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Abstract 

The migration, i. e., the diffusivity, in compacted bentonite of 
the actinides thorium, protactinium, uranium, neptunium, plu· 
tonium and americium have been studied in laboratory experi
ments. 

A sodium bentonite, Wyoming bentonite MX-80, compacted 
to a density of 2 X 10• kg/m", was used in all experinlents. The 
effect of mixing the clay with 1% Fe. (P04 ) 1 or 0.5% iron pow
der on the diffusion of uranium and neptunium was ex1111ined. 
'Jhe diffusion of uranium and americium after addition of 600 
mg/1 of HCo; and the diffusion of uranium after addition of 
lOmg/1 of humic acid to the aqueous phase was studied, as weU. 

The aqueous phase was a synthetic groundwater representa· 
live of Swedish deep granitic JllOUndwaten, and was preequilibra
ted with the clay. 

The apparent diffuslvities measllted for the penta· and hexa
valent actinides- protactinium: Pa{V); neptunium: Np(V); 
uranium: U {VI) -were between 3.7 and 6.S X to-• • m2 /s. For 
the tri- and tetravalent actinides - americium: Am (111); thorium: 
Th(IV), plutonium: Pu(IV)- the apparent diffusivities were be
tween 1.9 and 12.9 X 10" 15 m• (s. The metallic iron added to 
the clay lowered the diffusivity of the uranium and the neptuni
um. Iron phosphate lowered the neptunium diffusivity but had 
no effect on the uranium diffusivity, While adding bicarbonate 
to the aqueous phase may have had the effect of decreasing the 
americium mobility, the addition of bicarbonate or humic acid 
bad no significant effect on the mobility of uranium. 

A small fraction of the uranium, neptunium, and plutonium 
had diffusivities on the order of 10· 12 m • f s, which is that ex
pected for a non-sorbing species transported throu&h the clay. 
Uranium and neptunium seem to diffuse by more than one mech· 
anism or species - one fraction with a mobility similar to what 
was measured for the penta- and hexavalent actinides and the 
other fraction with a mobility similar to what was observed for 
the tetravalent actinides. 

I. Introduction 

As a consequence of the introduction of nuclear power, 
there has been a profound interest in the behaviour of the 
lighter actinides through americium in the environment. 

This paper presents the results of direct measurements 
of the transport, i.e., the diffusion, of the actinides thori
um, protactinium, uranium, neptunium, plutonium and 
americium in compacted bentonite. The paper is based 
on previously published conference proceedings and a 
technical report {1-3], but the diffusion coefficients 
have been reexamined. 

2. Experimental 

The studied systems are given in Table l. 

Table 1. Studied systems (aqueous pl)ase: artificial groundwater 
preequilibrated with the clay, cf., Table 2). 

Diffusing species 

n•u 
"'U 
~ .. u 
"'U 

u•pu 

,.,Am 
u•Am 

Solid phue 

Bentonite a 

Bentonite 

Bentonite 
Bentonite+ 0.5% Fe(s) 
Bentonite + 1% Fe3 (P04 ) 1 (s) 
Bentonite; 600 mg/1 NaHCO, added to the 

artificialpoundwater 
Bentonite; 10 mtt/1 humic acid in the 

aqueoua phue 

Bentonite 
Bentonite/Bentonite+ O.S% Fe(s} b 
Bentonite+ 1% Fe1 (P04 ), (s) 

Bentonite 

Bentonite 
Bentonite; 600 mg/1 NaHCO, added to the 

artificial groundwater 

a Wyoming bentonite, MX-80; density: 2 X 10' kg/m'; used 
in all experiments . 

b One type in each half-ceU. 

2.1. Radionuclides 

Thorium, as the short-lived 234 Th (half-life= 24.1 days), 
was recovered from 238 U by a sorption/extraction pro
cedure [4] in which the separation is achieved by pH-ad
justment. A total amount of 10-14 mol was added to the 
clay. 

