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Prior work has shown that when silicaceous sediments are infused with caustic radioactive waste, con-
taminant fate is tightly coupled to ensuing mineral weathering reactions. However, the effects of local
aqueous geochemical conditions on these reactions are poorly studied. Thus, we varied contaminant
concentration and pCO, during the weathering of previously uncontaminated Hanford sediments over 6
months and 1 year in a solution of caustic waste (pH 13, high ionic strength). Co-contaminants Sr, Cs and
I were added at “low” (Cs/Sr: 10> m; I: 10-7 m) and “high” (Cs/Sr: 10~3 m; I: 10~> m) concentrations, and

;(sﬁr;/;rds: headspace was held at atmospheric or undetectable (<10 ppmv) CO, partial pressure. Solid phase char-
Feldspathoids acterization revealed the formation of the zeolite chabazite in “high” samples, whereas feldspathoids,
Stratlingite sodalite and cancrinite, were formed preferentially in “low” samples. Sr, Cs and I were sequestered in all
Cesium reacted sediments. Native calcite dissolution in the CO,-free treatment drove the formation of stratlingite
Strontium (CayAl,Si07-8H,0) and diminished availability of Si and Al for feldspathoid formation. Results indicate

that pCO, and contaminant concentrations strongly affect contaminant speciation in waste-weathered
sediments, and are therefore likely to impact reaction product stability under any remediation scenario.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the Cold War, the U.S. Department of Energy Hanford
Site (WA) was the primary locale for plutonium extraction. For
40 years, large volumes of high-level radioactive waste (HLRW)
were generated and stored in 177 buried single- and double-shell
underground tanks [1,2]. Different chemical extraction and sepa-
ration processes produced twenty-six chemically dissimilar waste
streams that resulted in mixed tank wastes with elevated val-
ues of pH (8 to 14), ionic strength (2-16 M NaNO3), temperature
(60-110°C), and dissolved aluminum [3-6]. Sixty-eight out of 149
single-shell tanks are suspected to have leaked, releasing millions
of liters of HLRW waste to the vadose zone. According to Zachara
et al. [7], vadose zone sediments are contaminated with various
radionuclides, with 90Sr, 137Cs and 2°] among the most abun-
dant (1074 to 10-1CiL~! for Sr, 5x 102 to 8 x 10~ CiL~! for Cs
and 1to5x10-12CiL-! for I [8]). Transport of contaminants from
tank leaks to the Columbia River poses an important health risk
to humans [9], emphasizing the need to characterize mechanisms
of contaminant retardation in the vadose zone. To predict waste
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plume migration and understand possible mechanisms of radionu-
clide sequestration at the Hanford Site, the impact of caustic waste
leachate on surrounding sediments and transport processes must
be elucidated.

Previous laboratory experiments on monomineralic systems
showed that synthetic tank waste leachate (STWL) solutions dis-
solve primary tectosilicates [10-12], and clay minerals [13-15],
resulting in silicon release. Silicon release into hyperalkaline,
Al-rich STWL solution results in aqueous phase supersaturation
with respect to highly reactive feldspathoid and zeolite miner-
als that precipitate from solution [10,11,14,16-20]. Reaction of
multi-component Hanford sediments with STWL likewise revealed
primary mineral dissolution and precipitation of feldspathoids
NOs3-cancrinite and NOs-sodalite [19-21], and zeolite A [19].

Kinetic studies showed a time dependency of primary phase dis-
solution, neophase formation, and contaminant sorption. Qafoku
etal. [21] suggested that NOs-sodalite forms early, transforming to
NO;-cancrinite by dissolution-reprecipitation. Both neophases are
capable of co-precipitating significant amounts of cationic Cs and
Sr into framework and cage sites [10,11,14,16,17], whereas uptake
of iodide by such cation exchangers is likely limited. When STWL
solutions are spiked with Si in the presence of cations (Cs, K, Sr, Ca,
Mg, Al, Na), both sodalite and cancrinite precipitate and a ~1:1 Si:Al
molar ratio zeolite forms at either high Cs concentration (500 mM)
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[22] or shortreaction time [23]. Furthermore, the presence of K* and
divalent cations (Mg, Ca, Sr) slows the precipitation of cancrinite
and sodalite in STWL solutions [22].

Prior studies of contaminant uptake by Hanford sediment,
showed that Cs* sorbs selectively on frayed-edges and inter-
lamellae of native micaceous minerals (illite, biotite, muscovite,
and vermiculite) [5,6,24,25]. Conversely, a large fraction of Sr2*
sorbed to labile ion exchange sites (Mg2* exchangeable) early
in the sediment-STWL reaction sequence becomes increasingly
recalcitrant to Mg2* exchange over months to years of reaction
time, and EXAFS data indicate Sr incorporation into zeolite and
feldspathoid neophases [11]. Uncontaminated Hanford sediments
were previously reacted for 6 months with STWL containing low
concentration of Cs and Sr (10~>m) and I (10~7 m), and contam-
inant release was investigated in column experiments designed
to model the removal of the caustic source wherein a synthetic
background pore water was infiltrated through STWL-reacted sed-
iments [25]. Transport simulation showed that Cs release depends
on ion exchange even at long desorption times, whereas Sr release
was consistent with dissolution from feldspathoid at steady-state.
Additionally, contaminant desorption from sediments reacted in
CO,-free environments was higher than desorption from sed-
iments reacted at atmospheric pCO, [25]. lodide behavior is
controlled by ion exchange on protonated mineral surface hydroxyl
groups [26,27], leading to high mobility and limited retention
in the sediments, particularly at high pH. No desorption study
has been carried out on iodide in STWL-reacted in Hanford sedi-
ments.

