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Abstract-The mineralogy and textures of several fragments from the Ribbeck aubrite were
analyzed using a combination of scanning electron microscopy, electron microprobe
analysis, phRaman spectroscopy, and laser ablation inductively coupled reaction cell mass
spectrometry (LA-ICP-MS/MS). The meteorite fragments are strongly brecciated and show
evidence of shock melting. The silicate phases of the fragments predominantly consist of
enstatite, albite, and roedderite, with subordinate forsterite, diopside, K-feldspar.
Non-silicate phases include kamacite, troilite, oldhamite, and Fe-Ti, Fe-Mn, and Fe-Cr rich
sulfides. Tridymite and cristobalite, the latter contained in Si-rich glass, are also present
within one enstatite grain. Vesicular fusion crust is apparent in several fragments. The
discovery of roedderite is the first reported for the Ribbeck aubrite. In situ Rb/Sr dating
combined with chemical analysis of the roedderite was performed via laser ablation ICP-
MS/MS using the single-spot dating approach. The average chemistry of 20 roedderite
analyses is 68.7 wt% of SiO,, 23.1 wt% of MgO, 4.9 wt% of K,O, and 3.3 wt% of Na,O
and is <0.1 wt% of FeO. The total concentrations of Rb and Sr are 282 and <1 pg g ',
respectively. Single-spot Rb/Sr dates from the same 20 analyses yielded a weighted average
of 4570 + 27 Ma, interpreted as the formation age of the Ribbeck aubrite parent body. The
result highlights advantages of single-spot Rb/Sr dating compared to short-lived isotopic
systems (e.g., 2°Al->*Mg, **Mn->Cr, and '*°I-'*°Xe), long-lived systems with radiogenic
noble gasses (e.g., “*K-**Ar and ***?*U->**Th-*He), and the conventional Rb/Sr isochron
approach for meteorite cosmochronology.

INTRODUCTION bodies. Radiometric dating of meteorites has been
an important contribution for understanding the early
Meteorites are the physical remnants from the early solar system. Several dating methods
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have
applied to understand meteorite chronology, including
long-lived decay systems (e.g., *’Rb-%'Sr, *°K-*’Ar and

been
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(P¥23U-22Th)-*He), and short-lived systems (e.g.,
26Al-zéMg, 3Mn-3Cr, and 'P1-'®Xe; Anand &
Mezger, 2023; De Laeter, 2006; Kadlag et al., 2019, 2021;
Krot & Bizzarro, 2009; Torigoye, 1988; Wadhwa
et al., 2006). However, these systems have potential
shortcomings for extracting accurate cosmochronological
information. Dating using the short-lived systems relies
upon the understanding if the radioactive isotopes
were homogeneously or heterogeneously distributed
throughout the early solar system, which is debated
(Krestianinov et al, 2023; Shukolyukov &
Lugmair, 2000, 2004; Trinquier et al., 2008; Yamashita
et al., 2010). Understanding and identifying isotopic
redistribution through diffusion is significant for
obtaining accurate ages for all systems as the isotopes
may diffuse during significant post-formation events that
affected the meteorite parent bodies. Erroneous isochron
dates may be produced using conventional multi-mineral
aliquots or bulk meteorite analysis if isotope diffusivities
in the different meteorite minerals are nonuniform, as
discussed for the Rb/Sr isochron method (e.g., Compston
et al., 1965; Field & Raheim, 1979). Loss of both “°Ar
and “He have been identified in several meteorites (e.g.,
Bischoff et al., 2024; Wilbur et al., 2022), which may
produce cosmologically meaningless dates if partial loss
of the isotopes occurred. Post-formation redistribution of
radiogenic isotopes from short-lived systems can
obfuscate the isotopic disequilibrium used to calculate a
date, as has been identified for **Cr and '*Xe (Busfield
et al., 2008; Shukolyukov & Lugmair, 2004).

Aubrites (enstatite achondrites) are rare meteorites of
magmatic origin that crystallized under extremely
reducing conditions on highly differentiated parent
bodies (e.g., Keil, 2010; Lorenz et al., 2021; Lorenzetti
et al., 2003; McCoy & Bullock, 2017; Srivastava
et al., 2025). Isotopic evidence, including Cr, Ti, and Ca
similarities, suggests that aubrites and enstatite
chondrites formed within a common nebular reservoir
(Clayton & Mayeda, 1996; Dauphas et al., 2014;
Warren, 2011; Zhang et al., 2012). Aubrites are
predominantly composed of nearly Fe-free enstatite, with
minor forsterite and albite, and host a variety of rare
minerals such as sulfides, nitrides, and carbides
(Keil, 2010). They often contain K-rich minerals, such as
roedderite, K-feldspar, and djerfisherite, reflecting the
high differentiation of the parent body (Keil, 2010;
Kimura et al., 1993; Lorenz et al., 2020, 2021; Wilbur
et al., 2024). The presence of K-rich minerals enables the
use of Rb/Sr dating as substitution of K by Rb is readily
achieved due to their similar size and same ionic charge.

In this study, we report roedderite within the
Ribbeck aubrite and present in situ Rb/Sr dating of the
roedderite using laser ablation inductively coupled
reaction cell mass spectrometry (LA-ICP-MS/MS;

Hogmalm et al., 2017; Zack & Hogmalm, 2016) with
the single-spot dating approach (Rosel & Zack, 2022).
The dating results are compared with previous
cosmochronology of the Ribbeck aubrite that used
K-Ar and (U-Th)/He methods (Bischoff et al., 2024), as
well as cosmochronology using short-lived decay
systems on other aubrites. The results and comparisons
highlight advantages of in situ Rb/Sr dating approach
compared to the other methods as it is not dependent
on distribution of ¥ Rb in the early solar system, the
initial %’Sr/%°Sr composition is known (Compston
et al., 1971) enabling the calculation of single-spot dates
(Rosel & Zack, 2022), and the robustness of the Rb/Sr
system to be unaffected by post-formational collisional
events of meteorites parent bodies. The potential for
future applications of in situ Rb/Sr cosmochronology is
also discussed.

