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EXECUTIVE SUMMARY 

Safe and effective storage of radioactive waste is essential to protect environmental 

health. Due to the potential for accidental releases and the severity of the associated risks, it is 

imperative to further understand radionuclide transport should an accident occur. This work 

analyzed the vadose zone migration of radionuclides from cementitious wasteforms at the 

Savannah River Site after ten years. The observed radionuclides are prominent constituents of 

radioactive waste or analogs for other groups or series of radionuclides. Lysimeters were first 

analyzed in 2016 using a collimated high-purity germanium gamma-ray spectrometer to non-

destructively measure the concentration of each radionuclide in the sediment column as a 

function of depth. Following these measurements, the lysimeters were redeployed in the field for 

another 4 years. All radionuclides in all lysimeters were observed to transport further during the 

redeployment period; however, the extent of migration varied with the material used for 

introduction. Except for 137Cs, migration through the sediment control system increased with 

decreasing ionic potential (ionic charge/radius); migration order: 152Eu<137Cs<60Co<133Ba. 

Overall, the cementitious wasteforms were observed to decrease radionuclide migration extent 

relative to the filter paper. In both cementitious wasteforms, the migration extent increased in the 

order 152Eu<133Ba<60Co<137Cs. However, less migration was measured when the radionuclides 

were incorporated into a reducing grout wasteform. The novelty of this paper is the 

demonstration of a technique capable of creating non-destructive measurements over decade 

time scales. Ultimately, this work provides insight into the long-term migration of alkali, alkali 

earth, divalent transition metal, and trivalent actinide element isotopes.
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1. INTRODUCTION 

The United States Department of Energy Savannah River Site (SRS) currently contains 

approximately 100 million liters of radioactive waste in 51 underground storage tanks. Most of 

the waste in these tanks is in the soluble salt form and treated by solidifying the waste into a 

reducing grout (Kaplan et al., 2008). This treatment is intended to safely immobilize radioactive 

liquid waste stored at SRS in solid forms for permanent on-site disposal. Concurrently, to 

provide data relevant to site performance assessment models, the SRS has transport experiments 

underway at the Radionuclide Field Lysimeter Experiment (RadFLEX) facility (Roberts et al., 

2012). Of interest to this work are the lysimeters that contain Portland cement (a cementitious 

material comprised of 45% fly ash, 55% cement), reducing grout (a cementitious material 

comprised of 45% fly ash, 45% blast furnace slag, and 10% cement), or glass filter paper sources 

(to function as a sediment control) amended with a suite of gamma-emitting radionuclides to 

provide information that can be used to estimate risk associated with radioactive waste disposal 

(Roberts et al., 2012). In a previous study, Erdmann et al. (Erdmann et al., 2018) used a non-

destructive technique to measure the vertical profiles of four gamma-emitting radioisotopes 

(60Co, 133Ba, 137Cs, 152Eu) in lysimeters after four years of deployment in RadFLEx. After the 

analysis, the lysimeters were redeployed for continued exposure to environmental conditions. 

The current work analyzed the same lysimeters using the same non-destructive approach after an 

additional 4 years of deployment to quantify the migration extent of the radionuclides in the 

lysimeter sediment columns.   

Gamma-emitting radionuclides 60Co, 133Ba, 137Cs, and 152Eu were selected due to the 

ability to measure all four simultaneously using non-destructive gamma-ray spectroscopy and 

because they are, or are good analogs for, radioisotopes that are prevalent in radioactive waste. 

Cesium and barium are alkaline and alkaline earth metals and will exist in the (I) and (II) 

oxidation states, respectively. 137Cs has a high fission yield while 133Ba is chemically comparable 

to 90Sr, an alkaline earth element with a high fission yield. Cobalt is a transition metal, and 60Co 

is an abundant activation product that persists as Co(II) in the SRS vadose zone. Europium is 

anticipated to exist in the (III) oxidation state in most natural environments, including the SRS 

vadose zone. Eu(III) was selected for these experiments to provide a relatively strongly sorbing 

radionuclide species for comparison with the generally more mobile and soluble mono and 

divalent ions. Furthermore, Eu(III) is commonly used as an analog for trivalent actinides and 
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lanthanides (e.g., 241Am(III) and 244Cm(III) which have been observed in the SRS subsurface 

(Buesseler et al., 2009)) because the stable oxidation state and similar ionic radius yield similar 

physical and chemical behaviors (Estes et al., 2013; Goo et al., 2021).  

2. BACKGROUND 

The mobility of radionuclides through the vadose zone depends on interactions with solid 

surfaces. SRS sediments are composed primarily of kaolinite and sand and possess a relatively 

low cation exchange capacity (Table A2). Clay minerals are primarily responsible for cation 

sorption in SRS sediments (Goto et al., 2008). The clay fraction is composed primarily of 

kaolinite and hydroxy-interlayered vermiculite (HIV), the product of highly weathered 

phyllosilicates (Goto et al., 2014, 2008; Naumann et al., 2012; Zaunbrecher et al., 2015). 

Kaolinite exhibits the lowest cation exchange capacity (CEC) of the clay minerals and low 

sorption affinity for most cations, primarily hydrated divalent cations (Hinton et al., 2006; 

Mitchell and Soga, 2005). Previous studies have concluded that HIV contributes most of the 

CEC in the clay fraction at SRS (Goto et al., 2014). These mineral grains possess numerous 

nondiscriminatory sites on planar surfaces and a limited number of highly selective sites at the 

interlayer wedge zones (Goto et al., 2014, 2008). There are two types of sites associated with 

interlayer wedge zones, the first holds cesium strongly during exchange with other cations, while 

the second site is located deep within the interlayer wedge zone and does not readily exchange 

the cesium held at these sites, leading to effectively irreversible attenuation of cesium over long 

time scales (Goto et al., 2014).  

Additional sediment constituents impact cation sorption. Based on XRF data, iron is 

present in the SRS sediment, comprising 2.64% of the sediment by weight (Table A3). It is 

unlikely that clay minerals alone could make up this iron weight fraction. Studies have identified 

a mix of hematite and goethite phases as well as a small fraction of phyllosilicate-bound iron, 

yielding conceptual models that include iron present as goethite, hematite, or ferrihydrite 

(Kaplan, 2021; Kaplan et al., 2010; Peruski et al., 2017). Additional details pertaining to 

measurements and properties of the sediments can be found in previous works (Montgomery et 

al., 2017; Roberts et al., 2012). Oxides and oxyhydroxides contribute limitedly to CEC since 

they possess sorption sites in the same range as kaolinite (Dragun, 1988). However, previous 

works have concluded that these minerals provide substantial sorption sites for select cations 

(Kim et al., 2006; Krupka and Serne, 2002; McLaren et al., 1986; Naveau et al., 2005). Although 
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quartz represents a substantial fraction of the SRS sediment by mass, it does not provide 

considerable cation sorption sites (Aldahan et al., 1999; Dixon et al., 1989).  Cation sorption is 

not only dependent on the presence of materials capable of adsorption but also on the 

physiochemical properties of the system.   

