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‘Introduction

Certain findings froﬁ'various NAEG stﬁdiés suggest the présénce of a
more mobile, bxidized form of plutonium in'stme NTS éoils. For exaﬁplé,
Essington.églgl..(l976) havelreported anomolous levels of Pu at detth in
certain soil profiles fruw the NT5. It has bcen séeculated that an
oxidized? relatively‘mobile'species of Pu such as PuOZCO3OH—‘might be
responsible for some of the vertical migratioh of ?u through the soil

prbfile. Also, Romney et al. (1970) have reported the increased biological

availability of Pu in pot studies over time. Perhaps this increased avail-

ability is due to the presence of a more mobile form of Pu. Therefore, it

seems- worthwhile to study possible Pu speciation in NTS séils, Howevef,1
A o L g

because of the complex behavior of Pu in soils ét low le@els, the.invésti—
gator is beset?with.é myriad éf problems. A-worth&hile-coﬁfée ot action is
to study the speciation in soils of another element that might show certain
similarities to Pu. With the.discovery by Bartlett and James (1979) that
soil-manganese oxides tan pxidizé'Cr(III) to Cr(VI),'the selection of Cr as
a model to study soil Pu seems logical; since it may be possible for soil
manganese oxides to oxidize PuO2 to Pu(VI) species. In this paper, the
similarities between Ct and ft will be pointed out, a hypothesis conterning
Pu speciation in NTS soils will be developed, and certéin findings from Cr

oxidation studies will be cited that'may be relevant to the problem of Pu

oxidation in soils.
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- Similarities betwéen the chemistries'of Cr and Pu
Certain fiﬁdings in the'literature on Cr (Bértlett and Kimble,‘1976;'
Bartlett and James, 1979) and on Pu (Rai and Serne, 1977; Bondietti and
Sweeton, 1976; Bondietti and Reynolds,.1976; Cleveland, 1970; Francis,
et al., 1976) lead to the foliowing conclusiéns regarding the similarities
between Cr and Pu behévior.in aqueous environments¥ |
(1)7 Both elémeﬁts cén exist in multiple oxidation states in normal
aqueohs environﬁents. Cr can exist in trivalent and hexavalent
states, while Pu can exist 1n trivalent, quadrivalent, pentavalent,j'
an& hgxavalent states. |
(25 BOtﬁ elements can exist as éationic or énionic épecies in'ﬁarmgl
' aqueous enﬁirbﬁmehtsﬂ Trivalent Cr exists as the'éaﬁipp, Cr3+,
"éndAits hydrolfsis prqducté, or as tﬁe anion,'CrOZ;; ﬁexavaleﬁt
Cr exists as the dichromate (CréO?zf)'or chromate (HCrdgf,'C;OAZh)
'anioﬁs. ?ﬁ has'cafionic”formsAéuch as Pu3f aﬁa Pu0'2+ and anionic
forms such aé.quZCOBQHf. | . | | ‘
(3) Due to.l&w solubility, Cr(III) aﬁd Pu(IV) are relatiﬁely "imﬁoﬁiié"
'in_nbrmaliaqueous envirqnments. .However? Cr(VI) and.Pu(VI) are.
relatively "mobileA. " |
4) Cr(VI) and Pu(VI)Vspecies are thermodynamically stable under approx-
imately the same chemical envirénments in solution.
(5) The oxidation of Cr(III) to Cr(VI) by soil manganese oxides is
" thermodynamically possible and has aétually Seén observed in soils.
This reaction occurs despite the presencé of organic matter that
would tend to keep Cr in the trivalent state. Pu(VI) species have
been observed in natural waters, the oxidation of Pu(IV) by manganese

oxide minerals is thermodynamically possible, and the oxidation of

- Pu(IV) by M’nO2 has been observed.
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In pointing out the éimilarities between Cf‘and‘Pu behavior in

" aqueous environments, it must bé remembered that there are also many
differences betweeﬁ the two elements and analogies can only be pushed so
far. Nevertheless, the similarities lead us to the.foliowing hypothesis:
If low valence; colloidal Pu such as a PuO2 ﬁarticle comes in contact
with éoil maﬁganese oxides in a high Eh enviromment, then the Pu can be
oxidiéed by the manganese 6xides to a more mobile, higher Vaience sbecies,
thus the solubilit& of Pu is increaéed under theée conditions. - Tﬁe
quesﬁion is whether this can occur in the soillenviroﬁment fbuﬁd at NTS.
Having pointed out the éimilari;iés between Cr and PQ and forﬁﬁiated a
hypothesis concerning Pu oxidation in soils, it is‘ﬂow instfuctive to
téke a éloser look aﬁ the thermodynaﬁics.of Pu and Cr ré;éﬁiéns in normal

