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Abstract

The speciation and solubility of Am, Np, Pu and U have been analyzed by means of the
geochemical code MUGREM, under the chemical conditions of domestic deep groundwater, in
order to support the preliminary safety assessment for a Korean HLW disposal concept.

Under the conditions of groundwaters studied, the stable solid phase is AmOHCOsfs) or
Am{OH)s(s), soddyite((U0,),Si02.2H,0) or Na,U,0-{c), Np(OH)sam), and Pu(OH)s(am) for Am,
U, Np, and Pu, respectively. The dominating aqueous species are as follows: the complexes of
Am(lll), Am{OH);* and Am(COs);", the complexes of UVI), UO,(OH);* and UO,{COa)s* -, the
complexes of Np(IV), Np(OH)4(aq) and Np(OH);CO; , and the complexes of Pu(lV), Pu(OH)4(aq)
and Pu(OH);CO; ". The calculated solubilities exist between 1.9E-10 and 1.3E-9 mol/L for Am,
between 5.6E-6 and 1.2E-4 mol/L for U, between 3.1E-9 and 1.3E-8 mol/L for Np, and
between 6.6E-10 and 2.4E-10 mol/L for Pu, depending on groundwater conditions. The
present solubilities of each actinide agree well with the results of other studies obtained under

similar conditions.
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1. Introduction

The safe disposal of high-level radioactive waste
(HLW) is a crucial step in the nuclear fuel cycle. One
of the most widely accepted alternatives is the
construction of underground facilities to
accommodate the waste packages in a deep
geologic formation (1). A safety assessment is to
appraise radiological hazards arising from such a
disposal. In the safety assessment the solubility of
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radionuclides is widely used as a source term to
calculate radionuclides migration from repository.
Likewise, the solubility limits under different chemical
conditions might be used to design a repository that
through its engineered barriers keeps the lowest
possible radionuclide concentrations in the waters
that eventually might intrude into it.

Actinides are specially interesting radionuclides
in the safety assessment of HLW due to their
radiological toxicity and long half-life period. The
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solubility of actinides has been obtained from the
experiments with solutions of relatively simple
compositions compared with natural groundwater.
It might be difficult to make direct estimation,
based on these experimental measurements, of
their solubilities in natural groundwater containing
many kinds of complexing ions. The effects of
coexisting aqueous species in solutions cannot be
negligible to determine the solubility of a specific
actinide. Therefore, the solubility and speciation of
actinides in geochemical environments are
subjected to calculations by using geochemical
models, based on reliable thermodynamic data
obtained from the experiments with solutions of
relatively simple compositions. By this reason,
there have been many attempts, using a
geochemical code, to analyze the solubility and
speciation of radionuclides including actinide,
based on the measured characteristics of deep
groundwater from candidate site (2~8). However,
these studies exhibited different results for the
most part due to the fact that the solubility of

actinides significantly depends on the prevailing
geochemical conditions of deep geological
environments. This indicates that actinides
solubility should be investigated, case-by-case, with
a specific groundwater system, rather than generic
approach.

In this study the aqueous solubility and
speciation of Am, Np, Pu and U are analyzed,
under the chemical conditions of domestic deep
groundwater, in order to support the preliminary
safety assessment for a Korean HLW disposal
concept. Focused is especially the effect of pH, Eh
and carbonate concentration, which are known to
be the dominant factors controlling geochemical
behaviors in granite groundwater system, on the
solubility and speciation of actinides of interest.

2. Geochemical Model
2.1. Groundwaters

The chemical compositions of groundwaters

Table 1. Groundwater Compositions Used in the Study

GW Jungwon, KAERI site, Yuseong, Daejeon”
Chungbuk

Species J1{mol/L) K1 (mol/L} K1 (mol/L) K3 {mol/L)
Na* 1.35E-3 1.46E-3 1.50E-3 1.55E-3
K* 1.28E-5 1.28E-5 2.30E-5 7.67E-6
Ca™* 1.85E-4 9.73E-5 8.73E-5 6.74E-5
Mg*™* 8.23E-6 1.65E-6 1.65E-6 2.06E-6
SiO, 3.23E4 3.43E14 4 42E-4 3.08E4
Cl- 5.36E-5 1.21E4 1.07E4 1.18E-4
[CO 1.26E-3 3.23E-4 2.72E-4 4.09E4
50,7 7.49E-5 2.08E-5 3.33E5 2.40E-5
NOj; 4 84E-5 - - -
F- 3.47E4 6.47E-4 6.53E-4 6.68E-4
TDS (mg/L) 168.0 96.7 101.2 101.3
pH 9.1 10.1 10.1 9.9
Eh (mV) -136 -230 -155 -194
Depth (m) 400 321 416 458

