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1. EXECUTIVE SUMMARY

Performance assessments (PAs) are calculations used to establish the risk posed by radioactive
waste disposal facilities in the Savannah River Site (SRS). The distribution coefficient (Ku;
solid/liquid concentration ratio; Csolid/liquid) 15 one of the key geochemical parameters used in the
PA to provide a measure of how strongly the dissolved contaminants bind to solid phases; the
greater the Ky value, the greater the tendency to bind to the solids. The overall purpose of this study
was to measure this key parameter for several constituents of concern in the cementitious leachate
impacted SRS sediment environments. Particular attention was directed at quantifying the
influence of cementitious leachate from various stages of cement aging on the sorption of
radioactive waste and heavy metals on SRS sediments. The impact of cementitious leachate on Ky
values, Ki.cementLeach, 1S described in the PA using the Cementitious Leachate Impact Factors,
fCementLeach, as:

Kd—CementLeach = f CementLeach * Ka

This parameter was presented in the previous geochemical data package (Kaplan, 2021), building
on earlier compilations of measured differences between cementitious leachate impacted and non-
impacted Ky values for the PAs of the Integrated Disposal Facility (IDF) at the Hanford Site. Thus,
in our 2023 technical document (Lin and Kaplan, 2023), the first data set of fcemenizeach Values
specific for cementitious leachate impacted SRS sediment environments was reported, which
measured Ky values for several elements, including Be, Cd, Co, Cr, Cs, Cu, Eu, Ho, I, La, Ni, Pb,
Sb, Sr, T1, U, V, Yb, and Zn in SRS sandy and clayey sediments to evaluate their fcemenizeach Values.
Nevertheless, the relatively low concentration of spike solution used for batch sorption
experiments and the observed interference of high background leachate concentrations of some
elements (Cr, Sr, Zn etc.) compromised the accuracy and data quality. Additionally, another two
iodine species (iodate and organic iodine), besides iodide, were not included in Lin and Kaplan
(2023). Therefore, the objective of this follow-up work and corresponding revision to Lin and
Kaplan (2023) is: (1) improve the data quality and reduce the uncertainty of the compromised Ky
and fcemeniLeach Measurements by using greater concentrations of the element-spike solution and
using an analytical instrument with lower detection limits than previously used; and (2) measure
Ka and fcemeniLeach values of new constituents: As, iodate, organic iodine, Se, Tc-99, Sr-90, and Th.

In this revision, K; values were also remeasured for Be, Cd, Co, Cr, Cu, Ni, Pb, Sr, T1, U, and Zn.
These elements were selected either because (1) knowledge of their geochemical binding behavior
will enhance PA evaluations of SRS disposal systems (e.g., Cr, I, Ni, Sr, Tl, and U), or (2) they
will provide indirect information as chemical analogs for key radionuclides of concern (e.g., Th is
a tetravalent cation analog for tetravalent radionuclides). The Ky values were measured in
simulated SRS groundwater (GW) and three cementitious leachate solutions to simulate different
stages of cement aging, including the concrete leachate (CL; to simulate leachate from very young
(<~100 years) waste form grout (Stage I ) that was created using actual SRS concrete associated
with the production of engineered disposal facilities); portlandite (saturated Ca(OH), solution to
simulate a slightly older grout leachate, (Stage II)); and calcite (saturated CaCOs solution to
simulate an aged grout leachate (Stage I1I or IV)).
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Significant changes in the K; values between SRS GW and different cementitious leachate
solutions were observed for several elements. As the chemical analog of monovalent cations,
thallium (TI) Ky values ranged from 10 L/kg to 437 L/kg for SRS sandy sediment and from 32
L/kg to 412 L/kg for the SRS clayey sediment, both showing higher K values in different stages
of cementitious leachates than in background GW K values. Thus, higher pH and ionic strength
from different stages of cementitious leachates generally promoted Tl sorption by the SRS
sediment with the fcementeach (calculated as Ka-cementreach/ Ka-Gw) as high as 45 in the aged grout
leachate-impacted sandy sediment, validating similar results observed for Cs (also a monovalent
cation) in the 2023 report. Similar increased sorption on SRS sediments in different stages of
cementitious leachates were also observed for divalent cations, including cadmium (Cd), cobalt
(Co), nickel (Ni), lead (Pb), and strontium (Sr). Their increased sorption on cementitious leachate-
impacted SRS sediments was not only due to the sorption on the SRS sediment but also due to
their precipitation in the higher-pH solutions, especially in young grout leachate simulants with a
pH ~10. Similarly, as an analog of tetravalent cations, thorium (Th) Ky values increased from 3163
L/kg in sandy/SRS GW to >17500 L/kg in both young and aged grout leachate simulants, which
was similar to the trivalent cation reported in Lin and Kaplan (2023) (e.g. europium (Eu)). In
contrast, the cementitious leachate decreased the sorption of anions (fcemenieach <1), including
chromate (CrO4>), technetium (Tc), and three iodine species except organic iodine in aged grout
leachate-impacted sandy sediment. The K, values of some anions, iodide and Tc, in most
cementitious leachate solutions were near zero, suggesting the high pH and ionic strength of the
cementitious leachate greatly inhibits sorption to these SRS sediments.

In summary, there was a total of 600 K; measurements for a full factorial of 22 elements + three
iodine species, 2 sediments, 4 cementitious-impacted chemical scenarios, and 3 replicates. An
additional 324 control measurements were analyzed to provide information about the background
chemistry and loss of amendment from solution due to precipitation, as opposed to
adsorption/absorption to sediments. At the end of this report, “Best Cementitious Leachate Impact
Factor” fcemenieach values were recommended for 64 constituents of concern, based on either the
batch experimental results or the chemical analog of elements (e.g., Sr as the analog of alkali-earth
divalent cations, including calcium (Ca), barium (Ba), and radium (Ra), etc.). These recommended
fcemeniLeach Values based on the SRS site-specific materials and conditions would greatly improve
the pedigree of fcemenieach Values used in SRS PA calculations.

2. INTRODUCTION

The SRS disposes of solid and liquid low-level radioactive waste (LLW) in the subsurface
sediment of the site. Cementitious materials are commonly used for the long-term immobilization
of liquid LLW (i.e., a highly caustic salt solution). The radioactive liquid waste is blended with fly
ash and blast furnace slag (and previously portland cement) to form saltstone grout, which is
subsequently emplaced in subsurface engineered disposal facilities termed Saltstone Disposal
Units (SDUs). A simplified conceptual model incorporating up to date constants and supporting
characterization for constituents of interests (e.g., radioactive waste or heavy metals) is required
for the SRS PAs. One of the key constants for the simplified conceptual model is the distribution
coefficient, K, value:
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K= (1)
Cliquid

In the conceptual model, the aqueous solute concentrations are assumed to be primarily controlled
by the Ky construct. However, the K4 of the constituents of concern can vary between several
Conceptual Environments, including clayey vs. sandy sediments (geological end-members in the
SRS subsurface), and the composition of the aqueous phase transporting the constituent of concern.
For each constituent of concern, the “best” Kq4 estimates are always provided as guidance for the
most likely Ky values for a given Conceptual Environment, which should be ideally derived from
experiments conducted using SRS site-specific materials and under the appropriate environmental
conditions. For this purpose, the “best” Kq values for different constituents of concern in SRS
clayey/sandy sediment and cementitious materials have been provided by several technical reports.
Nevertheless, the “best” Ky values for many of the constituents of concern were derived from
studies that used non-SRS solid and aqueous phases or analogs. Furthermore, a significant
unknown relates to how the Ky for constituents of concern would change in a cementitious-leachate
impacted sediment environment relative to Ky values for unimpacted sediment environments.

In the subsurface environments, cementitious porewater contains much greater ionic strength and
pH than the unimpacted SRS GW. Additionally, there are three stages through which most
cementitious materials progress as they age (Wang et al., 2009; Ochs et al., 2016). During each
stage of cement aging, different components serve as the dominant phase controlling the aqueous
composition and pH; e.g., portlandite and 10 <pH <12.5 for Stage I and II, calcite and pH <10 for
Stage III, which are all very different compared to the background SRS GW (pH~5.5). The
solutions from each stage of cement aging can alter the tendency for mobile aqueous constituents
of concern (e.g., radioactive waste or heavy metals) to sorb onto the sediment (i.e., increase or
decrease the K4 values for the contaminants). For example, the influence of cementitious leachates
on uranyl sorption to Hanford Site sediment was found to gradually increase from 1.07 to 2.22
L/kg as the pH increased from 8.3 to 9.3 (Kaplan et al., 1998). At pH >10.3, precipitation occurred,
and the apparent K, value increased sharply to >400 L/kg. Thus, at the Hanford Site much higher
Kq values were used to describe U sorption to sediments in a cementitious leachate impacted
environment, Ks = 100 L/kg, than were used to describe U sorption under ambient conditions, Ky
= 0.2 L/kg (Cantrell et al., 2007). In contrast, high pH and ionic strength can increase the anionic
competition and decrease the sorption of some elements that are present as anions. Therefore, the
change in Ky values between unimpacted SRS sediments and cementitious-leachate impacted SRS
sediments should be varied among different constituents of concern, depending on the chemical
behaviors of each constituent of concern.

Kaplan (2021) presented a cementitious leachate impact factor, fcementLeach, to quantify the impact
of cementitious leachate on the sorption of individual element on sediment:

f — Kd—CementLeach (2)
CementLeach Ky

where Ku.cemeniLeach and Ky are the Ky values measured under cementitious-leachate and GW
conditions, respectively. This constant value is further used to convert traditional K4 values into
Ki-cementLeach Values that are more representative of a cementitious-impacted SRS sediment. In
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Kaplan (2021), fcementLeach Values were recommended for 64 constituents of concern. Twelve of the
fcemeniLeach values originate from measured differences between cementitious-leachate impacted
and non-impacted Ks values compiled by Cantrell et al. (2007) for the Hanford Site PAs, while the
remainder are based on their chemical analogs (e.g., Cs for the monovalent cations Fr, Rb and TI;
Sr for the divalent cations, Cd, Pb, and U). Therefore, a series of batch sorption experiments using
SRS subsurface sandy and clayey sediments was conducted in Lin and Kaplan (2023) to quantify
the effect of the cementitious leachate on the sorption of the constituent of concern. In Lin and
Kaplan (2023), besides the SRS GW (pH=5.5), three cementitious leachate solutions were used as
the solution in the sorption experiment to simulate the cementitious porewater in different stages
of cement aging, including the CL solution (Stage I of cement aging), the Ca(OH),-saturated
solution (pH=12, Stage II of cement aging, i.e., young grout leachate), and the CaCOs-saturated
solution (pH=8, Stage III and IV of cement aging, aged grout leachate). In contrast to Kaplan
(2021), Lin and Kaplan (2023) provided SRS-specific-Ky and fcemenizeach Values for better SRS PA
calculations. However, the low spike concentration and high detection limit for specific elements
(e.g., Se, Zn and Th), as well as high background concentration of specific elements (e.g., Sr) from
cementitious leachate and SRS sediments in Lin and Kaplan (2023), increased the uncertainty of
Ka and fcemenieach Values to unacceptable levels, especially for those elements with high K, values.
Therefore, to further improve the Ky and fcemenizeach data quality and reduce their uncertainty for
SRS PA calculations, this follow-up study was conducted with the following objectives.

1. Compared to Lin and Kaplan (2023), a multi-element spike solution with 4-times greater
concentration was used to remeasure the Ky values for various elements added as AsO4>",
Be?", Cd*", Co?", CrO4>, Cu?*, Ni**, SeO4%, Pb**, Th*', T1*, UO%**, and Zn?*" in two SRS
sediment types with SRS GW and three cementitious leachate solutions. The greater
concentration improved analytical detection and measurement accuracy.

2. In addition to iodide (I) reported in Lin and Kaplan (2023), iodate and organic iodine
sorption experiments were conducted to measure the K, values. The iodine species were
added as 103" and natural organic matter (NOM)-bound iodine in two SRS sediment types
with SRS GW and three cementitious leachate solutions.

3. The K4 values for Tc and Sr added as their radioisotopes (Tc-99 (*?TcO4") and Sr-90 (°°Sr?*))
were measured in two SRS sediment types with SRS GW and three cementitious leachate
solutions.

4. The “Best Cementitious Leachate Impact Factor” fcemenireacn Values for 64 constituents of
concern in three stages of cement aging with two types of SRS sediments were
recommended.

3. MATERIALS AND METHODS

The following is a brief description of the materials and methods used to obtain Ks and cement
impact factors for various elements. All the experiments were conducted under oxidizing
conditions.

3.1. Materials

e Sediments and cementitious materials (already fully characterized):
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o Subsurface sandy sediment from SRS (composition in Tables 1 and 2)
o Subsurface clayey sediment from SRS (composition in Tables 1 and 2)
o Vault 2 (also referred to as SDU 2) concrete (composition in Tables 3 and 4).
e Leachate Solutions (details in Section 3.1.2):
o Artificial SRS GW (pH 5.5)
o SDU 2 concrete leachate (CL, surrogate for Stage I grout aging conditions)
o Young grout leachate (Portlandite, Ca(OH)y, saturated leachate solution); surrogate
for Stage Il grout aging conditions)
o Aged cementitious leachate (Calcite, CaCQO3, saturated leachate solution; surrogate
for Stage III grout aging conditions).
e Elements:
o Multi-element inductively coupled plasma-mass spectrometry (ICP-MS) standard
containing As, Be, Cd, Co, Cr, Cu, Ni, Pb, Se, Th, Tl, U, and Zn.
o Tc-99 stock solution.
o Sr-90 stock solution.
o lodate standard solution prepared by dissolving potassium iodate in deionized (DI)
water.
o Organic iodate standard solution prepared by iodate incubated with natural organic
matter from SRS sediments (see details below).

