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Abstract: A light REE (LREE)-bearing mineral called chevkinite (Ce, La, Ca, Th),(Fe?*, Mg),(Ti,
Fe3+)3Si4022, originating from a heavy metal placer deposit Aksu Diamas in Turkey, previously
assessed for potential REE extraction as a by-product of magnetite production, was studied using
scanning electron microscopy with energy and wavelength-dispersive spectrometers (SEM EDS-
WDS). This mineral exhibits analytical challenges associated with severe X-ray energy overlaps
between the REE, titanium, and barium. Here, we present an iterative process, showing that SEM
EDS-WDS is a viable technique for obtaining good quality quantitative data. SEM EDS-WDS is an in
situ, non-destructive, and relatively non-expensive technique, but operator’s experience is essential
to obtain good quality data. In cases where the peak fitting remains challenging, in particular, and
where the constituents have large differences in abundance, an assessment of the X-ray spectrum to
qualitatively assign all peaks is essential prior to quantitative analysis.

Keywords: SEM EDS-WDS; quantitative; rare earth elements; X-ray; microanalysis; spectral overlaps

1. Introduction

Rare Earth Elements (REE) are currently of significant economic importance due to
high demand for their use in the energy and technology, sectors, including neodymium-
iron-boron (NdFeB) magnets for electric vehicles or La-series glass for optical lenses in
smartphones and tablets [1]. Concerns regarding supply interruption [1] classify these
elements as critical raw materials [2,3]. REE occur in a range of ore deposits with minerals
including silicates, carbonates, and phosphates. Primary global resources of the REE
are dominantly hosted in carbonatite [4] and alkaline igneous intrusions [5]. In these
lithologies, the REE are hosted by a range of minerals including bastnésite, monazite, and
others (Table 1), with carbonatites being the main source of light REE (LREE = lanthanum to
gadolinium) [3]. Global resources of heavy REE (HREE = yttrium to lutetium inclusive) are
dominantly sourced from Chinese secondary regolith-hosted (weathered carbonatite and
soil) ion-adsorption deposits, in which the REE are inferred to be weakly adsorbed onto
clay minerals [3,6]. The demand for the REE drives research into new and/or alternative
sources of these elements and into methods for their investigation. Here, we provide details
of the microanalytical investigation of chevkinite-(Ce). Samples originated from the heavy
mineral placer deposit Aksu Diamas in Turkey, which has been assessed for potential REE
extraction as a by-product of magnetite production [7]. The REE content in chevkinite is
dominated by the LREE [8], making chevkinite a potential future resource of the LREE [7].
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Table 1. A selection of the most common REE-bearing minerals found in carbonatite and alkaline
igneous intrusions.

Mineral Name Formula
Fluorcarbonates: Bastnasite, (Ce,La)(CO3)F
Parisite-(Ce), Synchysite-(Ce) Ca(Ce,La)y(CO3)3F;
Monazite (Ce,La,Nd, Th)PO4
Allanite Ca(REE,Ca)Al,(Fe2* Fe3*)(5i04)(Si, O7)O(OH)
Apatite Caz(POy4)3(C1/F/OH)
Eudialyte Nay(Ca;Ce), (Fe2*;Mn?*)ZrSigOny (OH;CL), (?)
Loparite (Ce,Na,Ca)(Ti,Nb)O3
Pyrochlore (Ca,Na);Nb,O4(OH,F) REE-bearing
Steenstrupine NajsMn?*,Fe3*,Ceg Zr(SigO15)2 (PO4)(PO3;OH)(OH), -2H,0

Chevkinite belongs to the Chevkinite Group Minerals (CGM) that are titanium- and
REE-bearing silicates reported from a wide variety of lithologies, including mafic to felsic
intrusive and extrusive igneous rocks [9], high-grade metamorphic rocks [10], metasomatic
rocks [11], and lunar basalts [12]. The CGM display complex crystal chemistry, with a
general formula of A;BC,D,(SirO;),0s, where A—(LREE, Y, Ca, Sr, Th); B—(Fe?*, Mn?*,
Mg2+); C—(Fe?*, Fe’*, Ti, Al, Zr, Mg, Nb, Mn); and D—(Ti) [13-15]. This chemical
complexity, and the common presence of specific trace elements, can be used to fingerprint
geochemical processes and/or lithological facies. The high REE contents in CGM, in some
cases reaching 50 wt% (as REE,;O3), make them a good candidate for future LREE resources.
The complex crystal chemistry, especially the presence of REE and Ti as major elements
and Ba and V as trace elements (<1 wt%), causes analytical challenges when chevkinite is
analysed using energy and wavelength-dispersive X-ray spectrometry in an electron probe
microanalyser (EPMA) or scanning electron microscope (SEM).

