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COEFFICIENTS DE REPARTITION DES NUCLIDES DANS LE SOL
ET LEUR REPARTITION STATISTIQUE

par

Marsha I. Sheppard, Donald 1. Beals, Denis H. Thibault
et Patrick 0'Connor

RESUME

Les &valuations &cologiques de l'&vacuation des dé&chets de combus-
tidble nucléaire-dans--les formations de roche plutonique n&cessitent une
analyse de la migration des nuclides qui passent de l'enceinte d*'&vacuation
3 12 biosph2re. Pour l'analyse de la migration des nuclides 3 travers 1'en~
ceinte d'E&vacuation, les matérfaux tampons et de remblayage, la roche pluto-
nique et les morts-terrains consolidés et non consolidés, par l'entremise de
1'cau souterraine, on se sert de mod3les nécessitant des coefficients de
répartition (K;) pour décrire 1l'interaction des nuclides et des matériaux
géologiques et artificlels. Ce rapport présente des coefficlenta de répar-
tition dans le sol particulfers A certains &léments et leur ré&partition du
point de vue statistique, 3 partir d'une &tude bibliographique en détail.
Les &l&ments radioactifs considérés fureat les suivants: actinfum, améri-
cfum, bismuth, calcium, carbone, clrium, cé&sfium, fode, plomb, molybd2ne,
neptunium, nickel, niobium, palladium, plutonium, polonium, protactinium,
radium, samarium, s&lénium, argent, strontium, technétium, terbiuva, thorium,
&tain, uranfum et zirconium. Les &lfments stables consid&ér&s furent les
suivants: antimoine, bore, cadmium, tellure et zinc. Lorsque la disponibi-
1it@ des donndes le permet, les coecfficlents de répartition et leur réparti-
tion sont indiqués pour les sols sabloaneux, limoneux, argileux et organi-
ques. L'utilisation de nos valeurs est recommandée pour les &valuat{ons
effectufes dans le cadre du programme canadien de gestion des dé&chets de
combustible nucl@aire.

L'ﬁnergle Atonique du Canada, Limitée .
Etablissement de recherches nucl@aires de Whiteshell
Pinawa, Maniteoba ROE 1LO /
1984 décenbre . {
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SOIL NUCLIDE DISTRIBUTION COEFFICLENTS
AND THEIR STATISTICAL DISTRIBUTIONS

by

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

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 blosphere. Analyses of nuclide migration via
groundwater through the disposal vault, the buffer and backfill, the pluto-
nic rock, and the conoclidated and unconsolidated overburden use wmodels
requiring distribution coefficients (K;) to describe the fnteraction of the
nuclides with the geological and man-made materials. This report presents
element-specffic soll distributfion coefficients and thefr statistical dis-
tributfone, based on a detailed survey of the literature. Radioactive ele-
ments considered were actinium, amerf{cfum, bismuth, calcium, carbon, cerfum,
cesium, lodine, lead, molybdenum, neptunfum, nickel, ntobtum, palladiun,
plutonium, polonfum, protactiniuva, radium, samarlum, seleufum, sllver,
strontium, technetium, terbiim, thorium, tin, uranium and zirconfum. Stable
elements considered were aatimony, boron, cadmium, tellurium and zinc.

Where sufficlent data were available, distribution coefflicieats and their
distributions are given for sand, silt, clay and organic soils. OQur values
are recommended for use in assessments for the Canadlan Nuclear Fuel Waste
Management Program.

Atomic Eanergy of Canada Limited
Whiteshell Nuclear Research Establishment
Pinawa, Manitoba ROE 1LO
1984 December
AECL-8164

A e -
PP /R S

-t



T = k]
3
TABLE OF CONTPMTS
Psge
1. INTRODUCTION e 1
2 “EPFICIENT, X4 2
INTS FOR THE ACTIMIDES 5
5
5
8
8 d
10 7
13
17
20
20
23
26
IS FOR FISSION PRODUCTS 29
29
29
30
33 <
~ . JENUM 36
t.o NLCKEL 36
4.7 PALLADIUM 37
4.8 RARE EAKTHS - TERBIUM, SAMARIUM AND CERIUM 38
4.9 SELENIUM 39
4.10 SILVER 39
4.11 STRONTIUM 41 i
4.12 TECHNETIUM 46 1
4.13 TIN 49 - ]
4.14 7ZIRCONIUM AND NIOBIUM 50 !
o
. '
5. DISTRIBUTION COEFFICLENTS FOR OTHEK wJCLIDES 51
5.1  ANTIMONY 51
5.2 BORON 51
5.3 CADMIUM a1
5.4 TELLURIUH 54
2.5 Zixc 5%
5. CONCLUSLUNS 54
REFEKLNCES 58




T Tt

1. INTRODUCTION

Canada has selected geological containment in a vault deep in
plutonic rock in the Frecantrian Shield as the most. promising method for
dispusal of its nuclear .fuel waste (Boalton, 1978). A stable granitic
pluton will most 1likely be the host rock.

Assessment of the Llategrity of geological containment requires
pathways analysis to determine the travel time from the vault to the
blospﬁete of all the nuclides assoclated with the waaste (Mehta, 1982). The
travel time and the predicted nuclide concentrations in the blbsphere will
depend upon the finteraction of the nuclides with their surroundings az they
migrate from the vault. Traditfonally, this interaction has been described
using a distribution—coefficient, Kd, for rock, unconsolidated regolith and
soll (Wuschke et al., 1981). The objecttive of this report is to document
these Kd values, separating them according to the major soil types found on
the Precambrian Shield. There parameter values are required for the soil
model In the assessment code used in the Canadian Nuclear Fuel Waste

Management Program.

" Further, since the asseisment code is stochastic, the
distribytions of the Kd values are also needed. Preliminary work with the
Kdvdlues indicates that they are lognormally, as opposed to normally,

df{stributed. The lognormal distribution parameters (log)y) are reported
here. These parsumeters directly represent the data presented where two or
more values were found, and have not been ad justed toward conservatism for

assessment purposes. Sections 4, 5 and 6 list the soil K, values, and their

d
appropriate distributlons, for the actinides, the radtonuclides produced
from nuclear fissifon and the stable nuclides, respectively, that are

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

reference list ts included for each nuclide.
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2. DISTRIBUTION COEFFICIENT, Kd

The processes of solute amigration pertinent to radionuclide
migration in soil and unconsolidated geological materials have been digcus-
sed and reviewed extensively (Wheeler, 1976; Onishi et al., 1981; Miller,
1983; Gillhan and Cherry, 1979; and Arnold et al., 1982). Many compucer
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 fn their complexity and purpose. 7lhe simplest
model of the solute transport process, expressed in one-dimensfonal form,

is -

2
s-‘f-na—-vg (1)
&,
where C is the solute concentration in solution, i.e., mass of solute

per unit volune of soil (g.cm™ Y,
1s time (s),
is the dispersion coefficient (cm 2,37 Yy,

is the space coordinate (cm), and

<l X O ™

is the average linear pore-water velocity (cm.s™ b,

Since Equation (1) does not iccount for the Lnteraction of the solute and
the solid phase, the &lsttthution coefficent, Kd, has been introduced to
describe this Interactlion. The distribution coefflcient Is defined as the
concentration of solute in the adsorbed phase (mass of solute per uait mass
of soil) divided by the concentration of solute i{n the solution phase (mass
of solute per unit volume of soll pore water). The units of Kd are usually

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

d
solute between the solid and solution phases and Is applicable to equilib-

rium reactlons, such as fon exchange.

Typical radionuclide {ateractions with soil ifnclude other geochen-

ical processes, such as preclpitation, coprecipitation, hydrous netal oxide



complexation, organic matter complexation, colloid formation, and microbial
effects. Empirically determined Kd values s, or may not include these pro-

cesses.

Ion exchange is one of the most wicmeon mechanisos of radlonuclide
adsorption on geological materials (Ames and Rai, 1978). Thus, the Kd valve
depends upon several factors, including the catfon exchange capacity (CEC),
end the species and concentration of both the fon being exchanged and the
competing lons. . If the nuclide is present in saéller‘conccntra;ions than
the competing lons, then the K, value will be independent of the concentra-

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

constant (Johnston und Gillham, 1980).

To incorparate the Kd concept into the solute transport process
described vy Equation (1), the disyersion coefficient (D) and the pore-water
velocity coefficient (V) become the effective dispersion coefficient (D')

and velocity coefficient (V'), respectively, where

D
' o -
D' =~ %)
(2)
= UV
' =
v R
and R {s the retardation factor, defined as
Pp
R'l+;—l(d -(3)
vhere pb is the bulk density of the soil (g/em )

n Is the porosity (cm3/cmd), and
Ky is the distribution coefficient (mL/g).
The Kd concent Is restricted to equilibriur reactions {n whlch the concen-
trations in the solution and solid phases are related. X, was inttially

defined by Mayer and Tonapkins (1947) as

co .V
at\e ") s o (9
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where cé is the tracer concentration in the solutfon before adding the
gorbent,
C 13 the tracer coacentration In the liquid phase of a sorbent-~
water suspension,
V is the volume of liquid, and
M 1s the mass of solid.

Despite the fact that the Kd concept strictly applies only to
sinmple catfon—-exchange, Kd values are reported that describe mors complex
reactions. This is in response to the need for input to simple migration
models. This report does not review the soil cheamistry of the nuclides
considered; this has been done adequately elsewhere (Jenson, 1980; Johnston
and Gillham, 1980; Allard et al., 1977; Friedman, 1%76, 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, silrt,
clay and organic (Beals, 1984)) and includes other pertinent {nformation
found in the literature. Table 1 lists Ky distribution parameter estimat.s
for some nuclides combining all solls, as reported by Baes and Sharp (1981).

TABLE 1

ESTIMATES OF DISTRIBUTIONS OF K, * VALUES

Nuclide Tt ARE exp( )t K4 Range
‘al/g) (nL/g)
Am 2.9 1.3 810 1.0 to 47 000
Ce 3.0 0.6 1100 58 to 6000
Cs 3.0 0.8 1100 10 to 52 000
Np 1.0 1.0 1 0.16 to 929
Pb 2.0 0.” 39 - 4.5 to 7600
Po 2.7 0.} 540 200 to 1100
Pu 3.3 1.0 1800 11 to 300 000
Sr 1.4 0.y 27 0.37 to 400
Tc -1.5 0.5 0.0} 0.003 ro 0.28
Th 4.8 Q.0 69 000 . 2000 to 510 COO
'} 1.6 0.6 45 11 to 4400
* Fron Baes and Sharp (1981) !
*%  Mean of the logaritha (to base 10) of K, '
k*d  grandard deviation of the logaritha (to base 10) of Rd [

Yedfan value of ¥; with a 0.5 cunulative probabtlity /
d' " [4 .