. soil environments.
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Stability of Cr and Pu species in soil environments

Figure 1 shtws the stability of PuOZ(s) in a 10—12 M Pu solution at
250C, pCO2 = 3.5, and 1 atm pressure under a wide range of Eh and pH condi-
tions. Superimposed over tﬁis is a stability diagram of’Cr2 3(s) in a
10"6 M Cr soiution tfidér the same COnditions. The therﬁodynamlc data for
the construction of the Pu stability dlagram was taken from Rai and Sérne
(1977) and the data for the Cr stability dlaoram was taken from Garrels
and Christ (1965). Ihe Pu species stability fields are enclosed by solid
lines, while the Cr species ;tability fields are enciosed by'dttted-lines.

The diagrams indicate thét ﬁnder low Eh-pH conditions the trivalent -
form of each element will be the most stable.  Under high ﬁh conditions -

‘the-heﬁavaient fofm of eath elemént is the ﬁoét'stébie.. Iﬁ the hiOh
Eh-pH environment of the NTS s01ls,‘1t is expected that PuOZCO30H will
be the most stable solublg species. Thus, it appears that roughly under
the same.Eh—pH gonditions both:elements %ill'shown ;pproximately.the same

behavior with regard to oxidation state stability.
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Figure 1. -Stability of Pu0, and Cr03 in 10712 M Py
" and 1076 M Cr at 25°C, pCOy = 3.5, and 1 atm.
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Thermodynamics of Cr and Pu oxidation by soil manganese oxides

'Table 1 lists several oxidation and reduction half-reactions involving
Cr, Pu, and Mn together with the log K values for the reactions. The log K
values for_theAPu oxidation reactions were calculated from data taken from
Rai and Serne (19?7). Tﬁe log K Qalues for the Cr aﬁd Mn half—regctions
were taken from Bartlett and James (1979). Tﬁe Cr oxidation reactions shown
are for the oxidation of Cr20$, Cr(OH)3, and aqueous t;ivalgnt Cr to aqueous
hexavalent Cr. The Mn reduction reactions shown are for the reduction of four
A-common Mn(IV) oxidé minerals to aqueous Mn(II).. The Pu oxidation reactions
shown are for the oxidation of 2u02(s) to the aqueous species indicated in the
taﬁle.'

If one combines one of the Cr or Pu oxidétion hélf;£eactions with one of
the Mn mineral reduétién half-reactions and adds the log K values for the two
half-reactions, a neﬁ redox.reaction and itslequilibrium cohstant are.obtained.'
By choosing abpropriate reaction conditions, the eqﬁiliﬁrium pH of the reaction
can be eaiculated. Sample éalculations reveal that the oxidation of Cr or ?u
' byAm;nganesé oxide minerals is thermodynamically possible at common soil pH
Qalues:- As én exampie we will consider thie oxidation of Pu02(s) to PuOZCOBOﬁ_
by MnOé(s). First, the two.half—reactions and their log K values are added to

obtain the net redox reaction and its log K value: 3

log K
0.5 Mno, + o + e = 0.5 M2t + H,0 : 21.8
A ) S .
0.5 Pu0, + 0.5 CO, + H,0 = 0.5 Pu0,CO,0H + 1.5 K' + e | ~25.0
10.5 Ma0, + 0.5 Pu0, + 0.5 CO, + 0.5 gt = ' 3.2
2+

0.5 M + 0.5 Pu0,CO,OH

‘The equilibrium constant expression for this reaction is given by -

pK'= 0.5 oMnZt + 0.5 pPu0,CO.OH - 0.5 pco

2€04 - 0.5 pH = 3.2
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.So;ving for pH leads to '

pH = pMn2+ + pPu02c030H" - 0.5 pCO, - 6.4

By choosing reasonable values for pMn, pPuOZCOBOH-, and pCO2 the equilibrium pH

can be calculated:

2+
pMn- = 6
pPu0,CO,0H = 12
pCO2 = 3.5

pH = 6 + 12 - 0.5(3.5) - 6.4 = 8.1

Since the soils of the NTS have pH values mostly between 7 and-8.5, fhis reaction
could be in equilibrium in these soils. At higher pCOZ'values the équilibrium
will be shifted to higher pH values. If the pH of_thg soil solution is ﬁelow

the equilibrium pH, this indicates that the net reaction is thermodynamically

' spontaneous go the right. Non-ideality corrections ﬁéré ignored in this calcu-
lation. 1If included the caléupated pH would shift slightly.

