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 INTRODUCTION

In the terrestrial environment; soils represént the principal
repository of the'transuranic elements over geologic time. . The major
factor goyérning'tranéqraniC'avai]abi]ity to plants in soils will be
, solubility of .the transuranics associated with thé solid phase, since a
solublé species must exist.adjaéent to the root membrane for some finite
period for root .uptake. The form of this soluble species will have a
' Strong influence on its stability in soiT solution and on the rate and
extent df uptake, and perhaps, mobility and toxicity in the plant.
Furthermore, it is the solubility and form of the element which ]arge]y
governs mobility in soil. Thus, any assessment of fhe 1ong-terh behavior’
of the transuranics in the terrestrial environment must be based on
determfnation of the factors influencing $o1ub111ty in soil. These
factors are illustrated jn'Fig.ll‘and 1hc1ude the concentration and
chemical form of the element entering soi}, soii properties, as these

influence the elemental distribqtion between the solid and 1ti1d phase,
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and soil processes, as these influence the kinetics of sorption reactions,
transuranic concentration, and the form of soluble and insoluble chemical -
species.

The transuranic elements (Pu, Am, Cm, Np) may enter the soil through

several avenues 1ncIudjng,faTTout from atmospheric testing, particulates

reprocess1ng and ]each1ng from waste storage fac111t1es The major

- sources of the transuran1cs may be classified accord1ng to expected

1n1t1a1 so]ub111ty in soil. Particulate oxides. Of the transuranics
1n1t1a11y may be expected to be largely 1nso]ub1e in the soil solution.
Ultimately solubility is expected to be a function of the composition

configuration and ‘equivalent diameter of the particie as well as soil

| properties and processes. Oxide’partic]es of the highest specific
“activity and the highest concentration of impurities in the crystal

Tattice are expected-to exhibit greatest solubility. The combination of

configuration and equivalent diametér . as reflected in surface area
exposed to solution will be the-other'maih factor'governing oxide so]ubi]ity.
Once so]ub111zed the transuranic e]ements will be subJect to “the chemical

reactions governing soluble salts. Hydro]yzab]e transuran1cs such as

-Pu, Am, and Cm entering the soil as soluble salts in acid concentrations

exceeding 2M.may be expected to;be rapidly insolubilized due to hydrolysis

on dilution and subsequent prec1p1tat1on on part1c]e surfaces. Convérse]y,

N is not subject to marked hydrolysis and may be 1n1t1a]1y more soluble.

Immobolization (Np02+) may occur through cation exchange reactions with,
particulate surfaces.
Transuranics entering the soil as stable organocomplexes as might

occur in-the vicinity of a spent fuel. separation facility may be initially

highly soluble (Wildung and Garland, 1Q75). The duration of solubility




and mobiiity in the soil will-be a function- of the stability of the
complex to substitution by majof competing ions, primarily Ca and H

" (Lahar, and-Hdchberg, 1976, Lindsay, 1972, Norvell, 1964) and the stability

-of the organic lfgand to microbiaT.décSﬁposition (Wildung and Garland,
i975). Thé,distruption of thgncomp1ex wi]I lead to marked,reduétion4in
transuranic solubility thfqugh.hydrolysis ahd precipitation reactions as
describedlfor acid solutions on dilution. The mobi]ity of the complex,
in turn, will be principally a function of its chemical and'microbiologfca1
stability and the charge on the intact complex which will govern thé‘
- degree of sorptioﬁ of the complex on so0il particulates.

Further generalizations of transuranic behavior on the basic source
terms are complicated by the overﬁhe]miﬁg importance of soil properties
and processes in inf]uencing,tranéuranit behavior on a regional and
local basis. This review will consider, in detail, the influence of
soil pfoperties and abiotic and biotic brocesses on the long-term so]ubi]ity‘
of the trdnsuraniés entering soils. Principal emphasis will be'directed |
toward the que'of,soil microorganicsms in this bhenoménon; Microorganisms,
in intimate association with soil particles, are known;tobplay an important
role in affecting solubilization of elements considéred insoluble in’
soils from strictly inorganic chem1ca1 considerations. However, to
date, studies of the microbiology of. the transuranic elements have been
Timited principally to Pu. This review will emphasize Pu, but, where
possible, the avaiiab]e'information’wi]]lbe used as a framework for

broader discussions encompassing the long term behavior of other transuranic

ved

elements.




TRANSURANIC CHEMISTRY IN SOIL | [P

Plutonium °

The priﬁcipa] chemical reactions 1ike]y influencing bu~behavipr'1n
soil are summarized in Table 2. Plutonium ionsamay commonly exist in
aqueous solution in va]énce stateé III, IV,V (P002+) and VI (Pu02+2).
| Other Va]ence.stateS‘are known- (II, VII) and predicted kVIII) but these
.occur under unique conditions (Cleveland, 1970). Disproportionation
'feactiéns~are common,land due to kineiic factors, Pu is uniqué'among the
chemical elements in that it may simultaneously exist .in all of the
common va]enée states. The tendency of Pu to hydrolyze in aquedus
4 2+ 5 +3

> PuO2 Pu® > Pu02+

(Cleveland, 1970). .Hydrolysis,-which occurs in a stepwise fashion, is

solutions of low acidity follows the order Pu+

likely the major mechanism whereby Pu is insb]dblized in the environment. .

4,.may']ead to the

At high (g/¢) Pu concentrations, hy&}plysis of Pu”
formation of a -collodial Pu polymer. At these concentratioqu the

- polymer is characterized by.a distinct adsorption spectrum. Although
the polymer has not been fully chéracterized, it is generally thought to

4 containing oxide or hydroxide

be an intermediate hydrolysis product of Pu’
bridges, with an absorption ﬁpectrum aifferent than Pu(OH)4. Howevef,
studies by Lloyd and Haire; 1973, have indicated that the polymer may.be
aggregates of small, discrete,»amorphous'or crystalline, primary particles
5 to 20 Aq-in diameter. It:iszof~interest that x-ray diffraction

patterns of the po]ymeric_Pu and that of Pu(OH)4 (Ochenden-and'Welch,
1956) both sth a pattern characteristic of the cubic PuO2 lattice,
suggesting that the polymer and the hydroxidé of Pu+4

_Pu0, with differences occurring in primary particle size and crysté]]inity.

2
A similar conclusion was reached by Lloyd and Haire (1973). The formation

may both be hydrated
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- of the hydrated PuO2 is 1ike1y-direct1y're1ated to Pu+4vconcentration
and invergely related to the acid concéntfation.

P]ufonium_aTso tends to form maby complexes with a~range'of stabilities.
The sfrqngest complexes are genera]]y formed by reaction of organic

ligands with Pu+4,

Howeyer, many inorganic complexes and organic complexes
, of a]J valences may be stable uhder‘apprpprigte‘conditions. The presence
of organic ligands iﬁ ébi]S'Iikely iﬁf1uénces the edui]ibfiﬁm form:of:Pu
through complexation and subsequent 1nhibi£ion oflhydro]yé%s, polymerization,
or disproportibnation: Ituis these reactions in various‘highly cohp]ex
combinations resulting ffom differences .in sdurce‘térm, soil properties
~ and processés that govern Pu So]ubi]ity in soil and availability to
plants. . ° A |
Soil chemiéa] reactions areibﬁ manifest ihpoftance-in‘governing the

behavior of the various forms of“Pu entering soil. Initially soluble
forms entering soil have the potential for undergoing a range of chemical
tranformations (Fig. 1,2). “Insoluble Pu, such-as high-fired oxide, entering
soil Tikely will be so]ubi]izea with time, providéd soluble, stab]e
complexes are formed (Fig. 2). However, regardless of the form of Pu
entering soil, its ultimate solubility will be controlled by its aqueous
chemistry and by soil factors. The long-term behavior of Pu in soil
will be a function'bf the kinetics of theseireactions; Soil physiochemical
properties'may be expected to have complex, interdependent effects on Pu
solubility. - |

f40n the basis of»researchtwith other-trace metals recently summarized
by Keeney and Wi1dung.(1976),~and'1imited information on the transuranic
elements it may be concluded that_thé soil bhysicochemica] parameters
most fmportantAin inf]uencfng the solubility of the transuranics include:
(1) solution, COmpositﬁon, Eh. and pH, (2) type anq‘density of charge on

soil colloids, and (3) reactiveisurfate area. These phenomena will in -
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turn be dependent upon soil properties, including particle size distribution,
organic matter content, particle mineralogy, degree of aeration and .
'microbia1 activity; _The deliﬁation of the influence of these factors on
Pu so]ubi]ity is complicated by the complex chemistry of Pu.

Rerhaps the simh]est approach to the study of the chemistry of Pu
in soil is to direct initial attention fo the faétors ihf]uenc{ng its
so]ubi]ityrih'soil. However,jit is difficult to define Pu solubility
in soil because solubility will depend“upon the method of measufement_
and because solubility must be'arbjtrarily evaluated due’to: the:
‘sorption of Pu on submicronlclay pafﬁic]es of to the formation éf submicron
particles of hyqrated'Pu oxide which may‘pass‘membrane filters and are
difficult t0»centfifuge. These effects may be illustrated by comparison
of the differénces in the solubility of Pu iﬁ soils (100 days after

amendment as Pu (NO,), ‘as:determined.by:watér:extraction.and subsequent

——

‘membrane filtration using membranes of different average pore sizes

(Table 1). lThe majof fraction of the Pu added was sorbed on the soil,

as a maximum of 10% of the extractea Pu passed through the 5 u membrane.
Successive filtration through membranes with decreasing pore size resulted
in decreases in Pu concentration in the filtrate. Thﬁs;_Pu in the
aqueous extract appeared to be'in a wide range of particle sizes. ,
Although mehbranes with pore sizes of 0.45 p are commonly used to separate
soluble from particulate mattgr, if‘is evident that Pu in these filtrates
may be in colliodial forms.. The Pu in the 0.0010 yu fi)trate appeared
soluble, was stable in solution, and approxjmated the quantity of Pu

