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Abstract: Micro-X-ray fluorescence and X-ray absorption fine structure (µ-XRF-XAFS) is one of
the most powerful tools to identify the distribution and speciation of trace elements in natural
samples with µm spatial resolution. However, conventional µ-XRF-XAFS studies applied to rare
earth elements (REEs: lanthanide elements + Y in this study) are mainly limited to their L-edges and
L lines (except for Y) that are subject to strong interferences from other elements (mainly transition
metals). In this study, we extend µ-XRF-XAFS to the higher energy region (HE-µ-XRF-XAFS) by using
an incident X-ray microbeam (size: ca. 1 × 1 µm2) between 38 and 54 keV to realize K-edge excitation
lanthanide analysis without interferences from other elements at the BL37XU beamline, SPring-8
(Japan). This method enables us to simultaneously analyze (i) REE patterns (from La to Dy), (ii) XAFS
spectra, and (iii) µm-scale distribution of each REE in the natural sample. The proposed method
also realizes the simultaneous application of µ-XAFS at low (e.g., Fe K-edge) and high (lanthanide
K-edges) energy at the same spot without changing the setup of the µ-XRF-XAFS system using the
detuning technique.

Keywords: high energy µ-XRF-XAFS; rare earth elements (REEs); K-edges and K lines of REEs;
speciation; REE pattern; weathered granite

1. Introduction

Rare earth elements (REEs), which refer to elements including Y and lanthanide group
elements from La to Lu but not Sc in this study, are important as geochemical tracers in
earth and planetary sciences. The reason is that the relative abundances of REEs in natural
systems reflect the distribution of elements controlled by ionic size based on their coherent
chemical properties [1,2]. In the 21st century, REEs are also known as essential elements
in high technology and green technology industries, and thereby attract research on their
enrichment in natural samples in various systems. For example, REEs on land surfaces
and the seafloor such as (i) ion-adsorption type deposits (IAD)—which mainly consist of
weathered granite accumulating REE ions by adsorption reaction—and (ii) REE mud and
ferromanganese crusts/nodules, respectively, have been examined [3–8]. These previous
studies state that the speciation of REEs in natural samples is essential to understand their
enrichment process, and thus the development of analytical methods for REEs is important
not only for their abundance but also for their chemical states. Among various speciation
methods, X-ray absorption fine structure (XAFS) spectroscopy has been applied to REEs
including the following: (i) X-ray absorption near-edge structure (XANES) for determining
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valences of Ce and Eu in natural samples [9–13] and (ii) local structure around the REE atom
at the molecular scale by extended X-ray absorption fine structure (EXAFS) for microbial
and deep sea REE mud [5,14]

Furthermore, the application of microanalyses in the local region (e.g., <30 µm) both
for REE abundances and speciation can be a powerful tool to better understand their
migration in natural systems. For this purpose, X-ray microbeam analysis is an important
candidate, given that µ-X-ray fluorescence (µ-XRF) mapping and µ-XAFS analysis within a
region of interest using X-ray microbeams obtained from synchrotron radiation sources
(µ-XRF-XAFS) fulfill both requirements for the analysis of REEs in natural samples. Com-
pared to methods using laser ablation, electron beam, or ion beam, the µ-XRF-XAFS can
reveal the micro-scale distribution (by µ-XRF) and the atomic-level information (by µ-XAFS)
of REEs with minimal damage to the sample [3,15,16].

These X-ray microbeam analyses for REEs are often performed using their L-edges
and L lines (except for Y) because K-edge excitation of REEs requires high energy X-rays
(>38.9 keV for La K-edge). Thus, realizing a stabilized high-energy X-ray microbeam with
sufficient photon flux is difficult. By comparison, the use of L lines of REEs to measure
L-edge XAFS for REEs is subject to interferences from emission lines of other elements such
as transition metals. Especially for natural samples, various metal ions such as Fe, Mn, Ti,
or Ba can cause interferences in XRF and fluorescence XAFS analyses.