BACKGROUND OF RIBBECK AUBRITE

Asteroid 2024 BX1 was discovered by astronomer
Krisztian Sarneczky on January 20, 2024, and it entered
the Earth’s atmosphere in the first hour of January 21,
2024 (Spurny et al., 2024). The first piece of the bolide
was discovered on January 25, 2024, near the German
village of Ribbeck, approximately 50 km west of Berlin.
The bolide was subsequently classified as a brecciated
aubrite (The Meteoritical Bulletin, 2024), which are
enstatite achondrites primarily composed of nearly
Fe-free enstatite. Aubrites represent highly differentiated
solar system objects whose parent bodies formed in
highly reducing environments, allowing nominally
lithophile elements to behave partly as siderophiles
(Keil, 2010). The aphelion distance of the Ribbeck
aubrite parent asteroid was calculated to be within the
innermost region of the asteroid belt that is populated by
the Hungaria group of minor planets (Bischoff
et al., 2024), which are postulated as the possible origin of
aubrites (Cuk et al., 2014; Keil, 2010). As of the
publication of Bischoff et al. (2024), the cumulative mass
of Ribbeck aubrite fragments totaled ~1.8 kg.

The Ribbeck aubrite is a composite of strongly
brecciated material with strong evidence of shock
metamorphism and localized melting (Bischoff et al.,
2024; Kotodziej et al., 2025). The silicate mineralogy of
the brecciated aubrite has been reported to consist of
nearly Fe-free enstatite with albite and lesser forsterite,
diopside, and K-feldspar (predominantly orthoclase). A
variety of sulfides and native metals are common in the
aubrite, including troilite, oldhamite, kamacite, heideite,
djerfisherite, alabandite, taenite/tetrataenite, sulfur, Cr-
and Ti-rich phases, and schreibersite (Bischoff et al.,
2024; Dudek et al., 2024). Significant evidence of sulfide
terrestrial weathering in the recovered specimens has
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already been observed (Bischoff et al., 2024). The bulk
chemical composition of the 4.8 g fragment analyzed by
Bischoff et al. (2024) shows a similar composition to
other aubrites, most notably to Bishopville. The most
abundant elements in the studied piece are Si (25.9 wt%)
and Mg (21.02 wt%), with Al, Ca, Na slightly over 1 wt
%, and Fe <1 wt%. Among the trace elements, the K,
Rb, and Sr concentrations were measured to be 1211,
3.32,and 12.93 pg g~ ', respectively.

Dating of the Ribbeck aubrite has been conducted
using both K/Ar and (U-Th)/He methods (Bischoff
et al., 2024). The dates retrieved from the two systems are
incompatible, with K/Ar yielding approximately
3.7-3.3 Ga and (U-Th)/He providing approximately
2.5-2.3 Ga. Dating of other aubrites using the '*I-'*Xe
and **Mn->*Cr systems and the Pb-Pb method have
indicated aubrite formation within a few million years
following calcium—aluminum-rich inclusions in the early
solar system (Brazzle et al., 1999; Busfield et al., 2008;
Hohenberg & Pravdivtseva, 2008; Shukolyukov &
Lugmair, 2004). Thus, Bischoff et al. (2024) interpreted
the K-Ar and (U-Th)/He results to reflect multiple impact
events that affected the Ribbeck aubrite parent body,
consistent with its highly brecciated and shock-melted
characteristics.

METHODS
Sample Preparation and Imaging

An 8 g piece of asteroid 2024 BX1 was discovered
from a grassy roadside exposure within the strewn field of
the fall outside of the town of Ribbeck (Figure 1a). Several
fragments that were subsequently removed from the 8-g
piece (Figure 1b) were mounted in epoxy and polished to
reveal the mineral assemblages of fragments. A Hitachi S-
3400 N scanning electron microscope (SEM) in the
Microgeochemistry Laboratory at the Department of
Earth Sciences, University of Gothenburg (Gothenburg,
Sweden), was used to acquire backscattered electron (BSE)
images of the mounts and to conduct energy-dispersive
spectroscopy (EDS) for the purpose of preliminary mineral
identification. The electron microscope was operated with
an accelerating voltage of 15 KV, 100 nA current, and
10 mm working distance. The results of BSE imaging EDS
mineral identification served as the basis for further
pRaman spectroscopy, wavelength-dispersive spectroscopy
with an electron microprobe analyzer, and in situ Rb/Sr
dating using LA-ICP-MS/MS.

Raman Spectroscopy

Silicate minerals within the aubrite fragments were
analyzed with pRaman spectroscopy using a Horiba

(Jobin Yvon) LabRam HR Evolution with a SIN-EM
FIVIS detector, housed in the Department of Earth
Sciences, University of Gothenburg. The mineral volumes
were excited with an air-cooled frequency doubled
532 nm Nd-YAG laser. Analyses were performed with an
Olympus 50x objective. Spot spectra were generated in
the range of 100-1800 cm~' with 32 s acquisition time
utilizing a 600 grooves cm ™' grating and a thermoelectric
cooled electron multiplier CCD including a
front-illuminated 1600 x 200 pixel chip. Baseline
correction of the acquired spectra data was performed
using Spectragryph software v.1.2.16.1 and then was
compared with reference pRaman spectra using
CrystalSleuth software v.2008 (Laetsch & Downs, 20006)
with reference data provided by the RRUFF Project
database (Lafuente et al., 2015).