- taken up by plants (Wildung and Garland,'> 1974). Of the soluble Pu

forms likely to enter soils (ﬁné@io&é,section),




Pu(N03)4 and Pu-DTPA likely represent, in their respective chemistries,

the range in soil behévior'like1y to occur. The water solubility (defined

238 239

-as described above) of Pu and Pu amended to a Ritzville silt Toam

(organic C content 0.7%, pH 6.2) 1n'the'Pu(N03) and Pu-DTPA forms

4
differs markedly. -(Wildung -and Garland, 1975);' The DTPA complexes -of

" both isotopes were water-soluble in sqi] and appeared to be»stab]e over

the first. 40 days of incubation (Fjg.A3).‘ After 7 days of ihcubatibn,
238 | 239

the Pu-DTPA appeared to be slightly léés so]ub]é than. the- Pu-DTPA.
After 95 days of incubation, both isotoﬁes, initia]]y added as the.
complex, appeared to be decreasiﬁg in so]ubi]ity;_perhaps'as a result of
microbial degradation of the organic moiety.and the development of new
chemical equilibria. o

Equilibrium concentrations of soluble Pu added as the<hitfate were

238 239

not obtained until 7-10 days. The solubility of Pu and

Pu added
to the soil .as nitfates was much lower than the DTPA complexes 1likely |
ref]écting hydrolysis to the'large1y insoluble hydrated oxide. The raté
of decrease in solubility of each isotope added as the nitrate was
similar. However, in éontrast to the S]Tth]y Tower solubility of the

238 239 238

Pu-DTPA compared to the Pu-DTPA, Pu added as the nitrate was a

consistent factor of 2-3 times more soluble than 239, initially added
as the nitrate. This differenéé probably resulted from the formation of
larger hydrated oxide particles at the higher Pu concentration but it
may a]éo have reflected the presence of a soil cbmponent such as an

organic ligand, which stabilized Pu in solution but was present in

Timited concentrations and became important only at lower Pu concentrations.
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- 238

The water sd]ubi]ity of 238Pu, when incorporated in relatively

large Pu oxide particles (>1 u), wqu]d be expected to be greater than

the solubility of 2

'39Pu oxide particles ofAsfmilar size due to crystal
damage andAradiolysiS'arising from the greater ‘specific actiVity of the

Pu (an approximate factor ofd270)l. However, the~behavior of the. two
_ isotopéslonlsb]ubi]ization'Qf'the'piidevmight‘bé ekpected'to follow a
course similar to that exhibited Sy the nitrates. : |

Equilibr{dm solubility after 6 days of incubation (Garland et al.
*'1976)1of Pu added as'PU(N03)4, in soils of different properties occured
after approximately 20 hours”(Eig..Q). The quantities of Pulso]ub]e
-at equilibrium in water and 0.01 _M_CaC]2 differed with'soi1'type; In
~ the CaC]2 solution, solubility was Jowest in the Muscatine so%] which
‘eihibited higher silt and clay content.than the othér‘soilé._ Importantly,
.atAequi]ibrium there was a_markedlincrease in the quantity of Pu extracted
by water relative to 0.01 M CaCl, in the Muscatine soil relative t@ the-.
Hesson and.RitivilTevsoils.< This may be related to a difference in the
dispersibility.of fine colloids.in this soil and/or the presence of
higher concentration of stabilizing ligands. However, thé lack of a
proportional dilution effect (not showﬁ in Fig. 4) in the water extractabilitity
of Pu at Tower so]utioh to soil ratibé'in this soil as compared to the
ARitzvi]]e and Hesson soils, brovided prestptive-evidence for the presence
of a dispersible 11gand in higher concentration in the Muscatine sofl.
Applying diffusion principles to characterization of mobile Pu

species in soi]s; Garland and Wildung (1976) estimated the‘concentrations



.and molecular weight of mobile Pu in five surface soi]§ representing a . _ -
range in particle size distributions, -pH (4.4-6.2) organic C4(0.7 to
12.5%) and cation exchange'capagities (14 to 45 me./100 g).. |

The diffusion,coefficiénfs calculated for the most mobile speciesy
in the five soils varied from 1.9 to 3.0 x 107° cm2/sec (Tab]e,2).
Estimated concentrations and molecular weights of the most mobile Pu
componenté fn the five soils ranged from 9 to 55 pg/g and from 5000 to
21;000;'respective]y. Thus;‘estimated concentrétions.of,the most_hobi]e
Pu species were of the same brdér of maénitude as those observed by |
water extréction‘and subsequent u]trafiltration through the 0.0010 u
meﬁbrane (Table 1). This membrane rétainéd Pu-DTPA (molecular wéight
1600) . .Hypothetical‘g]obu1af peptides of mo]ecu]ér‘weights less than
500 wou]d.pass-thrqugh this membrane. However, if the molecule was a
hydrated PuOé sphere of similar'dﬂhénsions, it would have a mo]ecdlar
| weight between 10,000 and 25,000 approximating the molecular weights of
the most,mobi]e Pu species.as‘determined from diffusion~cdg?ficients.
This fracfion, therefbre, likely consisted df small particles 0f~Pu(OH)4
or hydrated oxide. |

The estimated ‘diffusion coefficients for the least mobile Pu

7 cmz/secAwith corresponding soil

components ranged from 2.3 -'3.1 x.iO'
concentrations of 150 - 1200 pg/g (Table 2). This concentration of Pu
in soil approximated the quantity of water-soluble Pu passing the 0.0015 u
ultrafiltration membrane (Table 1). Hypothetical globular proteins in

this size range would have average molecular weights < 10,000. Particles




——

of Pu(QH)4 or-hydratedioxides would have molecular weights of 200,000 to-
500,000. _Estimated mb]ecu1ar~wejghts for these least mobi]é species
calculated from diffusion coefficients were between 600,000 aﬁd 90b,000.
Thus, it would appear;,as in the'casé of the most mobile species, that
the least mobile species of Pu were particu]ate'Pu(OH)4 or hydrated,
oxides. |

‘The comparison of fi]tration:and diffusion data indicates that the

- mobile Pu in incubated soils waé/in the form of hydrated oxide of hydroxide.

in a continuum of sizes. If it can be assumed that Pu in particulate
form was not available to'p1énts, it is possible that the small fraction
of Pu taken up by plants was present in soil as reaction or dissolution
products with'insufficient stability and/or concentration to be detected
by the methods employed. In;%ght into this:possibi1ity was .not provided
by comparison of ‘Pu behavior in different soils, as might be expected,
because the estimated concentrations and molecular weights of the mobile -
species were not related to the soil properties.measured. -

Severa] conclusions may be drawn from studies of the soil chemistry
of Pu which have important implications in terms of the potential role
" of the soil microbiota in influencing Pu behavior in soil. Definition
of .Pu solubility by filtration or diffusion alone is complicated by Pu
chemistry, but, in conjunctidn,:the measurements suggest that mobile Pu
is largely particu]ate. 'However; a fractfon of the mobile Pu is avai]ab]e

to plants. This material is obviously not particulate, but is present

in insufficient concentration for characterization using current methods.

] O




The question femains;-what is the form of the small quantity of Pu
ayai]ab]e'to plants? This inforhation is essential to understanding the.
mechanisms whereby Pu may be resupplied to solution from the solid phase
~in a range of soi1$ and to predictions of the long-term availability of

Pu to plants. From investfgatioﬁs of Pu valence ‘state fn a'neutra1,
0.0004 M_.NH4 HC03,so]utidn'equi]ibrated with Pu02 microspheres and in
burial ground leachates, Bondietti and Reynolds (1976)'conciuded that -
Pu(VI) may be stable in significant quantities in solution and suggested
that monomeric Pu(VI) and its comp]exes may be 1mportant in Pu mob111zat1on.
In the present studies. several 11nes of evidence were presented suggest1ng '
that that Pu ions are stabilized in 5011 so]ut1on by inorganic or organic.
ligands for éubsequent uptake by;the p]ant{ Furthermore, equilibration
0% Qeathered Pu-contaminated soil with chelating resins has been shown

» (Bontietti et al., 1975) to result in significant desorption of Pu from
the solid phase. It is known that ®rganic ligands.result in the most
stable Pu complexes.. Most soluble organic 1igahds in soil are derived
from microbial processes. 'The'organicAéomplexationVreactidﬁg and the
ﬁicrobio]ogicé]‘factors potentié]1y inf]uencing Pu behavior in soil will

be discussed in subsequent sections.

Other .Transuranic E1ements

. The other principle transuranic elements of concern in the nuclear
fuel cycle are isotopes of americium, curium, and neptunium. Principle
S isotopes of other transuranics of concern in the nuclear fuel cyc]e

241 243Am, 242 243 244 237

Am Cm, ~ "Cm, and Np. A]though deta11ed

include Cm,
studies of the interaction of theée e]ements with soils are lacking,
some -information has become available in recent years. Furthermore, the

' aqueous chemistries of these elements have been fairly well -established

(Burney and Hafbour, 1974). The most stable ions of Am and Cm in aqueous

/1
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solutions are the +3 cations; Np is most stable as the +1 oxyion e
(Np02+).' Disproportionation- among valence states.of these elements

is-also minor. Thus,.major différences'in the environmental behavior

of these elements, as ;omparquto Pu, would be expected. :Hydrolysis
reactions may still be a primary‘factbr governing in the environméhta1
behavior of Am and Cm but greater'mobility and plant availability in

soils might be predicted on the basis of greater solubility of the hydrox1des
in compar]son to’ PU\OH)4. The. Np oxycation. shou]d not be subJect to . f\'?
'As1gn1f1cant hydro]ys1s at environmental pH va]ues The env1ronmenta1

behavior of Np has been 1east studied of the transuranlcs but because of its
chemical characteristics, it may be the most available to. the biota. A
'comparisonAof Pu, Am, and Np sorption . in several soils (ROutson, 1975) .
indicatedlsorption in the order Pu > Am > Np. -The chemistry of Cm shou]d'

be very,simi]ér to Am if at equgl maés concentfations.

fLd

Organic Complexation Reactions

Research to-daté on.the chemistry of the'trgnsuranicAéiements in
soil hés pointéd to the importancé of understanding transuranic organic |
comp]exation reactions 15'5611; particularly in surface soi]s and-aquatic~'
sediments where organic matter content is generally highest or in
subsoils where the transuranics may be d1spersed in conJunct1on with
synthetic complexing agents. Very little information is .available
concérning the interaction of the transuranics elements with the soil
organic fraction. However, despite the difficulties in characterization
of soil organic complexes, much is known both theoretically and experi-
mentally regarding the intehactions of metals with funcfiona] groups of
soil organic matter (Keeney and Wildung, 1976). Much of this information
concerns micronutrients of.greatest“agfonomic impoftance (B, Co, Cu, Fe,

Mn, Mo, Se, Zn) and this research has been the subject of a number of-

[z
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exce]]eht reviews over the}]ast‘two decades (Mitchell, 1964, 19725 — - -

Mbrtensen, 1963; Hodgson, 1963; Stevenson & Ardakani, 1972). In general,
earlier studies emphasized metal interactions-with infa&t.soi] or with
the higher molecular weight humic components of soil whereas more recent’
studies havé emphésized the more so]ubleicomponents of soil.