Recently, a newly developed system of Kirkpatrick–Baez (KB) mirror [17] installed in
BL37XU, SPring-8 (Hyogo, Japan) [18] has allowed for the possibility to realize high-energy
X-ray microbeams up to 55 keV. This study, therefore, took advantage of the fact that REE
K lines are not affected by fluorescent X-rays of other elements when we use the K-edge at
high energy regions (>38.9 keV), and developed a practical application using the new KB
mirror system as the High-Energy µ-XRF-XAFS (HE-µ-XRF-XAFS). The applicable energy
range is practically limited to K-edges from La to Dy due to the reflection efficiency of the
KB mirror as discussed below. However, the energy range covers most of the REEs that can
generally be measured by XRF above the detection limit (mg/kg order).

There are several beamlines where X-ray absorption spectra using a microbeam in
the high-energy region can be measured. For example, the ID24-DCM beamline [19] at
European Synchrotron Radiation Facility (ESRF; Grenoble, France) has a wide energy
range (5–45 keV) available for µ-XRF. It is also possible to conduct µ-XRF and XRF-CT
up to 90 keV at beamline ID15a in ESRF [20]. However, µ-XAFS over 40 keV has not
been examined. In this study, we measured the Nd K-edge (43.6 keV) XAFS using X-ray
microbeams. Although XAFS at high energy such as Dy K-edge has been reported [21] for
bulk XAFS analysis, X-ray microbeam measurement for XAFS above 43 keV is very limited,
suggesting the novelty of this study.

In using a wide energy range to cover K-edges XAFS of major elements (e.g., Fe, Mn,
and Ti) and REEs, we generally need to change the optical system to measure XAFS spectra
for the low and high energy regions (LER and HER, respectively). For example, Fe (a major
element in various minerals) K-edge is at 7.1 keV, while that of La is 38.9 keV. In such an
experiment, different optical setups of the incident X-ray are used in general for (i) LER
(e.g., 7–20 keV) and (ii) HER (>20 keV). The main reasons are as follows: (i) the limitation
of the energy range covered by a double-crystal monochromator (DCM) and (ii) the use
of total reflection mirrors to suppress high-order harmonics in the synchrotron radiation
X-ray, which is essential for acquiring of high-quality XAFS spectra. However, the use
of the two optical setups with different DCMs and angles of the total reflection mirrors
may shift the position of the X-ray microbeam/submicron beam, which causes difficulties
to analyze the same exact spot between the two setups (e.g., the spots analyzed at LER
mode for major elements and at HER mode for REEs). In addition, switching to the other
setup, which takes more than 5–10 h, and independent mapping analysis to find the hot
spot, which takes at least several hours, lead to a time-consuming analysis. Such a long
measurement time results in high damage to the sample due to prolonged exposure to
X-rays and can be a problem, especially for the chemical state analysis of various elements.
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In this study, we have made it possible to perform the HE-µ-XRF-XAFS experiment over
a wide energy range using a single optical setup. Thus, we can simultaneously analyze
the chemical species of the major elements in the host phase and those of REEs in the local
region at micron/submicron scales.

2. Materials and Methods
2.1. Samples

The NIST standard reference material (SRM) 610, which is trace-element-doped SiO2
glass, was used as the primary standard material to determine the REE concentrations
in natural samples [22]. The sample is spatially homogeneous and has been used for
various local analyses including secondary ion mass spectrometry (SIMS) and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) [23–26]. A natural reference
sample used in this study is JMn-1, a standard reference material issued by the Geological
Survey of Japan (Tsukuba City, Ibaraki) for marine ferromanganese oxides collected from
the Pacific seafloor [27]. Marine ferromanganese oxides are considered to be an important
resource of various metallic elements [3,28]. The JMn-1 was supplied as a powdered sample,
where the minerals are generally nanoparticles, smaller than the size of the beam used
(ca. 1 × 1 µm2). Thus, the sample is spatially homogeneous for the µ-XRF analysis. The
powdered samples of NIST SRM 610 and JMn-1 were shaped into a pellet (diameter: 1 cm;
thickness: 50 µm) using a press without a binder for the HE-µ-XRF analysis. Certified
values of bulk major elements (as oxides) and REE concentrations in NIST SRM 610 and
JMn-1 were reported by Pearce et al. [22] and Terashima et al. [27], respectively (Table 1).

Table 1. Major element (oxides) and REE concentrations of the SWG sample, NIST SRM 610 [22], and
JMn-1 [27]. Ba concentration was also listed as a potential interference element for REEs in XRF and
XAFS analysis. Abbreviation: SWG = strongly weathered granite.

