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Abstract 

Elemental analysis with imaging functionality is crucial for studies of a variety of natural 

and artificial samples. In particular, for pristine and rare analytes at a micrometer scale 

on the surfaces, a non-invasive and quantitative manner without sample pre-treatments is 

favorable. Furthermore, their chemical or physical heterogeneity may induce undesired 

effects from the sample matrix on a spectral analysis called "matrix effects." X-ray 

fluorescence analysis (XRF) is one of the classical techniques which suffer from these 

challenges. To overcome the challenges, the present thesis proposes a new method 

sequentially combining micro-energy-dispersive X-ray fluorescence (micro-XRF) and 

Raman micro-spectroscopy. It forms on unique sample cells developed for quantitative 

analysis of exceptionally rare samples. To investigate an asteroid Ryugu sample, the 

author constructed analytical technologies step-by-step. First, the author confirmed that 

the sensitivity to light elements of micro-XRF was significantly improved, and that light 

element micro-XRF (LE-M-XRF) allowed us to quantify carbon and heavier elements. 

Second, the proposed sample cell achieved milligram-scaled quantitative analysis in 

micro-XRF, providing significant accuracy. Third, a non-invasive and matrix effect-free 

analysis of cation compositions of carbonates was developed. The shifts of Raman 

wavenumbers for lattice modes discriminately reflected cation substitutions. Furthermore, 

the degree of freedom in XRF quantitative analysis and Raman analysis led to the 

construction of a map, which was one-to-one correspondence. This conversion matrix 

provided Raman micro-spectroscopy with a quantitative nature without any matrix effects. 

Samples from the asteroid Ryugu were predicted to consist of organic matter and water 

(hydrated minerals). The author’s mission in Hayabusa2 project was to clarify elemental 

compositions and minerals contained in Chapter 5. The LE-M-XRF in Chapter 2 

contributed to determining that the carbon content was approximately 4.8 wt.% by cross-

checking the data by WDXRF. Special sample cells were developed for Ryugu samples 

based on the original designs in Chapter 3. The conversion matrix was further improved 

from the one in Chapter 4 and a non-invasive Fe+Mn scale for dolomite grains was 

established. The cation compositions of Ryugu dolomites were determined, and it turned 

out that the Fe+Mn abundance was 10-15% on average. This trend agreed with 

precedented studies about other chondrites and Ryugu samples. Finally, the thesis 

demonstrates that the proposed approach will be a powerful tool to reveal chemical 

compositions of rare and micrometer-scaled analytes heterogeneously distributed in a 

non-invasive manner. 
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Chapter 1 Introduction 

1.1 Introduction 

1.1.1 What is X-ray fluorescence analysis (XRF)? 

Elemental analysis is fundamental in the realm of analytical chemistry. X-ray 

fluorescence (XRF) analysis is well-known among many elemental analysis techniques. 

When incident X-rays irradiate and interact with a substance of the sample, refractive X-

rays, scattered X-rays (Rayleigh or Compton), or photoelectrons occur (Figure 1.1(a)). 

One or more electrons are expelled from the inner orbitals of the atom. This ejection of 

an electron makes the atom unstable, and the electrons from the outer orbitals of the atom 

fall into the empty hole in the inner one. Through this process, the energy gap between 

the two orbitals involved turns into an electromagnetic wave called fluorescent X-ray, 

characteristic of the atom (Figure 1.1(b)). Measuring their photons provides comprising 

elements (qualitative) and their composition (quantitative) of the sample in a non-

destructive way (Nakai, 2016).  

Figure 1.1 Schematic diagrams of the working principle of X-ray fluorescence 

(XRF) analysis. (a) Interactions of X-ray with a substance. (b) Structure of an 

atom. 
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1.1.2 Advances and the history in XRF 

A German mechanical engineer, Wilhelm Conrad Röntgen (1985), discovered and named 

a new ray, which had many properties, as “X-ray” for something unknown. The 

radiograph of his wife’s left hand later became a starting point for medical diagnosis. 

Soon after the discovery, in 1913, experiments by Friedrich et al. (1913) revealed that X-

rays were diffracted by crystals and identified as electromagnetic waves. These 

remarkable findings drove the utilization of X-ray for material science and others as a 

comparable or overwhelming tool to Scanning Electron Microscope (SEM) due to its 

penetrating power. Over the century, improvements in three core components, detectors, 

light sources and optics, have been made to develop X-ray laboratory instruments. For 

example, several kinds of semiconductor detectors, such as Si (Li) or silicon drift 

detectors (SDD), reached a high count rate, high transmission of X-rays on a broader 

region, and superior energy resolution (Homma, 2016). For those who do not have easier 

access to synchrotron radiation facilities with higher-energy light sources, downsized and 

power-saving X-ray generating tubes were advanced (Homma, 2016). Because the 

refraction index of an X-ray is exceptionally close to one and the reflectivity of normal 

incident light is also highly close to zero, focusing X-rays is not as easy as focusing visible 

light with optical lenses or mirrors. Thanks to recent advances in optics, the spatial 

resolution of XRF instruments is reaching tens of microns even with laboratory 

instrumentation (Ohzawa, 2008; Tsuji et al., 2015). Along with the core components, 

other improvements, such as fast pulse processing and excellent peak deconvolution, have 

also been facilitated. Under these circumstances, one of the laboratory-based XRF 

instruments that offers micro X-ray beams called micro-XRF was developed (Ohzawa & 

Komatani, 2005; Komatani, 2016). 



11 

 

1.1.3 Facing challenges 

Thus, the non-destructive, penetrative, and quantitative properties of XRF help us find 

the locations of analytes – in some cases, even invisible (i.e., buried) – and characterize 

the samples. Micro-XRF has been widely used in various of fields and purposes (Figure 

1.2). In recent years, materials in industrial products have been multi-functionalized. Also, 

weight saving and miniaturization of electronics and electrical components have 

advanced. These worldwide trends have accelerated public needs for elemental analysis 

and structural analysis in the microscopic range. 

However, we face the following two challenges in XRF to meet the needs.  

1. XRF requires a large quantity of sample. Sample pre-treatments that deliver 

irreversible alterations through chemical or physical reactions are unfavorable to 

exceptionally rare samples, because they destroy or damage the sample. In addition, 

they may lose primitive information which the sample used to have. They frequently 

give birth to the risks of cross-contamination and sample loss.  

2. Effects from the sample matrix are almost inevitable. In this thesis, the term sample 

matrix means a major component of a sample. Characteristics of the sample, such as 

Figure 1.2 Examples of various fields and purposes of XRF applications. 
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surface roughness and heterogeneity of the composition, negatively influence 

spectral patterns or cause difficulty discriminating signals of an analyte from the 

sample matrix. Consequently, these reduce the accuracy of quantitative analysis. 

Hereinafter, these negative effects concerning the sample matrix are called “matrix 

effects.” 

In this thesis paper, the author aims to develop a novel analytical method, overcoming 

the two challenges. A light element micro-XRF and a unique sample cell for rare samples 

have made us overcome the first challenge merely through XRF. To solve the second 

challenge, we have developed a matrix effect-free quantitative method that complements 

disadvantages of micro-XRF and Raman micro-spectroscopy through sequential 

combination of techniques. Furthermore, the author aims to practice and evaluate the 

capability of the developed techniques with different samples. 

 

1.2 Outline 

The thesis comprises six chapters. The rest of this thesis is organized as follows. Chapter 

2 reviews that we examined the capabilities of a new micro-XRF with a graphite detector 

window using several samples which had light elements, such as carbon, oxygen, and 

fluorine. Chapter 3 introduces the development of quantitative analysis with micro-XRF 

for extremely rare samples, concretely samples weighing 1 mg. Chapter 4 illustrates 

conversion matrices to roughly quantify major cations of terrestrial carbonates in a matrix 

effect-free manner. Chapter 5 briefly reviews the improvements of the proposed methods 

introduced in earlier chapters to study the samples from Asteroid Ryugu. After that, we 

discuss the results obtained and the value of the proposed approaches by comparing those 

of conventional methods from an analytical point of view. 
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Chapter 2 Light element micro-XRF 

2.1 Introduction 

Over the decades, public concerns and awareness about global warming and sustainability 

have increased. Under the circumstances, top makers of industrial materials worldwide 

have been developing carbon neutral materials to achieve net-zero carbon dioxide 

emissions, or reinforced plastics such as carbon/boron fiber reinforced plastics to provide 

excellent robustness and strength against weight. Today, these materials are popular in 

aerospace, engineering, automotive motorsports, and others. Hence, a qualitative and 

quantitative analysis of such compounds or materials containing light elements is strongly 

preferential. 

However, it is challenging to implement such an analysis, particularly without any 

pre-treatments. Table 2.1 presents several methods frequently used in elemental analysis 

that allow detection of light elements, including carbon, oxygen, and fluorine. Among 

these techniques, the highest sensitive is inductively coupled plasma mass spectrometry 

(ICP-MS) (Thomas, 2013). Under the atmosphere filled with Ar plasma, ICP-MS can 

measure sprayed liquid samples and it can detect ionized elements by a mass spectrometer. 

Elements measurable range from Li, and it can provide quantitative analysis with the 

lower limits of quantification at around several ppm or even ppb levels (Thomas, 2013). 

A crucial drawback is that it cannot detect volatile elements, such as carbon, nitrogen, and 

oxygen, and also halogens, like fluorine or chlorine. During destructive pre-treatments, 

these elements are eliminated from the sample (Thomas, 2013). WDXRF (wavelength 

dispersive XRF) and Scanning Electron Microscope Energy Dispersive Spectrometer 

(SEM-EDX) are also well-known alternatives. In WDXRF, primary X-rays collimated 

irradiate the sample. Then, the element-specific fluorescent X-rays (secondary X-rays) 
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emanating from the sample are diffracted by analyzing crystals and collected by a detector 

(usually a scintillation counter or a proportional counter) (Homma, 2016). SEM-EDX has 

an electron beam as the excitation source, and signals called characteristic X-rays emitted 

from the sample are detected by a silicon drift detector (SDD) (Takahashi, 2016). 

Basically, as an element of interest is lighter, the fluorescence yield of that element is 

worse due to an increasing production of Auger electron. In addition, the photons 

produced significantly decline. Therefore, in WDXRF, intensified primary X-rays can 

compensate for the worse yields. In SEM-EDX, the chamber atmosphere under ultra-high 

vacuumed conditions prevents the photons from attenuating. Although these techniques 

can accurately measure elements from beryllium (Be) or even heavier, damaging sample 

pre-treatments or measurement conditions, e.g., intensive excitation (X-ray/electron) 

beams, fused glass beads, resin-embedding, or metal/carbon coating, often limit their 

measurable ranges of element to sodium (Na) or even greater atomic mass elements. 

Hence, a quantitative method for light elements, specifically carbon, without any sample 

pre-treatments is underdeveloped. 

Table 2.1 Comparison of analytical methods for light element analyses. 

 
EDXRF 

(micro-XRF) 
WDXRF SEM-EDX ICP-MS 

Excitation X-ray X-ray Electron Plasma Ar 

Lightest element 

can be measured 
11Na 4Be 4Be 6Li 

Necessity of pre-

treatments 
✓ ✓✓✓ ✓✓✓ ✓✓✓ 

Quantitative range ppm~wt.% ppm Ppm ppm~ppb 
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Compared with these technologies, EDXRF is promising but unfavorable, because it 

provides a qualitative and quantitative analysis from sodium (Na) at best. This limitation 

is because a detector window absorbs soft X-ray photons. Figure 2.1 shows transmission 

rates of soft X-rays when various window materials are used based on the theoretical 

calculation of Henke et al. (1993). Here, X-rays under 1 keV do not transmit through the 

8 m thick Be window (a usual window material for EDXRF), and the intensity of F K 

declines to approximately five percent. In contrast, the 900 nm thick graphite window can 

detect C K, O K, and F K except N K. This exception is because the absorption 

edge of C is proximate to the energy of N K, and accordingly, N K dramatically 

attenuates. Note that in the 900 nm thick Be window, the transmissions of N K, O K, 

and F K are higher than those in the graphite window since Be is lighter than C (graphite). 

Still, the 0.9 mm thick Be window has yet to be applied to the window, concerning its 

mechanical weakness for vacuuming instrument chambers.  

Figure 2.1 Theoretical calculation of X-ray transmission in the soft-X-ray range 

(Henke et al., 1993). 
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Indeed, it is not easy to apply these window materials to EDXRF due to the following 

three requirements: high transmission of soft X-rays, robustness to seal the detector unit 

airtight, and the blocking capability of visible light. Specifically, the detector window 

must shut off visible light to prevent unwanted signals from deteriorating the signal-to-

noise ratio when obtaining an optical image of the sample. In this regard, although several 

materials, such as polymers (Huebner et al., 2015; Roberts & Anderson, 2004; Scholze & 

Procop, 2005), diamonds (Ying & Xu, 2000; Reinhard et al., 2004), and silicon nitride 

(Törmä et al., 2013) have been used for SEM-EDX, they have not been employed for 

micro-XRF because these materials are mostly transparent.  

In recent years, the graphite detector window has been introduced to EDXRF. A thin 

graphite film deposited on the silicon substrate can achieve superior gas and light 

tightness and it also can present mechanical strength (Huebner et al., 2015). Lately, a 

novel Silicon Drift Detector named AXAS-A System (KETEK GmbH) has a 900 nm 

thickness detector window made of graphite. Installation of this detector to our new light 

element micro-XRF (LE-M-XRF) enables to measure elements from carbon to heavier, 

according to the catalog. 

In this chapter, we aim to develop a quantitative analysis of light element samples 

without any sample pre-treatments. Of various analytical methods, we focused on the LE-

M-XRF with an energy dispersive spectrometer, and we verified its performance. First, 

the improvements in sensitivity to carbon and fluorine consisting of a standard sample 

were evaluated in comparison of measured intensities with the theoretical ones. Second, 

we performed imaging analyses to study the distributions of light elements, using 

different samples without pre-treatments.  
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2.2 Experiments 

2.2.1 Instrument 

Micro-XRF experiments were performed with a HORIBA XGT-9000 X-ray Analytical 

Microscope (Ohzawa & Komatani, 2005). Figure 2.2 is a schematic figure that illustrates 

the optical configuration. Primary X-rays were generated by the Rh target and focused by 

a glass poly-capillary (Kumakhov, 2000; Thiel et al., 1993) called X-ray Guide Tube 

(Ohzawa, 2008) into approximately 100 m in diameter. The focal point is at the working 

distance of 1 mm. XGT-9000 vertically irradiated samples on the specimen stage with the 

primary X-ray beam from above. Fluorescent X-rays emitted from the samples were 

collected by the SDD (AXAS-A System, KETEK GmbH) placed from 45° above. 

Hereinafter, this thesis describes this detector as "C window detector" and, in contrast, 

the detector with an 8 m thick Be window as "Be window detector". The full width at 

half maximum (FWHM) of C window detector at Mn K (5.89 keV) was approximately 

128 eV. The difference in sensitivity to light elements between these two detectors is 

described in the following section. The element images were displayed in gradation based 

on specimen stage X-Y coordinates and the X-ray intensity of each element of interest 

with the original software HORIBA X-RAY LAB For XGT-9000 SERIES (ver. 1.5.0.23.).  

2.2.2 Samples 

The optical images of samples obtained by the CCD camera above the specimen stage 

will be summarized in Appendix A. For the evaluation of the improved sensitivity, a piece 

of polytetrafluoroethylene (PTFE) tube was prepared (Figure A.1). An example of failure 

analysis prepared was a stainless 6-way switch valve as part of sulfur (S) analyzing unit 

of an instrument (Figure A.2). Another example is a sheet of the separator of an 

automotive battery contacting the positive electrode (Figure A.3).  
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2.2.3 Measurement conditions and instrumental settings 

We optimized the following instrumental settings to enhance the sensitivity to light 

elements: the X-ray tube voltage, the peaking time, and the chamber atmosphere. We 

made the X-ray tube voltage 15 kV because radiation with the lowest tube voltage 

preferentially excites carbon, oxygen and fluorine. We chose the longest peaking time 

(1.25 s) to deconvolute a peak of interest from overlapping ones from L lines of heavier 

elements. During the experiments, we selected "Whole Vacuum" mode, where the 

atmosphere inside the entire chambers was kept being vacuumed under tens of Pa to 

mitigate the attenuation of photons. As for the PTFE tube, one spot shown in the black 

arrowhead was probed (Figure A.1). Maximized X-ray tube current and the measurement 

time (1000 A and 1000 s, respectively) enhanced the count rate and signal-to-noise ratio.  

Figure 2.2 Exterior photograph (a) and schematic illustration of the optical 

configuration (b) of Analytical Microscope XGT-9000. Instrumental settings were the 

following: 15 kV (X-ray tube voltage), 1000 A (X-ray tube current), 1 mm (X-ray 

working distance) and 1.25 s (peaking time). For the elemental imaging, XGT software 

automatically defined the step size depending on the number of pixels and the size of 

imaging area. The X-ray guide tube was a glass poly-capillary optic with 100 m at the 

focal point. 
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The area squared 16.4 mm on the corroded surface of the valve was scanned. The X-

ray tube voltage, the peaking time and the chamber atmosphere were all identical to the 

settings for the PTFE tube. The tube current, the step size, and the measurement time were 

550 A, 64 m and 1000 s, respectively.  

The measurement area 2.56 mm wide and 0.75 mm high in the separator sheet was 

analyzed. The X-ray tube voltage, the peaking time, and the chamber atmosphere were 

all identical to the settings for the PTFE tube. The tube current, the step size, and 

measurement were 1000 A, 10 m, and 24000 s, respectively. This setting indicates a 

remarkably smaller step size than the beam size, in short, oversampling. It should be noted 

that an advantage of the oversampling is that it realizes a higher count rate than the 

condition where the step size is equivalent to the beam size. 

