5.6 Pluioninm Geochemistry and K; Values

3.6.1 Overview: Important Agueons- and Solid-Phase Parameters
Controlling Retardation

In the ranges of pH and conditions typically encountered m the environment, plutonmim can exst m all

4 omadation states, namely =3, 4, +5, and +6. Under oxidizing conditions, Pu(TV), Pu{V), and Pu(VT)
are common, whereas, under reducing conditions, Pu(II) and Pu(TV) would exist. Dissolved phitomium
forms very strong hydrosoy-carbonate mixed higand complexes, therefore, 1ts adsorption and mobility 1s
strongly affected by these complex species. Under conditions of low pH and high concentrations of
dissolved organic carbon, 1t appears that pltonium-orgamic complexes may be control adsorption and
mobility of plutonmum m the environment.

If plutonmum 1s present as a distinct solid phase (amorphous or partly crystalline PuO,-xH,0) or as a
solid solution, the upper limits of aqueous phtonmm concentrations would be m the 10 t0 107 M

range. Dissolved plutonium in the environment 1s typically present at =10°" M levels indicating that

adsomption may be the principal phenomenon that regulates the mobality of this actimide.

Plutonmum can adsorb on geclogic matenal from low to extremely hugh affinities with K; values rangmg
from 11 to 300,000 ml'g. Plutonmm in the higher oxidation state adsorbed on iron oxide surfaces may
be reduced to the tetravalent state by Fe(Il) present in the iron oxides.

Two factors that nfluence the mobilization of adsorbed plutonmum under environmental pH conditions
(=7) are the concentrations of dissolved carbonate and hydroxyl 1ons. Both these ligands form very
strong muxed hgand complexes with plutonmun, resulimg mn desorption and mereased mobility n the
etvironment.

3.6.2 General Geochemistry



Plutonmm 1s produced by fissiomng uranmum fuel and 1s used m the construction of muclear weapons.
Plutoniim has enterad the environment either through accidental releases or through disposal of wastes
generated dunng fuel processing and the production and detonation of nuclear weapons. Plutonmim has
15 1sotopes. but only 4 of these 1sotopes namely, “*Pu [r., (half 1ife) = 86 v], “*Pu (r.,, = 24.400 v),
0Py (., = 6.580 v), *'Pu (r,, = 13.2 ¥). are of environmental concem due to their abundances and
long-half lives.

Inn the range of pH and redox conditions typically encountered in the environment, phrtonium can exist n
4 oxadation states, namely +3. +4. +5, and +6 (Allard and Rydberg. 1983). Plutonmum oxadation states
are wifluenced by factors such as pH. presence of complexants and reductants, racholysis, and
temperature (Choppin, 1983). Observations mdicate that under verv low plutonium concentrations and
oxidizing environmental conditions, the disproportionation’ reactions of plutonium are not significant
{Cleveland. 1979). Under reducmg conditions, Pu(IIT) species would be domunant up to pH values
approaching about 8 5, bevond which the Pu(TV) species are known to be the dominant species.
However, under oxidizing conditions and at pH values greater than 4.0, plutonmim can exist m +4.+5,
and +6 oxadation states (Keenev-Kenmcutt and Morse, 1985). A mumber of investigators believe that
under oxidizing conditions, the +5 state to be the dominant redox state (Aston. 1980; Bondiett and
Traballca, 1980; Nelson and Orlandim. 1979 Ra1 er al.. 1980b).

Of the contaminated sites considered in EPA/DOE/NRC (1993), radioactive contamination by ~*Pu,
***Pu, and/or **Pu has been identified at 9 of the 45 Superfund National Priorities List (INPL) sites.
The reported contammation includes awbome particulates, plutonnum-contaming sols, and plutonmm
dissolved mn surface- and groundwaters.