Element SWG Sample NIST SRM 610 JMn-1

SiO2 69.7 (wt.%) 72 (wt.%) 14.11 (wt.%)
Al2O3 16.2 2.0 4.30
Fe2O3 1.34 0.0654 14.4
MnO 0.03 0.0560 33.09
MgO 0.36 0.0772 3.12
CaO N.D. 0.12 2.91

Na2O 0.19 0.12 2.80
K2O 3.87 0.0691 0.94
TiO2 0.03 0.0724 1.06
P2O5 N.D. 0.0785 0.54

Y 2040 (mg/kg) 450 (mg/kg) 111 (mg/kg)
Ba 49.7 424 1714
La 189 457 122
Ce 21.2 448 277
Pr 65.0 430 31.4
Nd 280 431 137
Sm 123 451 30.2
Eu 0.660 461 7.6
Gd 227 420 29.8
Tb 46.6 443 4.8
Dy 340 427 28.3
Ho 66.8 449 5.8
Er 169 426 14.6
Tm 22.3 420 2.1
Yb 139 462 13.8
Lu 19.4 435 2.1
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Another natural sample used in this study is a strongly weathered granite (SWG)
sample collected in Otsu City, Shiga, Japan, details of which will be reported elsewhere [29].
Based on the powder X-ray diffraction (XRD) pattern (Figure 1), this sample is a typical
weathered granite consisting of quartz, alkali feldspar, mica, and their weathering products
such as smectite and kaolin group minerals. The XRD measurement was carried out on the
powdered sample using an X-ray diffractometer (RINT-2000, Rigaku, Tokyo, Japan). Bulk
chemical compositions of major elements (as oxides) and REEs were determined (Table 1) by
(i) XRF analysis of the fused-bead sample using an XRF spectrometer (Axios, PANalytical,
Tokyo, Japan) and (ii) inductively coupled plasma mass spectrometry (ICP-MS; 7700cs,
Agilent, Tokyo, Japan) for the solution containing REEs obtained by the decomposition of
the SWG sample using mixed acids, respectively [30]. For the HE-µ-XRF-XAFS analyses,
the SWG sample was formed into a double-sided polished thin section of 50 µm thickness
using Epo Fix Resin (Struers, Tokyo, Japan).
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2.2. Micro-XRF Analysis

In this study, the incident X-ray energy was typically 54 keV for REE analysis and the
beam size was smaller than 1 µm (horizontal) × 1 µm (vertical) focused by the KB mirror
system at BL37XU in SPring-8 [18]. The elliptical-shaped KB mirror, made of silicon, was
coated with Pt (100 nm) and Rh (100 nm), and the Pt side was used. The glancing angle was
1.6 and 1.5 mrad for horizontal and vertical focusing mirrors, respectively. The mirror size
was 200 × 50 × 50 mm3 and 150 × 50 × 50 mm3 with surface roughness (root mean square:
RMS) <0.35 nm and <0.50 nm for the horizontal and vertical mirrors, respectively. The focal
length was 360 mm and 175 mm for the horizontal and vertical mirrors, respectively.

The step size and one-line scan time of the XRF mapping were typically 1–5 µm and
20 s, respectively. A germanium (Ge) single-element semiconductor detector (EGX10-06-CP5-
PLUS-WC; Mirion Technologies Inc., Atlanta, GA, USA) was used as the XRF detector.

To quantify the REE concentration, the NIST SRM 610 was measured under the same
condition as that of the natural samples. The REE concentrations (=[REE]) in the local area
were calculated by using Equation (1) and each REE pattern was obtained without the
absorption effect correction due to high energy. This is because more than 99% and 96%
of the hard X-rays (>33 keV) can be transmitted by a 50 µm thin section of (i) NIST SRM
610 and SWG and (ii) JMn-1 with their chemical compositions (Table 1), respectively, based
on the calculation using the "X-ray Interaction With Matter" software on the website of
Advanced Light Source (Berkeley, CA, USA) [31]. The results confirmed that the absorption
of X-rays by the matrix materials can be negligible in HER. As a result, [REE] in the sample
(=[REE]sample) can be determined as

[REE]sample = [REE]NIST ×
A − XRFsample/

(
Tsample·I0sample

)
A − XRFNIST/(TNIST ·I0NIST)

(1)
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where A-XRF, T, and I0 indicate areas of REE Kα line peak, sample thickness, and intensity
of the incident X-ray, respectively. The area of each peak was determined by using PyMCA
software (ESRF, Grenoble, France) [32] after subtraction of background and possible inter-
ferences from XRF of other elements. REE abundances in CI chondrite (Orgueil) were used
for the normalization of REE to obtain REE patterns [33].

