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from de novo waste-generated minerals and desorbs Cs from high-affinity ion exchange

sites.



ABSTRACT

Mineral sorption/co-precipitation is thought to be a principal sequestragehanism for
radioactive®Sr and"*'Cs in sediments impacted by hyperalkaline, high-level radioactive
waste (HLRW) at the DOE’s Hanford Site. However, the lomgrtpersistence of neo-
formed, contaminant bearing phases after removal of the HLRWes@muunknown. We
subjected pristine Hanford sediments to hyperalkaline Na-A-8B solutions
containing Sr, Cs, and | at 3010°, and 10 molal, respectively, for 182 days with either
<10 ppmv or 385 ppmpCO,. This resulted in the formation of feldspathoid minerals.
We leached these weathered sediments with dilute, neutral-pkbesluAfter 500 pore
volumes (PV), effluent Sr, Cs, NOAI, Si and pH reached a steady-state with
concentrations elevated above those of feedwater. Reactive ttamgmbaling suggests
that even after 500 PV, Cs desorption can be explained by ion excheagmsns,
whereas Sr desorption is best described by dissolution of Sr-atdaktineo-formed
minerals. While pCO, had no effect on Sr or Cs sorption, sediments weathered at <10
ppmvpCO, did desorb more Sr (66% vs. 28%) and Cs (13% vs. 8%) during leaching than
those weathered at 385 pppRO,. Thus, the dissolution of neo-formed aluminosilicates

may represent a long-term, low-level supply%r at the Hanford site.

INTRODUCTION

Considerable efforts have been made toward understanding the behavior of consaminant
introduced into sediments surrounding high-level radioactive waste (HLRW) sitag

at several Department of Energy (DOE) facilities (Hanford Site, \&&aBnah River

Site, SC; Oak Ridge Site, TN)-12). Principal radionuclide contaminants at the Hanford



Site—"*"Cs, *sr, and*—have markedly different reactive transport behaviors
influenced by the chemical composition of the waste solution and its interadtiotihev
solid phas€6, 9, 13, 14). Hyperalkaline, high ionic-strength waste solutions can induce
rapid, incongruent sediment weathering reactions that dramatical gafteaminant
sequestratiofb, 10, 15-17). Prior laboratory experiments, conducted to mimic waste-
sediment interaction under ‘near-field’ conditions (i.e., close proximity tolyig
alkalinized wast€18, 19)) indicate that co-precipitation of Cs and Sr witd@novo
feldspathoid and carbonate mineral assemblages can occur due to the combination of
hyperalkalinity (pH >13.5), with elevated &) and NQ,q) concentrationgs, 12, 17, 20).
This geochemical process has been documented in experiments involving homogeneous
nucleation, specimen clays, and pristine Hanford sedin(®ris8, 10-12, 16). This

reduced contaminant mobility is significant given the severity of rativ@ac

contamination at the Hanford sit¥5, 18). However, toward the DOE goal of site

closure, the long-term persistence of these co-precipitates mustelssexs especially for
conditions where sediment pore water is again fed by rainwater rechagesafoval of

the caustic source. Thermodynamic calculations predict infiltrationi@otumay then be
under-saturated with respect to the feldspathoid weathering products, theyetnting
dissolution(16, 21). The rate of neo-formed feldspathoid dissolution and subsequent
contaminant desorption under these conditions remains unknown. Prior studies of Cs and
Sr desorption from Hanford sediments have focused on ion exchange pr¢8e&skd

and carbonate dissoluti@f). Alteration of the sediments during hyperalkaline
weathering certainly may have effects on ion exchange prod@2¥elsut perhaps more

significant is the potential for subsequent dissolution of neo-formed mineraisuppby