5.6.3 Agueous Speciatfion
Dissolved plutonium forms complexes with various morgamic ligands such as hvdrosoyl. carbonate,

nitrate, sulfate, phosphate, chlonde, bromude, and fluonde; with many natrally occurring orgame
ligands such as acetate, citrate, formate. fulvate, humate, lactate, oxalate. and tartrate; and with

! Disproportionation 1s a chenucal reaction m which a single compound serves as both exudizng and
reducing agent and 15 thereby converted into more oxidized and a more reduced derivatives (Sax and
Lewis, 1987). For the reaction to occur, conditions in the system must be temporanly changed to favor
thus reaction (specifically, the pnmary energy bamer to the reaction must be lowered). Thus 15
accomplished by a mumber of ways, such as adding heat or microbes, or by radiolysis occurring.
Examples of plutonmm disproportionation reactions are:

3Pu + 2H,0 = 2P + PuO¥ +4H*

PO+ 4H = Py’ + 2Pudi +2HO.
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synthetic orgamic ligands such as EDTA and 8-hydroxyquinoline dervatives (Cleveland, 1979).
Plutonium(IV) hydrolyzes more readily than all other redox species of plutomum (Baes and Mesmer,
1976). The order of hydrolysis of plutonmm redox species follows the sequence

Pu(IV) > Pu(Il) > Pu(VI) > Pu(V)

{(Choppin, 1983). Plutomum hydrolytic species may have up to 4 coordmated hydroxyls.

The tendency of plutonmum i varous oxidation states to form complexes depends on the 1onic potential
defined as the ratio (z't) of the formal charge (z) to the ionic radius (1) of an ion. Among plutonum
redox species, Pu(TV) extubits the highest iome potential and therefore forms the strongest complexes
with various ligands. Based on the equalibrium constants (K| .4} for the plutonim complexation
reactions, ligands, such as chlonde and nitrate, form weak complexes (log K; 15; of 1 to 2) with
plutonmm, whereas fluonide, sulfate, phosphate, citrate, and oxalate form stronger complexes

(log K| 155 of 6 to 30). Among the strongest complexes of plutonium are the hydroxy-carbonate mixed
ligand complexes [e.g., Pu(OHR(CO; 1] (Tatt ef al., 1995; Yamaguchi f af.. 1994). Additionally,
dissolved organic matter (fulvic and e matenial) may also form complexes with plutonmm. Although
the nature of these complexes and their stability constants have not been fully characterized. 1t 1s
believed that humic complexes of phutonm may be the donunant soluble species in natural
environments at lower pH (below 5 to 6) values (Allard and Rydberg, 1983).

Because dissolved plutonmm can exsst n multple redox states and form hydrolytic and complex species
in solution, 1t 1s useful to assess the probable dominant plutonium aqueous species that may exist m
typical ground water. Therefore, the aqueous speciation of dissolved plutonmm was caleulated as a
finction of pH using the MINTEQA? code and a concentration of 3.2x107" mg/1 (1.36x107" M) total
dissolved plutonium. This concentration is based on the masimum activity of *****Pu measured by
Stmpson ef al. (1984) m 33 water samples taken from the lughly alkaline Mono Lake m Califormia.
The species distnbution was calculated assumung that nultiple plutonnumn valence states nmught be present
based on thermodynanuc equilibnium considerations. This calculation 15 dependent on redox conditions
as well as the pH and composition of the water. Therefore, a set of oxic conditions that might be
associated with surface or near-surface disposal facilities or contaminated sites were selected for these
illustrative calculations. These redox conditions are based on an expenmentally determined pH/Eh
relationship described m Lindsay (1979) for suspensions of sandy loam and distilled water. In a series
of acid and base titrations, the pH/Eh response of the soil’'water suspension was determmed to vary
according to the equation

pe +pH=15.23 (5.1)

where pe = negative log of the electron actrvity.!

! The electron activity is defined as unity for the standard hydrogen electrode.
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The pe 1s related to Eh by the equation
pe = ( 2.303RT/ F) pe (5.2)
where R = wuversal gas constant (1.9872 calmol K)

T = temperature m degrees kelvin
F = Faraday constant (96487 coulombs/equivalent).