 At the SRS and other areas where radioactive materials are stored, engineered 

systems are added to limit the mobility of radionuclides. Cementitious materials are commonly 

used to encapsulate low-level and intermediate-level radioactive wastes for disposal in near-

surface geologic deposits (Goo et al., 2021; Li and Pang, 2014; Tits et al., 2003). Formulations 

that include Portland cement are typically used due to its availability, low cost, high strength, 

high durability, radiation stability, and the capability to immobilize a wide range of waste species 

(Chen et al., 2009; Komljenović et al., 2020; Matsuzuru et al., 1977). Mineral phases possess a 

high density of sites capable of radionuclide adsorption and incorporation reactions, which can 

limit radionuclide migration (Ochs et al., 2016). However, Portland cement has been shown to be 

ineffective for cesium and tritium (Goñi et al., 2006). To improve the formulation, blast furnace 

slag (BFS), is added to reduce overall porosity, increase durability, enhance retention via the 

formation of insoluble sulfide precipitates, and enhance the sorption and precipitation of redox-

sensitive contaminants which results in a more advantageous material with higher resistance to 

chemicals and lower water permeability (Matsuzuru et al., 1977; Seaman and Chang, 2013). 

Furthermore, the addition of BFS incorporates ferrous iron and sulfide (Arai et al., 2018, 2017a, 

2017b; Kaplan et al., 2008; Powell and Arai, 2015). Ferrous iron creates reducing conditions, 

which result in redox-sensitive radionuclides in less mobile oxidation states, while sulfides also 

contribute to reducing conditions, but also are precipitating agents that bind certain radionuclides 

as insoluble species, ultimately limiting mobility from the wasteform (Andersson et al., 1983; 

Gilliam et al., 1990; Kaplan et al., 2008). In general, higher salinity pore fluids can increase the 

leaching of radionuclides from cementitious wasteforms over long-term timescales; however, 

this effect has been observed to be less pronounced in reducing grout relative to Portland cement 

(Matsuzuru et al., 1977).  

Cementitious leachate has very different chemical properties than background SRS 

groundwater. Typical pH and ionic strength values for background SRS groundwater under 

natural conditions are 5.5 and 0.1 mM, respectively (Kaplan et al., 2017). The current conceptual 

model for the SRS clayey sediment impacted by cementitious leachate (Portland cement and 
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reducing grout) describes a porewater environment with pH 2 times greater (2 orders of 

magnitude fewer protons) and ionic strength 150 times greater, relative to that of background 

conditions (Kaplan, 2021). Cement leachate has concentrations of competing cations, 1 to 3 

orders of magnitude greater than the background conditions (Kaplan, 2021) . Previous studies 

have observed that relative to background conditions, the conditions induced by the cementitious 

leachate substantially decrease the sorption of alkali metals but yield the opposite effect in 

alkaline earth metals, cobalt, and europium (Jeong et al., 1998; Semenkova et al., 2023; 

Woodward et al., 2018). The pH of the system has a significant impact on sorption of many 

cations to sediments (Clark et al., 1998; King, 1988; Krupka and Serne, 2002; Landry et al., 

2009; Narendrula et al., 2012; Payne et al., 2009; Spark et al., 1995). The ionic strength of the 

aqueous phase provides insight into the concentration of competing cations (Na+, K+, Mg2+, 

Ca2+) present. However, the degree to which these cations can compete with radionuclides for 

sorption sites depends on the selectivity of the sediments for cations. The ionic potential or the 

ratio of the charge to the ionic radius (z/r) can also be used to predict the selectivity of sediments; 

cations with larger ionic potential are preferentially electrostatically adsorbed over those with 

smaller ionic potentials (Langmuir, 1997; Sposito, 1989). Other factors, such as sediment 

properties (Goto et al., 2014) and the hydrated radius of the cation (Zaunbrecher et al., 2015), 

contribute to selectivity, but typically, the orders for monovalent and divalent cations follow 

Cs+>Rb+>K+>Na+>Li+ and Ba2+>Sr2+>Ca2+>Mg2+, respectively (Dragun, 1988). A complete 

table of hydrated radii, ionic potential, and hydration energies is provided in the supplementary 

material (Table A5).  

The distribution coefficient (KD) is the most common and simplest way to describe 

partitioning to sediments (Dragun, 1988; Sposito, 1989). The KD is an empirically derived 

construct defined as the ratio of a contaminant concentrations into the solid phase to the amount 

remaining in the aqueous phase at equilibrium (Dragun, 1988; Sposito, 1989). A high KD value 

indicates a high degree of sorption to sediments. Additionally, this value can be used to describe 

the migration rate of a contaminant in relation to the flux of the aqueous phase through the 

subsurface (Dragun, 1988; Sposito, 1989). Measured KD values for different contaminants vary 

greatly due to the dependence on the chemical properties of the contaminant, aqueous phase, and 

solid phase (Dragun, 1988; Sposito, 1989).  Therefore, it is necessary to develop site-specific KD 

values. Fortunately, a recent literature review has compiled data from sorption studies, primarily 
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laboratory batch (ad)sorption studies, specific to SRS materials and provides the best estimates 

of KD values (Kaplan, 2021). Based on the KD values, under the three systems analyzed in this 

work, the affinity of the four radionuclides to undergo cation exchange is expected to vary. The 

affinity of 152Eu remains consistently high across all systems. However, in cementitious 

wasteforms, the affinity of 60Co and 133Ba is expected to increase by one to two orders of 

magnitude compared to the sediment control, while the affinity of 137Cs is anticipated to decrease 

an order of magnitude (Table A1). 

The composition of the sediment and the wasteform used for radionuclide disposal can 

both impact radionuclide mobility and, ultimately, their migration through the subsurface. This 

work seeks to improve upon an existing non-destructive gamma-ray spectrographic technique 

and demonstrate the ability of this technique to reliably monitor the migration of radionuclides 

through lysimeter columns over several years. The radionuclides were incorporated into 

cementitious grouts, placed within field lysimeters, and left for exposure to natural rainfall and 

temperature fluctuations for 10 years. The non-destructive approach allowed the radionuclide 

distribution to be determined after 4 years of deployment in a previous study (Erdmann et al., 

2018) and again after 10 years in the current work. This study will provide insight into the 

impact of different cementitious wasteform formulations on the distribution of radionuclides 

after a decade of field deployment and present a novel detection approach for non-destructive 

analysis of gamma-emitting isotopes. As demonstrated in this work, this approach allows for 

multiple measurements of radionuclide distributions over time in mesoscale field studies, which 

can be used to monitor leaching from wasteforms and transport through sediments. 



  SRMC-CWDA-2024-00091 
  Revision 0 
  December 3, 2024 

8 
 

3. METHODS AND MATERIALS 

Lysimeters containing sources amended with a suite of gamma-emitting radionuclides 

(137Cs, 60Co, 133Ba, and 152Eu) were deployed for approximately 10 years in the field at the 

RadFLEX facility at the United States Department of Energy SRS. This work serves as a follow-

up to a study conducted in 2016, which non-destructively measured the concentration of each 

radionuclide in the sediment column as a function of depth after 4 years of deployment in the 

field (Erdmann et al., 2018). Following the measurement, one lysimeter was destructively 

analyzed to confirm the results, and the remaining lysimeters were redeployed in April 2017, 

recovered in December 2021, and similarly analyzed in 2022 to determine the extent of transport 

after another 4 years of deployment. A duplicate lysimeter identical to the one destructively 

analyzed in 2017 was measured in the present study. A concise outline of the deployment periods 

for each lysimeter is provided in Table A6.  