2.3. Micro-XAFS Analysis

EXAFS analysis for La and Nd K-edges and XANES analysis for Fe K-edge were
carried out to reveal the adsorption structure of REEs and mineralogy of the host phase.
The energy was calibrated by the maximum of the white line of the standard material
(La2O3) assigned to 38.934 keV. The XAFS spectra of the standard samples were obtained in
transmission mode, whereas those of the natural samples were in fluorescence mode. The
EXAFS spectra were analyzed following a standard fitting procedure [34] using REX2000
software (Rigaku Co., Tokyo, Japan) and FEFF 7.02 (University of Washington, Seattle, WA,
USA) [35]. Errors in the fitted parameters such as interatomic distance (R), coordination
number (CN), and Debye–Waller factor (σ) were estimated to be generally ±0.02 Å, ±20%,
and ±20%, respectively [36]. Given that CN and σ are correlated parameters with relatively
large errors, CN was fixed in this study.

3. Results and Discussion
3.1. Optical Setup to Cover Wide Energy Range

The primary aim of this study is to extend the µ-XRF-XAFS analysis to K-edges of
REEs (up to Dy) to avoid possible interferences that occur when using L-edges and L
lines without state-of-the-art high-energy resolution detectors such as the crystal analyzer
system [19] or transition-edge sensor (TES) detector [37]. For this purpose, the KB mirror
applicable to HER was used to obtain submicron X-rays. In such cases, a different optical
setup is generally used to cover a wide energy range (e.g., 7–55 keV) for examining elements
from major to trace elements by µ-XRF-XAFS analysis [38]. For example, two DCMs, Si(111)
and Si(511) are available at beamline BL37XU in SPring-8, but their applicable energy
ranges are limited to 4.9–37.7 keV and 13–113 keV, respectively. In addition, the removal
of high-order harmonics is essential to use low-energy X-rays (e.g., 7.1 keV for Fe K-edge
XAFS) for high-quality XAFS measurement, but the use of total reflection mirrors prevents
that of high-energy incident X-ray under the same optical setup. If we can examine the
entire energy region using a single optical setup, then we can achieve a more effective and
efficient speciation analysis of REEs and major elements in a much shorter time.

To solve these problems, we removed the high-order harmonics by detuning the
second crystal of the DCM [39,40] for the LER measurement (7–15 keV), while we used
third-order X-ray using Si(111) as DCM to examine HER (30–55 keV). In the latter setup,
first-order light can be eliminated by inserting an absorber (e.g., Cu foil) before the I0
detector (ion chamber to determine the intensity of incident X-ray) as shown in Figure 2,
when we need to reduce the total signals entering the Ge detector. When XRF mapping of
various elements is obtained, however, the first-order light can be useful to excite lighter
elements because the excitation efficiency of the lighter elements by HER X-rays is not high.
When we measured EXAFS at high energy such as at La and Nd K-edges by the third-order
X-ray, the first-order light was completely eliminated by 0.2 mm of Cu foil.

By adjusting the KB mirror, we obtained the minimum size of the X-ray microbeam
of 152 nm (horizontal) and 80 nm (vertical) with a photon flux of 1.2 × 108·s−1 at 40 keV
(Figure 3a). When the concentration of some REEs in our sample is low, a larger beam
may be more effective (Figure 3b). For this purpose, the submicron beam such as ca.
800–1000 nm (h) and 800–1000 nm (v) was mainly used in this study with a more intense
beam, ca. 5 × 109·s−1.
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Figure 3. Beam size measured by knife-edge method; (a) Minimum beam with the photon flux of
1.2 × 108·s−1 at 40 keV, (b) An example of a larger beam with more photon flux. Abbreviation:
FWHM = full width at half maximum.

