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cryogenic laser-induced fluorescence spetroscopy
composite medium approximation

Department of Energy
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inductively coupled plasma — optical emission spectroscopy
distribution coefficient

Kinetic Phosphorescence Analyzer
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Pacific Northwest National Laboratory
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Resource Conservation and Recovery Act

River Protection Project
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Hanford Science and Technology Project
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XAFS X-ray absorption fine structure

XANES X-ray absorption near-edge structure

XAS X-ray absorption spectroscopy

XBR cross borehole radar ‘

XMP X-ray microprobe

XRD X-ray diffraction

ZAF atomic number, absorption, and fluorescence
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D.1.0 OVERVIEW AND SUMMARY

The Hanford Science and Technology (S&T) Project was initiated in 1998 as part of the
Groundwater/Vadose Zone Integration Project with the goal of coordinating and performing
mission-oriented scientific research in support of decision making for environmental cleanup at
Hanford. The S&T Project is now part of the Groundwater Protection Program at the Hanford
Site. The S&T scope, as well as the major site milestones that it supports, has been described in

the Science and Technology Roadmap for the Hanford Site (DOE 1999, 2000). The S&T Project

consists of focused, site-specific investigations funded by DOE-Richland Operations through the
Groundwater Protection Program, and the Environmental Management Science Program (EMSP)
projects funded in fiscal year 1999 vadose zone and fiscal year 2002 subsurface science calls.

The S&T Project has used the process of roadmapping, where problem holders (e.g., the U.S.
Department of Energy (DOE), Tribal Nations, regulators, stakeholders, and remediation
contractors) come together with problem solvers (e.g., scientists and engineers from universities
and the DOE national laboratories) to define the problems and establish a path to solution. The
scope and outcomes of S&T activities, linkages of outcomes to the Groundwater Protection
Program or other Hanford Site projects, and the schedule, budget, and priorities for these
activities are documented in the S&T roadmap, which was issued and revised (DOE 1999, 2000).

This appendix contains research performed by three elements of the Hanford S&T Project:
Representative Sites Research, Reactive Transport Modeling, and Vadose Zone Field
Experiments. This scientific input to the waste management arca (WMA) B-BX-BY field
investigation peport represents a specific milestone in the S& T roadmap. The research has
addressed important scientific issues associated with the chemical speciation of
bismuth-phosphate metal waste; the retardation, chemical speciation, desorbability, and
migration of strontium and uranium in the vadose zone; and hydrogeologic/soil physical features
and processes controlling lateral waste migration. These studies were performed to provide
insights on water and chemical distribution, the future migration of the BX-102 and B-110
vadose zone plumes, and additional contaminant fluxes to groundwater.

This appendix summarizes key results of the S&T Project research that have important
implications to: 1) conceptual and numeric models of water and waste migration in the vadose
zone of the B, BX, and BY tank farm complex and 2) the potential for future migration as it may

~ influence contaminant fluxes to groundwater, need for corrective actions, and management

activities and strategies for the in-ground contaminant inventory. The research is organized
around four theme areas in the summary that follows immediately and in the body of

Appendix I 1) strontium geochemistry and transport at B-110, 2) uranium speciation and
dissolution from BX-102 sediments, 3) fluid flow and transport in the B, BX, and BY tank farm,
and 4) isotope tracking of the fate and transport of radionuclides. The research summaries in
Appendix D represent status reports on the individual scientific activities. The research activities |
in this appendix have been underway for less than one vear, and some for less than six months at i
the time of reporting. Most are not yet complete, but first order conclusions are evident and may :
be stated with confidence. In the interest of brevity, many details and supporting experimental,

theoretical, and computational information has not been included in the scientific summaries that

follow. Readers desiring full disclosure of methods and results are best directed to the

peer-reviewed publications that are resulting from this work.

AppD_1213 D-1 December 13, 2002



RPP-10098, Rev. 0

D11 KEY FINDINGS

D.1.1.1  Strontium Adsorption, Desorption, and Transport in Pristine and Contaminated
Sediment

1. The primary attenuation mechanism for strontium-90 in Hanford sediments is isotopic
exchange with the labile, indigenous, stable isotopic pool. Most of the labile strontium
repository exists on the cation exchange complex in the sediment. The cation exchange
complex exhibits a concentration range of 20 to 60 peq/g on B tank farm sediments.
Indigenous strontium typically occupies 5to 10% of the exchange complex.

2. Distribution ratios measured for strontium on a variety of Hanford sediments (including
two from the B tank farm) in sodium and calcium electrolytes varied from 1000 ml/g to 0
in sodium electrolyte (0.001 to 5 mol/L sodium) and 58.9 mi/g to 0.68 ml/g in calcium
elecirolyte (0.0005 to 0.05 mol/L), attesting to the strong electrolyte ion effect on Sr**
adsorption. '

3. The ion exchange adsorption of Sr** was enhanced in HCO; electrolyte (the dominant
anion in the B-110 strontium plume), presumably by formation of adsorbing StHCO;"
complexes. NTA (nitrilo-triacetic acid, a possible complexant present in the B-110
strontium recovery waste stream) had no effect on St** ion exchange adsorption in HCOs
electrolyte when its concentration was 1.5 mmol/L, but reduced Sr** ion exchange
adsorption by a factor of approximately 18 when NTA was present at 15 mmol/L. More
specifically, the presence of NTA at 15 mmol/L reduced the Sr**-Ky in B tank farm
composite sediment in 0.015 mol/L NalICO; electrolyte from approximately 56 ml/g to
3.16 ml/g.

4. A multicomponent (Na'*, K*, Ca®*, Mg®*, Sr*") cation exchange model was developed to
describe the distribution of both stable strontium and strontium-90 between
porewater/wastewater and sediment. Calcium is the most important competitive ion, and
accurate calculations with the model require specification of the total, labile calcium
concentration in the sediment; the distribution of calcium between water and the _
exchange complex; and the sediment exchange capacity. Sodium becomes an important
competitive ion when its aqueous concentration exceeds approximately 0.1 moV/L.

5. Approximately 75% of the sorbed strontium-90 in sample 26A was present in an ion
exchangeable state and 25% was precipitated in a high magnesium-calcite. Many of the
ion exchange sites exist within zones of smectite in the interparticle domain of basalt
lithic fragments. Smectite is a weathering product of glass. The isotopic ratios of
strontium in these ion exchangeable and carbonate-precipitated strontium pools were
different indicating that they were not in isotopic equilibrium.

6. The ion exchangeable strontium-90 was fully and rapidly exchangeable under the
necessary ionic conditions. The desorption extent and its dependence on electrolyte
composition was well described with the multicomponent exchange model. The ionic
compositions and concentrations required to induce significant desorption
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(e.g., 1 to 5 mol/L sodium and 0.05 mol/L calcium) were much higher than those
currently existing in the B-110 plume.

The use of a deionized water extraction to characterize the porewater concentration of
strontium-90 probably underestimated its true in situ concentration through the dilution
of the porewater electrolyte ions. The most accurate assessment of porewater '
strontium-90 concentration would be obtained by sediment extraction using NaHCOQj; at
the approximate in situ concentration (e.g., 0.1 mol/L)). The best estimate of the *°Sr-Kg -
for the ion exchangeable pool under the existing in situ geochemical condition is

5.62 ml/g. The effective in situ retardation factor would be quite high because the low
volumetric moisture content. Additional measurements and calculations underway will
further refine this value. ' u

Approximately 25% of the sorbed strontium-90 pool appears to be incorporated into a
precipitated carbonate phase. This precipitated strontium-90 is not desorbable in sodium
or calcium electrolyte, and is essentially fixed unless subsurface pH changes to more
acidic values. The precipitated strontium-90 appears to exchange very slowly with other
indigenous stable strontium pools.

The vadose zone strontium-90 plume currently appears stable and immobile. Infiltration
of dilute meteoric waters could further increase retardation by the dilution of porewater
Na®. An increase in porewater Ca’” could mobilize a portion of the adsorbed strontium-
90. '

A transport analysis using the ion exchange model developed above is needed to
ascertain whether the current in-ground distribution of Na™ and sirontium-90 is consistent
with multicomponent ion exchange, or whether the mobilizing effect of a complexant
such as NTA need be evoked. Such calculations are planned during fiscal year 2003.

Uranium Speciation and Dissolution from BX-102 Sediments

Uranium exists in all three BX-102 samples studied as uranium(V1).. The uranium(VI)
exists primarily as a precipitated phase. The uranium(V1) precipitates are found as
discontinuous grain coatings, filamentous intergrain deposits, and as micron size
crystallites within mineral microfractures.

.. The spectroscopic signature of the precipitated uranium(VI) as measured by X-ray

absorption spectroscopy (XAS) and laser induced fluorescence spectroscopy (LIFS) is the
same in all BX-102 samples studied.

Various independent lines of evidence suggest that the precipitated phase isa 1:1
uranium sheet silicate falling in the uranophane [Ca(H;0)2(UO;),(Si04),92H,0] —
boltwoodite [(Nag 7Kg 3)(H;O)(UO,)(Si04)¢H,0] mineralogic series. Ongoing studies
will seek a definitive identification of the uranium(VI) phase. All lines of evidence also
suggest that there is only one dominant precipitated uranium(VI) phase.

The geochemical evolution of carbonate complexed uranium(VI) in the metal waste
stream into precipitated uranium(VI)-silicate is not fully understood and will remain
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under study. The precipitation of metal waste bicarbonate in solid carbonate phases T

through sediment reaction, and sediment drainage leaving uranium(VI)-enriched capillary e

water films on silicate surfaces and within microfractures has probably played a major

role. _ |H|
5. The precipitated uranium(VI) can dissolve from the sediments if water is added and the _

pH is above 8.5. The precipitated phase exhibits solubility behavior like that of ;
uranophane/boltwoodite, although mass transfer of uranium(VI) from particle interiors is =
a limiting factor. In a system that is open to the atmosphere, the solubility of these

phases increases from approximately 10 mol/L at pH 8, to 10 mol/L and above at pH
values in excess of 9.0. From 40 to 85% of the precipitated uranium(VT) will dissolve at -
pH 9.5 in excess water, given sufficient time.

premm)

6. The amount of the precipitated uranium(VI) pool that will dissolve appears predictable
(with additional analyses), and is most dependent on pH, HCO3/CO; concentration, and
water content. Dissolved silicon is also an important factor, but its concentration is
nominally fixed by equilibrium with poorly crystalline sediment silica. The dissolution
of the precipitated uranium(VI) phase exhibits strong kinetic behavior, requiring over
100 d to reach equilibrium in a well-mixed system. Much longer periods for equilibrium
may be expected in the vadose zone with low moisture content.

o

fai

7. Because of the psuedo-solubility behavior of the sediment uranium(VI) in the BX-102
samples, there is no uniform Ky, K4 varies from 450 ml/g to 0.25 ml/g depending on the

S

total uranium(VI) concentration, the pH, the carbonate concentration, and water content —
(or the rock-water ratio). The complex relationships between these factors are Lj
understood to large degree. K4 also varies with water contact or residence time, as the
uranium(V]) silicate slowly dissolves to the equilibrium state. =
8. At the present time, most of the uranium(VI) inventory in the BX-102 samples studied is =
associated with the solid phase and is effectively immobile. However, the precipitated ~
uranium(VI) phases do maintain appreciable solubility and, for that reason, the porewater »
concentrations of uranium(VI) are quite high. Spectroscopic measurements of the
porewater indicate that the soluble pool exists as uranium(VI)-carbonato complexes. ™
This soluble uranium(VI) pool will continue to migrate, albeit slowly, because of the low L
water content.
9. The precipitated uranium(VI) phases in the BX-102 sediments are sufficiently soluble L
and reactive to function as long term source terms to infiltrating waters if allowed.
However, the slow dissolution kinetics of the precipitated phases indicates that ”"j
non-equilibrium behavior is likely to prevail. Water management will be key to limiting L
further contamination because the total solubility of the precipitated uranium(VT) phases
arc a strong function of water content or water:rock ratio. 1
10. Direct spectroscopic measurements (by cryogenic laser-induced fluorescence

spectroscopy) of uranium in porewater from borehole 299-E-33-45 indicate that the L
residual mobile aqueous uranium species resuiting from the metal waste spill are UO; s
(COs) 22 and UQ, (CO3) 3 4"_complexes. Using thermodynamic models with the best
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available database, the UO, (COs) 3" complex was computed and determined to be the
dominant uranyl species in BX-102 metal waste supernate. This species has persisted in
porewater since the time of the metal waste spillage in 1951.

Fluid Migration in the BX Tank Farm (Preliminary Findings)

Cores from the contemporary boreholes 299-E33-45, 299-E3-46, and 299-E33-338 and
logs from nearby Resource Conservation and Recovery Act (RCRA) wells indicate the
presence of continuous, small scale, silty fine sand layers at about 75 ft, 100 ft, and
120 ft. The migration direction of the plumes proximate to tank BX-102 is generally
consistent with the ~3% slope of these layers, which dip to the northeast. These layers
alone, however, cannot explain the current distribution of contaminants to the east and
northeast of tank BX-102.

Injection experiments performed at the S&T Vadose Zone Transport Field Study test site
in the 200 East Area provide insights on the lateral migration process as it may have
occurred in the BX tank farm. The S&T field experiments have documented cases of

Jateral unsaturated fluid migration promoted by discontinuous, low permeability

laminations/lenses in the H2 (Hanford formation). These observations support a
conceptual model of moisture-dependent anisotropy, whereby fluids (metal waste in the
case of the BX-102 spill) migrate horizontally along a conductive fine-textured
lamination until it terminates, or its air entry potential is sufficient to allow breakthrough.
The waste fluid migrates vertically after breakthrough, until encountering another wetter,

~ conductive lamination that, again, promotes lateral migration. Lateral migration of tens

of meters from the point of origin is possible with this anisotropy mechanism. It appears
that the mechanism of anisotropic flow could have contributed to the lateral migration of

uranium in a northeasterly direction from tank BX-101 to the west of tank BX-102.

Large horizontal to vertical permeability ratios are necessary to model the observed
lateral migration in the field. The apparent anisotropy is greater than observed in small

field samples.”

Enhanced lateral flow cannot be attributed to strong flow diversion at a few major layers,
but is caused by strong anisotropy throughout the formation due to pervasive multi-scale
layering of the sediments.

D.1.1.4  Isotope Tracking of the Fate and Transport of Radionuclides in Waste

1.

