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Solubilities in a Yucca Mountain
Groundwater

D. WES EFURD, WOLFGANG RUNDE,*
JOE C. BANAR, DAVID R. JANECKY,
JOHN P. KASZUBA, PHILLIP D. PALMER,
FRED R. ROENSCH, AND C. DREW TAIT

Los Alamos National Laboratory, Chemical Science and
Technology Division, Los Alamos, New Mexico 87545

Solubilities of neptunium and plutonium were studied in
J-13 groundwater (ionic strength of about 3.7 mmal; total
dissolved carbonate of 2.8 mmol) from the proposed Yucca
Mountain Nuclear Waste Repository site, Nevada, at
three different temperatures (25, 60, and 90 °C) and pH
values (6.0, 7.0, and 8.5). Experiments were performed from
both over- and undersaturation at defined CO, partial
pressures. The solubility of Z’Np from oversaturation
ranged from a high of (9.40 £+ 1.22) x 10~* M at pH 6.0
and 60 °C to a low of {5.50 & 1.97) x 10~ M at pH 8.5 and
90 °C. The analytical results of solubility experiments
from undersaturation (temperatures of 25 and 90 °C and
pH values 6, 7, and 8.5) converged on these values. The
B9240p solubilities ranged from (4.70 + 1.13) x 10-® M at pH
6.0 and 25 °C to (3.62 & 1.14) x 10~° M at pH 8.5 and 90
°C. In general, both neptunium and plutonium solubilities
decreased with increasing pH and temperature. Greenish-
brown crystalline Np,0s-xH;0 was identified as the
solubility-limiting solid using X-ray diffraction. A mean
thermodynamic solubility product for Np,0s-xH,0 of log K°,
= 5.2 % 0.8 for the reaction Np;0s-xH,0 + 2 H* =
2Np0,* + (x+1)H,0 at 25 °C was calculated. Sparingly
soluble Pu(lV) solids, Pu02-xH;0 and/or amorphous
plutonium{(IV) hydroxide/collcids, control the solubility of
plutonium in J-13 water.

Introduction

The site at Yucca Mountain (YM), NV, is being characterized
to determine its suitability as a potential repository for high-
level nuclear waste in the United States. As part of this
characterization, risk assessment considers worst-case sce-

narios such as the consequences of water intrusion into the.

repository. The rate of groundwater flow through the waste
is expected to be sufficiently slow to permit saturation of
water with radionuclides; therefore, solubility and speciation
data define the source term for transport and retardation
processes (I). The technical position of the U.S. Nuclear
Regulatory Commission (NRC) (2) requires that if radionu-
clide solubility is used as a factor in limiting radionuclide
release, solubility experiments must be designed to use site-
specific conditions. Water from well }-13 is a reference water
for the unsaturated zone (UZ) near the proposed emplace-
ment area (Table 1). Typical of many groundwaters in the
western United States, J-13 water is fairly low in ionic strength
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TABLE 1. Well J-13 Water Compasition (3)

concentration concentration

species (mM) species (mM)
Na* 1.96 F- 0.1

K* 0.136 Cl- 0.18

Li* 0.009 NO;~ 0.16

Ca?* 0.29 SO2- 0.19

Mg?* 0.072 SiO; 1.07

Mn2+ .0.00002 alkalinity 2.3 mequiv/L
Fe2+R+ 0.0008 total carbonate  2.81

A3+ 0.0010

pH 7.0 En 700 mve

* We remeasured the redox potential of J-13 water at pH 7 and the
Ar/CO; gas mixture used in the solubility experiments with a combined
platinum redox and Ag/AgCl reference electrode {Orion, model! 96-78-
00). We obtained 8 much lower reiox potential, namely, 430 &+ 50 mV.
We used this value for our solubility calculations.

(mmol range), with carbonate and hydroxide as predominant
potential ligands (3).

For meaningful interpretation of solubility data, detailed
knowledge of the nature of the solubility controlling solid
phase along with concentration and composition of solution
species at steady state is required. Steady state is assumed
to be established when pH and actinide concentration remain
stable for several weeks (2). However, precipitated solids
may become less soluble as they recrystallize from initially
formed disordered structures toward ordered structures,
thereby lowering the free energy of the solid. Such a change
may be kinetically controlled and not appear in the experi-
ment or in nature even after several years. Consequently,
the solids formed in the experiments may not represent the
thermodynamically most stable solids with the lowest
solubility. Thus, solubility studies provide an upper con-
centration limit of actinides in a potential release scenario
from a proposed nuclear waste repository. Radiolysis may
also affect the crystallization and solubility of actinide solids.