1) In-situ and chemical data of the groundwater samples from the borehole YS-01 straddled by

multipacker system in the Yuseong area (Sampling date: Jun. 2002)
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measured from two local sites of Korea, Jungwon
site {Chungbuk) and KAERI site (Yuseong,
Daejeon), were used here as the reference. Table
1 shows the composition of groundwaters. The
Jungwon groundwater was measured to depth of
400m. The groundwater is at pH 9.1 and has the
redox potential (Eh) of -0.14V. The groundwaters
sampled from KAERI site were obtained at three
different depths of a single borehole by
multipacker system. This is probably the first
attempt using multipacker system to sample deep
groundwater in Korea. The pH of KAERI site
groundwater is about 10, and the redox potential
have a relatively narrow band between -0.23 and -
0.16 V. The total carbonate concentration is
1.26E-3 mol/L and 2.72E-4 to 4.09E-4 mol/L in
Jungwon and KAERI site groundwater,
respectively. The carbonate content of KAERI site
groundwater seems to be a little lower than that of
normal groundwater.

2.2. Geochemical Code and
Thermodynamic Data

The speciation and solubility of actinides are
usually calculated with a combination of
geochemical equilibrium model and
thermodynamic data obtained mostly by
experiments. The present calculation has been
performed by means of a geochemical code
MUGREM, which was developed by KAERI. The
code can deal with multi-geochemical equilibrium
reaction system including aqueous complexation
reactions, precipitation-dissolution reactions as
well as adsorption reactions, and had been already
verified through the comparison study of the
calculation results with other code (9).

The geochemical code must be supported by
thermodynamic data. There are tremendous
thermodynamic data from different data sources

(10~17). The comparison of data between

different database shows rather large scatters in
data for some species. The use of credible
thermodynamic data is prerequisite for the reliable
result. In Table 2 the aqueous complex formation
constants of actinides used in this study are listed.
Many parts of the reaction constants came from
OECD/NEA thermodynamic data books
(13,14,16). Furthermore, recent data of some
species were incorporated through a peer review
of expert by the joint study with FZK/INE,
Germany (18). The present thermodynamic data
can be characterized as follows; (A) the hydroxo-
carbonate complexes of Np(IV) and Pu(lV) are
incorporated. In the recent work by Neck and Kim
(19), the ternary complexes of Np(IV) and Pu(lV})
were observed by laser induced breakdown
spectroscopy, and those species appeared to be
predominant in neutral and alkaline regions. This
is somewhat different from the other work (20),
which withdraw those ternary species due to the
lack of any experimental evidence, (B) the species
U(OH)s was omitted as no experimental evidence
has observed below pH 12, and (C) the
polynuclear ternary complexes of U(VI), for
example (UO2),CO3;0H , were withdrawn because
the existence of the species is ambiguous although
these species are accepted in the NEA-TDB (13).
These species usually came from potentiometric
titration experiments under conditions exceeding
the solubility. Under such oversaturation
conditions it is questionable whether well-defined
species will be formed. The ternary complexes
observed in the experiment are suggested to be a
kind of colloid of varying composition. At the
present state those species cannot be identified
correctly.

Solubility depends strongly on the state of the
solid phase. Thermodynamically meaningful results
require the information of a well-defined solid
phase. Often actinide solids are initially
precipitated in an amorphous state, and very
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Table 2. Complex Formation Constant of Actinides Used in This Study