2.3 Results and discussions 

2.3.1 Evaluation of the improved sensitivity to lighter elements 

First and foremost, we evaluated the improvement of sensitivity to light elements of the 

C window detector using a standard sample, the PTFE tube. The spectra of fluorescent 

X-rays are shown in Figure 2.3. A peak around 0.67 keV of fluorine (F) K in the C 

window detector spectrum is prominent, while that in the Be window detector is slightly 

noticeable. The X-ray intensities of F K from the C window detector were 13 times 

higher than those from the Be window detector. According to Figure 2.1, the improvement 

theoretically calculated is approximately 4.5 times. This over-achievement is unclear, but 

one possible reason is that the F K peak in the Be window detector remarkably smaller 

than expected due to a higher dead time for higher energy photons, and therefore the Be 

window detector did not F K and other lower-energy photons. Also, a peak around 0.27 

keV of carbon K is present in the C window detector alone. Thus, we found that the 
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sensitivity to the two elements was significantly improved. Hereinafter, the spectra were 

obtained only by the C window detector.  

2.3.2 Lower limit of detection (LLD) of carbon  

We calculated the lower limit of detection (LLD) of C from the following formula 

(Nishino, 2016). 

𝐿𝐿𝐷 = 3 ∙
𝑊

𝐼𝑛𝑒𝑡
 ∙ √

𝐼𝐵𝐺
𝑡

   (2.1) 

W: elemental abundance [wt.%], t: measurement time [s],  

Inet: Net intensity [cps], IBG: background intensity [cps] 

In Eq.(2.1), C and F contents were theoretically determined based on the proposition 

that the chemical formula of the PTFE tube is C2F4. Since conventional EDXRF can 

measure Na at a percent level, the resulting LLD 1.5 wt.% certainly showed an 

improvement. Also, the LLD is comparable to the previous study (Shibata, 2016) 

reporting that the LLD of C was approximately 2.5 wt.% from the analysis of cement 

(CaCO3). 

Figure 2.3 Magnified XRF spectra for the PTFE tube in (a) near F K region and 

(b) near C K region obtained by the two detectors. The green box in the figure (a) 

corresponds to the figure (b). 
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2.3.3 Elemental image of fluorine in the switch valve 

Generally speaking, in failure analysis, non-destructive methods without sample pre-

treatments are valuable because failed specimens are unaffected by such analyses. 

Corrosive elements in the gas switching valve are heterogeneously deposited, found 

around six sample cells (Figure 2.4). However, WDXRF’s large collimated primary 

beams cannot specify a contributing element to the corrosion in such a heterogeneous 

sample, and a SEM-EDX chamber cannot enclose the sample as-is due to its sample size. 

Therefore, we utilized LE-M-XRF in this study. Figure A.4 is a summed XRF spectra for 

the imaging area in a logarithmic scale. The figure shows that the following nine elements 

are detected: F, Si, S, Cl, Cr, Fe, Ni, Cu, and Mo (L). Because Si, Cr, Fe, Ni, Cu, and 

Mo are primary components of stainless, they are predictably derived from the substrate. 

Note that S is also present but ruled out because it is the main component of the sample 

gas. Having detected F and Cl by micro-XRF made us suspect that the two elements were 

candidates for the corrosive substance. In Figure 2.4, element images display higher X-

ray intensity of an element in stronger brightness. Interestingly, elemental imaging 

revealed that the two elements were not uniformly distributed. Specifically, F existed on 

an outer edge, while Cl existed in the center of the measurement area. Here, the region of 

interest for Cl X-ray intensity is 2.52 ~ 2.63 keV to avoid the peak overlap of L lines from 

Figure 2.4 Elemental imaging of the 6-way switch valve. In the overlay image, yellow, 

cyan, and magenta are F, Cl, and Fe, respectively. 
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the Rh target.  

However, one critical drawback of elemental imaging is that the measurement time 

per pixel needs longer to assign peaks to elements because of poor S/N ratio and inferior 

energy resolution. In this regard, we further examined two spectra of areas depicted as 

Area-1 and Area-2 in Figure 2.5(a) to confirm the presence of the elements. As Figure 

2.5(b) shows, a remarkable peak in the Area-1 spectrum can be assigned to F K (0.67 

keV) because Fe L lines (0.71 keV) derived from the substrate in the Area-2 spectrum are 

not present. On the other hand, a prominent Cl K peak is present, although the Cl K 

peak overlaps the L lines of the Rh target (Figure 2.5(c)). Eventually, the existence and 

distribution of two elements are proven by spectral analysis and element images, and this 

result helped us find a new route in which the corrosive substance consisting of F entered.  
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Figure 2.5 XRF spectra of Area-1 and Area-2 for the confirmation of the presence of F 

and Cl. The overlay image (a) and the XRF spectrum of Area-1 (b) near F K region and 

the XRF spectrum of Area-2 (c) near Cl K region. 
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2.3.4 Elemental imaging for Automotive separator 

Detection of foreign matter on a sheet of separator or evaluation of heterogeneity of 

battery materials applied is a growing demand in industry, but formidable. For example, 

WDXRF will damage the separator sheet due to intensive primary. X-rays, or SEM-EDX 

will cause charge-up onto the surface. On the other hand, LE-M-XRF easily detected C, 

O, F, Al, Co, and Ni and clarified their distributions (Figure 2.6). The upper half of the 

measured area was polyamide-imide (PAI), and the rest was ceramics. As expected, C 

derived from PAI was found, and O and Al derived from ceramics were also detected. In 

addition, F derived from binders for the active material was detected. In the black-colored 

part of the optical image, O, Co, and Ni are present, whereas Al is not. Therefore, there is 

not foreign matter but a fragment of active materials for the positive electrode. 

Figure 2.6 Elemental imaging of the separator sheet. Yellow, cyan, and magenta 

in the overlay image are carbon, oxygen, and aluminum. 
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2.3.5 Advantages of LE-M-XRF 

In summary, the proposed LE-M-XRF achieved to provide qualitative and imaging 

analysis of light elements without sample pre-treatments. The lower limit of detection of 

carbon makes us conclude that it will be applicable to analyses not only of carbon matter 

but also of heterogeneous samples with trace light elements. Examples are fragments of 

reinforced plastics or resin coatings on surfaces of a product, and microplastics (MPs) 

washed up on sand beaches. In the future, it will be a supportive, complementary tool for 

Raman spectroscopy, FT-IR and others.  

 

2.4 Conclusion 

We reviewed higher transmission for a softer range of X-rays was achieved thanks to the 

C window detector. Prominent F K and C K peaks were observed in the C window 

detector spectrum when analyzing the surface of the PTFE tube. In addition, the resulting 

lower limit of detection for carbon was 1.5 wt.% in the present study, which was almost 

equivalent to the one in the previous study. We examined two examples of samples with 

this new detector. The detection of fluorine and the spatial distributions of carbon and 

oxygen in the samples helped us identify the cause of the corrosion and the structure of 

the composite materials without any pre-treatments. 
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Chapter 3 Improved accuracy in XRF for rare samples 

3.1 Introduction 

Samples, including a small piece of artwork, criminal evidence left at crime scenes, and 

archaeological specimens, only offer limited amounts for chemical analysis. They are 

unduplicatable and must be free from any risks of damage or loss. Hence, a milligram-

scale quantitative analysis in a non-invasive manner is strongly desired. 

For analyzing such samples, Scanning Electron Microscope-Energy Dispersive 

spectroscopy (SEM-EDX) is promising (Table 3.1). This technique can analyze powdery 

or liquid samples as-is, similar to X-ray fluorescence analysis (XRF), and save required 

sample amounts to extremely small due to its superior spatial resolution. Improving 

accuracy requires appropriate sample pre-treatments, such as resin embedding, 

metal/carbon coating, and surface polishing. (Ito et al., 2019). Hence, this method has 

been used to provide micrometer-scaled elemental compositions at local positions of the 

entire sample (Ito et al., 2019; Takahashi, 2016).  

Table 3.1 Comparison of analytical methods for milligram-scale analysis. 
 

EDXRF 

(micro-XRF) 
WDXRF SEM-EDX 

Quantification ✓ ✓✓ ✓✓✓ 

pre-treatments 

glass bead technique,  

pellet press method, 

loose-powder method,  

Resin embedding, 

metal/carbon coating, 

surface polishing 

non-invasive ✓ ×× ××× 

milligram-scale analysis 
××× 

(100 mg~) 

✓✓ 

(10 mg~) 
✓✓✓ 

Conversely, XRF provides the average information of a bulk sample with a 
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heterogeneous composition in a non-destructive manner. In recent years, required sample 

quantities for XRF quantitative analysis have decreased (Table 3.1). Concretely, 

wavelength dispersive XRF (WDXRF) can analyze samples weighing tens of mg, 

according to precedented studies (Ichikawa et al., 2012; Ichikawa & Nakamura, 2014). 

In these cases, a destructive pre-treatment called the glass bead technique that vitrifies a 

specimen into a disk (Figure 3.1(a)) is strongly recommended to ensure a homogeneous 

measurement area necessary for enhanced sensitive and accurate analysis (Ichikawa & 

Nakamura, 2014; Takahashi, 2015). In this regard, WDXRF analysis is no longer non-

invasive. Loose-powder and pellet press methods are simpler used for energy-dispersive 

XRF (EDXRF) than the glass bead technique (Takahashi, 2015). The pellet press method 

uses a pressing machine and a metal die set to compress powder into a disk (Figure 3.1(b)). 

The loose powder method is more non-invasive, which encloses the powder in a cell with 

a plastic film (Figure 3.1(c)). Here, the term “non-invasive” means no permanent 

procedures are involved. However, one critical disadvantage of these pre-treatments is 

that they demand considerable quantities of samples, usually at least hundreds or 

thousands of mg (Homma, 2016; Ichikawa & Nakamura, 2016).  

The present study aims to establish a quantitative analysis of EDXRF for milligram-

scaled samples. To achieve the aim, the author attempted to develop a novel sample cell 

Figure 3.1 Images of sample pre-treatments frequently used in XRF analysis. (a) 

Glass bead technique, (b) pellet press method, (c) loose-powder method. 
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for small-volume samples. However, the author faced to Challenge 1. Figure 3.2 

illustrates this problem. No sample cell for 1 mg sample has been designed. When the 

sample volume (1 mg) is fixed, the cell depth and the probe diameter are trade-off under 

a millimeter scale. For example, maximizing the probe diameter and reducing the cell 

depth will cause difficulty in analyzing certain elements (Homma, 2016; Ichikawa & 

Nakamura, 2016), thus consequently reducing quantitative accuracy. Conversely, 

maximizing the cell depth and reducing the probe diameter will obtain the local 

composition, not global (bulk) composition of the sample with chemical heterogeneity.  

Taking advantage of imaging modality of micro-XRF with an energy-dispersive 

spectrometer, the author solved this challenge. Specifically, elemental imaging with 

parallel micro-beams minimized the cell diameter probed and compensated with chemical 

heterogeneity. Conversely, the cell depth was maximized. Thus, the author made both 

incompatible factors of the sample cell work. The design in detail will be discussed. 

Figure 3.2 Schematic drawing of Challenge #1 for developing the sample cell.  
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In the present study, “a milligram-scaled quantitative analysis” is defined to quantify 

geo-standards weighing 1 mg with 0.99 or above correlation coefficients between 

reference values and quantitative ones. The studied samples consisted of elements ranging 

from sodium (Na) to lead (Pb), and the lowest concentrations were around 100 ppm. The 

proposed sample cell helped us measure such light or trace elements and achieve the 

benchmark efficiently and cost-savingly without any changes in the hardware of the 

measuring apparatus.  

 

3.2 Experiments 

3.2.1 Design of sample cell 

The design of the sample cell is shown in Figure 3.3. The sample cell is a hole drilled into 

an acrylic resin plate whose size depends on individual sample masses, summarized in 

Table 3.2. For instance, the cell diameter is 1 mm, and the depth is 0.5 mm for 1 mg 

samples. Notably, no plastic film is applied at the top. A thin PET film backing helps to 

hold the sample in place. We gently compacted the sample with a plate made of acrylic 

resin by hand. Note that the hole diameter on the bottom plate is always larger than that 

of the sample cell. This design reduces unwanted peaks, specifically scattering X-rays, 

Figure 3.3 Schematic illustration of the sample cell. 
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from the bottom acrylic resin irradiated with the primary X-ray. In other words, the 

sample cell is container-like with an open top. 

Table 3.2 Designs of the sample cell. 

sample mass [mg] cell diameter [mm] cell depth [mm] 

100 4.0 3.0 

10 1.5 2.0 

1 1.0 0.5 

 

3.2.2 Micro-XRF 

The micro-XRF measurements were carried out with HORIBA Analytical Microscope 

XGT-7200 (Figure 3.4). The optical configuration of XGT-7200, nearly equivalent to that 

of XGT-9000, is described elsewhere (Morita et al., 2022). One remarkable difference is 

Figure 3.4 Exterior photograph (a) and schematic illustration (b) of the optical 

configuration of X-ray Analytical Microscope XGT-7200. Instrumental settings were 

the following: 30 kV (X-ray tube voltage), 1000 A (X-ray tube current), 1 mm (X-ray 

working distance) and 1.25 s (peaking time). For the elemental imaging, the step size 

was 24 m. The X-ray guide tube was a glass mono-capillary optic with 100 m at the 

focal point. 
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that XGT-7200 equips a glass X-ray Guide Tube called a mono-capillary optic; the critical 

feature is vigorous intensity and superior spatial resolution of 100 m even at deeper 

working distances (Ohzawa, 2008).  

3.2.3 Measurement conditions 

The sample surfaces squared 0.5 mm of 1 mg samples surface were probed. The sample 

surfaces squared approximately 3 mm for the 10 mg or 100 mg samples were also studied 

for comparison. Elemental imaging can compensate for sample characteristics, 

specifically, the heterogeneity of composition. The measurement conditions are the 

following. The X-ray tube voltage, the tube current, the working distance, and peaking 

time were 30 kV, 1000 A, 1 mm and 1.25 s, respectively. The step size was 24 m. 

The chamber atmosphere was Whole Vacuum mode (Morita et al., 2022). The standard 

Fundamental Parameter Method (FPM) was applied to analyze elements in the samples. 

FPM (Sherman, 1955; Shiraiwa & Fujino, 1966) is a theoretical calculation of element 

concentration based on the fitting of the measured XRF spectra and theoretical spectra 

constituted by fundamental parameters (FPs) such as X-ray absorption coefficients, 

fluorescence yields, and the incident spectrum from the X-ray tube (Nishino, 2016). 

However, the physic parameters defined and the theoretical spectrum are based on the 

proposition that the sample is bulk and pure. Therefore, resulting quantitative values can 

be heavily influenced by so-called matrix effects, such as self-absorption, secondary 

enhancement, and scattering derived from sample characteristics, including the 

heterogeneous composition and the density. Here, we calibrated and corrected the 

calculations with the standard material named JSd-2. All elements were quantified in 

oxide form, for example, SiO2, Cr2O3, MnO, and Fe2O3. 

3.2.4 Samples 
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As earlier described, a standard named JSd-2 was prepared to calibrate the FPs. To 

evaluate quantitative accuracy, we prepared three more standards named JSd-1, JSd-3, 

and JSl-1. The JSd series are sediment, and JSl-1 is slate, provided by The National 

Institute of Advanced Industrial Science and Technology, Japan. All the samples were 

weighed to 1 mg, 10 mg, and 100 mg, respectively. The complete information is available 

from the reference (Imai et al., 1996). 

3.2.5 Evaluation of quantitative results 

For discussions in the next section, we defined Pearson correlation coefficients R2, 

indicating a correlation between reference values and quantitative values as follows. 

𝑅2 = 
𝐶𝑜𝑣(𝑊𝑅,𝑊𝑄)

𝑆(𝑊𝑅) × 𝑆(𝑊𝑄)

   (3.1) 

Cov: Covariance, S: standard deviation, 

𝑊𝑅: reference values [wt.%], 𝑊𝑄: quantitative values [wt. %] 

Also, we determined two groups: “major element” and “minor element.” The former 

comprises elements whose reference values in oxide form are one wt.% and more, and 

the latter is the rest. The correlation coefficients were given for each group in all samples. 

 

3.3 Results and discussions 

3.3.1 Spectrum comparison 

Figure 3.5 shows magnified spectra of samples weighing 1 mg in lower-energy regions. 

Prominent peaks of three major components, Al, Si, and Fe are observed in all samples. 

Generally speaking, X-ray fluorescence yield depends on that element, and heavier 

elements emit stronger fluorescence. On the other hand, the peak intensity for a specific 

element is proportional to its concentration and can be compared among the samples 
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because they all primarily consist of SiO2 (approximately 65 wt.%). For example, the 

peak intensity of Fe in the JSd-2 spectrum is the highest, JSl-1 follows, and JSd-1 and 

JSd-3 are nearly equivalent. In the even lighter region, the peak intensity of Mg in the 

JSd-2 spectrum equals JSl-1, JSd-1 follows, and JSd-3 is the lowest. Na is present in three 

samples except JSd-3. This absence may be because the Na content (0.411 wt.% in Na2O) 

in the JSd-3 was below the lower limit of detection in this experiment. Thus, peak 

intensities of individual elements in different samples positively correlate with reference 

values.  