Management Area B-BX-BY Sediments

The uranium isotopic composition of the deionized water rinses of sediment samples
from the uranium plume encountered in borehole 299-E33-45 are uniform and probably
represent the uranium isotopic composition of the 1951 tank BX-102 spill event. The
uranium isotope ratios of groundwater samples from the uranium plume in the WMA
B-BX-BY area (Dresel et al. 2002) lie along mixing lines between the composition of the
299-E33-45 samples and natural background uranium, suggesting that the groundwater
plume is primarily derived from the same source. '
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2. The vranium isotopic composition of the deionized water rinses from borehole
299-E33-45 samples are not consistent with the presumed isotopic composition of the
1970 to 1971 tank B-110 leak (Jones et al. 2001), suggesting that the contamination in

those sediments was derived from a different source. The isotopic ratios are compatible r
with derivation from earlier fuel types (i.e., circa 1950). —
3. The stable strontium isotope ratios (i.e., strontium-87/strontium-86) of deionized water 7
rinses from the borehole 299-E33-45 (tank B-110) plume have been shifted towards the e

isotopic ratio of the sediments, indicating rapid exchange through dissolution of the
silicate minerals in the sediments by reaction with the waste solutions.
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D.2.0 STRONTIUM ADSORPTION, DESORPTION, AND TRANSPORT
IN PRISTINE AND CONTAMINATED SEDIMENT

Strontium-90 was a major fission product generated in high vield at the Hanford Site. Exhibiting
a half-life (ty2) of 28.1 years, its overall activity in the irradiated uranium fuel was second only to
cesium as an intermediate half-life contaminant. Strontium-90 has been disposed to many cribs,
retention basins, and other soil sites in the 200 Areas where it has migrated to varying degrees
depending on the waste and sediment composition, and the volume of liquid discharge. Its
retardation in Hanford sediment is considered moderate. To large degree, strontium-90 has been
held up in the sediment column through sorption processes (DOE-RL 1993). Sizeable in-ground
inventories of strontium-90 exist in numerous sites on the 200 Area plateau (Waite et al. 1991;
DOE-RL 1997; Todd 2000). One major strontium-90 groundwater plume exists near the

100-N Area as a result of cooling water discharge to the 1325-N liquid waste disposal facility
(Alexander and Johnson 1993). This sizeable groundwater plume, that discharges strontium-90
to the Columbia River, has been the subject of a pump-and-treat remedial action that has not
been especially effective because of strontium sorption to the sediments.

Both strontium-90 and the natural, stable strontium isotopes [e.g., **Sr (0.55%),%°Sr (9.75%),
strontium-87 (6.96%), and strontium-88 (82.74 %)] exist in the environment as S1** exhibiting
qualitative geochemical behavior comparable to the other alkaline earth cations (e.g., Mg®*, Ca®,
and Ba™"). Strontium exhibits no redox behavior in the Hanford environment. Hanford
sediments contain appreciable concentrations of indigenous strontium existing as stable isotopes
in primary aluminosilicates, in detrital and authigenic carbonates, and as an, exchangeable ion on

‘smectites and vermiculites in the silt and clay sized fraction of the sediment. The nominal

concentrations of water and acid extractable strontium in Hanford sediments are typically

10° umol/g and 1 umol/g, respectively. Contaminant strontium concentrations are invariably
much smaller than the indigenous concentrations of stable isotope strontium (e.g., by factors of
10°to 10* times), with the consequence that the primary retardation mechanism of strontium-90
is isotopic exchange with the cold strontium pool. The primary implication of the isotopic
exchange reaction is that the Kq for strontium-90 will initially tend toward the K4 of the labile, or
exchangeable cold strontium pool, such as may exist on fixed charge sites on clays, or possibly
amphoteric sites on weathered feldspars or other like phases. The strontium Ky may further
increase with time as strontium-90 diffuses into precipitated strontium phases (such as strontium
substituted CaCOjss)) in pursuit of isotopic equilibrium. Thus, it is necessary to understand the
geochemical reactions controlling the distribution of the much larger strontium-$6 and
strontium-87 pool in order to understand and forecast the sorption/desorption behavior of
strontium. ' '

Adsorption and precipitation reactions are generally responsible for the geochemical retardation
of Sr*' migration. Ton exchange to phyllosilicates such as smectite and vermiculite and surface
complexation to iron and aluminum oxides (Jackson and Inch 1983, 1989) are the most
commonly implicated adsorption mechanisms. Strontium may also precipitate as carbonate,
phosphate, and sulfate solids and substitute as a minor component via coprecipitation in other
mineral phases such as calcite [CaCOs)]. There have been several Hanford-specific studies of
strontium sorption by various Hanford sediment types with emphasis on the measurement of K4
and the quantification of factors affecting it (Routson et al. 1978, 1981: Serne and LeGore 1996).
While the identification of adsorption mechanism was generally not a focus of this work, a
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strong apparent dependence of Kgq on sediment CEC, and electrolyte concentration and valence
(Routson et al. 1981) points strongly to an ion exchange sorption process involving the
phyliosilicate fraction of Hanford sediment. The mass action expression for cation exchange
may be generalized as follows:

vAX, +uB"" = uBX, + vA"

where X denotes one equivalent of the exchange complex, and A" and B"" are two cations
exchanging on X. Ton exchange in the pristine and contaminated Hanford subsurface
environment is a complex, mulitcomponent problem involving Sr™*, Ca*', Mg™*, and Na™. While
empirical relationships have been developed to estimate strontium-Kq (Routson et al. 1981), they
do not incorporate all the important factors and, consequently, are not accurate. The details of
the strontium-ion/isotopic exchange process on Hanford sediment require investigation to
formulate more accurate transport models.

{‘.*"'.‘ '“}
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D.2.1 STRONTIUM IN THE B-BX-BY TANK FARMS

In fiscal year 2001, the River Protection Project (RPP) placed borehole 299-E33-46 near tank
B-110 1o investigate a potential strontium-90 plume implied by spectral gamma monitoring of
drywells proximate to tanks B-107, B-108, B-110, and B-111. Tank B-110is a 530,000 gal tank
that was suspected to have leaked approximately 25,000 gal between 1971 and 1972 (Jones
2001). Characterization of the borchole samples confirmed the presence of strontium-90
between the depths of approximately 50 and 90 {t (Figure D.1), with a maximum concentration
of 11,000 pCi/g of sediment. The strontium-90 plume was also associated with a plume of
sodium-HCOs-F at a concentration of sodium-HCO; of 100 to 150 mmol/L. (Figure D.2). No
other contaminants in appreciable concentration were observed in this plume. The noted
contaminant distribution in borehole 299-E33-46 was anomalous and not expected given the
waste inventory records for tank B-110 (Jones 2001 and Section 3.2.2.4). The observed waste

"constituents are now postulated to result from the leakage of PUREX strontium-recovery waste

from a transfer line (Section 3.2.2.4). The strontium-recovery waste was believed to contain
NTA (nitrilo-triacetic acid) and other organic complexants, but chemical analysis of the borehole

~ sediments did not detect their presence.

The S&T project has focused on the development of information to interpret the migration of
strontium-90 in borehole 299-E33-46 and at other sites at Hanford. Two primary research
activities were initiated on strontium geochemistry that are planned to be completed in October
2002. The scientific and analytical issues involved in these have been found to be far more
complex than originally anticipated. Status reports on these activities are given in the sections

~ that follow. The remaining research is expected to be completed in the first quarier of fiscal year

2003. In the first activity, pristine sediments from various locations in the 200 East and 200

‘West Areas, including two composite sediments from different depth intervals in the B tank

farm, have been used in experiments to define a multicomponent ion exchange model for
strontium in sodium-HCOQO; and sodium-NQO; electrolytes.- For the second activity, contaminated
sediments from the B-110 strontium plume were studied to identify: 1) the mineral phases
hosting sorbed strontium-90, and 2) the desorbability of strontium-90 as a measure of the
potential for future migration. Although these activities are incomplete, important insights are
provided on the geochemical behavior in the B-110 borchole.
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Figure D.2. Porewater Concentrations of Major Cations and Anions in Borehole
299-E33-46 Shown in Reference to the Depth Distribution of Strontium-90
Data from Serne et al. (2002).
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D.2.2 ION EXCHANGE STUDIES

John M. Zachara', Steven C. Smith’, and Chongxuan Liu'

IPacific Northwest National Laboratory, Richland, Washington 99352
D.2.2.1 Introduction

As noted in Section D.2.0, ion exchange appears to be the primary retardation mechanism for
St** and strontium-90 in Hanford sediments. The ion exchange of Sr** may be depicted
generally as:

VAXy+ SP* = SrX, +vA™ (E.1)

where X is one equivalent of fixed charge on the exchange complex and A™ is one of several
different types of exchangeable cations at the mineral surface that are compensating for fixed
negative charge. The adsorption mechanism of strontium-90, in turn, may be viewed as an
isotopic exchange process with stable strontium isotopes on the exchange complex:

S1Xs + P8 g = US1Xe + Sy (E.2)

There is no change in the total aqueous concentration of Sr** with isotopic exchange, but there is
a major redistribution in counts (Serne and LeGore 1996). The degree of partitioning of
strontium-90 is controlled by the concentration distribution ratio (e.g., Kg) of stable strontium
isotopes between the aqueous and solid phase.

Hanford sediments are generally coarse-textured and contain a small silt and clay sized fraction.
Their measured cation exchange capacity (CEC) is typically low (CEC = X'y = 20-80 peq/g)
compared to surface soil, but is sufficient to strongly retard the migration of mono and divalent
radioactive cations (e.g., strontium-90, cesium-137) released to the Hanford vadose zone in high
radioactive (e.g.,> 10’ pCi/L), but low molar concentrations (e.g., < 10® mol/L). The low CEC
of the Hanford sediment actually translates to a significant molar concentration

(=0.233 mol X'/L) when referenced to porewater in water saturated sediment. This solid-phase
ion repository greatly exceeds the total ion composition of typical Hanford porewater and
groundwater (0.001-0.01 mol/L)). The exchange complex in Hanford sediment is saturated with
Ca®*, Mg”", Na", K, and Sr*" cations (in that approximate concentration order from left to right
with Ca”" being the highest), but the functional relationships between surface and aqueous cation
distributions have not been quantitatively established.

Key to the development of a predictive relationship for strontium-90 sorption is the
parameterization of a multicomponent ion exchange model for Sr*" that allows for the
calculation of [Sr2+] and [SrX,], and hence K4-Sr, as a function of the controlling system
parameters: CEC and the total concentrations (aqueous plus adsorbed) of the primary
competitive cations. In this section, results are presented of experiments to-characterize the ion
exchange process in a variety of Hanford subsurface sediments, including two composite
materials from the B tank farm. The experimental objective was to parameterize a general
multicomponent exchange model for Sr**on Hanford sediment, like one that was developed for
Cs" (Zachara et al. 2002) that would allow tank farm-specific calculations when site-specific

AppD_1213 D-13 December 13, 2002



RPP-10098, Rev. 0

values of CEC, Catal, Stiotal, and others were used. Additionally, an evaluation was made of the
effects of HCO; electrolyte and NTA (nitrilo-triacetic acid) as a complexant on Sr** ion
exchange to provide basis for the interpretation of strontium-90 migration in the B-110 plume.
Experimental data is provided in this section in the form of adsorption isotherms and distribution
ratios (Kq) (Section D.2.1) and the numeric multicomponent ion exchange model is developed in
Section D.2.3.

D.2.2.2  Experimental Methods

D.2.2.2.1 Conceptual Model. The mulficomponent model may be described in the most
general sense by the following mass action and material balance relationships:

Mass action

INaX + St = StXp + 2Na'ny KyNa-sr E-3)
CaXy + St = SrXo + Ca’y) Kvcasr | (E.4)
CaXp + Mg% = MgX; + Ca’'gg Kocame | E.5)
CaXy + K'ag= KX + Ca™ (g Kycax (E.6)
Kynasr = N(SrXo) {Na* }/N(NaX)*{ $r*} (E.7)

(and similarly for Kca-sr, Kvcanmg, and Kycax) where N( )= mole fraction of the noted exchange
complex and {} thermodynamic activity. Other conceniration terms may be used for the
adsorbed species such as equivalent fraction.

Material balance

CEC = X7 =Z NaX + KX + 2CaX; + 2MgX; + 281X, (E.8)
Capm = Ca™ oy + CaXo (E.9)
{and similarly for Nasa, MZtotal, STiotals and Kiota)

and all concentrations other than N are in mol/L. See Sposito (1981a, b) and Sposito (1989) for
additional details on ion exchange formulations. Similarly, algebraic relationships can be
defined relating concentration terms (e.g., [Sr*'] and [SrX,], and Na* and [NaX]) and reaction
constants above (e.g., Kynasr) 1o Kg in binary, ternary, and multicomponent systems

(e.g., Liu et al. 2002).

D.2.2.2.2 K, Relationships. The distribution ratio [Kg4 (ml/g) = adsorbed concentration
(mmol/L)aqueous concentration (mmol/mL)] is a commonly used measure of sorption affinity
in Hanford soil and for transport models generally. The Ky is explicitly related to the ion
exchange equilibria depicted in Section D.2.2.2.1 through algebraic relationships shown below.
The relationship is straightforward for homovalent, calcium-strontium exchange, but more
complex for heterovalent, ternary sodium-calcium-strontium exchange. In both cases, Kqisa
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function of three controlling factors: 1) the cation exchange capacity (CEC), 2) concentrations.
of competing cations, and 3) ion selectivity for the exchanger phase quantitied by K, or K.

Binary reaction in binary system
CaX, +8r*" =8rX, +Ca™ K, or K,

CEC K, v _ CEC K,

K. (L/g)= or K. =
«(L/8) 2 {Ca™}+K_{Sr*} T2 [Ca?]+K [Sr?]

where v is the activity coefficient, K, is the conditional exchange coefficient, and Ky is the

Vanselow exchange coefficient, {} is the activity, [] is the concentration (umol/L), and CEC is
cation exchange capacity (uequivalent /g).

Binary reactions in ternary system

Note that for a ternary system, the selectivity coefficient must be expressed using equivalent
fraction (E) as the surface concentration term in order to have an explicit expression for Kd.