At250°C (298 K),
Eh(mV) =592 pe (3.3)

Using Equations 5.1 and 5.3, an Eh value was calculated for each pH value used as an mput for the
MINTEQA?Z calculations of plutoniium aqueous speciation. The plutonmum aqueous species that were
included in the computation scheme are tabulated 1 Table 5.10. Thermodynamic data for these
species were taken primanly from Lemure and Tremame (1980) and other secondary sources and
database modifications described by Krupka and Serne (1996).

Results are plotted as a species distribution diagram (Figure 5.3). The data show that, under very low
pH (=3 - 3.5) conditions. PuF3™ and PuO?3 are the dominant species of plutonmm. The free 1onic
species, PuO3 appears to be the dominant form within the pH range of 4 to 5. Within the pH range of
5.5 to 6.5, the main species of plutonium appear to be Pu03, and Pu(OH),(C0O;)5". with mmor species
being the neutral hydrolytic species Pu{OH),(aq) and the phosphate complex Pu(HPO. ). At pH
values exceading 6.5, the bulk of the dissolved plutonmum (~90 percent) would be comprised of the
Pu(OH),(CO; )" species with a minor percentage of Pu(OH):(aq). These illustrative computations
indicate that. under pH conditions that typically exist in surface and groundwaters (=6.5), the dominant
form of dissolved plutonmm would be the tetravalent complex species, Pu(OH)L,(CO, )5

Polymeric species of plutonmim may not occur under envirommental conditions because the total
plutonium concentrations in nature are at least 7 orders of magmmide less than the concentrations
required for the formation of such species (Choppm., 1983). If 15 important to note that the speciation
of plutonmm would change sigmificantly with changimg redox conditions, pH, the types and total
concentrations of complexing ligands and major catiomic constituents.

3.6.4 Dissolution/Precipitation/Coprecipitation

Allard and Rydberg (1983) calculated that the aqueous concentrations of plutoniim m nature mav be
controlled by the solubility of the solid phase PuQ,-xH,O. Manv observations show that plutonmm
associated with soils and particulate organic matter 1s present m tetravalent oxidation state (Nelson and

Lovett, 1980; Nelson er al.. 1987; Silver, 1983). Calculations by Allard and Rydberg (1983) based
on available thermodvnamic data show that, under reducing conditions. the solubility of dissolved
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plutonmm would be lnuted by the solid phase PuO, at pH values greater than 8, and by the solid phaze
Pu,(CO;); of tnvalent plutonmum at lower pH values.



Table 5.10. Plutonium aqueous species included i the speciation calculations.

Redox

State Aqueous Species

Pu(III) Pw**, PuOH*. Pu(OH);. Pu(OH);(aq)
PuCO3. Pu(CO:)i. Pu(CO:)i
PuSO7, Pu(SO.);

PuH,POI". PuCt*

Pu(TV) Pu*", PuOH", Pu(OH):", Pu(OH);. Pu(OH),(aq)
Pu(OH).(CO;)3. Pu(OH)L(COs)

PuSO3, Pu(S0,)3(aq). PuHPO . Pu(HPO,))(aq).
Pu(HPO,)s". Pu(HPO.)}

PuCE*, PuF™*, PuF3", PuF}. PuF ) (aq)

Pu(V) PuO3;. Pu0,0H (aqg). (PuO,),0H"

Pu(VI) PuO3™ Pu0,0OH", PuO,(OH); (ag).
PuO,(OH);. (PuO,),(OH)", (Pu0,);(0H);

Pu0,C0;(aq). Pu0,(CO;¥1, Pu0,(CO,)T
PuQ,CI, PuO,F~. PuQ,F)(aq). PuO,F;. PuO,F?

Pu0,S0(aq). Pu0,H,PO;
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Figure 5.3. Calculated distribution of plutonium agueous species as a finction of pH for the water
composition m Table 5.1. [The species distribution 15 based on a concentration of
32x 10 mgl1(1.36 x 1077 M) total dissolved plutonm.]

