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ABSTRACT

To identify the role of waste composition and sediment interactions in controlling Pu and Am
mobility in contaminated sediments at Hanford, a legacy nuclear site, Pu and Am concentrations
in solutions equilibrated with contaminated sediments from beneath the 216-Z-9 (Z-9) Trench
were compared to the solubilities of PuO2 materials, representative of the disposed wastes, in the
absence of sediments. Thiswork-shows that the solubilities-of PuO:-materials synthesized-by
on-PuO2(er): According to saturation index (Sl) calculations, PuO2(am,hyd) is likely controlling
Pu release under conditions where phosphate concentrations are low. However, both Pu-
phosphate and Am-phosphate phases, identified in SI calculations and by high resolution
transmission electron microscopy, play roles in controlling release in low pH, high phosphate
shallow sediments at the top of the Z-9 Trench. The elevated phosphate is likely due to
decomposition of tributyl phosphate over time. Sediments from deeper in the subsurface beneath
the Z-9 Trench are less acidic and contain less phosphate, with Pu solubility likely controlled by
PuOz(am,hyd) that precipitated following neutralization of the acidic waste stream. Controls on
Am concentration in deeper sediments are more complex and potentially involve sediment
adsorption and/or release from Pua-xAmxO2 following Am in-growth. The concentrations of
both Pu and Am were elevated in the colloidal fraction associated with shallow sediments, but
not in PuO2 experiments, suggesting the presence of Pu/Am pseudocolloids (e.g., Pu/Am
associated with mineral colloids). However, Pu and Am association with the colloidal size
fraction was not observed in deeper sediments, suggesting transport of Pu and Am to these

depths beneath the Z-9 Trench was not due to colloidal transport.



1. INTRODUCTION

Plutonium (Pu) and americium (Am) are considered highly toxic contaminants that represent a
significant long-term public health risk when released into the environment. Release of Pu has
occurred at dozens of locations worldwide, with amounts deposited to the subsurface at
individual sites ranging from a few milligrams to hundreds of kilograms (Deblonde et al., 2020).
Releases have occurred worldwide from Pu production, processing, and waste disposal at sites
including the Savannah River Site in South Carolina, USA; the Mayak Production Association in
Russia; and the Hanford Site in southeastern Washington State, USA (Carlton et al. 1992; Corbin
et al. 2005; Skipperud et al. 2005; Cantrell and Felmy 2012; Gephart 2010; Delegard et al. 2019).
Pu was also released during nuclear weapons testing at the Nevada National Security Site, NV,

USA and other weapons testing sites worldwide (Finnegan et al. 2016).

These releases have occurred in hydrogeologic regimes spanning from arid, high deserts to
oceanic environments. The source terms also vary from acidic to alkaline pH with significantly
different chemical inventories. Thus, the mobility of Pu and Am in these systems is subject to a
wide variety of hydrological and geochemical processes. Mechanisms responsible for Pu and Am
migration in the subsurface may differ due to variability in pH, Eh, co-disposed and natural
metal ions, complexing agents, and their combined effects on oxidation state and speciation.
Under environmental conditions, Am is predominantly trivalent, whereas Pu can occur in
multiple oxidation states from (I11) to (V1) (e.g., Silva and Nitsche, 1995). Pu(V) is primarily
present in the aqueous phase, due to its relatively high solubility and low adsorption but is often
reduced to Pu(I'VV/111) upon interaction with sediments (Kaplan et al. 2006). Pu(IV) is the
dominant oxidation state in the solid phase due to adsorption and precipitation processes, with

low concentrations present in solutions in the absence of complexants (< 10 M atpH 7 in 1



mM NacCl) due to hydrolysis (Guillaumont et al. 2003). Pu(IV) can also be transported in
aqueous or organic phases as: (i) intrinsic colloids generated by Pu(IV) hydrolysis through oxo
and/or hydroxyl bridge formation; or (ii) pseudocolloids formed by sorption of Pu(IV) onto
colloids composed of other constituents. When Pu(1V)Oz is present, dissolved oxygen may also
lead to dissolution and subsequent oxidation to Pu(V)O:z" or Pu(V1)O22* and radiolysis can
enhance this oxidation (e.g. Rai et al. 1981; Neck et al. 2007). Pu disposed to the subsurface may
also interact with waste co-contaminants and sediments in unique ways to form previously
unidentified compounds like Pu-Bi composites (Emerson et al. 2021), Fe-Pu-phosphate minerals

(Buck et al. 2014), and Pu incorporated into silica gels (Ames, 1974).

In Pu-bearing waste streams, the concentration of 2!Am may increase over time by beta decay of
the short-lived 2**Pu (half-life of 14.4 years). Am(l11) species are generally soluble over a wide
range of pH values, depending on available complexants. At acidic waste disposal sites, and in
the presence of phosphate, Am can precipitate as relatively insoluble AmPOa(am,hyd) or
substitute into other phosphate compounds (Rai et al. 1992). Indeed, a highly insoluble,
amorphous precipitate can form by direct mixing of PO4>~ in a dilute, weakly acidic Am?®*
solution (Rai et al. 1992), although this mechanism has not been directly observed in natural
sediments. Additionally, Am may be present as Am(1V) within the Pu@-xAmxO2 structure, or as
mixed Am(IV)/(111) in Pui-y AmyO2sx, due to the decay of 2*'Pu to 2*1Am in PuO2 (Vauchy et al.

2017; Emerson et al. 2021; Neilson et al. 2021).

The objective of this research is to determine the solubility-controlling phases for both Pu and
Am in contaminated sediments from the Z-9 Trench at the Hanford Site so that their future
remobilization potential and risk to groundwater can be predicted (Cantrell and Felmy, 2012;

Delegard et al. 2019). Knowledge of Pu and Am migration behavior beneath the Z-9 Trench can



inform the potential for mobilization in other areas of the Hanford Site, including the 216-Z-1A
tile field and 216-Z-18 crib that received similar Pu- and Am-laden acidic and high-salt waste
(Delegard et al. 2019; Gerber 1997). Mechanisms that control Pu and Am migration following
acidic and organic waste releases are relevant to other sites with similar Pu contamination (e.g.,

Los Alamos, NM and Savannah River Site, SC) (Batuk et al. 2015; Carlton et al. 1992).

The solubilities of different PuO2 materials, in the absence of sediments under the solution
conditions expected in the contaminated sediments, were measured to determine if synthesis
method or particle size affected Pu and Am concentrations in solution. Pu and Am solubilities in
the absence of sediment were compared with solution phase Pu and Am concentrations measured
following equilibration with Z-9 Trench sediments from the Hanford Site to determine the
influence of sediments on Pu and Am solubility. Speciation modeling was employed to consider
the impact of complexants (e.g., phosphate, carbonate) measured in the aqueous phase following
reaction with contaminated sediments. Data for Am and Pu were used to infer their solubility-

controlling phases in conjunction with equilibrium solubility calculations.

2. BACKGROUND

2.1 The Hanford Site as a case study for plutonium release and migration

The Hanford Site was established in 1943 in the arid desert of southeastern Washington State to
produce Pu for nuclear weapons. Pu was finished by conversion to metal and manufactured into
metallic shapes for nuclear weapons at the Plutonium Finishing Plant (PFP) (Gerber 1997). Near-
surface disposal of liquid wastes contained an estimated 11,800 Ci (189 kg) of 2%Pu; 2,900 Ci
(12.6 kg) of 24°Pu; 37,500 Ci (0.34 kg) of 2*'Pu, 28,700 Ci (9.0 kg) of 2*!Am; and 55 Ci (78 kg)

of 2’"Np with 21 waste sites receiving 97% of the Pu (Cantrell and Felmy 2012). These wastes



were discharged into waste disposal facilities such as trenches, cribs, and anthropogenic ponds
(see recent review by Delegard et al. 2019). This includes 5 x 10* Ci or 200 kg of Pu, primarily

released from the PFP, with over half of that discharged into the unlined Z-9 Trench.