Actinides Reaction logP Ref.
Americium | Am* +H;O(/) - H* = AmOH,* -7.30 (26)
m Am> +2H,0(!) -2H* = Am(OH),* -15.19 (26)
Am® +3H;0(1) -3H* = Am(OH)s° -25.69 (16)
Am®* +F = AmF?* 3.40 (16)
Am® +2F = AmF;* 5.80 (16)
Am® +CI' = AmCI** 0.24 (26)
Am* +2CI = AmCly* -0.74 (26)
Am® + SO = AmSO4* 3.80 (16)
Am* + NO3 = AmNO5>* 1.33 (16)
Am* + COs* = AmCO;* 8.10 (26)
Am** + 2C05% = Am(CO3)y 13.00 (26)
Am** + 3C05% = Am(COs)s™ 15.20 (16)
Am** + 4CO5% = Am(CO3)s™ 13.00 (26)
Uranium
m U* 4+ e = U -9.35 (13)
v U*+H.0(!) -H* = UOH* -0.40 (22)
U* + 2H,0(1) - 2H* = UOH),** -1.09 (22)
U* + 3H0(!) - 3H* = U(OH)5* -4.69 (22)
U* + 4H,0(1) - 4H* = U(OH)° -9.99 (22)
6U* +15H,0(1) -15H* = Ug(OH)5™ -16.90 (13)
U™ + F = UP> 9.28 (13)
U* + 2F = UR® 16.20 (13)
U* +CI = UCP* 1.71 (13)
U* + SO% = USO.2* 6.50 (13)
U* + NO3 = UNOs™ 1.47 (13)
U* + COs% = UCO:* 13.70 (19)
U* + 2C0Os% = U(COs)° 24.30 (19)
U* + 3CO5% = U(CO3)* 31.90 (19)
U* + 4CO5% = U(CO3)s* 35.10 13)
U* + 5CO5% = U(COa)s* 34.00 (13)
U* + 3H0() -3H" + CO5% = U(OH),CO5 -1.00 (13)
Y, U* + 2H,0() -4H* - ¢ = UO,* -7.55 (13)
Y U™ + 2H,0() -4H" - 2¢ = UO,%" -9.04 (13)
U* + 3H0() -5H* - 2¢’ = UO,OH* -14.74 (24)
U* + 4H;0() - 6H* - 2¢° = UO,(OH)ulaq) -21.14 (24)
U* + 5HO() - 7H* - 2¢” = UO,(OH)s -29.04 (24)
U* + 6H0() - 8H* - 2¢° = UO,(OH)4* -41.44 (24)
20" + 6H0() - 10H* - de = {UO2)(OH).>* -23.78 (24)
3U* + 11H0() - 17H* - 6e = (UO)s{OH)s* -42.91 (24)
3U* + 13H.0() - 19H" - 6 = (UO,)3OH), -58.61 (24)
U™ + 2HO() - 4H* - 2¢° + CO5% = UO,CO; 0.76 (23)
U* + 2H;0() - 4H - 2 + 2C0O;% = UO,(CO,)* 7.66 (23)
U™ + 2H.Ofl) - 4H" - 2" + 3COs% = UO4(CO3)s* 12.56 (23)
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Actinides Reaction logB Ref.
Neptunium | Np** + ¢ = Np** 3.70 (14)
m Np** + HzO() - H* + ¢ = NpOH?* -3.1 (14)
Np** + 3COs% + ¢ = Np(COs)s> 19.35 (14)
v Np* + H,Ofl) - H* = NpOH** 0.50 (22)
Np** + 2H;0{l) - 2H* = Np(OH),** 0.31 (22)
Np** + 3H:0() - 3H* = Np(OH)5* -2.79 (22)
Np** + 4H:0() - 4H* = Np(OH),° -8.29 22)
Np* + 3H:0{) - 3H* + COs® = Np(OH};CO5 6.03 (19)
Np** + 2Hz0() - 2H* + 2C0O5* = Np(OH),{CO3)* 16.96 (19)
Np®* + 4H;0{) - 4H* + COs* = Np{OH),CO5 -4.57 {19)
Np** + 5CO3%= Np(COa)s* 35.55 (14)
Np** + CI'= NpCP* 1.50 (14)
Np* + SO4%= NpSO,** 6.85 (14)
Np* + F'= NpF** 8.96 (14)