Electron Microprobe Analysis

The chemical compositions of the Ribbeck aubrite
minerals in the epoxy mounts were analyzed using a
JEOL JXA Superprobe at AGH University of Science
and Technology (Krakéw, Poland). Further acquisition
of BSE images was performed in conjunction with
wavelength  dispersive  spectroscopy (WDS)  for
quantitative chemical analysis. Both silicate minerals and
nonsilicate minerals (sulfides and oxides) were analyzed
with WDS. For silicate minerals, weight percentages of
NazO, MgO, A1203, SiOz, CaO, Ti02, Ml’lO, FeO, Kzo,
and Cr,03 were acquired using an accelerating voltage of
20 KV, beam current of 20 nA, and a beam diameter of
1 um. For nonsilicate minerals, weight percentages of Fe,
Zn, Cu, Ni, Co, Cr, S, Ca, Ti, Mn, and P were obtained
using 20 KeV, 20 nA, and a <1 um beam diameter. The
following standards were used for silicate and oxide
minerals: Albite (SiO,, Na,O, Al,O3); Diopside (MgO,
Ca0); Sanidine (K,O); Rutile (TiO,); Hematite (FeO);
Rhodonite (MnO); and Cr,0s5. Standards used for
sulfides were: Pyrite (Fe, S); Sphalerite (Zn); Chalcopyrite
(Cu); Nickel (Ni); Cobalt (Co); Cr,O5; (Cr); Diopside
(Ca); Rutile (Ti); MnS; Flurapatite (P); Arsenopyrite
(As); and Sb,Ses (Se).

In Situ Rb/Sr Dating

In situ Rb/Sr dating of roedderite was conducted at
the Microgeochemistry Laboratory at the Department of
Earth Sciences, University of Gothenburg (Gothenburg,
Sweden) during one analytical session. An ESI 213NWR
laser apparatus connected to an Agilent 8800 ICP-QQQ
was used for ablation and measurement following the
methods and protocols developed by Zack and
Hogmalm (2016), Hogmalm et al. (2017), and Rosel and
Zack (2022). A laser beam diameter of 30 pm was used
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FIGURE 1. (a) The ~8 g specimen of the Ribbeck aubrite recovered from the strewn field. Photographs with the 1 cm cube
scale are provided courtesy of Mateusz Zmija. (b) The fragments of the aubrite that were removed from the specimen and
mounted into epoxy for this study. Note the presence of the vesicular fusion crust in the fragments. (Color figure can be viewed

at wileyonlinelibrary.com)

for ablation of roedderite. The laser was pulsed with a
frequency of 10 Hz and the fluence was 5.3 J cm 2.
Helium was used as the carrier gas (750 mL min~') and
was mixed with nitrogen (4 mL m™'), then with argon
(700800 mL m™"). The entire gas-sample mixture was
directed through a glass cylinder (20 cm in length with
2 cm diameter) filled with 11 g of steel wool to remove
larger particles and enhance signal stability (Hu
et al., 2012). The mixture was then introduced into the
ICP-MS/MS where the gas reaction cell contained SF¢
for the purpose of reacting with Sr isotopes derived from
the ablated material (Hogmalm et al., 2017).

The mass to charge (m/z) ratios corresponding to the
following isotopes were measured: 'Li, 2Na, 24Mg, 2TAl,
;. 31p, YK, #Ca, ®Ti, SV, 2Cr. SMn, *Fe, *Rb,
86Sr, 87Sr. %7n, %y, 7. %Nb, 'Cs, Ba, '“Ce,
205T1, and *°®*Pb. Dwell times for all isotopes are outlined
in Rosel and Zack (2022), where the additional major
and trace elements comprise <~33% of the total
analytical time. All m/z were measured on-mass (i.e., no
change in mass due to reaction with SF), except for *°Sr,
87Sr, and '3"Ba, which were measured with a mass-shift of
+19 (i.e., atomic mass of F). The ®’Rb content was
converted from %°Rb based on the *’Rb/**Rb ratio of
0.38562.

Raw data was input into Iolite v. 3.71 software
package (Paton et al., 2011) and processed using the data
reduction scheme of Rosel and Zack (2022). The data
reduction scheme includes background subtraction of all

raw m/z signals and calculation of raw *’Rb/*¢Sr and
87Sr/%%Sr ratios. Final ratios were calculated by correcting
downhole fractionation, mass bias, and detector drift for
the raw ratios by normalizing all data to MicaMg
nanopowder primary reference material (Hogmalm
et al., 2017; Jochum et al., 2011; Morteani et al., 2013).
Evaluation of the data and adjustment of the integration
intervals was performed manually in Iolite. The stabilities
of the raw *’Rb/*Sr, ¥Rb/*’Sr, and ¥’Sr/*°Sr signals,
and counts of major and trace elements were monitored
during the data processing to screen the acceptable
ablations, as the roedderite in places was very fractured
resulting in occasional poor ablation behavior. The
87Srrad/87Rb (with 87 St rad indicating only radiogenic 878r,
not initial %’Sr) is then calculated from the measured
87Rb/*%Sr, ¥7Sr/*Sr, and initial *’Sr/*Sr values according
to equation 10 in Rosel and Zack (2022), with the latter
ratio differing specific to different reference materials and
unknowns (see Table S1). A date is then calculated from
each result (i.e., a single-spot date) using the decay
constant of Villa et al. (2015). Further data processing
(e.g., calculation of weighted average dates) were made
using IsoplotR online (Vermeesch, 2018). All dates are
reported with +2SE, incorporating internal uncertainty
from the ablation integrations, excess variance from the
primary reference material over one analytical session,
uncertainty of the ®’Rb decay constant (0.3%; Villa
et al., 2015), and long-term excess variance of MicaMg
(1.8%; Rosel & Zack, 2022).
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Secondary reference materials were routinely analyzed
and cycled with runs of 12 unknown measurements to
ensure that the data reduction procedure produced accurate
results. The secondary reference materials were Hogsbo
muscovite (1037 = 11  to 1024 +£ 4 Ma; Hogmalm
et al.,, 2017, Rosel & Zack, 2022), Wilsons Promontory
biotite (397.2 + 2.7 Ma; Clemens et al.,, 2023), biotite
from McClure Mountain syenite (523.2 + 1.8 to
5204 &+ 3.4 Ma; Renne et al, 1998; Samson &
Alexander, 1987; Spell & McDougall, 2003), and MDC
biotite (519.4 £ 6.5 Ma; Redaa et al., 2021). The results of
the secondary reference materials are as follows: Hogsbo
muscovite yielded 1039 £ 6 Ma (MSWD: 0.2; n: 14),
Wilson Promontory biotite provided 398 + 3 Ma (MSWD:
0.3; n: 15), McClure Mountain biotite gave 518 + 6 Ma
(MSWD: 0.2; n: 12), and MDC biotite yielded 516 + 7 Ma
(MSWD: 0.4; n: 11). The dates acquired for the secondary
reference materials overlap within uncertainty of their
literature dates (presented above) with deviations of the
mean dates up to 1.0% of the literature dates.