Protactinium, as 233 Pa (haJf.Jife = 27 days), was re
covered from 237 Np using the same technique. The total 
amount of protactinium added was J o- 13 mol. 

The amounts of uranium, neptunium, plutonium, 
and americium used in all experiments were, respectively, 
3 x 10- 7 mol of 233 U, 5 x w- 6 mol of 237 Np, 3 x 10-a 
mol of 239 Pu and 4 x 10- 9 mol of 241 Am. 

2.2. Solids and the aqueous phase 

Information on the clay used and on the preparation of 
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the clay and the aqueous phase is in the preceding paper, 
"The migration of the fission products strontium, techne
tium, iodine, and cesium in clay". • 

For the redox-sensitive actinides uranium and neptuni
um, the diffusion under reducing conditions was studied 
by mixing the clay with 0.5% metallic iron (iron powder) 
or with 1% Fe3 (P04 h. In addition, the phosphate is 
also a strong complex-forming agent. 

Table 2. Composition of the aqueous phase (pH 8.8 -9.0) 

Cation ppm Anion ppm 

K+ 11 c1- 132 
Na+ 670 NO; 6.8 
ca•+ 6.6 so:- 870 
Mg'+ 1.7 

2.3. Diffusion measurements 

The technique used for studying the diffusion is de
scribed in the preceding paper, and in detail in reference [S]. 

3. Diffusion theory 

The diffusion theory is given in the preceding paper. 

4. Results and discussion 

From the diffusion equation, logC=const. -( l/(4D,t ))x3
, 

the apparent diffusivity is given from the slope of log C 
versus the square of the transport distance, x. The meas
ured concentration profiles, given as log C versusx 3

, for 
thorium, protactinium, uranium, neptunium, plutonium 
and americium are shown in Figures I -123 • Experimental 
parameters and calculated diffusivities are given in 
Tables 3 and 4. 

Often only the far end of the curve (corresponding 
to the highest values of x 2

) is a straight line while the 
curve increases rapidly for low values of x 2 (cf., Fig. 3 
etc.). This nonlinear behaviour could be explained by con
centration-dependent sorption isotherms, the superposi
tion of more than one diffusion mechanism, etc. If doing 
a least square fit on the linear part of the curve and sub
tracting th.is from the entire curve yields a new linear 
curve, however, then the diffusion could be expected 
to consist of superimposed mechanisms. Thus, if this is 
the case, two (or more) independent apparent diffusivities 
can be calculated by doing consecutive least square fits on 
the measured concentration profile. These diffusivities 
together result in the observed transport through the clay. 

The actinides have a complicated redox chemistry with 
possible oxidation states ranging from +3 to +6 in a natu
ral aqueous environment r 6 ). Thus, it is reasonable to be 

B()RJE ToRSTENFELT 

able to distinguish between two and sometimes three dif-
fusivities contributing to the overall diffusivity. . 

Using the equation, D = Da ( 1 + Kt~P( 1 -e) I e), the dif: 
fusivity through the pores can be calculated. This equa
tion appears to be valid for species sorbins by chemisorp
tion or physical adsorption, but is not applicable to dif· 
fusion measurements when the species is sorbed by a 
cation exchange reaction [7]. The diffusivity,D, for 
thorium, uranium, neptunium and americium is calculated 
to be (2-4) x 10- 18 ml/s; for plutonium it is 3 x to-u 
ml /s. For protactinium, however, the diffusivity is 1.4 
x 10- 11 m2 /s which implies it has a greater mobility than 
that of ions self-diffusing in dilute water solutions. There
fore, if the Kd-value is correct, the equation is not ap
plicable to the diffusion of protactinium (see Section 4.2.). 