It is practical to categorize metal comp]exes in soil in terms of
-the1r solubility since, 1n genera], it 1s this factor, as prev1ously
noted which most influences. the1r mobility and plant ava11ab1]1ty

Three pr1nc1pa] categoraes.have been proposed (qugson, 1963) a]thqugh
-the complexity of the soi]lsystem results in considerable overlap between
categorieS.V_These include (1) the relatively high molecular-weight
humic substahces,confaining condensed .aromatic nuclei in'comp]ex polymers
derived from secondary éyntheées which have a high affinity for metals
but are ]arée]y;insolub]e'invsoil, (2) Tow moTecuTar-weight organic
acids and bases, classified. as nonhqmic_substénces,vand derived largely
from microbial cells and meﬁabolism which demonstrate relatively high
solubility in association with metals, and (3) soluble 1jg§nds which are

precipitated on reaction with metals.

" Humic¢ Substances. Humic substances a?e,gehera11y divided into three

categories based on their solubilities (Felbeck, 1965). The humin
(a]ka]i-and acid insoluble) fraction is soluble only under drastic
conditions and is apparently of the highest mo]ecu]arlweight. The

* humate (alkali soluble, acid insoluble) and fulvate (alkali and acid
sblub]e) fractions of soil may'constitgte'up to 90% of the soil organic
fraction (Kononova, 1966). :The‘humates and fulvates are characterized,

in part, by a high charge'density due‘to acidic functional groups (Stevenson
& Ardakani, 1972; Fe]beck, ]965) This property leads to a higﬁ‘degree

of react1v1ty and



‘these materials exhibit a strong pH-dependent affinitylfor cations in
solution and are likely strbng]y bound to soil mineré]s and other organic
constituents in soil {Greenland, 1965). The acidic functional-groups

consist principally.(in general order of acidity) of carboxyl, hydrdxy]
(phenolic,va]cohOTié), enolic, and carbonyl groups = (Broadbent and
Bradfokd,']952;tFe1beck; 1965; Schn1tzer et al., 1959). - Total acidity

has béen estimated. to rénge bgtwegn;soo.to'900 and 900 to 1,400 me;/100_g
for‘hgmic acids and fu1vic éc1ds, fespective]y (Stevenson & Butler, |
| 1959). The acidic H of humic.acidsiwas differenfiated by Thompsoﬁ

(1965) into three groups at 100 to 200, 500 to 700, and 1,000 to 1,200 me./100 g
using nonaqueous titration methods. Basic functional,groUps, likely
amides and heterocyclic nitrogen.compounds (Bremner, 1965), probably

also contribute to retentioﬁ of metals but are of much less importance
than acid1¢ groups at most soil pH values. |

" In batch equilibration studi;; (Bondietti,'1974) Ca-saturated
humates " removed greater than 94% of the Pu(IV) from pH 6.5 aqueous
solutions (compositions not given). - It is unclear whether>the huhates _3
repesented a surface for precipitation of hydrolyzed species or were
involved in complexation of Pu.. However, in studies of Pu desorption
frbm humates' and reference tlays, citrate removed 10-30% of sorbed Pu
from theit1ays but less than 1% from the humic acids. Ligénds forming
strqnger-comp]éxes with Pu (DPTA and EDTA) were required to remove
significant quantities (up to 30%) of the Pu. from the. humate complex.
Although humic and fulvic acids likely account for most 6f the -

metal immobilization attributed to the soil organic matter, (e.g.,
Hodgson, 1963; Stevenson & Ardakéni,ﬁ]972), they have the potential for
7formatioﬁfof soluble comp]exés with.méta]s,_particu1ar1y-inldi]ute
solutions. Small quantities of metal fuivates.thought to be of Jower

molecular weight than the humgtes, may be present in soil solution. A

[



nondia1yzab1e‘materia1 with infrared abéorption spectra‘and elemental
analyses similar fo fulvic acids wasiisoiated from a dilute salt (0.01 M KBr).
extract of a mineral soii by Geering and Hodgson (1969). The material -
gkhibited a concentration equivalent to 2.5% of a dialyzable fraction

but was more effective in ;omp1eking Cu and Zn.

" "Nonhumi¢ Substances With Poténtial For Metal Complexation. Lower molecular

weight biochemicals of recent origin have been implicated in mefa]
.comp]ekation and solubilization in sbi]. These materials represent (1)
components of 1iving cells of microorganisms and plant roots and their
exﬁdates and (2) the entirg spectrum of potential degradation products
'which‘uTtimately serve as the bui]ding units of the soil humic fraction.
.fhe quantity -and composition of these materials wi]i vary with soil, |
vegetation, and environmental Conditions (Alexander, 1961). Readily
decomposable waste$ dispbsed to soil under conditions appropriate

for microbial growth may, for exampie, result in immedi;te and marked.
increases in organic materials identified in categéry (1) and longer:
term inéreases of materials in category (2). Conversely, toxic materials
may have the opposite éffects. The specific compounds produced will be
dependentgupon the propeéties of thé waste and soil environmental conditions
after disposa]I(Routson and Wildung, 1969).

-Aithough the concentration of the transuranics and other metals
so]ub]e in the soil so]ution or in mi]d extractants is low, often near
minimum detectable 1evels, the major portion of Cu and Zn have. been
shown to be associated'with Tow molecular weight components. Most of
the titrétab]é'aéidity of ‘this fraction haé been attributed (Geering &
qugson;.1969) to q]iphatiC'acids (<‘pH 7.0) and amino acids (> pH 7.0).

The production, distribution, and action oqurganic ACids in soi]
has been reviewed-by Stevenson (i967)§' A wide range of organic acids

—
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are produced by microorganismsAknown to be present in soi], Tﬁese -
include (1) simple acids such as acetic, propionic, and butyric, produced
in ]argeét quantities by bacteria under anaerobic condftions, (2)
carbbxy]ié acids derived_from monosaccharides, éuch as g]uéonic, g1ucuronic;
and aAkétogluconic acids produced by both bacteria and fungi, (3)
products of the citric acid cycle suéh as succinic, fumaric, malic, and
citric acid, which are common metabo]ic excretory.prdducts of fungi, and
(4)‘aromatic acidS»such a p—hydroxybenzoic,_vani]]ic, and syringic acids
thought to be fdnga] decompos%tion products of -plant lignins. A variety
of organic acids haveta]So been reportedrin root exudates. |
The ofher important groub»of compounds identified in significant

quantitiés in the soil solution by Geering and Hodgson (1969)‘whigh may
| be expected to exhibit strongfaffinity for metals are the amino,écids.

The qualitative and quantitative aspects 6f'aminoAacids and other 
nitrogeﬁous components in soi]s‘h;ve been reviewed by Bremner (1967).

It was concluded that soi] acid hydrolysates do not diffet_greatly in

am1no acid composition but quant1tat1ve differences may occur with
d1fferences in soil, c]1mat1c, and cultural pract1ces A number of

acidic and bas1c amino acids have been reported in soil. However, it
.appears that the major portion of amino acid-N that is present in hydro]ysates
is in (1) the neutral amino acids g]yc1ne alanine, serine, threonine,
va]ine,Aleuc1ne, isoleucine amd pro]lne, (2)- the acidic amino acids, aspartic
-acid and glutamic acid, and (3) the bésié amino acids lysine, and arginine.
Most of the amino acids detected in soil hydrolysates have also been |

shown to exist free in small quantitfes in'soi]s with levels seldom

exceeding Z‘ﬁg/g; In the soil solution (Geering & Hodgson, 1969),

neutral amino acids also appeared to;predominate. Basic amino acids

were not detected although' two acidiéiamino acids (aspartic and glutamic
acids) were present. . ; |

Stevenson and Ardakani (1972) concluded that‘organic acids and



amino acids, while present only in small quantities 1n soil, were prescac
in sufficieht quantities in water-soluble forms to play a significant

role in solubilization of mineral matter'in,soil. Small quantitieé of a

number of other complexing agents, such as nucleotide phosphates, polyphenols,

phytic acid, porphyrins, and auxins,.aTso exist in soil (pertinent -
references have been summarized by Mortensen, 1963). However, it is
unc]eér at present, whether theée materials would be present in sufficient
quantities in fhe soil solution under most soil conditions to affect

transuranic solubility over the long-term.
MICROBIAL TRANSFORMAT;ON OF THE'TRANSURANIC ELEMENTS IN SOIL

Potential Mechanisms of Transformat1on

. From the results of 11m1ted studies of so11 chem1stry, microbiology
and plant availability of transuranics-in soils, and by inference from
studies of complexation of other tyace metals in soils (as discussed
above) it may be concluded th;t the sdi] micrdf]ora'may play a significant
role in transformations govern}né the form, and u]timate]y;\the long-term
solubility and behavior ofvtransuranic:elements in soi1.v'There are five
general mechanisms whereby microorganisms may alter the form of trace
metals in soil (A]exaﬁder,:1961; Wood, 1974). These include (1) indirect
transformations resulting from metal interactions with microbial‘mefabolites,
or changes in pH and Eh (2) direct transformations such és alkylation,

(3) alteration of‘the valence state through microbial oxidation (use of
the metal as an energy source) or microbial reduction (use of the metal

as an electron acceptor in the absence of oxygen), (4) immobilization by
incorporation into microbial tissues, and (5) release of metals on
decomposition of organic residues. ' ‘

A1l of these mechanisms may be operat1ona1 in transformations of
transuranic elements in so1ls and there is insufficient information to
unequivocably rule out any transformation mechanism. However, on the
basis of present knowledge, it 1§‘possib]e to draw some tentative

~
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conclusions as to their relative ﬁmportanéé in affecting the long-term
behavior of the transuranic elements. ‘Since there is a paucity of
information available, rather than discuss these mechanisms individually
they will be addressed around a framework of current information, ]1mited

principally to Pu.

'MiC?Obia]*A]teration of Transuranic Solubility in-Soil

Investigations have beenAconducted to determine the poténtia] for
microbial alteration of Pu solubility inisoil and_avai]abi]ity to plants.

