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We report structural evidence for impact formed diaphite or stacking disorder in

5C = -2.89 £ 0.06 %o

400 pm o+

the largest known extraterrestrial microdiamond (>300 pm) from the highly

shocked ureilite Northwest Africa 6871. Shock indicators within the microdia-

mond indicate a diamond formation model during the catastrophic disruption

of the ureilite parent body, rather than deep static processes. After removal of

N associated graphite, large geometry secondary ion mass spectrometry yielded
~ 813C=-2.89 +0.06 %o, an intermediate value in the range of ureilitic §*°C values.
. Combined with the Mg# of Northwest Africa 6871, the carbon isotopic signature
shows that carbon was not affected by the impact which destroyed the ureilite

parent body. Our findings therefore challenge the hypothesis that large ureilitic
diamonds formed deep within their parent body and show that the carbon isotopes did not fractionate during diamond

formation.
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! Introduction

Ever since their discovery, ureilitic diamonds have been in-
triguing scientific samples, and consensus on their formation
process has not yet been reached as three major hypotheses
remain debated within the scientific community: (i) formation
inside a planetary body (Nabiei ef al., 2018), (i) direct transfor-
mation from graphite to diamond upon shock (Nestola et al.,
2020) and (iii) crystal vapour deposition (Tomkins et al., 2022).
While the formation inside a planetary body has been favoured
for large ureilitic diamonds (Miyahara et al. 2015, Nabiei et al.,
2018), the direct transformation from graphite to diamond dur-
ing a shock event is still the most commonly accepted hypothesis
(Nakamuta et al., 2016, Nestola et al., 2020; Barbaro et al., 2021,
2023, 2025; Christ et al., 2022; Rout et al., 2023).

Ureilites are ultramafic carbon-rich achondrites, which
originate from the ureilite parent body (UPB) (Goodrich,
1992). The history of the UPB is characterised by impact events
in an early stage of our Solar System, which destroyed the par-
tially differentiated UPB, producing one or more ureilite daugh-
ter bodies (Downes et al., 2008). The shock formation hypothesis
considers that during these impact events, high pressure and
temperature regimes were reached which led to the direct trans-
formation of graphite to diamond. Evidence for this direct

Department of Chemical Sciences, Via Francesco Marzolo 1, 35131 Padova, Italy

oG o e

*

Corresponding author (e-mail: oliver.christ@unipv.it)

Q)EAc

Department of Geosciences, University of Padova, Via Gradenigo 6, 35131 Padova, Italy

transformation can be detected by X-ray diffraction (XRD) and
transmission electron microscopy in the form of shock induced
defects in both graphite and diamond (Nakamuta et al., 2016,
Németh et al.,, 2022; Barbaro et al., 2025).

Ureilitic diamond typically exhibits nanometric grain sizes;
however, recent studies have revealed that nanometric diamond
closely coexists with microdiamond (Nestola et al., 2020; Barbaro
et al., 2021; Christ et al., 2022), including a single crystal dia-
mond measuring up to 100 pm in its longest dimension
(Nestola ef al., 2020). Apart from that single crystal microdia-
mond, ureilitic microdiamonds are typically embedded in carbon
aggregates with nanographite and nanodiamonds, making pre-
cise size estimation challenging. This can also be seen in the
“unique large” diamond in the ureilite meteorite MS-170
reported by Miyahara et al. (2015), which consists of diamond
aggregates with similar crystallographic orientations surrounded
by graphite.