In monomineralic systems, initial Cs and Sr concentrations
strongly affect the rate of tetrahedral Al (Al'Y) solid phase forma-
tion, with more rapid precipitation at lower Cs/Sr concentration.
Our prior studies [13,14,16] indicated that despite high (2 M)
background Na* concentration in STWL, the rate of incongruent
weathering of specimen clay minerals exhibited negative depen-
dence on trace contaminant concentration (10~> to 10~3 m). Also,
at high contaminant concentration, Cs and Sr partitions into less
crystalline solids that dissolve readily upon a shift to fresh water
leaching [13,14,16], whereas at lower concentrations, they are
bound into more dissolution-recalcitrant species [17]. In so far
as they affect mineral transformation rates, Sr and Cs concentra-
tions may therefore control the rate of their own sequestration into
recalcitrant solid-phase weathering products. In specimen mineral
systems, (i) the concentrations of contaminants [14] and (ii) the
presence of free cations [22] combine with reactant mineralogy
[11,13,16] to control the couplings between mineral weathering
and contaminant fate. We postulate similar processes affect con-
taminant uptake in complex Hanford sediments.

Although present at trace concentration relative to background
Na*, the prevalence of Sr* and Cs* nonetheless affects mineral
transformation rates measured in specimen clay systems. The
extent to which the same effect occurs in complex natural sed-
iments thus remains unclear [11] and warrants high-resolution
geochemical research. In the current study, we tested this effect
using detailed synchrotron-based X-ray diffraction and spec-
troscopy to characterize Hanford sediment weathering induced by
STWL reaction. Two contaminant concentrations and two differ-
ent pCO, levels (presence and absence of atmospheric CO,) were
used to span the ranges of those parameters expected in the field.
Variations in pCO, should affect the stability of carbonate species.
Since prior work indicates that contaminant release is controlled
by mineral dissolution [25], a precise characterization and quan-
tification of reaction products is needed to predict the fate of
STWL-weathering products upon re-introduction of native pore-
water solutions. This study aims to facilitate predictive modeling
of contaminant fate at Hanford by providing an improved under-
standing of waste-sediment reactions.

2. Material and methods
2.1. Sample collection

Sediments similar in character to those beneath the leaking
tanks at the DOE Hanford Site were collected from the 218-E-12B
Burial Ground excavation site [28], an uncontaminated area within
the Hanford Formation. Sediments were air dried, sieved to obtain
the <2 mm fraction, and used without further modification. This
material is referred to as Hanford sediment (HS) in the following
text.

2.2. Reaction procedure

We modified and upscaled the experimental conditions used
by Chorover and co-workers [11,13,16,17] to simulate the contam-
ination of pristine HS with Sr, Cs and I present in hyperalkaline
solutions (see S-1 of the supplementary material for details).
Briefly, 400 g of air-dry sediment were reacted with 20 kg of STWL.
CsCl, SrCl,-6H,0 and Nal were added to the STWL stock solution
as “co-contaminants” to give treatments with two initial aqueous-
phase concentrations termed “HIGH” (10~3m Cs* and Sr?* and
10~>mI~)and “LOW” (10->m Cs* and Sr2* and 10" mI~).

Sediments were reacted with STWL in carboys for 6 or 12 mo
(182 or 365d) in a 2 x 2 experimental matrix of four different
aqueous geochemical conditions: STWL with LOW and HIGH con-
taminant concentrations reacted in atmospheric pCO, ([+CO,]) and
CO,-free ([—CO;]) environments. This yielded eight sets of reaction
products.

2.3. Solid phase characterization

Total element concentrations were measured by ICP-MS fol-
lowing Li-metaborate fusion [29] and INAA for iodine. For particle
size analysis, water-suspended samples, sonicated for 10s were
analyzed with a Beckman Coulter LS 13 320 Laser Diffraction Parti-
cle Size Analyzer (Fullerton, CA). Cation exchange capacities (CEC)
were determined by exchanging cations with cobalt-hexamine-
chloride (Cohex-[Co(NHj3)g]Cl3) [30]. In this case, 2 g of sediment
were mixed with 25mL of 12 mmolL~! Cohex and shaken for 2 h
(corresponding to maximum exchange). CEC values were calcu-
lated from the loss of Co from solution (ICP-MS, PerkinElmer Elan
DRC). External specific surface areas were determined using dini-
trogen BET (Beckman Coulter SA-3100).

