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ABSTRACT: (319 words): The reliable prediction of possible plutonium migration into the 

geological environment is crucial for the safety assessment of radioactive waste repositories. 

Fe(II)-bearing corrosion products like magnetite, which form on the surface of steel waste 

containers, can effectively contribute to the retardation of the potential radionuclide release by 

sorption and redox reactions, eventually followed by formation of secondary precipitates. A 

retardation process even more efficient - especially when considering the required long time 

scales for nuclear waste reposition - is structural incorporation by magnetite, as has been 

demonstrated for Tc and U. Here we show that this mechanism might not be as relevant for Pu 

retention: 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 were observed in the starting solution and after precipitation. 

With Fe(II)-inforced re-crystallization at pHexp = 6.5, a process potentially mimicking long-

term, thermodynamically controlled aging, the equilibrium between both Pu species is even 

further shifted towards the sorption complex. A detailed analysis of the incorporated species by 

Pu LIII-edge X-ray absorption fine-structure (XAFS) spectroscopy shows a pyrochlore-like 

coordination environment (split eight-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). For the 

sake of conservatism, safety assessments should rely on the formation of the Pu(III) sorption 

complex only. 



INTRODUCTION 

As the major chemical and radiotoxic transuranium element in civil and military nuclear 

waste, plutonium has to be considered as a major issue for the long-term safety of nuclear waste 

repositories. Unlike the lanthanides, and more similar to its early actinide neighbors uranium 

and neptunium, plutonium can occur in several oxidation states within the water stability field, 

including III, IV, V and VI.1 Given the complexity to work with Pu, only few studies have been 

conducted to elucidate potential links between Pu oxidation state, its association with minerals 

in the sediments, and the desorption or migration behaviour. In lysimeter experiments with 

natural sediments,2-4 all oxidation states were observed in the aqueous phase, while Pu(IV) 

prevailed in association with the solid phase and increased with time. Pu solubility increased 

under subsequent oxidative conditions, presumably through partial oxidation of Pu(IV) to more 

soluble Pu(V), and/or through lowering the pH by one unit in line with the equilibrium solubility 

of PuO2. After sorption to natural tuff, Pu(V) and Pu(VI) was found to be associated with 

manganese oxide and clay minerals, but not with iron oxide.5 In contrast, Pu is associated with 

iron (hydr)oxide colloids at the Nevada Test Site (USA) and at the Mayak Production 

Association (Russian Federation), thereby undergoing colloid-facilitated transport.6, 7. 

Processes influencing Pu migration and uptake by biota, including complexation and redox 

reactions of Pu with humic substances, peptides, and proteins, with bacteria and with a range 

of minerals, have been predominately investigated under oxic conditions.8-13 In the case of the 

deep underground repositories foreseen by several countries for disposal of nuclear waste, 

however, anoxic conditions will develop soon after closure of the mine shafts. In addition, 

radiolytic water dissociation under near-field conditions will produce hydrogen gas, further 

lowering the redox potential.14 Under such conditions, the first technical barrier consisting of 

stainless-steel casks will corrode over the geological time scales to be considered. Depending 

on the technical backfill material (clays like bentonite), the natural bedrock (e.g. clay, granite, 



or salt) and the nature of the eventually penetrating groundwater, a range of Fe(II)-bearing 

minerals may form during the corrosion processes, including oxides like magnetite (Fe3O4), 

sulfides like mackinawite (FeS), (hydroxo) carbonates like siderite (FeCO3) and chukanovite 

(Fe2(OH)2(CO3)), as well as Fe-rich clays like nontronite.15-18 The low redox potential along 

with the catalytic effect of these Fe(II)-bearing minerals has been shown to greatly reduce the 

mobility of redox-reactive actinides (U, Np) and fission products (Se, Tc) by sorption and 

reduction processes producing solid compounds with very low solubility like UIVO2, 19-23 

