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Abstract 

A fundamental parameter‑based quantification scheme for confocal XRF was applied to sub‑micron synchrotron 
radiation X‑ray fluorescence (SR‑XRF) data obtained at the beamline P06 of the Deutsches Elektronen‑Synchrotron 
(DESY, Hamburg, Germany) from two sections C0033‑01 and C0033‑04 that were wet cut from rock fragment C0033 
collected from Cb‑type asteroid (162173) Ryugu by JAXA’s Hayabusa2 mission. Trace‑element quantifications show 
that C0033 bulk matrix is CI‑like, whereas individual mineral grains (i.e., magnetite, pyrrhotite, dolomite, apatite and 
breunnerite) show, depending on the respective phase, minor to strong deviations. The non‑destructive nature of SR‑
XRF coupled with a new PyMca (a Python toolkit for XRF data analysis)‑based quantification approach, performed in 
parallel with the synchrotron experiments, proves to be an attractive tool for the initial analysis of samples from return 
missions, such as Hayabusa2 and OSIRIS‑REx, the latter returning material from a B‑type asteroid (101955) Bennu in 
2023.
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Introduction
We will discuss the quantification results obtained from 
pristine material returned to Earth by Japan Aerospace 
Exploration Agency’s (JAXA) Hayabusa2 mission from 
Cb-type asteroid (162173) Ryugu on December 6, 2020. 
The investigated mm-sized rock fragment C0033 was col-
lected into sample Chamber C during the second touch-
down (TD2) on Ryugu’s surface on July 11, 2019 from the 
C01-Cb area of Ryugu, about 20 m away from the artificial 
crater created earlier by the small carry-on impactor (SCI). 
It is assumed that sample Chamber C (total mass ∼ 2  g) 
contains both surface and sub-surface material exposed by 
the 2 kg copper SCI (Saiki et al., 2017, 2021; Arakawa et al., 
2020; Tachibana et  al., 2022), receiving its kinetic driving 
force from a polymer-bonded explosive (Ito et al., 2021).

The Hayabusa2 mission objective was to investigate 
formation, evolution and volatile content of a pristine 
carbonaceous asteroid (Watanabe et  al., 2019). The Cb-
type carbonaceous asteroid Ryugu was expected to be 
related to carbonaceous chondrites of CI or CM-type 
(Sugita et  al., 2019) which are a prime source to study 
early Solar System processes. For this purpose, however, 
pristine material directly collected from an asteroid’s sur-
face is particularly useful, to avoid the risks of any ter-
restrial contamination of water and organic matter (e.g., 
Tachibana, 2021), and any heating and stress potentially 
suffered during atmospheric entry. Such heating effects 
have been observed, for example, in the case of microme-
teorites (Greshake et al., 1994; Rudraswami et al., 2015) 
and the formation of ferrihydrate and sulfate minerals, 
for example, have been observed in CI chondrites due to 
terrestrial weathering, (Gounelle and Zolensky, 2001).

Another ongoing asteroid mission is NASA’s OSIRIS-
REx sample return mission to B-type asteroid (101955) 

Bennu, currently returning regolith samples to Earth 
(Lauretta et al., 2019).

Synchrotron radiation X-ray fluorescence (SR-XRF) 
spectroscopy has been used as a non-destructive analyti-
cal tool to image and quantify elemental abundances in 
cometary (Flynn et al., 2006; Zolensky et al., 2006; Flynn, 
2007; Schmitz et  al., 2009; Silversmit et  al., 2009) and 
interstellar (Westphal et  al., 2014; Brenker et  al., 2014) 
material from previous sample return missions. In this 
article, results from a confocal fundamental parameter-
based SR-XRF quantification scheme are presented, 
based on an approach originally developed to obtain 
quantitative trace-element information from return sam-
ples originating from comet Wild2 (Schoonjans et  al., 
2012).

