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Abstract 15 

Safe and effective storage of radioactive waste is essential to protect human and environmental 16 
health. Due to the potential for accidental releases and the severity of the associated risks, it is 17 
imperative to further understand radionuclide transport should an accident occur. This study was the 18 
second set of measurements conducted in 2022 of an ongoing experiment that has analyzed the vadose 19 
zone migration of radionuclides from cementitious wasteforms at the Savannah River Site over the last 20 
ten years. The radionuclides introduced within the sources are prominent constituents of radioactive 21 
waste or analogs for other groups or series of radionuclides. Lysimeters were first analyzed in 2016 using 22 
a collimated high-purity germanium gamma-ray spectrometer to non-destructively measure the 23 
concentration of each radionuclide in the sediment column as a function of depth. Following these 24 
measurements, the lysimeters were redeployed for another 4 years. All radionuclides in all lysimeters 25 
were observed to transport further during the redeployment period; however, the extent of migration 26 
varied with the material used for introduction. Except for 137Cs, migration through the sediment control 27 
system increased with decreasing ionic potential (ionic charge/radius); migration order: 28 
152Eu<137Cs<60Co<133Ba. Overall, the cementitious wasteforms were observed to decrease radionuclide 29 
migration extent relative to natural vadose zone conditions. In both cementitious wasteforms, the 30 
migration extent increased in the order 152Eu<133Ba<60Co<137Cs. However, less migration was measured 31 
when the radionuclides were incorporated into a reducing grout wasteform. The novelty of this paper is 32 
the demonstration of a technique capable of creating non-destructive measurements over decade time 33 
scales. Ultimately, this work provides insight into the long-term migration of alkali, alkali earth, divalent 34 
transition metal, and trivalent (e.g., lanthanide and actinide element) isotopes.   35 

mailto:rfw@clemson.edu
mailto:bpowell@clemson.edu


2 
 

Graphical Abstract 36 

 37 

1. Introduction 38 

The United States Department of Energy Savannah River Site (SRS) currently contains approximately 39 
100 million liters of radioactive waste in 51 underground storage tanks. Most of the waste in these tanks 40 
is in the soluble salt form and ongoing treatment solidifies the waste into a reducing grout (Kaplan et al., 41 
2008). This treatment is intended to safely immobilize radioactive liquid waste stored at SRS in solid 42 
forms for permanent on-site disposal. Concurrently, to provide data relevant to site performance 43 
assessment models, the SRS has transport experiments underway at the Radionuclide Field Lysimeter 44 
Experiment (RadFLEx) facility (Roberts et al., 2012). Of interest to this work are the RadFLEx lysimeters 45 
that contain Portland cement (a cementitious material comprised of 45% fly ash, 55% cement), reducing 46 
grout (a cementitious material comprised of 45% fly ash, 45% blast furnace slag, and 10% cement), or 47 
glass filter paper sources (to function as a sediment control) amended with a suite of gamma-emitting 48 
radionuclides to provide information that can be used to estimate risk associated with radioactive waste 49 
disposal (Roberts et al., 2012). In a previous study, Erdmann et al. (Erdmann et al., 2018) used a non-50 
destructive technique to measure the vertical profiles of four gamma-emitting radioisotopes (60Co, 133Ba, 51 
137Cs, 152Eu) in lysimeters after four years of deployment in RadFLEx. After the analysis, the lysimeters 52 
were redeployed for continued exposure to environmental conditions. The current work analyzed the 53 
same lysimeters using the same non-destructive approach after an additional 4 years of deployment to 54 
quantify the migration extent of the radionuclides in the lysimeter sediment columns.   55 

Gamma-emitting radionuclides 60Co, 133Ba, 137Cs, and 152Eu were selected due to the ability to 56 
measure all four simultaneously using non-destructive gamma-ray spectroscopy and because they are, or 57 
are good analogs for, radioisotopes that are prevalent in radioactive waste. Cesium and barium are 58 
alkaline and alkaline earth metals and will exist in the (I) and (II) oxidation states, respectively. 137Cs has a 59 
high fission yield while 133Ba is chemically comparable to 90Sr, an alkaline earth element with a high 60 
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fission yield. Cobalt is a transition metal, and 60Co is an abundant activation product that persists as 61 
Co(II) in the SRS vadose zone. Europium is anticipated to exist in the (III) oxidation state in most natural 62 
environments, including the SRS vadose zone. Eu(III) was selected for these experiments to provide a 63 
relatively strongly sorbing radionuclide species for comparison with the generally more mobile and 64 
soluble mono and divalent ions. Furthermore, Eu(III) is commonly used as an analog for trivalent 65 
actinides and lanthanides (e.g., 241Am(III) and 244Cm(III) which have been observed in the SRS subsurface 66 
(Buesseler et al., 2009)) because the stable oxidation state and similar ionic radius yield similar physical 67 
and chemical behaviors (Estes et al., 2013; Goo et al., 2021).  68 

The mobility of radionuclides through the vadose zone depends on interactions with solid 69 
surfaces. SRS sediments are composed primarily of kaolinite and sand and possess a relatively low cation 70 
exchange capacity (Table S2). Clay minerals are primarily responsible for cation sorption in SRS sediments 71 
(Goto et al., 2008). The clay fraction is composed primarily of kaolinite and hydroxy-interlayered 72 
vermiculite (HIV), the product of highly weathered phyllosilicates (Goto et al., 2014, 2008; Naumann et 73 
al., 2012; Zaunbrecher et al., 2015). Kaolinite exhibits the lowest cation exchange capacity (CEC) of the 74 
clay minerals and low sorption affinity for most cations, primarily hydrated divalent cations (Hinton et al., 75 
2006; Mitchell and Soga, 2005). Previous studies have concluded that HIV contributes most of the CEC in 76 
the clay fraction at SRS (Goto et al., 2014). These mineral grains possess numerous nondiscriminatory 77 
sites on planar surfaces and a limited number of highly selective sites at the interlayer wedge zones 78 
(Goto et al., 2014, 2008). There are two types of sites associated with interlayer wedge zones, the first 79 
holds cesium strongly during exchange with other cations, while the second site is located deep within 80 
the interlayer wedge zone and does not readily exchange the cesium held at these sites, leading to 81 
effectively irreversible attenuation of cesium over long time scales (Goto et al., 2014).  82 