3.1.1. Sediments and cementitious materials
The following sediment and cementitious materials from the SRS were used in this study.

Subsurface Sandy Sediment and Subsurface Clayey Sediment: These sediments have been used
extensively for studies conducted at the SRS and they represent end-members of the types of
sediments expected in the SRS subsurface system. The uncontaminated sediments were collected
between 3 m (Sandy) and 4 m (Clayey) below grade from a trench wall in the LLW Disposal
Facility, E-Area. The sediments were previously characterized (Table 1, Powell et al. 2010) and
recently analyzed by X-ray Diffraction (XRD) for mineralogy of the clay-size fraction (Table 2).
Detailed description for the XRD analysis and spectra data are presented in Appendix A.

Both sediment samples have acidic pH levels, low organic matter contents, and similar clay
fraction XRD mineralogy. The main difference between the sediments is that the clayey sediment
has a much finer texture than the sandy sediment, resulting in a significantly greater surface area.
The clayey sediment also had a significantly greater amount of iron oxide coatings than the sandy
sediment, as estimated by the Citrate-Bicarbonate-Dithionite (CBD) extractable Fe measurement.
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Table 1: Characteristics of SRS Sediments used in this study (Powell et al. 2010).

PARAMETER Subsurface Clayey Subsurface Sandy
% sand (>53 um) 579 97
% silt (53 — 2 um) 40.6 29
% clay (<2 um) 1.6 0.2
Textural classification Silty clay Sand
pH 4.55 5.10
% Organic matter <0.1 <0.1
Cation exchange capacity (cmol/kg) 1.09 £ 0.31 <0.05
Anion exchange capacity (cmol/kg) 1.58 +£0.61 0.06 £0.19
BET surface area (m%/g) 15.3 1.27

Citrate-bicarbonate-dithionite (CBD)

extractable Fe (mg/g) 15.3 7.06
Al (ppm) 63.6 16.6

Na (ppm) 42.9 347

Mg (ppm) 144 98.8

Ca (ppm) 64.4 24.6

K (ppm) 183 93.0

Table 2: Phase proportions for SRS subsurface sandy and clayey sediment used in this
study, characterized by the XRD analysis.

Phase General Formula Weight%

Sandy sediment

Quartz Si0O2 23.5
Kaolinite Alx(S1205)(OH)4 37.0
Goethite FeO(OH) 20.6

Amorphous N/A 18.9

Clayey sediment

Quartz SiO, 1.6
Kaolinite Alx(S1205)(OH)4 72.4
Goethite FeO(OH) 4.7
Hematite Fe;03 1.2
Amorphous N/A 20.1

Concrete sample: SDU 2 concrete was retrieved as a 3-inch diameter by 6-inch-high cylinder
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(Figure 1) from the concrete sample repository in Z-Area. The sample is equivalent to the concrete
used during construction of SDU 2 and was cast on March 5, 2009, and subsequently stored in a
wet room. There are several different types of cementitious materials used in waste disposal on the
SRS. Each cementitious material is expected to create somewhat different pore water chemical
compositions. In Ochs et al. (2016) review of the geochemistry of radionuclides in cementitious
materials, they concluded that the dominant components of these waste forms influencing
porewater chemistry was portland cement and slag. The other cementitious components, such as
aggregate and fly ash, have far less impact on pore water chemistry. As shown in Table 3, the
SDU 2 grout includes both portland cement and slag, two components that also exist in tank grout
and saltstone (Table 4). Other important attributes of the SDU 2 sample for the purposes of this
study are that it was created under actual facility conditions, with the exact same materials used to
prepare the SDU concrete. Therefore, the use of this SDU 2 grout is believed to provide a
reasonable generic surrogate for both cementitious systems (i.e., tank grout and saltstone). Refer
to Table 4 for a comparison of components in each grout type. Note that while the SDU 2 concrete
and tank closure grout also contain coarse aggregate (in addition to the fine sand aggregate), it is
assumed that its presence in the analyzed samples was minimized due to the size-reduction
procedures employed.

Figure 1. SDU 2 concrete from the SRS cement repository in Z-Area
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Table 3: SDU 2, Mix 1 concrete formulation (670 Ibs/cu yd cementitious material) (Class 3

sulfate resistant concrete).

Ingredient Quantlgy
(Ibs/yd )

Type V cement (Lehigh T-V #2 ; ASTM C 150) 201
Grade 100 Blast furnace slag (Holcim Grade 100 Slag; ASTM C 268
989)
Silica Fume (W. R. Grace Silica Fume; ASTM C 1240) 44.7
Type F Fly ash (SEFA Class “F” Fly Ash; ASTM C 618) 156.3
Sand (Rinker Aggregates Company - Augusta Sand - Natural 911
Washed Sand; ASTM C 33)
Aggregate (Rinker Aggregates Company - Dogwood Quarry - #67 1850
Granite; ASTM C 33)
Water (maximum; gal/ cu yd) 30.5
Maximum water to cementitious material ratio 0.38
Grace WRDA 35 (oz/cwt ct+p) ? 5
Grace Darex II (oz/cwt ct+p) ? 0.41t00.5
Grace Adva 380 (oz/cwt ctp) ? 3to4
Minimum compressive strength at 28 days 5000 psig

Slump range/target before Super-P
Slump range/target after Super-P

1 — 3 inches / 2 inches
6 — 8 inches / 7 inches

2 oz/cwt c+p: ounces per cement weight (cement + pozzolan)

Table 4: Constituent mass percentage in SDU 2, tank closure grout, saltstone 45/45/10 and

saltstone 60/40.

Constituent Mass %

Constituent
SDU 2 Tank Closure Grout  Saltstone 45/45/10 Saltstone 60/40
Cement 12.7 5.0 10.0 0
Slag 17.0 8.4 45.0 60.0
Fly Ash 9.9 14.6 45.0 40.0
Silica Fume 2.8 0.0 0 0
Sand 57.6 71.9 0 0
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Table 5: Phases identified (via XRD) in SDU 2 concrete sample.

Phase General Formula Potential Rationale
Quartz SiO, Fine sand aggregate and unreacted phase from fly ash
Albite NaAlSizOs ) )
Microcline KAISi,0x Feldspars associated with coarse aggregate
Calcite CaCO; Cement carbonation product
Vaterite CaCOs Cement carbonatt}illc;?cglrl(;d;iazi1 gﬁiﬁ??ﬂg 53523) polymorph that
Portlandite Ca(OH), Cement hydration phase
Hydrotalcite MgsAlx(CO3)(OH)16*4H,0 Reaction product associated with slag containing concretes
Mullite 3A1,03°2Si0, Unreacted phase from fly ash
Clinochlore MgsAl(AISi3010)(OH)s Possibly associated with aggregate
Mica Varied Possibly a muscovite mica phase associated with aggregate
Hematite Fe,0; Unreacted phase from fly ash

The sample was initially broken up with a chisel and hammer to ~1-cm particles and then placed
in a jaw crusher (Retsch Jaw Crusher Type BB51 with tungsten carbide plates) for ten minutes.
The jaw crusher samples were subsequently placed in a shatter box (Spec 8510 Shatterbox) for 10
seconds. The composition of the concrete used in this study is presented in Table 3 (Kaplan et al.,
2008). From the standpoint of radionuclide reactivity with the SDU 2 concrete, an important
ingredient is the blast furnace slag that constitutes 268 Ibs/yd® of simulated cement. Slag can create
a reducing chemical environment that is desirable for converting several redox-sensitive
radionuclides into their less mobile and stable forms (e.g., U). Additionally, XRD analysis was
conducted for the concrete sample to identify mineral phases (Appendix A). The predominant
phases identified were quartz (sand), albite, and microcline. The albite and microcline phases are
feldspars presumably associated with the coarse aggregates used in the concrete formulation.
Unfortunately, the domination of the scan by the forementioned phases limited the number of
observable peaks and the peak intensities of any cementitious phases and their hydration products.
As such, the assignments made for minor and trace phases should be considered tentative. Table 5
indicates all the phases identified in the scan and provides a potential rationale for their presence.

3.1.2. Leachate solutions

Three Conceptual Environments or stages that all cementitious materials progress through as they
age have been described and used in PA modeling in several countries (first described by Ochs et
al. (2016) and adapted for the SRS PAs by Kaplan (2021)). pH is one of the key aqueous
parameters used to identify when one stage begins and ends. As the cement ages, the mineralogical
transformations will result in pH changes. A conceptual figure for three stages of cement aging is
provided in Appendix B and a more detailed discussion can be found in Ochs et al. (2016).
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In this study, three solutions were used to simulate the cementitious leachate in three stages of
cement aging. Stage | occurs immediately after water infiltrates the cured cementitious material.
During this stage, there is a large release of weakly bound monovalent cations, especially Na" and
K*, and hydroxides, OH", from the cementitious material surfaces. The large release of hydroxides
drives the pH of the effluent very high, often exceeding 12.5. The life cycle of Stage I is the
shortest of the three stages, typically lasting 50 to 100 years on the SRS (more specifically it is
controlled by the number of pore volumes that pass through the cementitious materials). Thus, a
leachate solution from the SDU 2 concrete was prepared (see details below) to simulate the
cementitious leachate during this stage, although its constituent composition and concentration
may be different with the leachate from saltstone, as mentioned in Section 3.1.1.

Stage II of cement aging is referred to as the moderately aged (e.g., ~100 to ~3000 years)
cementitious materials conceptual environment, with the porewater pH stabilized at ~12.5 and
controlled by the solubility of portlandite. Given the difficulty of obtaining the >100-years
concrete sample in this study, the Ca(OH)z-saturated solution with pH of ~12 was used to represent
the cementitious porewater during the Stage II of cement aging.

In Stage 111, referred to as the aged cementitious materials conceptual environment (e.g., >3000
years), the portlandite has been fully dissolved/reacted and the pH of the cementitious leachate
continuously decreases until it reaches the pH controlled by calcite, which is about 8.2. Therefore,
the CaCOgs-saturated solution was prepared and used in this study to simulate the cementitious
leachate during Stage III of cement aging.

Lastly, the near-complete degradation of the cementitious materials is referred to as Stage IV
during which the calcite is totally dissolved and the pH of the system decreases to background
levels; this is 5.5 for SRS relevant scenarios and can be simulated by the artificial SRS GW in this
study.

The detailed preparation procedure for each simulant solution is shown below:

o Stage | Cement Aging - SDU 2 Concrete leachate (CL): 200 g of the SDU 2 concrete
sample (~ 1 cm, particle size) was mixed and suspended in 2 L of SRS GW for one week.
After particle settlement, the supernatant was filtered through a 0.45 pm membrane to
collect the concrete leachate for the sorption experiments. pH and concentrations of major
ions was measured and presented in Appendix C.

e Stage Il Cement Aging - Ca(OH),-Saturated Leachate Solution: During this cement
aging stage, Ca(OH); and calcium-silicate-hydrate gels are the key solid phases
controlling aqueous leachate chemistry. Because CO: in air is very soluble in water at
high pH and the resulting dissolved carbonate will precipitate as calcite in the Ca(OH)-
saturated solution, care was taken to minimize contact of the solution with atmospheric
air. Excess solid Ca(OH); is undesirable because it will buffer the pH at a higher than
expected value.

Procedure: 1 L of DI water was deoxygenated by boiling, followed by purging with
nitrogen for 30 min. After deoxygenation, the DI water was placed in a Teflon bottle
(because this material has a low air diffusion coefficient and will reduce ion adsorption).
A sufficient quantity of fresh Ca(OH) (~1.26 g/L at 25°C) was added to the deoxygenated
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water to marginally exceed solution saturation. To minimize exposure to air, nitrogen gas
was used to further purge the head space and then the solution bottle was sealed.

o Stage Il Cement Aging - Calcite-Saturated Leaching Solution: During this stage,
portlandite is assumed to be fully dissolved/reacted and the solubility or reactions of the
calcium-silicate-hydrate gel with the infiltrating water controls the pH of the cement pore-
water/leachate. The pH continues to decrease until it reaches the pH of the background
sediment, pH 5.5 at the SRS. By preparing the solution at a slightly elevated temperature,
the possibility of calcite precipitation during the test at room temperature was minimized.

Procedure: 1 L of DI water in a glass beaker was placed on a stirring/heating plate to
increase the temperature of the solution to above ambient room temperature by 3 to 10 °C.
As the solution was being stirred with a stir bar, 15 mg of CaCO3 was added to the heated
DI water. The solution was left on the stirring/heating plate for 24 hr, followed by filtration
through a 0.45-pum membrane.

o Artificial SRS GW: The stock solution used in preparation of the SRS GW is indicated in
Table 6, and the solution ultimately used for this investigation was produced by diluting 1
mL of stock solution to 1 L of the total volume using DI water. The pH and constituent
concentrations in the SRS GW simulant are shown in Table 7. Note that the recipe is based
on the average chemical composition of GW from non-impacted wells screened within the
water-table aquifer on the SRS (Strom and Kaback, 1992).

Table 6: Artificial groundwater stock solution.

Salt mg/L
CaCl; 2H20 3.68
NazS04 1.07
KCl 0.40
NaCl 2.65
MgCl, 6H,0O 5.51

Table 7: Artificial groundwater simulant.