Experimental
Trace-element concentrations of individual minerals, 
i.e., apatite, dolomite, breunnerite, (framboidal) magnet-
ite and pyrrhotite, in the studied C0033 sections were 
derived from SR-XRF spectra obtained at the PETRA 
III facility of the Deutsches Elektronen-Synchrotron 
(DESY) in Hamburg, Germany, with the energy-disper-
sive micro-XRF setup (Fig.  1) at the Hard X-ray Micro/
Nano-Probe beamline P06 (Schroer et  al., 2010). The 
experiment made use of a sub-micron beam of X-rays 
monochromatized by a Si(111) double-crystal mono-
chromator and subsequently focused by a Kirkpatrick-
Baez (KB) mirror pair. Confocal data sets were acquired 
using an XOS focusing optic (Fig. 1) with a focal distance 
of 2.2 mm and an enclosure length of 27.5 mm, coupled 
with a Vortex-EM silicon drift detector (SDD) (model 
No: 578-VTX-EM-300). This polycapillary optic consists 
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of an array of many glass fibres with micron-sized inter-
nal channels, oriented to only accept X-ray photons 
originating from a micron-sized volume. Polycapillar-
ies guide the X-rays based on repeated total reflections 
inside the glass channels when the X-rays hit a surface 
with a lower angle than the critical angle of total reflec-
tion θC(mrad) ≈ 30/E(keV) , where E is the X-ray pho-
ton energy. For a more detailed explanation of detecting 
fluorescent X-rays of a selected area with a polycapillary 
optic, the reader is referred to Vincze et  al. (2004). The 
single-element SDD has a 50  mm2 active area collimated 
on chip, having a 350 µm crystal thickness, and a 12 µm 
Be window combined with an Xspress 3 readout system 
by Quantum Detectors Limited. After confocal align-
ment with a 10 mµ GoodFellow stainless steel wire, the 
detector optic showed a FWHM acceptance of 16.4 µm at 
Fe-Kα , defining the maximum probed dimension within 
the sample along the X-ray beam at 6.4 keV energy. The 
confocal depth resolution at different energies E can be 
approximated by 16.4µm ∗ 6.4keV/E(keV) (Vincze et al., 
2004). Imaging data sets were acquired using a 4-element 
Vortex-ME4 SDD (model No: 865-VTX-ME4-300) with a 
total collimated active area of 170  mm2, a 350 µm crys-
tal, a 12.5  µm Be window and an Xspress 3 Mini read-
out system. The latter used an Al collimator to minimize 
the spectral contribution of background scatter and 
undesired signals from the sample environment. For 
the SR-XRF measurements, the samples were probed in 
a position characterised by a 240  nm (H) × 200  nm (V) 
beam size at an excitation energy of 20.5  keV. As the 
Ryugu material was found to be rich in Fe, the incident 
flux was attenuated accordingly to minimize detector 
pile-up. For confocal point measurements, the beam was 
90% attenuated. For overview scans and point measure-
ments with the 4-element detector, the beam was attenu-
ated by 90% and 99%, respectively. Although most of the 

flux had to be attenuated, the P06 beamline was chosen 
for its small beamsize, which was needed to investigate 
the micron-sized mineral grains. In the experimental 
setup, the incident X-ray beam impinged on the sample 
at an angle of 90° and the confocal and multi-element 
detectors were positioned, respectively, under opposite 
scatter angles of 47° and 72° with respect to the primary 
beam, as shown in Fig. 1.

Materials and methods
Sample description
Two polished Ryugu sections C0033-01 and C0033-
04, had been wet cut using a diamond wire saw 
(130  mµ diameter) and ethanol from rock frag-
ment C0033 and mounted in epoxy resin (Nakamura 
et  al., 2022). C0033 was characterised by a size of 
1.99  mm × 1.33  mm × 0.92  mm, a mass of 1.99  mg and 
an average bulk density of 1.92 g/cm3 (Nakamura et  al., 
2022). The size and density of sample C0033 were esti-
mated based on synchrotron radiation computed tomog-
raphy (SR-CT) data obtained at beamline BL20XU of the 
Super Photon Ring (SPring-8) Hyōgo Prefecture, Japan 
(Nakamura et al., 2022). Both sections, with a thickness 
of ∼ 200  µm, had been hand-polished using ethanol, 
C0033-04 was additionally polished under dry conditions 
and carbon-coated to study the effect of possible ethanol 
absorption by the Ryugu matrix (Nakamura et al., 2022). 
A 93 µm, rhyolitic glass, geological MPI-DING reference 
material, ATHO-G (Fig. 1b), was used for the presented 
quantitative procedure with certified reference concen-
trations given by Borisova et al. (2010). The two polished 
sections were investigated using a scanning electron 
microscope (SEM), including SEM-based energy-dis-
persive X-ray spectroscopy; (SEM–EDX) and SR-XRF 
spectroscopy.

Fig. 1 XRF detection setup used at beamline P06 to analyse a Ryugu sections C0033‑01 and C0033‑04 fixed in epoxy disks and b the geological 
glass reference material ATHO‑G. Confocal SDD detector on the left, 4‑element SDD detector on the right. Both are positioned, respectively, under 
opposite angles of 47° and 72°. The incident SR beam is indicated with a red arrow
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Imaging and main‑element quantification
For the identification and localization of mineral grains 
in these sections, backscattered electron (BSE) images 
with pixel sizes of 80 nm were obtained with a JEOL JSM 
6490 electron microscope utilizing an acceleration volt-
age of 15 kV. With this instrument, the probe current is 
controlled by the dimensionless “spot size” setting, and 
the latter was set at 60 during the SEM data acquisition. 
An intensity calibration on a cobalt reference was per-
formed prior to the measurements. The main-element 
composition of these mineral grains were acquired with 
SEM–EDX spectroscopy following the “remote stand-
ards” protocol (Newbury et  al., 2013). These concentra-
tions were thus obtained by comparing the recorded 
intensities with a library of standard reference intensities 
derived from pure elements and stoichiometric com-
pounds, the oxygen concentration (not for pyrrhotite) 
was calculated by stoichiometry, and the results were 
normalised to 100 wt%. Considering the relative errors 
for “remote standards” analysis fall in the range ± 25% 
(Newbury et  al., 1995), the trace-element quantification 
scheme is tested for this error range and discussed fur-
ther in “Experimental and interpolated MC-based yields” 
section. The BSE images together with superimposed SR-
XRF overview scans allowed for individual confocal point 
analysis providing trace-element information. Although 
the BSE images had better pixel resolution than the SR-
XRF images, both image data sets could be compared as 
most mineral grains were micron-sized. For image over-
lays, BSE and SR-XRF overview scans were imported into 
the commercial software Affinity Designer. Images were 
scaled (preserving the aspect ratio) onto the same size 
on the computer screen, according to their magnification 
and overlain by hand. The orientation (translation and 
rotation) of the overlay was then achieved using distinct 
features, unambiguously recognizable in both images, 
such as distinct mineral grains (e.g., magnetite or apatite 
grains, recognizable in the BSE image and by their Fe, or 
Ca signal, respectively). As the penetration depth varies 
between X-rays (tens of µm for the used experimental 
parameters) and electrons (a few µm at most) as a source, 
sub-surface mineral grains were also detectable with SR-
XRF which are otherwise missed by BSE and SEM–EDX 
spectroscopy.