The analyzed lysimeters contain the gamma suite incorporated into cementitious pucks 

(Portland cement or reducing grout) or introduced into the sediment via a filter paper “pita 

pocket” as a sediment control. The sediment control was used to monitor radionuclide transport 

through the sediment without any influence of a wasteform or ions leaching from the 

wasteforms. The source material type is included in the lysimeter naming scheme, except for the 

sediment control, and the subsequent number refers to the replicate number (Table 2). Sediment 

Control-1 refers to the lysimeter that was destructively analyzed in 2017, and Sediment Control-

2 is the identical duplicate measured in the current study. The pita pockets are approximately 4.7 

cm in diameter, 0.1 cm thick, and were constructed by stitching together two Whatman glass 

fiber filters with Teflon thread (Roberts et al., 2012).  Each of the cementitious wasteform pucks 

was created by mixing a salt solution containing the radionuclides with dry Portland cement, 

blast furnace slag, and fly ash using a 0.6 g salt solution to 1 g dry mix ratio as described by 

Roberts et al., (2012). The Portland cement source was 55% Portland cement and 45% fly ash, 

and the reducing grout was 45% fly ash, 45% blast furnace slag, and 10% Portland cement. The 

cementitious pucks have a diameter of 3.18 cm and a thickness of 1.27 cm (Roberts et al., 2012). 

The differences in the thickness of the sources are displayed in Fig. 1. Each lysimeter is 

composed of an open-top 60-cm by 10-cm (ID) PVC pipe to allow for precipitation to impact the 

sediments via infiltration and evaporation (Fig. 1). The bottoms of the lysimeters were fitted with 

a mesh screen, reducer, and tubing to allow effluent collection and analysis (Erdmann et al., 
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2018; Roberts et al., 2012). The sediments used in these experiments are representative of the 

SRS vadose zone (characteristics provided in Table A2). Prior to field implementation, the 

lysimeters were filled with approximately 50 cm of the SRS vadose zone sediment, and one of 

the sources was situated at a height of approximately 25 cm. The constituents were added to the 

lysimeters as follows: sediment to a height of 25 cm, tamped to induce settling, wasteform, an 

additional 25 cm of the same sediment, and tamped. For each lysimeter, the source material type 

and the initial activity present are listed in Table 1. Previous works have provided additional 

details pertaining to the lysimeter design and configuration (Kaplan et al., 2017; Roberts et al., 

2012; Santikari et al., 2022). 

 

 

     
                                            (a) 

 

 

     
                                            (b) 

 
(c) 

Fig. 1. Images of a cementitious wasteform (a) and a side-view of the filter paper source (b) and 
a schematic drawing of a lysimeter column (c). 
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Table 1. Lysimeter, the source material, initial activity added, and the activity added decay 

corrected to the time the scans were conducted for the current study. 

Lysimeter Source Material 
Initial Activity 

(MBq) 
Decay Corrected 
Activity (MBq) 

Portland Cement-1 Portland Cement 
137Cs 4.68, 60Co 5.09, 
133Ba 3.97, 152Eu 9.40 

137Cs 3.70, 60Co 1.33, 
133Ba 2.03, 152Eu 5.57 

Reducing Grout-1 Reducing Grout 
137Cs 4.68, 60Co 5.09, 
133Ba 3.97, 152Eu 9.40 

137Cs 3.70, 60Co 1.33, 
133Ba 2.03, 152Eu 5.57 

Sediment Control-1 Filter Paper 
137Cs 0.29, 60Co 0.32, 
133Ba 0.25, 152Eu 0.47 

Destructively 
analyzed in 2017 

Sediment Control-2 Filter Paper 
137Cs 0.29, 60Co 0.32, 
133Ba 0.25, 152Eu 0.47 

137Cs 0.23, 60Co 0.08, 
133Ba 0.13, 152Eu 0.28 

 

 

3.1. Detection System 

 A custom-built system capable of using a high-purity germanium detector to 

conduct automated scans of lysimeter columns with a spatial resolution of 0.2 cm was designed 

for these tests (Erdmann et al., 2018). The detection system was calibrated using Spectrum 

Technologies beta/gamma disk sources and a standard created using a NIST traceable 152Eu 

solution. Additionally, the detection efficiency of the system was determined using the same 
152Eu solution incorporated into a cementitious wasteform and background was determined by 

analyzing a blank lysimeter filled with only clean SRS Sediment. Erdmann et al., (2018) presents 

a detailed description of the detection and calibration system. 

In the current study, duplicate scans of Reducing Grout-1 and Sediment Control-2 and 

triplicate scans of Portland Cement-1 were conducted to reduce the impact of heterogeneities and 

source placement on the detected radionuclide spatial distribution. Lysimeters were initially 

scanned on a shorter time interval with coarse spacing between measurement areas to estimate 

the height, or location, of the source and the extent of the region containing activity above the 

background. After determining the general location of the source, the automated detection 

system was programmed to measure the lysimeter at 0.2 cm intervals approximately 7 cm above 

and below the source. Each interval was counted for 1800 seconds, except when measuring 

Sediment Control-2, the count time was extended to 7200 seconds due to the lower activity 

present in the source. For example, if a cementitious wasteform was determined to be present at a 
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height of 27 cm, the system was programmed to count every 0.2 cm from 20 cm to 34 cm, 

resulting in 101 individual measurements over roughly 2 days. After completing the first scan of 

the lysimeter, the lysimeter was rotated 180 degrees, and the system was restarted with no 

adjustments to the counting parameters. After the second scan of Portland Cement-1, the 

lysimeter was rotated 90 degrees, and the measurement was conducted again.  

3.2. Data Analysis 

 After the scans were completed, Microsoft Excel was used to determine the net 

peak areas from the detection system output files. The gross counts were plotted as a function of 

the channel to view the photopeaks. To account for the increased baseline due to Compton 

scattering, the counts of roughly the 10 channels to the left and right of the photopeak of interest 

were averaged, and then this area was subtracted from the total area under the photopeak curve. 

The number of neighboring channels varied slightly between the photopeaks of interest due to 

the proximity of other spectrum features. The counting interval with the highest activity was 

assumed to be the source location and assigned a height of 0 cm. The intervals above and below 

this point were incrementally assigned values starting at 0.2 cm and -0.2 cm, respectively. The 

duplicate datasets were then averaged to create one dataset for each of the lysimeters. The 

average activity distribution profiles were analyzed to quantify the migration of the radionuclides 

through the sediments. Since the initial activity incorporated into the cementitious wasteforms 

and the filter paper sources differed by an order of magnitude, the activity present at each 

scanning interval was normalized using the total activity added to the source decay corrected for 

the time of the measurement. It is important to note that the cementitious wasteforms are 1.27 cm 

tall, while the height of the filter paper source is roughly 0.1 cm. 

4. RESULTS 

Overall, the redeployment period resulted in increased migration of the four radionuclides 

regardless of the source type. Generally, effluent volume over time was consistent with expected 

rainfall variability over the length of the experiment. The normalized activity distributions 

developed from the lysimeter scans are displayed in Figs. 2, 3, 4, and 5, and Table 2 contains the 

percentage of the normalized activity remaining in the approximate source region at the time of 

the 2016 and 2022 measurements. All of the values are averages of the duplicate or triplicate 

scans performed on each lysimeter; within the approximate source regions, the standard 

deviations were no greater than 25% of the average value. When comparing the percentages 
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between the different measurement years, it is noteworthy that the spatial resolution of the scans 

differed between the years. The spatial resolutions were 0.254 cm and 0.2 cm for 2016 and 2022, 

respectively. The 2016 resolution yielded approximate source regions covering a vertical 

distance of 1.27 cm and 0.254 cm for the cementitious wasteforms and filter paper sources, 

respectively. With the 0.2 cm step size used in the current work, the region of the 1.27 cm tall 

wasteform had to be approximated in 0.2 cm steps, resulting in a total wasteform region height in 

the data of 1.4 cm compared with the exact value of 1.27 cm using the 0.254 cm step length by 

Erdman et al., (2018).  