Magnified spectra in heavier regions are presented in Figure 3.6. Similarly, peak 

intensities of individual elements positively correlate with reference values. Notably, we 

can observe peaks of minor elements, such as Mn (JSd-3), Cu (JSd-2, JSd-3), Zn (JSd-2, 

JSd-3, JSl-1), and Rb (JSd-3) in respective sample. Elements with high atomic numbers 

or high energies of fluorescence, such as Pb and Ba, require thicker analytical depths at 

several millimeter-scaled (Henke et al., 1993). It should be highlighted that Pb L is 

present in the JSd-3 spectrum, although neither Ba K nor Ba K is found. Ba L lines are 

absent in JSd-3. Further, the intensities of Rh (X-ray tube) scattering are almost equivalent 

in all samples, reflecting the sample's characteristics, including thickness, density, and 

composition. Therefore, matrix effects can be negligible in the present study. Spectra for 

10 mg and 100 mg samples will be found in Appendix B.  
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Figure 3.5 Comparison of XRF spectra for samples weighing 1 mg in lower energy 

regions. Each spectrum indicates a single measurement of the respective sample. 
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Figure 3.6 Comparison of XRF spectra for samples weighing 1 mg in higher energy 

regions. Each spectrum indicates a single measurement of the respective sample. 
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3.3.2 Evaluation of quantitative accuracy 

Subsequently, we quantified elements using spectra, and we compared quantitative values 

with reference values (Figure 3.7). In all samples, the resulting values of major and minor 

elements are in good agreement with reference ones, which indicates a strong linearity 

and correlation. The resulting plots for 10 mg and 100 mg with details will be found in 

Appendix B. Table 3.3 summarizes the correlation coefficients R2 given for different 

conditions. As a consequence, we obtained 0.99 or above R2 in almost all conditions. 

Notably, Table 3.3 shows no significant difference in the R2 between sample masses for 

individual samples. However, it should be noted that the R2 for minor elements of JSd-3 

and JSl-1 are, on average, around 0.9 and 0.7, respectively. One contributing factor to this 

lowering R2 is a larger deviation of the quantitative values of Pb from its reference value 

and non-detection of Ba in JSd-3. The quantification of these elements necessitates deeper 

cells with an approximately 1.5 mm depth or more based on a theoretical calculation.   

Table 3.3 Correlation coefficients R2 for different samples and sample masses. 

 JSd-1 JSd-3 JSl-1 

 major minor major minor major minor 

100 mg 0.9999 0.9994 0.9953 0.6476 0.9992 0.8725 

10 mg 0.9992 0.9981 0.9978 0.6850 0.9979 0.8503 

1 mg 0.9998 0.9977 0.9953 0.7654 0.9997 0.9589 
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Figure 3.7 The accuracy in quantitative analysis in comparison with reference values. The error bars indicate 1 of 10 times repeated 

measurements. 
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3.3.3 Three contributing factors to the improvement 

The previous subsection demonstrated that we achieved the benchmark. In this subsection, 

the author discusses how this achievement was made. Figure 3.8 is an explanatory 

illustration that the three factors are essential for this achievement: downward vertical 

irradiation, parallel beam, and the design of the sample cell. Let us assume each case 

where one factor is missing. In Case A, the downward vertical irradiation and the opening 

top of the sample cell will enable measurements of such powdery specimens under 

Figure 3.8 Schematic drawing of the three contributing factors to the performance. 
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vacuumed conditions without covers of plastic films. Parallel beams are advantageous to 

the heterogeneity of sample characteristics, including porosity (density), surface 

roughness and composition. In Case B or Case C, either of the two others can reinforce 

this advantage. In short, none of the cases will achieve the benchmark. In this regard, the 

author further examined whether this synergetic effect contributed to the performance or 

not by replicating Case B (Figure 3.9). Indeed, the orange spectrum equivalent to the 

present study realized the highest peak intensities of Na and Mg than the others. Note that 

the Mg peak is moderate, but Na is barely present in the gray spectrum. This attenuation 

is because the optics below the specimen under vacuumed conditions may have prevented 

the sensitivity from decreasing. 

 

3.4  Concluding remarks 

The novel sample cell developed here can compact limited quantities of samples in a non-

invasive manner. Moreover, it attained the required density and analytical depth for 

quantifying elements. The results demonstrated that we achieved the goal of quantifying 

samples weighing 1mg accurately thanks to the combination of the two advantageous 

aspects of the instrumentation: downward vertical irradiation and parallel beam. In 

addition, we confirmed from experiments that these three factors produced a synergetic 

effect on the analyzed results. Although the lack of cell depth led to the failure of 

quantifying heavier elements, such as Pb and Ba, the results were in good agreement with 

reference values for a variety of components: Na among light elements, Mn or Rb among 

minor elements at around 100 ppm, or Si among major elements. The proposed approach 

will be a powerful solution to analyze a limited quantity of heterogeneous and complex 

samples, namely, fragments of materials left at the crime scenes, a piece of artwork, or a 
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chip of archaeological specimens. 

 

Figure 3.9 (a) XRF spectral comparison of JSd-2 in different conditions (b) 

explaining the contributing factors. In Figure 3.9(b), red arrows indicate excitation 

beams, and the shadows in magenta indicate a vacuumed atmosphere. 
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Chapter 4 Matrix effect-free quantification  

4.1 Introduction 

4.1.1 Facing to Challenge 2: Matrix effects 

Chapter 3 described the development of the quantitative method of micro-energy-

dispersive X-ray fluorescence (micro-XRF) through the unique sample cell for 

exceptionally rare samples (Onoda et al., 2020). Moreover, micro-XRF in Chapter 2 has 

analyzed even lighter elements like carbon (Morita et al., 2022). However, the so-called 

matrix effects are formidable even with a combination of the two techniques.  

Figure 4.1 draws a heterogeneous sample with a micrometer-scaled analyte on the 

sample matrix. Micro-XRF beams excite not only the analyte but also the surrounding 

matrix, because its spatial resolution is around 10 m at best. In addition, X-rays easily 

penetrate through the analyte, and consequently, the resulting signals expand into the 

three-dimensional volume. In this case, compared with a spectrum of the analyte isolated, 

the intensities of the background or peaks vary. Further, indistinguishable peaks of the 

Figure 4.1 Schematic illustration of different excitation volumes between micro-

XRF and Raman micro-spectroscopy. A sample with heterogeneous compositions 

comprises a small analyte depicted by “A” and a sample matrix “M.” Micro-XRF three-

dimensionally excites A and M, indicated by the orange area. On the other hand, Raman 

micro-spectroscopy excites the analyte alone (the blue area) thanks to its excellence in 

both lateral and spatial resolutions. 
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analyte from the matrix occur. Principally, the fluorescence of an element included both 

in the analyte and the matrix cannot be separated. In short, the XRF spectrum results in 

jumbled patterns and peaks of the analyte and the matrix. As a result, the matrix effects 

reduce quantitative accuracy, which is called “matrix effects.” 

Although Raman micro-spectroscopy alone presents the difficulty in providing 

reference-free quantitative analysis, it can offer information on even slight changes in 

molecular or crystal structures with superior lateral resolution (typically 1 m). It also 

has quite excellent spatial (depth) resolution, approximately several microns, which 

depends on the wavelength of incident light and the substance. Importantly, since the 

spectral patterns of Raman scattering derive from molecular or crystal structures, it 

enables us to distinguish Raman signals of the aimed molecules or crystals selectively 

from those of the matrix. In other words, this analyte-selective technique is unaffected by 

any matrix effects.  

4.1.2 Carbonate is foreign matter  

Over the decades, multi-functionalization of materials and miniaturization of 

products have advanced. These objects often have surface roughness and a complicated 

structure. The matrix effects discourage quantitative analyses of such specimens. An 

example in industry is foreign matter on a sample matrix. Substances of foreign matter 

are numerous and are classified into two groups: organic and inorganic. The organic group 

comprises pieces of rubbers and plastic resins. Examples in the inorganic group are metal, 

stone, and carbonate. Carbonates are, in fact, ubiquitous from an industrial point of view. 

For example, fillers, pigments, and food additives made of carbonate are mixed into 

products (Jimoh et al., 2018). Moreover, they have been used as raw materials in glass 

and steel manufacturing (Jimoh et al., 2018). They are also not originally present in base 



51 

 

materials, but they arise in various reactions with externals on the interface, surface, and 

inside of buildings, concrete (Ashraf, 2016), or meteorites (Brearley, 2006). They are 

heterogeneously found in “primitive” meteorites formed during the early stages of the 

solar system (Brearley, 2006). As the temperature of parental bodies of meteorites rises 

due to radioactive decay, ice grains thaw, resulting water interacts with rocks, and the 

interaction generates various carbonates. Therefore, their cation composition is evidence 

of aqueous alteration, and their variation in species represents the difference in thermo- 

and hydro- chemical dynamics of the aqueous environments (Rubey, 1951; Morse & 

Mackenzie, 2003; Tucker & Wright, 2003; Brearley, 2006).  

Natural carbonates include diverse variations in cation composition. For example, 

with the continuous substitutions of Mg2+-Fe2+-Mn2+, dolomite CaMg(CO3)
2, Mn2+-rich 

dolomite called kutnohorite [CaMn(CO3)
2], Fe2+-rich dolomite called ankerite 

[CaFe(CO3)
2], form a solid-solution series (Reeder & Dollase, 1989; Chai & Navrotsky, 

1996). The end member chemical formulae of ankerite and kutnohorite, described in 

square brackets, are quite rare, and ideal ankerite nearly exists due to its inherent 

instability (Davidson et al., 1993). For this reason, it is sometimes referred to as ferroan 

dolomite (Kim et al., 2021). Similarly, magnesite [MgCO3], breunnerite [(Mg,Fe)CO3], 

and siderite [FeCO3] form a solid solution series with the continuous substitution of Mg2+ 

and Fe2+. On the other hand, the Ca-Mg substitution indicating between calcite [CaCO3] 

and magnesite barely occurs, and dolomite having a well-defined structure only arises 

(Reeder & Dollase, 1989; Chai & Navrotsky, 1996).  

4.1.3 Matrix effect-free quantification 

Interestingly, Urashima et al. (2022) found nearly linear relations of Raman 

wavenumbers of CO3
2- vibration modes against cation compositions of these carbonate 
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species. In this chapter, we constructed the universal conversion matrix that provides the 

cation composition for a carbonate species, utilizing micro-XRF and Raman micro-

spectroscopy. Since the patterns of Raman spectra are highly dependent on the mineral 

structure of that sample, estimating cation compositions from Raman spectra is essentially 

carbonate-selective and free from any matrix effects.  

 

4.2 Experiments 

4.2.1 Samples 

The carbonates analyzed were calcite, siderite, rhodochrosite, magnesite, breunnerite, 

dolomite, ferroan dolomite, and kutnohorite. Mined locations are listed in Table 4.1. 

Images of the carbonate samples are shown in Figure 4.2. Among the carbonates used, 

magnesite, siderite (EP), ferroan dolomite, and kutnohorite (W) were also analyzed in the 

previous study (Urashima et al., 2022). For standard FPM in XRF spectrometry, a geo 

standard named JLk-1 sampled from the Biwa-ko Lake, Japan, was used. It is not a 

carbonate but was necessary because the standards JLs-1 and JDo-1 do not include 

calibrated elements, Fe2+, Mn2+, or both.  
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Table 4.1 Summary of the carbonates used in this study. a: Evaluated by XRF. 

  mined location cation compositiona 

    Ca Mg Fe Mn 

calcite Garo, Hokkaido, Japan 0.979 ± 0.002 0.020 ± 0.003 0.002 ± 0.000 0.000 ± 0.000 

magnesite Goat Hill Magnesia Quarries, Pennsylvania, USA 0.016 ± 0.000 0.981 ± 0.001 0.003 ± 0.000 0.000 ± 0.000 

siderite (EP) El Potosí Mine, Chihuahua, Mexico 0.080 ± 0.003 0.019 ± 0.005 0.765 ± 0.011 0.133 ± 0.004 

siderite (MV) Morro Velho Mine, Minas Gerais, Brazil 0.004 ± 0.001 0.438 ± 0.010 0.569 ± 0.112 0.018 ± 0.003 

rhodochrosite Sweethome Mine, Colorado, USA 0.002 ± 0.001 0.012 ± 0.003 0.006 ± 0.001 0.980 ± 0.004 

breunnerite Kyshtym, Chelyabinsk Oblast, Russia 0.005 ± 0.001 0.702 ± 0.012 0.264 ± 0.012 0.029 ± 0.001 

dolomite Kuzuu, Tochigi, Japan 0.567 ± 0.002 0.433 ± 0.002 0.000 ± 0.000 0.000 ± 0.000 

ferroan dolomite Eagle Mine, Colorado, USA 0.521 ± 0.001 0.306 ± 0.003 0.113 ± 0.003 0.060 ± 0.001 

kutnohorite (SH) Sterling Mine, New Jersey, USA 0.661 ± 0.024 0.032 ± 0.023 0.004 ± 0.000 0.303 ± 0.011 

kutnohorite (W) Wissels mine, Northern Cape, South Africa 0.126 ± 0.007 0.038 ± 0.007 0.004 ± 0.001 0.832 ± 0.010 
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Table 4.1(continued.) 

  Raman frequency [cm-1] notes 

  T L   

calcite 156.1 ± 0.3 281.8 ± 0.5 Geostandard JLs-1 

magnesite 212.5 ± 1.0 329.3 ± 1.0 
 

siderite (EP) 181.9 ± 0.7 283.4 ± 0.5 
 

siderite (MV) 196.9 ± 0.3 304.6 ± 0.5 
 

rhodochrosite 184.9 ± 0.7 290.0 ± 0.6 
 

breunnerite 204.8 ± 0.9 316.4 ± 1.0 
 

dolomite 176.6 ± 0.3 298.8 ± 0.6 Geostandard JDo-1 

ferroan dolomite 172.7 ± 0.7 293.5 ± 1.2 
 

kutnohorite (SH) 162.4 ± 2.0 286.1 ± 1.1 
 

kutnohorite (W) 179.7 ± 1.9 286.4 ± 1.4   
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4.2.2 Raman spectroscopy 

Experimental conditions, calibration procedure, and the analytical method for peak 

determination were the same as our previous report described (Urashima et al., 2022). 

Concisely, the Raman spectra were obtained by Raman-11i (nanophoton) combined with 

a microscope Eclipse Ti (Nikon). The objective lens was Nikon Plan Fluor (40x, NA 0.75, 

WD 0.66). Excitation wavelength, power, and duration were 532 nm, 10 mW, and 120 

seconds, respectively. The apparatus was constructed as a slit-confocal optical system. In 

the present study, the slit width was 50 μm. The grating was 1200 grooves/mm. Under 

these conditions, the spatial resolution for the measurements was about 1 μm, and the 

spectra were recorded from about -30 to +1270 cm-1 at every ~1.1 cm-1. Each spectrum 

was averaged of two consecutive measurements, and at least 10 different spots on each 

sample were measured to examine the homogeneity. Some spectra unable to be assigned 

Figure 4.2 Images of the carbonates studied. Scale bars correspond to 10 mm. 
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to carbonates were obtained only at a few spots, and therefore, they were excluded from 

the analysis. 

The spectra obtained were then calibrated by Raman bands of sulfur flake (153.8, 

219.1, and 473.2 cm-1) or a silicon wafer (520.6 cm-1) (Hutsebaut et al., 2005; Petriglieri 

et al., 2015). The full-width-of-half-maximum of the silicon peak at 520.6 cm-1 was 

approximately 4-5 cm-1. This indicates that the spectral resolution of the measurements 

was, at worst 4-5 cm-1. 

4.2.3 Micro-XRF 

HORIBA XGT-9000 X-ray Analytical Microscope was used for micro-XRF analyses. 

The instrument configuration is the same as already described in Chapter 2 (Morita et al., 

2022). The X-ray tube voltage was 30 kV, and the tube current was 100–1000 A, and 

the working distance was 1 mm (the focal point). The diameter of the primary X-rays 

focused was approximately 100 m at the focal point. After elemental imaging for the 

entire area of a respective sample at 10 m of step size and 200 ms measurement time per 

pixel, spectra of 16 different spots were further analyzed with an acquired measurement 

time of approximately 30 s per spot. The standard fundamental parameter method 

(Sherman, 1955; Shiraiwa & Fujino, 1966) was used to determine the elemental 

composition. The element abundance for each was calibrated with the geo-standards JLs-

1 for calcite, JDo-1 for dolomite and magnesite, and JLk-1 for the other carbonates, 

respectively. 

 

4.3 Results and Discussions 

4.3.1 Typical pattern for carbonates of Raman spectra 

Urashima et al. (2022) reported that there were four distinct Raman bands at around 200, 
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300, 700, and 1100 cm-1 (Figure 4.3). Two prominent bands at 200 and 300 cm-1 are lattice 

motions of CO3
2- unit: translational (T) mode and librational (L) mode, respectively 

(White, 1974; Couture, 1947). The other bands are bending and stretching vibration of 

CO3
2- unit: ν4 and ν1, respectively (Farsang et al., 2018; Rividi et al., 2010; Buzgar & 

Apopei, 2009; Gillet, 1996; Spivak et al., 2014). Notably, Raman-active modes of 

carbonates originate in vibrational motions of CO3
2- ion. Hence, these four bands appear 

in the spectra of any carbonate species. Interestingly, Urashima et al. (2022) and other 

research groups (Dufresne et al., 2018; Kim et al., 2021; Herman et al., 1987; Farsang et 

al., 2018; Rutt & Nicola, 1974) indicated a correlation between kinds of carbonate and 

these Raman frequencies.  