Additional sediment constituents impact cation sorption. Based on XRF data, iron is present in 83 
the SRS sediment, comprising 2.64% of the sediment by weight (Table S3). It is unlikely that clay minerals 84 
alone could make up this iron weight fraction. Studies have identified a mix of hematite and goethite 85 
phases as well as a small fraction of phyllosilicate-bound iron, yielding conceptual models that include 86 
iron present as goethite, hematite, or ferrihydrite (Kaplan, 2021; Kaplan et al., 2010; Peruski et al., 2017). 87 
Additional details pertaining to measurements and properties of the sediments can be found in previous 88 
works (Montgomery et al., 2017; Roberts et al., 2012). Oxides and oxyhydroxides contribute limitedly to 89 
CEC since they possess sorption sites in the same range as kaolinite (Dragun, 1988). However, previous 90 
works have concluded that these minerals provide substantial sorption sites for select cations (Kim et al., 91 
2006; Krupka and Serne, 2002; McLaren et al., 1986; Naveau et al., 2005). Although quartz represents a 92 
substantial fraction of the SRS sediment by mass, it does not provide considerable cation sorption sites 93 
(Aldahan et al., 1999; Dixon et al., 1989).  Cation sorption is not only dependent on the presence of 94 
materials capable of adsorption but also on the physiochemical properties of the system.   95 

 At the SRS and other areas where radioactive materials are stored, engineered systems are 96 
added to limit the mobility of radionuclides. Cementitious materials are commonly used to encapsulate 97 
low-level and intermediate-level radioactive wastes for disposal in near-surface geologic deposits (Goo et 98 
al., 2021; Li and Pang, 2014; Tits et al., 2003). Formulations that include Portland cement are typically 99 
used due to its availability, low cost, high strength, high durability, radiation stability, and the capability 100 
to immobilize a wide range of waste species (Chen et al., 2009; Komljenović et al., 2020; Matsuzuru et 101 
al., 1977). Mineral phases possess a high density of sites capable of radionuclide adsorption and 102 
incorporation reactions, which can limit radionuclide migration (Ochs et al., 2016). However, Portland 103 
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cement has been shown to be ineffective for cesium and tritium (Goñi et al., 2006). To improve the 104 
formulation, blast furnace slag (BFS), is added to reduce overall porosity, increase durability, enhance 105 
retention via the formation of insoluble sulfide precipitates, and enhance the sorption and precipitation 106 
of redox-sensitive contaminants which results in a more advantageous material with higher resistance to 107 
chemicals and lower water permeability (Matsuzuru et al., 1977; Seaman and Chang, 2013). 108 
Furthermore, the addition of BFS incorporates ferrous iron and sulfide (Arai et al., 2018, 2017a, 2017b; 109 
Kaplan et al., 2008; Powell and Arai, 2015). Ferrous iron creates reducing conditions, which result in 110 
redox-sensitive radionuclides in less mobile oxidation states, while sulfides also contribute to reducing 111 
conditions, but also are precipitating agents that bind certain radionuclides as insoluble species, 112 
ultimately limiting mobility from the wasteform (Andersson et al., 1983; Gilliam et al., 1990; Kaplan et 113 
al., 2008). In general, higher salinity pore fluids can increase the leaching of radionuclides from 114 
cementitious wasteforms over long-term timescales; however, this effect has been observed to be less 115 
pronounced in reducing grout relative to Portland cement (Matsuzuru et al., 1977).  116 

Cementitious leachate has very different chemical properties than background SRS groundwater. 117 
Typical pH and ionic strength values for background SRS groundwater under natural conditions are 5.5 118 
and 0.1 mM, respectively (Kaplan et al., 2017). The current conceptual model for the SRS clayey 119 
sediment impacted by cementitious leachate (Portland cement and reducing grout) describes a 120 
porewater environment with pH 2 times greater (2 orders of magnitude fewer protons) and ionic 121 
strength 150 times greater, relative to that of background conditions (Kaplan, 2021). Cement leachate 122 
has concentrations of competing cations, 1 to 3 orders of magnitude greater than the background 123 
conditions (Kaplan, 2021) . Previous studies have observed that relative to background conditions, the 124 
conditions induced by the cementitious leachate substantially decrease the sorption of alkali metals but 125 
yield the opposite effect in alkaline earth metals, cobalt, and europium (Jeong et al., 1998; Semenkova et 126 
al., 2023; Woodward et al., 2018). The pH of the system has a significant impact on sorption of many 127 
cations to sediments (Clark et al., 1998; King, 1988; Krupka and Serne, 2002; Landry et al., 2009; 128 
Narendrula et al., 2012; Payne et al., 2009; Spark et al., 1995). The ionic strength of the aqueous phase 129 
provides insight into the concentration of competing cations (Na+, K+, Mg2+, Ca2+) present. However, the 130 
degree to which these cations can compete with radionuclides for sorption sites depends on the 131 
selectivity of the sediments for cations. The ionic potential or the ratio of the charge to the ionic radius 132 
(z/r) can also be used to predict the selectivity of sediments; cations with larger ionic potential are 133 
preferentially electrostatically adsorbed over those with smaller ionic potentials (Langmuir, 1997; 134 
Sposito, 1989). Other factors, such as sediment properties (Goto et al., 2014) and the hydrated radius of 135 
the cation (Zaunbrecher et al., 2015), contribute to selectivity, but typically, the orders for monovalent 136 
and divalent cations follow Cs+>Rb+>K+>Na+>Li+ and Ba2+>Sr2+>Ca2+>Mg2+, respectively (Dragun, 1988). A 137 
complete table of hydrated radii, ionic potential, and hydration energies is provided in the 138 
supplementary material (Table S5).  139 

The distribution coefficient (KD) is the most common and simplest way to describe partitioning to 140 
sediments (Dragun, 1988; Sposito, 1989). The KD is an empirically derived construct defined as the ratio 141 
of contaminant concentrations in the solid phase to the amount remaining in the aqueous phase at 142 
equilibrium (Dragun, 1988; Sposito, 1989). A high KD value indicates a high degree of sorption to 143 
sediments. Additionally, the KD can be used to describe the migration rate of a contaminant in relation to 144 
the flux of the aqueous phase through the subsurface (Dragun, 1988; Sposito, 1989). Measured KD values 145 
for different contaminants vary greatly due to the dependence on the chemical properties of the 146 
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contaminant, aqueous phase, and solid phase (Dragun, 1988; Sposito, 1989).  Therefore, it is necessary 147 
to develop site-specific KD values. Fortunately, a recent literature review has compiled data from sorption 148 
studies, primarily laboratory batch (ad)sorption studies, specific to SRS materials and provides the best 149 
estimates of KD values (Kaplan, 2021). Based on Kaplan’s KD values, under the three systems analyzed in 150 
this work, the affinity of the four radionuclides to undergo cation exchange is expected to vary. The 151 
affinity of 152Eu remains consistently high across all systems. However, in cementitious wasteforms, the 152 
affinity of 60Co and 133Ba is expected to increase by one to two orders of magnitude compared to the 153 
sediment control, while the affinity of 137Cs is anticipated to decrease an order of magnitude (Table S1). 154 