Sites for waste disposal from Pu processing and finishing at the PFP can be classified into two
major categories (Cantrell et al. 2003; Cantrell and Riley 2008; Delegard et al. 2019): (i) low-
salt, near-neutral wastes (e.g., off-gas scrubber solutions) and (ii) acidic, high-salt waste that was
co-disposed with spent organic solvent extraction solutions. With both waste types, measurable
concentrations of Pu and Am reached depths greater than 40 m below ground surface (bgs) in the
unsaturated (vadose) zone (Cantrell and Felmy 2012; Delegard et al. 2019). However, Pu and
Am concentrations in the deep vadose zone were much higher at sites that received acidic, high-

salt waste co-disposed with organic solvents such as at the Z-9 Trench and the Z-1A tile field.

The Z-9 Trench was used from 1955 to 1962 for disposal of over 4 million liters of aqueous and
organic liquid waste from the PFP (DOE/RL 2007, Corbin et al. 2005). The estimated
inventories of 229240py, 241py, and 2**Am are 2,180 Ci (31.6 kg), 1060 Ci (0.01 kg) and 565 Ci
(0.18 kg), respectively (decay corrected to 1/2021; Cantrell and Felmy 2012). The wastes
disposed to the Z-9 Trench were solely from the RECUPLEX Process, which operated at
Hanford’s PFP from 1955 until 1962 (Judson 1958; Gerber 1997). The Pu-bearing scrap
processed by RECUPLEX included Pu(1V) oxalate filtrates, off-specification PuO2, PuF4 from
failed reductions, off-specification metal, and metal machining swarf and cutting fluids. The
raffinates from RECUPLEX were further treated by a second (DBBP) solvent extraction process.
The resultant aqueous wastes were partially neutralized to pH ~2.5 and discharged with TBP
solvent wash breakdown product wastes, coincident solvent losses, and Pu metal machining

fluids to the enclosed Z-9 Trench (Judson et al. 1956). Large (> 1 um), dense particles of PuO2



from burnt Pu metal with other undissolved PuO2 in the RECUPLEX wastes were likely

transported by interfacial “cruds” formed from TBP breakdown products.

Concern over the potential for accumulation of a critical mass of Pu on the floor of the trench
prompted additional sampling and excavation from 1976-1978 (Smith 1973; Delegard et al.
2019). Sediment samples from a 3-m depth profile of the Z-9 Trench collected prior to
excavation contained relatively high Pu and Am concentrations with up to 1 x 10*2 pCi/L-
sediment (19 g/L-sediment) and 1 x 10! pCi/L-sediment (41 mg/L-sediment), respectively
(Price and Ames 1975). The sediment pH was 4.1 at a depth of 2.4 m (8 ft) and generally acidic
through the entire 3 m (9 ft) sediment profile (Smith 1973). After identification of a dense
nonaqueous phase liquid at the northeast corner of the Z-9 Trench in the 1990s, additional
boreholes were drilled near and under the Z-9 Trench from 2004 to 2006 to define the subsurface
contamination (DOE/RL, 2007; BHI, 1995). Analysis indicated that Pu and Am migrated deep
(> 40 m bgs) into the subsurface below the trench, likely facilitated by the low initial pH of the
disposed waste, with some accumulation in or above silt and clay layers (Cantrell and Felmy

2012; Cantrell et al. 2008).

Rai et al. (1980) analyzed the Z-9 sediment samples (4-11A and 4-5A) collected from the bottom
of the trench and suggested that some Pu was present as PuO2. X-ray diffraction (XRD) and
electron microprobe analyses showed that Pu was discharged as both particulate PuO2 (up to 84
wt.% Pu in individual particles) and dissolved phases with bulk sediment (Ames 1974, Rai et al.
1980; Corbey et al. 2019). The particulate PuO2was mostly filtered out within the first meter of
the trench sediment, thus accounting for the high concentrations of Pu observed in the upper
sediment profile. Near-surface minerals also underwent silicate hydrolysis from interaction with

the acidic, high ionic strength wastes and may have sequestered additional Pu and Am (Ames



1974). Pu disposed originally as dissolved Pu(IV) (< 0.5 wt. % PuOz) penetrated deeper beneath
the trench and interacted with sediment. Pu concentrations also correlated with high organic
carbon and phosphorus content, presumably from carbon tetrachloride, metal machining fluids,
TBP, and DBBP in the waste. Localized peak concentrations of 22%240py (115 nCi/g) and **Am
(324 nCi/g) were measured previously at 19.4 and 14.5 m bgs, respectively (Cantrell and Felmy,

2012).
2.2 Solubility-controlling Pu and Am phases

PuOz2 has been identified as the major form of Pu within sediments collected from just below the
bottom of the Z-9 Trench (Swanson 1973; Ames 1974; Price and Ames 1975; Rai et al. 1980;
Buck et al. 2014; Corbey et al. 2019; Emerson et al. 2021). The recommended solubility constant
for aged amorphous oxide and hydroxide PuOz(am, hyd) at zero ionic strength is (Lemire et al.
2001; Guillaumont et al. 2003):
PUO2(@mhyd) + 2H20 = Pu** + 40H" log K%, (298.15 K) = -58.33 £ 0.52 (1)

Over time, PuO2(am,hyd) never completely crystallizes under aqueous, low temperature
conditions, likely due to radiolysis counteracting Ostwald ripening (Rai and Ryan 1982).

Previous work has suggested that the chemical history, physical form, and other
fundamental properties of PuO2 can influence Pu dissolution and re-precipitation processes. Zhao
et al. (2020) showed that PuO2 formed under acidic conditions was more ordered, more stable
and less likely to dissolve than PuO2 formed under alkaline conditions, even though both had
similar particle sizes. Rai et al. (1980) showed that Pu(OH)4, prepared by rapid precipitated from
Pu(IV) nitrate solution with sodium hydroxide, maintained a higher Pu concentration in solution
at environmental pH than PuO2 microspheres (~150 um diameter and ~100 nm crystallite size),

prepared by sol-gel techniques and calcined to 1150 °C (Lloyd and Haire 1968), but that a linear



relationship existed between pH and total Pu concentration in solution in equilibrium with the
different Pu compounds (Rai et al. 1980). Kanellakopulos et al. (1983) studied the behavior of
PuOz(cr) with varying crystallite sizes, prepared by firing Pu(IV) oxalate at different
temperatures, and showed that there was an inverse correlation between the solubility of
PuOz(cr) in nitric acid and the average size of the particles. This previous work suggests
crystallinity and particle size can affect PuOz solubility, but there has not been a systematic study
of PuO: solubility, as a function of particle size and synthesis method, under the solution
conditions expected in contaminated sediments. As 2*'Pu decays to **Am with the PuO2
structure to form Pua-x»AmxO2, Am release from these particles may also be dictated by surface

area and particle size.

Pu solubility is controlled by PuO2 near the surface of the Z-9 Trench (Rai et al. 1980), but
solubility controls may change with depth and time as complexants become available (e.g.,
degradation of TBP to phosphate) and solid phases react with high ionic strength, acidic waste
solutions (e.g., formation of silica gel from acid attack of minerals). Other potential Pu
solubility-controlling phases, such as Fe-Pu-phosphate, have been identified in shallow
sediments (Buck et al. 2014; Corbey et al. 2019; Emerson et al. 2021), but the amount of Pu

present in the deeper sediments is too small for solid phase identification.

