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ABSTRACT

Mineral dissolution and secondary phase precipitation may control the fate of inorganic contaminants introduced
to soils and sediments during liquid waste discharges. When the solutions are aggressive enough to induce
transformation of native minerals, incorporated contaminants may be released during dissolution due to
percolation of meteoric waters. This study evaluated the release of uranium (U) from Hanford sediments that had
been previously reacted for 180 or 365 days with liquid waste solutions containing U with and without 3 mM
dissolved phosphate at pH 2 and 3. Flow-through column experiments were conducted under continuous satu-
rated flow with a simulated background porewater (BPW; pH ~7) for 22 d. Up to 5% of the total U was released
from the sediments reacted under POy-free conditions, attributable to the dissolution of becquerelite and bolt-
woodite formed during weathering. Contrastingly, negligible U was released from PO4-reacted sediments, where
meta-ankoleite was identified as the main U-mineral phase. Linear combination fits of U Li-edge EXAFS spectra
of sediments before and after BPW leaching and thermodynamic calculations suggest that the formed becquer-
elite and meta-ankoleite transformed into schoepite and a phosphuranylite-type phase, respectively. These re-
sults demonstrate the stabilization of U as recalcitrant uranyl minerals formed in sediments and highlight the key
role of PO, in U release at contaminated sites.

1. Introduction

contamination in the soil profile (DOE, 2010). These Cribs received
approximately 378 * 10 and 150 * 10° m® of U contaminated waste,

Nuclear weapons production activities between the 1940’s and
1980's at the Hanford Site (WA, USA) left a legacy of high-level radio-
active and non-radioactive waste in subsurface sediments that continues
to pose high health risks to humans and ecosystems. Facilities in the 200
Hanford Area were employed to reprocess uranium (U) and plutonium
(Pu) from irradiated fuel rods (Zachara et al., 2007) and about 1.7
billion m® of liquid waste were discharged to the vadose and saturated
zones in this area (CH2M HILL, 2006; 2010). Engineered surface “Crib”
structures located in the 200 Hanford Area received hazardous and
radioactive waste between 1952 and 1988. Soil characterization in the
vadose zone beneath the 216-U-8 and 216-U-12 Cribs revealed U

respectively. The U(VI) geochemical behavior in the vadose zone
beneath these Cribs has been postulated to be controlled by sediment
composition, waste-water composition during the active years, and pore
water composition after cessation of waste disposal (Zachara et al.,
2007). The original chemical composition and pH of the wastewater
discarded in the 216-U-8 and 216-U-12 Cribs is unknown, but estimated
compositions, including proton activity, have been inferred based on the
Hanford soil inventory model (Corbin et al., 2005; CH2MHILL, 2006),
suggesting that the Cribs principally received acidic (pH 2-3) waste
solutions.

Uranium wastes in the vadose zone at the 200 Hanford Area have
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been investigated by subsurface sampling and microscale investigations
(Catalano et al., 2004; Christensen et al., 2004; McKinley et al., 2007;
Um et al., 2009). Precipitation and characterization of uranyl (UO%+)
solid phases using acidic waste simulating the estimated chemical
composition discharged at the Hanford site have been previously con-
ducted to study the U(VI) partitioning and mineral transformations that
may have occurred during the disposal of high-level radioactive and
non-radioactive waste (Kanematsu et al., 2014; Mehta et al., 2014, 2015;
Gartman et al., 2015; Wang et al., 2017; Perdrial et al., 2018). Homo-
geneous nucleation experiments using synthetic acidic to circumneutral
waste solutions spiked with dissolved silica (as expected from silicate
dissolution reactions) revealed the formation of compreignacite
[K2(UOZ)604(OH)6'7 Hzo] and boltwoodite [K(U02)204(HSIO4)2'05
H,0] and, in presence of phosphate, meta-ankoleite [K(UO3)(PO4)+4
H50] (Kanematsu et al., 2014). These U-mineral phases, together with
becquerelite [Ca(UO3)6 04(OH)s+8 Hy0], were also detected after
acidic weathering of uncontaminated Hanford sediments using batch
reactors or flow-through columns (Mehta et al., 2014; Gartman et al.,
2015; Pan et al., 2016; Perdrial et al., 2018). Nevertheless, the
contemporary geochemical processes governing the transformation and
transport of U(VI) in the 200 Hanford Area sediments impacted by acidic
waste solutions are not well understood.

The present study aimed to evaluate the release of U(VI) from acidic
waste weathered Hanford sediments. Leaching experiments were con-
ducted in a flow-through column set-up at a continuous, uniform flow
using a simulated circumneutral Hanford background porewater (BPW)
solution representing the infusion of meteoric waters. These flow-
through column experiments were carried out using Hanford sedi-
ments that had previously been weathered in the laboratory for 180 and
365 d with acidic U(VI)-containing solutions at pH 2 and 3 to simulate
the acidic high-level radioactive waste discharged into the 216-U-8 and
216-U-12 Cribs during active periods at the Hanford site. Results on
effluent porewater were then used in combination with data from
sequential chemical extractions, thermodynamic modeling, and
extended X-ray absorption fine structure (EXAFS) spectroscopy of the
materials before and after leaching to assess the impact of U(VI) solid
phase speciation on the subsequent U release from the sediments. The
results provide information on the potential fate of U(VI) released to the
vadose zone beneath the 216-U-8 and 216-U-12 Cribs (within the
experimental conditions constraints). Although the precise composition
of the liquid waste introduced to the Cribs is subject to uncertainty,
available data from Corbin et al. (2005) was used to design a range of
liquid waste conditions that will allow to improve our understanding on
geochemical controls over U transport and enhance remediation effi-
ciency at the Hanford Site.

