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Abstract

Millimetre-sized primordial rock fragments originating from asteroid Ryugu were investigated using high energy X-ray
fluorescence spectroscopy, providing 2D and 3D elemental distribution and quantitative composition information

on the microscopic level. Samples were collected in two phases from two sites on asteroid Ryugu and safely returned
to Earth by JAXA's asteroid explorer Hayabusa2, during which time the collected material was stored and maintained
free from terrestrial influences, including exposure to Earth's atmosphere. Several grains of interest were identified and
further characterised to obtain quantitative information on the rare earth element (REE) content within said grains,
following a reference-based and computed-tomography-assisted fundamental parameters quantification approach.
Several orders of magnitude REE enrichments compared to the mean Cl chondrite composition were found within
grains that could be identified as apatite phase. Small enrichment of LREE was found for dolomite grains and slight
enrichment or depletion for the general matrices within the Ryugu rock fragments A0055 and C0076, respectively.
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Introduction

As meteoroids enter Earth’s atmosphere they are decel-
erated and are exposed to frictional heat, potentially
resulting in the chemical alteration of their composition
by evaporation of (trace amounts of) volatile elements
and dehydration (Rudraswami et al. 2015; Greshake et al.
1994). Furthermore, after impacting on Earth’s surface
they are exposed to various terrestrial alteration pro-
cesses. In contrast, the samples investigated in this work
were collected directly from the surface and subsurface
regions of asteroid Ryugu during two surface touchdowns
by the Hayabusa2 space mission of the Japanese Aero-
space Exploration Agency (JAXA) and were kept in pris-
tine conditions during its return to Earth (Tachibana et al.
2014; Watanabe et al. 2017). Therefore, any evidence for
alteration in the Ryugu material can be assumed to have
occurred in situ on the asteroid, a carbon-rich carbona-
ceous asteroid type Cb, whose surface material is thought
to be similar to CI or CM carbonaceous chondrites (Ham-
ilton et al. 2019; Kitazato et al. 2019). Such evidence
includes the presence of secondary phases, such as phyl-
losilicates (predominantly serpentine and saponite), mag-
netite, sulphides, and carbonates (Yokoyama et al. 2022),
which have often been observed also in other CI and CM
chondrites (Tomeoka and Buseck 1988; Gounelle and
Zolensky 2014; Lee and Nicholson 2009; King et al. 2015;
Bates et al. 2019; Tkalcec et al. 2022). During the return
and curation of the samples they remained within a pro-
tective environment and free from Earth’s atmosphere’s
influences ready for subsequent analysis.

As such, the investigation of these samples by non-
destructive and non-invasive methods first is of the
utmost importance, to obtain as much information as
possible while minimising any form of alteration of the
sample during these initial investigations. For this pur-
pose, hard X-ray-based analysis methods are a prime
candidate due to their highly penetrating yet fully non-
invasive character.

In this study, two rock fragments, A0055 and C0076,
from the surface and sub-surface sampling procedures
from Ryugu (Sawada et al. 2017), were investigated by
high energy synchrotron radiation X-ray fluorescence
(HE-SR-XRF) spectroscopy at the “materials chem-
istry and materials engineering beamline” ID15A of
the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) (Vaughan et al. 2020; De Pauw
et al. 2022). The goal was to obtain elemental distri-
bution maps of the millimetre-sized samples to iden-
tify potential regions of interest for further (invasive)
analysis. In what follows, a detailed description of the
performed analysis is provided, along with a quanti-
fication approach to obtain rare earth element (REE)
trace level concentration values from mineral grains
even at significant depth within the sample matrix
(>500 um).

