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Summary

Assessing long-term performance of Category 3 waste cement grouts for radionuclide encasement
requires knowledge of the radionuclide-cement interactions and mechanisms of retention (i.e., sorption or
precipitation); the mechanism of contaminant release; the significance of contaminant release pathways;
how waste form performance is affected by the full range of environmental conditions within the disposal
facility; the process of waste form aging under conditions that are representative of processes occurring in
response to changing environmental conditions within the disposal facility; the effect of waste form aging
on chemical, physical, and radiological properties; and the associated impact on contaminant release.
This knowledge will enable accurate prediction of radionuclide fate when the waste forms come in
contact with groundwater. Numerous sets of tests were initiated in fiscal years (FY) 2006 through2009 to
evaluate 1) diffusion of iodine (I) and technetium (Tc) from concrete into uncontaminated soil after 1 and
2 years, 2) I and rhenium (Re) diffusion from contaminated soil into fractured concrete, 3) | and Re (set 1)
and Tc (set 2) diffusion from fractured concrete into uncontaminated soil, 4) the moisture distribution
profile within the sediment half-cell, 5) the reactivity and speciation of uranium (V1) [U(VI)] compounds
in concrete porewaters, 6) the rate of dissolution of concrete monoliths, and 7) the diffusion of simulated
tank waste into concrete.

In FY 2008, concrete-soil half-cells initiated during FY 2007 using fractured concrete prepared with
and without metallic iron, half of which were carbonated, were sectioned to evaluate the diffusion of | and
Re in the concrete part of the half-cell. Probit plots were constructed from this data set.

A second set of diffusion experiments, which had been initiated during FY 2007 using concrete-soil
half-cells containing Tc, was sectioned in FY 2008 to measure the diffusion profile in the soil half-cell.
These half-cells were prepared with and without metallic iron (Fe) and set up under unsaturated
conditions (4%, 7%, and 15% moisture content by weight). Probit plots were constructed from this data
set. In FY 2008, a set of concrete-soil half-cells were initiated. The half-cells were sectioned in FY 2009
to measure the diffusion profile in the concrete half-cell. Concentration and probit analysis was
performed on the half-cells.

A study was initiated during FY 2004 to better understand the reactivity of limited solubility U(V1)-
bearing compounds in Portland cement grout specimens. The U(VI) nitrate-spiked specimens were aged
for various time spans ranging from 2 weeks to 1 year. The uranium phases in these specimens were
identified to be soddyite, becquerelite, uranophane, and autunite. Reliable thermochemical data are not
available for these phases under conditions present in concrete waste forms. Therefore, to gather such
data, synthetic routes were developed for the precipitation of pure uranium phases. From FY 2007 to FY
2008, the solubility measurements of these U-solid phases were completed under concrete porewater
conditions. Preliminary results had suggested the formation of 1) a calcium-uranium oxide from the
reaction of becquerelite, 2) uranophane group minerals from the reaction of soddyite, and 3) mixed
sodium-calcium uranium phosphate secondary phases from the reaction of autunite in simulated Portland
cement-equilibrated porewater. During FY 2009 analytical analyses were completed to quantify aqueous
cations and anions. This information was used with geochemical thermodynamic modeling to further
understand the stability and long-term control of uranium in concrete waste forms. It is suggested here
that 1) the release of uranium from the degradation of uranium oxyhydroxides will be controlled by the
formation of secondary uranium oxides, 2) regardless of the replacement of soddyite by uranophane,
uranyl-silicate phases will persist within concrete waste forms, and 3) the release of uranium from the



degradation of uranium-phosphate phases will be controlled by the formation of secondary uranyl-
phosphate phases.

A set of concrete monolith single-pass flow-through (SPFT) experiments were initiated in FY 2009.
Preliminary results indicate that the release mechanism of calcium (Ca) is different for that of the other
major elemental species (magnesium [Mg], silicon [Si], phosphorus [P], and aluminum [Al]). Itis
postulated that Ca release is controlled by ion exchange. Secondary phases, which could influence the
dissolution rate, were not observed with scanning electron microscopy (SEM). In FY 2010, further
analysis of concrete monolith SPFT tests will provide a better understanding of the release mechanisms of
the major elemental species, which influences long term stability of concrete.

Two sets of simulated tank waste-concrete half-cells were prepared in FY 2006 and FY 2008 with
and without technetium, respectively. In FY 2010, the half-cells will be sectioned to measure the
diffusion of simulated tank waste into concrete. Concentration and probit analysis will be performed.
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1.0 Introduction

1.1 Background

One of the methods being considered for safely disposing of Category 3 low-level radioactive wastes
is to encase the waste in concrete. Concrete encasement would contain and isolate the waste packages
from the hydrologic environment and would act as an intrusion barrier. The current plan for waste
isolation consists of stacking low-level waste packages on a trench floor, surrounding the stacks with
reinforced steel, and encasing these packages in concrete. These concrete-encased waste stacks are
expected to vary in size with maximum dimensions of 6.4 m long, 2.7 m wide, and 4 m high. The waste
stacks are expected to have a surrounding minimum thickness of 15 cm of concrete encasement. These
concrete-encased waste packages are expected to withstand environmental exposure (solar radiation,
temperature variations, and precipitation) until an interim soil cover or permanent closure cover is
installed and to remain largely intact thereafter. Any failure of concrete encasement may result in water
intrusion and consequent mobilization of radionuclides from the waste packages.

Key contaminants within low activity and secondary wastes from treatment of the Hanford tank
wastes include 1291, 75Se, 99Tc, and 238U (Mann et al. 2001, Wood et al. 1995). The geochemistry of
porefluids in contact with cementitious materials is characterized by highly alkaline pH values. Because
of their anionic nature in aqueous solutions, 1291, 75Se, 99Tc, and carbonate-complexed 238U may
readily leach into the subsurface environment (Serne et al. 1989, 1992, 1993, and 1995) by mass flow
and/or diffusion and move into the surrounding subsurface environment. Thus, it is critical to understand
the: 1) speciation and interaction of the radionuclides within the concrete waste form, 2) diffusion of
radionuclide species when contacted with vadose zone porewater or groundwater, and 3) long-term
durability and weathering of concrete waste forms under environmental conditions relevant to the
depository.

Although significant research has been conducted on the design and performance of cementitious
waste forms, the current protocol conducted to assess radionuclide stability within these waste forms has
been limited to the Toxicity Characteristic Leaching Procedure, Method 1311 Federal Registry and
ANSI/ANS-16.1 leach test (ANSI 1986). These tests evaluate the performance under water-saturated
conditions and do not evaluate the performance of cementitious waste forms within the context of waste
depositories that are located in hydraulically unsaturated environments. Moreover, these tests assess only
the diffusion of radionuclides from concrete waste forms and neglect evaluating the mechanisms of
retention, stability of the waste form, and formation of secondary phases during weathering, which may
serve as long-term secondary hosts for immobilization of radionuclides.

The results of recent investigations conducted under arid and semi-arid conditions provide valuable
information suggesting structural and chemical changes to concrete waste forms which may affect
contaminant containment and waste form performance (Al-Khayat et al. 2002, Garrabrants and Kosson
2003, Garrabrants et al. 2002 and 2004, Gervais et al. 2004, and Sanchez et al. 2002 and 2003). A recent
review conducted by the National Academies of Science recognized the efficacy of cementitious
materials for waste isolation, but further noted the significant short-comings in our current understanding
and testing protocol for evaluating the performance of various formulations (National Research Council
2009). Continued research is necessary to understand:
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¢ the mechanism of contaminant release, the significance of contaminant release pathways,

¢ how waste form performance is affected by the full range of environmental conditions within the
disposal facility,

e the process of waste form aging under conditions that are representative of processes occurring in
response to changing environmental conditions within the disposal facility, and

o the effect of waste form aging on chemical, physical, and radiological properties and the associated
impact on contaminant release.

1.2 Purpose and Scope

The objective of the investigation reported here is to demonstrate a testing protocol designed to
understand the speciation of radionuclides within concrete waste forms, quantify the diffusion of highly
mobile radionuclides, and evaluate the long-term stability of concrete waste forms. The results present
the progress for annual concrete-sediment half-cell diffusion tests initiated in FY 2008 to 1) quantify the
diffusion of I and Tc from concrete into uncontaminated soil after 1 and 2 years, 2) quantify | and Re (set
1) and Tc (set 2) diffusion from fractured concrete into uncontaminated soil, and 3) evaluate the moisture
distribution profile within the sediment half-cell. The 1-year half-cells were sectioned in FY 2009, and
the 2-year samples will be sectioned in FY 2010. Probit analysis results are presented that complete the
data sets for concrete-sediment half-cell tests initiated in FY 2007 for 1) concrete-soil half-cells using
fractured concrete, prepared with and without metallic iron, and of which half were carbonated and 2)
data from concrete-soil half-cells containing Tc were analyzed to measure the diffusion profile in the soil
half-cell unsaturated conditions (4%, 7%, and 15% moisture content by weight). Geochemical modeling
results are presented to further elucidate the chemical speciation and controlling phases for uranium in
concrete waste forms and porefluids. Finally, preliminary results are presented for a new SPFTtesting
protocol initiated in FY 2009 to understand the rate limiting mechanisms controlling the chemical

stability of concrete waste forms and radionuclide immobilization.

1.3 Report Contents and Organization

The ensuing sections of this report present the results of the concrete-soil half-cell tests, modeling of
uranium (V1) solubility in concrete porewaters, single-pass flow-through tests on cementitious waste
forms, and preparation of simulated tank waste concrete half-cell tests.

e Section 2.0, describes the procedures for preparing concrete-soil half-cells

e Section 3.0 describes the diffusion experiments initiated during FY 2007 and FY 2008 to determine
the effects of concrete carbonation and colloidal iron on the diffusion of technetium using carbonated
concrete-soil half-cells prepared with and without metallic iron, half of which were carbonated using
carbonate solution.

o Section 4.0 describes the diffusion experiments initiated during FY 2007 using fractured concrete-soil
half-cells to determine the diffusion of | and Re into fractured concrete.

o Section 5.0 describes the diffusion experiments initiated during FY 2008 using fractured concrete-soil
half-cells to determine the diffusion of I, Re, and Tc from fractured concrete into soil.

1.2



Section 6.0 describes the set of experiments initiated during FY 2008 to determine the moisture
gradient within concrete-soil half-cells.

Section 7.0 describes continued analysis of the reactivity of limited solubility U(VI)-bearing
compounds in concrete.

Section 8.0 describes the preliminary analysis of Portland cement coupons using the SPFT test.

Section 9.0 describes the FY 2006 preparation of simulated tank waste-soil half-cell diffusion
experiments.

13






2.0 Materials and Methods

2.1 Specified Concrete Composition for Encasement

Table 2.1. Material Specifications and Composition

Normalized
Specified Field  Specification
Material Specifications Mix Design

Cement Portland Type | or Type I/11 sulfate-resistant cement 381 kg/m® 0.27
Fly Ash Class F fly ash; nominal 15% of cement by volume 54 kg/m® 0.04
Coarse Aggregate  No. 676 or equivalent (3/4” nominal size) 55% by volume 0.04
Fine Aggregate Sand 45% by volume 0.51
Water Nominal water:cement ratio: 0.4 399 kg/m? 0.10
Steel Fiber Deformed Type I, nominal length 2.5-3.8 cm (1-1.5") 59 kg/m® 0.04

Air Content 6.0+1.5%

The concrete composition for the burial encasement was specified in Specification for Concrete
Encasement for Contact-Handled Category 3 Waste. ("Specification for Concrete Encasement for
Contact-Handled Category 3 Waste," 1998) @ This specification was used as the basis to prepare a
concrete for fabrication of test specimens. The composition includes sulfate-resistant Portland Type | or
Type Il cement, a pozzolanic material (Class F fly ash), fine and coarse aggregates, and steel fiber.
Additional specifications include a water-to-cement ratio of 0.4 and an air content 6.0 + 1.5%. The
nominal proportions and material specifications based on this initial design are listed in Table 2.1.

2.1.1 Materials and Laboratory-Scale Mixture Design

A laboratory-scale concrete mixture (Table 2.2) was prepared based on specifications shown in
Table 2.1. Because of the required small dimensions of laboratory test specimens, the size of the coarse
aggregate and the dimensions of the steel fiber specified in Table 2.1 were proportionately reduced. This
was accomplished by decreasing the 2-cm (~0.75 in.) coarse aggregate size in the original specification to
a particle size ranging from 2.83 mm to 2 mm in the laboratory mix. Aggregate passing a 7-mesh sieve
and retained on a 10-mesh sieve met this particle size specification. Iron particles were used in the
laboratory mix in place of the steel fibers. Based on these modifications, a concrete mix was prepared
that consisted of Portland Cement (Type | and Il, American Society for Testing and Materials C-150
compliant), Class F fly ash, scaled-down coarse aggregate, fine aggregate, iron particles, and a water-
entraining agent (Polyheed 997). The water-entraining agent was included in the mix to facilitate the
workability of the concrete. The volumes of the Polyheed 997 and the air-entraining agent, MB AE 90,
were not included in the normalization calculations because of their negligible contribution to the overall
mix volume. The material specification and composition for the laboratory-scale concrete mixture is
given in Table 2.2.
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Table 2.2. Laboratory-scale Material Specification and Composition

Material Specifications Used in

Material Specifications for Normalized Revised Laboratory Mix
Material Field Mix Laboratory Design Comparison
Cement Portland Type | or Type I/11 0.27 Portland Type | & |1
sulfate-resistant cement
Fly Ash Class F fly ash; nominal 15% of 0.04 Class F fly ash; nominal 20% of
cement by volume cement by volume
Coarse No. 676 or equivalent 0.04 Sieve size +7 to -10
Aggregate (3/4-in. nominal size) (2.83-2 mm size)
Fine Aggregate Sand 0.51 Sand -10 sieve size (< 2 mm)
Water Nominal water:cement ratio: 0.4 0.10 Water-to-cement ratio: 0.5
Iron Powder Iron particles 0.04 -200 mesh
Polyheed 997 0.00375 Water-entraining agent
Air Content 6.0+1.5% 6.0£1.5% --

2.2 Concrete Mix and Specimen Preparation

In general, concrete monoliths were prepared with mix components added in the order: water, steel (if
applicable), coarse aggregate, fine aggregate, fly ash, cement, Polyheed 997, and MB AE 90. The
concrete was mixed on medium speed using a Hobart three-speed, bench-top mixer in a 4 L steel bowl.
The concrete molds for casting specimens were fabricated from Schedule 40 polyvinyl chloride (PVC)
piping material. Gaskets were glued to the bottom of the molds and leak tested before use. The PVC
molds were filled in the vertical position. After filling, the molds were lightly tapped on the laboratory
bench until a significant decrease in the release of air bubbles was observed. The forms were stored in a
humidity chamber for 28 days to provide moisture while the concrete set. The concrete monoliths were
subsequently removed from the molds and the respective monoliths were carbonated by soaking for 7
days in a saturated sodium-bicarbonate solution. Specific treatments for concrete monoliths (e.g.,
carbonation, iron content, contaminant content) used in concrete-sediment half-cell experiments are
discussed below within the context of the respective half-cell preparation.

2.2.1 Solid and Fractured Concrete-Sediment Half-Cells Spiked with lodine and
Rhenium

Concrete monoliths were prepared in two separate batches based on the laboratory-scale
specifications for the concrete (Table 2.2). One batch contained iron particles; the other batch did not
contain any added iron. Within the two batches of concrete, with and without iron, half the monoliths
were carbonated by submersion in a saturated sodium bicarbonate solution for 7 days. The resulting
compositions consisted of four concrete specimens: 1) no iron, carbonated; 2) no iron, uncarbonated; 3)
iron, carbonated; and 4) iron, uncarbonated.
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In order to assess the effect of fractures within the concrete monolith on the diffusion of iodine and
rhenium, concrete monoliths were encased in shrink-wrap and struck with a hammer to prevent the
formation of rubble. Each fractured core possessed a single fracture extending the length of the core,
perpendicular to the concrete-sediment interface.

2.2.2  Solid Concrete-Sediment Half-Cells Spiked with Technetium

The concrete half-cells were prepared using the preparation detailed in section 2.2. Two separate
batches, one with and one without iron particles, were prepared based on the laboratory-scale
specifications for the concrete (Table 2.2). None of the concrete monoliths were subjected to carbonation
because the process of carbonating the cores via submersion in a saturated sodium bicarbonate solution
would result in leaching of Tc prior to half-cell testing. The resulting compositions consisted of two
concrete specimens: 1) no iron, uncarbonated and 2) iron, not carbonated.

