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Combined X‑ray absorption 
and SEM–EDX spectroscopic 
analysis for the speciation 
of thorium in soil
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Mobility and bioavailability of radionuclides in the environment strongly depend on their aqueous 
speciation, adsorption behavior and the solubility of relevant solid phases. In the present context, 
we focus on naturally occurring Th-232 at a location in central Sri Lanka presenting high background 
radiation levels. Four different soil samples were characterized using X-ray Absorption Spectroscopy 
(XAS) at the Th L3-edge (16.3 keV), Scanning Electron Microscopy (SEM) and Energy Dispersive 
X-ray (EDX) spectroscopy. X-ray Absorption Near Edge Structure (XANES) spectra are applied as a 
fingerprint indication for Th existing in different chemical environments. Linear combination fitting 
(LCF) of the Extended X-ray Absorption Fine Structure (EXAFS) data involving reference Th-monazite 
(phosphate) and thorianite (oxide) compounds suggested that Th is mostly present as Th-phosphate 
(76 ± 2%) and Th-oxide (24 ± 2%), even though minor amounts of thorite (silicate) were also detected 
by SEM–EDX. Further studies on selected individual particles using micro-focus X-ray Fluorescence 
(μ-XRF) and micro-X-ray Absorption Spectroscopy (μ-XAS) along with SEM–EDX elemental mapping 
provided information about the nature of Th-bearing mineral particles regarding mixed phases. This is 
the first study providing quantitative and XAS based speciation information on Th-mineral phases in 
soil samples from Sri Lanka.

Thorium (Th) is a naturally occurring radioactive element, which is more abundant in the Earth’s crust 
(i.e., ~ 8 × 10–4 wt.% ) than uranium (i.e., ~ 4 × 10–4 wt.%) and other radioactive elements1. In fact, the aver-
age concentration of Th in the upper continental crust is ~ 10 – 15 mg kg-12. Naturally occurring Th is domi-
nated by the primordial radioisotope Th-232 (half-life: 1.40 × 1010 years). This radioisotope contributes to the 
background radiation levels worldwide (i.e., Th-232 content ~ 30 Bq kg-13), even though several regions on the 
planet have high background radiation areas (HBRAs). The most known cases for soil samples characterized 
by monazite sand deposits (rich in Th) are found in Guarapari and Meaipe in Brazil (i.e., annual average effec-
tive dose rate 1.5 mSv yr-14,5), Yangiang in China (i.e., 5.4 mSv yr-16), the states of Kerala and Madras in India 
(i.e., 15.7 mSv yr-17), and the Nile delta in Egypt (i.e., < 0.07 mSv yr-18). Less known HBRAs are also present in 
Sri Lanka, showing the highest average Th-232 concentration in soils among the identified regions in Asia (i.e., 
Th-232 content between 9 – 1166 Bq kg-1)9. Until now, most studies in Sri Lanka have focused on Th-rich beach 
deposits identified along the coastal areas of the country10, presenting a mean effective dose rate of 1.2 mSv yr-111. 
However, little is known about the mineralogical characteristics of Th phases inland, where hotspots of Th-rich 
areas are also present12. The impact of high natural radioactivity on health of the potentially concerned popula-
tion is still subject of epidemiological and biological studies. Up to now unequivocal correlations of radiation 
level and health issues have not been evidenced (see e.g., Aliyu and Ramli13).

The major mineral phases of Th are monazite ((Ce, La, Nd, Th)PO4), thorite (ThSiO4) and thorianite (ThO2)14. 
Pure forms of natural ThO2 and ThSiO4 crystals are rare due to their common association with monazite, uranin-
ite, and other major phases. Thorium can also be present in trace amounts in mixed phases of phosphate, oxide 
and silicate minerals15,16. Notably, the possible mobility of thorium upon release from mineral phases is of inter-
est, potentially contributing to the transport into groundwater reservoirs or the food chain16. Monazite exists as 
an accessory mineral in metamorphic and magmatic rocks. It is characterized by high stability and only slowly 
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transforms during the degradation of the primary rock matrix. The high stability of monazite has led to discussing 
this phase as a candidate for the immobilization and long-term disposal of actinides17. Only little information is 
available on monazite weathering under low temperature environmental conditions, but secondary phosphate 
minerals such as rhabdophane or hydrated thorium oxides may form under hydrothermal conditions18. The 
nature of remaining solid phases in the soil and notably their solubility under the slightly acidic porewaters in 
the lateritic soil in the area of investigation will be determinant to gain a better understanding of the potential 
mobility of thorium19.

Irrespective of the prevailing redox conditions, Th exists in nature in the oxidation state + 4. The effective 
ionic radius of Th(IV) varies from 0.94 Å to 1.21 Å, depending on its coordination number20. Due to the ion’s 
relatively large size and high charge, Th speciation may involve a large range of coordination numbers, from 
4 to 15 but eightfold coordination is most common in natural systems19,20. Information on Th speciation can 
be obtained via X-ray absorption spectroscopy (XAS), which is element specific and provides molecular-scale 
information on the nature and number of neighboring atoms as well as on interatomic distances. Several studies 
on Th speciation using XAS are available in the literature while these studies have focused on (i) Th(IV) contain-
ing materials synthesized in the laboratory21,22, (ii) Th(IV) interaction with organic matter23,24, (iii) Th(IV) in 
natural minerals from ores25, and (iv) adsorption studies of Th(IV) by mineral surfaces26–28. To our knowledge, 
XAS studies of Th(IV) in natural soil samples are not currently available in the literature.