contaminants over the long-term. In addition, sediments are likely expose@ @ a
gradient between the center and edge of the plumepd@ehas obvious effects on Sr
fate through its control of SrG(¥) or Sr-substituted calcite precipitation. More broadly
however pCO, concentrations modulate the release of Ca into the evolving porewaters
by poising native calcite weathering rates. Elevated Ca couldshifigjectory of neo-
mineral formation toward cementitious end-products rather than the feldsiiatiodite
phases most commonly studig@d). Thus, our goal was to evaluate the long-term
desorption of Cs, Sr, and | from Hanford sediments weathered in the presence and
absence of gas phase £40d trace levels of Cs, Sr an(lLlR). Contaminant desorption
was interpreted in the context of a reactive transport model and on the basis of solid
phase characterizations. Our results suggest dissolution of neo-formedsninera
dominates Sr desorption, while Cs desorption can be explained by ion-exchange
processes alone. In addition, both contaminants exhibited greater desorption from

sediments weathered under lp@O..

MATERIALSAND METHODS

Sample Collection. Sediments similar in character to those beneath the leaking
underground tanks at the DOE Hanford Site were collected from uncontamina®d are
within the Hanford Formation. Sediments were collected from the 218-E-128I Buri
Ground excavation sit@3). Sediments were air dried, sieved to obtain the <2 mm

fraction, and used without further modification.



Sediment contamination/reaction procedure. We modified and upscaled the
experimental batch reactions used by Chorover and co-wdder®2, 20, 24) known to
promote rapid, incongruent silicate weathering and feldspathoid formatiemEtnod
was chosen in order to produce a large mass of homogeneously reacted roateseal f
in multiple experiments, one of which is presented in this paper.

Acid washed polypropylene co-polymer (PPCO) vessels were used instead of

glassware at all stages of the experiment to prevent Si contaminatiimests were
reacted using 20 L PPCO carboys containing 400 g of air dry sediment with 20 kg of
synthetic tank waste leachate (STWL) (solid-to-solution mass rati®0f firepared by
mixing STWL stock (described below) and individual contaminant stock solutions (0.1
Sr**, Cs, and 1) together with ~12.8 kg #D. Stock solutions were prepared using 1.8 x
10° Q-m water (Barnstead nanopure) and reagent grade NaNMOH, CsCl,
SrChL-6H,0 (J.T. Baker) and NaAlxH,O powder (EM Science) as obtained from the
manufacturer, to reach final solution concentrations of MO&AIO,, 2.0m Na', 1.0m
NO;z and 1.0m OH (pH ~13.7). STWL stocks were prepared by adding NaAl@O
powder to 15m NaOH, stirring for > 1 h and then adding OB vacuum-filtered &n
NaNGs. The entire mixture was then stirred for > 1 h and vacuum-filtered again. All
STWL solutions were prepared in a £ftee glovebox (10 ppmpCO, detection limit:
CO, sensor model #GMW?21D, Vaisala Group, Finland) by circulating glove box air
through four 4 m NaOH traps set in series. CsCl, 88640, and Nal were added to the
STWL stock solution as “co-contaminants” to give’10 (Cs" and St and 10’ m ().

Sediment reaction carboys were reacted for 182 days in either (Ify&eO

conditions (“[-CQ)]”, undetectable at <10 ppmv) within the above mentioned glovebox or



(2) atmospheric C&conditions (“[+CQ]", 386 ppmv, maintained by flushing the carboy
headspace with water-saturated air). The carboys were manually simedeeper-day for

five out of every seven days. The reacted sediment was collected aratesfram the
solution by centrifugation at 27,257 g for 45 min. The sediment was washed three times
with 95% ethanol followed by a final wash with 1.8 X @Bm water. The reacted

sediment was then freeze-dried, homogenized and stored at 25°C.