2.3 Half-Cell Preparation, Testing, and Analysis

Diffusion tests were conducted to assess the effects of carbonation and the inclusion of colloidal iron
on the rate of diffusion of key, long-lived, mobile contaminants (I, Re, and Tc), in unsaturated Hanford
sediments (~4%, 7%, and 15% moisture content by weight). The experiments were conducted using a
sediment half-cell ~4 cm in diameter and 20-cm long in contact with a concrete monolith ~4 cm in
diameter and ~4-cm long. One concrete core of each composition was encased in a Schedule 40, 24-cm
long, PVC pipe. The remaining volume of each pipe was filled with Hanford Site sediment, spiked with
stable | and Re or Tc added to the water component prior to mixing with the sediment, at the respective
moisture content. Medium coarse sand obtained from the sidewall of the W-5 burial ground located on
the Hanford Site in southeastern Washington state was used for the sediment half-cell. The physical,
chemical, and mineralogical properties of this sediment have been previously characterized by Serne et al.
(1993). The ends of each pipe were machined and fit with o-ring gaskets to confirm the test cells were
sealed. The diffusion tests were allowed to set horizontally and undisturbed for the test duration,
nominally 1 or 2 years, with periodic rotation of the cell by 90 degrees.

At the conclusion of the test period, the end caps of the cells were removed and the sediment was
extruded at approximately 1 cm intervals along the length of the half-cell (Figure 2.1). The moisture
content of each section was quantified and found to be uniform throughout the length of the half-cell and
consistent with the starting moisture content. The sediment samples were weighed and extracted with
deionized water. One-to-one water extracts were done on sediment fractions. The concentrations of
iodine, rhenium, and technetium were measured via ICP-MS.

Concrete half-cells were sectioned parallel to the concrete-sediment interface using a Buehler slow-
speed saw fitted with a diamond blade. During the process, cutting was done without water cooling to
prevent the leaching of soluble I, Re, and Tc. The concrete slices were then ground using an agate mortar
and pestle. Two-to-one extracts (due to small sample size) were performed on concrete fractions. The
concentrations of I, Re, and Tc were measured via ICP-MS in sediment and concrete thin slices.
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Serrated Blade

Incremented Plunger Column Groove

I Dry Ice Holder

Figure 2.1. Mechanism for Sediment Sampling from a Concrete-Sediment Diffusion Half-cell (left) and
Sediment Sampling from a Diffusion Half-Cell (right)

2.4 Effective Diffusion Coefficient Calculations

The diffusivities in the soil were reduced using the probit analysis approach previously presented by
Mattigod et al. (2001). The details of the probit analysis are provided in Finney (1971). This technique
allows the transformation of a sigmoid curve of concentrations, normalized with respect to the initial
concentration (C/Cy), as a function of diffusion distance produced in a half-cell diffusion experiment to a
linear plot. The slope (b) of this plot is then used to calculate the diffusivity (D) as D = 1/(2b%), where t
is the sampling time. This approach has been used previously to determine diffusivity in half-cell
diffusion experiments such as those conducted by Brown et al. (1964) and Lamar (1989)..

In a diffusion test where one boundary can be represented by a constant concentration, the
concentration profile that develops is one-half of the normal sigmoid curve produced in the half-cell
diffusion experiment. Thus, to apply the probit transformation, the concentrations are normalized by
dividing by 2* C;, where C; is the concentration at the constant concentration interface. This approach has
been used to model diffusion from a non-depleting reservoir into asphalt (Martin et al. 1994).

The configuration of concrete-soil experiments had the soil in a half-cell arrangement with a
dissimilar material (hardened concrete) containing the radionuclide spike. In the case of diffusion
occurring between two dissimilar media, one of which is spiked and both of which are semi-infinite in
dimension from the interface, the concentration at the interface will quickly reach and remain at a
constant concentration as the diffusion proceeds. For an explanation of why this occurs, refer to
Crank (1975). Because of this result, the problem is mathematically the same as the case where a
boundary is held at a constant concentration and the data can be normalized by dividing by 2*C;, where C;
is the concentration at the interface. However, because the concentration C; at the interface of the two
dissimilar materials is not known, the concentration in the soil slice nearest the interface is used to
approximate this value. This approximation introduces some bias in the calculated diffusivity because the
concentration profile averaged over the first soil slice is systematically lower than the concentration at the
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interface of the first soil slice with the spiked concrete. The extent of the error is estimated to be about
12% from one of Crane et al. (1992) concentration profiles. We assumed the relative errors for the other
tests were similar. This error magnitude is considered acceptable relative to the variance in the diffusivity
values for all the tests.

For purposes of data reduction, the radionuclide diffusivity is defined by the equation:
J =- D, dC,/dx 1)
where J = flux of radionuclide at a given point
D,, = the diffusivity of water-based radionuclide concentration
Cy = the radionuclide concentration in the porewater

Using this definition, and acknowledging that in the case of a two-phase system (water and soil) there
will be insignificant amounts of radionuclides within the air phase of the unsaturated sediment, a mass
balance can be performed over a small volume leading to the equation

dC,/dt = D,/&* (d°C,/dx?) (2)
where &= the volume pore water per total pore volume

However, the slope on the probit plot provides the diffusivity that solves the equation for diffusion in a
homogeneous single phase medium:

dC/dt = D * (d*Cldx?) (3)

The diffusion coefficient, D,,, was calculated from D obtained from the probit plot based on
concentrations in the porewater that must then be multiplied by 6. From concrete-soil experiments, the
diffusivity coefficients in concrete were calculated using soil diffusivity coefficients derived from probit
plots.
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3.0 Concrete-Soil Half-Cell Experiments to Determine the
Effects of Concrete Carbonation and Colloidal Iron on the
Diffusion of Technetium

Two sets of diffusion experiments were initiated during FY 2008 using carbonated concrete-soil half-
cells. Soil half-cell specimens were spiked with | and Tc to achieve a measurable diffusion profile in the
concrete part of the half-cell. The general preparation of the half-cells is described above in section 2.1.
The characteristics of the FY 2009 and FY 2010 concrete half-cells are listed in Table 3.1. For the FY
2009 half-cells, concentration data and probit plots and the diffusion coefficients for these contaminants
are presented below. We will correlate the calculated diffusion coefficients with the degree of
microcracking in the cement specimens used in the half-cell experiments. The FY 2010 half-cells still are
in progress.

Table 3.1. Characteristics of Concrete Specimens Used in Concrete-Soil Half-Cells

Surface
Length Diameter Area Volume Weight Density Colloidal
Core ID (cm) (cm) ¥ (cm®)  (cmd) (9) (glem®) Iron (%) Carbonated Moisture
FY 2009 Diffusion Tests
C-08-3-0-325 4.09 4.33 468 8497 60.10 13144 219 0 N 4
C-08-3-0-329 4.32 4.33 468 88.13 6353 13950 2.20 0 N 7
C-08-3-0-330 3.85 4.33 468 8177 56.65 12350 2.18 0 N 15
C-08-3-0-332 4.33 4.32 467 88.09 6348 139.65 2.20 0 Y 4
C-08-3-0-333 4.35 4.33 468 8857 64.00 140.79 2.20 0 Y 7
C-08-3-0-334 4.07 4.32 467 8456 59.67 13055 2.19 0 Y 15
C-08-3-4-350 3.84 4.32 467 8143 56.28 12725 2.26 4 N 4
C-08-3-4-351 4.00 4.33 469 8392 5896 132.78 2.25 4 N 7
C-08-3-4-353 4.01 4.33 468 8399 59.04 13338 2.26 4 N 15
C-08-3-4-357 3.90 4.32 466 8219 5711 12877 2.25 4 Y 4
C-08-3-4-359 3.83 4.32 467 8125 56.09 12650 2.26 4 Y 7
C-08-3-4-360 4.11 4.33 469 8547 60.64 136.11 2.24 4 Y 15
C-08-3-8-401 4.07 4.32 466 84.40 5950 13591 2.28 8 N 4
C-08-3-8-402 3.81 4.32 467 81.02 5584 12731 2.28 8 N 7
C-08-3-8-403 4.00 4.33 469 8387 5891 13335 2.26 8 N 15
C-08-3-8-404 4.05 4.33 469 8461 59.71 133.69 224 8 Y 4
C-08-3-8-405 3.86 4.33 468 8177 56.65 126.96 2.24 8 Y 7
C-08-3-8-406 3.94 4.33 469 83.08 58.05 130.61 2.25 8 Y 15
C-08-3-12-425  4.33 4.27 468 8754 6288 143.44 228 12 N 4
C-08-3-12-426  4.33 4.33 469 8835 63.76 14577 2.29 12 N 7
C-08-3-12-427  4.33 4.22 470 86.94 6223 14171 2.28 12 N 15
C-08-3-12-432  4.02 4.32 467 83.83 58.88 134.09 2.28 12 Y 4
C-08-3-12-433  4.15 4.33 468 8581 61.01 139.80 2.29 12 Y 7
C-08-3-12-435  3.88 4.33 469 8222 57.12 130.04 2.28 12 Y 15
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Table 3.1. (contd)

Surface
Length Diameter Area  Volume Weight Density Colloidal
Core ID (cm) (cm) P (emd)  (cm’) (9)  (glem® Iron (%) Carbonated Moisture
FY 2010 Diffusion Tests
C-08-3-0-326 4.15 4.34 4,70 86.13 61.35 136.30 2.22 0 N 4
C-08-3-0-327 4.02 4.32 4.67 84.01 59.06 131.30 2.22 0 N 7
C-08-3-0-328 411 4.33 4.68 85.24 60.39 134.10 2.22 0 N 15
C-08-3-0-325 4.09 4.33 4.68 84.97 60.10 13144 2.19 0 Y 4
C-08-3-0-337 4.20 4.32 4.66 86.28 6152 13586 2.21 0 Y 7
C-08-3-0-338 4.19 4.33 4.69 86.54 6180 13591 2.20 0 Y 15
C-08-3-4-352 4.14 4.32 4.67 85.56 60.74 136.22 2.24 4 N 4
C-08-3-4-354 4.08 4.33 4.69 84.99 60.12 134.63 2.24 4 N 7
C-08-3-4-355 4.06 4.33 4.68 84.60 59.70 134.13 2.25 4 N 15
C-08-3-4-361 3.91 4.33 4.68 82.48 5741 131.18 2.28 4 Y 4
C-08-3-4-362 411 4.32 4.67 85.12 60.27 13596 2.26 4 Y 7
C-08-3-4-363 4.09 4.32 4.66 84.70  59.82 135.08 2.26 4 Y 15
C-08-3-8-404 4.05 4.33 4.69 84.61 59.71 133.69 2.24 8 N 4
C-08-3-8-405 3.86 4.33 4.68 81.77 56.65 126.96 2.24 8 N 7
C-08-3-8-406 3.94 4.33 4.69 83.08 58.05 130.61 2.25 8 N 15
C-08-3-8-408 4.49 4.33 4.70 90.60 66.19 148.87 2.25 8 Y 4
C-08-3-8-411 4.26 4.33 4.68 87.32 62.64 140.64 2.25 8 Y 7
C-08-3-8-412 431 4.33 4.69 88.09 63.48 14226 2.24 8 Y 15
C-08-3-12-428 4.21 4.33 4.69 86.65 61.92 14322 231 12 N 4
C-08-3-12-429 411 4.33 4.69 85.43 60.59 140.25 231 12 N 7
C-08-3-12-430 3.84 431 4.65 81.30 56.16 129.75 2.31 12 N 15
C-08-3-12-434 4.13 4.32 4.66 85.25 60.41 13849 2.29 12 Y 4
C-08-3-12-436 3.90 4.32 4.66 82.17 57.09 131.15 2.30 12 Y 7
C-08-3-12-437 4.21 4.32 4.67 86.57 61.84 14239 2.30 12 Y 15

3.1 Concentration Profile Results and Discussion

The diffusion profiles of soil half-cells spiked with | and Tc are shown in Figures 3.1 through 3.3, and

the concrete half-cells are shown in Figures 3.4 through 3.6. Except very near the interfaces, no

distinctive concentration gradients were observed in any of the soil half-cells. Therefore, on average, the
relatively constant concentrations throughout the soil half-cells reflected the spike concentrations of | and
Tc, respectively.
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Figure 3.2. Tc and | Soil Concentration Profile
A) 7% soil moisture, 0% Fe, B) 7% soil moisture, 4% Fe,
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Figure 3.3. Tcand I Soil Concentration Profile
A) 15% soil moisture, 0% Fe, B) 15% soil moisture, 4% Fe,
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Table 3.2. Tc and | Soil Concentration Profile

9¢

Distance Distance Distance Distance
From From From From
Core, cm Tc, mg/g I, mag/g Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g
4% Soil--NC 0% Iron 4% Soil--NC 4% Iron 4% Soil--C 0% Iron 4% Soil--C-4% Iron
9.5 2.16E-04 4.65 9.5 1.66E-04 3.85 9.5 2.32E-04 5.05 9.5 2.39E-04 4.38
7.5 2.83E-04 4.37 7.5 1.82E-04 4.04 7.5 2.31E-04 4.98 7.5 2.44E-04 4.95
6 2.17E-04 4.24 6 1.50E-04 3.29 6 2.39E-04 5.17 6 2.43E-04 4.39
5 2.08E-04 4.22 5 1.56E-04 3.35 5 2.39E-04 4.86 5 2.40E-04 4.26
4 2.06E-04 4.16 4 1.56E-04 3.07 4 2.52E-04 4.72 4 2.46E-04 4.56
3 2.13E-04 4.40 3 1.57E-04 2.90 3 2.72E-04 4.83 3 2.45E-04 4.29
2 2.12E-04 4.17 2 1.57E-04 2.79 2 2.71E-04 4,76 2 2.80E-04 4.16
1.25 2.32E-04 4.05 1.25 1.35E-04 2.19 1.25 3.23E-04 5.11 1.25 3.00E-04 411
0.75 2.48E-04 4.26 0.75 1.40E-04 1.96 0.75 3.71E-04 4.87 0.75 3.09E-04 4.08
0.25 2.34E-04 4.05 0.25 1.44E-04 2.16 0.25 3.36E-04 4.47 0.25 2.87E-04 3.40
4% Soil--NC 8% Iron 4% Soil--NC 12% Iron 4% Soil--C 8% Iron 4% Soil--C-12% Iron

9.5 2.56E-04 4.44 9.5 2.11E-04 4.20 9.5 2.36E-04 4.43 9.5 2.28E-04 4.54
75 2.51E-04 4.36 75 2.11E-04 4.24 7.5 2.35E-04 4.37 7.5 2.22E-04 4.48
6 2.49E-04 4.34 6 2.07E-04 4.04 6 2.29E-04 4.32 6 2.21E-04 441
5 2.41E-04 4.17 5 1.97E-04 3.71 5 2.28E-04 4.39 5 2.12E-04 4.20
4 2.43E-04 4.24 4 1.95E-04 3.79 4 2.29E-04 4.53 4 2.14E-04 4.17
3 2.45E-04 4.30 3 1.80E-04 3.53 3 2.25E-04 3.87 3 2.10E-04 4.15
2 2.45E-04 4.05 2 1.63E-04 3.25 2 2.36E-04 3.70 2 2.07E-04 4,01
1.25 2.52E-04 3.99 1.25 1.45E-04 3.30 1.25 2.62E-04 3.65 1.25 2.20E-04 3.34
0.75 2.64E-04 3.85 0.75 1.57E-04 2.99 0.75 2.75E-04 3.38 0.75 2.28E-04 3.54

