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Supplementary Information Text
Materials and Methods
1.1 Scanning Electron Microscopy (SEM) of specimens studied by Micro X-ray Diffraction
Imaging and characterization of non-carbon-coated sections of AhS 72, AhS 209b and NWA
7983 to be used for micro X-ray diffraction studies was done using a conventional petrographic
microscope and the JSM Jeol 6490 low vacuum SEM at CEASC at the University of Padova
(Italy).

1.2 SEM and Electron Microprobe Analyses of Additional Sections for Petrography
Petrographic characterization of additional polished sections of the ureilites studied in this
work was conducted at the Astromaterials Research and Exploration Science division at Johnson
Space Center in Houston, Texas (USA). The JEOL 5910-LV SEM was used for backscattered
electron imaging (BEI) of a non-carbon-coated section of NWA 7983 (Fig. S6). The observations
were made at 15 KeV accelerating potential in normal high vacuum mode, despite the lack of
carbon coat, in order to allow higher beam currents (and hence greater BEI contrast). Under these
conditions charging of silicates was observed, but carbon areas were sufficiently conductive to
provide good images (Fig. S6b). The JEOL 8530-FE electron microprobe (EMP) was used for
secondary electron imaging (SEI) and BEI observations, as well as quantitative analysis of phases,
in carbon-coated sections of AhS 72, AhS 209b, and NWA 7983. Imaging was conducted at 15
KeV accelerating potential and a range of beam currents from ~10-30 nA). Quantitative analyses
of silicates (olivine and pyroxene) were obtained at 15 KeV accelerating potential and 25 or 30 nA
of beam current. Natural and synthetic silicates, oxides and metals were used as standards. Data
reduction utilized the ZAF correction procedure.

1.3 Extraction of Samples for X-ray Diffraction
Small samples of carbon materials selected (by SEM) for X-ray diffraction were removed using
a needle. The materials obtained through this procedure were quickly glued at the top of 100 μm
diameter glass fibres. Fig. S7 shows reflected light images of the AhS 72 and AhS 209b samples
mounted on the fibres. Fig. S11 shows the carbon-bearing aggregate of NWA 7983 ureilitic
fragment.
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1.4

Micro X-ray powder Diffraction (XRD)
Powder X-ray diffraction analyses of AhS samples were performed in Experimental Hutch 1

(EH1) of the Paul Scherrer Institute (PSI) (1), Switzerland. They utilized MS Powder
diffractometer works in Debye-Scherrer geometry and is equipped with a unique solid-state silicon
microstrip-detector, called MYTHEN (Microstrip sYstem for Time-resolved ExperimeNts). The
characteristic of MS – X04SA beamline at Paul Scherrer Institute are for our measurements are:
•

Wavelength = 0.70861 Å;

•

Energy = 17.497 keV;

•

Focused spot size of 130 µm x 40 µm (1:1 focusing);

The MYTHEN II detector is a general-purpose detector, with maximum resolution of 3.7 mdeg in
2θ, and very high efficiency and rapidly acquisition time.
On polycrystalline samples of NWA 7983, we carried out XRD through an innovative method.
To analyse this sample, with a size of a few microns aggregation, we used the Rigaku-Oxford
Diffraction Supernova kappa-geometry goniometer with a X-ray Mo micro-source equipped with
a Pilatus 200K Dectris detector in transmission mode, controlled by the Crysalis-Pro™ software
at Department of Geosciences in Padova.
Diffraction line profile analysis using the High Score Plus Software package (Panalytical) was
applied to estimate the crystallite size of the carbon phases. The integral breadths, which were
obtained by the line profile analysis fitting, were then inserted into the Scherrer Eq. 1 to estimate
the crystallite size of diamond.