To deconvolute solubility controls based on the PuO2 characteristics (e.g., crystallinity and
surface area) and on reactions with the sediments (e.g., secondary mineral transformations) and
waste components, the solubility of PuO2 prepared by methods similar to historical Hanford
operations [calcining Pu(l1l) oxalate to 650 °C and oxidizing Pu metal to > 450 °C] was
compared to Pu solubilized from contaminated Hanford Site sediments. As the solubility-

controlling Pu and Am phases could not be identified in deeper subsurface sediments, batch



experiments were conducted to generate supernatant for ultra-trace solution phase analysis to

infer the Am and Pu solubility controlling phases from equilibrium solubility calculations.
3. MATERIALS AND METHODS

Batch experiments were conducted to determine the solubility controlling phases for Pu and Am.
Sediments contain both small, disordered PuOz2 particles, and more crystalline, micron sized
PuO: particles, indicative of unique synthesis history of Pu particulate material (Corbey et al.
2019; Emerson et al. 2021). The solubilities of PuOz2 particles with different sizes and
synthesized by different methods (described in Section 3.2) were determined in the absence of
sediments, then compared with Pu solubility in sediments under similar pH and background
electrolyte conditions. For Pu analysis, supernatant solutions were allowed to settle overnight,
acidified, then filtered to remove any remaining particulates. A subset of supernatant solutions
was allowed to settle overnight, then filtered prior to acidification, and the Pu concentrations
were compared with those in the solutions acidified pre-filtration to estimate the amount of Pu
and Am associated with colloidal particles. Solutions were analyzed for total Pu and Pu(V)
concentrations by solvent extraction (Supplemental Materials, SM, Section 1.2.5). Separations
were conducted for ultra-trace isotopic analysis for 238/239/240/241242p) and 241 Am. In addition,
supernatants were analyzed for major anion, cation, and metal concentrations. Results were
compared via calculation of saturation indices (SIs) with Geochemist’s Workbench® (GWB) as

described in Section 3.6.
3.1 Hanford Site Sediments

Table 1 lists the sediment samples used in this study along with relevant depth and sample

identification designations. The Z9-4-11A and Z9-4-5A samples were collected by Atlantic



Richfield Hanford Company from below the trench in 1973 (10.2 cm diameter by 14.2 cm long
core segments, 60 cm total core length), prior to excavation of the top 0.3 meters of
contaminated sediments in 1976-1978 (Swanson 1973; Ames 1974). The ‘A’ signifies that this
sediment was from the top 15 cm of the core. These sediments were homogenized, sieved to
remove particles greater than 2 mm, air-dried, and stored at room temperature. Sample Z9 4-11A
contains some fraction of an overlying sludge that collected near the trench bottom during waste
disposal, consisting of silica and aluminum and with an approximate water content of 35% by
weight upon coring (Swanson 1973; Smith 1973; Delegard et al. 2019). The average Pu and Am
mass concentrations in Z9-4-11A and Z9-4-5A are shown in Table 1. The B1IHK samples were
collected in 2006 from slant borehole well 299-W15-48 (C3427) drilled at an angle of 32° from
vertical to a depth of 44.3 meters (Cantrell et al. 2008). The BIHK samples were passed through

a 53-pum sieve prior to storage at room temperature.

Table 1: Pu-contaminated Z-9 sediment samples used for batch experiments.

Depth Depth Pu 21Am _—
Sample ID Downhole (meters) Wole)®  (uglg)* Description of Sample
Z9-4-5A - 0 - 0.15 bbt? 851 35 Z-9 sediment from bottom of trench
79-4-11A - 0—0.15 bbt 1610 6.7 Z-9 sediment from bottom of trench
B1HK27 67 — 69 17.3 - 17.8 bgs? NR® NR® Z-9 slant borehole sediment
B1HK42  1185-120.5  30.6 —31.2 bgs NR® NR® Z-9 slant borehole sediment

lbelow bottom of trench 2below ground surface 3(Swanson 1973) *(Rai et al. 1981) °NR = not reported
3.2 PuO- Synthesis and Characterization

To simulate the PuO: disposed to the Z-9 Trench, PuO2 was prepared in two ways: (i) calcining
Pu(l11) oxalate; and (ii) furnace oxidation of Pu metal at 400 °C. PuO: particles produced from
calcined Pu(l11) oxalate, and from calcined Pu(lV) oxalates in historical Hanford production,
have the same structure and chemistry, and have similar specific surface area, crystallite size,

and particle size, as determined by equivalent circular diameter, Brunauer—-Emmett-Teller



specific surface area, XRD, and scanning electron microscopy (SEM) with energy dispersive x-
ray spectroscopy (EDS) (see Table 2 and SM Section 1.1 for details). The PuO2 from burnt metal
also representative of that produced by historical methods, within the limitations of lab-scale

synthesis (gram-scale in the lab, up to kilogram-scale in the plant).
3.2.1 Precipitation of plutonium (I11) oxalate and calcination to PuO2

The plutonium (111) oxalate was prepared batchwise according to Equation 3 and calcined to

produce PuO2 on a plutonium processing testbed.
2 Pu®" + 3 H2C204 + 10 H20 — Pu2(C204)3-10H20 (solid) + 6 H* 3)

Two batches of PuO2 were produced via Pu(ll1) oxalate process. The Pu(IV) nitrate feed for both
batches was reduced to Pu(l11) using ascorbic acid and stabilized with hydrazinium nitrate.
Oxalate precipitation for the two respective batches was carried out by: (i) rapid addition of solid
oxalic acid with stirring at 30 °C (labelled ‘Ox-A’); and (ii) reverse-strike addition of Pu(ll1)
solution to a vessel containing oxalic acid solution with stirring at 50 °C over a period of 20
minutes (labelled ‘Ox-B’). Each oxalate suspension was digested, the precipitates vacuum
filtered, washed, and air dried. The dried precipitates were calcined to the oxide in a platinum
crucible at 650 °C. Ox-A PuO2 had a smaller particle size but lower specific surface area, and

Ox-B PuOz2 had a larger particle size but higher specific surface area.
3.2.2 Oxidation of Pu metal to PuO2

A Pu metal slice (~1 g) from a button made from legacy Hanford PuF4 was pickled in nitric acid
to remove the pre-existing oxidized layer, washed with water and ethanol, and air dried before
furnace oxidation at > 400 °C. This PuO2 produced by Pu metal oxidation (labelled ‘Mt”) is

broadly representative of metal self-burning in the plant.



3.3 Batch contact experiments with PuO;

Batch contact experiments were conducted with Ox-A, Ox-B, and Mt PuO2 in 0.01 M NaNOs at
three initial pH values (3.0, 4.0, and 5.0), acidified using HNOs to maintain ionic strength similar
to sediment experiments described in Section 3.4. Experiments were conducted in triplicate in 20
mL glass scintillation vials, with ~0.020 g of PuO2and 10.0 mL of solution. All suspensions
were exposed to air to represent Hanford Site vadose zone conditions. Additional details of the

solubility experiments are provided in Table S2.

Experiments were conducted for 30 days on a benchtop shaker, with PuO2 Mt samples subjected
to a second sequential contact period of 90 days with fresh solution to confirm equilibrium. After
this time, the samples were gravity-settled overnight, the pH (Hanna HI4521 meter and Accumet
2248056P electrode) and Eh (Mettler Toledo 5134203, reported in mV with respect to a standard
hydrogen electrode, SHE) of each solution were measured, and aliquots were removed for
subsequent analyses. For two of the triplicates, solutions were separated using 3,000-Da
molecular weight cut-off (MWCO, Vivaspin 20, polyethersulfone, PES) centrifugal filters. After
filtration, aliquots were retained for: (i) Pu and Am isotopic analyses (239240241py and 2**Am) by
inductively coupled plasma mass spectroscopy (ICP-MS) (2.0 mL); (ii) extraction into di-(2-
ethylhexyl)phosphoric acid (HDEHP) for Pu(IVV/VI) oxidation state analysis (0.8 mL); and (iii)
major elements by inductively coupled plasma optical emission spectroscopy (ICP-OES) (2.0
mL). Concentrated HNOs (25 uL) was added to aliquots (2.0 mL) for Pu/Am isotope and major

elemental analyses.