The composition of the sediment and the wasteform used for radionuclide disposal can both 155 
impact radionuclide mobility and, ultimately, migration through the subsurface. This work seeks to 156 
improve upon an existing non-destructive gamma-ray spectrographic technique and demonstrate the 157 
ability of this technique to reliably monitor the migration of radionuclides through lysimeter columns 158 
over several years. Select radionuclides were incorporated into cementitious grouts, placed within field 159 
lysimeters, and left for exposure to natural rainfall and temperature fluctuations for 10 years. The non-160 
destructive approach allowed the radionuclide distribution to be determined after 4 years of deployment 161 
in a previous study (Erdmann et al., 2018) and again after 10 years in the current work. This study will 162 
provide insight into the impact of different cementitious wasteform formulations on the distribution of 163 
radionuclides after a decade of field deployment and present a novel detection approach for non-164 
destructive analysis of gamma-emitting isotopes.This non-destructive approach allows for multiple 165 
measurements of radionuclide distributions over time in mesoscale field studies, which can be used to 166 
monitor leaching from wasteforms and transport through sediments. 167 

2. Methods and Materials 168 

Lysimeters containing sources amended with a suite of gamma-emitting radionuclides (137Cs, 169 
60Co, 133Ba, and 152Eu) were deployed for approximately 10 years in the field at the RadFLEx facility at the 170 
United States Department of Energy SRS. This work serves as a follow-up to a study conducted in 2016, 171 
which non-destructively measured the concentration of each radionuclide in the sediment column as a 172 
function of depth after 4 years of deployment in the field (Erdmann et al., 2018). Following the 173 
measurement, one lysimeter was destructively analyzed to confirm the results, and the remaining 174 
lysimeters were redeployed in April 2017, recovered in December 2021, and similarly analyzed in 2022 to 175 
determine the extent of transport after another 4 years of deployment. A duplicate lysimeter to the one 176 
destructively analyzed in 2017 was measured in the present study. A concise outline of the deployment 177 
periods for each lysimeter is provided in Table S6.  178 

The analyzed lysimeters contain the gamma suite incorporated into cementitious pucks (Portland 179 
cement or reducing grout) or introduced into the sediment via a filter paper “pita pocket” as a sediment 180 
control (i.e., exposed to natural site conditions). The sediment control was used to monitor radionuclide 181 
transport through the sediment without any influence of a wasteform or ions leaching from the 182 
wasteforms. The source material type is included in the lysimeter naming scheme, except for the 183 
sediment control, and the subsequent number refers to the replicate number (Table 2). Sediment 184 
Control-1 refers to the lysimeter that was destructively analyzed in 2017, and Sediment Control-2 is the 185 
identical duplicate measured in the current study. The pita pockets are approximately 4.7 cm in diameter, 186 
0.1 cm thick, and were constructed by stitching together two Whatman glass fiber filters with Teflon 187 
thread (Roberts et al., 2012).  Each of the cementitious wasteform pucks was created by mixing a salt 188 
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solution containing the radionuclides with dry Portland cement, blast furnace slag, and fly ash using a 0.6 189 
g salt solution to 1 g dry mix ratio as described by Roberts et al., (2012). The Portland cement source was 190 
55% Portland cement and 45% fly ash, and the reducing grout was 45% fly ash, 45% blast furnace slag, 191 
and 10% Portland cement. The cementitious pucks have a diameter of 3.18 cm and a thickness of 1.27 192 
cm (Roberts et al., 2012). The differences in the thickness of the sources are displayed in Fig. 1. Each 193 
lysimeter is composed of an open-top 60-cm by 10-cm (ID) PVC pipe to allow for precipitation to impact 194 
the sediments via infiltration and evaporation (Fig. 1). The bottoms of the lysimeters were fitted with a 195 
mesh screen, reducer, and tubing to allow effluent collection and analysis (Erdmann et al., 2018; Roberts 196 
et al., 2012). The sediments used in these experiments are representative of the SRS vadose zone 197 
(characteristics provided in Table S2). Prior to field implementation, the lysimeters were filled with 198 
approximately 50 cm of the SRS vadose zone sediment, and one of the sources was situated at a height 199 
of approximately 25 cm. The constituents were added to the lysimeters as follows: sediment to a height 200 
of 25 cm, tamped to induce settling, wasteform, an additional 25 cm of the same sediment, and tamped. 201 
For each lysimeter, the source material type and the initial activity present are listed in Table 1. Previous 202 
works have provided additional details pertaining to the lysimeter design and configuration (Kaplan et 203 
al., 2017; Roberts et al., 2012; Santikari et al., 2022). 204 

 
 

 
                                                               

(a) 

 
 

 
                                                           

(b) 
 

(c) 
Fig. 1. Images of a cementitious wasteform (a) and a side-view of the filter paper source (b) and a 205 
schematic drawing of a lysimeter column (c). 206 
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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) 
137Cs 60Co 133Ba 152Eu 

 

137Cs 60Co 133Ba 152Eu 

Portland 
Cement-1 

Portland 
Cement 4.68 5.09 3.97 9.40 

 

3.70 1.33 2.03 5.57 

Reducing 
Grout-1 

Reducing 
Grout 4.68 5.09 3.97 9.40 

 

3.70 1.33 2.03 5.57 

Sediment 
Control-1 

Filter 
Paper 0.29 0.32 0.25 0.47 

 

Destructively analyzed in 2017 

Sediment 
Control-2 

Filter 
Paper 0.29 0.32 0.25 0.47 

 

0.23 0.08 0.13 0.28 

 207 

2.1. Detection System 208 

 A custom-built system capable of using a high-purity germanium detector to conduct automated 209 
scans of lysimeter columns with a spatial resolution of 0.2 cm was designed for these tests (Erdmann et 210 
al., 2018). The detection system was calibrated using Spectrum Technologies beta/gamma disk sources 211 
and a standard created using a NIST traceable 152Eu solution. Additionally, the detection efficiency of the 212 
system was determined using the same 152Eu solution incorporated into a cementitious wasteform and 213 
background was determined by analyzing a blank lysimeter filled with only clean SRS Sediment. Erdmann 214 
et al., (2018) provides a detailed description of the detection system and associated calibration. 215 