These Raman bands significantly correlates with only single cation carbonates 

(single salts): calcite, magnesite, siderite, and rhodochrosite. In contrast, the correlations 

with carbonates bearing multiple cations (e.g., double salts), specifically dolomite or 

breunnerite, are weak. Understanding the relationship between crystal systems of single 

or multiple cation species and the Raman bands will help us explain these inconsistent 

Figure 4.3 Raman spectra of carbonates. T: translational, L: librational. The data are 

cited from (Urashima et al., 2022) and modified. 
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correlations (Figure 4.4). For example, the most prominent band ν1 out of the four 

corresponds to in-plane stretching and reflects only “local” motions of CO3
2- ions, which 

depend on ionic radii and nearest neighbor distances. Natural carbonates bearing different 

cations randomly substituted should have more complicated vibrational movements of 

cations and anions than single cation carbonates should do. Therefore, ν1 limitedly 

works for single cation species. In contrast, T or L mode are lattice vibrational modes, 

which can represent “global” movements of vibrations of that entire crystal system. The 

two modes reflect slight crystal distortions caused by the cation substitution more clearly. 

In the present research, we hence biaxially plotted two bands of lattice mode to examine 

a consistent relationship between Raman shifts of lattice modes and cation composition 

in carbonate species based on the precedented study (Urashima et al., 2022). 

4.3.2 Correlation between the cation composition and biaxial plot 

The cation compositions for each sample and a ternary diagram are shown in Table 4.1 

and Figure 4.5(a), respectively. Expectedly, three plots of siderite and two kutnohorites 

are entirely different. Remarkably, the cation compositions of magnesite, breunnerite and 

Figure 4.4 Four Raman bands corresponding to vibrations of carbonate ions. The 

figure is modified from the reference (Morse & Mackenzie, 2003). 
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siderite (MV) differed only in the Mg: Fe ratio. This result strongly implies that the three 

samples can comprise a typical magnesite-siderite-solid solution (Morse & Mackenzie, 

2003). The cation composition of the siderite (EP) was close to that of pure FeCO3, but 

the Mn+Ca abundance was not negligible. Since the ternary substitution of Mg-Fe-Mn 

occurs in the dolomite-ankerite-kutnohorite solid solution series (Morse & Mackenzie, 

2003), it should be more complicated than the magnesite-siderite solid solution series. 

Notably, the ternary diagram shows that JDo-1 and ferroan dolomite contain more than 

50% of Ca, which exceeds the expectation. The reason for this overestimated Ca content 

will be discussed in the next chapter.  

The Raman spectra obtained for some samples, such as calcite, magnesite and siderite 

(EP) did not have significant differences from the ones previously reported (Urashima 

et al., 2022), and others for kutnohorite (SH) and siderite (MV) did. The peak 

wavenumbers are summarized in Table 4.1. Figure 4.5(b) is a biaxial plot of T and L 

modes. Since the cation composition of single-salt carbonates should not depend on the 

Figure 4.5 (a) Ternary diagram and (b) the T-L biaxial map for the 10 carbonates. 

Numbers are given to each species for clarification. 
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mined location, the reproductive peak wavenumbers illustrate that our measurements and 

analyses are sufficiently valid. Also, the peak wavenumbers observed were in good 

agreement with those reported by other researchers (Dufresne et al., 2018; Herman et al., 

1987; Farsang et al., 2018; Rutt & Nicola, 1974; Kim et al., 2021). As previously 

described, the Raman spectra of kutnohorite (SH) and siderite (MV) differed from those 

once obtained by our group for kutnohorite (W) and siderite (EP), respectively. This 

discrepancy can be attributed to the different cation compositions in the samples, as 

indicated by XRF measurements (Table 4.1 and Figure 4.5(a)). Dolomite [CaMg(CO3)2] 

named JDo-1 and ferroan dolomite were located between calcite [CaCO3] and magnesite 

[MgCO3] in the T-L biaxial map, and breunnerite [(Fe, Mg)CO3] was between siderite 

[FeCO3] and magnesite [MgCO3]. The linear movement in the biaxial map thus reflects 

the partial substitution of Ca-Mg (calcite-magnesite) or Mg-Fe (magnesite-siderite). The 

slopes of the lines are different due to different cations contributing to the substitution. 

Similarly, both of the two kutnohorites (SH) (W) [CaMn(CO3)] are between calcite 

[CaCO3] and rhodochrosite [MnCO3] as expected.  

4.3.3 Establishment of conversion matrices 

Figure 4.6 Conceptual drawing of the establishment of conversion matrices. 
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In short, there are two lines (Ca-Mg [calcite-magnesite] and Mg-Fe [magnesite-siderite]) 

corresponding the ternary diagram to the biaxial plot. This implies a cation-dependent 

trend in Raman shifts of the lattice modes. As the Mg content increase, the T and L modes 

become higher wavenumbers. As the Fe+Mn contents increase, the two modes become 

lower wavenumbers. Furthermore, the author focused on the fact that the degree of 

freedom for the ternary diagram is equal to that for the biaxial plot. This author’s idea is 

illustrated in Figure 4.6. In other words, the Raman shifts are obtained by only two T and 

L modes; the cation compositions by XRF are also obtained by two variable cation ratios, 

namely, Ca and Mg, given that the sum of cation ratios is always 1, and that Fe and Mn 

are indistinguishable. Averaging Fe and Mn cation ratios will be discussed later. Here, the 

author hypothesized that we could create conversion matrices that corresponded to each 

other’s sets in a one-to-one manner. From a perspective of analytical chemistry, it is 

noteworthy that the Raman-to-XRF conversion provides us with a matrix effect-free 

quantification. 

Conversion from XRF data to Raman wavenumbers 

First, we tried setting a fixed point vector by establishing a conversion matrix 

transforming from the cation composition in XRF to the Raman wavenumbers. Assuming 

that the vibrational wavenumbers of T and L modes shift linearly with the cation 

substitution based on the T-L biaxial map, we can derive the Raman wavenumbers from 

the linear combination of “composition vectors” 𝒗𝑪𝒂, 𝒗𝑴𝒈, 𝒗𝑭𝒆, 𝒗𝑴𝒏 and the origin 

vector 𝒗𝒐. Hence, the Raman wavenumbers are described by the cation composition as 

such:  

𝒓 = 𝐶𝒙   (4.1), 



62 

 

where 𝒓 = (
𝜈T̃
𝜈L̃
), is the vector of the peak wavenumbers of the T and L modes in 

cm-1, 𝐶 = (𝒗𝐎 𝒗𝐂𝐚 𝒗𝐌𝐠 𝒗𝐅𝐞 𝒗𝐌𝐧) = (
𝑂T 𝐶T,Ca 𝐶T,Mg 𝐶T,Fe 𝐶T,Mn
𝑂L 𝐶L,Ca 𝐶L,Mg 𝐶L,Fe 𝐶L,Mn

)  is the 

conversion matrix, and 𝒙 =

(

 
 

1
𝑥Ca
𝑥Mg
𝑥Fe
𝑥Mn)

 
 

 is vector of the cation compositions (0 ≤ 𝑥 ≤ 1). 

The least square fitting was applied to determine the conversion matrix for the ten 

carbonates studied here. The resulting conversion matrix C was given as 

𝐶 = (
164.57 −12.95 48.01 19.32 18.86
222.38 57.19 106.91 59.71 65.86

). 

The calculated Raman wavenumbers are summarized, and the composition vectors 

are also presented in Figure 4.7. They roughly agreed with the experimental results, which 

indicates that our analyses based on the linear assumption were plausible at a certain level.  

Figure 4.7 Conceptual illustration of the origin vector and composition vectors. 

Filled circles are experimental data by XRF, and open circles are calculated by Eq. (4.1) 
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Conversion from Raman wavenumbers to cation compositions 

Second, the opposite conversion from the Raman wavenumbers to the cation composition 

by XRF should be possible with an inverse matrix derived from Eq. (4.1), but the resulting 

solution will not be unique. Accordingly, we created a new composition vector 𝒗𝑭𝒆+𝑴𝒏 

by averaging the two composition vectors 𝒗𝑭𝒆  and 𝒗𝑴𝒏 . This averaging should be 

reasonable because the similarity in ion size and mass of Fe and Mn among substituting 

cations leads to negligible Raman shifts. To reduce one more degree of freedom, the 

condition 𝑥Ca + 𝑥Mg + 𝑥Fe + 𝑥Mn = 1  is introduced for the four cations that are the 

most commonly observed in natural carbonates. Although marine carbonates sometimes 

include more significant amounts of other elements such as Sr than Fe or Mn (Morse & 

Mackenzie, 2003), in even these cases, Ca and Mg still dominate the cation composition, 

and the molar fraction of the other elements is less than 1 % in total. Note that in 

exceptional cases where the samples of interest contain non-negligible amounts of Sr or 

other cations, this condition is no longer available. However, the prepared samples with 

nearly end-member compositions such as calcite, magnesite, rhodochrosite, and siderite 

(EP) were practically free from cations other than Ca, Mg, Fe, and Mn, specifically, Sr, 

Co, Cr, Ba, Ni, Zn, Cu, Ti and V. Hence, Eq. (4.1) will be revised as: 

𝒓′ − 𝒗𝟎
′ = 𝐶′𝒙′ 

where: 

𝒓′ − 𝒗𝟎
′ = (

𝜈T̃ − 𝑂T
𝜈L̃ − 𝑂L
1

), 

𝐶′ = (𝒗𝐂𝐚 𝒗𝐌𝐠 𝒗𝐅𝐞+𝐌𝐧) = (

𝐶T,Ca 𝐶T,Mg 𝐶T,Fe+Mn
𝐶L,Ca 𝐶L,Mg 𝐶L,Fe+Mn
1 1 1

), 

and 
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𝒙′ = (

𝑥Ca
𝑥Mg

𝑥Fe + 𝑥Mn

). 

In this expression, to make the conversion matrix 𝐶′ a square matrix, the third row 

in 𝒓′ − 𝒗𝟎
′  and 𝐶′ was introduced from the assumption 𝑥Ca + 𝑥Mg + 𝑥Fe + 𝑥Mn = 1, 

and the first two entr ies, namely, the origin vector in the original C was moved to the left 

side in the equation. Consequently, the composition vector 𝒙′ is derived as: 

𝑥′ = 𝐶′−1(𝒓′ − 𝒗𝟎
′ ), 

specifically, 

(

𝑥Ca
𝑥Mg

𝑥Fe + 𝑥Mn

) = (
−0.0352 0.0231 −0.7770
−0.0045 0.0256 −1.5212
0.0397 −0.0487 3.2982

)(
𝜈T̃ − 164.57
𝜈L̃ − 222.38

1

).      (4.2) 

The resulting cation compositions from Eq. (4.2) are shown in Figure 4.8. As one can 

Figure 4.8 Cation compositions of the experimented and calculated plotted in the 

ternary diagram for comparison. Filled circles are the experimented and blank circles 

are the calculated values by Eq. (4.2). The radius of the blank circles indicates the root-

mean-square of the uncertainties for 𝒙𝐂𝐚 , 𝒙𝐌𝐠 , and 𝒙𝐅𝐞 +𝒙𝐌𝐧  derived from the 

standard deviations of T and L mode wavenumbers. 
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see, the calculated results well reproduced the experiment. The more significant 

deviations from the experimental results are for Mg-poor species such as kutnohorite (W), 

kutnohorite (SH), siderite (FP), and rhodochrosite, and they are presumably due to the 

averaging of the two composition vectors. Notably, the maximum deviation of the 

calculated compositions (X) from the XRF results was at most 0.2 (20 atom%), even for 

Fe and Mn. In this regard, this Raman-to-XRF conversion could be more precise but 

valuable. The validity of the analysis will be found in Appendix C.1.  

This result implies that the conversion with Eq. (4.2) is sufficient to roughly estimate 

the compositions of unknown carbonates with a maximum error of 20% (0.2). One 

solution for improving in the accuracy of our method is to optimize conversion matrices 

for each solid solution series. Fine conversion by optimizing the Eq. (4.2) for the 

dolomite-ankerite-kutnohorite series is discussed in Chapter 5, and the rests are in 

Appendix C.2. Although accurate determination of the cation composition requires more 

strict conversion, the universal conversion with Eq. (4.2) is still helpful for discriminating 

the type of carbonate of interest at the first step of the analysis.  

 

4.4 Summary 

Carbonate is one of the inorganic substances of foreign matter predominantly found in 

artificial objects. However, quantifying foreign matters induces matrix effects. To cope 

with this challenge, we created conversion matrices from Raman wavenumbers to cation 

composition of carbonate species or vice versa by combining micro-XRF with Raman 

micro-spectroscopy in the present study. The conversion matrices developed here were 

rough but universal and helpful, with a maximum error of 20%. The averaging Fe and Mn 

cation composition vectors may have accounted for the marked discrepancies between 
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the experimented and calculated Fe+Mn bearing species of carbonates. For more accurate 

analysis, the optimization of conversion matrices is strongly desired for each solid 

solution series in carbonates. 
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Chapter 5 Sample analysis of Asteroid Ryugu 

5.1 Introduction 

5.1.1 A mission goal of Hayabusa2 project 

Although remote-sensing and laboratory-based technologies have been enriched over the 

decades, there are significant gaps in our understanding of the origin and evolution of the 

solar system. Meteorites are rare but valuable samples for researchers to address such 

scientific questions. They are considered fragments of asteroids, but their origins and 

parent asteroids are yet to be specified. Hence, state-of-the-art laboratory studies of 

directly returned samples by spacecraft will also be imperative (Anand et al., 2020). In 

December 2020, Japan Aerospace Exploration Agency (JAXA) launched the Hayabusa2 

asteroid explorer, and it safely brought samples back to the Earth directly collected from 

the asteroid Ryugu (Wada et al., 2018; Tachibana et al., 2022; Yada et al., 2022). The near-

Earth asteroid (162173) Ryugu was classified as a sub-class of C-type (carbonaceous) 

asteroid based on the studies of remote sensing (Yada et al., 2022), which indicates that 

there are or used to be the primary components of Life’s origin: organic matter (carbon 

materials) and fluid water. The author belonging to the XRF team (in Chemistry Team, 

Initial Analysis Team, Hayabusa2 Project) was assigned to clarify abundances of elements 

and hydrated minerals like carbonates. 

5.1.2 The sample and the proposed approach in the present research 

In the previous chapters, the author has developed non-invasive and quantitative methods 

of chemical compositions of samples. “Non-invasive” is a procedure not involving 

irreversible alternations by physical or chemical processes in pre-treatments, such as 

surface polishing or metal/carbon coating. Briefly, it is a manner that keeps a sample 

intact. Yada et al. (2022) reported that samples from the asteroid Ryugu were aggregates 
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of fragile small particles. They are rough-surfaced, porous. The particles have small 

analytes (e.g., minerals) sized sub-microns heterogeneously sparse in a millimeter-scaled 

sample matrix. The present study is an empirical investigation of an asteroid Ryugu 

sample having such sample characteristics to apply the proposed methods.  

5.1.3 Micro-XRF 

Micro-energy-dispersive X-ray fluorescence (micro-XRF) also allows us to visualize the 

heterogeneous spatial distribution of elements at a micro-meter scale without any pre-

treatments (Tsuji et al., 2015). Its spatial resolution is typically less than 100 m or 

minimally 10 m in diameter when using glass poly-capillary focusing devices. However, 

XRF suffers from a critical drawback called the “matrix effect,” when the size of analytes 

of interest is on the micrometer scale. The undesired signals from the matrix surrounding 

overlap the ones from the micrometer-sized analyte. Besides, relative to an electron or 

ion beam, X-ray photons penetrate further inside the analyte. Hence, when the analyte is 

thin, the detection area expands into the depth direction of the sample matrix. As a 

consequence, signals three-dimensionally overlap, thus declining quantitative accuracy 

in estimating elemental abundances in the aimed analyte. These problems, originating 

from both the instrumental limitations of micro-XRF and sample size and morphology, 

are called “matrix effects.”  

5.1.4 Raman micro-spectroscopy 

Raman micro-spectroscopy is promising to overcome this difficulty. It provides 

information on even slight changes in molecular or crystal structures with superior lateral 

spatial resolution (usually 1 m). Further, since the spectral patterns of Raman scattering 

derive from molecular or crystal structures, we can discriminate these analytes in the 

focused area. In other words, we can distinguish Raman signals of the aimed molecules 
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or crystals specifically from those of the matrix. However, Raman micro-spectroscopy 

also has disadvantages. One disadvantage is the difficulty of Raman spectroscopy alone 

in providing quantitative analysis with no references. In addition, it often prolongs 

measurement duration due to its inherently weak signal. In particular, this disadvantage 

could be severe when the analyte is rare and is heterogeneously and sparsely scattered on 

the surface of the specimen at a millimeter or even larger scale.  