𝛽(2𝜃) =

𝐷𝑉
𝐾𝛽

=

𝐾𝛽 ×λ
<𝐷>𝑉 𝑐𝑜𝑠𝜃ℎ𝑘𝑙

λ
𝑐𝑜𝑠𝜃ℎ𝑘𝑙 ×𝛽(2𝜃)

[1]

[2]

The Scherrer Eq. 1, 2 gives a correlation between β peaks broadening and the dimension of
diffracted domain, the crystallite size, DV. K is a constant value between 0.5 and 1, and it describes
the contribution of crystallites shape. K is a parameter that depends on the relative orientation of
the scattering vector to the external shape of the crystallite.
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Using only the two peaks of diamond at d-spacing 1.26 and 1.07 Å it is possible to obtain a
reliable estimation of the crystallite size as such peaks do not show any overlap with peaks of other
phases within the grains here analyzed.
Supplementary Table 1 reports the unit cell parameters for the diamond single crystal found in
NWA 7983 and shows the results of the estimated crystallite size for polycrystalline diamond of
AhS 209b (Fig. 2A), AhS 72 (Fig. S8) and NWA 7983 (Fig. 2C) samples. In NWA 7983 microdiamond (Fig. 2B), nano-diamond, and graphite (Fig. 2C) coexist.
However, both of the AhS samples show a typical feature of diamond stacking faults (see in
Fig. S9 the high magnification image showing the left shoulder of the 2.06 Å peak of diamond of
the AhS 209b sample in Fig. 2A) and in order to take into account any defects in diamond and
eventually graphite (which shows a significant peak asymmetry and broadening) not considered
in the previous profile analysis, we performed a further profile analysis by using DIFFaX+
software (see Fig. S10).
The diffraction pattern is a linear combination of the patterns corresponding to the various
species present in the specimen. By using the ICDD Sieve+ search match software linked to the
ICDD PDF4+ database, it was possible to identify the simultaneous presence of diamond, graphite,
iron and minor troilite. The univocal identification of other phases, present in small quantity, was
not possible on the basis of a single diffraction pattern. Their exclusion from the analysis does not
modify the information concerning the nanostructure of the diamond phase.
The peculiar shape of the peaks corresponding to the diamond phase are due to the presence of
stacking defects and in particular to an intergrowth of diamond and lonsdaleite on the same
crystals. The difference between these two Maximum Degree of Order (MDO) polytypes (2), is in
the stacking of the dense planes. To model them, the diamond structure was described on a
hexagonal lattice equivalent to the cubic one, whose base was built on the 111 plane of the original
diamond cell. Faults along the stacking direction (<111> in the original lattice, corresponding to
<001> in the remapped one) can lead to a local symmetry change from cubic to hexagonal. A
similar phenomenon is observed in fcc or hcp metals prone to faulting (e.g. copper, gold, platinum,
iron, nickel, cobalt). Two types of layers were defined: layer A with carbon atoms at
and at ( − 1 3 , − 1 6 , − 18 ) , and layer B with atoms at

( 13 , 1 6 , 18 )

( − 13 , − 1 6 , 18 ) and ( 13 , 1 6 , − 18 ) , respectively.
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A statistical assembly of the two structural motifs was considered. The probabilities of a cubic
sequence  AA (AA layer stacking) and of an hexagonal one  BB (B-B layer stacking) were
employed as parameters. The simplest finite-state model that considers just 2-layer stacking
probabilities and maps the corresponding Markov chain, can be described by a probability matrix
α and a stacking matrix T:
1 −  AA 
 
α =  AA
 BB 
1 −  BB

 ( 2 3 , 1 3 ,1)
T=
 ( 0, 0,1)