Before describing the findings of the present study, a concise summary of selected important results from a 
previous study on the same soil samples (Ratnayake et al., submitted), is briefly summarized in this paragraph. 
The soil is lateritic, and lateritic soils are acidic in nature29, acidic soils being defined as having pH less than 5.5 
for most of the year30. Concerning this work, the sampled soils are reddish clayey rock material, with a surface 
area between 20 – 30 m2 g-1 and an average soil pH of 4.4 ± 0.2 (i.e., extremely acidic31). The soil organic content 
(TOC) is moderately high32, ranging between 0.69 and 1.68 g kg-1. Its mineralogical content was characterized 
using X-Ray powder Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray 
(EDX) spectroscopy, X-ray Photoelectron Spectroscopy (XPS), and Attenuated Total Reflection-Fourier Trans-
form Infrared (ATR-FTIR) spectroscopy. The XRD and ATR-FTIR results revealed that the matrix of the soil 
samples is dominated by kaolinite and quartz; with minor amounts of iron oxides and phosphates (< 0.2 wt.%) 
via standard X-ray Fluorescence (XRF). Radioactivity measurements using gamma spectrometry showed that 
Th-232 and its progenies have the highest contribution to the elevated background radiation. Initial laboratory 
scale standard Energy Dispersive XRF (ED-XRF) analysis indicated that overall Th contents are in the range 
of 0.06 – 0.17 wt.%. Thorium was clearly detectable and information about its chemical form was gained from 
detailed elemental and morphological analysis of Th-containing particles using SEM–EDX. These results showed 
that the chosen soil samples contain natural Th-bearing minerals suggesting that Th is present in distinct phos-
phate (probably monazite-type), oxide, and silicate phases.

Since the chemical speciation of the samples was not unambiguous based on those data, the present paper 
combines the application of XAS analyses on both bulk soil samples with standard XAS measurements and on 
isolated selected particles by application of micro-focused X-ray beam methods. These analyses were comple-
mented with detailed particle-specific SEM–EDX analyses. During bulk analyses, information on coordination 
geometry is provided by comparing the X-ray Absorption Near-Edge Structure (XANES) region of the sample 
spectra with those of reference compounds. Extended X-ray Absorption Fine Structure (EXAFS) spectra yield 
quantitative information on the phase assemblage. XANES and EXAFS spectra are highly sensitive to the local 
environment and can be used as a “fingerprint” of the short-range environment of the probed element. In this 
sense, the chemical speciation of Th was investigated using XAS for different aliquots from the same soil sam-
ples. In all cases, the Th L3-edge XANES and EXAFS spectra were recorded to obtain information on the bulk 
speciation of the soil samples.

Since the previous study showed that the target samples are quite heterogeneous, it was anticipated that 
recorded bulk XAS data would correspond to the sum/average of different Th species. Consequently, additional 
investigations on selected particles of these samples are advisable and were performed via both SEM–EDX and 
XAS involving a micron-size beam footprint (µ-XAS), intending to analyze small, isolated grains from the soil 
samples at higher spatial resolution (SEM–EDX) or individual particles (μ-XAS). The latter was done by using 
a micro-focused beam to collect X-ray fluorescence data (μ-XRF) and further select points of interest for X-ray 
absorption spectroscopy (μ-XAS). Due to its relative simplicity and non-destructive character, µ-XRF can be 
used to determine elemental composition and in principle distribution (elemental mapping) for a given particle. 
Besides Th, lanthanides were included in the study given the fact that they are abundant in Sri Lankan soils and 
commonly form mixed phases with Th-bearing minerals15. Even though SEM–EDX has higher spatial resolution 
than µ-XRF, particularly in this study due to the effect of beam size vs particle sizes, µ-XRF has certain advan-
tages over SEM–EDX regarding the elemental analysis. Particularly, this concerns the high penetration depth of 
X-rays, the absence of sample pre-treatments33, and improved detection for the analysis of heavy elements due 
to the absence of bremsstrahlung. The information about the composition resulting from µ-XRF comprises a 
larger volume of the selected particle while most of the near-surface composition is probed by SEM–EDX (i.e., 
only a few µm below the surface, depending on the material composition and the electron acceleration voltage). 
However, it is noteworthy that if the size of the particle is a few µm only, it should be taken into account that 
SEM–EDX may also provide information on the entire particle. Based on µ-XRF maps, additional points of inter-
est on the individual particles were selected to obtain information on Th speciation by µ-XAS at the Th L3-edge.
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Methods
Bulk soil analysis for Th‑containing minerals: XANES and EXAFS analyses.  For the present 
work, soil samples were collected from an area in central Sri Lanka with background radiation levels of 2.5 ± 1.2 
µSv hr-1 at one-meter height above the ground, i.e., average effective dose rates of 21.6 ± 10.9 mSv  yr-112. The 
sampling location is the playground of a school. This renders systematic studies on the behavior of radionuclides 
in this area even more urgent.

