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1. Introduction 


This progress report (Level 4 Milestone Number M4SF-21LL010302052) summarizes 


research conducted at Lawrence Livermore National Laboratory (LLNL) within the 


Crystalline Activity Number SF-21LL01030205. The research is focused on actinide and 


radionuclide sequestration in steel corrosion products.  


 


Fuel matrix degradation models suggest that the near field is likely to be reducing at the 


time of canister breaching, steel corrosion, and radionuclide release, but more oxidizing 


conditions may prevail in the far field. The incorporation of radionuclides into corrosion 


phases may limit the rate of radionuclide release by sequestering a portion of the 


radionuclide source term. For these reasons there is a need to evaluate the incorporation 


of Pu and other radionuclides into various Fe-oxide phases, and to understand the 


behavior of coprecipitated phases during mineral recrystallization processes and during 


re-oxidation events. Radionuclide coprecipitation with Fe minerals may impact long-term 


repository performance and is an ongoing research focus at Lawrence Livermore 


National Laboratory. 


 


The effort described in this document includes:  


• A summary of the paper “Transformation of ferrihydrite to goethite and the of 


plutonium” published in October 2020 in Earth and Space Chemistry 


• A summary of the paper “Plutonium coprecipitation with calcite”. This paper was 


submitted to earth and Space Chemistry on  June 6th 2021 and we are currently 


working on addressing reviewer’s comments.  


 


In FY21, we continued our effort started in FY20 on performing an assessment to 


identify the most critical radionuclides and data gaps associated with radionuclide 


interaction with corrosion products. The overall goal of the effort is to summarize how 


radionuclides are expected to interact with Fe minerals relevant for the safety assessment 


of a geological repository.  The radionuclides of interest we identified include Tc, Se, Np, 


Pu and I. In our FY20 report we included literature review on Se and Tc interactions with 


various Fe minerals. In this FY21 report, we completed our literature review on Np, Pu 


and I.  


 


Additionally, to gain a comprehensive understanding of coprecipitation behavior with Fe 


minerals, we calculated partition coefficients (λMe) using data found in our literature 


review. Our results show that λMe provides a valid approach to describe radionuclide 


coprecipitation behavior from data sourced from the literature. We plan to submit a 


summary of our findings to a special issue of the journal Minerals “Formation, Fate and 


Transformation of Toxic Heavy Metal Minerals (U, Pb, As, Cr, Se and Hg) in the 


environment” (drafts due October 2021).  
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2. Tranformation of ferrihydrite to goethite and the fate of plutonium 


Balboni, E., Smith, K.F., Moreau, L., Li, T.T., Booth, C., Maloubier, M., Kersting, A.B., 


Zavarin, M. Transformation of ferrihydrite to goethite and the fate of plutonium. ACS 


Earth Space Chem. 2020, 4, 11, 1993–2006 (Figure 1) 


 


 
Figure 1 Graphical abstract of “transformation of ferrihydrite to goethite and the fate of 


plutonium” 


Understanding the interactions between plutonium and iron (oxy)hydroxide minerals is 


necessary to gain a predictive understanding of plutonium environmental mobility and to 


evaluate long-term performance of nuclear waste repositories. We investigated the fate of 


plutonium during the formation of ferrihydrite and its subsequent transformation into 


goethite. Ferrihydrite was synthesized with varying quantities of Pu(IV) following either 


a sorption or coprecipitation process; the ferrihydrite was then aged hydrothermally to 


yield goethite. The synthesized materials were characterized via extended X-ray 


absorption fine structure spectroscopy, transmission electron microscopy, and acid 


leaching to elucidate the nature of plutonium association with ferrihydrite and goethite. In 


samples prepared following the sorption method, plutonium was identified in two 


different forms: a PuO2 precipitate and a surface-sorbed plutonium complex. For the 


samples prepared via coprecipitation, no PuO2 formation occurs in the ferrihydrite 


precursor and in the goethite experiments where plutonium concentration is ≤1000 ppm 


(mg kg−1). In these coprecipitation products, plutonium is strongly bound to the minerals 


either via formation of an inner sphere complex, or via an incorporation process. In the 


coprecipitation experiments, PuO2 formation only occurs at the highest plutonium 


concentration (3000 ppm), suggesting that during ferrihydrite transformation into 


goethite, part of the plutonium can be remobilized to form PuO2 nanoparticles. 


Collectively, our results demonstrate that the nature of plutonium associated with the 


precursor ferrihydrite (adsorbed vs coprecipitated) will have a direct impact on the 


association of plutonium with its alteration product (goethite). Furthermore, the data 


illustrate that some properties of plutonium association with the precursor ferrihydrite are 


retained through the transformation into goethite. These findings show that plutonium 


strongly associates with iron (oxy)hydroxides formed through coprecipitation processes 


and in these materials, plutonium can be strongly retained by the iron minerals. 
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3. Plutonium coprecipitation with calcite 


Enrica Balboni, Kurt F. Smith, Liane M. Moreau, Josh Wimpenny, Corwin H. Booth, Annie 


B. Kersting, Mavrik Zavarin, Submitted on 06/02/2021 to ACS Earth and Space Chemistry. 


Reviews received on 06/28/2021 and due 08/11/2021 (Figure 2) 


 


Summary of reviewer’s comments: Reviews were for the most part positive. The 


reviewers requested more detailed about the laser ablation data (analytical settings and 


calculation of Pu ppm) and some additional clarifications about XAS data (in particular 


about the XANES component).  


 


 
Figure 2 Graphical abstract for "Plutonium coprecipitation with calcite" 


The mobility of plutonium (Pu) in the subsurface is affected by Pu-mineral interactions 


such as adsorption-desorption and structural incorporation. Calcite (CaCO3) is a common 


secondary phase in near surface environments and a major component of many rocks and 


soils. In geological repositories, calcite is expected to form as an alteration product of 


cement-based materials. The reactivity of the calcite surface and its ability to tolerate 


significant variations in its chemical composition through substitution of Ca for other 


cations make calcite a potentially important sink for environmental contaminants. Here, 


single crystals of calcite were synthesized from aqueous solutions containing Pu either as 


Pu(VI) or Pu(IV) and characterized using a combination of laser ablation inductively 


coupled plasma mass spectrometry (LA-ICP-MS) and x-ray absorption spectroscopy 


(XAS). These data are used to assess the amount, structure, and oxidation state of Pu 


coprecipitated into calcite, providing insight into the potential for Pu sequestration in 


calcite precipitates. Overall, the XAS and LA-ICP-MS data support the coprecipitation of 


plutonyl (PuVI/V) in the bulk calcite, though the exact nature of the complex is difficult 


to elucidate. The coprecipitated plutonyl could be either incorporated in distorted Ca 


lattice sites or in defect sites. We provide evidence to suggest that Pu(VI) is reduced to 


Pu(V) during calcite synthesis, but no further reduction to Pu(IV) is observed. The LA-


ICP-MS additionally shows that the coprecipitation of Pu(VI/V) is favored over the 


coprecipitation of Pu(IV). Overall, our results suggest that Pu sequestration in calcite 


under environmental conditions could immobilize Pu and isolate it from groundwater 


interactions in contaminated environments and nuclear waste repositories. 


3.1 Methods 
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Single crystals of calcite were synthesized from aqueous solutions containing Pu either as 


Pu(VI) or Pu(IV). We selected a synthesis method that yields calcite single crystals that 


are tens to hundreds of micrometers in size (Balboni et al., 2015; Fernelius and Detling, 


1934). The quantity of Pu introduced in the syntheses was aliquoted to obtain final calcite 


samples with 1500 or 700 ppm of Pu (described throughout as PuVI-1500 and PuVI-700 


experiments). A calcite synthesis without addition of Pu was also performed (Pu-free 


experiment). Calcite crystals were isolated and characterized using a combination of laser 


ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and x-ray 


absorption spectroscopy (XAS). These data are used to assess the amount, structure, and 


oxidation state of Pu coprecipitated into calcite, providing insight into the potential for Pu 


sequestration in calcite precipitates. Powder x-ray diffraction was used to characterize the 


purity of the synthetic product, and speciation modeling (PHREEQC 3.6.2 in conjunction 


with the Specific Interaction Theory (SIT) ANDRA/RWM ThermoChimie-TBD 


database) was carried out to help us determine the Pu speciation in the synthesis 


solutions.  


3.2 Results and discussion 


 
Synthesis 


 


Due to the dynamic nature of the synthesis method chosen for this work, crystals nucleate 


and grow at different rates, as the pH and reactant concentrations change. If Pu is 


incorporated into the growing calcite crystals in any appreciable quantity, its 


concentration in the aqueous solution will decrease through time. Analysis of aliquots of 


the barrier solutions for the PuVI-1500 and PuVI-700 experiments sampled over time (1, 


2, 3, 4, 8, 9, and 12 days) reveals a decrease in the Pu concentration starting at day 3, at 


which time crystals have started to form (Figure 3). After 12 days, approximately 30 and 


15% of Pu remains in the barrier solution in the PuVI-1500 and PuVI-700 experiments, 


respectively. The uptake of Pu by calcite is slower and more gradual than reported for 


Np(V)-doped calcite grown in similar synthetic conditions (complete Np(V) uptake 


within 3 days) (Balboni et al., 2015). On the other hand, the uptake of Pu(VI) seems 


somewhat more favorable than for U(VI), as coprecipitation experiments conducted 


under similar experimental conditions show that U(VI) uptake is slow and gradual, and 


that 70-80 % of U(VI) remain in solution after calcite crystallization (Balboni et al., 


2015).  
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Figure 3 Evolution of pH and Pu during the synthesis of calcite with Pu-1500 (circles) 


and Pu-700 (triangles). 


 


Lanthanum fluoride precipitation of the barrier solution sampled at day 1, 2, 3, 8, 9, and 


12 showed that greater than 90% of Pu is present as Pu(V/VI) in solution in the PuVI-700 


experiment. In the PuVI-1500 experiment, greater than 94% of Pu is present as Pu(V/VI) 


at all sampling days with a slight decrease at day 12, where the percentage of Pu(V/VI) 


decreased to ≈77%. The oxidation state data demonstrate that the aqueous Pu in both the 


PuVI-1500 and PuVI-700 experiments remains in the higher oxidation states (V/VI) 


throughout the duration of the mineral synthesis. The pH profile measured for PuIV-1500 


is similar to that of PuVI-1500 and PuVI-700 (included in supplementary information of 


submitted paper).       