This paper presents the evaluation of analytical protocol for the use of SEM Energy-
Dispersive-Wavelength-Dispersive Spectrometry (SEM EDS-WDS), with a focus on X-ray
energy overlaps in the range of 4.5 and 5 keV (2.7-2.4 A wavelength). Although the
EPMA is commonly accepted as the “gold standard” for quantitative microanalysis of
REE-bearing minerals, including CGM, SEM EDS-WDS is a useful alternative method
for microanalysis of such minerals. First, there are many more SEMs available, although
not all SEMs are equipped with WDS analytical capability; in the UK’s University Earth
Science departments, there are approximately 45 SEM instruments vs. approximately
13 EPMA. Secondly, EPMA and expert operation is not always logistically and financially
viable. Finally, SEM can offer other high-resolution imaging, superior contextual imaging,
and an easier user interface. The multi-technique approach is important to the thorough
understanding of materials and processes at micro- and nano-scale, from which inferences
on large-scale systems and processes can be made. Contextual data for the chevkinite
analysed here is presented in Deady et al. [7].

1.1. Brief Introduction to SEM EDS-WDS

The quantitative analysis of simple combinations of LREE by EDS has long been
established [16], but complex mixtures of REE have been much more challenging. A
detailed evaluation of the silicon drift detector EDS (SDD EDS) system for performing high
accuracy and precision microanalysis is given by Newbury and Ritchie [17].

EDS provides fast, accurate results for major (>10 wt%) and many minor (1-10 wt%)
elements, and continuous system developments enable users to solve increasingly complex
quantitative analytical challenges [18]. The development of SDD and associated analytical
advancements (fast pulse processors, data transfer speeds, software refinement) make the
accuracy and precision of SDD-EDS derived data comparable to that of EPMA equipped
with several WDS detectors [17,19]. Advantages of WDS include [1] measurement of minor
and trace elements (<1 wt%) especially when concentrations are below 0.1 wt% [20]; and [2]
superior spectral resolution to EDS (0.01 keV vs. 0.145 keV at Mn Ke, in our system),
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reducing peak interferences. Therefore, an SEM with SDD-EDS and WDS detectors is a
powerful tool for the contextual quantitative analysis of chemically and texturally complex
and challenging geological materials [21]. It is imperative that a careful SEM EDS-WDS
measurement must also follow some EPMA procedures [17]. This includes the well-
polished surface for samples and standards, which improves the precision and accuracy
of the analytical results [17]. Additionally, the surfaces of samples and standards must be
placed at the identical working distance (i.e., the distance from the electron beam column to
the sample surface) and inclination, so that the take-off angle is optimal for the application
of matrix correction protocols.

1.2. X-ray Energy Overlaps between 4.5 and 5 keV (2.7-2.4 A Wavelength)

Major elements REE and Ti and trace elements Ba and V in chevkinite have severe and
complex X-ray energy overlaps in EDS’s 4.5 to 5 keV spectral region. The REEs, commonly
called lanthanides, comprise 15 elements with atomic number Z from 57 (La) to 71 (Lu) [3].
Among them, Pm (Z = 61) is rare and unstable in nature. Yttrium (Z = 39), although
not a REE, shares similar chemical and physical properties with the heavy lanthanides
and typically occurs in the same deposits as other REEs; therefore, it is grouped with the
HREE [3].