The selection of the incident energy is critical for the HE-XRF analysis for REE studies.
The flux of the beam decreases as the energy increase, because (i) the original photon flux
before the KB mirror decreases from 5.2 × 109·s−1 at 45 keV to 3.0 × 108·s−1 at 55 keV
using 1 × 1 µm2 beam (Figure 4a), and (ii) the reflectance of the KB mirror also decreases
from 62% at 40 keV to 5.2% at 55 keV (Figure 4b).

On the other hand, absolute abundances of REEs generally decrease from light REEs
(LREEs, e.g., La with Z (atomic number) = 57) to heavy REEs (HREEs, e.g., Lu with Z = 72)
with lower abundances for odd Z elements relative to the neighboring even Z elements.
Given that our main aim is to apply the method to natural samples, the energy dependence
of the photon flux at the sample position was compared with the abundances of REEs in CI
chondrite (Figure 4c), which is considered Earth’s parent materials [33]. This comparison
shows that the low abundance of Ho and low intensity of the microbeam at the energy
above its K-edge (55.618 keV) cause difficulties in measuring the Ho Kα line. Thus, we
decided to use 54 keV X-ray as the incident X-ray for the µ-XRF analysis of REEs with
photon flux above 107·s−1. To increase the flux, we can use a lower glancing angle. When
the incident angle of an X-ray mirror becomes shallower, however, the mirror aperture
becomes smaller, which limits the available beam. To increase the sensitivity of the entire
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system, using a multielement Ge detector instead of a single element used in this study
will be effective.
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When we use the two setups of (i) HER without detuning and (ii) LER with 60%
detuning, one may be concerned whether the position of the beam can be shifted, given
that the fine adjustment of the second crystal in the DCM can cause a shift of the incident
X-ray. However, the shift of the beam determined by the knife-edge method [41] using a Ta
blade was restricted within ±0.5 µm (precision of this method is approximately 4%; [42])
for both vertical and horizontal directions (Figure 5). This shift of less than 0.5 µm is good
enough considering that the beam size here is 1 µm. This result showed that the detuning
does not affect the beam position and is effective to attenuate high-order harmonics when
we use the setup for LER.
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3.2. HE-XRF Analysis

Figure 6 is the XRF spectra for NIST SRM 610 and JMn-1 samples. They clearly showed
Kα1 and Kα2 peaks for each lanthanide element from La to Dy. The XRF intensity was
determined by fitting each peak using PyMCA [32] while removing interferences of XRF
from other elements. Deconvolution of each peak in the spectra for the correction of
interfered peaks was highly needed for natural samples (an example is shown in Figure 7)
such as interferences of (a) Kβ emission of Ba and lighter REEs on Kα1 of relatively heavier
REEs and (b) Kα2 of elements with odd atomic numbers on Kα1 of adjacent elements with
even atomic numbers. The examples of case (a) are (i) Ba Kβ1,3 (36.378 and 36.304 keV,
respectively), on Pr Kα1 (36.026 keV) and (ii) Pr Kβ2 (41.754 keV) on Eu Kα1 (41.542 keV).
By comparison, the degree of interferences of case (b) such as (i) Gd Kα2 on Eu Kα1 and
(ii) Dy Kα2 on Tb Kα1 is not severe. After the corrections of the interferences, the intensity
was normalized by that of the incident X-ray (I0) as shown in Equation (1).
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The REE pattern normalized by CI-chondrite was obtained for the JMn-1 sample based
on the determination of their REE concentrations by HE-XRF (Figure 8a, Table 2). As
discussed above, the determination of concentrations of Eu and Tb was not possible due to
their low abundances and interferences of XRF from other elements. The concentrations
of the other seven elements (La, Ce, Pr, Nd, Sm, Gd, and Dy) were similar to the certified
values in Terashima et al. [27] with a relative difference smaller than 17% for any examined
REE except for Pr (27%) and Dy (33%). These results suggest that the direct determination
of REE concentration by HE-µ-XRF can be used to obtain REE patterns with a spatial
resolution of less than 1 µm.

Table 2. Results of HE-XRF quantification.