 
LA-ICP-MS 


 


The slow nucleation and growth of crystals in the apparatus allows the crystallization of 


single crystals of calcite that are tens to hundreds of micrometers in size (Figure 4a). LA-


ICP-MS analyses of single crystals are invaluable for demonstrating actinide 


incorporation (or the lack thereof) within the target crystal, as depth-dependent LA-ICP-


MS data provide an indication of the homogeneous or heterogeneous nature of actinide 


incorporation (Balboni et al., 2015; Klingensmith and Burns, 2007). In this work the 


crystals were mounted in epoxy and polished through their midplane (Figure 4b), and as 


such the LA-ICP-MS results can provide strong evidence of Pu coprecipitation within the 


calcite crystal. Due to the nature of the synthesis setup, a range of Pu incorporation levels 


is expected, thus fluctuations of the count rate during LA-ICP-MS measurements 


potentially reflect compositional variations and sample ablation-rate variability. One 


depth profile laser ablation data was obtained for 15 crystals for PuVI-1500, PuVI-700 


and PuIV-1500, and for 3 calcite crystals synthesized in the absence of Pu (Pu-free) 


(Figure 5 and additional figures in supplementary information submitted with paper). 
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Figure 5 shows examples of two LA-ICP-MS depth profiles for 242Pu and 43Ca from 


single calcite crystals selected from experiment PuVI-1500 and PuIV-1500. For the 


PuVI-1500 sample (Figure 5a) after a background count of 60 s, the laser struck the 


sample, and immediately counts in the 242 and 43 mass windows are detected. The 


counts in the 242 window, that correspond to Pu remain fairly constant during the 60 


second ablation period, confirming coprecipitation of Pu in the calcite crystal. All 


measured crystals for PuVI-1500 and PuVI-700 display similar trends. The LA-ICP-MS 


results can be used to estimate an upper limit for Pu incorporation. To estimate the 


maximum Pu incorporation, the counts per second measured for Pu are compared to the 


counts measured for 43Ca in calcite: the known concentration of 43Ca in the synthetic 


calcite permit estimation of the concentration of Pu. Results show that calcite crystals 


isolated from experiment PuVI-1500 incorporate on average 600 ppm of Pu, with a 


minimum of 200 ppm Pu and a maximum of 2700 ppm of Pu detected in each crystal 


examined by LA-ICP-MS. The uptake of Pu by crystals isolated from PuVI-700 is 


slightly lower with an average of 350 ppm ranging between 0-850 ppm. The level of Pu 


coprecipitated within the PuVI-1500 and PuVI-700 experiments is consistent with the 


reported range of Np(V) (400-1000 ppm) and U(VI) (0-150 ppm) synthesized under 


similar conditions [10].  


 


An example of the laser ablation depth profiling pattern for a crystal selected from 


experiment PuIV-1500 is shown in Figure 5b. The 43Ca counts in PuIV-1500 (Figure 5b) 


are comparable in intensity to those of PuVI-1500 (Figure 5a); however, the Pu signal 


shows a different trend. The 242Pu counts from PuIV-1500 are up to an order of 


magnitude lower than in PuVI-1500 and are noisier with signal fluctuations at 80 and 110 


s. Similar laser ablation patterns (low counts, signal fluctuations) are observed for other 


calcite crystals isolated from PuIV-1500. The amount of Pu coprecipitated in calcite 


crystals isolated from PuIV-1500 ranges between 2-370 ppm (average 100 ppm) and is 


overall lower than estimates for PuVI-1500 and PuVI-700. This value is somewhat 


consistent with the amount of U(IV) found in natural calcite crystals (5-35ppm) (Sturchio 


et al., 1998). The signal fluctuations in the laser ablation pattern of crystals isolated from 


PuIV-1500 (Figure 5b) could be consistent with the ablation of occluded Pu-phases 


present in the calcite bulk crystal. For example, thermodynamic calculations indicate that 


a Pu(IV) precipitates could precipitate in the PuIV-1500 experiments. As the calcite 


crystals grow in the PuIV-1500 experiment, Pu precipitate particles may be taken up by 


calcite crystals as an occluded phase, possibly manifesting during laser ablation depth 


profiling data as Pu-rich particles are ablated by the laser.  


 


The 43Ca counts collected in the Pu-free calcite are comparable in intensity to the counts 


measured in PuVI-1500, PuVI-700 and PuIV-1500; however as expected no signal in the 


242 mass window is detected.  


 


Overall, the LA-ICP-MS data clearly show that the uptake of Pu from calcite synthesized 


from Pu(VI) solutions is favored, and that Pu(VI) solutions yield calcite crystals with Pu 


uniformly coprecipitated in the calcite bulk. The uptake of Pu from calcite synthesized 


from Pu(IV) solutions is less favorable than Pu(VI), forms a more heterogeneous 


distribution of Pu in calcite, and may reflect the formation of occluded Pu precipitates. 
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Figure 4 optical image of calcite crystals (Pu-free); b) scanning electron microscope 


backscatter electron image of calcite crystals embedded in epoxy and polished through 


mid-plane (Pu-VI 1500) 


      


 
Figure 5 Two examples of a LA-ICP-MS transect for 43Ca and 242Pu prior to laser 


ablation (0-60s) and during laser ablation depth profiling (60-120s) of calcite crystals 


from the a) PuVI-1500 and b) PuIV-1500 experiments. Additional examples of laser 


ablation patterns for calcite crystals isolated from PuVI-1500, PuVI-700, PuIV-1500 and 


Pu-free can be found in the supplementary information. 


 
X-ray absorption spectroscopy  


 


The PuVI-1500 material was characterized using XAS. The x-ray absorption near-edge 


structure (XANES) spectrum exhibits a strong shoulder at ≈ 18090 eV demonstrating Pu 


is present predominantly as plutonyl (Pu(V)O2
+ or Pu(VI)O2


2+). The presence of either 


oxidation state of Pu is plausible given the known sensitivity of Pu to spontaneous redox 


transformations, particularly in the presence of mineral surfaces (Hixon and Powell, 


2018; Shaughnessy et al., 2003; Zhao et al., 2016). However, no evidence of further 
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reduction to Pu(IV) is observed. Unfortunately, the Pu concentrations in the other 


experiments (PuVI-700 and PuIV-1500) were too low for XAS analysis.   


 


The background subtracted Pu LIII-edge EXAFS spectrum (k3χ(k) as a function of the 


photoelectron wave vector k) and corresponding Fourier transform (FT) for PuVI-1500 


are shown in Figure 6. The EXAFS FT shows four distinct features at r ≈ 1.45, 2.0, 2.9 


and 3.25 Å. Note that we refer to the x-axis of the FT as r, which differs from pair 


distances (R) due to known photoelectron phase shift effects.  


 
Figure 6 Pu LIII-edge EXAFS data and fit results for PuVI-1500 measured at 30 K. Top: 


EXAFS results in k-space. Bottom: corresponding FT of the k-space data and fit 


(triscarbonato model). Data were transformed between 3 and 12 Å-1 using a Gaussian 


window with a width of 0.3 Å-1 and data were fit between 1.2 and 4 Å. The raw unfiltered 


data error bars (encompassed by the solid gray shaded area around the data set) were 


estimated by the standard deviation of the mean between traces.  


 


Initial fits determined that a minimum of four scattering shells were required to 


adequately describe the data. It is difficult to differentiate between C and O 


backscattering atoms using EXAFS, so we assigned the species and other labels based on 


chemical knowledge, discussed further below. The four shells used were: a short (axial) 
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oxygen shell, Pu-Oax at 1.81 ±  0.01 Å; two shells of equatorial oxygens, Pu-Oeq1 and Pu-


Oeq2, at about 2.22 ± 0.02 Å and 2.40 ± 0.01 Å, respectively; and a longer carbon shell, 


Pu-C, at about 3.31 ± 0.02 Å. The apparent split in the Pu-Oeq shell of ΔR ≈ 0.2 Å is 


significantly larger than the spatial resolution of the EXAFS data (δr = 0.5π/kmax = 0.13 


Å). Furthermore the presence of a split Pu-Oeq shell is also supported by an F-test with 


99.5% probability (Downward et al., 2007). Full details of this fit, noted as 


“unconstrained”, are reported in Table 1.  


 


A Pu-Oax bond distance of 1.81 Å broadly correlates with other studies on actinyl (U, Np) 


incorporation into the calcite structure (Heberling et al., 2008; Kelly et al., 2006; Reeder 


et al., 2000; Reeder et al., 2001; Smith et al., 2015). Interestingly, a Pu-Oax interatomic 


distance of 1.81 Å is elongated compared to the expected Pu(VI)-Oax interatomic 


distances (1.72 - 1.78 Å (Conradson et al., 2004; Pidchenko et al., 2020; Runde et al., 


2003; Wang et al., 2011)), but is consistent with expectations for the Pu(V) moiety 


(PuO2
+), with reported interatomic distances of 1.81-1.82 Å for solid compounds 


(Kvashnina et al., 2019) and aqueous complexes (Conradson et al., 2004; Dalodiere et al., 


2018; Di Giandomenico et al., 2009; Panak et al., 2002). The possible presence of Pu(V) 


is also supported by the elevated Debye Waller factor (σ2) of 0.010 ± 0.001 Å2  (Table 1, 


unconstrained model) which suggest there may be some splitting of the Pu-Oax 


environment within the resolution of the EXAFS data consistent with a mixed Pu(V/VI) 


system. Given the enhanced Debye-Waller factor, and the elongated Pu-Oax average bond 


distance, it is likely that a large proportion of Pu(VI) has undergone reduction to Pu(V). 


Unfortunately, the LIII-edge XANES data cannot help in differentiating between Pu(VI) 


and Pu(V) due to the close edge energies of the two oxidation states (Allen et al., 1997) 


so the oxidation state of coprecipitated Pu cannot be conclusively determined.  


 


Four different models were created to describe the EXAFS data: a triscarbonato model; 


an unconstrained model; a bidentate model and a combined model (Table 1; Figure 7). To 


guide the modeling and understanding of the Pu EXAFS data we first considered the 


Pu(VI) and Pu(V) aqueous speciation predicted by our thermodynamic modeling. At the 


beginning of the experiment (pH 2, mixing fraction < 0.25), the PuO2
2+/+ free ions are 


likely to be dominant in solution. In the Pu(V) thermodynamic model, PuO2CO3
- 


becomes an important species (20-30%) as the mixing fraction approaches 0.5. In the 


Pu(VI) thermodynamic model, pH has a major effect on the aqueous speciation of Pu(VI) 


with PuO2(CO3)2
2- and PuO2CO3 (aq) becoming the dominant aqueous species at higher pH 


and PuO2(CO3)3
4- contributing to ≈ 5% of the aqueous speciation at mixing fractions > 


0.75. As Pu carbonate species are expected to be present in the Pu(V/VI) aqueous 


chemistry in the synthesis solutions, the EXAFS models all assumed the formation of 


plutonyl carbonate-like complexes.  
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Figure 7 Ball and stick models based on EXAFS data (a) the plutonyl triscarbonato (b) 


bidentate model (c) combined. Plutonium atoms are in dark blue, oxygen atoms in red, 


and carbon atoms in black.  