The obtained REE concentrations are normalised
to the mean CI chondritic REE composition (Lodders
2021) and compared to apatite in the CI-chondrite
Orgueil and in other carbonaceous chondrites.
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Materials and methods

Sample description

Ryugu rock fragments A0055 and C0076, collected in
chambers A and C, respectively, during the first and sec-
ond touchdown on Ryugu’s surface by the JAXA Haya-
busa2 sample return mission, were investigated using
high energy XRF spectroscopy. Rock fragment A0055
measures 2.38 x 1.94 x 1.69 mm?, whereas rock fragment
C0076 measures 2.53 x 1.74 x 1.41 mm?®. Both samples
were mounted on a 500 um thick carbon pad on top of a
3 mm diameter aluminium cylinder. Before, during and
after SR-XRF analysis, the sample was sealed within a
20 pm thin polyimide foil cap, secluding it from Earth’s
atmosphere. In addition, before and after the SR-XRF
experiments the polyimide-encapsuled samples were
stored in air- and moisture-free conditions to maintain
the samples’ pristine conditions during transport on
Earth.

A total of 4 standard reference materials were used for
the XRF quantification: an NIST SRM 611 (Trace ele-
ments in glass, ~500 ppm level trace element concentra-
tions, thickness 1 mm), a NIST SRM 613 (Trace elements
in glass,~50 ppm trace element concentrations, thick-
ness 1 mm and 100 pm), and an MPI-DING Atho-G
reference material (rhyolitic glass geological reference
material, thickness 100 um) (Jochum et al. 2000, 2011).

Synchrotron radiation X-ray fluorescence (SR-XRF)
spectroscopy

Experiments were performed at the ID15A beamline
of the ESRF (Grenoble, France) using a setup similar to
that used during preparatory research for the Hayabusa2
return sample preliminary analysis (De Pauw et al. 2022)
(Fig. 1). A 90 keV beam with focal spot size of approxi-
mately 0.5 x 0.5 um? at the sample position was obtained
with a total flux of approximately 10! photons/s. A Can-
berra Mirion Cryo-pulse 5plus HPGe detector was used
to detect the emitted X-ray photons, mounted at a 90°
angle with respect to the incident photon beam in the
plane of polarization to minimize Compton scatter con-
tribution, at the left side of the sample. An In and Ta con-
taining detector collimator was implemented to remove
parasitic scattering from Kirkpatrick—Baez focussing
mirrors, air, guard slits and beam monitor PIN diode.
A Pb detector collimator was used to prevent spectral
contribution from the instrument surrounding the sam-
ple environment (sample holder and sample alignment
stages).

XRF spectra were integrated using the PyMca5 soft-
ware package (Solé et al. 2007) and further processed
for quantification as described in the results and discus-
sion section of this manuscript. All data were corrected
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Fig. 1 Instrumental overview photograph of the setup as applied at
beamline ID15A (ESRF, Grenoble, France) during the experiment

for primary beam flux and detector dead time. Mean CI
chondritic composition concentrations were obtained
from Lodders et al. (Lodders 2021), completed by oxygen
to obtain a total 100 wt% matrix representation. A bulk
Ryugu sample density of 1.81 g/cm?® was assumed, which
is similar to findings by Nakamura et al. (Nakamura et al.
2022b).

Computed tomography (CT) data were processed
using the TomoPy ‘gridrec’ reconstruction algorithm
(Gursoy et al. 2014) and were compared to XRF-CT data
to obtain information on particular features of interest.
Particular attention was given to local Ca-, REE-, Fe- or
S-enrichments, for example, in conjunction with the
morphology, absorption characteristics and CT grayscale
tone of the associated phases.