Element JMn-1 (ppm) Point 1 (ppm) Point 2 (ppm)

La 140 ± 3 119 ± 5 8797 ± 114
Ce 280 ± 4 7.60 ± 1.72 10433 ± 115
Pr 23.0 ± 1.5 27.7 ± 2.7 863 ± 31
Nd 114 ± 3 176.9 ± 5.5 2706 ± 54
Sm 29.3 ± 1.4 83.1 ± 3.7 329 ± 28
Eu N.D. N.D. N.D.
Gd 34.9 ± 1.2 156 ± 5 173 ± 15
Tb N.D. 30.9 ± 3.0 N.D.
Dy 37.6 ± 1.2 217 ± 6 121 ± 4

N.D.—Not Determined.
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3.3. Micro-XRF Analysis

Micro-XRF mapping using the ca. 1 × 1 µm2 beam was carried out on the double-sided
polished SWG sample. Kα1 lines of Y, La, Ce, and Nd (Figure 9a) were used to illustrate
the distributions of HREEs and LREEs. As a result, two types of REE enrichment were
observed (Figure 9b). One is the widely distributed REE enrichment (Point 1) and the other
is the REE hot spot (Point 2).
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The high concentration of REEs (Y, La, and Nd) at Point 1 was found in the grain
boundaries among primary minerals (e.g., quartz, feldspar, and micas according to the
XRD pattern in Figure 1). In addition, the distribution of REEs is relatively well correlated
with that of Fe, suggesting that REEs are concentrated in Fe-bearing minerals. These
results suggest that REEs are adsorbed on clay minerals at Point 1. In fact, the XRD of
the bulk sample (Figure 1) shows the peaks of smectite and kaolin group minerals at
2θ = approximately 5.7◦ and 12◦, respectively. Owing to the large cation exchange capacity
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(CEC), these clay minerals can be the host phases of REE3+ adsorbed from pore water.
By contrast, Ce was not concentrated in the same area. This may be because only Ce is
immobile due to the oxidation to Ce4+ during the weathering process in which other REEs
can be dissolved in pore water and finally adsorbed in the grain boundary [7]. The XRF
maps of REEs in the grain boundary were obtained because K lines of REEs were clearly
detected without interferences at the micron/submicron scale by the excitation of K-edge
using HE incident X-ray. As shown in Figure 9a, the L lines of REEs located below 10 keV
cannot be detected at Point 1 due to interferences of other elements.

The REE pattern of Point 1 obtained by the µ-XRF data exhibits a large negative Ce
anomaly (Figure 8b). Bulk REE concentrations measured by ICP-MS were also plotted
for comparison to Point 1. They showed similar REE patterns with negative Ce anomaly,
showing that (i) the bulk REE pattern is represented by that of Point 1 and (ii) most of the
REEs in the SWG sample are secondarily adsorbed within the sample. This is a typical
characteristic of REEs in SWG, or IAD, as reported in many studies [43–45].

REEs (La, Ce, and Nd) were also concentrated at Point 2 (size < 10 µm) but in a different
manner from that of Point 1: (i) Fe was not found at the spot and (ii) REEs including Ce
but not Y were concentrated. This may be because Point 2 is the igneous/hydrothermal
REE-bearing accessory mineral such as apatite and/or zircon without Ce fractionation from
other REEs. Here, the µ-XRF spectrum at Point 2 (Figure 9a) indicates the presence of Ca
(3.7 keV), P (2.0 keV), and Sr (14.2 and 15.8 keV for Kα and Kβ, respectively). The REE
pattern of Point 2 indicates an LREE-rich pattern with a much higher concentration than the
bulk. These findings suggest that Point 2 is an apatite particle [46]. Further identification of
the mineral by scanning electron microscopy (SEM) was difficult since the mineral is not
present at the surface of the thin section but buried within the sample, which can be still
detected by XRF with much deeper probing depths especially using HE X-rays.