 


Table 1 Summary of EXAFS fits for the PuVI-1500 experiment 


Model  Shell CN R (Å) σ2 (Å2) ΔE0 (eV) 
 R 


(%) 


triscarbonato 


Pu-Oax 2* 1.82(1) 0.010(1) 


0.2(2) 11.34 
Pu-Oeq1 2* 2.20(2) 


0.003(3)† 
Pu-Oeq2 4* 2.39(1) 


Pu-C 3* 3.33(3) 0.007(4) 


unconstrained 


Pu-Oax 2.0* 1.81(1) 0.010(1) 


-0.6(2) 9.6 
Pu-Oeq1 1.7(3) 2.22(2) 


0.002(1)† 
Pu-Oeq2 3.4(5) 2.40(1) 


Pu-C 1(1) 3.31(2) 0.001(1) 


bidentate 


Pu-Oax 2* 1.81(1) 0.010(1) 


-0.8(2) 9.6 
Pu-Oeq1 1.7(4) 2.22(2) 


0.002(1)† 
Pu-Oeq2 3.3(7) 2.40(1) 


Pu-C 1.7* 3.31(2) 0.001(1) 


combined 


Pu-Oax 2* 1.81(1) 0.009(1) 


-1.2(2) 11.12 
Pu-Oeq1 1.5(3) 2.22(2) 


0.001(2)† 
Pu-Oeq2 3.2(6) 2.40(1) 


Pu-C 3.2* 3.34(3) 0.007(5) 


* indicates a fixed parameter and † indicates a tied σ2 parameter (i.e. shared in two shells). CN 


represents the coordination number assuming an amplitude reduction factor of 1; R denotes the 


interatomic distance; σ2 represents the Debye Waller factor; ΔE0 represents the energy shift 


from the calculated energy Fermi level, and R (%) is the fit residual. 
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There are a few factors that we need to consider when evaluating which model is more 


meaningful in describing the environment of Pu in this sample. For example, the simple 


triscarbonato model approach implies the incorporation of Pu as a Pu(VI)(CO3)3
4- and for 


this sample such incorporation is unlikely to be the case. First, the modeled Pu-Oax 


distances determined to be 1.81 ± 0.01 Å via EXAFS are indicative of Pu(V) rather than 


Pu(VI). It is also unlikely for a pentavalent actinide to form a triscarbonato complex 


(Clark et al., 1995; Dalodiere et al., 2018; Kvashnina et al., 2019; Pidchenko et al., 2020). 


Finally, coprecipitation studies of U(VI) and Np(V) in calcite have indicated that the 


actinide triscarbonato complex is unlikely to fit in the calcite structure due to its size and 


steric hindrance. On consideration of all the different aspects of this modelling we are 


confident that a plutonyl carbonate complex is dominating Pu speciation in the 


synthesized calcite and that Pu is coordinated by carbonate ligands in both a mono- and 


bi-dentate fashion (analogous to the U(VI) carbonate complex of (Reeder et al., 2000)).  


Furthermore, given our Pu-Oax interatomic distances, we suspect that the majority of 


Pu(VI) has been reduced to Pu(V) in the process of Pu(VI) coprecipitation with calcite, 


though the elevated Debye Waller factor in the Pu-Oax shell strongly implies this 


reduction is not complete leaving a minor, but unquantifiable, component of Pu(VI).  


 


This finding is broadly compatible with plutonyl incorporation into the calcite structure; 


however without the identification of Ca scatterers it is difficult to independently confirm 


if Pu is substituting for Ca or is present in defect sites. Previous EXAFS studies of calcite 


coprecipitated with U(VI) and Np(V) were also unsuccessful in identifying U-Ca and Np-


Ca scatterers (Heberling et al., 2008; Reeder et al., 2000; Reeder et al., 2001) and 


Heberling et al. (Heberling et al., 2008) suggested that the Pu-Ca distance is too long to 


be identified in their room temperature EXAFS. Reeder et al. (Reeder et al., 2000; Reeder 


et al., 2001) interpreted the lack of U-Ca scatterers in their study as indicative of a largely 


disordered environment beyond the nearest equatorial shells. The lack of evidence for 


any Pu-Pu backscattering in the PuVI-1500 experiment however makes the formation of 


Pu clusters or the presence of polymeric Pu species unlikely. Furthermore, 


thermodynamic calculations indicate PuO2CO3(s) is not expected to precipitate under 


these experimental conditions. 


 


3.3 Conclusions 
 


Overall, the LA-ICP-MS and EXAFS data clearly support the coprecipitation of plutonyl 


in the bulk calcite. There is evidence to suggest that Pu(VI) reduced to Pu(V) during 


calcite synthesis and that Pu resides in a distorted Ca position in calcite or in defect sites 


as a Pu(V) carbonate complex. In the experiments that started with Pu(VI) further 


reduction to Pu(IV) was not observed. The LA-ICP-MS additionally shows that the 


coprecipitation of Pu(VI) is favored over the coprecipitation of Pu(IV). Regardless of the 
exact nature of Pu configuration in calcite, it does appear that Pu sequestration in calcite 


may immobilize Pu and isolates it from groundwater interaction in contaminated 


environments and nuclear waste repositories. 
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4. Radionuclide interactions with Fe(II)/(III) minerals 


 
4.1 Neptunium  
 


Neptunium (Np) does not occur naturally in any appreciable quantity (Katz and Hayes, 


1995) but is created during the burn up of uranium-based nuclear fuel in commercial 


reactors for the generation of electricity, and in plutonium-production reactors operated 


for military purposes. While initially a small contributor to the total activity of a nuclear 


repository, 237Np is expected to be the major dose contributor after 10,000 years because 


of its long half-life (2.14 million years) and ingrowth from 241Am decay (Kaszuba and 


Runde, 1999). Anthropogenic sources of neptunium and americium have been introduced 


into the environment through nuclear weapons testing and improper disposal at legacy 


waste sites. For example, underground testing at the Nevada Test Site generated 1.23 x 


106 TBq of radionuclides, including 1.80 TBq 237Np and 1.37 x103 TBq 241Am (Smith et 


al., 2003); and an estimated 1.06 x 103 TBq 241Am and ~2 TBq 237Np were disposed in 


the near-surface region of the Hanford Site as liquid waste (Cantrell, 2009; Cantrell et al., 


2014). The high-toxicity and persistence of 237Np highlights the importance of developing 


a thorough understanding of the factors controlling its environmental mobility for 


accurate assessment of nuclear repositories. 
 


Oxidation state and aqueous chemistry 


 


Behaving similar to uranium (U) and plutonium (Pu), neptunium is able to exist in a wide 


range of oxidation states from +III to +VII , although +IV and +V states are most relevant 


to natural environments. The coordination geometry of Np depends on the oxidation 


state: Np(III) and Np(IV) are spherically coordinated ions, whereas Np(V) and Np(VI) 


form the linear trans-dioxo cations NpO2
+ and NpO2


2+, which are coordinated by four, 


five, or six donor atoms of ligands at the equatorial vertices. Aqueous speciation of Np is 


dominated by the pentavalent neptunyl cation (NpO2
+) (Kaszuba and Runde, 1999), while 


the tetravalent neptunium (Np4+) exists under reducing conditions that characterize the 


subsurface of nuclear waste repositories (Husar et al., 2015). 


 


In acidic matrices, Np redox chemistry is dominated by the dynamic equilibria: NpO2
2+ 


⇔  NpO2
+ ⇔ Np4+ (Chatterjee et al., 2017) with the standard potential of the 


NpO2
+/NpO2


2+ and Np4+/NpO2 
+ couples being 1.161 ± 0.014 V and 0.596 ±0.078 V, 


respectively (Cohen and Hindman, 1952; Kaszuba and Runde, 1999; Riglet et al., 1989). 


This redox mobility makes Np speciation highly dependent on the aqueous solution 


composition, which can initiate hydrolysis related processes and the formation of 


coordination complexes disturbing the Np redox equilibrium. (Hennig et al., 2009; Ikeda-


Ohno et al., 2008).  Owing to its low solubility, Np(IV) is generally considered to be less 


mobile than Np(V) in a near-neutral aqueous environment (Neck et al., 2001).  
 


Np aqueous complexation and precipitation of Np compounds and their solubility: 


strategies for Np disposal 
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Neptunium in unaltered irradiated UO2 fuel will be tetravalent and may substitute for 


U(IV) in the fluorite-structure lattice (Finch et al., 1999). However, in oxygenated water 


pentavalent neptunium, Np(V), is the stable oxidation state (Antonio et al., 2001; Forbes 


et al., 2008). Np(V) may enter the environment through a variety of pathways that 


include the processing of irradiated fuels to isolate fissile isotopes for weapons 


production or to close a nuclear fuel cycle (Bruno and Ewing, 2006), by the alteration of 


irradiated fuel in a geologic repository (Efurd et al., 1998), and by interaction of water 


with damaged nuclear fuel subsequent to a reactor core-melt event such as happened at 


Fukushima, Japan in 2011 (Burns et al., 2012). It is therefore important to understand the 


range of processes that will impact the transport of Np(V) in the environment.  


 


Kaszuba and Runde (Kaszuba and Runde, 1999) evaluated how redox potential and solid-


phase stability interact and influence neptunium solubility and aqueous speciation in 


natural systems. Their work shows that  two Np(V) hydroxo complexes, NpO2OH(aq) 


and NpO2(OH)2
-, exist in carbonate-free aqueous systems, whereas NpO2(CO3)n


1-2n (n =1-


3) is the predominant Np(V) carbonato complexes. The uncharged species Np(OH)4(aq) is 


the most important Np(IV) hydroxo complex in carbonate-free solutions at pH greater 


than 4, and Np(IV) carbonate speciation is dominated by the complexes Np(CO3)4 
4- and 


Np(CO3)5
6-. Additionally carbonate complexation and hydrolysis may occur to form 


mixed hydroxo-carbonato complexes (Kaszuba and Runde, 1999). 


In the absence of carbonate, NpO2OH and Np2O5 are the stable Np(V) solid phases, while 


MNpO2CO3・xH2O and M3NpO2(CO3)2 (M=Na+, K+) are the stable solid phases in 


carbonate-bearing systems, depending on the alkali carbonate concentration. Np(OH)4(am) 


and NpO2 are the stable Np(IV) solid phases in systems low in carbonate, while Np(IV) 


carbonates or hydroxo-carbonates are expected to form in carbonate-containing systems. 


Neptunium solubility decreases in the pH range 10-12 and increases at pH above 12, and 


both redox potential and Np(OH)4(am) solubility product control soluble neptunium 


concentrations at neutral pH and Eh between-0.2 and 0.3. Kaszuba and Runde, 1999 


conclude that overall Np2O5 and Np(OH)4(am) are the stable solids in aquifers of low ionic 


strength. 


 


Overall, at alkaline pH, the solubility of metal ions including Np(V) and Np(IV) is 


expected to be low. As a result, many disposal concepts for intermediate level radioactive 


wastes use grouting with cement, which develops alkaline conditions intended to reduce 


the mobility and solubility of radionuclides in waste (Cantrell et al., 2014). Where 


neptunium is an environmental contaminant, it is likely to be present at concentrations 


that are low enough to preclude the formation of primary neptunium phases such as 


Np2O5 (Curti, 1999; Kaszuba and Runde, 1999). The aqueous transport of Np(V) in trace 


amounts may be reduced by co-precipitation reaction in subsurface minerals, or by 


sorption onto their mineral surfaces, amongst other processes, thus the details of the 


interactions of dissolved Np(V) with minerals may strongly influence its mobility. 