Neptunium and plutonium are two of the radionuclides
of concern in long-term emplacement of nuclear waste (1,
4, 5). Nitsche et al. (6, 7) studied their solubilities in YM
waters, J-13 (/= 3.7 mmol; [CO,], = 2.8 mmol) and UE-25p#1
(I = 20 mmol; [CO;.], = 15.3 mmol), as a function of pH and
temperature. However, the experiments were continually
titrated to maintain the pH and produced solutions with
ionic strengths too high to accurately describe the low ionic
strength YM waters. As a result of the significantly increased
sodium concentrations in the experiments, a mixture of
metastable sodium neptunyl(V) carbonates and Np,Os were
formed simultaneously, impeding the proper determination
of upper neptunium solubility limits and the meaningful
thermodynamic interpretation of the obtained data. In
addition, there are inconsistencies of about 1 order of
magnitude in the series of reported plutonium solubility
values. These early experiments did, however, point to the
prime importance of neptunium and plutonium in YM tstal
system performance assessment (TSPA) (8, 9), because of
both the relatively high solubility and low sorption behavior
of neptunium and the potential simultaneous existence of
multiple oxidation states and therefore complicated solubility
behavior of plutonium.

This study provides experimentally determined solubility
limits for neptunium and plutonium that may be used to
calculate their transport along potential transport pathways
from the repository to the accessible environment, as required
in the Yucca Mountain Site Characterization Plan (10). Over-
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TABLE 2. Concentrations (in %) of Carhon Dioxide Gas in
Argon Used To Maintain a Tetal Dissolved Carbonate
Concentration of 2.8 x 10~ M in J-13 Grouadwater at
Different pH and Temperatures

%°C 60 °C %0°C
pHB.0 6.06 % 0.02 9.67002 1858+ 0.02
pH7.0 157 %0.02 2.35 1 0,02 4.05 £ 0,02

pH85 0.060+0.0001 0.090 + 0.001 0.140 + 0.001

and undersaturation experiments were performed, and
solution concentrations were measured as a function of time
to demonstrate steady-state conditions and an approach to
equilibrium. The pH values and temperatures in the
solubility experiments were selected to bracket the range of
conditions that represent lower and upper limits expected
at the site in J-13 water. The experimental results are
interpreted with thermodynamic modeling and integrated
into our current understanding of neptunium and plutonium
geochemistry.

Experimental Section

J-13 groundwaterwas filtered through 0.05 um polycarbonate
membrane filters (Nuclepore Corp., Pleasanton, CA). The
water’s natural carbon dioxide (CO,) partial pressure could
not be preserved during storage and filtration. Thus, the
natural state of the well water’s total dissolved carbonate,
2.8 x 1073 M (3), was induced by reequilibrating the water
at each individual pH with defined argon/CO; gas mixtures.
The necessary amount of CO at a given pH and temperature
(Table 2) was calculated from Henry’s law constant, the
dissociation constants of carbonic acid (11), and the Davies
equation. If the constant at the given temperature was not
available, it was derived by interpolation of adjacent values.

The solubility experiments were performed in 135-mL
cells constructed of polyether ketone (PEEK). Each cell had
a sealed port at the top that could be removed to withdraw
samples and measure pH and was equipped with 1/8 in.
diameter Teflon line for addition of the appropriate argon/
CO; mixture. The system was designed to minimize sig-
nificant evaporative loss of the solution, especially at elevated
temperature. Measured evaporative losses ranged from 5 to
10 mL (<10%) for the duration of the experiments. Up to
nine cells were accommodated in a temperature regulation
system consisting of an aluminum block that was insulated
with extruded polystyrene (U C Industries, Parsippsany, NJ)
and natural cork. The aluminum block was mounted on an
orbital shaker (Lab-Line Inc., Melrose Park, IL), and all
solutions were shaken continuously at approximately 100
rpm. Silicone fluid (Dow Corning Corporation, Midland,
M], 550 High-Temperature Silicone Fluid) heated by a heating
circulator (VWR Scientific, model 1137) was pumped through
channels in the aluminum block allowing control of tem-
peratures to within less than 1 °C. The whole experimental
setup was installed in argon atmosphere gicveboxes (Plas
Labs, Lansing, MI, model 818-GBB).