NpIVO2,24-26_ENREF_16 FeSe,27-29 TcIVO2 
22, 30, 31_ENREF_30 While formation of PuO2 with 

similarly low solubility has also been observed during mineral sorption reactions under both 

oxic and anoxic conditions,32-34, Pu may also be further reduced to the oxidation state III, where 

it occurs as aquo ion with high solubility in acidic to weakly alkaline solutions. Note the similar 

geochemical behavior of Pu(III) with its next actinide neighbors, Am and Cm, which are 

prevalently trivalent. Formation of Pu(III) by magnetite has in fact been confirmed by Kirsch 

et al. under anoxic conditions similar to those expected for deep underground repositories.35 A 

very stable Pu(III) surface complex was identified, where mononuclear Pu(III) atoms are linked 

via three oxygen atoms to three edge-sharing FeO6-octahedra at the magnetite {111} faces. This 

surface complex has a high affinity towards the magnetite surface as expressed by Pu 

concentrations below 10-9 M (i.e. the detection limit of laser scintillation counting for 242Pu). 

The release of Fe(II) from hydrogen-driven steel corrosion and subsequent precipitation of 

magnetite may create a highly dynamic system where one could envision that Pu is incorporated 

by magnetite following either a coprecipitation process or by overgrowth of an already existing 

magnetite surface with adsorbed Pu. Such a process has been observed for instance for Tc(IV) 

and Sn(IV), two cations with ionic radii (0.65 Å and 0.69 Å, respectively) similar to those of 

Fe(II) or Fe(III) (0.78 Å and 0.65 Å respectively), which therefore can easily replace Fe in 

octahedral sites.31, 36, 37_ENREF_22 More surprisingly from a crystal-chemical point of view, 



this has also been demonstrated for the larger actinide U.38-40 In this case, U is preferentially 

incorporated in its pentavalent oxidation state, by adopting a uranate-type local structure 

characterized by relaxation of the multiply bonded “-yl” oxygen ligands. 

The large ionic radius of trivalent Pu (1.00 Å), along with that of Am (0.975 Å) and Cm (0.95 

Å), however, seems to be too large to be hosted by the octahedral site of Fe with oxidation state 

of 2.5 and an expected ionic radius of 0.713 Å (0.645+0.78)/2). Nevertheless, a significant body 

of work shows incorporation of early trivalent lanthanides, which have ionic radii similar to 

those of the early actinides, by magnetite through a variety of synthesis procedures including 

bacterial processes. While none of these studies investigated the short-range structure around 

the lanthanide dopant, the long-range magnetite structure as determined by X-ray diffraction 

(XRD) was conserved for up to a few percent of dopant.41-47  

To the best of our knowledge, there are only two recent studies trying to decipher the local 

structure of Sm and Am doped magnetite by Sm and Am LIII-edge XAFS spectroscopy.48, 49 In 

both cases doping was successful, while the local structure was in disagreement with a simple 

Sm/Am-for-Fe substitution at either the octahedral or (even less likely) the tetrahedral site in 

magnetite. For Am, the short range order probed by EXAFS showed a seven-fold coordination 

of Am, and Am-Fe distances largely incompatible with the Fe Oh site in magnetite for a fresh 

sample at pH 5.7, while in a sample aged for two years at pH 12.5, Am was six-fold coordinated 

more commensurate with the Fe Oh site. Beyond the coordination sphere, however, only 1.5 Fe 

at 3.40 Å were found, contradicting the substitution into the Fe Oh site, but rather suggesting 

an alternative local environment. A definitive elucidation was not successful, most likely 

because of high structural disorder and/or the presence of several local environments, which 

because of the intrinsically poor resolution of EXAFS (0.1 to 0.2 Å depending on available k-

range) are often impossible to discriminate.  