3. DISTRIBUTION COEFFICIENTS FOR THE ACTINIDES

3.1 ACTINIUM

Nothing was found in the literature on Kd values or the soil chem

istry of actinfum. We recomrm:nd using the Kd values for americium beciuse

of their chemical similarity.
3.2 AMERICIUM

Amerfcium has be&n studied extenstively because of weapons testing
in the 1950s. The summary on americium geochemistry presented by Johauston-
and Giliham (1980) indicates that

(1) the most stable form of americium in aqueous solutions is Nn3*;
1
{(2) the soil sorption of awericium is correlated to cation exchange
capaclty, clay content, and concentration and type of the compe-
ting ions {n solution, indicating that the principal retardation

mechanism is ion exchange;

(1) at high Kd vsiues, americium adsorption is sensitive to the con~

—

centration of americium in solution.

Table 2 lists the Kd vélpes reported by various lanvestigators and includes

soil information (texture, pH, competing ions, etc.) pertinert to the sorp-
tion data. The recoanended Kd value means, standard deviations, tanges and
distribution parameters-by soll type for amerficlum, based on Table 2, are

given 1n Table 3.
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L, e . 2.4 - 5.1 (6.39) - 1 1.6% - 9.615u10? Mibls (Laststans) Mahits et ai. 1979
e T - 5.3 (5.7) = 15 1.5% - 8.063a303 ‘wlbls (Loulstans) Nishits et al. 1979
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[T T S W T, WL SR Al - 8.4 - - 1.25102 Hanford A Ay § Pat, 1978
AR F K R b4 - LK) - 4.9 - - 8304 Hanford 8 haes b Rat, 1978
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MLy 196 N 8 - B - & - - 6.35x17% ldato 8 Arvs 4 Rsi, 1978
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49,0 A e 0 - 7.7 - 18.% - - 1.0910% 1da'c D howe & Mg, 1978
PN B DY TN 0.4 8.7 0.41 20,9 - - FRMLIEYI0 .4 ®lorais A (Aocky Flsts) Qaver ot al., Y76
[ TYC TS B Y 0.3 5.6 052 1S - - 6.0107 & 24* Colorado 8 (agar Loaf) Glover «t al., 1976
tah 20 D200 0.2 7.9 8. 04) 1.8 - - 3.0u07 ¢ 10* Ldato B Qlower et al., 1976
e L N 00 5.2 A.0 0.47 8.2 - - 8.2x107 & &J* o © Clover et al., 1976
ML Y 0 0.0 1.8 0.45 10,3 - - 1,0010% ¢ 1.5010%  Liato D Glaver at al., 1978
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PENEAN I S K R M Y 0.0 8.2 0.4ds 9.8 - - 2)u0? ¢ 5 hahington B (Herlotd) Qever et als, 1976
MO 20 M0 0.7 0.2 3.4 0.5% 2.9 - - 8.2210! ¢ |*ve S. Caroline (Barneell) Clover et ke, 1976
a8.0 WM 100 0.7 0.2 o 049 1.0 . - 4,000 8 11* New Mexico (Los Alamoe) Clover et 31y 1976
.0 %N 80 0.h 0.7 58 0.57 3.8 - - 3.9a0? ¢ 20* Arkarmas 3 Clover ot al., 1976
it atlty clay lnas 2.8 9.9 (541) - 20 1.9 2.93x10" Sunturg (low) Mahiza et §3., 1979
- atite clay tom M8 5.9 16.%) - 0 1.29 1.7:8u10% Surmebhurg (law) Manita et A2., 1979
Y 2.5 6.7 (5.1D) - 2 241 23370 Yolo (Galttomia) Mahitas ot d1., 1979
Ir e 2.8 6.7 (6.98) - 2% 2.4 2.mini0" vola (Galifoenis) Niahita et o)., 1979
144 2.0 w0 DA .72 .8 04d  15.% - - s.ouc? 2 20* 1oy CQlover et ol., 1976
9.0 M V020 0.6 23 0.5 16.2 - - 1.600% Ataa € Clover ot al., 1976
BTN IS O TV B W3 0.7 1o 0.5% 17.4% - - 1.bwo? + 190* Nltmis Clower ot al., 1976
ay G.5 .8 (70D » 1,20 3.5% 10" Holteville NKishlts et al., 3979
- 0.6 7.8 /8,04) » 1.20 400" olteville Mshita et al., 1979
clay - 7-8 - - - Na ("0 sat. $mIO* (Nether Lanca) Heatre & Verkerh, 1977
. solution)
5.2 W.0 KO 0.7 2.4 7.9 0.62 9.6 - - 5.2x10% ¢ 920* Colorads € (Rocky Flats) Clover et al., 1976
LI PG TOC T 0.0 .8 049 29.) - - 2.5:00 ¢ &20* Drveneee (Gai Rdge) Glover ¢ al., 1976
o WA w7 c.h .4 0.6% 16,0 - - 9.2:07 ¢ N* Nev Tork (uest Valley) Glower et al., 1976
0 %0 W N2 2.9 8.2 0.57  e.b - - 29310 ¢ 1600*  Ackarmas A Clower et al., ‘976
el e L - - .7 - - - 0. el 2%.1 - ridum, 1960
el
atvaal et Ll - - .9 - - - [N 3,8 l.(\)Ds -e Prickeon, 1960
NaCL .
.~ w8 T2 (Ta8y - ] 1.%? - 12660) Eghert Mahits et al., 1979
I— w18 v 12210 - 0 1.3 - 5.529x10? Lgtert Nshits et al., 1979

ee e vl e e P setal, 1t s e 1 Lt e emmact,

o

B
Wty 3101 At ¢ lev prroetases exwcand 1713 Un otlginal remrt.

e L vl fir amerile vty calchm ol mxilim a0 cxyeting une over two orders of snitude arv rrportad Ln Aoutson et al., 1973,
e teated with fodf (4] amclcla commtratbn of 10719 s/l



e, ¥ -
AN ELE I

£
-7- .
TABLE 3 ‘
K, FOR AMERICIUM ;
Soil & s.n.* n Ky Range Lognormal %5
Type (mL’g) (nl/g) Distribution# i
13 c é 1
Sand 6.146x103  1.1159x10% 27 82 to 4.35x10% 3.105 0.8172 }
Stlt 1.4351x10% 1.1282x10% 7  1.6x103 to 2.98x10"  3.946 0.5382 i
Clay 6.0501x10" 1.29x10° 9 25.1 to 4.0x10°  3.832 1.23 {
Organic 6.398x103 1.228:103 2 5.529x103 to 7.266x103 2.802 0.0839 = ¢
;
* K., = pean of Kd values é

*+ S.D. = standard deviation of K, values
+ Base 10 logarithms here and in all subsequent tables

Baes and Sharp (1981) suggested a mean value of 2.9 for the

loglokd for .sericium, combining all soil types, and a corresponding stan-—

dard deviation of 1.3 (see Table i). Allard et al. (1977) reported Ku
values for clay/mud of 2 x 102 to 1.6 x 0™ mL/g and for granite of

5.0 x 103 to 1.6 x 10% uL/g. Vandergraaf (1982) recommended a range of

1 x 103 to 2 x 10* mL/g for granite. The values for granite should be simi-

lar to those for coarse-textured soil (sand).

Americium References

Allard, B., H. Kipatsi and J. Rydberg. 1977. Sorptioan of long-lived radio-
nuclides in clay and bedrock. Part 1. Deteraination of distribution:
cocfflicients. KBS Technical Report 55.

Ames, L.L. and D. Rail. 1978. Kadlonuclide interactions with soil and rock
media, Volume 1. U.S. Environmental Protection Agency xeport, EPA
20/6-78-007.

Baes III, C.F. and R.F. Sharp. 198l. Predicting radionuclide leaching
from root zone soil for assessment applications. Trans. Am. Nucl. Soc.

38, 111-112.

Erickson, K.L. 1980. Radlonuclide sorption studies on abyssal red clays.
In: Sclentific Basis of Nuclear Waste Munageaent Vol. 2. Plenum Press,
ced. C.J.M. Northrup.
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Clover, P.A., F.J. Miner and W.L. Polzer. 1576. Plutonium and americium
behaviour in the soil/water environment. 1. Sorption of plutonium and
americium by soils. In: Proceedings of the Actinide-Sediment Reac-
tions Working Meeting at Seattle, Wash®ngton on 1976 Feo. 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 R.W. Gillham. 1980. A rewiew of selected radionuclide
distribution coefficients of geologic materials. Atoaic Energy of
Canada Limited Technical Record, TR-90*.

Nishita, H., A. Wallace, E.M. Romne% and R.K. Schulz. 1979. Effect of soil
type on the extractability of 23%p, 23%u, ?“!am and 2"'Cm as a funec-
tion of pH. NUREG/CR-0997 UCLA 12-1192. 32 pp.

Routson, B.C., G. Jansen and A.V. Robinson. 1975. Sorption of 9%c, 23Np
and <“!Am on two subsoils from differing weathering intensity areas.
Battelle Pacific Northwest Laboratories Report, BNWL-13889.

Vanderzraaf, T.T. 1982. A compilatior of sorption coefficlents 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 {n the Perlodic Table.

3.4 LEAD

Lead i3 a heavy-nmetal cation of general environmental concern in
most fndustrial areas. Consequently, considrrable information exists about
{ts environmental behaviour (Gerrlitse et al., 1982; Wolf et al., 1977; Sol-
datint et al., 1976; Abd-Elfattah and wWada, 198l). Unfortunately, not much
Kd infrrmation is avallable (see Table 4}.

The recomnended Ky value nmeans, standard deviations, ranges and
distribution parameters for lead by soil type, based on Table 4, are given

{n Table 5.
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TABLE 5
K’ FOR LEAD
Sofl R S.D. n K4 Range Lognormal
Type (mL’g) ?leg) Distribution
" c
Sand 1693 1646 3 280 to 3500 3.03% 0.5527

Organic 2.7845xl10% 2.6024x10" 4 180 to 6.3x10“ 3.954 1.150

Baes and Sharp (1981) suggested a mean value of 2.0 for the
10810Kd for lead, with a corresponding standard deviation of 0.7 (see Table
1). Lead should behave similarly to polonfum and K
be found in Section 3.6.

d values for polonfum can

Lead References
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J. Soli Sci. 32, 271-283.