Major and trace element chemical data are
recalculated using a mineral chemistry recalculation
spreadsheet of Barnes et al. (2024) using the major and
trace element background-subtracted counts per second
(CPS) of secondary mica and unknowns along with
MicaMg and CGSG-2 glass (Yang et al., 2020) reference
materials for data recalculation to a predetermined
cation sum (see Barnes et al., 2024 for explanation of the
spreadsheet). Values are reported either in element
weight percent (wt%) or mass fraction (defined here as

ng g ).
RESULTS
Mineral Classification

The combination of BSE imaging with EDS, WDS,
pRaman spectroscopy, and chemical analysis with LA-
ICP-MS/MS identified and confirmed a multitude of
minerals within the studied Ribbeck aubrite fragments
(Tables 1-3). The silicate phases are predominantly
enstatite, albite, and roedderite, with lesser amounts of
diopside, forsterite, and K-feldspar (Figure 2a). The
silicates are commonly fractured and brecciated. Trails of
fine-grained sulfides are found along some fracture
networks through the silicates. Vesicular fusion crust is
apparent in multiple fragments of the Ribbeck aubrite,
having formed along the peripheries of a variety of
different silicate phases (Figure 2b).

Results of WDS show that enstatite is Fe-poor, with
an average of <0.1 wt% of FeO and 40.3 wt% of MgO
(n: 27; Table 1). Albite is predominantly Na-rich with
averages of 8.7 wt% of Na,O and 0.4 wt% of CaO (n:
8). Diopside and forsterite are also both Fe-poor, with

the former having averages of <0.1 wt% of FeO and
20.4 wt% of MgO (n: 2), and the latter yielding <0.1 wt
% of FeO and 58.5 wt% of MgO (n: 3). The K-feldspar
shows 12.1 wt% of K,O and 0.8 wt% of Na,O (n: 5).
The average major element composition of roedderite,
provided by 20 LA-ICP-MS/MS chemical analyses
(Table S1), is 68.7 wt% of SiO,, 23.1 wt% of MgO,
4.9 wt% of K,O, and 3.3 wt% of Na,O. FeO is <0.1 wt
%. The classification of enstatite, albite, K-feldspar (e.g.,
orthoclase), and roedderite were all confirmed with
pRaman spectral analysis with Raman shifts and
intensities of characteristic peaks generally matching
with database records of the minerals (Figure 3).
Analysis of the vesicular fusion crust with pRaman
spectroscopy revealed that it has a noncrystalline
structure (Figure 3).

Identification of nonsilicate minerals in the aubrite
fragments include troilite, oldhamite, and kamacite
(Figure 2a; Table 2). Average results of WDS analysis of
troilite (n: 5) show high-Fe content of 58.7 wt% with
variable, but often high Ti, exceeding 2 wt%. On
average, the oldhamite (n: 5) contains 45.9 wt% of Ca,
but the total of the measured elements (i.e. excluding
volatiles) is 90.5 wt%, likely indicating the presence of
volatiles (e.g., OH) in the analyzed volumes due to
terrestrial weathering (Okada et al., 1981). Weathering
of oldhamite is readily observed by the worm-like
textures of some BSE-imaged oldhamite grains
(Figure 2; cf., Wilbur et al., 2022). A single analysis of
kamacite shows 94.1 wt% of Fe and 4.6 wt% of Ni.
Three other sulfide phases are observed in the fragments
(Figure 2a; Table 2), the first rich in Fe (51.1 wt%) and
Ti (6.2 wt%; n: 3), the second with significant but
variable Fe (18.5 wt%) and Mn (37.7 wt%; n: 12), the
third with Fe (10.0 wt%), Ca (13.6 wt%), and Mn
(26.8 wt%; mn: 1), and the fourth predominantly
containing Cr (26.1 wt%) and Mn (8.9 wt%). The total
of the measured elements of these phases are also
significantly below 100 wt%, suggesting they have also
been affected by terrestrial weathering processes as has
been previously reported for sulfides in the aubrite
meteorite (Bischoff et al., 2024).

In one enstatite grain, two cleavage-parallel features
were observed. The first is apparent as a smoothed-
boundary, BSE-bright feature with bleb- and worm-like
BSE-dark inclusions (Figure 2c). Combining EDS and
pRaman analysis determined these phases to be
amorphous Si (bright) hosting cristobalite (dark). The
BSE-bright glass also contains K, Na, Al, and possibly S.
The second feature in the same grain is less apparent as
the BSE contrasts are not as visible, but shows an
irregular intergrowth of enstatite with Si-rich material
(Figure 2c¢), which was identified as tridymite with
pRaman analysis (Figure 3).

85U80|7 SUOWIWOD aAe8ID (o (dde aL Aq peusencb afe el YO 8sn J0 Sa|nJ Joy AriqiT8UIUO 8|1 UO (SUORIPUOD-pUe-SWSI W00 A3 [IMAReiq 1 [pul|uo//:Sdny) SUOIPUOD pue swe 1 8y} 89S ' [9202/90/60] U0 AriqiTauliuo (1M ‘Ariqi AiseAlun eesddn Aq €102 sdew/TTTT 0T/I0p/woo A8 1w Areiq1pul|uoy/sdny woly pepeojumod ‘G ‘9z0Z ‘00TSSYET



In situ single-spot Rb/Sr cosmochronology 773

TABLE 1. Wavelength-dispersive spectroscopy chemical analysis of silicates in the Ribbeck aubrite.