Np* + 2F= NpF.?* 15.70 (14)
\Y Np** + 2H,0f) - 4H" - ¢ = NpO,' -10.20 (14)
Np** + 3H20() - 5H* - ¢ = NpO,OH° 215 (14)
Np* + 4H0() - 6H" - & = NpO,(OH)y -33.8 (14)
Np* + 2Hz0() - 4H* + SO4% - & = NpO2SO4 9.76 (14)
Np** + 2H0() - 4H* + COs% - € = NpOLO5 -5.40 (25)
Np* + 2H:0() - 4H* + 2C05? - ¢ = NpOp{COa)s* -3.65 (25)
Np** + 2Hz0() - 4H* + 3CO5” - ¢ = NpOo(CO3)s™ -4.66 (25)
Np** + 3H0() - 5H* + 2C0s” - ¢ = NpO3(CO3):OH" -15.50 (14)
Vi Np* + 2H;0{)) - 4H" - 2¢” = NpO,?* -29.8 (14
Np* + 3H;0fl) - 5H* - 2¢" = NpO,OH" -34.9 (14)
2Np* + 6Hz0() - 10H" - 4e” = (NpOo)o(OH):™* -65.87 (14)
Np** + 2H;0() - 4H" - 2" + CO3* = NpO,CO5° -20.48 (14)
Np** + 2H;0() - 4H" - 2¢" + 2CO5% = NpOs{CO4)s* -13.28 (14)
3Np* + 6H0() - 12H" - 6e” + 6C0Os> = (NpO2)3(CO)s™ | -35.63 (14)
Plutonium | Pu* + ¢ = Pu® 17.7 (14
m Pu** + HO) - H* + ¢ = PuOH™ 10.8 (14)
Pu** + CI + ¢ = PuCP® 18.90 (14)
v Pu** + HOf) - H' = PuOH*> 0.60 (22)
Pu** + 2H0() - 2H* = Pu{OH),>* 0.61 (22)
Pu® + 3H,0() - 3H" = Pu(OH);* -2.30 (22)
Pu*™* + 4H0(l) - 4H* = Pu(OH),° -7.90 (22)
Pu** + SO.% = PuSO> 6.9 (14)
Pu* + COs* = PuCO5* 13.60 (19)
Pu™ + 2CO5% = Pu(CO3),° 24.00 (19)
Pu** + 3CO5* = Pu(CO3)y* 31.50 (19)
Pu** + 4C0O5* = Pu{CO4) " 34.50 (19)
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Actinides Reaction logB Ref.
Pu* + 5CO5% = Pu{CO3)s* 32.80 (19)
Pu®* + 2H,O() - 2H* + 2COs” = Pu{OH)2(CO3).* 18.40 (19)
Pu®™ + 3H;0() - 3H* + COs* = Pu{OH):CO3 6.00 (19)
Pu* + 4H,O(l) - 4H" + CO3* = Pu{OH)4COs” -4.90 (19)
Pu** + 4HO() - 4H* + 2CO5% = Pu{OH)(CO3)2* -3.50 (19)
Pu** + CI = PuCl® 1.80 (14)
Pu** + F = PuF® 8.84 (14)
v Pu® + 2H,Ofl) -4H"* - ¢ = PuO,’ -17.5 (14)
Pu** + 2H,O() -4H* + CO5% - e = Pu0,CO5 -12.38 (14)
Pu** + 2H,0() - 4H" -¢ + 3CO5% = PuO2(CO3)5” -12.48 (14)
\Y/| Pu® + 2H,Of) - 4H* -2¢ = PuO,** -33.3 (14)
Pu** + 3H,O() - 5H* -2¢ = PuO,OH* -38.8 (14)
Pu** + 4H0() - 6H* -2¢” = PuO,(OH);° -46.5 (14)
2Pu* + 6H0() - 10H" -4e” = (PuO2)o(OH),** -74.1 (14)
Pu** + 2H,0(l) - 4H* -2¢ + SO4* = Pu0,S0, -29.9 (14)
Pu** + 2H,0() - 4H" -2¢ + COs” = PuOCO; -23.9 (23)
Pu** + 2H,0() - 4H" -2¢ + 2CO5% = PuO,{CO4)" -18.4 (23)
Pu®* + 2H,O() - 4H* -2¢" + 3CO3> = PuO5(COs)s* -15.8 (23)
Pu** + 2H,O() - 4H" -2¢" + Cl- = PuO.CI* -32.6 (14)
Pu** + 2H,0() - 4H' -2¢ + F- = PuO,F" -28.74 (14)