Baes III, C.F. and R.D. Sharp. 1981. Predicting radionuclide leaching from
root zone soll 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 sofls. J. Environ. Qual.
11, 359-364.

Soldatin{, G.F., R. Riccardo and R. Levi-Minzi. 1976. Lead adsorption by
sofls. 1. Adscrption as measured by the Langnuir and Freundlich fso-
therms. Water, Air Soil Pollut. 6, 111-118.

Wolf, A., K. Bunzl, F. Dietl and W.F. Schmidt. 1977. Effect of calcium

fons on the absorption of lead (2+), copper (2+), cadmlum (2+), and
‘zine {2+) by humlc substances. Chewmosphere 6, 207-213.

3.5 NEPTUNIUM

The sunmary on neptunium geochecunlstry preseated by Johnston and

Gillhan (1980) f{ndicates that
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(1) neptunifum should exist as Nps" iﬁ ‘the form of NpO 2"' in an oxidi-
zing sofl environment; however, {t is not evident whether Npoi* is

also the dominant species under .reducing conditions;

(2) naeptunium colloids have been reported in some soil-solution exper-
iments (Sheppard et al., 1976) and absent in others (Routson et

al., 1977).

The recommended K, value means, standard deviatioas, ranges and

d
distributicn parazeters for neptunlum by soil type, based on Table 6, are

given in Table 7,
TABLE 7

K, FOR NEPTUNIUM

b

Soil R4 s.D. n .4 Range Lognormal
Type (aL/g) (uL/g) pistribution
" o
Sand 37.6 94,57 17 0.16 to 390 0.6782 0.9728
Silt 47 .41 35.88 6 1.27 to 95 1.426 0.6925
Clay 1327. 1529. 4 41 to 3200 2.619 0.9222
Organic 857.5 101.1 2 786 to 929 2.932 0.0513

Baes and Sharp (1981) suggésted a mean value of 1.C for the
1°810Kd for neptunium, with a corresponding stgndard deviation of 1.0 (see'
Table 1). Allard et al. (1977) reported Kd rauges of 10 to 16 nlL/g for
clay/mud and 25 to 50 amL/g for granltes. Vandergraaf (1982) recomuended a

Kd of 40 to 100 nL/g for granites.

Neptunium Fefereunces

Allard, B., H. Xipatsi and J. Rydberg. 1977. Sorption of long-lived radio-
nuclides In clay and rock. Part 1. Determinations of Distributlon
Cofficlents. KBS Technical Report 55.
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511 1 X 2 1 2 -l [0 54 1 free Cogpeting K Soil location
Toe  ww St TE Trgrin ATy Saturnted Paate ) (neg 00 g) Lron ides Grtion (do ot Description fefererce
uird fi-r st o 2.6 - 9.3 (8°) 0 - 15 1.6% - ) tulidts (Loutsiana) Nshita et al,, 1973
- fime a1t S 2k - 5.3 (3.5 - 15 1.69 - 18 M ihis (Loulsiena) Nishita et al., 1979
fow ardy lom 5.7 - 3.0 (442 ~ 3] 1.52 - bl Lyomn (Mine) Mshits ¢t al., 1979
(v cants o 5.7 - 9.0 (h.1%) - 15 1.9 ~ bH Lyast (Mtre) Nanita et a2., 1979
1t Irm 6.4 - 6.0 (9.%%) - 19 .29 - 1) Aken (Qalfformia) Mahita et al., 1979
et 1am ' - 6.0 (3.87) = 15 5.29 - 108 Afken (Qaltfornia) Nishits et al., 1979
wud - 2.5 - 3l - - - ooz il G 2.W Brberk (Waahington) Muzeon et sl 1977 S
4 - 2,5 - 3.4 - - 0.2 wiL Ca 0.% Burbenk (Mashington) foutson et al., 1977 y
wud - 3.5~ %1 - - 0015 i/l Na 3.9 Arbank (shahirgton) Roatson et al., 1977
o - 5= 3.1 - - - 3.9 eol/L Na 3.2 Burbak (Washingtan) foutacn et al., 1977
randy oLy - .5 - 11 - - - 0.002 mIL & 0.2% Sauth Garolins Routson et al., 1977
aurly cley - 2,5~ 3.1 - - - 0.2 wiN. Ca 0.16 South Carollne Routaon et al., 1977
wunly ey - 2.5-13%1 - - - 0.015 mo /L Na 0.7 Sauth Garolina Routeon et al., 1927
axvdy clay - 2.5 =31 - - - 1.0 wlL Na 0.4 South Catoline Rautson et al., 1977
w0 L) 280 04) - 8.1 - 5.94 - - 15.4 Brtmok (Richland, Whahington) Ames & Raf, 1978
Y6,k Lk 3.9 0.0 - 9.2 - 0.69 - - 2.4 Puguey (=50 ¢a} Aora & Ral, 1978
anad 0.9 - 8.1 0 sat. - - - 90 ¢ 16 N.Z. lrish Sea Sedimmnt foder & Aston, 1962
St silty clav lnm 2.R - 5.9 (5.8)) = 0 .29 - 35 Sarmhrg (1ow) Nishita et al., 1979
- ailty clay lnm 2.8 - 8.9 {59 - 9 1.2 - 95 Surpshuay (fows) Mshits et al., 1979
1 2.9 - 6.7 (5.11) - 25 2,41 - 52 Yolo (Qa1ifornia) Nishits et al., 1979
1o 2.4 - 6.7 (4.8)) - 2% 341 - 8l Yolo (Californie) MaNita ot al., 1979
12,6 658 A6 sl - 5.3 - l6.88 - - 1.27 Muscat ine s b Nat, 1978 .
31,0 .0 12,0 2B - 6.5 - 10.76 - - 30.2 Ritrville xxs b Mat, 1978 .
Clay cly 0.6 - 7.8 (1.29) - b o] 1.20 - &l Holtaville Mshita et al., 1979
¢ Ly 0.4 - 7.8 (8.28) - » 1. - 1 Witsville Mshits et al., 1979
clay 0.7 - 8.1 0 sat. - - - 1950 ¢ 310 NJ Mediterreraen ses sedimat  Fowler & Aston, 1982
civy 0.29 - 8.1 0 sat. = - - 3200 £t 630 N Alentic sas sedimmnt fodder & Aston, 1982
ogwk oremin .8 - 7.2 (6.24) - ] 1.5 - 786 Egtert Nishita et al., 1979
arpmle .8 - 7.2 (7.2%) - 2] 1,57 - 929 Zgbert Nshita et al., 1979

. Wien i 19 bracketad 10 I0 FXract pH.
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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 soll for assessment applications. Jak Ridge National Labora-
tory Report, CONF-810606-44.

Fowler, S.W. and S.R. Aston. 1982. Aoplication of 23%p {n experimental
aquatic radioecology: Preliminary observations on neptunium behavior
in sea water, sediments and zooplankton. Health Phys. 42, 515- 520.

Johnston, H.M. and R.W. Gillham. 1980. A review of selected radionuclide
distribution coefficierts of genlogic materials. Atomic Energy of
Canada Linited Techanical Fecotd, TR-90%*.

Niehita, H., A. Wallace, E.M. Romney and R.K. Schulz. 1979. Effect of soil
type on the extractability of 23%p, 23%u, ?“ln and 2"'Cmn as a func-
tion of pH. NUREG/CR-0997 UCLA 12~1192. 32 pp.

Routson, R.C., G, Jansen and A.V. Robinson. 1977. 24lpm, 23%p and %c
sorption on fwo United States subsolls from differing weathering inten-
sity areas. Health Phys. 23, 311-317.

Sheppard, J.D., J.A. Kittrick and T.L. Hart. 1976. Determination of dis-
tribution ratios and diffusien coefficlents of neptunium, americlum and

curiun in soil-aquatic environments. Richland Operations Office Con—
tract Report, RL0O-2221-T-12-2.

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

3.6 POLONIUM

Polonfum intormation in the literature is extrenely scarce.

Bismuth should behave similarly to polonfum, and also lead and polonium
should behave similarly. All of the Kd information on poloniumn reported
here (sce Table 8) comes from one research program (Hansen, 1970; Hansen and
latters, 1971). The civaical form of natural polontium in soils, resulting
from thehdecay of radlum, nay be sfailar to that of seleniun (Hansen, 1970).
Tellurium.iﬁ also a nenber of Group VIA of the Periodic Table and nay behave
similarly to poluntun. Polonium coapounds with +2 and +4 oxidation states
have bzen reported, with the preferred oxidatfon state being +4 (Hansen,