NaZO MgO A1203 8102 CaO T102 MnO FeO Kzo Cr203
Minerals (Wt%) Wt%) (Wt%) (Wt%) (Wt%) wWt%) (Wt%) (Wt%) (Wt%) (Wt%) Total
Albite 8.15 0.00 21.80 68.39 1.00 0.00 0.02 0.03 0.54 0.00 99.93
Albite 8.64 0.00 21.15 70.29 0.18 0.02 0.00 0.02 0.62 0.01 100.94
Albite 8.18 0.02 20.67 71.04 0.00 0.01 0.01 0.03 0.39 0.00 100.35
Albite 8.66 0.17 20.30 69.39 0.19 0.08 0.03 1.17 0.50 0.02 100.50
Albite 10.97 0.04 20.39 69.60 0.00 0.01 0.01 0.01 0.64 0.00 101.67
Albite 9.74 0.00 21.34 68.06 1.17 0.00 0.01 0.00 0.44 0.00 100.74
Albite 7.46 0.02 20.56 71.28 0.01 0.00 0.00 0.02 0.51 0.00 99.85
Albite 7.64 0.00 21.25 69.86 0.43 0.01 0.00 0.01 0.43 0.00 99.62
K-Feldspar  0.78 0.01 18.42 67.09 0.00 0.00 0.01 0.01 12.41 0.01 98.75
K-Feldspar  0.92 0.00 18.45 65.80 0.00 0.00 0.00 0.01 13.48 0.02 98.69
K-Feldspar  0.91 0.02 18.65 66.94 0.00 0.01 0.00 0.00 11.93 0.00 98.46
K-Feldspar  0.87 0.00 18.20 67.46 0.00 0.02 0.00 0.00 12.35 0.00 98.89
K-Feldspar  0.64 0.02 18.97 67.76 0.00 0.00 0.02 0.00 10.28 0.01 97.70
Enstatite 0.00 40.34 0.00 60.73 0.71 0.02 0.00 0.00 0.00 0.02 101.82
Enstatite 0.03 40.17 0.00 60.02 0.50 0.05 0.04 0.02 0.01 0.01 100.85
Enstatite 0.00 40.48 0.04 60.46 0.62 0.05 0.06 0.01 0.01 0.00 101.74
Enstatite 0.02 40.35 0.06 60.41 0.70 0.03 0.01 0.03 0.00 0.01 101.62
Enstatite 0.02 40.61 0.00 60.66 0.56 0.04 0.00 0.01 0.01 0.02 101.92
Enstatite 0.03 40.38 0.00 60.37 0.50 0.02 0.00 0.01 0.00 0.00 101.31
Enstatite 0.02 40.23 0.00 60.34 0.76 0.06 0.06 0.11 0.00 0.01 101.58
Enstatite 0.00 40.40 0.00 60.50 0.47 0.03 0.02 0.00 0.00 0.01 101.44
Enstatite 0.02 39.90 0.04 60.12 0.77 0.00 0.04 0.56 0.01 0.00 101.45
Enstatite 0.01 40.62 0.00 60.43 0.51 0.00 0.00 0.08 0.01 0.03 101.68
Enstatite 0.31 38.59 1.68 59.38 0.48 0.05 0.21 0.44 0.05 0.03 101.21
Enstatite 0.00 40.34 0.09 60.10 0.62 0.03 0.00 0.00 0.00 0.01 101.18
Enstatite 0.02 39.97 0.07 60.19 0.76 0.03 0.04 0.00 0.01 0.00 101.07
Enstatite 0.00 40.02 0.03 60.17 0.90 0.03 0.00 0.03 0.01 0.00 101.18
Enstatite 0.01 40.43 0.00 60.43 0.30 0.00 0.01 0.01 0.00 0.03 101.21
Enstatite 0.00 39.89 0.00 60.06 0.78 0.02 0.01 0.02 0.01 0.02 100.81
Enstatite 0.00 40.50 0.00 60.29 0.29 0.01 0.00 0.02 0.00 0.02 101.12
Enstatite 0.00 40.85 0.00 60.96 0.30 0.03 0.01 0.00 0.00 0.03 102.18
Enstatite 0.00 40.82 0.14 60.45 0.24 0.03 0.04 0.25 0.00 0.05 102.01
Enstatite 0.00 40.99 0.02 60.71 0.30 0.02 0.00 0.01 0.00 0.01 102.05
Enstatite 0.01 40.57 0.05 60.69 0.39 0.03 0.01 0.01 0.00 0.02 101.77
Enstatite 0.00 40.71 0.00 60.89 0.52 0.04 0.00 0.02 0.00 0.00 102.18
Enstatite 0.00 40.19 0.00 59.81 0.25 0.01 0.00 0.02 0.01 0.00 100.29
Enstatite 0.00 40.43 0.00 60.30 0.57 0.02 0.03 0.00 0.00 0.00 101.35
Enstatite 0.01 40.80 0.00 60.35 0.15 0.00 0.00 0.00 0.00 0.00 101.31
Enstatite 0.02 40.33 0.00 60.77 0.66 0.03 0.01 0.00 0.00 0.01 101.81
Enstatite 0.00 40.42 0.04 60.63 0.60 0.00 0.00 0.01 0.00 0.02 101.72
Diopside 0.30 21.69 0.42 56.40 21.00 0.32 0.04 0.03 0.00 0.00 100.20
Diopside 0.68 19.10 0.23 55.89 22.74 0.97 0.02 0.03 0.00 0.01 99.66
Forsterite 0.00 58.03 0.00 42.73 0.06 0.00 0.01 0.02 0.00 0.01 100.86
Forsterite 0.00 58.61 0.00 43.32 0.04 0.01 0.01 0.01 0.00 0.00 102.01
Forsterite 0.00 58.94 0.00 43.23 0.02 0.00 0.02 0.05 0.00 0.02 102.30