3.4. Micro-XAFS

Micro-XAFS was also measured at Points 1 and 2 (Figure 10). Particularly, we suc-
cessfully obtain EXAFS spectra for Point 2. Given that XANES in HER is featureless due
to lifetime broadening compared with that in LER [47], the measurement of EXAFS is
more important than XANES in HER. In this study, La K-edge EXAFS spectra were mainly
collected. Figure 10a shows the k-space EXAFS spectra of the sample (bulk and Point 2)
and reference materials including hydrated La3+ ion (= 0.05 M La(NO3)3 solution), La3+

adsorbed on apatite and montmorillonite, LaPO4, and monazite. R-space EXAFS spectra of
the sample (bulk and Point 2) are also shown in Figure 10b. The results of the EXAFS curve
fitting are shown in Table 3.
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line, respectively. (b) La K-edge EXAFS spectra of the SWG sample (bulk and Point 2) and reference
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It was difficult to obtain a good quality spectrum for Point 1, but the fact that its
REE pattern represents that of the bulk (Figure 8b) suggests a possible similarity with
the bulk EXAFS spectrum. As shown in Figure 10, k-space spectra of the bulk sample,
hydrated La3+, and La-adsorbed montmorillonite are all similar. These spectra exhibit a
single sinusoidal component, suggesting that there is little contribution of backscattered
photoelectrons from any second neighboring atoms. This finding means that La3+ is
present as a hydrated ion as an outer-sphere complex adsorbed on clay minerals in such
areas. The La-O interatomic distance for the bulk sample, hydrated La3+, and La-adsorbed
montmorillonite were 2.559 ± 0.017, 2.560 ± 0.025, and 2.561 ± 0.025 Å, respectively
(Table 3). This result is also consistent with that previously reported for hydrated La3+

(= 2.551 Å) [48]. The measurement of Fe K-edge XANES at Point 1 was also possible thanks
to the applicable wide energy range established in this study to measure XANES for various
elements/edges (Figure 11). The spectrum was successfully fitted mainly by a mixture of Fe
in montmorillonite (53.2%) and illite (34.6%) (residual: 0.019%), which were also detected
in the XRD pattern (Figure 1). These results suggest that the clay minerals are the host
phase of La, or REEs other than Ce. The formation of an outer-sphere complex of REEs in
clay minerals is the most important characteristic in SWG, or IAD [6,7,45].
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Figure 11. Fe K-edge XANES for Fe in the bulk sample. Solid line: spectra of Point 1 and reference
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Meanwhile, the k-space spectrum of Point 2, La-adsorbed apatite, LaPO4, and mon-
azite are similar to each other but somewhat different from that of hydrated La3+ in that
(i) the height of a peak around k = 4 Å−1 for Point 2 is lower than that of hydrated
La3+ and (ii) the k value of the next peak of Point 2 around k = 5.5~6 Å−1 is larger than
that of hydrated La3+. The La-O distance for La at Point 2 was 2.515 ± 0.026 Å, slightly
shorter than that for hydrated ion, but closer to La-O in La phosphate (2.495 ± 0.022,
2.523 ± 0.024, 2.511 ± 0.016 Å for La-adsorbed apatite, LaPO4, and monazite, respectively,
in Table 3). These values are also consistent with that previously reported for LaPO4
(= 2.53 ± 0.004 Å) [49]. These features as well as the presence of P in the XRF spectrum
(Figure 9a) suggest that the La3+ species is not a hydrated ion, but likely phosphate at Point 2.

At Point 2, Nd K-edge EXAFS was also obtained (Figure 12). The fitting results in
the R-space (Table 3) show that the Nd-O distance is 2.348 ± 0.028 Å, which is reasonable
based on a previously reported value for Nd in phosphate glass (2.367 ± 0.009 Å; [50]).
Considering the Nd-O distance of the hydrated Nd3+ ion (2.489 Å; [49]), it is reasonable
that REE-O distance of REE phosphate is shorter than that of hydrated REE3+ for both La3+

and Nd3+. This fact is consistent with the speculation shown above that REE-phosphate is
formed at Point 2.
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Given that REEs in the phosphate are generally non-leachable [7,51], identification
of leachable and non-leachable REEs in clay minerals and phosphate, respectively, by
HE-µ-XRF-XAFS is important to characterize REEs in SWG. This means that the leaching
behavior of REEs from SWG is closely related to REE species. Thus, HE-µ-XRF-XAFS
analysis contributes to unraveling these chemical processes and the availability of REEs
from resources. Although the host mineral of REEs in SWG cannot always be determined
solely by HE-µ-XRF-XAFS, a combination of HE-µ-XRF-XAFS, SIMS, and transmission
electron microscopy (TEM) can play an important role in understanding the chemical
bonding of REEs, their abundances, and host minerals in SWG or other REE-bearing
samples [45,52].