1970). Poloniux in air Is pgenerally found as polonfun dioxide (PoO 2

* Unrestricted unpublfished report, avallable froa SDDO, Atomic Energy of
Canada Linmited Researech Comnanv. Chalk River. Ontrarfo K0T V1IN.
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(2 scorw L)

el K 1 2 < 2 m . < 2 Mee Competing L3 o1l Location
Tge fand LUl dly o rgenle Tally Wraratad Paste (.\'\ {er3/A0) g) Lron Oxiges  Quion {djg} or Description heferoce
R P E N R | - 1.6 ~ 8.8 - - 120 ¢ 50 Nrw silty cloy loas Harwen o \atters, 1971
oy (A1) (Coloredo)
- - - . - - - - - - X))+ N2 N allity day Lo Warmen & \attecs, 1971
{2} (Colorado)
- - - - - - - -~ - - 30 24} Naw silty elsy lom tnrwen & \azters, 1971
('1) (Orloemio)
. - . - - - - - - - 164 ¢ 143 Nawt allty cloy lom berwen b \atters, 19N
(3,;t) (Dlorak)
- - - - - - - - - - 121) ¢ 186 Nam slity cloy lom Horern & iteers, 1971
(2 Ca) (Colovado)
- . - - - - - - - - o) ¢ 83 N atlty clay lowm Horwen & \attevs, 197
(€ Ca) (Colormb)
« N n - - 19 - - - - 73 : ) Pinsdale siity clay lom Harwen & ‘atture, 1971
(D) (1om)
W el &} ) - 6.3 - 5.4 - - 192226 lapeer ioam (Ap) (Mmwreln)  tarwen & ‘otters, 197
oL ] - - 6.7 - - - - 206 ¢ 1) Lapert loma (B,,) (Macoretn) Herwen § Watters, 1971
v r P - - 5.9 - - - - b BD Lapert loaa (B,,) (Wacomtin)  lereen & Watters, 1971
» 1% 3 - - 5.7 -~ - - - 414 ¢ 42 Lapeer lom (l,; (o1 scorm L) Hareen & \ptters, 197)
02 12 0 - - 1.8 - - - - N5 29 Lapeer loas (C,) (Maconsin)  Hewen & Watters, 1971
" ) H - - 8.9 - 3.0 - - W22 Mmeville (Als (Florida) Hermen & Wetters, 1971
L T ¥ - - S - 2.6 - - LIRS Slarton (A;) (Florids) Hawen & latters, 197)
w2 ) - - 5.5 - 1.8 - - B2 Lakrlad (A)) (Florids) Hanen & Wacters, 1971
W 2 - - 5.3 - 1.5 - - 17 23 Laon (A)) (Rocids) Hemen § Watters, ;ﬂt
.- L - - - - - - 152 0.6 Leon (&) (“Lortde) Heoen & batters, 1“
- . - - - - - - - - LI ERY Leon () (Rorida) Honeet & atters, 197§
- . - - - - - - - - REY:) Leon (C) (Florids) Herwen § Watters, 1971
9 2 2 - - 5.6 - h.b - - 1721 Rukin (A} (Florids) Harmen & Watters, 1971
s » 1 - - 5.5 - - - - D22 Derling gravelly sandy losm Horoes b \stiers, 1971
(B,) (blorada)
e A7 [ - - 3.7 - - - - t? nan“ grevelly sandy lomw tarmen b Wattare, 1971
(B, ) (aloredo)
n 1k ‘ - - 6.0 - - - - %9 Darling trevelly sandy lomm Heosm & Wattars, 971
(C,) (Golormk)
% ) - - 8.0 - - - - 1528 whm grawelly sandy loms Hmen & Watters, 1971
(C,) (otoradn)
v N 12 4.0 - 6.6 - 16.8 - - s 22 Copeble wandy loms (A)) Hrmens b \atters, 197}
(M2 scormin)
'Y LY 1 - - 5.9 - - - - M Comblc sandy lom (Xr) Morman & Wasters, 1971
(W scxrm (1)
PR ] N3 - - 6.8 - - - 137 2% Gogedle aandy loam (MEN) arwen & Vattars, 1971

OPRI NS S~ -, - Dt

o me

{contlramd. )

_v‘l—

. R e 1~ .
R it s, Amhm-bmummmmm;;..:;,:_. Ll

e e e T

o



ARS8 {Lorcluwted
TR : T L M t. ar 2 ree  Gryeting X Sol) Location
Tre e St Qav Ongnle (al), Satursted Paste (.\'b (rq100 g) Iron Oxtdes Ontion (-l.’;) ot Description Aefermce
s [CE T Y - - %9 - - - - %2 223 Gopedic sandy loam (B3) Hrmen & ‘tters, 1971
(V8 acarmin)
PYOY " 26 - ».8 - 3.1 - - 227 £ 20 Oneay {ine sandy loms (Ap}  .Merwen § thtters, 1971
(Wi sconatn)
PN ) - - 5.9 - - - - 412 ¢ 1% Ounamey (ine sady loma (Brh)  Huwen & Vatters, 1971
(B scaratn)
IO " - - 8.2 - - - - 48 & 1200 Onaary fine sandy lomm (C)) Nrwen & Mhtters, 1971
(W sconein)
S 1 - - 8.4 s - - - 1020 ¢ 3600 Ownary (irne sandy lom (C)) Farwen & ttters, 1971
(W1 acmatn)
us . 13 - - 6.3 - 2.7 - - 16 £ 13 Axite (A;) Alabem Hermen § Watters, 1971
9 n 9 - - 8.0 - 1.9 - - 19 215 Indepmdence (A;) (Alabama) Hanem & Wtters, 1971
[A TS, 10 - - LX) - s - - 923 Widdum (A)) (Alabema) Henaen & tatters, 1971
el PRI N . - 5.8 - 5.2 - - 1000 £ &9 Dinedale silty clay lom Herpen b Watters, 1971
(A) (lom)
1w P - - .5 - - - - 976 ¢ 127 Dinmdale 31ity cloy lom Marmen § Vatters, 1971 |
(8) (lom)
sy n M. 6s - [X3 . 8.4 - - 1% ¢ 118 Huscatine slity cley lom Haraen & Wattere, 1971
(A) (1om)
0 8t P - - 5.9 - - - - %8 ¢ 2 Musratine stity clay lom tansen & Watters, 1971
(B) (lom) .
ITO'Y 2 - - 7.8 - - - - 1830 # 210 Muscatine siity clay lom Humen & Wsters, 1971
(©) (lam)
19 om0 21 - 5.9 - 1na2 - - 970 ¢ 160 Tayette stlt lom (%) termen § tutters, 1971
(Wi acomin)
s n n - - 6.2 - - - - 122 ¢3 Fayette ollt losa (B,) Hmeem & Wtters, 1971
(8 sconetn)
s o 29 - - 6.1 - - - - ”2:e) Fayette silt loms (8y)) Huwen & Wattere, 1971
. (Wisconstn)
7 32 - - 5.6 - - - - 97 ¢ 5% Fayette silit lom (R))) Hewen § Witters, 1971
(W2 sconsin)
S & Y - - 5.3 - - - - ;e Fayette siit lom (8,,) Huwen & Vatters, 1971
- (Wi scansin)
s » - - [X3 - - - - mes2 Tayette silt lom (C)) Horwen § Wetters, 1971
(Wlam=a2in)
n 15 3.8 - [X) - 28.9 - - 2%1¢1 O lng grovelly savdy lom Fraem § Watters, 1971
(A,) (dloreto)
27 18 - - [¥%) - 16.4 - - 03 228 Qrgiree (A)) (Alabma) Harmen § Wattere, 1971
o All error terms (n this table are standard error of the swan (S.E.)
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(Hansen, 1970). Hansen also reported that, for pH values of 1 to 5, 7 to 8
and 12 to 14, polonium exists mainly in dissolved forms, while for pl values
of 6 to 7 and 10 to ll, moat of the polonium exists as a colloid. Thus, in
the acidic organic and acidic sandy soils of the Precambrian Shield,

polonium may exist only in the dissolved form.

The recommended Kd value means, standard deviations, ranges and
distribution parameters for polonfum by soil type, based on Table B, are
glven in Table 9.

TABLE 9
Ed FOR POLONTUM

Soil R S.D. n K, Range Lognormal
Type (mL?g) ?mL/g) Distribution
" a
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
1ong&d for polonium, with a corresponding s.andard deviaticn of 0.3 (see
Table 1). The value €or u is higher, but the range of Kk, values {s

d
narrower, than recommended for lead.

Poloniun References

Baes LIL, C.F. and R.D. Sharp. 1981. Predlcting radlonuclide l¢:-ning from
root zone soll for asyessment applicatlons. Oak Ridge National Labora-
tory Report, CONF-H1U606-44.

Hansen, W.R. 1970. Polonlum—-210 1a sotls and plants. Special Report on
U.5. Atomic knergy Comnission Contract No. AT(1l-1)-1733, Cou-1733-11.

Haunsen, W.R. and R.L. Watters. 1971.  Unsupported ‘I‘POU: in soil: Soil
adsorption and charactertzation of soil solution specles. Soil sci.
112, 145-155.
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3.7 PLUTONIUM

Plutonium, like americium, has been studied extensively because of
weapons testing in the 19508. The suzmary.on plutonium geochemistry pre-
sented by Johnston and Gillham (1980) indicates that

(1) Pu“t is considered the most probable oxidation state in the envi-
ronnent because of reduction of Pu®t fo Pu't by organic materials;

reduction of Put to Pu3* could occur at pH € 6 under anaerobic
conditions;

(2) plutonium adsorption is a function of oxidatlon state (Pub isg
adsorbed less than Pu“t), organic matter content and soluticn 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 interpreting results that use th2se Kd values.

Most Kd values in the l{iterature apply to aerobic conditions. The recom~
mended Kd value means, standard deviations, ranges and distribution para-
meters for plutonfum by soll type, based on Table 10, are given in Table 11.

TABLE 11
K, FOR PLUTONIUM
LS
Soil K S.D. n K, Range Lognormal
Type (mL’g) (aL/2) Distribution-
) . B [+
Sand 1.041x10 ¢ 1.568x10°% 19 33 to 6.865x103 2.663 0.5964
silt 1.3871x10* 3.0836x10" 8 230 to 9.0x10“ 3.474 0.7906
Clay £,2842x10" 6.8934x10" 13 316 to 1.9x10° 3.706 1.047

Organlc 2.296G2x10* 2.8181x10* 4 1.655x10° to 6.2x10" 3.970 0.7469

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

'1°5:3Kd for plutoniua, with a corresponding standard deviation cf 1.0 (see

. = » wes mmome oo
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Table 1). Allard et al. (1977) reported that the plutonlum K4 range for
both granite and clay/mud 1s 6.3 x 10! to 1.6 x 102 woL/g. Vardergraaf

A(1982) recommended a Ky value range for plutonium of 2.8 x 102 to

2.0 x 103 oL/g for granite.

Plutonium References

Allard, B., H. Kipetsi and J. Rydberg. 1977. Sorption of long-lived radio~
nuclides in clay and rock. Part l. Determination of distribution
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3.8 PROTACTINIUM

Nothing on K, values or soll chexistry for protactinium was found

d

in the literature. We suggest that Kd values for thorium or uraniun be
used, or even some combination of the values for there elements, such as

H(ThtU).
3.9 RADIUM

The interaction of radiwa with geological materlals and solls, and
the environmental behaviour of radium have been documented by Gillhaa et al.
(1941b); tathwani and Phillips (1979), and Sheppard (1980), respectively.
The Kd values for radium vary irom 50 to 1000 nlL/g (Gillham et al., 1.31).
Johnston and Gillham (1980) sumnarized the I{nformatf{on relevant to K as

~ N
follows:

-

(1) Radiun-fs presew 4s Ra* in the pH range 4 to 8, and does not

readily form conplex species.