slowly transform into the thermodynamically stable
crystalline state. It is known that the stable solids in
natural granite groundwater exist mainly as
hydroxide, oxide, and carbonate owing to the low
concentration of other salts such as nitrate, sulfate
and phosphate. The actinides solids and their
solubility product used in this study are listed in
Table 3. The solubility limiting solid phase of each
actinide under the present groundwater conditions
was selected based on the solid stability diagram
constructed with the solubility product constants.

3. Results and Discusion

Figures 1 to 7 show the aqueous speciation and
stable solid phase of Am, U, Np, and Pu as
functions of key parameters of granitic
groundwater system. Table 4 lists the calculated
solubility of each actinide under the present

groundwater compositions. In all calculations, the
closed-systern system with respect to atmosphere
was assumed to represent a deep geological
environment.

3.1. Americium

In natural groundwater, the aqueous species as
well as solids phase of americium exists only as the
trivalent state, and therefore, the redox potential is
not a function of the speciation and solubility of
Am. Figure 1 shows (a) the HCO; - pH diagram
for aqueous speciation and (b) the solid stability
field of americium, respectively. The Am-
carbonates are predominant in higher carbonate
concentration, whereas its hydroxo-complexes are
in lower carbonate concentration. J1 groundwater
falls into the region where Am(CO;); is the
dominating aqueous species, whereas KAERI site
groundwater exists near the boundary of the
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Table 3. Solids and Their Solubility Product of Actinides Used in This Study

Actinides Reaction PKsp Ref.
Am Am® +3H,0 -3H* = Am(OH); {s) -15.2 (16)
2Am>* +3C05% = Ama(CO3); 33.4 (16)
Am* +H,0 - 2H* +HCO3 = AmOHCO; () -1.6 (26)
Am® + Na' - 2H* +2HCO; = AmNa(CO3), 0.3 (26)
Np Np** + 4H,0() - 4H* = Np(OH), (am) or NpO, xHzO(am) 0.7 (22)
Np** + 2H0() - 4H* = NpOslcr) 7.7 (22)
NpO,* +HO(l) - H* = NpO,OH (am, aged) 4.6 (29)
NpO;* + HpOf) - H* = NpO,OH (am, fresh) -5.2 (29)
2NpO,* + HOff) - 2H* = Np;0;s (c) -8.0 (29)
Pu Pu® + 3H,0 - 3H" = Pu{OH); (c1) -15.8 (14)
Pu®* + 4H,0O - 4H* = Pu{OH), (am) 25 (22)
Pu* +2H,0 - 4H" = PuO; (cr) 8.0 (22)
PuO,* + Hz0() - H* = PuO,OH(am) 5.0 (14)
PuO.%* +2H,0() - 2H* = PuO,(OH)2(c) 55 (14)
U U* +2H,0() - 4H* = UOs(c) (uraninite) 4.9 (22)
U* +2H,0()) - 4H" = UOs(am) .15 (22)
UO,* +3H,0(l) - 2H* = UOs(c).2H-0 (c) (schoepite) 54 (28)
2U0;%* +Si02faq)+ 4Hz0(l) - 4H* = (UO,);:Si042H,0 6.0 27)
(soddyite)
UO,%* -H* +HCO5 = UO,CO; (rutherfordine) 41 (13)
200,% +2Na* + 3H0() - 6H' = NazU;0; -22.6 (30)

*H* + COs* = HCO5 , log K= 10.33

Table 4. Solubility-limiting Solid Phase(SLSP) and Solubility of Actinides Under the
Conditions of Present Groundwater

G/W J1 K1 K2 K3 Other works ¥
Actin (pH=9.1, (pH=10.1, (pH=10.1, (pH=9.9, [Ref.]
ides Eh=-0.13V) Eh=-0.23V} | Eh=-0.16V) Eh=-0.19V)
Am |Solubility 1.3E9 2.2E-10 1.9E-10 4.3E-10 6.E-8 [5],
SLSP | AmOHCO3(c) | Am(OH)s(s) Am(OH)s(s) | AmOHCOs(c) 3.E-9(21)
U [Solubility 1.24E-4 7.0E-6 5.6E-6 1.0E-5 4.E-10 [5],
SLSP Soddyite N32U207(C) NangO7(c) Na2U207(C) 74E-8 [21]
Np |Solubility 1.3E-8 3.5E-9 3.1E-9 4 .4E-9 2.E-12 (5},
2.E-9 (6},
4. E-8 (7],
SLSP | Np(OH)fam) | Np(OH)s(am) | Np(OH)sam) | Np(OH)a(am) 2.E-9 (8],
2.5E-10 [21]
Pu |Solubility 2.4E-10 7.1E-11 6.6E-11 8.6E-11 3.E-11 (5},
SLSP | Pu{OH)4(am) | Pu(OH)sam} | Pu{OH)sam) | Pu(OH)s(am) 9.E-11{21]