Diffuse reflectance Fourier transform infrared (DRIFT) spectra of
the sediment samples were obtained on a Nicolet Magna 560 FTIR
spectrometer (Thermo Sci., Waltham, MA) by averaging 400 scans
per sample across the frequency range of 4000-400cm~! (opti-
cal resolution of 4 cm~1). Sample preparation consisted of grinding
9mg of freeze-dried sediment with 441 mg of ground analytical
spectroscopy-grade KBr crystals. X-ray diffractograms, acquired on
the bulk and isolated fine fraction (FF) of all samples (see S-2 of
the supplementary material), were collected at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) on beam line 11-3 operating
at ~12735eV in transmission mode, using a 345 mm radius Mar
detector with 100 wm pixels. Approximately 0.05 g of sample was
packed between two layers of Scotch Magic tape to obtain a homo-
geneous thin layer sample. After calibration of the detector using
finely ground LaBg crystals, five scans were combined per sample.
Data were reduced using the Advanced Diffraction Machine soft-
ware [31] with a mask covering the beamstop. Patterns were added,
reduced, corrected from residual quartz saturation and systematic
displacement and converted to those associated with Cu-Ka radia-
tion wavelength. Quantitative phase analysis was performed using
the Rietveld module included in the X'Pert HighScore Plus soft-
ware, details of the procedure for analysis are given in Section S-3
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Fig. 1. Particle size distribution of batch-weathered sediments and unreacted mate-
rial by laser granulometry in % of the volume.

(supplementary material). For microscopy, 9 pL of dilute represen-
tative samples were pipetted onto copper transmission electron
microscopy (TEM) grids and examined using a Hitachi H8100 LaBg
TEM operating at 200 kV coupled with a Thermo NORAN energy-
dispersive X-ray spectrometer (EDS).

Strontium K-edge X-ray absorption spectra of the FF were
acquired at SSRL on beam lines 11-2 and 4-1 under dedicated con-
ditions (3 GeV, 80-100 mA). Spectra were collected using a Si(2 2 0)
monochromator crystal (vertical beam size=1mm) and a focused
beam. A rhodium mirror was used for harmonic rejection (17 keV
cutoff energy), allowing for a fully tuned beam. Beam energy was
calibrated with a SrCOs3(s) standard with the energy at the midpoint
of the edge jump set to 16105 eV. Sediment FF extracts were packed
evenly in Teflon holders and sealed with Kapton tape. Samples were
held in a He cryostat at 3-5K during data collection. Fluorescence
absorption spectra were collected using a solid-state Ge-array
detector and successive scans (6-12) were averaged. Details of
data analysis and reference materials are reported in Section S-4
(supplementary material).

3. Results
3.1. Sediment physical characteristics

Following reaction with STWL, the mass fractions of clay and silt
increased at the expense of the sand fraction resulting in an overall
decrease in sediment particle size (Table 1). Despite this, sediment
CECcohex and SSAext also decreased with reaction (Table 1). HIGH-
reacted sediments generally exhibited lower CEC and SSA relative
to LOW-reacted sediments. SSA increased slightly between 6 and
12 months of reaction, whereas CEC decreased. Particle size distri-
bution (p.s.d., Fig. 1) showed an emergent post-reaction size mode
between 1 and 10 wm whose proportional contribution to the p.s.d.
increased with reaction time. Sediments reacted at LOW contained
ahigher proportion of fine-sized particles, which increased strongly
between 6 and 12 mo of reaction. This new mode was accompanied
by a relative increase in fine clay (0.06-0.60 wm) and a decrease in
sand-sized particles.

3.2. Contaminant uptake by sediment

Compared to the unreacted material, reacted sediments show
an increase in solid phase Sr, Cs, I, Na, K and Al concentration and a
decrease in Ca (Table 2). For all treatments, Sr uptake is an order of
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Fig. 2. X-ray diffractograms (black lines) and Rietveld simulated spectrum (colored
lines and grey area) of the bulk sediments (left panel) and the fine fraction (FF)
extracts (right panel). Bottom diffractograms represent simulated pattern of NOs-
sodalite based on data from [33], simulated pattern of a NOs-cancrinite based on
data from [34], simulated pattern of a Ca-Sr chabazite based on data from [35] and
simulated pattern of a stratlingite based on data from [36]. Main reflections in the
unreacted are labeled (upper diffractograms) with Q for quartz, P for plagioclase, I
for illite, Cl for chlorite and Cc for calcite.

magnitude higher than Cs uptake. No significant differences were
observed for I uptake between HIGH and LOW. The 12-month LOW
treatment exhibits the highest Na and Al uptake. Strontium and Cs
contaminant uptake was not affected by pCO, in the LOW; however
in the HIGH, Sr and Cs uptake was greater in the CO,-free treat-
ments (except at 12 mo for Sr). Strontium, Cs and I uptake showed
no clear time dependency (Table 2).