The actinide stock solutions were prepared by dissolving
ultrapure neptunium and plutonium metal in perchloric acid.
The neptunium stock solution was prepared by placing 1.36
g of electrorefined neptunium metal in a 125-mL narrow-
mouth Teflon FEP bottle and adding 20 mL of ultrapure
perchloric acid (Seastar Chemicals Inc.). The plutonium
stock solution was prepared by placing 0.50688 g of National
Bureau of Standards Standard Reference Material 949f in a
125-mL narrow-mouth Teflon FEP bottle and adding ap-
proximately 10 mL of ultrapure perchloric acid (Seastar
Chemicals Inc.). Each sample was heated until the nep-
tunium or plutonium metal completely dissolved, and the
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volume was reduced to approximately 0.5 mL. The samples
were then cooled to room temperature, purged with argon
until the excess perchloric acid was evaporated, diluted with
deionized water, and adjusted to 1 M with respect to
perchloric acid. The solutions were digested in an ap-
proximately 60 °C water bath avernight and filtered through
a 0.2-mm nylon syringe filter unit (Gelman Sciences) into a
30-mL narrow-mouth Teflon FEP bottle. Filtrationremoved
suspended particulate material, e.g., dust or silica, that could
adsorb the actinide ions. To adjust the pH to the desired
value, we added aliquots of sodium hydroxide solution (0.05
M) before and 0.05 M perchloric acid and/or 0.05 M sodium
hydroxide after addition of the acidic actinide stock solution
tothe]-13water. These additions of acid and base increased
the total Na* content between 2.3 and 4.1 times that of J-13
water, but the ionic strength of the J-13 water remained below
0.01 M. This contrasts markedly with the solubility studies
for YM waters reported earlier, where the pH was kept
constant with the continual addition of acid and base using
a pH-stat, resulting in a final ionic strength being 1-2 orders
of magnitude higher than J-13 (6, 7).

In addition to the solubility experiments from oversatu-
ration, the neptunium solubility in J-13 water was determined
from undersaturation. Solid phasesformed in oversaturation
experiments were recontacted with fresh J-13 water equili-
brated with the appropriate CO,/argon gas mixture, and the
pH was adjusted to 6, 7, and 8.5 at 25 °C and 90 °C. These
experiments allowed the original composition of }-13 water
to be maintained even more closely than in the oversaturation
experiment since no addition of NaOH solution was necessary
to neutralize the acidic neptunium or plutonium stock
solution.

The solubility experiments were allowed to equilibrate
for several months without further addition of acid or base.
Achievement of steady-state conditions was monitored by
sampling aliquots of the solution phases and analyzing for
the respective actinide concentration as a function of time.
Centricon-30 filters (regenerated cellulose polymer for low
retention/sorption, Millipore Corp., Bedford, MA), with a
calculated pore size of 4.1 nm, were used for separating solid
and solution phases. The centrifuge (high-speed centrifuge,
Speedfuge SFG10K, Savant Instruments Inc.) was preheated
to the appropriate temperature,.and the centrifuge’s walls
were insulated with approximately 1 cm of extruded poly-
styrene (UC Industries, Parsippsany, NJ). To ascertain the
complete phase separation and minimal adsorption on the
filters during the preparation of the solution assays, a series
of filtration tests was conducted. One filter was used per
solution to filter consecutive 500-uL aliquots until a constant
concentration in the filtrate was obtained. Assays indicated
that 2000-uL preconditioning volumes were ultraconserva-
tive, and the active sites on the filters were saturated with
the first 1000 uL of solution for all temperatures and pH
values for both neptunium and plutonium. Each filtrate was
then acidified to minimize subsequent concentration reduc-
tion due to sorption. ’