4.1. Thorium 

Thorium is tetravalent, Th(IV), under the conditions ex
pected in natural waters. It is highly hydrolyzed and sorbs 
strongly on solids. The measured diffusivity for thorium 
is< 7.7 x lo-•s m2 /s, which is 2 to 3 orders of magni· 
tude lower than is measured for the fission products stron· 
tium, technetium, iodine and cesium (7]. The mobility 
is so slow, in fact, that it is difficult to separate the actua) 
transport from the possible errors In determining the 
starting point of the diffusion; thus, the diffusivity must 
be expressed as "less than or equal to" the calculated 
value. Thorium appears to diffuse by only one mechanism 
(cf., Fig. l), which is what is expected considering the 
fact that it has one prevailing oxidation state, does not 
form carbonate complexes, and is extensh:ely hydrolyzed. 

3.0 

{) 

bll 2.0 
.2 

1.0 

2.5 

r•=0.9114 
a =2.2236 
b =-2536074.061 
D.=7.74xto-•6 m 1/s 

7.5 

Fis. 1. DiffuJion of thorium in compacted bentonite. Diffusion 
time "' 64 days. 

TORSTENFELT, 8.: Radiochim. Acta 39, 97-104 (1986). 

a The values for r'. Q and b from the lust square fit of Jog C = 
a+ b X x' and the appar~nt diffusivity calculated from the 
b-value are given. Note that th~ scale on the X·ald' i' varied 
for the different actinides. 
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Table 3. Distribution coefficients (8] and measured diffusivitics in bentonite for thorium, protactinium and uranium 
(density of the clay= 2 X 101 lcg/m1 ) 

Element losC1
1 Time Kd 

(d] rm• /k&l 
Da 

[m"/•1 

Th -14.0 64 

Pa -13.7 76 

u - 6.5 62 

- 6.5 53 

- 6.5 63 

- 6.5 54 

- 6.5 62 

a c, • Number of moles initially added. 
b Evaluated from Eq. (3), precediJJB p11per. 
c 0.5% Fe(s) added to the clay. 
d 1% Fe1 (P04 ) 2 (s) added to the clay. 
e 600 rng/1 NaHC0 0 added to the artlflclal groundwater. 
r 10 nu:/1 humic acid added to the aqueou1 phase. 

4.2. Protactinium 

Protactinium is expected to be in the +S oxidation state, 
as PaD;, but has a peculiar chemistry [9J and does not 
always behave as a typical pentavalent actinide. Its sorp
tion on bentonite is strong (K4 =5m3 /kg), which is in 
contrast with the poor sorption of neptunium(V) (cf., 
Table 4). It exhibits one diffusion mechanism with a dif
fusivity,D4, of6.2X 10-13 m2 /s(Fig. 2). This is also 
in contrast with what is observed for the pentavalent 
neptunium and the hexavalent uranium, both of which 
seem to have three superimposed diffusivities. 

3.0 

u 
tiD 2.0 
.2 

1.0 

r 1==0.9980 
a ==2.6167 
b =-26553.7272 
D.*6.23xto-11 m'/s 

2.0 4.0 6.0 8.0 

xa. (m2) 
Fig. 2. Diffusion of protactinium in compacted bentonite. Dif· 

r,Jtinn ti"tn,. = '?I:. ... ~..,. 

.>6 

5.0 

0.093 

4.3. Uranium 

3.4 x to-u 
6.4 x to-u 
2.7 X Io-n 

3.3 X 10"" 
t.6 x to·•3 

8.2 X 10" 12 

3.1 X 10" 11 

1.0 X 10-u 

s.s x 1o·u 
2.3 X 10"'" 
s.3 x to· .. 

6.7 X 10" 12 

6.8 X 10- 11 

2.3 X 10"" 

2.2 X 10·•• 

L4 x to·• 

2.1ax to-u 

Under oxidizing conditions uranium is hexavalent, exist
ing as the uranyl ion, uo~ "'. which sorbs poorly on 
bentonite {cf., Table 3). 1bree diffuslvities are observed 
(Fig.3a): 3.4x 10- 12 m 2 /s,6.4x 10- 13 m2 /sand 
2.7 x 10- 13 m2 /s'. The fastest migrating fraction has a 
mobility expected to be equal to the mobility of the 
"water front"; this mobility is observed independent of 
the identity of the element for the actinides uranium, 
neptunium, and plutonium, and for the fission products 
strontium, technetium, iodine, and cesium [7J. The 
second and the third fraction are probably two different 
complexes of hexavalent uranium, with the bulk of the 
uranium migrating with an apparent diffusivity of 
6.4x 10" 13 m1 /s. 