" Either a conditional equilibrium consiant (K) or the Gaines — Thomas selectivity coefficient

(KaT) may be used.
| CaX, +8r* =8rX, + Ca™ Kgr(Ca-Sr)or K (Ca-Sr)
INaX + Sr*' = SrX, + 2Na' Kgr(Na-Sr)or K (Na-Sr)

K _CECYSr%KGT(Na_Sr) '\,‘1+4a—1 ’
T2 {Na?"}? 2a

Ko (Na-Sr) {Ca®}

: {Sr™}
where a=———K a-Sy+
ot Na-SDF ¢ Ca-sn) Na )

{Na 2+ }2

or

« _CECK (Na-50(i+da-1 i
T2 Na¥7P 2a

where a = —[-S——I‘,,H—]ZKC(Na -Sr)+ K. (Na-Sr) [Ca®™]
[Na~+] KC(Ca -Sl‘) [Na2+]2

D.2.2.2.3 Materials Origin and Preparation. The Hanford fine sand composite (HFSC) was
made by the mixing of subsamples from borehole B8814 (well 299-W22-50 on the east side of
the S-SX tank farm) over the depth interval of 62.5 to 96.0 ft below ground surface (bgs).
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The B tank farm sediments came from the placement of RCRA monitoring well 299-E33-337.
The upper composite was made by mixing samples from the depth interval of 36 to 70 ft bgs, and
the lower composite was made by mixing samples from depths of 75 to 120 ft bgs. In practice,
the two B tank farm composite sediments were found to be virtually identical.

The three composite sediments were air dried and sieved to <2Zmm. All were characterized in
terms of particle size distribution, mineralogy, cation exchange capacity, and exchangeable
bases. : :

Type I Experiments

D.2.2.2.4 Sodium Acetate Extraction. A portion of the Hanford fine sand composite was
treated to dissolve carbonate minerals and soluble salts by extraction with sodium acetate
(Na-OAc). On day one, five 200-g aliquots of Hanford fine sand composite were transferred to
separate 60 cm lengths of SpectraPor 7° (1000 molecular weight cutoff) cellulose dialysis tubing
and combined with 200 mIL of 1 mol/L sodium acetate solution, pH 5.0 with glacial acetic acid.
The dialysis tubes were placed in a plastic container with excess sodium acetate solution. On
day four, the lysate was replaced with 3 L of fresh sodium acetate solution. On day six, the
lysate was replaced with deionized water. The treated soil was dialyzed for five additional days
against deionized water to remove dissolved cations. On days eleven and fourteen, the lysate
was replaced with 0.001 mol/T. NaHCOs;, pH adjusted to 7.5 with HNO;. On day fifteen, the
lysate was replaced with deionized water and was frequently changed to further remove
dissolved cations. The final rinsing step with deionized water required approximately two to
three weeks and was stopped when the lysate solution was < 5 uS/cm after overnight contact.
The suspensions were carefully removed from the dialysis tubing, combined in a plastic jar, and
placed in an oven at 30 °C to hasten evaporation of water. When nearly all the water was
evaporated, the sediment was removed from the oven and allowed to air-dry to constant mass.

D.2.2.2.5 Preparation of Strontium-85 Spike Solutions. A stock I mol/L strontium solution
was prepared by dissolving Sr(NO;), in deionized water. Subsequent dilutions were made with
deionized water to prepare strontium. solutions of desired concentrations. Strontium-85, as SrCl,
in 0.5 mol/L HCI, obtained from PerkinElmer™ Life Science, was included in the spike solutions
to track strontium behavior.

D.2.2.2.6 Preparation of Strontinm-85-NTA Spike Solutions. Stock solutions of 1 mol/LL
strontium were prepared by dissolving Sr(NOs); in either 0.15 or 0.015 mol/L NazNTA.
Subsequent dilutions of these stocks were made using the respective NasNTA solution to prepare
solutions of desired strontium concentrations. Strontium-85, as SrCl; in 0.5 mol/L. HCI, obtained
from PerkinElmer™ Life Science, was included in the spike solutions to track strontium
behavior.

D.2.2.2.7 Strontium Sorption in NaNO; or NaHCO;3 Electrolytes. Four NaNOj electrolytes
were used: 1, 0.1, 0.01, and 0.001 mol/L. The stock electrolyte solutions were prepared at a
concentration 1.11 times the final target concentrations listed. A desired mass of sodium acetate
treated Hanford fine sand composite was placed in a plastic reaction vessel; either 50 ml.
polycarbonate Oakridge® centrifuge tube or 250 mL. polypropylene centrifuge bottle. The
solid:solution ratios used for the sorption experiments were: 600 g/L (3.6 g/6 mL) in 1 mol/L Na,
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100 g/L (0.6 g/6 mL) in 0.1 mol/L, Na, 30 g/L (0.3 g/10 mL) in 0.01 mol/L. Na, and 3 g/L

(0.3 g/100 mL) in 0.001 mol/L Na. An appropriate volume (90% of the target total final volume)
of stock electrolyte solution was added to the soil followed by an appropriate volume of
83Gr-labeled spike solution (10% of the target total final volume).

Strontium sorption on the untreated Hanford fine sand composite and on the B tank farm upper
and lower sediment composites in 0.015 mol/L NaNOj; or 0.015 mol/L NaHCO; was also
investigated. The solid:solution ratio used with the Hanford fine sand composite was 30 g/L
(0.3 g/10 mL) and 100 g/L (1.0 g/10 mL) with the B tank farm composites. These experiments
were similarly conducted except the sediments were washed three times with electrolyte prior to
addition of strontium-85-labeled spike solution. As previously described, the volume of sodium
electrolyte with the sediment prior to addition of strontium was 90% of the target total final
volume. The intent of washing the soil with electrolyte prior to addition of strontium was fo
rinse the soil of water soluble and readily exchangeable cations.

D.2.2.2.8 Strontium-NTA Sorption in NaNO; or NaHCO; Electrolytes. The sorption of
strontium-NTA on the B tank farm upper and lower sediment composites in 0.015 mol/L. NaNO;

‘or 0.015 mol/I, NaHCO; was measured. The stock electrolyte solutions were prepared as

previously described. The solid:solution ratio was 100 g/L (1.0 g/10 mL). The sediments were
washed three times with electrolyte prior to addition of strontium 85-labeled strontium-NTA
spike solution. As previously described, the volume of sodium electrolyte with the sediment
prior to addition of strontium was 90% of the target total final volume. The initial solution NTA
concentration was either 0.015 or 0.0015 mol/L.

| D:2.2.2.9 Strontium Sorption in Ca(NOs); Flectrolytes. Three Ca(NO;), electrolytes were

used: 0.05, 0.005, and 0.0005 mol/L. The stock electrolyte solutions were prepared as previously
described. The solid:solution ratios used for the sorption experiments were; 300 g/L.

(1.8 g/6 mL) in 0.05 mol/L Ca, 60 g/L (0.6 g/10 mL} in 0.05 mol/L. Ca, and 10 g/L (0.3 g/30 mL})
in 0.0005 mol/L. Ca. The sediment was washed three times with the electrolyte solution prior to
addition of strontium-85-labeled spike solution.

D.2.2.2.10 Strontium Sorption in Mixed NaNQO; and Ca(COs3); Electrolytes. Strontium
sorption to the B tank farm upper or lower sediment composites in combined 0.001 mol/L
NaNOQ; and 0.001 mol/L Ca(NOs), electrolyte was investigated. The stock electrolyte solutions
were prepared as previously described. The solid:solution ratio used for these experiments was
50 /L. (1.0 /20 mL). The sediment was washed three times with the electrolyte solution prior
to addition of strontium-85-labeled spike solution.

- D.2.2.2.11 Equilibration. The suspensions were equilibrated overnight (~16 h) in an incubator

shaker at 25 °C and 80 revolutions per minute.

D.2.2.2.12 Sampling Scheme. Following equilibration, the suspensions were centrifuged for
30 min at 5000 rcf (relative centrifugal force). The supernatant was sampled for strontium-85
activity and pH. In select experiments, the concentrations of calcium, sodium, magnesium, and
strontium in the supernatant were determined by ICP analysis.
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Type II Experiments
This experimental design originated from the classic work of Jensen and Babcock (1973).

D.2.2.2.13 Preparation of Strontium:Sodium Spike Solutions. A series of Sr(NQ3), and
NaNO; solutions were prepared to yield Sr:(Sr+Na) ratios of 1.000, 0.800, 0.600, 0.400, 0.200,
0.100, 0.050, 0.010, 0.005, 0.001, and 0 with total normality of 0.1, 0.01, or 0.001 eq/L. The
solutions were split into two equal volumes and one set was radio labeled with **Sr (as SrCl, in
0.5 mol/L. HCL; PerkinElmer™, Boston, Massachusetts) and the other set was radio labeled with
#Na (as NaCl in water; PerkinElmer™, Boston, Massachusetts). Solutions without strontium
received no strontium-85 spike and solutions without sodium received no sodium-22 spike.

D.2.2.2.14 Sediment Washing. Two grams of sodium acetate treated Hanford fine sand
composite were weighed into tared 50 mL polycarbonate Oakridge® centrifuge tubes and the
tubes re-weighed. One set of thirty tubes received 10 ml. of the strontium-85 labeled spike
solutions and another set of thirty tubes received 10 mL of the sodium-22-labeled solutions. The
suspensions were gently mixed overnight (~16 h) in an incubator shaker at 25 °C and 50 rpm.
The suspensions were centrifuged at 5000 ref for 20 min and 8§ mL of the clear supernatant were
carefully removed and discarded. Eight mL of the same strontium-85 or sodium-22-labeled
solution were re-added to each tube and the suspensions were re-equilibrated overnight under
identical conditions. The suspensions were centrifuged as described previously and 8§ mL of the
clear supernatant were carefully removed and discarded. The discarded supernatant was
replaced with 8 mL of the same sirontium-85 or sodium-22-1abeled solution as before and the
tubes re-weighed to determine the solid:solution ratio.

D.2.2.2,15 Sampling of Equilibrium Suspension. Following the third overnight equilibration
of sediment with the strontium-85 or sodium-22-labeled solution, the suspensions were
centrifuged for 30 min at 5000 rcf. One mL of supernatant was transferred to a gamma count
tube to determine the activity of radiolabel in solution. The gamma samples were counted for a
period of time so that the count error was < 1%. After completion of gamma counting, the pH of
the sample was measured using a Microelectrodes® combination pH electrode. Seven mL of
supernatant were transferred to a plastic syringe fitted with a 0.2 um filter. The first 1 mI. of
filtrate was discarded and the remaining collected in a plastic vial for ICP analysis of select
cations (e.g., sodium, calcium, potassium, magnesium, and strontium).

D.2.2.2.16 Ammonium Acetate Extraction. Immediately following sampling of the
supernatant, the tubes with sediment and ~2 mL of supernatant were weighed to determine the
mass of entrained solution. Eight mL of 1.25 mol/L. ammonium acetate (NH.OAc) solution
(pH 6.8 with acetic acid) were added to each tube and re-weighed to determine the mass of
NH40ACc solution added. The suspensions were equilibrated overnight (~16 hours) as described
previously. Following equilibration, the tubes were centrifuged at 5000 rcf for 1 hour. One mL
of supernatant was transferred to a gamma count tube and counted for either sodium-22 or
strontium-85 activity. Seven ml of supernatant were filtered and analyzed by ICP as described
previously. A three-step sequential extraction of sediment by 1.0 mol/L NH4OAc in 4 tubes
indicated that over 98% of the sorbed strontium-85 radio label was desorbed in the first
extraction.
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D.2.2.3  Results and Discussion

D.2.2.3.1 Type I Ion Exchange Experiments. Known masses of prefreated or untreated
Hanford sediments were placed into electrolytes of variable, but known, electrolyte
concentration. Total electrolyte normality varied within an experiment by as much as 100% in
the dilute electrolyte experiments. Strontium exchange adsorption was measured by monitoring
strontium-85 counts in the aqueous phase. Sediment mass was adjusted to obtain optimal
statistics for adsorption measurements based on aqueous phase analyses. Counts lost from
solution were assumed to be adsorbed to the mineral surface. Adsorption density and the surface
equivalent fractions of exchangeable ions were calculated from solution mass loss and the CEC.

D.2.2.3.1.1 Electrolyte Concentration Effects with the HFSC. The ion exchange
adsorption of Sr**was a strong function of electrolyte concentration in both NaNQ; and
Ca(NOs); electrolyte (Figure D.3 and Figure D.4). Adsorption isotherms were the basic data
measurement (¢.g., Figure D.3b and Figure D.4b) and these were recalculated as Kgs in Figure
D.3a and Figure D.4a to allow ready comparison to past measurements of strontium-90 sorption
on Hanford sediment that are typically reported in these units. Not shown are comparable
measurements made of Sr** sorption in 5 mol/L. NaNQ; where no statistically measurable
sorption was defined (e.g:, Kq =0). Trace Sr*" contamination in NaNOs, that was determined by
XRF analyses of the solid salt, was accounted for in all results presented herein. This level of
electrolyte contamination: provided a lower limit on the Sr*" concentration that could be achieved
at high NaNOj; concentration.

Figure D.3. Strontium Sorption on Na-QAc Extracted Hanford Fine Sand Composite
in Sodium Nitrate Electrolyte. Depicted are K4 Functions (a) and Isotherms(b)
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The K, functions showed some constancy at lower Sr°* concentrations, with a constant Kd
observed over a larger concentration interval in calcium electrolyte. The noted Kd behavior
characterized by a constant value at low concentration, and decreasing value at higher
concentrations where [Sr] = [Na] or [Ca] is fully consistent with an ion exchange reaction.

At equal solution normality, Ca®" was a much stronger competitor with Sr** than was Na*. The
assymtotic Kys (the value at the lowest concentration of measurement; calcium:sodium in mL/g)
compared as follows for electrolyte normalities of 0.001, 0.01, and 0.1 eg/L: 58.8:1318,
6.60:114, 0.69:7.41. While the K4s in Ca electrolyte were qualitatively similar in magnitude and
trend to those reported for N-trench sediment, they were not well predicted by their regression
relationship {e.g., log K4 =-0.89 log (Ca+Mg) — 1.06]. Differences may be attributed to the
different CEC of the sediments and the presence of other competitive cations (e.g., Na", K*) in
the aqueous phase and on the exchange complex that were not explicitly considered. The Sr-Kgs
in Ca electrolyte defined an excellent relationship with electrolyte Ca concentration (Figure
D.5a). In contrast to the strontium-calcium system, a slight curvilinear relationship existed
between log Sr-K4 and log sodium concentration (Figure D.5b), with proportionally higher
decreases in K4 noted at higher Na concentration. The strong correlation between Sr-K4 and log
[Ca] or [Na] (Figure D.5) suggested that predictive ion exchange relationships could be
developed to describe and forecast strontium and strontium-90 adsorption.