Results and discussion

An initial overview scan was made of each sample to
identify the REE distribution in the sample, as displayed
in Fig. 2. It should be noted that this overview scan is in
essence a 2D projection of the 3D sample, where the sam-
ple depth from which information is projected on the 2D
image is dependent on the monitored fluorescence line
energy, the sample composition/topology and density
along both the projection path (i.e., along the incident
beam) as well as the corresponding escape path of the
fluorescence signal toward the detector. For the low-Z
elements this corresponds to a few tens of micrometre
(e.g.,<100 pum for Ca—K_), whereas for the higher Z ele-
ments this increases to several millimetre (e.g.,<1.5 cm
for La-K,), limited by the actual sample thickness at
the given primary X-ray beam position. In addition,
as the detector is located on the left side of the sample,
this side is characterised by more intense signal as the
resulting radiation is less influenced by self-absorption
effects within the sample. Procedures to correct for these
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Fig. 2 XRF overview elemental distribution images (5 um step size, 0.2 s/pt) for Hayabusa2 return sample A0055 (A) and XRF-CT cross-sectional
RGB image (B) presenting a virtual horizontal cut through point 2 displaying the Ce, Sr and Compton scatter distribution within the sample
(5 pm x 0.4° steps, 0.2 s/pt). Yellow marks and numbers indicate the points of interest that were further investigated
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self-absorption effects exist but are often arduous in
nature and demand a high degree of knowledge on the
sample’s internal and external morphology and composi-
tion. Furthermore, these methods are often characterised
by a large degree of uncertainty, especially when correct-
ing low intensity pixels, such as the pixels on the right
side of the image, Fig. 2A, due to the large uncertainties
governed by Poisson statistics and insufficient knowledge
on the absorption coefficients and density distribution
along the excitation and detection path within the highly
heterogeneous sample material. As such, the images pre-
sented here are not self-absorption-corrected and pro-
vide an overview similar to what can typically be readily
obtained during a synchrotron radiation experiment with
limited to no post-processing.

The elemental distribution images for A0055 shown in
Fig. 2A display a large amount of calcium-rich grains, some
of which correlate with an enhanced REE signal represented
here by the Ce distribution image, the latter being the most
abundantly present REE in CI chondrites (Lodders 2021)
and selected here to represent all detected REEs. The iron

distribution image displays a generally Fe-rich background,
superimposed by occasional platelet or needle-like Fe-
enhanced structures. Several points of interest were identi-
fied for further investigation, marked in Fig. 2A by yellow
circles. Points 1 and 2 are both REE-rich, and Point 1 is also
visibly enriched in Ca. This is likely also the case for point 2,
but as the signal from point 2 arises from deeper (measured
along the detector axis) within the sample bulk, the emitted
fluorescence radiation must pass through a larger fraction of
the sample before reaching the detector, which has a more
negative effect on the Ca detection but less so for the REEs
due to their high K-line photon energies and associated
larger information depth. Point 3 is also characterised by a
high Ca signal, yet unlike point 1 does not display significant
REE enrichment. Point 4 is additionally selected as a good
representative for the general sample matrix, as it displays
no particular enrichment in any of the detectable elements.
An XRF-CT scan was acquired through point 2 (Fig. 2B),
displaying the Sr and Ce distribution within the sample,
as well as the Compton signal which provides a general
measure for the sample density and morphology. It is clear
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from this image that the REE-rich region that is identified
in Fig. 2A (point 2) can be attributed to an approximately
80 pm large grain, displayed in the RGB image as a yel-
low—white grain indicated by a yellow arrow, containing
increased levels of Sr and REEs compared to the sample
matrix. It was previously reported that there is a strong cor-
relation between the Ca and Sr distribution (Tkalcec et al.
2022), thus allowing for the inference that this grain of
interest is enriched not only in REEs and Sr, but also in Ca,
further suggesting that point 2 is chemically very similar to
point 1.

The high energy (90 keV) beam at beamline ID15A is
especially suited for the detection of heavier elements, such
as REEs. Unfortunately, direct detection of light elements
such as C, O, Mg, Si or P is not feasible at ID15A due to the
strong absorption of their X-ray fluorescence photons by the
sample surrounding air and the sample matrix. For this rea-
son, identification of these grains by SR-XRF in such a mm-
sized particle without prior invasive sample preparation,
such as targeted cutting or polishing, must be achieved indi-
rectly. First analyses of Ryugu material have reported that
the main Ca-bearing phases are dolomite and apatite, and
that anhydrous Ca-bearing silicate phases such as pyrox-
ene or anorthite are rare (Nakamura et al. 2022a). Given the
small grain size of points 1 and 2 and the typical enrichment
of REEs within Ca-phosphate phases (Morlok et al. 2006), it
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is suggested that the joint Ca and REE signals from points 1
and 2 both originate from apatite phases. This is in agree-
ment with recently reported REE concentrations in several
other Ryugu samples that confirm the highest REE enrich-
ments are found in apatite (Yokoyama et al. 2022).