To provide a preliminary assessment pf the‘potentia1'f0r microbia]}
a]teratioh of Pu solubility in'soil under aerobic conditions, Wf]dung- |
et a]i (1973, 1974) measured sbii respifation rate (an {ndex of soil
misrobial‘activity), microbialstypes and ndmbers.and Pu water solubility
in stefi]e.(gamma,irradiation)iand"nonsteri1é soils, which contained

10 ﬁ Ci Pu/g of soil, (added as,Pu(N03)4). Carbon dioxide evolution was

—

utilized as a measure of soil”respirqtion rate. To measure Pu solubility,
the soil was subsampled at'interva]s.during fnsubation over a 30 day period,
and the‘subsampjeS'(]g) suspended in 1 1iter of disti]1ed water. After
‘a 4 hr equjiibration'period; an a]idubt oflthe soil suspension was
filtered through 5, 0.5.and 0.0I u millipore fi]ters§< TheAPu<in'the 0.5
and 0;01 ﬁ fi]trétes was desighatedAwater soluble although it was recoénized
that Pu likely was”present.as fine colliods (previous section).

In an ancillary experiment, incubation was continued fo; 65 days
until the CO2 evolution rate reached a constant level. The Pu-containing
sterile soil Was then inoculated with the Pu-treated nonsterile soil.and
the respiration rate and solubility of plutonium in the inoculated soil
measured for a period of‘30’days.t} p |

Changes in the s0i1 respiratisn rate.and p]utonium so]ubi]ity

during the initial 30 day incubationsare shown in Fig. 5. The concentration
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of Pu in the 0.45 y filtrate ranged from approximately 0.5 to 1.5% of

the Pu app]igd during the incubation period. Solubility was initially higher in

the sterile soil than.in the honsteri]e soil but:was relatively constant
with time in the sterile soil.. The initial increase in solubility in the
sterile soil was anticipated in view of the~kn6wn increases in soluble
organic matter which result from gamma irradiation of'soif.

| The Pu solubility in the nonsterile soil, while inftia]]y 1ower;
increased’by a factor of 3 with incubation time to 14 déys and remained
significantly higher than the sterile 5011 during the ‘incubation period.
This'ihcrease generally fo]]owed»the accumulative CO2 curve,‘and'méximum
solubility occurred at the end of Togarithmic grqwth for all classes of
organisms. The concentration of Pu in the 0.01 u fi]trate,lwhich‘represented
a Pu level less than 0.2% of fhat app]iéd; did not change significantly
with treatment.‘ - l '

When the sterile soils wefe.inOCQ]ated with nonsterile soil, CO2
evolution increased at a much'more'rapid“rate without a 1;;~phase, and
this was accompanied by an additional factor,of.2 increase in wéter
solubility of Pu after only 4 days of incubation suggesting the development
of a microbia? population particularly capable of alteration of Pu
,so]ubi]ity. Again, there was no change in the < 0.01 u fraction whfch
amounted to approximately 10% of the'Pu preéent in the < 0.45 u.fraction.

At least under the conditions of this study, the evidence strongly
suggested that the solubility of Pu in soil was influenced by the activi;y
of the soil microflora. The potential mechanisms effecting the change
in solubility include mechanism (])-(3) described above i.e. fhe direct

alteration of Pu form such}és,modification of the Pu polymer or plutonium

valence state, indirect a]teration‘thrqugh the production of organic

/7

ST T e A i e A




acids which may compiex Pu or the alteration of the pH of the soil
solution in the immediate vicinity of the colloid without measurable
effects on the overa11 soillpH.- If the mechanism of solubilization was
1ndirect, the.resu1ts mightzbe’app]jcab1e<tq other transuranic

. element, e.ﬁ;, from consideration of the aqueous éhemistry described

in a previous section, a reduction in pH would be expected to increase
the sq]ubi]ity of the other ﬁfansuranic elements as‘Wé]] aé Pu.

Increased water solubility of Pu on,incubation'undef optimum
conditions: for microbial activity, may be expected .to increase Pu_hptake
by plants provided the plant is not ab]é to exclude the increased metal.
In order to detérmine if the increased solubility on incubation resulted
in increased Pu uptake.by plants, the soils, iﬁcubated as previously |
described,‘Were planted to bar}éy and cultured using a split-root technique
which allowed measurement of the ﬁptake,'siteg of deposition and chemical
fqrmé of Pu in plant shoots'énd roots (Wildung and Garland, 1974). The

results were compared to the results of similar plant studies in which

.

the soils had not been incubated.
" Prior incubation, which in microbial studies was shown to increase
solubility of Pu in soil, increased Pu Upfake by shoots compared to the

unincubated controls. The effect was greatly accentuated in the case of

the soil-free roots and incubation increased the soil to plant concéntration

ratios by up to 37 times relative to the unincubated control, depending
upon Pu soil concentration Tevel. Thus, plant uptake measurements tend

to verify measurements of increased Pu solubility in the incubated soil.

Effect of'Transuranics on the Soil Microflora

Soil organisms may be ekpected to be present at highest 1evejs in
the immediate vicinity of s0il colloids (Alexander, 1961). From the

aqueous chemistry of the traﬁsuranjcs and on the basis of recent knowledge
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(previous section) it is likely that the major fraction of the-transuranic

elements. in soil wiT] also.be associated with colloids. Thus, soil.
microorganisms may be exposed to relatively high concentrations of the

transuranics in soil even when total soil concentration is low. .It is

therefore necessary to determine the toxicity of the transuranic elements

to soil microorganisms, as microorganisms exhibiting resistance to the

chemical effects 6f the transuranics'may have the highest potential for

“participating in alteration of transuranic- form. However, the transuranic

series does not contain stable isotopes and organisms chemically resistant

to these elements must.exhibit a degree of radiation resistance which
is dependent, in large part, upon the radiochemistry of the isotope.

Resistance to the chemica1 effects of-transuranics may occur by three

general mechanisms including (]) inabﬁ]ity of the transuranics to produce

a toxic effe;t on cell metabolism”at the~¢ytob1ashic or exocytoplasmic
Tevels (2) inability qf qrganisms to tranéport the transuranics or (3)
ability of the organisms to convert -transuranics, by the‘&?kect and
indirecf mechanisms discussgd in a previous section, to a form that is
either incapable of enteringithe cell or is not toxic to the ceTiQ It
is the 1attef mechanism which is Tikely most important in alteration of
transuranic form in soil. ...

" Effect on Microbial Types, Numbers and Activity. The effect of. soil Pu

concentration on the soil microflora has been measured as a function of

changes in microbial types and numbers and soil respiration rate (Wildung

et al., 1973, ]974).

A noncalcareous Ritzvi]}e silt loam (pH 6.7) was amended with
239 . |
TTPuNOg),

at levels of 0.05, 0.5‘§nd 10 uCi/g and with starch, nitrogen




and water to provide optimal microbiaf:activity as previously described.

Subsamples of soil were pgriodica]]y rehoved-to determine the changes in
types and-nUmbers of soi]‘mjcrof]ora with time. During this period,
soil respiration rate was monitored by continuous collection of soil-.
evo]ved COZ‘ |

The growth curve of the fungi-(Fig. 6) was generally typical.of the
- growth response for other classes of microorganisms. -Tdtal;mfcrobia1
numbers were compgréd at the end of ]ogarithmip:growth{ .The organisms
'generally'reached-this stage.aftér 8 to 14 days ofvincubation. Growth
rates were compared over the intervals of maximum microbial growth for
each organism at each Pu concenfrgtion. _The results are summarized in
Table 3. | | |

It is apparent that Pu diabnot'genera]iy affect the rate of growfh
but decreased the total numberquf'all_cTassés.df microorganisms at
levels as ]ow as 0.05 uCi/g or 1 ug/;. The fungi were the exception,
differing from the controls only at a Pu cpncenfration of ]QmuCi/g or
180 ug/g. Thus, the Pu did not affect maximum generation.ratezbﬁt
rather affectéd the log period or onséf of the stationary phase--
limiting microbial numbers. ‘

The accuhuiativejCOz curve genéra]jy corresponded to the growth.
curve of the fungi. 1In fhe case of the other classes of organisms, the
maximum logarithmic growth occurred‘before the rate of COZ evo]ution‘
reached minimum levels. The rate of CO2 evolution and cumﬁ]ative Cbz
over the‘incubafion period were significantly reduced only at the 10 uCi/g
level of Pu amendment,’a]though:numbers of all classes or organisms
except the fungi were depressed below. this level (Tab]e 3). This is\in
~marked contrast to the resu]tg‘pf'studiesfwith a number of other heavy

metals (Drucker, et al., 1973) such as Ag and T1, in which respiration
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rate was a sensitive measure of metal effect at levels as low.as 10 wg/g - -

in soil. It should be noted, however, that the effect on respiration
rate was dependent upon the magnitude of the soil‘respiration rate
in Pu treated.soil relative ‘to untreated controls, which, in turn, were
dependent upon the initial level of microorganisms in soil. In soils
ekhibiting a Tower CO2 evq]ution rate, the'reduction of respiration rate
due to Pu amendment was more pkonounced. .

Studies of the toxicity qf‘other.trqnsurénjc;e]ements‘to soil

microfiora  have not been,conducted.

Mechanism of Efféct. To understand the long-term effects'of microorganisms
on transuranic form, it is important to distinguish,_where:possib1e,
chemical and radiation effeﬁts'of the transuranics on soil microoréanisms.
Pronounced chemical toxicity;zas noted ébove,;may result in the development
of special patﬁways of detoxifjcation 1Eading'to a]terétidn of transuranic
form. The lack of chemical toxfcity'may-imp]y;chemical modifications
of the transuranic elements through 1qtéract§oﬁfwith ce]l.métabolites.
In contrast, radiation resisfénce is associated with an enhanced ability to
'repair damage to key macromolecu]esiwithout development of new biochemical
pathways leading to alteration of transuranic form. However, the possibilities
for indirect alteration of ‘transuranic form would be higher for a radiation
“resistant organism théﬁ for an organism'which did not exhibit either radiation
or chemical resistance since, due to competitive advantage, these organisms
may be expecfed to be presentﬁin larger numbers in the vicihity of
transuranic cé]]oids than less resistant organisms.