The intention of our study was therefore to conduct plutonium/magnetite coprecipitation 

experiments under anoxic conditions in order to verify, if incorporation may also occur for the 

redox-susceptible Pu. We used Pu(V) and Pu(III) as initial oxidation states, and followed their 

oxidation state and local structure during coprecipitation with a mixed Fe(II) and Fe(III) 

solution using XAFS spectroscopy. In contrast to the previous Am studies, we analyzed the 

spectroscopic data also with advanced chemometric tools in order to enhance resolution and to 

discriminate the spectral signal from eventually occurring multiple species. The fresh magnetite 

coprecipitates were further subjected to Fe(II)-inforced recrystallization, a process potentially 

mimicking long-term, more thermodynamically controlled aging.50-53 _ENREF_31 

EXPERIMENTAL SECTION 

Warning. 242Pu is a highly radiotoxic α-emitter, which must be handled in dedicated 

laboratory facilities. Its possession and use is subject to strict statutory controls. 

General synthesis and analysis conditions. All sample manipulations, including mineral 

synthesis, washing, preparation of samples for XAS and UV-vis measurements, were carried 

out under anoxic conditions in argon glove-boxes with <10 ppmv O2. Samples for XAFS 

analysis were stored and transported to the synchrotron facility under LN2 and then measured 

at 15 K under He atmosphere in a closed-cycle cryostat (CryoVac). Wet chemistry experiments 

were carried out at room temperature using deionized (18.2MΩ Milli-Q), degassed (O2 and CO2 

free) water for all purposes.  

Preparation of Pu stock solutions. The employed Pu had an isotope composition of 99.4 wt.% 

242Pu, 0.58 wt.% 239Pu, 0.005 wt.% 238Pu and 0.005 wt.% 241Pu. Solutions of 1.1 mM Pu(V) and 

1.8 mM Pu(III) were prepared electrolytically in 0.5 M NaCl with pHexp 3, and in 0.1 M NaClO4 

with pHexp 2 respectively. UV-vis spectroscopy (Fig. SI-1) confirmed the prevalence of the 

intended oxidation states, and laser scintillation counting (LSC) conducted before and after 10 



kD ultrafiltration confirmed the absence of significant amounts of PuO2 colloids in the stock 

solutions.  

Pu-magnetite coprecipitation. Experiments were conducted with either Pu(V) or Pu(III). Five 

mL of Fe(II)/Fe(III) solutions were prepared by mixing 2.5 mL of 0.8 mol.L-1 FeCl2 solution 

with 2.5 mL of 1.6 mol.L-1 FeCl3 solution and adjusted to pHexp 1.5. Pu(V) or (III) stock 

solutions were then added to the iron solutions (1.8 ml for Pu(V) and 1.35 mL or 4.72 mL for 

Pu(III)). UV-vis spectroscopy showed a rapid reduction of Pu(V) to Pu(III) for the first sample 

(Fig. SI-1) whereas the oxidation state in the two Pu(III) samples remained stable. Further 

experiments were hence conducted only with the two Pu(III) samples, labelled Pu-Mag-1300 

and Pu-Mag-4400 with the numbers referring to the target Pu concentration in each sample in 

µg/g (ppm). Pu coprecipitation with in-situ formed magnetite was induced by rapidly pouring 

the Fe/Pu solutions into 3.3 mL of a 6 M NaOH solution. pHexp and pe were determined in the 

black suspensions after 5 min when stable potentials were reached. Pu-Mag-1300 had a pHexp 

of 12.4 and a pe of −11.1, while Pu-Mag-4400 had a pHexp of 12.5 and a pe of −11.3. After 

centrifugation, a 1-mL aliquot of the supernatant was separated for further wet chemical 

analysis. The bottom slurry of magnetite was washed three times with 5 mL of degassed water 

and after centrifugation the resulting wet paste were isolated for further XRD and XAFS 

analysis. 

Fe-inforced recrystallization procedure. We adapted a procedure from Boland et al.50 to 

enhance recrystallization of the iron oxide phases through concomitant Fe(II)/Fe(III) electron 

exchange, oxide growth and reductive dissolution.51-54 An aliquot equivalent to ∼225 mg of dry 

Pu-Mag-1300 and Pu-Mag-4400 samples was added under stirring into 100 mL of a solution 

containing 1 mM Fe(II) and buffered at pHexp 6.5 by 50 mM MES buffer (2-(N-

morpholino)ethanesulfonic acid). After five days of reaction, the solid samples were 



centrifuged and isolated as wet paste for further XAFS and XRD analyses (samples Pu-Mag-

1300-rec and Pu-Mag-4400-rec). 