Equilibrium pH values for the'oxidation of Pu02(s) by thrge ofher‘common
manganese oxide minerals are shown in Table 2 along with the result from the‘
sample calculation. The calculated pH values seem to indicate ﬁhat these oxida-
tion feaétions are possible in the élkaline soils foundlatAthé NTS. provided such

manganese oxide minerals exist in those soils.
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Table 1.. Oxidation or reduction half-reactions involving Cr, Mn, and Pu.

log K

_  Kasec
0.17 Cr,0, + 0.67 H)0 = 0.17 Crzof‘ +1.33H + e | 197
0.17 Cry0, + 0.83 H,0 = 0.33 HGr0, + 1.33 H + e -20.0
0.17 Cr,0, + 0.83 H,0 = 0.33 Cr0,  + 1.67 H +e S 2.2
0.33 Cr(OH), + 0.17 H,0 = 0.17 Crzof' +1.33H +e -18.6
0.33 Cr(OH) , + 0.33 H,0 = 0:33 HCx0,~ + 1.33 H+l+ e -18.9
0.33 Cr(OM), + 0.33 H,0 = 0.33 Crof" +1.67H +e ~21.0
0.33 Cr> + 117 H)0 = 0.17 Cr,00" +2.33H +e - ;s
0.33 cr3 + 1.33 H,0 + 0.33 HCTO, + 2.33 gt +e” | . -22.8
0.33 crot + 1.33 H,0 = 0.33 Cro,” +2.67 H + e . ~25.0
0.33 Cr0, + 0.78 H,0 = 0.33 Cr042- FLmE s -15.2
0.5 Mn 0, + 4 H' + e - 1.5 w2t + 2H,0 : 30.7
MnOOH + 3 HT + e~ - M2t + 21,0 ' ~ © 26.1
0.5 Mn0, + 3 H' + & - w2t 4 15 H,0 | 2.4
0.5 M0, + 2 H' + e - 0.5 maZ* + HO | 218
Pqu(s) - Pu02+:+ e - -26.0
0.5 Pu0,(s) - 0.5 Pu022+ +e o ~20.8
0.5 Pu0,(s) +-0.5 CO, + H,0 = 0.5 Pu0,CO,0H + 1.5 it + e -25.0

2 2 2773
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Table 2.  Equilibrium pH values for the oxidation of Pqu(s) to Pu02CO3OH— by
manganese "oxide minerals.

Oxidation reaction . Oxidizing Equilibrium
(not balanced) , Reaction conditions agent _pH
Pu0, (s) —> [Pu0,CO0H ] = 10 22 Mn,0, 7.58
2 A 2773 ) 374 : :
Pu02C03OH_ (aq) . [Mn2'+] = 1070 MnOOH : 7.56
pCO2 = 3.5 o Mn203 6.43
25°C : ' Mno,, ' 8.10

1 atm total P

>
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Summary of Cr oxidation studies
Bartlett and James (1979) havé studied the problem of Cf oxidation in

soils. Chrdmium oxidatioﬁ experiments are alsq being cafried out in the’

authérsf labs; but this data has not been published a§ yeﬁ. Certain findiﬁgs}
from Bartlett's and the authors' experimeutslthat-may prove relevant to ;he‘
problem of Pu oxidation'iﬁ soils will be cited here: |

.(1) Bartlett and James (1979) have found th#t Vhen an unnamed.geriés of
Lithic Eﬁtrochrepfs was equiligra£ed withla 10--6 M CrC13.solu£ion at a
solution to 'soil ratio of 2000/1 ;ﬁd the pH adjusted with HCi and KHCQ3,
virtually all of the added Cr(III) was oxidized at low pH,. and the

* fraction of added Cr that was o#idized decreased with increésing pH.
The amount of Cr(VI) that was adsorbed also &egreésedlwith increésing
pH. The oxidation of Pu aﬁd sorption qf oxidized Pu by sbils is also
expected to be affected by pH.‘ However, since the soii§ at the NTS
are alkaline, one oﬁly needs to consider the effect of pH on 2u.
oxidation over a narrow pH range (7 to 9). |

(2) The o#idation éf Cr(III) to Cr(VI) in moist soils appears to be almost
"instantaneous" once the Cr(III) species are in "contact” with the
oxidiziqg‘agent iﬁ tﬁe soil. The rate limiting stép appears to bevthe
diffusion of Cr(III) species to the soil oxidizing agent_(Bértlett‘and
James,Al979; Amacher andlBaker, unpublished data).

(3) The oxidation of Cr(III)'solutions by moist soils occurs despite the
presence.of oiganic matter. Once éhe Cr(III) has'been oxidized, it can’
be reduced, probably by the soil organic matter, and it can be re-oxidized
(Bartlett and James, 1979).