The third sample (labelled ‘B”) was used to determine the total dissolved and colloidal Pu in the
supernatant. An aliquot was removed for anion analysis, then the remaining solution was

decanted into a centrifugal filter (Vivaspin 20, 3,000-Da MWCO PES) and concentrated HNOs



(25 pL) was added and thoroughly mixed prior to filtration by centrifugation. After filtration,
aliquots were retained for Pu and Am isotopic analysis (23%249241py and 2**Am), and major

elements by ICP-OES.
3.4 Batch contact experiments with Z-9 Trench Sediments

Batch contact experiments were conducted with three sediments taken from the Z-9 Trench: (i)
5A, containing large particles of PuO2 (Z9-4-5A; about 2.5 meters from the original discharge
pipe); and (ii) 11A, containing smaller particles of PuO2 (Z9-4-11A; about 14 meters from the
discharge pipe), and (iii) deeper sediments from below the Z-9 Trench (B1HK-27 and B1HK-42,

Table 1). All suspensions were exposed to air to represent Hanford Site vadose zone conditions.

The first set of experiments was conducted with 10 g of the deeper sediments (B1HK27 and
B1HK42) or 0.5 g of the shallower sediments (Z9-4-5A and Z9-4-11A) in deionized water
(DIW, 20 mL), as shallow sediments contained much higher Pu concentrations. Experiments
were conducted in 50-mL centrifuge tubes (polypropylene, Corning) and mixed on a benchtop
shaker at 6 rpm for 8 days. The BIHK27 and B1HK42 samples were conducted in triplicate,
while the Z9-4-5A and Z9-4-11A samples were conducted in duplicate due to limited sample

quantities. No pH adjustments were made to represent equilibration with sediments.

A second set of experiments was conducted in triplicate with the trench bottom sediments (Z9-4-
5A and Z9-4-11A) using 0.1 g of sediment and 10 mL of DIW in 20 mL glass liquid scintillation
vials. Experiments were conducted under two conditions: (i) pH adjusted to 3.0 to represent
initial release conditions; and (ii) no pH adjustment to represent equilibration with sediments.

The samples were equilibrated for 30 days or 90 days, then sampled as described in Section 3.3.



After the contact period, the solution vials were centrifuged (10 minutes at 2000 rpm, 268
relative centrifugal force; Allegra X-22, Beckman Coulter) and then the solution pH (Hanna
H14521 meter and Accumet 2248056P electrode) and Eh (Mettler Toledo 5134203) were
measured. This centrifuge step removed particles of approximately 450 nm according to Stoke’s
law. Two aliquots were then collected for alkalinity and anion analysis (as described in SM
Sections 1.3.3 and 1.3.4). A third and fourth aliquot was used to determine the presence of any
colloidal Pu that remained suspended in the supernatant but did not pass through the 3,000 Da
MWCO filter (< 2.5 nm). The third sample was acidified with concentrated HNOs and then
filtered with a 3,000 Da MWCO centrifugal filter (PES, Vivaspin). The fourth sample was
filtered through 3,000-Da MWCO centrifugal filters and then acidified with concentrated HNO:s.

Metals were analyzed by ICP-MS and ICP-OES.

3.5 Analytical methods
3.5.1 Isotopic separation and analysis

Measurement of the Pu and Am isotope concentrations required a separation procedure to
prevent isobaric interferences (e.g., 2*'Pu and 2**Am). Aqueous supernatants were first screened
by ICP-MS using ?*U as a pseudo-isotope dilution to estimate levels of matrix elements that
may cause interferences, and to determine the appropriate mass loading and analyte
concentration. For 2*°Pu analysis, an aliquot of the sample solution containing <250 pg ?*°Pu was
spiked with 10 pg 2**Pu and digested to adjust the sample solution aliquot to a final matrix of 3
M HNOs. Ascorbic acid and sodium nitrite were added sequentially to fix the oxidation state of
Pu to Pu(IV). The digested solution was loaded onto a Teva column (Eichrom®), which was then
eluted to remove the matrix elements. Pu was stripped from the column with dilute hydrochloric

acid and brought to a final volume of 5 mL with DIW.



241 Am analyses were conducted on a separate aliquot of sample solution because (i) the 2**Pu
tracer contains 2**Am and (ii) the disparity between the Pu and Am concentrations required
different dilutions. An aliquot of the sample solution containing < 250 pg 2**Am was spiked with
25 pg 2**Am and digested to adjust the sample solution aliquot to a final matrix of 3 M HNOsa.
Ascorbic acid and sodium nitrite were added to fix the oxidation state of Pu to +4. The digest
was loaded onto a Teva-UTeva-TRU (Eichrom®) triple column stack and washed to retain some
of the interfering elements onto the Teva and UTeva columns and Am onto the TRU column.
The TRU column was detached from the column stack and eluted to remove matrix elements.
The Am was stripped from the column with dilute hydrochloric acid, which strips the +3
oxidation state of Am but leaves the +4 oxidation state of Pu on the column, and adjusted to a
final volume of 5 mL with DIW. Instrument detection limits were 1.6 x 10 pg/L for Pu isotopes

and 1.0 x 10 pg/L for 2**Am.
3.5.2 Pu oxidation state separation

Oxidation state analysis of Pu by organic extraction by HDEHP has been described previously
(Powell et al. 2004). Briefly, approximately 0.8 mL of sample solution was added to a vial with
0.2 mL of 5.0 M HCI. Then, 0.5 mL of 0.5 M HDEHP dissolved in hexane (and previously
equilibrated with 1 M HCI) was added to the plastic vial. The suspension was mixed for three
minutes and then separated by centrifugation. The aqueous phase was analyzed for 2*°Pu as

described in Section 3.5.1 without isotopic separations to estimate the total Pu(V) in solution.

3.6 Geochemical modeling

Thermodynamic equilibrium modeling was used to calculate solution speciation and mineral Sls

for solid phases potentially in equilibrium with the supernatant compositions. The Sl is defined



as log (Q/Ksp), where Q is the activity product and Ksp is the mineral solubility product at
equilibrium at the temperature of interest. In general, minerals with Sl values of zero are at
equilibrium where more positive values are considered oversaturated and more negative values
are considered undersaturated with respect to the pertinent solid phase. Therefore, SI values from
0 to approximately 1 will be considered saturated in modeling outputs. GWB version 10.0
(Bethke and Yeakel 2010) was used for the modeling. Calculations were performed using the
thermodynamic database file thermo.com.VV8.R6+.dat that is supplied with GWB but augmented
with the selected data from the Organization for Economic Co-operation and
Development/Nuclear Energy Agency-Thermochemical Database Project (NEA TDB) (Lemire

et al. 2001, Guillaumont et al. 2003; Guillaumont et al. 2020).

3.7 Solid Phase Characterization

The Z9-4-11A and Z9-4-5A samples were analyzed by SEM-EDS (SM Section 1.1 for details).
In addition, scanning transmission electron microscopy (STEM) analysis was conducted using a
JEOL GrandARM 300F Electron Microscope (JEOL Inc., Japan) equipped with dual energy
dispersive x-ray spectrometers operated at 300 kV. Samples for STEM were prepared by
embedding Pu-containing Z9-Crib particles in Spurr’s resin blocks and thin-sectioning with a
Leica UltraCut Ultramicrotome. Principal Component Analysis (PCA) of the STEM-EDS
elemental mapping data was performed to isolate the Pu-containing regions. PuO2 materials were
characterized by XRD, Brunauer — Emmett — Teller specific surface area, and SEM as described

in SM Section 1.1.