1) {5): pH=8.7, Eh=-0.28V; [6): pH=6.9, Eh=-0.2V; [7]: pH=8.2, Eh=-0.3V; [8}: pH=7.8, Eh=-0.35V;
[21): pH=9.95, Eh=-0.54V
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Fig. 1. Speciation of Am(IlI) as Functions of
Carbonate Concentration and pH; (a)
Aqueous Species and (b) Solid Stability
Fields

dominant region of Am(CQOs3); and Am(OH),*,
respectively. AmOHCOs(s) appears a stable solid
phase in J1 and K3 groundwaters, and
Am{OH)s(s} in K1 and K2 groundwaters. The
different result of the stable solid phase is
attributed to the difference in carbonate
concentration and pH between groundwaters.

The solubilities of Am under the present
groundwater conditions are given in Table 4. The
Am solubility of J1 groundwater is 3 or 5 factors
higher than those of KAERI site groundwater.
Since the Am-carbonate is predominant in the
present groundwaters, J1 groundwater with a
relatively high carbonate concentration has higher
solubility. The Am solubilities of KAERI site
groundwater agree within one order of magnitude
with the concentration obtained from spent fuel

(8) 109 ayoon, = 289

T

pH

(b) Eh=-0.18V

UOLCOY s+
af .

“or),r

U(OH),(ag) UOL(OH);

T

)
o
T

5 6 7 8 9 10 1" 12

Fig. 2. Aqueous Speciation of U; (a) Eh -pH
Diagram (log ajycos- =-2.89) and (b)
HCOjy-pH Diagram (Eh= -0.19V)

dissolution experiments, which were carried out in
a hot cell of a non-oxic atmosphere (21).

3.2. Uranium

Uranium has generally oxidation state ranging
from IV to VI, and its speciation varies strongly
with pH, Eh and carbonate concentration. An
example of Eh-pH diagram for uranium aqueous
speciation is given in Figure 2(a) (log amcos = -
2.89, corresponding to J1 groundwater
condition). The dashed line represents the stable
range of water at 25°C and 1.013 bar. The
species of U(IV) are predominant in reducing
condition. Under a very strong reducing condition,
the hydroxo-complexes of U(IV}), mostly
U(OH)4aq), is predominant in the pH range of
environmental groundwater. However, the U(IV)-
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Fig. 3. Stability Diagrams of Uranium Solids for
Two Different Silicate Concentrations; (a)
log asioz(g = -5 and (b) log agio2(aq = -4

carbonate is not observed in natural groundwater
due to its very low concentration. The U(VI)-
carbonate or hydroxo-complexes of U(V]} is
predominant in oxidizing condition. In the range
of intermediate level of Eh, both oxidation states
of U{IV) and U(VI]) coexist. Figure 2(b} shows the
dependence of dissolved uranium species with pH
and carbonate concentration at Eh of -0.19V
corresponding to K3 groundwater condition. The
dominating aqueous species changes from the
hydroxo-complex of U(VI) into U(VI}-carbonate in
strong alkaline region, and from the hydroxo-
complex of U(IV) into U(VI)-carbonate between
weak acidic and weak alkaline region, with
increasing carbonate concentration. It appears
that UO,(COs)s* is the dominant aqueous species
in Jungwon groundwater. The KAERI site

groundwater lies in near the boundary of region
where UO,(COs)s* and UO,(OH); " is
predominant, respectively.

