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Abstract 

 

In this presentation, two examples exploiting these advantages of using focused beams and especially 

X-rays for understanding actinide geochemistry in heterogeneous, natural geological media (sediment 

and granite), necessary for establishment of reliable predictive models required for designing safe 

nuclear disposal concepts and assessing associated potential long-term hazards. Combining spectro-

scopic results from focused IR radiation and X-rays in both the hard and soft (C 1s) regimes in the first 

example reveals the speciation of U in U-rich argillaceous sediment to be a nanoparticulate tetravalent 

UO2-like phase, which is associated with light elements and organic material. This allows a tentative 

hypothesis for U immobilization in the sediment involving the organic material associated with the 

clay. The second example specifically deals with characterizing an immobile actinide (Np) species in a 

granite column following a tracer experiment. These results will be presented orally and are not found 

in the abstract below; information can be found in (Denecke et al. 2009, 2011). The talk will conclude 

with an outlook of the exciting opportunities offered by emerging X-ray sources such as the new 

PETRAIII facility at the Deutsches Elektronen-Synchrotron (DESY).  

 

Introduction 

 

The goal of geochemical speciation investigations related to deep geological nuclear waste disposal 

often is to identify and characterize the long term determinant behavior of actinide transport in geo-

logical media, requisite to establishing reliable prognoses of proposed repository sites. Because these 

studies involve natural systems with inherent heterogeneity (multi-component systems), spatially re-

solved speciation techniques are essential. Focused X-ay techniques are becoming an increasingly 

used tool. The advantage of using X-rays is their high penetration capability and that in situ investiga-

tions are possible due to elimination of a vacuum requirement, thereby avoiding invasive sample 

preparation. The advantage of using a focused beam is that small volumes can be probed. This is not 

only important for studying heterogeneous samples but also applicable for sample environments with 

limited space, and to reduce the amount of activity in an experiment for radiological safety reasons 

(ALARA principle).  

Investigations of actinide geological transport in the context of nuclear waste disposal are especially 

challenging, as an accurate prognosis demands process understanding over an immense time domain. 

One strategy for meeting this challenge is through investigation of geological natural analogs, which 

mimic repository geochemical and geological conditions on a geological time scale. Knowledge 

gained from natural analogs can be used to span the long time scales in a top down approach for pre-
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dicting repository radiological safety. In order to reliably predict evolution on very long time scales, 

knowledge of the primary reactions and processes determinant in the fate of radionuclides released 

into the environment (e.g., sorption, precipitation, solid solution formation reactions) is required, often 

under non-equilibrium conditions. To this end, as well as for site specific characterization method 

development, we investigate actinide transport in column tracer studies, which are models simulating 

actinide release (plume). The following discussion is divided according to these two major investiga-

tive themes. Recent, new results obtained on natural U-rich argillaceous sediment high in organic mat-

ter are presented in detail. A short summary of results from investigations of granite column following 

a radionuclide trace investigation are then presented. These examples should lend an impression of the 

information available from such spatially resolved investigations. The ultimate goal of these studies is 

to advance development of thermodynamic/kinetic descriptions used for modeling/prediction of acti-

nide transport processes at varying spatial and temporal scales, with a reliable estimate of uncertainty. 

 

Natural analog from the Permian Lodève Basin in France 

Recently we have performed spatially resolved -ray fluorescence and X-ray absorption fine structure 

investigations with a micrometer-scale resolution (µ-XRF and µ-XAFS, comprised of the near ioniza-

tion threshold energy region, XANES, and the extended energy region, EXAFS) on two uranium-rich 

clay samples originating from Autunian shales in the Permian Lodève Basin (France), provided by 

CREGU (Centre de Recherche sur la Géologie des Matières Premières Minerals et Energétiques). This 

argillaceous formation is a natural U deposit (or mineralization) associated with organic matter (bitu-

men) (Marignac et al. 1999, Mathis et al. 1990). The goal of this study is to determine the U oxidation 

state in the sample and to ascertain if any correlation between the U distribution and that of other ele-

ments present in the organic-rich fine-grained pelites exists, which might give us insight into the 

mechanism of U immobilization through either adsorption/co-precipitation with iron hydroxides 

and/or clay minerals. To this end, we use focused radiation in the X-ray, the soft X-ray and the infra-

red (IR) regimes in scanning mode to ob-

tain spatially resolved information in the 

heterogeneous samples.  

Autoradiographic images and photographs 

of the samples are shown in Figure 1. Ura-

nium-rich areas of the sample or hot spots 

are visible as dark spots in the autoradio-

graphic images. Quantification of the hot 

spots show they contain ~2 mg 238-U/g 

material (sample marked P31) and ~25 mg 

238-U/g material (sample P15).  