In X-ray spectroscopy, the extremely complex L-line families of REE spread over a
range of energies, making WDS peak and background determination and measurements
a challenge [22,23]. LREE X-ray lines are mostly resolvable by WDS. On the other hand,
EDS is unable to resolve the peak overlaps with Pr, Eu, Gd, Ho, Er, Tm, and Lu [24]. Peak
overlaps in an EDS spectrum create combined peaks of non-ideal shapes, and element
identification and quantification by EDS is dependent on the ability to mathematically
deconvolve the constituent peaks. Therefore, results are subject to software deconvolution
limitations, which yields significant uncertainties in both qualitative and quantitative
analyses, especially for minor elements. A detailed study on Ba and Ti overlaps in barium
titanate (BaTiO3), benitoite (BaTiSi3Og), and Ba-Ti-Si-O glasses using the ‘NIST DTSA-II'-
EDS software demonstrated that SDD-EDS is capable of achieving results comparable to
WDS in some severe overlap cases [17]. However, EDS peak fitting is especially challenging
when the elements have significantly different concentrations in the analysed volume. Due
to the presence of significant minor X-ray peaks associated with major elements, analysis
of an unknown must be performed iteratively [25]. In this study, the most significant
challenges in the analysis are due to large differences in concentration, including: (i) decon-
volution of overlapping peaks originating from major elements (Ti, La, and to lesser extent
Ce); (ii) interference in background measurements from peaks of lower relative intensity
(Pr, Nd, V, +/—Ba); and (iii) minor and trace element detection in the overlapping peaks
region (Ba and V).

The principal peak interferences for chevkinite in our study are among the first
few LREE (La, Ce, Pr, Nd) with multiple L« lines (4.651-5.208 keV), Ti multiple K lines
(4.511-4.932 keV), Ba multiple L lines (4.466-5.157 keV), and V multiple K lines (4.952-5.427 keV).
The peak separation in this region is difficult and largely unresolvable with the lower reso-
lution EDS systems. The resolution of the EDS system in British Geological Survey (BGS,
Nottingham, UK) (based on the ‘full width at half height’ (FWHM) of the Mn Ka X-ray
peak, 5.9 keV), was 145 eV under actual analytical conditions, contrasting with the 10 eV
resolution of a typical WDS system. The peak separations between the element of concern
are illustrated in Figure 1.
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Figure 1. Illustration of the main X-ray overlaps in the 4.4-4.9 keV spectral region of the chevkinite

mineral group.

The main aim of this work was to develop a protocol for the combined SEM EDS-WDS
analysis of major, minor, and trace elements present in minerals that exhibit complex and
severe X-ray energy overlaps, using chevkinite as an example of peak interferences between
4.5and 5 keV (2.7-2.4 A wavelength). In particular, we present an iterative analysis of a
dataset derived from Oxford Instruments software on an unknown material, to understand
the sequence of steps necessary to ensure high-quality results. To make it applicable to other
EDS system manufacturers, acronyms and procedure names used by Oxford Instruments
are explained in the text.

2. Materials and Methods
2.1. Samples and Preparation

The chevkinite grains analysed in this study were from the Aksu Diamas iron-REE
placer deposit in Turkey [7]. Samples were sieved to collect the 125-250 pum size fraction.
After manual removal of the magnetite using a handheld magnet, the heavy minerals
were separated using a Frantz isodynamic magnetic separator at the Natural Environment
Research Council (NERC) Isotope Geosciences Laboratory (NIGL), Keyworth, UK. Both the
magnetic and non-magnetic fractions were sampled. The separated heavy minerals were
prepared as polished thin sections at the BGS. These sections were coated with a 25 nm
layer of carbon to ensure sample conductivity prior to analysis.

2.2. Analytical Equipment

The SEM used in this study was an FEI Quanta 600 SEM (FEI, Hillsboro, OR, USA)
fitted with an Oxford Instruments X-Max 50 mm? SDD for EDS, and INCAWave 500
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spectrometer (Oxford Instruments, Abingdon, UK) for WDS, running Oxford Instruments
INCA (v4) software. INCA software applies XPP (Pouchou and Pichoir) matrix correction
methods [26] and uses an iterative filtered least squares fit to include background removal
for peak deconvolution [27]. The SEM was operated at high vacuum of ca. 1 X 103 Pa,
10 mm working distance (optimal for the detector geometry in the FEI Quanta 600 sample
chamber), 20 kV accelerating voltage, and 10 nA beam current, with both EDS and WDS
detectors having take-off angles of 35°. An EDS process time of 4 (on the scale of 1-6,
where 1 represents the shortest process time, and longer process times result in fewer
collection artefacts, narrower peaks, and better peak to background response) resulted in
deadtimes <45%, within the linear response range of the X-max SDD. The images of the
phases were acquired using the backscatter electron (BSE) detector, displaying contrast that
is proportional to average atomic number [28].