Sediment Characterization. Reacted and unreacted sediment was characterized by
selective chemical extractions, total elemental analysis, FTIR amditatise-XRD.
Selective chemical extractions included: (a) Mgg¥® acid ammonium oxalate (AAO)
sequential extraction protocol discussed in Choi e(Jdl),and (b) a 5 h extraction with
1.0 M ammonium-acetate (NBAc) adjusted to pH &5) performed in the dark on a
horizontal shaker. Mg(N§),, AAO, and NHOAC extractions target exchangeable
cations, short-range-ordered minerals, and carbonates, respectivele|dioht
concentrations were measured following Li-metaborate fu @@, total inorganic
carbon was analyzed by phosphoric acid addition in a Shimadzu 5000A-SSM TOC
analyzer (Columbia, MD). Metal(loid)s were analyzed using ICP-MBk{R EImer DRC
Il, Waltham, MA). Total nitrogen was measured following the procedurelub8der et
al (27). Cation exchange capacity (CEC) was measured using a modified Cohex method
(28) carried out by measuring the decrease in aqueous Cohex after shaking 2 g of
sediment for 2 h with 25 ml of 0.4 cmél Cohex. DRIFT-FTIR spectroscopy was
accomplished on a Nicolet Magna 560 FTIR spectrometer (Thermo Sci., Wakt#s)

after gently grinding 9 mg of freeze-dried sediment (previously ground tosirynee



times in acetone) with 441 mg of ground analytical grade KBr crystgigseRentative
samples were examined by transmission electron microscopy (TEMawitachi

H8100 Lag TEM operating at 200 kV coupled with energy-dispersive X-ray
spectrometry (EDS). X-ray diffraction (XRD) was conducted on bulk sedinaaata

fine particle separate (clay plus silt, C+S) obtained by sonicatingdimaesgs in ethanol
for 8 min., sampling the suspension after 2 min. of settling time, and oven-drging t
samples at 60°C for 6 h. XRD data were collected at the Stanford Synchrotliatid®a
Laboratory on beamline 11-3 (focused, 12735 eV) in transmission mode. Quantitative-
XRD phase analysis was performed using the Rietveld module in the X'igb&ddre

Plus software.

Column experiments. Reacted sediments were subjected to continuous leaching at a
uniform flow rate (~0.04 ml mif) for 8 d corresponding to between 500 — 600 pore
volumes (PVs) depending on small differences in the flow rate and pore volumes
(nominal 0.7 cr) between treatments. Triplicate columns for each treatment were
prepared similarly by dry packing ~1.8 g of washed, freeze-dried sedimaB8t 113t x 10

® m 1.D. X 2.1 x 1& m long (pack length) columns, yielding an average porosity of 0.52.
Hanford background pore water (BPW) solution was prepared by addingagehte

grade) 210.4 mg NaCl, 8.4 mg NaH¢ Q2.4 mg KCI, 292.7 mg CaS€QH,;0, 147.0 mg
CaCbe2H,0, 203.3 mg MgGk6H,0 to a 1-L PPCO bottle, shaking the mixture for 30
min., bubbling air via a PPCO pipette for 2 - 12 h and then adjusting the pH to 7.2 with
NaOH until the pH was stable. The final solution molalities were: 3.6>x1R8aCl, 0.1

x 10° mNaHCGQ;, 0.3 x 10° mKCl, 1.7 x 10°mCaSQ, 1.0 x 10’ mCaCb, 1.0 x 10°m

MgCl,, pH 7.2. This solution was delivered to the columns via Teflon and polyvinyl



chloride tubing. Effluent was collected in 24 h increments (~80 PV’s) into parafilm

sealed PPCO bottles. Immediately after collection the sampleappsd, frozen and

stored at -20°C until analysis. A separate set of columns was run specfbcaéwl-

time, in-line pH measurement (VWR gel-filled electrodes) to avoid saogitamination

from the KCI electrode filling solution. Electrode calibrations were lobg@periodically

and found to be within 0.05 pH units throughout the 8 d experiment. Further details of the

column preparation are given in S-1 of the Supporting Information.