The first 10 – 20 cm of four topsoil samples were collected in the Kawudupalella area in the Matale District 
(Sri Lanka). Aliquots of a given sample were mildly ground by hand, without damaging the particles and placed 
between two Kapton tapes. Reference compounds (RCs) including monazite ((Ce, La, Nd, Th)PO4) from Brazil 
and synthetic ThSiO4 (courtesy Dr. Stéphanie Szenknect, Institute for Separation Chemistry, Marcoule, France) 
were prepared in the same way as the soil samples (between Kapton tapes). A ThO2 reference material21 was pre-
pared as a pellet. Samples and RCs were stored in a sample container to meet radioprotection requirements and 
transferred to the beamline. Th L3-edge (16.3 keV) X-ray absorption spectra were recorded at the INE-Beamline 
for radionuclide science34 at the KIT Synchrotron Light Source (KARA storage ring, Karlsruhe, Germany) with 
a storage ring energy of 2.5 GeV and a maximum current of 150 mA. The incoming X-ray beam was monochro-
matized using a pair of Ge < 422 > crystals and the energy was calibrated by assigning the first inflection point of 
the Th L3-edge XANES recorded from ThO2 to 16.300 keV. XAS spectra for RCs were collected in transmission 
mode, while fluorescence detection mode was applied for soil samples using silicon drift detectors (Vortex-ME4, 
Hitachi USA, for bulk sample measurements and Vortex-60EX, SII Nano Technology USA, for spatially resolved 
XRF/XAS measurements with µ-focused beam). Several scans were collected at room temperature and averaged 
to obtain adequate counting statistics.

XAS data were processed following standard procedures using the Athena interface to the Ifeffit software35. 
Further, information on the composition of the soil samples was inferred from linear combination fitting (LCF) 
of experimental EXAFS spectra using the spectra of the RCs. The result of LCF analysis provides direct informa-
tion on the contribution of each mineral phase to the experimental data. LCF requires proper identification of 
the minerals present and inclusion of their respective spectra in fits of spectra of the unknown multi-mineral 
assemblages. Reference compounds used in LCF analysis were selected based on the major mineral phases 
identified in previous investigations (i.e., Th oxide, Th silicate, and Th phosphate phases; Ratnayake et al., submit-
ted). The accuracy of this method depends on the extent to which the spectra of the chosen RCs represent the 
components in the unknown samples. EXAFS-LCF-analyses were performed in the k-range from 2.9 – 10.5 Å-1 
for all samples and RCs.

Analysis of specific Th‑containing particles via SEM–EDX, μ‑XRF, and μ‑XAS.  The soil samples 
were dispersed in isopropanol and dried on polished glassy carbon mounted on sample holders. The particles, 
dried on the carbon surfaces, were then carbon coated and subjected to SEM–EDX analysis on selected particles 
of interest according to the identified major mineralogy. Secondary Electron and Backscattered Electron images 
were recorded using an FEI Quanta 650 FEG environmental scanning electron microscope while elemental 
analysis in the energy dispersive mode for selected areas was performed to support the mineral characterization 
using a Peltier-cooled Thermo Scientific UltraDry silicon drift X-ray detector. Data were acquired and analyzed 
by the NORAN System7 microanalysis system, software Pathfinder version 2.8. The primary electron beam 
energy was 20 keV.

More detailed insight into the elemental composition along with Th-elemental distribution and the chemical 
state of Th was obtained from synchrotron-based μ-XRF and µ-XAS (i.e., µ-XANES) analyses. These analyses 
were performed using the available experimental setup at the INE-Beamline using polycapillary half-lenses to 
achieve an X-ray beam footprint of about 28 µm in size (FWHM of the beam intensity profile). The locations 
of the particles of interest within the sample holders were triangulated primarily during SEM–EDX analysis. At 
the beamline, initial µ-XRF scans provided the first information on elemental distribution in these regions, to 
relocate the particles of interest for further detailed µ-XRF analyses. An excitation energy of 17.5 keV was selected 
for these analyses to detect the possible presence of uranium in the samples. Subsequently, points of interest, 
where Th-containing phases could be identified, were selected to carry out µ-XANES analyses by recording Th 
L3-edge µ-XANES spectra.

Data were reduced and analyzed using the PyMca Fluorescence Toolkit36 and Athena software35. Comparison 
with the aforementioned RCs provided further information on Th-containing particle mineralogy and coordi-
nation environment. The µ-XRF, elemental mapping, and µ-XAS can be combined to characterize geochemical 
matrices and to identify differences in the separated Th-containing, single mineral particles. In the present study, 
this combination was used to determine the coordination environment of Th within isolated particles from the 
soil samples.