Consequently, identification and characterization of secondary phases containing 


neptunium either as a sorbed or co-precipitated species is essential to our understanding 


of neptunium environmental geochemistry and nuclear waste disposal issues. 
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Np adsorption studies 


  


The sorption of Np(V) onto various rock materials and minerals including silicates, 


aluminum oxides, calcite and iron oxides has been widely studied (Baumer and Hixon, 


2019; Baumer et al., 2017; Bradbury and Baeyens, 2006; Combes et al., 1992; Del Nero 


et al., 1998; Girvin et al., 1991; Guckel et al., 2013; Hakanen and Lindberg, 1991; Jain et 


al., 2007; Kalmykov et al., 2008; Keeney-Kennicutt and Morse, 1985; Khasanova et al., 


2007; Kohler et al., 1999; Mironenko et al., 2006; Muller et al., 2009; Muller et al., 2015; 


Nakata et al., 2000, 2002, 2004; Schmeide and Bernhard, 2010; Tinnacher et al., 2011; 


Tochiyama et al., 1996; Turner et al., 1998; Wu et al., 2009; Wylie et al., 2016; Yang et 


al., 2015; Zavarin et al., 2005).  


 


Li and Kaplan (Li and Kaplan, 2012) reviewed the sorption percentage and sorption 


coefficients (Kd) of Np sorption onto hematite, magnetite, goethite and ferrihydrite under 


different conditions (e.g., pH, initial Np concentration, ion strength, sorbent loading, and 


equilibrium time). Their reviews shows that Np(V) interact with the surface of various Fe 


oxides, with distribution coefficients as high as 105 ml/g (Li and Kaplan, 2012), and we 


refer to their work for a comprehensive report of Kd values and sorption percentages of 


Np(V) sorption on iron oxides.  


 


The sorption of Np(IV) and other tetravalent actinides onto mineral surfaces has only 


been investigated sparingly. Generally, for tetravalent radionuclides (Zr, Hf, Th, U, Np, 


Pu) a strong sorption onto mineral surfaces has been reported in the absence of additional 


complexing ligands, such as carbonate or humic material, or other groundwater colloids, 


(Banik et al., 2007; Nagasaki et al., 1999; Reiller et al., 2002; Sanchez et al., 1985; 


Takahashi et al., 1999).  
 


Sorption behavior of Np(V) 


 


The sorption of Np(V) onto geological materials, such as montmorillonite, hematite, 


calcite and kaolinite, has been found to depend on many parameters, such as pH (Zavarin 


et al., 2005), carbonate concentration (Turner et al., 1998), Np(V) concentration 


(Mironenko et al., 2006), ionic strength (Kaszuba and Runde, 1999), the concentration of 


the surface sites (Del Nero et al., 1998), crystal structure, crystallinity, and surface 


conditions of various oxides and hydrous oxides (Tochiyama et al., 1996). Among these 


factors, pH and CO2 are the main parameters that govern the sorption of Np(V).  


Overall Np(V) sorption to mineral surfaces has been found to be strongly pH-dependent, 


essentially starting at pH 6 and increasing with increasing pH under carbonate-free 


conditions. In carbonate-free systems, the molecular speciation of Np(V) sorbed on 


goethite has been studied by XAS spectroscopy (Combes et al., 1992) and XPS (Teterin 


et al., 2006). Np LIII-edge EXAFS analysis of the Np/goethite sorption samples showed 


that Np(V) sorbs as isolated neptunyl (NpO2
+) groups and not as multinuclear species.  


 


The Np environment consisted of two oxygen shells around Np consisting of two 


oxygens at 1.85 ± 0.02Å and about five oxygens at 2.51 ± 0.03Å, consistent with a 


distorted pentagonal-bipyramid complex. A weak feature at ∼3Å in the Fourier 


transforms of the EXAFS spectra was identified as a Np-Fe second-neighbor pair 
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correlation, which suggested that Np(V) sorbs at the goethite water interface as an inner-


sphere complex, rather than as a simple, ordered neptunium oxide or hydroxide or as a 


co-precipitate. 


 


Under the ambient CO2 condition, the maximum sorption of Np(V) occurs at nearly 


neutral pH and the sorption decreases in the alkaline pH region (Del Nero et al., 1998; Li 


and Tao, 2003; Schmeide and Bernhard, 2010; Turner et al., 1998; Wu et al., 2009), 


because of the formation of neptunyl carbonate complexes (Kaszuba and Runde, 1999; 


Wu et al., 2009). An increasing carbonate concentration in the aqueous phase has no 


effect at pH values below 7 but has been shown to decrease the Np(V) uptake at higher 


pH values due to formation of stable, weakly sorbing neptunyl carbonate complexes in 


solution  (Kohler et al., 1999; Wu et al., 2009).   


 


Under PCO2 10-3.5 atmosphere, Arai et al. (Arai et al., 2007) investigated Np(V) surface 


speciation on hematite surfaces at pH 7–9 using XAS. In situ XAS analyses suggested 


that bis-carbonato inner-sphere and tris-carbonato outer sphere ternary surface species 


coexist at the hematite-water interface at pH 7–8.8, and the fraction of outer sphere 


species gradually increases from 27 to 54% with increasing pH from 7 to 8.8.  


 
Effects of organic ligands on Np(V) sorption 


 


Sorption of Np to mineral surface including Fe oxides can be affected by organic ligands 


(Jain et al., 2007; Khasanova et al., 2007; Schmeide and Bernhard, 2010). For example 


addition of humic acid (HA) has been shown to enhances the sorption of Np(V) 


compared to the HA-free system at lower pH which is attributed to Np complexation by 


HA sorbed onto the mineral surface. At alkaline pH values however, Np(V) sorption is 


decreased due to the presence of HA. This has been attributed to the formation of soluble 


Np(V) humate complexes (Niitsu et al., 1997; Pathak and Choppin, 2007; Righetto et al., 


1991).  In contrast, Jain et al. (Jain et al., 2007) found that under aerobic condition, 


addition of HA to Np(V)-hematite colloid systems showed little effect on the Np sorption 


rate at pH 3–6, but slightly decreased the Np sorption rate at pH 6–10; while at anaerobic 


condition, the addition of HA increased the Np sorption percentage at pH 3–7, but 


showed little effect on the Np sorption at pH 7–10.  


 


Furthermore, it has been shown that Np(V) is reduced to Np(IV) by humic substances 


(Schmeide and Bernhard, 2009; Shcherbina et al., 2007; Zeh et al., 1999). The resulting 


formation of Np(IV) humate complexes strongly increased Np migration through sandy 


sediment and granitic material columns in laboratory experiments (Artinger et al., 2000; 


Sakamoto et al., 2000). The impact of redox active humic acids on Np sorption onto 


goethite has been studied by (Kalmykov et al., 2008). Compared to Np(V), Np sorption 


strongly increased in the pH range below 5, whereas at higher pH values the Np sorption 


was slightly decreased due to reduction of Np(V) to Np(IV) by HA.  


 
Np(V) reduction during sorption 


 


Reduction to Np(IV) can also be facilitated by surface interactions with Fe(II) containing 


minerals, such as magnetite and green rust (Christiansen et al., 2011; Wylie et al., 2016). 
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Wylie et. al (2016) provide evidence that Ti-substituted magnetite reduces neptunyl 


species to Np(IV). Their results show that increasing Ti concentration results in higher 


Np sorption/reduction values at low pH. High-resolution transmission electron 


microscopy of the Ti-magnetite particles, however, provides no evidence of NpO2 


nanoparticle precipitation. Absence of NpO2 is confirmed via X-ray absorption 


spectroscopy analysis of the samples, confirming the nearly exclusive presence of Np(IV) 


on the titanomagnetite surface. Results also suggest preferential binding of Np to terminal 


Ti⎼O sites as opposed to Fe⎼O sites. 


 


Christiansen et al. (Christiansen et al., 2011) investigated the interaction of NpO2
+ with 


green rust sodium sulphate (GRNa,SO4 ). The GRNa,SO4 sorbed and reduced NpO2
+ within 


minutes and reduced Np(IV) was primarily found as precipitated nanoparticles at the 


edges of the GRNa,SO4 crystal platelets. The position of the particles at the crystal edges 


suggests initial sorption of Np(V) and subsequent reduction at GR edge sites. During 


reoxidation experiments in aqueous suspension about 50% of the Np remained associated 


with the oxidized product and 75% of the associated Np is still present as Np(IV). Bach 


et al. (2014) characterized the Np  nanoparticles formed at the edges of GRNa,SO4 via HR-


TEM. They identified nanocrystallites of about 2–3.5 nm in size consistent with NpO2 


crystallizing in a fluorite-type structure.  


 
Np coprecipitation process with Fe(II) and Fe(II)/Fe(III) oxy-hydroxides 


 


There is a lack of information on Np(V) incorporation into mineral structures despite the 


fact that this is potentially a highly effective mechanism to immobilize radionuclide. Bots 


et al. and Roberts et al. (Bots et al., 2016; Roberts et al., 2019) studied the speciation and 


fate of neptunium as NpO2
+ during the crystallization of ferrihydrite to hematite and 


goethite. The Np(V) stock solution was added to the experiment either at the start of the 


ferrihydrite crystallization, to assess incorporation processes during crystallization, or to 


the final crystallization products to assess adsorption processes. Np(V) had a high affinity 


for the iron(III) (oxyhydr)oxide phases in all experiments with the vast majority of Np(V) 


(≥96%) sequestered from solution regardless of the experimental systems.  The results 


however showed that adsorption of NpO2
+ to iron(III) (oxyhydr)oxide phases is 


reversible and, for ferrihydrite, occurs through the formation of mononuclear bidentate 


surface complexes. For the adsorption samples, the majority of Np(V) (84−94%) was 


released during the chemical extraction confirming that Np(V) was predominantly 


reversibly bound to the surfaces of the iron (oxyhydr)oxides. By contrast, only 6% of the 


Np(V) was released from the solid phase during the chemical extraction of the pure 


hematite sample, whereas in mixed hematite/goethite samples crystallized at pH 9.5 and 


11, 20-30% of Np(V) remained associated with the solid product after the extraction. 