Table 2. Percentage of radionuclide present in the approximate source region (decay corrected). 

Radionuclid
e 

Portland Cement-1 Reducing Grout-1 
Sediment 
Control-1 

Sediment 
Control-2 

2016 2022 2016 2022 2016 2022 
60Co 94 63 96 63 14 8 
133Ba 88 65 96 80 12 5 
137Cs 41 37 64 53 26 11 
152Eu 96 78 97 85 35 16 

4.1. Cobalt 

The 60Co normalized activity distributions detected during the 2022 measurements for 

Portland Cement-1, Reducing Grout-1, and Sediment Control-2 were nearly identical from the 

top of the counting area (4 cm above the source center) to 1 cm below the source center (Fig. 2 

(b)). However, beyond 1 cm below the source center, and continuing through to the lowest 

measurement of the lysimeters (6.6 cm below the source center), the normalized activity in 

Sediment Control-2 was elevated relative to the cementitious sources. At 1 cm below the source 

centers, normalized activities of 0.019, 0.026, and 0.034 were measured for Portland Cement-1, 

Reducing Grout-1, and Sediment Control-2, respectively. From 1 to 2 cm below the approximate 

source center, the normalized activities in all three lysimeters declined exponentially until 

reaching a constant value of 0.002 for both cementitious lysimeters and 0.015 for Sediment 

Control-2. The ratios of FWHM/FWQM (FWHM = full width at half maximum of the activity 

distribution in the lysimeter, FWQM = full width at quarter maximum of the activity distribution 

in the lysimeter) were identical in Portland Cement-1 and Reducing Grout-1 (0.69). However, a 

lower ratio (0.59), indicating increased spreading, was observed in Sediment Control-2 (Fig. 2). 

Furthermore, the same trend was observed for the 2016 measurements. Overall, the ratios 
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decreased between the 2016 and 2022 measurements, indicating that the peaks became shorter 

and wider during the redeployment.  

It is important to recall that the height of the source materials (cementitious puck vs filter 

paper) varied by more than an order of magnitude. Thus, if the migration of 60Co at the time of 

the 2022 measurements is considered from the edge of the approximate source region, the 

distributions for the cementitious wasteforms are nearly identical, while in Sediment Control-2, 

the distribution of normalized activity is roughly two-fold greater above -1 cm and an order of 

magnitude greater below -1 cm. At the time of the 2022 measurements, Reducing Grout-1, 

Portland Cement-1, and Sediment Control-2 contained 63.4, 63.0, and 8.3% of the initial 60Co 

activity, respectively. Measurements of 60Co in the Portland Cement-1 effluent have been 

observed to be the highest cumulative activity of the radionuclides analyzed in the study (Fig. 

A4). To account for the difference in the initial activity added to the cementitious and filter paper 

sources, the cumulative 60Co activity in the effluent has been normalized by the initial activity, 

yielding values for Portland Cement-1 and Reducing Grout-1 two and three orders of magnitude 

greater than that for Sediment Control-2, respectively. Considering the different analyses, little 

difference between the cementitious wasteforms was observed for retention in the wasteform and 

distribution in the lysimeter. However, the activity measured in the effluent for Portland Cement-

1 was an order of magnitude greater than Reducing Grout-1. Although less 60Co was maintained 

in the filter paper source, and 60Co was observed to migrate further in Sediment Control-2, lower 

cumulative activity was measured in the effluent. Many of the measurements of other 

radionuclides in the effluent over the 10-year monitoring period were at or below detection 

limits. It is noteworthy that a factor of ~16 less activity was added to the sediment control 

lysimeters relative to cementitious lysimeters. Of all the radionuclides, the highest activities in 

the effluent were measured for 60Co during the first two years of deployment, particularly in 

Portland Cement-1 (Fig. A4). The initial 60Co pulse observed primarily in Portland Cement-1, 

but also to a lesser extent in Reducing Grout-1, coincides with pulses of sodium (Fig. A3). 

However, it is not fully understood what caused the initial 60Co pulse. 

Cobalt (II) has a high potential for mobility due to its high solubility in water (Woodward 

et al., 2018). Properties observed to have the greatest impact on cobalt sorption, in no order, are 

exchangeable calcium, pH, and CEC of the sediment (Kim et al., 2006). Soil oxides (ferrihydrite) 

provide the most significant sorption sites for cobalt, followed by mineral oxides, while clay 
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minerals have limited impact (Kim et al., 2006; Krupka and Serne, 2002; McLaren et al., 1986). 

Albeit, SRS sediments contain cation exchange sites, sorption at these sites is competitive and 

pH-dependent (Payne et al., 2009). The pHPZC for ferrihydrite, goethite, hematite, and kaolinite 

are 8.1 (Mendez and Hiemstra, 2020), 7.8 (Benjamin, 2015), 8.5 (Benjamin, 2015), and 4.6 

(Benjamin, 2015). Thus, under background conditions at SRS (Sediment Control-1 and Sediment 

Control-2), the most significant sorption surfaces are largely positively charged and thus weakly 

attract cobalt. 

The incorporation of the radionuclide suite in a cementitious wasteform, as compared to 

the sediment control, altered the migration of 60Co through the lysimeters. It is hypothesized that 

low solubility solids can precipitate in the cementitious pucks. These may be hydroxides and 

carbonate, capable of cobalt co-precipitation (Brooks et al., 1998; Kim et al., 2006).  

Alternatively, Yoon et al., (2020) identified cobalt precipitated as a cobalt-sulfide in the presence 

of a grout containing blast furnace slag, an ingredient in the Reducing Grout-1 wasteform. In this 

study, little difference was observed in the cobalt distributions of Portland Cement-1 and 

Reducing Grout-1 despite the addition of blast furnace slag to Reducing Grout-1. However, fly 

ash, which potentially contains sulfides, was added to both cementitious wasteforms. Once 

leached from the wasteform migration of cobalt will be dominated by ion exchange processes. 