Concentration measurements of the filtrates were made
by counting aliquots that were stippled onto stainless steel
disks, evaporated to dryness under a heat lamp, flamed to
dull red, and counted on an a-scintillation counter (Eberline
Instrument Corporation, Santa Fe, NM, model SAC-4). The
counting efficiency of the scintillation counter was deter-
mined by counting plutonium samples traceable to NIST.
The pH and carbonate concentration of each cell were
established only initially, and no pH adjustments were made
during the duration of the experiments. The pH of the
solution was measured with each sampling with a Ross
combination pH electrode (Orion Research Inc., Orion model
611) and a pH/millivolt meter (Orion Research Inc.). The
pH electrode was calibrated before the pH measurements
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FIGURE 1. Np solubility in J-13 water from oversaturation (top) and undersaturation (bottom) at (®) pH 6, (@) 7, and (m) 85 and 25, 60,

and 90 °C.

using commercially available VWR standard solutions (pH
= 4.00, 7.00, and 10.02).

At the end of the solubility experiments, the neptunium
and plutonium precipitates were dried under the corre-
sponding CO; atmosphere and were analyzed using X-ray
powder diffraction (XRD) and diffuse reflectance spectros-
copy. For the XRD measurements, a few milligrams of each
actinide precipitate was placed on a Teflon holder, covered
with Kapton foil, and secured with an O-ring to prevent
contamination. The spinning sample was irradiated with
Cu-K,, radiation generated by the INEL CPS-120 (INEL Inc.)
X-ray powder diffractometer. To calibrate the instrument,
the powder pattern of Si (NBS Standard Reference Material
No. 640, CAS Registry No. 7440-21-3) was collected before
and after the sample analysis and compared with data from
the JCPDS card no. 27-1402. The samples to be investigated
by diffuse reflectance spectroscopy were placed in a quartz
cell and sealed by a Teflon plug. Reflectance measurements
were carried out on a Lambda 19 (Perkin-Elmer) spectro-
photometer with a slit width of 1 nm, scan speed of 60 nm/
min, and 0.5 nm data acquisition increments. Geochemnical
modeling and thermodynamic calculations were performed
with the EQ3nr code (4025v7.233) (12, 13) using the b-dot
extended Debye—Huckel model (14) and a standard ther-
modynamic database (LLNL Combination Database

DATA0.COM.V8.R6, released December 1996). The latter is
based on neptunium data from Lemnire (15) and on plutonium
data from Lemire and Tremaine (16) excluding the pen-
tahydroxo species of Np(IV) and Pu(IV).

Results and Discussion

Neptunjum Solubility. Asexpected, the average neptunium
solubility generally decreased with increasing pH (Figure 1),
following the known trend of neptunium solubilities up to
approximately pH 8 in carbonate-containing media (17-21)
and up to approximately pH 12 in carbonate-free systems
(20, 22—-24). Results of the neptunium solubility experiments
from both over- and undersaturation converge to the same
steady-state concentrations (Figure 1, Table 3). At the
conditions of these experiments, speciation model calcula-
tions indicate NpO;*, NpO,(OH), and NpO,CO;~ as the
predominant species in solution. Further increase in pH
would result in increasing neptunium solubility due to the
formation of higher complexed anionic neptunium species
in solution. With increasing temperature, a slight decrease
in solubility is observed at pH 7 and pH 8.5, while at pH 6
the neptunium solubility remains approximately constant.
The soluble neptunium concentrations are similar at pH 7
and pH 8.5, while at pH 6 the solubility is about 1-2 orders
higher depending on the temperature. At pH 8.5, the
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TABLE 3. Averaged Concentrations of Z’'Np (in mol L) as a Function of pH and Temperature As Measured from Oversaturation
iaﬂer '450 days Equilibration) and Undersaturation (after 151 days Equilibration) ia This Study in Comparison with Literature Data

25°C
oversaturation
undersaturation
[lit.]