0.25 2.71E-04 3.33 0.25 1.31E-04 2.74 0.25 2.91E-04 2.93 0.25 2.38E-04 3.49



Table 3.2. (contd)
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Distance Distance Distance Distance
From From From From
Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g
7% Soil--NC 0% Iron 7% Soil--NC 4% Iron 7% Soil--C 0% Iron 7% Soil--C-4% Iron
9.5 2.09E-04 5.16 9.5 1.53E-04 4.08 9.5 2.33E-04 5.28 9.5 3.28E-04 6.66
75 2.16E-04 5.13 75 1.48E-04 3.62 7.5 2.30E-04 5.38 7.5 2.63E-04 5.95
6 2.32E-04 5.63 6 1.34E-04 3.41 6 2.32E-04 5.51 6 3.01E-04 6.18
5 2.20E-04 5.13 5 1.30E-04 2.90 5 2.22E-04 5.17 5 2.72E-04 5.87
4 2.04E-04 4.80 4 1.13E-04 2.53 4 2.19E-04 5.26 4 2.92E-04 6.13
3 1.97E-04 4.59 3 1.10E-04 2.42 3 2.15E-04 5.14 3 3.45E-04 5.94
2 2.08E-04 4.91 2 1.26E-04 2.72 2 2.11E-04 4.93 2 3.59E-04 6.15
1.25 1.98E-04 4.92 1.25 8.65E-05 1.85 1.25 2.39E-04 5.56 1.25 3.81E-04 6.26
0.75 1.92E-04 4.74 0.75 8.27E-05 1.78 0.75 2.89E-04 6.24 0.75 3.79E-04 6.15
0.25 2.24E-04 5.39 0.25 9.16E-05 1.84 0.25 2.51E-04 3.99 0.25 3.15E-04 6.05
7% Soil--NC 8% Iron 7% Soil--NC 12% Iron 7% Soil--C 8% Iron 7% Soil--C-12% Iron

9.5 2.36E-04 4.93 9.5 2.24E-04 4.84 9.5 2.33E-04 4.61 9.5 2.12E-04 5.13
75 2.39E-04 4.86 75 2.31E-04 4.75 7.5 2.30E-04 4.47 7.5 2.25E-04 4.64
6 2.34E-04 4.94 6 2.29E-04 4.77 6 2.29E-04 4.42 6 2.20E-04 4.96
5 2.28E-04 4.65 5 2.19E-04 4.50 5 2.37E-04 4.54 5 2.20E-04 4.60
4 2.47E-04 4,94 4 2.28E-04 4.59 4 2.33E-04 4.28 4 2.39E-04 4.88
3 2.37E-04 4.69 3 2.48E-04 4.93 3 1.75E-04 3.07 3 2.36E-04 4.77
2 2.36E-04 4.52 2 2.32E-04 4.55 2 2.62E-04 4.25 2 2.33E-04 4.84
1.25 2.48E-04 3.47 1.25 2.50E-04 4.74 1.25 2.62E-04 4.19 1.25 2.50E-04 4.59
0.75 2.37E-04 4.56 0.75 2.70E-04 5.02 0.75 2.76E-04 4.53 0.75 2.45E-04 4.79

0.25 2.38E-04 4.39 0.25 2.53E-04 4.42 0.25 2.69E-04 3.85 0.25 2.22E-04 6.48
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Table 3.2. (contd)

Distance Distance Distance Distance
From From From From
Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g Core, cm Tc, mg/g I, mg/g
15% Soil--NC 0% Iron 15% Soil--NC 4% Iron 15% Soil--C 0% Iron 15% Soil--C-4% Iron
9.5 2.16E-04 5.61 9.5 1.98E-04 4.38 9.5 1.95E-04 4.71 9.5 3.57E-04 6.21
7.5 2.20E-04 5.70 7.5 1.89E-04 4.76 7.5 1.96E-04 5.11 7.5 2.86E-04 6.25
6 2.35E-04 6.92 6 1.88E-04 4.74 6 2.03E-04 4.72 6 2.96E-04 6.71
5 2.47E-04 6.48 5 1.90E-04 5.48 5 2.11E-04 5.25 5 3.49E-04 6.46
4 1.79E-04 6.59 4 1.86E-04 4.77 4 1.96E-04 4.76 4 2.85E-04 6.10
3 2.47E-04 6.64 3 2.14E-04 5.76 3 1.96E-04 5.17 3 2.83E-04 6.25
2 2.27E-04 6.86 2 2.04E-04 5.50 2 1.99E-04 4.83 2 2.97E-04 6.29
1.25 2.50E-04 7.20 1.25 1.97E-04 4.80 1.25 1.91E-04 4.98 1.25 2.99E-04 5.84
0.75 3.27E-04 9.32 0.75 2.05E-04 5.18 0.75 1.93E-04 4.92 0.75 3.01E-04 5.92
0.25 3.29E-04 9.79 0.25 1.42E-04 4.42 0.25 2.28E-04 5.63 0.25 3.07E-04 6.28
15% Soil--NC 8% Iron 15% Soil--NC 12% Iron 15% Soil--C 8% Iron 15% Soil--C-12% Iron

9.5 1.59E-04 3.55 9.5 2.26E-04 4.92 9.5 1.93E-04 3.97 9.5 1.59E-04 7.57
75 1.60E-04 3.60 75 2.44E-04 5.31 7.5 2.00E-04 3.88 7.5 1.67E-04 3.84
6 1.60E-04 3.77 6 2.38E-04 5.15 6 2.02E-04 4.12 6 1.62E-04 3.29
5 1.49E-04 3.46 5 2.31E-04 4.99 5 2.02E-04 411 5 1.54E-04 3.48
4 1.44E-04 3.38 4 2.45E-04 5.31 4 1.89E-04 3.93 4 1.57E-04 3.53
3 1.51E-04 3.57 3 2.50E-04 5.47 3 1.79E-04 3.71 3 1.51E-04 3.29
2 1.45E-04 3.48 2 2.46E-04 5.41 2 1.85E-04 3.82 2 1.55E-04 3.62
1.25 1.55E-04 4.01 1.25 2.60E-04 5.59 1.25 1.79E-04 4.01 1.25 1.50E-04 3.52
0.75 1.78E-04 3.97 0.75 2.53E-04 5.55 0.75 1.94E-04 4.31 0.75 1.56E-04 3.74
0.25 1.11E-04 3.19 0.25 1.96E-04 3.78 0.25 2.22E-04 4.09 0.25 1.75E-04 3.79




Contrastingly, well-developed I and Tc concentration gradients from interface were observed in
concrete half-cells. Therefore, these concentration gradients were linearized by probit analyses to allow
calculation of diffusion coefficients. In concrete half-cells in contact with spiked soil-cells at 4%
moisture content, the carbonation of concrete treatment seemed to significantly reduce the diffusivity of
both I and Tc (Figure 3.4). Both Tc and I diffusivities in both the uncarbonated and carbonated half-cells
seem to be noticeably attenuated by the presence of Fe particles.

In concrete half-cells in contact with soil at 7% moisture content, reduction of diffusivity of both Tc
and I were also observed in carbonated specimens (Figure 3.5). Additionally, in most cases, the presence
of Fe seemed to exert a more pronounced influence in attenuating the diffusion of Tc and | in concrete.
While such attenuation of Tc diffusivity can be ascribed to probable Tc reduction by metallic Fe, it is
unclear how the metallic Fe may be contributing towards reduction in iodide mobility.

In carbonated concrete specimens in contact with high moisture content (15%) soils, similar
reductions in Tc and | were also observed (Figure 3.6). In both uncarbonated and carbonated concrete
specimens, the presence of metallic Fe significantly reduced the diffusivity of both Tc and I.
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Figure 3.4. Concrete Half-Cell Concentration Profiles as a Function of Iron Content
A) Tc concentration for uncarbonated concrete at 4% soil moisture,

B) Tc concentration for carbonated concrete at 4% soil moisture,

C) I concentration for uncarbonated concrete at 4% soil moisture,

D) I concentration for carbonated concrete at 4% soil moisture
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Figure 3.5. Concrete Half-Cell Concentration Profiles as a Function of Iron Content
A) Tc concentration for uncarbonated concrete at 7% soil moisture,
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Figure 3.6. Concrete Half-Cell Concentration Profiles as a Function of Iron Content
A) Tc concentration for uncarbonated concrete at 15% soil moisture,

B) Tc concentration for carbonated concrete at 15% soil moisture,

C) I concentration for uncarbonated concrete at 15% soil moisture,

D) I concentration for carbonated concrete at 15% soil moisture
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Table 3.3. Concentration Profile for Tc and | Concrete Half-Cells

Center of Center of Center of Center of

slice to slice to slice to slice to

face, mm I, mg/g Tc, mg/g face, mm I, mg/g Tc, mg/g face, mm I, mg/g Tc, mg/g face, mm I, mg/g Tc, mg/g
4% Soil--NC 0% Iron 4% Soil--NC 4% Iron 4% Soil--C 0% Iron 4% Soil--C-4% Iron
1.61 19.08 6.39E-04 2.02 17.07 5.40E-04 291 11.58 1.95E-04 1.48 21.20 4.94E-04
5.53 11.76 4.17E-04 5.81 10.43 2.68E-04 9.49 5.76 9.18E-05 5.18 11.38 1.53E-04
10.63 8.37 2.86E-04 10.05 6.56 1.52E-04 15.14 2.38 3.57E-05 9.83 8.15 1.02E-04
15.55 4.26 2.29E-04 14.22 3.79 1.29E-04 19.91 1.90 3.18E-05 14.59 421 6.52E-05
19.70 2.80 1.88E-04 17.56 2.72 8.87E-05 24.08 151 2.95E-05 18.58 2.96 4.05E-05
23.97 2.22 1.45E-04 20.96 2.43 5.48E-05 27.35 1.85 3.91E-05 22.23 2.19 2.30E-05
28.07 1.42 8.48E-05 24.41 1.93 2.84E-05 30.92 1.52 3.67E-05 25.61 1.53 1.24E-05
32.22 1.30 7.09E-05 27.69 1.47 1.74E-05 35.13 1.71 3.74E-05 28.94 1.01 6.32E-06
38.20 0.88 3.26E-05 31.00 1.38 1.13E-05 40.62 1.33 3.13E-05 32.49 0.73 2.71E-06
35.51 1.07 4.59E-06 36.55 0.56 2.16E-06
4% Soil--NC 8% Iron 4% Soil--NC 12% Iron 4% Soil--C 8% Iron 4% Soil--C-12% Iron

1.70 16.17 3.58E-04 1.77 20.94 9.15E-04 2.44 14.18 4.38E-04 2.03 13.41 3.73E-04
6.13 8.94 1.54E-04 5.23 13.41 2.04E-04 6.77 8.58 1.48E-04 5.55 10.85 1.30E-04
11.32 4.72 5.68E-05 9.82 8.09 1.20E-04 11.10 4.25 1.02E-04 10.19 7.07 1.37E-04
16.43 3.17 7.00E-05 15.23 3.92 1.02E-04 15.89 231 4.42E-05 15.59 421 9.48E-05
20.48 2.46 9.91E-05 19.95 2.95 9.70E-05 19.96 1.72 3.63E-05 19.06 3.89 1.09E-04
23.77 2.81 1.06E-04 23.94 291 8.22E-05 23.52 1.28 1.74E-05 22.43 2.79 5.60E-05
27.21 2.72 1.07E-04 27.63 2.28 7.73E-05 27.13 1.01 1.38E-05 26.42 2.04 4.12E-05
30.57 2.75 2.17E-04 31.43 1.58 4.08E-05 30.97 0.84 1.22E-05 29.78 1.49 2.81E-05
34.64 2.39 1.91E-04 35.40 1.72 3.98E-05 35.60 0.65 9.04E-06 32.57 0.91 9.99E-06
39.70 1.62 8.94E-05 39.80 1.25 3.16E-05 41.47 0.46 6.49E-06 36.48 0.65 3.56E-06

7% Soil--NC 0% Iron

7% Soil--NC 4% Iron

7% Soil--C 0% Iron

7% Soil--C-4% Iron
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Table 3.3. (contd)

Center of Center of Center of Center of

slice to slice to slice to slice to
face, mm I, mg/g Tc, mg/g face, mm I, mg/g Tc, mg/g face, mm I, mg/g Tc, mgl/g face, mm I, mg/g Tc, mg/g
3.15 12.45 2.43E-04 2.30 17.60 5.90E-04 1.56 17.31 7.01E-04 1.46 8.44 1.97E-04
9.25 6.50 6.50E-05 7.22 12.08 2.60E-04 5.31 12.51 1.75E-04 4.76 4.63 1.05E-04
14.72 1.82 6.41E-05 11.47 9.47 2.19E-04 10.54 6.86 7.98E-05 9.67 2.55 5.08E-05
18.86 1.16 4.48E-05 15.68 6.36 1.70E-04 15.86 2.46 5.45E-05 14.99 1.47 1.63E-05
21.88 1.01 4.09E-05 19.82 5.33 1.60E-04 19.85 1.19 2.76E-05 18.79 1.36 1.71E-05
25.24 0.98 3.75E-05 23.24 412 1.26E-04 23.55 0.85 2.21E-05 22.21 1.26 1.60E-05
28.77 0.66 2.22E-05 26.75 3.45 1.05E-04 27.28 0.72 1.98E-05 25.46 1.01 1.45E-05
32.72 0.56 1.72E-05 30.36 2.94 1.11E-04 31.46 0.66 1.70E-05 28.68 0.92 1.28E-05
37.31 0.36 8.37E-06 34.14 2.68 1.02E-04 35.43 0.78 1.74E-05 31.68 0.86 1.05E-05
42.77 0.38 9.87E-06 38.77 2.06 8.16E-05 40.15 0.48 1.09E-05 35.50 0.76 8.69E-06

7% Soil--NC 8% Iron 7% Soil--NC 12% Iron 7% Soil--C 8% Iron 7% Soil--C-12% Iron
1.70 16.71 4.88E-04 1.84 15.33 6.62E-04 1.71 14.49 2.03E-04 1.70 15.08 3.68E-04
6.57 9.49 7.55E-05 5.59 10.17 2.56E-05 5.54 8.14 5.91E-05 5.78 8.25 6.13E-05
12.04 7.05 8.65E-05 10.41 6.32 1.44E-04 10.14 4.93 3.12E-05 10.18 5.20 1.36E-05
16.51 3.02 8.46E-05 15.58 2.47 4.99E-05 14.71 2.12 1.33E-05 14.43 1.77 4.25E-06
20.06 1.90 6.01E-05 19.91 2.09 3.25E-05 18.66 1.96 1.89E-05 18.46 1.06 2.75E-06
23.16 1.59 4.69E-05 23.84 2.08 3.85E-05 22.53 1.68 2.22E-05 21.95 0.76 3.07E-06
26.31 1.38 4.55E-05 27.22 2.15 4.92E-05 26.38 2.36 2.19E-05 25.47 0.89 3.31E-06
29.71 1.31 2.92E-05 30.78 1.64 4.80E-05 30.23 1.68 1.96E-05 29.38 0.81 2.63E-06
33.05 1.26 3.75E-05 34.64 1.32 4.13E-05 34.68 1.33 1.35E-05 33.17 0.72 2.22E-06
37.45 0.91 3.02E-05 39.88 1.12 2.75E-05 39.80 1.03 9.38E-06 37.93 0.64 3.59E-06
15% Soil--NC 0% Iron 15% Soil--NC 4% Iron 15% Soil--C 0% Iron 15% Soil--C-4% Iron

2.05 19.23 1.02E-03 2.39 18.79 1.11E-03 1.99 15.80 9.59E-04 1.23 9.16 2.56E-04
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Table 3.3. (contd)

Center of Center of Center of Center of

slice to slice to slice to slice to
face, mm I, mg/g Tc, mg/g face, mm I, mg/g Tc, mg/g face, mm I, mg/g Tc, mgl/g face, mm I, mg/g Tc, mg/g
6.12 14.28 4.65E-04 7.97 10.96 3.03E-04 6.26 14.04 1.68E-04 4.27 5.96 9.19E-05
11.59 11.79 2.48E-04 13.59 5.72 1.31E-04 10.75 9.13 6.41E-05 7.65 4.27 4.87E-05
16.91 7.66 1.29E-04 17.70 3.25 8.15E-05 15.08 4.76 3.64E-05 11.66 2.51 3.20E-05
20.35 5.31 7.70E-05 20.94 1.88 4.64E-05 19.02 2.23 3.25E-05 16.00 0.81 1.81E-05
23.84 3.09 4.39E-05 24.70 0.86 3.15E-05 22.79 1.43 3.52E-05 19.97 0.59 1.64E-05
27.26 1.99 3.04E-05 28.35 0.54 2.55E-05 26.33 1.23 4.21E-05 23.77 0.32 7.65E-06
30.72 1.27 2.92E-05 31.98 0.44 2.13E-05 30.01 1.14 4.00E-05 27.60 0.14 4.00E-06
35.02 0.73 1.62E-05 37.05 0.40 1.62E-05 34.07 1.17 4.32E-05 31.36 0.09 3.06E-06
40.69 1.18 2.55E-05 38.89 1.26 4.33E-05 36.22 0.11 4.10E-06

15% Soil--NC 8% Iron 15% Soil--NC 12% Iron 15% Soil--C 8% Iron 15% Soil--C-12% Iron

1.50 19.81 1.55E-03 151 10.19 1.60E-04 1.15 17.13 1.69E-03 1.97 18.02 1.36E-03
5.17 10.86 3.25E-05 5.00 5.42 8.67E-05 452 12.48 2.27E-04 6.29 10.58 1.58E-04
9.90 6.85 8.27E-05 9.41 3.38 7.29E-05 9.10 9.44 5.44E-05 10.95 7.64 3.74E-05
14.44 2.76 4.01E-05 13.79 1.71 5.11E-05 14.10 3.83 1.35E-05 15.50 2.97 1.16E-05
18.21 1.25 3.08E-05 17.33 0.98 3.22E-05 18.22 1.29 5.56E-06 19.28 1.01 7.07E-06
21.87 0.66 2.05E-05 21.22 0.65 1.91E-05 21.83 0.41 4.88E-06 22.77 0.30 7.43E-06
25.25 0.45 1.61E-05 25.45 0.43 1.72E-05 25.52 0.27 6.64E-06 25.95 0.21 6.71E-06
28.66 0.33 1.43E-05 30.16 0.36 1.59E-05 29.22 0.23 6.36E-06 28.79 0.31 9.61E-06
32.27 0.27 1.19E-05 34.37 0.28 1.23E-05 33.67 0.19 6.44E-06 32.12 0.13 4.29E-06
36.84 0.22 1.14E-05 39.50 0.22 1.05E-05 38.97 0.16 5.74E-06 36.26 0.26 7.12E-06




3.2 Probit Analysis Results and Discussion

Probit analysis of the set of diffusion experiments detailed in section 3.1 are presented. The
preparation method, previously discussed, is found in section 2.1. Soil half-cell specimens were spiked
with Tc to achieve a measurable diffusion profile in the soil part of the half-cell. The characteristics of
the specimens used are listed in Table 3.1.