Even when metallic iron is added to the clay a small 
fraction of the uranium migrates quickly, i.e., 3 3 X lO-ll 

m2 /s. The migration of the major part of the uranium, 
however, is decreased by a factor of 3 or 4 and has an 
apparent diffusivity of 1.6 x 10- 13 m2 Is (cf., Fig. 3b). 
The reduction of U(VI) to U(IV) by the metallic iron is 
expected to cause the decrease In the mobility. 

a Sometimes it is po~sible to fit a final linear curve close to 
the starting point. This is probably not a .. true" diffusivity 
but, rather, is dependent either on precipitation of the 
actinide at the starting point or the movement or reorienta· 
lion of the layer of the diffusing species after closure of the 
cell. Both effects are artifach of the exoerimental techniaue 
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3.0 

u 
~ 2.0 
.£ 

1.0 

2.0 

r 1=0.67?1 
a =1.5983 ® 
b "'-80Z6.6786 
D.=3.36xi0- 11 m 1/s 

4.0 

r 0=0.9996 
a =3.0994 
b =-3143?.3309 
D.=6.44xto-u m1/s 

6.0 6.0 

3.0 

u 
Ql) 2.0 
2 

1.0 

2.0 

Bt)RJE TORSTt NFEL'J' 

r 1=0.9680 
a =2.0616 
b =-144054.7912 
D.=1.64x10-11 m1/s 

r 1=0.023? 
a =0.4012 
b ==-713.7544 
Doa3.32Xl0' II m 1/S 

4.0 6.0 8.0 

Fig. 3. Diffusion of uranium in compacted bentonite. a) Ordinary bentonite, diffusion time "' 62 days. b) Bentonite 
mixed with O.S% iron powder. Diffusion time • 53 days. 

3.0 

u 
Ql) 2.0 
.2 

1.0 

2.0 

r•,.o.9533 
a =2.9311 
b --200407.4195 
D.=9.96xlo-•• m3/s 

4.0 

r 1=0.3623 
a =1.0230 
b .,-2425.2533 
Do=8.23xl0-11 m 1/s 

r 1-0.98!>2 
a .. 2.8554 
b e-64368.4663 
0 0 =3.10xiO-'" m"/s 

6.0 8.0 

Fig. 4. Diffusion of uranium in compacted bentonite, with the 
bentonite mixed with I% Fe,(PO, ), . Diffusion time = 63 days. 

3.0 

u 
""' 2.0 

..9 

1.0 

2.0 

r 1=0.9927 
8 =3.2648 
b ~-278987.4379 
D.=8.34xto- 14 m 1/s 

4.0 

r 2 =0.6160 
a =1.0134 
b =-2740.6003 
D,=6.49xto-•• m 1/s 

r 2=0.9S54 
II. =3.1901 
b =-101750.6334 
D.=2.29xlo-u m•;s 

6.0 ao 

Fig. 5. Diffusion of uranium m compacted bentonite with 600 
m~ /I NaHCO, added to the artificial groundwater. Diffus>on 

time= 54 days. 

The addition of 1% Fe3 (P04),(s) to the clay, or 600 
mg/1 NaHC03 or 10 mg/1 humic acid to the aqueous 
phase, did not seem to have any significant influence on 
the uranium diffusion (Figs. 4-6). The complex-forma
tion constant for uranyl with HPO~ - is expected to be 
high (logK1 = 8.4 [6], but, as shown in Figure 4, no sig
nificant effect on the transport is observed. 