The statistical significance of the elemental distributions inside each particle (as observed in the µ-XRF 
elemental maps) was quantified by Spearman correlation coefficients (ρ) based on detector counts measuring 
the fluorescence lines from µ-XRF for the different elements. The Spearman correlation evaluates monotonic 
relationships whether the data are linear or not. A perfect Spearman correlation of + 1 or -1 occurs when each of 
the variables is a perfect monotone function of the other whilst ρ = 0 implies the absence of correlation between 
the variables. In the present work, the Spearman correlation coefficients are included in the discussion and both 
scatter plots and corresponding frequency histograms are presented in Supplementary Information online. The 
data treatment was performed with the statistical program R version 3.6.037. All calculated correlation factors 
showed significant values (p-values < 0.01; see Supplementary Fig. S1, S2, and S3 online).
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Results and discussion
Bulk XAS analysis of Th‑containing minerals: Major mineral phases.  The normalized XANES 
spectra, k2-weighted EXAFS (k2∙χ(k)) spectra, and corresponding Fourier transformations (FT) of all soil sam-
ples and the RCs are shown in Fig. 1A, B, and C, respectively. The RCs were chosen based on the previous study, 
i.e., Th-silicate, Th-oxide, and Th-phosphate-containing mineral phases. From the recorded Th L3-edge XANES 
spectra (Fig. 1A), the main feature at 16,304 eV can be seen in all absorption edges. The energy positions of the 
absorption edges are consistent with Th in the tetravalent oxidation state in all analyzed soil samples and well in 
agreement with the positions of XANES of RCs, as expected for natural samples16. However, a second feature at 
16,320 eV is more pronounced only in ThO2 and virtually absent otherwise. For ThO2 this second feature can 
be assigned to a solid phase exhibiting a relatively high degree of crystallinity arising from different transition 
probabilities due to coherently backscattered electrons. This feature is less pronounced or absent in amorphous 
ThO2 and Th(OH)4

38. Therefore, the absence of the second feature in the XANES spectra could indicate that the 
Th-minerals in the soil do not have such high crystallinity compared to the RCs or do not contain ThO2.

The data in Fig. 1B (i.e., k2-weighed χ(k) functions) and Fig. 1C (the corresponding FT magnitudes) suggest 
minor variability in the short-range environment of Th among the studied soil samples, but significant differences 
as compared to Th within pure ThO2 and ThSiO4, and limited differences as compared to Th within monazite. 
Consequently, Th in the bulk soils (< 0.17 wt.%) is not present as pure single-phase ThO2, or ThSiO4, or mona-
zite. This agrees with SEM–EDX results from the companion study, which highlighted the heterogeneity of the 
studied soil samples in terms of Th speciation.

All FTs (Fig. 1C)) contain one main contribution, located at R + ΔR ~ 1.85 Å, which corresponds to a phase-
corrected value of about 2.4 – 2.5 Å, attributed to backscattering from oxygen atoms (Th – O) in the first coor-
dination shell of the central absorbing Th atom. This is in accordance with reported XAS measurements on 
pure Th(IV) oxide/hydroxide phases21. At higher distances, the FT of the soil samples do not exhibit any intense 
FT contribution. The FT of the monazite bears similarities with that of the soil samples. The FTs of thorite and 
thorianite exhibit contributions from neighboring atoms at R + ΔR > 3 Å, from nearest Si/Th neighbors, in agree-
ment with the thorite38 or thorianite (pure ThO2)20 crystal structures. This in turn suggests similarities between 
the soil samples and monazite, while the observed differences among the spectra rather purport the presence of 
more than one mineral phase of Th in the natural sample.

LCF treatment of the XAFS data was preferred over shell-by-shell EXAFS fitting as it was expected that soil 
samples contain mixtures of various Th(IV) phases including mixed phases such as solid solutions. Modeling 
the data using single scattering paths (i.e., Th-O, Th-Si, Th-P, Th-Th, etc.) can be complicated because of possible 
overlaps from different shells located at comparable distances in the host structures. The first step consisted of 

Figure 1.   Th L3-edge XANES (A) and EXAFS spectra (B) with corresponding FT (C) of all samples and RCs 
(distance is uncorrected for phase shift); (D) experimental (solid black line) and linear combination fits (red 
dashed line) to the EXAFS spectra of the soil samples (fit results are shown in Table 1).
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a statistical analysis of the data based on Principal Component Analysis (PCA)39 using the Athena software. 
Results show that the EXAFS spectrum of all soil samples can be reconstructed at more than 96% using only 
two principal components. In the next step, the target transformation of monazite and thorianite with two 
components provided best results, adding a third component provided only negligible improvement. The experi-
mental and linear combination fits  to the EXAFS spectra of the four soil samples are shown in Fig. 1D. The 
linear combination fits to the experimental spectra was thus performed using only the spectrum of monazite 
and that of thorianite. For all samples, the experimental data could be modeled considering the same RCs with 
comparable proportions (Table 1). We infer from these results that monazite has the highest contribution to 
the experimental spectra with 76 ± 2% and thorianite the lowest contribution with 24 ± 2%. Outcomes further 
suggest that all samples are composed of a fairly comparable assemblage of Th-bearing mineral phases. Using 
thorite instead of thorianite was tested and provided systematically poorer fit quality (i.e., higher Rf values). Ear-
lier findings showed the presence of ThSiO4 and the LCF treatment of EXAFS spectra suggest that this mineral 
phase is not present in significant amounts within these soil samples. In addition, samples may as well contain 
minor amounts of other species such as Th sorbed to minerals or bound to organic matter. This would e.g. be 
consistent with measurable contents of clay minerals (dominated by kaolinite), iron phases, and organic matter 
in these samples as identified in the previous study – phases for which Th has a high affinity. It would imply that 
in the soil samples Th might occur as Th-bearing mineral phases (i.e., Th-phosphate, Th-oxide) along with traces 
of Th retained within mineral lattices or sorbed at surfaces (i.e., iron oxides, organic matter, and clay minerals). 
Chemical batch extractions from a previous study (Ratnayake et al., submitted) showed that 1 – 3% of the total 
Th content can be extracted via single extraction procedures usually applied to identify ion exchange, carbonate, 
and organic matter-bound metal ions.