INCAWave 500 is a horizontal-inclined fully focusing WDS spectrometer with a geom-
etry similar to EDS. The focus was obtained by fixing the Working Distance (WD = 10 mm
in our case) and adjusting the stage height until a sharp image at high magnification is
achieved. As long as the sample is in focus for EDS analysis, it is also in focus for WDS data
acquisition. The WDS spectrometer uses the diffracting crystal to focus the characteristic
X-ray into the detectors.

2.3. Method: SEM EDS-WDS

Chevkinite crystals were located in the polished thin section using a dedicated particle
search software (INCA Feature), making use of the higher BSE brightness of the chevkinite
than most of the other phases present. An initial assessment of their compositional char-
acteristics based on BSE imaging at min <+ max brightness <+ contrast conditions, EDS
spectra, X-ray element distribution maps, and WDS scans over selected spectral regions
revealed that many of the crystals displayed strong chemical heterogeneities, mainly re-
lated to the variable amounts of Th and Fe. The heterogeneities reflect both growth and
alteration histories (Figure 2). Then, analytical sites were chosen in homogeneous areas
in crystals with low complexity avoiding boundaries, as well as inclusions, defects, and
grain margins.

Figure 2. BSE image of a chevkinite crystal with complex growth and alteration-related chemical
heterogeneities, and a typical EDS spectrum revealing chemical complexity.

Prior to quantitative microanalysis, the SEM beam current was monitored for its
stability for approximately 180 min, with the electron beam in spot mode placed in a
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Faraday Cup mounted on the sample holder and measured using the SEM system’s
specimen current monitor. Once the beam became stable (<£1% beam current variation
in 30 min), the beam current was recorded for the WDS detector. Then, an ‘INCA quant
optimisation” was performed to calibrate the EDS detector to determine all other peaks
accurately on the day. This required the acquisition of a high-quality EDS spectrum
from a suitable element (in our case cobalt) from which details of the beam current and
spectrometer gain are calculated and stored (Oxford Instruments, INCA, 2006).

Both EDS and WDS systems were used in user-calibrated mode. The materials used
to calibrate the EDS system are listed in Table 2. A count time of 60 s real time was used for
EDS quantification, with process time set to 4. Calibration was regularly checked against
a secondary mineral standard. It is appreciated that the standards should ideally reflect
the composition of the unknown mineral analysed, but for the chevkinite mineral, this
is challenging. For this purpose, two types of standards have been used: manufactured
REE glasses standards [29] and BGS in house standard, augite pyroxene, which are both
frequently analysed by CAMEXA SX50 electron microprobe and SEM-EDS systems at BGS
in the past [7,16,30]. Procedures used for the SEM-EDS quantitative microanalysis were in
line with those recommended by the ASTM Standard [31].

Table 2. Details of WDS analysis for minor and trace elements, including X-ray line, standards, diffracting crystal, and

count times peak/background selected appropriately to the concentration of an element in the mineral. B-standards used

for the EDS analysis.
A—WDS Standards B—EDS Standards
Element Standard X-ray Line Crystal Courl;’;l;l“ tme Element Standard Formula
Ti SrTiOs Ko PET 20/10 Mg Forsterite Mg,SiOy
A% V metal Ko PET 60/30 Fe Fayalite Fe,Si0y
Sr SrTiO3 Lax PET 60/30 Ca, Si Wollastonite CaSiO3
Ba BaSOy4 Lo PET 60/30 Ba Barite BaSOy4
La LaBg Lx PET 20/10 Na Jadeite NaAlSipOg
Ce CeO, Lo PET 20/10 Al AL, O3 N/A
Pr PrAlO; Lp LiF 60/30 Zr ZrO, N/A
Nd NdAIO; Lp LiF 60/30 Mn Mn metal N/A
Sm SmAIO; Lp LiF 60/30 Nb Nb metal N/A
Th Th metal N/A

For the WDS analysis, pure element and compound standards were used (Table 2). The
WDS system was re-calibrated every 24 h to accommodate changes in ambient temperature
conditions. The INCAWave multi-crystal spectrometer changes crystals on-the-fly rather
than first moving to a specified position on the Rowland circle, flipping to the appropriate
crystal, and moving back to the correct position on the circle for analysis of the desired
element. These steps reduce the potential drift of peak positions caused by crystal flipping
or temperature fluctuations.