3.0 

u 
~ 2.0 
.2 

1.0 

2.0 

r 1 •0.9976 
a =3.1094 
b --29817.9344 
D,•6.80xl0- 13 m 1/s 

4.0 

r 1 =0.4604 
• =1.3036 
b =-3004.2171 
D.=6.74xto-u m 1/s 

6.0 8.0 

Fijj. 6. Diffu5ion of uranium in compacted bentonite with 10 rng/1 
humic acid added to the artificial groundwater. Diffusion time : 

62 days. 

4.4. Neptunium 

Neptunium exists in the pentavalent oxidation state, as 
NpO;, under oxidizing conditions and, similar to urani
um, apparently has three superimposed diffusivities: 
1.2x JO-II m 2 /s,3.7x w-IJ m 2 /s,and4.6x 10- 14 

m2 /s (see Fig. 7). 

The main fraction of the neptunium is transported 
with a dlffusivity very nearly the same as those of pro-

T 
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Table 4. Distribution coefficients 181 and measured diffusivities in bentonite for neptunium, plutonium, and americium 
(density of the clay = 2 X 1 01 kg/ m •) 

Element logC1
8 Time 

I d) 

Np -5.3 69 

Npc -5.3 322 

Npd -5.3 212 

Pu -7.6 316 

Am -8.4 524 

Arne -8.4 3SO 

a Ct =Number of moles Initially added. 
b Evaluated from Eq. (3) in preceding paper 
c O.S% Fe(s) in part of the clay. 

Kd 
(m1 /kg) 

0.12 

3.5 

6.6 

d 1% Fe1 (P04 )• (s) added to the clay. 
e 600 mg/1 NaHC01 added to the artificia1poundwater. 

3.0 

u 
QD 2.0 
..9 

1.0 

rli:0.8001 
a =2.7018 
b •-399519.3528 
D.=4.56xto-•• m11/s 

ra..0.4141 
a "'0.8844 
b -=-1548.7812 
D.:1.18xlO-" m•js 

r 1=0.993l 
a-3.0543 
b =-49353.3695 
D.=3.69xto·u m 1/a 

2.0 4.0 6.0 8.0 

xa, (rna) 
Fig. 7. Diffusion of neptunium in compacted bentonite. Diffusion 

time = 69 days. 

3.0 

u 
~ 2.0 

..9 

1.0 

r• .. o.9851 
a =2.3497 

® 

b "'-112729.8'78'7 
D.=3.48xto·•• m1/s 

r 1=0.3964 
a =0.5348 
b =-4763.0372 
D.=8.20xto-13 m 2/s 

2.0 4.0 6.0 

xa. (m2) 

8.0 

D, Db 

[m 2 /SJ lm'/aJ 

1.2 X 10- 11 

3.7 x 10-u 2.1 x 10-u 
4.6x 1o·•• 

8.2 x to-u (no Fe(l)) 
3.5 X 10· 14 (no Fe(s)) 
4.2 x to·•• (Fe(s)) 

2:1 x to- 14 

3.2 x to·" 
<1.9 X IO·IS <3.1 X IO·" 

<1.3 X I0- 14 <4.0 X 10· 10 

<l.B X JO·" 

tactinium and the bulk of uranium (i.e., (4-6)x J0- 13 

m2 /s). This value seems to be the diffusivity for the "-yl" 
ions (AnO; and AnO~ +) in the compacted bentonite. 
Neptunium also has a fraction migrating with a diffusivity 
of 1.2 x 10· 11 m2 /s, a value which appears to be inde
pendent of the identity of the element. The fraction with 
the lowest diffusivity is either a neptunyl complex or 
tetravalent neptunium, which, as thorium, should ex· 
hibit a low mobility in the clay. 