Constituent/Parameter GwW?
pH 5.5
(mg/L)
Na 1.39
K 0.21
Ca 1.00
Mg 0.66
Cl 5.51
SO4 0.73

2 Artificial Groundwater: non-impacted groundwater derived from natural infiltration (Strom and Kaback,
1992).
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3.1.3. Elements

It is important to note that the selection of these elements was in part driven by the convenience
of being able to use one pre-calibrated solution that could permit the simultaneous measurement
of elements via a single ICP-MS analysis. Furthermore, the solute concentrations selected for
these studies was a compromise between four considerations: 1) the initial elemental concentration
in the standard solution, 2) reducing the acidity in the standard through dilution to ease analytical
detection, 3) amending a solute concentration that is representative of expected waste form
conditions, and 4) providing sufficient solute concentrations to the experimental systems to permit
analytical detection in the solution after equilibration with the sediments.

With the exception of three iodine species, Tc, and Sr, elements analyzed in this study were from
the multi-component ICP-MS standards in 2% HNO; (100 ppm for AsO4>", Be?', Cd**, Co*",
CrO4*, Cu?', Ni**, Pb**, SeO+*, Th*', TI", UO>*", and Zn?>"). They were purchased from High-
Purity Standards (HPS, https://highpuritystandards.com/). Due to the strong acidic medium, these
ICP-MS standards were firstly diluted by DI water to produce the multi-element spike solutions
(1 ppm). Iodine spike solution (10 ppm as iodide) for the sorption experiments was prepared by
dissolving potassium iodide (Sigma-Aldrich) in DI water. [odate spike solution (10 ppm as iodate)
was prepared by dissolving potassium iodate (Sigma-Aldrich) in DI water. Organic iodine spike
solution was prepared by the incubation of natural organic matter (NOM) with the iodate (Xu et
al., 2011). Briefly, the NOM was extracted from the SRS sediments with 0.5 M NaOH solution,
followed by the purification and ultrafiltration using an Amicon ultrafiltration unit (3 kDa
membrane cutoff). Purified NOM was further incubated with 1000 ppm iodate at pH 3 in the dark
for one week, followed by the ultrafiltration to remove the excess unbound iodate from the NOM-
bound iodine (i.e., organic iodine, Org-I).

Among these elements, Tc, Sr, U, and I were included in the sorption experiments because they
are important radioactive waste and risk drivers according to preliminary PA calculations. As, Be,
Cd, Co, Cr, Cu, Ni, Pb, Se, Th, Tl, and Zn were included because they originated from the same
multi-component ICP-MS standard and would provide more information with relatively little
additional work. For example, they can be simultaneously measured within a single cocktail. In
addition, some of these elements (e.g., Co and Sr) have radioisotopes that emit gamma radiation.
The data from these elements can provide information about the sorption of their radioisotopes to
the PA. Furthermore, some of the elements could also provide indirect information for surrogate
radionuclides. For example, by providing insight into how monovalent cations (e.g., T1), divalent
cations (e.g., Co and Zn), and tetravalent cations (e.g., Th) sorb to cementitious materials.

3.2. Methods

To set up the sorption experiments, 1.000g + 0.005 g of dry SRS subsurface sediments (clayey or
sandy) were added into acid-cleaned 50 mL centrifuge tubes designated for the varied leachate
solutions. The centrifuge tubes were labeled with the date of sampling and the actual weight of dry
sediments for the sorption experiments. 25 mL of each leachate solution was added to the
corresponding centrifuge tube. The samples were then placed on a platform shaker overnight to
precondition the sediment with the contact solution, and subsequently centrifuged at 3000g for 10
min to separate the sediment phases from the contact solution. After centrifugation, liquid phases
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were decanted to the maximum extent possible without losing any solids. Another 25 mL of
leachate solution was added to each centrifuge tube and the total weight of the samples (solid +
remaining preconditioning liquid + equilibration liquid) was recorded, followed by the
measurement of the pH (Mettler Toledo pH meter). For iodine and multi-element samples, the
resulting suspension was then spiked with 200 pL of a stock solution (i.e., 10 ppm
iodide/iodate/Org-1 or 1 ppm multi-element, Section 3.1.3). Thus, the spike concentrations in each
sample were approximately 40 ppb for iodide/iodate/Org-1 and 8 ppb for multi-elements,
depending on the volume of remaining preconditioning liquid + equilibration liquid measured
above. For Tc and Sr samples, the resulting suspension was spiked with 50 pL of Tc-99 stock
solution (3720 Bg/mL) or 300 pL of Sr-90 stock solution (335 Bg/mL).

Spiked suspensions were placed on the platform shaker and the samples were constantly mixed for
2 weeks. At the end of the sorption experiment, the suspensions were centrifuged at 3000g for 10
min to separate the liquid phase from the sediments, after which the liquid phase was passed
through a 0.45 pm filter. For iodine and several elements, the filtered solutions were analyzed for
the respective elements using an ICP-MS (PerkinElmer). For specific elements including Se, Zn,
Th, and U, the filtered solutions were analyzed using the ThermoFisher Scientific high-resolution
(HR) ICP-MS that has the lower detection limit for these elements compared with PerkinElmer
ICP-MS. For rad sorption experiments, the liquid scintillation counter (LSC, Beckman) was used
to measure the activity concentration of Tc-99 and Sr-90 in the filtered solutions.

All experiments were conducted in triplicate, including positive and negative controls. A positive
control was a “no-solids” control sample spiked with the same elemental solution, which was used
to determine the possible precipitation of elements and potential adsorption to the container during
the experiments. A negative control was the “no-spike” control. This control group was included
to determine the background level of each element from the original leachate solution or via the
release from SRS clayey/sandy sediments during the experiments. This background element level
detected in the negative control was included in the calculation of K, values.

K4 values of various elements with two types of SRS sediments for four leachate solutions were
calculated using Equation 3, which determines sorption by subtracting the concentration of the
element added from the concentration remaining in the filtered solution at the end of the 2-week
equilibration period:

_(C-CpxV

K
d Cr x Wolid

)

where C; (ug/L) is the initial concentration of the element that can be calculated from the
concentration of the spiked solution and the final volume of the suspension; Cr(png/L) is the final
equilibrium concentration of each element that is measured in the filtered solution; ¥ (L) is the
volume of liquid in the final suspension and Wieia (kg) is the mass of solids added into the solution.
Thus, the Ky values in this study were reported in terms of L/kg.

The cementitious Leachate Impact Factor, fcemenizeach 1S calculated as follow shown:
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f — Kd—CementLeach 4
CementLeach K;-GW )

where Ky-CementLeach are the Ky values measured in CL, CaCOs, or Ca(OH), solutions; Ks-GW is
the Ky values measured in SRS GW.

4. RESULTS AND DISCUSSION

It is important to mention that the K, values, defined and calculated in Equation 1, include not only
the absorption of elements on sediments, but also the precipitation of elements at certain pHs. The
positive control, that did not include any added sediments as mentioned in Section 3.2, serves as
the sample group to examine the possible precipitation of the element or solubility control on the
element. The decrease in an aqueous element relative to its initial concentration in these positive
control samples would be due to solubility control and precipitation of the element, instead of
sediment sorption of the element. The precipitation of each element in the no-solid control samples
was quantified as follows:

%Precipitated= (C’C—Cf) x 100% (%)

1

where C; (ug/L) is the initial concentration of element in the no-solid control sample; Cr(ug/L) is
the final equilibrium concentration of each element that is measured in the filtered control sample.
The greater the %Precipitated value, the greater the tendency of the element to precipitate by itself
in the solution. High %Precipitated values also suggest more contribution of elemental
precipitation to the observed Ky values, compared with the adsorption/absorption of elements on
the sediments.

Table 8: Percentage of elements retained by the filter or partitioned to the labware surfaces
in the no-solid controls at the end of the experiment of four simulant solutions: GW =
groundwater, CL = concrete leachate for Stage I, Ca(OH): for Stage 11, and CaCOs for
Stages III and IV (n = 3).

Element GW CL CaCOs Ca(OH):
As 4 n.d. 55 92
Be 6 19 10 57
Cd 11 n.d. 9 90
Co 9 11 7 99
Cr 12 n.d. 97 n.d.
Cs” 5 n.d. n.d. 3
Cu 10 20 72 72
Eu“ 7 90 94 >99
Ho* 11 93 78 98
Todide” 6 n.d. n.d. n.d.
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Todate n.d. n.d. n.d. n.d.
Org-1 n.d. n.d. 12 63
La“ 6 >99 81 97
Ni n.d. 16 6 94
Pb 11 25 96 n.d.
Sbh* n.d. 6 n.d. 10
Se n.d. n.d. 5 n.d.
Sr 3 7 n.d. 11
Tc n.d. n.d. n.d. n.d.
Th 98 87 99 100
Tl 8 11 n.d. n.d.
U 86 88 87 97
\'A 6 24 - 44
Yb* 1 93 77 98
Zn n.d. 88 43 28

“n.d.” denotes no precipitate was detected.
“Data from Lin and Kaplan (2023).

Basically, significant precipitation for several elements was observed in the high-pH cementitious
leachate solution, especially in the Ca(OH)2 solution. The results from the no-solid control samples
for each element are presented in Table 8 and will be discussed in subsequent sub-sections for the
individual elements. In addition to the no-solid control sample, the background level of each
element, either from the background solution or desorption from the sediment, was also monitored
by the non-spiked samples with sandy/clayey sediments. The detected background concentration
of each element was also considered to participate in the sorption on the sediments in the study
and was thus included in the initial concentration (C; in Eq. 1) for the Ky calculation.

The obtained Ks and fcemenieacn values for each element will be discussed in the subsequent
individual subsections and compared with the previously reported Ky and fcemenizeach Values,
including the “best” Ky and fcemenireac values reported in Kaplan (2021). Rather than the most
conservative value, these “best” estimates are provided as guidance with respect to the most likely
values for specific conditions or a given Conceptual Environment (e.g., cementitious-leachate
impacted SRS sediment environment).

K4 values measured with clayey and sandy SRS subsurface sediments in four medium solutions
are presented in Table 8. These measurements were performed on a laboratory bench top under
oxidizing conditions.
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Table 9: K; and fcementLeach average and standard deviation (Std Dev) of 3 replicates for two
SRS subsurface sediments in four solutions: GW = groundwater, CL = concrete leachate
for Stage I, Ca(OH): for Stage II, and CaCO3 for Stages III and IV.