Laboratory studies conducted by Rai ef al. (1980a), Delegard (1987). and Yamaguchi et al. (1994)
indicated that a freshly precipitated amorphous PuO,-xH, O phase controls the equilibrmm solubility of
plutonmum. Solubility on aged precipitates by Bai er al. (1980a) and Delegard (1987) also showed that
equilibrium plutonnum concentrations would be controlled by a partially crystalized PuQ,-xH,O phase
at concentrations about 2 orders of magnitude less than that of amorphous PuO,-xH,O. Therefore,
under oxdizing conditions, amorphous PuO,-xH, O, if present i soils, may control soluble plutonnum
concentrations near 107 M. Under alkaline conditions with high dissolved carbonate concentrations.
dissolved phutonimm concentrations may increase to micromolar levels. When dissolved carbonate 1s
not present. PuO,-xH,0 may control plutomum concentrations at about 107°° M (Rai ef al.. 1980a).



5.6.5 Sorption/Desorption

Plutonimim s known to adsorb onto soil components such as clays, oxides, hyvdroxides, oxyhydroxides,
aluminosilicates and organic matter. Depending on the properties of the substrate, pH. and the
composttion of solution, plutonmum would adsorb with affintties varving from low (K; = 11 ml'g) to
extremely high (K ; = 300,000 ml/g) (Baes and Sharp, 1983; Coughtrey er al.. 1985; Thibault et ai
1990).

A mumber of studies indicate that won hydroxides adsorb and reduce penta- and hexavalent phrtonium
to 1ts tetravalent state at the solid surface. Expenimental data showed that tetra- and pentavalent
plutonium aqueous species oxdize to hexavalent form upon adsorption onto manganese diozxade
surfaces whereas, pentavalent plutonmum adsorbed on goethite disproportionate mto tetra and
hexavalent forms (Keeney-Kennicutt and Morse, 1985). Subsequently, the hexavalent form of
plutonmm was observed to have been reduced to tetravalent state. Additionally. these reactions were
found to occur faster under light conditions than under dark conditions suggesting photochemical
catalysis of adsorbed plutonum redox change reactions.

Laboratory studies have indicated that increasing carbonate concentrations decreased adsorption of
tetra- and pentavalent plutonium on goethite surfaces (Sanchez ef o/, 1985). Phenomenon sinular to
the reduction and suppression of plutonmm adsorption in the presence of carbonate 1ons have also been
observed for other actinides which also form strong hydroxv-carbonate mixed ligand aqueous species.
These data suggest that plutonmm would be most mobile i high pH carbonate-rich groundwaters.

Some stuches indicate that the mass of plutonium retarded by soil may not be easily desorbed from soil
mineral components. For example, Bunzl et al. (1995) studied the association of “*****Pu from global
fallout with vanous soil components. They deternuned the fractions of plutonmum present as readily
exchangeable. bound to carbonates. bound to iron and manganese oxides, bound to organic matter,
and residual minerals. For souls at their study site m Germany, the results mdicated that 3040 v after
deposition of the plutormum. the readily exchangeable fraction of plutonmm was less than 1 percent.
More than 57 percent of the plutonium was sorbed to organic matter and a considerable mass sorbed
to the oxide and mineral fractions.
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5.11 Uranium Geochemistry and K; Values

5111 Overview: Important Agueous- and Solid-Phase Parameters
Controlling Retardation

In essentially all geclogic emiromments, +4 and +6 are the most important cxidation states of vrannm

5.65

Uraninm(VT) species dominate in oxidizing environments. Uraniam(VT) retention by seils and rocks m
allmline conditions is poor becavse of the predommance of newtral or negatively charged species. An
icreaze in OO0, pressure in sod solutions reduces TUVI) adsorption by promoting the formation of
pootly sorhing carbonate complexes. UraninmnTV) species dominate in reducmg environments.
UranivanTV) tends to hydrelyze and form strong hydrolytic complesxes, Uraniuni(TV) also tends to
form sparingly soluble precipitates that commenly control TIV) concentrations in groundwaters.
Uraninm(IV) forms strong comyplexes with naturally ccomring crganic materials. Thus, in aseas where
there ate high concentrations of dissolved crganic matersals, UTV -organic comyplexes may inctease
UiTV) solubdlity. There are several ancillary envirommental parameters affecting wannun migration. The
most important of these parameters include redox status, pH. ligand {carbonate. flucride. sulfate,
phosphate, and dissolved carbon) concentrations. alumimun- and ron-oxide mineral concentrations,
and wanium concenfrations.