5.1.5 Special sample cell for the Ryugu samples (Chapter 3) 

In bulk analysis, particles were pulverized into fine powder. On the other hand, small 

particles (< 1 mm) were prepared in micro-analysis. The author developed special sample 

cells for both analyses based on the design of sample cell introduced in Chapter 3 (Onoda 

Figure 5.1 Special sample cells for the sample analysis of Asteroid Ryugu. 
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et al., 2020). Figure 5.1 summarizes the modifications. Firstly, the author changed the 

diameters of the cell. For the bulk analysis, the 6 mm sample cell enabled the subsequent 

WDXRF to analyze approximately powders compacted 24 mg. In contrast, multiple cell 

diameters fit Ryugu particles, which is called Arrayed Multi-Chamber Cell (AMCC) for 

the micro-analysis. Secondly, we carefully chose the materials for the cell frame. For the 

bulk analysis, a cell frame made of acrylic resin instead of metal prevented undesired 

peaks. Conversely, a cell frame made of aluminum for micro-analysis ensured that the 

Ryugu particles were immobilized clear of electrostatic repulsion. Thirdly, the cell base 

was cut in taper. The tapered hollow below the cell is a space to attach jigs (attachments) 

during the compaction. The attachments were detached during laboratory-based and 

synchrotron-based XRF analyses to prevent undesired peaks. Fourthly, sample cell 

holders were prepared for storage and transport. Further details about the AMCC will be 

found in the next section.  

5.1.6 Elemental abundances for bulk compositions (Chapter 2) 

Figure 5.2 Elemental abundances of the Ryugu samples obtained by different 

analytical methods. TD#1: touchdown site 1, TD#2: touchdown site 2. The values are 

all normalized by the Si concentration of CI chondrite (carbonaceous chondrite Ivuna), 

which is a sub-class of C-type. Data are cited from (Yokoyama et al., 2023) and modified. 
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The classification of the asteroid Ryugu as a sub-class of C-type suggested that the 

samples consisted of phyllosilicate minerals and 2~3 % carbon. The author tried using 

light element micro-XRF (LE-M-XRF), described in Chapter 2 (Morita et al., 2022). 

However, the carbon content in Ryugu samples was nearly close to the lower limit of 

detection of carbon for LE-M-XRF, indicating difficulty quantifying carbon. Based on 

the knowledge in Chapter 2, the author created a calibration curve and compensated with 

matrix effects on the carbon peak in the present study (Yokoyama et al., 2023). Figure 5.2 

shows the elemental abundances of the Ryugu samples compared with data by different 

techniques. The results by LE-M-XRF (EDXRF, HORIBA) were in good agreement with 

the ones by WDXRF and ICP-MS. The carbon abundance of 4.8 wt.% determined by 

WDXRF was consistent with the one by EDXRF. Since ICP-MS cannot analyze carbon, 

LE-M-XRF’s carbon quantification enabled us to compare the data by WDXRF, even 

non-invasively. Consequently, the quantitative data for all elements were strongly 

supported by multiple methods. Detailed results will be provided in Table D2 (Appendix 

D).  

5.1.7 Carbonates found in meteorites 

Figure 5.3 Carbonates found in chondrite groups with the scale of aqueous 

alternation. The figure is referred to (Weisberg et al., 2006; Rubin et al., 2007; Krot et 

al., 2015; Van Schmus & Wood, 1967) and modified for this thesis. CI: carbonaceous 

chondrite Ivuna, CM: carbonaceous chondrite Mighei. 
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The most primitive chondrites, specifically, CI or CM (carbonaceous chondrite Mighei) 

are rich in water and organic matter (Pizzarello et al., 2006; Alexander et al., 2007; 

Alexander et al., 2013). They experienced progressive aqueous alteration, and they had 

secondary minerals. Examples are phyllosilicates, magnetite, pyrrhotite, phosphates, and 

carbonates. As expected, observation of preliminary studies revealed that the Ryugu 

samples have various micrometer-scaled grains of minerals sparsely existing on the 

surface of the phyllosilicate matrix (Tachibana et al., 2022; Yokoyama et al., 2023). Figure 

5.3 is a table of carbonates found in chondrite groups with the scale of aqueous alteration 

(Weisberg et al., 2006; Rubin et al., 2007; Krot et al., 2015; Van Schmus & Wood, 1967). 

The figure implies as the degree of aqueous alteration gets severer, calcite as well as 

dolomite dominates. Furthermore, the cation substitution of magnesium of dolomite with 

manganese or iron frequently occurred in CI or CM group meteorites, according to the 

previous studies (Endreß & Bischoff, 1996; Johnson & Prinz, 1993; Rubin et al., 2007). 

Hence, the cation compositions of carbonates provide beneficial information about the 

aqueous environments where they were created in the early solar system (Brearley, 2006; 

Fujiya et al., 2023).  

However, a question about precedented studies has arisen: Are the cation 

compositions of dolomites the same before and after the sample pre-treatments and SEM-

EDX analyses? The meteorites that underwent resin-embedding and surface-polishing 

pre-treatments may have slightly altered cation distributions on the surface. Charge-up 

may have damaged the samples and affected the accuracy of the quantification. 

5.1.8 Conversion matrix for dolomite and Fe+Mn scale (Chapter 4) 

Here, the author proposes a non-invasive and matrix effect-free analysis of cation 

compositions to analyze carbonate grains on an asteroid Ryugu sample in a simpler, more 
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precise way. In Chapter 4, the universal conversion matrix for carbonates was established. 

We then created a finer conversion for dolomite [CaMg(CO3)2]-ferroan dolomite [Ca(Mg, 

Fe)(CO3)2]-ankerite [CaFe(CO3)2] solid solution series (Reeder & Dollase, 1989; Chai & 

Navrotsky, 1996), using only three carbonates: dolomite, kutnohorite (SH) and 

kutnohorite (W). In these carbonate species, three cation abundances of Mg, Fe and Mn 

simultaneously vary. As shown in Figure 5.4, ferroan dolomite in the ternary diagram was 

inside a triangle with vertices of these three carbonates. The solution for this conversion 

is unique because the number of unknown parameters equals the number of fitting points. 

Consequently, the cation composition vector 𝒙′ can be obtained as such: 

(

𝑥Ca
𝑥Mg

𝑥Fe + 𝑥Mn

) = (
−0.03155 0.02768 −2.13220
−0.00021 0.03186 −9.04692
0.03176 −0.05953 12.17912

)(
𝜈T̃
𝜈L̃
1

)                  (5.1) 

Further discussions will be described in Appendix D.1. 

Moreover, we established a calibration curve of Fe+Mn content for dolomite (Morita 

et al., 2023). We studied terrestrial dolomites and investigated their Fe+Mn contents from 

XRF and Raman spectra. Figure 5.5 shows the relation between the Fe+Mn content and 

Figure 5.4 T-L biaxial map of the dolomite group. 
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L mode wavenumber. Here, one can easily see that the peak wavenumber and the cation 

content correlated in a linear manner. In fact, the coefficient of determination (R2) 

indicating linearity was 0.961. Besides, the L mode wavenumber shifted more remarkably 

depending on the Fe+Mn content than the T mode. 

Based on the linear fitting, the Fe+Mn content, namely, 𝒙𝐅𝐞+𝐌𝐧 is given as: 

𝑥Fe+Mn = −0.02273𝜈L̃ + 6.836     (5.2) 

where 𝜈L̃ is the peak wavenumber of the L mode in cm-1. The root-mean-squared-error 

of the composition for this equation was 1.7%, indicating a highly accurate estimation. 

The Fe+Mn content of the samples analyzed ranged from 0.9 and 22 atom%. Hence, this 

calibration curve is no longer applicable if the analyte extrapolates; in other words, when 

the analyte is Fe or Mn richer than this range, and the resulting L mode wavenumber is 

Figure 5.5 Fe+Mn scale for the dolomite group established by using L mode 

wavenumbers. Dol: dolomite, FD: ferroan dolomite. 
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lower than ~290 cm-1. Experiments and the results of the T mode wavenumber will be 

described in Appendix D.2-D.3.  

5.1.9 The main focus of the current chapter 

In the previous subsection, a non-invasive and matrix effect-free analysis of cation 

compositions was finally proposed. The proposed approach not only identifies carbonate 

species of that sample but also quantitatively evaluates the degree of Fe+Mn substitution 

of dolomites using peak shifts of Raman frequencies (Urashima et al., 2022, 2023; Morita 

et al., 2023). Notably, the quantitative accuracy of the developed method is sufficiently 

reliable to reveal marginal differences in Fe+Mn abundance at various micrometer-scaled 

spots measured even within a single chip (Morita et al., 2023). In the current chapter, the 

author explored the asteroid Ryugu sample taking advantage of the AMCC and the 

proposed method. 

 

5.2 Experiments 

5.2.1 Elemental imaging by micro-XRF 

Micro-XRF was performed at HORIBA X-RAY LAB with ver. 1.3.2.19 software (XGT-

9000, HORIBA, Ltd.) (Morita et al., 2023). The beam diameter of primary X-rays was 

100 m. Elemental imaging was carried out within the entire area of the Ryugu particle. 

The measurement conditions of the X-ray tube voltage, the measurement time, and the 

X-ray working distance were 30 kV, 200 ms per pixel, and 1.0 mm, respectively. The tube 

current was set to be 300 A. For elemental imaging, the step size was 14 μm. During the 

measurements, chambers were kept in "Whole Vacuum" mode under vacuumed 

conditions. 

5.2.2 Raman micro-spectroscopy 
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Micro Raman measurements were conducted with LabRAM HR Evolution (Figure 5.6) 

and LabSpec 6 software (HORIBA, Ltd.). Synapse EMCCD camera (HORIBA, Ltd.) was 

installed for a detector. The confocal optical arrangement of the microscope and auto-

focusing stage-driving with the software enabled us to obtain Raman spectra with a 

superior spatial resolution even from rough-surfaced samples without any pre-treatments 

such as surface polishing. An objective lens as Olympus LMPlanFN (x100, NA 0.80, WD 

3.4 mm) was used for Raman imaging at micro-meter resolution. Excitation wavelength 

and power were 532 nm and 0.6-1.2 mW, respectively. The spectra were measured for 

120 s of exposure and averaged twice. Raman signals from a Si wafer (520.6 cm-1) and a 

sulfur flake (153.8, 219.1, and 473.2 cm-1) were used to calibrate Raman shifts. 
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Figure 5.6 Exterior photograph (a) and schematic illustration of the optical 

configuration (b) of Raman microscope LabRAM HR Evolution. An Olympus 

objective lens (x100, NA 0.80, WD 3.4 mm) was used. The wavelength of excitation laser 

and the power were 532 nm and 0.6-1.2 mW. The acquisition time was 120s and the 

spectra were averaged by two measurements. Raman signals were calibrated by a piece 

of Si wafer and sulfur at 520.6 cm-1(Si), 153.8, 219.1, and 473.2 cm-1 (S). 
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5.2.3 Estimating cation composition for the ternary diagram 

When determining the cation compositions for terrestrial carbonates, we applied the 

standard Fundamental Parameter (FP) Method (Sherman, 1955; Shiraiwa & Fujino, 1966) 

to XRF spectra. The cation compositions were calibrated by standard samples named JLk-

1 and dolomite (MV) for kutnohorites (Urashima et al., 2022) the dolomite, respectively. 

This calibration works to calibrate fundamental parameters stored in the instrumentation; 

for example, coefficients for elemental intensity are firmly subject to matrix effects. JLk-

1 is a geo standard of lake sediment from Lake Biwa, Shiga, Japan, provided by The 

National Institute of Advanced Industrial Science and Technology, Japan. The dolomite 

(MV) is a dolomite stone mined at Morro Velho, Brazil. For using a single crystal (0.1697 

g) of dolomite (MV) as the standard, its cation composition was obtained by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES). The details of the ICP-AES 

experiment can be found in Appendix D.3. Finally, each cation content was simply given 

by the formula (5.3) below. 

𝐶ion = 
𝑊ion

𝑊Mg
𝑀𝑀𝑔

+
𝑊Ca
𝑀𝐶𝑎

+
𝑊Mn
𝑀𝑀𝑛

+
𝑊Fe
𝑀𝐹𝑒

       (𝑖𝑜𝑛 = 𝑀𝑔, 𝐶𝑎,𝑀𝑛, 𝑎𝑛𝑑 𝐹𝑒)       (5.3) 

Cion: cation content [atom%], Wion: element concentration [wt. %], Mion: atomic weight. 
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5.2.4 Arrayed Multi-Chamber Sample Cell (AMCC) 

To sequentially implement experiments with two different microscopes, we have 

developed a sample holder called Arrayed Multi-Chamber Sample Cell (AMCC). We 

drilled holes 0.5 mm deep with diameters ranging from 0.5 to 1.2 mm at 0.1 mm pitch 

(Figure 5.7(a), (b), (c)). When loading the sample(s), we carefully chose a hole that would 

fit the size of Ryugu particles. The Ryugu particles are so small and light that they might 

quickly sprinkle into the instrument chambers because of static electricity or air flowing 

upon either vacuuming or atmospheric release. When the AMCC was placed on the 

specimen stage of the respective microscope, AMCC jigs were used (Figure 5.7(d), (e)). 

In the micro-XRF measurement, the pressure in the sample chamber was kept below tens 

Figure 5.7 Images of Arrayed Multi-Chamber Sample Cell (AMCC). Different cell 

frames were used for (a) the Ryugu samples and (b) the references. (c) Aluminum cell 

frame built with an aluminum cell base. AMCC can be attached to jigs for (d) micro-XRF 

and (e) Raman microscope. 
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of Pa. When transferring the AMCC from micro-XRF to the Raman microscope, the 

pressure in the sample chamber was gradually released to atmospheric pressure. When 

the sample is tiny, as small as or less than 1 mg, it is likely to unfit the holes due to static 

electricity. Therefore, a 0.5 mm-thick aluminum cell frame was set to load a single Ryugu 

particle into a hole with an appropriate diameter. On the other hand, acrylic cell frames 

were used to fix reference minerals, all large enough not to worry about the risk of sample 

loss.  

5.2.5 Samples 

A Ryugu particle picked up from A0107 aggregate sample collected at the first touchdown 

site (TD1) was measured in this study (Yada et al., 2022; Tachibana et al., 2022). For 

reference, the geo standard and terrestrial carbonates were analyzed, and whose mined 

locations were summarized as follows. JLk-1 is from Lake Biwa, Shiga, Japan. Calcite is 

from Garo, Hokkaido, Japan. Magnesite is from Goat Hill Magnesia Quarries, 

Pennsylvania, USA. Kutnohorite (SH) is from Sterling Mine, New Jersey, USA. 

Kutnohorite (W) is from Wissels Mine, Northern Cape, South Africa. Dolomite (MV) is 

from Morro Velho Mine, Minas Gerais, Brazil. Ferroan dolomite (EM) is from Eagle 

Mine, Colorado, USA. Their optical images are shown in Figure D.8. 

 

5.3 Results and Discussions 

5.3.1 Mn-Ca colocalization on the Ryugu particle 

Figure 5.8 shows the Ryugu particle (from A0107) analyzed. Mg and Fe are 

predominantly present; in contrast, Ca and Mn are sparse and heterogeneous. Notably, the 

bright spots of Mn corresponded with those of Ca. According to previous studies (Endreß 

& Bischoff, 1996; Johnson & Prinz, 1993; Rubin et al., 2007), this spatial matching of 
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the two elements strongly suggests that carbonate grains exist at these spots. Hence, 

elemental imaging for Ca and Mn helps us find the locations of carbonate grains on the 

sample matrix. Naturally, carbonate species are identified by the four major cations: Ca, 

Mg, Fe, and Mn. Because Mg and Fe are also abundant in the Ryugu sample matrix of 

phyllosilicate minerals, it is challenging to specify carbonate species only based on Ca 

and Mn distribution. In Figure 5.8, it should also be noted that the brightness of the two 

elements differs depending on the locations. This result implies that it represents the 

difference in the cation composition of each carbonate grain at the Ca-Mn colocalization 

sites. However, we must remark on the possibility that this brightness variation derives 

from matrix effects. The matrix effects make it difficult to estimate their cation 

compositions in such a heterogeneous sample merely through micro-XRF.  

5.3.2 Raman spectra measured at Ca-Mn rich spots 

To ensure whether carbonate grains exist, we measured Raman spectra at the Ca-Mn 

colocalization spots shown in the upper panel of Figure 5.9. It should be noted that AMCC 

achieved probing identical places between micro-XRF and Raman microscopes. In the 

figure, three or four sharp peaks were present in the Raman spectra with a broad 

fluorescence background at all measured colocalization spots. The peak wavenumbers for 

these bands were around 174, 295, 724, and 1094 cm-1, as summarized in Table 5.1. These 

bands are specific to carbonates, and each peak is assigned to translational lattice mode 

(T), librational lattice mode (L), CO3
2- bending mode (4), and CO3

2- stretching mode (1), 

respectively (White, 1974; Couture, 1947). Here, the appearance of these bands bears out 

that there are indeed carbonate grains at all of the Ca-Mn colocalization spots. Based on 

previous works (Urashima et al., 2022, 2023; Morita et al., 2023) reporting that the peak 

wavenumbers shift depending on the cation compositions in carbonates, we compared 
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them with those previously obtained, and it turned out that these carbonates were 

essentially assigned to dolomite [CaMg(CO3)2]. Remarkably, Mg in dolomite is often 

partially substituted by Fe or Mn, thus consequently forming dolomite [CaMg(CO3)2] – 

ankerite [CaFe(CO3)2] – kutnohorite [CaMn(CO3)2] solid solution series (Reeder & 

Dollase, 1989; Chai & Navrotsky, 1996). Indeed, the peak wavenumbers, as summarized 

in Table 5.1, slightly deviated from each other, which implies various degrees of cation 

substitution that occurred at an individual carbonate grain. This point is discussed in detail 

from a quantitative point of view in the following section.  
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Figure 5.8 The optical image of Ryugu particle in AMCC (left) and the 

corresponding element images of Ca, Mn, Fe, and Mg (four panels on the right).  