Element Solid Solution pH Iii‘;l”f;)a K"(it/i;ev S “o J;Cth'Levh
GW 5.72 179 112 - -
Subsurface CL 9.96 174 32 0.97 0.64
sandy sediment CaCoO, 8.20 722 106 4.03 2.59
A Ca(OH), 12.45 266 25 1.49 0.94
S GW 4.86 1878 605 - -
Subsurface CL 8.66 1132 191 0.60 0.22
clayey sediment | CaCO, 6.37 >3150 8 >1.68 0.54
Ca(OH), 12.41 1715 940 0.91 0.58
GW 5.72 23 3 - -
Subsurface CL 9.96 501 166 22 8
sandy sediment CaCoO, 8.20 7086 3340 306 152
Ca(OH), 12.45 5406 3174 234 142
Be GW 4.86 93 18 - -
Subsurface CL 8.66 8837 1107 95 22
clayey sediment | CaCO, 6.37 1416 163 15 3
Ca(OH), 12.41 8676 3144 93 38
GW 5.72 5.7 1.7 - -
Subsurface CL 9.96 566 165 99 41
sandy sediment CaCo, 8.20 7579 3056 1331 666
Ca(OH), 12.45 7097 2585 1247 586
Cd GW 4.86 16 3 - -
Subsurface CL 8.66 865 436 53 28
clayey sediment | CaCO, 6.37 153 8 9.31 1.54
Ca(OH), 12.41 7352 4720 448 296
GW 5.72 1.0 0.8 - -
Subsurface CL 9.96 171 38 168 138
sandy sediment |  CaCO, 8.20 2873 1361 2822 2609
Ca(OH), 12.45 1687 802 1657 1533
Co GW 4.86 27 8 - -
Subsurface CL 8.66 772 21 28 9
clayey sediment CaCO3 6.37 1113 190 41 14
Ca(OH), 12.41 1384 246 51 18
GW 5.72 137 73 - -
Cr Subsurface CCCLO 9.96 27 4 0.20 0.11
sandy sediment alL, 8.20 811 577 591 5.25
Ca(OH), 12.45 155 78 1.13 0.82
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Element Solid Solution pH Iii‘;l'f;)a K"(it/i;ev f C':w’gL" J;Ctg]fevh
GW 4.86 1968 353 - -
Subsurface CL 8.66 3804 1774 1.93 0.97
clayey sediment | CaCO, 6.37 3089 184 1.57 0.30
Ca(OH), 12.41 357 51 0.18 0.04
GW 5.40 39 12 - -
Subsurface CL 10.38 28 1 0.72 0.22
sandy sediment CaCO, 8.13 1281 961 33 10
J Ca(OH), 12.14 2390 950 62 19
Cs GW 4.62 925 407 ; ;
Subsurface CL 9.41 84 4 0.09 0.04
clayey sediment CaCO, 6.36 3002 1159 3.25 1.43
Ca(OH), 12.08 4231 2807 4.57 2.01
GW 5.72 205 45 - -
Subsurface CL 9.96 181 54 0.88 0.33
sandy sediment CaCO, 8.20 3110 385 15 4
Ca(OH), 12.45 505 60 2.46 0.62
Cu GW 4.86 1885 388 - -
Subsurface CL 8.66 1014 29 0.54 0.11
clayey sediment CaCo, 6.37 5038 3998 2.67 2.19
Ca(OH), 12.41 389 15 0.21 0.04
GW 5.40 25 9 - -
Subsurface CL 10.38 14109 2683 560 201
sandy sediment CaCoO, 8.13 10333 6603 410 147
p Ca(OH), 12.14 49489 20677 1963 706
Eu GW 4.62 1881 464 - -
Subsurface CL 9.41 43016 24519 23 6
clayey sediment CaCo, 6.36 >67000 251 >36 9
Ca(OH), 12.08 >67000 99 >36 9
GW 5.53 19 6 - -
Subsurface CL 10.21 2144 204 111 34
sandy sediment CaCoO, 7.52 >8100 28 >422 122
p Ca(OH), 12.30 6154 832 319 102
Ho GW 4.56 1803 305 - -
Subsurface CL 9.38 >8100 2 >4.50 0.76
clayey sediment | CaCO, 6.05 >8100 12 >4.50 0.76
Ca(OH), 12.29 >8100 2 >4.50 0.76
GW 5.53 0.9 0.2 - -
Todide? Saﬁé‘;’ss‘:dfi;eem CL 10.21 - 0.10° -
CaCO, 752 - 0.10° -
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Element Solid Solution pH Iii‘;l”f;)a K"(it/i;ev f C':w’gL" J;Cth'Levh
Ca(OH), 12.30 0 - 0.10° -
GW 4.56 5.6 3.1 - -
Subsurface CL 9.38 0 - 0.02° -
clayey sediment CaCo, 6.05 1.3 0.5 0.23 0.16
Ca(OH), 12.29 0 - 0.02° -
GW 5.96 14 3 - -
Subsurface CL 10.65 2.1 0.4 0.15 0.04
sandy sediment | CaCO, 7.31 2.6 0.4 0.19 0.04
Ca(OH), 12.26 12 2 0.87 0.20
Todate GW 4.94 54 9 - -
Subsurface CL 9.84 3.9 0.3 0.07 0.01
clayey sediment | CaCO, 6.26 36 6 0.66 0.15
Ca(OH), 12.25 48 2 0.88 0.15
GW 5.93 28 8 - -
Subsurface CL 8.37 20 5 0.71 0.27
sandy sediment CaCo, 7.50 149 6 5.29 1.51
Ca(OH), 1231 37 1 1.31 0.37
Org-1 GW 521 117 5 - -
Subsurface CL 7.06 17 1 0.14 0.01
clayey sediment | CaCO, 6.85 68 3 0.58 0.04
Ca(OH), 12.36 22 1 0.19 0.01
GW 5.53 0 - -
Subsurface CL 10.21 372 287 3722 -
sandy sediment CaCo, 7.52 >6180 24 >61844 -
P Ca(OH), 12.30 1068 300 10685 -
La GW 4.56 171 6 1 ]
Subsurface CL 9.38 2424 1356 14 8
clayey sediment CaCO, 6.05 4403 2138 26 13
Ca(OH), 12.29 2123 874 12 5
GW 5.72 1.7 1.2 - -
Subsurface CL 9.96 173 22 100 71
sandy sediment | CaCO, 8.20 1264 341 728 551
. Ca(OH), 12.45 921 187 530 390
Ni GW 436 75 3.1 - -
Subsurface CL 8.66 229 65 31 16
clayey sediment CaCo, 6.37 90 11 12 5
Ca(OH), 12.41 949 220 127 61
Subsurface GW 5.72 170 121 - -
Pb sandy sediment CL 9.96 248 190 1.46 1.52
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Element Solid Solution pH Iii‘;l”f;)a K"(it/i;ev Y “o J;Cth'Levh
CaCo, 8.20 3700 1035 22 17
Ca(OH), 12.45 421 193 2.47 2.09
GW 4.86 682 174 - -
Subsurface CL 8.66 3365 1934 4.93 3.10
clayey sediment CaCo, 6.37 3784 1187 5.55 2.25
Ca(OH), 12.41 2347 1020 3.44 1.74
GW 5.53 >308 0 - -
Subsurface CL 10.21 7.2 2.5 0.02 0.01
sandy sediment CaCo, 7.52 65 21 0.21 0.07
Sh? Ca(OH), 12.30 132 29 0.43 0.10
GW 4.56 >286 1 - -
Subsurface CL 9.38 54 5 0.19 0.02
clayey sediment CaCO, 6.05 271 0 0.95 0
Ca(OH), 12.29 234 32 0.82 0.11
GW 5.72 13 9 - -
Subsurface CL 9.96 38 3 2.88 1.96
sandy sediment | CaCO, 8.20 198 45 15 11
Ca(OH), 12.45 51 30 3.80 3.42
Se GW 4.86 232 32 - -
Subsurface CL 8.66 109 43 0.47 0.20
clayey sediment CaCO, 6.37 >252 1 >1.09 0.15
Ca(OH), 12.41 160 87 0.69 0.39
GW 5.40 0 - - -
Subsurface CL 10.38 11 0 108 32
sandy sediment | CaCO, 8.13 5.9 1.6 59 21
Ca(OH), 12.14 3.4 0.5 34 12
Sr GW 4.62 8.9 1.3 1 -
Subsurface CL 9.41 27 4 3.09 0.50
clayey sediment CaCo, 6.36 48 1 5.41 0.80
Ca(OH), 12.08 14 2 1.62 0.28
GW 5.73 0.2 0.1 - -
Subsurface CL 9.67 1.1 0.5 6.45 4.59
sandy sediment | CaCO, 8.29 0.4 0.2 2.35 2.98
Ca(OH), 12.53 0.1 - 0.59 0.19
Te GW 491 0.3 i i i
Subsurface CL 8.08 0.3 0.1 1.06 0.79
clayey sediment CaCO, 7.35 0.2 0 0.63 0.59
Ca(OH), 12.47 0.1 - 0.33 0
Subsurface GW 5.72 3163 1386 - -
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Element Solid Solution pH Iii‘;l”f;)a K"(it/i;ev f C':w’gL" J;Cth'Levh
sandy sediment CL 9.96 809 191 0.26 0.13
CaCo, 8.20 >17500 9 >5.53 2.45
Ca(OH), 12.45 >17500 20 >5.53 2.42
Th GW 4.86 7207 2178 - -
Subsurface CL 8.66 15647 3238 2.17 0.80
clayey sediment CaCO, 6.37 7574 4221 1.05 0.67
Ca(OH), 12.41 14938 4575 2.07 0.89
GW 5.72 10 2 - -
Subsurface CL 9.96 18 1 1.90 0.35
sandy sediment | CaCO, 8.20 437 174 45 20
Ca(OH), 12.45 142 75 15 8
Tl GW 4.86 57 34 - -
Subsurface CL 8.66 32 1 0.57 0.34
clayey sediment CaCo, 6.37 165 84 2.90 2.28
Ca(OH), 12.41 412 42 7.25 4.40
GW 5.72 278 193 - -
Subsurface CL 9.96 264 95 0.95 0.74
sandy sediment CaCo, 8.20 5253 1773 19 15
Ca(OH), 12.45 5699 1134 21 15
U GW 4.86 2116 877 - -
Subsurface CL 8.66 26494 8258 13 6
clayey sediment CaCo, 6.37 32981 15922 16 10
Ca(OH), 12.41 197963 23272 94 40
GW 5.53 300 37 - -
Subsurface CL 10.21 15 7 0.05 0.03
sandy sediment CaCO, 7.52 482 234 1.61 0.81
Ve Ca(OH), 12.30 110 20 0.37 0.08
GW 4.56 187 69 - -
Subsurface CL 9.38 49 4 0.26 0.10
clayey sediment CaCO, 6.05 410 242 2.19 1.52
Ca(OH), 12.29 46 10 0.25 0.11
GW 5.53 12 4 - -
Subsurface CL 10.21 1553 420 127 56
sandy sediment | CaCO, 7.52 >4350 15 >359 125
Y Ca(OH), 12.30 >4350 17 >359 124
GW 4.56 1493 182 - -
Subsurface CL 9.38 >4350 2 >2.93 0.36
clayey sediment | CaCO, 6.05 >4350 7 >2.93 0.36
Ca(OH), 12.29 4260 210 2.85 0.38
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. . Kd avg. a Kd Std DeV fCementLeaL‘h fCementLeaL‘h
Element Solid Solution pH (L/kg) (L/kg) ave. Std Dev ¢
GW 5.72 43 15 - -
Subsurface CL 9.96 456 131 11 5
sandy sediment CaCo, 8.20 522 145 12 5
Ca(OH), 12.45 4062 - 95 -
Zn GW 4.86 242 9 i i
Subsurface CL 8.66 1005 458 4.16 1.90
clayey sediment CaCo, 6.37 659 15 2.73 0.12
Ca(OH), 12.41 1045 380 4.32 1.58

“-” denotes that the data is not available.

‘ K4 values as “0” indicates that the sorbed concentrations were within the analytical error of the experiment; Ky
values “> specific value” indicates the upper limit of the K; values, which was dependent on the initial spike
concentration and the detection limit of individual elements in this study.

b K, in cementitious leachate was undetected (i.e., 0 L/kg). To calculate the fcementieach, the very low number of the K,
value (0.1 L/kg) was used to permit the calculation of fcemenieach- The intent was to capture the significant decrease
of sorption for some constituents of concern in the three cementitious leachate solutions.

¢ Error propagation from standard deviation of K;~-GW and K4-CementLeach was calculated and used as the
uncertainty of fcementeach-

4 Data from Lin and Kaplan (2023).

4.1. Arsenic

This is the first arsenic Ks measurement using SRS site-specific materials. The As was added as
AsO4>. The GW As K, value was 179 L/kg for the sandy sediment and 1878 L/kg for the clayey
sediment. For the sandy SRS sediment, the As K, values in the four liquid and two sediments
ranged from 174 L/kg to 722 L/kg (Table 9) with the following As K, ranking for the four solutions:
CL <GW < Ca(OH)2 < CaCOs. The cementitious leachate-impacted SRS clayey sediment showed
a similar ranking to the sandy sediment, although the As K; value was comparable between GW
and Ca(OH),-saturated water. The As K, values with SRS clayey sediment were generally one
magnitude order higher than those in the cementitious leachate-impacted SRS sandy sediment,
with a range from 1132 L/kg to >3150 L/kg (Table 9). The no-solid control samples showed more
than 50% and 90% of As had precipitated in CaCOs; and Ca(OH): solution, respectively,
suggesting the contribution of solubility control to the high As K, values in these two solutions. In
comparison, relatively weak solubility control was found for As in GW and CL solution.

Due to the comparable As Kq value in the GW solution, the cementitious leachate impact factor
values (fcementLeach) Were generally lower or close to 1 in the first two stages of cement aging (i.e.,
CL and Ca(OH): solutions), ranging from 0.60 to 1.49 for both sediments (Table 9). The sorption
of As on SRS sediments in aged cement porewater (i.e., CaCOs-saturated solution) is enhanced
Wwith fcemeniLeach Values of 4.03 in sandy sediment and >1.68 in clayey sediment, respectively.

4.2. Beryllium

Beryllium was added to these experiments as Be?*. The GW Be K, value was 23 L/kg for the sandy
sediment and 93 L/kg for the clayey sediment. For the sandy SRS sediment, the Be Ks values in
the four liquids ranged from 23 L/kg to 7086 L/kg (Table 9) with the following Be K, ranking for
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the four solutions: GW < CL < Ca(OH), < CaCOs. The cementitious leachate-impacted SRS
clayey sediment showed a similar ranking to the sandy sediment, although the Be K4 value in
Ca(OH);-saturated water was higher than that in CaCOs-saturated water, with a range from 93
L/kg to >8837 L/kg (Table 9). Besides sorption on sediments, the high Be K, values in the Ca(OH),
solution can be also attributed to the precipitation of Be in elevated pH systems (Table 8). The no-
solid control samples showed that, on average, 57% of Be had precipitated in the high-pH
Ca(OH),-saturated solutions due to the formation of insoluble beryllium hydroxides. For other
background solutions, the contribution of Be precipitation to Be Ky value was relatively weak (<20%
of Be precipitated from the solutions).

Due to the lowest Be Ky values in GW solutions, the fcemenizeach Were all much greater than 1 for
the three types of cementitious leachate solutions (Table 9), with a range from 22 to 306 for the
sandy sediment and from 15 to 95 for the clayey sediment. This demonstrates that the higher pH
and ionic strength associated with different stages of cementitious leachates increases the Be
sorption to the SRS sandy and clayey sediments.

4.3. Cadmium

Cadmium was added to these experiments as Cd*". The GW Cd K4 value was 5.7 L/kg for the
sandy sediment and 16 L/kg for the clayey sediment. Similar to Be, the GW solution had the lowest
Cd K4 values among four background solutions with both SRS sandy and clayey sediments. For
the sandy sediment, the K, values ranged from 5.7 L/kg to 7579 L/kg with a Cd K, ranking for the
four solutions: GW < CL < Ca(OH), < CaCOs (Table 9). Clayey sediments generally had
comparable Cd Ky values with those in sandy sediments, ranging from 16 L/kg in GW to 7352
L/kg in Ca(OH); solution, except in the CaCOs-saturated solution showing K, values of 153 L/kg.
The Cd Ky values in three cementitious leachate solutions were generally greater than 1000 L/kg,
except in the CaCOs-saturated solution with the SRS clayey sediment. These values are consistent
with existing values reported in the PA geochemical database (Kaplan 2021), which indicates best
Ka values in Stages II and III of 4000 and 400 L/kg, respectively, when Ca(OH); and calcite are
the key solid phases controlling aqueous leachate chemistry. Similar to the Be, the no-solid control
samples indicated strong coprecipitation of Cd in the Ca(OH)z-saturated solution (90% on average,
due to the expected formation of insoluble cadmium hydroxides at high pH), contributing to the
high Cd Ky values observed in Ca(OH),-saturated solutions.