Chemical extractions and X-ray absorption spectroscopy (XAS) analyses showed the 


incorporation of Np(V) into the structure of hematite occurs during its crystallization 


from ferrihydrite (pH 10.5) through direct replacement of octahedrally coordinated 


Fe(III) by Np(V) in neptunate-like coordination. Subsequent analyses on mixed goethite 


and hematite crystallization products (pH 9.5 and 11) showed that Np(V) is incorporated 


during crystallization, however there is limited evidence for Np(V) incorporation during 


goethite crystallization at the extreme pH of 13.3. This is likely due to the formation of a 


Np(V) hydroxide precipitate preventing incorporation into the goethite particles.  
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Roberts et al. (2019) studied the co-precipitation of Np(V) with Fe(II) bearing iron 


(oxyhydr)oxides (magnetite and green rust) under anaerobic conditions. During both 


magnetite and green rust formation, Np(V) was completely removed to solids under the 


pH 9, mildly alkaline end point. Analysis using chemical extractions and X-ray 


absorption spectroscopy (XAS) techniques confirmed that Np(V) is initially reduced to 


Np(IV) during co-precipitation of both magnetite and green rust. Extended X-Ray 


Absorption Fine Structure (EXAFS) modelling suggested the Np(IV) forms a bidentate 


binuclear sorption complex to both minerals. Following oxidation in air over several 


months, ~ 50% the sorbed Np(IV) is partially oxidized to Np(V), but very little 


remobilization to solution occurs during oxidation.  


 


These two studies show that iron (oxyhydr)oxides have a potential to immobilize Np 


under both reducing and oxidizing conditions, and that Np is retained through iron 


(oxyhydr)oxides mineral transformation. Overall reduction of Np(V) to Np(IV), inner 


sphere sorption and coprecipitation reactions have important implications in 


understanding the mobility of neptunium in a range of engineered and natural 


environments. 


 
Np coprecipitation process with other minerals  


 


Various studies have addressed the incorporation behavior of Np(V) in uranyl, carbonate, 


and sulfate minerals.  Briefly, synthetic U(VI) hydroxides and silicates can incorporate 


various amounts of Np(V) and levels of incorporation are impacted by details of the 


crystal structure as well as temperature and solution pH under which the compounds 


form. (Alessi et al., 2013; Burns et al., 2004; Burns and Klingensmith, 2006; Forbes and 


Burns, 2006) Burns et al., 2004; Burns, 2005; Burns and Klingensmith, 2006; Forbes and 


Burns, 2006; Alessi et al., 2013). A few studies examined the factors that impact the 


structural incorporation of the Np(V) neptunyl ions in carbonate and sulfate minerals 


including calcite (CaCO3) (Balboni et al., 2015; Heberling et al., 2008; Heberling et al., 


2011), aragonite (CaCO3), gypsum (CaSO4x2H2O), strontianite (SrCO3), cerussite 


(PbCO3), celestine (SrSO4), and anglesite (PbSO4). Amongst the carbonate minerals, 


calcite significantly favors Np(V) incorporation (Balboni et al., 2015; Heberling et al., 


2008; Heberling et al., 2011). Aragonite and strontianite incorporate Np(V) in similar 


amounts, whereas cerussite does not incorporate Np(V) under the synthesis conditions. 


Overall, the sulfate minerals weakly interact with the actinyl ions, relative to the 


carbonate minerals, however incorporation of Np(V) in celestine was observed at the 


level of a few tens of ppm; whereas anglesite and gypsum did not incorporate detectable 


Np(V). Geometrical constraints of the Np(V) species in solution, together with the 


crystallographic steric constraints of the host material, affect preferential uptake in the 


mineral structures studied. Calcium and strontium appear to be favorable incorporation 


sites for both Np(V) in aragonite and strontianite. 


 


4.2 Plutonium 
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Plutonium (Pu) is produced in reactor fuel as a mixture of isotopes. The predominant 


isotope, 239Pu (T1/2= 24 100 years) is produced by neutron capture in 238U. If a fuel 


element containing 239Pu is left in a reactor for any length of time further neutron capture 


can occur, yielding isotopes with higher mass, such as 240Pu (T1/2= 6560 years), 241Pu 


(T1/2= 14 years), and 242Pu (T1/2= 3.76×105 years). In addition, small quantities of two 


other isotopes, 236Pu (T1/2= 2.87 years) and 238Pu (T1/2= 87.74 years), are produced during 


the irradiation of the fuel in normal operating conditions. (OECD, 1989) The isotopes 
238Pu, 239Pu, 240Pu, and 242Pu all decay by emission of α-particles, while 241Pu undergoes 


β decay to produce 𝛼 and ɣ-emitting 241Am. 


 


The production and testing of nuclear weapons, nuclear accidents, and authorized 


discharges of radioactive effluents have contributed significantly to Pu contamination in 


the natural environment. (Geckeis et al., 2019) Pu is also a major constituent in civil and 


military nuclear wastes and is considered a risk-driving radionuclide in the long-term safety 


of nuclear waste repositories. Due to the long half-life of some of its isotopes, and 


radiotoxicity, understanding the mobility of Pu in the environment is a key scientific and 


societal concern.  


 
Pu Environmental Behavior 


 


A recent review details the environmental behavior of Pu (Geckeis et al., 2019), thus they 


will be only briefly discussed here. Several factors can influence Pu mobility in the 


environment including: Pu redox processes (Begg et al., 2018; Choppin, 1991; Sanchez et 


al., 1985), solubility effects (Efurd et al., 1998; Neck et al., 2007), interactions with 


natural organic matter (including bacteria) (Icopini et al., 2009; Zhao et al., 2011), and 


sorption/desorption reactions with mineral surfaces (Begg et al., 2017; Powell et al., 


2004; Zavarin et al., 2012). Under typical environmental conditions Pu may exist in the 


III, IV, V and/or VI oxidation states, each of which demonstrate dramatically different 


chemical properties (Choppin, 1983; Clark et al., 1995). For example, under 


environmental conditions the higher oxidation states, V and VI, exist as the highly 


soluble and mobile PuO2
x+ moieties. Although Pu(V) and Pu(VI) predominate under oxic 


conditions, Pu(IV) is often the most common Pu ion at neutral pH and mildly reducing 


conditions (Maher et al., 2013). Pu(IV) undergoes rapid hydrolysis in circumneutral 


environments resulting in a significantly lower solubility than the higher oxidations 


states, V and VI. Pu hydrolysis reactions may occur at Pu(IV) concentrations > 10-8 M 


(Begg et al., 2015) and result in the formation of discrete [Pu(OH)n]
(4−n)+  intrinsic 


colloids (Dalodiere et al., 2017; Gerber et al., 2020; Maher et al., 2013; Micheau et al., 


2020; Moreau et al., 2020; Neck et al., 2007; Powell et al., 2011). At pH >3, the Pu 


aqueous concentration is dominated by Pu(V) and by the solubility product of Pu(IV) 


hydrous oxide precipitate.  Although Pu(IV) and Pu(V) are the most common oxidation 


states under circumneutral pH conditions, and both sorb to Pu mineral surfaces, Pu(V) 


has been shown to reduce to Pu(IV) on surfaces (Begg et al., 2013; Choppin, 1983; Hixon 


et al., 2010; Kirsch et al., 2011; Powell et al., 2004; Sanchez et al., 1985; Shaughnessy et 


al., 2003). Moreover, Pu(IV) has a particularly high affinity for iron (oxy)hydroxides 


mineral surfaces and Fe containing minerals (Begg et al., 2018; Romanchuk et al., 2011; 


Sanchez et al., 1985; Zhao et al., 2016). 
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Pu interactions with Fe minerals: sorption, desorption and spectroscopy studies  


 


Pu sorption processes with Fe(III) minerals  


 


Li and Kaplan recently reported a summary on sorption behavior of Pu on various Fe(III) 


and Fe(II) minerals. Briefly Pu sorption on Fe(II)/(III) oxides is limited at pH < 3 ( Kd 7-


990 ml/g, sorption <30%) but rapidly increase at neutral pH (Kd 104-105 ml/g, >90%) (Lu 


et al., 2003; Powell et al., 2004, 2005; Romanchuk et al., 2011; Runde et al., 2002; 


Sanchez et al., 1985).  These studies highlight that various geochemical factor affect Pu 


sorption to mineral surfaces including carbonate and organic concentration, Pu 


concentration, nature of the mineral surfaces, redox reactions, and colloid formation. For 


example in the presence of dissolved organic carbon (DOC), Pu(V) reduction to Pu(IV) 


occurs in solution, commonly the result of the presence of the reducing properties of 


quinones and hydroquinones in the DOC. Pu(IV) sorption on goethite can decrease by 


30% in the presence of 240 mg/L natural DOC (Sanchez et al., 1985). Increasing 


concentrations of carbonate ligands to 100 meq/L (total alkalinity) have little effect on 


Pu(IV) or Pu(V) sorption to goethite (Sanchez et al., 1985). However, above 100 meq/L 


total alkalinity, the Pu(IV) and Pu(V) sorption on goethite systematically decrease until 


essentially all Pu is inhibited from sorption at the carbonate alkalinity ∼1000 meg/L, 


presumably as a result of the formation of a Pu-CO3 complexes (Sanchez et al., 1985).  


 


Lu et al. (2003) and Runde et al.(2002) studied the sorption of Pu(V) to hematite in 


Yucca Mountain J-13 well water (a pH 8, Ca, and carbonate dominated groundwater). 


Approximately 50–55% of Pu sorb immediately after adding Pu(V) to suspensions 


containing 1338 m2/L (25 g/L) colloidal hematite. Over time, the Pu fraction associated 


with the solid phase slowly increases, until a steady-state was achieved after ∼4 days. 


Approximately 95% of the Pu is sorbed at a steady-state.   


 


For both goethite (Kersting et al., 2003) and Mn(III) substituted goethite (Hu et al., 


2010), Pu LIII-edge XANES spectra of the Pu sorbed samples indicates that oxidized Pu 


(VI/V) is reduced to Pu(IV) upon contact with the mineral to form an inner-sphere Pu(IV) 


complex on the mineral surfaces and no evidence of Pu–Pu interactions representing 


precipitation of Pu(IV) on the goethite surface was found (Hu et al., 2010).   