In the current study, duplicate scans of Reducing Grout-1 and Sediment Control-2 and triplicate 216 
scans of Portland Cement-1 were conducted to reduce the impact of heterogeneities and source 217 
placement on the detected radionuclide spatial distribution. Lysimeters were initially scanned on a 218 
shorter time interval with coarse spacing between measurement areas to estimate the height, or 219 
location, of the source and the extent of the region containing activity above the background. After 220 
determining the general location of the source, the automated detection system was programmed to 221 
measure the lysimeter at 0.2 cm intervals over a range approximately 7 cm above and below the source. 222 
Each interval was counted for 1800 seconds, except when measuring Sediment Control-2, the count time 223 
was extended to 7200 seconds due to the lower activity present in the source. For example, if a 224 
cementitious wasteform was determined to be present at a height of 27 cm, the system was 225 
programmed to count every 0.2 cm from 20 cm to 34 cm, resulting in 101 individual measurements over 226 
roughly 2 days. After completing the first scan of the lysimeter, the lysimeter was rotated 180 degrees, 227 
and the system was restarted with no adjustments to the counting parameters. After the second scan of 228 
Portland Cement-1, the lysimeter was rotated 90 degrees, and the measurement was conducted again.  229 

2.2. Data Analysis 230 
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 After the scans were completed, Microsoft Excel was used to determine the net peak areas from 231 
the detection system output files. The gross counts were plotted as a function of the channel to view the 232 
photopeaks. To account for the increased baseline due to Compton scattering, the counts of roughly the 233 
10 channels to the left and right of the photopeak of interest were averaged, and then this area was 234 
subtracted from the total area under the photopeak curve. The number of neighboring channels varied 235 
slightly between the photopeaks of interest due to the proximity of other spectrum features. The 236 
counting interval with the highest activity was assumed to be the source location and assigned a height 237 
of 0 cm. The intervals above and below this point were incrementally assigned values starting at 0.2 cm 238 
and -0.2 cm, respectively. The duplicate datasets were then averaged to create one dataset for each of 239 
the lysimeters. The average activity distribution profiles were analyzed to quantify the migration of the 240 
radionuclides through the sediments. Since the initial activity incorporated into the cementitious 241 
wasteforms and the filter paper sources differed by an order of magnitude, the activity present at each 242 
scanning interval was normalized using the total activity added to the source decay corrected for the 243 
time of the measurement. It is important to note that the cementitious wasteforms are 1.27 cm tall, 244 
while the height of the filter paper source is roughly 0.1 cm. 245 

3. Results and Discussion 246 

Overall, the redeployment period (2017-2022) resulted in increased migration of the four 247 
radionuclides regardless of the source type. Generally, effluent volume over time was consistent with 248 
expected rainfall variability over the length of the experiment. The normalized activity distributions 249 
developed from the lysimeter scans are displayed in Figs. 2, 3, 4, and 5, and Table 2 contains the 250 
percentage of the normalized activity remaining in the approximate source region at the time of the 251 
2016 and 2022 measurements. All of the values are averages of the duplicate or triplicate scans 252 
performed on each lysimeter; within the approximate source regions, the standard deviations were no 253 
greater than 25% of the average value. When comparing the percentages between the different 254 
measurement years, it is noteworthy that the spatial resolution of the scans differed between the years. 255 
The spatial resolutions were 0.254 cm and 0.2 cm for 2016 and 2022, respectively. The 2016 resolution 256 
yielded approximate source regions covering a vertical distance of 1.27 cm for the cementitious 257 
wasteforms and 0.254  for filter paper sources, respectively. With the 0.2 cm step size used in the current 258 
work, the region of the 1.27 cm tall wasteform had to be approximated in 0.2 cm steps, resulting in a 259 
total wasteform region height in the data of 1.4 cm compared with the exact value of 1.27 cm using the 260 
0.254 cm step length by Erdman et al., (2018).  261 

Table 2. Percentage of radionuclide present in the approximate source region (decay corrected). 262 

Radionuclide 
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 

3.1. Cobalt 263 
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The 60Co normalized activity distributions detected during the 2022 measurements for Portland 264 
Cement-1, Reducing Grout-1, and Sediment Control-2 were nearly identical from the top of the counting 265 
area (4 cm above the source center) to 1 cm below the source center (Fig. 2 (b)). However, beyond 1 cm 266 
below the source center, and continuing through to the lowest measurement of the lysimeters (6.6 cm 267 
below the source center), the normalized activity in Sediment Control-2 was elevated relative to the 268 
cementitious sources. At 1 cm below the source centers, normalized activities of 0.019, 0.026, and 0.034 269 
were measured for Portland Cement-1, Reducing Grout-1, and Sediment Control-2, respectively. From 1 270 
to 2 cm below the approximate source center, the normalized activities in all three lysimeters declined 271 
approximately exponentially until reaching a constant value of 0.002 for both cementitious lysimeters 272 
and 0.015 for Sediment Control-2. The ratios of FWHM/FWQM (FWHM = full width at half maximum of 273 
the activity distribution in the lysimeter, FWQM = full width at quarter maximum of the activity 274 
distribution in the lysimeter) were identical in Portland Cement-1 and Reducing Grout-1 (0.69). However, 275 
a lower ratio (0.59), indicating increased spreading, was observed in Sediment Control-2 (Fig. 2). 276 
Furthermore, the same trend was observed for the 2016 measurements. Overall, the ratios decreased 277 
between the 2016 and 2022 measurements. Therefore, the peaks became shorter and wider during the 278 
redeployment, indicating that a smaller fraction of the radionuclides remained in the approximate 279 
source area and that the extent of migration increased. 280 