In Situ Rb/Sr Dating

Analysis of Rb and Sr isotopes of the roedderite was
performed in combination with the chemical analysis
reported above (see Table S1 for complete data set).
Thirty-five analyses were performed, of which 20 were

used for further statistical analysis. The 20 measurements
of roedderite yielded average Rb and Sr contents of 282
and <1 pg g~ ', respectively. The roedderite also contains
negligible *°Sr with respect to ®’Sr. The average ®'Sr
background-subtracted CPS for all roedderite analyses is
7208, whereas the average for ®°Sr is 20. Individual
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(a) Examples of silicate and non-silicate minerals
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FIGURE 2. Backscattered electron images showing the mineralogy and structures of the studied Ribbeck aubrite fragments. (a)
Examples of silicate and nonsilicate minerals that were common within the studied fragments in the Ribbeck aubrite, as well as
depiction of the generally brecciated nature of the aubrite fragments. (b) Highlights of the vesicular fusion crust that is a
characteristic of the Ribbeck aubrite adjacent to various silicate phases. (c) Occurrences of SiO, polymorphs and amorphous Si
within one enstatite grain. Ab, albite; Crs, cristobalite; En, enstatite; Fo forsterite; Kam, kamacite; Old; oldhamite; Rdr,
roedderite; Trd, tridymite; Tro, troilite. The vesicular fusion crust, Si-glass, and the Fe-Ti and Fe-Mn rich sulfides are also

annotated. (Color figure can be viewed at wileyonlinelibrary.com)

analyses often recorded ®¢Sr CPS slightly below average
background levels, resulting in negative background-
subtracted CPS for %'Sr (Table S1). The negligible **Sr
precludes data analysis using the conventional
Nicolaysen isochron method with the ratios of ’Rb/*®Sr
(x-axis) and ¥’Sr/*Sr (y-axis) as the **Sr measurements
are imprecise due to low CPS values and the presence of
negative background-subtracted *°Sr CPS values within
the data set for some measurements that overlapped with
background levels, which in turn provide negative
87Rb/*0Sr and ¥’Sr/*Sr values.

Instead of using the Nicolaysen isochron diagram,
single-spot Rb/Sr dates were calculated from the

acceptable analyses of the roedderite. Since the data
reduction scheme of Rosel and Zack (2022) requires the
input of an initial ¥’Sr/**Sr in order to calculate single-
spot dates, an initial ®’Sr/*®Sr value of 0.6999 was used
in accordance with Compston et al. (1971). According to
the negligible **Sr and the initial ®’Sr/*®Sr composition,
the radiogenic proportion of ®’Sr in the roedderite is
>95.5%. The same result is obtained if the initial
87Sr/%°Sr  value of 0.69897 (Papanastassiou &
Wasserburg, 1969) due to the low values of %°Sr in the
roedderite. These results indicate that the single-spot
dates are insensitive to the chosen initial *’Sr/*’Sr that is
realistic for non-radiogenic solar system values (i.e.,
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FIGURE 3. Results of pRaman spectroscopy of silicate minerals, vesicular fusion crust, and Si-glass. The blue lines represent the
measured results and the gray lines are reference measurements provided by the RRUFF Project database (Lafuente et al., 2015).
(Color figure can be viewed at wileyonlinelibrary.com)

Compston et  al.,, 1971;  Papanastassiou & dates range from 4626 + 113 to 4496 + 127 Ma (2SE)
Wasserburg, 1969), as the single-spot dates are calculated  (Figure 4; Table 3). The weighted average of the 20
from measured ®*’Rb and *’Sr. The single-spot Rb/Sr single-spot dates is 4570 + 27 Ma (MSWD: 0.5, 2SE).
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TABLE 2. Wavelength-dispersive spectroscopy chemical analysis of non-silicate minerals in the Ribbeck aubrite.

Fe Zn Cu Ni Co Cr S Ca Ti Mn P

Mineral (Wt%)  (wWt%) (wt%) (wt%) (wt%) (Wt%) (wt%) (Wt%) (wt%) (wt%) (wt%) Total®

Kamacite 94.073  0.017 0.046 4.584 0.348 0.000 0.000 0.007  0.000 0.000  0.000 99.075
Troilite 60.812  0.000 0.004 0.000 0.079 0.078 37.411 0.006 1.315 0.050  0.001 99.756
Troilite 59.792  0.013 0.027 0.019 0.075 0.246  37.301 0.002 2.352 0.082  0.001 99.91

Troilite 59.286  0.000 0.037 0.021 0.095 0.052  40.341 0.000 0.312 0.023  0.000 100.167
Troilite 57.438  0.001 0.022 0.000 0.065 0.091 39.741 0.051 2.033 0.000  0.000 99.442
Troilite 55.854  0.000 0.017 0.012 0.086 0.157  35.353 0.267 2.654 0.051  0.005 94.456
Oldhamite 0.102  0.001 0.046 0.002 0.000 0.020 44.645 45.172  0.006 0.852  0.001 90.847
Oldhamite 0.080  0.000 0.041 0.000 0.000 0.018 44.057 44.819 0.005 0.796  0.005 89.821
Oldhamite 0.054  0.005 0.019 0.000 0.000 0.005 41.508 44.230 0.004 1.165 0.003 86.993
Oldhamite 0.022  0.000 0.015 0.000 0.000 0.000 43933 49.883  0.000 0.872  0.009 94.734
Oldhamite 0.001  0.000 0.011 0.000 0.000 0.017 43955 45.573  0.000 0.810  0.003 90.37