2. Material and methods
2.1. Acidic waste weathered sediments

Acidic waste-weathered sediments were generated by reacting un-
contaminated Hanford sediments with acidic U(VI)-containing synthetic
waste solutions simulating those disposed in the 216-U-8 and 216-U-12
Cribs at the 200 Hanford Area (Perdrial et al., 2018). Detailed descrip-
tion of the experimental parameters is found in Perdrial et al. (2018).
Although the chemical composition of the different types of waste dis-
charged into the Cribs was not reported precisely during activity, it has
been simulated by the Hanford Soil Inventory Model (SIM) (Corbin
et al., 2005). The SIM identified three distinct solution compositions
representative of the main waste streams: spent nitric acid (SNA), dilute
and concentrated uranium nitrate hexahydrate (UNH), and mixed so-
lutions. The pH of the streams is not known, but the largest volume of
waste was composed of UNH and SNA, thus it is expected to be highly
acidic, yet somewhat neutralized by the mixed solutions. Moreover, the
SIM data suggest 2.8 mM PO, in the UNH streams, whereas none is
predicted for SNA. Therefore, pH values of 2 and 3 and phosphate
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concentration values of 0 and 3 mM were chosen to assess the effects of
these parameters during sediment-waste weathering reactions (Perdrial
et al., 2018).

Uncontaminated Hanford sediments collected at the 218-E-12B
Burial Ground excavation site (Riley and Zachara, 1992) were reacted
at a solid to solution ratio (by mass) of 1:50 with simulated waste so-
lutions of the following composition (all in millimolal units): 100 K",
0.75Na*, 2.00 CI', 100 NO3, 0.86 U, and 0.0 or 3.0 POS at pH 2 or 3. The
pH was adjusted at the beginning of the experiment using concentrated
HNO; and monitored through the reaction period with a gel-filled
electrode to avoid contamination from the KCl filling solution (VWR
sympHony). After 180 and 365 d, the acidic waste-weathered Hanford
sediments were washed twice in 90% ethanol, once in a 30/70 (w/w)
ethanol/water mix, and once with 100% ultrapure (18 MQ-cm) water.
These three liquid washes enabled full removal of entrained solution
while minimizing the need for prolonged contact with aggressive (i.e.,
low ionic strength) water prior to the dissolution experiments. Washed
weathered sediments were subsequently freeze-dried (< 133 x107°
mbar), homogenized and stored at room temperature (as described in
Thompson et al., 2010).

Bulk acidic waste-weathered sediments were used in the sequential
chemical extractions and the flow-through column dissolution experi-
ments, whereas isolated subsamples of the sediment fine fraction were
used for detailed post-reaction investigations. For the fine fraction sep-
aration, bulk sediments (ca. 300 mg) were suspended in ethanol fol-
lowed by sonication for 8 min. Particles remaining in suspension 2 min
after sonication were aspirated by pipette and dried at 25 °C for 12 h.
The residual bulk material with fine fraction removed was discarded.
This method was selected over the classical separation by centrifugation
to reduce the reaction time in an aqueous liquid phase and isolate more
than 90% of the particles with <50 ym in equivalent spherical diameter,
as shown by Perdrial et al. (2011, 2014).

2.2. Sequential Chemical Extractions

Bulk acidic waste-weathered sediments (1.0 g, freeze-dried) were
subjected to a four-step sequential extraction (SE) scheme (Table 1;
adapted from McKeague and Day, 1966; Begin and Fortin, 2003; Dold,

Table 1

Sequential extraction procedure (including mass ratio, extraction pH and tem-
perature, shaking time) applied to the bulk acid-waste weathered Hanford
sediments used in this work and the corresponding targeted phase pools. Each
extraction step (except for step 1) was followed by a rinse with ultrapure water
(18.2 MQ-cm) for 20 min with a 1:20 solid to solution mass ratio at room
temperature (RT). The procedure was adapted from McKeague and Day, 1966;
Begin and Fortin, 2003; Dold, 2003; Zhou and Gu, 2005; and Chorover et al.,
2008.

Step extraction Procedure

1 Water (targeting readily solubilized forms) Nanopure water 18.2
MQ-cm
Adjust pH to 7.0
1:40 g/g
Shake for 1 h at RT
2 Bicarbonate solution (targeting adsorbed Uand 1 M NaHCO3
uranyl phosphate, oxyhydroxide, silicate, and Adjust pH to 8.6
sulfate minerals) 1:20 g/g

Shake for 7 d at RT

0.2 M (NH.)5C204-H20
Adjust pH to 3 with 0.2 M
oxalic acid

1:40 g/g

Shake for 4 h at RT in
darkness

3 Acidic ammonium oxalate (targeting poorly
crystalline Al and Fe oxides)

Microwave assisted acid
digestion

1:3 molar ratio of HCl/
HNO3;