60 °C
oversaturation
undersaturation
[t}

90 °C
oversaturation
undersaturation
(i)

pHé

{65+ 1.1) x 10~
6.5+ 1.0) x 10~
{53+ 0.1) x 1073

9.4+ 1.2) x 107
(6.4 + 0.4} x 1073
9.1+ 1.8) x 10~*

(8.7 £ 0.9) x 10~¢
(1.2+0.1) x 1073

pH7

{(3.1+0.2) x 10-5
29+ 0.7) x 1075
(13+£3) x 1072

(1.6 & 0.6) x 10-5
(9.8 1.0) x 107
(8.6 £ 2.3) x 10°°

9.3+ 1.9} x 10-¢
(1.5+0.4) x 107¢

pH 85

(1.5 0.6) x 1075
(15+ 0.3} x 1075
{44+ 0.7) x 1073

(1.7 90.9) x 1075
(1.0 £ 0.1) x 1078
(5.8 £ 25) x 1078

(5.992.1) x 10°¢
(8.9 £ 0.4) x 1073

* Uncertainties are given as one standard deviation.
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FIGURE 2. X-ray diffraction pattern of the neptunium solid found
in J-13 water at 80 °C in comparison with literature data of Np,Os
(26) and hydrated U(VI} hydroxide (29). Bragg reflections caused by
the sample arrangement are marked with an asterisk. The observed
peaks in the experimental sampie suggest a hydrated neptunium{V)
oxide.

neptunium concentrations were observed to decrease in the
first 250 days, followed by an increase in concentration for
the 25 and 90 °C oversaturation experiments (all other
oversaturation experiments either showed the expected
decreasing or constant concentration trend throughout the
450 days of the equilibration). Because the solid phase was
not investigated during these events, this trend at pH 8.5
cannot be explained conclusively at the present time.

The neptunium precipitates formed were dark greenish
brown. X-ray diffraction data showed only a few broad Bragg
reflections for neptunium solids formed atlow temperature,
while increased temperature induced sharper peaks at 90 °C
(Figure 2). The powder patterns obtained are generally
consistent with the reported data for both Np;0s and Np3Os
(25, 26) with some additional peaks that do not correspond
to these solids. The formation of the mixed oxide Np3;Og is
not likely, and in fact, the existence of a Np;Os phase has
been discounted in studies (27, 28) after those of Cohen et
al. (25, 26). The observed diffraction patterns do not match
other reported neptunium solids, and the existence of a
sodium neptunyl carbonate could be excluded. The ad-
ditional peaks do match well with the Bragg reflections of
hydrated uranium(VI) hydroxide (29). Itshould also be noted
that the reported X-ray powder pattern of Np,Os was obtained
from solids produced by the reaction of Np(V) in molten
lithium perchlorate at 260 °C in the absence of water. In
contrast, hydrated neptunium(V) oxide would be expected
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to form in aqueous solution experiments. Thus, through
comparison with the literature for neptunium solids and
hydrated uranium(V1) hydroxide, we assign the principle lines
in the XRD of the neptunium precipitates to Np,Os-xH,0.
While we assign the additional peaks caused by intercalated
water molecules and the further separation of the neptunium
oxide layers, we cannot exclude the presence of amorphous
neptunium(V) hydroxide by X-ray diffraction (30).

We used the solubility data in J-13 water to calculate the
solubility product of the solid phase Np,Os'xH;0. AtpH 8.5,
hydrolysis and carbonate complexation reactions dominate
the speciation in solution with a species distribution 0f 31%
NpO.*, 11% NpO,OH, and 58% NpO.CO;~. Thus, to avoid
the combined uncentainties of their formation constants and
the non-steady-state behavior at pH 8.5, only the solubility
data at pH 6 and pH 7 were used. At pH 6 and 7 and 2.8
mmol total carbonate, Np(V) hydrolysis and carbonate
complexation reactions are minimized (22, 24) and NpO,*
is the predominant solution species (100% and 94%, re-
spectively). From the undersaturation data set, a mean
thermodynamic solubility product log K°;, = 5.2 £+ 0.8 was
calculated for reaction 1:

Np,Os°xH,0 + 2H* = 2NpO,” + (x+1)H,0 (1)

Note that at these low ionic strengths the water activity does
not change the AG® (or K°;) calculated for the reaction and
the solubility product is given by K°p = {NpO,*}?/{H*}2
Our value agrees well with that reported by Merli and Fuger,
log K°;p = 5.5 + 1.9, which was calculated from calorimetric
data (30). However, both values imply a significantly lower
logarithmic thermodynamic solubility product from the value
9.5 (15) thus far used in the EQ3/6com database, Jowering
the calculated neptunium solubility by several orders of
magnitude.