 

1.1 Experimental 

µ-XRF and µ-XANES measurements are recorded at Beamline L at the Hamburger Synchrotron Labor 

(HASYLAB). A confocal irradiation-detection geometry is used, providing added depth information 

and allowing probing sample volumes below the surface, thereby avoiding any surface oxidation arti-

facts caused by cutting and polishing the clay sample. A schematic drawing of the confocal set-up 

along with photographs is depicted in Figure 2. The sample is fixed onto a slide frame with polycar-

bonate tape and mounted on a x,y,z positioning stage so that the sample surface is 45° to the incident 

beam. The incident radiation is focused with the primary polycapillary (PC1) half-lens mounted on a 

hexapod positioning unit. The secondary polycapillary (PC2) half-lens is attached to the ―nose‖-end of 

the fluorescence detector. In these experiments a Si drift detector (Vortex, SII NanoTechnology USA 

Inc., Northridge, CA) is used. The volume probed in the sample is defined by the PC1 focus (full-

width at half maximum, FWHM) and the PC2 focus. The focal spot diameter is approximately 16 µm 

 
        25mm 

Figure 1. Photographs of the samples studied em-

bedded in acrylic (designated P15 and P31) and 

their corresponding radiographic images. 

P15 P31 
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Figure 3. (top) STXM PCA and 

cluster analysis results showing 

two distinguishable clusters in the 

distribution of organic function-

ality. No C absorption is in the 

grey area. The black scale bar is 10 

µm. (bottom). Average C(1s) 

XANES of the yellow and red ar-

eas. 

 
and the depth resolution estimated to be 20 to 30 µm (Figure 

2). By scanning arbitrary sample areas (x,y scans) at differ-

ent depths (z) using the confocal setup, stacks of tomo-

graphic cross sections can be easily recorded (Denecke et al. 

2005, Janssens et al. 2004). We used a band pass of wave-

lengths with an average weighted energy of 17.6 keV deliv-

ered by a Mo/Si multilayer pair (AXO Dresden GmbH, 

Germany) as excitation source to extract elemental distribu-

tion maps is selected sample volumes by plotting recorded 

relative fluorescence intensities for individual elements in 

each pixel and scaling them with a linear color code, with 

dark pixels corresponding to high count rates. U L3 µ-

XANES are recorded using monochromatic X-rays at se-

lected sample volumes of high U concentration identified in 

the µ-XRF maps. 

Both XANES and EXAFS are measured at positions of high 

U concentration at the INE-Beamline at the Ångströmquelle 

Karlsruhe, ANKA (Dardenne et al. 2009), which are identi-

fied by recording line scans of windowed U Lα counts regis-

tered with a high purity Ge detector (Canberra). The meas-

ured beamspot used at the INE-Beamline is 300µm. Si(111) 

and Ge(422) crystals are used in the double crystal mono-

chromator at HASYLAB and ANKA, respectively, and the 

energy is calibrated relative to the first inflection point in the 

K XANES of a Y foil (defined as 17.038 keV).To record 

scanning µ-XRD images, a Mo/Si multilayer pair with a 

small band pass of wavelengths centered at 17.4 keV, fo-

cused to 15 µm by means of an elliptical single-bounce 

monocapillary, and a high resolution CCD camera (MAR 

CCD, MARUSA Co.) positioned 278 mm behind the sample 

are used. The exposure time was 10 s. The incident beam 

   
Figure 2. Schematic representation of the confocal set-up (top, left), the sampling volume de-

fined by the primary polycapillary (PC1) half-lens focus (full-width at half maximum, FWHM) 

and the secondary polycapillary (PC2) half-lens (top, right), and a photograph of the experi-

mental set-up used (bottom). A: PC1 half-lens, B: PC2 half-lens C: microscope, D: sample 

mounted on a slide frame, E: detector head with lead shielding, F: sample positioners. 
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Figure 4. Maps of organic functional group distri-

butions extracted from µ-FTIR data: alcohols 

(νOH; 3600-3100 cm
-1

), aliphatics (νCHali; 3000-2800 

cm
-1

) and aromatics (νC=C; 1750-1500 cm
-1

), as well 

as OH vibrations of clay minerals („OH‟ 3720-

3680 cm
-1

). 

 

 

 

energy, experimental geometry and detector parameters are calibrated against the pattern measured for 

LaB6 (lattice parameter= 0.415690 nm, ICSD data sheet 340427). Experimental details and analysis 

are found in (Denecke et al. 2009b). 