Figure D.4. Strontium Sorption on Na-OAc Extracted Fine Sand Composite
in Calcium-Nitrate Electrolyte. Depicted are Ky Functions (a) and Isotherms (b).
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After the experiments in Figure D.3 were completed, it was found that the Na-OAc extracted
sediment was not sodium-saturated as believed. The “Na-saturated sediment” contained
appreciable exchangeable calcium (Table D.1). This was not expected, as all the calcium
carbonates had been dissolved by the NaOAc treatment, and repeated washings with 1.0 mol/L
sodium should have been sufficient to saturate the exchange complex with sodium. Tt is
currently surmised that calcium may have been released by dissolution from ubiquitous
calcium-feldspars during the two-week dialysis that followed carbonate dissolution. The
important implication of this observation was that the experiment shown in Figure D.3 and
Figure D.5b (and all others using the NaOAc-Na saturated sediment) was a ternary (sodium-
calcium-strontiumy), rather than a binary (sodium-strontium) experiment. The ternary character
of sodium-strontium experiment contributed to the curvilinear behavior of log Sr-K,in Figure

_ D.5b. The observations with the “sodium-saturated sediment™ underscore an important

characteristic of the Hanford sediment exchanger phase: it desires saturation with divalent
cations, and calcium specifically. This has been a repeated observation in the ion exchange
experiments. ' :

Table D.1. lon Composition of the Hanford Ion Exchange Phases
as Determined by Rapid NHA4CI] Extraction

Net Ammonium Extractable

Sediment ]I;Tet Na | NetCa NetK | NetMg | NetSr Total Avg

xiretd | Extretd | Extretd | Exirctd | Extretd NH4
(heals) | (ea/s) | (ueale) | (nearp) | (nealp) | (uegig) | “e9®

_ _ 1.67 71.98 1.98 7.55 0.121 83.30 79.3
‘B Tank Upper Comp.® 1.71 64.28 1.78 6.78 0.106 74.64
' 1.70 68.47 1.88 7.64 0.119 79.81

1.52 63.88 1.04 5.48 0.087 72.81 73.1
B Tank Lower Comp.("‘) 1.65 6441 1.01 5.52 0.090 72.69
' 1.53 65.92 1.18 591 0.093 74.64

l.64 3576 | 0.98 3.07 0.032 46.47 46.6
NaOAc-trtd HFSC 1.66 36.33 0.59 3n 10.031 47.12
o 1.50 35.75 1.00 7.90 0.030 46.18

®Ca® values high from CaCO; dissolution.
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Figure D.5. Relationship of Sr-K4 to Electrolyte Concentration in Sodium and Calcium
Electrolyte -
The Kgs are Asymptote Values at Low [Sr],q Concentration ‘
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D.2.2.3.1.2 Electrolyte and Sediment Origin Effects. The electrolyte concentration study
described in the preceding section was performed with the HFSC that originated from near the
S-SX tank farm at the 200 West Area. Given the focus of this field investigation report on
WMA B-BX-BY, a series of experiments were performed with the HFSC and the two B tank
farm sediments under identical electrolyte conditions to assess their comparative sorption
behavior. Two electrolytes were used: 0.015 mol/L. NaNO; and 0.015 mol/L NalICO; (Figure
D.6). As it turned out, all three of these sediments had comparable base saturation at initiation of
the experiment (Table D.1) with 96% of the exchange complex occupied by calcium and
magnesium at an equivalent ratio (magnesium/calcium) of 0.23. Accordingly, the ion exchange
behavior shown in Figure 1.6 was again ternary. The bicarbonate electrolyte was used to
provide insights on strontium ion exchange under the electrolyte conditions noted in the B-110
strontium plume. However, the sodium-bicarbonate concentration used (0.015 mol/L) was one
decade below that found in B-110 porewater to avoid carbonate precipitation.

Figure D.6. Strontium Sorption on Selected Hanford Sediments in Sodium Nitrate
and Sodium Bicarbonate Electrolyte
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The HFSC and the two B tank farm composites exhibited similar strontium adsorption behavior
(Figure D.6), displaying a nearly constant Kq below a St = 10 mol/L. The HFSC gave slightly
higher strontium adsorption than either of the B tank farm composites, consistent with its
incrementally higher CEC. The Sr-Kgs for these predominantly calcium-saturated sediments in
sodium electrolyte were consistent with those measured in Figure D.3 and plotted in Figure D.5.

Strontium ion exchange adsorption was observed to be a bit higher from bicarbonate electrolyte
in all sediments studied. The Sr-Kgs were about two times higher (0.3 log units) in bicarbonate
electrolyte. The reasons for this increase will be explored in the next section but could result
from the ion exchange of STHCO;", or the withdrawal Ca®" from the exchange complex by
aqueous carbonate complexation (CaHC03+, CaC03u). The increase in Sr** sorption that
occurred in bicarbonate electrolyte at approximately 10°> mol/L and above resulted from the
precipitation of strontianite (SrCO;) with some admixed calcite (CaCOs;). Strontianite
precipitation was, in part, self-inhibiting as it generated acid:

S + HCO; = SrCO; + H'

For this reason, the Sr-Kgs did not continue to increase at Sr*" concentrations above the
precipitation threshold.

Strontium adsorption was also measured on the two B tank farm composite sediments from a
mixed sodium-calcium electrolyte (each at 0.001 mol/L) with composition similar to that
observed in dilute vadose zone water and groundwater. Ammonium chloride extraction of the
sediment after 24 hours equilibration in the electrolyte showed that greater than 95% of the
exchange complex was saturated with calcium and magnesium (calcium primarily). The two
different composite sediments showed virtually identical sorption behavior (Figure D.7), yielding
a log Sr-K4 value of 1.3 (19.95 ml/L) at low concentration. This value compared favorably with
those measured for the HFSC in variable concentration Ca electrolyte (Figure D.5a). Thus, the
mixed electrolyte behaved primarily as a calcium-strontium binary system. These results
demonstrate that sodium is a weak competitor for exchange sites in the Hanford sediment, and
that high sodium and low calcium concentrations are needed for sodium to be the primary ionic
competitor. Also clear is that the Hanford sediments from the 200 East (B, BX, and BY tank
farms) and the 200 West (S and SX tank farms) Areas exhibit almost identical ion exchange
behavior for Sr** with small differences in CEC being the primary factor causing variation.

D.2.2.3.1.3 Complexant Effects. Ion exchange isotherms were measured on the B tank
farm composites with two concentrations of NTA (nitrilo-triacetic acid) in both NaNO3 and
NaHCO3 electrolytes to assess whether the presence of this complexant could expedite strontium
migration in the B tank farm. It is important to note that the influence of complexants on
contaminant mobility cannot be easily forecast, a-priori. In some cases, mobility may be
enhanced if the complex is non-adsorbing and remains intact in the subsurface. In other cases,
mobility may be unaffected if the ligand itself is strongly adsorbed by mineral surfaces and the
complex dissociates. Still again, mobility may actually be reduced if the metal-ligand complex is
more strongly adsorbed than the primary contaminant. Examples of these complex behaviors
exist for strontium in Oak Ridge sediment and cobalt in Hanford sediment (Jardine et al. 1993;
Zachara et al. 1995a, b; Szecsody et al. 1998).
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Figure D.7. Strontium Sorption on the Upper and Lower B Tank Farm Composite
Sediments in Mixed Sodium and Calcium Electrolyte (each at 0.001 mole/L)
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NTA did not affect the ion exchange behavior of $r*" at 1.5 mmol/i., but had a major effect at
15 mmol/L (Figure D.8). The effects were comparable in both nitrate and bicarbonate
electrolyte. At the higher concentration, NTA reduced strontium adsorption by approximately
1.5 orders of magnitude. The effect of NTA was more pronounced at lower strontium
concentration, where the log Sr-K4was reduced from 1.9 (79.4 ml/g) to 0.5 (3.16 ml/g).

A tentative explanation is that the reaction of strontium with NTA has led to the formation of
non-adsorbing STINTA™ complexes. The situation, however, is actually complicated in that NTA
may also form aqueous complexes with Ca”", which dominates the exchangeable ion pool in
concentration. Therefore, the chemical system involves both competitive ion exchange and
competitive aqueous complexation. Modeling calculations in Section D.2.2 will seek to
illuminate these multicomponent effects. Regardless of mechanism, the results show that NTA
can potentially enhance strontium-90 migration by increasing stable isotope strontium in the
aqueous phase.
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Figure D.8. Strontium Sorption on B Tank Farm Composite Sediments in Sodium Nitrate
or Sodium Biocarbonate Electrolyte with NTA (nitrilo-triacetic acid)
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D.2.2.3.2 Type II Ion Exchange Experiments. This experiment differed greatly from the
Type I Ion Exchange experiment. Here, the Na-OAc treated HFSC was brought to equilibrium
with three different sets of solutions of fixed normality (i.e., 0.1, 0.01, 0.001) and variable
strontium:sodium ratio. Equilibrium was achieved by washing the sediment three times with the
noted solutions. Approximately 94% of the exchange complex was calcium/magnesium
saturated before the initiation of the experiment. The initial two wash solutions desorbed a
portion of the exchangeable Ca®*, with greater desorption occurring at the highest solution
normality. After equilibrium was achieved, the aqueous phase was sampled and analyzed, and
the excharige complex was displaced by ammonium chloride to yield a full differentiation of the
adsorbed cation charge.

The results from this complex experiment are summarized in Table 1D.2. Many of the analyses of
the equilibrium solution and the ammonium extract are still underway, and only a partial -
summary of analytical results is reportable. The results demonstrate that even experiments
performed with pre-equilibrated sediments and binary electrolytes can evolve to complicated
multicomponent systems. This multicomponent behavior has complicated past attempts to
develop predictive relationships for strontium adsorption in Hanford sediment.
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Table D.2. Added Sodium and Strontium Concentrations, and Subsequent Equilibrium Distribution of
Calcium, Potassium, Magnesium, Strontium and Sodium in Strontium: Sodium Exchange
on Sodinm-Acetate Treated Hanford Fine Sand Composite (2 pages)
Initial Solution Equilibriilm Solution Ammonium Extractable
Target | Initial |Sr] | Initial [Na] [Cala™ (K g™ [Mgl.,® [Sr1® | Nahe® | 1Cala® | Kl® | Mglaos® | [Srhas® | INaJuos® | Sum
N(:rl::t::lllit {mol/L) {mol/L) :(mol/L) {mol/L}) ‘(mol/L) (mol/L) | (moV/L) { (uegq/g) | (neq/e) | (peq/®) ¢ (neq/s) | (pea/g) | {neq/g)
hil
Solution | (Na+Sr) (ICP) (ICP) ace) (5r-85) | (Na22) | gCPy | @cr) | (cP) | (Sr-85) | (Na-22)
Al 01 | 4972B-2 4972B-02 40.19
A2 0.1 3.941E-02 | 1.982B-02 | 1512E-04 | 1423E-04 | 4.870E-05 | 3.941E-02 | L9SE-02 | 3.14 0.54 1.18 40,77 1.84 475
A3 0.1 | 2.952E-02 | 3.983E-02 2.9525-02 | 3.97E-02 3057 | 425
Ad 0.1 197002 | 5.994E-02 1.959E-02 | 5.97B-02 35.65 8.59
A5 0.1 | 9.866E-03 | 7.997E-02 9.686E-03 | 7.87E-02 2926 | 1244
A6 0.1 | 4934503 | 8988E-02 | 4.503E-04 | 1.654R-04 | 8972E-05 | 4.633E-03 | 890E-02 | 5.40 0.59 177 2327 | 2582 56.8
A7 0.1 | 2466E-03 | 9.494E-02 2.080E-03 | 9.40E-02 1628 | 2245
A8 0.1 | 5.048E-04 | 9.898E-02 3.438E-04 | 9.67E-02 480 | 3211
A9 0.1 | 2.524E-04 | 9.988E-02 1.643E-04 | 9.99E-02 256 | 3126
A10 0.1 | 5.1865-05 | 9.9998-02 | 5.052E-04 | 1.6215-04 | 1.099E-04 | 3.059E-05 | 9.93E-02 | 10.53 0.75 2.67 057 | 33.09 476
All 0.1 1.001E-01 9.77E-02 ' 35.05
Bl . .| 001 | 5033E-03 4 44TE-03 37.66
B2 0.01 | 3971E-03 | [.987E-03 | G6A446E-04 | 5.8291-05 | 1.379E-04 | 3.248E-03 | L97E-03 | 9.57 0.60 243 3464 | 082 48.1
B3 001 | 2974E-03 | 3.985E-03 2.270E-03 | 3.98E-03 3155 1.53
B4 001 | 1.985E-03 | 5.999E-03 1.2041-03 | 6.00E-03 2619 | 238
B3 0.01 | 9.925E-04 | B.006E-03 4.556E-04 | 8.01E-03 1687 | 4.14
B6 0.01 | 4952E-04 | 8B.991E-03 | 3.722E-04 | 4.969E-05 | 9.977E-05 | 1.518E-04 | 8.85B-03 | 27.39 0.66 6.11 9.75 6.00 499
B7 0.01 { 2491E-04 | 9484E-03 ' 5380E-05 | 9.24E-03 | | 523 7.80
B8 0.01 | 5.063E-05 | 9.892E-03 7.503B-06 | 9.61E-03 ' 113 | 9.16
B9 0.01 | 2.523E-05 | 9.972E-03 - 3492506 | 9.53B-03 0.57 9.67
B10 001 | 5205E-06 | 1.000E-02 | 1991E-04 | 4272E-05 | 6.014E-05 | 6.495E-07 | 9.62E-03 | 31.44 0.81 7.24 0.12 9.94 49.6
B11 0.01 9.993E-03 9,74E-03 10.10
&) 0.001 | 5.010E-04 1.270E-04 10.84