9

(

) Radfiwa can be expected to coprecipitate with B8aSO, carkiaates in!
ferric hydroxides.

3 Cation ecachanpe s an {aportant adsorpilon mechanisa, since Y|
1 P 13
valuer have beern correlated to catlon e:change capacity (CHC).

* inrestricted, aepsvbllished renort, avallable fron 5DRO, Ata
Carada Limfeed Research spany, . Chalk River, Ontarlo XOJ (04,
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The recommended Kd value wmeans, standard deviations, ranges and

distribution parameters for radium by soll type, based on Table 12, are
given in Table 13.

TABLE 13
Ed FOR RADIUM
Soil K S.D. n K, Range Lognormal -
Type (mL’g) ?mL/g) Distribution
] » °
Sand 1.0435x10" 2.0845x10% 3 106 to 3.6x10"  3.402 1.289

2.0x10" to 9.5x10%> 5.10  0.6862
696 to 5.6x10“ 3.961 0.5522

&

Sile 3.0x10° 4.3566x10°
Clay 1.5637x10" 1.7216x10%

-

[

The Kd values for stroatium may be used as a gulde because of the

cherical similarity of radium and strontfum. Baes and Sharp (1981)
suggested a mean value of 1.4 for the 1°8l(#d for strontium, with a corre~-
sponding standard devlatfon of 0.9 (uce Tuble 1). Allard et al. (1977)

reported a Kd range “or radium of 40 to 79 ml/g for clay/uud and 63 to

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

d

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

radium K, value for clay, or the strontium K' value for organic soll, is
<

d
recommended.
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radfonuclides {n clay and bedrock. Part 1. DbDeteralnation of distribu-

tion coefficfents. KBS Technfeal Report 94,
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rials. Atomic Energy Control Board Report, INFO-0048.

Johnston, H.M. and R.W. G{llham. 1980. A review of selected radionuclide
distribution coefficfents of geologic materials. Atomic Energy of
f.anada Limited Technical Record, TR=-90*.

Nathwani, J.S. and C.R. Phillips. 1979. Adsorption of 226Ra by solls in
the presence of calcium (2%) fons. Specific adsorption (L1). Chem-
osphere 8, 293-299.

Sheppard, M.1. 1980. The envlronnental>behaviour of radium. Atomic Energy
of Canada Limited Report, AECL-6796.

Vandergraaf, T.T. 1982. A compilation of sorption cocfficients for radio-
ouclides on granites and granitic rocks. Atomic Energy of Canada Lim-

ited Technical Record, TR-120%.
3.10 THORIUM

Little fnformatfion is avaflable in the lfterature on thorium in-
teractions In the eavironment; however, two brief reviews of thorium chemis-
try are ava{lable (Rancon, 1973; Sheppard, 1980). Johnston and Gillham
(1930) summarized the {nformation relevant to Kd as follows:

(1) The primary thorium adsorption mechanism {s fon exchange.

(2) Iln non~calcareous sofls, thorium adsorption {s extreaely sensitive
to initial thorium solution concentrations. In organi: materials,
increased pH causes increased humic acid solubility and thorium

complexation, resulting in lower Kd values. In calcarcous solls,

&d values are high (2 10 al/g), regardless of pH or thorium con-

centration, because of the bLuffering capacity of the soil and the
precipitation of Th(OH) .

(3) L values are generally high, (» 10° al/g), in dilute solutions,

indicating limited thorfum mipgration. |

!
!

The recoamended Kd value means, standard deviations, ranges and distribu- /

tlon parameters for thorium by soll type, based on Table 14, are glven inh

Table 15. _ o ..

.
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TABLE 15
K, FOR THORIUM
=~

Sotl 1’4 S.D. n g ‘i;nge Lognormal
Type (m.’s) nl/g) Dletridbution
m o
»
Clay 5.0x10“ 7.0710x10% 2 8.0 to 1.0x10° 2.95 2.90

Ocganic 4.75x10" 4.5962x10% 2 1.5x10" to 8.0x10% 4.54  0.5141

Baes and Sharp (1981) suggested a mean value of 4.8 for the
loglokd for thorium, with a corresponding standard deviation of 0.6 (see
Table 1). Allard et al. (1977) reported Kd ranges from 40 to 316 mL/r and
500 to 1260 aL/g for clay/mud and granite, respectively. Vaadergraaf (1982)

recomzended a Kdvalue for thorium of 850 mL/g for granite.
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Atonmfc Energy Agency Report, IAEA-SM~-172/.5.

Sheppard, M.l. 1980. The environmental behaviour of uranfum and thorfum.
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3.11 URANIUM

Several reviews of uraniua chemistry exist (Harmsen and de Haan,
1980; Borovec, 1981; Sheppard, 1980), but few Kd
fr. the literature. The summary on uranium geochemistry presented by Joha-
ston and Gillhanm (l98b) indicates that

values have been reported

(1) 1in oxidizing environments, U s+ compounds atre steble and can pre-
cipitate, whereas U'" {3 stable in a reducing env’.ronment and

would precipitate as U0, thus the oxidaticn~reduction status 1is
important;

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

ter; 1f US* 13 reduced to u't, precipitation can occur;

(3 0022+ 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 Kd values for uranium for élay minerals range

from S0 to 1000 mL/g and for peat from 10“ to 10° nL/g. The recommended
K, value means, standard deviatfons, ranges and di{stributfon parameters f[or

d
uranfum by soil type, based on Table 16, are given 1in Table 17.

TABLE 17
< . s
.Ed TOR URANIUM

Soll X S.D. n K, Range Lognotnal
Type (mL/g) aL/g) Distributfion

M s)
Sand 8.065 11.22 2 0.13 to 16.0 q.159 1.478
Clay 2.6349x10°%  4.5597x10°> 3 200 to 7.9x10°  3.543 2.040

Baes and Sharp (1981} supgested a mean value of 1.6 for the
1”“‘»Ki for uraniua, with 3 corresponding standard deviation of O.UI(Jcc

I3

.




TARS 18

£, VAITS IR IRANTIM ¢ LITYDATLRS. QRTY [MWY

P

et < H 2 2 4 [ 1] [ 2 ot T frve Competing K Sotl tocation
Tre  Sedt S1lt Clwe Nromic CaTy atgated Paste (?v‘) (/10 p) leon Oxtdes  Catlon (d.’.) or Demcripeion Peferarxe
ool B ¥ 1 B Qar 7 - - - - 18 Catlarache ondimert  Porgon, 197)
Y R TEN ) brvate)
aney mtd - - - - - - Sl 043 -e Yowwto et al., 1Y}
At ol w1l - - - . - - AV e " 023 - Yoo ot al., 19}
7 - ) /] 0(2car «¢7? - - - - 0 alterad achist Rexon, 197)
Q) trmte)
Al red clw - - A - - - 0.44 w1l Nl X0 - Erickenn, (90
vl tal ol = - 1.4 - - - 0.8 @l MO 1.9%0° == Eriduom, 190
et S - 12 ~ N Qcer ¢ - - - - )] orpwde pret Rargon, 1973
ey Naute)

-1z -

Ses cmaw s e -




'67‘

- 28 -

Table 1). Allard et al. (1977) reported Kd ranges from 2.5 to 20 ml/g for
clay/aud and 4 to 13 =mL/g for granites. Vandergraaf (1982) recommended a Kd

range of 0.4 to 10 aL/g for granites.
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4. DISTRIBUTION COEFFICIENTS FOR FISSION PRODUCTS

4.1 CALCIUM

K, values for calcium reported by Graham (1973) and Graham and
Stlva (1979) vary from 1 x 10-3 to 9.8 nl/g; however, there is some
confusion about the units. Wong et al. (1983) reported Kd values of 1117
and 1900 mlL/g for a sand and a nuck 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 asfactors affecting plant uptake. Soll Sci. Soc. Amer.
Proc. 37, 70-74.

Grahan, E.R. and C.G. Silva. 1979. Labile pools and distribution coeffi-
clents for soll 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 soll-leachate systems. Bio-
cycle 24, 30-33.

4.2 CARBON

Allard et al. (1981) studled the sorpticn of H1“003' on some
solids using the batch technique. The sorption of !“C was generally low,
but appeared to lncrease with increasing calcium content of the solid.
Retardation factors of up to 3 (l.e., three times slower transport of !%C
than of water) were measured for calcite. Cencrete will probably retain
most of the ‘“C, and a retardation factor 510 might be expected for a
bentonite-quartz mixture (k 2.2 x 107° nL/g). gbuing to the paucity of

information, a CORQLTthiVQ retardation factor of 1, or a Kd of 0 oL/g, 1s

recoumended.
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Carbon Reference

Allard, B., B. Toratenfelt and K. Andersson. 198l. Sorption behaviour of
14 {n groundwater/rock and in groundwater/concrete eavironments.
Keport Prav 4.27.

4.3 CESIUM

The work of Gillham et al. (198la) 18 the most extensive on Kd

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

dian roils, K_ values for fesium ranged from l x 1020 2 x 10" mL/g, but

there was no :igniflcant 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 K, values were related slignificantly to the natural exchangeable

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

studles.

The recommended Kd value mecans, standard deviations, raanges and

distribution parameters for cestum, based on Table 18, are given {n Table

19.

TABLE 19
K. FOR CESIUM
K, U
Soil R, S.D. n Ky Range Loguormal
Type (mL)a;) (l/g) Distribution
" o
Sand 2163 3226 24 10 to 1.0x10" 2.668 0.9332
stle L.139%x10" 7899 20 650 to 3.0xl10* 3.912 0.4227
Clay 8379 1.3613x10 " 5 65 to 3.15x10° 2.945 1.216
Baes and Lharp (1941) supgpgested a gean value of 3.0 for the

log, Kd {or cestum, with & corresponding standard deviation of 0.8 (see

Table 1).  Allard et al. (1977) reported Kd ranges from 6 to 32 alfy and 3
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to 794 ul/g for clay/mud and granite, respect{vely. Vandergraaf (1982)
recommended a Kdtange of 40 to 1000 alL/g for granite.
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4.4 IODINE

The most extensive study of lodine adsorption on soll was that of
Wildung et al. (1974). Johanston and Cillham (1980) have summarized the

known soil chemistry of lodlne as follows:

(1) the most stahle form of fodine In both oxidizing and reduclng
environoents is lodide, I=. Because the predoninant fodine spe-~
cles is an anlon, fton exchange would not be fmportant f{n soil

adsorption, particularly at neutral or high pH values.