Unlike points 1 and 2, the lack of distinctly visible REE flu-
orescence signal from point 3 together with its much larger
grain size (Fig. 2A, top left image) suggests that point 3 is
not an apatite grain, despite its strong Ca-rich signal.

An identical scanning procedure as described above
was followed for rock fragment C0076. For quantitative
purposes, measurements with longer acquisition time
(600 s) compared to the overview scans were performed
in both samples, A0055 and CO0076, to acquire better
counting statistics and signal-to-noise ratios. The local
analyses were performed on the four points indicated in
Fig. 2A as well as on four points within C0076 identified
as corresponding to an apatite grain and three points cor-
responding to sample matrix. The resulting XRF spectra
for A0055 points 1-4 are displayed in Fig. 3 (and Addi-
tional file 1: Fig. S1 in the Additional File for C0076 XRF
spectra of points 1-4). It should be noted that the Ta and
In signals originate from the used detector collimator,
and as such scale with the Rayleigh and Compton inten-
sities and are not to be attributed to the sample compo-
sition. All spectra correspond to photons detected from
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Fig. 3 XRF spectra corresponding to the measurements in points 1 to 4 in rock fragment A0055, as indicated in Fig. 2A (600 s/pt). A clear
enhancement in the REE region is observed for points 1 and 2. XRF spectra were normalised for the Ta-K signal intensity to provide more
straightforward comparison. Magnified inserts of two select energy ranges marked by dashed bounding boxes in light blue and red are displayed in
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down to a given sample depth along the excitation and
detection beam path, limited by the photon-energy-
dependent information depth. Given the particle’s topol-
ogy, lower energy photons will only contribute to the
spectrum from a relatively short segment along the beam
path, whereas higher energy photons (REEs and higher
atomic-number elements) effectively contribute from
the full sample thickness. Nevertheless, a clear distinc-
tion can be made between the different points of interest
based on the REE contribution to the separate spectra.

The spectral results shown in Fig. 3 confirm that Ryugu
fragment A0055 points 1 and 2 are enriched in REEs
compared to points 3 and 4. Furthermore, almost all
REEs are detected: La, Ca, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Yb and Lu. A note should be made for Ho, as this
signal displays spectral overlap with the Ta escape peaks,
which are abundantly present in all measurements due to
the considerable Ta and In collimator signal contribution.
However, the applied spectral deconvolution software
takes these escape peak ratios into account, thus provid-
ing a reliable integrated signal for Ho as well for all but
the noisiest spectra. In addition, points 1 and 3 display
a strong Ca signal. As discussed previously, the Ca sig-
nal originating from point 2 is absorbed by the rest of the
sample bulk hindering its detection under the measure-
ment geometry that was applied during the acquisition
of the images displayed in Figs. 2A and 3. The spectral
results of A0055 further confirm that point 3 of A0055
has a different mineralogy to points 1 and 2. In addi-
tion to its weaker REE signal, a clear Mn-enrichment
is observed in A0055 point 3 (Fig. 3B) which, together
with its larger grain size relative to points 1 and 2, sup-
ports its identification as a dolomite grain. This is in
agreement with first analyses of other Ryugu samples
that have reported a widespread abundance of coarse-
grained (~100 pm) dolomite that also contains a rho-
dochrosite (MnCO;) component of ~9 mol% (Nakamura
et al. 2022a), and is further in line with reports of carbon-
ate grains in other CI and CM carbonaceous chondrites,
where the concentration of Mn is known to be signifi-
cantly higher in dolomite relative to calcite or aragonite
(Lee et al. 2014; Riciputi et al. 1994).