For the fcementLeach, the existing reported values were estimated to be 3 in Kaplan (2021) based on
chemical analogs. Significantly higher Cd fcemenieach values were observed for all stages of
cement aging in this study, with the fcemenizeach ranging from 99 to 1331 in the SRS sandy
sediment and from 9.31 to 448 in the SRS clayey sediment.

4.4. Cobalt

Cobalt was added to these experiments as Co**. The GW Co Kq value was 1.0 L/kg for the sandy
sediment and 27 L/kg for the clayey sediment. The Co Ky values with SRS sandy and clayey
sediments both indicated higher K, values for Ca(OH),- and CaCOs3-saturated solutions, with 2873
L/kg (sandy) and 1113 L/kg (clayey) in the CaCO3 solution and 1687 L/kg (sandy) and 1384 L/kg
(clayey) in the Ca(OH); solution. Co K4 values were generally low in GW solution, with 1 L/kg
for sandy sediment and 27 L/kg for clayey sediment, which were both slightly lower than the
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reported best Co Ky value (100 L/kg, Kaplan, 2021) with the SRS clayey sediment under similar
conditions (i.e., pH ~4.7). Strong coprecipitation and potential contribution to the Co Ky values
was only found for cobalt in the Ca(OH).-saturated solutions, showing 99% of the Co retained by
the filters without the solid (Table 8). Thus, the observed Co Ks values in the other three
background solutions were mostly attributable to the adsorption/absorption of Co on SRS
sediments.

Due to the low Co Ky values in GW with both SRS sediment (Table 9), it can be inferred that the
higher pH and ionic strength (associated with different stages of cementitious leachates)
increased (i.e., fcementLeach >1, Table 9) the Co sorption on both SRS sediment. With the SRS
sandy sediment, the fcemenizeach value can reach as high as 2822 in Stage I1I (CaCOs-dominated)
of cement aging. fcemeniLeach values with the SRS clayey sediments were generally lower than
those with the sandy sediments, but for different stages of cement aging (28 of fcementzeach in Stage
I-CL; 51 of fcementLeach in Stage [1-Ca(OH)2-dominated; 41 of fcemenizeach in Stage 1IT-CaCOs-
dominated) they were still higher than the suggested fcementLeach value (3.2) reported in Kaplan
(2021).

4.5. Chromium

Chromium was added to these experiments as CrO4>". The measured chromium K, values in the
sandy and clayey subsurface sediments in GW were 137 L/kg and 1968 L/kg, respectively (Table
9), but lower than that reported by Seaman and Kaplan (2010) for sandy sediments under similar
environments (pH of 5, 411 L/kg) but comparable to their reported K, value for clayey sediment
(1214 L/kg). In contrast to the elements mentioned in the previous sub-sections, lower Cr K, values
compared with that in SRS GW were generally observed in the cementitious leachate solutions,
except for the CaCOs-saturated solutions (Table 9). For sandy sediment, Cr Ky values ranged from
27 L/kg in CL to 811 L/kg in CaCOs-saturated solution, while it varied from 357 L/kg in Ca(OH),-
saturated solution to 3804 L/kg in CL for the clayey sediments. Higher Cr K4 values in GW than
cementitious leachate solutions may be attributed to the fact that anion binding to sediments is
greater under acidic conditions in comparison to basic conditions. The GW suspensions had a pH
of 4 to 5 (Table 9), while the three cementitious leachate solutions had pH values >7. More
specifically, anions have a greater affinity to bind to sediments below a sediment’s point of zero
charge (PZC) (pH ~5, Kaplan, 2021), a pH range where the number of positive surface charges
outnumber the negative surface charges. Strong Cr sorption on the two SRS sediments in CaCO:s-
saturated solutions could, in part, be attributed to Cr coprecipitation based on the observation in
the no-solid control samples indicating 97% of Cr on average retained by the filters (Table 8).

Cementitious leachate from Stages I and II of cement aging evidently decreased the sorption of
Cr (i.e., fcemeniLeach 0f 0.20 in CL for sandy sediments and fcemenizeach 0f 0.18-1.13 in Ca(OH)»
solutions, Table 9). Thus, the present fcemenizeach 0f 1.4 for Cr based on literature values and
chemical analog information (Kaplan, 2021) and the current data in Table 9 suggest that the
cementitious leachate of the CL and the Ca(OH), reduces, rather than increases, Cr binding to
SRS sediments and, as such, the fcemenizeach Value should be <1. However, the aged cementitious
leachate suspension (i.e., CaCOs3 aqueous) promotes Cr sorption and precipitation, with
fcementLeach 0f 5.91 and 1.57 in the sandy and clayey sediments, respectively.
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4.6. Cesium

Cesium was added to these experiments as Cs". Cs Ky values of 39 L/kg and 925 L/kg were
measured for SRS sandy and clayey sediments, respectively, in the GW (Table 9), and these
values are higher than those reported by Kaplan (2021) for the sandy (20 L/kg) or the clayey
(300 L/kg) sediments. The values were also higher than the Cs K4 values reported by several
previous studies (410 L/kg in Hoeffner, 1985; 39 L/kg to 459.6 L/kg in Barber, 2017; 21 L/kg to
226 L/kg in Goto, 2001). For the three cementitious leachate solutions, the Cs Ky values ranged
from 28 L/kg in CL to 2390 L/kg in the Ca(OH),-saturated solution for the sandy sediment and
from 84 L/kg in CL to 4231 L/kg in the Ca(OH); solution for the clayey sediment (Table 9).
These measured Ky values were much greater than the best Cs Ky values for different stages of
cement aging (2 L/kg to 20 L/kg) reported in Kaplan (2021). Similar order of magnitude Cs Ky
values to those measured in this study (>1000 L/kg) were also measured and suggested in some
studies that used Hanford GW (2000 L/kg, Kaplan, 2021) and with long-term desorption
experiments from lysimeter (clayey sediment) samples (2262 L/kg, Coutelot et al., 2020).
Additionally, precipitation was either not detected or was less than 5% for all the no-solid Cs
control samples (Table 8), suggesting that the Cs Ky values measured in this study were only
attributed to the adsorption on the sediments. Significant cement impact was observed for two
surrogates of grout aging conditions, with fcementzeach values of 4.57 to 33 in Ca(OH),-saturated
solutions and 3.25-62 in CaCOs-saturated solutions (Table 9).

4.7. Copper

Copper was added to these experiments as Cu’. This is the first Cu Ky measurement using the
subsurface sediments from the SRS site. The Cu Ky values of 205 L/kg and 1885 L/kg were
measured for the sandy and clayey sediments, respectively, in the SRS GW (Table 9). These two
values were higher than the previously recommended Cu Ky values of 50 L/kg (sandy) and 70 L/kg
(clayey) in Kaplan (2021). However, the recommended values were based on the use of non-SRS
soils. Thus, this study supports an increase in the best Cu Ky values for the SRS sediments,
especially for the clayey sediment. For the three cementitious leachates, CaCOs-saturated solutions
showed much higher Cu Ky values in both SRS sediments, compared with the CL and Ca(OH)-
saturated solutions. The measured Cu Ky values ranged from 181 L/kg in the CL solution to 3110
L/kg in the CaCOs solution for sandy sediments and from 389 L/kg in the Ca(OH); solution to
5038 L/kg in the CaCOs solution for clayey sediments (Table 9). This variation in Cu Ks among
the three cementitious leachate solutions is in contrast to the suggested Cu K, values of 4000 L/kg
for Stages I and II of cement aging (i.e., Ca(OH)> solution) and 400 L/kg for Stage III of cement
aging (i.e., CaCOs solution) (Kaplan, 2021). One of the possible explanations is that the suggested
Cu Ky values for the three stages of cement aging were based on the chemical analog of Cu (e.g.,
Cd and Co). Additionally, the no-solid control samples indicated significant precipitation of Cu in
the CaCOs solutions (68-81% of Cu precipitated, Table 8), consequently contributing to the high
Cu Ky values for both SRS sediments. However, for an unknown reason significant precipitation
of Cu in the Ca(OH); solution (69-76%, Table 9) did not increase the total sorption of Cu on the
SRS sediment.

The measured fcementLeach Values for Cu ranged from 0.88 in the CL solution to 15 in the CaCO3
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solution for the sandy sediment and from 0.21 in the Ca(OH); solution to 2.67 in the CaCOs
solution for the clayey sediment (Table 9). Therefore, the young cement porewater appears to
decrease the sorption of Cu to the SRS sediment, while the leachate from the aged cement
appears to promote Cu sorption.

4.8. Europium

Europium was added to these experiments as Eu**. The K, values of 25 L/kg (sandy sediment) and
1881 L/kg (clayey sediment) were measured in the GW solution (Table 9). Kaplan (2021)
recommended Eu Ky values of 1000 L/kg (sandy) and 9000 L/kg (clayey) based on the sorption
and desorption experiments conducted by Kaplan and Serkiz (2004) and Grogan (2008). The
significantly lower Eu Ky values measured for this study may be due to the difference in
background solutions with the current study utilizing lower pH solutions with more competitive
ions (i.e., pH=5.3 in 0.01-0.02 M NaCl solution) than the solutions used in the indicated studies
For example, in Kaplan and Serkiz (2004), the Eu K, value decreased from 9020 L/kg at pH 5.3 to
45 L/kg at pH 3.9.

Significant Eu sorption/precipitation on the SRS sandy and clayey sediments were observed in all
three cementitious leachate solutions. The current study indicates that K, values range from 10333
L/kg to 49489 L/kg for the sandy sediment and from 43016 L/kg to an upper K limit (67000 L/kg)
for the clayey sediment (Table 9). These values were much higher than the measured Eu K, value
(2400 L/kg, Kato and Yanase, 1993; literature value based on measurements of non-SRS sediments)
and the best Eu K, values, and several trivalent cations in different stages of cement aging, reported
by Kaplan (2021). For the current study, the relatively high spiked Eu concentration (~38 pg/L)
and low detection limit for filtrate Eu concentration (0.015 pg/L) are associated with the high
upper limit for Eu K4. Furthermore, and as expected, significant coprecipitation of Eu was observed
in the no-solid control samples; i.e., >90% of Eu was precipitated in all three cementitious leachate
solutions (Table 8). Thus, the extremely high Eu Ky values observed in this study can be mostly
attributed to the precipitation of Eu due to the formation of either insoluble europium carbonate in
the CaCOs-saturated solution or europium hydroxides in the high pH solution. With the significant
increase in Ky from low pH SRS GW to high-pH cementitious leachate solution, the fcementeach
values can be as high as 1963 (Table 9). All the fcemenizeach Values in this study were evidently
higher than the previously suggested fcemenireach values that were based on the study from the
Hanford Site (fcementzeacn = 1.5, Kaplan, 2021)

4.9. Holmium

Holmium was added to these experiments as Ho**. The Ho K, ranking for the four background
solutions was similar to that of Eu (also a trivalent cation) with the lowest Ks values occurring for
the SRS GW solution (19 L/kg on sandy sediment and 1803 L/kg on clayey sediment, Table 9).
Additionally, the no-solid control samples indicated strong precipitation (>78% of Ho added to
solution, in the absence of sediment, precipitated out of solution and was collected on a filter) for
all three cementitious leachate background solutions as shown in Table 8. Therefore, Ho K4
values >1000 L/kg were measured in most of the GW treatments, ranging from 19 L/kg to the
upper Ho Ky value (8100 L/kg) with the sandy sediment and 1803 L/kg to >8100 L/kg with the
clayey sediment (Table 9). Correspondingly, all the cementitious leachate solutions promoted the
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sorption of Ho on the SRS sediment, with the fcemenizeach Values varying from 4.50 to >422 in this
study (Table 9).

4.10. lodine

Three iodine species, including iodide (I"), iodate (I03°), and organic iodine (Org-I), were tested in
this work. Iodide is the most common and least particle-reactive form of iodine in natural
environments. Therefore, as expected, precipitation of iodide was not detected in the background
solutions utilized in this study (Table 8). In the GW solution, the measured iodide K, value (0.9
L/kg, Table 9) was basically equivalent to the previously recommended iodine Ky value for the
sandy sediment (1 L/kg, Kaplan, 2021), while for the clayey sediment, the iodide K, value of 5.6
L/kg (Table 9) was comparable to the recommended iodide Ky value of 3 L/kg in Kaplan (2021).
In contrast, the iodide Ks values in the three cementitious leachate solutions were mostly
undetected (i.e., the iodide concentration in the filtrate was equal to, or higher than, the initial
spiked iodine concentration), except for the CaCOs-saturated solution with the SRS clayey
sediment (1.3 L/kg, Table 9). This is consistent with the fact that increasing the pH will result in
decreased iodide sorption due to a decrease in the number of positively charged surface sites
(Atkins and Glasser, 1992). The measured iodide K4 values for this study in Ca(OH);-saturated
and CaCOgs-saturated solutions for both SRS sediment were also much lower than those measured
by Kaplan and Coates (2007) for SRS concrete. Furthermore, the iodine K4 value measured for the
CaCOgs-saturated solution (i.e., Stage III of cement aging) was close to the previously
recommended iodine K, value for Hanford IDF (1 L/kg in Krupka et al., 2004 and 2 L/kg in Flach
et al., 2016) but lower than the 4 L/kg recommended by Kaplan (2021) for the SRS concrete.