4.0 RESULTS AND DISCUSSION

4.1 PuO, samples for solubility studies



XRD analysis for the PuO2 samples (Ox-A and Ox-B, Mt) confirmed that all samples were
crystalline PuO2 (SM Figure S2). The physical characteristics of the samples are provided in
Table 2. The crystallite size, determined from the peak integral breadth of the Lorentzian type
convolution to the peak shape in the XRD patterns (see SM Section 1.1.2), was similar for all
three samples (13-15 nm). However, the aggregate particles sizes, determined by SEM, differed
with Pu-Ox-A being the smallest and Mt being significantly larger than both Pu-Ox materials,
<10 um and >100 um, respectively (Figure 1). Ox-A was light in color and had a smaller
aggregate particle size (Table 2 and Figure 1a) but lower specific surface area (10.39 m?/g). The
smaller aggregate particle size and lower surface area suggest that the crystallites are more
densely packed in this sample. Ox-B was dark in color with a larger particle size (Table 2 and
Figure 1b) but higher surface area (14.08 m?/g), suggesting a more open structure. Mt exhibits
the ‘petrified wood’ morphology associated with burnt Pu metal (Figure 1c). The Mt sample
morphology was variable, including some particles with a more rounded or square shape,
although all particles had surface cracks consistent with Figure 1c. Table 2 also includes the
physical characteristics of Hanford PuO2 produced from the decomposition of Pu(IV) oxalate,
showing a similar range for the particle diameter, crystallite size, and surface area as the samples

Ox-A and Ox-B samples produced from Pu(l1l) oxalate.

For comparison, SEM analyses of Z9-4-5A and Z9-4-11A sediments are shown in Figure 2.
There are different morphologies of discrete PuO2 aggregates that range in size from sub-micron
to over 20 um in length, with more large particles present in Z9-4-5A, as discussed in Emerson
et al. (2020). Thus, the Pu aggregate particle size range is similar to that covered by Ox-A, Ox-B,
and Mt. The ‘petrified wood’ morphology (Figure 1c) consistent with the morphology of the

PuO2 from oxidation of Pu metal, is observed in some of the sediments (Figure 2).



Table 2: Physical properties for PuO, from Pu oxalate calcination and Pu metal burning

Calcination . . . .
PUO, Source  Temperature IIEDq_uw. Circular Cr_ystalllte Spec. Surzf/ace Uncerzt/alnty
(°C) iameter (um) Size, nm Area (m“/g) (m4/g)
Ox-A 650 3.1 13 10.39 0.03
Ox-B 650 8.7 13 14.08 0.11
Mt 400 - 15 - -
95% <20 um, 90%
Hanford PuO; 400-425 <9-12 um, 50% <5 4.2,42, 155, 48.9,41.2 -
15.5, 19.7
from Pu(IV) pum
Oxalate 650 NIA 22 59,128 -
Reference - A B C -
Bimodal, maxima at ~30
Burnt metal >500 pm and 600 pm; 50 unknown unknown
mass% <500 pm
Reference D

A - Greintz and Neal 1978

B - 400-425°C — Moseley and Wing 1965; 650°C — Kanellakopulos et al. 1983 (not specific to Hanford processes)
C - Barretal. 1970

D - Haschke 1992

N/A - Data not available




Figure 1: SEM images with inset optical photograph for (A) Ox-A PuO2 and (B) Ox-B PuO2 from Pu(l11) oxalate calcination, and (C)

PuO2 from oxidation of Pu metal (Mt).



Figure 2: SEM images of Pu in sediments; top — Z9-4-5A and bottom — Z9-4-11A, dashed, white lines denote particles with high Pu

content as observed by EDS (SM Figure S3).



4.2 Solubility of PuO;

Eh versus pH results from PuO: solubility experiments in the absence of sediments fall
within the range of PuO2(am,hyd) based on speciation modeling — dashed-dot gray line
represents solubility line for PuO2(am,hyd) under experimental conditions in Figure 3a (Sls
shown in SM Tables S9 and S10) and are similar to those found by Rai et al. (1980) in
0.0015 M CaClz — black dashed line in Figure 3a. The thermodynamic constant for
PuOz(am,hyd) was based on the NEA TDB critical review (Guillaumont et al. 2003; Neck
and Kim 2001). In addition, the slope of Eh vs. -Log(Pu) and Eh vs. pH are close to -59 mV
(slope of -58 and -48, respectively) which is consistent with a one electron redox process per
the Nernst equation, highlighting that Pu(IV) oxidation to Pu(V) is likely occurring during
dissolution (SM Figure S8). Aqueous Pu concentrations versus pH for PuO2 synthesized via
oxalate (Ox-A and Ox-B) after the 30-day equilibration period are consistent with Rai et al.
(1980) (Figures 3a and 4a), even though the crystallite sizes (100 nm versus 15 nm) and

aggregate particle sizes (150 um versus < 10 pum) were substantially different (Table 2).

After the initial 30-day equilibration with PuO2 synthesized by oxidation of Pu metal (Mt),
the pH of solutions initially at 4 and 5 increased to 6.1-7.2 (SM Figure S5). This pH increase
is likely a result of neutralization of trace amounts of CaO, present due to the oxidation of
trace Ca metal remaining from the calciothermic reduction process. Ca contamination was
qualitatively confirmed via SEM-EDS analysis of the Mt solid (SM Figure S3), and
quantitative ICP-OES results confirmed that Ca was present in solution (30.1 £ 9.7 mg/L in
Mt), however the consumption of H* by CaO versus Pu dissolution could not be
differentiated. Over the pH range from 3.1 to 7.2, aqueous Pu concentrations for Mt were

lower than Ox-A and Ox-B at 30 days (Figure 4a and with Pourbaix diagrams overlaid in SM



Figure S7 and Sls in Table S9 and S10). It is possible that these lower aqueous Pu
concentrations are due to the lower surface area of Mt material (Figure 1c) requiring longer
equilibration time. Therefore, fresh 0.01 M NaNOs solutions were added after the initial 30
days, the pH adjusted to 3, 4, and 5, and equilibration was continued to 90 days to confirm
that equilibrium was reached. Over the subsequent 90-day interval, the pH did not shift as

much for the pH 4 and 5 tests.

The difference in time to reach equilibrium; 30 days for the smaller PuO2 particles produced
by a sol-gel method with calcination (Rai et al., 1980) and by calcination of Pu(lll) oxalate,
versus 90 days for the larger PuO2 produced by oxidation of Pu metal (Figure 4a), confirm
previous findings that crystallite size and surface area play a role in PuO: dissolution rates
(Kanellakopulos et al. 1983). However, a significant effect on solubility under acidic
conditions has not been identified here. As expected, these results most closely agree with
PuOz(am,hyd) solubility associated with less crystalline (or microcrystalline) coatings on

PuO: (Rai and Ryan 1982) as shown in Figure 3 and SM Tables S9 and S10.
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Figure 3: Pu stability field diagram based on analytical characterization of aqueous supernatants from 30-day batch solubility experiments with (a)
PuO solubility experiments (Pourbaix diagram based on sample Ox-B-3BF, 6 x 10°® M Pu in 10 mM NaNOs) and (b) Pu-contaminated sediments
from Z-9 Trench (Pourbaix diagram based on sample Z-9-4-11A-6BF, 2.3 x 107" M Pu with major components measured in solution) where blue

regions represent dominant aqueous species and yellow regions represent solid phase species as labeled. Note: Major constituents included from a



specific sample from each set, although predicted Pourbaix diagrams were similar for all conditions for PuO, and Pu-contaminated sediments,
respectively. In addition, carbonate was excluded from this system. In equilibrium with air, carbonate species are not dominant until pH > 10 and,

therefore, are not relevant to this study (see SM Figure S7a).