0 'A9Y ‘86001-ddd
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> Table D.2. Added Sodium and Strontium Concentrations, and Subsequent Equilibrium Distribution of
[ . . . - . A . . .
o Calcium, Potassium, Magnesium, Strontium and Sodium in Strontium: Sodium Exchange
on Sodium-Acetate Treated Hanford Fine Sand Composite (2 pages)
Initial Solntion Equilibrium Solution Ammonium Extractable
Target | Initial [Sr] | Initial [Na| | [Cal.,” KL | Mgl | [Srlw® | Nake" | [Calus® | Klu® | IMglas® | [St]uo® | Nalaw®™ | Sum
Total '
Normalit{ (mol/L) (mol/L) {mol/L) (mol/L) (mol/L) {(mol/L) | (mol/L) | (ueq/g) | (peg/E) | (wa/g) | (uea/s) | (ueg/z) | (ueq/g)
y
Solution | (Na+Sr) (ICP) (ICP) (ICP) (Sr85) | (Na-22) | dCP) | (ACP) | (ICP) | (Sr85) | (Na-22)
c2 0.001 | 4.005E-04 | 2.003E-04 | 2.893E-04 | 2437E-05 | 8.398E-05 | 8.187E-05 | 1.74E-04 | 3330 1.00 7.52 8.83 0.48 51.1
c3 0.001 | 3.001E-04 | 4.015E-04 ' 4.884E-05 | 3.82E-04 6.79 0.62
c4 0.001 | 2.003E-04 | 6.036E-04 2.527E-05 | 5.75B-04 4.63 0.95
cs 0.001 | 1.002E-04 | 8.066E-04 : 8.060E-06 | 7.53E-04 242 1.33
c6 0001 | 5.012B-05 | 9.065E-04 | ©0.354B-05 | 2.096E-05 | 2.9628-05 | 2.780E-06 | 8.38E-04 | 3825 095 0.18- 1.20 1.65 512
7 0.001 | 2.505B-05 | 9.563E-04 ' 1.131B-06 | 8.845-04 |06l 1.80
o cs 0.001 | 5.053E-06 | 9.957E-04 1.899E-07 | 9.0313-04 _ 0.12 1.96
v c9 0.001 | 2.5256-06 | 1.006E~03 8.9451-08 | 9.45E-04 0.061 2.06
o0
clo 0.001 | 5304E-07 | 1.006E-03 | 6911B-05 | 1.054E-05 | 2448E-05 | 1945E-08 | 9.22FE-04 | 3823 0.94 9.18 0.013 198 50.4
cl 0.001 1.009E-03 9.05E-04 2.00
Mean = 50.2
“= Average of two samples.
® - Single sample.
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Sizeable concentrations of calcium, magnesium, and potassium existed in the equilibrium
solution and on the exchange complex. Adsorbed (e.g., ammonium extractable) calcium and
magnesium generally increased with decreasing solution normality (e.g., to 0.001) in response to
lower aqueous concentrations of strontium and sodium in the initial solutions. In furn, sodiam
dominated the exchange complex only at the highest solution normality (0.1 eq/L) when its
aqueous concentration was high (e.g., = 10" mol/L) and that of the other divalent cations

(e.g., strontium and calcium) was considerably lower (e.g., < 10%° mol/L). The sum of the
adsorbed cation charge defined a rather uniform CEC (50.2 peq/g) that significantly exceeded
that measured by isotopic dilution with calcium-45 (34.7 peq/g).

The adsorption isotherms and Sr-K4 functions (Figure D.9) derived from the data in Table D.2
were consistent with those reported in Figure D.3, given the differences in experimental design
and total Ca®* of the system at equilibrium. The adsorption isotherms moved to the left with
decreasing total normality (and sodium concentration). The Sr** concentration regions over
which a constant K4 was observed were much abbreviated in this latter experiment, but the same
approximate range of values was observed (c.g., assymtotic values ranged from log K4 =1 to log
K4 = 2.6). Differences in K4 between this experiment and that in Figure D.3 result from
differences in the total Ca®" concentration of the system. The prewashing steps in this
experiment removed a significant portion of adsorbed Ca®" at the highest solution normality

(0.1 eg/L). These data demonstrated that a constant Sr-Kq is unlikely if the overall exchange
process is a multicomponent one. In fact, the data in Table D.2 is difficult to interpret without a
multicomponent ion exchange model. Such modeling forms the basis for the following section
of the report (Section D.2.3).

The experimental results in Table D.2 indicated that it is quite difficult to achieve a fully
Na*-saturated Hanford sediment that remains so during storage. A continuous source of Ca>
resupply, even in the absence of carbonates, and the higher affinity of the exchanger phase for
divalent cations promotes partial Ca saturation of the exchange com})lex even at high Na"
concentration. In conirast, it is relatively easy to create a stable, Ca” -saturated Hanford
sediment. As a result, the Table D.2 experiment is currently being replicated using
Ca**-saturated HFSC and calcium-sodium, calcium-strontium, and calcium-magnesium
electrolytes to quantitatively characterize the binary exchange behavior of the noted cation pairs.
These results will totally define the ion exchange behavior of Hanford sediment.
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Figure D.9. K, Functions and Adsorption Isotherms for Strontium on the Na-OA_ Treated
Hanford Fine Sand Composite
Data Derived from Table D.2
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D.2.2.4 Conclusions

A variety of strontium adsorption experiments were performed with sediments from the 200 East
Area (upper and lower B tank farm composites) and the 200 West Area (Hanford fine sand
composite) in sodium and calcium electrolytes to characterize the ion exchange process of Sr*'.
All of the sediments used showed comparable adsorption behavior for Sr*t, with slight variations
noted consistent with their different cation exchange capacities. Qualitative conclusions
regarding the ion exchange process were made by evaluating the variation in Ky and the
exchangeable ion distribution as influenced by electrolyte cation valence and concentration.
Ton-exchange modeling to quantify sediment cation selectivity coefficients is reported in

Section D.2.3. The following are primary conclusions of this work:

1. The primary attenuation mechanism for strontium-90 in Hanford sediments is isotopic
exchange with the labile, indigenous, stable isotopic pool. Most of the labile repository
of stable isotope strontium exists on the cation exchange complex in the sediment. The
cation exchange complex demonstrates an approximate concentration range of 20 to
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60 peq/g on B tank farm sediments. Indigenous strontium typically occupies 5 to 10% of
the exchange complex.

2. Even though the ion exchange complex exists in sediment at relatively low concentration,
it exhibits a concentration of approximately 0.233 mol/L (assuming a CEC of 50 peq/g)
when referenced to water-saturated pore volume. Its ability to influence and control the
ion distribution of porewater is therefore significant.

3. The ion exchanger phase in the Hanford sediments prefers divalent cations (e.g., calcium,
magnesium, and strontium) over monovalent cations (e.g., sodium, potassiumy).
Ninety-six percent of the ion exchange complex of pristine sediments from the S-SX and
B, BX, and BY tank farms was calcium and magnesium saturated with a
magnesium/calcium mole ratio of 0.23. This repository of sorbed cations has a major
influence on the exchange behavior of Sr*" and strontium-90. Relatively large aqueous
Na' concentrations (>0.1 mol/L) are needed to change the ion distribution of the
exchange complex.

4.. Distribution ratios (Sr-K4) measured for strontium on predominantly calcium-saturated
Hanford sediments (including two from the B tank farm) in sodium and calcium
electrolytes varied from 1000 ml/g to 0 in sodium electrolyte (0.001 to 5 mol/I. Na) and
58.9 ml/g to 0.68 ml/g in calcium electrolyte (0.0005 to 0.05 mol/L), attesting to the
strong electrolyte ion effect on Sr°* adsorption. Log Sr-K4 showed linear dependence on
log [Ca®"] and slight curvilinear dependence on log [Na'] indicating that the development
of predictive ion exchange relationships was possible.

5. The ion exchange adsorption of Sr** was slightly enhanced in HCOj; electrolyte (the
dominant anion in the B-110 strontium plume), presumably by formation of adsorbing
SrHCO;" complexes. NTA (nitrilo-triacetic acid, a possible complexant present in the
B-110 strontium recovery waste stream) had no effect on Sr** fon exchange adsorption in
HCO; electrolyte when its concentration was 1.5 mmol/L, but reduced Sr** jon exchange

~ adsorption by a factor of approximately 18 when NTA was present at 15 mmol/L. More
specifically, the presence of NTA at 15 mmol/L reduced the Sr*'-Kq in B tank farm
composite sediment in 0.015 mol/L. NaHCO; electrolyte from approximately 56 ml/g to
3.16 ml/g.

6. The best estimate of the Kq for strontium in the core of the strontium-90 plume at B-110
promoted by ion exchange is 3.54 ml/g. This value is reduced by a factor of 18 to
0.20 ml/g in presence of 15 mmol NTA,
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D.2.3 MODELING BATCH REACTOR ION EXCHANGE EXPERIMENTS
OF STRONTIUM-CALCIUM-MAGNESIUM-POTASSIUM-SODIUM
ON HANFORD SEDIMENTS

Peter C. Lichtner! and John M. Zachara?

'Los Alamos National Laboratory, Los Alamos, New Mexico 87545
?Pacific Northwest National Laboratory, Richland, Washington 99352

D.2.3.1 Introduction

A common, albeit often unjustified, approach is to use a constant distribution coefficient, or Kp
(defined as the ratio of sorbed fo aqueous concentration), to represent retardation of
contaminants. This approach, however, is generally valid only if the Kp remains constant over
the entire flow domain. Because the K5 of a contaminant species varies with the composition of
the background electrolyte solution, it is necessary to measure its value over a range of
compositions corresponding to each particular system under consideration. For the situation at
the Hanford tank farm where highly concentrated fluids (Lichtner and Felmy 2002) have leaked
from underground tanks or ancillary pipelines resulting in a pulse release of contaminants, the Kp
is inherently variable, possibly over many orders of magnitude (Lichtner et al. 2002). These
effects are most pronounced shortly after the tank waste leak event when tank fluid chemistry
dominates the local geochemical environment and minimal buffering reactions have occurred
between tank waste, soil, and porewater. In such cases, use of a constant Kp, approach to
describe migration of contaminants is highly questionable. As shown in Section D.2.2, the Xp
for strontium is highly variable showing dependence on strontium concentration, aqueous
electrolyte composition and concentration, and surface saturating ions.

In circumstances where it cannot be assured that a constant Kp provides an accurate description,
a mechanistic approach is called for. Use of a mechanistic model for sorption has a number of
advantages over a phenomenological XKp approach. First of all, a mechanistic approach enables
the Kpto be parameterized with only a few parameters, referred to as selectivity coefficients, as
compared to the entire groundwater composition that is needed in the phenomenological
approach. More importantly, the mechanistic approach can easily handle variable electrolyte
compositions such as is characteristic of pulse releases from the Hanford tanks, and the mixing
of vadose zone porewater or wastewaters with groundwater. '

Perhaps the simplest means of constructing a mechanistic sorption model is through the use of
batch-type experiments carried out over a range of solution compositions. Another, more
complicated approach, is to use column experiments involving flow of fluids and measurement
of contaminant breakthrough curves. The work presented in this report illustrates the use of
batch experiments to derive a mechanistic sorption model for retardation of strontium in the
Hanford sediments. It must be stated at the outset, however, that the results presented in this
report are preliminary and that additional experiments are currently underway to refine the
multicomponent ion exchange model. The ultimate goal of this work is to provide a mechanistic
sorption model for strontium that can be used in reactive transport models involving variable
composition fluids to predict the behavior of strontium in the B-110 plume, at the 1325-N liquid
waste disposal facility, and other locations in the Hanford vadose zone and aquifer system.
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This contribution reports the results of model fitting and predictions of baich experiments
involving ion exchange of strontium on Hanford sediments performed by Smith and Zachara at
Pacific Northwest National Laboratory (PNNL) (Section D.2.2). The experiments performed to
date consisted of different electrolyte solutions made up of NaNO3, NaHCO;, Ca(NOs),, and
H;NTA combined with Sr(NOs),, and reacted with different Hanford sediment types from the B,
BX, and BY tank farms.

D.2.3.2 Model Formulation

Experiments were preformed in a batch reactor consisting of a well-stirred aqueous solution
reacting with Hanford sediments with a fixed rock/fluid ratio. In the experiments, the aqueous
solution was allowed to equilibrate with the suspended solid. A multicomponent exchange
process took place in the experiments involving cations Na*, K*, Ca®", Mg*", and St**. The

general form of the reaction for the exchange of cations 47" and 47" with valencies z, and z i

may be expressed as:
1 Ajf'*+—1 X A< ! XZ_Aj+iA;’i+.
z, !

Zj- i Zj Z;

Here, the exchange site is denoted by X, with sorbed species X, 4, and X, A,;. The mass
action equation corresponding to the exchange reaction has the form

1z, /z;
K o A% % J
T g AX,)

X, denoting the sorbed fraction with activity coefficient

with selectivity coefficient K,
correction 4, and a; the aqueous activity of the jth exchange cation. Different conventions are
used to relate the sorbed fraction X, to the sorbed concentration S, or sorption isotherm. There

are N—1 independent coefficients for N exchangeable cations. For example, for exchange of
cations strontium, calcium, magnesium, potassium, and sodium, N = 5, giving 4 independent
selectivity coefficients. The sorbed fraction X, is obtained as a function of solution composition

by combining the mass action equations with the normalization condition

2 X, =1,
f

to yield a single nonlinear equation for any one of the X;. From this result, the remaining X,

can be obtained directly from the mass action equations. For multivalent éxchanges, these
equations must be solved numerically.

For the batch reactor with rock/fluid ratio r, the exchange site concentration @ is related to the
cation exchange capacity CEC of the sediment by the expression
Nyes_ N MV, _

— sites: sites — ps ¢SCEC= i ps CEC,
v M V.V r+p,
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or
w=grCEC,
where N, denotes the number of exchange sites within a conirol volume V, ¢ denotes the ratio
of aqueous fluid to total volume of the system calculated from the equation
A P, s
Vo or+p,

where p, refers to the sediment grain density, and the sediment fraction ¢, is given by

¥

V.
¢s:—5:1—¢: .
V r+p,

and p, refers to the sediment grain density. The concentration of sbrption sites is conserved by
exchange reactions satisfying the relation

a):szSj.
J

The sorption isotherm S;(c) for a batch reactor is obtained by solving a system of nonlinear
algebraic equations for the aqueous concentration of the form

¢"Pj(c)+Sj(c) = ¢t_j9

where ¥, denotes the total aqueous concentration and ¢, represents the total initial concentration

of the jth primary species, and ¢=(c,, --c, ) represents the solution concentration for N
independent primary species. For nonsorbing species, the corresponding sorbed concentration
S, vanishes. Charge balance may be used to determine the solution pH if it is not provided

directly from the experiment. As written, these equations apply to a single sbrption site, but may
be easily extended to multiple sites by summing the sorbed concentration over the distinct sites.