Quantitative analysis of point spectra

A reference material-based fundamental parameter
quantification approach was used to obtain quantitative
data corresponding to the point measurement data. It
can be shown that the fluorescent line intensity of ele-
ment i, I, can be calculated following Eq. (1) (Schoonjans
2012; Schoonjans et al. 2012; Szaldki et al. 2017). Here, I,
represents the primary photon beam flux impinging the
sample, w; is the weight fraction of element i in the sam-
ple, Q is the so-called XRF production cross section for
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the XRF line of interest for element i, G is the detector
solid angle and efficiency factor (geometry factor), p and
T the sample density and local thickness values, respec-
tively. x represents a measurement geometry and sample
composition dependent attenuation coefficient combin-
ing the sample’s mass attenuation coefficients at the inci-
dent and fluorescence line energies, respectively. Using ¥,

—xpT
the last term in the equation, (1_; p;p

, can be inter-

preted as an absorption correction term representing the
influence of sample matrix effects. In case of the high
energy XRF spectral data presented below, this factor is
close to 1 due to the limited absorption of the high energy
REE K, emission lines by the Ryugu sample matrix (e.g.,
the La-K_ attenuation length within a 1.81 g/cm? CI
matrix is approximately 3.3 mm):

1 — e xpT
I = IOGwiQipT() (1)
xpT
y, =t
= T (2)

Several terms in Eq. (1) are identical when comparing
a reference material to an unknown sample, measured
under the same experimental conditions: I, (after appro-
priate normalisation which also takes into account any
acquisition time differences), G and Q. In addition, also
the absorption correction term is considered equal for
the used reference materials and the unknown sample,
due to the relatively high REE K-line photon energies and
the limited absorption of these photons by the sample
matrices. These simplifications allow us to define an “XRF
yield” expressed by Eq. (2) (Fig. 4). It is clear that for all 4
reference materials very similar XRF yields are obtained,
with minor deviations in the case of MPI-DING Atho-G
for certain elements: a clear indication that the density
and sample thickness, as well as the matrix absorption
effects, are appropriately taken into account for the REE
range. For further data evaluation, the average value of
the different yields for a given element were used, with
a corresponding error equal to the standard deviation of
the average or derived from standard error propagation,
whichever error gave the largest value.

Equation (2) can now be used to quantify the data
obtained from the unknown samples, provided that the
sample local density and thickness are known. Due to the
heterogeneous nature of the samples, however, this is not
a trivial piece of information to obtain. For this purpose,
CT scans acquired at the sample heights corresponding
to the point measurements (Fig. 5) were used. For each
point measurement, the primary beam path was divided
into a number of segments based on the presence of
grains along the path. Where possible, mineral phases
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Fig. 4 XRF yields for the different reference materials that were investigated, as calculated by Eq. 2. Error bars indicate three standard error margins

along the beam path were identified, and their corre-
sponding density was taken into account. A mean matrix
density of 1.81 g/cm® was used (Nakamura et al. 2022b).
A self-absorption correction was performed to account
for the REE signal absorption within the sample, between
the point of excitation and ultimately reaching the detec-
tor, by comparing the experimental Fe-K, over Fe-Kg
signal intensity ratio to the theoretical radiative rate ratio
(De Samber et al. 2010; Trojek et al. 2008). The difference
between experimentally obtained and theoretical ratio
is contributed to absorption by the sample matrix, for
which a corresponding absorption path length was calcu-
lated following Lambert—Beer’s law (I = Ipe **T). This
absorption layer was then used to correct the experimen-
tally obtained REE signal intensities. Using the values
stated in Fig. 5, an average (feature size weighted) density
and total path length can be determined, which are then
used as the respective p and T values in Eq. (2) to calcu-
late the average REE concentration within the full path
length detected through the sample as indicated in Fig. 5.

However, the REEs are not distributed evenly through-
out the full beam path, but are expected to be concen-
trated within the Ca-phosphate-rich phases along the
beam path (Morlok et al. 2006). As a result, the REE
information contained within the spectra in Fig. 3 and
Additional file 1: Fig. S1 does not correspond to the full
sample thickness but instead originates mainly from a
smaller grain along this beam path. This is done by cal-
culating the concentration values following Eq. (2), but
using the p and T values corresponding to the grain of
interest instead of an average density and total inter-
sected sample path length. The obtained concentration
values can then be directly compared to the mean CI
chondritic composition (Lodders 2021), as displayed in
Table 1 and Fig. 6.