4.3 Pu and Am solubility-controlling phases in contaminated sediments

Sediments from beneath the Z-9 Trench were equilibrated with DIW for 7-, 30-, and 90-days
(Figure 4b,c). Similar aqueous Pu and Am concentrations were obtained for equilibration of Z-9
Trench sediments with 0.0015 M CacCl: solutions, up to 250 days and 707 days respectively (Rai
et al. 1980; 1981), therefore, we expect that equilibrium was reached within the 90-day timescale
of these experiments. The Sls calculated for potential Pu and Am phases are shown in Tables 3
and 4. Samples that were acidified after filtration (AF) and before filtration (BF) represent Pu
associated with dissolved (AF) and combined dissolved and colloidal species (BF). Total Pu,
241Am, and phosphate concentrations are presented along with pH and Eh (Tables 3 and 4).
Additional components included in the GWB calculations are in the SM Tables S5-S7 with all

Sls shown in SM Tables S8-S10.

The supernatant from the shallow Z9-4-5A and Z9-4-11A samples had higher aqueous Pu, Am,
and phosphate concentrations compared to the deeper samples (B1HK-27/42, shown in Figure
4b,c and Tables 3-4 and SM Table S3); and they were more acidic, reflecting the acidic waste in
contact with shallow trench sediments. The Z9-4-5A supernatant had lower pH and higher
phosphate concentrations than the Z9-4-11A, whereas the Z9-4-11A had higher aqueous Pu and
Am concentrations than the Z9-4-5A samples. The pH increased with the second equilibration
(90 days) for Z9-4-5A suggesting some loss of acid capacity with the first equilibration step for

30 days (SM Figure S5).

Although solution redox conditions for Z9-4-5A sediments (30 days) were similar to those for
PuOz2 solubility experiments in the absence of sediments, redox conditions for Z9-4-5A (90

days), Z9-4-11A, and B1HK sediments became more oxidizing over time (Section 4.2, SM



Figure S4). This indicates that PuO2, and associated alpha radiolysis, are not be the sole control

on redox in these sediments.
4.3.1 Pu solubility-controlling phases in contaminated sediments

Agueous, dissolved Pu concentrations in Z-9 Trench sediments (4b,c filled symbols) are well
below the range of PuOz2 solubility in the absence of sediments (Figure 4a). This highlights the
influence that sediments and waste components have on Pu solubility as well as the complex
sorption processes with sediments. The shallow Z-9 Trench sediments (Figure 4b) contain large,
well-ordered, crystalline PuO: particles (Z9-4-5A), and smaller, less ordered PuO2 particles (Z9-
4-11A), as shown previously by autoradiography, electron microprobe analysis, SEM and
EXAFS (Ames, 1974; Rai et al. 1980; Felmy et al. 2010; Corbey et al. 2019; Emerson et al.
2021). However, there are likely Pu-containing phases other than PuO: in these sediments that
impact Pu release but are present at concentrations below the detection limits of conventional
solid phase characterization techniques. This is particularly the case in the Z9-4-11A sediments,
where the nature of the Pu solubility-controlling phases may have been affected by harsher
radiologic conditions, due to higher Pu concentrations, and greater mineral alteration, as
indicated by an overlying sludge containing silicon and aluminum (Swanson 1973; Smith 1973;

Delegard et al. 2019).

The dissolved Pu concentrations for Z9-4-5A sediments were more than an order of magnitude
lower than PuOz2 solubility in the absence of sediments (Table 3b; Rai et al. 1980), although
PuO:z still controls solubility in some samples based on Sl (including all major aqueous species
measured in solution). Based on the predicted Sls, PuOz(am,hyd), PuPOs(am,hyd), and
Pu(HPOa)2(am,hyd) phases control solubility for Z9-4-5A sediment, depending on the pH and

available PO4 (Tables 3 and 4) with a near 50/50 split between PuO and Pu phosphate phases



(bolded values in Tables 3 and 4). As the pH is increased, and as PO4> decreases, saturation is
closer to PuOz(am,hyd) (Table 4, Z9-4-5A-NA-AF) than Pu phosphate species. PuO2(cr) is
supersaturated (SI > 2.4) under all experimental conditions and is not expected to control

solubility as it slowly converts to PuOz(am,hyd) at the surface (Rai and Ryan 1982).

Aqueous Pu concentrations in equilibration with Z9-4-11A sediments are mostly below PuO2
solubility in the absence of sediments (Figure 4b), although some samples were within the Pu
colloid range estimated previously (Neck et al. 2007). Based on the Sls (Tables 3 and 4), Pu is in
the range of saturation for PuO2 in approximately half of the samples, while others most closely
matched to Pu phosphate phases for solubility controls (bolded values). The smaller, less ordered
PuOz2 particles in Z9-4-11A sediments likely result in an increase in the colloidal sized fraction
(Emerson et al. 2021), which may also play a role in Pu release. In addition, PO4> may be too
low to convert the PuO2(hyqg) to PuPO4(am,hyd) in some samples. The maximum concentration in

Z9-4-11A was 4.1 x 10° mol/L of PO4*, compared to 6.6 x 10 mol/L in Z9-4-5A.

Previous microscopic and spectroscopic characterization of Z9-4-5A samples (Emerson et al.,
2021) was consistent with large, ordered PuO: particles, but the Slis in Table 4 suggest that Pu
phosphate phases are controlling solubility for most samples. Therefore, to further investigate the
potential presence of Pu phosphate phases in Z9-4-5A sediments, samples were analyzed by
STEM (Figure 5). The sediment contains PuO2 particles ranging in size from nanometers to
several micrometers (Figure 5a,b), with PCA of the STEM-EDS maps providing evidence for a
secondary Pu-containing phase with a less well-defined structure. Further analysis with high
resolution TEM identified phases consistent with Pu phosphate (see SM Figure S6). Figure Séd
shows the ideal monoclinic, P 21/n structure for PuPOas(am,hyd), with all the metal atoms

forming planes in the (200) orientation, and the selected area electron diffraction pattern (Figure



S6c¢) supports the presence of nanoscale, crystalline Pu phosphate phases. These results confirm
the earlier identification of an amorphous Fe-Pu-phosphate in some of these shallow sediments
using electron microscopy (Buck et al., 2014). Thus, when sufficient phosphate is present, it is
these PuPOs(am,hyd) or Pu(HPO4)2(am,hyd) phases that control Pu solubility in Z9-4-5A
sediments, not the larger, ordered PuOz particles. Because little phosphate is present naturally in
the sediments and free inorganic phosphate was not in the Pu scrap or processing, it is likely that
the source of the phosphate in the shallow sediments is from degradation of TBP and its first
hydrolysis product, dibutyl phosphate (DBP), which was co-disposed to the Z-9 Trench in
solvent cleanup (Delegard et al. 2019). It is hypothesized that, in the early life of the Z-9 Trench,
PuOz(am,hyd) may have controlled Pu solubility but, as more phosphate became available
through degradation of TBP and DBP in later years, PuO2z(am,hyd) was replaced by more stable
(less soluble) PuPOs(am,hyd), which now controls the release of Pu to solution in some Z9-4-5A

and Z9-4-11A samples.

Sl values predict that the solutions contacted with the deeper Z-9 Trench sediments (B1HK) are
saturated with respect to PuO2(am,hyd) (Figure 4c), although concentrations were more than one
order of magnitude lower than PuOz(am,hyd) solubility in the absence of sediments (Figure 4a).
As pH increases, Pu, Am, and PO4> decrease such that Pu phosphate phases are undersaturated
for both BIHK27 and B1HKA42. For BIHK27, PuO2z(am,hyd) appears to be oversaturated (SI >
0), although they are still close to saturation. For the deepest sample (B1HK42), PuO2(am,hyd) is
controlling the Pu solubility (SI ~0.5). Though solid phase Pu concentrations are too low in these
sediments for spectroscopic characterization, these results (Table 4) confirm that the sediments
received ample Pu to reach saturation w.r.t. PuOz allowing it to control release of Pu (4 x 10

and 2 x 107 mol/L total Pu for BIHK-27 and B1HK-42, respectively, Emerson et al. 2021). This



is a similar conclusion to previous research on Pu-contaminated Savannah River Site sediments

(Kaplan et al. 2006).