5.11.2 General Geochemisitry

Urantum (U) has 14 1sotopes: the atomic masses of these 1sotopes range from 227 to 240, All urantum
isotopes are radioactive. Naturally-occurring uranium typically contains 99 283 percent **U. 0.711
percent U, and 0.0054 percent P*U by weight. The half-lives of these isotopes are 451 x 10° v, 7.1
x 10° v, and 2.47 x 10° v, respectively. Uranium can exist in the +3, +4, +5, and +6 oxidation states,
of which the +4 and +6 states are the most common states found in the environment.

The nuneralogy of urannum-contammng nunerals 15 described by Frondel (1958). Urantum mn the +4 and
+6 oxdation states exsts m a vanety of pnmary and secondary mnerals. Important U{TV) minerals
include vranmite (U0, through UO, 35) and coffimte [US10,] (Frondel, 1958; Langmuir, 1978).
Adueons T(IV) 15 inchined to form sparingly soluble precipitates, adsorb strongly to nuneral surfaces,
and partition mto organic matter, thereby reducing 1ts mobility in groundwater. Important UVI)
minerals mclude camotite [(K,(UO,),(VO,);]. schoepite (UQ;-2H,0), rutherfordine (U0,CO,),
tyuyamunite [Ca(U0,),(VO,),]. autunite [Ca(UO,),(PO,),]. potassium autunite [Ky(UO,),(PO,),].
and uranophane [Ca(UQ,),(510,0H),] (Frondel, 1958; Langnmir, 1978). Some of these are
secondary phases which may form when sufficient uranmum 1s leached from contammated wastes or a
disposal system and migrates downstream. Uranmum 1s alse found m phosphate rock and hgnite! at
concentrations that can be commercially recovered. In the presence of lignite and other sedimentary
carbonaceous substances, urantum enrichment 1s believed to be the result of uranium reduction to form
nsoluble precipitates, such as uraninite.

Contammation meludes airbeme particulates, uramum-contaming soils, and uranmm dissolved m
surface- and groundwaters. Of the contamunated sites considered i EPADOE/MNRC (1993),
radioactive contamination by Z*17. U, and/or ***U has been identified at 35 of the 45 Superfund

! Lignite is a coal that is intermediate in coalification between peat and subbitumnous coal.
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National Priorities List (NPL) sites and 26 of the 38 NRC Site Decommussioning Site Plan (SDMP)
sites.

3.11.3 Agueous Speciafion

Because of its importance in nuclear chenustry and technology, a great deal 1s known about the
aqueons chemistry of uranium [reviewed by Baes and Mesmer (1976), Langmuir (1978), and Wanner
and Forest (1992)]. Uranium can exist i the +3, +4_ +5, and +6. oxidation states in aqueous
environments. Dissolved UG easily oxidizes to U(TV) under most reducing conditions found in
nature. The U(V) aqueous species (UO3) readily disproportionates to U(TV) and U(VT).!
Consequently, U{TV) and TU{VI) are the most common oxidation states of uranum in nature. Uranium
will exast m the +6 and +4 oxidation states, respectively, in oxidizing and more reducing environments.