The stable solid phase of uranium is strongly
dependent on the groundwater conditions. Figure
3 shows the stability diagrams of uranium solids
for two the silicate concentrations. The
rutherfordine (UO2(COa).(s)) is a stable solid in
oxidizing and low pH region. However, it is not
observed in a low carbonate concentration. In high
pH NayU,0+{c} appears a stable solid phase. We
can see the different stable solid phase in the
range of intermediate pH, where soddyite
{(UO,):Si0,4 - 2H,0) or schoepite (UO32H,0) can
be a stable solid, depending on the silicate
concentration. The stability diagrams of uranium
solids as functions of pH and the silicate
concentration are given in Figure 4 at four different
reducing conditions, respectively. Based on the
thermodynamic data used in the present study,
soddyite is more stable if the silicate concentration
is greater than 1.95E-5 mol/L (log agozeg = -4.71)
(Figure 4(a)). The reference value is independent of
pH and carbonate concentration. In the
groundwater with the silicate concentration less
than the reference value, schoepite will be a stable
solid phase. However, schoepite appears no
longer stable solid phase when the value of Eh is
less than about -0.14V (Figures 4{b) to 4(d)). In this
case soddyite or Na,U,0O,(c) would be a stable solid
phase of U{VI). In Jungwon groundwater the
stable solid phase of uranium is soddyite, and in
KAERI site groundwater it is NaU,O4(c). On the
other hand, uraninite (UOy(c)) or UOx(fuel) has
been assumed to be solubility limiting solid phase
ot U{IV) in neutral and alkaline region under
reducing condition (5,6,8). However, a recent
study by Neck and Kim(22) showed that the
actinide (IV) in amorphous state would limit its
solubility in neutral and alkaline pH region.

According to their analysis, the measured
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Fig. 4. Stability Diagrams of Uranium Solids as Functions of Silicate Concentration and pH at Different
Eh Values; (a) Eh=-0.1V, (b) Eh=-0.136V, (c) Eh=-0.194V, and (d) Eh=-0.23V

solubilities were independent of whether actinides
dioxide, AnOy(cr) or amorphous hydrous oxides
{AnO;.xH,O(am)}, was used as the initial solid
phase, although the solubility products of the
crystalline An({lV) dioxides are about 6-7 orders of
magnitude lower than those of the amorphous
hydroxides. This was explained by that a bulk
crystalline dioxide would be covered with an
amorphous surface layer equilibrated with aqueous
species in solution. The crystalline An(IV) solid
remains the solubility-limiting solid only at very low
pH, where An*(aq) is the predominant aqueous
species. Therefore, it is reasonable that the
amorphous UQO,(am) would be a solubility-limiting
phase of U(IV} in neutral and alkaline region,
under reducing condition.

The solubilities of U under the present

groundwater conditions are given in Table 4.
Almost the same solubility is obtained for KAERI
site groundwater conditions, ranging 5.6E-6 to
1.0E-5 mol/L.. The uranium solubility of Jungwon
groundwater is about one or two orders of
magnitude higher than those of KAERI site
groundwater, which is the result of the different
solubility limiting solid phase between groundwaters.
The present solubilities of U are very higher than
results obtained by other works (5,21). This
discrepancy is attributed to the different
groundwater condition of each study, as the
solubility of U is particularly sensitive to pH and Eh.

3.3. Neptunium

Within the environmental pH and Eh, it is the IV
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and V oxidation states of neptunium, which are in
existence. The neptunium species is greatly
influenced by pH and Eh of groundwater as shown
in Figure 5(a). Under reducing condition, the
complexes of Np{lV) is predominant over pH
region of natural groundwater. When the redox
potential shifts to oxidizing condition, the
dominant aqueous species changes into hydroxo-
complexes of Np(V) or Np(V)-carbonate. The
carbonate concentration also gives an influence on
the dissolved Np species (Figure 5(b)). The diagram
has been calculated under reducing condition
(Eh<0}. In the range of pH between 5.5 and 10.5,
the dominating aqueous species changes from
Np(OH)4(aq) to Np(OH}sCOj3 - with increasing
carbonate concentration. In J1 groundwater
Np(OH);CO; is predominant, whereas in KAERI
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Fig. 6. Solid Stability Diagram of (a) Np and (b)
Pu Solids as Functions of pH and Eh

site groundwater both Np(OH);CO;- and
Np(OH),(aq) appear significant species. In Figure
6(a) we can see that Np(OH)4am) is a stable solid
phase in a wide region of pH and Eh. When Eh is
a very high, Np.Os(s) appears a stable solid in
neutral and alkaline region.