Recall that the height of the source materials (cementitious puck vs filter paper) varied by more 281 
than an order of magnitude. Thus, if the migration of 60Co at the time of the 2022 measurements is 282 
considered from the edge of the approximate source region, the distributions for the cementitious 283 
wasteforms are nearly identical, while in Sediment Control-2, the distribution of normalized activity is 284 
roughly two-fold greater above -1 cm and an order of magnitude greater below -1 cm. At the time of the 285 
2022 measurements, Reducing Grout-1, Portland Cement-1, and Sediment Control-2 the approximate 286 
wasteform regions contained 63.4, 63.0, and 8.3% of the initial 60Co activity, respectively. Measurements 287 
of 60Co in the Portland Cement-1 effluent have been observed to be the highest cumulative activity of 288 
the radionuclides analyzed in the study (Fig. S4). To account for the difference in the initial activity added 289 
to the cementitious and filter paper sources, the cumulative 60Co activity in the effluent has been 290 
normalized by the initial activity, yielding values for Portland Cement-1 and Reducing Grout-1 two and 291 
three orders of magnitude greater than that for Sediment Control-2, respectively. Considering the 292 
different analyses, little difference between the cementitious wasteforms was observed for retention in 293 
the wasteform and distribution in the lysimeter. However, the activity measured in the effluent for 294 
Portland Cement-1 was an order of magnitude greater than Reducing Grout-1. Although less 60Co was 295 
maintained in the filter paper source, and 60Co was observed to migrate further in Sediment Control-2, 296 
lower cumulative activity was measured in the effluent. Many of the measurements of other 297 
radionuclides in the effluent over the 10-year monitoring period were at or below detection limits. It is 298 
noteworthy that a factor of ~16 less activity was added to the sediment control lysimeters relative to 299 
cementitious lysimeters. Of all the radionuclides, the highest activities in the effluent were measured for 300 
60Co during the first two years of deployment, particularly in Portland Cement-1 (Fig. S4). The initial 60Co 301 
pulse observed primarily in Portland Cement-1, but also to a lesser extent in Reducing Grout-1, coincides 302 
with pulses of sodium (Fig. S3). However, it is not fully understood what caused the initial 60Co pulse. 303 

Cobalt (II) has a high potential for mobility due to its high solubility in water (Woodward et al., 304 
2018). Properties observed to have the greatest impact on cobalt sorption, in no order, are exchangeable 305 
calcium, pH, and CEC of the sediment (Kim et al., 2006). Soil oxides (ferrihydrite) provide the most 306 
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significant sorption sites for cobalt, followed by mineral oxides, while clay minerals have limited impact 307 
(Kim et al., 2006; Krupka and Serne, 2002; McLaren et al., 1986). Albeit, SRS sediments contain cation 308 
exchange sites, sorption at these sites is competitive and pH-dependent (Payne et al., 2009). The pHPZC 309 
for ferrihydrite, goethite, hematite, and kaolinite are 8.1 (Mendez and Hiemstra, 2020), 7.8 (Benjamin, 310 
2015), 8.5 (Benjamin, 2015), and 4.6 (Benjamin, 2015). Thus, under background conditions at SRS 311 
(Sediment Control-1 and Sediment Control-2), the most significant sorption surfaces are largely 312 
positively charged and thus weakly attract cobalt. These factors are thought to result in the observed 313 
enhanced mobility of 60Co relative to the others. 314 

The incorporation of the radionuclide suite in a cementitious wasteform, as compared to the 315 
sediment control, altered the migration of 60Co through the lysimeters. It is hypothesized that low 316 
solubility solids can precipitate in the cementitious pucks. These may be hydroxides and carbonate, 317 
capable of cobalt co-precipitation (Brooks et al., 1998; Kim et al., 2006).  Alternatively, Yoon et al., (2020) 318 
identified cobalt precipitated as a cobalt-sulfide in the presence of a grout containing blast furnace slag, 319 
an ingredient in the Reducing Grout-1 wasteform. In this study, little difference was observed in the 320 
cobalt distributions of Portland Cement-1 and Reducing Grout-1 despite the addition of blast furnace 321 
slag to Reducing Grout-1. However, fly ash, which potentially contains sulfides, was added to both 322 
cementitious wasteforms. Once leached from the wasteform migration of cobalt will be dominated by 323 
ion exchange processes. The total activity measured in the effluent was an order of magnitude lower for 324 
Reducing Grout-1 relative to Portland Cement-1 (Fig. S4 (d)). The contributions to the total activity in the 325 
effluent primarily occurred during the first two years of the experiment, and during this time period, the 326 
sodium concentrations were an order of magnitude higher in the effluent for Reducing Grout-1 and 327 
Portland Cement-1 relative to Sediment Control-2. The higher effluent concentrations were likely due to 328 
the higher dissolved ion concentrations, because in the 4-6.5 pH range, ion exchange dominates cobalt 329 
sorption, and thus the fraction adsorbed depends on the ionic strength of the solution (Landry et al., 330 
2009). The decreased spreading observed in Portland Cement-1 and Reducing Grout-1 relative to 331 
Sediment Control-1 and Sediment Control-2, is consistent with the current best estimates for the KD 332 
values (Table S1). 333 
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(a) 334 

(b) 335 
Fig. 2. The distributions of 60Co activity as a function of distance from the approximate center of the 336 
source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-1 = Sediment 337 
Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of the activity distribution in 338 
the lysimeter, FWQM = full width at quarter maximum of the activity distribution in the lysimeter).  The 339 
plots illustrate the 60Co activity normalized by the decay-corrected initial activity added to the lysimeters 340 
as a function of depth in the lysimeters. A depth of zero was assigned to the approximate center of the 341 
source. Note that only an 8 cm section is being shown of the 56 cm sediment column to demonstrate the 342 
differences between the systems surrounding the source region. Note that the lines connecting the data 343 
points are simply for guidance.  344 



12 
 

3.2. Barium 345 

Barium-133 distributions in Portland Cement-1 and Reducing Grout-1 were similar and nearly 346 
symmetrical above and below the wasteform in 2016 and 2022 (Fig. 3). However, in both datasets, the 347 
normalized activity peak for Portland Cement-1 was shorter than that of Reducing Grout-1, indicating a 348 
higher degree of migration in Portland Cement-1 than in Reducing Grout-1. Furthermore, the 349 
FWHM/FWQM ratio of the activity distribution in the lysimeter for Reducing Grout-1 was 0.90 and 0.81 350 
for 2016 and 2022, respectively (Fig. 3). Whereas the ratio for Portland Cement-1 was 0.84 in 2016 and 351 
0.74 in 2022. The peaks of the normalized activity distributions for the cementitious wasteforms were 352 
twice the height of the peaks measured for Sediment Control-1 in 2016 and Sediment Control-2 in 2022. 353 
Additionally, the FWHM/FWQM ratio for Sediment Control-1 was 0.48 in 2016 and the ratio for Sediment 354 
Control-2 in 2022 was 0.14. These results suggested that some factors of the cementitious wasteforms 355 
decreased radionuclide transport between sampling periods. Unlike the cementitious wasteforms, the 356 
1D scans revealed asymmetric activity distributions for Sediment Control-1 and Sediment Control-2, 357 
indicating more downward than upward movement of 133Ba. Overall, the scans of Sediment Control-1 358 
and Sediment Control-2 revealed similarly shaped activity distributions, although four additional years of 359 
deployment resulted in a peak roughly half as tall and a 66% increase in the normalized activity 360 
concentration below the source in Sediment Control-2. The percent decrease of the normalized activity 361 
present in the Sediment Control-2 approximate source region was roughly twice that observed in the 362 
cementitious wasteforms.  363 