As another iodine species, iodate is commonly considered to be more particle-reactive than iodide.
As shown in Table 9, the GW iodate Kq value was 14 L/kg for the sandy sediment and 54 L/kg for
the clayey sediment. For the sandy sediment, the iodate Ky values ranged from 2.1 L/kg to 14 L/kg
with the highest value in GW solution, followed by Ca(OH),-saturated solution. Stronger sorption
of iodate compared with iodide was also detected on SRS clayey sediments, with an iodate Ky
ranking for the four solutions: CL (3.9 L/kg) < CaCOs3 (36 L/kg) < Ca(OH). (48 L/kg) < GW (54
L/kg) (Table 9).

This is the first Org-I K; measurement related to iodine disposal in cementitious environments. As
shown in Table 9, the Org-I generally showed the highest K, values on both SRS sediments in all
background solution. In the SRS GW solution, the Org-I K, values of 28 L/kg and 117 L/kg were
measured in sandy and clayey sediments, respectively. Among three cementitious leachate
solutions, both SRS sediments demonstrated the higher Org-I K values in CaCOs-saturated
solution (i.e., 149 L/kg with sandy sediment and 68 with clayey sediment, Table 9), followed by
Ca(OH);-saturated solution (22-37 L/kg) and CL solution (17-20 L/kg). Additionally, it should be
noted that, in contrast to iodide and iodate indicating no precipitation for the no-solid control,
considerable precipitation of Org-I was detected in the Ca(OH):-saturated solution (63%, Table 8),
suggesting the contribution of Org-I coprecipitation to the Org-1 K, values on the SRS sediments.

The fcemeniLeach Values for all iodine species in this study were generally less than 1 (Table 9) for
most solutions, except Org-I on SRS sandy sediment in CaCOs-and Ca(OH);-saturated solution
(fcementLeach value of 5.29 and 1.31, respectively, Table 9), although iodate and Org-I demonstrated
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somewhat higher fcemenizeach values (0.07-0.87 for iodate and 0.14 to 5.3 for Org-I) compared with
iodide (0.02-0.23). This suggests that the cementitious leachate in different stages of cement aging
decreases the sorption of three iodine species to the SRS sediment. The fcemenizeach Value measured
in this work (mostly less than 1) is generally consistent with the fcemenizeach value of 0.1 suggested
by Kaplan (2021).

4.11. Lanthanum

Lanthanum was added to these experiments as La*>". This is the first La K; measurement using SRS
site-specific materials. The GW La Kq4 value was undetected for the sandy sediment and 171 L/kg
for the clayey sediment. As with Eu and Ho, La is another trivalent cation, like Eu and Ho
mentioned above. Thus, similar observations to Eu and Ho were apparent for the no-solid control
samples, which indicated significant precipitation of La in the three cementitious leachate solutions
(Table 8). More than 80% of the La was precipitated without the presence of solids in the three
background solutions. High La K4 values were measured in three cementitious leachate solutions,
compared to the undetected La K4 value for the sandy sediment and Ky value of 171 L/kg for the
clayey sediment in GW (Table 9). For the sandy sediment, the measured La K4 value ranged from
372 L/kg in the CL to this study’s upper La K, value (6180 L/kg) in the CaCOs-saturated solution.
The measured Ky values with the clayey sediment were all higher than 2000 L/kg, with a range of
2123 L/kg to 4403 L/kg (Table 9).

Correspondingly, all the cementitious leachates from different stages of cement aging strongly
promoted La sorption in the SRS sediment environment. Due to the low sorption of La in GW
solution, the La fcemenireach Values in the sandy sediment were all extremely high (>3000, Table 9).
For the clayey sediment, the La fcemenizeach values ranged from 12 to 26 as shown in Table 9.

4.12. Nickel

Nickel was added to these experiments as Ni**. In the GW solution, the measured Ni K, values
were low for both SRS sediments, showing K, value of 1.7 L/kg in the sandy sediment and 7.5
L/kg in the clayey sediment (Table 9). This measured Ni Ky value was lower than previously
reported Ky values of 7 L/kg for the sandy sediment and 30 L/kg for the clayey sediment at pH
5.3 (Kaplan and Serkiz, 2004). For other three background solutions, their measured Ni Ky
values all higher than that in SRS GW solution, ranging from 173 L/kg in CL solution to 1264
L/kg in CaCOgs-saturated solution with the sandy sediment and from 90 L/kg in CaCOs-saturated
solution to 949 L/kg in Ca(OH),-saturated solution with the clayey sediment (Table 9).
Consequently, increased sorption of Ni on the SRS sediment was observed for all the
cementitious leachate solutions. The Ni fcemenizeach Values ranged from 100 in young cement
porewater (i.e., CL) to 728 in aged cement porewater (i.e., CaCO3) for the SRS sandy sediment,
while a higher Ni fcemeniLeach Value in cementitious leachate-impacted clayey sediment was
measured in younger cement environments (i.e., 31-127 in CL and Ca(OH),). All the measured
Ni fcemenireach Values from this study are appreciably greater than the present Ni fcemeniLeach Value
used in the PA of 3.2 based on its chemical analog (Kaplan, 2021).

4.13. Lead
Lead was added to these experiments as Pb*". The GW Pb K, value was 170 L/kg for the sandy
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sediment and 682 L/kg for the clayey sediment. For the sandy sediment, the measured Pb K values
ranged from 170 L/kg to 3700 L/kg (Table 9) with a Pb Ky ranking for the four background
solutions of: GW < CL < Ca(OH)> < CaCOs. The clayey sediment had greater Pb K; values than
the sandy sediment, varying from 682 L/kg to 3365 L/kg with a Pb K, ranking of: GW < Ca(OH),
< CL < CaCO:s (Table 9). The no-solid control sample data suggests strong precipitation of Pb in
the CaCOs-saturated solution (>95% of Pb precipitated, Table 8) but minor precipitation in the CL
and Ca(OH);-saturated solutions. This observation is consistent with the formation of insoluble
PbCOs in the pH range of 6.7 to 10.5 (Pierrard et al., 2002). 500 L/kg was previously recommended
for the three stages of cement aging (Bradbury and Sarott, 1995), while 300 L/kg (Stage 1), 300
L/kg (Stage II) and 100 L/kg (Stage III) was also suggested by Kaplan (2021). Although the
sorbents used in the experiments were different, the measured Pb K, values from this study were
generally higher than previously suggested Pb Ky values, especially for the CaCOs-saturated
solution (i.e., Stage III of cement aging).

Since all the fcemenieach values are greater than 1, this demonstrates that the Pb sorption on the
SRS sediment is observed to be strongly increased by the presence of the cementitious leachates.
fcementLeach Values ranging from 1.46 to 22 with the sandy sediment and from 3.44 to 5.55 with the
clayey sediment were measured in this study (Table 9). This is close to the suggested Pb
fCementLeach Value of 3.2 in Kaplan (2021) based on the data derived from divalent cation analogs.

4.14. Antimony

Antimony was added to these experiments as Sb(OH)>". The GW Sb K4 value was >308 L/kg for
the sandy sediment and >286 L/kg for the clayey sediment. For the sandy sediment, the measured
antimony Ky values varied from 7.2 L/kg to >308 L/kg, with a Sb K, ranking for the four
background solutions of: CL < CaCO3 < Ca(OH), < GW (Table 9). Similarly, the GW also had
the highest Sb K, value among the four solutions with the clayey sediment. The Sb K4 values for
the clayey sediment were measured with a Sb Ky solution ranking of: CL < Ca(OH), < CaCOs3 <
GW, ranging from 54 L/kg to the study’s upper Sb Ky limit (286 L/kg) (Table 9). In the GW, the
measured Sb Ky values were much lower than the previously suggested Ks values of 3000-4000
L/kg (Hoeftner, 1985; Kaplan, 2021). One of the possible explanations may be the relatively low
Sb-spike concentration and high detection limit of Sb in this study, resulting in an upper Ky limit
of 286 L/kg. Nevertheless, the observation from this study is consistent with previous studies
showing that the Sb K, value decreases with increased pH (e.g., 22 L/kg at pH of 10.5, Hoeffner,
1985; 0-2 L/kg in high pH, Ames and Rai, 1978). This is due to the existence of Sb(OH)4™ or
Sb(OH)s™ as the predominant Sb species when the pH is higher than 8. High pH and ionic strength
in cementitious leachate solutions promote a net negative charge on the SRS sediment which
decreases the sorption of Sb(OH)s or Sb(OH)s. Therefore, the Sb fcemeniieach Values were all
measured to be < 1 in all cementitious leachate solutions, ranging from 0.02 to 0.43 with the sandy
sediment and from 0.19 to 0.95 for the clayey sediment (Table 9). These measured fcementLeach
values are appreciably lower than the value of 1.4 presently used in the PA (Kaplan, 2021).

4.15. Selenium

Selenium was added to these experiments as SeO4". As the detection limit of ICP-MS for Se and
its background concentration from sorbent/background solution is relatively high, the upper limit
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of Se Ky value is 252 L/kg in the present work. Generally, the Se K, values were low compared
with other elements tested in this study. The GW Se K, value was 13 L/kg for the sandy
sediment and 68 L/kg for the clayey sediment. The Se K value ranged from 13 L/kg to 198 L/kg
on SRS sandy sediments with a K, ranking order of GW < CL < Ca(OH), < CaCOs. For the
clayey sediments, the CaCOs-saturated solution showed the highest Se Ks value (>252 L/kg),
followed by the GW (232 L/kg), Ca(OH);-saturated solution (160 L/kg), and then CL (109
L/kg). For SRS sandy sediments, three stages of cement aging appeared to increase the Se
sorption on sediments, with Se fcementLeacn values ranging from 2.88 in young cementitious
porewater to 15 in CaCOs-dominated aged cementitious porewater. The decreased Se sorption
was observed in young cementitious-leachate-impacted clayey sediments (fcemenireach of 0.47-
0.69), while the opposite was found in aged cementitious leachate-impacted clayey sediments
(fCementieach values of >1.1 in CaCOs-saturated solution, Table 9).

4.16. Strontium

Due to the high natural background levels of strontium detected in all the background solutions,
strontium was added to these experiments as Sr-90 with the form of Sr**. In SRS GW solution, the
sorption of Sr on SRS sandy sediment was undetectable, while the Sr K, value of 8.9 L/kg was
detected on the SRS clayey sediment (Table 9). For the three cementitious leachate solutions,
considerable sorption of Sr on both SRS sediments was observed, with a Sr K, ranking order of
Ca(OH); (3.4 L/kg) < CaCOs (5.9 L/kg) < CL (11 L/kg) on the sandy sediment and Ca(OH), (14
L/kg) < CL (27 L/kg) < CaCOs (48 L/kg) on the clayey sediment. Coprecipitation of Sr was
generally minor in all background solutions (<15%), indicating the detected K, values were mostly
attributed to the adsorption/absorption of Sr on SRS sediments.

Due to the weak sorption of Sr on sediments in SRS GW solution, all the Sr fcemenieach values
were greater than 1 (Table 9), suggesting the sorption of Sr would be promoted in all aged
cementitious-leachate-impacted SRS sediment environments. In cementitious leachate-impacted
sandy sediment, the St fcemenizeach Values can reach as high as 108 in young cementitious
environments (i.e., CL) and decrease to 59 in CaCOs-dominated aged cementitious
environments. St fcemeniLeach Values were relatively lower in cementitious leachate-impacted
clayey sediment, ranging from 1.62 in the young cementitious porewater to 5.41 in the CaCOs3-
dominated aged cementitious porewater.

4.17. Technetium

Technetium was added to these experiments as Tc-99 in the form of TcO4'. In general, the sorption
of Tc on both sediments in all background solutions was weak and close to the detection limit. The
GW Tc Ky value was 0.2 L/kg for the sandy sediment and 0.3 L/kg for the clayey sediment. The
highest Tc Ks value was only 1.1 L/kg, detected on SRS sandy sediments in the CL solution,
followed by that in CaCOs-saturated solution (0.4 L/kg) in SRS GW solution (0.2 L/kg) and then
undetectable in Ca(OH);-saturated solution. For the SRS clayey sediment, Tc sorption was also
undetectable in the Ca(OH).-saturated solution, with a narrow range of Tc Ky values from 0.2 L/kg
in the CaCOs-saturated solution to 0.3 L/kg in the CL solution (Table 9). Such weak sorption of
Tc on SRS sediment was consistent with the recommended Tc Ky values in Kaplan (2021) and
several previous reports showing limited sorption on SRS sediments (Kaplan and Serkiz, 2006;
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Montgomery et al., 2017).

The fcemeniLeach Values for Tc were measured as less than or equal to 1 in most of cementitious
leachate solutions, except the CL and CaCOs-saturated solution with the sandy sediment (Table
9). It ranged from 0.59 to 6.45 for the sandy sediment and from 0.33 to 1.06 for the clayey
sediment. Tc fcemeniLeach Value of 0.1 has been recommended in Kaplan (2021) due to the fact that
high pH and ionic strength will reduce the anion exchange (e.g., TcOx).

4.18. Thorium

Thorium was added to these experiments as Th*'. As expected, the Th K, values were generally
high, including those in GW for sandy (3163 L/kg) and clayey sediments (7207 L/kg), and can
reach as high as >17,500 L/kg in some background solutions, except the one on SRS sandy
sediments in CL solution (809 L/kg, Table 9). Significant coprecipitation of Th was observed in
all background solutions, showing >90% of Th can be precipitated in all background solutions
without sediments (Table 8). This suggested that the solubility control of Th played an important
role in the observed Th K, values besides its adsorption/absorption on SRS sediments.

The fcemenireach Values for Th were measured as >1 in most of cementitious leachate solutions,
except the CL solution with the sandy sediment (0.26). It ranged from 0.26 to >5.53 for the
sandy sediment and from 1.05 to 2.17 for the clayey sediment. Nevertheless, considering the
strong solubility control of Th in all background solution, especially in high-pH conditions, the
promotion of Th sorption on sediments is suggested under the influence of the cementitious
leachate solution.