The REE patterns for three apatite grains (points 1 and
2 in Ryugu fragment A0055 and point 1 in C0076, Fig. 6)
all show enrichments of greater than approximately 30
times mean chondritic values. The highest enrichment
is documented for point 1 in Ryugu fragment A0055
which shows REE enrichments of 250—-300 times mean
CI values and a noticeably flat pattern, indicating that
this grain has not experienced significant fractionation-
inducing processes on the asteroid Ryugu. The other
two apatite spectra are less REE-enriched (30-100 times
mean CI values) and display a slight increase from LREE
to HREE. Thus, relative to the mean CI concentrations
of REE, clear and significant (30-300 fold) enrichments
in REE concentration are observed for the three apatite
grains, which is in agreement with REE results for other
Ryugu samples that found apatite to be the main REE
bearing phase (Nakamura et al. 2022a) and are, further-
more, in line with the research by Morlok et al. (Morlok
et al. 2006). A direct comparison of the scale of the REE
concentrations reported for other Ca-phosphates in the
CI carbonaceous chondrite Orgueil (Morlok et al. 2006)
reveals that the REE abundances of apatite grain 2 of
Ryugu fragment A0055 (A0055 Pt2) and grain 1 of frag-
ment C0076 (C0076 Ptl), 80—-100 times CI and 30-60
times CI, respectively, are not dissimilar in scale to
those of Orgueil Ca-phosphates that range between ~ 30
and ~ 100 times CI values (Morlok et al. 2006), apatite
grains in ordinary chondrites that range between ~ 10 and
100 times CI values (Zhang et al. 2016), and those of apa-
tite in the ungrouped carbonaceous chondrite DaG 978
that range between~4 and 60 times CI values (Zhang
et al. 2016). The REE enrichments of apatite grain 1 of
Ryugu fragment A0055 (A0055 Ptl1), roughly 250-300
times greater than the mean CI REE concentrations, are
not only noticeably higher than the REE concentrations
of the other two apatite grains in Ryugu but also much
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Fig. 5 CT slices that were obtained at SPring-8 beamline 20XU (Nakamura et al. 2022b) show the positions of the points of interest indicated in
Fig. 2A. A red arrow marks the primary X-ray beam path and direction, fluorescence detector was positioned at the left of the CT image. Yellow
circles indicate the Ca-rich grains (points 1-3) from which REE information is primarily obtained. Point 4 is a matrix measurement and as such has
no distinct Ca-rich grains. Separate grains along the beam path are indicated by their respective size along the beam path in orange, along with an
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greater than the REE concentrations of the Ca-phosphate
grains in Orgueil (Morlok et al. 2006). Similarly, high
LREE concentrations have been reported in grains or
merrillite, an anhydrous Mg—Na-bearing Ca-phosphate,
in the ungrouped chondrite DaG 978 with concentra-
tions of 150—300 times mean CI values for REEs up to Eu
(Zhang et al. 2016).

In contrast to the three apatite grains, the dolomite
grain (A0055 Pt 3) reveals a weaker enrichment of light
to medium REE, of approximately 4—8 mean CI concen-
trations (Fig. 6). The concentration levels of REEs heavier
than Dy (e.g., Ho, Er, Yb) were below the detection lim-
its in the dolomite grain. This is in agreement with LREE
enrichments observed in dolomite grains of other Ryugu
samples (e.g., C0053, (Nakamura et al. 2022a)). All four
matrix points of the Ryugu fragments (A0055 Pt4 and
C0076 Pt2, Pt3 and Pt4) reveal a slight increase from
LREE to HREE, but the two Ryugu fragments appear
to differ with regard to their matrix Eu concentrations.

Unlike the A0055 matrix (A0055 Pt4) that displays a
noticeable negative Eu anomaly, C0076 matrix point 4
shows a clear positive Eu anomaly, the latter also appear-
ing to be the case for the other two matrix points of
C0076 (Pts 2 and 3), although admittedly the large error
bars of Pt2 and Pt3 call for observational caution in this
case.