EPA METHOD 3050B

4 Nitric acid digestion (targeting recalcitrant U
and P minerals)
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2003; Zhou and Gu, 2005; and Chorover et al., 2008). This SE scheme
resulted in five chemically distinct U pools targeting the water-soluble U
and P species (step 1), bicarbonate soluble phosphates, silicates and
(oxy)hydroxides (step 2), oxalate extractable poorly crystalline Al and
Fe oxides (step 3), and acid soluble minerals (step 4). The residual
fraction represents mainly crystalline silicates. Each extraction step
(except for step 1) was followed by a wash with ultrapure water (18.2
MQ-cm) for 20 min at 1:20 solid to solution mass ratio at room tem-
perature. Extractions and rinses were shaken at 100 rpm followed by
centrifugation at 18,500 relative centrifugal force (RCF) for 20 min and
filtered through a 0.2 pm acid washed cellulose acetate membranes. The
rinses were combined with the corresponding extraction supernatant
solutions and the remaining solids were subjected to further extraction.
Extractions were performed in triplicate. Furthermore, sediment-free
controls (‘blanks”) were carried out in triplicate in parallel to the sedi-
ment samples. Concentrations detected from the blanks were subtracted
from the sediment samples at each extraction step.

Supernatant solutions from the sequential extractions were analyzed
for U, P, Si, Fe, Al, Mn, Mg, K, Ca by inductively coupled plasma mass
spectrometry (Perkin Elmer Elan DRC II ICP-MS Waltham, MA) (details
in Section 2.4 and the SI). Element concentrations were used to calculate
the extracted fraction at each step and compared to the initial total
element concentrations measured by XRF (details in Section 2.4 and the
SI). Uncertainties associated with the XRF measurements and the
sequential chemical extraction procedure may have resulted in small
discrepancies in the total element concentrations, thus leading in some
cases to slightly higher (overestimation) or lower (underestimation)
than 100% on the total extracted fractions but all were within an
acceptable +2-5%.

2.3. Flow-through column experiments

Duplicate polypropylene columns of 2.0 cm® total volume (3.2 em
length, 0.9 cm diameter) were packed with freeze-dried acidic waste-
weathered sediments to an average bulk density (pp) of 1.4 g cm™>
and stored in the dark until experiments were performed. Polytetra-
fluoroethylene (PTFE) frits (of 20 pm pore size) were placed at the
bottom and top of the column. A 13 mm diameter hydrophilic filter with
a pore size of 0.45 um (GHP, Life Sciences) was placed at the outlet of the
column to avoid the loss of fine silt and clay particles. The porosity was
determined as 1 — (pp / ps) using an assumed particle density (p;) of 2.65
g cm?®,

Column influent solution consisted of a synthetic background pore-
water (BPW) solution characteristic of the Hanford site (Thompson
et al., 2010). Final solution millimolality (mmol kg’l) was: 3.7 Na™t, 0.3
K*, 2.7 ca®*, 1.0 Mg®*, 1.0 C03%, 1.7 SO, 7.9 CI" at pH 7.2. The pH was
adjusted at the beginning of the experiment using concentrated HNO3.
The BPW solution was delivered to the columns using PTFE and poly-
vinyl chloride tubing and a peristaltic pump (Masterflex L/S) at a con-
stant flow of 0.05 mL min~?, corresponding to a linear velocity of 0.099
em min~! (full system set-up shown in Fig. S1, Supplemental Informa-
tion). Upward solution flux through the columns was utilized to
diminish preferential flow. Effluent solutions were collected with a
fraction collector (Lambda Omnicoll, Lambda Laboratories Instruments,
Zurich, Switzerland) with samples collected for every 25-pore volumes
(PV, ca. 0.8 mL/PV) for the first 500 PV (400 min/sample), and there-
after for every 50 PV (800 min/sample) to a total of ca. 2000 PV, i.e., ca.
22 d total collection time. A total of 50 samples (ca. 1600 mL) were
collected for each replicate column. Solution samples were then sealed
in polypropylene bottles and refrigerated at 4 °C prior to analysis.
Selected samples spread over the course of the experiment were
analyzed for pH, dissolved carbonate, anions and metal(loid)s (details in
Section 2.4 and the SI). At the end of the leaching period, the residual
pore solution was extracted by air displacement and included in the last
effluent sample. Effluent volumes were mathematically corrected for
any evaporative loss that may have occurred during leaching.
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Undisturbed columns were freeze-dried and stored prior to solid phase
characterization.

2.4. Solid phase and effluent characterization

Solid phase characterizations were performed on ground bulk and
fine fraction sediments before (i.e., after acidic-waste weathering) and
after the BPW leaching experiments to identify uranyl-mineral phases
and elucidate their transformation. Total element concentrations were
determined in bulk sediments before (unreacted) and after acidic waste
weathering by X-ray fluorescence (XRF). Uranium solid phase speciation
in the fine fractions of acidic waste-weathered sediments before and
after BPW leaching was determined by linear combination fits (LCF) of U
Lyr-edge extended X-ray absorption fine structure (EXAFS) spectra
collected at the Stanford Synchrotron Radiation Lightsource (SSRL). Full
details of analytical procedures and data treatment are given in the
Supplemental Information.

Effluent solutions were monitored throughout the flow-through
column experiments. The pH values were measured using a gel-filled
electrode to avoid contamination from the KCl filling solution (VWR
sympHony). Aqueous phase concentrations of total inorganic carbon
(TIC) were measured using a Shimadzu TOC-VCSH analyzer (Columbia,
MD), anions (CI, NOs3, S07%, and PO3) were measured by ion chroma-
tography (Dionex DX600, Sunnyvale, CA), and metal(loid)s, including
U, Ca, K, Fe, Al, Na, Mg, and Si were measured by ICP-MS. Rhodium (Rh)
was added as an internal standard for all ICP-MS analyses, and quality
assurance and control protocols were applied during analysis run (de-
tails in the Supplemental Information). Results from the column ex-
periments were reported as duplicate means and variance was
quantified as 95% confident interval. Therefore, symbols for concen-
tration wherein error bars do not overlap indicate statistically signifi-
cant differences at the a = 0.05 level.