(4) The relatively insoluble Cr203 can also be oxidized in moist soils, thus

increasing its sclubility (Amacher and Baker, unpublished data).
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C55 When Cr(III) ﬁés been oxidized by moist soil and the sample is then
dried, no C£(VI) can be extraétéd from the éoil, Thus, the reaction
appears reversible upon drying. If the sbil is ﬁashed with ethanol
or acetone after the Cr(III) is oxidized, some Cr(VI) can Be extracted:
by the soil. Thus, the reéction is onl} pértially reversible in this
case aﬁd watér appears to be a necessary component in the reaction
(Amacher and Baker, unpublished daté).

(6). The ability df a moist soil to oxidize Cr(III) solutions can be exhausted
by successive additions pf Cr(III) to ﬁhe soil (Amacher and Baker, unpub-
lished data). |

A:(7) .Oven-dry .soils oxidize no added.Cr(IIi) and .air-dry soils oxidize very

4_litt1e Cf(III) (Bartlett and‘James, 1979; Amacher gnd Bakef; unpublished -
dataj. | | | |

(85 The amount of 1 ﬁ CaCl2 exchangeaﬁle Mn increases upon the oxidation of
Cf(III) in moist soils and is also much higher in dry soiis than in

'mdist soils. Cr(III) oxidation does not occur im soils very low in Mn
5nd the émount of Cr(III) that a moist soils can oxidize corréiates well
with the aﬁouﬁf'of Mn reducible by hydroquinone. Thus,'it appears that

. Mn(IV) oxides in soils can oxidize Cr (III) and that some of the soil
Mn(IV) oxides are reduced fo yield exchangeable‘Mn(II) upon drying

(Bartlett and James, 1979; Amacher and Baker, unpublished daté).

Some of the above findings concerning Cr oxidation in soils may be
observed for Pu oxidation in soils. Whether any of these discoveries prove

applicable to the problem of Pu oxidation in soils remains to be seen.
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" Queéstions needing answered by future investigations

Degpite the brogréss made thus far in studying the behavior of soil

Pu at the NTS, the followiﬁg questions still need to be answered:

(1) In view pf the findings regarding Cr and Pu oxidation by manganese
oxi&es, can PuO2 be oxidized to Pu(VI) species by the manganese oxides
in the soil environments at NTS? | |

(é) If Pu(VI) species e#ist in NTS soils, how much do they contribute to
the migfation énd'plant uptake of Pu at the NTS?

(3) Wil;.qleaﬁ-up operétions at the NTS produce‘conditions favoring the

formation of the more mobile Pu(VI) species?



5
¢

-13-

‘Literature Cited

(1) Essington, E. H., R. 0. Gilbert, L. L. Eberhardt, and E. B. Fowler.
1976. Plutonium, americium, and uranium concentrations in Nevada Test
- Site soil profiles. 1IN Transuranium Nuclides in the Environment.
IAEA-SM-199. TIAEA, Vienna.

(2) Komney, E. M., H. M. Mork, and K. H. Larson. 1970. Persistence. of

plutonium in soil, plants, and small mammals, Health Phyeico 19:487—491. ‘
(3) Bartlett, R. and B. James. 1979. Behavior of chromlum in 50115. 111, —
Oxidation. J. Environ. Qual. 8:31-35. :

(&) Bartiett, R. J. and J. M. Kimble. 1976. " Behav1or of chromlum in.soils:
I. Trivalent forms. J. Environ. Qual 5:379-383. . :

.(5) Rai, D. and R. J. Serne. . 1977. Plutonium activities in soil solutions
and the stability and formation of selected plutonium minerals. J.
Environ. Qual.. 6:89-95. '

(6) Bondietti, E. A., and .F. H. Sweeton. 1977. Transuranic speciation in
: the environment. ‘IN M. G. White and P. B. Dunaway (ed.), Transuranics
in Natural Environments. USERDA Report NV0O-178. pp. 449-476.

(7) Bondietti, E. A., and S. A. Reynolds. 1976. Field and laboratory
observations on plutonium oxidation states. IN L. L. Ames, (ed.),
- Proc. Workshop on Actinide-Sediment Interactlons. BNWL-2117. Battelle
Pacific Northwest Labs. : - :

(8) Cieveiand, J. M.. 1970. The Chemistry of Plutonium. Gordon and Breach
Sci. Publ., New York. ' ‘

9) Francis, C. W., M; Reeves, and E. A. Bondietti. 1976. Assessment of
' : radionucllde movement using soil thin-layer chromatography. Agron. Abstr.

(10) Garrels, R. M., and C. L. Christ. 1965. Solutlons, Minerals, and
Equilibria. . Freeman, Cooper, and Co., San Franc1sco.