Carbon isotopes of both graphite and diamond in ureilites
have been studied for a long time, and the combustion method is
the most commonly used technique for analysing these phases
(Grady et al., 1985; Grady and Pillinger, 1986; Russell ef al., 1993;
Smith ef al., 2001; Grady and Wright, 2003; Hudon et al., 2004;
Downes et al., 2015; Barrat et al., 2017). The combustion method,
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however, is a destructive method and combustion temperatures
for graphite and diamond overlap between 600 °C and 900 °C
(Grady et al., 1985), making it challenging to assign specific
813C values to either phase. For example, the combustion
method showed a primary release at 650 °C and, in some sam-
ples, a secondary minor release at approximately 900 °C and
1000 °C, both exhibiting nearly identical isotopic compositions
(Downes et al., 2015). The authors interpreted this secondary
release as originating from either highly crystalline graphite or
genetically related diamond, highlighting the difficulty in distin-
guishing between graphite and diamond. Further limitations of
this method were pointed out by Fisenko et al. (2004), who noted
that the combustion temperature is influenced by the available
grain surface area and, consequently, the grain size, further com-
plicating data comparisons. Generally, ureilitic §**C values form
a continuous range from about —11 %o to about +7 %o with two
peaks: one around —7 %o and one around —2 %o, representing
two carbon reservoirs which have not been fully mixed in the
UPB (Barrat et al. 2017). Only four publications report carbon iso-
topic values for ureilitic diamond alone: pure diamond fractions/
residues from the Novo Urei and Yamato 791538 meteorites
(Vdovykin, 1970; Russell et al., 1993; Fisenko et al., 2004), and
diamond FIB cuts from the Almahata Sitta MS-170 fragment
(Miyahara et al., 2015). The §'3C values of the diamond fractions
were reported to be —5.7 %o (Vdovykin, 1970), =5 %o and
—1.8 %o (Russell et al., 1993), and —2 %o (Fisenko et al., 2004),
while FIB cuts showed §'°C values of —4.1 %o and —5.7 %o
(Miyahara et al., 2015). Additionally, the carbon isotopic compo-
sition of pure graphite has also been analysed (Storz et al., 2021).
Graphite from nineteen different ureilites was measured and
showed a distinction between §'3C values from graphite in
coarse and fine grained ureilites. Graphite in coarse grained ure-
ilites shows mean 8'3C values of —5.29 %o, which are homo-
geneous within a single sample and are in good agreement
with the hyperbolic relationship of §'°C values with the Mg#
of olivine cores reported by Barrat ef al. (2017). In comparison,
graphite in fine grained ureilites shows a heavier mean §*C
of +1.94 %o. However, values within one fine grained sample
may vary. For example, the authors report §*°C for graphite in
the ureilite sample MS 20 which range between —9.29 %o and
+4.09 %o. The authors explained that fine grained ureilites are
the result of impact processed, coarse grained ureilites and the
difference in 8§*C with a smelting induced degassing scenario
during impact on the UPB, which preferably consumed >C.

Here, we introduce a new, nearly non-destructive
approach to investigate ureilitic diamond on the example of a
large grain from Northwest Africa 6871 (NWA 6871). The sample
was subjected to micro-XRD, and a two step cleaning procedure,
which prepared the sample for isotopic characterisation using
large geometry secondary ion mass spectrometry (LG-SIMS).

I sample and Methodology

This study was conducted on a diamond from the highly shocked
ureilite NWA 6871. The highly shocked nature of NWA 6871 is
evident in its apparently coarse grains, which are in fact olivine
and pyroxene aggregates composed of numerous small grains,
exhibiting a mosaicized texture. A detailed petrographic descrip-
tion of this ureilitic fragment can be found in Christ ef al. (2022).
The analysed grain was extracted from the bulk sample of NWA
6871 and mounted on a glass fibre (Fig. 1). In total, three large
carbon-rich aggregates were extracted from the host ureilite and
cleaned. However, reliable isotope measurements required the
grains to have an almost flat surface, leaving only one grain
suitable.
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Figure 1 Microphotography of the diamond from NWA 6871,
after the cleaning process, glued on top of a glass fibre
(Microphotograph: Matteo Chinellato).

Analyses were performed using multiple micro-XRD mea-
surements on a Rigaku Oxford Diffraction SuperNova single
crystal diffractometer at the Department of Geosciences,
University of Padua. The instrument features a 200K Dectris
detector and operates with a microsource MoKa X-ray radiation
at a wavelength of 0.71073 A (with an X-ray beam diameter of
0.120 mm and a sample to detector distance of 69 mm). First
measurements were performed over a range of 1-360° with a
step size of 1° around the @ axis, and each frame was acquired
for 100 seconds. After detecting unusually large single crystal dif-
fraction spots for diamond, see Figure S-1, full data collections
over the whole volume of the sample with 1262 frames over
19 runs and an exposure time of 20 seconds per frame were
conducted.

After the initial micro-XRD characterisation, the diamond
was placed in an ultrasound ethanol bath to remove the remain-
ing matrix material. It was then remeasured to confirm the effec-
tiveness of the cleaning process. Following this, a chemical
cleaning procedure optimised by adapting an already reported
subcritical hydrothermal process (Brown et al., 2019) was per-
formed at the Department of Chemical Sciences, University of
Padua, to eliminate any remaining graphite. The process
involved applying high temperature in a sealed vessel partially
filled (12 % filling ratio) with a highly aggressive solution.
Specifically, 18 mL of a solution containing HNO; (65 wt. %)
and H,SO4 (96 wt. %), in a 1:2 molar ratio, was placed in a
150 mL PTFE vessel, which was then sealed tightly in a
Berghof stainless steel Acid Digestion Bomb (12 % filling ratio)
and heated at 250 °C for 48 hours. After cooling to room temper-
ature, the diamond was recovered, washed several times with
deionised water, and separated by centrifugation. A final
micro-XRD measurement was conducted to ensure the success-
ful removal of graphite.