(2) organic matter appears to be a significant factor {n lodine ad-

sotption.

3) Kd vilues for {odf{ne range froa 0.1 to 30 nmL/g, depending on the

fora uf the {odine and the pH of the solution. The maxiaua Kj

1

value would be obtalned tour I~ at a pil of 4 to 6.

* Unrestricted, unpablished report, avallable froa SDDO, Atonle Energy of
Canada Linited Resecarch Coapany, Chalk River, tmtarlo KOJ 1JU.
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Since no Kd values for specific soils were found in the literature, the

multiple-regression equations (based on fodide (I7) and methyl fodide (CH;I)
interactions with 22 sofls) rep rted by Wildung et a;. (1974) were applied
to soils already described in this report. The Kd values were calculated
only Zor solls whose properties were within the raage of the soils uced to
generate the multfple-regression equations. The equations for fodide Kd and

methyl fodide Kd differ, and are

K = 0.33 X + 0.09 X (5)
dlodide 1 3
- . + . 6
Kd methyl 0.027 x2 0.10 x3 (6)
fodide
where X, is the silt content (range for equation develorment {s '7.6 to
58.0%),

X, is the clay content [range for equation devr iopnent is 3.8 to
46.6%), and
X, Is the organic carbon content (range for equation developnent

is 0.23 to 28.8%).

3

The recommended Kd value neans, standard deviaticas, ranges and distribu-

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

lowest Kd values because methyl 1odi{de $s more highly mobile), based on

Table 20, are given in Table 21.

TABLE 21
Kd FOR IODINE
Soil K4 S.D. n K? LYY Lognoraal
Tyre (=L/g) (mL/y) Distributlon
M =

Sand 0.551% 0.359% 7 0.2 to 1.210 -0 34304 ).2329
Silt 0.7145 4.3201 11 0.18 to 1.50 - =7.99x137 ¢ 0.235!
Clay 1.293 9.3637 4 1.3 to 1.93 3.952x107~ J3.1149



TABLE 20

K, VAUFS KR ICODE : LITFRANRE K|AEY SMARY

Calculated

Satl % 2 2 K Sotl Locattlon Relerence

Type Stit Clay Organlc (-L’g) or Description

Sand I 7 0.38 0.2) Sotl #11 (WNRE) Glilhan et 1., 1981s
" 9 0.}) 0.28 Soll M2 (aNrD) Gi1than et sl., 19814
212 18 2.0% 0.69 Soll 716 (Alberta) Gillhnm ot al., 1981a
39 5.8 0.45 0.20  Hanford A Asca & Rat, 19}8
19.4 18.0 0.60 0.55 ldaho A Ames & Rat, 1978
28,4 22,4 0.98 06.70 f 1daho D Clover et al., 1976
0,0 16,0 2.4 1.21 | Colorado A Glaver et al., 1976

Site 0 W 0.8 1.00 l1daho A Clover et al., 1976
Ww 9 2.) 1.23 Arkansas € Glover et sl., 1976
A} ] 16 3.6 0.79 Illinols Claver et al., 1976
"n 9 0.4) 0.8) Sotl #1 (WNNKE) Gillhan et al., 1981a
11 29 0.41 0.82 Sofl #2 (WNKF) Cillhan et ol., 1981a
3 n U.40 0.88 Sofl #3 (WNKE) Cillhan et al., 1981a
L1} 1] 1.27 0.96 Soil #5 (Leminptun) Cillhan et al., 19810
k2} 1 0.)5 0.9) Soil #9 (North Ray) Cillhan et al., 1981s
% 32 0.8% 0.94 Soil N4 (Alhrrtn; Ctlihan et al,, 1981s
- 29.1 7. + 150 Brookston silt Juo & Barber, 1970

(average prolile)

S0 6 0.2) 0.18 Ritzville silt Routson, 197)

Clay 34 15 0.81 1.03 Sofl 15 (Alheria) GClilhaa et ol., 198la
n 16 1.0 1.07 Tennessee (Oak Ridpge) Clover ot al., 1976
2} Y 2.7 1.24 New York {West Valley) Clover et 8l., 1976
I S 3.2 1.8) Arkansas A Glover ot al., 1970

The Rd range reported for methyl todlde In soil was 0.1 to 3.1
(wWildung et al,, 1974). The multiple~regression cquattons were developed
tor mlueral sofls. A single value of » 30 mL/g for charcoal s pertinent to
organie sofl (Nowak, 1981). Vandergraaf (1982) recomuended a KJ value for

twdine of 0 =L/w, until a cationic specles of fodine {s fdentifled.
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4.5 MOLY RDENUY

No data were found In the literature for amolybdenum; hovever,
because of ity position in the Periodic Table, the Kd values for technetium
can be used tor nmolybdenum.

4.6 NICKEL ’

tletle tutoraation exists for soll adsorptlon of nickel. Swanaun

(1981) reported o range of K, values for nickel of 5.2 x 100 1.

d
1.2 x 10 b, ¢ tor a selected size fraction of Hanford soll (7% to 10 )
with a -=oti=to-noluttion ratio of 0.010 g/al. Centradictory resulta and the

use o otaanic coaplexsants In the Swanson experiments indicate that valuen

far sipecttic saaples should aot be used.

* Umreatrtered, unpablished report, avaflable froa SO, Atomt- ruvrg§ wi
Vameda Limtted Research Company, Chalk Riv ., Ontario K01 1.
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Gerritse et al. (1982) suggested that the Kd value range for
nickel 18 1 x 102 to 1 x 103 olL/g. They reported two sandy mineral soll
values of 6 x 10} and 3.4 x 102 nl/g an& four peat soil values of 3.6 x 107,
6 x 102, 9.9 x 102 and 4.7 x 10% nL/g. Wong et al. (1983) reported K,
values of 604 and 1437 nwl/g- for a sand and a muck soll, respectively. Tha
recommended values of p and o for the Kd distribution for nfckel, based on
this information and distribution information for the other nuclides, are

given in Table 22.

TABLE 22
RECOMHENbED VALUES OF u AND o FOR NICKEL

Soil Lognormal Distribution
Type M °
Sand 1.5 1.0
Silt 2.0 - 1.0
Clay 3.0 1.0
Ocrganic 3.0 1.0

Nickel References

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

Swanson, J.L. 198l. Effect of organic complexants on the mobili.y of low
level waste radionuclides in solls: Status report. Pacific Northwent
Laboratory Report, PNL-3927, UC-70.

Wong, K.V., S. Sengupta, D. Dasgupta, E.L. Daly, Jr., N. Nemerow and N-f-
Gerrish, 1983. Heavy metal wmigration in soll-leachate systemn. Hio-

cycle 254, 30-33.

4.7 . PALLADIUM
/

+
!

No specific tnformation was found on soll adsorptlon of palladluw,

We sugpest that the K, values {or nickel be used for palladiun. VJndcrgrnfl/

4
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{(1982) reported a range of O to 28 al/g for the Kd of palladium for granite.
lle recommended that a K, value of 11 mL/g be used.

Pallad{um Reference

Vandergraaf, T.T. 1Y82. A compllation of sorption coefficients for radio-
nuclides on granites and granitic rocks. Atcmlc Energy of Canada Lin-
ited Technical Record, TR-120*.

4.8 RARE_EARTHS - (ERRIUM, SAMARTUM AND CERIUM

Terbium, samarium and cerfum are flssion products, and it is con-
venlent to discuss these three rare-earth elenments together because of thelr
chemical simtlarity. Cerium was the only one of these elements for which
data were found. Vandergraaf (1982) reported that the Kd value for ceriunm
ranges from 250 to 5000 mL/g, and recommended a value of 1000 mL/g. Allard
et ai. (1977) reported a K, range for cerium of 100 to 10 000 alL/g for
clay/ mud and 1000 to 1.6 x 10" mL/g for granite. Baes and Sharp (1981)
suggested a mean value of 3.0 for the loglJKd for cerium, with a correspon-

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

d
Table 1) for all sofls. We recommend using the values of Baes and Sharp for

nll soil types.

Rare Farths References |

Allard, B., H. Kipatsl and J. Rydberg. 1977. Sorption of long-lived radlo-~
nucltides fn clay and rock. Part 1. Determination of Distribution
Cocttlcelents. KBS Technical Report 55.

Baes I, C.F. and R.D. Sharp. 1931. Predlicting radfonuclide leachiny from
root zone +sufl tor assessacnt applicatioas. 0ak Ridee National Labora-
tury Report, CONF-310606-544.

Vandereraat, T.T. 19820 A conmpilatioa of socptlon coetflcleats fur radlo-
nnctldes va pranites and pranitic rocks. Atoalce Energy of Canada Lim-
{tet Techntcal fecord, TR-120*.

* varestricted, unpablisted rveport, avallable from SHDO, Atonlc Energy of
Canada Limdted Nesearch Company, Chalk River, Ontario KOJ 1JO.
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4.9 SELENIUM

Elsokkary (1980) reported selenium adnorﬁgion for three soils,
which allowed the computation of K, values of 1.6, 2.2 and 2.5 wl/g on a
clay soil and two silty sotls, respectively. Frost and Griffian (1977)
reported a K 4 value of ~ 50 mlL/g for HSeOy adsorption on calcium-montmoril-
lonite at a pH of 7. Singh ot sl. (1981) reported Kd values ranging from 3
to 73 aL/g for eelenate adsorption on .sandy soils. Since tnsufficlent dats
are available, we suggest that the values for polonfum be used for assess-

ment purposcs.

Seleniun References

Elsokkary, l.H. 1980. Selenium distribution chemical fractionation and
adsorption in some Egyptian alluvial and lacustrine soils. 2. Pflan-
zeacrnachr. Bodenkd., 143, 74-83.

Frost, R.R. and R.A. Griffin. 1977. Effect of pH on adsorption of arsenic
and seleniuam from landfill lcachate by clay minerals. Soil Sci. Soc.

Amer. Jo ﬂ_. 53=57.