Scanning transmission X-ray microscopy (STXM) investigations are conducted on the X1A1 undula-

tor beamline at the National Light Source Synchrotron (NSLS), operated by the State University of 

New York at Stony Brook. The principle of this technique is described in detail elsewhere Jacobsen et 

al. (1998). For STXM and µ-FTIR measurements, transmission mode ~100 nm thick sulfur embedded 

ultra-microtomes mounted on copper TEM grids are prepared (MVA, Inc., Norcross, GA, USA). Car-

bon K and potassium L-edge spectra are recorded at an undulator gap of 36.8 mm. The Fresnel zone 

plate used at X1A1 has a diameter of 160 µm and an outermost zone width of 45 nm. The spherical 

grating monochromator energy is calibrated using the CO2 gas absorption band at 290.74 eV (Hitch-

cock & Mancini 1994).  

µ-FTIR measurements are performed at beamline U10B (NSLS) using a Nicolet Magna 860 Step-Scan 

FTIR instrument coupled to a Spectra-Tech Continuum IR microscope, which is equipped with a 32x 

Schwarzschild objective and a dual remote masking aperture (Dumas & Miller 2003). Data acquisition 

is controlled with the Atlµs software (Thermo Nicolet Instruments), using a 8 µm x 8 µm aperture and 

1024 scans per point in the mid-IR range (600 to 4000 cm
-1

), under transmission mode with 4 cm
-1

 

spectral resolution. The background signal is measured in sample-free regions of the TEM grid.  

 

1.2 STXM and IR results 

The results of principle component 

analysis (PCA) and cluster analysis of 

STXM data (

) 

reveal two areas marked yellow and red 

differing in their optical density (OD) 

and K content. The red areas exhibit a 

significantly higher OD below the car-

bon K-edge and absorption bands at K 

L2,3-edge energies. This indicates that 

this organic material is associated with clay minerals possibly of illite-type. These areas also 

show a relatively large edge indicating that the clay is associated with rather large amount of 

organic material. The yellow areas are additional organic material not directly associated to 

these mineral phases. They have low OD below the carbon edge, which might indicate that 

they are of almost pure organic nature. The average cluster C(1s)-edge spectra extracted from 

both regions are generally similar, with yellow areas appearing to have a higher aromatic con-

tent (absorption at 285 eV) and the illite-clay associated organics in the red areas a higher 
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K K          Ca K        Ti K      Fe K   U L                 RGB 

 
Figure 6. Distribution maps for K, Ca, Ti, Fe, and U in a 400 x 400 μm

2
 section (10 10 μm

2
 

step size, 1s counting time), recorded under the surface of the P31 sample area marked in 

the microscope image at far right. A red-green-blue (RGB) overlay image for regions of 

highest Ti, Fe, and U concentrations is also shown. 

 

K K  Ca K  Ti K  Fe K           Zr K          U L 

 
Figure 5. Distribution maps for the elements indicated in a 800 x 760 μm

2
 section (20 

20 μm
2
 step size), recorded near the surface of sample P15. 

aliphatic character or metal complexation (absorption in the 287 eV region (Plaschke et al., 

2005). 
In IR spectral maps are extracted from scanning µ-FTIR data (Figure 4) to image the spatial distribu-

tion of functional groups in the sample including aliphatics (νCHali; 3000-2800 cm
-1

), aromatics (νC=C; 

1750-1500 cm
-1

), alcohols (νOH; 3600-3100 cm
-1

) or OH vibrations of clay minerals (‗OH‘; 3720-3680 

cm
-1

). We observe a correlation between the clay mineral vibration bands (‗OH‘) and the organic mat-

ter functionalities (νCHali, νC=C, νOH) in these distribution maps. This is accordance with the K (i.e., il-

lite-type clay mineral)  organic matter correlation observed in the STXM results.  

 

1.2 µ-XRF, µ-XANES, µ-EXAFS and µ-XRD results 

The measured distributions for K, Ca, Ti, Fe, Zr, and U in the area with the highest radioactivity at the 

top of sample designated P15 are shown in Figure 5. These distributions demonstrate three general 

observations from this sample: 1) distinct patterns of element distributions are observed, despite the 

sample‘s general heterogeneous optical appearance 2) the U distribution is often correlated with the 

distributions of lighter weight elements K, Ca, and Ti (especially notable in the round features in the 

upper right corner of the maps) and 3) the U distribution is generally inversely correlated to areas of 

high Fe content. 