Confocal sub‑micron SR‑XRF quantification
Each SR-XRF point measurement was preceded by a 
small overview scan performed around the point of inter-
est, defined by SEM work, to establish its exact position 
in the beam. Confocal depth scans were performed to 
check the mineral grain’s depth below the surface and 
to match the confocal volume. The individual mineral 

grain size was estimated based on SR-CT data obtained 
at beamline BL20XU of SPring-8 (Nakamura et  al., 
2022). The software Drishti (Limaye, 2012) was used for 
the visualization and orientation of CT data with a spa-
tial resolution of 3.36 µm/voxel. The latter was obtained 
after image pixel binning of the original CT data by a fac-
tor of 4 (CT image areas of 4 × 4 pixels are averaged to 
1 pixel), to reduce the amount of total data, speeding up 
data transfer between several research groups during the 
Initial Analysis phase. As most of the analysed mineral 
grains proved to be smaller than the polycapillary depth 
acceptance, a matrix correction was performed using ele-
mental net-peak intensities based on a ρ · T  correction, 
and is presented as Eq. 1. This specific matrix correction 
approximation can be applied in the understanding that 
all analysed mineral grains were located on the surface 
and always had a density greater than the matrix.

with Igraini,Kα
 , Igrain+matrix

i,Kα
 and Imatrix

i,Kα
 the net-peak Kα line 

intensity of element i from only the grain, from both the 
grain and the matrix, and from only the matrix, respec-
tively, ρmatrix the density of the matrix, ρgrain the density 
of the grain, Tgrain the size of the grain and FWHMacc 
the sample depth acceptance by the polycapillary which 
is inversely proportional with the energy of the fluores-
cence photons.

The spectra corresponding to confocal SR-XRF point 
measurements were normalised for primary beam flux 
and detector dead time. Further data handling follows 
the confocal SR-XRF quantification model as presented 
by Schoonjans et  al. (2012). Net-peak intensities of the 
Kα fluorescent lines were obtained using the PyMca5 
software package (Solé et  al., 2007). The experimental 
elemental yields for element i and the sample absorp-
tion correction coefficient are defined as Eqs.  2 and 3, 
respectively:

with Ii,Kα the net-peak Kα line intensity of element i, I0 the 
primary beam flux, wi the weight fraction of element i, ρ 
the density, T the thickness, t the detector live time and 
(s) refers to the standard reference material. The layer of 
interest within the sample along the incident beam path 

(1)

I
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‘x’, in this case the approximately 200 µm sections, is par-
titioned in a large number of narrow intervals �xj . It was 
chosen to evaluate the sample absorption every 0.5 µm, 
leading to a total number of intervals ‘N’ of approxi-
mately 400. Decreasing �xj further gives no significantly 
different results and only increases the total calculation 
time. 

∏

abs0�xj
 is the absorption from an air layer of ∼ 

25 cm (i.e., air path between the sample and the exit win-
dow of the KB mirror pair) before the layer of interest at 
the primary energy and from the intervals within the 
layer of interest along the incident beam, fluo�xj is the 
generated fluorescence intensity in �xj , whereas 

∏

abs1�xj
 

is the attenuation from the layer of interest and from an 
air layer of ∼ 6 cm (i.e., combination of the polycapillary 
focal distance, its length, and additional distance till the 
detector chip) for the fluorescence, and scale�xj the con-
tribution of interval �xj to the spectral line recorded by 
the detector. As the beam size is much smaller than the 
polycapillary acceptance, a 1D model of the confocal 
detection was used.

Based on the experimental yield values, a weighted lin-
ear least squares polynomial fit was applied to produce 
interpolated yield values Yi,fit for the elements present 
in the reference material as well as for some that are 
absent. Concentration values for the unknown samples 
(u) are then calculated with Eq. 5 in an iterative manner. 
After each iteration the concentration values are used to 
update the total mass attenuation cross sections µρ,total 
(Eq. 4) which redefine Ai,corr.