FeTi-rich 53.891  0.004 0.053 0.000 0.079 0.467  38.590 0.006 5.923 0.019  0.006 99.038
FeTi-rich 50.660  0.000 0.105 0.020 0.080 0.518 41.541 0.022  5.666 0.537  0.001 99.15

FeTi-rich 48.832  0.000 0.094 0.000 0.064 0.509  42.736 0.039  7.047 0.057  0.005 99.383
FeMn-rich 29.805  0.005 0.026 0.046 0.038 1.158  38.202 0.113  0.109 29.996  0.000 99.498
FeMn-rich 29.440  0.000 0.061 0.047 0.036 1.350 34.448 0.267 0.467 24.714  0.002 90.832
FeMn-rich 24953 0.011 0.034 0.037 0.025 1.965 37.753 0.246  0.161 32.612  0.002 97.799
FeMn-rich 18.887  0.000 0.035 0.005 0.011 0.216  38.408 0.176  0.045 38.591  0.001 96.375
FeMn-rich 18.517  0.000 0.058 0.000 0.018 0.199  39.400 0.272  0.028 33.291  0.000 91.783
FeMn-rich 17.265 0.033 0.015 0.002 0.019 0.270  39.247 0.268  0.083 38.660  0.000 95.862
FeMn-rich 16.951  0.000 0.045 0.000 0.025 0.392  38.194 0.187 0.038 40.793  0.000 96.625
FeMn-rich 14981  0.009 0.054 0.000 0.006 0.191  39.345 0.266  0.099 41.908 0.000 96.859
FeMn-rich 14.750  0.023 0.054 0.009 0.003 0.141  38.256 0.231  0.040 41.634  0.000 95.141
FeMn-rich 14.563  0.016 0.011 0.000 0.020 0.177 38.824 0.228  0.041 41.481 0.001 95.362
FeMn-rich 12.820  0.000 0.033 0.000 0.019 0.256  39.541 0.153  0.060 39.288  0.005 92.175
FeMn-rich 9.717  0.000 0.039 0.006 0.000 0.108  38.466 0.153  0.011 49.802  0.004 98.306
FeCaMn-rich  10.013  0.046 0.057 0.007 0.017 0.536 38985 13.582 0.173 26.767  0.004 90.187
CrMn-rich 3.210  0.007 0.023 0.011 0.020 26.137  40.072 1.634  0.176 8.907  0.000 80.197

“Several of the totals are significantly below 100%, suggesting effects of terrestrial weathering.

DISCUSSION

The studied fragments contain a mineral assemblage
that largely reflects previous studies of the Ribbeck
aubrite (Figure 2; Bischoff et al., 2024; Dudek
et al., 2024; Kotodziej et al., 2025). The fragments also
contain abundant evidence of high-temperature shock
metamorphism and brecciation (Figure 2), including the
trails of fine-grained sulfides along fracture networks
through the silicate minerals and the presence of
amorphous Si, and both cristobalite and tridymite
(Bischoff et al., 2024; Keil, 2010; Rubin, 2015; Wilbur
et al., 2022). Evidence of melting within the Earth’s
atmosphere is represented in several fragments by the
vesicular fusion crust (Figures 1 and 2; Rendtel &
Molau, 2024). Altogether, the mineralogy and features of
the studied fragments unequivocally confirm their
derivation from the Ribbeck aubrite.

One of the major differences between the studied
aubrite fragments in comparison to other studied pieces is
the presence of roedderite, which constitutes a major
silicate phase in the studied fragments (Figure 2).

Roedderite is commonly found in aubrite meteorites
(Keil, 2010; Kimura et al., 1993; Lorenz et al., 2020). The
presence of roedderite indicates a high degree of
differentiation of the Ribbeck parent body to allow the
formation of the K-rich mineral to exist in significant
volume. The roedderite also contains a significant
concentration of Rb (average of 282 ng g~ ') that enabled
Rb/Sr dating of the material using the single-spot dating
approach (Rosel & Zack, 2022). The Rb/Sr weighted
average date of 4570 £+ 27 Ma indicates the preservation
of the Ribbeck aubrite parent body formation age
(Figure 4), overlapping with Rb/Sr isochron ages of stony
and iron meteorites (Faure & Mensing, 2005), indicating
that the in situ Rb/Sr dating using the single-spot method
of Rosel and Zack (2022) is a valid option for
cosmochronology.

Formation ages of other aubrites (i.e., Shallowater,
Khor Temiki, Pena Blanca Spring, and Cumberland
Falls) have been resolved to approximately 45664562 Ma
using the short-lived systems of 2°Al-**Mg, **Mn->Cr,
and 'PI-'¥Xe (Brazzle et al., 1999; Busfield et al.,
2008; Hohenberg & Pravdivtseva, 2008; Shukolyukov &
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FIGURE 4. Results of roedderite single-spot Rb/Sr dating.
Each vertical bar represents a single Rb/Sr date +2SE. The
horizontal gray bar represents the weighted average +2SE.
(Color figure can be viewed at wileyonlinelibrary.com)

TABLE 3. Summary of roedderite Rb/Sr information.

Analysis  Rb(ugg™") Sr(ugg™') Date (Ma) 2SE
1 277.6 0.5 4580 138
2 247.6 1.4 4620 139
3 302.2 0.5 4573 111
4 305.0 0.3 4624 123
5 319.3 0.3 4580 103
6 269.5 0.9 4586 122
7 249.7 0.3 4613 123
8 282.1 0.2 4512 128
9 280.2 0.3 4550 138
10 277.3 0.6 4604 117
11 303.8 0.3 4508 100
12 279.7 0.3 4554 113
13 270.2 0.5 4593 120
14 289.2 0.3 4550 171
15 308.8 0.6 4626 113
16 267.4 0.3 4520 146
17 290.5 0.4 4496 127
18 248.0 0.3 4623 117
19 274.6 0.2 4543 124
20 292.8 0.3 4535 105
Average 281.8 0.4 4570 27

Lugmair, 2004). Although both the Rb/Sr and short-lived
isotopic methods provided equivalent results, the Rb/Sr
method offers advantages over the latter. Specifically, the
decay of ¥Rb to ¥'Sr is a long-lived system compared to
26A1-Mg, *Mn->*Cr, and '®I-'"*Xe (Garcia-Torafio
et al., 2018; Honda & Imamura, 1971; Norris et al., 1983;
Villa et al., 2015), allowing for direct measurement of both
the radioactive 8’Rb and radiogenic ®’Sr for calculating

dates. Thus, the distribution of ®’Rb in the pre-solar
nebula has no bearing for obtaining an accurate date,
which is a potential issue for short-lived radioactive decay
systems (Krestianinov et al., 2023; Shukolyukov &
Lugmair, 2000, 2004; Trinquier et al., 2008).