Based on the information provided by the 1D scans in 2016 and 2022, the greatest migration of 364 
133Ba occurred in Sediment Control-1, followed by Portland Cement-1, and then Reducing Grout-1. When 365 
considering the extent of migration from the edge of the source rather than the center, the same order is 366 
observed, but the variance between the materials is more substantial. Although the distributions for 367 
Portland Cement-1 and Reducing Grout-1 appear similar, in the region outside the wasteform, the 368 
normalized activity as a function of depth is 2 to 5-fold greater in Portland Cement-1. Furthermore, the 369 
cumulative activity in the effluent normalized to the initial activity added to the source increased in the 370 
order Reducing Grout-1<Portland Cement-1<Sediment Control-2, with an order of magnitude separating 371 
each rank (Fig. S4 (c)). Additionally, the calculation of 133Ba activity remaining in the approximate source 372 
region revealed a higher percentage remaining in Reducing Grout-1 than Portland Cement-1, while the 373 
percentage for Sediment Control-2 was more than an order of magnitude lower than the cementitious 374 
wasteforms.  375 

 The primary factors impacting the migration of barium are the pH (Eylem et al., 1990), the 376 
solubility of barium (Almond and Kaplan, 2011), and precipitation reactions (Almond and Kaplan, 2011; 377 
Kaplan, 2021; Seaman and Chang, 2013). Kaolinite and HIV compose most of the cation exchange 378 
capacity of the SRS sediments. However, barium is strongly hydrated, which limits close interaction with 379 
kaolinite surfaces resulting in weak binding (Jeong et al., 1998), and hinders the ability of FES to function 380 
as sorption sites for this cation (Zaunbrecher et al., 2015). Furthermore, the sorption of barium increases 381 
with increasing pH, indicating that surface complexation is a contributing factor. Thus, under background 382 
conditions present in Sediment Control-1 and Sediment Control-2, the SRS sediments offer limited 383 
sorption capacity for 133Ba. The cementitious wasteforms imposed physical and chemical conditions that 384 
altered the migration 133Ba in the lysimeters. These wasteforms induce alkaline conditions, which 385 
previous studies have observed to slightly increase barium sorption to kaolinite (Eylem et al., 1990). The 386 
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elevated pH of the cementitious leachate is hypothesized to have decreased the mineral surface charge 387 
of the SRS sediments relative to the background conditions in the vicinity of the cementitious 388 
wasteforms, facilitating greater 133Ba adsorption. However, more impactful to barium mobility is the 389 
presence of carbonates and sulfates or sulfides in the cementitious leachate. These constituents can 390 
trigger the formation and precipitation of barium sulfate (BaSO4), barium sulfide (BaS), and witherite 391 
(BaCO3), all of which are largely insoluble (Kaplan, 2021; Peruski et al., 2017; Seaman and Chang, 2013). 392 
Furthermore, the addition of BFS physically changes wasteforms, reducing the size of the capillary pores 393 
limiting water passing through (Seaman and Chang, 2013). Previous works have observed the KD value 394 
for barium to increase in cementitious leachate, particularly reducing grout, suggesting that the higher 395 
sulfide content of the cementitious wasteforms is an important parameter limiting migration (Almond 396 
and Kaplan, 2011; Seaman and Chang, 2013). Thus, it is hypothesized that the addition of BFS minimized 397 
133Ba leaching from the Reducing Grout-1 wasteform at the time of the 2022 scans. The overall extent of 398 
133Ba migration in the lysimeters is consistent with the current best estimates of the KD values (Table S1).  399 
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(a) 400 

(b) 401 
Fig. 3. The distributions of 133Ba activity as a function of distance from the approximate center of the 402 
source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-1 = Sediment 403 
Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of the activity distribution in 404 
the lysimeter, FWQM = full width at quarter maximum of the activity distribution in the lysimeter). The 405 
plots illustrate the 133Ba activity normalized by the decay-corrected initial activity added to the system as 406 
a function of depth in the lysimeters. A depth of zero was assigned to the approximate center of the 407 
source. Note that only an 8 cm section is being shown of the 56 cm sediment column to demonstrate the 408 
differences between the lysimeters surrounding the source region. Note that the lines connecting the 409 
data points are simply for guidance.  410 
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3.3. Cesium 411 

The scan data indicated that all measurements of the three lysimeters produced symmetric 137Cs 412 
normalized activity distributions that became shorter and wider compared to prior measurements. For 413 
2016 and 2022 measurements, the narrowest peaks were Sediment Control-1 and Sediment Control-2, 414 
followed by Reducing Grout-1 and Portland Cement-1 (Fig. 4). The FWHM/FWQM ratios of the activity 415 
distribution in the lysimeter were within 0.64 ± 0.02 for the three lysimeters in 2016 and 2022, indicating 416 
that the 137Cs is migrating at a constant rate (Fig. 4). The 2022 1D scans demonstrated that the extent of 417 
137Cs migration as a function of vertical distance from the center of the approximate source region center 418 
increased in the order Sediment Control-2, Portland Cement-1, and Reducing Grout-1. The source region 419 
in Sediment Control-2 contained the smallest percentage of the initial activity, roughly 11%. While the 420 
Portland Cement-1 and Reducing Grout-1 wasteform regions contained approximately 37% and 53% of 421 
the initial activity, respectively. Furthermore, the normalized cumulative activity in the lysimeter 422 
effluents increased in the order Reducing Grout-1<Sediment Control-2<Portland Cement-1 (Fig. S4 (b)). 423 
These findings indicate that although more 137Cs exited Sediment Control-2, the 137Cs leaching from the 424 
Portland Cement-1 wasteform migrated further in the sediment column. This is further supported when 425 
considering spreading from the source edge. Elevated activity was present in the vicinity of the sources 426 
(+/- 0.5 cm) in Sediment Control-1 and Sediment Control-2 relative to the cementitious wasteforms, but 427 
the width of the peaks at 1% of the normalized activity increased in the order of Reducing Grout-1, 428 
Sediment Control-2, and Portland Cement-1. Measurements of the lysimeter effluents demonstrated 429 
higher sodium concentrations when cementitious wasteforms were present (Fig. S3 (a)). It is speculated 430 
that the increased ionic strength enhanced the migration of 137Cs that exited the wasteform. While the 431 
2022 results suggeste that the presence of cementitious materials increased the retention of 137Cs in the 432 
Portland cement wasteform, stable counter ions such as sodium and calcium lead to enhanced transport 433 
of 137Cs, which leaches from the wasteform.  434 