2.5. Thermodynamic modeling

Uranyl aqueous speciation and mineral saturation indices of effluent
solutions from the flow-through column experiments were calculated
based on measured pH, TIC, anions, cations and metal(loid)s using
Geochemist’s Workbench (GWB; Version 10, Aqueous Solutions LLC).
The GWB default thermodynamic database (thermo.com.v8.r6) was
supplemented with internally consistent thermodynamic data for uranyl
minerals (i.e., uranyl oxyhydroxide, phosphate, and silicate phases)
obtained from the literature (Gorman-Lewis, et al., 2008, 2009; Juillerat
et al., 2018; Kanematsu et al., 2014; Reinoso-Maset et al., 2017, 2020).
To the authors’ knowledge, there are no published experimental solu-
bility constants for the phosphuranylite species [KCa(H30)3(UO3)7(-
P0O4)404:8 Hy0], which was identified as a reaction product
contributing to the LCFs to several EXAFS spectra following our column
experiments. Juillerat et al. (2018) reported a Gibbs free energy of for-
mation of —6685 KJ mol ! for K4[(UO5)305(P0O4)5], a member of the
phosphuranylite group (Lussier et al., 2016), estimated using single-ion
additive methods coupled with volume-based thermodynamics. We
need to emphasize that the phosphuranylite phase identified with
EXAFS in our reacted sediments is different from K4[(UO3)305(P0O4)5]
used by Juillerat et al. (2018), because it contains a mixture of K and Ca
along with structural H,O. Therefore, our calculated solubility product
(log Ksp = —32.51) for K4[(UO32)302(PO4),] based on the reported value
for the Gibbs free energy of formation is likely not accurate for our
identified phase but nonetheless provides a rough estimate of solubility
for members of the phosphuranylite mineral group. Due to the presence
of sulfate in the input solution, Mg-zippeite [Mga(UO2)e(-
S04)3(0OH)10-H,0], a uranyl sulfate mineral phase, was also included in
the database. The main uranyl mineral phases considered in the calcu-
lations are listed in Table S2 in SIL.

Saturation indices of effluent solutions with respect to relevant
minerals (log Q) were calculated to examine potential mineral solubility
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controls on solute behavior over the course of the experiments. The log
of the saturation index (log ) describes quantitatively the relative
saturation of an aqueous solution with respect to equilibrium with a
solid phase:

log Q = log (IAP/Ksp) (D

where the ion activity product (IAP) is the reaction quotient that in-
cludes all measured species activities involved in the mineral dissolution
reaction except for solvent water and solids (which are assigned unit
activity), and Kso is the thermodynamic mineral solubility product
constant. For log Q2 above (below) zero, the system is oversaturated
(undersaturated) with respect to a specific mineral.

3. Results
3.1. Uranium speciation in acidic waste-weathered sediments

The total U and P concentrations measured by XRF showed a sig-
nificant concentration increase in the acidic waste-weathered Hanford
sediments compared to the bulk unreacted materials (Table S1, Sup-
plemental Information; pH 3: Perdrial et al., 2018; pH 2: this study). The
presence of POy in the weathering waste solution at pH 2 or 3 (hereafter
referred to as “+PO,4” systems) resulted in higher P concentration in the
sediments than PO4-reactant free waste weathering (hereafter referred
to as “-PO4” systems). The reaction time (180 vs. 365 d) however did not
clearly affect the total concentrations under either weathering condi-
tions. After weathering, 20-100% of U in the simulated waste solution
was incorporated into the solid phase (Perdrial et al., 2018).

Analysis of the U Ly-edge EXAFS spectra by LCF indicated that the
solid phase U speciation in acidic waste-weathered sediments was
strongly dependent on the dissolved phosphate concentration and to a
lesser extent on the pH and reaction time (Fig. 4 and S7 and Table S3;
Perdrial et al., 2018 and this study). In the -PO4 sediment systems at pH
2, boltwoodite (180 d: 56%, 365 d: 51%), meta-ankoleite (180 d: 51%,
365 d: 55%), and becquerelite (180 d: 21%, 365 d: 18%) were identified
as the main uranyl minerals. Compreignacite (180 d: 55%), becquerelite
(180 d: 21%), and boltwoodite (180 d: 16%) were detected in the pH 3
systems after 180 d, whereas only compreignacite (65%) and boltwoo-
dite (47%) were detected after 365 d. In the +PO4 systems at pH 2,
meta-ankoleite (180 d: 45%; 365 d: 66%) and boltwoodite (180 d: 43%;
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365 d: 49%) were the major phases with a smaller becquerelite (180 d:
21%; 365 d: 13%) contribution. At pH 3, boltwoodite (180 d: 13%; 365
d: 14%) and becquerelite (180 d: 27%; 365 d: 16%) and compreignacite
(only at 365 d: 33%) showed similar contribution to the LCF fit, whereas
meta-ankoleite was the main phase (180 d: 69%; 365 d: 52%).