Spatially resolved analysis of specific Th‑containing particles: SEM–EDX, µ‑XRF, and 
µ‑XANES.  Detailed information on some single particles isolated exemplarily from the four soil samples 
was obtained by application of SEM–EDX followed by µ-XRF and µ-XANES. According to the SEM–EDX 
analysis, three particles of variable size and mineralogy, identified as Th-silicate-, Th-oxide-, and Th-phosphate 
dominated were selected (Fig. 2A, B, and C, respectively). The corresponding weight (wt.%) and atomic (at.-%) 
contributions of the detected elements to each particle of interest are indicated in Table 2. SEM images of the 
selected particles (Fig. 2(I)) are shown together with the corresponding SEM–EDX spectra (Fig. 2(II)) and fit-
ted µ-XRF spectra using the PyMca Fluorescence Toolkit to identify the elements present in the particles are 
displayed in Fig. 2(III). Elemental analysis using SEM–EDX was performed under a high vacuum allowing the 
detection of fluorescence at low energies. In contrast, analyses by µ-XRF were performed with X-rays of high 
energies under ambient conditions allowing the detection of fluorescence energies starting at ~ 3  keV. Since 
SEM–EDX is better suited to detect light elements (e.g., O, Na, Mg, Al, Si) which cannot be detected at ambient 
conditions using µ-XRF, the two techniques are used in a complementary fashion concerning elemental com-
position and the information depth of the analysis (i.e., higher resolution for surface composition in SEM–EDX 
vs. entire mineral composition with µ-XRF). The data show that soil samples are assemblages of particles with 
variable composition, and the nature of the particles agrees with the EXAFS analysis of the bulk samples.

The first particle to be discussed is ~ 10 µm in size (Fig. 2 (A-I)) and according to SEM–EDX contains ~ 70 
wt.% of Th (Fig. 2 (A-II), Table 2). Due to the much larger beam footprint, the particle appears to have a size 
of ~ 30 µm based on µ-XRF mapping (Fig. 3(i)). The particle contains significant amounts of Si, compared to 
other major elements (Table 2), and the molar Th/Si ratio of 1.1 in the particle with the O/Si ratio of 4.2 points 
to the predominant existence of ThSiO4. Particle SEM–EDX spectra (Fig. 2(A-II)) also illustrate the presence of 
small amounts of Al, P, Fe, and, to a smaller extent, Ca (mapped in Fig. 3(ii)b, d, e, f). These elements could arise 
from trace amounts of surface-attached clays and other mineral phases, such as kaolinite and goethite. These 
findings are corroborated by the µ-XRF spectra (Fig. 2(A-III)), which further highlight the presence of small 
amounts of Pb and Y, and possibly minor levels of Ni, Cu, and Zn. Further information on the association of 
various elements within a given particle was obtained by recording µ-XRF maps. Figure 3(i)A depicts the total 
fluorescence yield, whereas Fig. 3(i)a and b show the fluorescence of selected elements recorded for the Th-silicate 
particle. Visual differences in µ-XRF maps (Fig. 3(i)a, b) are supported by a weak correlation between Th and 
Y (ρ = 0.667; see Supplementary Fig. S1 online), supporting the presence of a single major phase containing Th 
with smaller contributions of Y. Information on the element composition of the particle within the top µm depth, 
especially for the elemental distribution of the light elements, was obtained from the SEM–EDX elemental maps 

Table 1.   Linear combination fitting results for the soil samples Th L3-edge EXAFS spectra (2.9 < k < 10.5 Å-1). 
Uncertainties are indicated in parentheses. The absolute misfit between modeled and experimental data is 
indicated by the Rf value.

Soil sample

Proportion (%)

RfMonazite Thorianite

L-03 78(3) 22(3) 0.21

L-04 77(3) 23(3) 0.19

L-05 76(3) 24(3) 0.15

L-06 74(3) 26((3) 0.16

Average 76 ± 2 24 ± 2
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(Fig. 3(ii)). Both XRF (Fig. 3(i)a) and SEM–EDX (Fig. 3(ii)g) maps show homogeneous Th distribution across 
the particle. Heterogeneities in the Y distribution are not apparent via SEM–EDX. This might be due to the low 
Y-content in the sample which is close to or below the detection limit of SEM–EDX. Another possibility is that 
Y is mainly located below a Th silicate surface layer. The SEM–EDX maps indicate the existence of a uniform Th 
silicate phase with Si and O being uniformly distributed all over the particle (Fig. 3(ii)a, c).

The second particle studied (i.e., presented as a Th-oxide-containing particle) is ~ 25 µm in size, as derived 
from SEM (Fig. 2(B-I)), and has high Th (~ 15 wt.%) and Ce (~ 38 wt.%) contents with relatively small amounts 

Figure 2.   The SEM images (I), corresponding EDX (II), and µ-XRF spectra with fits (III) of selected (A) 
Th-silicate, (B) Th-Ce-oxide, and (C) Th-REE-phosphate rich particles, respectively.