Plutonium Solubility. The plutonium’ solubility was
studied only from oversaturation (Table 4). In general,
plutonium is about 3 orders of magnitude less soluble tharni
neptunium, and pH does not affect the soluble concentration
as much as seen in the neptunium solubility studies (Figure
3). Increasing temperature decreases the plutonium solu-
bility below 10~ mol L-!. The plutonium concentrations at
60 and 90 °C are pH independent, while at 25 °C they show
higher variability. Note that the solutions were filtered
through 4.1-nm pore size filters and that the solubility data
include the possible presence of small-sized plutonium
colloids. Thus, the listed plutonium solubility data are
conservative with respect to the real solid—liquid phase
equilibria with soluble molecular species.

The plutonium precipitates were dark green, characteristic
of Pu(IV) solid phases. Most of the observed X-ray diffraction




TABLE 4. Averaged Concentrations of 2*2%Py (in mol L~*) as a Function :lii&ll- and Temperature As aMeasured from

Oversaturation (after 400 days Equilibration) in This Study in Comparison

pHb

25°C

oversaturation (4.7 1.1) x 10-8

(lit.] (1.1 0.4) x 1076
60 °C

oversaturation (9.0 + 2.0) x 10~°

ftit.) (27 £1.1) x 1078
90 °C

oversaturation (43+£2.1) x10°°
[lit.) (6.24 1.9) x 1079

¢ Uncertainties are given as 1 SD.

Literature Bata (6, 7)
pH 7 pH 85

(24 1.2) x 1078
(2.3 + 1.4) x 1077

(9.4 + 1.6) x 10-°
(29 £ 0.8) x 1077

(8.2+0.7) x 109
(3.8+0.9) x 1078

(6.2 + 1.8) x 10°°
(12+ 1) x 1078

(3611 x10°®
(8.8+0.8) x 10°°

(4.2 +1.1) x 1079
(7.3+0.4) x 109

Concentration in mol L-!
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FIGURE 3. Plutanium solubility in J-13 water from oversaturation at (®) pH &, (@) 7, and (-) 8.5 and 25, 60, and 90 °C.
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FIGURE 4. X-ray diffraction pattern of the plutonium solid found in
J-13 water at 25 and 90 °C in comparison with literature, data of
Pu0,. Bragg reflections caused by the sample arrangement are
marked with an asterisk. The broad peak at about 15° arises from
Kapton foil.

peaks were diffuse and broad, indicating the existence of a
poorly crystalline solid phase (Figure 4). However, temper-
ature increases the crystallinity of precipitates, and the
powder diffraction patterns obtained for the solid formed at
90 °C have sharper Bragg reflections than observed for the
low-temperature solids. The pattern matched the data
reported for PuO, (31). However, this result does not exclude
the potential presence of aged Pu(IV) polymer and/or

|

amorphous Pu(OH),. Indeed, a rising absorption tail below
500 nm is observed in the diffuse reflectance spectrum of a
precipitate formed at 90 °C, along with absorption peaks at
469, 510, 577, 610 (broad), and 735 nm, consistent with a
Pu(1V) colloid precursor to PuO,(s) (31). Ithasbeen reported
previously that the diffuse reflectance spectra of Pu(IV) colloid
and high-fired PuO; are similar (32). To investigate the
potential presence of a carbonate solid, we dissolved the

“aged Pu(IV) solid in 3 M HCl. While the solid's color

intensified to bright green with contact of the acidic solution,
the solid dissolved only partially. The addition of HCI did
not result in CO; gas evolution as would be expected if the
solid were a carbonate salt. Interestingly, besides the
expected Pu(IV) absorption at 469 nm, we observed a Pu(V1)
absorption peak at 830 nm. Because oxidation of Pu(IV) to
Pu(V]) did not occur during the time frame of this dissolution
experiment, the observed Pu(VI) must have originated from
the solid. Impurities of Pu(VI) in the solid may have formed
radiolytically. In addition, the formation of a higher Pu
oxidation state in PuQ; is consistent with results from
previous studies on the instability of PuO; in the presence
of water vapor and the transformation to a mixed-valence
plutonium(IV)/(Vl) oxide layer at the solid surface (33, 34).
However, due to the instability of Pu(VI) in aqueous systems
of low ionic strength and low redox potential, we do not

expect a significant influence of Pu(VI1) impurities in the solid
on the plutonium bulk solubility. Plutonium hydroxidesand/
or plutonium colloids, aging toward PuO2-xH;0, are therefore
interpreted to be the solubility-controlling solids in these
experiments. The formation of these solid phases was also
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FIGURE 5. Calculated mineral saturation (log species product —
log solubility product) at pH 7 as a function of ionic strength for
solution speciation and solubility calculations. The redox potential
was set to 430 mV, and charge balance was maintained with Na*
or C10,".