The batch reactor equations are solved using FLOTRAN (Lichtner 2001, 2002). A
Newton-Raphson scheme was used to solve the resulting nonlinear algebraic equations. This
approach converged in several iterations. The Debye-Hiickel activity coefficient algorithm was
found to be adequate for all but possibly the experiments involving a 1M NaNOjs solution.

The sorption isotherm S (c) is fit to experimental data using the selectivity.coefﬁcients as fit

parameters. To fit the experimental data, the parameter estimation code PEST (Parameter
Estimation Inc.) (Doherty et al. 1994) is used which provides a versatile interface to FLOTRAN.
The PEST code uses the Gauss-Marquardt-Levenberg algorithm to fit nonlinear model
parameters to a data set provided by the user.

D.2.3.3 Model Results

Two distinct types of experiments were used in the modeling exercises, referred to as Type 1 and
Type 2 experiments. These are described in detail in Section D.2.2. Type 1 experiments, which
were performed first, involved variable solution normality in which the background electrolyte
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solution was fixed, for example, with a specified amount of NaNO;, NaHCOs, or Ca(NOs), to
which was added a variable amount of Sr(NO3),. Only a limited analysis of the exchangeable
cation concentrations, both for the aqueous and exchanger phases, was performed for the Type 1
experiments. By contrast, Type 2 experiments were performed with fixed solution normalities
using three different values of 0.1, 0.01, and 0.001 N. The Type 2 experiments included a
complete analysis of all relevant cations in both aqueous and exchanger phases. However, the’
number of analyses for each ionic strength solution was limited to three.

The data from the Type 2 experiments, because they involved a complete analysis of the relevant
cation concentrations and also provided an average value for the Hanford sediment cation
exchange capacity (CEC), were used for fitting exchange model parameters. The experimentally
measured exchange isotherms were fit using the computer code FLOTRAN (Lichtner 2001}
combined with the parameter estimation code PEST (Doherty et al. 1994). The fitted parameters
consisted of the four independent selectivity coefficients for exchange reactions involving

cations strontium, calcium, magnesium, potassium, and sodium. The sediment CEC was derived

from the average value of total adsorbed cation charge obtained from the Type 2 experiments.
Precipitation of strontianite, although found to be supersaturated in several of the experiments
analyzed, was not included in the present work.

Exchange isotherms experimentally derived from the Type 1 experiments were used to test the
predictive capability of the fitted selectivity coefficients obtained from the Type 2 experiments.
To carry this out, it was necessary to make some assumption regarding the initially sorbed
concentrations of cations calcium, magnesium, and potassium. While these were measured by
NH,Cl extraction of the whole sediment, they were not explicity analyzed in the Type 1
experiments. Two different approaches were followed as described below. It is clear, however,
that additional experiments will be necessary before a truly predictive modeling capability is
achieved.

D.2.3.3.1 Fitted Type 2 Experiments. The Type 2 ion exchange experiments involved cations
Na®, K*, 8r', Ca*", and Mg>". The experiments were carried out at 25 °C by reacting sediment
with a NaNQ;+Sr(NQs), solution in which the sodium:strontium ratio was varied while
maintaining a constant ionic strength. Three sets of experiments corresponding to ionic strengths
0f 0.1, 0.01, and 0.001 mol/L were performed. The rock/fluid ratio used in the experiments was
fixed at 0.2 g/cm’. Tt was found that significant amounts of calecium, magnesium, and potassium
were desorbed from the sediment during the experiment. Three measurements of the aqueous
and sorbed cation concentrations were obtained for different sodium:strontium ratios at each
ionic strength (Table D.2). The experimental data for equilibrated aqueous and sorbed
concentrations for species S, Ca*", Mg®*, and K were fit using FLOTRAN combined with the
parameter estimation code PEST for the four independent selectivity coefficients Kyasr, Knacas
Kxamg, and Knpx. The sediment CEC was fixed at 50.2 peq/g the average adsorbed cation
charge from 12 explicit measurements. The calculations were performed by inputting total
aqueous concentrations for species Na*, Sr**, Ca**, Mg®!, and K*, corresponding to the measured
equilibrated concentrations. The total NO;~ concentration was fixed at 0.1, 0.01, or 0.001 M,
corresponding to the three different ionic strength solutions used in the experiment. The pH was
determined by charge balance and log P, =—3.5, as determined by equilibrium with the

atmosphere. Aqueous complexing reactions included in the calculations are listed in Table D.3
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along with their log K values at 25 °C corresponding to the primary cations: {Na", Sr**, Ca™,

Mg?", K', H', HCO3, NO3}.

Species [;(;goIé]
OH 13.990
cor 10.320
CO2(aq) [ 6.341
NaNO3(ag) 1.044
CaOIl+ 12.850
CaHCO;  [1.043
CaCO3(aq) 7.009
CaNO; [0.700
MgOH+ 11.790
MgHCO; [1.164
MgCO3(aq) 7.356
SrCO3(aq) 7.470
SrHCO3 -1.180

Table D.3. Aqueous Complexes with Log K Values at 25°C
used in the Model Calculations

A simultaneous fit to the measured sorbed concentrations (converted from peq/g to mol/dm?’
assuming a solid grain density of 2.85 g/cm’) for species Sr**, Ca**, Mg®*, and K was obtained
using the four independent selectivity coefficients as fit parameters. Experimental data for the
Na™ isotherm was not used in the fitting process, but was predicted by the model. The pH was
not provided from the experiment and was also predicted by the model. The fitted values for the
selectivity coefficients listed in Table D.4 were obtained.

Kiwsr 9.508
Krwea 8.759
Knang 6.072
K 21.010

Table D.4. Fitted Selectivity Coefficients Relative to Na~
Assuming a CEC of 50.2 neq/g
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3. The full suite of exchangeable cations, and their chemical interactions, must be
considered to model the adsorption/exchange process. Failure to do so may result in
what appear to be excellent fits to the data, but which violate model assumptions such as
the approximate constancy of the selectivity coefficients across ionic strength.

4. Ton selectivities for the Hanford exchanger phase follow the selectivity trend
K>S 2Ca* >Mg” >Na".

5. The ion exchange process of Sr* in bicarbonate electrolyte is still not sufficiently well
understood to allow prediction in that electrolyte.

6. The developed ion exchange model is general to the Hanford Site and currently allows
semi-quantitative prediction of Sr*" adsorption by ion exchange given knowledge of the
total, labile concentrations (aqueous plus exchangeable) of Ca**, Mg**, Na*, and K™
New cxperiments underway will allow robust calibration of the model and quantitative
predictive capability.
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D.24 DESORPTION AND MINERALOGIC RESIDENCE. OF STRONTIUM-90 IN
B-110 SEDIMENT

John M. Zachara', James P. Méanleyl’ Chongxuan Liu', and Steven C. Smith*
'Pacific Northwest National Laboratory, Richland, Washington 99352
D.2.4.1 Introduction

The future mobility of strontium-90 in the B-110 vadose zone plume will be determined by the
amount and ion composition of infiltrating waters and the desorbability of the sediment-bound
strontium pool. Desorption is the reverse of the sorption process. Desorption may involve the
release of an ion localized at the mineral surface in the form of an exchange or surface
coordination complex, or the dissolution of a solid phase. If a sorbed ion is desorbable by, or
exchangeable with, other ions in the aqueous phase, it may be remobilized and migrate in the
future. Alternatively, if an ion is not desorbable, it will not migrate further even if the
geochemical conditions promote mobility. Desorption may be caused by a concentration shift in
the aqueous concentrations of competing ions (e.g., magnesium, calcium, or sodium), or a
change in the solid-liquid distribution of the stable strontium isotope pool. These effects are
often interrelated. A lack of desorption may result from the formation of a kinetically inert
sutface complex, diffusion into particle interiors, or incorporation into a solid phase with sparing
solubility.

Sorbed strontium-90 has generally been found to be desorbable, to large degree, even after long
in-ground contact times. Serne and LeGore (1996) found that strontium-90 that was bound to
Hanford aquifer sediments beneath the N-trench for over 27 y was desorbable in dilute
groundwater, and concluded that its adsorption/desorption behavior conformed to an equilibrium
distribution model. Jackson and Inch (1983) investigated strontium-90 partitioning in a
contaminated aquifer in Ontario, finding that approximately 80% of the adsorbed strontium-90
was exchangeable. Characterized strontium-90 adsorption-desorption behavior in contaminated
stream sediments, observing that 80 to 90% of the sorbed pool was exchangeable. Only in the
case of Sr precipitation, which mainly occurs as a carbonate phase (e.g., SrCOs, CaSrCO3) in
calcareous sediment (e.g., Lefevre et al. 1993), does desorption appear to be appreciably limited.

Here, the desorption behavior and mineralogic residence of strontium-90 in sample 26 A from
the B-110 borehole (299-E33-46) was investigated. This sample contained the highest sorbed
concentration of strontium-90 and was located at the center of mass of the strontium-90 plume
(Figure D.1). Additional studies are planned in late fiscal year 2002 using other high strontium-
90 samples from different locations in the B-110 strontium-90 plume to confirm the generality of
the results noted in the results that follow. Only preliminary results will be presented on the
mineralogic residence of strontium-90 because time and funding constraints prevented
significant progress on this task.

D.2.4.2 Experimental Methods

D.2.4.2.1 Strontium-90 Desorption. Approximately 2.0 g of air-dry sediment from the B-110
borehole 299-E33-46 (sample 26A) were weighed into polycarbonate centrifuge tubes and
4.0 mL of solution were added to each tube. Seven desorption electrolytes were used: deionized
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water, 0.01 moVl/I. NaNQs, 0.05 mol/L Ca(NOs),, 1 mol/L NaNOs, 1 mol/L Na acetate at pH 5.0,
5.0 mol/L. NaNOs, and 0.5 mol/L HCL. Some of these electrolytes were the same as those used in

 the ion exchange isotherm studies (Section D.2.2). The tubes were placed in a horizontal

position in an incubator shaker set at 60 rpm and 25 °C for continuous mixing through 7 days.
After seven days the suspensions were mixed by hand daily. Single tubes of each solution were
sampled at 30 min, 2 hours, 4 hours, 8 hours, 24 hours, 2 days, 4 days, 7 days, 14 days, 21 days,
and 28 days. The solution sample was obiained by centrifuging the tubes for 15 min and

5000 rcf (relative centrifugal force). One mL of the clear supernatant was transferred to a
polycarbonate tube containing 9 mL deionized water. The diluted sample was filtered using a
10 mL plastic syringe fitted with a 0.2 um filter. The first 1 mL of filtrate was discarded and the
remaining collected in a polystyrene tube. At every other sampling event (i.e., 0.5 hours,

4 hours, 24 hours, 4 days, 14 days, and 28 days) a portion of the filtrate was collected in a4-mL
glass, septum -capped vial for determination of dissolved inorganic carbon and a separate portion
was analyzed by inductively coupled plasma — optlcal emission spectroscopy (ICP-OES) for
barium, calcium, chromium, potassium, magnesium, strontium, and sodium. Addltzonally, at
every other sampling event, the suspension pH was determined using a Microelectrodes®
combination pH electrode calibrated with an Orion® pH meter.

At each samphng event, the strontium-90/yttrium-90 activity in the solution phase was
determined using hquld scintillation counting and a count window of 0to 2000 keV. Since these
two isotopes co-exist in equilibrium after 28 days due to the relatively short half-life of
ytirium-90, the strontium-90/yttrium-90 activity was counted 28 days after sampling. The
strontium-90/yttrium-90 activity was converted to disintegrations per minute (dpm) by use of a
quench curve and divided by 2 to yield the true strontium-90 activity.

D.2.4.2.2 Phosphor Imaging and Scanning Electron Microscopy Analyses. A combination
of digital autoradiography and scanning electron microscopy (SEM) was used to identify and
examine sediment particles containing radioactive strontium-90. The autoradiography system
was a Molecular Dynamics Storm laser scanning device with an optical resolution of 50 pm, and
a detection limit of approximately 0.05 Bq, as tested against low level gamma counting for
cesium-137 cortaminated micas (McKinley et al. 2001). Sediment particles identified as
radioactive using digital autoradiography were examined using a JEOL 6340 field emission
scanning electron microscope.

Sediments were prepared in two ways for autoradiographical examination. Dry sediments were
dispersed onto glass slides and fixed using collodion. The slides were exposed to the
autoradiography plate for approximately 48 hours, and the resultant radioactivity image was used
to map and identify radioactive particles on the slides. Approximately twenty radioactive
(positive) and twenty non-radioactive (negative) particles were removed from each slide and
segregated onto a new glass slide, and re-analyzed. The new slides, on which positive and
negative particles were known, were used to determine the mineralogic identity of the strontium-
90-bearing particles. In addition, sediments were imbedded in epoxy, and the epoxy mounts
were wafered and polished on glass slides. The thin sections were then exposed to the
autoradiography plate, and images of the distribution of radioactivity were used to identify
strontium-90-bearing particles for examination via SEM.
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D.2.43  Results and Discussion

D.2.4.3.1 Field Context. Sample 26A was obtained from the center of mass of the strontium-90
plume from a region that was high Na-HCO; (Figure D.2, Section D.2.1). All of the core
materials obtained from the B-110 borehole were remarkably similar in their acid-extractable
concentrations of calcium and strontium with depth (Figure D.21; data from Serne et al. 2002).
Generally, acid-extractable calcium exceeded that of strontium by 2.25 orders of magnitude.
Water-extractable calcium and strontium were close to 2.25 orders of magnitude lower than the
acid extractable concentrations. The lowered concentrations of water extractable calcium and
strontium in the plume region (e.g., 15 to 40 m) were suggestive of carbonate precipitation
induced by sodium-HCOj5 intrusion (e.g., Na* induced displacement of Ca®", Mg®", and S** from
the exchange complex and precipitation of waste-derived HCO3/CO3). Unfortuna’[ely,
sufficiently accurate pH measurements could not be obtained on these sediments because of their
low water content to assess whether the porewater was or was not saturated with CaCO; or
SrCO; by solubility calculation. The indigenous pool of stable isotopic strontium (e.g., acid
extractable) exceeded the total concentration of strontium-90 by close to 6 orders of magnitude,
indicating that isotopic exchange was a plausible sorption mechanism.