The total activity measured in the effluent was an order of magnitude lower for Reducing Grout-

1 relative to Portland Cement-1 (Fig. A4 (d)). The contributions to the total activity in the 

effluent primarily occurred during the first two years of the experiment, and during this time 

period, the sodium concentrations were an order of magnitude higher in the effluent for 

Reducing Grout-1 and Portland Cement-1 relative to Sediment Control-2. The higher effluent 

concentrations were likely due to the higher dissolved ion concentrations, because in the 4-6.5 

pH range, ion exchange dominates cobalt sorption, and thus the fraction adsorbed depends on the 

ionic strength of the solution (Landry et al., 2009). The decreased spreading observed in Portland 

Cement-1 and Reducing Grout-1 relative to Sediment Control-1 and Sediment Control-2, is 

consistent with the current best estimates for the KD values (Table A1). 
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(a) 

(b) 

Fig. 2. The distributions of 60Co activity as a function of distance from the approximate center of 
the source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-
1 = Sediment Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of 
the activity distribution in the lysimeter, FWQM = full width at quarter maximum of the activity 
distribution in the lysimeter).  The plots demonstrate the 60Co activity normalized by the decay-
corrected initial activity added to the system as a function of depth in the lysimeters. A depth of 
zero was assigned to the approximate center of the source. Note that only an 8 cm section is 
being shown of the 56 cm sediment column to demonstrate the differences between the systems 
surrounding the source region.   
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4.2. Barium 

The measurements indicated that the 133Ba distributions in Portland Cement-1 and 

Reducing Grout-1 were similar and nearly symmetrical above and below the wasteform in 2016 

and 2022 (Fig. 3). However, in both analysis years, the normalized activity peak for Portland 

Cement-1 was shorter than that of Reducing Grout-1, indicating a higher degree of migration in 

Portland Cement-1 than in Reducing Grout-1. Furthermore, the FWHM/FWQM ratio of the 

activity distribution in the lysimeter for Reducing Grout-1 was 0.90 and 0.81 for 2016 and 2022, 

respectively (Fig. 3). Whereas the ratio for Portland Cement-1 was 0.84 in 2016 and 0.74 in 

2022. The peaks of the normalized activity distributions for the cementitious wasteforms were 

twice the height of the peaks measured for Sediment Control-1 in 2016 and Sediment Control-2 

in 2022. Additionally, the FWHM/FWQM ratio for Sediment Control-1 was 0.48 in 2016 and the 

ratio for Sediment Control-2 in 2022 was 0.14. These results suggested that some factors of the 

cementitious wasteforms decreased radionuclide transport between sampling periods. Unlike the 

cementitious wasteforms, the 1D scans revealed asymmetric activity distributions for Sediment 

Control-1 and Sediment Control-2, indicating more downward than upward movement of 133Ba. 

Overall, the scans of Sediment Control-1 and Sediment Control-2 revealed similarly shaped 

activity distributions, although four additional years of deployment resulted in a peak roughly 

half as tall and a 66% increase in the normalized activity concentration below the source in 

Sediment Control-2. The percent decrease of the normalized activity present in the Sediment 

Control-2 approximate source region was roughly twice that observed in the cementitious 

wasteforms.  

Based on the information provided by the 1D scans in 2016 and 2022, the greatest 

migration of 133Ba occurred in Sediment Control-1, followed by Portland Cement-1, and then 

Reducing Grout-1. When considering the extent of migration from the edge of the source rather 

than the center, the same order is observed, but the variance between the materials is more 

substantial. Although the distributions for Portland Cement-1 and Reducing Grout-1 appear 

similar, in the region outside the wasteform, the normalized activity as a function of depth is 2 to 

5-fold greater in Portland Cement-1. Furthermore, the cumulative activity in the effluent 

normalized to the initial activity added to the source increased in the order Reducing Grout-

1<Portland Cement-1<Sediment Control-2, with an order of magnitude separating each rank 
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(Fig. A4 (c)). Additionally, the calculation of Ba133 activity remaining in the approximate source 

region revealed a higher percentage remaining in Reducing Grout-1 than Portland Cement-1, 

while the percentage for Sediment Control-2 was more than an order of magnitude lower than 

the cementitious wasteforms.  

The primary factors impacting the migration of barium are the pH (Eylem et al., 1990), 

the solubility of barium (Almond and Kaplan, 2011), and precipitation reactions (Almond and 

Kaplan, 2011; Kaplan, 2021; Seaman and Chang, 2013). Kaolinite and HIV compose most of the 

cation exchange capacity of the SRS sediments. However, barium is strongly hydrated, which 

limits close interaction with kaolinite surfaces resulting in weak binding (Jeong et al., 1998), and 

hinders the ability of FES to function as sorption sites for this cation (Zaunbrecher et al., 2015). 

Furthermore, the sorption of barium increases with increasing pH, indicating that surface 

complexation is a contributing factor. Thus, under background conditions present in Sediment 

Control-1 and Sediment Control-2, the SRS sediments offer limited sorption capacity for 133Ba. 

The cementitious wasteforms imposed physical and chemical conditions that altered the 

migration 133Ba in the lysimeters. These wasteforms induce alkaline conditions, which previous 

studies have observed to slightly increase barium sorption to kaolinite (Eylem et al., 1990). The 

elevated pH of the cementitious leachate is hypothesized to have decreased the mineral surface 

charge of the SRS sediments relative to the background conditions in the vicinity of the 

cementitious wasteforms, facilitating greater 133Ba adsorption. However, more significant to 

barium mobility is the presence of carbonates and sulfates or sulfides in the cementitious 

leachate. These constituents can trigger the formation and precipitation of barium sulfate 

(BaSO4), barium sulfide (BaS), and witherite (BaCO3), all of which are largely insoluble 

(Kaplan, 2021; Peruski et al., 2017; Seaman and Chang, 2013). Furthermore, the addition of BFS 

physically changes wasteforms, reducing the size of the capillary pores limiting water passing 

through (Seaman and Chang, 2013). Previous works have observed the KD value for barium to 

increase in cementitious leachate, particularly reducing grout, suggesting that the higher sulfide 

content of the cementitious wasteforms is an important parameter limiting migration (Almond 

and Kaplan, 2011; Seaman and Chang, 2013). Thus, it is hypothesized that the addition of BFS 

minimized 133Ba leaching from the Reducing Grout-1 wasteform at the time of the 2022 scans. 

The overall extent of 133Ba migration in the lysimeters is consistent with the current best 

estimates of the KD values (Table A1).  
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(a) 

(b) 
Fig. 3. The distributions of 133Ba activity as a function of distance from the approximate center of 
the source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-
1 = Sediment Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of 
the activity distribution in the lysimeter, FWQM = full width at quarter maximum of the activity 
distribution in the lysimeter). The plots demonstrate the 133Ba activity normalized by the decay-
corrected initial activity added to the system as a function of depth in the lysimeters. A depth of 
zero was assigned to the approximate center of the source. Note that only an 8 cm section is 
being shown of the 56 cm sediment column to demonstrate the differences between the systems 
surrounding the source region.  
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4.3. Cesium 

The scan data indicated that all measurements of the three lysimeters produced symmetric 
137Cs normalized activity distributions that became shorter and wider between the study years. 

For 2016 and 2022 measurements, the narrowest peaks were Sediment Control-1 and Sediment 

Control-2, followed by Reducing Grout-1 and Portland Cement-1 (Fig. 4). The FWHM/FWQM 

ratios of the activity distribution in the lysimeter were within 0.64 ± 0.02 for the three lysimeters 

in 2016 and 2022, indicating that the 137Cs is migrating at a constant rate (Fig. 4). The 2022 1D 

scans demonstrated that the extent of 137Cs migration as a function of vertical distance from the 

center of the approximate source region center increased in the order Sediment Control-2, 

Portland Cement-1, and Reducing Grout-1. The source region in Sediment Control-2 contained 

the smallest percentage of the initial activity, roughly 11%. While the Portland Cement-1 and 

Reducing Grout-1 wasteform regions contained approximately 37% and 53% of the initial 

activity, respectively. Furthermore, the normalized cumulative activity in the lysimeter effluents 

increased in the order Reducing Grout-1<Sediment Control-2<Portland Cement-1 (Fig. A4 (b)). 