Column Experiment Analysis. Effluent samples were thawed in capped bottles, shaken
thoroughly before opening, and sampled first for TIC measurement. Although less than
ideal, this procedure minimized the potential for loss of TIC due tpeR€blvation

during freezing while avoiding additional sample splits. Next, a measurefgHt

(Orion Ross pH electrode) was made to assess the degree (f)@0idification during
sample collection. Samples were then diluted for analysis @MdQon chromatography
(Dionex, Sunnyvale, CA) and metal(loid)s via ICP-MS.

Notation and terms. All concentrations are reported in molal units. All representations
of measurement error are presented as one standard deviation of the mean with n=3
unless otherwise noted. The tesonption is defined here to include all adsorption and
co-precipitation processes resulting in removal from agueous solution to thplsmdie

(29); likewise our use of the terdesorption indicates the inverse without implying a
specific mechanism.

Kinetic dissolution/precipitation modeling. Distribution of species calculations and the

simulation of dissolution/precipitation and transport in the column experimergs we



carried out with the reactive transport code Crunchfleww.csteefel.corn The initial

PV’s of element desorption were extremely complex involving dissolution difreul
highly-labile minerals concurrently with evolving ion exchange proceBsebminary
modeling using separate Sr and Cs affinity parameter sets confirnsweglect

transient ion exchange dynamics fof*Sit >500 PV'’s, which adheres primarily to
generalized planar sit¢8), but we cannot neglect the exchange of@&r this period

(14). The strong affinity of Csfor frayed-edge sites (FES) on these illitic sediments
extends Cs desorption by ion exchange beyond 300 PV’s under our experimental
conditions. We therefore set out to couple the 3-site ion exchange model of Stdefel et a
(14), which was parameterized for Cs exchange on similar Hanford sediments seith a
of mineral dissolution components selected based on XRD and TEM characterization of
the reacted materials. Representative mineral reactions include: $Ajudien of a Sr-
substituted feldspathoid [axSi((NO3)2Al6SisO24), Where X is the Sr stoichiometryy];

(B) precipitation of an aluminosilicate [8il ,Os(OH),4] and gibbsite [Al(OHJ] to balance
excess Al and Si; (C) exploration of calcite [CafL@recipitation/dissolution to provide

pH buffering. Due to the lack of knowledge of specific surface area and abundance of
feldspathoid in the reacted sediment, we present feldspathoid dissolution rates in
MOlmineral M sedimentS — rather than on the typical specific surface area basis. Log K values
(S-2 of the Supporting Information) for the minerals were obtained from the EQ3
database for gibbsite, kaolinite, calcite and strontigB@g and from Deng et 4[1.6) for

the feldspathoid (sodalite).

RESULTS


http://www.csteefel.com/

Reactive Sediment Weathering. In both treatments, 6 mo. of reaction with STWL
caused an increase in solid phase Sr, Cs, | and Al concentrations (loss from STWL
solution), and a partial repartitioning of Fe and Si to AAO and®¥t extractable pools
(Table 1). Approximately 60% of the STWL Sr and 15% of the STWL Cs were sorbed to
the sediments; | sorption was confirmed in the solid phase but could not be quantified
because of instrumental detection limits. The [;a&atment exhibited the greatest Al
sorption and the greatest increases in AAO extractable Al, Si, and Fe. Th¢ [-CO
treatment also exhibited greater Fe repartitioning tq@¥t pools and greater overall
iodine sorption than the [+CGDtreatment (Table 1). HowevgrCO; levels did not affect
Sr and Cs contaminant sorption. Comparing the AAO portion of the sequential ¥)g(NO
— AAO extraction against the NBAc extraction, the former removed a greater portion
of the sediment Al, Si, and Fe and the J/QAc extraction removed slightly more Cs and
considerably more Ca and Sr. Ca- and Sr-oxalate precipitation during the>araCtien
may be one explanation, as the extracting solution was oversaturated with tesmth
solids (Kso values from(31)). However, in prior extractions of similar sediments, Sr-
oxalate was not detected via Sr-XAES®). Total inorganic carbon (TIC) concentrations
(150= 25 4y mmol kg* for the native sediment) decreased in the pj@@atment to 54
3s.gmmol kg and increased in the [+G[areatment to 198 5.4y mmol kg'.