Figure D.21. Concentrations of Water and Acid Extractable Strontium, Calcium, and
Strontinum-90 in the B-110 Borehole
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D.2.4.3.2 Desorption Behavior. The extent of strontium-90 desorption was strongly dependent
on the nature of the contacting electrolyte solution-(Figure D.22). Consistent with the water
extraction data of Serne et al. (2002), virtually no strontium-90 was released into deionized H,O
or 0.01 mol/L NaNO;. Approximately 50% was released in 1 mol/L NaNO; and 0.05 mol/L
Ca(NOs)2, and 75% was released in 5 mol/L. NaNO;. All of the strontium-90 was released in

0.5 mol/L HC] and 1 mol/LL NaOAc at pH 5. The desorption of strontium-90 showed some
kinetic behavior, but was relatively rapid. A majority of the strontium-90 release occurred
within 7 days or less.
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Figure D.22. Time-Dependent Desorption of Strontium-90 from B-110 Sediment (26A) in
Various Electrolytes
(*model prediction from Section D.2.4.3.3)
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The results were consistent with the residence of strontium-90 in an ion exchangeable and
carbonate-precipitated pool. The strontium-90 isotherm measurements in 0.01 and 1 mol/L.
NaNOQj; on pristine sediment (Section 1D.2.2) yielded Kg4s of 112 and 0.25 ml/g, respectively, at
strontium concentrations well below surface saturation (Figure D.3 and Table D.10). Strontium
adsorption (e.g., ion exchange) was below detection in comparable experiments in 5 mol/L
NaNO; (e.g., Kg = 0 Table D.10; isotherm data not shown) because of electrolyte competitive
mass action. The 5 mol/I. NaNO; was therefore used as a desorption electrolyte that would fully
displace adsorbed ions on the exchange complex. The measured K4 at the end of the 5 mol/L
NaNO; experiment was 0.88 ml/g, a higher value than could be justified by ion exchange.
Indeed, the measured Kgs for the NaNOs and Ca(NOs); desorption experiments after 14 days
were also higher than measured in the isotherm experiments (Table D.10). Tt was surmised that
the residual sorbed strontium-90 after 14 days equilibration in 5 mol/L. NaNO; (3279 pCi/g)
existed in precipitated state, and recalculated the desorption Ky (Kgrecale) after removal of the

__hypothesized precipitated mass. The recalculated desorption K4 values were quite similar to

those measured on pristine sediment in these same electrolytes (with the exception of

0.01 NaNO3) affirming the likely presence of precipitated strontium-90. The desorption Kq
values measured in 0.01 NaNOs had a high degree of uncertainty because of the small amount of
strontium-90 released to the fluid phase (<20 pCi/g).

Table D.10. K4- Strontium-90 Values Suggest the Presence of a Residual Solid Phase
with Strontium-90 '

0.01 mol/L. NaNQ; 0.05 mol/L. CaCO; 1 mol/L, NaNO; 5 mol/L: NaNO;
14d-adj (a) 14d-adj 1 14d-adj 14d-adj (@
14d ISO 14d ISO 14d | ISO | 144 1SO
Kq4-(mb/g) Ka(ml/g) Kg-(ml/g) Kg-(ml/g)
509 370 112 | 1.81 0.63 0.71 | 2.00 0.67 0.25 | 0.88 0.67 0.0

@K ; values measured from isotherms in Section D.2.2.
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The presence of precipitated strontium-90 was also implied by the high fractional desorption
(almost 100%) measured in both acidified ammonium acetate and 0.5 mol/L HCl. The
ammonium acetate reagent is typically used to dissolve carbonates from soils (Kunze and
Dixon 1986). Dilute HCI will dissolve carbonates and phosphates, poorly crystalline Al and Fe
oxides, and other phases as well. Both of the reagents displace the exchangeable ion pool
through the mass action effects of H™ and Na®, and the release of Ca>*, Mg”', and other cations,
from solid-phase dissolution. The comparable effects of both these reagents on strontium-90
desorption (Figure D.22) strongly implied that the residual strontium-90 after 5 mol/L NaNO;
extraction was associated with a carbonate precipitate.

Table D.11. Base Saturation of the Exchange Complex in Sediment Sample 26
Determined from the Desorption Data and Direct Extraction

Extractant
1 mol/L. NaNO; 5 mol/L. NaNO;
and 0.05 mol/L and 0.5 mol/L 1 mol/L NH,CIV
Ca(NO,),™ Ca(NO,),”
Total peq/g® 22.5 275 52.8
E(Na) 0472 0.386 0.343
E(K) 0.228 0337 0.088
E(Ca) _ 0.248 0.237 0.569
E(Mg) 0.051 0.039 ND
E(Sr) 0.0013 0.0015 0.00084

®14 day extraction
®7 1 extraction with water followed by 2 h extraction with NH,Cl
©Gum of extractable Na, K, Ca, Mg, and Sr minus water soluble

The cold ion fluxes measured in the different desorption electrolytes (Figure D.23 to Figure
D.27) lended further support to the concept of ion-exchangeable and precipitated strontium-90
pools. The ion displacement trends in both sodium and calcium electrolyte collectively indicated
that the exchange complex was dominated by Na*, Ca>", and K™ (Table.D.11). The base
saturation of the exchange complex on 26A was further evaluated by repeated 1 mol/LL NH4CI
exiraction, which yielded comparable, albeit slightly different values (Table D.11). Calcium,
magnesium, and strontium increased by factors of 71, 44, and 10, respectively, in the
sodium-acetate and HCI extractions over the 5 mol/L. NaNO; extract, implying dissolution of a
strontium-substituted, high magnesium (8.9%) calcite. The extraction values indicated that the
calcite was present in the contaminated sediment at relatively low concentration, 170.6 pmol/g,
or 1.71 mass percent. Potassium does not easily substitute within the calcite lattice, and the
relatively constant concentration of K~ that was displaced in 1.0 and 5.0 mole/I. NaNOs, and in
5.0 mol/LL HC1 and pH 4.5 NaOAc (Figure D.22) indicated that all four of these electrolytes were
equally effective in displacing ions from the exchange complex.
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The desorption/dissolution kinetics of the strontium-90 and the stable strontium isotopes were
generally similar, and tracked one another in each of the different electrolytes (Figure D.23).
This observation confirmed the co-association of strontium-90 with the stable isotopes, as
anticipated for an isotopic exchange attenuation mechanism. However, the concentration ratio of
strontium-90 to the stable strontium isotopes (strontium-90/strontium) was much higher on the
exchange complex (= 0.330 - 0.38 Ci/mol) than it was within the hypothetical magnesium-calcite
(0.066 — 0.068 Ci/mol) (Table D.12), indicating that the two sorbed strontium pools were not at
global isotopic equilibrium. Isotopic fractionation of stroniium is not expected in the abiotic
precipitation of calcite, and does not occur during ion exchange. Implied, possibly, was the
presence of two calcite pools, one that was detrital with low strontium-90, and another resulting
from waste-sediment reaction with strontium-90/strontium values comparable to the exchange
complex. Alternatively, detrital calcite may have functioned as a precipitation template for a
second stage of carbonate precipitation resulting from waste-sediment reaction. Further studies
are secking to resolve the reasons for this apparent lack of isotopic equilibrium between the
exchanger phase and the precipitated strontium-90. '

Table D.12. Isotopic Distribution of Strontium Released into the Different
Desorption Electrolytes

Extractant S r/Sr 1ot (Cifmol)

Deionized water 0.008
0.01 mol/L NaNO; 0.025
0.5 mol/L. HC1 0.066
-1 mo¥/L Sodium acetate; pH 5.0 0.068
1 mol/L NaNO; 0.330

5 mol/L NaNO; 0336

- 0.05 mol/L. Ca(NQz), 0378

Strowm = E[*Sr] + [¥Sr] + [*Sr] + [7Sr] + [¥S1]

Figure D.23. Concentrations of Strontium-90 and Stable Strontium Isotopes
Desorbed from 26A
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Figure D.24. Desorbed/Dissolved Concentrations of Calcium (Ca®") from 26A
 in Different Electrolytes
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Figure D.25. Desorbed/Dissolved Concentrations of Magnesium (Mg”") &
‘from 26A in Different Electrolytes 1
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Figure D.26. Desorbed/Dissolved Concentrations of Strontium (Sr*") from 26A
in Different Electrolytes
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Figure D.27. Desorbed/Dissolved Concentrations of Potassium (K2+) from 26A
in Different Electrolytes
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D.2.4.3.3 Modeling Desorption Extent. Predicting the future migration of the strontium-90-
plume near B-110 (e.g., Figure D.1) requires a model that includes the primary geochemical
reactions that control the solid liquid-distribution of strontium-90 as function of pertinent
mineralogic and aqueous chemical variables. The desorption of approximately 70 percent of the
sorbed strontium-90 from sediment 26A in 0.01, 1.0, and 5.0 mol/L NaNOs and 0.05 mol/L.
Ca(NOs)2 (e.g., Figure D.22) appeared to be controlled by ion exchange. Here, we apply the ion
exchange model developed for St°°, Ca**, Mg™*, and Na' in Sections D2.2 and D2.3 to predict
the equilibrium desorption of Sr**, Ca®", and Mg®" from the B-110 sediments controlled by mass
action displacement of the exchange complex with the added electrolyte cations.
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The model calculations were driven by the total concentrations of cations, hydrogen ion (pH),
and carbon dioxide/bicarbonate (TCO2) in the 26A sample (Table D.13). The sorbed cation
concentrations on the 26A sediment were obtained by ammonium chloride extraction [water
soluble cation concentrations (described below) were subtracted from these to give the true
cation concentrations displaced by ammonium chloride]; the sum of these cation concentrations
(in equivalents per gram) defined the sediment exchange capacity (CEC). Similarly,
water-soluble components (e.g., solutes present in concentrations above those needed for surface
charge compensation) were determined by deionized water extraction of the sediments. The
critical water-soluble components were Na* and HCO;™. The total concentrations recorded for
the desorption experiments in Table D.13 representated materials added in the electrolyte
solution. It was assumed that the measured sorbed and water soluble ions existed in each sample
at the time of electrolyte addition. The pH and TCO, for the desorption electrolytes were steady
state values measured after 14 days of desorption. Hydrogen ion activity (pH) and total
inorganic carbon were measured in the desorption experiments at the same frequency as were the
cations (Figure D.23 through Figure D.27). The noted decrease in the equilibrium pH and TCO,
with increasing electrolyte normality (Table D.13) was consistent with the precipitation of
calcium carbonate in the desorption experiments:

CaXys + Na* = 2NaXy + Ca™* (1)
Ca® + HCOs; = CaCQss + H' )

The precipitation of CaCO; occurred as sorbed Ca®'" was displaced from the exchange complex
(CaXy) in the desorption experiment and reacted with residual HCO; from the waste solution.
Also, calcite precipitation occurred in the 0.05 mol/L. CaNO;s electrolyte as electrolyte Ca**
reacted with residual bicarbonate in the sediment.

The geochemical modeling included four ion exchange reactions, calcite precipitation, and a
number of aqueous species (Table D.14). The Davies convention was used for activity
cocfficients. The Davies equation is not valid for the 5 mol/L ionic strength and the calculations
reported for this electrolyte need be viewed with caution. The Pitzer model, which is valid to
high ionic strength (above 5 mol/L) when appropriately parameterized, has been applied to this
same experiment with comparable results to those summarized here. Pitzer model results will be
described in a later journal publication on this experiment. The equilibrium pH was fixed for the
calculation at the measured 14-day value (Table D.13), and equilibrium constants for the
exchange reactions were taken from Section D.2.3. The modeling represented a prediction of the
data as no parameters were adjusted to maximize fit to the data. The calculation was an
equilibrium one and no attempt was made to describe the kinetic phase of desorption that
occurred between 0 to 5 days. The modeling was an attempt to simulate the steady-state or
equilibrium concentrations that were achieved after 7 days of desorption (Figure D.23 through
Figure D.27).

The geochemical modeling semi-quantitatively matched the measured TCO; concentrations
through the precipitation of calcite (e.g., ~ 4 mmol/L; Table D.15). The desorbed concentrations
of both Mg?" and Sr** were also well described (Figure D.28b, ¢). For S, the total desorbed
concentration in 1 and 5 mol/L (0.02 mmol/kg) was identical to sorbed concentration estimated
by ammontum chioride extraction (Table D.13). This same value was well predicted by the '
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quaternary exchange model (Figure D.28b). The Mg”" concentrations where slightly
overpredicted by the model. The model predicted that over 95% of the sorbed Mg

(c.g., ~ 0.8 mmol/kg) would be displaced in 1 to 5 mol/L NaNOs. The lower observed
experimental values (e.g., 0.55 10 0.70 mmol/kg; Figure D.28) may result from Mgt
coprecipitation within calcite (a well known phenomenon). Calcites from the Hanford vadose
zone are invariably Mg-substituted. The greatest discrepancy between model and data was in
the Ca®" concentrations (Figure D.28a). The modeled results for Ca®" are far more sensitive to
the experimental input data (e.g., pt, TCO,, sorbed concentration) and the thermodynamic model
(activity coefficient or ion association model) than those for the other ions because of the calcite
precipitation reaction. Ongoing research will refine and improve upon these parameters. The
model correctly predicted that the total desorbed Ca*" concentration would be similar in both 1
and 5 mol/L; NaNOj; and that its value, unlike that for Mg®" and Sr*', would be significantly less
than its initial adsorbed concentration (e.g., 15.05 mmol/kg; Table D.13). The lower
concentration results from the precipitation of desorbed Ca" as calcite and its continued
association with the solid phase in the form of this precipitate.

The experimental data in Figure D.22 and Figure D.23 showed that the isotopic ratio of

990G 1/Srror ranged between 0.33 to 0.38 Ci/mol for ion exchangeable St (Table D.12). Applying
this ratio to the model calculations in Figure D.28b allowed us to predict the desorbable
concentration of *°Sr from the exchange complex in sediment 26A. These predicted
concentrations (marked with ® in Figure D.22) were remarkably close to the observed values.
The accurary of this prediction reinforces the generality of the cation exchange model that was
developed in Section D.2.3, and parameterized on a different Hanford sediment (the Hanford fine
sand composite). Embodied in this prediction is the assumption that 29% of the sorbed *Sr was
existed in precipitated state, possibly in association with calcium carbonate.