Scale bars are 0.5 mm. 
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Table 5.1 List of Raman frequencies for Ryugu carbonate grains and terrestrial 

references (unit: cm-1). 

 T L ν4 ν1 

A(a) 176.4 298.9 724.9 1096.8 

A(b) 173.7 296.0 721.7 1094.8 

A(c) 171.6 289.7 722.3 1095.0 

B 173.8 295.0 - 1095.3 

C 175.0 296.1 - 1095.6 

D 175.1 296.3 - 1095.0 

E 175.0 294.6 - 1094.6 

F 174.5 296.1 - 1094.7 

Calcite 154.6 ± 0.9 280.9 ± 0.9 711.6 ± 0.8 1086.0 ± 0.8 

Magnesite 212.5 ± 1.0 329.3 ± 1.0 738.2 ± 1.1 1094.4 ± 1.0 

Dolomite (MV) 174.1 ± 0.2 296.7 ± 0.2 724.3 ± 0.1 1096.8 ± 0.2 
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5.3.3 Estimation of Fe + Mn content in Ryugu dolomites 

Figure 5.9 Ca bright spots on the surface of the Ryugu particle by micro-XRF imaging 

and their corresponding Raman spectra. The inset in each spectrum is the corresponding 

optical image. Scale bars are 20 m. The grayish grains on the black matrices are carbonates. 
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Earlier, the results from both micro-XRF and Raman micro-spectroscopy suggested the 

partial substitution of Mg for Fe or Mn. Yet, the fact that Mg and Fe are present 

everywhere in the matrix makes it difficult for only micro-XRF to determine the cation 

compositions of carbonates selectively. However, we found that the cation composition 

of carbonates can be uniquely determined from their Raman frequencies of T and L modes 

within an error of 1.7 % (Urashima et al., 2022, 2023). Although a couple of conversion 

equations were proposed in the previous studies (Urashima et al., 2022, 2023; Morita et 

al., 2023), the first thing to do is qualitatively specify the type of carbonates, including 

major cations contained to choose the most suitable one.  

To discuss this regard more, we biaxially plotted the T and L mode frequencies of 

Ryugu carbonates along with the plots of terrestrial carbonates, which are classified into 

the dolomite-ankerite-kutnohorite solid solution series (Figure 5.10). Specifically, two 

Figure 5.10 Biaxial plotting of Ryugu dolomites in comparison with terrestrial 

dolomites in T- and L- mode wavenumbers. For Ryugu dolomites, the black filled 

markers represent those obtained at the grains A(a) to F. In contrast, the open markers 

represent those obtained at different spots within the grain B. Dol: dolomite, FD: ferroan 

dolomite, Kut: kutnohorite. 



91 

 

kurnohorites named (SH) and (W) are shown, which were collected at Sterling Hills 

(USA) and Wissels Mine (South Africa), respectively. Notably, their cation compositions 

are significantly distinct. Also, plots of terrestrial ferroan dolomite (Eagle Mine (EM), 

USA; data taken from (Morita et al., 2023) widely spread in the T and L mode frequencies. 

The reason for the widespread plotting is the heterogeneity of cation composition in a 

sample. Figure D.9 (Appendix D) presents their XRF spectra, and Table D.3 summarizes 

the cation compositions of the terrestrial carbonates. Herewith, more precisely, we can 

assign Ryugu dolomites to ferroan dolomite. Note that their wavenumbers, slightly 

contingent on the measurement positions, reflect their intra- and inter-crystal 

heterogeneity.  

The cation composition of ferroan dolomites can be obtained by the T and L mode 

wavenumbers as already reported in our previous studies (Urashima et al., 2022, 2023; 

Morita et al., 2023). The 𝐶Fe+Mn content is expressed by Eq. (5.2) (Morita et al., 2023). 

To determine 𝐶Ca , we revised the previous equation Eq. (5.1) (𝐶Ca = −0.03155𝜈T̃ +

0.02768𝜈L̃ − 2.13220) (Urashima et al., 2023), 

𝐶Ca = −0.03139𝜈T̃ + 0.01867𝜈L̃ + 0.419             (5.4) 

where 𝜈T̃  is the T mode wavenumber in cm-1. This revision is because the Ca 

content in the standard sample named JDo-1 was overestimated. While the coefficients of 

Eq. (5.4) were derived in the same way as that in the previous study (Urashima et al., 

2023), a more reliable standard than the dolostone JDo-1, a dolomite crystal (Morro Velho 

Mine, Brazil) was employed here. Further information about the derivation of Eq. (5.4) 

can be found in Appendix D.4. Note that this revision can solve the overestimation issue 

by reducing the Ca content by 10 atom% from what was originally calculated. Given 𝐶Ca 

and 𝐶Fe+Mn, 𝐶Mg can be naturally determined from Eqs. (5.3), namely, 𝐶Ca + 𝐶Mg +
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𝐶Fe+Mn = 1.  

Figure 5.11 is a ternary diagram showing plots of the cation compositions for 

Ryugu dolomites derived by Eqs. (5.2) – (5.4). The figure indicates that the majority of 

Ryugu dolomites included about 10-15% of Fe or Mn. Relative to a recent study reporting 

that a ternary diagram (Ca, Mg, Fe+Mn) of Ryugu dolomites with SEM-EDX 

measurements showed on average 10~20% of CFe+Mn (Nakamura et al., 2023; Nakato et 

al., 2022), the distribution in this analysis is consistent with the previous one. This 

consistency has proven that the quantitative data provided by conventional analytical 

methods and the proposed one are both significantly reliable. Notably, it does not require 

pre-treatments of samples as surface polishing. Moreover, it does not induce any risks or 

concerns about charge-up and matrix effects.  

From an analytical point of view, the proposed method has two advantages worth 

noting. One is that the elemental imaging of micro-XRF facilitates searching sparsely 

distributed carbonates without pre-treatments. The other is that the analyte-selective 

Figure 5.11 Cation compositions for Ryugu dolomites. Cation composition of Ryugu 

dolomites plotted on a ternary diagram. The black and white markers represent those 

obtained at the Spot A(a) to F and those within the Spot (B). A yellow line guides the 

direction of Fe+Mn. 
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nature and the cation-dependent shifts of wavenumbers in Raman micro-spectroscopy 

make it possible to quantify individual cation composition and its heterogeneity in the 

exact carbonate grain. Specifically, we measured Raman spectra at a few different spots 

within the Spot B (Figure D.11), and we found out the cation compositions were 

heterogeneous even inside a single dolomite grain (Figure 5.10, Figure 5.11). The 

proposed method would provide an initial analysis tool for evaluating the micro-

heterogeneity of rare and pristine samples with surface roughness but without any pre-

treatments. 

 

5.4 Summary 

This chapter briefly introduced the mission goal of Hayabusa2 project and the aim of the 

present research. The author was assigned to this project to clarify the elemental 

abundances and minerals contained non-invasively. Before analyzing Ryugu samples, we 

improved the techniques developed in previous chapters. The special sample cells helped 

us not only load powder and particles of the Ryugu sample but also locate identical 

carbonate grains, even though we used different microscopes. LE-M-XRF contributed to 

the non-invasive determination of carbon content in comparison with the data by WDXRF. 

Because the asteroid Ryugu was assumed to have experienced aqueous alteration severely, 

cation substitution of Mg to Fe+Mn in dolomite would be predominantly found. The 

conversion matrix to evaluate cation contents was improved from Chapter 4 and a non-

invasive scale of Fe+Mn was prepared.  

Micro-XRF elemental imaging rapidly found carbonate grains, and it turned out that 

they were essentially dolomite from wavenumbers of T and L modes. Their Fe+Mn 

abundances were quantified by the proposed approach, and they were in good accordance 
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with the ones reported in the precedented research, with an average of 10~15% Fe+Mn 

content. For a viewpoint of analytical chemistry, it is a noteworthy achievement that the 

proposed method can quantitatively characterize the heterogeneity of cation composition 

both between and inside Ryugu dolomite grains sized several micrometers with the 

surface morphology intact in a matrix-free manner. 
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Chapter 6 Conclusion 

6.1 Overall summary 

In Chapter 1, the author presented the two challenges in XRF technique we are faced with. 

In Chapter 2, we confirmed that LE-M-XRF could analyze fluorine and lighter elements 

of samples. In Chapter 3, we developed the unique sample cells to achieve 1 mg-scaled 

quantitative analysis. At this point, matrix effects remained unsolved. In Chapter 4, we 

overcame this challenge by combining micro-XRF with Raman micro-spectroscopy, and 

the conversion matrix one-to-one corresponding to the two sets quantified cation 

compositions of carbonates accurately. In Chapter 5, the author updated the techniques 

presented before and completed the method to analyze dolomite grains on the asteroid 

Ryugu sample. Overall, the author has developed the non-invasive and quantitative 

analysis of chemical compositions of samples. Applicable samples are exceptionally rare 

to 1 mg, heterogeneous, light element containing, or complicated structured. Further, the 

proposed approach requires no pre-treatments, such as surface polishing or cutting. It is 

a completely non-invasive without any risks of sample damage or concerns about data 

reliability induced by instrumental effects like charge-up. 

 

6.2 Comparison of the proposed method with others  

6.2.1 Advantages of the proposed method 

Elemental analysis is fundamental. To review advantages of the proposed approach, the 

author briefly summarizes other methods of elemental analysis from six points (Table 6.1). 

Here, “non-invasive” includes “sample as-is” and “Non-destructive.” The former means 

that a sample can be loaded to an instrument without any pre-treatments, and the latter 

means that method itself provides no risk of sample damage. 
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For example, wavelength dispersive X-ray fluorescence analysis (WDXRF) can 

quantify light elements from carbon accurately and non-destructively, whereas pre-

treatments called the glass bead technique are essentially necessary. Also, primary beams 

collimated are not small sufficient to clarify the heterogeneity of a sample. Therefore, 

kinds of measurable samples or purposes for analyses will be limited. 

Aramendia et al. (2018) summarized the advantages and disadvantages of several 

techniques for the chemical analysis of meteorites. For example, inductively coupled 

plasma mass spectroscopy (ICP-MS) gives decisive values. Nevertheless, it also has a 

drawback; the characteristics that the sample possesses will be gone—specifically, 

complicated morphology on the surface and heterogeneous composition of the sample 

due to its sample pre-treatments; hence, the data results in averaging the entire volume 

analyzed. Clarification of spatial distributions of elements with the surface morphology 

intact is of importance. In this regard, scanning electron microscopy with energy 

dispersive X-ray spectroscopy (SEM-EDS), electron probe microanalyzer (EPMA), and 

secondary ion mass spectrometry (SIMS) are also powerful analytical tools (Aramendia 

et al., 2018). Their elemental imaging at a micrometer-to-nanometer scale of spatial 

resolution clarifies the sample's physical and chemical heterogeneity. However, one 

critical point is that they undergo pre-treatments, for instance, sample sectioning, surface 

polishing, or metal/carbon coating, to avoid charging through electronic or ionic 

irradiation onto the sample surfaces. These pre-treatments frequently lose primitive 

information about surface roughness or porosity and negatively influence elements’ 

spatial distribution or quantitative accuracy. In addition, the author points out that EPMA 

and SIMS require extended duration for a measurement at once. Such prolonged 

measurement time may induce unwanted alteration to a sample due to moderate 



103 

 

atmospheric oxidation or vacuum dehydration. 

Smith (1995) reviewed general information on synchrotron radiation micro-XRF 

(SR-XRF). SR-XRF has a high-energy source with strong brightness and excellent spatial 

resolution at a sub-micron scale. Further, X-ray Absorption Fine Structure (XAFS) can 

be simultaneously obtained with SR-XRF, which enables to reveal the chemical state of 

that sample. However, SR-XRF suffers from a critical drawback called the “matrix effect” 

and presents quite limited access to synchrotron light sources. However, SR-XRF suffers 

from a critical drawback called the “matrix effect,” when the size of analytes of interest 

is on the micrometer scale. 

Table 6.1 Comparison of the proposed methods with others in elemental analysis. 
 

The 

proposed 

method 

WDXRF ICP-MS SEM-EDX EPMA SIMS SR-XRF 

Milligram-

scaled 

✓✓✓ ✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ 

Sample 

as-is 

✓✓✓ ✓✓ 

 

✓✓ ✓✓ ✓ ✓ 

Non-

destructiv

e 

✓✓✓ ✓✓✓ 

 

✓✓ ✓✓  ✓✓✓ 

Quantifica

tion 

✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ 

Heterogen

eity 

✓✓✓  

 

✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ 

Light 

element 

analysis 

✓✓✓ ✓✓✓ ✓✓ ✓✓ ✓✓✓ ✓✓✓ ✓✓✓ 

6.2.2 Disadvantages of the proposed approach 

The essence of the present method is to provide elemental quantitative analysis of 
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elements (or cations) with Raman spectroscopy. Therefore, a crucial disadvantage is, if a 

sample has strong self-fluorescence or vibrational modes that are Raman-inactive, like 

pure metal, the Raman scattering will barely or never arise. Moreover, the method is 

unsuitable for a sample with no variation in elemental compositions, such as isomers, 

isotopes, or polymorphism of crystals because no correlation between shifts of Raman 

wavenumbers and compositions will be gained. In this regard, determining the 

concentration in the form of a molecule or composition is hardly possible. 

 

6.3 Future prospects 

The author presents six promising fields to apply the proposed technique: 

cosmochemistry, art conservation, forensic science, resource exploration, advanced 

materials, and environmental studies. The investigation of the asteroid Ryugu sample is a 

representative example of cosmochemistry, and therefore, other five fields will be 

discussed. 

For example, the proposed technique will provide helpful information for the 

conservation of cultural properties. We are not allowed to damage the works, and 

therefore, it is difficult to collect large quantities of specimens. On the other hand, oil 

paintings will deteriorate over time, and colors have faded since their production. Some 

bricks and murals are unfired and fragile under harsh natural environments. Thus, art 

conservation and preservation have not been well developed. This is partly because 

materials used, production ages, restoration histories, and damaging processes are poorly 

understood, and Bitossi et al. (2005) reviewed there were limited methods available to 

investigate. Lately, Burgio et al. (2010) analyzed artworks produced in Italian medieval 

and Renaissance periods to create a database of pigments, using XRF and Raman 
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spectroscopies. Our proposal will be more favorable because its quantitative nature may 

allow us to identify mixtures of pigments or art materials and their blending ratios, 

providing fruitful information for making better care or storage environments.  

Another example is a contribution to a criminal investigation. According to Muro et 

al. (2015), methods should be non-destructive, rapid, quantitative and confirmatory in 

order to prevent unwanted bias about results from an investigator or expert witness. Also, 

the methods must analyze specimens that are milligram or microgram scaled, such as 

drugs, DNA, salts on a fingerprint, or soil from a perpetrator's shoe. The composition of 

trace evidence left behind at the scenes of an incident or crime will provide beneficial 

information to solve criminal cases.  

Moreover, our technology will be helpful for resource exploration. Rapid excavation 

of materials, minerals (e.g., carbonates or fluorites), and energy resources (e.g., rare earth 

elements) is valuable in this field. Secchi et al. (2018) built a combination system 

coupling several techniques, including infrared, XRF and Raman spectroscopies, and 

investigated drilled cores. Since our technology is also completely laboratory-based, a 

remote sensing explorer will have direct access to vast piles of waste, incinerator ash, or 

the ocean floor, which human beings rarely enter, and will find trace elements at 

micrometer-scaled spots on-site.  

Another example is advanced materials. In recent years, reinforced fiber plastics by 

light elements, such as carbon or boron, have been popular in aircraft and military craft 

due to their superior lightness and strength. On-site analysis through our technology will 

contribute to quality assessment by detecting foreign matter without any sample pre-

treatments or charge-up. In addition, quantitative evaluation of high performance light 

elements can benefit material engineering.  
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The author expects environmental studies are also interesting. The chemical 

compositions of environmental pollutants, such as fine particulate matter (PM2.5) or 

microplastics (MPs) may contribute to identifying their source and diffusion patterns. 

Traditionally, infrared spectroscopy, Raman spectroscopy, or gas chromatography-mass 

spectrometry (GCMS) have been available (Pan et al., 2022). Micro-XRF imaging 

enables quick, wide-range, and quantitative investigation, and the following Raman 

measurements can specify components of pollutants. In the future, our technology will 

aid in monitoring pollutant particles in real-time and quantitatively evaluate the degree of 

pollution in local and global areas. 