3.3. Mineral transformations

Rietveld phase quantification of the bulk HS (Fig. 2 and Table S-
5, supplementary material) indicates that the sediments are
dominated by quartz, plagioclase and mica with smaller amounts
of calcite and chlorite. Phase quantification for the HS FF (Fig. 2
and Table 3) shows an increase in the signal for phyllosilicates
(illite, chlorite and kaolinite) relative to the bulk. Due to peak-
overlap with 14 A clay minerals, the reported chlorite abundance
may include swelling clay minerals (vermiculite, smectite). As
plagioclase and sodalite share very similar diffraction patterns
it is likely that the apparent increase in plagioclase (Table S-
4) in reacted sediments corresponds to an underestimation of
sodalite. We can correct for this interference by assuming an equal
abundance of plagioclase in the reacted HIGH and LOW treat-
ments, assigning the difference to feldspathoid abundance. The
range of feldspathoid mass fractions are then 5.6-8.6% in the
6mo LOW[,co,}, 2.6-3.6% in the 6mo LOW|_co,}, 3.1-10.4% in
the 12 mo LOW[,o,] and 2.4-11.4% in the 12 mo LOW|_co, ). Rel-
ative to unreacted HS, reacted samples contain (per unit mass)
(i) less mica, (ii) more plagioclase, (iii) no calcite in the CO,-free
reacted samples, and iv) neoprecipitated phases whose com-
position is treatment dependent (Fig. 2, Table S-5). Across all
treatments and reaction times, the neophases formed include a
Sr—Ca rich chabazite [(Ca,Sr),Al4SigO24-13H;0] in the HIGH, NO3-
sodalite [Nag(AlSiO4)s-(NO3)>] and NOs-cancrinite [Nag(AlSiO4)g
(NO3),-2H,0] in the LOW, and stratlingite [Ca,Al,SiO7-8(H,0)] in
the [-CO,] treatments. Generally, the relative mass fractions of
neophase precipitates are elevated in the HIGH (6-10%) relative
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Table 1

Texture, specific surface area (SSA) and cationic exchange capacity (CEC) of the unreacted and the reacted Hanford sediment (standard deviations in underscript).

Sample name Particle size distribution (gkg=1)2

SSAext® m2g-! CEC® mmol. kg!

Sand Silt Clay
Hanford sedimentd 802.57;1.3 167.75154 29.75¢037 12.330.05 87.94,5,
6 mo HIGH[,.co,) 736.70,63 217.40,7 4593045 8.880.04 58.17127
6 mo HIGH[_co,) 699.33120 240.179.51 60.500.46 8.350.04 53.7024s
6 mo LOW[,co,) 662.001¢.52 289.139.10 48.871.73 9.330.06 75.020.04
6 mo LOW[—COZ] 637.3315_30 308.4311_41 54.233_90 9.490_09 59.401_40
12 mo HIGH, co,] 670.7012.75 271.809,95 57.57452 8.900,01 56.19¢.56
12 mo HIGH|_co, 716.23974 22717708 56.502,06 8.900,06 55.162.66
12mo LOW[, co,) 591.67;543 352.2713.08 56.07237 9.720.09 65.920,03
12mo LOW|_co,) 575.7624.81 358.0515.88 66.205.93 10.94¢.12 50.931.49
2 Particle size distribution measured by laser diffraction granulometry.
b Total specific surface area measured by N,(g) adsorption.
¢ CEC measured using the Cohex exchange method.
d Values from Thompson et al. [24].
Table 2
Concentrations in Sr, Cs, I, Si, Al, Na, Ca and K in the sediments.
Sr Cs 2 Si Al Na Ca K
mmol kg!
Unreacted Hanford sediment?® 4.34),¢ 0.0230.002 bdd 10,78010g 24835 787.4 724027 394.9
6 mo HIGH[, o, 38.80,8 3.300,07 0.022 10,81756 265357.9 109746 659.876 397.039
6 mo HIGH[_co, ) 50.62¢. 411025 0.043 10,6162 271613.0 1015414 650.0240 403.4;30
6 mo LOW[+C02] b 4.600.2 0,]000{001 0.014 10,7704.71 273215.5 131515,0 675.82,5 397.00,00
6 mo LOW[_co,; ° 4.599, 0.0960.007 0.035 10,930109 2734550 1197 643.7240 399.2
12 mo HIGH,co,] 46.7672 3.24¢027 0.037 10,33433 27376522 13330.00 648.25.3 392.8;50
12 mo HIGH| _co,) 47.00 3.80 0.040 10,757 2813 1120 659.8 409.8
12mo LOW|,co,) 4.540.46 0.102¢,003 0.039 10,397300 28603377 1538317 653.5378 3832435
12 mo LOW|_co, 5.19 0.126 0.035 10,809 2832 1368 661.6 390.7

Limits of detection (mmol kg~") Sr: 0.02, Cs: 0.0007, I: 0.004, Si: 1.66, Al: 1.88, Na: 2.6, Ca: 2.5 and K: 3.0.

2 Analyzed by INAA.

b values (except I) from Thompson et al. [24].
¢ Errors are the standard deviation.

d Below detection.

to LOW (2-6%) treatment. Outside of its previous identification in
LOW waste-impacted sediments [25], strdtlingite has only been
reported to form at room temperature in hyperalkaline, aluminum-
rich cements [32].

By isolating the FF, the signal-to-noise associated with fine pre-
cipitate particles was effectively increased. In the LOW 6 and 12 mo
and HIGH 12 mo samples, reflections at 14°, 34.2° and 42.6° 260
are consistent with those of NO3-sodalite and NOs-cancrinite. The
24.3° 20 reflection is typical of sodalite, whereas the 19° 20 is typ-
ical of cancrinite. For the HIGH, dominant neophase reflections at
9.1°,20.8° and 30.3° 26 are characteristic of Ca-Sr chabazite.