Sequential chemical extractions performed on the acidic waste-
weathered sediments showed that the largest U mass fractions were
extracted with NaHCOs5 (targeting U-bearing minerals). In the +PO4
systems, bicarbonate solution extracted 100% and 97% of the U present
in the 180 d and 365 d pH 2 weathered sediments, respectively (Fig. 1A),
whereas the corresponding percentage of bicarbonate extractable U
from pH 3 weathered sediments was 99% and 103% (Fig. 1D). In the
-PO, sediment systems, bicarbonate extracted lower fractions of U, i.e.,
68% and 91% (pH 2; Fig. 1A) and 75% and 95% (pH 3; Fig. 1D) for 180
and 365 d, respectively.

In the +PO, systems at pH 2 reacted for 180 and 365 d, most of the P
was extracted by bicarbonate solution (57-59%), and to a lesser extent
by oxalate (27-33%), nitric acid (7.6-7.7%) and water (4.4-4.5%)
(Fig. 1B). For the +POy4 systems at pH 3, a higher fraction of P was
extractable with bicarbonate (68%), followed by the acid soluble
(6-15%), oxalate extractable (10-13%), and water soluble (5-7%)
fractions (Fig. 1E). In the -PO4 systems, extractable bicarbonate fractions
for the 180- and 365-d weathered sediments were, respectively, 40%
and 28% (pH 2) and 3.4% and 0.75% (pH 3). In all weathered sediments,
Si was dominantly associated with the residual pool (Fig. 1C and F).
Corresponding sequential extraction data for Fe, Al, Mn, Mg, K, and Ca
are presented in Fig. S2 (Supplemental Information). Overall, the largest
fractions of Fe, Al, Mg, and Ca were associated with the oxalate
extractable and residual pools. In contrast, most Mn was released during
the nitric acid extraction (Figs. S2C and S2I), and K was dominantly in
the residual pool (Figs. S2E and S2K). Extractable average concentra-
tions (in mmol kg™!) for U and major elements in the bulk acidic waste-
weathered Hanford sediments for all systems and the corresponding
stoichiometric element ratios can be found in Tables S4-S5 and Table S6
(Supplemental Information), respectively.

3.2. Flow-through column experiments
Flow-through leaching of acidic waste-weathered sediments showed

that the effluent solution pH in the +PO4 systems (pH 2) during the first
800 pore volumes (PV) remained considerably lower (ranging from 3.6

o
o

- Water Soluble
FO,=3 mM, 365 Bicarbonate extraction
Amorphous Minerals
Acid Soluble
A po,-3mM, 180d [ Residual
PO,=0:mM, 180d -
00 04 0860 8 100 0 20 40 60 80 100 00 02 04 06 80 90
U (%) P (%) Si (%)
N
m PO, =3 mM, 180d
o
PO, =0 mM, 365d
PO, =0 mM, 180d

0. 8 60
U (%)

0.0 02 04 06 80 90
(%) Si (%)

-
o

0

Fig. 1. Uranium (A, D), P (B, E), and Si (C, F) extractability patterns for PO,-reactant (+PO,) and PO,-reactant free (-PO,) acidic waste-weathered Hanford sed-
iments reacted at pH 2 or 3 for 180 or 365 days. Note that the x-axes represent the fraction (as %) of total element concentration measured in weathered sediments
(Table S1) and that U and Si x-axes are broken for clarity of smaller fractions. Data in D, E, and F have been reproduced from Perdrial et al. (2018).



A. Vazquez-Ortega et al.

to 6.3) than that of the influent solution (pH 7.2) (Fig. 2A). Even at
steady state U release (800-1200 PV), the effluent solution pH was ca.
6.5. In the -POy4 systems (pH 2), effluent pH approached the influent pH
more rapidly in the first 800 PV. Between 200 and 1000 PV (pH 2 sys-
tems), effluent pH was significantly lower in the +PO4 than in the -PO4
systems (95% confident interval). In all systems at pH 3 (except for
+POy4, 180 d), effluent pH was ca. 1 unit higher than that of the influent
solution for the first 600 PV (Fig. 2G). After ca. 800 PV, effluent pH
decreased 1 unit relative to the influent solution, except for the 4+POy,
365 d system that remained at pH ~8 (Fig. 2G). Among the pH 3 sys-
tems, effluent pH in the +POy, 365 d sediments remained distinctly
higher than input solution from 800 to 2200 PV. The influent solution
contained about 42 uM of HCO3; however, on average, pH 2 weathered
sediments in both +PO4 and -PO4 systems resulted in lower total car-
bonate concentrations (i.e., the molar sum of aqueous H,CO3 and HCO3
species) in the effluent solutions during the first 400 PV (Fig. 2B). For pH
3 systems, effluent carbonate concentrations were slightly lower than in
the influent solution but with large variability (Fig. 2H).

In all +POy4 systems, negligible U was released, irrespective of
weathering pH and time (Fig. 2C-I and Figs. S3B and S3F [Supplemental
Information]). In contrast, the -PO4 systems weathered at pH 2 and 3 for
180 and 365 d released 4-5% of the initial U by the end of the leaching
experiment (Figs. S3B and S3F). Phosphorus released from the +PO4
systems ranged from 15% to 25% (pH 2) to ca. 5% (pH 3), whereas in the
-PO, systems, P release ranged from ca. 5% (pH 2) to non-detectable (pH
3), irrespective of weathering time (Fig. 2D-J and Fig. S3 [Supplemental
Information]). In both pH 2 and pH 3 systems, P release was significantly
higher in the +POy4 than in the -PO4 systems before 1200 PV. Silicon
release followed similar trends in all systems, with high concentration in
the initial leaching stage followed by a decrease with time (Fig. 2E and
K). Aluminum mobilization among all treatments was low except for the
first PV at pH 2 (Fig. 2F and L).