Singh, M., N. Singh and P.S. Relan. 1981. Adsorption and desorption of
sclenite and selenate selenlum on different soils. Soil Sci. 132,
134-141. —_—

4.10 SI1LVER

Little information exists for soil adsorptlon of sllver and no

specific wofl Kd values were found. Consequently, it i{s suggested that in-

formation for copper be uned for sllver because of thelr proximity in the

Perlodic Table. Gerritsce ot al. (1982) supgested that the Kd value range

for silver ts 1 x 107 ta | x 10” mL/g. They reported Kd values of 1.6 x 102

and 5.6 x 107 oL/g for copper on sandy mineral soil, and Kd values of

4.6 x 103, 1.7 2 109, 2.2 x 10" and 3.3 x 10 nL/g for copper on peaty sofl.
Values {zr ‘copper also vanged from 5.9 x 10% to 1.2 x 10> nlL/g for 0 to

0.9 nmeq Ca-t/p dry peats Wony et al. (1983) reported Kd values for copper
of 206 and 197 mlL/g for-a sand and a muck soll, respectively. The rccon=

neaded K, distributton prrawcter values for silver, based on this inforaa-
R :

!
tion, on the distributton tatormation for the other nuclides and on Table
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TABLE 24
RECOMMENDED VALUES OF it AND o FOR SILVER

Lognormal Distribution

Soll Type M a n
Sand 1.726 0.9988 4
Sile 2.090 0.5678 3
Clay 4.0

Organic 4.184 0.3792 4

Silver References

-

Gertltse, R.G., R. Vriesema, J.W. Dalenberg and H.P. De Rons. 1982. Effect
" of sewage sludge on trace c¢lement mobility in soils. J. Eanviron. Qual.
11, 359-364.

Graham, E.R. 1973. Selective distribution and lablle pools of microautri-
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 migratfon {n swofl-leachate systems. Bio-
cycle 24, 30-33.

4.11 STRONTIUM

The most extensi{ve report on strontium Kd values for Canadian

soils 1s the work of Gfllham et al. (1981a). For 15 Canadian soils, the K
values ranged from 2.5 to 1 x 102 nlL/g. The study also showed that stron-

d

tiun “in some or possibly many clrcumstances would migrate at velocities

smaller than the groundwater veloclly but at velocitles which nevertheless
could be significant.”

The recoamcnded K, value neans, standard deviations, ranges and

d
distribution parameters for stronttun by soll type, based on Table 2%, are

given {n Table 26.
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TABLE 26
Ed FOR STRONTIUM

Soil E S.D. n K, Range Lognormal
Type (ijg) ?mL/g)' Distribution

B o
Sand 26.02 30.21 26 2.0 to 114 1.162  0.4964
Sittc 49.49 72.44 20 8.0 to 300 1.436 0.4254
Clay 449.2 415.7 6 8.0 to 1150 2.286 0.821)9

|
Baes and Sharp (1981) suggested a mean value of 1.4 for the

longd for strontium, with a corresponding standard deviation of 0.9 (see

Table 1). Kd values for strontium determined for v&??%gg pure clay minerals
ranged from 0.2 to 9.0 nmL/g (Wahlberg et al., 1965). “d values determined

for varfous minerals ({ncluding clay mincrals) ranged from 0O al/g for quartz
to 2.1 x 103 aolL/g fof alumina (both at pil = 7.5) in a natural water solution
and from 1 mL/g for quartz to 1.44 x 103 mL/g for alumina (both at pH = 7.0)
in a 0.1 mol/L sodium nitrat. solutfon (Tamura, 1972). Palmer et al. (1981)
also reported extensive results for strontium sorption on pure clay, clay/

silica and alumina/clay for variou - solution compositions and pH. Allard et

al.(1977) reported a X, range of 2  to 63 mL/g for clay/mnud and a range of 3

d

to 16 nmL/g for granite. Vandergraaf (1982) recoamended a K, range for

d
stront{um of 0.6 to 600 mL/g for granite.

Strontium References

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

Aleksakhin, R.M. 1965. Radfoactive contazination of soils and plants.
USAEC Report AEC-tr-6631.

Baes {10, C.¥. and R.D. Sharp. 1931. ?¢redicting radionuclide leaching (roz
ruat soae soll for sssessment applications. 0ak Ridee Natlonal Ladbora-
tory Report, CONF-310606-4%.
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Gillham, R.W., L.E. Lindsay, W.D. Reynolds, T.J. Kewen, J.A. Cherry and M.R.
Reddy. 198l1a. Studies of cesiun and stroncium mtgrutton in unconsoli-
dated Canadian geological materials. Atomic Energy Control Board Re-
port, INFO-0049.

Rajek, B.F. and L.L. Ames, Jr. 1968. Strontiuwr "and cesluv. equillibriun
distribution coefficients: Batch and column deterzinations. Battelle
Pacific Northwest Laboratories Report, BNWL-481-3.

Hamstrs, J. and B. Verkerk. 1977. Recview of Netherlands program for geo-
logic disposal of radloactive waste. 1In: Nuclear Power and its Fuel
Cycle. International Atomic Energy Agency Keport, 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. 198l. Adsorption of nuclides on
mixtures of minerals. J. Inorg. Nucl. Chem. 43, 3317-3322.

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

Rangon, D. 1972. Practical utillzation of the distribution coefficient for
the measurement of the radioactive contamination of minerals in rocks,
soill and subterranean water. Cardarache Nuclear CEA Research Center,
ANL-trans-931, Report-R-4274.

Rhodes, D.W. 1957. The effect of pH on the uptake of radloactive 1sotopes
from solutfon by a soil. Soil Sc. Am. Proc. 21, 389-392.

Routson, R.C. 1973. A review of studies on soll-waste relatfonships on the
Hanford Reservation from 1944 to 1967. Battelle Pacific Northwest
Laboratories Report, BN\WL-1464, UC-70.

Schmalz, B.L. 1972. Radionuclide distribution In sofl mantle of the litho-
sphere as a consequence of waste disposal at the National Reactor Test-

fug Station, USAEC Report, ID0-10049.

Serne, R.J., D. Rat and S.J. Phillips. 1978. Manltoring and physlecal char-
acterization of unsaturated zone transpori: Laboratory analysis. In:
Nuclear Waste Management Quarterly Progress Report 1977 Oct.-Dec.
Pacific Northwest Laboratory Report, PNL-231/-4, UC~70.

Tamura, T. 1972. Sorptlon phenomena significant In radfoactive waste dis-
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Vandergraaf, T.T. 1982. A compilatfon of sorption coefficlents for radiov-
nuclides on granites and granitic rocks. Atomic Energy of Canada Lim-

ited Techrical Record, TR-120%*.

Wahlberg, J.S., J.H. Baker, R.W. Vernon and R.S. Dewar. 1965. Exchange
adsorption of strontium on elay 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 technetfum (Paquette et
al., 1989). Technetium migration {s generally retarded under reducling con-
ditions (i.e., in geological formations), where it is less soluble. Techne~- ;
tium, hovever, moves with the groundwater in aerated sofls of low organic

carbon content. Johnstoa and Gillham (1980) indfcated that B

(1) because the pertechnetate {on, TcO,”, is the most stable specles
of techneti{un in aqueous solutlons, TcO,” will not be subject to
fon exchange; hence, technetfum will show little adsorptlion to

soll;

(2) 1n soils with appreclable organic aatter, Tc ¥ may be reduced to
Tc“t and adsorbed.

The recommended Kd value means, standard deviations, ranges and distribu-
tlion parameters for technetium by soil type, based on Table 27, are given in
Table 28.
TABLE 28
K, FOR TECHXNETIUM
L

Soil Rd $.D. n K4 Range Lognormal
Type (nL/g) (nL/2) Distribution
. i a
sand 219.39 109.1 15 1.0x10- ' to 338 -1.148 1,969
Sile 1.426 3.8689 8 1.0x10~ 3% o 11 =1.332  1.290
Orpanlce 113 .4 1929 k] 0.24 to 340 1.029 1.58%
* Unrcqtr{ctcd, unpublished report, avallable frun SN0, Atonlce ﬁncrgy of

Canada Liatted Research Cogpany, <halk River, Ontario KOJ }JO.
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Baes and Sharp (1981) suggested a mean value ot -1.5 for the
10310Kd for technetium, with a correspondin; standard deviation of 0., (see
Table 1). Mousny and Myttenaere (1981) investigated the effect of tempera-
ture on the soll adsorption of technetfun and reported that, for seven soils
Investigated (including a podzol soll and a fen soil), Kd ranged froa 0.007
to 0.234 ol/g. Baes and Sharp (1981) suggested the Kd range is ¢.003 to
0.28 nL/g (see Table l). Wildung ez al. (1974) selected 22 surface soils

with the following range of properties:

Organic
CEC pH Carbonate Carboa Sand Sile Clay
(meq/100 g) 2
5.5-90.0 3.0-8.9 0-6.5 0.23-28.8 14.1-73.1 17.6-58.0 13.8-456.6

and suggested that the Kd for technetium ranges froa 0.007 to .8 wlL/g.

They also suggested a prediction equation of the form

Ky = 0.08 X3 - 0.09 X, ("

where X, Is the organic carbon content,

3
X 1is the pH.
4 P

Vandergraaf (1982} recommended a K, range for technetium of 0 to 80 mL/g for

d
granites.

Technetium References

Baes IIl, C.F. and R.D. Sharp. 1981. Predicting radtonuclide leichlng froa
root zone soll for assessment 4applications. 0Oak Ridge Natlonal Labora-
tor;” Report, CONF-B10606-44.

Balopgh, J.C. and D.F. Grigal. 1382, Sofl chrosatographic movezent of ' Te
through selected Minnesota salls. Sotl Science 130, 275-252.

Franz, J.A., L.Y. Martin and D.J. wWiyplins, 19982, Behavior of reducel 7~ Te
and " Tc organtc coaplexes oa Hantord soll. Paclitle Horthwest Labhora-
tory Report, PHNL-4178, UC-i0.
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Gee, C.W. and A.C. Campbell. 1980. Monitoring and physical characteriza-
tion of unsaturated zone transport - Laboratory analysis. Pacific
Northwest Laboratory Report, PNL-3304.

Johuston, H.M. and R.W. Gillham. 1980. A review of selected radionuclide
distributlon coefficients of geologic materfals. Atomic Energy of
Canada Limited Technical Record, TR-90%.

Mousny, J.M. and C. Myttenaere. 1981. Absorptfon of technetium by plants
in relation to soil type, contamination level and time. Plant and Soil

61, 403-412,

Nowak, E.J. 1981. Composite barkfill materials for radioactive waste iso-
lation by deep burial in salt. Sclentific Basis Nuclear Waste Manage-

ment 3, 545-5952.