Neophase formation is impacted by CO, abundance. For the
[+CO,] sediments (both LOW and HIGH), the native calcite reflec-
tion (29.5° 26) is preserved, whereas it is not detectable in the
[-CO;] sediments. Conversely, new reflections at 7° and 21.4° 26,
associated with stratlingite arise in the [-CO,| sediments that do
not occur in the [+CO, ] sediments and HS. Rietveld quantifications
of all FF(Table 3) show that neophase precipitates (22.5-43.9 mass%
of the FF) are formed in association with dissolution of quartz, albite
and chlorite, augmented by calcite dissolution only in the [-CO,]
treatments. The amount of feldspathoids (sodalite and cancrinite)
increases with reaction time in the LOW. In the HIGH, the amount
of chabazite increases with time in the [-CO,] treatment, whereas
in the [+CO,] treatment, chabazite decreases in mass fraction as
feldspathoids appear after 12 mo of reaction.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra
of the sediments (Fig. 3) show that absorption bands (at 1380 and
1420cm1) characteristic of nitrate-containing secondary solids
[11] appear after 6 mo and increase in intensity after 12 mo of reac-
tion (Fig. 3b) in LOW treatments. The same bands are undetectable

in the HIGH treatments after 6 mo and only slightly visible after
12 mo of reaction. The presence of the sharp band at 1380cm™!
indicates the enclathration of NO5; within sodalite cages, whereas
a split from 1380 to 1410cm~! corresponds to the arrangement
of nitrate anions in the cancrinite hexagonal channels [34]. For
the HIGH treatments, NOs-feldspathoids are detected only after
12 mo reaction, when low intensity bands appear at 1379 cm~! and
~1420 cm~! in the HIGH spectra (Fig. 3b). Thus, consistent with the
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Fig. 3. FTIR spectra of the unreacted and the reacted sediments. The various regions
are plotted separately to allow an expansion of the Y scale between (a) 1425
and 1580cm"', (b) 1325 and 1525cm™!, (c) 950 and 1225cm~" and (d) 825 and
925cm-1.



Table 3

Quantitative results (in %) of the Rietveld simulation performed on the unreacted and reacted fine fraction extracts.

XZa

NOs-cancrinite Stratlingite

Na76(AlSiO4)s

NOs-sodalite
N33(AlSiO4 )5

(NO3),

Calcite Sr,Ca chabazite

Kaolinite

Chlorite

Mlite

Andesine
NaAlSi3;Og (Ca,Na)(Al,Si)408 l((Al,Mg,FE)z(Si,Al)4010 (Fe,Mg,Al)G(Si,Al)4Om(OH)8

Quartz Albite

SiO,

Sample name

CazAlzsi07~8(H20)

Cay4S103Al38Si33024

-13H,0

CaCOs3

ALSi,05 (OH)4

(NOs3)16 (H20),

[(OH),- (H20)]

24.6

3.8
11.8

0.0

0.0
0.0
0.0
4.0

11.2

0.0
0.0
0.0
10.6

0.0
14.2

3.1

1.0
1.5
0.0
23

2.1

14.8

26.8 11.6 18.1

1
1

Hanford

0.0

1.4
0.0
7.3
0.0
2.2

0.0
0.5

47.2

7.9
14.8

119

5.8
43

6 mo High +CO,
6 mo High —CO,
6 mo Low +CO,

6 mo Low —CO,

133

15.5

20.0

28.1

6.8

154

0.0

0.2

8.0
3.7
1.1

20.2
221

18.7

4.0

24.8

8.7
124

8.3

111

4.0
139

6.6
12.5

20.5 10.6

12 mo High +CO, 14.5

0.00
144

3.7
0.4

9.3
16.1

8.8

0.0
1.0

21

37.8

5.5
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5.1

0.2
23.6

27.9

0.0
6.4
0.0

0.9

1.1

30.0

5.6
6.2

6.2
59
6.6

12 mo High —CO, 13.4

8.3

0.0

0.1

275

17.7

12 mo Low +CO,

N
~

2.8

29.0

0.7 1.3

1.6

171

4.6

20.2

12 mo Low —CO,

2 x? represents the goodness of fit and correspond to x2 =[Z; (Iobs — lcalc )i /0% (Iops )i1/(n — p); with I the intensity, o(Ips) the estimated error of the measure (fixed to 10% of the counts), n the number of points used for simulation

and p the number of parameters estimated.

XRD results, FTIR data indicate NO3-feldspathoids appear later in
sediment reacted with high contaminant concentrations.

The shifting of the Si-O-Si(Al) stretching band to lower fre-
quencies (Fig. 3¢ - from 1028 to ~1011 cm~! for the HIGH and to
~995 cm~! for the LOW) indicates that the molar Si/Al ratio of tec-
tosilicates decreases upon reaction (relative to primary minerals in
the unreacted sediment [11]) and that neoprecipitates in the LOW
samples have a Si/Al ratio lower than that of the HIGH. The rel-
atively broad bands between 1440 and 1550cm™! (Fig. 3a) and a
sharp band of low intensity around 870cm~! (Fig. 3d) that only
exist in the unreacted sediments and in the [+CO,] treatments are
attributed to asymmetric stretching (1425 and 1550 cm~! bands)
and out-of-plane bending (870 cm~! band) of the CO32~ anion in
calcite ([37,38]). However, the low intensity of the out-of-plane
bending at 870 cm~! and the presence of the 856 cm~! band in the
HIGH[,.co,] can be attributed to structural COs in cancrinite [39]
or strontianite [40]. These results are consistent with the expected
effect whereby removal of CO, from STWL reaction diminishes the
relative saturation of solution with respect to carbonate minerals.