Supernatant characterization. The Pu content in the supernatant was measured by LSC. In 

all four samples, both before and after aging, Pu concentration in the supernatant was below the 

LSC detection limit (<10-9 mol.L-1), i.e. most Pu was associated with the solid phase. 

Magnetite characterization. XRD patterns (Cu source) of Pu-Mag-1300, Pu-Mag-4400, Pu-

Mag-1300a and Pu-Mag-4400a demonstrate the phase identity and purity by showing only the 

220, 311, 400, 511, 440 reflections of the magnetite cubic cell (Fd3m) (Fig.  1). The broadening 

of the diffraction bands is attributed to the small particle size of the synthetized magnetite. 55, 56 

The Fe(II)/Fetot ratio in the two non-aged magnetite samples was determined by dissolving the 

solid samples and then determining the Fe(II) concentration spectrophotometrically57 in 

ultrafiltrated (10 kD) aliquots before (=structural Fe(II)) and after Fe reduction with NH2OH-

HCl (=structural total Fe). The structural Fe(II)/Fetot ratios of 0.32 (Pu-Mag-1300) and 0.30 

(Pu-Mag-4400) were close to the ideal ratio of stoichiometric magnetite (0.33).  



 

Fig.  1. Powder-XRD for samples Pu-mag-1300, Pu-mag-1300-rec, Pu-mag-4400 and Pu-

mag-4400-rec (from top the bottom) and calculated powder pattern from Wright et al.58 for 

magnetite (red line) and for the Europium pyrochlore type structure from Chtoun et al.59 

(green line). 

 

X-ray photoelectron spectroscopy (XPS). A PHI model V5000-K VersaProbe II was used 

with monochromatised Al Kα radiation (1486.7 eV). Calibration of the binding energy scale of 

the spectrometer was performed using pure metals (monochromatic Al Kα: Cu 2p3/2 at 932.62 

eV, Au 4f7/2 at 83.96 eV).60 Binding energies of elemental lines of the samples are charge 

referenced to O 1s (oxide) at 530.0 eV. The background pressure in the analysis chamber was 
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about 7 × 10−8 Pa. Samples were prepared by pressing the wet paste from a 2 ml centrifuge tube 

onto indium foil and then transferred with a vacuum vessel (PHI model V5000-K) from the 

glove box into the XPS entry chamber, where pumping overnight removed associated water.  

X-ray absorption fine-structure (XAFS) spectroscopy: XAFS spectra were collected at The 

Rossendorf Beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble). Its 

experimental station is a dedicated α-laboratory to measure actinides in double confinement 

sample holders. The energy of the X-ray beam was tuned by a double-crystal monochromator 

operating in channel-cut mode using a Si(111) crystal pair. Two platinum-coated Si mirrors 

before and after the monochromator were used to collimate the beam into the monochromator 

and to reject higher harmonics. Pu L3-edge spectra were collected in fluorescence mode using 

a 13-element energy-dispersive solid-state Ge detector (Canberra) together with a digital signal 

processing unit (XIA XMap). Spectra were collected at 15 K using a closed cycle He cryostat 

(CryoVac). Energy calibration was performed using the zero crossing of the second derivative 

of the K-edge of metallic Zr (17998 eV) measured simultaneously to the sample scans. Dead 

time correction of the fluorescence signal, energy calibration and the averaging of the individual 

scans were performed with the software package SixPack.61 Normalization, transformation 

from energy into k-space, subtraction of a spline background and shell fits were performed with 

WinXAS following standard procedures.62 All fits were carried out in R-space (1 to 5 Å) of k3 

–weighted spectra using theoretical backscattering amplitudes and phase shifts calculated with 

FEFF 8.263 on clusters (Rmax = 8 Å) derived from magnetite58 and pyrochlore64 structures, 

placing Pu into the central 6-coordinated Fe and 8-coordinated lanthanide position, 

respectively. Debye-Waller factor were restricted to float between 0.002 Å-1 and 0.015 Å-1. 