Table 2.   Weight and atom concentration of each element (relative %) obtained by SEM–EDX for the isolated 
selected particles (i.e., particle A – Th-silicate, particle B – Th-Ce-oxide, particle C – Th-REE-phosphate) and 
the monazite RC. *Contains Sm-L, Gd-L, U-M: 3.5, 1.6, 0.6 wt.% and ⁑1.0, 0.4, and 0.1 atom%, respectively.

Particle O-K Al-K Si-K Fe-K Ca-K Ti-K P-K Ce-L La-L Nd-L Pr-L Th-M

Element – wt. %

A 17.8 ± 0.3 1.2 ± 0.1 7.5 ± 0.1 1.0 ± 0.1 0.3 ± 0.0 – 2.8 ± 0.1 – – – – 69.4 ± 0.4

B 30.1 ± 0.2 4.2 ± 0.1 3.2 ± 0.1 7.2 ± 0.1 – 1.6 ± 0.1 0.6 ± 0.1 37.6 ± 0.2 – – – 15.5 ± 0.2

C 35.4 ± 0.2 1.2 ± 0.0 1.5 ± 0.0 0.4 ± 0.1 2.2 ± 0.0 – 13.9 ± 0.1 21.4 ± 0.3 12.4 ± 0.2 8.1 ± 0.2 2.4 ± 0.3 1.1 ± 0.1

Monazite – RC* 23.0 ± 0.2 1.0 ± 0.0 1.6 ± 0.0 1.2 ± 0.0 0.2 ± 0.0 – 12.4 ± 0.1 21.8 ± 0.4 5.8 ± 0.2 14.6 ± 0.3 3.2 ± 0.5 9.5 ± 0.1

Element – Atom%

A 60.6 ± 3.0 2.4 ± 0.5 14.5 ± 0.5 1.0 ± 0.1 0.4 ± 0.1 – 4.9 ± 0.4 – – – – 16.3 ± 0.3

B 70.4 ± 1.2 5.8 ± 0.3 4.2 ± 0.3 4.8 ± 0.2 – 1.3 ± 0.1 0.7 ± 0.2 10.0 ± 0.1 – – – 2.8 ± 0.1

C 70.5 ± 1.4 1.5 ± 0.1 1.7 ± 0.1 0.2 ± 0.1 1.7 ± 0.1 – 14.3 ± 0.3 4.9 ± 0.2 2.8 ± 0.1 1.8 ± 0.1 0.5 ± 0.2 0.1 ± 0.0

Monazite – RC⁑ 61.0 ± 1.2 1.5 ± 0.2 2.5 ± 0.1 0.9 ± 0.1 0.2 ± 0.0 – 17.0 ± 0.3 6.6 ± 0.4 1.8 ± 0.2 4.3 ± 0.3 1.0 ± 0.4 1.7 ± 0.0
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of Fe, Al, and Si (Fig. 2(B-II), Table 2). This particle further contains Pb and possibly low levels of Cu and Ni 
(Fig. 2(B-III)). The molar ratio of 5.7 from O:(Th + Ce) indicates the presence of different oxidic phases in these 
samples. Concerning the presence of phosphates, Fe-oxides, and silicates, the O:(Th + Ce) ratio is too high for 
the presence of only Th/CeO2. The SEM–EDX analysis would rather point to some kind of Th/Ce(OH)4 or Th/
CeO(OH)2. This would also be more consistent with the XANES spectra, and therefore, we conclude that the 
particle is dominated by (hydr)oxides, presumably Th-oxide or hydroxides mixed with Ce-oxide/hydroxide 
as the major component. This is further confirmed by the distribution of Th and Ce in the fluorescence maps 
(Fig. 4(i)B and 4(i)a, b), presenting a significant correlation (i.e., ρ = 0.970; see Supplementary Fig. S2online). In 
fact, literature provides evidence for (Th, Ce)Ox(OH)y solid solutions owing to the comparable ionic radii40,41 of 
Th(IV) and Ce(IV). SEM–EDX maps are shown in Fig. 4(ii)B and 4(ii)a-i. Particularly, Fig. 4(ii)f and i show an 
inhomogeneous distribution of Fe compared to Th, i.e., higher density areas towards the lower corner, suggest-
ing iron oxide phases that are slightly depleted in Th, attached to the (Th, Ce)O2 particle covering a part of the 
grain. The seemingly homogeneous Fe-distribution in the XRF maps (Fig. 4(i) a, c) and significant correlation 
with Th (i.e., ρ = 0.806; see Supplementary Fig. S2 online) are due to the absence of adequate spatial resolution. 
A small clay mineral flake was for instance identified (Fig. 4(ii) b and c) on the bottom corner of the particle. 
Relatively consistent surface distribution of Ce can be seen in the SEM–EDX map (Fig. 4(ii)h), matching that of 
O and to a lesser extent to traces of Si and Al despite the mapping shadow effect, and associated clay fractions 
(Fig. 4(ii)a-c). The slightly weaker intensities of Th and Ce signals in the area where the Fe signal is enhanced 
could be interpreted as the Th/Ce-oxide particle being covered by iron oxide. Both Ce and Th are related to a 
small extent (0.65 < ρ < 0.85; see Supplementary Fig. S2 online) to traces of Ti and Pb (Fig. 4(i)d, e), indicating 
that the correlation analysis mostly reflects counting statistics. In summary, the collected data show that the 
natural Th-oxide particles are not pure ThO2 (thorianite) but presumably consist of a (Ce, Th)oxyhydroxide solid-
solution covered by accessory clay minerals and Fe-oxide phases, including traces of P, Ti, Mo, and potentially 
also Ce (Fig. 4(ii)d, e, g, and h).