Secondary phases were observed in the reacted sediments using
TEM/EDS. Neoprecipitates crystallizing in the HIGH consisted of
spheroids (Fig. 4a-d), whereas in the LOW, intergrowths of disk-
shaped crystals were observed (Fig. 4e-h). Corresponding EDS
analysis revealed that despite different morphologies, precipitates
had similar compositions dominated by Si and Al (molar ratio ~1)
with significant amounts of Na and Ca, and consistent presence of
Fe. In the HIGH, Sr and Cs were detected in the precipitates, along
with K. Due to strong overlap between Ca Ko and | Lo emission
lines, iodine cannot be detected by EDS (or XAS) in the studied
material. Although we did not detect the contaminants in associa-
tion with other mineral phase, we do not rule out non-detectable
Cs adsorbed to phyllosilicates. Both the morphology and chemical
composition of the neoprecipitates are consistent with the pres-
ence of a sodalite/cancrinite-type feldspathoid in the LOW and a
Na-Ca zeolite in the HIGH, and the solid phase accumulation of Al,
Na, Sr, and Cs (Table 2). lodine accumulation in reacted solids is
also evident (Table 2), although at much lower - EDS undetectable
- levels.

3.4. Strontium EXAFS

Linear combination fits of EXAFS spectra of the FF showed
that Sr is associated with different reaction products depend-
ing on pCO, and contaminant concentration (Fig. 5, Table 4). In
HIGH[,.co,] samples, a fraction of Sr was associated with a SrCO3-
like phase not detected by XRD. As discussed in prior studies, this
phase tends to dominate the EXAFS spectrum if present, although
it does not constitute a major Sr-bearing component [11,17]. It
was not detected in LOW or [-CO, ] treatments. Strontium-bearing
neophases in HIGH samples identified by EXAFS were either mixed
sodalite/cancrinite, chabazite, or a mixture of the two (Table 4). The
spectra of HIGH|_co,) samples (6 and 12 mo) could be well fit with
only the chabazite reference compound (natural sample) in which
Sr substitutes for Ca. The chabazite EXAFS spectrum has features
characteristic of a slightly longer average first-shell Sr-0 distance
(2.67 A)and stronger second neighbor Sr-Si/Al scattering compared
to the other reference compounds (Fig. 5, Table S-6, supplemen-
tary material). The amplitude of the second-neighbor Si/Al peak at
3.45 A is greater in the sediment spectra than in the chabazite ref-
erence compound. Individual shell fits (not shown) indicate ~25%
increase in the second-neighbor scattering amplitude but no differ-
ence in Sr-Si/Al interatomic distance. Strontium substitution for Ca
in chabazite is consistent with results from XRD, which also indi-
cated the presence of stratlingite, another Ca-bearing neophase
that may contain Sr, in HIGH|_co,| samples (Table 3). Theoreti-
cal fits of the EXAFS spectra using Sr substituted for Ca in the
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Fig. 4. TEM micrograph of spheroidal zeolite and corresponding EDS microanalysis in (a) 6mo HIGH[+CO,], (b) 12 mo HIGH[+CO], (c¢) 6 mo HIGH[-CO,], (d) 12mo
HIGH[-CO,]. TEM micrograph of disk-shaped feldspathoids and corresponding EDS microanalysis in (e) 6 mo LOW[+CO,], (f) 12 mo LOW[+CO,], (g) 6 mo LOW[-CO,],
(h) 12 mo LOW[—-CO.]. For all EDS spectra, Cu peaks relate to the grid.

a Reference compounds b 6 month ¢ 12 month

HIGH

r Unreacted sediment +CO,

Chabazite HIGH

-co,

Sodalite/cancrinite

(k) x k3
% (k) x k3

Strontianite

(syun “que) apnyubew wiojsues Jauno4
(syun "que) apnyubew wiojsuel) Jauno4
% (k) x k3
(snun "que) apniubew Wiojsuel) Jauno

Low
—co,
3 4 5 6 7 8 9 101112 0123456 3 4 5 6 7 8 9 1011 12 0123456 3 4 5 6 7 8 9 1011 12 123456
k (A1) R+4 (A) k (A1) R+A (A) K (A1) R+A (A)

Fig. 5. Strontium K-edge EXAFS of (a) reference compounds, (b) 6 mo FF reacted sediments and (c) 12 mo FF reacted sediments. Dashed lines in (a) are non-linear least-
squares fits of individual atomic shells using theoretical phase shift and amplitude functions (numerical results reported in Table S-5); in (b) and (c), dashed lines are linear
combination least-squares fits using the reference compounds shown in a) (fit results are reported in Table 4).
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Table 4

Linear combination fits (in percent of component) of EXAFS spectra for reacted sediments (FF).
Sample Unreacted sediment? Strontianite (SrC0O3 )? Sodalite/cancrinite? Chabazite? Total
6mo High [+CO;] 0 2942 3244 4244 103+ 6
6 mo High [-CO;] 0 0 0 114+4 114+ 4
6 mo Low [+CO,] 9445 0 13+4 0 107 £ 7
6 mo Low [-CO,] 67+4 0 31+3 0 98 +4
12 mo High [+CO,] 0 4941 4942 0 98 +3
12 mo High [-CO,] 0 0 0 112+£3 112+ 3
12 mo Low [+CO3] 85+6 0 20+4 0 105+ 7
12mo Low [-CO;] 50+6 0 48+5 0 98+ 8

2 See Table S-6 (supporting information) for EXAFS analysis of reference compounds. Error in component percent is from the statistical estimated standard deviation of

the fit.

stratlingite structure suggested overlap and cancellation of second-
neighbor Al and Ca atoms with Si/Al backscattering in chabazite, all
at similar interatomic distances (no experimental reference spectra
for strdtlingite were available). Therefore, incorporation of Sr into
strdtlingite could not be determined from EXAFS analysis.