Figure 3.12, and the resulting diffusivities are tabulated (Table 3.4). Overall, the calculated
diffusivities for Tc ranged from 1.9 x 10 to 1 x 10™° cm?s, and | ranged from 2.3 x 10° to 3.1 x 10™
cm?/s. The highest Tc and | diffusivities were observed in all uncarbonated, Fe-free concrete cores
contacting spiked soils at all three moisture contents (4%, 7%, and 15%). However, the diffusivities of
both Tc and I (except in one case) were significantly attenuated in all carbonated concrete cores. The
reduction of Tc diffusivities ranged from 55% to 72%. Meanwhile, | diffusivities were reduced by 61%
at soil moisture content 4% and 58% at soil moisture content of 15%, respectively. However, | diffusivity
showed an anomalous increase of ~38% in uncarbonated, Fe-free concrete core in contact with soil core
containing 7% maoisture content.
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Figure 3.7. Probit Analysis of FY 2009 Tc Cores

A) Tc-C-08-3-0-325, B) Tc-C-08-3-0-332, C) Tc-C-08-3-4-350, D) Tc-C-08-3-4-357
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Figure 3.8.  Probit Analysis of FY 2009 Tc Cores
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Figure 3.9.  Probit Analysis of FY 2009 Tc Cores

A) Tc-C-08-3-0-329, B) Tc-C-08-3-0-333, C) Tc-C-08-3-4-351, D) Tc-C-08-3-4-359
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Figure 3.10. Probit Analysis of FY 2009 Tc Cores
A) Tc-C-08-3-8-402, B) Tc-C-08-3-8-409, C) Tc-C-08-3-12-426, D) Tc-C-08-3-12-433
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Figure 3.11. Probit Analysis of FY 2009 Tc Cores

A) Tc-C-08-3-0-330, B) Tc-C-08-3-0-334, C) Tc-C-08-3-4-353, D) Tc-C-08-3-4-360
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Figure 3.12. Probit Analysis of FY 2009 Tc Cores
A) Tc-C-08-3-8-403, B) Tc-C-08-3-8-410, C) Tc-C-08-3-12-427, D) Tc-C-08-3-12-435

In almost all cases, adding Fe to uncarbonated concrete half-cells resulted in significant reduction in
Tc and | diffusivities. For instance, Tc diffusivities were reduced by 55% to 89% when Fe was present in
concrete cores. Similarly, | diffusivities were attenuated by 34% to 54% in Fe-containing concrete cores,
except anomalously enhanced diffusivities found in uncarbonated concrete cores in contact soil half-cells
containing 7% moisture content.

Similar attenuation in Tc and | diffusivities were also observed in carbonated concrete half-cell
containing various quantities of Fe. The diffusivities of Tc showed reduction typically ranging from 25%
to 81%, except enhanced diffusivities (~40% to 30%) observed in two concrete cores containing 4% Fe
and in contact with soil with 4% and 15% moisture contents, respectively. In these same cores, similar
increases in | diffusivities were also observed (100% to 6%). However, all other Fe-containing
carbonated concrete cores exhibited reduction in | diffusivities that ranged from 9% to 76%.

In summary, these data showed that:
e Carbonation of concrete results in substantial attenuation in Tc and | diffusivities.

o Generally, addition of Fe particles to both uncarbonated and carbonated concrete also results in
significant reduction in Tc and | diffusivities.
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o Based on previous studies, attenuation of Tc diffusivities upon Fe addition can be attributable to
reduction of Tc(VI1I) to relatively insoluble Tc(IV) solid forms. Mechanisms of similar attenuation of
I diffusivity upon Fe addition needs further investigation.

Table 3.4. Diffusivity Analysis of FY 2009 Tc Cores

Tc Diffusivity | Diffusivity

Core ID MC (Wt %) Carbonation Fe (wt %) (cm?/s) (cm?/s)
Tc-C-08-3-0-325 4 N 0 1.7 x10% 1.4x10%
Tc-C-08-3-0-329 7 N 0 1.9x 10 40x 107
Tc-C-08-3-0-330 15 N 0 1.3x10% 1.2x10%
Tc-C-08-3-0-332 Y 0 5.3x10™ 5.4 x 10™
Tc-C-08-3-0-333 Y 0 5.4 x 107 5.5 x10™
Tc-C-08-3-0-334 15 Y 0 5.9 x 10 5.1x10™
Tc-C-08-3-4-350 4 N 4 7.7x10™ 6.5x 107
Tc-C-08-3-4-351 N 4 6.9 x 10™ 2.3x 10
Tc-C-08-3-4-353 15 N 4 3.6x10™ 7.9x 107
Tc-C-08-3-4-357 4 Y 4 7.4x10™ 1.1x 10
Tc-C-08-3-4-359 Y 4 2.6 x10™ 42x10™
Tc-C-08-3-4-360 15 Y 4 7.8x 107 5.4 x 107
Tc-C-08-3-8-401 N 8 1.9x10™ 7.1x10™%°
Tc-C-08-3-8-402 N 8 NA 5.6 x 10
Tc-C-08-3-8-403 15 N 8 NA 6.0x 107
Tc-C-08-3-8-407 4 Y 8 5.1x 10" 49x10™
Tc-C-08-3-8-409 Y 8 2.2x10™° 3.4x10™
Tc-C-08-3-8-410 15 Y 8 3.6x10™ 3.4x10™
Tc-C-08-3-12-425 N 12 NA 43x10™
Tc-C-08-3-12-426 N 12 2.3x10™ 40x 107
Tc-C-08-3-12-427 15 N 12 4.7x10™° 7.7x107%°
Tc-C-08-3-12-432 4 Y 12 1.1x 10" 1.3x10™
Tc-C-08-3-12-433 Y 12 1.0x 10" 3.3x10™
Tc-C-08-3-12-435 15 Y 12 4.4x10™° 3.1x10™
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4.0 Probit Analysis of Tc Cores

A set of diffusion experiments were initiated during FY 2007 using concrete-soil half-cells containing
Tc. The concentration results were presented in the FY 2008 report. The preparation method, previously
discussed, is found in section 2.1. Concrete half-cell specimens were spiked with Tc to achieve a
measurable diffusion profile in the soil part of the half-cell. The characteristics of the specimens used are
listed in Table 4.1. From the concentration data, probit plots were constructed.

Table 4.1. Characteristics of Cement Specimens Used in Fractured Concrete-Soil Half-Cell Tests

Height of
Tc Concrete Volume of Density Soil
Concrete Concentration Half-Cell Concrete Half-  Concrete Moisture
Core ID Treatment  (ug/g concrete) (cm) Cell (cm?) (g/cm®)  Content (%)

Tc-C-4-0-204 0% Fe 0.67 4,169 61.05 2.04 4
Tc-C-4-4-213 4% Fe 0.62 4.26 62.195 2.23 4
Tc-C-4-0-203 0% Fe 0.67 4,343 63.392 2.07 7
Tc-C-4-4-212 4% Fe 0.62 4,226 61.77 2.23 7
Tc-C-4-0-202 0% Fe 0.67 4.389 64.183 2.08 15
Tc-C-4-4-211 4% Fe 0.62 4.367 63.816 2.23 15

The diffusion profiles reported previously indicated, except for the low moisture soil cores, the
diffusion of Tc had proceeded to near equilibrium conditions in that no concentration gradients from the
concrete-soil interface were present. Comparatively, in the low moisture cores (Figure 4.1 and Figure
4.2), distinct Tc concentration gradients were observed from the interface. These data indicated that the
time allowed for diffusion to take place (351days) was too long when the moisture conditions were higher
(7% and 15%).
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Figure 4.2. Probit Analysis for Core Tc-C-4-4-213

Therefore, the Tc diffusion calculations using probit analyses were conducted using data from the two
soil cores containing 4% moisture content with and without 4% by mass iron particles. The resulting
probit plots are shown in Figure 4.1 and Figure 4.2 and the data is also tabulated (Table 4.2). The Tc
diffusion coefficient for core 204 without iron particles was 2.2 x 107 cm?/s. Whereas, for the core 213
containing 4% by mass iron particles, the Tc diffusion coefficient was found to be 2.1 x 107 cm?s. These
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data indicated the presence of iron particles (4% by mass) did not significantly affect Tc diffusivity in
soils with ~4% moisture content. Similar comparisons in Tc diffusivities in soils with higher moisture
contents (7% and 15%) could not be made to due to near equilibrium diffusion of Tc that resulted in lack
of concentration gradients.

Table 4.2. Diffusivity Analysis of FY 2008 Tc Cores

Tc Diffusivity
Core ID MC wt% Carbonation Fe wt% cm?/s
Tc-C-4-0-204 4 N 0 2.20x 107
Tc-C-4-4-213 4 N 4 1.93x 10°
1.74x 107

5.0 Concrete-Soil Half-Cell Experiments to Determine
the Diffusion of lodine and Rhenium into Fractured Concrete

A set of diffusion experiments were initiated during FY 2007 using fractured concrete-soil half-cells.
The preparation method, previously discussed, is found in section 2.1. Soil half-cell specimens were
spiked with I and Re to achieve a measurable diffusion in the fractured concrete part of the half-cell. The
characteristics of the specimens used are listed in Table 5.1. The diffusion tests were conducted under
unsaturated conditions at 4%, 7%, and 15% (moisture content by weight). The concentration plots were
reported previously. Presented below are diffusion plots from this set. The diffusion gradient data for
this set of tests has been presented in a previous report (Wellman et al. 2008a). The results of the probit
analysis of these data are shown in Figure 5.1 through Figure 5.3, and the diffusivity data is tabulated in
Table 5.2.

Table 5.1. Characteristics of Cement Specimens Used in Fractured Concrete-Soil Half-Cell Tests

Surface hgg;iteur:f Treatment

Specimen  Length  Diameter Area Volume
No. (cm) (cm) (cm?) (cm® 4% 7% 15% Fe  Carbonation

C-5-0-2 4.15 4.33 85.89 61.10 X No No
C-5-4-26 3.89 4.34 82.44 57.35 X Yes No
C-5-0-1 4.15 4.33 86.04 61.25 X No Yes
C-5-4-21 4.02 4.33 84.04 59.10 X Yes Yes
C-5-0-7 4.24 4.33 87.02 62.32 X No No
C-5-4-27 3.98 4.34 83.75 58.77 X Yes No
C-5-0-5 4.18 4.34 86.63 61.89 X No Yes
C-5-4-23 4.12 4.34 85.68 60.87 X Yes Yes
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C-5-0-10 4.37 4.34 89.05 64.51 X No No
C-5-4-30 3.95 4.34 83.31 58.29 X Yes No
C-5-0-6 4.76 4.34 94.54 70.48 X No Yes
C-5-4-24 4,52 4.34 91.26 66.91 X Yes Yes
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Figure 5.1. Probit Plots for (a) C-5-0-2 (b) C-5-4-26 (c) C-5-0-1 (d) C-5-4-21 Half-Cells
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Figure 5.3. Diffusion Plots for (a) C-5-0-10 (b) C-5-4-30 (c) C-5-0-6 (d) C-5-4-24 Half-Cells

Overall, the calculated diffusivities for Re ranged from 3.8 x 10" t0 2 x 10° cm?/s, and | ranged from
1.3x 10™°t0 2.3 x 10”° cm?s in fractured concrete. The highest Re and | diffusivities were observed in
fractured concrete cores that were in contact with spiked soils with 15% moisture content. Fe- free
carbonated concrete cores had enhanced Re and I diffusivities when contacted with soil containing 4%
and 7% moisture content. The diffusivities were significantly attenuated (66% and 78%) when in contact
with soil containing 15% moisture content.

As compared to Fe-free, uncarbonated concrete half-cells, Re diffusivity in Fe-containing
uncarbonated concrete half-cell in contact with soil half-cell with 4% moisture content was enhanced by
about 24%. Whereas, | diffusivity was attenuated to the same extent. In uncarbonated, Fe-containing
concrete half-cells contacting soil at 7% moisture content, Re and | diffusivities showed significant
enhancement over Fe-free uncarbonated concrete samples. When the similar concrete half-cells were
contacted with soils with 15% moisture content, diffusivities of both Re and | were attenuated by 80%
and 24%, respectively.

In carbonated Fe-containing concrete half-cells in contact with Re, diffusivity increased significantly
when contacted with soil at 4% moisture content, but decreased by 35% at 7% moisture content and by
3% at 15% moisture content. Comparatively, the I diffusivity in the same cores showed reduction at 4%
soil moisture and increases of 44% and 137% at 7% and 15% soil moisture, respectively.
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In summary, these data showed:

Variations in Re or | diffusivities did not show any functional relationship with either concrete
treatment (iron addition and carbonation) or soil moisture content.

The presence of fractures and fracture geometry appears to exert significant influence on Re and |
diffusivity.

Because the random nature of the number of fractures and the fracture geometry in the cement cores
were highly variable and not replicable because of the mode of fracture induction, the variations in Re
and I diffusivities were unpredictable.

Table 5.2. Diffusion Data for Re-1 Half-Cells

Re Diffusivity I Diffusivity

Core ID MC wt% Carbonation Fe wt% cm?/s cm?/s

C-5-0-2 4 N 0 1.4 x107° 3.1x10™
C-5-4-26 4 N 4 1.7x10™ 2.4x10M
C-5-0-1 4 Y 0 1.2x107 5.9 x 10
C-5-4-21 4 Y 4 3.3x10% 4.4x10™
C-5-0-7 7 N 0 3.8x10™ 1.3x10™
C-5-4-27 7 N 4 8.9x 10" 1.9x10™
C-5-0-5 7 Y 0 2.6 x 10" 2.8x10™
C-5-4-23 7 Y 4 1.7x10™% 40x10™
C-5-0-10 15 N 0 2.0x10% 2.3x10%
C-5-4-30 15 N 4 4.0x10™ 1.8x10%
C-5-0-6 15 Y 0 6.9 x 10™° 5.1x10™
C-5-4-24 15 Y 4 6.7 x 10™° 1.2 x 10
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6.0 Concrete-Soil Half-Cell Experiments to Determine the
Diffusion of lodine, Rhenium, and Technetium from
Fractured Concrete into Soil

Two sets of diffusion experiments were initiated during FY 2008 using fractured concrete-soil half-
cells. The preparation method, previously discussed, is found in section 2.1. Concrete half-cell
specimens were spiked with | and Re (set 1) or Tc and I (set 2) to achieve a measurable diffusion profile
in the soil part of the half-cell. The characteristics of the specimens used are listed in Table 6.1.
Presented below is concentration data, probit plots, and the diffusion coefficients for the Re and |
fractured cores. Sectioning and analyses of Tc-bearing half-cell tests was postponed due to the results of
Re and | half-cells presented below.