Finally, the ~ 50 µm sized particle (i.e., identified as a Th-phosphate-containing particle, depicted in Fig. 2(C-
I)) is found to have lower Th content (~ 1 wt.%), according to SEM–EDX, compared to the two previously dis-
cussed particles, but contains significant amounts of P and considerable amounts of light REEs (Table 2). The 
total REE (La, Ce, Nd, Pr) content amounts to ~ 44 wt.% (Fig. 2(C-II), Table 2), comparable to ~ 45 wt.% in the 
RC-monazite. Hence, soil particle C is depleted in Th (stoichiometric composition: (Ce0.43, La0.25, Nd0.16, Pr0.04, 
Th0.01, Ca0.10)(P0.98, Si0.02)O4), compared to the RC monazite from Brazil (stoichiometric composition: (Ce0.41, 

Figure 3.   (i) µ-XRF maps of the Th-silicate particle (A) showing the total fluorescence and the fluorescence 
lines of Th (a) and Y (b) in greyscale (maps: 82.5 µm in width, 67.5 µm in height). (ii) SEM image of the 
Th-silicate particle (A) and corresponding SEM–EDX elemental maps for O, Al, Si, P, Ca, Fe, and Th (a–g) in 
counts.
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La0.11, Nd0.27, Pr0.06, Th0.14, Ca0.01)(P0.96, Si0.04)O4). The high P content and the absence of significant amounts of 
Al and Si based on the SEM–EDX spectra (Fig. 2(C-II)) suggest that the particle indeed represents a phosphate 
phase. The result of the µ-XRF measurements (Fig. 2(C-III)) further indicates that this particle contains more 
elements than the two other studied particles (c.f. the fluorescence maps in Fig. 5(i)C and 5(ii)a-i). The iron 
content is low but measurable (< 1%) and exhibits the highest correlations with the analyzed light REEs and Ca 
(i.e., ρ > 0.92; see Supplementary Fig. S3online). Despite the low Th concentrations in this particle, Th distribu-
tion is clearly correlated to those of the REEs (i.e., ρ > 0.75; see Supplementary Fig. S3online), though the highest 
correlations of Th are found with Y and Pb (i.e., ρ > 0.87; see Supplementary Fig. S3online). Berger et al.7 stated 
that rhabdophane could also be a relevant secondary phase formed during monazite weathering. Rhabdophane 
is depleted in Th as compared to monazite, which would explain the low Th content of the particle. Additionally, 

Figure 4.   (i) µ-XRF maps of the Th-Ce-oxide particle (B) showing the total fluorescence and the fluorescence 
lines of Th (a), Ce (b), Fe (c), Ti (d), and Pb (e) in greyscale (maps: 107.5 µm in width, 55 µm in height). (ii) 
SEM image of particle (B) and SEM–EDX elemental maps for O, Al, Si, P, Ti, Fe, Mo, Ce, and Th (a–i) of the 
Th-Ce-oxide particle in counts.
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Th, Pb, Ca, and U show positive skewness of the data distribution (see Supplementary Fig. S3 online). All of 
these observations suggest that monazite-type minerals may exist in a variety of compositions, in accordance 
with EXAFS observations. This observation is further confirmed by the work of Seydoux-Guillaume et al.42 who 
studied low-temperature alteration of Sri Lankan monazite samples (exact locality is unknown). We also observed 
REEs in mixed phases, as the SEM–EDX maps (Fig. 5(ii)C and 5(ii)a-k) for the REEs and P suggest a uniform 
distribution of each of these elements over the particle (Fig. 5(ii)d and g-j). A uniform distribution of Th over 
the particle is suggested by the EDX map (Fig. 5(ii)k). Figure 5(ii)b and c could point to the presence of Si/Al 

Figure 5.   (i) µ-XRF maps of the Th-REE-phosphate particle (C) showing the total fluorescence and the 
fluorescence lines of Th (a), La (b), Ce (c), Nd (d), U (e), Ca (f), Y (g), Fe (h), and Pb (i) in greyscale (maps: 
280 µm in width, 183 µm in height). (ii) SEM image of particle C and SEM–EDX elemental maps for O, Al, Si, P, 
Ca, Fe, La, Ce, Pr, Nd, and Th (a–k) of the Th-REE-phosphate particle in counts.
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(clay minerals) particles associated with the main phosphate phase. To some extent, the data sets again suggest 
the presence of clay minerals and Ca-/Fe phases suggesting potential correlation with lanthanides and actinides 
within the particle and/or at surface.