Cesium does not form an important aqueous complex with ligands or organic matter and exists 435 
predominately as the Cs+ ion in natural systems (Cantrell et al., 2007). The precipitation and 436 
coprecipitation of cesium-containing solids are not important for limiting the migration of cesium due to 437 
the high solubility of cesium-containing solids, and cesium does strongly sorb to many minerals  (Cantrell 438 
et al., 2007). Under the conditions induced by the cementitious materials, the elevated pH is expected to 439 
have a negligible impact on cesium sediment sorption (Giannakopoulou et al., 2007). Thus, the most 440 
important factor in the presence of cementitious materials impacting the sorption of cesium to 441 
sediments is the concentration of competing cations (Jeong et al., 1998; Seaman and Chang, 2013). 442 
Jeong et al., (1998) demonstrated that cesium sorption to kaolinite remains relatively constant with 443 
changing pH, but increasing the ionic strength decreases the fraction of cesium sorbed; indicating that 444 
cesium sorption is more heavily dependent on ion exchange than surface complexation. Competing 445 
cations only compete for non-discriminatory ion exchange sites on mineral surfaces (Goto et al., 2014). 446 
Cesium-specific sorption sites reside in the inter-layer wedge zones of HIV; these areas are inaccessible 447 
for cations with other charges or large hydrated radii, and therefore can limit the mobility of cesium even 448 
in the presence of competing cations (Goto et al., 2008; Kaplan et al., 2017). Cementitious materials 449 
have been observed to enhance cesium retention due to mineral phases containing a high density of 450 
cation exchange sites (Ochs et al., 2016). Reducing grout can further enhance cesium retention because 451 
it contains BFS, which has been observed to decrease the capillary pore size limiting the leachability of 452 
cesium from cementitious wasteforms (Bar-Nes et al., 2017; Kumar et al., 1987; Matsuzuru et al., 1977). 453 
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Therefore, it is suspected that both cementitious materials enhanced 137Cs retention within the 454 
wasteforms, but the incorporation of BFS enabled the Reducing Grout-1 wasteform to retain a greater 455 
fraction of 137Cs than Portland Cement-1. Furthermore, the increased ionic strength in Portland Cement-456 
1 and Reducing Grout-1 reduced the number of ion exchange sites available, enhancing the migration 457 
extent of 137Cs that exited the wasteform. Although the ionic strength was similar for Portland Cement-1 458 
and Reducing Grout-1, the ability of Reducing Grout-1 to retain a higher percentage of 137Cs in the 459 
wasteform mitigated the impacts of the elevated ionic strength. In the present study, migration was 460 
observed to increase in the order of Reducing Grout-1<Sediment Control-2<Portland Cement-1. 461 
However, based on the order of magnitude higher KD value for the conditions in the SRS sediments 462 
relative to those induced by cementitious wasteforms, it was anticipated that the 137Cs migration would 463 
be reduced in Sediment Control-1 and Sediment Control-2 relative to the cementitious wasteforms 464 
(Table S1). Although, the results of this study are unable to conclusively determine the factors that 465 
contributed to the migration extent in each lysimeter, it is speculated that the concentration of highly 466 
selective sites for 137Cs, the ability of the wasteform to retain 137Cs, and the ionic strength of the pore 467 
waters contributed.  468 
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(a) 469 

(b) 470 
Fig. 4. The distributions of 137Cs activity as a function of distance from the approximate center of the 471 
source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-1 = Sediment 472 
Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of the activity distribution in 473 
the lysimeter, FWQM = full width at quarter maximum of the activity distribution in the lysimeter). The 474 
plots illustrate the 137Cs activity normalized by the decay-corrected initial activity added to the system as 475 
a function of depth in the lysimeters. A depth of zero was assigned to the approximate center of the 476 
source. Note that only an 8 cm section is being shown of the 56 cm sediment column to demonstrate the 477 
differences between the lysimeters surrounding the source region. Note that the lines connecting the 478 
data points are simply for guidance 479 

3.4. Europium 480 



18 
 

The most recent lysimeter measurements identified nearly symmetric 152Eu normalized activity 481 
distributions (Fig. 5 (b)). Similar peaks were observed in the scans from the 2016 study; however, 482 
following the redeployment period, the peaks became shorter and wider (Fig. 5 (a)). The FWHM/FWQM 483 
ratios of the activity distribution in the lysimeter in 2016 for Portland Cement-1, Reducing Grout-1, and 484 
Sediment Control-1 were 0.85, 0.88, and 0.66, respectively (Fig. 5). For the 2022 measurements, the 485 
ratio for Portland Cement-1 was 0.77, Reducing Grout-1 was 0.77, and Sediment Control-2 was 0.70. This 486 
trend indicates that the activity present at the center of the source is decreasing while the activity 487 
present in areas outside the source is increasing. In both studies, the peaks increased in height and 488 
decreased in width in the order of Portland Cement-1, Reducing Grout-1, and Sediment Control-1/2. This 489 
suggests that there is less spreading in the sediment control lysimeter, but at the time of the 2022 scans, 490 
the percentage of the initial activity remaining in the approximate source region was roughly five times 491 
lower for Sediment Control-2 relative to the two cementitious wasteforms (Table 2). Thus, it is 492 
imperative to consider the spreading of the peaks from the edge of the approximate source region 493 
rather than the center. The normalized activity in the 0.5 cm region below the Reducing Grout-1 494 
wasteform was twice that of Portland Cement-1. When considering the entire approximate source 495 
region, the highest percentage of the initial activity remained in Reducing Grout-1 during both the 2016 496 
and 2022 studies. Consistent with the 1D distributions and the activity remaining in the approximate 497 
source regions, the normalized activities in the effluents were nearly identical for Portland Cement-1 and 498 
Reducing Grout-1, while an order of magnitude higher for the Sediment Control-2 (Fig. S4 (a)). These 499 
findings indicate that the cementitious materials decreased the migration of 152Eu in the lysimeter 500 
columns.  501 