These findings indicate that although more 137Cs exited Sediment Control-2, the 137Cs leaching 

from the Portland Cement-1 wasteform migrated further in the sediment column. This is further 

supported when considering spreading from the source edge. Elevated activity was present in the 

vicinity of the sources (+/- 0.5 cm) in Sediment Control-1 and Sediment Control-2 relative to the 

cementitious wasteforms, but the width of the peaks at 1% of the normalized activity increased in 

the order of Reducing Grout-1, Sediment Control-2, and Portland Cement-1. Measurements of 

the lysimeter effluents demonstrated higher sodium concentrations when cementitious 

wasteforms were present (Fig. A3 (a)). It is speculated that the increased ionic strength enhanced 

the migration of 137Cs that exited the wasteform. While it is suggested that the presence of 

cementitious materials increased the retention of 137Cs in the Portland cement wasteform, stable 

counter ions such as sodium and calcium lead to enhanced transport of 137Cs, which leaches from 

the wasteform.  

Cesium does not form an important aqueous complex with ligands or organic matter and 

exists predominately as the Cs+ ion in natural systems (Cantrell et al., 2007). The precipitation 

and coprecipitation of cesium-containing solids are not important for limiting the migration of 

cesium due to the high solubility of cesium-containing solids, and cesium does strongly sorb to 
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many minerals  (Cantrell et al., 2007). Under the conditions induced by the cementitious 

materials, the elevated pH will have a negligible impact on cesium sediment sorption 

(Giannakopoulou et al., 2007). Thus, the most important factor in the presence of cementitious 

materials impacting the sorption of cesium to sediments is the concentration of competing 

cations (Jeong et al., 1998; Seaman and Chang, 2013). Jeong et al., (1998) demonstrated that 

cesium sorption to kaolinite remains relatively constant with changing pH, but increasing the 

ionic strength decreases the fraction of cesium sorbed; indicating that cesium sorption is more 

heavily dependent on ion exchange than surface complexation. Competing cations only compete 

for non-discriminatory ion exchange sites on mineral surfaces (Goto et al., 2014). Cesium-

specific sorption sites reside in the inter-layer wedge zones of HIV; these areas are inaccessible 

for cations with other charges or large hydrated radii, and therefore can limit the mobility of 

cesium even in the presence of competing cations (Goto et al., 2008; Kaplan et al., 2017). 

Cementitious materials have been observed to enhance cesium retention due to mineral phases 

containing a high density of cation exchange sites (Ochs et al., 2016). Reducing grout can further 

enhance cesium retention because it contains BFS, which has been observed to decrease the 

capillary pore size limiting the leachability of cesium from cementitious wasteforms (Bar-Nes et 

al., 2017; Kumar et al., 1987; Matsuzuru et al., 1977). Therefore, it is hypothesized that both 

cementitious materials enhanced 137Cs retention within the wasteforms, but the incorporation of 

BFS enabled the Reducing Grout-1 wasteform to retain a greater fraction of 137Cs than Portland 

Cement-1. Furthermore, the increased ionic strength in Portland Cement-1 and Reducing Grout-1 

reduced the number of ion exchange sites available, enhancing the migration extent of 137Cs that 

exited the wasteform. Although the ionic strength was similar for Portland Cement-1 and 

Reducing Grout-1, the ability of Reducing Grout-1 to retain a higher percentage of 137Cs in the 

wasteform mitigated the impacts of the elevated ionic strength. In the present study, migration 

was observed to increase in the order of Reducing Grout-1<Sediment Control-2<Portland 

Cement-1. However, based on the order of magnitude higher KD value for the conditions in the 

SRS sediments relative to those induced by cementitious wasteforms, it was anticipated that the 
137Cs migration would be reduced in Sediment Control-1 and Sediment Control-2 relative to the 

cementitious wasteforms (Table A1). Although, the results of this study are unable to 

conclusively determine the factors that contributed to the migration extent in each lysimeter, it is 

speculated that the concentration of highly selective sites for 137Cs, the ability of the wasteform 



  SRMC-CWDA-2024-00091 
  Revision 0 
  December 3, 2024 

21 
 

to retain 137Cs, and the ionic strength of the pore waters contributed. 

(a) 

(b) 
Fig. 4. The distributions of 137Cs activity as a function of distance from the approximate center of 
the source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-
1 = Sediment Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of 
the activity distribution in the lysimeter, FWQM = full width at quarter maximum of the activity 
distribution in the lysimeter). The plots demonstrate the 137Cs activity normalized by the decay-
corrected initial activity added to the system as a function of depth in the lysimeters. A depth of 
zero was assigned to the approximate center of the source. Note that only an 8 cm section is 
being shown of the 56 cm sediment column to demonstrate the differences between the systems 
surrounding the source region. 
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4.4. Europium 

The most recent measurements of all the lysimeters identified nearly symmetric 152Eu 

normalized activity distributions (Fig. 5 (b)). Similar peaks were observed in the scans from the 

2016 study; however, during the redeployment period, the peaks became shorter and wider (Fig. 

5 (a)). The FWHM/FWQM ratios of the activity distribution in the lysimeter in 2016 for Portland 

Cement-1, Reducing Grout-1, and Sediment Control-1 were 0.85, 0.88, and 0.66, respectively 

(Fig. 5). For the 2022 measurements, the ratio for Portland Cement-1 was 0.77, Reducing Grout-

1 was 0.77, and Sediment Control-2 was 0.70. This trend indicates that the activity present at the 

center of the source is decreasing while the activity present in areas outside the source is 

increasing. In both studies, the peaks increased in height and decreased in width in the order of 

Portland Cement-1, Reducing Grout-1, and Sediment Control-1/2. This suggests that there is less 

spreading in the sediment control lysimeter, but at the time of the 2022 scans, the percentage of 

the initial activity remaining in the approximate source region was roughly five times lower for 

Sediment Control-2 relative to the two cementitious wasteforms (Table 2). Thus, it is imperative 

to consider the spreading of the peaks from the edge of the approximate source region rather than 

the center. The normalized activity in the 0.5 cm region below the Reducing Grout-1 wasteform 

was twice that of Portland Cement-1. When considering the entire approximate source region, 

the highest percentage of the initial activity remained in Reducing Grout-1 during both the 2016 

and 2022 studies. Consistent with the 1D distributions and the activity remaining in the 

approximate source regions, the normalized activities in the effluents were nearly identical for 

Portland Cement-1 and Reducing Grout-1, while an order of magnitude higher for the Sediment 

Control-2 (Fig. A4 (a)). These findings indicate that the cementitious materials decreased the 

migration of 152Eu in the lysimeter columns.  