The overlay of pH and Eh measurements onto a Pourbaix diagram for Pu species in Figure 3
further highlights the complex processes controlling Pu release as Z9-4-5A measurements are
near Pu-phosphate species, Z9-4-11A measurements are split between Pu-phosphate and PuOz,
and B1HK samples are near PuO2 phases. The uncertainties in the values for Pu solubility in the
shallow sediments (Z-9, Figure 4b) as compared to PuO2 solubility suggest that the solubility
controls are more complex than the initial PuO2 phases disposed of to the subsurface. Therefore,
the importance of phosphate in reducing the mobility of Pu must be considered, as it may have
implications for long-term mobility, and could also be used for future remediation, with
phosphate solutions or hydroxyapatite introduced as an amendment to limit Pu transport in the

subsurface (SM Figures S9-10).
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Figure 4: 30-day batch solubility experiments with (a) PuO- (triangles for Ox-A/B, squares for Met), (b) shallow contaminated Z9 sediments

(triangles for Z9 30-day and squares for Z9 90-day),and (c) deeper contaminated B1HK sediments (diamonds for BLHK-27 and circles for

B1HK42) with filled symbols representing dissolved species with acidification after filtration (AF) and open symbols representing dissolved and

colloidal species with acidification before filtration (BF). Total aqueous Pu is compared to previous solubility measurements for PuO; in 0.0015 M

CaCl; (Rai et al. 1980; black dashed line), Pu colloids (Neck et al. 2007; light gray box from pH 6-8), major species predicted in GWB model

[PuO2(am,hyd) as dashed-dot gray line, PuO,(cr) as dashed gray line, and PuPO.(am,hyd) as dashed-dot black line] based on the following

samples for (a) Ox-B-3-BF with 6 x 10° M Pu in 10 mM NaNOs, (b) Z-9-4-11A-6BF with 2.3 x 107 M Pu with major components measured in



solution, and (c) B1HK-27-BF with 4.3 x 10™® M Pu with major components measured in solution], and a linear fit of Pu dissolution from

Savannah River Site (SRS) sediments (Kaplan et al. 2006; black dotted line).
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Figure 5: (A) STEM-HAADF Images of the plutonium bearing regions in thin-sectioned Z9-4-5A sediment showing two types of plutonium
phases. (C) EDS analysis from the phosphate component containing detectable Pu. (D) Elemental maps, labeled; Pu-M, P-K, S-K, Ti-K, Mg-K,

Al-K, Si-K, and PCA containing a secondary Pu phase.



Table 3: Sls for Am and Pu phases in Z-9 sediment equilibrated with DIW for 8 days without pH adjustment, with Pu, Am, PO4> concentrations,
pH, and Eh (in mV vs. SHE), bolded values indicate likely solubility controlling phases with average and standard deviation based on triplicates

for BIHK samples and duplicates for Z9 samples, AF — acidified after filtration, BF — acidified before filtration.

Sample ID SI Si SI SI SI Pu Am POs* pH Eh
PUOX(cr) (aiwlft?; " (:m“;%) P(‘;(mH]E%‘))Z (':r;“,i%) (mole/L) (mole/L) (mole/L) (mv)

-4- - - -08 -09

TO4ABE 5841000  015:007  167:01y 126501 012012 Eéigémggg {Iléiéig}iig-ﬁ [120£001] <10% 331005 4880
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<EQL - less than the estimated quantitation limit for PO4% (2.4 x 10%)

Table 4: Sls for Am and Pu phases in contaminated Z-9 sediments equilibrated with DIW for 30 days with adjustment to pH 3 and without
adjustment (NA) with Pu, Am, PO,* concentrations, pH, and Eh (in mV vs. SHE), bolded values indicate likely solubility controlling phases, BF

— acidified prior to filtration to dissolve colloids, AF — acidified after filtration, average and standard deviation for two duplicate samples.

si si si si
Sl Pu Am POs* Eh
Sample PUOX(cr) (afnl{r?; 9 (;m“;(;é) P(:(mH,E%‘))Z (':r:‘,ﬁ)?cj) (mole/L) (mole/L) (mole/L) pH (mv)
Z9-45A3-AF 646+215  -073:003 _ -0.76£007 _ 035+001  131+037 [54%07]x10° [L5£12]x107 [63%£02]x10%  332%000 5693
79-4-5A-3-BF 6.39 0.71 0.65 108 171 151 x 1077 3.34 x 1077 6.01 x 10 331 571
Z9-4-5ANA-AF  598+005  020+005  -062+0.14  -119+014 1534006  [28+03]x10% [25+02]x10% [6.0+01]x10%  4.27+0.01 510+4
79-4-5A-NA-BF 8.14 2.45 158 104 1.98 4.52 x 1077 6.13 x 10%° 6.61 x 10 4.28 509
29-4-11A-3-AF 6.02+006  033+006  -296+049  -420+100  -064+045 [13+01]x10% [21+01]x10% [L0+0.9]x10%  372+002  590.9+0.3
29-4-11A-3-BF 6.82 114 -1.95 -2.54 -0.56 9.96 x 107 154 x 10 163 x 10 363 601
Z9-4-11A-NA-AF 7454005  174+007  -561+002 7494002  342+019  [L1+01]x10° [28+13]x10%° [32+09]x10%  6.76+008 514+4
79-4-11A-NA-BF 9.95 4.26 312 -4.84 463 3.55 x 1077 3.06 x 10% 4.10 x 10% 6.81 517




4.3.2 Am solubility controlling phases in contaminated sediments

Rai et al. (1981) previously measured 2**Am removal from the same sediment samples from near
the Z-9 Trench bottom (Z9-4-5A and Z9-4-11A). However, *!Am concentrations are increasing
over time due to the decay of 2*'Pu (half-life of 14.4 years). Figure 6¢ compares Z9-4-5A and
Z9-4-11A batch experiments conducted previously by Rai et al. (1981; black line) with the
241Am concentrations measured in near-surface Z-9 Trench sediments (Z9-4-5A and Z9-4-11A)
and the deeper sediments (B1HK-27 and B1HK-42). In the acidic pH range, Am concentrations
are similar to those found by Rai et al. (1981) for Z9 sediments; however, above pH 6, the
dissolved Am fraction in Z9-4-11A sediments is significantly higher, and in B1HK sediments is
significantly lower. The lower aqueous Am in the deeper B1HK sediments suggests different

controls besides solubility.

The Sl values calculated for Z9-4-5A for Am suggest that AmPOa(am, hyd) likely controls
release from these samples, just as PuPOa(am,hyd) likely controls Pu concentrations (Table 3
and 4 and Figure 6a). The large stability region for AmPQOa(am, hyd) predicted in sediments in
the presence of phosphate confirms the results for Z9-4-5A (Figure 6a). However, AmPOa(am,
hyd) is undersaturated in Z9-4-11A samples below pH 4 and significantly oversaturated above
pH 4, indicating that AmPQOa(am, hyd) does not control Am solubility in Z9-4-11A sediments.
Other unidentified phases may play a role in the release of Am from Z9-4-11A sediments (e.g.,
complexation with organic degradation products or precipitation in silica alteration products) due
to the complexity of wastes disposed to the trench. We suggest that AmPOa4(am,hyd) may be the
solubility controlling phase that was present in previous experiments by Rai et al. (1981),

although thermodynamic constants were not yet available for this species.