Furthermore, spectra were analyzed by Iterative transformation factor analysis (ITFA).65 

 

 



RESULTS AND DISCUSSION 

The initial aim of this study was to investigate the potential uptake of Pu(III) and Pu(V) by 

magnetite during coprecipitation. No matter if the starting solution contained Pu(III) or Pu(V), 

however, a final Pu oxidation state of III was established within less than a minute at pHexp ≈ 

1.5, after mixing with the Fe(II)-Fe(III) solution (Fig.  2). Therefore, Pu(V) was reduced directly 

to Pu(III) without forming a stable Pu(IV) intermediate, and the reduction was far too rapid for 

even a kinetically controlled incorporation of Pu(V) during formation of magnetite under 

strongly reducing conditions. By raising the pH to about 12.5 to induce magnetite precipitation, 

the Pu concentration dropped below the LSC detection limit of 10-9 M (corresponding to a solid 

liquid distribution ratio, logKd, > 5.5) suggesting either an efficient retention process associated 

to the magnetite precipitation, or a rapid Pu(III) precipitation through hydrolysis.66, 67 After the 

Fe-inforced recrystallization process, the Pu concentration remained below the LSC detection 

limit suggesting at a first glance no change of the retention mechanism. 

In order to investigate the Pu oxidation state and the local structure in the fresh and 

recrystallized magnetite samples, we conducted Pu LIII-edge XAFS spectroscopy (Fig. 1). The 

X-ray Absorption Near-Edge Structure (XANES) spectra of all samples show a white line at 

18063 eV well aligned in energy and shape with those of aqueous Pu(III) and with Pu(III) 

sorbed to magnetite (Fig.  3 a).35 The white lines of aqueous Pu(IV) and Pu(V) reference 

samples68 occur at significantly higher energies, and that of Pu(V) shows furthermore the 

typical shape characteristic of the trans-dioxo (-yl) configuration on the right-wing side of the 

white line. Therefore, the trivalent oxidation initially present in solution is well preserved after 

coprecipitation. Linear combination fitting of the spectra confirmed that eventual contributions 

from oxidation states IV and V are absent or below 2 % (not shown). Formation of PuO2 

associated to the solid phase can further be excluded by XPS, since the corresponding satellite 



peak around 432 eV is absent and only the 4f7/2 peak at 425.2 eV in close agreement with Pu(III) 

reference samples is present  (Supporting Information).  

 

Fig.  2. UV-vis spectra of Pu(III) and Pu(V) stock solutions and of the mixed Fe(II)/Fe(III)/Pu 

solutions before co-precipitation. “*” marks the absorption peaks used to identify the Pu(III) 

oxidation state and its concentration. “#” the indicates absorption peaks used to identify the 

Pu(V) oxidation state and its concentration. “!” indicates absorption peaks used to identify 

Pu(VI). For clarity, the spectrum of the Pu(V) stock solution is rescaled by a factor of 2, the 

spectrum of the Pu(III) stock solution is rescaled by a factor of 0.5 and shifted by 0.02 

absorption units. The spectra of the Fe(II)/Fe(III)/Pu solutions are shift by 0, 0.005 and 0.02 

absorption units for 4400 ppm Pu(III), 1300 ppm Pu(III) and 1300 ppm Pu(V). 

 

The Extended X-ray Absorption Fine-Structure (EXAFS) spectra and their Fourier transform 

magnitudes (FTM), which represent pseudo-radial distribution functions of the atomic 

neighbors of Pu, with the distances deviating by about 0.4 Å due to the phase shift Φ, are shown 

in Fig.  3 b) and c) respectively. The two spectra collected after the recrystallization procedure 
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(Pu-Mag-1300-rec and Pu-Mag-4400-rec) are very similar to each other and resemble that of 

the Pu(III) magnetite sorption sample, suggesting that Pu(III) prevails as the tridentate sorption 

complex previously identified.35 The spectra of the two fresh coprecipitation samples (Pu-Mag-

1300 and Pu-Mag-4400), however, have weaker Pu-O and Pu-Fe1,2 FTM peaks in comparison 

to the sorption complex, suggesting a more distorted local environment or the presence of 

several Pu species with differing local structures.  