 


At higher Pu concentration, as Pu(IV) solubility limit increases Pu colloids may 


precipitate. For example Powell et al. (2011) reported that PuO2 nanocolloids occurred on 


goethite surface at pH 7 with an initial Pu(IV) concentrations of ∼1x10−6 M. The intrinsic 


Pu nanocolloids (2–5 nm in diameter) have the expected fcc structure and Fm3m space 


group, as confirmed by both electron diffraction analysis and high-resolution 


transmission electron microscopy (HRTEM). However, when a Pu(IV) working solution 


was gradually added to a synthetic goethite suspension to achieve the final Pu(IV) 


concentration of 0.99x10−6 M, Pu nanocolloids formed on goethite surfaces undergo a 


lattice distortion relative to the ideal fluorite-type structure, fcc, PuO2, resulting in the 


formation of a bcc, Pu4O7 structure. This structural distortion results from an epitaxial 


growth of the Pu colloids on goethite, leading to stronger binding of Pu to goethite.  
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Pu sorption with Fe(II) containing minerals 


 


Kirsch et al.(2011) investigated the reaction products of aqueous 242Pu(III) and 242Pu(V) 


reacted with magnetite (Fe3O4), mackinawite (FeS), and chukanovite (Fe2(CO3)(OH)2) in 


sorption experiments under anoxic conditions. Results show that Pu concentrations in the 


liquid phase rapidly go below detection limit. XAS result demonstrate that Pu(V) is 


reduced in the presence of all three minerals with >90% of the Pu species present as 


Pu(III), independent of the initial Pu oxidation states. For magnetite the Fourier transform 


peaks of EXAFS were fitted best with two shells: the first Pu–O peak corresponds to 9 


oxygen atoms at 2.49Å and the first Pu–Fe peak to three iron atoms at 3.54 Å. The 


spectroscopy results exclude formation of a dimeric surface complex or of Pu(III) 


(hydr)oxide clusters due to the lack of Pu–Pu backscattering in the experimental 


spectrum. The Pu(III) surface complexation at the octahedrally terminated (111) face is 


described as a tridentate, trinuclear, triple edge-sharing surface complex. As such, it is 


likely to be very stable and plays an important role in controlling Pu-magnetite reactions 


and Pu mobility. Solid PuO2 phases formed in the presence of mackinawite and 


chukanovite; however in the case of chukanovite, up to one-third of Pu was also present 


as Pu(III). For the three investigated reactions of Pu(V) with magnetite, mackinawite, and 


chukanovite at about pH 8, the concentration of dissolved Fe(II) and the pe values are on 


the same order of magnitude and thus, by themselves, can only partly account for the 


different reaction products, suggesting that the Pu redox state distribution found was 


influenced by the exact type of mineral surfaces present. With respect to Pu surface 


complexation, it is of relevance that, in contrast to magnetite, mackinawite surfaces are 


sulfur terminated (Devey et al., 2008), which should considerably reduce their capability 


to serve as a ligand, as Pu is a hard Lewis acids and therefore oxyphilic(Katz et al., 


2006). As these results show in the absence of a surface that allows formation of stable 


surface complexes, Pu(IV) precipitates as PuO2. These results also indicated that under 


reducing conditions, Pu(III) species in addition to PuO2 needs to be considered for 


environmental risk assessment, and thermodynamic calculations needed to be supported 


with spectroscopic data in the study of Pu sorption to mineral surfaces. 


 


Pu sorption studies at environmentally relevant concentrations  


 


The majority of Pu sorption experiments have been performed at concentrations orders of 


magnitude higher than those observed in the field. For example, actinide concentrations 


in groundwater samples downgradient of the Mayak and NNSS sites range from 10-


16−10-12M, while laboratory experiments are rarely carried out at concentrations <10-10M 


(Aston and Fowler, 1984; Dai et al., 2005; Geckeis and Rabung, 2008; Keeney-Kennicutt 


and Morse, 1985; Kersting et al., 1999; Lindahl et al., 2005; Romanchuk et al., 2011). 


This is particularly problematic for Pu because it is highly insoluble in the +4 oxidation 


state and can form colloidal particles at concentrations as low as 5 Å~ 10−10 M (Neck et 


al., 2007). Indeed, sorption experiments with both goethite and bentonite clay suggest 


that precipitation of Pu(IV) at higher concentrations may affect the sorption behavior of 
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Pu (Missana et al., 2008; Powell et al., 2011). In addition, Snow et al. (2013) 


demonstrated a concentration dependence for Np(V) sorption to goethite, showing that 


Kd values differed by an order of magnitude at solution concentrations below 10−11 M 


(equivalent to a Np surface concentration of 10−10 mol m−2) compared to higher 


concentrations(Snow et al., 2013). This suggests that a concentration dependence may 


exist for Pu even in the absence of precipitation effects (Snow et al., 2013). As a result, 


sorption predictions using laboratory experiments performed at high concentrations may 


lead to systematic errors in models of actinide migration in the environment. 


Zhao, et al. (2016) investigated Pu(IV) and Pu(V) sorption to goethite over a 


concentration range of 10-15−10-5 M at pH 8. Experiments with initial Pu concentrations 


of 10-15−10-8 M produced linear Pu sorption isotherms, demonstrating that Pu sorption to 


goethite is not concentration-dependent across this concentration range. Equivalent 


Pu(IV) and Pu(V) sorption Kd values obtained at 1 and 2-week sampling time points 


indicated that Pu(V) is rapidly reduced to Pu(IV) on the goethite surface. Further, it 


suggested that Pu surface redox transformations are sufficiently rapid to achieve an 


equilibrium state within 1 week, regardless of the initial Pu oxidation state. At initial 


concentrations >10-8 M, both Pu oxidation states exhibited deviations from linear 


sorption behavior and less Pu was adsorbed than at lower concentrations. NanoSIMS and 


HRTEM analysis of samples with initial Pu concentrations of 10-8− 10-6 M indicated that 


Pu surface and/or bulk precipitation was likely responsible for this deviation. In 10-6M 


Pu(IV) and Pu(V) samples, HRTEM analysis showed the formation of a body centered 


cubic (bcc) Pu4O7 structure on the goethite surface, confirming that reduction of Pu(V) 


had occurred on the mineral surface and that epitaxial distortion previously observed for 


Pu(IV) sorption occurs with Pu(V) as well. 


 


Pu desorption from mineral surfaces 


 


Desorption of Pu from mineral surfaces has not been as systematically studied as 


adsorption. Nonetheless, desorption will play a key role in determining the stability of Pu 


on both immobile and mobile mineral surfaces. Rates of desorption are particularly 


important as these will control the spatial and temporal extent of Pu migration, especially 


in colloid-facilitated transport scenarios (Bennett et al., 2017; Saiers and Hornberger, 


1996). Pu desorption is typically investigated via batch experiments that have shown that 


the majority of adsorbed Pu remains associated with the mineral surface, consistent with 


the high sorption affinity of Pu(IV) for mineral surfaces. For example, Pu(IV) and Pu(V) 


batch desorption experiments with goethite and hematite have indicated that less than 1% 


of the solid associated Pu will be desorbed (Lu et al., 1998). Similarly, experiments with 


sediments from the Esk Estuary, near Sellafield, UK showed that only about 5% of 


surface-associated Pu(IV) could be desorbed (Hamilton-Taylor et al., 1987). However, 


greater extents of Pu desorption have been reported for montmorillonite and silica, where 


up to 20% of Pu was desorbed after a period of 293 days at pH 8.3 (Lu et al., 1998; Lu et 


al., 2003).  


 


Although both desorption of Pu(IV) and Pu(V) from sediments may occur, the oxidation 


of Pu(IV) to Pu(V) on the mineral surface appears to be an important mechanism in the 
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desorption of Pu(IV) (McCubbin and Leonard, 1996; McCubbin et al., 2002). For 


example, experiments with sediments from Aiken, SC have shown that although 


adsorbed Pu was present as Pu(IV), desorbed Pu in solution was predominantly Pu(V) 


(Kaplan et al., 2006). The mobilization of Pu(IV) associated with Irish Sea sediments 


following exposure to natural sunlight was found to be predominantly Pu(V) thought to 


be formed via photooxidation of Pu(IV) (McCubbin and Leonard, 1996). The importance 


of Pu oxidation in its remobilization from mineral surfaces is similar to the behavior of 


other redox active radionuclides, such as Tc and U, where oxidation of reduced, solid-


associated species results in their remobilization (Burke et al., 2006; McBeth et al., 2007; 


Moon et al., 2007; Newsome et al., 2014). 


 


Begg et al. investigated the role of clay structural Fe on surface mediated reduction 


reaction by quantifying Pu(V)/(VI) sorption rates under atmospheric (oxic) conditions to 


three montmorillonite clays with variable Fe content (SWy-1: 2.6 wt % Fe; STx-1: 0.6 wt 


% Fe; Barasym synthetic mica-montmorillonite: 0.01 wt % Fe) at pH 4, pH 6, and pH 


8(Begg et al., 2018). The experiments were performed over a period of one year, a 


timescale at which the sorption rates were expected to capture both adsorption and 


surface mediated reduction processes. At pH 6 and pH 8, the rate of sorption was 


positively correlated with structural Fe content. However, by 360 days, the extent of 


sorption was independent of Fe. Moreover, in the case of the synthetic montmorillonite it 


was not apparent that sorption equilibrium had been achieved by the end of the 


experiment. There was minimal difference in sorption rates between the clays at pH 4, 


suggesting that structural Fe content may be less important in Pu(V)/(VI) reduction at 


low pH. The results indicate that at circumneutral pH, structural Fe will affect the kinetics 


of Pu surface mediated reduction on montmorillonite clays but not necessarily the 


equilibrium Pu sorption affinity at environmentally relevant timescales. The differences 


in rates on the three clays emphasize the need to perform long-term sorption experiments 


(> 1 year) to adequately capture the equilibrium processes controlling the uptake of Pu 


under atmospheric conditions. Comparison to other minerals indicates that the sorption 


rates can vary by as much as five orders of magnitude depending on the structure and 


composition of the surface. 


 


Joseph, et al. (2019) performed flow cell desorption experiments with mineral colloid 


suspensions produced by hydrothermal alteration of NNSS nuclear melt glass, residual 


material left behind from nuclear testing. Three different colloid suspensions were used: 


(1) colloidal material from hydrothermal alteration of nuclear melt glass at 140 °C; (2) at 


200 °C; and (3) Pu sorbed to SWy-1 montmorillonite at room temperature. The 140 °C 


sample contained only montmorillonite, while zeolite and other phases were present in 


the 200 °C sample. Overall, more Pu was desorbed from the 140 °C colloids (ca. 9−16%) 


than from the 200 °C colloids (ca. 4−8%). At the end of the flow cell experiments, the 


desorption rates for the 140 °C colloids and the Pu−montmorillonite colloids were similar 


while the desorption rates from the 200 °C colloids were up to an order of magnitude 


lower. The author conclude that the formation of zeolites and clays hydrothermally 


altered at 200 °C may lead to a more stable association of Pu with colloids, possibly via 


coprecipitation, resulting in lower desorption rates.  
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Coprecipitation studies 


  


Pu fate during Fe(III) mineral transformations   


 


Smith et al. (2019) studied the fate of Pu during ferrihydrite to hematite transformation. 


They demonstrated via EXAFS analysis that under high pH conditions (pH 9), Pu forms 


an inner-sphere tetradentate complex on the ferrihydrite surface (Smith et al., 2019) 


which remains unchanged during transformation to hematite, suggesting that Pu remains 


strongly adsorbed to the iron (oxy)hydroxide surface (Smith et al., 2019) during hematite 


crystallization.  