Because PO> was below detection limits for BIHK-42 sediments (< 0.23 mg/L), AmPQOas(am,
hyd) is unlikely to control Am concentrations and oversaturated Sl values of ~ 4.0 were
calculated. In the absence of phosphate (Figure 6b), no solubility-controlling phases are
predicted for Am, with Am concentrations likely controlled by adsorption (Figure 6).
Alternatively, there is the potential for Pua-«AmxOz2 dissolution to control release of Am in the
deeper sediments (Emerson et al. 2021; Neilson et al. 2021), as results suggest Pu release is

controlled by PuOz(am,hyd).
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Figure 6: Am stability field diagrams based on characterization of aqueous supernatants from 30-day
batch solubility experiments with Am-contaminated sediments from Z-9 Trench (sample Z9-4-11A-6BF
with 3.70 x 10 M Am and 4.07 x 10"° M POy), where blue regions represent dominant aqueous species
and yellow regions represent dominant solid phase species as labeled with (a) inclusion of phosphate and
(b) exclusion of phosphate with an overlay of pH and Eh results. In (c), batch solubility experiments with
contaminated sediments (black circles for Z9-4-5A, gray circles for Z9-4-11A, and black diamonds for
B1HK-27 and B1HK-42) with filled symbols representing dissolved species with acidification after
filtration (AF) and open symbols representing dissolved and colloidal species with acidification before
filtration (BF) for 2#Am with comparison to previous measurements for 2*Am in contaminated
sediments from the Z9 Trench bottom (Rai et al. 1981; black line with 95% confidence intervals as black

dashed lines). Note: Major constituents included from a specific sample, although predicted Pourbaix



diagrams were similar for all Am-contaminated sediments. Carbonate was excluded from this system. In
equilibrium with air, carbonate species are not dominant until pH > 10 and, therefore, are not relevant to

this research (see SM Figure S7b).



4.3.3 Impact of colloid formation on Pu and Am mobility in contaminated sediments

Significant colloidal Pu was not observed in PuOz2 solubility experiments in the absence of
sediments (Figure 4a), showing that intrinsic PuOz2 colloids were not stable. However, nearly all
sediment samples that were acidified prior to filtration had higher concentrations of Pu and Am
(open symbols showing dissolved plus colloidal Pu and Am in Figures 4 and 6, respectively)
than those which were filtered (filled symbols showing dissolved Pu and Am in Figures 4 and 6,
respectively). This was likely the result of partial dissolution of pseudo colloids (e.g., aqueous Pu
species or PuOz2 sorbed to natural colloids such as clays). While a few samples at pH > 6 fall
within the range of PuO: intrinsic colloids (Figure 4), Neck et al. (2007) suggested that PuO2
colloids were unlikely to play a role under acidic conditions. Positively charged intrinsic PuO2
colloids and/or adsorbed Pu (as well as Am) would also likely adsorb to negatively charged
natural colloids, e.g., smectite clay colloids, in the presence of sediments (Abdel-Fattah et al.

2013).

Though previous research has shown that natural colloids above pH 7 exhibit an intermediate
stability in Hanford groundwater (Czigany et al. 2005), they are unlikely to sustain stability to
the extent required for transport through the deep vadose zone to groundwater. Notably, the
B1HK samples from deeper sediments below the Z-9 Trench did not contain a significant
fraction of Pu in the colloidal size range (Figure 4c), supporting the hypothesis that Pu was not

transported to these depths as intrinsic or pseudo-colloids.

5.0 CONCLUSIONS



The solubility of various forms of PuO2 was investigated and compared with release of Pu from
sediments contaminated by disposal of acidic, high salt wastes. PuO2 solubility in the absence of
sediments was consistent with that determined for hydrous, aged PuOz: in previous work (Rai et
al. 1980), including for different PuO2 synthesis methods. However, at near-neutral pH, it took
longer to reach equilibrium for larger (>100 um) PuO: particle aggregates produced from Pu

metal, suggesting surface area may control release rates.

Release of Pu from Z-9 Trench sediments at the Hanford Site is controlled by PuO2(am,hyd) or
Pu-phosphate [PuPOas(am,hyd) or Pu(HPO4)2(am,hyd)] phases, depending on the pH and
available phosphate. Pu solubility in shallow sediments was controlled by PuOz(am,hyd), if the
concentration of phosphate was low. When sufficient phosphate was present in shallow
sediments, phases consistent with Pu phosphate were identified by high resolution TEM,
confirming the potential for phosphate to control the long-term release of Pu from these
sediments. Speciation modeling also confirmed the importance of these phases depending on the
phosphate concentration, pH, and oxidation state of Pu (Figure 7a,b). The phosphate source was
likely degradation of TBP, which was co-disposed to the Z-9 Trench. Release of Am from these
shallow sediments is also controlled primarily by AmPQOas(am, hyd), provided sufficient
phosphate, Am, and acidity is present (Figure 7c¢). The shift of shallow sediments from oxide to
phosphate controls is likely due to changes in Pu and Am speciation over time depending on pH
and available phosphate. The stability fields of solid phosphate-bearing Pu and Am phases,

respectively, extend into the acidic pH range, depending on available phosphate.

Pu and Am were initially mobile and transported to deeper sediments beneath the Z-9 Trench in
the acidic wastes. As wastes were neutralized within the soil profile, Pu was precipitated as

PuOs2. Pu release from these deeper sediments, which contain orders of magnitude less phosphate



than the shallow sediment, is thus controlled by PuOz(am,hyd) solubility. Am release behavior in
deeper sediments is more complex, and potentially controlled by desorption from sediment
minerals, dissolution from PuO: particles following 2*!Am daughter in-growth, or other
unidentified solubility-controlling phases. Above pH 6 in deeper sediments, Am solubilities
diverge from those for AmPOs(am, hyd), suggesting that temporal changes in Am speciation can
be influenced by: (i) in-growth of daughter products; (ii) interactions with breakdown products

of organics from the waste; and/or (iii) formation of complexes with carbonate in the subsurface.

No evidence was found for intrinsic Pu or Am colloids in the absence of sediment, but Pu and
Am were associated with the colloidal size fraction, likely as pseudo colloids, in shallow
sediments. However, deeper sediments from beneath the Z-9 Trench did not contain a significant
fraction of Pu in the colloidal size range, supporting previous research showing that colloids
(intrinsic or pseudocolloids) are unlikely to reach groundwater once acid from the waste is
neutralized with depth and sediments are at neutral pH (Czigany et al. 2005). Thus, colloids are
unlikely to represent a significant Pu transport vector to groundwater in Hanford site sediments,
but the potential impact of Pu transport in association with pseudocolloids may need to be

considered at other sites.

The solubility controls identified in this study can be used to explain Pu and Am historical
transport behavior and to assess the potential for future subsurface transport and remediation.
These newly identified solubility controls are likely applicable to other locations within the
Hanford Site, including the Z-1A tile field and the Z-18 crib (Owens 1981), as well as other sites
with releases of acidic waste with Pu and Am (e.g., Los Alamos, NM and Savannah River Site,

SC) (Batuk et al. 2015; Carlton et al. 1992).
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Figure 7: Predominance diagrams for (a) 1 x 10™ mol/L as Pu(IV), (b) 1 x 10™* mol/L as Pu(lll), and (c)
1 x 10 mol/L Am with variable concentrations of phosphate (as logarithm of concentration in mol/L)
based on constituents analyzed in 30-day batch equilibration of Z9-4-11A sediments (sample Z9-4-11A-
NA-BF), Note: Oxidation states were fixed in these models to highlight the importance of both +3 and +4
solid phases for Pu. Similar diagrams were predicted for other sediment samples and carbonate may play

arole at high pH (SM Figure S6).
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