Paquette, J., J.A.X. Reld and E.L.J. Rosinger. 1980. Review of techaciium
behavior in relation to nuclear waste disposal. Atomic Energy of
Canada Limited Report, TR=25%.

Routson, B.C., G. Jansen and A.V. Robinson. 1977. 2“lam, 23%yp, and 9%c
sorption on two United States subsoils from differing weathering inten=
sity areas, Health Phys. 33, 311-317.

Serne, R.J., D. Ral and S.J. Phlllips. 1978. Monitoring and physical char-
acterfzation ot unsaturated zone transport: Laboratory analysis. In:
Nuclear Waate Management Quarterly Progress Report 1977 Oct.-Dec.,
Pactfic Northwest Latoratory Report, PNL-2377~4, UC-70.

Sheppard, M.I., T.T. Vandergraaf, D.i{. Thidbault and J.A.K. Reid. 1983.
Technet{um and uranfium: Sorpuion by and plant uptake from peat and
sand. liealth Phys. 44, 635-643.

Turcotte, M.5. 194, Euvironmental behavior of technetium-$9. E.I. du
Pout de Nemours & Co., Savannah River Plant and Laboratory Report,

DP-164%, UC~11.

Vandergraaf, T.T. 1982, A compllation of sorption coefficlents for radto-
nuclides on granttes and pranitic rocks. Atonlc Energy of Canada Lim-
{ted Technteal Record, TR-120%.

Wilduny, R.t., %.C. Routson, R.1, Serne and T.it. Garland. 1974, Pertech-
netate, fodide, and aethvl {odide retenticn by surface solls. Battelle
Pacltic Nurthwest Laboratorics Report, BiWL-SA-5195.

Gerrftee ot al. (1930) supgested that the Kd value for tin ranges

froa 1 x 107 to 1 x W nL/y. Ve recommend that the Ka distributfon Lnfor-

matloa lor lead be used tor tin.
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Tin Referenca

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

11, 359-3b4.

4.14 ZIRCONIUM AND NIOBIUM

Rhodes (1957) reported Kd values ranging from 90 mL/g (pH = 6.0)
to > 1980 mL/g (pdl = 2.7, 3.5, 4.4, B.4 and 9.3) for zirconium-nfobilum ad-
sorption on Hanford subsocll. From this information, in the pH range of most
interest for swurface soil (pH = 5 to 8, a sandy soil), zirconium has an
average Kd of 164 mL/g. This appears to agree well with the Kd for niobfun
of 210 nL/g recommended for granite (Vandergraaf, 1982). Vandergraaf also
recommended a Kd range for zirconium of 1000 to 6000 mL/g for granite.
Allard et al. (1977) reported a Kd range for zirconiua of 50 to 1000 nL/g

for clay/mud and 1250 to 6300 wL/g for granite.

Based on this {nformatfon, the recommended mean of the lognormal
distribution for zlrconium and niobium I{s 2.5 with a standard deviation of
1.0. Because Informatlon (s insufficient to break it down by soil type, one

value s recomaended for all soll types.

Zirconium aund Nioblum References

Allard, B., M. Kipatsi and J. Rydberg. 1977. Sorption of long-lived radlo-
nuclides tn clay and rock. Part l. Determination of Distribution
Coefttcicnts. KBS Technical Report 55.

Rhodes, D.W. 1957, The etfect of pH on the uptake of radioactive isotopes
from =olutten by a soll. Soll Sc. am. Proc. 21, 389.

Vandergraat, T.T. 1982. & compllatton of sorptlon coefficlents tor radfa-

nuc liden on granites and pranitic rocks. Atoaic Energy of Canada iim-
{ted Technical Recovd, TR-120%,

* Carestvivted, unpubl{shed report, avaltaoble from SDDO, Atonic Ererpy of
Canada ttatted Rescarch Company, Chalk «er, Cntario KOJ 1J0.
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5. DISTRIBUTION COEFFICIENTS FOR OTHER NUCLIDES

S.1 ANTIMONY

No specific soil Kd d
values for lead are recommended for antimony, because of its proximity to
lead in the Periodic Table.

information was found for antimony. The K

5.2 BORON

Little informatlon was found on boron adsorption on soils; how-
ever, there {s 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 0'Connor (1982) for mont-
morillonite and 11l{te Lndicated that the Kd value for boron for these pure
clays could be as high as 20 wlL/g. That work suggested that the Kd value
for soils may be fn the range O to 10 mL/g. We recommend a value of 1 mL/g
for assessment purposen; the lognormal distribution parameter values cannot

be given.

Boron References

Gupta, I.C. 1980. Eyuwliibrium adsorption of boron as affected by texture,
salinity and alkallalty of sotl. Auau. Arid Zone 19, 243-248.

Keren, R. and G.A. O*Connor. 1982, Etfect of exchangeable fons and fonic

strength on boron adsorption by montmovillonite and illite. Clays Clay
Miner. 30, 341-1an.

5.3° CADMIUM

Most of the work carrled ot with cadmiun has been in respoanse to !

environmental concerns about the application of sewage sludge to agricultur+

al land. The sorption ot cadatws on solls and sedlments has been studied by/

Poelstra et al. (19/9), Rendell et al. (1980), Hendricksoa and Corey (1981),
; S .

and Gerritse et alo (1aal). ThC'PUCunmvudvd‘R' value means, standard devia-
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TABLE 30
Ed FOR CADMIUM
Soil S.D. n Rangu Logrormal
Type (mljg) ?nl.ls) Distribution
B c
Sand 189.7 194.1 5 47 .6 to %00 2.095 0.4397
silt 33.93 . 36.56 3 9.8 to ¥ 1.359 0.4645
Organic 4246 6110 8 23 to 1.7x10“  2.880 1.090
Hendrickson and Corey (1981) reported Kd datas froa several
authors, and their plot indicated that the X, range 18 0 to 6 mL/g ard is

gignificantly dependent on both the cadmium :nd calciua contents of the
soll. Navrot et al. (1978) reported Kd valuea for cadal{um for five Israell
soils ranging from 1 x 103 ¢t3 1'% 10" nL/g, and the Kd value was correlated
to specific soil surface area.

Cadmium References

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

Gerritse, R.G., R. Vriesema, J.W. Dalenberg and H.P. D¢ Roos. 1982. Effect
of sewage sludge on trace clement mobllity in molls. J. Environ. Qual.
11, 359-364.

Herdrickson, L.L. and R.B. Corey. 198l. Effect of equilibrium metal con-
centrations on apparent selectivity coelfictents of soll complexes. -

Soil Sclence 131, 163-171.

Navrot, J., A. Singer and A. Banin. 1978. Adaorption of cadmium and its
exchange characteristics in some Israell souila. J. Soll Sei. 29,
505-511.

Poelstra, P., M.J. Frissel and N. El-Bassam. 19/9. Transporﬁ and accunula-
tion of Cd ions in solls and plants. . Ptlanszeuwcrnachr. Bodenkd.
142, B848-864.- :

Rendell, D.S., G.E. Batley anl A.J. Camervu. 1980. Adsorption as a control
of metal concentrations In sediment extracts, Euaviron. Sci. Technol.

14, 314-318.
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Wolf, A., K. Bunzl, F. Dietl and W.F. Schmidt. 1977. Effect of calcium
fons on the abasorption of lead (2+), copper (2+), cadafum (2+) and zinc
(2+) by humic substances. Chimocsphere 6, 207-213.

Wong, K.V., S. Sengupta, D. Dasgufta, E.L. Daly, Jr., N. Nemerow and H.T.
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 tellurfum for

clay/mud and granite 1s 1 amL/g. This work suggests that the Kd range may be
0 tol mL/g. We recommend a Kd value of 0 mL/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 coeffictents. KBS Technical Report 55.

5.5 ZINC

Gerritse et al. (1982) suggested that the Kd values for both zinc
and cadmium range from 1 x 107 to 1 x 10“ aL/g, and their data for sandy and
organic soils show that the two clements exhibit very similar sorption be-
haviour. The recommended K, value neans, standard deviations, ranges and

d
distribution pdrameters for zinc, based on Table 31, are given in Table 32.

TABLE 32
K, FOR ZINC
.11______—_-

Soil K S.D. n Ky Range l.ognormal
Type (mL?g) (mL/g) ' Distribution
: " o
Sand 622.0 91i1.0 5 0.1 to 1120 1.762 1.694
Silt 51.8 08,17 2 3.6 to Q0 1.278 l-qﬂl,

Organic 4092 4909 6 70 1o 1.3x10" 3.185 Q.83
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Zinc References

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

Graham, E.R. 197). Selective distritution and labile pools of micronutri-
ent elements as factors affecting plant uptake. Soil Sci. Soc. Azer.
Proc. 37, 70-74.

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

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

5. CONCLUSIONS

The paucity of Kd values for organic soil {s the most striking
observation from our review of the literature. Plutonium, lead, technetium,
cadanfum and zinc were the only nuclides for which more than two Kd values
have been deterilned for an organic soil (see Table 33). The next most
fmportant observation is that very little work has beca done with mineral

solls for some of the wore mobile nuclides with X, values up to 100 mlL/g,

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

a-1 tellurium. There may be good reanona why more K, work s not warraanted

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

tormation of precipitates or reduction to an famobile upecies (n the wvault
or peosphere. Qur wajor recommendatlon is that effort be directed towards

the chemistry (including paramcter Jdeterminarion, f.e., K, determinations)

d
of organic solls, and in particular the reactions of uranfum, techaetium,

fodine, selenfum and carbon with organic solls. In spite o( the linited

data base, it is possible to sclect reasonable K, distribution paraseter

d

values fer most nuclides for long-Lerm waste management assessaent
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TABLE 33 4

AVAILABILITY OF K, DATA FOR EACH NUCLIDE BY SOIL TYPE . Z

: Soil Type 3
Nuclide Sand silt Clay - Organic ¥

Actinfun X X X
Azmericiunm

Antimony X X
Biszuth

Boron X
Cadniun

Calcium X
Carbon X
Cesfiunm

Iodfine

Lead

Molybdenun X
Neptuniun .

Nickel , X
Palladium X
Plutoniun

Polonium

Protactinfum X
Radiua

Rare Earths

Selenium

Silver

Strontfun
Techaetium
Tellurium

Thorium

Tin

Uraniunm

Zinc

Zirconiwm & Nioblum

e =
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X denotes 2 or fewer Kd values.
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