78-WR-ll.

Wahlberg, J.S., J.H. Baker, RW. Vernon and R.S. Dewar. 1965. Exchange
adsorption of strontium on clay minerals. U.S. Geol. Surv. Bull.,
1140-C, U.S. Government Printing Office, Washington.

Wheeler, M.L. 1976. Moisture and solute transport in porous media. In:
Actinides in the Environment, Friedman, A.M. ed. ACS Symposium Series
35.

Wildung, M.W. and D.W. Rhodes. 1963. Removal of radioisotopes from solu-
tion by earth materials from eastern Idaho. IDC-14624.

Wildung, R.E., R.C. Routson, R.J. Serne and T.R. Garland. 1974. Pertech-
netate, iodide, and methyl iodide retention by surface soils. Batte
Pacific Northwest Laboratories Report, BNWL-SA-5195.

Wolf, A., K. Bunzl, F. Dietl and W.F. Schmidt. 1977. Effect of calcium
ions on the absorption of lead (2+), copper (2+), cadmium (2+), and
zinc (2+) by humic substances. Chemosphere 6, 207-213.

Wong, K.Y., S.
Gerrish.
cycle 24,

Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and H.P.
1983. Heavy metal migration in soil-leachate systems. Bio-
30-33.

Wuschke, D.M., K.K. Mehta, K.W. Dormuth, T. Andres, G.R. Sherman, E.L.J.
Rosinger, B.W. Goodwin, J.A.K. Reid and R.B. Lyon. 1981. Environmen-
tal and safety assessment studies for nuclear fuel waste management:
Post-closure assessment. Atomic Energy of Canada Limited Technical
Record, TR-127-3*.

Yamamoto, T., E. Yunoki, . Yamakawa and M. Shimizu. 1973. Studies on
environmental contamination by uranium. 3: The effects o carbonate
ion on uranium adsorption to and desorption from soils. J. Radiat.
Res. 14, 219.

Yeh, G.T. and D.S. Ward. 1981. FEWASTE: A finite-element model of was-
transport through siturated-unsaturated porous media. Oak Ridge Na-
tional Lboratory Rport, 0RNL-5601.

Zelazny, .W., D.C. Martons, A.M. -Prince and C.J.
temperature and hydroxy-aluminum interlayers on cesium selectivity
fixation in river suspensions and soils.



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}