Both uranium species, U3 and UY, hydrolyze readily. The U ion is more readily hydrolyzed than
U013, as would be expected from its higher iomic charge. Langmuir (1978) caleulated T(TV)
speciation 1 a system contaimng typical natural water concentrations of chlonde (10 mg/1), fluonide

(0.2 mg/l). phosphate (0.1 mg/l). and sulfate (100 mg/T). Below pH 3, UF,* was the dominant uranium
species. The speciation of dissolved U(IV) at pH values greater than 3 15 donunated by hydrolytic
species such as U(OH)3 and {OHaq). Complexes with chloride, fluoride. phosphate, and sulfate
were not important above pH 3. The total U(TV) concentration in solution 1s generally quite low,
between 3 and 30 pug/l, becanse of the low solubility of T(TV) solid phases (Bruno er al., 1988; Bruno
et al., 1991). Precipitation 1s discussed further i the next section.

Dissolved U{WVT) hydrolyses to form a number of aqueous complexes. The distribution of UVT)
species 1s presented m Figures 5.6a-b and 5.7. The distribution of urany] hydrolytic species

(Figures 5.6a-b) was calculated as a function of pH using the MINTEQAZ2 code. The U(VI) aqueous
species mcluded m the speciation calculations are listed m Table 5.16. The thenmodynanuc data for
these aqueous species were taken pnmanly from Warmner and Forest (1992). Because dissolved
uranyl 1ons can be present as polymuclear” hydroxyl complexes. the hydrolysis of uranyl jons under oxic
conditions 1s therefore dependent on the concentration of total dissolved uranium. To demonstrate thus
aspect of uranium chemistry, 2 concentrations of total dissolved uranmm. 0.1 and 1,000 pg/l, were nsed
1 these calculations. Hem (1985, p. 148) gives 0.1 to 10 pg/ as the range for dissolved vranium in

! Disproportionation is defined in the glossary at the end of this letter report. This particular
disproportionation reaction can be described as:

2U0% + 4H,0° = UO0T + U,

? A polymuclear species contamns more than 1 central cation moiety, e.g., (U0,),CO;(0OH); and
Pb.(OH)I™.



most natural waters. For waters associated with uranmm ore deposits, Hem states that the uranmm
concentrations may be greater than 1,000 pgl

In a U(VI)-water system, the dominant species were UO3™ at pH values less than 5. UO,(OH), (ag) at
pH values between 5 and 9. and UO,(OH); at pH values between 9 and 10. This was true for both
uranmum concentrations, 0.1 pg/l (Figure 5.6a) and 1,000 pg/l dissolved UVI) (Figure 5.6b). At
1.000 pg/l dissolved uranmm, some polymuclear species. (UO,):(0OH): and (UO,),(0H);". were
calculated to exist between pH 5 and 6. Morris er al. (1994) using spectroscopic techmques provided
additional proof that an icreasmg number of polynuclear species were formed 1 systems contammg
higher concentrations of dissolved uranmm.

A large number of additional vranyl species (Figure 5.7) are likely to exist m the chemmeally more
complicated system such as the water composition in Table 5.1 and 1,000 pg/l dissolved U(VT). At
pH values less than 5, the UO,F™ species dominates the system, whereas at pH values greater than 5.
carbonate complexes [U0,CO:(ag). UOH(COs5)3. UO(C0O:)7] domunate the system. These
calculations clearly show the importance of carbonate chemistry on U(VI) speciation. For this water
composition, complexes with chlonde, sulfate, and phosphate were relatrvely less important. Consistent
with the results i Figure 5.7, Langnuur (1978) concluded that the uranyl complexes with chlonde,
phosphate, and sulfate were not important in a typical groundwater. The species distribution 1llustrated
in Figure 5.7 changes shightly at pH values greater than 6 if the concentration of total dissolved uranmm
15 decreased from 1,000 to 1 pgl. At the lower concentration of dissolved uramum. the species
(UO,),CO.(0OH); 15 no longer present as a donunant aqueons species.

Sandino and Bruno (1992) showed that UO3 -phosphate complexes [UO,HPO,(aq) and UO,PO;]
could be important i aqueous svstems with a pH between 6 and 9 when the total concentration ratio
PO, (total)/COy(total) 1s greater than 0.1. Complexes with sulfate. fluonide, and possibly chloride are
potentially important uranyl species where concentrations of these amons are high. However, their
stability 1s considerably less than the carbonate and phosphate complexes (Wanner and Forest, 1992).