The effects of Pu on soil microorganisms méy'be_due largely to

radiation damage. Schneidermqn‘et~a1,§(1975) measured the effects of Pu




form and,so1ub111ty on soil metabolic activity and on the types, numbers, -

and resistance of soil fungi and actinomycetes in soil separately amended
with 23%y (1 to 145 ug/g) and 238p, (0.6 ug/g) in soluble nitrate and
DTPA comp]ex forms, and wifh C, N, and water to proQide optimal microbial
activity. -Subsamples of soil were removed over a.95-day éerobic incubation
period to determine changes in numbers of fungi_and‘actihomycetes and
relative water solubilities (<;0.013u)‘0f the Pu forms. Comparisons of

238Pu and ?39

.soi] microbial numbers in the presence of Pu at common
radioaﬁtivity levels, but ét different masg concentrations, indicated

that PuAtoxicity was due to radiatfon rather than chemical effects

(Fig. 7)ﬂ Solubility of Pu in soi]vinfluenéed Pu tokicity to microorganismsﬂ
with the more so]uble Pu-DTPA fgrms.resg]ting in greatest reductions in
numbers. Simj]ar.studies have not been édndutted with other transuranic'
elements. 5.3.3 Isolation of resistant organisms

C—

Isolation of Resistant Organisms. The study of complexation of trace

metals in soils is extremely diffiéu]t due to the'complexity of the soil
system (Keeney and wildung,-]976). In fact, a]thdugh much infofmétion

is available regarding organic ligands in soil (previous section),

an organometal complex has never been isolated intact from soils. A
1ogica1 approach to tHe.study of microbia]itransformations of the transuranic
elements is to isolate, from,sof],rresistaht organisms most likely to

alter fransuranic form, study the transformation in vitro and validate

the results in the soil sysfem using techniques specifically tai]qred to
metabolites identified from the simpler in-vitro systems.

| Application of enrichment,techniqués to the isolation of Pu resistant?
fungi, which havg been demonstratedn(see previous section) to be the

most resistant class of mjcroqrganisms, gnd actinomycetes from soii

using starch as a C-source (Schnejdermaqiet al., 1975) resulted in the
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isolation of 14 fungal cultures.and 13 cultures of actinomycetes distinct
in colonial morphology. Of these, .7 of the actinomycetes énd 5 of the
fungal isolates were capable of growth at 100 ug/ml Pu as the soluble
- DTPA cpmp]ex. There appeared to be a succession of actinomycetes typeé
in the soil during incubation as indicated by the different colony
'morpho]ogies'obtained from enrichments affer 4 and 25 days incubation.
A]fhough this phgnomenon may ﬁave resu}ted,from~changes in’ the soil .
arising from the productibn of metabd]ite; or chemical degradation_ -
producfs, it may also have resulted from hvresponsé to the presénce of
Pu. Only one actfnomycete isolate was found which waé common to enrichments .
from both incubation periods and thiS‘organism was isolated at é]] Pu |
concentrationé in the media. In contrast, the fungal isolates exhibitea
6 common morpho]ogica] types regardless ofbincuﬁation period.

| Subsequent enrichment studies_éPe]roy, 1976) have resulted in thé
isolation of 30‘distinct cultures of bacteria from sof]. of fhése'll
were resistant to Pu at concentrations as high as 100 ug/ml. ~ These
studies also indicated that Cléource.as well as soil Pu concentration
wii] play a role in determining the tybes'and numbers of Pu resistant
microorganisms present in soil, providing presumptive evidence that
microbial metabolites, which will differ with C}source, may play a role
in‘Pu_resistance. This subjéct will be discussed in the next section.

It is apparent that the presence of Pu resistant organisms is related to
metabolic potentia] and thus may be expected to vary with soil type and
-environmental conditions. Again, similar studies have not -been conductedv

with other transuranic elements.

‘Microbial Transformations
As previously discussed, there are several means whereby microorganisms

may transform trace metals in soil.” These may be generalized to (1)
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“direct mechanisms such as alteration in valence state or alkylation (2) - —-
indirect mechanisms such .interactions with normal metabo]ites or microbial
alterations of the,physieochemical environment and (3)'cyeling‘mechanisms

such as uptake during cell growth and re1ease on.ce]] decomposition. In

the latter case, any combination of 1nd1rect ‘and direct methods of

alteration may be operational. A]though there have been no studies

conducted to date which woald‘allqw the unequivocal separation of these
mechanisms, studies have been cbnducted whichhdemonstrate the a]teration

of Pu from_in vitro by 5011 microorganisms and provide evidence for both

~direct and indirect transformation of Pu.

Direct Transformat1on The potent1a1 for direct transformation of the

transuran1c elements through a]terat1on of valence state or alkylation

is difficult to assess. "Although, as prev1qus]y discussed, the transuranicst

have the potential for.existing 1: aqheeus solution in several valence ‘

states. Information is not available to assess the role of soil microflora

in direct alteration of va]ence ‘
A]ky]at1on of metals 1nvo]v1ng the alkyl donor methyl cobalamine and

other alkyl cobalamines. has been c]ear]y demonstrated for Hg, As, and

Pt (Wood et a]., 1968; McBr1de and Wolfe, 1971; Taylor and Hanna, 1976).

It has been suggested that methy]ated derivates of Hg and As are important

faetors’governing theirlbehavier in the environment (Wood, 1974). It

has also been suggested (McBride and Wolf, 1971) that these reactions

occur abiotica]]y. The process of biochemica] méthy]ation of metals may be

described as an overa]p between the chemistry of methyl cobalamine (and

intermediate in methane synthes1s by anaerobic.bacteria, methionine

synthesis 1n,aerob1c'bacter1a) and,the chem1stry_of the metals. In the

case of the trahsuranies,lparticu]anly Pu, it is the complexity of the

latter which has limited research into alkylation phenomena.

R L



It is unknown whether an ionic species of Pu is capable of reacting-
in vitro with an alkyl cobalamine. Further, if a biologic a]y]atibn of |
Pu, similar.to the Hg, As,.Pt alkylation reaction did exist, it would
be of importance in influencing environmental behavior only if the
alkylated molecule exhibited stability (Wood, 5974), i.e., a half-life
in soils and sediments of hours rather than seconds. As in the case of
valence a]teratioﬁ the Tack of experimental information’precludes |

discussion of alky]at1on phenomena. Meaningfu] microbia] studieS‘éwait

the deve]opment of an understanding of the chemical spec1at1on of transuranics

in aqueous so]utrons at environmental concentration levels.

Indirect Transformation. .Thé potential for indirect transformation of

the transuranic elements may be greater than for direct transformation.
The potential for Pu interaction hith'microbial cells and metabolites

has been demonstrated and many_bf the other transuranics form stable

—

complexes with known microbial metabolites.
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Beckert and.Au (1976) demonétrated the uptake of Pu, applied

initially to malt agar in nitrate, citrate and dioxide forms, by a common

soil fungus,.Aspergillus‘ﬁiggr. Using a specialized spore collection
method, the Pu was shown to be transported into the fruiting bodies.

Subsequent washing to remove external contamination indicated that the

major portion of the 238.Pu was incorporated into tissues. The order

of uptake was related to expected so]ubi]ity of the Pu added with Pu in

the initially soluble .nitrate and.citrate forms exhibfting a factor of -
3 greater uptake than the dioxide (Table 4). ‘

There is a growing 11terature on organ1c acids and bases produced
d1rect1y on or by secondary syntheses by a variety of microorganisms
and which are capable of complexing heavy elements. These products may
be expected to be present in soils (discussed in detail in a previous
_section). Their concentration and.form will be dependent upon the
environmental factors. influencing microbia] metabolism, such as C-source,



(previous section), and their residence time will be dependent upon

e s
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subsequent chemica]Aand microbiological stability.
In preliminary- (unpublished) studies by the -senior authors, mixedA

cU]ture§ of soil organisms, isb]ated.from soil on}the basfs of C

requirements and Pu resistance,_were‘anélyzed as to their ability to

transport Pu into cells and to alter Pu form in the cellular and exocellular

media. To distinguishicomp1exation'reactions resulting from Pu‘interactions

with metabolites arising.frqm normg] metabolic processes and Pu fnteractions,

with metabolites arising from Pu resistance soi]'microorganisms were in

thé first case isoiated from soil in the'absence'of Pu énd Pu added ét

the stationary growth phase of an enriched culture and, in the second

caée, isofated from Pu contqining s0il and grown in the presence of Pu.

_ After growth for 96 hr, the cu]fures were separated into cellular
exocellular fractions. The cell fraction was, -in turn, homogenized into
intracellular soluble and cell debris fractions. The results of studies
in which Pu was added at the-stationary growthAphase of cultures of fungj

or bacteria grown on mixed organic acids or sugars are summarized in
Table 5. These cu]tures,'selected,oh1y on the bgsis of‘their ability
to grow on‘either of two C.sources, differed to a first approxihation,
in their inferactions with Pu. In genera],.the majority of Pu was
assOciated'with the exocei]u]ar fractioﬁ, but significant quantities
were insoluble and associated with the cell wall and membrane fractions:
However, the distribution of Pu between fractions was dependent. upon
microorganism type and C-source. Ih the case of fungi, the exocellar
fraction of organisms grown on the organic acid C source contained less
Pu than when mixed sugars were utilized as a C éource. .The reverse of
this re]atjonship occurred thh.thefbacterja,

Différences_in Pu distribution as a fuﬁction of C source used in

enrichment were also found in cultures grown in the presence of Pu
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throughout incubation (Table 6).- The fungal cultures grown on mixed
ofganic acids e&hibfted larger concentrations of Pu both in the gxocé]lu]ar o
fraction-and bouhd to.the cell debris fraction; .the cultures grown on |
mixed sugars contained a higher fraction of added Pu in the intracellular
soluble fraction. In the bacterial cultures the situqtion was somewhat
different, .in that higherchncentrations of Pu occurred in the exocellular
- fraction cu}ture grown in organic-acids; less Pu was associated with the
cell debris fraction as compared to cells grown on sugars. |

In general, the'presenﬁe}dr absence of Pu during'growth had little
effect on the distribution of Pu.in the culfures. Rather, the metabolic
properties of the mixed cuftune determined by Cisource'appeared to be
the major factor'resulting in the observed differences. Under both sets
of culture conditions, there Qas a high concentration of Pu bound to
cell wall and membrane fractjons_and'thus insoluble.. As these materials
are degraded by lytic enzymeg, e,g.; proteases and chitinéses, soluble
fractions of Pu compounds may be- formed. |

Preliminary characterizatfon, using gel permeation chromatography,
of the mixed culture of fungi isolated from soil and grown in sugars
dindicated that.Pu form was‘altered during fungal growth (Fig. 8). The
exocellular and intracellular soluble fraction of organisms exposed- to
Pu in a single exposure and in continuous exposure exhibited a majority
of material of mo]ecufar size greater then Pu-DTPA, which was used as
the source of soluble Pu. Furtherhoré, there appeared to be a difference
in Pu chemical form comparing'Pu complexes fbrmed on simple interaction
‘ of Pu with,metabo]ites (single exposure) and Pu comb]exes formed on
'interaction after continuous Pu expoéﬁre of the cu]tUre. This suggests
either that the cu]ture.gfown in the continuous presence of Pu contained
'metabolites'capab]e of interactidé with Pu which were different chemically

from those producedaby‘the Eu]ture grown in the absence of Pu or that the
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culture grown in the presence of 'Pu contained different organisms capab1e

of adaptive response to the element leading to the synthesis of compounds

relatively specific to detoxification of Pu.