Evolution of effluent concentrations for major cations, Fe and SO4
are shown in Fig. S4 (Supplemental Information). In the pH 2 systems
(+PO4 and -POy), significant amounts of Na were consistently released
from the sediments for the whole duration of the flow-through column
experiments (Fig. S4A). In contrast, in the pH 3 systems (+4PO4 and
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-PO4), Na concentrations were not significantly different from that of the
influent solution (Fig. S4G). High K concentrations were released from
both +PO4 and -PO4 systems during the first 50 PV irrespective of
weathering pH (Fig. S4B and S4H). Conversely, Ca and Mg from the
influent solutions were immobilized in the sediments during the same
initial 50 PV period (Figs. S4C, S4D, S41 and S4J). In the pH 2, +POy,
180 d systems, calculated moles of K* charge released from the sedi-
ments during the first 50 PV (ca. 2200 umol,.), were similar to the sum of
retained charge for Mg and Ca (ca. 2500 pmol.). Similar results were
observed for the other systems, consistent with K*->Mg?* and K*—Ca’*
exchange reactions. Whereas sulfate release did not appear to be
affected by the presence or absence of PO, in the acidic waste weath-
ering solutions, they were affected by pH; net sulfate release was
observed from the pH 2 weathered sediments, but not from pH 3 sys-
tems, where effluent sulfate concentrations dropped substantially below
the influent solution value after 800 PV (Fig. S4F and S4L).

LCFs of the U Lyj-edge EXAFS spectra obtained after the BPW flow-
through column experiments indicated in the -PO4 sediment systems
at pH 2 the presence of phosphuranylite (365 d: 68%), boltwoodite (365
d: 27%), and meta-ankoleite (365 d: 17%). Boltwoodite (365 d: 41%),
phosphuranylite (365 d: 35%), and becquerelite (180 d: 24%) were
detected in the pH 3 systems. In the +PO4 systems at pH 2, meta-
ankoleite (365 d: 55%) and boltwoodite (365 d: 30%) were the major
phases with smaller becquerelite (365 d: 15%) and schoepite (365 d:
15%) contributions. At pH 3, schoepite (365 d: 23%), meta-ankoleite
(365 d: 21%) and boltwoodite (365 d: 19%) showed similar contribu-
tion to the LCF fit, whereas meta-ankoleite was the main phase (365 d:
40%).

3.3. Equilibrium speciation modeling

For the pH 2, -POy4 systems, effluent solutions were near saturation
with respect to meta-ankoleite and autunite [Ca(UO3)3(PO4)5] (Fig. 3A
and B). However, in the pH 3, -PO4 systems, the log Q values for autunite
were supersaturated after 800 PV (Fig. 3C and D). Effluent solutions in
the pH 3 and 180 d, +PO4 systems were slightly oversaturated with
respect to autunite (Fig. 3G), but near equilibrium with meta-ankoleite.
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Fig. 2. Evolution (in pore volumes) of effluent solution chemistry (pH — A, G; total dissolved carbonate — B, H; Si — E, K; Al - F, L) and remaining U and P content (as
the cumulative release from initial concentration; C, I and D, J, respectively) of acidic waste-weathered Hanford sediments (PO,-reactant and PO,-reactant free
systems at pH 2 or 3, after 180 or 365 days) leached in flow-through columns with a background porewater (BPW) solution (pH 7.2). Error bars represent 95%
confident interval. Solid lines (without symbols) indicate influent concentrations in BPW.
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phosphuranylite group.

Solutions were not supersaturated with respect to either of these two
phases in the pH 2, +P04 systems (Fig. 3E and F). The effluent solutions
from all pH 2 systems were slightly undersaturated with respect to
uranyl silicate minerals (boltwoodite and Na-boltwoodite) but presented
a greater solution phase undersaturation for uranyl (oxy)hydroxide
minerals (compreignacite, Na-compreignacite, and becquerelite), an
effect that was amplified for sediments weathered in the presence of PO4
(Fig. 3A-B, E-F). The -PO4 sediments (pH 2 and 3) produced effluent
solutions that were supersaturated with respect to Mg-zippeite after 200
PV (Fig. 3A-B), and near saturation with respect to all uranyl phosphate,
(oxy)hydroxide and silicate minerals during the first 800 PV, followed
by undersaturation for the remaining length of the experiment.

Effluent solutions were generally undersaturated with respect to
K4[(UO2)302(PO4)2], a K-bearing endmember of the phosphuranylite
group (Fig. 3; numerical values given in Tables S7-S14, Supplemental
Information). Exceptions were observed during the first 30 pore volumes
in -PO4 systems at pH 3 (180 d and 365 d). Importantly, this member has
a different stoichiometry than the Ca-bearing phosphuranylite phase
identified in the flow-through sediments by EXAFS (KCa
(H30)3(U05)7(PO4)404+8 Hy0). In addition to the presence of Ca, the
EXAFS reference has a UO5 to PO4 ratio of 3.5-2 in addition to 8 moles of
structural water and 3 moles of H30; whereas, K4[(UO3)304(PO4)5] has
a UO, to POy ratio of 3-2 and is anhydrous. The EXAFS results and our
prior study of uranyl phosphate alteration and dissolution (Reinoso--
Maset et al., 2020) suggest that the phosphuranylite member formed in
the flow-through experiments contains both K and Ca between
uranyl-phosphate structural layers, which is also consistent with the
much higher Ca relative to K concentration in column effluents (Fig. S4).