Orgamic complexes may also be important to uranium aqueous chemustry. The uncomplexed uranyl 1on
has a greater tendency to form complexes with fulvic and humic acids than many other metals with a +2
valence (Kim, 1986). This has been attributed to the greater “effective charge™ of the uranyl ion
compared to other divalent metals. The effective charge has been estimated to be about +3.3 for
U(VI) m UO3™. Kim (1986) concluded that, in general. +6 actnides. ncluding U(VI). would have
approximately the same tendency to form humic- or fulvic-acid complexes as to hydrolvze or form
carbonate complexes. This suggests that the donunant reaction with the uranyl 1on that will take place in
a groundwater will depend largely on the relattve concentrations of hydroxide, carbonate. and organic
material concentrations. He also concluded, based on comparison of stability constants, that the
tendency for U™ to form humic- or fulvic-acid complexes is less than its tendency to hydrolyze or form
carbonate complexes. Importantly, U(TV) and U(VT) can form stable organic complexes. thereby
increasing their solubility and maobility.



Table 5.16. Uranium{VI) aqueous species included in the
speciation calculations.

Aqueous Species

U0, UQ,0H ., UO,(0OH)(ag), UO,(OH). . UO,(OH);,
(UO,),0H", (UO,),(0H);", (U0, ):(0H);". (UO,);(OH):.

U0,C0%aq). UO,(COLF, UOL(COs), UOL(COL)-
(UO,)(COy)5. (UO,),,(CO;)(0H):, (UO,),CO;(0H);

U0,PO;. UO,HPOYaq). UO,H,PO;. UO,H,POY",
UO,(H,PO4)(aq). UO,(H,PO,)(H:PO)".

U0,50(aq), UO,(SO.)r
U0,NO;
UO,CT. U0,C¥aq). UO,F*, UO,F¥aq). UO.F;. UO,F¥

U0,S10(0H);

5.11.4 Dissolution/Precipitation/Coprecipitation

1ssolution, precipitation, and coprecipitation have a much greater effect on the concentrations of

(IV) than on the concentration of U{VI) 1 groundwaters. In most cases, these processes will likely
st control the concentration of UVT) in oxvgenated groundwaters far from a uranium source. Near a
anmum source, of in reduced environments, these processes tend to become increasingly important

1d several (co)precipitates may form depending on the environmental conditions (Falck, 1991;
ondel 1958). Reducmg conditions may exist in deep aquifers. marsh areas, or engineered barriers
at may cause TTV) to precipitate. Important T(TV) nunerals include uraninite (composttions ranging
xm UO, to U, ,5), coffinte (US10,), and ningyoite [Call(PO,),-2H,0] (Frondel, 1958; Langmur,
178). Important U(VI) mmerals mclude camotite [(K.(U0,)L(VO,),]. schoepite (UO - 2H,0).
therfordine (U0-CO;). tvuvamunite [Ca(lJ01):(V0y):]. aumnite [Ca(lIO, ) (POy):], potassim
mnite [K,({UO,),(PO,),]. and vranophane [Ca(U0,),(510,0H), ] (Frondel, 1958; Langnuur, 1978).
amotite, a UVI) mineral, 1s found m the oxidized zones of uranmm ore deposits and wranmite. a



U(IV) muneral, 15 a primary nuneral i reducing ore zones (Frondel, 1958). The best way to model the
concentration of preciprtated uranmim 15 not with the K; construct, but through the use of solubality
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Figure 5.6a.  Calculated distnibution of U{VT) hydrolytic species as a function of pH
at 0.1 pg/l total dissolved TU(VT). [The species distribution 1s based on TUVI)
chssolved m pure water (i.e., absence of complexmg ligands other than OH)
and thermodynamic data from Wanner and Forest (1992) ]