Interestingly, this trend reversed during sediment leaching with BR@/increased to
62+ 1s.qymmol kg' in the [-CQ] treatment and decreased to 152(s.qymmol kg' in

[+CO,] treatment. Total nitrogen was below detection (< 7 mmd) kythe native

sediment, increased after weathering ta-@4 4)and 62+ 3 4ymmol kg" for the [-CQ]

and [+CQ)] treatments, respectively and then decreased after leaching-t8qgand 55

10



* 3(s.dqymmol kg* for the [-CQ] and [+CQ)] treatments, respectively. Sediment CEC
values decreased after reactive weathering in both treatments from @8 mmok
kg™ for the native sediment, to 58tQl.%s qyand 75.G 0.9s 4y mmok kg™ for the [-CQ]
and [+CQ] treatments, respectively.

Quantitative XRD (gXRD) suggests the unreacted sediment is dominated by
qguartz (38%), plagioclase (36%) and micas (22%) with an enrichment of illite,
vermiculite and chlorite in fine particle separates (S-3 of the Supportingnation).

After reaction with STWL, gXRD indicates most of the chlorite and vermecaliid a

portion of the quartz, plagioclase and illite have dissolved, whereas relativeses@e
observed for muscovite and hornblende. Neo-precipitation of the feldspathoids sodalite
and cancrinite represent 23% and 24% of the fine particle separatéirfaatexs 6% of

the bulk sediment) in the [+GPand [-CQ] treatments, respectively. A neo-precipitate
stratlingite [CaAl,;SiO;-8(H,0)] was observed in the [-G[treatment. Upon reaction,

the sediments also took on a reddish hue and we noted Fe enrichments on the surfaces of
neo-precipitates in our TEM/EDX analysis, but we did not observe any crysta#+
(oxyhydr)oxides by XRD. We attribute this to neo-precipitation of short-rangered

Fe (oxyhydr)oxidege.g.,32).

Sediment leaching. After 500 PV, effluent pH, and contaminant and major cation
concentrations reached an apparent pseudo steady-state condition between ion exchange
reactions and slower dissolution/precipitation reactions (Figure 1). At thig poi
concentrations were equivalent to those in the feed solution (not shown), indicating most
of the labile 1pool had already desorbed from the sediments pT@@ concentration

during weathering had no effect on the long-term desorption effluent conaargrati

11



Sr, but effluent Cs was lower in the [+g@ompared with the [-Cg) treatment (Figure

1). Minimizing pCO, during weathering thus resulted in a greater proportion of Sr and Cs
being removed during the leaching experiment (Figure 2). For Sr in partiouich of

this greater removal in the [-GQreatment occurred during early PVs (Figure 2). After
500 PV, [-CQ] sediments produced effluent pH values (measured on-line to aveid CO
absorption) of 9.0, ca. 0.2 pH units above those exposedid@ing sorption.

However, effluent inorganic carbon showed no long-term treatment effdobf( 8ie
Supporting Information). There were only minor qualitative changes in the XRD
diffractorgrams after ~600 PV of leaching, however Rietveld fittingaksva decrease of
4% and 2% in the feldspathoid content for the [$[cADd [-CQ] treatments,

respectively, a 2% decrease in stratlingite content in the,[-tt&atment, and minor

kaolinite increases (Figure S-3 of the Supporting Information).

Reactive Transport Modeling. The influent BPW solution is strongly undersaturated
with respect to the neo-formed feldspathoids and stratli(itde Conversely, both
treatment effluents are slightly oversaturated with respect to tgldsdl kaolinite and
undersaturated with respect to calcite and strontianite (S-2 of the Supporting
Information).