Table 6.1. Characteristics of Concrete Specimens Used in Concrete-Soil Half-Cells

Surface Moisture
Length Diameter Area  Volume Weight Density Colloidal Content
Core ID (cm) (cm) o md)  (emd) (@  (g/em® Iron (%) Carbonated (%)

Concrete Half-Cells Containing lodine and Rhenium

C-08-5-0-501 3.92 4.32 4.66 82.37 5731 137.08 2.39 0 N 4
C-08-5-0-502 3.94 431 4.64 82.48 5743  137.23 2.39 0 N 7
C-08-5-0-503 4.13 4.32 4.67 85.35 60.52  145.80 241 0 N 15
C-08-5-0-504 4.00 4.32 4.65 83.43 58.45  141.89 2.43 0 Y 4
C-08-5-0-505 3.86 4.32 466 81.68 56.55 138.20 2.44 0 Y 7
C-08-5-0-507 3.99 431 465 83.28 58.29  141.02 242 0 Y 15
C-08-5-4-526 3.86 4.32 4.67 8177 56.65  136.50 241 4 N 4
C-08-5-4-527 4.14 4.32 4.66 85.43 60.61  145.87 241 4 N 7
C-08-5-4-528 3.80 4.32 4.67  81.02 55.83  134.05 2.40 4 N 15
C-08-5-4-530 3.96 4.33 4.68  83.27 58.26  139.27 2.39 4 Y 4
C-08-5-4-531 411 4.32 468 85.16 60.31  145.56 241 4 Y 7
C-08-5-4-532 3.85 4.32 466  81.45 56.31 13481 2.39 4 Y 15
C-08-5-8-552 412 431 464 8494 60.08  146.32 2.44 8 N 4
C-08-5-8-553 4.04 4.32 4.67 84.28 59.36  145.89 2.46 8 N 7
C-08-5-8-554 3.89 4.30 4.62 81.63 56.53  138.57 2.45 8 N 15
C-08-5-8-555 3.95 4.30 4.62  82.40 57.36  140.05 2.44 8 Y 4
C-08-5-8-556 3.92 4.30 463 82.12 57.05 140.48 2.46 8 Y 7
C-08-5-8-557 4.07 4.30 4.62 84.05 59.13  145.19 2.46 8 Y 15
C-08-5-12-576 4.05 431 465 84.03 59.10  144.99 2.45 12 N 4
C-08-5-12-577 4.08 431 464 84.36 59.46  144.82 2.44 12 N 7
C-08-5-12-578 3.84 431 464 8111 55.96  137.24 2.45 12 N 15
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Table 5.1. (contd)

Surface Moisture
Length Diameter Area Volume Weight Density Colloidal Content
Core ID (cm) (cm) P o(cmd)  (cmd) (9  (g/cm®) lron (%) Carbonated (%)
C-08-5-12-580 4.06 431 465 84.27 59.36  144.46 2.43 12 Y 4
C-08-5-12-581 4.29 431 464 87.17 62.49  153.33 2.45 12 Y 7
C-08-5-12-552 3.92 431 464 8211 57.04  141.77 2.49 12 Y 15

Concrete Half-Cells Containing Technetium

Tc-C-08-5-0-603 3.51 4.28 459  76.07 50.60  112.52 2.22 0 N 4
Tc-C-08-5-0-604 3.87 4.30 462 81.26 56.13  124.77 2.22 0 N 7
Tc-C-08-5-0-605 4.00 4.30 463 83.24 58.25 129.15 2.22 0 N 15
Tc-C-08-5-4-623 4.06 431 4.63 8397 59.04  131.09 2.22 4 N 4
Tc-C-08-5-4-624 3.97 4.30 4.63 82.76 57.74  127.84 221 4 N 7
Tc-C-08-5-4-625 3.69 431 4.64 79.08 53.76  119.01 221 4 N 15
Tc-C-08-5-8-641 3.52 4.30 4.63 76.70 5122 113.02 221 8 N 4
Tc-C-08-5-8-643 3.59 431 4.64 77.65 52.23  115.88 2.22 8 N 7
Tc-C-08-5-8-644 3.78 431 4.64 80.31 55.09 12251 2.22 8 N 15
Tc-C-08-5-12-661 3.73 431 4.64 79.62 5435 122.34 2.25 12 N 4
Tc-C-08-5-12-662 3.70 431 4.64 79.32 54.03  122.08 2.26 12 N 7
Tc-C-08-5-12-664 3.74 431 465 79.84 5459  123.09 2.25 12 N 15

The diffusion profiles of soil half-cells are shown in Figures 5.1 through 5.3, and the Re and | spiked
concrete half-cells are shown in Figures 5.4 through 5.6. Low moisture (4%) soil cores showed well
defined diffusion gradient; however, the diffusivity of both Re and | was low due to lack of adequate
moisture (Figure 6.1). The low moisture (4%) soils in contact with spiked carbonated concrete without Fe
showed lower diffusivity as compared to soils in contact with uncarbonated, Fe-free concrete. Metallic
Fe additions to the concrete also appeared to depress Re and I diffusivities into soils with 4% moisture
(Figure 3.1)

Rhenium and | showed deeper penetration (increased diffusivity) into soils with 7% moisture content
(Figure 6.2). Carbonation of concrete without iron also seemed to decrease Re and | diffusivities in soils
contacting these half-cells. Addition of metallic Fe to spiked concrete also noticeably depressed Re and |
diffusivities in soils.

In soils with the highest moisture content (15%), the diffusion progressed to the extent that there were
no diffusion gradients (Figure 6.3). When the experiments were terminated, apparent diffusion
equilibrium had been reached as indicated by relatively constant ionic concentrations throughout the soil
half-cells. However, the influence of carbonation was very pronounced in that the concentrations of Re
and I were significantly higher in soils in contact with uncarbonated concrete with or without Fe
additions. Lack of distinct concentration gradients precluded computation of diffusion coefficients in
these high moisture content (15%) soils.
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Table 6.2. Concentration Profile for Re and | Soil Half-Cells

Distance Distance Distance Distance
From Core, From Core, From Core, From Core,
cm Re, mg/g 1, mg/g cm Re, mg/g 1, mg/g cm Re, mg/g 1, mg/g cm Re, mg/g I, mg/g
4% Soil--NC 0% Iron 4% Soil--NC 4% Iron 4% Soil--C 0% Iron 4% Soil--C-4% Iron
9.50 0.001 0.003 9.50 0.001 0.02 9.50 0.001 ND 9.50 0.003 ND
7.50 0.02 0.07 7.50 0.02 0.10 7.50 0.001 ND 7.50 0.01 0.03
6.00 0.06 0.18 6.00 0.09 0.25 6.00 0.01 0.02 6.00 0.06 0.12
4.00 0.28 0.53 5.00 0.21 0.43 5.00 0.02 0.06 5.00 0.16 0.24
3.00 0.43 0.72 4.00 0.36 0.58 4.00 0.06 0.14 4.00 0.32 0.41
2.00 0.62 0.87 3.00 0.59 0.76 3.00 0.22 0.34 3.00 0.64 0.55
1.25 0.80 1.05 2.00 0.91 0.85 2.00 0.37 0.47 2.00 1.00 0.69
0.75 1.04 1.09 1.25 1.01 0.97 1.25 0.44 0.53 1.25 1.07 0.82
0.25 1.36 1.16 0.75 131 0.98 0.75 0.69 0.54 0.75 0.75 0.74
0.25 2.15 2.05 0.25 0.55 0.68 0.25 0.26 0.26
4% Soil--NC 8% Iron 4% Soil--NC 12% Iron 4% Soil--C 8% Iron 4% Soil--C-12% Iron
9.50 0.01 0.03 9.00 0.001 ND 9.50 0.002 0.01 9.00 0.001 ND
7.50 0.05 0.17 7.00 0.01 0.03 7.50 0.04 0.11 7.00 0.002 0.01
6.00 0.20 0.46 5.50 0.02 0.18 6.00 0.17 0.33 5.50 0.013 0.05
5.00 0.34 0.67 4.50 0.12 0.37 5.00 0.31 0.50 4.50 0.02 0.14
4.00 0.62 0.87 3.50 0.34 0.66 4.00 0.55 0.68 3.50 0.11 0.28
3.00 1.02 1.09 2.50 0.53 0.80 3.00 0.89 0.88 2.50 0.27 0.42
2.00 1.28 1.36 1.50 0.73 0.86 2.00 1.20 1.05 1.50 0.51 0.62
1.25 1.49 1.43 0.75 0.83 1.03 1.25 127 1.10 0.75 0.78 0.77
0.75 1.50 1.28 0.25 1.20 1.37 0.75 1.29 1.13 0.25 1.01 1.09
0.25 2.13 2.19 0.25 1.68 1.73
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Table 6.2. (contd)

Distance Distance Distance Distance
From Core, From Core, From Core, From Core,
cm Re, mg/g I, mg/g cm Re, mg/g 1, mg/g cm Re, mg/g 1, mg/g cm Re, mg/g I, mg/g
7% Soil--NC 0% Iron 7% Soil--NC 4% Iron 7% Soil--C 0% Iron 7% Soil--C-4% lron
9.18 0.82 1.31 9.00 1.10 1.57 8.50 1.06 1.42 9.00 1.19 1.41
7.50 0.97 1.38 7.00 1.16 161 6.50 1.09 141 7.00 127 147
6.00 1.12 1.45 5.50 1.32 1.56 5.00 1.30 1.54 5.50 1.33 1.50
5.00 1.21 1.49 450 1.53 1.77 4.00 0.13 0.34 4.50 143 1.58
4.00 1.20 1.38 3.50 1.40 1.65 3.00 1.48 1.61 3.50 1.46 1.56
3.00 1.44 1.66 2.50 1.47 1.63 2.00 1.66 2.16 2.50 1.58 1.66
2.00 1.46 1.51 1.50 1.56 1.81 1.00 1.74 1.83 1.50 1.77 1.89
1.25 1.45 1.57 0.75 1.61 1.68 0.25 1.82 2.09 0.75 1.91 2.06
0.75 1.50 1.93 0.25 1.67 1.80 0.25 1.87 2.09
0.25 1.59 1.82
7% Soil--NC 8% Iron 7% Soil--NC 12% Iron 7% Soil--C 8% Iron 7% Soil--C-12% Iron
9.00 1.31 2.10 9.00 1.28 1.93 8.50 1.01 1.33 8.50 0.93 1.24
7.00 1.43 1.77 7.00 1.40 1.96 6.50 1.09 1.33 6.50 0.99 1.23
5.50 1.41 1.71 5.50 1.48 1.87 5.00 1.20 142 5.00 1.19 1.32
4.50 1.62 1.77 4.50 1.60 197 4.00 1.36 1.56 4.00 121 1.28
3.50 1.73 1.88 3.50 1.63 1.99 3.00 1.35 149 3.00 1.48 1.54
2.50 1.65 1.81 2.50 1.25 1.87 2.00 1.53 1.61 2.00 1.55 157
1.50 1.87 1.90 1.50 1.66 1.94 1.00 1.50 1.62 1.00 1.67 1.77
0.75 1.90 1.93 0.75 1.90 2.07 0.25 1.35 1.57 0.25 1.76 1.86
0.25 1.74 1.80 0.25 1.76 1.93
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Table 6.2. (contd)

Distance Distance Distance Distance
From Core, From Core, From Core, From Core,
cm Re, mg/g 1, mg/g cm Re, mg/g 1, mg/g cm Re, mg/g 1, mg/g cm Re, mg/g I, mg/g
15% Soil--NC 0% Iron 15% Soil--NC 4% Iron 15% Soil--C 0% Iron 15% Soil--C-4% Iron
9.00 1.36 2.40 9.50 1.85 2.62 9.00 1.39 1.82 9.00 1.40 1.64
7.00 1.50 1.91 7.50 1.68 2.83 7.00 145 1.87 7.00 1.53 1.75
5.50 1.60 2.57 6.00 1.64 2.56 5.50 1.59 2.05 5.50 1.57 1.82
4.50 1.53 2.33 5.00 1.72 2.65 4.50 1.63 2.06 4.50 1.59 1.91
3.50 1.59 2.44 4.00 1.74 2.48 3.50 1.60 1.95 3.50 1.74 2.26
2.50 1.63 2.55 3.00 1.84 2.73 2.50 1.56 1.95 2.50 1.52 1.69
1.50 1.63 2.45 2.00 191 2.82 1.50 1.62 2.27 1.50 147 1.67
0.75 1.74 2.65 1.25 1.87 2.83 0.75 2.38 3.40 0.75 151 1.67
0.25 1.89 2.50 0.75 2.00 2.82 0.25 1.83 2.52 0.25 1.59 1.86
0.25 1.86 2.74
15% Soil--NC 8% Iron 15% Soil--NC 12% Iron 15% Soil--C 8% Iron 15% Soil--C-12% Iron
9.50 1.50 1.87 9.00 1.73 2.62 9.00 1.59 1.89 9.50 1.54 1.86
7.50 1.52 1.93 7.00 1.72 2.57 7.00 1.94 2.58 7.50 149 1.84
6.00 1.48 1.79 5.50 1.73 2.59 5.50 1.50 1.83 6.00 1.47 1.85
5.00 1.61 2.24 4.50 1.80 2.62 4.50 1.58 1.90 5.00 1.67 1.87
4.00 1.79 2.53 3.50 1.92 2.74 3.50 1.59 197 4.00 1.54 1.80
3.00 1.85 251 2.50 1.90 2.77 2.50 1.66 2.23 3.00 1.66 1.96
2.00 1.81 2.37 1.50 197 2.80 1.50 171 2.36 2.00 1.65 1.99
1.25 1.88 2.50 0.75 212 2.90 0.75 1.96 2.08 125 181 1.90
0.75 1.99 2.53 0.25 1.33 1.65 0.25 2.52 3.01 0.75 1.78 1.94
0.25 2.07 2.27 0.25 1.90 2.20




The diffusion profiles of Re and | in spiked concrete half-cells are shown in Figures 5.4 through 5.6.
One distinctive feature of these profiles is the apparent bidirectional nature of ion diffusion in the concrete
cores. The reason for such anomaly was apparent at the end of the experiment when the half-cells were
dismantled for sampling. During vertical storage of these half-cells, some of the soils from the soil half-
cells at the top had worked down the gap between the concrete half-cells and the surrounding plastic tube.
Therefore, the soils contacting both top and bottom of the concrete half- cells inadvertently seemed to
have set up bidirectional diffusion in Re and | spiked half-cells.