The element specific mass attenuation cross sections 
µρ,i were obtained with the xraylib library for X-ray–mat-
ter interactions (Schoonjans et  al., 2011a, 2011b). The 
iterative calculation of concentrations was stopped in 
case convergence was reached, i.e., when the difference 
in subsequent iteration values was smaller than 1%. For 
the initial absorption correction, the main sample com-
position elemental concentration values, derived from 
SEM–EDX measurements, were used. SEM–EDX data 
were also used as starting sample composition for the 
analysed mineral grains in most cases. For magnetite 
measurements, stoichiometric Fe and O concentrations 
were used. These initial values were kept fixed during the 
iterative process. The latter allowed to drastically speed 
up the time needed to reach convergence, typically only 
few iterations ( ≤ 3) were needed, as µρ,total is largely dic-
tated by the main elements:

(4)µρ,total =

∑

wi ∗ µρ,i(E)

(5)w
(u)
i =

I
(u)
i,Kα

I
(u)
0 Yi,fitA

(u)
i,corrρ

(u)T(u)t(u)

A brute-force Monte Carlo (MC) approach was used 
for error estimation based on variance analysis of the cal-
culated results. Based on a high-quality pseudorandom 
number generator PCG64 (O’Neill, 2014), the relevant 
quantification parameter values are varied around their 
original mean and their influence is estimated on the 
final results. Distance (i.e., depth of the confocal volume 
parallel to the incident beam and parallel to the detector) 
and density values were both varied using a uniform dis-
tribution. The distance values are assumed to have a 10% 
error (larger deviations would be visible in the confocal 
depth scans), the density values of the analysed mineral 
grains together with their error ranges were taken from 
Chang et  al., 1996 and Bowles et  al., 2011. The density 
of the matrix itself was taken as the average bulk den-
sity (Nakamura et al., 2022) but with an error of 10% to 
take into account the presence of higher density mineral 
grains, pores and fractures. For each individual parent 
spectrum (reference and mineral grains) 50,000 Poisson 
varied spectra were generated and fitted with PyMca, 
giving a distribution of elemental net-peak intensities 
as a function of random contributions by the relevant 
experimental parameters. Based on this, 50,000 sets of 
experimental and interpolated yields were produced, 
after which 50,000 sets of concentration values were cal-
culated by randomly taking a set of interpolated yields 
and a set of net-peak intensities, providing a distribution 
of the results. This amount of calculations proved suffi-
cient for the error estimation process, increasing the lat-
ter to 100,000 did not give any significant change to the 
calculated concentration values and would only increase 
the overall calculation time. Charts visualizing the Monte 
Carlo uncertainty estimation methods for the calculation 
of the elemental yields and mineral grain weight fractions 
are presented as Additional file  1 and Additional file  2, 
respectively.

Results and discussion
Section C0033-01 is dominated by a prominent magnet-
ite rich vein that cross-cuts the complete section (Fig. 2a). 
A high-resolution SR-XRF scan of the vein area displayed 
as an RGB (Ca–Fe–S) image (Fig.  2b) confirms that the 
vein is largely composed of magnetite (green) grains but 
also includes some rare pyrrhotite (blue–green) grains 
and laths. Also present within the vein are several Ca-
rich grains 5–10 µm in size.

Section C0033-04 is a cross-sectional slice of a Ca-rich 
part of rock fragment C0033 (Fig. 3) and shows a wide-
spread abundance of magnetite grains and framboids, 
pyrrhotite laths and fragments, and a light grey matrix 
in which darker areas of less dense material can be 
observed. Four areas (Fig. 3, yellow boxes) were selected 
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for the performance of high-resolution SR-XRF scans 
(maps 1, 2, 3 and 4). The high-resolution SR-XRF scans 
(Fig.  4b, d, f and g) reveal the distribution of Ca-rich 
phases (such as apatite and dolomite) and Fe-rich phases 
(such as magnetite and pyrrhotite).

In the following results that were acquired using the 
confocal fundamental parameter method-based quantifi-
cation are discussed.

Experimental and interpolated MC‑based yields
Detection limit (DL) and elemental yield calculations 
were based on the MPI-DING geological glass standard 
ATHO-G (Borisova et al, 2010) as it is well-documented 
and was also chosen for the confocal trace-element quan-
tification of NASA’s STARDUST interstellar dust parti-
cles (Schoonjans et al., 2012; Brenker et al., 2014) due to 
minimal overlap between the observed Kα peaks. A 2D 
scan (to reduce local inhomogeneity) of 11 × 11 points 
with a stepsize of 1 µm was performed with t = 10 s live 
time, the resulting normalized sum spectrum is pre-
sented in Fig. 5a. The longitudinal position of the stand-
ard, which was perpendicular to the incident X-ray 
beam, along the source-sample axis was optimized via 
depth scans for total count rate. The resulting primary 

Fig. 2 a BSE image of C0033‑01 after epoxy fixation. The magnetite vein is highlighted in yellow. b High‑resolution SR‑XRF overview scan (200 nm 
step size) of the magnetite region presented in a. Unlike the BSE image that includes only surface information, the SR‑XRF image includes additional 
SR‑XRF signals received from subsurface layers of C0033‑01, which extends to a broader area beneath the surface. The SR‑XRF overview scan is 
displayed as an RGB image showing the K‑line intensities of Ca (Red), Fe (Green), and S (Blue). Confocal point analyses #1, #2 and #3 are indicated 
with a cross