Fig.  3. Pu LIII edge XAFS spectra of magnetite coprecipitation samples and selected 

references. a) XANES spectra, b) k3-weighted EXAFS spectra, c) corresponding Fourier 

Transform Magnitudes. For b) and c), black lines are experimental data, and blue lines are 

ITFA-derived reproductions by two components. Using Pu-Mag-sorb (bottom) as one 
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endmember component, the second endmember component (comp. 1) was extracted from the 

full data set (see text)._ENREF_45 

 

In order to determine the short range structure of the fresh coprecipitation samples, we 

attempted shell fitting based on the magnetite structure, where we replaced Fe in octahedral 

position by Pu. As expected from the large size difference between Fe and Pu(III) cations, the 

spectra of Pu-Mag-1300 and Pu-Mag-4400 could not be fit with this approach. Several other fit 

approaches using single or split Pu-O and Pu-Fe shells did not provide satisfactory results 

because of (1) poor spectral reproduction (approach 1 in Table SI-1, Fig. SI-4 top,), (2) oxygen 

coordination numbers of > 12 and hence far higher than those expected for octahedral magnetite 

positions (6) or the typical tricapped prismatic coordination of trivalent lanthanide and actinide 

aquo-complexes (9) (approaches 2 and 3 in Table SI-1, Fig. SI-4 center and bottom), and (3) 

Debye-Waller factors hitting the upper and lower limit of a physically reasonable range (0.002 

and 0.015 Å2). Furthermore, wavelet analysis69 of the Fourier peak around 3 Å clearly revealed 

the presence of backscattering from a medium-heavy atom like Fe, and not from a heavy atom 

like Pu, excluding for instance the formation of Pu2O3 with Pu-Pu distances of 3.62 and 4.16 

Å.70 Therefore, we had to assume the existence of two or more coexisting Pu species, which 

cannot be resolved by shell fitting because of the limited resolution (≥0.17 Å at the given k 

range of 2 to 11 Å-1). In such cases, iterative transformation factor analysis (ITFA) has shown 

to be a valuable approach to determine the number of spectral components (often commensurate 

to number of species), and to extract the spectra of the pure endmember species.31, 65 In fact, the 

spectra of all four precipitation samples are well reproduced by only two components (compare 

blue and black traces in Fig.  3 b,c), suggesting that two structurally distinguishable Pu species 

are present in these samples. Furthermore, adding the spectrum of Pu(III) sorbed to magnetite 

(Pu-Mag-sorb) to the other four spectra did not increase the number of significant components, 

which indicates that this species is indeed one of the two components, as already suggested by 



the spectral similarity with the two re-crystallized samples. Using this information, we could 

extract the spectrum of the other, unknown component (“comp. 1” shown as top red trace in 

Fig.  3 b,c) and calculated the fractions of the two species in each sample spectrum ( Fig.  4 

left). Surprizingly, the fresh precipitates contain already 50% of component 2, the Pu(III) 

sorption complex, and its percentage even increases with the recrystallization procedure to 

about 70%. Therefore, even the spectra of the fresh precipitates contain only 50% contribution 

from component 1, which explains the failure of shell fitting for solving its structure. When 

using the ITFA-extracted spectrum of component 1, however, we could fit all shells out to a 

distance of 5.5 Å (R+Φ), well reproducing the EXAFS chi function as well as magnitude and 

imaginary parts of the Fourier transform ( Fig.  4 right). The fit parameters are given in Table 

1.  

 

 Fig.  4. Left: ITFA-derived relative concentrations of component 1 and 2 in each sample. 

Component 1 corresponds to Pu(III) incorporated into the magnetite structure, component 2 

corresponds to the Pu(III) sorption complex on magnetite. Right: EXAFS shell fit of 
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component 1 (experimental data: blue lines, best-fit: red line) shown as Fourier transform 

magnitude and imaginary part, as well as k3 weighted EXAFS spectra (insert).  