Except very near the interfaces, no distinctive concentration gradients were observed in any of the

soil half-cells. Therefore, on average, the relatively constant concentrations throughout the soil half-cells
reflected the spike concentrations of | and Tc, respectively.
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Table 6.3. | and Re Concrete Half-Cell Concentration Profile

Center of
slice to
face, mm I, mg/g Re, mg/g

Center of
slice to
face, mm I, mg/g Re, mg/g

Center of

slice to

face, mm I, mg/g Re, mg/g

Center of
slice to
face, mm I, mg/g Re, mg/g

4% Soil--NC 0% Iron

4% Soil--NC 4% Iron

4% Soil--C 0% Iron

4% Soil--C-4% lron

2.37 15.96 19.21 2.05 17.80 22.76 1.85 14.46 19.48 2.19 5.32 20.21
8.03 15.90 23.84 6.09 18.68 23.74 6.06 15.07 20.44 6.54 481 20.26
13.32 18.15 24.38 9.37 16.92 25.71 10.77 15.03 20.82 12.56 541 22.61
17.83 17.56 24.20 13.08 17.18 24.41 15.30 16.57 20.87 18.50 5.81 23.42
21.68 18.81 24.13 17.42 18.12 25.12 19.43 17.62 22.97 22.37 5.94 23.50
24.70 19.20 24.27 21.52 16.99 24.43 2391 16.08 20.22 26.67 5.39 23.03
28.55 18.30 23.17 25.57 16.10 24.94 28.61 16.13 19.58 31.01 5.81 22.77
32.84 16.50 22.72 30.26 15.73 23.68 33.07 13.96 16.92 35.08 4.45 21.05
36.95 14.84 17.86 35.62 12.60 16.89 39.51 12.59 14.12 38.94 10.23 13.48
4% Soil--NC 8% Iron 4% Soil--NC 12% Iron 4% Soil--C 8% Iron 4% Soil--C-12% Iron
1.92 16.53 23.24 1.99 19.69 25.94 1.98 12.16 17.70 2.38 14.76 21.50
6.61 15.30 24.09 6.54 16.57 26.03 6.60 12.33 19.51 7.33 14.85 21.71
11.58 15.52 24.27 11.50 17.85 26.39 11.18 12.58 21.20 12.19 15.05 22.59
16.07 16.82 25.20 16.00 17.95 25.66 15.77 13.42 21.85 16.99 16.50 22.90
20.95 19.15 24.33 20.12 18.18 25.74 20.49 13.55 22.04 21.43 15.91 22.76
25.66 15.62 23.64 24.81 17.45 25.39 25.11 13.10 21.91 25.69 16.41 22.45
30.15 17.39 24.56 29.85 17.73 25.54 30.02 13.69 21.74 30.38 15.46 22.40
34.68 15.36 23.44 34.47 15.97 22.94 34.60 12.47 19.91 34.59 14.08 20.22
39.46 12.56 17.04 38.67 12.90 18.13 39.05 10.82 15.89 38.54 10.62 13.83



Table 6.3. (contd)
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Center of Center of Center of Center of
slice to slice to slice to slice to
face, mm I, mag/g Re, mg/g  face, mm I, mg/g Re, mg/g face, mm I, mg/g Re, mg/g face, mm I, mg/g Re, mg/g
7% Soil--NC 0% Iron 7% Soil--NC 4% Iron 7% Soil--C 0% Iron 7% Soil--C-4% Iron
2.05 13.38 14.40 2.04 12.14 16.25 244 10.81 13.85 1.49 15.10 19.25
6.42 12.62 17.95 6.39 13.43 21.71 7.45 12.44 20.00 5.78 11.31 17.48
11.11 14.57 21.95 10.25 14.58 23.76 11.75 13.27 22.19 10.77 12.04 20.17
15.90 16.54 22.19 14.36 15.90 24.43 15.74 14.76 24.10 15.53 9.99 19.85
20.15 16.49 22.72 18.84 15.13 24.52 20.37 14.82 23.53 20.72 13.61 21.29
24.39 16.84 22.53 23.35 16.72 26.13 24.64 15.05 23.28 26.10 12.04 21.31
28.85 15.71 22.57 27.41 17.04 24.63 29.06 14.35 22.44 31.02 1151 20.39
33.13 14.00 20.33 30.48 15.79 24.85 34.10 12.08 19.92 35.20 11.08 18.45
37.30 10.58 15.01 33.82 14.39 24.33 38.72 7.98 13.02 39.18 7.03 12.18
38.35 10.72 16.30
7% Soil--NC 8% Iron 7% Soil--NC 12% Iron 7% Soil--C 8% Iron 7% Soil--C-12% Iron

2.79 11.65 16.24 2.56 12.40 17.65 1.67 11.24 14.91 2.38 11.63 14.30
9.43 13.24 20.91 7.40 12.11 20.96 5.70 10.89 17.72 7.71 12.59 18.18
16.17 15.08 21.91 11.43 13.06 21.95 9.80 10.63 16.15 13.15 13.74 19.59
22.3 15.18 21.97 15.45 14.58 22.75 14.28 12.23 19.95 18.24 14.44 21.92
28.805 14.64 22.72 19.81 15.15 22.61 19.07 11.49 18.97 22.44 14.64 20.84
34.585 13.46 21.52 24.52 14.49 22.19 23.95 11.85 19.94 26.86 14.45 21.62
39.185 9.39 12.52 29.06 13.61 22.30 29.14 11.81 19.43 31.52 14.49 21.13
33.01 12.67 24.26 33.78 9.62 16.08 35.72 12.63 19.62

37.44 9.58 14.01 37.92 7.69 11.28 40.41 9.91 13.47



Table 6.3. (contd)
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Center of Center of Center of Center of
slice to slice to slice to slice to
face, mm I, mag/g Re, mg/g  face, mm I, mg/g Re, mg/g face, mm I, mg/g Re, mg/g face, mm I, mg/g Re, mg/g
15% Soil--NC 0% Iron 15% Soil--NC 4% Iron 15% Soil--C 0% Iron 15% Soil--C-4% Iron
1.74 9.87 11.07 1.46 9.73 15.67 1.55 12.74 15.77 2.20 9.68 13.83
6.52 11.89 18.11 5.56 8.74 17.04 5.18 10.55 12.62 6.86 6.74 14.26
11.84 13.23 21.22 10.53 9.96 18.97 9.62 11.37 14.29 11.83 8.91 16.54
16.79 14.16 21.08 15.77 1111 19.41 14.58 11.75 15.66 16.43 8.73 16.59
21.35 13.58 20.58 20.75 10.72 19.18 19.05 11.36 16.81 20.77 941 17.43
25.83 14.71 21.55 25.19 10.37 19.98 23.52 11.61 17.39 25.14 8.48 14.38
30.23 12.52 21.19 29.02 11.30 19.27 27.95 1151 16.73 29.24 8.47 16.56
34.57 12.60 20.14 32.68 8.70 14.86 31.63 11.09 16.50 33.23 6.86 14.62
39.48 8.20 13.50 34.96 10.25 17.07 37.18 3.88 10.43
39.31 6.34 13.17

15% Soil--NC 8% Iron

15% Soil--NC 12% Iron

15% Soil--C 8% Iron

15% Soil--C-12% Iron

2.63 11.70 15.37
7.98 12.02 19.19
13.41 12.44 20.88
18.46 12.41 20.73
22.49 11.87 20.80
26.66 12.11 21.09
31.01 11.67 20.33
34.85 10.23 19.96

38.74 7.94 13.32

2.56 11.44 15.40
7.40 12.88 18.87
12.02 13.00 20.56
16.87 14.10 20.09
20.85 13.52 20.44
24.35 13.03 20.19
28.18 12.30 19.86
31.85 10.24 17.82
35.70 7.91 10.80

2.34
6.55
10.23
14.67
19.62
23.91
27.65
32.52
37.66

10.10 13.34
11.14 15.67
11.33 18.46
11.86 19.81
12.65 20.62
12.06 20.89
12.23 20.65
10.48 18.61
7.55 12.47

1.99 10.42 12.94
6.83 12.03 15.92
11.65 12.99 19.52
15.69 13.33 20.28
19.59 13.28 20.98
23.82 13.45 20.93
28.33 13.06 19.70
32.59 10.62 18.15
36.53 7.73 11.07




6.1 Probit Analysis

The probit analytical plots for these set of diffusion data are shown in Figure 6.7 through Figure 6.9,
and the resulting Re and | diffusion coefficient values are tabulated (Table 6.3). The calculations showed
that at 4 % moisture content with no iron present, carbonation reduced the diffusivities of both Re and I in
soils roughly in half. Addition of 4% by mass Fe in to uncarbonated concrete did not significantly affect
Re and | diffusivities in soil. In carbonated specimens, adding 4% Fe seemed to increase only |
diffusivity without significantly affecting Re diffusivity. When the concentrations of Fe in concrete cores
were increased to 8%, significantly enhanced diffusivities in soils were observed. For instance, in soils in
contact with uncarbonated concrete cores, presence of 8% Fe in concrete increased Re and | diffusivities
by ~17% and 36%, respectively. With carbonation, however, the diffusivities of both Re and | more than
doubled as compared to carbonated specimen s with no Fe. Similarly, increasing the Fe content to 12%
by mass in both uncarbonated and carbonated concrete increased Re diffusivities soils by about a third as
compared to soils contacting cores with no added Fe. In soils contacting similarly treated concrete cores,
the I diffusivities did not change significantly (carbonation) or decreased by ~20% (no carbonation).

In soil cores with higher moisture content (7%) and in contact with carbonated concrete cores
containing no iron, the diffusivity of Re was ~20% lower than in soils in contact with uncarbonated
concrete cores. Addition of 4% Fe by mass to carbonated concrete cores increased Re and | soil
diffusivities by ~1.5 and ~3 times as compared to diffusivities in soil cores contacting concrete half-cell
with no Fe content. Rhenium diffusivity in soil core in contact with uncarbonated concrete half-cell with
12% Fe was about an order of magnitude lower than in soil core in contact with similar concrete half-cell
containing no Fe. In soil cores (7% moisture content) contacting Fe-free concrete with and without
carbonation, the Re and I diffusivities were more than an order of magnitude higher than in soils
containing 4% moisture content.

At the end of the experiment lasting more than a year, Re and | diffusion in soil cores with 15%
moisture content had proceeded to the degree that no distinct concentration gradients were present.
Therefore, diffusivity values could not be ascertained.
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Figure 6.7. Probit Analysis for FY 2008 Re and | Cores

A) C-08-5-0-501, B) C-08-5-0-504, C) C-08-5-4-526, D) C-08-5-4-530

6.17




6.00 6.00
y= -0.2300x+4.9497 ¢ Re A ¢ Re

5.00 - i = 5.00 =

4.00 4.00 4 y=-0.2498x+4.838 |
5 p = R?= 0.9385
2 3.00 2 3.00 =
2 e - 2 \\

2.00 y=-0:3062 1—5.05‘54>F 2.00 y=-0.3153x+4.997 \L

R? = 0.9845 R?=0.9726 *
1.00 1.00
0.00 0.00
0 2 4 6 8 10 0 2 4 6 8 10
Distance from Interface (cm) Distance from Interface (cm)
6.00 6.00
+ Re ¢ Re
5.00 _.N y=10.3013%+5,0927 = C 5.00 - y=-0.3732x+5.0453 »
R?=0.9394 R*=0.9871
= . . AN

4.00 S \.\-\ 4.00 \*&k
.‘: .‘:
o 3.00 S 3.00
E * \.\ E .\\.

2.00 2.00 >~

y= 0.4000x+5.008 % ~.°
1.00 R?=0.9848 1.00 y=-0.4165x+4.9231
R?=0.9728
0.00 0.00
(] 2 a4 6 8 10 0 2 4 6 8 10
Distance from Interface (cm) Distance from Interface (cm)

Figure 6.8. Probit Analysis for FY 2008 Re and | Cores

A) C-08-5-8-552, B) C-08-5-8-555, C) C-08-5-12-576, D) C-08-5-12-580
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Figure 6.9. Probit Analysis for FY 2008 Re and | Cores
A) C-08-5-0-502, B) C-08-5-0-505, C) C-08-5-4-531
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Table 6.4. Diffusivity Analysis FY 2009 Re and | Cores

Re Diffusivity | Diffusivity

Core ID MC (wt %) Carbonation Fe (Wt %) (cm?/s) (cm?/s)
C-08-5-0-501 4 N 0 9.4 x 10 1.4x10%
C-08-5-0-502 7 N 0 40x 10" NA
C-08-5-0-503 15 N 0 NA NA
C-08-5-0-504 Y 0 4.4 %107 7.2 x 10
C-08-5-0-505 Y 0 3.3x10% 2.4x10%
C-08-5-0-507 15 Y 0 NA NA
C-08-5-4-526 4 N 4 8.7x10% 2.0x10%
C-08-5-4-527 N 4 NA NA
C-08-5-4-528 15 N 4 NA NA
C-08-5-4-530 Y 4 6.0x10% 1.0x 10
C-08-5-4-531 Y 4 5.0 x 10 7.1x 107
C-08-5-4-532 15 Y 4 NA NA
C-08-5-8-552 4 N 8 1.1x10% 1.9x10%
C-08-5-8-553 N 8 1.0x 10 1.6 x 10
C-08-5-8-554 15 N 8 NA NA
C-08-5-8-555 4 Y 8 1.0x 10 1.6x10%
C-08-5-8-556 Y 8 NA NA
C-08-5-8-557 15 Y 8 NA NA
C-08-5-12-576 4 N 12 6.4 x10% 1.1x 10
C-08-5-12-577 N 12 NA NA
C-08-5-12-578 15 N 12 NA NA
C-08-5-12-580 4 Y 12 5.9x10% 7.3x10%
C-08-5-12-581 Y 12 NA NA
C-08-5-12-582 15 Y 12 NA NA

The summary observations from these tests are:

o Carbonation of concrete containing no Fe decreases Re and | diffusivity in soils at both 4% and 7%
moisture content.

o Generally, Fe additions to untreated and carbonated concrete half-cells enhances Re and | diffusivities
in soils irrespective of soil moisture content.

o Rhenium and I diffusivities in soil cores (7% moisture content) contacting Fe-free concrete with and
without carbonation were more than an order of magnitude higher than in soils with 4% moisture
content.
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7.0 Moisture Gradient within Concrete-Soil Half-Cell Tests

A set of concrete-soil half-cell experiments were initiated during FY 2008. The preparation method,
previously discussed, is found in section 2.1. The characteristics of the specimens used are listed in Table
7.1. In FY 2009, the soil half-cell was sectioned. The moisture content throughout the sediment half-cell
profile was determined by sectioning the soil half-cell as described in section 2.3. The sectioned soil
samples were weighed, placed in a 105 °C oven for 24 hours, and reweighed. The difference between
initial and final weight was assumed to be water weight.

Table 7.1. Characteristics of Cement Specimens Used in Fractured Concrete-Soil Half-Cell Tests

Initial
Surface Moisture
Length  Diameter Area Volume  Weight Density ~ Content
Core ID (cm) (cm) r? (cm?) (cm®) (9) (glem®) (%)
C-08-6-0-302 4.222 4.322 4670  86.668 61.941  135.997 2.20 4
C-08-6-0-305 4.170 4.329 4685  86.149 61.376  135.730 2.21 7
C-08-6-0-314 4.033 4.327 4681  84.233 59.305  130.768 2.21 15

The resulting moisture profiles for the three soil half-cells are shown in Table 7.2. These data
indicated there was no significant moisture movement within each core and the moisture content
variations in all soil cores were similar. The average moisture content values for soil cores 302, 305, and
314 were 1.0% =+ 0.3%, 4.0% + 0.4% and 10.5% =+ 1.5%, respectively. These measured moisture contents
were lower than the target values of 4%, 7%, and 15%, respectively and these differences to some extent
are attributable to the loss of moisture from the samples following dismantling of the cores. However,
these results confirmed that under isothermal test conditions, there would be no significant moisture
movement and redistribution within soil cores during the duration of the half-cell diffusion tests.

Table 7.2. Moisture Content Depth Profile

4% Core 7% Core 15% Core
Distance from Core Moisture Distance from Moisture Distance from Moisture

(cm) Content (%) Core (cm) Content (%) Core (cm) Content (%)
9.5 1.67 10.5 3.23 10 9.26
8 0.93 9.5 4.29 9 9.93
7 1.12 8.5 3.96 8 10.64
6 0.73 75 3.59 7 10.65
5 1.23 6.5 341 6 14.64
4 0.89 5.5 3.80 5 6.85
3 1.07 4.5 3.99 4 10.13
2 0.55 35 4.23 3 10.21
1 0.80 25 0.70 2 11.50
0.25 1.15 15 4.37 1 11.28
0.5 4.34 0.25 11.95

7.1






8.0 Reactivity of Limited Solubility U(VI)-Bearing
Compounds in Concrete

A study was initiated during FY 2004 to better understand the reactivity of limited solubility
uranium(V1)-bearing compounds in Portland cement grout specimens. The U(V1) nitrate-spiked
specimens were aged for various time spans ranging from 2 weeks to 1 year. Scanning electron
microscopy/energy dispersive spectrometer (SEM-EDS) was used to identify the uranium-bearing
compounds that formed in the specimens. The uranium phases were identified to be those of soddyite,
becquerelite, uranophane, and autunite. A literature search conducted in FY 2004 revealed that reliable
thermochemical data are not available for these phases under conditions present in concrete waste forms.
In FY 2006, we developed synthetic routes for the precipitation of pure uranium soddyite, becquerelite,
and uranophane. In FY 2007 and FY 2008, we conducted solubility tests for these uranium-solid phases
by conducting equilibrium solubility measurements under concrete porewater conditions. Preliminary
confirmation of secondary phases was conducted using SEM-EDS in FY 2008. Results suggested the
formation of 1) a calcium-uranium oxide from the reaction of becquerelite, 2) uranophane group minerals
from the reaction of soddyite, and 3) mixed sodium-calcium uranium phosphate secondary phases from
the reaction of autunite in simulated Portland cement-equilibrated porewater. In FY 2009, detailed
Extended Absorption X-ray Fine Structure (EXAFS) spectroscopic analyses and thermodynamic
geochemical modeling of porewater compositions in equilibrium with the uranium phases were completed
to further understand the stability and long-term control of uranium provided by concrete waste forms.