The WDS analysis was performed using one horizontal-inclined spectrometer and
two diffracting crystals: PET for Ti, La, Ce, Sr, Ba, and V, and LiF (200) for Pr, Nd, and
Sm. Although it is appreciated that Ce could potentially be susceptible to interferences
from Ba and Ti when run by PET and not LiF, the spectral range of LiF (200) crystal used
here, i.e., 1.1436-2.4827 A, precluded its use for Ce Lx at 2.5615 A. However, Ce is a major
element in chevkinite and has previously been successfully analysed by PET crystal from
minerals [32].

The counting times on the peak/background varied depending on the concentration,
with 60/30 s for minor and trace elements and 20/10 s for major elements, respectively
(Table 2). The peak and background positions for elements analysed are shown in Figure 3.
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Figure 3. (A) Background positions for the X-ray L lines of elements analysed. Note * One bckg
selected only because of the limitation of the crystal range. (B) Visual representation of X-ray peaks
for the closely spaced major elements (Ti, La, Ce) analysed here and the selection of their background
positions. Note a step-in background at 2.475 A related to the change of diffracting crystals from PET
to LiF during data collection.

To track and account for beam variation throughout the analytical process, beam
current analysis was performed approximately every 90 min, bracketing sets of EDS and
WDS analyses. Typically, on the unknown material, with nine elements being measured on
WDS (under the conditions of Table 2), this represented beam checks every three analyses.
Beam current measurement every analysis on unknown would involve another variable
related to the re-location of exactly the sample analytical spot.

3. Results
3.1. Resolution of Analytical Problems Relating to Peak Overlaps

This section considers one dataset obtained using SEM EDS-WDS, which was pro-
cessed iteratively in the INCA software in six different ways (i.e., scenarios) to illustrate
(1) challenges arising from X-ray energy overlaps and (2) the importance of compositional
screening of a material, where previous knowledge of the composition is unavailable.

The challenges include analysing La and Ce using EDS or WDS, and detection of Ba
with different processing scenarios (Table 3). It is noted that Ba, which can be present in
chevkinite, especially in the altered crystals [33] was identified during automatic peak
search by the EDS part of INCA software (at 0.9 wt% BaO) but was not detected by
WDS during separate checks. However, it was added here as an EDS-detected element
to illustrate the associated errors possible, when prior knowledge of mineral chemistry
is unavailable.

e Scenarios 1 and 2. La, Ce, and Ti were analysed by EDS as major elements in the
chevkinite [8,34,35]; Pr, Nd, Sm, Eu, Gd, V, and Sr were analysed by WDS. Ba was
added based on EDS in scenario 1 or removed in scenario 2. This approach resulted
in repeatedly high analytical totals (>101%) arising from multiple X-ray energy lines
interference, which the INCA EDS was unable to deconvolve accurately (Table 3).
The greatest analytical challenges were caused by the identification of Ba and the
overlaps of Ba Lx; with Ti Kay with only 45 eV separation, Ba Lay with Ti Ka;
with 54 eV separation, and Ba Lxy with Ti Kx; with 60 eV separation. The INCA
automatic peak determination/fitting of the EDS data has misidentified the presence
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Ba at approximately 0.9 wt% of BaO and at the same time reduced the measured

content of Ti by approximately 0.3 wt% TiO,, when compared to scenario 2 that did

not include Ba in the data processing. Then, this overlapping pair has cascaded down

to the Ti Kxj—La Loy overlap with 0.14 keV separation, by slightly overestimating
the amount of the latter in the materials. Finally, Ba LB1 interferes with Ce Loy

(0.013 keV separation) and when added to processing, the misidentification of Ba

causes underestimation of the Ce content.

e  Scenarios 3 and 4. La, Ce, Pr, Nd, Sm, Eu, Gd, V, and Sr were analysed by WDS; and
Ti was analysed by EDS. Ba was added based on EDS in scenario 3 or removed in
scenario 4. The contents of La and Ce by WDS are not affected by the misidentification
of Ba but are notably lower when compared with the EDS-derived values. The Ba-Ti
interference resembles scenarios 1 and 2.