Further chemica]-characterization.using thin—]éyer chromatography
and electrophoresis verified differences in Pu form. Several solvents
of different polarities and bH‘va1ues were employed to provide a range
of chemical conditions for separation. So]venf systems included, A;
butanolpyridine, a system used in resqution of amino acids; D, pentanol-
formic acid, a system used in éeparation of'sugarsland sugar acfds, and
G, water-acetic acidg.é solvent utilized, in reso]vﬁng keto-acids and
sugars; These systems were used to resolve Pu as Pu-DPTA, and Pu in the
soluble exoce]]u]af‘and solub]g‘intracgl]u1ar fractions of the above
cultures (Fig. 9). Thin-layer chromotogfaphy'uging solvent A indicated
that.the exocellular fraction contained,ong component of chromatographic

mobility different than the added Py-DTPA but the complex remained

. present in detectable quantities. The'intrace11u1ar soluble fraction

contained a component of lesser chromatographic;mobility, but there was

no evidence of Pu-DTPA). Solvents D and G did not provide good resolution.

Solvent D did not mobilize Pu-DPTA or dther possible complexes, Solvent G

mobilized Pu-DPTA and, indicated. the presence of immobile Pu components

~in the exocellular and intracellular fractions but these were not resolved.

Application of thin-layer-electrophoresis (pH 6.6, pyridine-acetate

buffer system;'ce]]u]oée support) indicated the presence (Fig. 10) of a

relatively large amount of material of-greater negative charge than
Pu-DPTA, in the exocellular fraction_a]ong with some Pu-DPTA. The Pu
ligands in the intracellular fraction were either neutral in charge in

this buffer system or were of a molecular sizg too large to migrate

h
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under'the.éonditions‘of e]ectrophoresis.‘.Simi1ar alterations of Pu fofm
by-a single Pu-resistant fungu; exposed contindusly to Pu during growth
have also beeh reported (Robinson, et'aT,']975),

Several phenomena méy have been respons{ble for the observed changes

in chemical form of Pu. The organism may.synthesize»compounds which

either bind Pu-DPTA or bind Pu more tightly than DTPA, thereby successfully

competing for Pu in the presence:of DTPA.A'A1ternative1y, the organism
may degrade or modify the DTPA moiety allowing Pg.transfer to 1ig§nds
arising from microbial synthesis and:degradation.

The number of known compéunds with the potentja] to bind Pu more
strongly than DTPA appearsvto,be quite'11mited?a]though»hydroxamate
derivatives, (Energy, 1974) catechol derivatives, (Tait, 1975) and

tetrapyrrole ring. systems (Bulker,.1969) may exhibit this property. If

modﬁfication of the Pu-DTPAAoccurrediprior‘to ligand transfer, then a

myriad of microbjally-produced‘compounds, e.g;;;pheno1ic acids, peptides,

and carboxylic acids have pqtentia] for bindjng (see previous section;
also Alexander, 1971). In either case, the Pu was not in the form
initially added. Thds, applications of Qe] permeation chromatography,
thinflayér chrométography and thin—]ayer electrophoresis indicate that
cultures of soil microorganisms were capable, through simple expression
of fhe metabolic potential of microorganism present in soil, of chénging
the chemical form of Pu-DPTA with the resuiting formation Qf a number of
Pu ﬁomp]exe; exhibiting a range in chemical properties. . Differences in
Pu distribution in microbial systems aﬁd in Pu form reéu]fed from both
simple interaction}with'metabofites;and‘perhaps,nmgrg specific processes.
These differences were dependent dnlfhe natdre of microbial metabolism

and Pu resistance.
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Although published information on transuranic elements other than

Pu isvnot.avai]ab1e, it is Tikely that .similar transformations will
~ occur, The extent of-these;transformation will be dependent'upon the
solubility of the element, ftslavailability to microorganisms; its

toxicfty to microorganisms and its potential for complexation. While
microbia]‘interactionsiremain to be elucidated, thé‘solubility (discussed
in a previou; section) and potehtfa] fdr'comp]ekation méy‘be preliminarily
assessed froh known chemistry (Table 7).. It is evident that the

transuranic elements form DTPA.comp1exesiwith stab%]ities similar in |
magnitude %0 Pu-DTPA over environmental pH ranges. It may be concluded
- that complexation with organic jigands‘produCed byAsoi] microflora is hfgh]y
probable and,investigations tofzidentjfy and characterize the indirect P
processes and‘1igahdsvresponsib1e for. complexation of'Pu in soil are

equally applicable to other transuranic elements.

Cycling During Decomposition.. A fina].processﬂwhereby the'gbil microf]ora'

may play a role 1n«trénsformation of thé transuranic é]ements involves

the biological uptake (plants, microorganisms) of the trahsuranicskand L
subsequent release on decomposition. Severa] studies have demonstrated
p]aht uptake of Pu and Am and incorporation into above ground tissue.
These tissues,ldeposited on soil either through Titter fall or agricultural
incorporation of crop residues will be,subjeCtlto microbial decomposition.
Furthermore,Arecent sfudies (Wildung and Garland 1974).have indicated
‘that the réots of barley, (uncontaminated with soil particles), contain
3-8 times more Pu than'tﬁe.shoots, The roots of plants are . in intimate
contact with tﬁe soil and mayhpe expected‘ﬁo decompose rapidily (weeks)
under appropriate'conditions of temperatu}e.and'moist&re,ieven in arid

regions (Wildung et al. ]975); Relatedly, microorganisms, due to their

~
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© -distribution in soil and large absorptive surface, compete efficiently _._.._

with p]ahts for ions in soil (Alexander, 1961). Studies described in a °
previous section demonstrated the association of Pu with microbial

cells. Growth of microbial cells, a significant portion of the soil
biomase, may therefore represent an important mecﬁanism for biological .
incorporation of the transuranic elements. Decomposition of microbial
cells generally proceeds at a more rapid rate from p]&nt tissues.

Little is known of the form of the transuranice in p1ent or microbial
tissues; the form, rate, and extent of the transuranics released on -
decomposition of these tissues; or of the chemiea] reactions governing
transuranic solubility after decompoeition} However, considering fhe

known products of microbial metabolism of.organic substances including a

‘number of strong complexing agents (previous sectien) and the susceptibility

of a number of the transuranic elements to'comp1exation.(pfeviousksection),
it may be_conc1uded that the transa}anics, initially immobilized through
biological uptake, may be at 1ea§t as soluble and perhaps more soluble
on decomposition. | ' N

Preliminary studies (Wildung and Garland, unpublished), in Which'
soil contaieing largely Undecomposed roots from a'previous barley crop
was leached with water andAPu solubility compared to a fallow soil -
containing Pu at similar levels, indicated that soluble Pu was initially
immobi1ized‘by incorporation 1nto.root§ deereasing by a factor of 10
after root growth. - Root decOmposition studies are in progress. Previously
observed‘(Romney-et-a].,'1970) increases 1in-Pu uptake from soils by
plants with increased time genera]]ylattributed'to increased root development,
may have been due to increased availability .through a recyciing process

on decomposition of plant roots. ' The importance of the process will be
dependent upon transuranic:availabi1ity to different plants and microorganisms,
the turnover rate of this tissue in soils under different conditions and

the stability, chemistry and biological
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availability of -transuranic metabolites. Until this information is— —— - .—_
developed, the Tong-term effects of the recycling process will remain

unknown.
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Table 1.

Solubilities of Plutonium in Water Extracts

of a Ritzville Silt Loam as Determined by
Filtration with Membranes of Different Pore
~Sizes '
Membrane A Plutonium
Pore Size, . : - Solubility,’
umo ' ‘ Pg/g*:
5 © 60,000 -
0.45 20,000 -
0.01 : . 4,000
0.0015 - ‘ o - 1,000
- 0.0012 = . . 300
0.00

10 . ' o ' 50

*Plutonium addéd at a level of 620,000 pg/g of soil.

o



Table 2.

Estimated Concentrations and Molecular Weights
Measured Diffusion Coefficients

of Mobile Plutonium in Soils from

Most Mobile Species

Least Mobile Species

: Diffusion .Molecular Soil Con- Diffusion » Molecular Soil Con-
Treatment Coefficient Weight, - centration, Coefficient Weight, centration,
| - %1078 g/mole pg/g x 107 . g/mole Pg/q
Control
Pu, (DTPA)3; 5.8 ' 1,700 53 o 1,700
Soils’ -
Ritzville 3.0 5,000 24 2.3 0.9 x 108" 150

Quillayute 2.5 7,200 . 47 2.7 . 0.7 x 106 1,200
Hesson 2.4 8,100 9 s 2.7 0.6 x 10° 330

- - salkum 1.5 21,000 55 ~ 2.3 0.8 x 108 1340

| " Muscateen 1.9 13,000 - 36 3.1 0.5 x 106 - 170

%



Table 3. Summary of the Effects of Plutonium at Several Soil
~Concentration Levels on the Distribution of Micro-
organisms in Soil Relative to Controls

"Effect (p <0.05)% of Plutonium on

Growth Rate ] Total Numbers
at Plutonium - at Plutonium
' T Concentrations . Concentrations
Microbial Type (uCi/g) of. (pCi/g) . of

0.05 0.5 10.0 - 0.05 . 0.5 10.0

. Bacteria

Aerobic and

Microaerophillic
Nonsporé Formers 0 0 0 T+ + +
- Spore Formers -0 0 0 + + +
Anaerobic and Fac-
ultative Anaerobic
Nonspore Formers 0 + 0 + . + o+
Spore Formers -0 0, 0 + _ + +
‘Fungi : 0 0 0 0 0 S
Actinomycetes o - .0 o+ + —+ +