 


Balboni et al. (2020) investigated the fate of Pu during the formation of ferrihydrite and 


its subsequent transformation into goethite. Ferrihydrite was synthesized with varying 


quantities of Pu(IV) following either a sorption or coprecipitation process; the 


ferrihydrite was then aged hydrothermally to yield goethite. The synthesized materials 


were characterized via extended X-ray absorption fine structure spectroscopy, 


transmission electron microscopy, and acid leaching to elucidate the nature of Pu 


association with ferrihydrite and goethite. In samples prepared following the sorption 


method, Pu was identified in two different forms: a PuO2 precipitate and a surface-sorbed 


Pu complex. For the samples prepared via coprecipitation, no PuO2 formation occurs in 


the ferrihydrite precursor and in the goethite experiments where Pu concentration is 


<1000 ppm (mg kg(-1)). In these coprecipitation products, EXAFS result indicate Pu is 


strongly bound to the minerals either via formation of an inner sphere complex, or via an 


incorporation process. In the coprecipitation experiments, PuO2 formation only occurs at 


the highest Pu concentration (3000 ppm), suggesting that during ferrihydrite 


transformation into goethite, part of the Pu can be remobilized to form PuO2 


nanoparticles. Collectively, our results demonstrate that the nature of Pu associated with 


the precursor ferrihydrite (adsorbed vs coprecipitated) will have a direct impact on the 


association of Pu with its alteration product (goethite). Furthermore, the data illustrate 


that some properties of Pu association with the precursor ferrihydrite are retained through 


the transformation into goethite. These findings show that Pu strongly associates with 


iron (oxy)hydroxides formed through coprecipitation processes and in these materials, Pu 


can be strongly retained by the iron minerals. 


 


Finally Rovnyi et al. (2006) studied the Pu(IV) coprecipitation behavior in solutions 


containing dibutyl hydrogen phosphate (HDBP) and sodium carbonate. This study was 


performed to understand the partitioning behavior observed for Np(IV) and Pu(IV/III) in 


colloidal Fe(III) products during the regeneration organic solvent used in industrial scale 


spent fuel reprocessing operations. The author speculate that one possible mechanism 


from Pu removal from solution is the substitution of Pu(III) for Fe(III) in the ferrite like 


structure FeO. Fe2O3, and that colloidal. Pu(IV) products may also be captured by the 


ferrite structure.  


Pu coprecipitation with reduced Fe minerals 
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Dumas et al. (2019) studied the retention  of Pu(V) during coprecipitation with magnetite. 


After a rapid reduction of Pu(V) to Pu(III) in acidic Fe(II)/Fe(III) solution, base-induced 


magnetite precipitation (pHexp ≈ 12.5) leads only to a partial (∼50%) incorporation, while 


the other half remains at the surface by forming tridentate sorption complexes. Neither 


solid nor sorbed Pu(IV) species are observed in the starting solution and after 


precipitation. With Fe(II)-enforced recrystallization at pHexp = 6.5, a process potentially 


mimicking long-term, thermodynamically controlled aging, the equilibrium between both 


Pu species is even further shifted toward the sorption complex. An analysis of the 


incorporated species by Pu LIII-edge X ray absorption fine-structure (XAFS) 


spectroscopy shows a pyrochlore-like coordination environment. In this environment 


there is a split 8-fold oxygen coordination shell with Pu−O distances of 2.22 and 2.45 Å 


and an edge-sharing linkage to Fe-octahedra with Pu−Fe distances of 3.68 Å, which is 


embedded in the magnetite matrix (Pu−Fe distances of 3.93, 5.17, and 5.47 Å). This 


suggests that the reason for the partial incorporation is the structural incompatibility of 


the large Pu(III) ion for the octahedral Fe site in magnetite. The adoption of a pyrochlore-


like local environment within the magnetite long-range structure might be induced by the 


rapid coprecipitation rather than being a thermodynamically stable state (kinetic 


entrapment).  


Pu-Fe particles at a contaminated site 


 


Association of Pu with Fe bearing phases has been observed at various contaminated 


sites. For example in groundwater at the Mayak site (Russia) colloidal amorphous iron 


oxides with associated Pu were identified (Novikov et al., 2006). Additionally in 


contaminated soils at Los Alamos National Laboratory, Batuk et al.(2015) identified 


unusual Pu-Fe particles. The authors suggest that the formation of these particles could 


have resulted from transitory local chemical conditions from the original waste stream. 


(Batuk et al., 2015) Finally, Lukashenko et al. (2020) identified particles of Pu containing 


Fe-Mn oxides in bottom sediments of streams flowing from the tunnels in the Degelen 


Mountain, a site of the USSR nuclear weapon testing program. Analysis of the particles 


indicate that these materials may be formed as secondary minerals, suggesting that their 


formation is most likely related to sorption and coprecipitation of transuranic elements 


with oxides and hydroxides of iron and manganese (Lukashenko et al., 2020). 


 


4.3 Iodine 


 


Iodine (I) is an electronegative element with relatively large ionic radius. Two isotopes of 


I are produced during plutonium production: 131I and129I.131I has a short half-life of 


approximately 8 days and quickly decays to 131Xe, as such it is not considered a long-


term environmental hazard. 129I is particularly problematic contaminant due to its long 


half-life (15.7 million years), high yield (0.7% yield per fission of uranium-235) (Nichols 


and Verpelli, 2007) and weak interactions with common materials in repository 


environments such as engineering barrier and rock in geology formation (Aimoz et al., 


2012; Ojovan and Lee, 2014).  
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Environmental speciation and redox chemistry 


 


I is characterized by high aqueous solubility, mobility in the environment, and toxicity. In 


aqueous solution, I can exist in the −1, 0, +1, +3, +5 and +7 oxidation states (Liu and 


Gunten, 1988). Iodide (I−) and iodate (I(V)O3 
−) are the dominant inorganic species of I 


found in the environment, whereas elemental I (I2
0 ) only exists as a major species at low 


pH and over a narrow Eh range (Figure 8).  


 


IO3 
– reduction to I− can occur in sediments (Truex et al., 2017) and while faster in a 


biotic environment, I reduction also appears to be partially abiotically controlled in acidic 


conditions (pH < 5) (Grandbois et al., 2018). Therefore, there can be both microbial and 


abiotic IO3
−-I− cycling in the subsurface, and only a partially reducing environment is 


needed to reduce IO3
−. Iodate (IO3 


−) and iodide (I−) cannot be degraded or transformed to 


a less toxic form, and therefore, remedial strategies are required to decrease aqueous 


concentrations below the drinking water standard (i.e., 1 pCi/L)(Qafoku et al., 2018; 


Strickland et al., 2017). 


 


The I cycle in the environment is integrally linked with the water cycle. Environmental I 


movement is dominated by volatilization of organo-I compounds (i.e., iodomethane and 


others) and I from biological and non-biological sources in the oceans. In fresh water, I 


primarily occurs as I− (Whitehead, 1984), and as the salinity or alkalinity of the system is 


increased, or in the presence of radiation, the I speciation can change to I(V)O3
– 


(Whitehead, 1984). Other oxidation states of I may be present in aqueous solutions 


including the zero-valent, +I and +III oxidation states, although these occur rarely. The I− 


oxidation is through a two-step process. I− is first transformed to I2, and then to IO3
−,with 


the rate of the transformation being pH dependent and faster under lower pH conditions 


(Fox et al., 2009). I− can also be directly oxidized to IO3
− using a strong oxidizing agent 


(i.e. peroxide). A comprehensive review of the behavior of I in the environment is given 


by (Fuge and Johnson, 2015). 
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Figure 8 Eh-pH diagram for dominant aqueous species at 25°C from (Moore et al., 2020), 


calculated considering 10−8 mol/L dissolved I. The dashed lines represent the boundaries 


for the thermodynamic stability of water 


 
Iodine immobilization processes 


 


The mobility of I in the environment is complex and depends on pH, oxidation state, 


salinity, minerals and microorganisms present in sediment and groundwater. Processes 


known to affect I mobility include biotic transformations, reactions with sediment-


associated iron/manganese, sorption to sediment surfaces, natural organic matter 


facilitated sorption and accumulation, and co-precipitation with calcium carbonate (Truex 


et al., 2017). Attenuation mechanisms for I in groundwater include adsorption and 


interaction with organic matter. Moore et al. (2020) provide a comprehensive review of 


iodine immobilization processes. In this review we will mostly focus ion discussing I 


interactions with Fe bearing oxides/minerals. 


 
Iodine adsorption processes with soils and Fe minerals  


 


As previously discussed, the fate and transport of I in the subsurface exhibits complex 


geochemical behavior, depending upon the chemical speciation, sediment mineral 


composition, and geochemical conditions. Past studies have demonstrated limited 


adsorption of IO3
− and I− on sediments, especially in a subsurface environment low in 


organic matter (Kaplan, 2003; Serne et al., 1993) however it was shown that Fe oxides in 


soils or sediments have a significant impact on I transport (Dai et al., 2004; Dai et al., 


2009; Hakimi, 1996; Kaplan, 2003) suggesting that Fe oxides could be good candidates 


for the subsurface I plume remediation. 


 


Fe oxides and hydroxides are good sorbents of anionic species as a result of the high 


point of zero charge (pHpzc > 8) (Harrison and Berkheiser, 1982; Jain et al., 1999; Li and 


Kaplan, 2012; Peak and Sparks, 2002; Su and Suarez, 2000; Wang et al., 2001). 
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Ferrous/ferric iron oxides/(oxy)hydroxides, such as ferrihydrite (Nagata and Fukushi, 


2010; Nagata et al., 2009), goethite (FeOOH) (Couture and Seitz, 1983), hematite 


(Fe2O3) (Couture and Seitz, 1983), and magnetite (Fe3O4) (Fuhrmann et al., 1998) have 


potential for I immobilization however they are not selective for I species and will reduce 


contaminants according to redox potential.  


 


In general, IO3
−is typically adsorbed more strongly than I−, with adsorption inversely 


related to groundwater pH, especially when they are rich in Fe oxides (Dai et al., 2009), 


clearly indicating the role of these ubiquitous minerals in controlling I mobility. The 


behavior of I species toward various Fe oxides and hydroxides is different. This can be 


explained with the Pearson's Hard Soft Acid Base theory, as IO3
− is designated as a hard 


base and I− is designated as a soft base, and so they are associated with hard and soft 


acids (i.e., K and Na versus Ag, Cu, and Au), respectively (Cox and Arai, 2014).  


 


Experimental data comparing adsorption extents of I species to different iron oxides and 


Fe containing minerals/sediments are scarce (Couture and Seitz, 1983; Couture et al., 


1979; Kaplan et al., 2000; Machesky et al., 1989; Muramatsu et al., 1990; Nagata and 


Fukushi, 2010; Nagata et al., 2009; Neal and Truesdale, 1976; Ticknor and Cho, 1990; 


Whitehead, 1974; Yu et al., 1996). Wang et al. used published data to calculate sorption 


distribution coefficient (Kd) values for each study as reported in Table 1. A wide range of 


Kd values [0.6−5640 mL/g] for IO3 
− and non-detectable (ND) to 81.8 mL/g for I−] were 


calculated. However, it is difficult to compare these results because experimental 


conditions and protocols were different. In addition, other important factors, such as the I 


species transformation via redox reactions (Couture and Seitz, 1983; Hu et al., 2005) and 


the Fe oxide dissolution at low pH, (Couture and Seitz, 1983) be taken under 


consideration when evaluating the Kd values reported in Table 1.  