Generally, under the conditions present in the vadose zone, the trivalent elements readily 

sorb to sediments, and their low solubility is thought to enhance partitioning to the solid phase, 

yielding large KD values and limiting migration (Krupka and Serne, 2002). Europium adsorption 

increases with increasing pH and is nearly complete above pH 5 (Clark et al., 1998; Krupka and 

Serne, 2002). Under the acidic pH range, the adsorption of europium is dominated by ion 

exchange and, therefore, decreases with increasing ionic strength (Cantrell et al., 2007; Clark et 
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al., 1998; Krupka and Serne, 2002; Semenkova et al., 2023). However,  when surface 

complexation reactions dominate europium sorption (alkaline pH range) ionic strength has little 

impact and europium migration is limited even under elevated ionic strength conditions (Krupka 

and Serne, 2002; Semenkova et al., 2023). Although the exact pH in the vicinity of the sources is 

unknown, based on activity (Fig. A4 (a)) and pH measurements in the effluent (Fig. A2), it is 

hypothesized that the elevated pH induced by the cementitious wasteforms increased surface 

complexation to a greater extent than ion exchange was decreased by the enhanced ionic 

strength. In these experiments, SRS sediments were observed to adsorb 152Eu, limiting the 

overall transport, and the incorporation of 152Eu into a cementitious wasteform further limited 

migration. This is corroborated by the consensus that europium sorbs strongly to cementitious 

materials (Wieland et al., 2003). Furthermore, the cementitious materials served as physical 

barriers limiting the interaction between 152Eu and the surrounding environment. This aspect was 

enhanced in Reducing Grout-1 via the incorporation of BFS and the subsequent reduction of the 

capillary pores (Matsuzuru et al., 1977). This is consistent with the Reducing Grout-1 wasteform 

retaining the highest percentage of 152Eu and exhibiting the least migration.  



  SRMC-CWDA-2024-00091 
  Revision 0 
  December 3, 2024 

24 
 

(a) 

(b) 

Fig. 5. The distributions of 152Eu activity as a function of distance from the approximate center of 
the source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-
1 = Sediment Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of 
the activity distribution in the lysimeter, FWQM = full width at quarter maximum of the activity 
distribution in the lysimeter). The plots demonstrate the 152Eu activity normalized by the decay 
corrected initial activity added to the system as a function of depth in the lysimeters. A depth of 
zero was assigned to the approximate center of the source. Note that only a 5 cm section is being 
shown of the 56 cm sediment column to demonstrate the differences between the systems 
surrounding the source region. 
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4.5. Radionuclides Compared 

When the radionuclides were added directly to the sediment (Sediment Control-2), 

migration increased in the order 152Eu<137Cs<60Co<133Ba, as shown by the lysimeter scans. 

Except for 137Cs, the downward transport of the radionuclides decreases with the increasing ionic 

potential. It is speculated that hydroxy-interlayered vermiculate is present in the lysimeter 

sediment, providing highly selective sites for 137Cs, increasing sorption above what is expected 

based on ionic potential. Furthermore, under the conditions typical of the SRS vadose zone, 60Co 

and 133Ba are highly soluble, and the SRS sediments offer limited sorption sites for these 

radionuclides. The trend in the extent of radionuclide transport is consistent with previously 

reported KD values provided for SRS clayey sediments (Table A1). Based on the width of the 

normalized activity distribution peaks, incorporation of the radionuclide suite into a cementitious 

wasteform resulted in the migration extent increasing in the order of 152Eu<133Ba<60Co<137Cs. 

This order is consistent with the KD values for the reducing grout, but based on the KD values for 

Portland Cement, the order of 152Eu<60Co<133Ba<137Cs was anticipated. The percentage of the 

radionuclides retained in the sources at the time of the 2022 measurements increased with the 

cation charge. For Portland Cement-1, the percentage increased in the order 
137Cs<60Co≈133Ba<152Eu and for Reducing Grout-1 137Cs<60Co<133Ba<152Eu. It is thought that 

although the percentages 60Co and 133Ba are similar in Portland Cement-1, the retention of 133Ba 

is greater in Reducing Grout-1 due to the tendency of this radionuclide to form insoluble 

precipitates with both sulfide and sulfate. In Portland Cement-1, the migration of the 

radionuclides that leached into the sediment from the wasteform was reduced for all 

radionuclides except for 137Cs, relative to the sediment control. The elevated ionic strength in 

Portland Cement-1 is thought to have increased competition for cation exchange sites in the 

sediment, limiting 137Cs sorption (Fig. A3). However, Reducing Grout-1 limited the extent of 

migration from the wasteform edge for all radionuclides, including 137Cs, due to reduced 

leaching and increased sorption to the wasteform.  

 

5. CONCLUSIONS 

Overall, the literature KD values accurately predicted the extent of migration for the suite 

of radionuclides (Kaplan, 2021). The only exception to this is that in Portland Cement-1, the 
60Co migration was expected to be less than that for 133Ba due to the high cobalt KD value in 
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oxidizing cement. Increased retention of the radionuclides in the sources was observed in the 

lysimeters containing cementitious wasteforms compared to the sediment control. Furthermore, 

higher retention was observed for Reducing Grout-1 than Portland Cement-1, particularly for 
133Ba and 137Cs. However, in the sediments surrounding the Portland Cement wasteform, 

increased migration of 137Cs was observed due to competition with increased concentrations of 

competing cations. Reduced leaching and migration through sediments was observed for all 

radionuclides in Reducing Grout-1.  

These cementitious wasteforms act as a physical barrier that reduces the infiltration of 

water and provides additional sorption sites for the radionuclides, slowing the initial radionuclide 

release into the surrounding sediment. Reducing grout induces conditions more favorable to limit 

the migration of the radionuclides. Relative to Portland cement, reducing grout has smaller 

capillary pores and reduced hydraulic conductivity, limiting radionuclide leaching. Additionally, 

the sulfides and sulfates present in reducing grout could have resulted in the precipitation or 

coprecipitation of some radionuclides, limiting solubility and, thus, migration. The results of this 

study indicate that the Portland cement did improve radionuclide retention relative to the 

sediment control, but it enhanced the migration of 137Cs which leached into the soil. Thus, the 

reducing grout was the superior material to encapsulate the suite of radionuclides since it reduced 

migration and retained the highest percentage of the radionuclides. Long-term, mesoscale 

experiments conducted at greater spatial and temporal scales than traditional laboratory batch or 

column tests may capture processes not readily evident from studies conducted at shorter and 

smaller scales. Thus, such studies may provide a greater understanding and data quality for 

reactive transport models and risk models. Safe and effective storage of radioactive waste is 

essential to protect environmental health. Due to the potential for accidental releases and the 

severity of the associated risks, it is imperative to further understand radionuclide transport 

should an accident occur. This work analyzed the vadose zone migration of radionuclides from 

cementitious wasteforms at the Savannah River Site after ten years. The observed radionuclides 

are prominent constituents of radioactive waste or analogs for other groups or series of 

radionuclides. Ultimately, this work provides insight into the long-term migration of alkali, alkali 

earth, divalent transition metal, and trivalent actinide element isotopes. 
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Appendix 

1. Best estimates of KD values 

Table A3. Best estimates of KD (mL/g) for systems considered in this work. 