When metallic iron is added to the clay, the neptuni· 
urn is reduced to the tetravalent state with a diffusivity 
of 4.2 x I0- 14 m2 /s (cf., Fig. 8). Close to the starting 
point (i.e., the interface between the ordinary clay and 
the clay containing metallic iron) neptunium is reduced 
throughout, even in the ordinary clay, resulting in a dif
fusivity of 3.5 x 10- 14 m2 /s. The dlffusivity for the rest 

3.0 

u 
tw 2.0 

.£ 

1.0 

2.0 4.0 6.0 

xz, (m2) 

8.0 

Fig. 8. Diffusion of neptunium in compacted bentonite with one half of the cell a) in ordinary bentonite, and the other 
half of the cell b) with the bentonite mixed with 0.5% iron powder. Diffusion time "' 322 days. 
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of the neptunium in the ordinary clay is 8.2 x 10" 13 

m1 /s. No fast-moving fraction is observed in the chemical· 
ly reducing part of the clay. In the chemically oxidizing 
part of the clay a fast-moving fraction is not distinguish
able; only the diffusion of the neptunyl ion is observed 
due to the long experimental time. 

After mixing 1% Fe 3 (P04 ) 2 (s) with the clay (Fig. 9), 
the mobility of neptunium is decreased to a diffusivity 
one order of magnitude lower than that observed in 
normal bentonite. This is in contrast to what was found 
in the uranium experiment in which the addition of 
iron(ll) phosphate had no significant effect on the dif· 
fusion. The equilibrium constant for the reduction of 
NpO! by Fe2 +, however, is K = 0.29 at 25 °C, and, for 
the reduction of UO~ + by Fe2 + the equilibrium con
stant is K = 1 o- 15 

• Thus, neptunium could be reduced 
by Fe:z+, fonning an HPol· complex (logK1 = 12.0-
13.0 (6)) or being hydrolyzed to Np(OH)4 or Np02 , 

while the uranium, if reduced, would be rapidly oxidized 
to the hexavalent state again (6,9,10}. Therefore, the dif
ference in uranium and neptunium mobility in these ex
periments is most likely in agreement, although the phos· 
phate would still be expected to form a complex with 
the uranium. No fast-moving fraction was observed in 
this experiment. 

3.0 

u 
~ 2.0 

..<a 

1.0 

2.0 4.0 6.0 

xa, (mZ) 

8.0 

Fig. 9. Diffusion of neptunium in compacted bentonite, with the 
bentonite mixed with 1% Fe, (P04 ) 1 • Diffusion time= 212 days. 

4.5. Plutonium 

The measured concentration profile for plutonium in 
compacted bentonite is shown in Figure 10. As with 
thorium, the transport is very slow, and even after almost 
I year it is difficult to separate the concentration proflle 
from the starting point of the experiment (cf., the foot· 
note in section 4.3.). Thus, the diffusivity of the plutoni
um is expressed as<; 1.9 x I 0" 1 s m2 Is. One fraction of 
the plutonium moves rapidly through the clay (Do = 
3.2 x I 0" 12 m2 /s); again, this is the diffusivity expected 
for all species transported with the "water front." 

3.0 

u 

£" 2.0 

1.0 

B6RJ£ TORSTENFELT 

r 1a0.87"4 
a .. 4.1610 
b •-2072746.599 
D.=l.92x10"" m1/s 

r 1..0.4887 
a ...().6954 
b=-1238.~3 
D.=:!.22xto·• m1/e 

2.0 4.0 .6.0 8.0 

xa. (ma) 

Fls. 10. Diffusion of plutonium in compacted bentonite. Diffusion 
time = 31 fi days. 

4.6. Americium 

Similar to thorium and the main part of the plutonium, 
americium is virtually immobile during the extent of 
the experiment. After 524 days the apparent diffusivity 
was determined to be Jess than or equal to 1.3 X 10- 14 

m1 Is (Fig. 11). Americium appears to be transported 
by one mechanism only. No fast-moving fraction was 
observed. 