 


 
Figure 9 Summary of adsorption studies of IO3


- and I- onto Fe oxides as reported from 


Wang et al,.(Wang et al., 2019) References include: (Couture and Seitz, 1983; Couture et 


al., 1979; Kaplan et al., 2000; Machesky et al., 1989; Muramatsu et al., 1990; Nagata 
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and Fukushi, 2010; Nagata et al., 2009; Neal and Truesdale, 1976; Ticknor and Cho, 


1990; Whitehead, 1974; Yu et al., 1996) 


 


Geochemical controls on I species sorption 


 


Overall the IO3
− or I− adsorption varies with Fe oxide mineral type, I speciation, solution 


pH, ionic strength (IS), background solution electrolytes, and the solid/solution ratio. I 


adsorption to iron oxides is usually pH dependent (Kaplan, 2003; Nagata and Fukushi, 


2010; Nagata et al., 2009; Yu et al., 1996). However, in soils that ranged in pH from 


approximately 4.2 to 8.5, no relationship between IO3
− adsorption and pH was found, 


implying a more complex behavior in soils as compared to individual mineral surfaces 


(i.e., multiple sorbents, surface complexation with uncharged reactive surface groups, 


etc.) (Dai et al., 2004).  There is some evidence that I− adsorption is more sensitive 


toward increasing pH than IO3
−. Kaplan et al. (2003) discovered significantly less I− was 


removed from solution when the pH of the soils were above the soil point of zero charge 


(~pH 4). These results were corroborated in a groundwater characterization study 


conducted by Li et al. (2013). However, the extent of I− adsorption may be mineral 


specific and this may overcome the pH effect (Kennedy et al., 2011). Under laboratory 


experiments and in near-neutral conditions, hematite (Fe2O3) adsorbed all of the IO3
− and 


approximately 30% of I− from solution (Couture and Seitz, 1983). Similar results were 


found, where greater amounts of IO3
− were associated with Fe2O3 compared to I−, 


although both were adsorbed by the Fe oxide (Muramatsu et al., 1990). In a soil column 


study, positively charged goethite at pH 4.5–6, removed 97% of the IO3
− (Hakimi, 1996). 


Ticknor and Cho (1990) looked at adsorption of I− and IO3
− to several materials, 


including hematite and goethite. These experiments were conducted in diluted synthetic 


groundwater (diluted to 50, 15, and 5%), with a pH of approximately 7.5. I− adsorption 


may have been limited due to the pH and ionic strength of the background solution in 


these experiments. IO3
− was adsorbed in these same tests, with greater adsorption to 


hematite than goethite (Ticknor and Cho, 1990). Nagata et al. (Nagata and Fukushi, 2010; 


Nagata et al., 2009) discovered in experiments conducted with 2-line ferrihydrite and 


goethite (FeOOH) that, in addition to the effect of pH on both I− and IO3
− adsorption 


extents, increasing ionic strength has a negative impact on I− adsorption but was 


negligible for IO3
− adsorption. This suggests a different mechanism of adsorption for the 


two species. I− was adsorbed to 2-line ferrihydrite through outer sphere complexes, while 


IO3
− was mostly adsorbed through inner-sphere complexes (Nagata and Fukushi, 2010; 


Nagata et al., 2009). Fuhrmann et al. (1998) conducted experiments with high 


concentrations of I and used X-ray absorption spectroscopy to examine IO3 
− and I− 


sorption onto a range of Fe-bearing minerals. Magnetite (Fe3O4) sorbed I− from solution 


but not IO3
−. In contrast, biotite (K(Mg,Fe)3AlSi3O10(OH,F)2) sorbed IO3


− from solution 


but did not uptake any I−. Sorption to either Fe3O4 or biotite was not accompanied by any 


obvious change in speciation, other than a small amount of reduction of I− to I(0) at the 


Fe3O4 surface (Fuhrmann et al., 1998). Fe3O4 and biotite contain Fe(II), and in 


experiments conducted under the same conditions, but with minerals containing only 


Fe(III), I sorption did not occur. Thus, the presence of Fe(II) at mineral surfaces is 


associated with sorption of I. Wang et al. (2019) conducted a series of macroscopic batch 


experiments to determine the extent of the time-dependent iodate (IO3
−) and iodide (I−) 
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adsorption onto four Fe oxides (i.e., ferrihydrite, goethite, magnetite, and hematite) at 


different pH values and solution ionic strengths. The results showed that the IO3
- 


adsorption extent after 2 days of reacting time followed the order: ferrihydrite (927.5 


mL/g) > goethite (84.9 mL/g) > magnetite (23.8 mL/g) > hematite (9.5 mL/g). However, 


the range of specific surface area normalized Kd values was narrow (2−4.6 mL/m2), 


suggesting specific surface area controls the adsorption extent. The adsorption extent was 


correlated negatively with both pH and ionic strength, implying IO3
− outer-sphere 


adsorption. The adsorption extent increased or decreased with time (up to ∼48%) after 


200 days, at relatively high or low I concentration ranges, respectively, likely because of 


multiple geochemical reactions, including interparticle diffusion, mineral transformation, 


and I speciation changes. I− adsorption was insignificant for all Fe oxides.  


 
Interactions with organic matter and microorganisms 


 


Microorganisms can catalyze I oxidation, reduction, accumulation, volatilization, and 


enhance incorporation into organic matter (Kaplan et al., 2014). Organo-I may play a role 


in I precipitation and sorption processes. I is often associated with organic matter in soils, 


but studies have shown that while I− has a strong association with organic matter, 


especially at pH <6 (Dai et al., 2009; Kaplan, 2003; Muramatsu et al., 1990), IO3
− 


association with organic matter is not as clear. Some studies suggest that IO3
− is not 


strongly associated with the organic matter (Dai et al., 2009; Kaplan, 2003; Muramatsu et 


al., 1990), while others have differing results (Li et al., 2017; Xu et al., 2015; Zhang et 


al., 2011). For example at DOE sites, the presence of organic material has a strong effect 


on total I retention in Savannah River Site (Emerson et al., 2014; Schwehr et al., 2009) 


soils and some of the I at the Hanford Site is associated with organic matter (Qafoku et 


al., 2018; Truex et al., 2017).  


 
Other immobilization processes and materials 


 


For a comprehensive review of immobilization iodine immobilization processes 


including coprecipitation or encapsulation via calcite, apatite, metal substituted apatite, 


sulfur-, silver-, cupper- and bismuth-based materials, metal organic frameworks, layered 


double hydroxides and aerogels refer to (Moore et al., 2020). In our literature search we 


did not find any study in the literature that addresses the fate of I during coprecipitation 


reactions with Fe minerals. 


 


5. Interpreting coprecipitation data by calculating partitioning 


coefficients in coprecipitation reactions 


 


The Doerner-Hoskins (1925) relationship is often invoked to parameterize the processes 


of sorption and coprecipitation of a trace element within a mineral matrix.  It is based on 


the relationship between the trace metal and major element in solution and on the surface 


of a precipitating phase such that: 


 


𝜆𝑀𝑒 =
𝑋𝑀𝑒


𝑋𝐹𝑒
×


[𝐹𝑒]


[𝑀𝑒]
         (1) 
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where X refers to the mol fraction of the trace metal or major element on the surface and 


the [Fe] and [Me] refer to the aqueous concentration of the trace metal and major element 


in solution. For a closed system coprecipitation experiment, the logarithmic law can be 


used to determine l from the initial and final concentrations of the major and trace 


element during a coprecipitation reaction such that: 


 


𝑙𝑛 (
[𝑀𝑒]


[𝑀𝑒]0
) = 𝜆𝑀𝑒𝑙𝑛 (


[𝐹𝑒]


[𝐹𝑒]0
)        (2) 


 


Where [Me]0 and [Fe]0 refer to the initial aqueous concentration of the trace metal and 


major element, respectively and [Me] and [Fe] are the aqueous concentration of the trace 


metal and major element during the coprecipitation experiment. The λ values in equations 


1 and 2 are defined by Curti (1999) as phenomenological in that the relationship is based 


on the total concentration of major element and trace metal. The relationship does not 


account for effects such as pH, ionic strength, fluid composition that may affect the 


partitioning of the trace metal into the precipitate. Using equation 2 we calculated 


concentration of trace metal and Fe during precipitation at three different values of 𝜆Me 


(Figure 10).  


 


 
Figure 10 Concentration of trace metal and Fe during precipitation at three different 


values of lambda based on Equation 2. 


 


We calculated 𝜆𝑀𝑒 using data from literature that describe coprecipitation of Tc, Se, Np 


and Pu in a suite of Fe(II), Fe(II/III) and Fe(III) minerals (please note reference for Tc 


and Se were reported in last year progress report).  In Figure 11 the values of lambda (on 


x axis) are compared to % of radionuclide uptake, which represents how much 


radionuclide is sequestered by a mineral phase after mineral precipitation. Our results 


show that overall, the calculated 𝜆𝑀𝑒values increase as the % of coprecipitation increases. 


For solids that retain <70% radionuclides lambda in usually <0.1, which is close to what 


we expected based on Figure 10. 
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Figure 11 𝜆Me calculated for coprecipitation reaction of Tc, Se, Np and Pu with Fe minerals 


 
The Se example 


 


Amongst the radionuclides considered in this study, the Se literature is the most 


comprehensive in addressing Se coprecipitation behavior with Fe minerals, and the 


calculated λMe span the largest range (0.001-8). Borsig et al. (Borsig et al., 2018; Börsig 


et al., 2017) and Diener et al. (Diener and Neumann, 2011; Diener et al., 2012) provide 


comprehensive data set of Se (VI, IV, -II) coprecipitation with various Fe oxide minerals 


including Fe(III), mixed Fe(II/III) and Fe sulfides and their data set were analyzed to 


determine trends in the calculated λMe values. 


 


The lowest values of λMe are observed for Se(VI) coprecipitation with Fe(III) minerals.  


The λMe values increase slightly for coprecipitation of Se(VI) with reduced Fe minerals 


and became higher for Se(IV) coprecipitated with mixed Fe(II/III) minerals. The highest 


λMe values are measured for reduced selenium (-II) in coprecipitation reaction with 


reduced Fe minerals, such as pyrite. This general trend seems to be consistent with Se 


geochemical behaviour observed in sorption reactions.  


 


Although a few assumptions need to be made to calculate λMe (specifically regarding the 


[Fe0] concentration) we conclude that λMe provides a valid approach to describe 


radionuclide coprecipitation behavior with Fe minerals from data sourced from the 


literature. 
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Figure 12 λMe values calculated for Se coprecipitation reactions with Fe minerals 


 


 


6. FY22 Efforts 


Our FY22 effort will focus on completing our analysis of radionuclide incorporation into 


Fe oxide phases and evaluation of λMe values across a range of radionuclides relevant to 


performance assessment models. Based on our assessment of the relevance of this 


process in radionuclide retention and sequestration in corrosion products, we plan to 


initiate focused corrosion and coprecipitation experiments to that will address the 


limitations of data available in the literature. For example, no data are available for the 


incorporation of I into corrosion products. As a result, we are not able to assess its 


potential impact on I migration from repository near fields. The scope of experiments will 


be determined in consultation with SFWST and the needs of the program and GDSA.  
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