Radionuclide 
Clayey 

Sedimenta 
Oxidizing 

Cementa 
Reducing 

Cementa 

Eu3+  9000 600-6000 
1000-

7000 

Co2+ 100 400-4000 
1000-

5000 
Ba2+ 30 100-200 600-6000 
Cs+ 300 2-20 2-20 

 
a. Kaplan, D., 2021. Geochemical data package for performance assessment calculations 

related to the Savannah River Site (No. SRNL-STI--2021-00017, 1772357). 
https://doi.org/10.2172/1772357 

 
2. Sediment Characteristics 

Table A2. Characteristics of the sediments used in RadFLEx (Roberts et al., 2012). 
Property Measurement 

Surface Area 14.1 m2/g 
Sand/Silt/Clay 66/14/20 wt% 

pH 5.27 
NO3-N 3 mg/kg 

Organic matter 0.90 wt% 
Cation exchange capacity 3.3 meq/100g 

Acidity 2.4 meg/100g 
CBDa extractable Fe 6.01 ± 0.68 mg/g 
CBDa extractable Al 1.98 ± 0.20 mg/g 

Mineralogy: whole sediment quartz (39%), kaolinite (58%), illite/mica/others (<5%) 
Mineralogy: <2μm size fraction Kaolinite (>95%), quartz (<2%), unknown (<5%) 
a Citrate-bicarbonate-dithionite  

3. X-ray Fluorescence Analysis  

Elemental composition was determined by X-ray Fluorescence (XRF) by The Mineral 

Lab, Inc. A representative portion of the ground sample was packed into a well-type plastic 

holder, and then estimates of mineral concentrations were made based on XRF-determined 

elemental composition and the relative peak heights/areas of the X-ray diffraction pattern (Table 

A2). 

https://doi.org/10.2172/1772357
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Table A3. SRS sediment elemental composition determined using XRF. 

Phase 
Sediment 

Composition (%) 
NaO2 <0.05 
MgO 0.14 
Al2O3 13.6 
SiO2 72.9 
P2O5 <0.05 

S <0.05 
Cl <0.02 

K2O 0.09 
CaO 0.08 
TiO2 0.47 

MnO2 <0.01 
Fe2O3 2.64 
BaO <0.01 

4. Additional Sediment Details 
 

Table A4. The pH of the point of zero charge for SRS vadose zone sediment components. 
Sediment 

Component  Formula pHPZC 

Ferrihydrite  Fe(OH)3 8.1a, 8.5b 
Hematite α-Fe2O3 8.5b 
Goethite  α-FeOOH 7.8b, 8.5c 
Quartz  SiO2 2b 
Kaolinite  Al2O2·2SiO2·2H2O 4.6b 

a. Mendez, J., & Hiemstra, T. (2020). Surface area of ferrihydrite consistently related to 
primary surface charge, ion pair formation, and specific ion adsorption. Chemical 
Geology, 532, 119304. https://doi.org/10.1016/j.chemgeo.2019.119304 

b. Benjamin, M. (2015). Water Chemistry (2nd ed.). Waveland Press, Inc. 
c. Dragun, J. (1988). The Soil Chemistry of Hazardous Materials. Hazardous Materials 

Control Research Institute. 
 

  

https://doi.org/10.1016/j.chemgeo.2019.119304
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5. Cation Properties 

Table A5. Some cation properties that impact selectivity. 

Cation 

Ionic 
Radii 
(Å) 

Hydrated 
Ionic 

Radii (Å) 

Ionic 
Potential 

(z/r) 

Hydration 
Enthalpy 
(kJ/mol) 

Li+ 0.76a 3.82c 1.32a 519e 
Na+ 1.02a 3.58c 0.98a 409e 
K+ 1.38a 3.31c 0.72a 322e 

Rb+ 1.52a 3.29c 0.66a 293e 
Cs+ 1.67a 3.29c 0.60a 264e 

Mg2+ 0.72a 4.28c 2.78a 1921e 
Ca2+ 1.00a 4.12c 2.00a 1577e 
Sr2+ 1.18a 4.12c 1.69a 1443e 
Ba2+ 1.35a 4.04c 1.48a 1305e 
Co2+ 0.745a 4.23c 2.68a 1996e 
Eu3+ 1.06b 4.58d 2.83b 3600e 

 
a. Langmuir, D. (1997). Aqueous environmental geochemistry. Prentice Hall. 
b. Vinothkumar, G., Rengaraj, S., Arunkumar, P., Cha, S. W., & Suresh Babu, K. (2019). 

Ionic Radii and Concentration Dependency of RE 3+ (Eu 3+ , Nd 3+ , Pr 3+ , and La 3+ 
)-Doped Cerium Oxide Nanoparticles for Enhanced Multienzyme-Mimetic and Hydroxyl 
Radical Scavenging Activity. The Journal of Physical Chemistry C, 123(1), 541–553. 
https://doi.org/10.1021/acs.jpcc.8b10108 

c. Nightingale, E. R. (1959). Phenomenological Theory of Ion Solvation. Effective Radii of 
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6. Details of the deployment for each lysimeter 
 

Table A6. Outline of the deployment periods for each lysimeter. 

Lysimeter 
Lysimeter 
Installed 

Start of 
Infiltration 

2016 Analysis 2022 Analysis 
Status Removed Redeployed Removed Redeployed 

Portland 
Cement-1 5/11/2012 7/5/2012 10/8/2015 4/20/2017 12/2/2021 8/10/2022 Active 
Reducing 
Grout-1 4/27/2012 7/5/2012 9/8/2016 4/20/2017 12/2/2021 8/10/2022 Active 

Filter 
Paper-1* 4/27/2012 7/5/2012 9/8/2016 - - - Destructively 

Analyzed 
Filter 

Paper-2** 4/27/2012 7/5/2012 - - 12/2/2021 8/10/2022 Active 
*Destructively analyzed in 2017  
**Not analyzed in 2016   
 
  



  SRMC-CWDA-2024-00091 
  Revision 0 
  December 3, 2024 

31 
 

7. Lysimeter Effluent Volumes 

 
Fig. A1. The volume of effluent collected from each lysimeter at the RadFLEx facility. The inset 
table indicates the volume of effluent collected from each lysimeter before removal for the 2016 
and 2022 measurements. The dashed lines labeled 1, 2, and 3 indicate removal from the field for 
the 2016 measurements, redeployment in 2017, and removal for the 2022 measurements, 
respectively. 
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8. Effluent pH 

Analysis of the effluents indicated some variability in the total volume of solution exiting 

the lysimeters (Fig. A1). However, the differences in total volume are thought to result from 

Sediment Control-2 remaining in the field during the 2016 analyses. Additionally, pH 

measurements indicated that the effluent from lysimeters that contained cementitious pucks 

consistently had an order of magnitude fewer protons.  

(a) 
(b) 

(c) 
   

Fig. A1. Low, high, and mean pH measured in the effluent of each lysimeter over the first deployment (a), 
second deployment (b), and the entire experiment (c). PC-1 = Portland Cement-1, RG-1 = Reducing 
Grout-1, SC-1 = Sediment Control-1 (destructively analyzed in 2017), SC-2 = Sediment Control-2. 
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9. Major Ions in Effluent 

(a) (b) 

(c) (d) 
Figure A2. The cumulative mass of major ions measured in the lysimeter effluent during the first two years of deployment. The 
lysimeters displayed in these plots include Portland Cement-1 (PC-1), Reducing Grout-1 (RG-1), Filter Paper-1 (FP-1), and Filter 
Paper-2 (FP-2). (a) sodium, (b) potassium, (c) calcium, (d) magnesium.
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8. Radionuclides in Effluent 

(a) (b) 

(c) (d) 
Figure A3. The cumulative activity of the four radionuclides in the lysimeter effluent decay corrected and normalized by the initial 
activity added to the respective wasteform. The lysimeters displayed in these plots include Portland Cement-1 (PC-1), Reducing 
Grout-1 (RG-1), Filter Paper-1 (FP-1), Filter Paper-2 (FP-2). (a) 152Eu, (b) 137Cs, (c) 133ba, (d) 60Co 
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