Summarizing these results, we have shown that the combination of different focused and spatially resolved 
techniques such as µ-XRF (i.e., providing the bulk composition of individual particles) and SEM–EDX map-
ping (i.e., giving potentially the composition of both surfaces and a few μm-depth penetration layers) provides 
important insight into the composition and heterogeneity of single mineral grains in natural soil samples on the 
µm scale. The aim of all these measurements was not only to identify the heterogeneous nature of the sample 
(already clear from SEM–EDX analysis), but also to look for possible accessory phases like iron oxides which 
have coprecipitated or adsorbed Th or lanthanides. All the extensive spectroscopic studies show that particle 
heterogeneity has an impact on spectra, for instance in XANES. Although it is possible to identify the accessory 
iron oxide and clay minerals, a clear assignment of direct Th or REE binding to those accessory minerals or 
coprecipitated and adsorbed Th, Ln forms could not be found. Overall, the data confirm the presence of distinct, 
Th-containing mineral phases inside the soil samples under study while highlighting the mineral phase hetero-
geneity in particles even within a given sample.

Potential applicability of particle‑selected spectra (µ‑XANES) as representative standards for 
bulk XANES reconstruction.  Additional Th L3-edge µ-XANES spectra were collected for particles A, B, 
and C (Fig. 6 A, B, and C, respectively). The energy position of the XANES white line in all analyzed particles 
is identical to that in the bulk soil samples. This is not surprising as the oxidation state of Th in environmental 
samples is always + 4. It is obvious that the X-ray absorption spectra of these particles closely follow those of the 
corresponding RCs even though their XAS signals are quite noisy. Theoretically, the identified particles could 
be used as local RC, to fit the bulk soil spectra in both XANES and EXAFS regions, which should lead to more 
conclusive results compared to the applied synthetic Th-silicate/oxide RCs and the natural monazite RC. This 
was tested for the XANES region because only µ-XANES spectra could be recorded for the selected particles. 
Unfortunately, the EXAFS region could not be measured during µ-XAS data acquisition because fluorescence 
intensity was not sufficient. In addition, the backfitting of the µ-XANES spectra was hampered by the relatively 
high intensities of the white lines from the identified Th-containing particles. This effect is potentially related 
to differences in composition between the natural particle from Sri Lanka and laboratory synthesized (ThO2 
and ThSiO4) and natural monazite RC from Brazil and/or to the difference in particle sizes when collecting the 
spectra, for instance, the monazite RC particle was ~ 40 times bigger than particle C. Consequently, the spectra 
of individual particles that we used in this study cannot be utilized as representative standards adding the facts 
that the composition of selected particles may not be representative of the average composition of the entire 
sample, and the entire sample may also contain an additional Th binding environment not present in the selected 
particles (e.g., surface sorbed species). These observations further highlight the challenges in characterizing the 
speciation of Th in natural samples, composed of multiple mineral phases compared to studies on pure samples. 
Subsequently, they call for future efforts with a smaller beam footprint and a confocal setup to precisely single 
out the contribution of individual particles from adhering accessory matrix components.

Conclusions
The combination of scanning electron microscopy and X-ray spectroscopic techniques has proven to be power-
ful in characterizing naturally occurring Th-rich soil samples from Sri Lanka at various scales. X-ray absorption 
spectroscopy of soil samples at the Th L3-edge suggests that the soil contains a mixture of various Th-bearing 
minerals, mainly as (hydr)oxides and phosphates, and in lower amounts as silicates. Individual particle analysis 
by µ-XANES and µ-XRF as well as corresponding elemental maps, supported by statistical analyses, provide 
insight into the association of Th with other elements at the scale of single particles. Complementary information 
from SEM–EDX allows the identification of the elemental distributions in the particle surface layer, which may 
differ from the underlying mineral characteristics, indicating particle coverage by other mineral phases such 
as clay minerals and iron oxides (i.e., as seen for particle B). The combined approach is one of a kind regarding 

Figure 6.   Micro-X-ray Absorption spectra of (A) Th-silicate, (B) Th-oxide, and (C) Th-phosphate rich 
particles, respectively, with the overlaid XANES spectrum recorded for the ThSiO4 (A), ThO2 (B), and monazite 
(C) reference compound.
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characterization of Th speciation in soil via XAS techniques. This work underpins results with non-negligible 
implications for terrestrial samples, i.e., showing differences between bulk and surface compositions of individual 
soil particles of ~ 10–50 µm size (i.e., in the silt–clay grain size range). Overall, these results provide original 
information on environmental Th solid phases that may react differently to weathering agents (i.e., given their 
small size and high surface area), potentially having an impact on the release, mobility and bioavailability of 
Th in the target area. Without this work, complementary studies in the direction of Th mobility and reactivity 
from natural soils would lack the in-depth understanding of Th phases provided here. That is, this work lays the 
foundation to understand mobilization mechanisms, predict the environmental fate and assess the radiological 
risk of radioactive Th. Clearly, despite the low contribution of Th-minerals to the overall mineralogy of the soil 
(< 0.17 wt.%), further work is needed to evaluate the potential mobilization of Th during weathering (i.e., dur-
ing rainfall and under the biological influence) to better understand its potential fate and/or accumulation in 
aquatic and terrestrial systems.

Data availability
Data will be made available on request to Sanduni Ratnayake (sanduni.ratnayake@kit.edu).
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