Fig. 3 BSE image of C0033‑04 after epoxy fixation. SR‑XRF overview 
scans are highlighted in yellow

Fig. 4 BSE images (a, c, e, g) of maps 1, 2, 3 and 4, respectively (indicated in Fig. 3). High‑resolution non‑confocal SR‑XRF scans displayed as RGB 
images showing the K‑line intensities of Ca (R), Fe (G), and S (B) (b, 250 nm step size), Ca (R), Fe (G), and Cr (B) (d and h, 100 nm step size) and Ca (R), 
Fe (G), and Mn (B) (f, 200 nm step size). Red/white crosses mark the points, where confocal point analyses were performed, the results of which are 
shown in Tables 2 and 3. Due to difficult sample positioning, there is a slight misalignment between the BSE and SR‑XRF images

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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excitation depth and confocal volume depth, which are 
explained by Schoonjans et  al. (2012), were 27  µm and 
39.6  µm, respectively. The normalized sum spectra of 
Ryugu point measurements of magnetite #3, matrix #6, 
apatite #7 and epoxy resin #15 are presented in Fig. 5b–d. 
The magnetite #3 spectrum comes from "Introduction" 
section (Fig. 2), the other spectra come from "Results and 
discussion" section (Fig.  4). The epoxy resin was meas-
ured as a blank and did not show any impurities, except 
for chlorine which is not included in the list of available 
elemental yields.

The confocal DL (Beckhoff et  al., 2007) derived from 
the Kα fluorescent peaks measured from the ATHO-G 
standard is presented in Fig. 6a, scaled to the t = 1000 s 
live time used for all mineral grain point measurements. 
Error bars are 3 σ , following standard error propagation, 
and were used to calculate a weighted linear least squares 
polynomial fit, an order of 2 gave the best result. The fit 

does slightly overestimate the DLs of the lower Z ele-
ments (Z < Mn) but this does not affect the final quanti-
fication results as the DLs are only used reliably to check 
the presence of elements in samples within an order of 
magnitude. To check the reliability of the final quanti-
fied results, these were tested against the interpolated DL 
values, e.g., elements with small calculated concentration 
values, which are comparable to their detection limit, 
should have small peaks above the background. If not the 
case, some density and/or thickness values still deviated 
from their optimal values.

The experimental yield values based on the Kα fluo-
rescent peaks of ATHO-G are presented in Fig.  6b and 
Table 1. Error bars are 1 σ , following standard error prop-
agation, and were used to calculate a weighted linear least 
squares polynomial fit, an order of 4 gave the best result. 
Ga and Zr were not included in the fit as their net-peak 
intensities did not follow the trend established by the 

Fig. 5 a Normalized sum spectrum of a map scan performed on the ATHO‑G geological glass reference material. b Normalized sum spectra of 
matrix #6 and epoxy resin #15. c Normalized sum spectrum of magnetite #3, not corrected for matrix. d Normalized sum spectra of apatite #7, not 
corrected for matrix
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majority of elemental yields, being either underestimated 
or overestimated, respectively. The deviation between the 
interpolated yield curve and the experimental elemental 
yields can indicate increased uncertainties for Ga and Zr 

in terms of quantitative results. Si is not included as its 
experimental yield calculation was not reliable; there-
fore, it was not possible to reliably interpolate the experi-
mental yield values between Si and K. The interpolated 
MC-based yields (50,000 simulations) are presented in 
Table  1. The corresponding elemental yield distribu-
tion histograms for Fe, Cu, Zn and Ga are presented in 
Fig.  7. The shape of these curves is primarily Gaussian-
like which can be explained by the large number of inde-
pendent (random) variables influencing the calculated 
concentration values, hence approaching Gaussian distri-
bution as a result of the central limit theorem (CLT). The 
distribution is also influenced by the Poisson distribution 
used for the perturbation of the ATHO-G spectral line 
intensities during the variance analysis.

The concentration values and standard deviations 
(resulting from 50,000 trials in the variance analysis) 
calculated from the Ryugu point analyses (Figs. 3, 4) for 
the matrix (points #1 and #6), magnetite (points #2, #3, 
#5 and #14) and pyrrhotite (point #11) are presented in 
Table 2, and for the dolomite (points #4, #9, #10 and #13), 
apatite (points #7 and #8) and breunnerite (point #12) in 
Table  3. ‘nd’ means ‘not detected’ which notes the fact 
that the element was either not present or present below 
DL. “Others” denotes the combined weight fraction of 
all major/minor elements whose concentration values 
could not be determined accurately by SEM–EDX or SR-
XRF analysis. For all confocal point measurements this 
mostly consists of oxygen (O), for the matrix points this 
is extended with the elements below Si (Z < 14). To itera-
tively update µρ,total in the quantification method, the 