The REE-concentrations of two of the matrix meas-
urements in Ryugu sample C0076 (C0076 Pt2 and Pt3)
are slightly depleted relative to the mean CI concentra-
tions and are, thus, similar to the REE abundances in the
matrices of CI chondrites, which are usually close to or
depleted compared to bulk CI values (Morlok et al. 2006).
This supports the recent classification of Ryugu mate-
rial as CI chondrite following bulk XRF analysis, bulk
isotopic ICP-MS analyses, (Yokoyama et al. 2022) and
recent muonic X-ray results of 10 coarse Ryugu sam-
ples that have recorded major elemental abundances
and isotopic compositions of Ryugu similar to those
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Table 1 Rare earth element concentrations for the separate points of interest, compared to the reported mean Cl chondrite (Lodders
2021) concentration

Mean CI Point 1 Point 2 Point 3 Point 4
A0055 La 0.24 61.35(11.30) 18.71 (2.60) 0.97 (0.24) 0.17 (0.05)
Ce 0.63 183.83 (3342) 59.25 (6.04) 3.29(1.58) 1.38(0.30)
Pr 0.10 23.23(5.29) 6.75 (1.45) - -
Nd 047 136.27 (21.89) 4894 (5.07) 2.56(1.21) 1.50(0.33)
Sm 0.15 41.86 (5.87) 15.79(1.82) 1.11(0.32) 045 (0.07)
Eu 0.06 13.98 (3.57) 4.65(1.22) - 1(0.05)
Gd 0.21 64.84 (8.03) 26.55 (3.00) 1.85(0.47) 0.75(0.13)
Tb 0.04 10.56 (1.96) 3.25(0.58) - -
Dy 0.25 72.52 (8.66) 1.30 (4.54) 2.69(0.72) 61(0.14)
Ho 0.06 17.68 (3.70) 11.86 (1.70) 541 (0.99) 1.34(0.28)
Er 0.16 39.83 (6.82) 17.23(3.10) - 0.16 (0.11)
Yb 0.17 38.62 (5.44) 22.06 (3.27) - 0.58 (0.09)
C0076 La 0.24 946 (1.65) 0.04 (0.03) 0.05 (0.06) 0.86(0.12)
Ce 0.63 3253 (5.75) 0.07 (0.04) 0.11 (0.08) 1.39(0.23)
Pr 0.10 3.23(0.76) - - -
Nd 047 28.58(5.32) 0.04 (0.03) 1(0.07) 1.32(0.19)
Sm 0.15 9.37 (1.54) 0.02 (0.01) 0.07 (0.05) 0.58 (0.11)
Eu 0.06 3.02(0.72) 0.02 (0.02) 0.06 (0.05) 0.60 (0.11)
Gd 0.21 18.76 (2.79) 0.03 (0.02) 0.08 (0.05) 0.95 (0.20)
Tb 0.04 1.94 (0.34) - - -
Dy 0.25 2546 (5.69) 0.05 (0.02) 0.09 (0.04) 1.29(0.27)
Ho 0.06 6.21(1.34) 0.11 (0.03) 0.23 (0.06) 2.94(047)
Er 0.16 16.79 (3.84) 0.03 (0.04) 0.06 (0.09) 0.56 (0.23)
Yb 0.17 20.62 (4.87) - - -

All values are reported in ppm mass, values between brackets indicate the 1-sigma standard error, undetected elements are indicated by a dash (-)
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o | e =t fr71T % L L 1 L || A0055 Pt2 - apatite
& i I S A, N R C0076 Pt1 - apatite
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Fig. 6 REE trend of different phases within the Ryugu A0055 and C0076 rock fragments. Error bars indicate three standard error margins (99.7%
confidence interval)

of CI chondrites (Nakamura et al. 2022b). Interesting, = REE concentrations. A similar observation was made by
however, are the REE concentrations for A0055 matrix ~ Yokoyama et al. (Yokoyama et al. 2022) during the sample
Pt4 and C0076 matrix Pt4 which show a noticeable (0—  bulk analyses.