e  Scenarios 5 and 6. Ti, La, Ce, Pr, Nd, Sm, Eu, Gd, V, and Sr were analysed by WDS. Ba
was added based on EDS in scenario 5 and removed in scenario 6. As expected, when
Ti is analysed by WDS, there is no interference between Ti and Ba. When Ba is added
to the processing as an EDS-derived element, it affects the analytical totals but has no
effect on the content of Ti. The dataset of scenario 6 was also assessed for overlaps
between major element Ti K31 (4.932 keV) and trace element V Koy and K« (4.952
and 4.945 keV). Although the EDS measured content of Ti does not change, this overlap
affects V mostly and results in more than 100% increase in EDS-calculated content,
i.e., V205 contents from 0.27 wt% by WDS to 0.56 wt% by EDS. The errors at trace level
are significant (Table 5), confirming that INCA automatic peak determination/fitting
of the EDS data overestimates or misidentifies trace elements when peaks overlap,
similarly to the Ba-Ti overlapping discussed above. It is likely that this mis-fitting
will also affect the Si Ko (1.740 keV) and Sr L (1.806 keV) pair in chevkinite, which
requires further investigation. The contents from scenario 6 are the same as those from
scenario 4, suggesting that as long as we eliminate the interference from Ba (either
absent or to be analysed by WDS) and analyse V by WDS, it is feasible to analyse Ti as
an EDS element. This is useful for the most pragmatic, less-time consuming analysis,
while providing a high-quality dataset.

Although the differences presented in Table 3 fall within analytical errors (<2% for
major elements), it is important to understand the origin of the errors and to have optimised
practical solutions, especially for SEM-based systems without WDS. These observations
show that despite advancements in the software development, peak fitting remains prob-
lematic, especially when elemental concentrations are significantly different in the analysed
volume [17]. Furthermore, in minerals with such complex crystal chemistry and multiple
X-ray energy overlaps, an iterative assessment of the spectrum to qualitatively assign all
peaks is essential prior to quantitative analysis. Failure to do so renders the entire measure-
ment invalid [25]. The qualitative assessment can be facilitated in two ways: (1) analysis of
the “residual spectrum” that remains after peak fitting has removed all the characteristic
X-ray peaks of the identified elements [25,36] and/or (2) by performing preliminary WDS
screening analysis, but knowledge of mineral chemistry is required to choose the possible
elements for WDS screening. In the INCA software, there is no residual spectrum option,
but the unidentified peaks in the spectrum can be assessed using spectrum reconstruction
overlay [27]. However, this is not viable where the X-ray overlap is tighter than the reso-
lution of the EDS system. Thus, in our study, Ba (closely overlapping with Ti) had to be
confirmed by WDS. The output from the preliminary assessment is integral to the accurate
quantitative analysis of the unknown.
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Table 3. Results of one SEM EDS-WDS quantitative dataset for chevkinite iteratively processed in different ways (51-S6 are
scenarios 1-6). BaO * was not detected by WDS but has been added here as an ED element to illustrate analytical challenges
(NI = not included, bd = below detection).

La, Ce, and Ti by EDS (+)Ba La and Ce by WDS; Ti by EDS (+)Ba La, Ce, and Ti by WDS (+)Ba

S1 S2 S3 S4 S5 S6
X-ray Line wit% wt% X-ray Line wt% wt% X-ray Line wt% wt%

V,05 WD K« 0.27 0.27 WD K« 0.27 0.27 WD K« 0.27 0.27
SrO WD L 0.11 0.11 WD L& 0.11 0.11 WD L& 0.11 0.11
Pr,O3 WD LB 1.34 1.34 WD LB 1.34 1.34 WD LB 1.34 1.34
Nd, 03 WD LB 3.04 3.04 WD LB 3.04 3.04 WD LB 3.04 3.04

Sm, 03 WD LB bd bd WD LB bd bd WD LB bd bd

BaO WD L bd bd WD L« bd bd WD L« bd bd

BaO * ED L_ser. 0.91 NI ED L_ser. 0.91 NI ED L_ser. 0.91 NI
MgO ED K _ser. 0.61 0.58 ED K _ser. 0.61 0.58 ED K _ser. 0.61 0.58
Al,O3 ED K_ser. 2.87 2.86 ED K_ser. 2.86 2.85 ED K _ser. 2.86 2.85
SiO, ED K _ser. 20.69 20.66 ED K _ser. 20.66 20.62 ED K _ser. 20.65 20.62
CaO ED K_ser. 5.44 5.45 ED K_ser. 5.45 5.46 ED K_ser. 5.45 5.46
TiO; ED K_ser. 16.39 16.69 ED K_ser. 16.41 16.7 WD K« 16.7 16.72
MnO ED K_ser. 0.31 0.31 ED K_ser. 0.31 0.31 ED K_ser. 0.31 0.31
FeO ED K_ser. 7.98 7.96 ED K _ser. 7.98 7.97 ED K _ser. 7.98 7.97
ZrO, ED L_ser. 1.55 1.54 ED L_ser. 1.54 1.54 ED L_ser. 1.54 1.54