T4

*A positive sign denotes a significant effect. A zero indicates
that there was no significant effect.’ )
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Table 4. Plutonium Transport to the Spores of Aspergillus niger”

Chemical o Specific Activity Specific Activity Transport
Form PH of Culture Medium of Sporest . Factor
- ' (dry), pCi/g pCi/g
Dioxide 2.5 3.34 x 103 4.7 ' 1.4 x 10-3
3.34 x 1lo% 32 . , 0.96 x 1073
3.34 x 105 - 383 ' . 1.1 x 1073
5.5 3.39 x 103 . 9.4 < 3.4 x 1073
' 3.39 x 10% . 1013 2.98 x 1073
3.39 x 105 ' 976 . , 2.88 x 1073
Nitrate - 2.5 1.67 x 103 } 3.8 2.3 x 1073
- . 3.34 x 103 s 11 3.3 x 1073
6.69 x 103 15 2.24 x 1073
5.5 1.69 x 103 : - 8.3 4.9 x 10-3
3.38 x 103 ' 26 7.7 x 1073
6.76 x 103 - 23 3.4 x 1073
Citrate 2.5 1.67 x 103 ' 7.1 4.3 x 1073
: 3.34 x 103 : 11 3.3 x 1073
6.69 x 103 ‘ 18.5 2.8 x 1073
5.5 © 1.69 x 103 6.7 4.0 x 1073
3.38 x 103 26 7.7 x 1073
6.76 x 103 ' : 56 8.3 x-1073

*After Beckert and Au (1976).

4+Arithmetic mean of 3 samples each.



'Table 5. Distribution of Plutonium in Mixed Microbial Cultures

Exposed to Plutonium at Stationary Growth Phase and
‘Grown on- Different Carbon Sources.

Distribution* of Plutonium (%) in Cultures

Fungi ‘ Bacteria
_ Mixed Organic Mixed Organic
Fraction Sugars - -Acids ‘ Sugars " Acids
Exocellular 75 a2 39 . 89
Medium RN : 4
Intracellular  0.49 o 0.068 .. 8.3 . 2
Soluble R : :
' Cell Debris - 10 42 28 8.7

*Cultures were not replicated. Analytical precision is <+

102 (lo).

N



Table 6. Distribﬁtion of Plutonium in Mixed Microbial Cultures

Continuously Exposed to Plutoniumland Grown on Different.
Carbon Sources. ‘

Distribution* of Plutbnium'(%) in Cultures

Fungi Bacteria - ]

Mixed . Organic . Mixed ' Organic
Fraction Sugars. Acids Sugars . Acids
Exocellular . 29 54 | 46 - 88
Medium ’ ' ‘ o
Intracellular 4.2 - 0.24 C2.7 4. .
Soluble ' .
Cell Debris 29 - 39 31 0 3.5

#Cdltufes were not replicated. Anaiytical precision is < + 10%
(lo) . ‘ : ' ' '

b



Tablel7. Stability of DTPA Complexes with the Transuranic

A‘r,"lements*r"f

Stability R Stable

- Complex C . " Constant ‘ pH Range
Negtunium-
Np+3 . _kk - . ;_** '
Np (IV) DTPA _ 1024 , 0.5 - 5.8
[Np(IV)]2DTPA3 1020 , 5.8 - 8.9
[Np(IV)],DTPA3 1018 : , ' >8.9
Plutonium
Pu(IV) DTPA 1024 o 1.0 - 5.8
* [Pu(IV) ,DTPAj3 ‘ .. lols® : 5.8 - 8.5
Pu(IV) DTPA, 1014 - >8.5 :
Americium A
[Am(III)] DTPA 1020 A 1.8 - 6
Am(III) DTPA . © 1023 ._ >6

* After Hafez, 1969.

+ Curium may be expected to form compléxes of stabilities
similar to americium. ‘

**Unstable in oxygenated solutions.

#
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e FOUR OXIDATION STATES

pu’ +3 P +4 P 02 +1. PU 02‘+2; +2 +7)

° DISPROPORT!ONAT!ON

Pty PO, 1 ap,*3 '+-Pu02+2

® HYDROLYSIS

Pu* + 41,0 Pu(OH) +an’ (Ksp.=§10-56)
o COMPLEX FORMATION N
K% +3 DIPAT=Pu DTPA _ |Iog K22

2

Figure 2. Chemical reactions influencing p]utonlum behavior
in the terrestrlal env1ronment



Fig.

FRACTION SOLUBLE (%)

3.

100

®
—0

e Z>’PLUTONIUM-DTPA (144 uglg)

& “pLUTONIUM-DTPA (1 pglg)

10

0 238PLUTQNIUM-DIPA 0.6 uglg)

@ ZSpLUTONIUM-NITRATE (0.6 1glg)

0 2 PLUTONIUM-NITRATE (144 pglg)

T Il lwlll

1 L

INCUBATION TINE (days)

Solubility of plutonium with time after addition to
soil as the nitrate and the DTPA complex. ;

60 80 100 120

4



Fig.

4.

TIME OF CONTACT thou rs,)

e e e e et e e e e T

it MUSCATINE:
6200 |- —o
4A4%'0_ . . e
S HESSON ==
2370 F - -
Z RITZVILE —a |
puw }
& e © 50IL: SOLUTION = 1:100
= O0—O DISTILLED WATER
= % Rhidd o~ -8 Q.01 M CaCl
A 1240 7 ———— » 2
. | —— |
0 |- l‘ 4 | i | ] 'i‘l
0 20 40 60 80

Quantlty of soluble plutonium removed from three 501ls

by water and 0.01 M CaCl,.



1500 —
PLUTONIUM, uCifg
= e - o 0.0 ‘
=_ 1000 & 100 ;
338
SR ~ STERILE
TREATMENTS.
0 ‘ , *‘
«3
=S
=0 w0
== “STERILE SOIL
S5Z3 N
=3 NONSTERILE SOIL B
0 1 X |
0 0 .30

INCUBATION TIME, DAYS

Fig. 5. .Changes in soil respiration. rate and solubility of
: applied plutonium with time of soil incubation.

o/




Fig.

6.

.

BNWL-1850 ‘PT2

10,000 ¢
> i :
§ 1000 |~ i
G 2
(&} - - '
xS i
== PLUTONI UM
_r
2% 100 - " o 0.0 uCilg
.80 E o 005 uCilg
g t s 050 uCilg
EE ¢ 100 uCilg
£ P W SO UL SV B SR
= 0 10 P ‘ 0. -

i
i
{
!
i
1

Influence of plutonium
fungi in soil. Arrows
growth rates and total
microbial types (Table

TN INCUBATION TIME, DAYS
\

_concentration'on‘the growth of
denote time intervals at which

numbers were compared with other

3).

&7



O CONTROL
LA %y 07PA, 10.0 UCilg
-8 B8, D1, 10,0 uCilg
@ 39, NOy), 10.0uCily” -
. 0 28, NO,),, 1.0 uCil f
2 _
= ___,gw ' |
x 2 e :
s LT
5 :.
= |
e |
| O |
e =
. L.LJ i
. @
L= 2
)
=
|
1
. | B e e | i
0 4 8§12 16 .20 AU 28 2 36

_INCUBATION TIME, DAYS

Fig. 7. Effect of dlfferent isotopes of plutonlum on surv1val
of soil fungi. e :



Fig.

CONCENTRATIOY Pu/m! ELUANT

8.

Pu,, OTPA,

| excLusion Lt
(¢000) ~

.

{24 HR)

SINGLE EXPOSURE

: // > | R
. o~
/] |
ll "EXOCELWIAR SOWUBLE . - ;
i B ] .
| INTRACELLULAR: 7"/ |
SOWBLE . - - "
| NN | continuous -;’
| PN I EXPOSURE
| |
L(A 4, .
i |
/ f l
g 1 . | {
7 BB 1500 5 1w 210
— votus, ml

cultures by Sephadex gel chromatography.

'Separation of soluble plutonium complexes in microbial



Fig.

‘SOLVENTA SOLVENfJ~

~ SOLVENT G

3 SOLVENT FRONT . SOLVEUTFROVT
3 ' ) X

L CONTROL Pu, DTFA,
2 SOLUBLE EXOCELLULAR -
3. INTRACELLULAR SOLUBLE

e
e e

Thin-layer chromatographic behavior of plutonium complexes
separated by Sephadex gel chromatography in three solvent

systems. . '

9.



-Fig.

10.

1 - e
2 o S
3 | _;."Cfb rvnj
SPOTTED
1. Pu, DTPA, CONTROL

2. SOLUBLEEXOCELLULAR
3. INTRACELLULAR SOLUBLE

Thin-layer electrophoretic behavior of plutonium
separated by Sephadex gel chromatography.

S



REFERENCES
Alexander, M. 1961. Introduction to Microbiology. John Wiley and
- Sons, Inc., New York, NY.

Alexander, M. 1971, "“Biochemical Eco]ogy of M1croorgan1sms - Annual
Review of Microbiology 25: 361-392.

Balker, E. W. 1969. “Porphyrins". In:AOPQanic Geochemistry. G. Eglinton

and M. T. Murphy (Ed.). Springer-Verlag, New York, NY. pp. 464-497.

Bondietti, E. A., S; A. Reynolds, and M. H. Shanks. 1975. "Interaction
of Plutonium with Complexion of Substances in Soils and Natural
Waters: In: Transuraniwm Nuclides in the Enviromment, IAEA SM 199/51.

Bondietti, E. A. and S. A. Reynolds. 1976. "Field and Laboratory
Observations on Plutonium Oxidation States". In: Proceedings of an
Actinide Sediment Reactions Working M@etang, Seattle, WA, February 10-11,
1976.

Bremner, J. M. 1965. "Organic Nitrogen in Soils". In: Soil Nitrogen.
W. V. Bartholmew and F. E. Clark (Ed.). Am. Soc. of Agron. Madison,
"WI. pp. 93-149. .

Bremner, J. M. 1967. "Nitfogenous Compounds". In: Soil Biochemistry.
A. D. McLaren and G. H. Peterson (Ed.). -Marcel Dekker, New York, NY.
pp. 19-66. T

Broadbent, F. E. and G. R. Bradford. 1952. '“Cation-exchange Groupings
in the Soil Organic Fraction". Soil Sei. 74: 447-457. :

.Burney, G. A. and R. M. Harbour. 1974. Radiochemistry of Neptunium.
NAS-NS-3060. -NTIS.