Table D.13. Total Concentration of Sorbed, Soluble, and Electrolyte Ions
Used to Initialize the Desorption Model Calculations

_ Na Ca K Mg Sr pH Teoz
Sorbed on Soil 1813 | 1505 | 462 | 088 | 0.022
(mmol/kg)
“Solub
Water-Soluble $13 | 028 | 000 | 000 | 0000 - 8.70
(mmol/kg)
M NaNO |
aNOs 10.00 000 ! 000 | 000 | 0000 | 939 | 269
(mmol/L)
0.05 M CaNO; |
03 3 0.00 5000 | 000 | 000 | 0000 | 7.67 | 0.9
(mumol/L)
N o
1 M NaNO; 100000 | 000 | 030 | 000 | 0000 | 842 | 087
(rmmol/L)
NaNOs
5 M NaNO; 500000 | 000 | 1.50 | 000 | 0000 | 804 | L1S
(mmol/L)
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Figure D.28. Model Predictions for Calcium, Strontium, and Magnesium from the ""
Desorption Experiments L.
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D.2.44  Conclusions

Sediments from B-110 core sample 26A have been examined to determine: 1) factors
controlling strontium-90 is desorbability, and 2) the chemical or mineralogic residence of sorbed
strontium-90. The following are primary conclusions from this work:

1. Approximately 75% of the sorbed sirontium-90 in sample 26A was present in an ion
exchangeable state and 25% appeared to be precipitated in a high magnesium-calcite.
The isotopic ratios of strontium in these two strontium-90-containing geochemical pools
were different indicating that they were not in isotopic equilibrium,

2. The ion exchangeable strontium-90 was fully and rapidly exchangeable under the
necessary ionic conditions. The desorption extent and its dependence on electrolyte
composition was well described with the multicomponent exchange model developed in
Section D.2.3. The ion compositions required to induce significant desorption (e.g., 1 to
5 mol/L. Na and.0.05 mol/L. Ca) were much different from the current in situ ion regime.
The existing ion regime in the B-110 plume is unlikely to induce additional mobility to
sorbed strontium-90Q.

3. The use of a deionized water extraction to characterize the porewater concentration of
strontium-90 probably underestimated its irue in situ concentration through the dilution
of the porewater electrolyte ions. The most accurate assessment of porewater
strontium-90 concentration would be obtained by sediment extraction using NaHCO; at
the approximate in situ concentration (e.g., 0.1 mol/L). The best estimate of the *°Sr-Kg4
(adsorption and descorption) for the ion exchangeable pool under the existing in situ
geochemical condition is 5.62 ml/g. The effective in situ retardation factor would be
quite high because the low volumetric moisture content. Additional measurements and
calculations underway will further refine this value.

4. Approximately 25% of the sorbed strontium-90 pool appears to be incorporated into a
prec¢ipitated carbonate phase. This precipitated strontium-90 is not desorbable in sodium
or calcium electrolyte, and is essentially fixed unless subsurface pH changes to more
acidic values. The precipitated strontium-90 appears to exchange very slowly with other
indigenous stable strontium pools. '

5. Radioactive mineral particles were isolated from B-110 sediment. A significant fraction
of the ion-exchangeable strontium-90 appeared to be absorbed to phyllosilicate minerals
located along the margins and within the intersticies of sand sized basalt fragments. The
phyllosilicates were alteration products of basaltic glass.

6. The vadose zone stroniium-90 plume currently appears stable and virtually immobile.
Infiltration of dilute meteoric waters could further increase retardation by the dilution of
porewater Na'. Any geochemical change to this particular system that would increase
porewater Ca®" would decrease the *’Sr-K4 below the value estimated above.
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D.2.5 STRONTIUM MIGRATION IN HANFORD SEDIMENT FROM THE B, BX,
AND BY TANK FARMS: A CATION EXCHANGE MODEL BASED ON
LABORATORY TRANSPORT EXPERIMENTS.

Carl I Steefel!, Susan Carroll', and Sarah Roberts'
"Lawrence Livermore National Laboratory, Livermore, California 94550
D.2.5.1 Introduction

This report presents preliminary results of strontium transport experiments using flow-through
columns packed with a composite of Hanford formation sediment from the B, BX, and BY tank
farms. One of the specific objectives of the study was to test the ability of a multicomponent
cation exchange model derived from batch experiments to predict strontium transport in column
experiments. This validated model, in turn, will be used to simulate both the emplacement and
future migration of the strontium-90 plume defined by borehole 299-E33-46 (Section D.2.1).
Unlike earlier studies on cesium transport at the SX tank farm where migration takes place .
primarily.in a binary system, the column experiments in this report have been designed to
evaluate the effect on strontium migration of multiple competing cations, including Na', K,
Ca™, and Mg"™". The column experiments were also used to provide a direct test of the
reversibility of exchange by following the strontium injection with flushing of the column with
concentrated KNOs.

The strontium column experiments completed to date evaluate the dependence of strontium
retardation on sodium nitrate concentrations ranging from 0.01 to 5 M. The competition of
potassium and strontium was also addressed using desorption experiments, with KNOs
concentrations ranging from 0.01 to 1 M. Most experlments were carried out with a
concentration of stront1um 1n the injection fluid of 10° M. Duplicate experiments at a strontium
concentration of 10 and 107 M were used to determine whether the strontium concentration
affected its retardation. Cation exchange capacities (CEC) were determined by measuring the
equivalent sum of calcium, magnesium, and potassium eluted from the columns in 1 and 5 M
NaNO; solutions prior to strontium injection and in one experiment from the sum of strontium,
calcium, magnesium, and sodium eluted by 1 M KNOj after strontium injection. The sediment

CEC was also determined by a separate isotopic equilibrium exchange column experiment using
22
Na.

D.2.5.2  Experimental Procedures

A total of six one-dimensional column experiments using uncontaminated Hanford sediments
were carried out at 25 C to investigate the mobility of strontium (Table D.16). A Hanford
formation composite sample from borehole B8814 at the B, BX, and BY tank farms was used as
the experimental medium. The sediment was lightly crushed to pass through a 2 mm sieve,
air-dried, and mixed thoroughly. In addition, the sediment was repeatedly washed with a
sodinm-acetate solution to remove any carbonate phases present. The sediments were loaded
into a reactor column (1 cm x 15 cm) filled with distilled and deionized water. Sediment density
was determined to be 2.75 g em” by volume displacement. The elution experiments consisted of
three phases. In the pretreatment phase, the background NaNQ; electrolyte was passed through

AppD_1213 D-69 December 13, 2002



RPP-10098, Rev. 0

the column to replace potassium, calcium, and magnesium with sodium on the sediment
exchange sites. At lower concentrations of NaNO; (0.01 to 0.1 M), complete desorption of
calcium, magnesium, and potassium was not achieved after as much as 15 pore volumes had
been flushed through the column. The pretreatment phase was followed by a stage in which 10,
1, and 0.1 pM (107, 10, and 107 M) SrNO; and 1 mM Ca(NOs); and Mg(NO3), along with
NaNOQ; at concentrations ranging from 0.01 to 5 M were passed through the sediment column to
measure strontium retardation from the breakthrough curve. The final phase was a strontium
desorption experiment using KNO; ranging in concentration from 0.01 to 1 M. Iodide behaved
as a non-reactive tracer and was used to obtain the dispersivity of the columns.

Table D.16. Summary of Strontium Transport Experiments Using Composite Sediment
from WMA B-BX-BY

. . Sediment-
Experiment SOI’[)t[Oll. Stage Desorptmln Flow l.h_te Darcy ].'Tl_'fx Solution Ratio| Porosity %
Solution Stage Solution | (ml min™) (cm - min™)
- (g/L)

0.01 M NaNO, _ _

1 10° M Sr 0.01 M KNO; 0.2 0.260 3187 46.3
0.001M Ca, Mg
0.1 M NaNO;

2 10° M Sr 0.1 MKNOy 0.1 0.130 3789 421
0.001M Ca, Mg
1 M NaNO;

3 10° M Sr 1 MKNO; 0.1 0.130 3294 45.5
0.001M Ca, Mg
5 M NaNO;

4 10° M Sr 1 MKNO; 0.1 0.130 - 3673 42.8
0.001M Ca, Mg

5 1 M NaNO; 1 M KNO; 0.1 0.130 3362 45.0
10° M Sr
0.001 Ca, Mg

6 I M NaNOs 1 MXNO, 0.1 0.130 4014 40.7
107 M Sr
0.001M Ca, Mg

The CEC of the composite sediment was measured in several ways. The cation exchange
capacity was determined from the equivalent sum of calcium, magnesium, and potassium eluted
with a 0.1, 1, and 5 M NaNO; flush of the sediments in the pre-treatment phase of the
experiments. In addition, one CEC determination was made by summing the equivalents of
strontium, sodium, calcium, and magnesium eluted by a 0.1 M KNO3 solution during the
desorption stage. The CEC was also determined by *Na isotopic equilibrium in a flow-through
column using 1 and 5 M NaNOQOs. In this experiment, several pore volumes of NaNO; solution
were flushed through the column to saturate the sediment column with Na prior to injection of a
2Na spiked solutionofa l or 5 M NaNQs;. The mass of 2Na on exchange sites was determined
by integrating the *Na elution curve and subtracting this from the integrated iodide elution curve
which behaves as a non-reactive tracer. With the assumption of isotopic equilibrium between the
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*’Na and the bulk sodium on exchange sites, the total CEC can be calculated by assuming that
the accessible exchange sites are occupied by sodium.

D.2.5.3 Modeling Procedures

Distribution of species calculations and the simulations of multicomponent ion exchange and
transport in the column experiments were carried out with the general purpose reactive transport
code CRUNCH (Steefel in preparation), a combined and updated FORTRAN 90 version of the
codes GIMRT and OS3D (Steefel and Yabusaki 1996; Steefel 2001; Steefel et al. 2002).

A single exchange site concentration (CEC) was used in all simulations (Sections D.2.2 and
D.2.3). Selectivity coefficients for strontium, sodium, potassium, calcium, and magnesium were
determined in two ways. First, a global fit of the batch data from Zachara et al. (Section D.2.2)
was carried ont. This fit relied primarily on nine multicomponent batch experiments in which
strontium and sodium were varied systematically so as to sum up to 0.001, 0.01, and 0.1
equivalents per liter. Both aqueous and solid phase strontium, sodium, calcium, potassium, and
magnesium were measured. Lacking any data at higher sodium concentrations, it was necessary
to augment the nine multicomponent experiments with an earlier set of batch experiments carried
out at 1 M NaNOj3 and a variety of strontium concentrations (Zachara et al., Section D.2.2).
These experiments were intended to be binary, but later experiments showed that measureable
amounts of calcium, magnesium, and potassium were also present in the solution and on the
exchangers, although these amounts could not be quantified. As a first order correction, calcium,
magnesium, and potassium concentrations in these 1 M NaNOQ; experiments were assumed to be
the highest values obtained in the multicomponent experiments in which all cations were
measured. Added to the nine muiticomponent batch experiments and the sodium-strontium
binary experiments was data from a set of calcium-strontium binary experiments (Zachara et al.,
Section D.2.2). All of these data were then used to fit a set of “batch” selectivity coefficients
using the nonlinear optimization program PEST (Parameter Estimation Inc.) combined with
distirbution of species calculations carried out with CRUNCH. The resulting parameter set is
then fully comipatible with the reactive transport simulations of strontium migration in the

‘column expeériments.

Multicomponent cation exchange was formulated using the Vanselow activity convention, which
assumes a reaction stoichiometry of the following form (Appelo and Postma 1993):

Cs™+ Y MX(i), <> CsX(7) + VM, (1)

‘where M is the competing cation (Na', K', Ca™, Mg™), m is its charge, and X(i} refers to the ith

type of exchange site. In the Vanselow convention, each exchange site, X{(i), has a charge of -1.
The activities of adsorbed species in the Vanselow convention correspond to the mole fractions,

By s

By - _Zq—(g(MT ~[X ()], __ @
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where g(i))s is the concentration of adsorbed cation A/ in exchange site 7 (moles/g), and the
square brackets denote activities. The exchange reactions can then be used to write a mass
action equation for binary Sr-M exchange:

B TICSTT X (@), 1V ICs

sy T . m+ m - m+ m (3)
YT B IM™ T XD M
In a single-site ion exchange model, the CEC is equal to the sum of the charge equivalent
concentrations of the adsorbed cations:
CEC =Y 2z, )

while in a multi-site model, the CEC is the charge summed over all of the cation exchange sites
(Voegelin et al. 2000)

CEC=2.>,7uqDy )

A Debye-Huckel formulation was used to calculate activity coefficients. This approach was
augmented with fitting parameters for ion pair formation to describe cation and anion activities
accurately. Free cation activities were calculated by adjusting the log Ks for the ion pairs
SINO;", CaNO;", MgNQ; ', KNO;, and NaNOs (aq) to match ion activities (not activity
coefficients) determined with the Pitzer approach as implemented in the code GMIN (Felmy
1995). Ion pair formation, therefore, is described with effective equilibrium constants that
incorporate the effects of ion interaction parameters in the Pitzer approach. The cation activities
calculated by GMIN were used as “observations” to be matched by adjusting the effective
equilibrium constants for the ion pair reactions in the global fitting procedure. While this
method cannot be recommended as a general substitute for the full Pitzer approach, it captures
the change in major cation activities over the concentration range of interest in the column
experiments.

It was also necessary to include an empirical activity coefficient, y, to capture the strong ionic

strength dependence of selectivity coefficients, particularly those reactions involving a
monovalent and divalent cation. This took the form of a “bdot” correction affecting only the
activity of the exchange species:

Iny, =BI
where / is the ionic strength of the solution and B is a fitted constant parameter.

Transport processes treated in the simulation of the experiments include advection and '
dispersion. All of the simulations used 100 equally spaced grid cells to discretize the
one-dimensional columns (typically 15 em in length).

D.2.54 Results and Discussion

D.2.5.4.1 Determination of Cation Exchange Capacity. Elution of calcium, magnesium, and
potassium from sediment exchangers using various concentrations of NaNOs was used in the
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pre-strontium injection phase of the column experiments to determine a sediment CEC. Results
for flushes with NaNO; concentrations of 0.01, 0.1, 1, and 5 M (corresponding to Experiments 1
through 4, respectively) are given in Table D.17. These determinations of the CEC should be
minimum values, since they neglect the sodium on the exchange sites. Since the sediment was
pre-washed with a sodium acetate solution to leach carbonates, the sodium concentration could
be significant. The CEC values determined u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>