Linear combination fits of LOW FF samples indicated a large
fraction of unreacted sediment (~50-94%) in addition to a
sodalite/cancrinite phase whose contribution to the fits increased
with aging time between 6 and 12mo. It is likely that a por-
tion of the component fit as unreacted sediment is actually a
feldspathoid neophase. Strontium in the unreacted sediment was
assumed to partially substitute for Ca in plagioclases (Table S-6). In
Sr-bearing plagioclases, interatomic distances of Sr-Si/Al backscat-
tering atoms range between ~3.3 and 4.0A [41]. The unreacted
sediment spectrum was fit with a simplified model of two Si/Al
shells (at 3.34 and 3.80A) and a Ca shell (at 4.13A) (in addition
to first-shell O). Cation sites in feldspathoids have interatomic dis-
tances to framework Si/Al within the range of Si/Al backscattering
in plagioclases. For linear combination fits of the FF spectra, the
feldspathoid reference spectrum was a synthetic precipitate of Sr-
bearing aluminosilicate identified as a mixed sodalite/cancrinite
[23]. For LOW| co,) sample fits, sediment and reference spec-
tra were not well matched for second-neighbor backscattering
(Fig. 5), indicating the lack of appropriate reference compounds.
Individual shell fits of these spectra (not shown) suggest several
Si/Al backscattering distances within the range expected for both
feldspathoids and feldspars. Linear combination fits of LOW|_co,
sediments produced better results with the sodalite/cancrinite ref-
erence spectrum, consistent with Sr incorporation into the large
cages of sodalite/cancrinite-type phases [23].

4. Discussion

We observed what would initially seem contradictory by mea-
suring a decrease in CEC and SSA concurrent with an increase in
clay sized particles along the sediment-waste reaction paths (Fig. 1,
Table 1). However, these data sets are found to be internally consis-
tent when the nature of precipitates formed as reaction products is
considered. While sodalite and cancrinite fall into the same particle
size range as 2:1 layer clay minerals, they are known to have SSAggt
and CECcypex Values that are an order of magnitude lower [23,42].
This lower CECcgpex is not a measure of actual feldspathoid struc-
tural charge because the large radius of the Cohex ion precludes
its entry as a probe into many internal exchange sites [42]. Collec-
tively, the effects of contaminant concentration and reaction time
on SSA (lower SSA in HIGH and at 6 months) are consistent with an
initial rapid dissolution of sediment clays followed by the gradual
re-precipitation of neoprecipitates (also clay sized) and an overall
higher dissolution rate in the LOW treatment. The diminished CEC
post-reaction is consistent with the dissolution of surface-reactive
particles.

4.1. Influence of contaminant concentration

Our results indicate that contaminant concentrations affect
sediment geochemical reactions in STWL that ultimately control
contaminant speciation and fate. This is despite the fact that con-
taminant species are trace components with orders-of-magnitude
lower concentrations than major ions (Na*, NO3~, AI(OH),—, OH™).
Nonetheless, a contaminant concentration effect was observed in
several independent characterization datasets. Quantitative-XRD
performed on both the sediment bulk and fine fractions reveal
that primary minerals quartz, illite, chlorite and plagioclase, as
well as calcite in the [-CO,] treatments, all undergo dissolution.
Moreover XRD, FTIR, and TEM-EDS investigations indicate that
nucleation and crystal growth of NO3-feldspathoids occur in LOW
treatments, but Ca-Sr rich chabazite-type zeolite forms in HIGH
treatments. Deng et al. [22] reported that Cs concentration (from
104 to 0.5 x 101 M) affected the type of neoprecipitates in caus-
tic solutions at short-term (<8 weeks), but hypothesized that this
effect would not affect the formation of cancrinite/sodalite at con-
centrations relevant to the Hanford site. Chorover et al. [ 14] showed
that initial Cs and Sr concentrations strongly affect the rate of
neophase formation in STWL-kaolinite systems, with more rapid
precipitation at lower Cs/Sr concentrations and the formation of
Al-chabazite only at high concentration of Cs/Sr (103 M). This was
attributed to inhibition of hydroxide-promoted kaolinite dissolu-
tion by adsorbed Sr.