Fig. 6 a Confocal detection limit (DL) based on ATHO‑G ( Kα lines only) for a live time of 1000 s. Interpolation based on a weighted linear least 
squares quadratic fit, error bars are 3σ following standard error propagation. b Experimental yields ( Yi,exp ) based on ATHO‑G ( Kα lines only). 
Interpolation based on a weighted linear least squares quartic fit, error bars are 1σ following standard error propagation. The plotted X‑axis values 
are atomic numbers ranging from 19 (K) till 40 (Zr)

Table 1 Experimental and interpolated Monte Carlo‑based 
yields  (cm2/g/s) of ATHO‑G reference

Experimental yields Interpolated MC‑based yields

Elemental yield Standard 
deviation

Elemental yield Standard 
deviation

K 1.094 0.086 1.138 0.055

Ca 1.634 0.12 1.574 0.066

Ti 3.346 0.319 3.086 0.187

V / / 4.244 0.315

Cr / / 5.667 0.486

Mn 7.289 0.625 7.272 0.688

Fe 8.712 0.671 8.891 0.909

Co / / 10.295 1.143

Ni / / 11.243 1.389

Cu 10.161 1.551 11.555 1.631

Zn 9.732 1.266 11.172 1.825

Ga 5.992 0.841 10.174 1.908

Ge / / 8.753 1.837

As / / 7.144 1.613

Se / / 5.565 1.280

Rb 2.463 0.289 2.193 0.287

Sr 1.536 0.178 1.593 0.146

Y 1.122 0.147 1.202 0.208

Zr 1.281 0.117 0.928 0.174
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leftover unknown weight percent of the analysed point 
to reach 100 wt% (the “others” weight percent) has to be 
assigned to a single element to be able to calculate a mass 
attenuation cross sections, see Eq. 4. For this, oxygen (O) 
was used as the “others” representative as the majority 
of the analysed mineral grains contain O as a major ele-
ment. Main elements were not quantified again with the 
SR-XRF technique as SEM–EDX is considered more reli-
able for low-Z elements, and the iterative process would 
have otherwise required an increase in total processing 
time by a factor 3–4. The trace-element concentration 
values for mineral grains apatite #8, dolomite #10 and 
magnetite #14 are less accurate due to interference with 
nearby non-matrix regions. Apatite #8 is a grain protrud-
ing above a fracture (visible on Fig. 4c) leading to a too 
strong matrix correction, dolomite #10 has an Fe-rich 
region in proximity below the grain (visible with a con-
focal depth scan) and magnetite #14 has slight dolomite 
interference below it (visible on Fig. 4h).

The weight fraction distribution histograms for Co, Cu, 
Zn and Y for apatite #7 of Ryugu section C0033-04 are 
presented in Fig. 8. The shape of these curves is mainly 
Gaussian due to CLT but not entirely, the minor visible 
Poisson shape is related to the variance analysis of the 
parent apatite spectrum. The smooth profiles of these 
distributions also indicate that all the independent (ran-
dom) variables were sampled sufficiently in the 50,000 
MC simulations, providing a reliable error estimation.

The CI normalised (Lodders, 2010) concentration 
values and standard deviations of trace elements in 
magnetite #3, matrix #6 and pyrrhotite #11 are pre-
sented in Fig. 9a. The trace element concentrations for 
the matrix reveal a flat pattern in close conformity to 
the CI bulk values (Lodders, 2010) supporting a clas-
sification of Ryugu material as CI-like (Nakamura et al., 
2022; Yokoyama et al., 2022). The pyrrhotite grain #11 
(and partly also the magnetite grain #3) reveals more 
variance and fluctuations. In particular, the pyrrhotite 

Fig. 7 Interpolated yield  (cm2/g/s) distributions for Fe, Cu, Zn, and Ga based on ATHO‑G using 50,000 Monte Carlo simulations
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(#11) grain displays an approximate five-to-tenfold 
enrichment in Co, Ni and Se and an approximate ten-
fold depletion in Zn, relative to bulk CI values, which 
resembles the concentrations recorded by SR-XRF for 
pyrrhotite found in chondrules within the CM chon-
drite QUE 97990 (Singerling et  al. 2021). However, 
within the error margins, the results for pyrrhotite are 
also roughly in agreement with the trace element con-
centrations recorded in pyrrhotite grains in Orgueil 
CI chondrite (Greshake et al. 1997). The systematically 
higher Ti concentration values for magnetite and pyr-
rhotite most likely reflect an increased spectral over-
lap between the Ti-Kα fluorescent peak and the more 
prominent Fe-Kα escape peak and, thus, should be 
considered with caution. The systematically lower Mn 
concentration values for magnetite, matrix and pyrrho-
tite most likely come from the over-estimation of the 
intensity of the low-energy tail of Fe during spectra fit-
ting and, thus, should also be considered with caution. 
The concentration values of Ti and Mn are presented 

nonetheless to show the influence of fitting errors 
which cannot be reduced by increasing the total num-
ber of MC simulations.