The in situ single-spot Rb/Sr dating approach is also
beneficial compared to the isochron approach, which is
typically conducted by combined analysis of multiple
mineral or bulk meteorite aliquots to construct the
isochron (e.g., Bogard et al., 1967; Minster et al., 1979;
Rankenburg et al., 2007), or by compilation of isotopic
data from in situ analysis using laser ablation (Dauphas
et al., 2022; Zhang et al., 2022). Constructing an isochron
using multiple mineral or bulk meteorite aliquots assumes
isotopic equilibrium among the studied volumes
(Nebel, 2014). Thus, unrecognized nonuniform diffusive
re-distribution of Rb or Sr in the analyzed materials can
lead to false isochron dates (Field & Raheim, 1979),
which has been discussed for the 3.9-3.5 Ga age of the
Bishopville aubrite using enstatite, orthoclase, and bulk
meteorite aliquots (Compston et al., 1965). The single-
spot Rb/Sr dating approach on a single mineral species
removes the variability mineral matrixes that can result in
different Rb and Sr diffusivities and disequilibrium
between different mineral volumes. In the studied
roedderite, initial ®’Sr is negligible, that is, < 0.5% of ®’Sr
is calculated to be initial from the measured %®Sr and the
initial *’Sr/*°Sr ratio of 0.6999, allowing for a
straightforward approach for -calculating single-spot
dates. Single-spot dates can also be calculated for
minerals with appreciable initial *’Sr in meteorites
through the assumption of the initial ®’Sr/%¢Sr value of
0.6999 (Compston et al., 1971), or by measuring the ratio
in coexisting Ca-phases (e.g., albite). Using the single-
spot dating approach is advantageous over the isochron
method as heterogeneous diffusion of Rb and Sr within a
single mineral species will manifest as variable single-spot
dates, readily revealing if post-formation isotopic
disequilibrium affected the studied mineral (Dauphas
et al., 2022).

The consistency of the roedderite single-spot Rb/Sr
dates indicates insignificant redistribution of ®’Rb nor
87Sr after roedderite crystallization. This result contrasts
the K-Ar and (U-Th)/He dating methods previously
applied to the Ribbeck aubrite that do not record the
formation age of the parent asteroid, instead recording
younger events at approximately 3.7-3.3 and 2.5-2.3 Ga,
respectively (Bischoff et al., 2024). The dates provided by
these systems were interpreted to reflect resetting of the
isotopic systems during impact events after the parent
body formed. Similar conclusions have been reached for
other aubrites (Bogard et al., 2010; Wilbur et al., 2022).
The preservation of the Ribbeck aubrite formation age
with Rb/Sr and the consistency of the single-spot dates
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demonstrates the isotopic system remained closed
through subsequent collisional events that reset the K-Ar
and (U-Th)/He chronometers. Thus, the application of
single-spot Rb/Sr dating complements the other methods
to expand the chronology of the parent body from its
formation age to the subsequent resetting events.

The presented dating approach is demonstrated with the
use of the Ribbeck aubrite containing roedderite with
significant Rb contents and negligible initial *’Sr. Aubrites
are well suited for this dating method as they are highly
fractionated, concentrating Rb. However, they are rare
within the overall meteorite record and are not representative
of typical extraterrestrial materials (The Meteoritical
Bulletin, 2024). Yet, with increasing sensitivities of mass
spectrometers, the in situ Rb/Sr technique may be applied to
more common meteorites, such as enstatite chondrites (Mc
Ardle et al., 2025). Technological advancements in the realm
of space exploration may also open the possibility of
performing in situ Rb/Sr geochronological analysis directly
on extraterrestrial bodies (Anderson et al., 2020; Cohen
et al.,, 2021; Tulej et al., 2022), which could directly target
highly fractionated materials on planetary, satellite, or other
asteroid bodies, such as the Hungaria group of minor
planets.

CONCLUSIONS

The mineralogy and features of the studied Ribbeck
aubrite fragments are consistent with previous studies,
including the predominance of Fe-poor silicate minerals
(i.e., enstatite and forsterite), indications of shock
melting, and presence of the vesicular fusion crust,
unequivocally relating the studied fragments to the
asteroid 2024 BXI1, termed the Ribbeck aubrite.
A significant discovery of this study is the presence of
roedderite within the Ribbeck aubrite, not previously
reported. Furthermore, in situ Rb/Sr cosmochronology
of the roedderite provides a first formation age of the
Ribbeck aubrite parent body of 4570 + 27 Ma. This
result provides three significant outcomes: (1) the Rb/Sr
dating is an advantageous approach for dating
differentiated meteorites as the date is directly calculated
from the radioactive (*’Rb) and radiogenic (*’Sr)
isotopes, (2) the single-spot approach readily detect if the
Rb/Sr results are representative of primary mineral
crystallization or post-formation disturbances of the
isotopic system, and (3) the Rb/Sr isotopic system
survived impacts and melting events of the Ribbeck
aubrite parent body are recorded by the K-Ar and (U-
Th)/He isotopic systems, demonstrating the robustness
for the Rb/Sr system.
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