Using the exchange affinity dataset of Steefel é€t4)| Cs efflux between 300
and 600 PV’s can be explained solely by ion exchange reactions on FES. This follows
from the extremely high affinity of Cs for the FES 14). The principal cation

exchanging for Csis K'aq, When the K-Na selectivity coefficient in the Steefel et al

12



parameter s€il4) is adjusted to match the K sorption curve, the Cs desorption
breakthrough aligns with the measured data (Figure 3).

Strontium desorption behavior after 500 PV’s is well approximated by dissolution
of neoformed feldspathoids substituted with Sr at the stoichiometric ratios of 0.012 and
0.010 for [-CQ] and [+CQ], respectively (see methods for unit formula). When
constrained by N@effluent concentrations, feldspathoid dissolution rates were found to
be 10***and 16*?° mol M>seqimenss ™ for [-CO;] and [+CQ)], respectively. For 600 PV'’s
of leaching this corresponds to an estimate 8% loss of feldspathoid mass, whit¢teis of t
same order of magnitude as the 3% loss observed via XRD (S-3 of the Supporting
Information). The modeled effluent Al and Si concentrations from feldspathoid
dissolution were elevated relative to the measured values, so precipitation of a
aluminosilicate (approximated by kaolinite with specific surface (86a&) = 11.4 rhg
1) and an aluminum hydroxide (approximated by gibbsite with SSA = 2d@)'hwas
included to match the effluent Si and Al concentrations. The required precipitat®n rate
in log form (mol MminerarS ) Were -8.5 and -8.3 for the aluminum hydroxide in the [-
CO,] and [+CQ), respectively, and -11.0 and -10.5 for the aluminosilicate in the;]-CO

and [+CQ)], respectively. This provided a unique fit to the data.

DISCUSSION
The gXRD, FTIR, TEM-EDS, and selective extraction data all confirm theafttwm of
feldspathoid minerals in our reacted sediments consistent with prior obseryatihs

12, 24)(see Table 1 and S-3, S-5 and S-6 of the Supporting Information).
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I nfluence of pCO,. ThepCO, during STWL reaction did not alter the total Sr and Cs
sorption (Table 1), but it did impact mineral weathering processes (S-3 of the tSuppor
Information) and the subsequent desorption during BPW leaching. More Sr (66% vs.
28%) and Cs (13% vs. 8%) was desorbed in BPW from sediments weathered in the
absence of CQ(Figure 2). For Sr, the greatest desorption rates were measured at early
PV’s. This Sr was likely sorbed to ion exchange sites or kinetically labileratsndhis

is consistent with higher Mg(N¢p extractable Sr (but lower Ca) measured in the jJCO
treatment (Table 1). Since the total amount of Sr taken up by the]€GO[-CQ]

reacted sediments was similar (TablepOQ, appears to affect the partitioning of
contaminant Sr sorption into solid phase species, which in turn controls its subsequent
susceptibility to desorption in BPW. The dissolution of native calcite and neotiorma

of stratlingite—which can incorporate Sr—in the [ ®eatment may play an important
role in the early PV release of Sr.

Effects ofpCO, on Cs desorption were more subtle (despite greater Cs desorption
from the [-CQ] than the [+C@| case) and not as clearly related to species partitioning
during sorption. Given the low concentrations of Cs in the STWL and low mass of Cs
sorbed to the sediment (~0.1 mmol‘kgee Table 1), we can assume nearly all Cs was
initially adsorbed to high affinity frayed edge sites, which are expeatedve
concentrations as large as 2 magig™ in these sediment8, 14) (Table 1, note FES-
bound C$is not likely extracted by Mg(N§)). In our BPW leaching experiments, we
expect C§desorption from high affinity sites is strongly controlled by influeht K
concentrations. Our modeling shows equilibriufnfiling of the planar sites precedes

any significant displacement of FES-bound.Gince the CEC decreased much more for

14



the [-CQ] treatment than for the [+Gtreatment during STWL weathering, influent K
should fill the planar sites in the [-GQQreatment at an earlier PV than the [+ O
treatment. Subsequently, this should initiateckmpetition with FES-sorbed Cat an
earlier PV, resulting in earlier Cdesorption in the [-C§than the [+CQ] treatment
(see Figures 1, 2 and 3). This proposed mechanism is consistent with greatier over
weathering in the [-Cg) treatment.