A comparison of elemental distributions for an area of sample P31 is depicted in Figure 6. A red-

green-blue (RGB) overlay image of regions exhibiting the highest Ti, Fe, and U fluorescence intensi-

ties, respectively, is also shown. We observe a direct correlation between Ti and U, visible as purple 

areas in the RGB image, but none between Fe and U; the Fe-rich areas remain green in the RGB over-

lay. As opposed to the positive correlation between Ca and U qualitatively observed in the distribu-

tions shown in Figure 5 for sample P15, no correlation between Ca and U is observed here.  

In order to determine the valence state of the U in the pelites, U L3 µ-XANES (Figure 7) and µ-

EXAFS are recorded at volumes and areas with high U L intensity. The energy position of the most 

prominent absorption peak in the XANES (the white line, WL) measured for three different sample 

regions at two different beamlines all lie within less than 1 eV of that for the U(IV) reference. The 

XANES features themselves also provide further evidence that the U hot spots contain U(IV). No mul-

tiple scattering feature at around 10 eV above the WL, indicative of U(VI) (Denecke et al., 2006), is 
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Figure 7. U L3 µ-XANES recorded at U 

hot spots with a microfocus at Beamline L 

(symbols) and with a 300 µm beam spot at 

the INE-Beamline at ANKA (lines) com-

pared to two U(IV) and U(VI) reference 

spectra (bottom). 

 

observed. We conclude from XANES results in 

Figure 7 that U is likely present in the sample in the 

tetravalent state.  

This interpretation is corroborated by the U L3 

EXAFS spectrum. The data is well fit beginning 

with a structural model similar to uraninite, UO2 

(Rundel et al., 1948). Best results are obtained with 

4-5 O atoms at 2.29 Å with 
2
 = 0.013 Å

2 
and 2-3 U 

atoms at 3.78 Å with 
2
= 0.008 Å

2
. The distances 

are 2-3% smaller than expected for UO2 and the 

intensities lead to a much smaller coordination 

number than expected (N(O)=8; N(U)=12). This 

may indicate the UO2-like phase is present as a 

nano-particulate material with large surface area 

having relaxed (shortened) distances at the surface. 

Note that no short U-O distance expected for the 

U(VI) uranyl moiety is found in the EXAFS spec-

trum (Denecke 2006). 

 

We conclude from both the XANES and EXAFS 

results that the U in this clay formation is tetrava-

lent. In the area investigated with 

EXAFS it found to be present as a 

UO2-like phase, most likely nanocrys-

talline. In order to confirm this, we 

registered µ-XRD images over a 1000 

x 1000 µm area and summed up nu-

merous images in areas of high U 

fluorescent intensity. The 1D diffrac-

togram extracted from a powder ring 

pattern from such a U-rich area is 

shown in Figure 8. The decrease in 

interatomic distances observed in the 

EXAFS is also reflected in the µ-

XRD pattern. The expected 2 posi-

tions for uraninite drawn in Figure 6 

show an obvious shift of the (111), 

(002) and (022) peaks for the UO2 in 

the clay sample to higher 2 values, 

indicating approximately a 2% short-

ening of the lattice parameter and 

associated shortening of interatomic 

distances to values similar to those 

determined in the EXAFS analysis.  

 

1.3 Conclusions 

The U distribution in our sample is observed to be positively correlated to the distribution of lighter 

weight elements using different techniques. Furthermore, there is a correlation between clay minerals 

of illite-type and organic matter in the sample. This observation is based on both the STXM result that 

K (as indicator element) is found associated with organic carbon and the observed spatial coincidence 
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Figure 8. One dimensional µ-XRD obtained from 

summed diffraction images of U-rich pixels. The dotted 

vertical lines show the expected values for uraninite 

(Rundel et al. 1948). 
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between µ-FTIR clay ‗OH‘ vibrations and vibrations of organic functional groups. From the µ-XAFS 

and µ-XRD analyses, we find that the U is present in its tetravalent form, likely as a nanoparticulate 

oxide. 

Combining these observations allows us to offer a tentative hypothesis for the mechanism of uranium 

immobilization. Because no correlation between U and Fe was observed, we exclude ferrous minerals 

as the dominant reducing agent during immobilization of groundwater dissolved U(VI) to less soluble 

U(IV). Combining the knowledge that U is found associated with K and that clay minerals of illite-

type are associated with organic matter we conclude that organic material associated with clay miner-

als might have been the reducing agent. This hypothesis remains to be tested and a number of open 

questions remain. For example, what role did the clay play? Did it act as a catalyst (Giaquint et al., 

1997) or did it serve simply as an anchor for the organic material?  
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