100

80 r
-é i -“h-‘-‘-"""-h -
_E 60 : [._'Dzl_ /"’ Ud, EDH}'ED':ﬂq:'
E el UO3(OH):
0 - (UOp,(OH),™ : + \
2 [ (UO,(0m, (U0 (0H)s
nr
L L'DJCH\+
I:l 1 1 1 1 1 1 1 1
3 4 ) [ 7 8 9 10

pH

Figure 5.6b. Calculated distnbution of U{VI) hvdrolytic species as a function of pH at
1,000 pgl total dissolved U(VT). [The species distribution 1s based on U(VT)
dizsolved 1 pure water and thermodynanuc data from Wanner and Forest
(1992).]
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Figure 5.7. Calculated distnbution of UVT) aqueous species as a function of pH for the
water composttion in Table 5.1, [The species distribution 1s based on a
concentration of 1,000 pg/l total dissolved U(VI) and thermodynamic data from
Wanner and Forest (1992) ]

5.11.5 Sorption/Desorption

In low 1ome strength solutions with low U(VI) concentrations, dissolved uranyl concentrations will likely
be controlled by cation exchange and adsorption processes. The uranyl 1on and 1ts complexes adsorb
onto clays (Ames et al . 1982; Clusholm-Brause ef al . 1994). organics (Borovec ef al . 1979; Read
et al . 1993; Shanbhag and Choppin, 1981), and oxides (Hs1 and Langmur, 1985 Waite af al |
1994). As the iomc strength of an oxidized solution mereases, other ions, notably Ca®™, Mg, and K.
will displace the uranyl 1on from soil exchange sites. forcing 1t mto solution. For this reason, the uranyl
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1on 15 particularly mobile in hgh 1onic-strength solutions. Not only will other cations dominate over the
uranyl 10n m competition for exchange sites. but carbonate 1ons will form strong soluble complexes with
the uranyl 1on. further lowenng the actrvity of this 1on while mcreasing the total amount of uranmm m
solution (Yeh and Topatha, 1991).

Some of the sorption processes to which uranyl 1on 15 subjected are not completely reversible.
Sorption onto tron and manganese oxides can be a major process for extraction of urantum from
solution (Hst and Langnuur, 1985; Waite e o/ . 1994). These oxide phases act as a somewhat
ireversible sink for uranmum in sodls. Urannun bound in these phases 1s not generally in 1sotapic
equilibroom with dissolved urannun m the same system, suggesting that the reaction rate mediating the
transfer of the metal between the 2 phases 15 slow.

Naturally occuming organic matter 15 another possible sink for UVI) i soils and sediments. The
mechamsms by which uranium 1s sequestered by organic matter have not been worked out m detail.
Ome possible process mvolves adsorption of uranium to humic substances through rapid 1on-exchange
and complexation processes with carboxylic and other acidic functional groups (Boggs ef al , 1985;
Borovec ef al., 1979; Idiz er o/ . 1986; Shanbhag and Choppmn. 1981; Szalay. 1964). These groups
can coordinate with the uranyl 1on. displacing waters of hydration. to form stable complexes. A
process such as this probably accounts for a sigmificant fraction of the orgamically bound vranium m
surface and subsurface soils. Altematively, sedimentary organics mav act to reduce dissolved TUVT)
species to U(TV) (INash er al . 1981).

Uranmm sorption fo won oxide mmerals and smectite clay has been shown to be extensive mn the
absence of dissolved carbonate (Ames et af . 1982; Hsi and Langmur, 1985; Kent er ol 1988).
However, in the presence of carbonate and orgame complexants, sorption has been shown to be
substantially reduced or severely mhubited (Hsi and Langmuir, 1985, Kent er al., 1988).

Agqueous pH 15 likely to have a profound effect on T{VI) sorption to solids. There are 2 processes by
wluch 1t mfluences sorption. First, 1t has a great impact on uranium speciation (Figures 5.6a-b and 5.7)
such that poorer-adsorbing uranum species will likely exist at pH values between about 6.5 and 10.
Secondly, decreases m pH reduce the number of exchange sites on vanable charged surfaces. such as
wron-, alunumum-ceades, and natural orgamc matter.
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