Carbon isotope ratios were determined using large geom-
etry secondary ion mass spectrometry (LG-SIMS) at the Centre
de Recherches Pétrographiques et Géochimiques (CRPG) on a
Cameca IMS-1280-HR multi-collection ion microprobe
equipped with high sensitivity faraday cups following the high
resolution procedure previously described in Gress et al.
(2021). The analyses were achieved using a **Cs-+ primary beam
(Gaussian mode), with a total acceleration voltage of 20 kV and a
primary intensity of 4.2 + 0.2 nA, corresponding to a spot size of
~15 pm. 12C and *C were detected simultaneously on cross cali-
brated faraday cups (mass 12 on the central detector C and mass
13.003355 on H'2, using a 10! Q amplifier and a 102 Q
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amplifier, respectively). Using such new generation collectors
significantly improves the statistical errors (within spot uncer-
tainties <0.2 %o 20; Bouden et al., 2021). A collection of reference
material previously characterised by IRMS after diamond com-
bustion was used to precisely calibrate the instrumental mass
fractionation. Both the samples and the standards were mounted
in an indium ring in order to minimise degassing and improve
the charge release as well as the counting stability.

! Results

Optical microscopy revealed that the sample is up to 450 um in
length and has an irregular shape (Fig. 1). Micro-X-ray diffraction
identified diffraction rings along with unusually large diffraction
spots at d spacings of 2.06 A, 1.26 A, and 1.07 A (Fig. 2a), indicat-
ing the presence of nanodiamond and single crystal diamond,
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Figure 2 Documentation of the hydrothermal cleaning process.
(a) Initial, diffraction image of the sample showing both rings
and diffraction spots. Here, the large single crystal diffraction spots
for diamond are most noteworthy. (b) Diffraction image of the
diamond after the cleansing hydrothermal process. The graphite
signal at d spacing 3.34 A is lost as well as some polycrystalline
material as shown by the lower intensities of the rings at d spacings
2.06 A and 1.26 A. (c) The initial diffractogram (black), the diffrac-
togram after the ultrasonic bath (red), and the diffractogram after
the chemical hydrothermal cleaning (blue). To provide better read-
ability, not all small peaks have been labelled. Diffraction rings for
iron and forsterite are not visible in (a) and (b) due to their low
intensities and the contrast settings of the diffraction images.
However, they can be seen in (c). Mineral abbreviations: dia=
diamond, ¢/h s.d. dia=c/h stacking disordered diamond and/or
diaphite, gra=graphite, goe =goethite, fo="forsterite, iron=
metallic iron/Fe-Ni phases.
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respectively. Additionally, a characteristic shoulder in the diffrac-
togram in Figure 2¢ (positioned at a d spacing of 2.16 A) indicates
the presence of stacking-disordered diamond or diaphite nano-
structure (Németh ef al., 2022). Additional phases can be seen in
peaks of graphite (d spacing of 3.34 A), iron (d spacings of 1.17 A
and 1.43 A), goethite (d spacing of4.18 A) and forsteritic olivine (4
spacing of 2.46 A). Compared to diamond, these phases show rel-
atively low intensities. After the ultrasonic ethanol bath, the
peaks for goethite (d spacing of 4.18 A) and forsterite (d spacing
of 2.46 A) lost intensity (Fig. 2¢).

X-ray diffraction was repeated after the sample underwent
hydrothermal treatment to remove graphite. The resulting dif-
fractogram, shown in blue in Figure 2¢, reveals the absence of
the graphite diffraction peak at d spacing of 3.34 A, confirming
the successful removal of graphite. This is further supported by
Figure 2a and b, where the graphite diffraction ring at 3.34 A is no
longer present in (b). After cleaning the sample, the diffracto-
gram and diffraction image show only diamond, with minor for-
sterite and iron visible in the diffractogram. However, most of the
sample consists solely of diamond, which is present in two dis-
tinct grain sizes. From the diffraction rings positioned at d spac-
ings of 1.26 A and 1.07 A in the diffractograms, we calculated a
crystallite size of approximately 5 nm using the Scherrer
equation.

The 8%C values are —2.74 +0.12 %o, —2.62 +0.13 %o,
—2.74+0.12 %o and —-3.44+0.11 %o, yielding an average
83Cean Of —2.89 +0.06 %eo. Figure S-2 shows the locations of
four LG-SIMS measurement points, which were collected on
the 450 um sized grain shown in Figure 1 (Dia 1 in Fig. S-3) while
Table S-1 shows the results.

The results show that the cleaning method, which is typ-
ically used for larger gem diamonds, is capable of effectively
cleaning smaller ureilitic diamonds. Further, the diamond stud-
ied here represents the largest extraterrestrial diamond found
to date.