 

6.4 Conclusion and future prospects 

Lastly, the author briefly reviewed previous chapters and described the advantages and 

disadvantages of our method in comparison with conventional methods. The author then 

introduced possible future directions. In conclusion, our method will be a powerful tool 

applicable to the analysis of diverse samples or purposes. 
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Appendix A Supporting information for Chapter 2 

A.1 Details information about the samples studied 

Samples analyzed in Chapter 2 with detail information are summarized here. A piece of 

the PTFE tube 15 mm long with a 6 mm/4 mm (outer/inner) diameter was prepared. We 

dissected to produce a flat surface and probed at the spot indicated by the black arrowhead 

(Figure A.1). The 6-way switching valve made of stainless was taken out from the sulfur 

analyzing unit named EMIA-Step (HORIBA, Ltd.) for investigating the cause of failure 

and the corrosion (Figure A.2). This valve works to trap unwanted gases like the halogens 

or to purge carrier gases, such as He or Ar by switching the flows. The surface of the 

valve is frequently damaged by friction heat, corrosive substances from samples, and 

foreign matter. We carefully dismantled a cylindric battery cell in the glove box and 

removed a set of separators and electrodes called jelly roll (Figure A.3). Subsequently, we 

unrolled the jelly roll. The chamber of XGT-9000 can make room for such a large sheet 

of separator 138 mm high and 80 mm wide contacting the positive electrode. The area of 

0.75 mm high and 2.56 mm wide was analyzed. The separator comprised three layers: 

polyamide-imide (PAI), ceramics, and polyethylene/polypropylene.  

Figure A.1 (a) Whole picture of the PTFE tube and 

(b) an enlarged picture indicating a measurement 

spot. 
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Figure A.2 Block diagram for flows around the 6-way switch valve and its whole 

picture. IN: influx from the furnace to the analyzing unit, OUT: outflux from the valve 

to the analyzing unit, EXH: exhaust. 

Figure A.3 Details about the separator sheet of automotive battery. A dismantled 

cylindric cell (a), a whole picture of separator sheet (b), a schematic diagram representing 

structures (c). 
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A.2 XRF spectrum for the 6-way switch valve 

Figure A.4 shows the summed spectra of the 6-way switch valve, which represented the 

entire area examined. 

Figure A.4 Summed XRF spectrum for the 6-way switch valve. Esc: Escape peak. 
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Appendix B Supporting information for Chapter 3 

B.1 XRF spectra and quantitative results of 10 mg samples 

 

  

Figure B.1 XRF spectra of samples weighing 10 mg in lower energy regions. Each 

spectrum indicates a single measurement of the respective sample. 
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Figure B.2 XRF spectra of samples weighing 10 mg in higher energy regions. Each 

spectrum indicates a single measurement of the respective sample. 



115 

 

Figure B.3 The accuracy of quantitative analysis in comparison with reference values for 10 mg samples. The error bars indicate 1 

of 10 times repeated measurements. 
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B.2 XRF spectra and quantitative results of 100 mg samples 

Figure B.4 XRF spectra of samples weighing 100 mg in lower energy regions. Each 

spectrum indicates a single measurement of the respective sample. 
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Figure B.5 XRF spectra of samples weighing 100 mg in higher energy regions. Each 

spectrum indicates a single measurement of the respective sample. 
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Figure B.6 The accuracy in quantitative analysis in comparison with reference values for 100 mg samples. The error bars indicate 

1 of 10 times repeated measurements. 
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B.3 Comparison of the quantitative results in different sample weights 

To test the quantitative accuracy of the proposed method, we analyzed the JSd series and 

JSl-1. Assuming all elements were in oxide form, we quantified elements by the standard 

fundamental parameter method. The quantitative values were the averaged ones of the 10 

times repeated measurements, and the standard deviations indicate 1. 

Table B.1 The results of JSd-1 in different sample weights (unit: wt. %) 

  1 mg  10 mg  100 mg  

 reference values 
quantitative 

values 
SD (σ) 

quantitative 

values 
SD (σ) 

quantitative 

values 
SD (σ) 

Na2O 2.727 3.146 0.122  2.928 0.168  2.716 0.180  

MgO 1.813 1.736 0.072  1.900 0.124  1.948 0.093  

Al2O3 14.65 14.632 0.103  12.966 0.067  15.048 0.097  

SiO2 66.55 69.892 0.140  69.676 0.194  69.882 0.155  

P2O5 0.122 0.074 0.019  0.146 0.009  0.110 0.000  

K2O 2.183 2.406 0.015  2.634 0.026  2.404 0.036  

CaO 3.034 3.464 0.005  3.364 0.022  3.058 0.020  

TiO2 0.643 0.590 0.014  0.858 0.011  0.742 0.013  

MnO 0.0924 0.084 0.005  0.162 0.004  0.102 0.004  

FeO 4.535 3.920 0.012  5.302 0.026  3.928 0.022  

ZnO 0.012 0.010 0.000  0.012 0.004  0.008 0.004  

SrO 0.04 0.030 0.000  0.040 0.000  0.030 0.000  

ZrO2 0.0178 0.018 0.004  0.014 0.005  0.012 0.004  
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Table B.2 The results of JSd-1 in different sample weights (unit: wt. %, N.D.: not 

detected.) 

  1 mg  10 mg  100 mg  

 reference values 
quantitative 

values 
SD (σ) 

quantitative 

values 
SD (σ) 

quantitative 

values 
SD (σ) 

Na2O 0.411 0.748 0.421 0.690 0.220 1.040 0.419 

MgO 1.17 1.348 0.053 1.450 0.148 1.586 0.038 

Al2O3 9.908 16.368 0.287 14.620 0.112 16.372 0.221 

SiO2 76 71.232 0.459 70.866 0.211 69.650 0.536 

P2O5 0.0817 0.122 0.013 0.188 0.018 0.118 0.013 

K2O 1.971 3.484 0.040 3.366 0.032 3.488 0.074 

CaO 0.56 0.928 0.016 0.818 0.041 0.842 0.041 

TiO2 0.403 0.454 0.011 0.684 0.013 0.552 0.018 

V2O5 0.25136 0.014 0.026 0.004 0.005 0.012 0.018 

MnO 0.148 0.180 0.010 0.336 0.015 0.244 0.009 

FeO 4.092 4.382 0.071 6.000 0.039 5.000 0.032 

CuO 0.0533 0.104 0.005 0.118 0.004 0.134 0.005 

ZnO 0.0169 0.016 0.005 0.028 0.004 0.030 0.000 

Rb2O 0.0623 0.040 0.000 0.066 0.005 0.060 0.000 

ZrO2 0.0183 0.012 0.004 0.028 0.004 0.032 0.004 

BaO 0.0518 N.D. N.D. N.D. N.D. N.D. N.D. 

PbO 0.0088 0.564 0.031 0.732 0.057 0.842 0.043 
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Table B.3 The results of JSl-1 in different sample weights (unit: wt. %, N.D.: not 

detected.) 

  1 mg  10 mg  100 mg  

 reference values 
quantitative 

values 
SD (σ) 

quantitative 

values 
SD (σ) 

quantitative 

values 
SD (σ) 

Na2O 2.184 2.258 0.158 2.066 0.216 1.806 0.220 

MgO 2.413 2.408 0.087 2.380 0.059 2.460 0.079 

Al2O3 17.6 17.834 0.094 15.394 0.055 17.132 0.067 

SiO2 59.47 64.564 0.184 65.522 0.092 66.370 0.239 

P2O5 0.202 0.176 0.021 0.266 0.017 0.160 0.020 

SO3 0.3667 0.596 0.015 1.198 0.018 0.876 0.025 

K2O 2.845 3.552 0.043 3.236 0.023 3.168 0.044 

CaO 1.479 1.794 0.005 1.736 0.033 1.644 0.023 

TiO2 0.725 0.712 0.008 0.906 0.005 0.734 0.005 

V2O5 0.0467 0.056 0.013 0.060 0.012 0.042 0.004 

MnO 0.0599 0.060 0.000 0.100 0.000 0.070 0.000 

FeO 6.18 5.934 0.005 7.066 0.023 5.416 0.022 

ZnO 0.0198 0.010 0.000 0.020 0.000 0.070 0.000 

SrO 0.0228 0.020 0.000 0.020 0.000 0.020 0.000 

ZrO2 0.0235 0.020 0.000 0.032 0.004 0.030 0.000 

BaO 0.034 N.D. N.D. N.D. N.D. N.D. N.D. 
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Appendix C Supporting Information for Chapter 4 

C.1 The validation of the universal conversion matrix 

To further examine the validity of this universal conversion matrix Eq. (4.2), we carried 

out a sort of “blind test” for each sample. Specifically, when making a conversion matrix 

for each mineral, we excluded the one of interest from the fitting and then calculated the 

cation compositions for the species excluded. The results in Figure C.1 agree with the 

experimental results, except for a slight deviation for calcite. This result implies that the 

conversion with Eq. (4.2) is sufficient to roughly estimate the compositions of unknown 

carbonates with a maximum error of 20%. 

 

C.2 Magnesite-breunnerite-siderite series 

As for this solid solution series, the Ca content can be negligible. In the case of 𝑥Fe +

Figure C.1 Ternary diagram of experimented and calculated by 

the “blind test” in the main text for comparison. 
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𝑥Mn ≈ 1 , the difficulty is distinguishing Mg-bearing siderite from rhodochrosite from 

Raman spectra. Hence, only within the range 𝑥Mg/(𝑥Mg + 𝑥Fe + 𝑥Mn) at 𝑥Mg> ~0.4, 

the discussion is here to focus our attention on magnesite, breunnerite, and siderite (MV). 

As shown in Figure C.2, the ratio 𝑥Mg/(𝑥Mg + 𝑥Fe + 𝑥Mn) linearly correlated with the 

T- and L- mode frequencies. Consequently, this ratio can be given from T or L mode 

frequency. We evaluated the compositions from the L mode frequency because it more 

broadly shifts along with the ratio 𝑥Mg/(𝑥Mg + 𝑥Fe + 𝑥Mn) than the T mode frequency 

does. Being assumed 𝑥Ca ≈ 0, 𝑥Mg, and 𝑥Fe + 𝑥Mn are obtained by: 

(
𝑥Mg

𝑥Fe + 𝑥Mn
) = (

0.023067 −6.5973
−0.023067 7.5973

) (
𝜈L̃
1
)             (𝐶. 1) 

The resulting values of 𝑥Mg were 0.429, 0.702, and 0.999 for siderite (MV), breunnerite, 

and magnesite, respectively. Thus, the estimation error was less than 0.02 from the XRF 

results (Table 4.1). Again, it should be noted that the conversion matrix was built under 

the condition that the range is 𝑥Mg> 0.4. We must remark that the conversion matrix will 

no longer be available when a sample is out of this range (i.e., Fe and Mn richer). 

 

  



125 

 

 

  

Figure C.2 𝒙𝐌𝐠/(𝒙𝐌𝐠 + 𝒙𝐅𝐞 + 𝒙𝐌𝐧)  of siderite (MV), breunnerite, and magnesite 

against T (left) and L (right panel) mode wavenumbers. The dotted lines are of the 

linear fit. 
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C.3 Calcite-(pseudo) kutnohorite-rhodochrosite series 

In Figure C.1, the estimated 𝑥Mg is significantly deviated from the experimental value 

for carbonates containing negligible amount of Mg: calcite, kutnohorite (SH), kutnohorite 

(W), and rhodochrosite. Therefore, at least within our observation, if the estimated 𝑥Mg 

from Eq. (C.1) is less than 0.15, it is desirable to assume that 𝑥Mg ≈ 0. If a larger amount 

of Mg is estimated by the universal conversion, Eq. (5.1) should be chosen. This section 

presents the special matrix, given the assumption that 𝑥Mg ≈ 0. 

Since these four carbonates are also free from Fe, 𝑥Mn/(𝑥Ca + 𝑥Mn) is discussed. 

Because the T mode wavenumber was more sensitive to the Ca/Mn substitution (Figure 

4.3(b)), the plots of 𝑥Mn/(𝑥Ca + 𝑥Mn) against the wavenumbers of T mode are shown 

in Figure C.3. In the figure, the linear fitting of 𝑥Mn/(𝑥Ca + 𝑥Mn) against the T mode 

wavenumber was similar to the experimental plots. This is consistent with the other 

results previously described. Because 𝑥Mn/(𝑥Ca + 𝑥Mn) is plotted in the wide range of 

0 < 𝑥Mn/(𝑥Ca + 𝑥Mn) < 1, however, the non-linearity in the figure is more evident than 

in the others. To optimize the conversion matrix as much as possible, the fitting was 

conducted with a second-order polynomial function. Accordingly, the conversion matrix 

is derived as: 

(
𝑥Ca
𝑥Mn

) = ( 5.5778 × 10
−4 −0.22436 22.425

−5.5778 × 10−4 0.22436 −21.425
) (
𝜈T̃
2

𝜈T̃
1

)      (𝐶. 2) 

The values of 𝑥Mn  for calcite, kutnohorite (SH), kutnohorite (W) and rhodochrosite 

resulted in 0.01, 0.30, 0.88, and 0.99, respectively. Similarly, the deviation given was 

within 0.05. However, as described in the former subsection (magnesite-breunnerite-

siderite series), it is still challenging to discriminate rhodochrosite from Mg-bearing 

siderite; hence, the conversion with Eq. (C.2) should be applied only in the case of 𝜈T̃ < 
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180 cm-1. This is because 𝜈T̃ was not less than 180 cm-1 for any carbonates of magnesite-

breunnerite-siderite series (Figure 4.5(b)). Under this restriction, 𝑋Mn can be estimated 

within wide region of 0 < 𝑋Mn < 0.8 with Eq. (C.2).  

 

 

 

 

  

Figure C.3 𝒙𝐌𝐧/(𝒙𝐂𝐚 + 𝒙𝐌𝐧)  of calcite, kutnohorite (SH), kutnohorite (W) and 

rhodochrosite plotted against the T mode wave numbers. 
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Appendix D Supporting Information for Chapter 5 

D.1 Finer conversion for the dolomite group 

Figure 5.4 demonstrates that T and L mode wavenumbers of ferroan dolomite obtained at 

a single Raman measurement are widely spread. The cation compositions calculated by 

Eq. (5.1) are summarized in Figure D.1. Here, even though the Ca contents were 

marginally overestimated, it turned out that the deviation from the experimental values 

was <0.04 on average. Notably, the cation compositions by Eq. (5.1) had a both linear 

and wide distribution, whereas the standard deviation of the cation compositions 

evaluated by XRF was as small as 0.003 (See Table 4.1). This can be explained by the 

difference in the spatial resolution between Raman spectroscopy and XRF. For example, 

the spatial resolution for Raman spectroscopy is approximately 1 m, thus realizing to 

probe micrometer-scaled inhomogeneity spot-by-spot, while XRF measurements are 

averaged due to an even larger spatial resolution of approximately 100 μm.  

Figure D.1 Cation compositions of ferroan dolomites in ternary diagram with 

different spots (black circles). 
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D.2 Construction of the Fe+Mn scale  

D.2.1 Experiments 

Natural dolomites 

Prepared were dolomite mined at Azcárate Quarry, Navarre, Spain. As for ferroan 

dolomite, a chip from the larger one mined at Eagle Mine, Colorado, USA, used in the 

study of the carbonate conversion was hammered and then prepared. They originate in 

not igneous rocks but sedimentary rocks, according to the quarries’ information. Because 

the cation compositions significantly differed spot-by-spot, three more small chips named 

(B), (C) and (D) were prepared. Figure D.2 shows the optical images of the dolomites and 

measurement spots. It should be noted that the shape of each chip was all rhombohedral, 

but its color was not uniform. For the calibration of XRF spectra, geo-standards JLk-1 

Figure D.2 Optical images of the dolomites prepared. Scale bars are 0.5 mm. FD: 

ferroan dolomite. 
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and JDo-1 (The National Institute of Advanced Industrial Science and Technology, Japan) 

were also measured (Imai et al., 1996). The lake sediment reference JLk-1 consists of 

SiO2 (57.16 wt.%), Al2O3 (16.73 wt.%), Fe2O3 (6.929 wt.%), MgO (1.736 wt.%), CaO 

(0.6686 wt.%) and MnO (0.266 wt.%). The dolomite reference JDo-1 consists of CaO 

(33.96 wt.%), MgO (18.47 wt.%), Fe2O3 (0.0208 wt.%), MnO (0.000657 wt.%) and CO2 

(46.5 wt.%). The full information is available in the reference (Imai et al., 1996).  

Micro-XRF 

Micro-XRF analysis was carried out with a HORIBA XGT-9000 X-ray Analytical 

Microscope (Morita et al., 2022). The primary X-ray focused on the sample was a 

diameter of approximately 100 m. The Rh-target X-ray tube voltage was 30 kV, the tube 

current was 1000 A. To examine the heterogeneity of Fe+Mn abundance within one chip, 

we probed a couple of positions in each chip, and the measurement time for each was set 

to be relatively more prolonged, 100 s. For quantifying cations, standard FPM (Sherman, 

1955; Shiraiwa & Fujino, 1966) was applied. As previously described, JLk-1 and JDo-1 

were used for ferroan dolomites and dolomites, respectively.  