In -PO4 systems at pH 2, aqueous speciation calculations indicate
that uranyl cation UO%" and UO,0H" were the dominant species in
effluent solutions of all systems during the first 400 PV, followed by a
significant, gradual increase in predominance of CasUO5(COs3)s,
UOZ(Cos)%', and CaUOz(COS)g' (Fig. S5, Supplemental Information). In
-PO,4 systems at pH 3, (UO3)2CO3 (OH)3 was the predicted dominant
species (Fig. S5, Supplemental Information).

4. Discussion

4.1. Role of phosphate on U retention in acidic waste-weathered
sediments

It is known that dissolved phosphate was a periodic component of

acidic U-bearing waste discharged into the vadose zone at the Hanford
site, but the precise concentration and frequency of its presence are
poorly known. The results of this study indicate that the presence of
dissolved phosphate as a waste component impacted the speciation of U
incorporated into the sediments. Specifically, in the presence of phos-
phate (i.e., +PO4 systems), a large fraction of waste-derived U precipi-
tated as meta-ankoleite at both pH 2 and 3 (Fig. 4; Perdrial et al., 2018).
Meta-ankoleite also formed in the absence of added phosphate (i.e., -PO4
systems), but only under pH 2 conditions (Fig. 4). This pH effect in -PO4
systems can be attributed to the positive impact of proton concentration
on the dissolution of native PO4-bearing minerals (e.g., apatite) in the
Hanford sediments. The more acidic conditions (pH 2) might have
promoted a greater release of phosphate, promoting the formation of
meta-ankoleite by precipitation with uranyl cations present in the
weathering solution. Conversely, the pH 3, -PO4 weathering reaction
provided insufficient phosphate to promote meta-ankoleite precipita-
tion and thus the formation of compreignacite, a non-PO4-bearing
phase, was favored (Fig. 4). Additionally, proton-promoted dissolution
of native silicates resulted in the formation of Si-bearing phases such as
boltwoodite in all treatments, but with a greater prevalence in the pH 2
systems (Fig. 4, Perdrial et al., 2018). No major differences in the main
mineral components were observed due to the weathering time, with
exception of becquerelite, which had higher prevalence at 185 d than
after 365 d (Fig. 4), suggesting an apparent meta-stable precipitate.
Overall, the presence of PO4 in the weathering solution resulted in a
higher retention in the form of uranyl phosphate minerals.

4.2. Effect of solid phase speciation on subsequent U release

The primary purpose of this study was to determine the impact of
variable weathering conditions on the subsequent lability and release of
U retained in acidic waste-weathered sediments during leaching with a
BPW solution. Although the extractability (Fig. 1) and solid phase
speciation (Fig. 4) of U varied significantly between weathering treat-
ments, the total U incorporated in neoformed phases remained un-
changed. This allowed to assess the impact of the initial U solid phase
speciation (i.e., post-weathering) on (1) the extent of U solubilization
and release from the weathered sediments (Figs. 2) and (2) the trans-
formation of U-bearing minerals as promoted by leaching with BPW
(Fig. 4B). These two processes are inextricably linked because mineral
transformations are known to exert a strong control on U release during
BPW infusion (Reinoso-Maset et al., 2017, 2020).
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Solid phases controlling U release in the -PO, systems were strongly
dependent on pH. After BPW leaching, the boltwoodite-like, becquer-
elite-like, and meta-ankoleite-like phases decreased in the pH 2, -POy,
365 d weathered sediments, but a phosphuranylite-like phase appeared
(Fig. 4B). This system also released the largest mass of U among the four
365 d treatments (Fig. 2C). However, it is noteworthy that most of the
mass loss of U occurred during the first 80 PV of BPW leaching (Fig. 2C),
when effluent solutions were most undersaturated with respect to
boltwoodite and becquerelite, whereas solutions were near equilibrium
with meta-ankoleite (Fig. 3B). Hence, boltwoodite and becquerelite
dissolution was greatest early in the experiment, favoring the release of
associated U into the effluent.

Leaching of the pH 3, -POy4, 365 d weathered sediments was initiated
with a similar mass fraction of boltwoodite as in the pH 2 systems but
these sediments contained ca. half of the U in a compreignacite-like
phase instead of meta-ankoleite and becquerelite (Fig. 4B). Effluent
solutions from this system never achieved undersaturation with respect
to boltwoodite (Fig. 3D), which is consistent with the very small varia-
tion observed in the EXAFS LCF for this phase (Fig. 4B). Solutions were
undersaturated with respect to compreignacite, particularly during the
first 200 PV (Fig. 3D). Compreignacite-like phases were not detectable at
the end of the experiment and had been largely replaced with bec-
querelite- and phosphuranylite-like minerals (Fig. 4B). These results
suggest that the low U release at an early stage was due to incongruent
dissolution of the uranyl oxyhydroxides such as compreignacite (Rein-
oso-Maset et al., 2017) and the subsequent, rather rapid transformation
to, or precipitation of, a phosphuranylite-type phase (Kanematsu et al.,
2014) due to the release of the PO, present in unreacted Hanford sedi-
ments (Table S1).