! Discussion

The size of the diamond found in NWA 6871 is unprecedented
and challenges the assumption that large ureilitic diamonds
must have formed deep within the UPB through static processes,
as the pressure-temperature conditions experienced by NWA
6871 are sufficiently high to induce shock driven diamond for-
mation, even in the absence of metallic catalysts (Nakamuta et al.,
2016). The presence of shock indicators such as stacking faults in
diamond and diaphite suggested by the XRD data, further sup-
ports this. Mineralogically, our sample closely resembles carbon
aggregates from NWA 7983 (Nestola ef al., 2020), Kenna
(Barbaro et al., 2021), Yamato-74123 (Barbaro et al., 2022),
FRO 97013, 01088, 01012 (Barbaro et al., 2023), and other dia-
monds from NWA 6871 (Christ et al., 2022). What sets the sam-
ple of this study apart from other ureilitic diamonds, however, is
its sheer size. While accurately determining the proportion of the
single crystal region is challenging, the intensity contrast
between the diffraction spots (i.e. the single crystal portion)
and rings (i.e. nanocrystalline material) suggests that the single
crystal domain is at least 300 pm in size. This estimate is based on
XRD intensity measurements of similarly sized diamond single
crystals obtained under identical experimental conditions.

LG-SIMS measurements yielded an average 8°C of
—2.89 £ 0.06 %o0. Comparing this to existing literature is challeng-
ing, as most available data come from conference abstracts with-
out detailed methodology or the combustion method. All
ureilitic diamonds exhibit intermediate §'°C values, including
the mean §'C value of —2.89+0.06 %o from NWA 6871.
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Figure 3 6'3C versus Mg# plot. The black arrow indicates smelt-
ing. §'3C data of diamonds and the Mg# of the host ureilites agrees
very well with the hyperbolic relationship (red line) reported by
Barratetal. (2017). cg-u: coarse grained ureilites, fg-u: fine grained
ureilites.

Discussing ureilitic §'3C values requires considering also the oli-
vine core composition (Mg#). Barrat et al. (2017) reported a
hyperbolic relationship between the Mg# of olivine cores and
the 8'3C and that, if this relationship is preserved, carbon has
either remained isotopically unaffected or experienced only
minor alteration. The §'*C values of fine grained ureilites by
Storz et al. (2021), however, do not follow the hyperbolic rela-
tionship. The authors interpreted these heavier values as *C
enriched residues from an impact induced smelting process pro-
ducing a CO gas, which mainly consisted of the lighter *2C iso-
tope. NWA 6871 has a forsterite composition of Fogy (see
Meteoritical Bulletin Nr. 100 entry). Figure 3 shows the data
for NWA 6871 together with the other 4 available data sets in
the 8'3C vs. Mgi# plot including data from Barrat et al. (2017)
and Storz et al. (2021). As can be observed, the hyperbolic rela-
tionship is preserved across all ureilitic diamonds, consistent
with the findings of Maruoka et al. (2003), who reported that
813C differences between graphite and shock induced diamonds
are minimal and, when detectable, insufficient to distinguish
between shock and CVD formation processes. This underscores
the importance of applying XRD analyses to identify potential
crystallographic shock indicators. Combining XRD and LG-
SIMS data, shock formed extraterrestrial diamonds preserve
pristine carbon isotopic signatures and indicate that a large
UPB is not necessary for the formation of large diamonds, which
is in agreement with the findings of Downes et al. (2024). These
authors have discussed that if diamonds were formed deep
inside a Mercury- to Mars-sized UPB, as proposed by Nabiei et al.
(2018), the host ureilite would show mineralogical evidence in
the form of high pressure minerals as ringwoodite, majorite
and diamond. Ringwoodite and majorite, however, are absent
in NWA 6871.

! Conclusions

The 450 pm diamond grain with a single crystal portion no
smaller than about 300 pm from NWA 6871 is the largest uredilitic
diamond reported to date. Micro-XRD analysis confirmed that
ureilitic diamonds can be effectively cleaned of graphite using
a method typically applied to larger gem diamonds, which ena-
bles nearly non-destructive carbon isotopic measurements solely
on the ureilitic diamond while preserving the grain for further
analyses. The §'3C values of our 450 ym grain range from

L]

—2.62 %o to —3.44 %o (mean §°C=-2.89+0.06 %o, n=4),
which is consistent with the few §'3C values reported for ureilitic
diamonds. Generally, ureilitic diamonds exhibit intermediate
carbon isotopic compositions in regard to the overall range of
ureilitic §'*C values. Carbon isotopic data alone, however, does
not point towards any formation hypothesis but combining LG-
SIMS with micro-XRD analyses it is reasonable to conclude that
this large microdiamond formed directly from graphite during
the shock event which destroyed the UPB, rather than deep
inside a large UPB.
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