reported previously in plutonium solubility measurements
in Yucca Mountain water (6, 7, 35). Different crystallinities
of the Pu(lV) colloidal material, possibly caused by different
ionic strength or aging time, result in varying solubilities. A
higher degree of amorphous material might be the reason
for the slightly higher plutonium solubility reported previ-
ously (6, 7) (Table 4).

Thermodynamic Modeling. Geochemical modeling us-
ing the EQ3nr aqueous speciation code was used to evaluate
thermodynamic data for solution species and solid phases
with respect to the experimental solubility measurements.
The amount of dissolved solids in UZ waters from the YM
area can differ by a factor of 2 (36}, with J-13 water
representing UZ waters at the lower end of the range.
Consequently, the modeling was used to evaluate the
influence of ionic strength on neptunium and plutonium
solubility. Understanding the ionic strength effect is also
important because of the experimental necessity toadd NaOH
and perchloric acid to J-13 water during initiation of the
supersaturation solubility experiments. In one set of cal-
culations, NpO,OH (am) saturation was chosen as a reference,
and its mineral saturation index was maintained at zero by
adjusting the total neptunium concentration in solution
(Figure 5). The calculations of neptunium solid phase
saturation indicate a strong influence of the ionic strength
only on the stability of NaNp0O2COs-3.5H20 (Figure 5). The
stability of the solid neptunium(V) carbonate increases with
ionic strength and becomes supersaturated with respect to
the calculated NpO,OH(am) solubility controlling phase at
ionic strengths between approximately 0.003 and 0.006 M,
depending on the carbonate concentration in solution
[saturation with atmospheric PCO; up to the 2.81 mmol
measured in J-13 water (Table 1)). Solid carbonates were
reported previously to form in J-13 water at 25 and 60 °C,
independent of the investigated pH, and at 90 °Cat pH 7 and
pH 85 (6, 7). The predominant solid phases had been
characterized by X-ray diffraction and identified as the
sodium neptunium(V) carbonates, NagsNpO2(CO2)04-2.5H,0,
NaNpO;(CO;)-xH.0, and NasNpO:(CO;).-xH,0. However,
the stability of solid neptunium(V) carbonates is controlled
by the neptunyl(V) carbonate, and sodium concentrations
in solution as given by the apparent solubility product Kp:

K,,(Na,Np0,(CO5),) = [Na*]™[NpO,*](CO,*])" (2)
Since both sodium and carbonate concentrations in J-13

water are in the millimolar range (see Table 1), a very high
Np(V) concentration (1 order of magnitude higher than those
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AGURE 6. Comparison of experimental (O, ®) neptunium and (O,
®) plutonium solubilities in J-13 water at pH 7 and 430 mV with
EQ3nr predictions. The carbonate concentration was fixed at 2.8
mmol kg-1. The box shows the range of Pu(IV} solubility calculated
from Pu(OH), solubility products taken from the literature (47— 46).
Note that Pu0(c) would limit the plutonium solubility to ~10-*" mot
kg-1, well distinct from the plutonium(IV) hydroxide solubility range.

measured in this study) is needed to approach the solubility
equilibrium of a neptunium(V) carbonate solid phase (Figure
6) (17). Indeed, the formation of Na;NpO,(CO;).:xH,0 can
be definitely excluded at the low ionic strength of J-13 water
(17). As suggested by our modeling studies (Figures 5 and
6), the reported anomalous appearance of the sodium
neptunyl carbonates in ]-13 water may be the result of an

. artificially high sodium concentration in those solubility

experiments.