8.1 Modeling

Geochemical models MINTEQAZ2 (Allison et al. 1991) and EQ3NR (Wolery 1992) were applied to
element concentrations under steady state conditions to evaluate the aqueous speciation and saturation
state of the effluent solutions with respect to key minerals, solids, and aqueous phases. Thermodynamic
databases from numerous literature sources were used to update the computer codes (Alwan and Williams
1980, Chen et al. 1999, Finch 1997, Grenthe et al. 1992, Kalmykov and Choppin 2000, Langmuir 1978,
Nguyen et al. 1992, O'Hare et al. 1976, Sergeyeva et al. 1972, and VVochten and Haverbeke 1990). It is
important to note that because of the complex chemistry of U, there is significant debate within the
literature regarding the stoichiometry and the thermodynamic values assigned to aqueous U species and
secondary mineral phases. As such, the solubility calculations are based on current knowledge, but may
have significant uncertainty associated with them.

8.1



Table 8.1. Thermodynamic Geochemical Modeling Results for Simulated Concrete Porefluids in
Equilibrium with Uranium Phases Identified as Primary Controls on Uranium Mobility in
Concrete Waste Forms

Autunite
Phase/End-member Log moles  Aqueous Species % Total
9:1 BFS/OPC
Autunite-Ca: Ca(UO,)»(P04),+10-12(H,0) -1.95 UO,(HPO,),” 99.40
Autunite-Na: Nay(UO,),(P0O4),+8(H,0) -2.80
SChoeplte—JZ (UOz)goz(OH)lz'IZ(Hzo) -3.04
Soddyite: (UO,),(Si04)*2(H,0) -4.64
OPC/BFS/L
Autunite-Ca: Ca(UO;),(P04),+10-12(H,0) -1.85  UO,(HPO,),” 76.01
Autunite-Na: Nay(UO,),(P0O4),+8(H,0) -2.80 UO,(OH),(aq) 10.82
SChoeplte—JZ (U02)302(OH)12'12(H20) -4.55 CazLJOQ(COg)g,(aq) 4,28
Soddyite: (UO,),(SiO4)*2(H,0) -3.15  UO,(CO3)* 2.24
(UO,),CO3(0OH)5 4.06
U0,CO3(aq) 1.49
UO,PO, 0.29
Harwell
Autunite-Ca: Ca(UQO,),(P04),210-12(H,0) -1.87  UO,(HPO,),* 87.98
Schoepite-JZ: (UO,)g0,(0OH)1,¢12(H,0) -3.19  UO,(OH),(aq) 10.43
Soddyite : (UO,),(Si04)*2(H,0) -7.25 UO,PO, 0.31
UO,(OH)+ 0.23
UO,0H" 0.23
OPC/L
Autunite-Ca: Ca(UO,),(P04),+10-12(H,0) -2.16  UO,(HPO,),* 99.50
Autunite-Na: Nay(UO,),(P0O4),+8(H,0) -3.51
Schoepite-JZ: (UO,)g02(0OH)1,°12(H,0) -2.66
Soddyite: (UO,),(Si04)+2(H,0) -6.02
SRPC/L
Autunite-Ca: Ca(UO,),(P04),+10-12(H,0) -1.86  UO,(HPO,)* 99.29
Schoepite-JZ: (UO,)g02(0OH)1,°12(H,0) -3.14
Soddyite: (UO,),(Si04)*2(H,0) -5.28
Soddyite
Phase/End-member Log moles  Aqueous Species % Total
9:1 BFS/OPC
Boltwoodite-Na (H;0)(Na,K)(UO,)SiO,+(H,0) -2.65 UO,(OH)5 99.00
Cauo, -2.19 UO,(OH),(aq) 0.83
Haiweeite: Ca[(UO,),Sis01,(0H),]+3(H,0) -3.50
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Table 8.1. (contd)

Autunite
Phase/End-member Log moles  Aqueous Species % Total
Soddyite: (UO,),(SiO4)*2(H,0) -1.93
OPC/BFS/L
Cauo, -2.81  UO,(OH)3 94.14
Haiweeite: Ca[(UOz)ZSI5012(OH)z]-3(H20) -3.60 UOZ(OH)z(aq) 5.81
Soddyite: (UO,),(Si0O4)*2(H,0) -1.82
Harwell
Cauo, -2.26  UO,(OH)3 94.00
Haiweeite: Ca[(UO,),Sis01,(0OH),]*3(H,0) -3.27 UO,(OH),(aq) 5.96
Soddyite: (UO,),(Si04)*2(H,0) -1.89
OPC/L
Cauo4 -1.74  UO,(OH)3 98.29
Haiweeite: Ca[(UO,),Sis01,(0OH),]*3(H,0) -2.76  UO,(OH),* 1.62
Soddyite (UO,),(Si04)*2(H,0) -2.28
SRPC/L
Cauo4 -2.22  UO,(OH)s 98.03
Haiweeite Ca[(UO,),Sis01,(0OH),]*3(H,0) -3.34  UO,(OH),(aq) 1.89
Soddyite (UO,),(Si04)*2(H,0) -1.88
Becquerelite
Phase/End-member Log moles  Aqueous Species % Total
9:1 BFS/OPC
Cauo4 -2.06 UO,(OH)s 97.17
Clarkeite-JZ: (Na,Ca,Pb)(UO,)O(OH)+0-1(H,0) -2.87  UO,(OH),* 2.77
Becquerelite-JZ: Ca(UO,)g04(0OH)g+8(H,0) -1.83
Soddyite: (UO,),(Si04)*2(H,0) -4.64
OPC/BFS/L
Cauo4 -2.61 UO,(OH)s 99.07
Becquerelite-JZ: Ca(UO,)s04(0OH)g+8(H,0) -1.80
Soddyite: (UO,),(Si04)*2(H,0) -3.15
Harwell
Cauo4 -2.14  UO,(OH)s 97.59
Becquerelite-JZ: Ca(UO,)s04(OH)g*8(H,0) -1.83  UO,(OH),* 2.34
Soddyite: (UO,),(Si0O4)*2(H,0) -7.33
OPC/L
Cauo, -1.62  UO,(OH)5 93.91
Clarkeite-JZ: (Na,Ca,Pb)(UO,)O(OH)+0-1(H,0) -4.04
Becquerelite-JZ: Ca(UO,)s04(OH)g¢*8(H,0) -1.92
Soddyite (UO,),(Si0,)*2(H,0) -6.18
SRPC/L
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Cau0, -2.10 UO,(OH)y 97.65
Becquerelite-JZ: Ca(UO,)s04(OH)g¢*8(H,0) -1.81  UO,(OH),* 2.28
Soddyite: (UO,),(Si04)*2(H,0) -5.28
Uranophane
Phase/End-member Log moles  Aqueous Species % Total
9:1 BFS/OPC
Boltwoodite-Na-JZ: (H30)(Na,K)(UO,)SiO4+(H,0) -2.65 UO,(OH)5 98.28
Cauo, -1.73  UO,(OH),* 1.62
Haiweeite: Ca[(UOz)ZSI5012(OH)z]-3(H20) -2.31
Soddyite: (UO,),(Si0O4)*2(H,0) -2.86
OPC/BFS/L
CauQ, -1.87  UO,(OH)3 99.18
Haiweeite: Ca[(UOz)ZSI5012(OH)z]-3(H20) -2.32
Soddyite: (UO,),(Si04)*2(H,0) -2.30
Harwell
CauQ, -1.76  UO,(OH)5 98.44
Haiweeite: Ca[(UO,),SisO1,(OH),]*3(H,0) -2.31  UO,(OH),* 1.44
Soddyite: (UO,),(Si04)*2(H,0) -2.59
OPC/L
CauQq, -1.49  UO,(OH)5 98.29
UO,(OH),* 1.62
SRPC/L
CauQ, -1.74  UO,(OH)5 98.31
Haiweeite: Ca[(UO,),SisO1,(OH),]*3(H,0) -2.30  UO,(OH),* 1.59
Soddyite: (UO,),(Si04)*2(H,0) -2.58

8.2 Discussion and Conclusions

The aqueous concentration of uranium released from all potential U(V1)-bearing solid phases in the
simulated Portland cement-equilibrate porewaters ranged from logso [U(V1)]aq = -5 t0 -9, suggesting that
porewater cations and anions may be influencing the solubility of uranium through complexation (Table
7.1). The significance of porewater cation and anions on the uranium mineral solubility is also suggested

by the formation of secondary phases.

Complexation of aqueous uranium can increase the solubility of uranium minerals (Langmuir 1997b;
a). Two mechanisms may contribute to the increase in aqueous uranium: 1) a chelating effect, whereby
oxygen-containing ligands (i.e., carbonate, phosphate, and hydroxide) bind to uranium in the mineral
structure and subsequently release uranium complexes into solution, or 2) release of uranium from the
mineral structure is followed by complexation by aqueous ligand. Thereby, the latter would reduce the

activity of uranium in solution allowing further release of uranium from the mineral structure. The
composition of the porewaters contains numerous ligands that form stable complexes with uranyl in

solution and can significantly increase the aqueous concentration of uranium. Uranyl cations will form
strong complexes with hydroxide (Cordfunke 1964 and 1969, Grenthe et al. 1992, and Langmuir 1978

and 1997b), carbonate (Clark et al. 1995 and Langmuir 1978), sulfate (Langmuir 1978 and 1997b),

silicate (Cordfunke 1964 and1969, Grenthe et al. 1992, and Langmuir 1978 and 1997b), and phosphate
(Sandino and Bruno 1992, Langmuir 1978 and 1997b, and Grenthe et al. 1992).
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System pH can strongly influence the solubility, hydrolysis, sorption, complexation, and colloid
formation of uranium. Hydrolysis reactions are highly sensitive to the activity and concentration of
hydrogen ions in solution (Baes et al. 1953, Cordfunke 1969, Langmuir 1978, and Sylva and Davidson
1979). For example, Figure 8.1 is a chart, generated using MINTEQAZ, displaying uranium speciation at
25 °C in the absence of all ligands except hydroxide. The plot shows that stepwise monomeric species
dominate the distribution of uranium across the pH range.

2+
uo,

+
UO,0H
- UO5(OH)5 (aq)

UO5(OH)3"

Percent Distribution

Figure 8.1. Percent Distribution of U®-H,0 System at 25 °C, lonic Strength = 0.1 M, pCO, =0 bar, and
YU® =10 M in the Absence of Complexing Ligands Other than Hydroxide

Figure 8.1 demonstrates the significance of pH and ligand identity on the speciation of uranium. The
extent to which carbonate competes for uranium over hydroxyl complexes, especially above pH 6, is
evident. Uranyl-carbonate species are significant in the uranium geochemical cycle. They increase the
solubility of uranium minerals, facilitate uranium (IV) oxidation, and because these species are anionic in
nature, they limit the extent of sorption in oxidized waters, thereby increasing the mobility of uranium
(Langmuir 1997b, a).

_ U022+
1 —— UO,OH"

(UO,),0H>"
1 — U0,(COy),"
—— U0,(CO,),*
| —— UO,CO,0Hy

Percent Distribution

Figure 8.2. Percent Distribution of U® Species Calculated Using MINTEQAZ2 at 25 °C, lonic
Strength = 0.1 M, and pCO, = 10°® bar for 3, U** = 10° M

Uranyl-sulfate complexes are important in aqueous environments where pH < 6, the evaporation rate
is high, sulfides are being oxidized, and carbonate is absent (Garrels and Christ 1965 and Ondrus et al.
2003). There are few aqueous uranyl-silicate complexes which are moderately insoluble and readily
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precipitate to form uranyl-silicate minerals. As such, uranyl-silicate minerals are of relatively low
solubility and do not rapidly dissolve upon exposure to fresh water. In the pH range of 6-9, phosphate
complexes dominant the system when [PO4]/[COs] > 0.1. Uranyl forms more stable complexes with
phosphate than with any other ligand (Langmuir 1978). Figure 8.3 illustrates the significance of the
ligand species and concentration in determining the dominate uranium species at a given pH value.
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40 1

Percent Distribution

20 r

pH

Figure 8.3. Percent Distribution of U®* Aqueous Species Calculated Using MINTEQAZ in Hanford
Groundwater Well-699-S3-25

There was no observed effect of carbonate or sulfate within the porewaters on the stability of the
uranyl minerals or on the formation of secondary phases. However, there was a clear effect of calcium
and silicon in the porewaters on the stability of all uranium minerals, as well as on the formation of
secondary phases. Geochemical modeling results support preliminary spectroscopic results which
suggested the formation of 1) a calcium-uranium oxide from the reaction of becquerelite, 2)
uranophane/becquerelite group minerals from the reaction of soddyite, and 3) mixed sodium-calcium
uranium phosphate secondary phases from the reaction of autunite in simulated Portland cement-
equilibrated porewater. It is further suggested that 1) the release of uranium from the degradation of
uranium oxyhydroxides will be controlled by the formation of secondary uranium oxides; 2) regardless of
the replacement of soddyite by uranophane, uranyl-silicate phases will persist within concrete waste
forms; and 3) the release of uranium from the degradation of uranium-phosphate phases will be controlled
by the formation of secondary uranyl-phosphate phases.

8.3 Extended X-Ray Absorption Fine Structure Spectroscopy

Although SEM-EDS and X-ray diffraction (XRD) provide preliminary information regarding the
possible secondary phases that form and may control uranium mobility in concrete porefluids, they
provide limited structural and speciation information on phases present at < 5 wt%. Therefore, in order to
precisely understand the mechanisms of transformation and identity of uranium phases controlling the
long-term mobility of uranium in concrete waste forms, EXAFS analysis was conducted on pristine
uranium phases, and the uranium phases reacted with simulated concrete porefluids. Uranium L,;-
EXAFS measurements of the samples were conducted at room temperature on the Molecular
Environmental Sciences Beamline 11-2 (Bargar et al. 2002) at the Stanford Synchrotron Radiation
Laboratory (SSRL) using a cryogenically cooled Si (220), ¢ = 0°, double-crystal monochromator.
Fluorescence-yield data were collected using an argon-filled Stern-Heald-type detector (Lytle et al. 1984).
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A collimating mirror before the monochromator was used for harmonic rejection, with a cutoff of

19.6 keV. Yittrium metal foil was mounted between two ionization chambers downstream of the sample
for energy calibration; the first inflection point in the yttrium K-edge was set to 17038 eV. Background-
subtracted k>-weighted EXAFS data were analyzed using the SixPACK (Webb 2005) interface to
IFEFFIT (Newville 2001). Data analysis is currently in progress, the data are being fit as linear

combinations of the y data from k = 3-12, k® weighted; results are forthcoming and will be available in a
mid-FY 2010 interim progress report.
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9.0 Single-Pass Flow-Through Tests on Cementitious Waste
Forms

9.1 Characterization of Concrete Coupons

9.1.1  Microwave Digestion

Determination of the composition of the concrete waste form monoliths was determined though
microwave digestion using a CEM Microwave Accelerated Reaction System 5 (MARS 5) under EPA
method 3052X. The concrete was crushed into a fine powder using a mortar and pestle, and 0.25g of the
concrete powder was placed into each reaction vessel, with 9 mL of concentrated HNOjz, 3 mL of
concentrated HF, and 2 mL of concentrated HCL. After microwaving, the samples were analyzed with
ICP-OES. The results are presented in Table 9.1 listed as the major oxide species.