Generally, under the conditions present in the vadose zone, the trivalent elements readily sorb 502 
to sediments, and their low solubility is thought to enhance partitioning to the solid phase, yielding large 503 
KD values and limiting migration (Krupka and Serne, 2002). Europium adsorption increases with 504 
increasing pH and is nearly complete above pH 5 (Clark et al., 1998; Krupka and Serne, 2002). Under the 505 
acidic pH range, the adsorption of europium is dominated by ion exchange and, therefore, decreases 506 
with increasing ionic strength (Cantrell et al., 2007; Clark et al., 1998; Krupka and Serne, 2002; 507 
Semenkova et al., 2023). However,  when surface complexation reactions dominate europium sorption 508 
(alkaline pH range) ionic strength has little impact and europium migration is limited even under 509 
elevated ionic strength conditions (Krupka and Serne, 2002; Semenkova et al., 2023). Although the exact 510 
pH in the vicinity of the sources is unknown, based on activity (Fig. S4 (a)) and pH measurements in the 511 
effluent (Fig. S2), it is hypothesized that the elevated pH induced by the cementitious wasteforms 512 
increased surface complexation to a greater extent than ion exchange was decreased by the enhanced 513 
ionic strength. In these experiments, SRS sediments were observed to adsorb 152Eu, limiting the overall 514 
transport, and the incorporation of 152Eu into a cementitious wasteform further limited migration. This is 515 
corroborated by the consensus that europium sorbs strongly to cementitious materials (Wieland et al., 516 
2003). Furthermore, the cementitious materials served as physical barriers limiting the interaction 517 
between 152Eu and the surrounding environment. This aspect was enhanced in Reducing Grout-1 via the 518 
incorporation of BFS and the subsequent reduction of the capillary pores (Matsuzuru et al., 1977). This is 519 
consistent with the Reducing Grout-1 wasteform retaining the highest percentage of 152Eu and exhibiting 520 
the least migration.  521 
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(a) 522 

(b) 523 
Fig. 5. The distributions of 152Eu activity as a function of distance from the approximate center of the 524 
source in (a) 2016 and (b) 2022. (PC-1 = Portland Cement-1, RG-1 = Reducing Grout-1, SC-1 = Sediment 525 
Control-1, SC-2 = Sediment Control-2, FWHM = full width at half maximum of the activity distribution in 526 
the lysimeter, FWQM = full width at quarter maximum of the activity distribution in the lysimeter). The 527 
plots illustrate the 152Eu activity normalized by the decay corrected initial activity added to the system as 528 
a function of depth in the lysimeters. A depth of zero was assigned to the approximate center of the 529 
source. Note that only a 5 cm section is being shown of the 56 cm sediment column to demonstrate the 530 
differences between the lysimeters surrounding the source region. Note that the lines connecting the 531 
data points are simply for guidance 532 

 533 
 534 
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3.5. Radionuclide Activity Distribution Comparison 535 

 When the radionuclides were added directly to the sediment (Sediment Control-2), migration 536 
increased in the order 152Eu<137Cs<60Co<133Ba, as shown by the lysimeter scans. Except for 137Cs, the 537 
downward transport of the radionuclides decreases with the increasing ionic potential. It is speculated 538 
that hydroxy-interlayered vermiculate is present in the lysimeter sediment, providing highly selective 539 
sites for 137Cs, increasing sorption above what is expected based on ionic potential. Furthermore, under 540 
the conditions typical of the SRS vadose zone, 60Co and 133Ba are highly soluble, and the SRS sediments 541 
offer limited sorption sites for these radionuclides. The trend in the extent of radionuclide transport is 542 
consistent with previously reported KD values provided for SRS clayey sediments (Table S1). Based on the 543 
width of the normalized activity distribution peaks, incorporation of the radionuclide suite into a 544 
cementitious wasteform resulted in the migration extent increasing in the order of 545 
152Eu<133Ba<60Co<137Cs. This order is consistent with the KD values for the reducing grout, but based on 546 
the KD values for Portland Cement, the order of 152Eu<60Co<133Ba<137Cs was anticipated. The percentage 547 
of the radionuclides retained in the sources at the time of the 2022 measurements increased with the 548 
cation charge. For Portland Cement-1, the percentage increased in the order 137Cs<60Co≈133Ba<152Eu and 549 
for Reducing Grout-1 137Cs<60Co<133Ba<152Eu. It is thought that although the percentages of 60Co and 550 
133Ba are similar in Portland Cement-1, the retention of 133Ba is greater in Reducing Grout-1 due to the 551 
tendency of this radionuclide to form insoluble precipitates with both sulfide and sulfate. In Portland 552 
Cement-1, the migration of the radionuclides that leached into the sediment from the wasteform was 553 
reduced for all radionuclides except for 137Cs, relative to the sediment control. The elevated ionic 554 
strength in Portland Cement-1 is thought to have increased competition for cation exchange sites in the 555 
sediment, limiting 137Cs sorption (Fig. S3). However, Reducing Grout-1 limited the extent of migration 556 
from the wasteform edge for all radionuclides, including 137Cs, due to reduced leaching and increased 557 
sorption to the wasteform.  558 

4. Conclusions and Implications 559 

 Overall, the SRS-relevant KD values accurately predicted the extent of migration for the suite of 560 
radionuclides considered(Kaplan, 2021). The only exception to this is that in Portland Cement-1, the 60Co 561 
migration was expected to be less than that for 133Ba due to the higher cobalt KD value in oxidizing 562 
cement. Compared to the sediment control, increased retention of the radionuclides in the sources was 563 
observed in the lysimeters containing cementitious wasteforms. Furthermore, higher retention was 564 
observed for Reducing Grout-1 than Portland Cement-1, particularly for 133Ba and 137Cs. However, in the 565 
sediments surrounding the Portland Cement wasteform, increased migration of 137Cs was observed due 566 
to competition with increased concentrations of competing cations. Reduced leaching and migration 567 
through sediments was observed for all radionuclides in Reducing Grout-1.  568 

These cementitious wasteforms act as a physical barrier that reduces the infiltration of water 569 
and provides additional sorption sites for the radionuclides, slowing the initial radionuclide release into 570 
the surrounding sediment. Relative to Portland cement, reducing grout has smaller capillary pores and 571 
reduced hydraulic conductivity, limiting radionuclide leaching. Additionally, the sulfides and sulfates 572 
present in reducing grout could have resulted in the precipitation or coprecipitation of some 573 
radionuclides, limiting solubility and, thus, migration. The results of this study indicate that the Portland 574 
cement did improve radionuclide retention relative to the sediment control, but it enhanced the 575 
migration of 137Cs which leached into the soil. Thus, the reducing grout was the superior material to 576 
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encapsulate the suite of radionuclides since it reduced migration and retained the highest percentage of 577 
the radionuclides. Here, the migration of 60Co, 133Ba, 137Cs, and 152Eu at the Savannah River Site was 578 
observed over a decade. However, this work demonstrates an effective method that can be reproduced 579 
to determine site-specific values for other areas and radionuclides of interest. 580 
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