Nb,Os5 ED L_ser. bd bd ED L_ser. bd bd ED L_ser. bd bd
La, O3 ED L_ser. 15.65 15.55 WD L& 14.99 15.01 WD L& 14.99 15.01
Ce 03 ED L_ser. 18.86 19.04 WD L& 18.8 18.82 WD L& 18.8 18.82
ThO, ED M_ser. 5.11 5.11 ED M_ser. 5.11 5.11 ED M_ser. 5.11 5.11
Totals 101.1 100.5 100.37 99.72 100.65 99.74

Note: highlighted and bold parts are what authors have tried to test with their methodology.

3.2. Optimal Practical Analytical Protocol

Unlike in the EPMA with in-column Faraday Cup, the shifting of the beam in an SEM
with thermionic-emission gun and the Faraday Cup located outside the electron column
must be monitored by checking the beam current stability. If there is a >1% drift in the
beam current, ‘quant optimisation’ of the cobalt standard for EDS and a fresh beam current
measurement for WDS must be performed. The frequency of this will depend on the
stability of an instrument and its gun setup. This imposes limitations to the duration of
data collection from one field but with an appropriate electron source set-up (sufficient
time to warm up and centering to enable highest electron yield), the typical drift observed
during our measurements was <1% over 120 min. This gave us confidence to proceed with
analyses that lasted 30 min per analytical point.

The iterative data processing presented above in scenarios 1-6 (Table 3) determined
the elements that need to be analysed by WDS to allow for X-ray energy overlap-free EDS
results. The elements analysed by WDS included La, Ce, Ti, Pr, Nd, Sm, Ba, V, and Sr;
with the remaining analysed by EDS (Table 4). In this study, with only one WDS detector
available, the data acquisition from one data point took approximately 30 min to complete,
and beam monitoring was done after three data points, i.e., every 90 min.
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Table 4. Results of SEM EDS-WDS of quantitative analysis of five different chevkinite crystals using
the analytical protocol developed in this study. bd = below detection.

Crystal 1 Crystal 2 Crystal 3 Crystal 4 Crystal 5
SEM EDS-WDS (wt% oxide)

TiO, 17.84 17.59 15.09 14.42 16.44
V,05 0.28 0.24 0.51 0.46 0.27
SrtO 0.23 0.23 0.22 0.17 0.11
BaO bd bd bd bd bd
SEM-WDS LayOs 12.65 11.70 15.77 15.36 14.89
Ce,0; 19.21 19.04 21.59 24.16 19.09
Pr,0; 1.24 1.51 1.38 1.73 1.28
Nd,0; 3.80 445 3.96 4.80 2.99
Sm,Os5 0.23 0.38 0.23 0.26 bd
MgO 0.76 0.71 0.24 0.27 0.58
AlLO; 2.56 2.93 0.29 0.36 2.85
SiO, 21.33 20.76 19.42 19.26 20.63
CaO 6.31 6.12 3.25 1.82 5.46
MnO 0.24 bd 0.67 1.20 0.30
SEM-EDS FeO 7.69 7.59 11.52 11.70 7.99
71O, 1.62 1.76 0.39 bd 1.54
Nb,O; bd bd 1.53 0.61 bd
ThO, 2.66 5.54 1.62 2.58 5.19
U0, bd bd 0.71 0.39 bd
Total 98.64 100.52 98.35 99.55 99.60

3.3. Estimation of Precision (Reproducibility)

Previous work [30] on REE-bearing minerals suggests that for major elements in a
silicate, precision (at 2 x sigma, 95.45% confidence) is better than 2%. For the REE in
silicates with 3—4 wt% of total REE, the precision is better than 6%. In this study, additional
estimation of precision was done using chevkinite crystals, with three 30 min replicate
analyses (Table 5). Based on 2 sigma, the calculated precision falls <3% for major elements
(EDS) but increases significantly with decreasing content of a particular element. The
empirical precision calculated on replicate analyses agrees with INCA software-derived
values based on counting statistics.

Table 5. Chemical compositions for three consecutive analyses (x1, x2, x3) on two different chevkinite
crystals (crystal 6 and crystal 7) for estimation of precision.