Table 3. Results of the EXAFS curve fitting for bulk (representing Point 1) and Point 2.

Sample k Range
(Å−1)

FT Range
(Å) Shell CN R

(Å)
∆E0
(eV)

σ2

(×10−3 Å2)
Residual

(%)

Bulk (Point 1) 2.35–7.25 1.19–2.57 La-O 9 * 2.559 ± 0.017 −3.40 ± 1.70 9.8 ± 2.6 2.1

Point 2
2.35–7.25 0.89–2.55 La-O 9 * 2.515 ± 0.026 −5.39 ± 2.51 16.4 ± 4.1 1.3

1.65–6.05 0.58–2.52 Nd-O 9 * 2.348 ± 0.028 −12.3 ± 2.22 18.8 ± 5.5 1.8

0.05 M La(NO3)3 solution 2.35–7.25 1.26–2.58 La-O 9 * 2.560 ± 0.025 −3.73 ± 2.57 9.8 ± 4.0 0.91

La-adsorbed mnt 2.35–7.25 1.32–2.58 La-O 9 * 2.561 ± 0.025 −1.54 ± 2.56 8.5 ± 3.9 0.95

La-adsorbed apatite 2.35–7.25 1.41–2.39 La-O 9 * 2.495 ± 0.022 −2.43 ± 2.11 14.2 ± 3.6 0.057

LaPO4 2.35–7.25 1.29–2.42 La-O 9 * 2.523 ± 0.024 −2.03 ± 2.22 15.4 ± 3.7 0.59

Monazite 2.35–7.25 1.27–2.49 La-O 9 * 2.511 ± 0.016 −2.88 ± 1.40 20.2 ± 2.6 1.1

* The value was fixed at 9 during the fitting [53–55]. CN: coordination number; R: interatomic distance; ∆E0 shift
of threshold energy; σ: Debye-Waller factor. Abbreviation: mnt = montmorillonite.

4. Conclusions

In this study, HE-µ-XRF-XAFS analysis was established for K-edge XAFS and XRF
including K lines of REEs in natural samples by using an incident X-ray microbeam (size:
ca. 1 × 1 µm2) between 38 and 54 keV. We removed high-order harmonics by detuning the
second crystal of the DCM for low-energy regions (7–15 keV) while using a third-order
X-ray with Si (111) as DCM for high-energy regions (38–55 keV). The results revealed
that the detuning does not change the position of the X-ray microbeam on the sample in
our system, which allows for the measurement of XAFS at various edges from Fe K-edge
(7.1 keV) to REE K-edges (38.9 and 43.6 keV for La and Nd, respectively), at the same spot
using one optical setup. As a result, HE-µ-XRF-XAFS analysis enables us to obtain the
following: (i) REE patterns (i.e., concentrations of REEs) from La to Dy; (ii) distribution of
REEs and other elements with spatial resolutions better than 1 µm without interferences
between REEs and other elements; and (iii) µ-XAFS at various edges from 7 to 54 keV
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including K-edges of REEs and Fe. We applied the method to the REE-enriched SWG
sample, which showed that (i) most REEs are adsorbed on clay minerals widely distributed
in the grain boundary formed during the weathering of granite and (ii) other REEs are also
found in apatite among residual mineral particles during weathering. The REE patterns
and La and Nd K-edges EXAFS obtained by HE-µ-XRF-XAFS at each spot contribute to a
better understanding of the geochemical behavior of REEs in the natural system such as
the formation of IAD during weathering of granitic rocks.

The proposed method is unique compared with other local analyses for trace elements
such as LA-ICP-MS and SIMS in terms of the following: (i) high spatial resolution (better
than 1 µm); (ii) speciation is possible by XAFS; and (iii) much lower degree of damage by
the beam on the sample. Although its application is limited from La to Dy at present, it
is expected that further development of the KB mirror and synchrotron radiation X-ray
sources at higher energy will enable us to extend the method to entire REEs with sufficient
photon flux.
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