4.19. Thallium

Thallium was added to these experiments as T1". Tl Ky values of 10 L/kg and 57 L/kg were
measured for the sandy and clayey sediments, respectively, in the GW (Table 9). These two values
were similar in magnitude to the Ky values measured by Seaman and Kaplan (2010) using SRS
site-specific sediments and simulated GW (35 L/kg (sandy) and 90 L/kg (clayey)). For the three
cementitious leachate solutions, the Ky values were typically higher than those measured for the
GW, except the CL solution with the clayey sediment. For sandy sediments, the Tl K; values
ranged from 18 L/kg in the CL to 437 L/kg in the CaCOs-saturated solutions, while the clayey
sediments indicated Tl K, values ranging from 32 L/kg in the CL to 412 L/kg in the Ca(OH)-
saturated solution (Table 9). No significant precipitation of Tl was observed in the no-solid control
samples (Table 8), suggesting the detected T1 K4 values were only attributable to the adsorption of
T1 on the SRS sediment.

The fcemenieach Values for Tl were measured as >1 in most of cementitious leachate solutions, except
the CL solution with the clayey sediment (Table 9). It ranged from 1.90 to 45 for the sandy
sediment and from 0.57 to 7.25 for the clayey sediment. Therefore, in contrast to some monovalent
cations (e.g., sodium and potassium), the cementitious leachate promotes the sorption of Tl in the
SRS sediment environments, similar to the observation for Cs mentioned above (Section 4.6).

4.20. Uranium

Uranium was added to these experiments as UO>?". A K, value of 278 L/kg was measured for U
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in the GW with the sandy sediment (Table 9), which is lower than the U K, value measured under
similar experimental conditions (450 L/kg, Seaman and Kaplan, 2010). The measured U K4 value
for this study with clayey sediment in the GW (2116 L/kg, Table 9) was higher than previously
reported values (e.g., 500 L/kg, Seaman and Kaplan, 2010; 300 L/kg, Barnett et al., 2002). U Ky
values with sandy sediments in the three cementitious leachate solutions were generally lower than
those with the clayey sediments. For the sandy sediment, U K values were highest in the Ca(OH),-
saturated solutions (5699 L/kg), compared with 264 L/kg in the CL solution and 5253 L/kg in the
CaCOs-saturated solutions (Table 9). U K, values of 26494 L/kg and 32981 L/kg were measured
with the clayey sediment in the CL and CaCOs-saturated solutions, respectively. Extremely high
U Ky value (197963 L/kg, close to the upper limit) was detected in the Ca(OH)z-saturated solutions
(Table 9). The measured U K, values on SRS sandy sediments for this study are similar to those
recommended by Kaplan (2021), with 1000 L/kg, 5000 L/kg, and 5000 L/kg for Stages I, II and
IIT of cement aging, respectively, while the U K, values on SRS clayey sediments were typically
one magnitude order higher than the recommended U K, values. In contrast, the coprecipitation of
U was typically strong in all background solutions based on the no-solid control sample (>80%,
Table 8). Therefore, it was evident that, even without the SRS sediment, the young and aged
cement porewater can still cause U precipitation in the system, which is consistent with the
observation of uranyl precipitation under mildly cementitious environments (Kaplan et al., 1998).

Increased U sorption on SRS sediments was detected in all cementitious leachate solutions,
except on the sandy sediment in the CL solution (fcemenizeach Values of 0.95). Besides the U
fCementLeach Value of 13 showing increased U sorption on the SRS sandy sediment in the CL
solution, U fcementreach 0f 21 and 19 were measured in Ca(OH), and CaCOs solutions (Table 9),
respectively, while fcemenizeach values of 94 and 16 were measured in Ca(OH),; and CaCOs
solutions with the clayey sediment, respectively (Table 9). These measured fcemenizeach Values
were all higher than fcemenizeach value of 5 suggested in Kaplan (2021).

4.21. Vanadium

Vanadium was added to these experiments as VO4>. This is the first vanadium K; measurement
using SRS site-specific materials. V is typically present in water as VO2(OH),” or VO;0H?* when
the pH is higher than 4 under oxidizing conditions. Therefore, it would be expected that high pH
and ionic strength would decrease the sorption of V onto the sediment. As shown in Table 9, the
V K, values of 300 L/kg (sandy) and 187 L/kg (clayey) were measured in the GW, and these were
higher than the values measured for the CL solutions (15 L/kg, sandy and 49 L/kg, clayey) and
Ca(OH);-saturated solutions (110 L/kg, sandy and 46 L/kg, clayey). The highest V Ky values
among all of the background solutions were observed for the CaCOs-saturated solution for both
sediments, with Ky values of 482 L/kg (sandy, Table 9) and 410 L/kg (clayey, Table 9). The pH
level of the GW (4-5) and CaCOs-saturated solution (7-8) was below the PZC of the SRS sediment
(pH ~8, Seaman et al., 1999), promoting a net positive surface charge to strongly sorb VO2(OH)>",
the predominant form of V in this pH range. In contrast, the sorption of VO30H?, the predominant
form of V at pH > 8§, is reduced by the high-pH CL (~10) and Ca(OH)-saturated solutions (~12).
Consequently, the fcemenieach Values were lower than 1 in the first two stages of cement aging (i.e.,
CL and Ca(OH). solutions), ranging from 0.05 to 0.37 for both sediments (Table 9). The sorption
of V on SRS sediments in aged cement porewater is enhanced with an fcementzeach value of 1.61-
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2.19 for both sandy and clayey SRS sediments (Table 9).
4.22. Ytterbium

Ytterbium was added to these experiments as Yb>". These are the first ytterbium K; measurements
using SRS site-specific materials. The GW Yb Ky value was 12 L/kg for the sandy sediment and
1493 L/kg for the clayey sediment. As a trivalent cation, Yb generally indicated similar behavior
and order of magnitude Ky values as the other trivalent cations reported in this study (e.g., Eu, Ho
and La). For example, even without the sediments, more than 77% of Yb was precipitated from
the cementitious leachate solutions, especially in the CaCO3 and Ca(OH); solutions (>90%, Table
8). For the sandy sediment, the measured Yb K, values ranged from 12 L/kg to this study’s upper
Yb Ky limit (>4350 L/kg, Table 9) with a Yb K, ranking for the four background solutions of: GW
< CL < CaCOs3 & Ca(OH),. For the clayey sediment, the Yb K4 values for the four background
solutions were ranked as: GW < Ca(OH), < CL & CaCOs3, with a range from 1493 L/kg to >4350
L/kg (Table 9). Consequently, three cementitious leachate solutions all indicated enhanced
sorption of Yb on the SRS sediment, with fcemeniLeach values ranging from 127 to >359 for the sandy
sediment and generally higher than 2.93 (our upper detection limit) for the clayey sediment (Table
9).

4.23. Zinc

Zinc was added to these experiments as Zn**. The GW Zn K, value was 43 L/kg for the sandy
sediment and 242 L/kg for the clayey sediment. For the sandy sediment, the measured Zn K, values
varied from 43 L/kg to 4062 L/kg (Table 9) with a Zn K, ranking for the four background solutions
of: GW < CL < CaCOs3 < Ca(OH).. For the clayey sediment, the measured Zn Ky values in three
cementitious leachate solutions (CL: 1005 L/kg vs. CaCOs: 659 L/kg vs. Ca(OH)2: 1045 L/kg)
generally had greater values than that in SRS GW solution (242 L/kg). The no-solid control sample
data suggests varying extent of Zn coprecipitation (30% to 90%, Table 8) in different background
solutions, demonstrating the considerable role of solubility control in the observed Zn K, values
on SRS sediments.

Due to the low Ky values in the SRS GW solution for both sediments, all the Zn fcementeach values
were greater than 1, indicating that the Zn sorption on the SRS sediment was strongly increased
by the presence of cementitious leachate from three stages of cement aging. fcementzeach values
ranging from 11 to 95 with the sandy sediment, while the Zn sorption on SRS clayey sediments
was consistently increased by the cementitious leachate with a fcementzeacn 0f 2.73-4.32 in all
stages of cement aging (Table 9).

S. CONCLUSIONS

This report is a revision to Lin and Kaplan (2023), including additional experimental
measurements of Ky values that were used to calculate fcemenizeacn values. The sorption of 22
elements + three iodine species on SRS sediments influenced by simulant solutions representing
cementitious leachates from different stages of cement aging were evaluated. The data quality in
this revised report is significantly improved compared with the 2023 data report (Lin and Kaplan,
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2023), whereby analytical detection of the amended solutes was made possible by using greater
initial spike solutions and a high resolution ICP-MS.

In most cases, the three cementitious leachates promoted cation sorption, e.g., Sr, Cd, Co, Ni, U,
and Pb. High Ky and fcemeniieach Values were not only attributed to adsorption and absorption
processes, but also to precipitation of constituents of concern in the high pH and ionic strength
conditions of the cementitious leachate solutions, especially for multi-valent cations. Conversely,
cementitious leachates tended to reduce anion sorption, e.g., As, Cr, Sb, Tc, and three iodine
species.

Because the measurements in this report are based on SRS site-specific materials and conditions,
they represent values of greater pedigree than the previously values reported in Kaplan (2021) that
were based on theoretical considerations and information from the literature. Based on
geochemical data package of Kaplan (2021), an updated “Best Cementitious Leachate Impact
Factor” was proposed for the 64 constituents of concern in Table 10. For the elements that were
not measured for Ky and fcemenizeach values in our batch sorption experiments, their “Best
Cementitious Leachate Impact Factor” was estimated based on their chemical analogs. For
example, fcemeniLeach Values for Sr were used as the recommended values for other alkaline earth
elements, including Ca, Ba, and Ra; fcemenizeach values for iodide were used as the recommended
values for the halide elements group, including F, Cl, and At; and fcemenizeach values of Eu were
used as the recommended values for other trivalent cations. Overall, the recommended “Best
Cementitious Leachate Impact Factor” fcemenieach Values, covering three stages of cement aging
and two types of SRS sediments, provide additional SRS-specific, and more reliable, information
for future model calculations of radionuclide and heavy metal transport through subsurface
environments that have been impacted by leachate emanating from cementitious materials
common in SRS disposal facilities.
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Table 10: Recommended ‘Best’ cementitious impact factor for 64 constituents of concerns.

‘Best’ Cementitious Leachate Impact Factors, fcementLeacn Element of
(Unitless) measure(lll
Element f C”'"”:’{f:’s"th,t at Assumed important species & comments ¢
Sand Sand Sand Clay Clay Clay estimates are
Stage I | Stage Il | Stagelll | StageI | Stage Il | Stage III based on

Ac 560 2000 410 23 36" 36° Eu Ac*', Trivalent cation

Ag 1.9 15 45 0.57 7.2 2.9 Tl Ag", Soft monovalent cation

Al 560 2000 410 23 36° 36° Eu AP, Trivalent cation

Am 560 2000 410 23 360 36° Eu Am?*, Trivalent cation
No sorption or cement leachate impact is expected for

Ar 1 1 1 1 1 1 None inert gases because they essentially have no chemical
interaction with sediments

As 1.0 1.5 4.0 0.60 0.91 1.7° As AsO4>, Trivalent oxyanion

At 0.10 0.10 0.10 0.02 0.02 0.23 Todide At, Monovalent anion, halides

Ba 110 34 59 3.1 1.6 5.4 Sr Ba?*, Alkali-earth divalent cation

Bi 560 2000 410 23 36° 36° Eu Bi*", Trivalent cation

Bk 560 2000 410 23 360 36° Eu Bk3*, Trivalent cation
CO;*/HCOs", controlled by (co)precipitation which
generally significantly increases as pH increases. In
SRS groundwater, carbonates do not precipitate, and Ky

C 5 5 5 5 5 5 None is a reasonable parameter describing partitioning, but
the K4 construct is compromised under precipitation
conditions. Conservatively set the fcementLeach 10 5,
unchanged from previous assigned values.

Ca 110 34 59 3.1 1.6 5.4 Sr Ca?*, Alkali-earth divalent cation

Cd 99 1200 1300 53 450 9.3 Cd Cd?", Transition divalent cation

Ce 560 2000 410 23 36° 36° Eu Ce**, Trivalent cation

Cf 560 2000 410 23 36" 36° Eu Cf**, Trivalent cation
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‘Best’ Cementitious Leachate Impact Factors, fcementLeacn Element of
(Unitless) measuri(lll .
Element f Ce'"”:’{f:’s"th, a Assumed important species & comments ¢
Sand Sand Sand Clay Clay Clay estimates are
Stage I | Stage Il | Stagelll | StageI | Stage I | Stage III based on

Cl 0.10 0.10 0.10 0.02 0.02 0.23 Todide CI, Monovalent anion, halides

Cm 560 2000 410 23 360 36° Eu Cm?*, Trivalent cation

Co 170 1700 2800 28 51 41 Co Co?", Transition divalent cation

Cr 0.20 1.1 5.9 1.9 0.18 1.6 Cr CrO4*, Divalent oxyanion

Cs 0.72 62 33 0.09 4.6 3.2 Cs Cs*, Monovalent cation

Cu 0.88 2.5 15 0.54 0.21 2.7 Cu Cu?', Transition divalent cation

Es 560 2000 410 23 360 36° Eu Es*', Trivalent cation

Eu 560 2000 410 23 36° 36° Eu Eu?*, Trivalent cation

F 0.10 0.10 0.10 0.02 0.02 0.23 Todide F-, Monovalent anion, halides

Fe 560 2000 410 23 36° 36° Eu Fe3*, Trivalent cation

Fm 560 2000 410 23 360 36° Eu Fm?", Trivalent cation

Fr 0.72 62 33 0.09 4.6 3.2 Cs Fr*, Monovalent cation

Gd 560 2000 410 23 36° 36° Eu Gd*', Trivalent cation
As tritium, *H, assume no sorption and no cement

H ! ! ! ! ! ! None leachate impact on *H uptake to sediments.