% Empirical %Error Based on
Crystal 6 wte 1 Sigma 2 Sigma Empirical
x1 x2 x3 1o

TiO, 17.38 17.35 17.51 0.07 0.8

V,05 0.43 0.45 0.47 0.02 6.74

SrO 0.29 0.36 0.4 0.04 24.94
LayO3 18.07 17.77 18.35 0.24 2.6
Cey O3 21.81 21.66 22.25 0.25 2.29
Pr,O3 1.32 1.19 1.14 0.08 12.59

Nd,O3 2.98 2.79 2.99 0.09 6.26
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Table 5. Cont.

o Empirical %Error Based on
Crystal 6 wtie 1 Sigma 2 Sigma Empirical
x1 x2 x3 1o
MgO 0.28 0.26 0.3 0.02 12.03
AlL,O3 0.56 0.5 0.5 0.03 9.89
SiO; 19.72 19.72 19.72 0 0.03
CaO 3.15 3.12 3.1 0.02 14
MnO 0.76 0.77 0.68 0.04 10.76
FeO 11.5 11.4 11.6 0.08 1.45
Nb,O5 0 0.35 0.29 0.03 17.32
ThO, 0.92 111 1.14 0.1 18.47
Totals 99.17 98.79 100.43
Crystal 7 x1 x2 x3 Empirical 1o
TiO, 17.46 17.75 17.41 0.15 1.71
V205 0.49 0.48 0.4 0.04 17.32
SrO 0.39 0.31 0.36 0.03 17.74
LayO3 17.79 17.52 17.23 0.23 2.6
CeyO3 21.16 21.44 20.99 0.19 1.75
Pr,03 1.22 1.15 1.19 0.03 4.76
Nd;03 2.84 2.71 2.84 0.06 4.35
Smy 03 0.24 0.31 0.19 0.05 42.16
MgO 0.43 0.39 0.4 0.02 7.59
Al O3 0.52 0.5 0.57 0.03 10.9
SiO, 19.92 19.84 19.77 0.06 0.64
CaO 3.79 3.66 3.66 0.06 3.09
MnO 0.59 0.53 0.53 0.03 10.12
FeO 11.01 11.13 11.03 0.05 0.97
71O, 0.39 0.5 0.37 0.06 26.96
Nb,O5 0.35 0.37 0.43 0.03 17.75
ThO, 1.04 0.86 1.05 0.09 17.35
Totals 99.62 99.46 98.42

4. Conclusions

The demand for REE to support the transition to a low-carbon future drives research
into new and/or alternative sources of these elements, and thus into methods for investi-
gating REE. In this study, we provide a detailed microanalytical investigation of chevkinite
using SEM EDS-WDS. The REE in chevkinite are predominantly LREE [8] representing a
potential resource of the LREE in other areas of alkaline volcanism [7].

The REE are a group of chemically similar elements, with very similar atomic struc-
ture and configuration of electron shells. Upon the excitation by an electron beam, the
transitions of electrons between the electron shells produce X-rays with similar and over-
lapping energies, making analysis using the relatively low-resolution of EDS difficult. The
overlapping peaks in EDS are commonly resolved with much higher resolution WDS.
With the advanced SDD EDS systems, quantitative analysis of minerals with high accu-
racy and high precision can be obtained using standard SEM EDS-WDS. However, we
have demonstrated that despite sophisticated EDS software, the EDS peak fitting remains
challenging and problematic, especially when the elements have overlapping X-ray lines
and significantly different concentrations in the analysed volume, e.g., Ti and La as major
elements and Ba and V as potential trace elements in chevkinite in this study. It is essential
to accurately assign all peaks of the X-ray spectrum prior to quantitative analysis. When
the X-ray overlaps are tighter than the resolution of the EDS systems, WDS analysis is
critical. We further demonstrated that combined EDS-WDS approach based on SEM is an
adequate technique for quantitative microanalysis of complex minerals, such as the CGM.
Choices for quantitative analysis of minerals between EPMA and SEM EDS-WDS depend
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on (1) research needs, i.e., trace element complex microanalysis (e.g., for dating) versus
a contextual analysis of major and minor element; (2) logistical access to EPMA or SEM
EDS-WDS; and (3) the need for contextual perspective (both spatial and textural) to any
microanalytical data that are of importance to the thorough understanding of materials and
processes at the nano- and micro-scales, from which inferences can be made on systems
and processes at a macro-scale.
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