As described above, Np;0s-xH20 has been found in this
study as the predominant solid phase formed in }-13. Itwas
also reported to form together with an unidentified carbon-
ate-containing solid phase at pH 5.9 and pH 7 at 90 °Cin the
earlier study (6, 7, 37). Based on the summarized relevant
thermodynamic data in EQ3/6 (15, 16), the more crystalline
phase, Np20Os-xH;0, is predicted to be undersaturated with
respect to its ainorphous hydration product NpO,OH(am)
(Figure 5). This contradicts the Gibbs’ principle of minimiz-
ing free energy with crystallinity and suggests incorrect data
in the thermodynamic database. Using the solubility product
determined in this study, log K%, = 5.2 % 0.8, Np;Os-xH0
becomes supersaturated and less soluble than NpOZOH (am)
(dashed line in Figure 5).

Neptunium(IV) solids also are calculated to be less soluble
than NpO;OH(am), with NpO; as the most stable and
insoluble solid phase (Figure 5). This solid has the potential
to dominate the neptunium solubility under natural condi-
tions (38—40). However, Np(IV) was not observed to form
in these solubility experiments with Np(V) as the starting
material, probably because of a kinetic barrier for the
destruction of the trans-dioxo-neptunyl bonds, (O=Np=0)*,
and relatively high redox potentials in laboratory experiments.
Thus, the data presented in this study provide upper solubility
boundaries for radionuclide release scenario calculations.
The calculated and experimentally determined solubility of
neptunium and plutonium differ by several orders of
magnitude mainly due to different oxidation states of the
actinide in the solid state (Figure 6). Plutonium(IV) oxide/




-

’

‘ h;’droxide governs the plutonium solubility, while the higher

soluble +V oxidation state determines the solubility of
neptunium. Geochemical modeling using Pu(OH).(s) as the
solubility limiting solid phase (log K°;, = —55.3; 16) resulted
in a plutonium concentration of about 10~° mol L-! (Figure
6). Theexperimental data are about 1-2 orders of magnitude
higher, but they lie within the broad solubility range
calculated by using the solubility products for plutonium-
(IV) hydroxide reported in the literature (gray bar in Figure
6) (16, 41—46). In the case of the Pu(IV) system, it is hard
to make accurate predictions due to the potential of the
formation of the metastable Pu(IV) colloids and amorphous
plutonium(IV) hydroxide solids. Both compounds span a
wide range of structural features, crystallinities, stabilities,
and solubilities.

The formation of hydrated Pu(IV) solids observed in this
study also has implications for neptunium solubility calcula-
tions in natural environments. While the observed Np(V)
solid, Np2Os-xH;0, is calculated to be metastable with respect
to reduction to neptunium(IV) oxide, the formation of
crystalline anhydrous NpO; in an aqueous system is rather
unlikely. Asin the plutonium case where hydrated forms of
plutonium oxide/hydroxide were found, hydrated forms of
neptunium(IV) oxide would likely form if the kinetic barrier
to reduce Np(V) solids could be overcome. While dissolved
plutonium is dominated by Pu(OH).(aq) even at E, = 430
mV, the geochemical behavior of neptunium differs from
that of plutonium because solution speciation changes from
NpO;* at £, = 430 mV to predominantly Np(OH)4(aq) by Ex,
=0 mV. As aresult, at 430 mV the solubility of neptunium-
(IV) hydroxide is calculated to be in the same order as that
of Np,Os-xH.0. The predicted solubility of Np(OH)(s) at
near-neutral pH can range between approximately 10~ M
at 430 mV to a minimum of about 10-* M at 0 mV. Note that
similar 1o Pu(OH)4(s), the range of K, for Np(OH).(s) in the
literature is huge, namely, £4 orders of magnitude. This
range translates directly into an uncertainty in the neptunium
concentration if Np(IV) solids are formed. The measured
neptunium concentration for such solids under reducing
conditions is in the 1076—10-8 M range (38). These values
are consistent with dissolution and solubility studies of
neptunium-containing fuel rods (47-50), where the nep-
tunium oxidation state in the starting material is +IV.
Because infiltrating water into the repository is expected to
be oxidizing (36, 40, 51), the use of Np(V) as a starting material
is the conservative approach to provide defensible upper
solubility boundaries. Studies are continuingon the possible
reduction of the metastable Np(V) system in repository-like
conditions further lowering the neptunium solubility source
term. Experimental investigations of the solubility behavior
of Np(V) and Np(IV) and the neptunium redox kinetics are
critical to predicting neptunium transport in Yucca Mountain.
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