To better understand the influence of the accuracy of 
the main-element concentration values provided by the 
SEM–EDX setup on the calculated trace-element values, 
matrix #6 was simulated once more with the added step 
of applying a 25% Gaussian error (3 sigma) to all main 
elements used. For all calculated trace elements, there is 
an overlap of the 1 sigma error bar signifying that if the 
main elements used were varied by a few weight percent, 
the influence on the sample absorption correction fac-
tor and the final calculated trace elements is very minor. 
A plot with the trace-element concentration values of 
matrix #6, with and without main-element randomiza-
tion, is presented as Additional file 3.

The CI normalized (Lodders, 2010) concentration 
values and standard deviations of trace elements in 
dolomite #4, apatite #7 and breunnerite #12 are shown 
in Fig.  9b. It is noticeable that, unlike for pyrrhotite 

Table 2 Concentrations with standard deviations obtained for matrix, magnetite (mag) and pyrrhotite (pyh)

For the Fe concentration in magnetite it was preferred to use its stoichiometric value as the SEM–EDX quantification of O is less reliable. Data in ppm, except for the 
asterisk (*) representing data in wt%, the double asterisk (⁑) representing SEM–EDX data in wt% and the dagger (†) representing CI chondrite composition data from 
Lodders, 2010 in wt%. nd = not detected

#1 #6 #2 #3 #5 #14 #11

Matrix Matrix Magnetite Magnetite Magnetite Magnetite Pyrrhotite

ρ(g/cm3) 1.73–2.11 1.73–2.11 5.2 5.2 5.2 5.2 4.58–4.79

Tgrain(µm) / / 14–17 14–17 14–17 10–14 27–30

Si 10.7† 10.7† nd nd nd nd nd

S 5.35† 5.35† nd nd nd nd 41.33⁑ ± 0.39⁑

Ca 0.922† 0.922† nd nd nd nd nd

Ti 0.10* ± 0.01* 0.06* ± 0.01* 0.37* ± 0.07* 0.36* ± 0.07* 0.36* ± 0.08* 0.23* ± 0.06* 0.44* ± 0.11*

V 35 ± 25 91 ± 23 76 ± 63 nd nd nd nd

Cr 0.21* ± 0.02* 0.35* ± 0.04* 0.13* ± 0.04* 0.51* ± 0.07* 0.07* ± 0.03* nd 0.30* ± 0.05*

Mn 457 ± 57 630 ± 76 202 ± 59 649 ± 102 672 ± 111 2.35* ± 0.38* 547 ± 92

Fe 18.5† 18.5† 72.36 72.36 72.36 72.36 53.98⁑ ± 0.51⁑

Co 0.18* ± 0.03* 0.06* ± 0.01* 328 ± 68 698 ± 109 655 ± 106 163 ± 95 0.14* ± 0.02*

Ni 1.08† 1.08† nd nd nd nd 3.73⁑ ± 0.75⁑

Cu 41 ± 8 69 ± 12 391 ± 117 516 ± 143 443 ± 136 nd 89 ± 24

Zn 69 ± 12 231 ± 40 669 ± 169 820 ± 199 726 ± 188 619 ± 291 36 ± 13

Ga 4 ± 1 8 ± 2 20 ± 7 12 ± 7 23 ± 10 27 ± 11 13 ± 5

Ge 8 ± 2 17 ± 4 34 ± 10 28 ± 10 32 ± 11 55 ± 18 12 ± 4

As nd nd nd nd 16 ± 5 nd 9 ± 3

Se 12 ± 3 11 ± 3 14 ± 5 17 ± 5 20 ± 6 13 ± 4 70 ± 20

Sr nd nd nd nd nd nd nd

Y nd nd nd nd nd nd nd

Others 62.90* ± 0.06* 62.87* ± 1.38* 26.97* ± 0.13* 26.50* ± 0.18* 26.95* ± 0.14* 24.97* ± 0.41* 0* ±  0*
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and magnetite, the Ti values in the dolomite (#4) are 
not systematically higher, likely due to the absence of a 
prominent Fe-Kɑ escape peak. The Sr fluorescence peak 
is very high in the apatite grain (#7), less high in the 
dolomite grain (#4) and absent in the breunnerite grain 
(#12), which is in agreement with recent studies that 
show a strong correlation between Sr and Ca (Tkalcec 
et  al. 2022) in carbonaceous chondrite material. Y is 
recorded only in the apatite grain (#7), where it shows 
a high and strong peak and is absent in all other min-
eral grains. Our trace element quantification results 
of the two polished sections C0033-01 and C0033-04 
support the proposition that Ryugu samples, its bulk 
matrix composition and the mineral grains present, are 

CI-like. The latter is in agreement with recent conclu-
sions from first studies of Ryugu material inferred from 
the absence of submillimeter CAIs and chondrules in 
Ryugu material (Yada et  al., 2022), the bulk elemen-
tal and isotopic analysis of A0106, A0107, C0107 and 
C0108 (Yokoyama et al., 2022), the bulk muonic X-ray 
spectroscopic analysis of 10 Ryugu coarse grains, i.e., 
C0002, A0026, A0064, A0067, A0094, C0025, C0033, 
C0061, C0076 and C0103 (Nakamura et  al., 2022), the 
powder XRD patterns of a mixture of A0029, A0037 
and C0087 and bulk INAA results of A0098 and C0068 
(Ito et al., 2022).