Raman micro-spectroscopy 

The Raman spectra were acquired with a lab-built spectrometer. The details of the optical 

setup have been described elsewhere (Urashima et al., 2022). Briefly, a 532-nm laser 

(cobolt samba) was divided by a 10:90 (transmission: refection) beam splitter. The 

transmitted light was introduced to a microscope BX51 (Olympus) and focused on the 

sample by an objective lens (Olympus; LMPlan FL N; ×100, NA 0.80, WD 3.4 mm). The 

scattered light was collected by the same objective lens and separated from the incident 

beam by the 10:90 beamsplitter. The Rayleigh scattering was filtered by BragGrate Notch 

filters (Optigrate), and the filtered light was introduced to a polychromator (HORIBA; 
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iHR-320) with a CCD (HORIBA; Syncerity). A grating with 2400 grooves/mm was used 

in the polychromator for precisely determining the peak wavenumbers. The excitation 

power was approximately 1.5–1.7 mW and 2.6–2.8 mW at the sample face for dolomite 

and ferroan dolomite, respectively. The exposure time was 30 s and 45 s for dolomite and 

ferroan dolomite, respectively, and the spectra obtained by two consecutive 

measurements were averaged. The measurement conditions were different for dolomite 

and ferroan dolomite because Raman spectra of ferroan dolomite were weaker than those 

of dolomite. Because the cation composition was heterogeneous even in one chip, Raman 

spectra were obtained from the same areas as the XRF measurements. However, the 

spatial resolution of Raman spectra was as high as or better than 1 μm, whereas that of 

the micro-XRF was about 100 μm. Thus, Raman spectra were obtained at 25 grid points 

in an approximately 50×50 μm region to acquire an averaged value for comparison with 

the XRF data. 

D.2.2 Results and discussions 

The images of the sample chips and their measurement positions are shown in Figure D.2, 

whose XRF spectra are presented in Figure D.3. Here are two notes: X-ray fluorescence 

yield varies depending on elements. Second, more simply, heavier elements emanate 

stronger fluorescence. Hence, the Mg signal can be weaker than the other three elements, 

whereas the amount of Mg surpasses the others. Each element abundance in our analysis 

was determined through standard FPM. In comparison, the peak intensity for a specific 

element is proportional to its concentration and can be compared among the samples if 

their matrix compositions are similar. In this regard, matrix effects from the samples 

studied can be nearly canceled out because the matrix compositions are predominantly 

Ca, Mg, and carbonate CO3
2-. In the XRF spectra of dolomite (A), the peaks for Ca were 



133 

 

remarkable, and those for Mg were small but noticeable. On the other hand, the peaks for 

Mn and Fe were outstanding in the spectra of ferroan dolomites (B-D), and those for Mg 

were almost absent at some positions, such as position-1 of ferroan dolomite (D). Notably, 

even within a single chip of ferroan dolomite, the peak intensities of Fe and Mn 

dramatically varied depending on the positions analyzed. Specifically, the Mn peak was 

higher at position-3 than at position-4 in ferroan dolomite (C). The cation compositions 

determined from these XRF spectra are summarized in Table D.1. 
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Figure D.3 XRF spectra obtained at each measurement position. Dol: dolomite, FD: ferroan dolomite. 
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Subsequently, we carried out Raman measurements on the identical 11 positions as 

XRF measurements. Notably, 25 grid points in each of the XRF measurement spots were 

probed to make up the difference in spatial resolution of the two techniques. The grid 

points in each XRF measurement spot span approximately 50 m square within an optical 

microscopic image shown in Figure D.4. Figure D.5 shows a typical Raman spectrum for 

each chip. Two characteristic T and L mode peaks are present in each chip, and both are 

assigned to carbonates. Both bands were clearly observed for all chips and at all positions. 

However, more precisely, their peak wavenumber was distinct at each position. One 

consistent trend between the two studies is that as the Fe+Mn is richer (ferroan dolomite), 

the T or L mode wavenumber becomes lower. Interestingly, it also turned out that Raman 

Figure D.4 Magnified optical images of each measurement position obtained by 

Raman microscope. 
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bands of the ferroan dolomites (B-D) were broader than those of dolomite (A). A possible 

reason for this band broadening is that incorporating Fe or Mn will reduce crystallinity or 

induce growth defects, and it may lead to greater bandwidths (Reeder & Prosky, 1986).  

Again, we biaxially plotted T and L mode wavenumbers. In Figure D.6(a), the 

datapoints represent averaged peak wavenumbers for the 25 grid points, and the lines 

represent their standard deviation. As Figure D.6(b) demonstrated, the plots were linearly 

distributed in the biaxial map. For this reason, standard deviations for T and L modes are 

depicted as a line. This figure strongly implies the peak wavenumbers for these modes 

differed position-by-position. As further discussions are described below, peak 

wavenumbers of L mode with significant variations will be one-to-one corresponding to 

Fe+Mn content at each measurement position. For details, the values of peak 

wavenumbers observed at each measurement position are present in Table D.1. 

Figure D.5 Typical Raman spectra for each sample. The intensities for each 

spectrum are normalized at the peak top of L mode. Dol: dolomite, FD: ferroan 

dolomite. 
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Figure D.7 shows the relation between the Fe+Mn contents and the T mode 

wavenumbers. Here, one can easily see that these peak wavenumbers and the cation 

contents were correlated in a linear manner. In fact, the coefficients of determination (R2) 

indicating linearity were 0.956 for the T mode. 

  

Figure D.6 Biaxial maps of T and L mode wavenumbers with the average and 

standard deviations of datapoints depicted by lines and markers (a), respectively, all 

datapoints depected by only markers (b). Dol: dolomite, FD; ferroan dolomite. 
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Table D.1 Summary of the cation composition estimated by XRF and Raman 

wavenumbers. aGiven in the atomic ratio to the total cation contents. 

The chip 

and  

the 

measured 

position 

Cation compositiona 
Raman wavenumber 

[cm-1] 

Ca Mg Fe Mn Fe + Mn T L 

A1 0.545 0.445 0.007 0.002 0.009 177.3 ± 0.2 299.9 ± 0.2 

A2 0.550 0.402 0.040 0.008 0.048 176.2 ± 0.1 298.4 ± 0.1 

A3 0.532 0.454 0.008 0.001 0.009 177.8 ± 0.1 300.1 ± 0.2 

A4 0.537 0.453 0.008 0.001 0.009 177.7 ± 0.1 300.2 ± 0.1 

B1 0.593 0.273 0.018 0.115 0.133 174.4 ± 1.0 295.1 ± 1.5 

C1 0.546 0.248 0.133 0.068 0.202 172.5 ± 0.7 291.7 ± 1.2 

C2 0.538 0.239 0.149 0.070 0.219 171.9 ± 0.6 290.7 ± 1.0 

C3 0.532 0.272 0.067 0.126 0.193 174.0 ± 0.3 294.3 ± 0.4 

C4 0.561 0.281 0.074 0.082 0.156 173.8 ± 0.7 293.9 ± 1.1 

D1 0.553 0.245 0.132 0.069 0.201 173.0 ± 0.4 291.9 ± 0.7 

D2 0.546 0.262 0.133 0.058 0.191 172.3 ± 0.5 291.3 ± 0.9 
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Figure D.7 Fe+Mn content plotted against the Raman wavenubmers of the T mode. 

Dol: dolomite, FD: ferroan dolomite. 
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D.3 Experimental details and supportive information for the sample analysis of Asteroid Ryugu 

D.3.1 Elemental abundances of the Ryugu samples 

As elemental abundances of the Ryugu samples resemble the ones of other carbonaceous chondrites shown in Figure 5.2, detailed results 

by different analytical methods are provided in Table D.2. 

Table D.2 Elemental abundances of the Ryugu samples (unit: ppm). The table is modified by (Yokoyama et al., 2023). Rigaku: 

WDXRF, Horiba: LE-M-XRF(EDXRF), TG EMIA: H and O analysis, TD#1: touchdown site 1, TD#2 touchdown site 2. 

  CI CM Ryugu 

     TD#2 TD#1 

Atomic 

Number 
Element Lodders21* 2SD Lodders21* Rigaku SD Horiba SD 

TG 

EMIA 
ICPMS SD ICPMS SD 

1 H 18600 3440 11500     9400     

2 He 0.00917            

3 Li 1.51 0.12 1.63      1.34 0.11 1.32 0.14 

4 Be 0.022 0.0016 0.032      0.0144 0.0030 0.0210 0.0067 
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5 B 0.744 0.172 0.46          

6 C 41300 8400 23200 46000 743 53687 6991 46300     

7 N 2500 660 1120          

8 O 453840 20000 424100 395000 2844        

9 F 92 40 52          

10 Ne 0.00018            

11 Na 5100 500 4000 7919 148 8171 262  5900 125 5155 109 

12 Mg 95170 4000 119000 127950 655 102193 850  104222 1153 106866 1250 

13 Al 8370 600 11400 10330 122 8037 95  8959 153 8636 150 

14 Si 107740 7200 132000 130030 696 118545 1028      

15 P 978 120 980 1051 14 1027 22  1586 73 1273 52 

16 S 53600 4400 30000 49860 320 62606 522      

17 Cl 717 270 470 776 21        
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18 Ar 0.00133            

19 K 539 48 410 579 22 360 7  604 30 520 21 

20 Ca 8840 700 12000 14480 186 12144 124  13743 432 16315 386 

21 Sc 5.83 0.4 8.2      6 0 6 0 

22 Ti 450 30 610 497 34 425 5  466 6 479 5 

23 V 53.6 4 72 64 13 72* 2  57.3 1.9 57.1 2.4 

24 Cr 2610 200 3090 3447 70 2259 21  2792 39 2695 48 

25 Mn 1896 160 1700 2570 51 2174 19  2490 29 3000 38 

26 Fe 185620 13000 211000 187710 1375 180308 1415  202217 2242 194925 2130 

27 Co 508 30 560 599 17    587 9 549 8 

28 Ni 10950 700 12500 11459 57 10245 83  12229 153 11789 142 

29 Cu 130 20 129 111 5 166 5  156 4 133 5 

30 Zn 311 20 177 343 6 312 3  352 9 338 10 
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D.3.2 Terrestrial references 

 

D.3.3 Inductively coupled plasma atomic emission spectroscopy for terrestrial 

carbonates 

The dolomite (MV) particle was dissolved in 10 mL of royal water and then filled to 100 

mL. The solution was measured to quantify the four cations Mg, Ca, Mn, and Fe after 

further dilution. The ICP-AES measurements were performed with OPTIMA 8300 

(PerkinElmer, Inc). The calibration curves were made by using JCSS reference materials 

(available from Kanto Chemical Co., Inc. Soka factory). The cation composition was 

obtained in wt.% by averaging values of three repeated measurements. 

Figure D.8 Optical images of the terrestrial carbonates. (a) kutnohorite (W), (b) 

kutnohorite (SH), (c) calcite, (d) dolomite (MV), (e) ferroan dolomite (EM), (f) 

magnesite. Mined locations are available from Table 4.1 and section D.2.1. Scale bars 

correspond to 1 mm. 
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D.3.4 Cation composition by micro-XRF 

Micro-XRF studied 16 points for the dolomite (MV) particle. The measurement 

conditions of the X-ray tube voltage, the X-ray tube current, X-ray working distance were 

30 kV, 500 A, 1.0 mm, respectively. The measurement time for each point was 100 s. 

The mean value of the 16 datapoints for cation contents based on the standard FP method 

was used to revise the Eqs. (5.2), (5.3).  

  

Figure D.9 XRF spectra of terrestrial carbonates. 
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Table D.3 Cation compositions of terrestrial carbonates. The values for kutnohorite 

(W) and (SH) are cited from (Urashima et al., 2023) and the one for ferroan dolomite are 

from (Morita et al., 2023). The values in parentheses are calculated from the quantitative 

results by ICP-AES. 

 mined location 
cation composition 

Ca Mg Fe Mn 

kutnohorite (W) 

Wissels mine,  

Northern Cape, South 

Africa 

0.126 ± 0.007  0.038 ± 0.007 0.004 ± 0.001 0.832 ± 0.010 

kutnohorite 

(SH) 

Sterling Mine, New 

Jersey, USA 
0.661 ± 0.024  0.032 ± 0.023 0.004 ± 0.000 0.303 ± 0.011 

dolomite (MV) 
Morro Velho Mine, 

Minas Gerais, Brazil 

0.399 ± 0.002 

(0.398) 

0.494 ± 0.003 

(0.496) 

0.102 ± 0.003 

(0.101) 

0.005 ± 0.000 

(0.006) 

ferroan 

dolomite (EM) 

Eagle Mine, 

Colorado, USA 
0.593 0.273 0.018 0.133 

 

D.3.5 Derivation of Eq. (5.4) in the main text 

According to our previous work (Morita et al., 2023), Ca content (𝐶Ca) is linearly related 

with the T and L mode wavenumbers (𝜈T̃ and 𝜈L̃). Note that 𝜈T̃ and 𝜈L̃ are determined 

in cm-1 unit here. Suppose we have 3 standard carbonates, whose 𝐶Ca, 𝜈T̃, and 𝜈L̃ are 

known as (𝐶Ca,1, 𝜈T,1̃, 𝜈L,1̃), (𝐶Ca,2, 𝜈T,2̃, 𝜈L,2̃), and (𝐶Ca,3, 𝜈T,3̃, 𝜈L,3̃) for the standards 1, 

2, and 3, respectively. Because 𝐶Ca  and the wavenumbers 𝜈T̃  and 𝜈L̃  are linearly 

related, the following equations 

 

𝜈T,1̃𝑥 + 𝜈L,1̃𝑦 + 𝑧 = 𝐶Ca,1 
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𝜈T,2̃𝑥 + 𝜈L,2̃𝑦 + 𝑧 = 𝐶Ca,2 

𝜈T,3̃𝑥 + 𝜈L,3̃𝑦 + 𝑧 = 𝐶Ca,3 

 

are satisfied. The unknown coefficients 𝑥, 𝑦, and 𝑧 are thus 

 

(
𝑥
𝑦
𝑥
) = (

𝜈T,1̃ 𝜈L,1̃ 1

𝜈T,2̃ 𝜈L,2̃ 1

𝜈T,3̃ 𝜈L,3̃ 1
)

−1

(

𝐶Ca,1
𝐶Ca,2
𝐶Ca,3

)     (D. 1). 

 

In the previous and present study, kutnohorite (SH) and kutnohorite (W) were used 

for the standards 2 and 3. For the standard 1, a geo-standard sample named JDo-1 was 

used in the previous study. JDo-1 is a dolostone mined at Kuzuu, Tochigi, Japan, and it is 

a commercially available geo-standard provided by The National Institute of Advanced 

Industrial Science and Technology (AIST), Japan. In the previous study, we used the JDo-

1, because its composition is accurately determined and provided by AIST. However, we 

later found out that the JDo-1 is a mixture of calcite [CaCO3] and dolomite [CaMg(CO3)2]. 

In fact, we sometimes found Raman bands assignable to calcite from JDo-1 powder, as 

shown in Figure 4.2. Hence, the 𝐶Ca of JDo-1 determined as 0.567 is partially derived 

from calcite, so the cation content of 0.567 cannot be related to 𝜈T̃ and 𝜈L̃ of dolomite 

in JDo-1. Accordingly, in the present study, we used dolomite (MV) as the standard 1 

instead of JDo-1. Dolomite (MV) was chosen because it was relatively homogeneous, as 

shown in Figure 5.10. We substituted the parameters in Eq. (D.1) with experimentally 

determined values. We then obtained: 
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(
𝑥
𝑦
𝑥
) = (

174.103 296.731 1
162.444 286.094 1
179.662 286.386 1

)

−1

(
0.494
0.661
0.126

) 

 

= (
−0.00162371 −0.0575557 0.0591794
0.0957912 −0.0309258 −0.0648654
−27.1415 19.1973 8.94425

)(
0.494
0.661
0.126

) 

= (
−0.03139
0.01867
0.419

). 

Namely, 

𝐶Ca = −0.03139𝜈T̃ + 0.01867𝜈L̃ + 0.419             (5.4) 
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Figure D.10 A Raman spectrum of JDo-1. The peaks with asterisk(*) are assigned to 

calcite. 
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Figure D.11 Raman spectra obtained at different spots in grain B. 
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D.3.6 An irregularly rich Fe+Mn content 

In Figure D.12(a), we denoted a label “irregular” with around 25% of Fe+Mn. The grain 

corresponds to the spot A(c), and notably, it turned out that the Raman peaks obtained 

were rather broader than those typically obtained, as shown in Figure D.12(b). The reason 

for the band broadening is yet to be understood. However, a plausible explanation is low 

crystallinity of the dolomite grain at the spot A(c). The difficulty is determining the peak 

position for these broad bands. Therefore, we cannot conclude whether the irregularly 

high concentration (~25%) of Fe+Mn was true or only an artifact due to the broadened 

Figure D.12 (a) Cation compositions for Ryugu dolomites and (b) Raman spectra for 

different grains of Spot A. Raman spectra measured at spots showing typical and 

irregular compositions for comparison. “Typical” spectrum is for the Spot A(a), whereas 

“Irregular” is for the Spot A(c) The figure is cited and modified from (Morita et al., 2024). 
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Raman band. We must remark that the adequate quality of spectra, i.e., sufficient peak 

intensity or fair sharpness of a peak without irregular broadening, is imperative for 

accurate estimation. In this regard, the proposed technique can only sometimes be applied 

to other data, e.g., Raman mapping data. Occasionally, peak frequencies will be 

automatically provided even if the spectral quality is not satisfactory. In these cases, its 

reliability should be confirmed in terms of the signal-to-noise ratio, signal-to-background 

ratio, and sharpness of the bands. Unfortunately, this analysis cannot discriminate Fe and 

Mn due to the close similarity within their ionic radii and masses (Urashima et al., 2023; 

Morita et al., 2023). However, it is crucial to note that quantitative analysis in the present 

study has been achieved but by the Raman shifts of the signals, not by signal intensity. 

Using Raman shifts independently from the matrix effects enables us to estimate cation 

compositions accurately.  
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