fivefold on average) enrichment relative to the CI mean



Tack et al. Earth, Planets and Space (2022) 74:146

Apart from the different directions of the Eu anomalies
in the two matrices, a comparison of the REE quantifica-
tion results for Ryugu fragment A0055 with those of frag-
ment C0076 reveals a further difference between the two
samples. Whereas the slight depletion in C0076 matrix
points Pt2 and Pt3 fit well against the contrasting REE-
enrichment of C0076 apatite grain Pt1 this is not the case
for A0055, where both noticeable and significant REE
enrichments are recorded for the matrix (A0055 Pt4) and
the two apatite grains (A0055 Ptl and Pt2), respectively.
One explanation, although unlikely, for the REE enrich-
ment of matrix point A0055 Pt4 (and/or C0076 Pt4)
might be very small and unnoticed REE enriched apatite
grains or grain fragments along the path of the primary
beam indicated in Fig. 5, as well as on the path toward the
XRF detector, that contribute their REE fluorescence to
the total spectrum of the matrix.

Conclusions

High energy X-ray fluorescence spectroscopy experi-
ments were performed at beamline ID15A of the ESRF
(Grenoble, France) on two rock fragments (A0055 and
C0076) returned by the Hayabusa2 mission of JAXA. The
sub-micron sized excitation beam of 90 keV allowed for
the non-invasive investigation of these millimetre-sized
samples, and extracting information on the rare earth
element composition from the entire sample volume.

Several points of interest were identified based on the
elemental distribution images obtained from two-dimen-
sional overview scans. Local XRF analyses combined
with an absorption—CT-aided and reference-material-
based fundamental parameter quantification method
was used to derive quantitative REE information from
the identified points of interest. Combined with the XRF
data, computed tomography virtual slices were utilised
to determine the path length distances within the inter-
sected phases and to identify and measure the grains of
interest along the primary beam path to be able to pro-
vide local REE concentration values within the grains,
contained within the millimetre-sized rock fragments.

It was found that REEs are mainly enriched within cer-
tain Ca- and Sr-rich phases, which are suggested to be
apatite following the research by Morlok et al. 2006 and
Zhang et al. 2016. Other REE-poorer but Mn-enriched
Ca phases are identified as likely to be dolomite. The
obtained REE enrichment trends are also compared to a
location attributed to the general A0055 matrix (i.e., no
significant carbonate or high density phases were identi-
fied in this location). REE enrichment factors of several
orders of magnitude compared to the mean CI chondrite
composition were found for the apatite grains within the
A0055 and C0076 Ryugu rock fragments, whereas only
an approximately factor 10 enrichment for LREE up to
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Dy was found for the dolomite phase and slightly above 1
for the matrix phases.

The proposed method is shown to be a powerful tool
in the preliminary analysis of millimetre-sized asteroidal
rock fragments. Not only does the method provide fast
identification of microscopic grains of interest within the
large sample bulk, providing relative coordinates that can
be used for further investigation of said detected grains by
other analysis methods. The method at hand also delivers
semi-quantitative information on the relative abundance
of REEs with respect to the mean CI chondritic compo-
sition. The flat but highly enriched REE pattern of apatite
grain 1 in Ryugu rock fragment A0055 indicates that this
grain did not experience any fractionation during aque-
ous alteration on the Ryugu asteroid. The other two apatite
grains show a bit lower enrichment with a slight increase
from LREE to HREE, a pattern which is quite similar to
several Orgueil apatite grains studied by Morlock et al.
(Morlok et al. 2006). Matrix values are slightly enriched for
Ryugu rock fragment A0055 and point 2 of rock fragment
C0076 but depleted for points 3 and 4. The unusual high
enrichment of both apatite grain 1 and matrix in rock frag-
ment A0055 suggest a much higher alteration than in rock
fragment C0076, which underlines the inhomogeneous
and brecciated nature of Ryugu.
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