Table 3 Concentrations with standard deviations obtained for dolomite (dol), apatite (ap) and breunnerite (brn)

Data in ppm, except for the asterisk (*) representing data in wt%, the double asterisk (⁑) representing SEM–EDX data in wt% and the dagger (†) representing CI 
chondrite composition data from Lodders, 2010 in wt%. nd = not detected

#4 #9 #10 #13 #7 #8 #12

Dolomite Dolomite Dolomite Dolomite Apatite Apatite Breunnerite

ρ(g/cm3) 2.86 2.86 2.86 2.86 3.1–3.15 3.1–3.15 3–3.1

Tgrain(µm) 20–23 24–27 6–9 16–21 7–9 4–6 7–10

C 13.69⁑ 13.69⁑ 13.69⁑ 13.69⁑ nd nd 15.8⁑

F nd nd nd nd 1.74⁑ 1.74⁑ nd

Na nd nd nd nd 0.93⁑ 0.93⁑ nd

Mg 9.76⁑ 9.76⁑ 9.76⁑ 9.76⁑ 1.79⁑ 1.79⁑ 13.43⁑

Si nd nd nd nd 1.35⁑ 1.35⁑ nd

P nd nd nd nd 16.32⁑ 16.32⁑ nd

S nd nd nd nd 0.79⁑ 0.79⁑ nd

Ca 17.66⁑ 17.66⁑ 17.66⁑ 17.66⁑ 34.42⁑ 34.42⁑ 0.71⁑

Ti 533 ± 150 165 ± 43 nd 353 ± 223 nd nd nd

V 112 ± 36 81 ± 22 66 ± 51 154 ± 65 nd nd nd

Cr 0.23* ± 0.03* 542 ± 64 nd 0.33* ± 0.07* nd 0.15* ± 0.04* nd

Mn 4.91⁑ 4.91⁑ 4.91⁑ 4.91⁑ 0.73⁑ 0.73⁑ 1.2⁑

Fe 2.03⁑ 2.03⁑ 2.03⁑ 2.03⁑ 2.11⁑ 2.11⁑ 13.44⁑

Co 368 ± 57 115 ± 21 46 ± 35 229 ± 44 264 ± 80 nd 80 ± 49

Ni 0.44* ± 0.07* 0.08* ± 0.01* nd 0.21* ± 0.04* 0.34* ± 0.07* nd nd

Cu 27 ± 6 7 ± 2 28 ± 11 6 ± 3 53 ± 12 nd nd

Zn 93 ± 17 15 ± 3 69 ± 27 37 ± 8 36 ± 13 nd 35 ± 19

Ga 4 ± 1 3 ± 1 nd 5 ± 1 nd nd 3 ± 1

Ge 8 ± 2 3 ± 1 5 ± 3 5 ± 2 nd nd 4 ± 2

As nd nd 5 ± 2 nd 4 ± 1 nd 5 ± 2

Se nd nd 7 ± 3 nd 11 ± 3 nd 14 ± 4

Sr 55 ± 10 48 ± 8 35 ± 7 37 ± 7 347 ± 38 209 ± 38 nd

Y nd nd nd nd 41 ± 10 42 ± 11 nd

Others 51.16* ± 0.11* 51.77* ± 0.02* 52.15* ± 1.31* 51.34* ± 0.12* 39.40* ± 0.08* 39.64* ± 0.35* 55.41* ± 0.01*
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Conclusions
A PyMca-based approach, based on the work of Schoon-
jans et al. (2012), was developed to quantify confocal XRF 
data during synchrotron experiments having the poten-
tial to obtain real-time quantitative elemental informa-
tion, which is of the essence during the initial analysis 
of unique space material. We have illustrated the effec-
tiveness of this confocal quantification method by apply-
ing it on confocal sub-micron SR-XRF data collected at 
the PETRA III P06 beamline from sections of a unique 
extraterrestrial material: a pristine asteroidal mm-sized 
grain, C0033, returned by the JAXA’s Hayabusa2 mission. 
It is shown that the bulk matrix of Ryugu grain C0033 

is similar to CI chondrite element abundance and that 
the analyzed mineral grains roughly follow the pattern 
observed in similar CI material, as was also concluded 
by other bulk and/or destructive spectroscopic analy-
sis methods, i.e., powder XRD, INAA and muonic XRF. 
Confocal SR-XRF with sub-micron resolution has proven 
to be a successful non-destructive and mineral grain spe-
cific analysis tool for the trace-element quantification of 
unique and precious material returned by the Hayabusa2 
space mission. In this respect, it would be a valuable tool 
for near future sample return missions like the OSIRIS-
REx’s touch-and-go mission to B-type asteroid (101955) 
Bennu.

Fig. 8 Weight fraction (wt%) distributions for Co, Cu, Zn, and Y for apatite #7 of Ryugu section C0033‑04 using 50,000 Monte Carlo simulations
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