Hg 1.5 2.5 22 4.9 34 5.5 Pb Hg?*, Soft divalent cation
Iodine exists as iodide (I"), iodate (I037), and organic
iodine in environments. Iodine in grout without slag has
been measured to be 38.88% iodide, 16.43% iodate, and

Iodine Todide. iodate 44.69% organic iodine (Kaplan et al., 2019). These
(slag-free 0.38 0.77 2.4 0.08 0.24 0.46 and ’Or 1 > | values with the measured fcemenizeach Value of three
grout) & iodine species listed in Table 9 are used to estimate the

‘best’ feementLeach Values of iodine, based on the equation:
fCementLeach'iOdine = 03888 xfCemerltLeach'iOdide +
0- 1643 XfCementLeach'iOdate + 04469 ><](‘C(:mentLeach'C)rg'I-
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‘Best’ Cementitious Leachate Impact Factors, fcementLeach Element of
(Unitless) “ measuri(lll .
Element f Ce'"”:’{f:’s"th, a Assumed important species & comments ¢
Sand Sand Sand Clay Clay Clay estimates are
Stage I | Stage Il | Stagelll | StageI | Stage I | Stage III based on
Iodine exists as iodide (I-), iodate (I037), and organic
iodine in environments. Iodine in grout with slag has
been measured to be 60.21% iodide, 39.79% iodate, and
Iodine lodide. iodate 0% organic iodine (Kaplan et al., 2019). These values
(slag 0.12 0.41 0.14 0.04 0.36 0.41 and ’Or 1 > | with the measured fcemenizeacn Value of three iodine
grout) & species listed in Table 9 are used to estimate the ‘best’
fcemenizeach Values of iodine, based on the equation:
fCementLeach'iOdine =0.6021 ><f‘Cemenz‘Leach'iOdide +
0.3979%fementreaci-i0date.
K", Monovalent cation: that is strongly hydrated, which
resists strong bonding to surfaces. Without K-specific
K 0.1 0.1 01 01 01 01 None available fiata, set yalue Fo 01 to account for the
expected increase in the ionic strength of the cement
leachate compared to groundwater, which will promote
cation exchange.
K1 minimal (no) sorption or cement leachate impact is
Kr 1 1 1 1 1 1 None expected for inert gases because they essentially have
no chemical interaction with sediments.
Lu 560 2000 410 23 36° 36" Eu Lu**, Trivalent cation
Mo 0.20 1.1 5.9 1.9 0.18 1.6 Cr MoOQ.*, Divalent oxyanion
Mn 2.9 3.8 15 0.47 0.69 1.1° Se MnOys, Monovalent oxyanion
N 0.15 0.87 0.19 0.07 0.88 0.66 Iodate Assumed as NOs", monovalent oxyanion
Na*, Monovalent cation: that is strongly hydrated,
which resists strong bonding to surfaces. Without Na-
specific available data, set value to 0.1. to account for
Na 0.1 0.1 0.1 0.1 0.1 0.1 None the expected increase in the ionic strength of the cement
leachate compared to groundwater, which will promote
cation exchange.
Nb 2.9 3.8 15 0.47 0.69 1.1° Se NbO;/Np(OH)s; Oxyanion (Ervanne et al., 2014)
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‘Best’ Cementitious Leachate Impact Factors, fcementLeacn Element of
(Unitless) measuri(lll .
Element f Ce'"”:’{f:’s"th, a Assumed important species & comments ¢
Sand Sand Sand Clay Clay Clay estimates are
Stage I | Stage Il | Stagelll | StageI | Stage I | Stage III based on

Ni 100 530 730 31 130 12 Ni Ni?*, Transition divalent cation
NpO-*, monovalent oxycation. Using an actinide,
divalent oxycation, UO,%*, would likely overestimate

Np 1.0 21 19 13 4 16 u the increase in Ky of NpO-" in the presence of cement
leachate, i.e., would overestimate fcementLeach.
Pa0>", monovalent oxycation. Using an actinide,
divalent oxycation, UO,**, would likely overestimate

Pa 1.0 21 19 13 4 16 u the increase in K; of PaO," in the presence of cement
leachate, i.e., would overestimate fcementLeach.

Pb 1.5 2.5 22 4.9 34 5.5 Pb Pb?*, Soft divalent cation

Pd 1.5 2.5 22 4.9 34 5.5 Pb Pd?*, Soft divalent cation

Po 0.26 55° 55°% 2.2 2.1 1.1 Th Po*, Tetravalent cation

Pt 100 530 730 31 130 12 Ni Pt**, Transition divalent cation

Pu 0.26 55°b 550 2.2 2.1 1.1 Th Pu**, Tetravalent cation

Ra 110 34 59 3.1 1.6 5.4 Sr Ra?*, Alkali-earth divalent cation

Rb 0.72 62 33 0.09 4.6 3.2 Cs Rb*, Monovalent cation

Re 6.5 0.59 2.4 1.1 0.33 0.63 Tc ReOy4, Monovalent anion
Rn’, No sorption or cement leachate impact is expected

Rn 1 1 1 1 1 1 None for inert gases because they essentially have no
chemical interaction with sediments

Sb 0.02 0.43 0.21 0.19 0.82 0.95 Sb Sb(OH)s", Oxyanion

Se 2.9 3.8 15 0.47 0.69 1.1° Se Se04*, Oxyanion

Sm 560 2000 410 23 360 36° Eu Sm>", Trivalent cation

Sn 1.5 2.5 22 4.9 34 5.5 Pb Sn?*, Soft divalent cation

Sr 110 34 59 3.1 1.6 5.4 Sr Sr%*, Alkali-earth divalent cation
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‘Best’ Cementitious Leachate Impact Factors, fcementLeacn Element of
(Unitless) measuri(lll .
Element f Ce'"”:’{f:’s"th, a Assumed important species & comments ¢
Sand Sand Sand Clay Clay Clay estimates are
Stage I | Stage Il | Stagelll | StageI | Stage I | Stage III based on

Te 6.5 0.59 2.4 1.1 0.33 0.63 Tc TcO4, Monovalent anion
Te 0.20 1.1 5.9 1.9 0.18 1.6 Cr TeO;%, Divalent oxyanion
Th 0.26 55° 55° 2.2 2.1 1.1 Th Th*', Tetravalent cation
Tl 1.9 15 45 0.57 7.2 2.9 Tl TI", Soft monovalent cation
U 1.0 21 19 13 94 16 U UO,*", divalent cation
Y 560 2000 410 23 360 36° Eu Y3*, Trivalent cation
Zn 11 95 12 4.2 43 2.7 Zn Zn**, Divalent cation
Zr 0.26 550 550 2.2 2.1 1.1 Th Zr*", Tetravalent cation

* Measured fcemenizeach Values in Table 9 are round to 2 significant figures to recommend the “Best Cementitious Leachate Impact Factor” fcementzeach Values.

b Since the data suggests that the mean of the measured values will likely exceed the analytical limit of the experiment, the analytical limit is conservatively
assumed to be equal to the “Best Cementitious Leachate Impact Factor”, feemenieach Value, even though a larger value is expected if the samples had been spiked
with higher concentrations.

¢ The general chemistry and the chemical form of each element is based on the family group of element and where the element exists in the periodic table.
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7. APPENDIX A: X-RAY DIFFRACTION ANALYSIS AND SPECTRA
DATA FOR THE SDU 2 CONCRETE, SAVANNAH RIVER SITE
(SRS) SUBSURFACE SANDY AND CLAYEY SEDIMENTS THAT
WERE USED IN THE SORPTION EXPERIMENT

Experimental

The samples were milled using an XRD-Mill McCrone (www.mccrone.com/wp-
content/uploads/2018/11/20160510 McCroneMill Sellsheet.pdf) and subsequently subjected to
XRD spectroscopy using a Bruker D2 Phaser (https:/www.bruker.com/en/products-and-
solutions/diffractometers-and-x-ray-microscopes/x-ray-diffractometers/d2-phaser.html) and the
scan parameters indicated in Table Al. Refer to SREL Doc. No. R-20-0004 for more detailed
information regarding the preparation of samples for XRD analysis.

Table A1: XRD run parameters.

.. Step Size Time per Sample Spin Internal
Radiat

adiation | 20 Range (A20) Step Speed Standard

CuK, 5-75° 0.02° 4 sec. 30 rpm 10 wt% Si

Phase identification was conducted using Bruker DIFFRAC.EVA
(https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-
diffraction/xrd-software/eva.html) by comparing each pattern to reference patterns (referred to as
powder diffraction files (PDFs)) compiled by the International Center for Diffraction Data (ICDD).
Specifically, the investigators utilized the ICDD PDF-4+ (2023) database (refer to the ICDD
website at http://www.icdd.com).

Phase proportions were determined via Rietveld analysis using Bruker DIFFRAC-TOPAS
(https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-

diffraction/xrd-software/topas.html). The software uses a curve-fitting algorithm to match the
peaks of reference samples to those identified in the XRD scan. Curve-fitting each phase ultimately
allows the proportions (wt. %) of the crystalline phases to be calculated. The use of an internal Si
standard (i.e., National Institute of Standards and Technology (NIST) silicon (SI) standard
reference material (SRM) 640f ) also allows the proportion of amorphous phase in each sample to
be determined. The NIST Si standard was utilized in the analysis of the soil samples only.
Additional information regarding the fundamentals of Rietveld refinement is provided at
http://profex.doebelin.org/wp-content/uploads/2015/02/Lesson-1-XRD-and-Rietveld-
Refinement.pdf.
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SDU 2 concrete

The predominant phases indicated are quartz (i.e., sand) and albite and microcline (Figures A1 and
A2). The albite and microcline phases are feldspars presumably associated with the coarse
aggregates used in the concrete formulation. Unfortunately, the domination of the scan by the
forementioned phases limits the number of observable peaks and the peak intensities of any
cementitious phases and their hydration products. As such, the assignments made for minor and

trace phases should be considered tentative.
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Figure A1: XRD scan for concrete sample without (A) and with (B) phase identification.
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Figure A2: XRD scan for concrete sample. (A) indicating broad amorphous hump associated
with calcium silicate hydrate (C-S-H) hydration phases and (B) illustrating tentatively-identified
trace phases including portlandite, hydrotalcite, mica, mullite, hematite, and clinochlore.

SRS subsurface sandy sediment

Two samples of the sandy soil portion were analyzed, one without (Figure A3) and one with
(Figure A4) the NIST Si SRM. The Si-containing soil was used for Rietveld analysis and
determination of crystalline and amorphous phase proportions.

Note that the sample without NIST Si SRM also indicates some trace muscovite mica (tentative
identification). Muscovite could not be definitively assigned in the Si-containing sample and
presumably the addition of the NIST Si SRM diluted the muscovite phase to a concentration
below the XRD detection limit.
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Figure A3: XRD scan for sandy soil sample without NIST Si SRM: (A) without phase
identification; (B) with phase identification; (C) magnified portion of scan to highlight low-
angle, trace muscovite peak.
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Figure A4: XRD scan for sandy soil sample with NIST Si SRM: (A) without phase

identification; (B) with phase identification; (C) magnified portion of scan to highlight smaller

peak assignments.
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SRS subsurface clayey sediment

Two samples of the clayey soil portion were analyzed, one without (Figure AS) and one with
(Figure A6) the NIST Si SRM. The Si-containing soil was used for Rietveld analysis and
determination of crystalline and amorphous phase proportions.
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Figure AS: XRD scan for clayey soil sample without NIST Si SRM: (A) without phase
identification; (B) with phase identification.
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Figure A6: XRD scan for clayey soil sample with NIST Si SRM: (A) without phase

identification; (B) with phase identification.
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8. APPENDIX B: DESCRIPTION OF THE FOUR STAGES OF
CEMENT AGING

Figure B7 presents the conceptual diagram illustrating the four Stages of cement aging identified
by Ochs et al. (2016) and Wang et al. (2009). The duration of each stage is controlled by how
much water passes through them, measured in exchange cycles (i.e., Time, X-axis of Figure 1
below). One of the key aqueous parameters used to identify when one stage ends and the next
one begins is pH. The pH changes are the result of mineralogical transformations that occur as
the cement ages. The cement solids present in each stage are assumed to have unique sorption
properties and for this reason, unique Ky values and apparent solubility values were assigned to
the cement solids in each stage. A detailed description of each of the three stages can be found in
Kaplan (2021) and Ochs et al. (2016).
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Figure B7. Conceptual diagram for the four stages of cement aging. Exchange cycles and time,
X-axes, can be converted to each other with knowledge of flow rate (L/yr).
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9. APPENDIX C: PH AND CONCENTRATIONS OF MAJOR IONS IN
SDU 2 CONCRETE LEACHATE SOLUTION

Experimental
CL solution was measured for pH using Mettler Toledo pH meter. Concentrations of some major
ions in CL solution was measured by the ICP-MS. Data is indicated in Table C2.

Table C2: pH and concentrations of major ions in SDU 2 concrete leachate solution (CL).

Constituent/Parameter SDU 2 Concrete leachate
pH 12.26
(ng/L)
Na 15300
Ca 3651
Mg 277
Al 384
Fe 52
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