 

Table 1. EXAFS shell fit parameters for component 1 along with the crystallographic data for 

the Fe-occupied Oh site in magnetite and the local structure of component 2 (sorbed Pu(III)) 

taken from Kirsch et al.35 

 
Component 1 

Incorporated Pu(III) 

Magnetite 
Oh site # 

Component 2 

Sorbed Pu(III) 

Paths CN R/Å σ²/Å2 ΔE0/eV χres/% CN R/Å CN R/Å 

Pu-O1 4.5 2.22 0.0089a 8.4 11.1 6 2.06   

Pu-O2 3.8 2.45 0.0089a     9 2.45 

Pu-Fe1 2.7 3.68 0.0032b   6 2.95 3 3.54 

Pu-Fe2 1.9 3.93 0.0032b   6 3.46 3 4.20 

Pu-Fe3 12* 5.17 0.0150c   12 5.11   

Pu-Fe4 8* 5.47 0.0150c   8 5.42   

Superscripts a, b, c, and d indicate correlated parameters 

 

In component 1, Pu(III) coordinates to about 8 oxygen atoms at two different distances, 2.22 

and 2.45 Å. Not surprisingly because of the size mismatch between Pu(III) and Fe(II,III), this 

coordination is very different from the 6-coordinated Fe site in magnetite with a much smaller 

Fe-O distance of 2.06 Å. The larger distance of 2.45 Å is identical to that of the Pu(III) aquo 

ion and sorption complexes with 9-fold oxygen coordination.35 The split shell with an additional 

shorter Pu-O distance suggests, however, a coordination environment much more distorted than 

in the trigonal tricapped prism arrangement typical for trivalent lanthanides and actinides in 

aqueous environment, where the variation of bond distances is commonly too small to be 

resolved by EXAFS. 



Typical oxide structures capable of hosting both large (∼1 Å), trivalent lanthanides and 

actinides alongside much smaller transition metal cations are pyrochlores and perovskites.71 In 

perovskites with the general formula ABO3, the large cation site A is coordinated to 12 oxygen 

atoms, which significantly deviates from the observed 8-fold coordination for Pu. In 

pyrochlores with the general formula A2B2O7, however, the large A cation is coordinated to 8 

oxygen atoms, well matching the fit value (Table 1). Furthermore, in most pyrochlores the A 

site typically deviates strongly from the perfect cubic coordination, causing a strongly split 

coordination shell.64, 72 For instance in a pyrochlore with the trivalent cations Eu, Fe and Ti, 

hence with cations of very similar diameter, Eu(III) is coordinated to 8 oxygen atoms at 2.20 

and 2.48 Å, distances well in line with those in component 1 (structure in lower left corner of  

Fig.  4 left).64 The shortest fitted Pu-Fe1 distance of 3.68 Å corresponds also fairly well with 

the shortest Eu-Fe distance of 3.60 Å, arising from the edge-sharing linkage between Eu-hosting 

polyhedra and the nearest Fe-hosting octahedra in pyrochlore. The next shell of Fe atoms (Pu-

Fe2) occurs at a distance of 3.93 Å, which suggests that their octahedra are linked to the actinide 

polyhedra through corners with a strongly bent Pu-O-Fe axis. Finally, the fitted two long Pu-

Fe distances of 5.17 and 5.47 Å do not occur in the pyrochlore structure; they correspond instead 

reasonably well with (only 0.05 to 0.06 Å longer) Fe-Fe distances in magnetite and are well fit 

with corresponding coordination numbers of 12 and 8, respectively (Table 1). The absence of 

the longer-range order of pyrochlore contradict that a separate pyrochlore phase trapped Pu 

(note that the small amount of this phase may not be detectable by XRD). Based on these fitted 

shell distances and coordination numbers, the structure of component 1 can hence be 

conceptualized as Pu(III) entrapped in magnetite by adopting a pyrochlore-like structure with a 

radius of less than 4 Å, which is embedded in the magnetite structure seen beyond 5 Å. 