3.0 

u 
Ql) 2.0 

_g 

1.0 

,.e .. o.9Jee 
e. =1.11'1'6 
b =-186834.5052 
n.~1.29xl0-u m 1/s 

2.0 4.0 6.0 8.0 

xz. (m2) 

Fig. 1 1. Diffusion of americium in compacted bentonite. Dif· 
fusion time= 524 days. 

In the experiment in which 600 mg /I HCO) was added 
to the aqueous phase (Fig. 12), it is almost impossible 
to see any transport at all after 350 days diffusion time. 
The apparent diffusivity is~ 2.8 x l0- 16 m2 Is (cal· 
culated from three points), indicating that the presence 
of HCO] in the water would not, in any event, increase 
the mobility of americium. 
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FJs. 12. Diffusion of americium in compacted bentonite with 
600 ms/1 NaHCO• added to the artlfieialgroundwater. Dif

fusion time= 350 days. 

5. Conclusions 

With the diffusion equation written as log C = const. -
(1/ ( 4Da t ))x1

, a plot of log C versus x 2 makes it pos
sible to evaluate whether the diffusion of a species con
sists of one linear diffusion mechanism, two or more 
superimposed linear mechanisms, or a nonlinear diffu
sion mechanism. In the case of superimposed linear 
mechanisms, consecutive least square fits of the log C 
versus x 2 curve give the apparent diffusivities of the 
diffusion mechanisms contributing to the overall trans
port observed. 

The mobility of actinides in the + 3 and + 4 oxidation 
states is very low. Even after diffusion times greater 
than one year it is diffiCult to distinguish between 
actual transport and errors in determining the exact 
starting point. Thus, the diffusivities evaluated for tho
rium, plutonium and americium (7.7 x 10- 15 m1 /s, 
1.9 x 10- 15 m2 /s, and 1.3 x 10- 14 m2 /s, respective
ly) are maximum values. 

For the actinides in the + 5 and + 6 oxidation states 
the apparent diffusivity was measured to be between 
3 and 7 X 10- 13 m1 Is (6.2 X w- 13 m2 Is for protac
tinium, 6.4 x 10- 13 m2 Is for uranium, and 3.7 x 10- 13 

m2 Is for neptunium). 
The addition of metallic iron to the clay decreased 

the mobility of both uranium (VI) and neptunium (V), 
a factor of 3 to 4 for uranium and one order of magni
tude for neptunium. Reduction to the tetravalent states 
is expected to cause the lower mobility. The fact that 
neptunium has a lower mobility than uranium is thought 
to be due to a more complete reduction of Np (V) rela
tive to that of U {VI). 

The addition of I % Fe3 (P04 ) 1 to the clay, or of 
600 mg /1 NaHC03 or I 0 mg /I humic acid to the aque· 
ous phase, did not significantly influence the diffusion 
of uranium. 

Ill 

Neptunium had a diffusivity one order of magnitude 
lower than that observed for diffusion in nonnal com
pacted bentonite, i.e., 2.1 x 10- 14 m2 /s, when the 
clay was mixed with 1% Fe, (P04 h. 

Using the equation, D = DtJ (1 + KdP (1 - e) I e), 
the diffusivities for thorium, neptunium and uranium 
were calculated to be (2 -4) x 10- 10 m2 Is, and 3 x 
1 o- 11 m2 Is for plutonium. The equation is not appli
cable to the protactinium syttem. 

Two or three diffusion mechanisms were observed 
for uranium, neptunium and plutonium. In each of the 
runs using these elements, there seems to be a small 
fraction exhibiting the transport rate that is expected 
for a non-interacting species; it is the same as that ob
served for some fission products. The diffusion coef
ficient, Da. for this transport is determined to be some
where between w- u and w- u tn2 Is. Also, small 
fractions of the uranium and neptunium have a lower 
mobility than the remaining fractions, which is close 
to what is measured for the trl- and tetravalent actinides. 
This low-mobility fraction could be attributed to the 
existence of a portion of the actinides in the tetravalent 
state or to complex-formation of the penta- and hexa
valent actinide. 
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