Cleveland, J. M. 1970. The C%emzstry of Plutonzum Gordon and Breach
Science Pub11shers, New York, NY.

Drucker, H., R. E. Wildung, T. R. Garland, and M. P. Fujihara. 1973.
"Influence of Seventeen Metals on M1crob1a] Population and Metabolism in
Soil". In: Agronomy Abstracts. ASA, SSSA and CSSA Annual Meetings.
November 11-16, 1973. Las Vegas, NV. p. 90.

Emergy, T. 1974. "A Model for Carrier-Mediated Iron Transport".
Biochemica et BﬁophyStca Acta. 363 219-225.



Felbeck, G. T., Jr. 1965. "Structura]iChemistry of Soil Humic Substances".

Adv. Agron. 17: 327-368.

Garland, T. R. and R. E. Wildung. "Physiochemical Characterization of
Mobile Plutonium Species in Soils". In: Biological Implications of
Metal in the Enviromment. H. Drucker and R. E. Wildung (Ed.). ERDA
Symposium Series. Fifteenth Annual Hanford Life Sc1ences Symposium.
September 29-October 1, 1975. Richland, WA.

Garland, T. R., R. E. Wildung, and R. C. Routson. 1976. "The Chemistry
of Plutonium in Soils. I. Plutonium Solubility." In: Pacific Northwest
Laboratory Annual Report for 1975. BNWL-2000, pt. 2. Battelle-Northwest,
~ Richland, WA. pp. 23-26. - :

Geering, H. R. and J. F. Hodgson. 1969. '"Micronutrient Cation Complexes
in Soil Solution: TIII. _Characterization of Soil Solution Ligands and
their Complexes with ZN2' and qu ". Soil Sei. Soe. Am. Proc. 33:.54-59.

Greenland, D. J. 1965. "Interactions between Clays and Organic Compounds
in Soils. Part I. Mechanisms of Interaction between Clays and Defined
Organic Compounds". Soils Fert. 28: 415-425.

Hafez, M. B. 1969. UCRL Trans.-10366. Lawrence Livermore Laboratory
Livermore, CA. -

Hodgson, J. F. 1963. ‘"Chemistry of the M1cronutr1ent Elements in
Soils". Adv. Agron. 15: 119-159.

~

" Katz, J. J. and G. T. Seaborg. ]957 The Chemistry of the Actinide EZaments. 

Wiley and Sons, New York, NY.

Keeney, D. R. and R. E. Wildung. 1975. "“Chemical Properties of Soils".
~ In: Soils for Managment and Utilization of Organic Wastes and Waste
Waters. L. Elliott and F. J. Stevenson (Ed.) . American Society of
Monograph Series. {(In Press). :

Konomova, M. M. 1966. Soil Organic Matter. Permagon Press, New York,
NY. -

Lahav, N. and M. Hochberg. 1976. "A Simple Technique for Characterizing
the Stability of Metal Chelates in the Soil". Soil Science 121: 58-59.
Lindsay, W. L. 1972. "Inorganic Phase Equilibria of Micronutrients in
Soils". In: Micronutrients in Agriculture. J. J. Mortvedt, P. M.
Giordano and W. L. Linsay (Ed.). Soil Sci. Soc. Am., Madison, WI.
pp. 41-57. ) A :



Lloyd, M. H. and R. G. Haire. 1973. In: Proceedings of the XXIVth <
. IU PAC Congress, September. Hamburg, F. R. Germany. CONF 730927-2 (ORNL).

~ McBride, B. L. 1976. "Biochemistry of Metal Transformation by Microbes".
In: Biological Implications of Metals in the Environment. (In Press).

McBride, R. L. and R. S. Wolfe. 1971. "Biosynthesis of Dimethylarsine
by Nethanobacterim". Biochemistry 10: 4312-4317.

Mitchell, R. L. 1964. "Trace Elements in Soils". In: Chemistry of the
Soizl. F. E. Bear (Ed.). Reinhold Publishing Corp., New York, NY.
pp. 320-368. ) :

" Mitchell, R. L. 1972. "“Trace Elements in Soils and Factors that Affect
their Availability". Geol. Soc..Am. Bull. 83: 1069-1076.

Mortensen, J. L. 1963.- "Complexing of Métals by Soil Organic Matter".
Soil Sei. Soc. Am. Proe. 27:°179-186.

Norvell, W. A. 1972. "Equilibria.of Metal Chelates in Soil Solutions".
In: Micronutrients in Agriculture. J. J. Mortvedt, P. M. Giordano, and
W. L. Lindsay (Ed.), . Soil Sc¢i. Soc. Am., Madison, WI. pp. 115-138.

Ockenden, D. W. and G. A. Welch. 1956. J. éhem. Soc. 653: 3358.

Robinson, A. V., G. S. Schneiderman, R. E. Wildung, and H. Drucker.
"Microbial Transformation of Plutonilm":. In: Biological Implications of
Metal in the Enviromment. H. Drucker and.R. E. Wildung (Ed.). ERDA
Symposium Series. Fifteenth Annual Hanford Life Sciences Symposium..
September 29 - October 1, 1975. Richland, WA. . pp. —

' Romney, E. M., H. M. Mock, and K. H. Larson. 1970.. "Persistence of
Plutonium in Soil, Plants, and Small Mammals". Health Physics 18: -
487-491. . ~ :

Routson, R. C. and R. E. Wildung. 1969. "Ultimate Disposal of Wastes
to Soil“. In: Water-1969. L. Cecil (Ed.). Chem. Eng. Progr. Symp.
Ser. Am. Inst. Chem. Eng., New York, NY. pp. 19-25.

Routson, R. C.,'G. Jansen, and A. V. Robinson. 1975. BNWL-1889. .
Battelle, Pacific Northwest Laboratories, Richland, WA.

Schneiderman, G. S., T. R. Garland, H. Drucker, and R. E. Wildung.

1975. "Plutonium-resistant Fungi and Actinomycetes in Soil. I. Mechanisms
of Plutonium Toxicity". In: Pacific Northwest Laboratory Annual Report

for 1974. BNWL-1950, Pt. 2. Battelle-Northwest, Richland, WA. pp. 25-28.

Schnitzer, M., D. A. Shearer, and J. R. Wright. 1959. "A Study in the
Infrared of High-molecular Weight Organic Matter Extracted by Various
Reagents from a Podzolic B. Horizon". Soil Sei. 87: 252-257.

Stevenson, F. J. 1967. "Organic Acids in Soil". 1In: Soil Biochemistry.

A. D. McLaren and G. H. Peterson (Ed.). Marcel Dekker, New York, NY.
pp. 119-146. : '

5



Stevenson, F. J. and J. H. A. Butler. 1969. ”Chemistry of Humic Acids
and Related Pigments". In: Organic Geochemistry. " @&. Eng]inton and -
M. T. Murphy (Eds.). Spr1nger Ver]ag, New York, NY.. pp. 534-557,

Stevenson, F. J. and M. S. Ardakani. 1972. "Organic Matter Reactions
Involving Micronutrients in Soils". In: Micronutrients.in Agriculture.
J. Mortvedt, P. M. Giordano, and W. L. Lindsay (Eds). Soil Sci.

Soc Am., Madison, WI. pp. 79-114. .

Tait, G. H. 1975. "Identification and Biosynthesis of Siderochromes
Formed: by Micrococcus dentrificans.. Biochem. J. -146: 191-204.

Taylor, R. T. and M. L. Hanna. 1976. “Methylation'of Platinum by
methylcobalamia". In: Biological Implications of MEtabolosm in the
Envirvonment. (In Press)

Thompson, S. 0. 1965. “Comparative Properties of.P1ant Lignins and
Soil Humic Materials”. Ph.D. Thesis. University of Wisconsin, Madison,
WI. : ' ' :

Vaughn, B. E., R. E. Wildung, and J. J. Fuquay. “Transport of Airborne
Effluents to Man Via the Food Chain". In: Proceedings of Symposium on
Controlling Airborne Effluents from FueZ Cycle Plants. August 5-6,
1976. USERDA CONF 76-0806. : Pp. 8-1. -

Wildung, R. E., T. R. Garland, and H. Drucker 1973. "The Potential
Role of the 5011 Microbiota in Increasing Plutonium Solubility in Soil
and Plutonium Uptake by Plants". In: Agronomy Abstracts. ASA, SSSA and
CSSA Annual Meetings. November 11-16, 1973. Las Vegas, NV. p. 190.

Wildung, R. E. and T. R. Garland. ' 1974a. "Influence of Soil Plutonium
Uptake and Distribution in Shoots and Roots of Barley". J. Agr. Food
Chem. 22: 836-838. _

Wildung, R. E., T. R. Garland, and H. Drucker. 1974b. "Potential Role
of the Soil M1crob1ota in the Solubilization of Plutonium in Soil. In:
Pacific Northwest Laboratory. Anmual Report for 1973. BNWL-1850, Pt. 2.
Battelle-Northwest, Richland, WA. pp. 21-32. :

Wildung, R. E T. R. Garland, H. Drucker, and G. S. Schneiderman.

1974c. “Inf]uence of P]uton1um on the So11 Microflora". In: Pacific
Northwest Laboratory Annual Report for 1973. BNWL-1850, Pt. 2. Battelle-Northwest,
"Richland, WA.’ _pp. 19-21.

Wildung, R. E., T. R Garland, and R. L. Buschbom. 1975a. "The Interdependent
Effects of 5011 Temperature and Water Content on Soil Resp1rat1on Rate

and Plant Root Decomposition in Arid Grassland Soils". Soil Biology and
Biochemistry 1: 373—378f

Wildung, R. E. and T. R. Garland. 1975b. "Relative Solubility of

Inorganic and Complexed Forms of Plutonium-238 and Plutonium~239 in

Soil". In: Pacific Northwest Laboratory Annual Report for 1974. BNWL-1950,
Pt. 2. Battelle-Northwest,. Richland, WA.  pp. 23-25.

Wood, J. M., F. S. Kennedy; and C. G. Rosen. 1968. "Synthesis of
Methy]-Mercury Compounds by. Extracts of a Methanogen1c Bacterium”.
Nature 220: 173-174. .

SS



-
.
P ’:/ .

| Id

Wood, J. M. 1974. "Biological Cycles for
Seience 183: 1049-1052. _

Toxic Elements in the Environment".

Sk