The solubilities of Np under the present
groundwater conditions are given in Table 4. The
solubilities are almost constant, ranging 3.1E-9 to
1.3E-8 mol/L. Generally, the solubility of Np is
independent of pH and Eh, under natural deep
granitic groundwater conditions, because
Np(OH);CO; - is mostly the predominant species.
In such a case the carbonate concentration in
solution is the dominant factor determining the
solubility. The relatively higher Np solubility of J1
groundwater is the result of its higher carbonate
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concentration. The present solubilities of Np agree
well within one order of magnitude with results by
SKB(6), SKI{(7) and TVO(8) as well as
experimental data by Grambow et al. (21).
However, those are three to four orders of
magnitude higher than the result by PNC(5), which
seems to be caused by either the different
thermodynamic data used or more probably, the
different solubility limiting solid phase between
both studies.

3.4. Plutonium

The plutonium exists mostly as the Il or IV
states in deep groundwater condition. Figure 7(a)
shows the dependence of the Pu aqueous
speciation with pH and Eh. The species of Pu(lll)
are predominant in acidic regon, and the species
of Pu(lV} in neutral and alkaline region. The area
where the species of Pu(lll) are predominant
widens with decreasing pH and Eh. The species of
Pu(V) are the dominating species under a strong
oxidizing condition. As in the case of other
actinides studied, the speciation of Pu is also very
sensitive to carbonate concentration (Figure 7(b)).
The diagram has been calculated under reducing
condition (Eh<0). In alkaline pH region the
predominant aqueous species changes from
Pu(OH)s(aq) into Pu{OH)sCO; * with increasing
carbonate concentration, whereas in acidic and
neutral pH region the hydroxo-complexes of Pulll})
are predominant over a wide range of carbonate
concentration. J1 groundwater is in the region
where Pu(OH);CO; * is predominant, and K1 and
K2 groundwaters are in the region where
Pu(OH)s(aq) is predominant. In K3 groundwater
both Pu{(OH);CO,; and Pu{OH).{aq) appear all
much the same in significance.

In natural groundwater condition it appears that
Pu(OH)sam) is the most stable solid phase of Pu
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PUOH),{COY

Pu(OH)(CRy.>

Pu(OH(COY,*-

Orman, S
-1 PU(OH)(COY#

\ Pu(OH){(COy & PuOH) (¢
A Juman

Pu>

log aycos-
& b
R A N =

PugH- Pu(OH),(aq)

105 g 7 8 9 0 1 12
pH
Fig 7. Aqueous Speciation of Pu; (a) Eh -pH
Diagram (log ancos =-2.89) and (b) HCO;-
pH diagram (Eh<0V)

(Figure 6(b)). The calculated solubilities of
Pu(OH)s(am) under the present groundwater
conditions are given in Table 4. The Np solubility
of J1 groundwater is about three factors higher
than those of KAERI site groundwater, due to the
higher carbonate concentration of J1 groundwater.
The present solubilities of Pu agree well with the
results of other studies obtained with similar pH
condition (5, 21).

4. Conclusions

The speciation and solubility of Am, U, Np and
Pu under the conditions of the domestic deep
groundwaters have been analyzed by means of the

geochemical code MUGREM and the
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thermodynamic data selected through literature
review. The groundwaters were sampled from
Jungwon (Chungbuk) and KAERI site (Yuseong,
Daejeon), respectively.

Under the conditions of groundwaters studied,
the stable solid phase is AmOHCOs;(s) or
Am{OH)s(s), soddyite or NaUzOx(c), Np(OH)4(am),
and Pu(OH)s(am) for Am, U, Np, and Pu,
respectively. The dominatin§ aqueous species are
as follows: the complexes of Am(lll), Am(OH),"
and Am{CQO3); , the complexes of U(VI),
UO,(OH); ~ and UO,{COs)s* ", the complexes of
Np(IV), Np(OH)4(aq) and Np(OH);COj, and the
complexes of Pu(lV), Pu(OH)saq) and
Pu(OH);COj3 . The solubilities of the present study
exist between 1.9E-10 and 1.3E-9 mol/L for Am,
between 5.6E-6 and 1.2E-4 mol/L for U, between
3.1E-9 and 1.3E-8 mol/L for Np, and between
6.6E-10 and 2.4E-10 mol/L for Pu. The
solubilities agree well with the results of other
studies obtained under similar conditions.

Conclusively, the speciation and solubility of
actinides are very sensitive to carbonate
concentration, pH and Eh. Therefore, caution
should be taken in the measurement of
groundwater compositions in order to accurately
consider in-situ condition. Also, viewed in the
radiological importance of actinides in safety
assessment, their thermodynamic data should be
continuously upgraded.
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