It is important to note however, tha€O, has only a minor impact on the
longterm Cs and Sr desorption rates or effluent concentrations (Figure L}, In fa
although long-term differences do exist between treatments, long-tetroriedc
desorption rates (>500 PV) for both contaminants in both treatments fall within a narrow
range of 0.0001 — 0.0004 PV* (S-7 of the Supporting Information), whegs the
fraction of total contaminant sorbed to the sediment. This bodes well for future modeling
efforts because it suggests long-term re-supply of Sr and Cs should be lesstsulge-
linear effects due to initigCO..
Modeled Csdesorption characteristics. Although the shape of the Cs desorption curve
after 500 PVs suggests steady state mineral dissolution, we can fidjulstireg the
initial Cs loading on the exchange sites to 0.032 and 0.029 skgibfor [-CO,] and
[+CO,], respectively. At these loadings, our model predicts Cs to partition almasiyenti
to the FES where Cs desorption is governed primarily bgx¥¢hange (Figure 3). This
does not prove that Cs is excluded from co-precipitating with neoformed mineralg duri
the weathering process, but rather that there is no need to invoke mineral dissolution to

explain the dataset. In fact, the mass of Cs sorbed by the sediments (~0.1 niml kg

15



well below the expected FES density (ca. 2 mrkgl) (3, 14). Nonetheless, after 600
PVs only 16% of the applied Cs has been desorbed.
Modeled Sr desorption characteristics. The effluent data and the modeling are both
consistent with our hypothesis that neoformed mineral dissolution controls Sr desorpti
at >500 PV. The model can accommodate all of the Sr within the dissolving feldspathoid,
with the dissolution rate constrained by Nédfluent concentrations (Figure 1). TEM-
EDS spectra provide evidence for Sr association with the feldspathoids, whereas
decreases in: (1) total solid phase N; (2) the intensity gf$ii@tching vibrations (1379
and 1419 cil) in FTIR spectra; and (3) the gXRD feldspathoid content are all consistent
with dissolution of this phase during leaching (S-3 of the Supporting Informaifiove.
assume congruent feldspathoid dissolution, modeled effluent Al and Si conoesteat
higher than those measured. Stopped-flow experiments conducted at the end of the
leaching period indicate both Al and Si-bearing solids are precipitatirg ridashown).
Thus, incongruent dissolution of feldspathoid minerals, coupled to aluminosilicate and/or
aluminum hydroxide precipitation, as modeled, is likely. Clearly, other mineral
dissolution and precipitation reactions co-occur during the leaching pragesk,may
or may not have direct bearing on Cs and Sr desorption characteristics, butycertainl
impact other effluent component concentrations. A good example is the potential for
carbonate minerals (e.g, calcite and stratlingite) to influence efft&*, SF* and H
activities. Additionally, Fe neo-precipitates may play a role in the @amv PV)
desorption of contaminangs.g.,32) or as mobile colloid carriers.

This study illustrates the need to incorporate mineral dissolution into conceptual

and numerical models of (at least) Sr desorption under future Hanford siteeclos

16



scenarios. Dissolution of co-precipitates (i.e., feldspathoids) formed duringgitteon

of liquid waste with siliceous sediments can serve as a long-term source ebfitida.
Because these dissolution processes are likely active during all stagdsadrg

leaching, future modeling efforts should include a mineral dissolution component even
when shorter-term ion exchange processes dominate. This work also suggests that
exchange remains a dominant process governing Cs dynamics even aftirables

leaching.