Here we show for the first time that initial contaminant con-
centration also affects the trajectory of neophase precipitation
in the multi-component Hanford sediments themselves at field-
relevant conditions. TEM and XRD measurements indicate the
neoprecipitates formed in sediments reacted at HIGH contaminant
concentration are principally chabazite, whereas those formed at
LOW contaminant concentrations are mostly feldspathoids that
increase in abundance with reaction time. Characterization of Sr
coordination in reacted FF sediments by EXAFS is consistent with
this assessment. EXAFS data indicates Sr association mostly with a
chabazite-type zeolite in HIGH (although some substitution of Sr for
Ca in stratlingite cannot be ruled out), and with feldspathoid-type
phases in LOW. Strontium coordination in chabazite is more read-
ily detected by Sr-EXAFS because divalent cations tend to occupy
a cation site in the large cage at the opening of the 6-ring of the
D6R cage (cation site 1 of [43]). In this site, the cation is partially
dehydrated and regularly coordinated to three framework O atoms
and to five or six other O or H,O0 molecules [35,43], which lowers
the static disorder between the cation and the 6 second-neighbor
Al/Si atoms. In contrast, Sr in sodalite/cancrinite phases can occupy
cation sites in the large central cage where it partially dehydrates
and bonds to framework O atoms. This results in variable site occu-
pancies, higher static disorder, and lower average backscattering
amplitude from framework Al/Si atoms [17,23].

In high pH, Na-bearing aluminosilicate solutions, it has been
shown that the introduction of Ca2* triggers the transformation
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of sodalite into cancrinite [44]. In Hanford sediments, when high
affinity Cs sites (micaceous FES) were exhausted, Cs was shown to
partition into neophases [11,13]. Therefore the EDS-detected Cs in
the feldspathoids is most likely behaving similar to Na in terms of
its site occupancy. The structural preference for monovalent ions
has been noted in similar systems where high concentrations of
divalent cations trigger the formation of intermediate metastable
phases that slow the formation of sodalite/cancrinite [22]. The sto-
ichiometric ratio of monovalent to divalent cation concentration is
known to control zeolite versus feldspathoid formation [45]. Thus
we interpret the predominance of chabazite in the HIGH treat-
ment to be a result of higher divalent (Sr) concentration initially in
solution. The threshold divalent concentration required to shift the
trajectory of neoprecipitate formation is low ([Sr]=10-°M) when
compared with the high background concentrations of Na (2.0 M).
This highlights a key observation of the current study: variation in
concentrations of trace contaminant cations directs the trajectory
of neoprecipitate formation and contaminant fate in these caustic
systems.

4.2. Influence of pCO,

As shown by XRD and EXAFS, pCO, also has a strong influence
on mineral transformation and Sr speciation during sediment-
STWL reaction. The effect hinges on formation or dissolution of
CO5-bearing minerals phases. During reaction with atmospheric
pCO,, native calcite persists, whereas when CO, is excluded,
CaCOs3 dissolution occurs. Calcite dissolution affects aluminosili-
cate precipitation reactions directly because the Ca2* released in
the absence of CO, reacts with Al from STWL and Si from silicate
mineral dissolution to form the calcium alumino-silicate hydrate,
stratlingite (CayAl;SiO,(OH)19-3H,0). This phase is observed in the
XRD data for all [-CO, ] treatments (Fig. 2, Table 4). The formation of
strdtlingite during hydration of high pH, Ca-Al-Si-H cement sys-
tems has been widely observed at room temperature [32,46-48]
where the reaction:

CapAl,Si0,(0H); g - 3H,0(s) < 2Ca®* + 2A1(OH),
+Si(OH); + OH™ + 2H,0

has a AG;°=-5709.63 [kf mol~1] and a log Ko = —20.49 [49].

Natural strdtlingite, analyzed by Rinaldi et al. [36], showed fre-
quent substitutions of Ca by Srin its octahedral (brucite-type) layer.
Our results suggest that precipitation of strdtlingite may hamper
precipitation of feldspathoids in the HIGH|_co,) treatment (12 mo
data, Table 4). Stritlingite formation consumes a higher molar
ratio of soluble Al to Si and thereby diminishes solution phase
supersaturation with respect to sodalite and cancrinite. Chabazite
supersaturation is likely less affected because of its higher Si:Al
ratio. Thus, in the HIGH treatments, it is likely that formation of
feldspathoids and associated sequestration of Sr and Cs is indirectly
controlled by native sediment calcite dissolution. Indeed, dissolu-
tion of native calcite (CaCOs) is observed by quantitative XRD, and
strontianite (SrCO3) formation is observed in the EXAFS spectra in
the [+CO, ] HIGH treatments only (Fig. 5 and Table 4).

5. Implications for Hanford site decontamination strategies

Understanding contaminant sequestration paths and processes
is a first step toward site remediation and closure. Vadose zone
infiltration of tank waste results in gradient-impacted plumes
where spatially distributed contaminant concentrations, reaction
times, and pCO, affect heterogeneity in contaminant fate. In this
work, characterization and quantification of mineralogical trans-
formations and associated contaminant sequestration provides
insight needed for prediction of contaminant stability subsequent

to source removal. For example, at atmospheric pCO,, the precip-
itation of stable Sr and Cs containing feldspathoids occurs after
12 mo of reaction at high contaminant concentrations, whereas in
absence of CO,, chabazite remains dominant, resulting in effective
contaminant Sr sequestration and - we predict based on prior work
[13,14,16,17] - slower subsequent desorption. In samples with low
contaminant concentration, formation of mixed sodalite and can-
crinite leads to effective stabilization of contaminant Sr and to some
extent, Cs [25]. In summary, both pCO, and contaminant concen-
tration have strong effects on contaminant sequestration pathways
and, therefore on product stability under any remediation scenario.
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