With the inclusion of phosphate in the waste weathering solution
(+PO4 systems), meta-ankoleite became an important component of the
initial U speciation in the sediments. The pH 2, +P0O4, 365 d sediments
showed a significant loss of U from boltwoodite-like phases, as reflected
by the EXAFS LCFs before and after leaching (Fig. 4B) and the under-
saturation of the effluent solution with respect to this phase (Fig. 3E-F).
Conversely, despite undersaturation with respect to becquerelite
(Fig. 3E-F), the relative fraction of this phase remained unchanged
during the BPW infusion for 2000 PV (Fig. 4B). Effluent solutions
remained near equilibrium saturation with respect to meta-ankoleite
(Fig. 3E-F) thus little to no reduction in the relative fraction of meta-

ankoleite-like phases was observed after leaching (Fig. 4B); whereas
the increase of schoepite-like U phases (Fig. 4B) is consistent with the
effluent BPW approaching equilibrium conditions for that specific phase
(Fig. 3E-F).

For the pH 3 systems, compreignacite was an important component
of U speciation that was removed during leaching (Fig. 4B), consistent
with the large undersaturation of effluent BPW with respect to this phase
(Fig. 3H). Effluent solutions from these systems were also slightly un-
dersaturated with respect to meta-ankoleite (Fig. 3H), likely decreasing
the fraction of that component in the LCFs of post-reaction sediment
spectra (Fig. 4B). However, two factors appear to have limited the
release of U from these columns (as reflected in the non-detectable
change in solid phase U; Fig. 2I). First, the leaching solutions
remained near equilibrium or slightly supersaturated with respect to
boltwoodite, which maintained the stability of that phase during the
leaching experiments. Second, the formation of schoepite-like and
phosphuranylite-like phases that incorporated U released by the disso-
lution (or conversion) of compreignacite and meta-ankoleite. Kane-
matsu et al. (2014) observed the transformation of meta-ankoleite to a
phosphuranylite-type phase due to Ca substitution in the mineral
structure. Initial uptake in Ca by the sediments is consistent with this
effect (Fig. S41).

Our EXAFS LCF results indicated the neoformation of a
phosphuranylite-like phase (ideal stoichiometry KCa(Hs0)3(UO3)7(-
PO4)404+8 Hy0). However, the calculated saturation indices for the
phosphuranylite-group member K4[(UO3)305(PO4),] indicated that
most effluent solutions were undersaturated with respect to this mineral.
This discrepancy can be attributed to differences in UO, to PO, ratio,
structural water, and Ca content. For instance, the identified EXAFS
mineral most likely contains interlayer Ca and K, whereas, the reported
uranyl-phosphate species in Juillerat et al. (2018) contains only K.
Comparison of solubilities among uranyl silicate, oxyhydroxide, and
phosphate groups suggests that the presence of Ca and interlayer water
will increase solubility (per uranyl cation) for similar mineral structures
(Chen et al., 1999; Shvareva et al., 2012), but the much higher Ca
concentration in effluent solutions (Fig. S4) likely counteracted that
effect in the current experiments, promoting oversaturation of solutions
with respect to the Ca-bearing phosphuranylite phase. The limitation on
available thermodynamic data for phosphuranylite-type phases prompts
the need to conduct calorimetric and solubility experiments to measure
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the Gibbs free energy (AG%) and enthalpy (AHOf) of formation for
minerals in this group with known stoichiometry and structure. Reliable
and accurate thermodynamic information on uranyl phosphate minerals
is crucial to provide plausible remediation strategies to attenuate U(VI)
mobilization in contaminated sites.

5. Implications for U(VI) mobilization in the hanford vadose
zone

Results obtained from in-situ characterization, synthetic acidic
weathered batch and leaching experiments suggest that if phosphate
was present in acidic waste disposed of at the Hanford Site, a large mass
fraction of U(VI) would be precipitated as uranyl-phosphate phases
(McKinley et al., 2007; Kanematsu et al., 2014; Gartman et al., 2015;
Wang et al., 2017; Perdrial et al., 2018). The neo-formation of
uranyl-phosphates would retard the transport of U(VI) into groundwater
and contribute to the long-term immobilization of U(VI) in the vadose
zone. Studies on the extent of uranyl partitioning into Hanford sedi-
ments exposed to synthetic acidic waste suggested that
uranyl-phosphates (e.g., meta-autunite and phosphuranylite group)
formed in the sediments reacted with solutions containing phosphate
(Gartman et al., 2015; Perdrial et al., 2018). Our experiments revealed
that upon leaching with circumneutral BPW, sediments weathered
under acidic conditions and in the presence of dissolved phosphate
released little to no U to the effluent solution, an observation attribut-
able to the presence of uranyl-phosphate minerals, in particular
meta-ankoleite. On the other hand, in the absence of phosphate, ca. 5%
of U was released due to the dissolution of becquerelite, bolwoodite, and
compreignacite, similar to results observed by Wang et al. (2017). Our
results also revealed complex uranyl-bearing transformations occurring
during BPW leaching. Upon contact with the circumneutral BPW, the
solid phase U speciation changed, suggesting the potential trans-
formation of meta-ankoleite into a phosphuranylite-type phase through
incorporation of Ca and becquerelite into schoepite from loss of Ca.
While it is unclear whether these transformations occur via ion exchange
or dissolution/re-precipitation process, the implications for U fate and
transport in systems where pH fluctuates upon contaminant source
removal are important.
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