This experimental data is in clear contradiction to the result of a recent quantum mechanical 

approach, where structural incorporation into the Oh site of magnetite was predicted.73 



Furthermore, it also does not confirm a postulated 6-fold coordination for Am in magnetite after 

2 years of aging at a pH ∼12,49 where shell fitting might have been biased by a mix of sorbed 

and occludesd Am species similar to our results before separating their spectra contributions 

with ITFA. It is well in line, however, with Sm(III) in Sm-doped magnetite being in 8-fold 

coordination.48 In this study, unfortunately only very short Sm L-edge EXAFS spectra could be 

collected due to the following Fe K-edge (up to 8.5 Å-1), inhibiting analysis of shells beyond 

the first coordination sphere. 

 

CONCLUSION 

Our results show that under the given experimental conditions Pu(V) in a mixed solution of 

Fe(II) and Fe(III) under anoxic conditions is rapidly reduced to Pu(III), confirming the 

relevance of this oxidation state previously suggested by thermodynamic data and 

experiments.35 The base-induced precipitation product is pure magnetite, which partitions 

Pu(III) partly by structural incorporation, partly by surface complexation. In the fresh 

precipitate, both retention mechanisms occur in about equal fractions and are independent of 

the Pu loading; after the Fe-inforced recrystallization, the sorption complex prevails (about 2/3 

versus 1/3 incorporation), again independent of Pu loading. Therefore, the process is controlled 

by the magnetite crystallization and recrystallization mechanisms and kinetics, and not by 

Pu(III) dependent parameters. 

In all four samples, the calculated retention coefficient for Pu, logKd, is larger than 5.5, 

testimony of the strong Pu retention by both mechanisms at two pH values (12.5 for the fresh, 

6.5 for the recrystallized samples). Nevertheless, structural incorporation into magnetite, a 

phase which is stable across a relatively wide geochemical parameter field, may provide a better 

protection against Pu-remobilization in case of changing groundwater chemistry, like 

increasing Eh or decreasing pH, in comparison to sorption at the magnetite surface as has been 



demonstrated for instance for Tc(IV).74, 75. Therefore, the question whether or not the entrapped 

Pu species represents a thermodynamically stable phase, is of substantial interest. In nature, 

lanthanides are hosted prevalently by minerals with pyrochlore or perovskite structures, where 

eight- or nine-coordinated sites offer more space for their large ionic radii than octahedral 

sites.71, 76 Pyrochlores are also considered as stable waste forms for actinide and lanthanide 

radionuclides because of the structure's high tolerance of accommodating defects and disorder, 

including those induced by heavy internal alpha irradiation.72, 77, 78 Here, however, we have no 

evidence for the formation of such a separate phase, but for the formation of small clusters with 

8 Å diameter embedded in the magnetite structure, suggesting that the incorporation of Pu(III) 

into magnetite can only be achieved by a substantial restructuring of the local environment, 

which may cause structural strain and subsequent expulsion of Pu from the structure. The 

increase of the sorbed Pu fraction after recrystallization points into this direction. Plutonium 

uptake into the structure would then be a kinetically driven process (kinetic entrapment), 

followed by thermodynamically driven expulsion from the structure. While this process 

provides an intriguing explanation of our observations, we have no proper proof for this, since 

we also changed the pH during the re-crystalization from 12.5 to 6.5 to better mimick long-term 

conditions in the nuclear waste repository.79 Therefore, we cannot exclude that also the pH and 

[FeII] changes in the recrystallization experiment enhanced the solid/liquid ion exchange and 

Fe(II) and Pu(III) solubility, which accelerated Pu(III) to be expelled from the host magnetite.66, 

67, 80, 81 

Since Fe(II) concentration and pH used in the recrystallization step is similar to the 

geochemical settings in the near-field of anoxic deep-underground repositories hosting nuclear 

waste in steel containers, our recrystallization experiment provides evidence that structural 

incorporation of Pu(III) is less favorable under such conditions than surface complexation and 

should be considered for the safety case. 
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