SUPPORTING INFORMATION AVAILABLE

(S-1) Description of column preparation, parameter table and toaeakthrough. (S-2)
Table of mineral saturation indicies (SI) for the effluent3jSuantitative XRD spectra
and Table. (S-4) Figure of effluent Ca and TIC. (S-5) FTIR tspeaf the reacted
sediment. (S-6) TEM micrograph and EDS spectrum of feldspathoids. (SefipRah Cs
and Sr desorption. (S-8) Effluent speciation data. This mateaahitable free of charge

via the Internet dbttp://pubs.acs.org
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Tables and Figures

Table 1. Distribution of Sr, Ca, Cs, I, Al, Si and Fe iretB-mo reacted

sediments.
Total Mg(NO3)*** AAO*** NH4OAC****
--------------- mmolkg'l---------------
Unreacted 4.3(2) 0.068(1) 0.0087(6) 0.17(2)
Sr [-COy 4.6(2) 0.102(1) 0.0234(3) 0.69(1)
[+CO;] 4.6(2) 0.069(2) 0.035(1) 0.66(6)
Unreacted 0.023(2) bd* 0.00008(5) 0.002(5)
CS [-CO, 0.096(7) 0.0024(3) 0.0243(5) 0.029(3)
[+COj] 0.100(1) 0.0023(1) 0.0252(5) 0.029(2)
Unreacted b.d. bd* bd* 0.0007(6)
| [-COy 0.035 0.00034(9) 0.012(1) 0.010(7)
[+CO;] 0.014 0.0011(1) 0.010(1) 0.012(1)
Unreacted 2483(50) 0.6(5) 31(4) 0.98(9)
Al [-CO, 2734(55) 2.5(8) 592(71) 338(15)
[+CO;] 2732(17) 2.7(10) 496(9) 362(24)
Unreacted 10780(108) 4.4(29) 20(6) 3.7(48)
S| [-CO, 10930(109) 5.3(6) 387(51) 203(29)
[+COj] 10771(5) 7.4(11) 326(9) 216(16)
Unreacted 654(20) 0.3(2) 22(3) 0.56(6)
Fe [-COy 645(19) 0.4(2) 130(11) 30.2(3)
[+CO;)] 662(13) 0.51(26) 108(3) 11.0(2)
Unreacted 724(27) 27(1) 0.85(10) 174(17)
Ca [-CO, 644(24) 24(1) 0.59(6) 180(5)
[+COj) 676(13) 54(3) 0.60(8) 170(16)

*below detection

**Errors are the standard deviation presented in concise form [e.g., 5.0(15) = 5.0 + 1.5], withn =5
except for ‘total’ values, in which n = 2.

***Sequential extractions: Mg(NOs), followed by AAO (acid ammonium oxalate).
****NH,OAc (Ammonium acetate). This was a separate, non-sequential extraction.
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Figure 1. Pseudo steady-state desorption of:N&, Cs, Al, Si and pH from hydroxide-
weathered sediment. Each data point representpoei@Ovolumes, 3 replicates are shown per
treatment. Lines indicate kinetic simulations ofi@s exchange and incongruent Sr-substituted

feldspathoid dissolution coupled with generalizedranum hydroxide and aluminosilicate
precipitation.
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Figure 3. Model fitting of K and C$ breakthrough using the 3-site ion exchange moak! a
column-weighted parameter set of Steefel €14) modified only by altering the planar CEC
site density [[-C@=5.8 x 10° eq @', [+CO,]= 7.5 x 10° eq ¢'], and K-selectivity [KX3 + C&
&> K + CsX3, modified log K values to 0.879 ([-gDand 0.929 ([+Cd)]. Cs' loading on
the exchange sites was ca. 0.@8) g in both treatments.
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