Table 9.1. Concrete Core Composition (% oxide)

% Oxide (mol) ~ 3-0-331  3-0-336  5-4-529  3-4-358  3-8-413  3-8-414  3-12-431  3-12-438
Sh,05 0.17 0.13 0.18 0.12 0.15 0.19 0.13 0.09
CaO 1.35 1.50 1.43 1.59 1.67 1.58 1.74 3.03
Fe,05 0.63 0.43 1.98 5.89 7.09 5.76 6.09 9.19
P,Os 0.18 0.16 0.24 0.19 0.21 0.18 0.21 0.15
K,0 0.53 0.51 0.59 0.55 0.51 0.38 0.58 0.45
Re,0; 0.00 0.00 6.78 0.01 0.01 0.01 0.00 0.00
Si0, 94.65 95.02 85.23 88.08 87.25 88.65 88.02 84.23
Na,O 0.77 0.31 1.51 1.20 0.93 0.94 0.80 0.74
SO; 0.90 1.08 1.07 1.24 1.07 1.38 1.44 1.03
TiO, 0.37 0.37 0.38 0.43 0.38 0.38 0.42 0.37

9.1.2 Scanning Election Microscopy

Scanning electron microscopy (SEM) was performed using a SEM JEOL 840 equipped with a
Robinson 6.0 backscatter detector. The beam conditions were 20 KeV acceleration and a 1 nA beam
current. The samples were mounted on an aluminum plate using double-sided tape and were carbon-
coated under a vacuum. The carbon coat provides a conductive path for the electrons and helps secure the
particles. Images were acquired using GATAN DM software version 3.2, 1996. SEM was used to
analyze unreacted and reacted concrete coupons. The SEM images in Figure 9.1 are of unreacted
concrete coupons at different magnification. In both pictures, evidence of microcracking is present,
which is a common effect with age, weathering, and carbonation of concrete (Wellman et al. 2008b). The
SEM images of concrete coupons after a SPFT test are presented in section 9.3.
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9.2 Single-Pass Flow-Through Test Methods

Evaluation of the dissolution of concrete waste forms was performed with the single-pass flow-
through (SPFT) test method. The SPFT apparatus provides experimental flexibility, allowing each of the
kinetic test parameters to be isolated and quantified. Temperature, flow rate, solution composition, and
sample mass and size can be manipulated to assure accurate rate determinations. Results of this testing
protocol provide critical insight into the mechanism of concrete waste form stability and radionuclide
immobilization.

Figure 9.1. SEM Images of Unreacted Concrete Coupons Image at 80x Magnification (left) and Image at
250x Magnification (right)

The SPFT method has been described in detail elsewhere (McGrail et al. 1997 and Wellman et al.
2005 and 2006); therefore, only a brief description will be provided here. Interested readers should
consult the noted references for additional information. In general, the SPFT system (Figure 9.2) consists
of a programmable pump (Kloehn model 50300) that transports solutions from an influent reservoir via
Teflon lines. Solution is transferred into 60-mL capacity perfluoroalkoxide (PFA) reactors (Savillex).
The reactors are situated within constant temperature ovens (VWR Scientific Products), whose
temperature is controlled to £2 °C by tested and calibrated thermocouples (Glas-Col model TC105). The
powdered specimen rests at the bottom of the reactor, and influent and effluent solutions enter and exit,
respectively, from fluid transfer lines that protrude through two separate ports at the top of the reactor.
The residence time of aqueous solutions in the reactor varies with the flow rate, which is adjusted in
accordance with the needs of the experiment. The effluent line carries solution to collection vials that are
positioned outside the oven.
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Figure 9.2. Schematic of the Single-Pass Flow-Through Dissolution Test System

Effluent solution was collected continuously and aliquots of the fluid sample were retained for both
pH measurement and analysis of dissolved element concentrations by ICP-OES and ICP-MS. Solutions
earmarked for analysis by ICP-OES and ICP-MS methods were preserved in Optima™ nitric acid.
Concentrations of aqueous calcium and phosphorus were used to quantify the dissolution rates as a
function of pH and temperature. Before the sample specimens were added to the reactor, blank solution
samples were collected and used to establish the concentration of background analytes. The blank
samples were treated in exactly the same manner as the samples.

The solutions used to control the pH during the SPFT experiments are summarized in Table 9.2.
Table 9.2 also lists the in situ pH values computed at each test temperature using EQ3NR (Wolery 1992).
It is important to take into account the change in pH that occurs at different temperatures when computing
dissolution rates from SPFT data because the in situ pH can vary by as much as 1.5 pH units over the
temperature range from 23 °C to 90 °C. By quantifying temperature and pH-dependent rate parameters,
the dissolution rate of relevant minerals can be extrapolated to conditions representative of the subsurface.
Buffer solutions were prepared by adding small amounts of the organic tris hydroxymethyl aminomethane
(THAM) buffer to distilled deionized water (DDI) water and adjusting the solution to the desired pH
value using 15.8M HNO; or 1 M LiOH.
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Table 9.2. Composition of Solutions used in Single-Pass Flow-Through Experiments
(Solution pH values above 23 °C were calculated using EQ3NR code V7.2b database.)

pH @
Solution Composition 23°C 40°C 70°C 90°C
1 0.05 M THAM + 0.0375 M HNO; 5.91 5.99 6.06 5.99
2 0.05 M THAM + 0.047 M HNO; 7.01 6.57 591 5.55
3 0.05 M THAM + 0.02 M HNO; 8.32 7.9 7.25 6.89
4 0.05 M THAM + 0.0041 M HNO; 8.99 8.67 8.08 7.72
5 0.05 M THAM + 0.003 M LiOH 9.99 9.55 8.88 8.52

THAM = tris hydroxymethyl aminomethane buffer.

The physical characteristics of the concrete cores used in the SPFT experiments are summarized in
Table 9.3. Each core was sliced into several ~0.75¢g concrete coupons. SPFT experiments were run in
two sets. The first set was run at conditions of pH 8, 90 °C, and a flow rate of 0.25 L/day. The results
from the first data set are presented below. The coupon ID and physical characteristics are found in Table

9.4. The second set of SPFT experiments were a g/S sweep run at pH 8, 60 °C, with flow rates between

0.005 and 0.5 L/day. The second set of SPFTSs is in progress and results will be presented in the next

report available in FY 2010.

Table 9.3. Concrete Core Data for SPFTs

Dia  Dia
top bottom Dia height SA  Volume weight density
Core ID Carbonated Re/l Fe cm cm  Average cm r2 cm? cm® g o/ cm?
C-08-3-0-331 no no no 438 4.29 4.33 452 469 90.94 66.56 148.35 2.23
C-08-3-0-336 yes no no 437 4.29 4.33 424 468 86.99 62.29 138.89 2.23
C-08-3-4-358 yes no yes 437 4.28 4.33 419 468 86.37 61.61 139.94 2.27
C-08-5-4-529 no yes yes 435 4.28 4.32 3.97 465 229898 1606.38 139.86 0.09
C-08-3-8-413 no no yes 436 4.28 4.32 386 467 7175 56.63 131.03 231
C-08-3-8-414 yes no yes 436 4.28 4,32 423 466 86.62 51.89 138.14 2.23
C-08-3-12-431 no no yes 437 4.28 4.33 3.97 468 8331 58.31 135.34 2.32
C-08-3-12-438 yes no yes 437 4.29 4.33 428 468 87.63 62.98 14391 2.28
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Table 9.4. Concrete Coupon Data Set 1

SA Volume Weight density

Core ID Carbonated Re/l Fe cm”2 cm”3 g glcc
C-08-3-0-331 no no no 313.92 0.30 0.616 2.07
C-08-3-0-336 yes no no 309.92 0.34 0.712 2.10
C-08-3-4-358 yes no yes 364.29 0.38 0.827 2.17
C-08-5-4-529 no yes yes 364.19 0.44 0.962 2.21
C-08-3-8-413 no no yes 324.02 0.36 0.766 2.15
C-08-3-8-414 yes no yes 300.08 0.26 0.548 2.08
C-08-3-12-431 no no yes 364.96 0.42 0.947 2.24
C-08-3-12-438 yes no yes 286.13 0.28 0.582 2.08

9.2.1 Rate Calculations and Uncertainty

Dissolution rates, based on steady-state concentrations of elements in the effluent, are normalized to
the amount of the element present in the sample by the following formula:

where r; =

Ci=

S =

The value of f; was calculated from the chemical composition of the sample. The chemical

the normalized dissolution rate for element i (g m? d™)

the concentration of the element i in the effluent (g L™)

(Ci - 6i,b)q
f.S

the average background concentration of the element of interest (g L™)

the flow rate (L d™)

the mass fraction of the element in the metal (dimensionless)

the surface area of the sample (m?).

(4)

composition of each concrete monolith was determined by complete chemical digestion followed by ICP-
OES analysis. Flow rates are determined by gravimetric analysis of the fluid collected in each effluent
collection vessel upon sampling. The background concentration of the element of interest is determined,
as previously discussed, by analyses of the starting input solution and three blank solutions. Typically,
background concentrations of elements are below their respective detection threshold. The detection

threshold of any element is defined here as the lowest calibration standard that can be determined

reproducibly during an analytical run within 10%. In cases where the analyte is below the detection
threshold, the background concentration of the element is set at the value of the detection threshold.
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Determining the experimental uncertainty of the dissolution rate takes into account uncertainties of
each parameter in Equation 4. For uncorrelated random errors, the standard deviation of a function
(X1, X2,...xp) IS given by:

)
where o; = the standard deviation of the function f
Xi = parameteri
oy = the standard deviation of parameter i.

Substituting Equations 4 into 5 results in the following:

2 — 2 — 2 — 2
q Ci _Ci, (Ci _Ci, )q (Ci _Ci, )q
o, = (ﬁj (o2 +G§,b)+[Tbj c§+(T; ot + sz s (6)

Equation 6 can also be expressed in terms of the relative error, 6, = o, /1, and is given by:

A P in A2 A2 A2
& = - +6,+6% +64 ()

Relative errors of 10%, 10%, 5%, 3%, and 15% for C;, Cfi’b , q, i, and S, respectively, are typical for

measurements conducted at PNNL. However, to reduce the error associated with mass fraction (f;), the
samples to be used in these experiments will be ground, homogenized, sub-sampled, and analyzed at least
three times to obtain a more accurate composition with a better estimate of the uncertainty. The
conservative appraisal of errors assigned to the parameters in Equation 7, in addition to the practice of
imputing detection threshold values to background concentrations, results in typical uncertainties of
approximately £35% on the dissolution rate.

9.3 Results and Discussion

Figure 9.3 displays the log;, dissolution rate for the eight different concrete waste form compositions
presented in Table 9.2. The dissolution rates are plotted as a function of each concrete waste form
corresponding to Table 9.2. The rate of dissolution was indexed by the primary elements within the
concrete composition, Ca, Al, Mg, Si, and P.
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Figure 9.3. logy, Dissolution Rate Indexed by Ca, Al, Mg, Si, and P for Concrete Waste Form Samples

The rate of Ca release for all concrete waste form compositions is within analytical error.
Additionally, the differences in concrete composition and treatment for waste forms 2 through 8 have no
apparent effect on the rate of dissolution. Concrete waste form 1, C-08-3-0-331 released Al, Mg, Si, and
P at a rate ~15x greater than the other seven compositions. This suggests that 1) the release of calcium
within the composition of concrete waste forms may be controlled by a different mechanism than for that
of Al, Mg, Si, and P, and 2) there may be additional structural difference afforded by the composition
and/or treatment of C-08-3-0-331 that resulted in decreased stability relative to the other monolith.

Figure 9.4 presents SEM images of concrete coupons before (left) and after (right) SPFT testing. The
large, dark circles in both images are sand particles within the sample. Prior to SPFT testing microcracks
are clearly visible within the concrete waste form monoliths. These are a result of the inclusion of iron
particles and carbonation of the concrete monolith (Wellman et al., 2008). The impact of microcracks
subsequent to dissolution test is evident in the SEM image acquired post-SPFT testing. The presence of
microcracks in concrete monoliths provides highly reactive surfaces which can lead to accelerated
dissolution and overall degradation of the waste form material. The previous microcracks have
undergone significant expansion and deepening within the waste form structure resulting in rapid
dissolution.
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The SEM images do not suggest the formation of secondary phases, which would impact the apparent
dissolution rate. Thus, there is no indication that elemental release is being influenced by the solution
saturation state during dissolution testing. Rather, it is postulated that Ca is released through ion
exchange, as well as matrix dissolution. lon exchange (IEX) is a process by which agueous cations
exchanges for the ions contained in the waste form matrix. The mechanism ion exchange has been
demonstrated to be an important process in mineral (Wellman, 2006and 2007) and glass waste form
(McGrail et al. 2001b). The IEX rate typically decreases with increasing solution pH or temperature,
resulting in matrix dissolution as the dominant mechanism. Consequently, as the activity of matrix
elements increases in solution, the divergence between the rate of matrix dissolution and IEX increases.
Under these conditions, the IEX rate becomes more pronounced because as the ion activity product (Q)
approaches saturation with respect to some secondary phase(s), the rate of matrix dissolution slows. The
addition of this mechanism may affect concrete waste form performance because of the significant CaO
content, about 3%.

The section in the bottom left quadrant of Figure 9.5 is of the concrete under the silicon mask. The
mask prevented the influent solution from contacting the surface of the coupon, allowing an unreacted
section to be placed alongside the reacted concrete. The reacted portions of the SEM image show
significant weathering of the coupon. The large ovals in the picture are sand grains. The weathering of
the monolith occurs in the cement matrix not associated with the sand grains. This is clearly evident in
the photograph in Figure 9.6, which is a coupon after testing. The silicon mask (red spot) is placed in the
lower right quadrant of the monolith. The white particles are sand grains, which have been exposed by
the weathering of the cement matrix.
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Figure 9.5. Reacted Concrete Coupon at 60x Magnification

Figure 9.6. Photograph of Concrete Coupon after SPFT Experiment

The results presented here provide critical initial information highlighting the significance of certain
environmental variables and concrete waste form properties (e.g., pH, temperature, degree of waste form
carbonation, and the inclusion of additives within concrete waste forms) that are the key to understanding
the long-term performance and efficacy of concrete waste forms. The quantitative effects of these
parameters are the subject of an ongoing comprehensive investigation.
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10.0 Simulated Tank Waste-Concrete Half-Cell Test

10.1 Simulated Tank Waste Composition

In FY 2006, four concrete half-cells were prepared with simulated tank waste instead of soil. The
composition of the tank waste used is an average composition of previously published tank waste
analyses. In FY 2008, four additional tank waste-concrete half-cells were prepared with the addition of
Tc to the simulated tank waste. The composition of both simulated tank wastes is listed in Table 10.1.
The packing data for both sets of half-cells is listed in Table 10.2. The half-cells presented below will be
sectioned in FY 2010. Results of these half-cell tests will provide a unique data set on the diffusion of
simulated tank waste sludge into concrete and the stability of concrete in contact with tank waste.

Table 10.1. Elemental Composition of Simulated Tank Wastes

Tank Waste 1 Tank Waste 2
Analyte Concentration, pug/g Analyte Concentration, pug/g
Al 131,500 Al 131,500
Ca 46,500 Ca 46,500
Cr 24,000 Cr 24,000
Cu 4,000 Cu 4,000
Fe 125,000 Fe 125,000
| 100 pCi/g | 100 pCilg
Mg 3,000 Mg 3,000
Mn 108,000 Mn 108,000
Na 170,000 Na 170,000
Ni 5,000 Ni 5,000
P 9,000 P 9,000
Pb 8,000 Pb 8,000
Re 5 Re 5
Si 20,000 Si 20,000
Sr 500 Sr 500
) 50,000 Tc 100 ppm
Zn 1,000 U 50,000
Cr 1,500 Zn 1,000
COs* 171,000 cr 1,500
NO, 19,000 COs> 171,000
NO; 163,000 NO, 19,000
PO,* 5,500 NO; 163,000
S0~ 5,000 PO,* 5,500
SO,” 5,000

10.1



Table 10.2. Packing Data for Tank Waste-Concrete Half-Cells

Core and
Column
ColumnID  Tank Waste % Fe Carbonation Weight () Final Weight (g)  Sludge Weight (g)

C-4-0-13 1 0 N 238.72 324.07 85.35
C-4-0-14 1 0 Y 242.65 325.94 83.29
C-4-4-33 1 4 N 243.55 327.98 84.43
C-4-4-34 1 4 Y 243.64 328.24 84.60
C-08-0-1 2 0 N 248.20 334.19 85.99
C-08-0-4 2 0 Y 246.10 334.23 88.14
C-08-4-6 2 4 N 245.64 332.24 86.61
C-08-4-7 2 4 Y 248.90 332.15 83.26
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