(

( 0, 0,1)
1



3 , 3 ,1) 
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The probability matrix was optimized using a modification of the DIFFaX+ software (3),
combining the matrix method written in recursive form (4) for the description of the lattice
structure and the Whole Powder Pattern Modelling (5) for the description of the size/shape effects.
The optimized matrix was then employed in the TOPAS Rietveld software (6) for the final
modelling of the whole pattern with multiple phases. The NIST SRM 640c Silicon standard was
employed to calibrate the instrument (a0 = 0.54311946 nm) and to obtain information about the
intrinsic instrumental broadening. Albeit not a proper line profile standard, the 640c was used also
to extract the instrumental resolution profile necessary for the final modelling of the data. The
diffraction patterns of both the silicon and the meteorite sample were simultaneously modelled:
the intrinsic profile data from the silicon were the same in both experiments.
The modelling of a system with stacking defects is intrinsically complex as the specimens are
usually composed of a large quantity of grains each of them containing heterogeneous domains in
terms of size, shape and stacking sequences. The phenomenon is visible in the 2D diffraction
patterns that are rather spotty. As this is not an ideal powder case (uniform distribution of equal
domains in all orientations), it is not possible here to model the whole diffraction pattern using a
single model for the diamonds: the peaks have a peculiar shape with a sharp tip and a broad base,
typical of systems showing a broad distribution of sizes. Considering that diffraction is a volumesensitive technique and that the size of the domains is approximately inversely proportional to the
peak breadth, a large quantity of small domains contributes to the broad peak base, whereas a
progressively small quantity of domains contributes to the central narrow part of the peak. the
observed effects can be due to the simultaneous presence of a large quantity of small domains
together with a few large ones there is a broad distribution of sizes and the characteristics of the
smaller domains can be rather different than those of the larger ones. A model was therefore sought
here to reproduce most of the observed features with a minimal number of parameters. Four
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diamond families were employed: two families of nano diamonds (one with small and one with
large percentage of hexagonal faults) and two families of large diamonds with a small percentage
of hexagonal faults. The fault percentage is not very significant in the nanodiamonds as it is not
possible, with the current system, to identify a probably stacking sequence. The large diamonds,
on the contrary, show not just sharp maxima, but also peculiar features in the tail that evidence the
presence of the local hexagonal symmetry.
The smaller domains are on average 3-12 nm, whereas the larger ones are above 50 nm. Above
ca. 100 nm, diffraction is no longer reliable for the determination of size and defects in materials.

1.5

Micro X-Ray Diffraction (XRD)
Single crystal diamond of NWA 7983 sample was analyzed by the Rigaku-Oxford Diffraction

Supernova kappa-geometry goniometer at Department of Geosciences in Padova. An X-ray Mo
micro-source equipped with a Pilatus 200K Dectris detector, controlled by the Crysalis-Pro™
software was used. We removed the single crystal analysed in our work from the carbon area
shown in Fig. S12. NWA 7983 shows only diffraction spots, this point out that this sample is a
single crystal diamond with a size as least as large as that of the fragment (~100 m long).

1.6

Transmission electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) was used to verify the estimated crystallite size

obtained by XRD through line profile analysis. The crystallite size estimated by XRD does depend
on the complexity of the sample, peak overlap with other phases, large size distribution,
coexistence of size peak broadening and microstrain. For this reason, we used the TEM data to
confirm the presence of the stacking faults of diamond in our samples.
The TEM laboratory is located at the Geoscience Institute of University of Frankfurt together
with a preparation laboratory working with an Argon Ion Slicing (ArIS) for huge electron
transparent thin section, and a focused ion beam for site specific preparation at the Department of
Physics.
The samples were covered with about 60 nm of gold to compensate the charges in the SEM
and also for having a protective layer for the Focused Ion Beam (FIB) cutting preparation
procedure.
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The FIB produced only a bit of amorphous layer in the first nanometers on the surface, but it
does not modify the structure. However, the FIB could not cause deformation on diamond at all,
but only in graphite (the power is not enough) and only in the first few nanometers depth. However,
this procedure could implant Gallium inside the sample, causing a contamination on our samples.
For TEM analysis, a Philips CM 200 was used operating with a LaB6-cathode at 200 kV. Two
FIB sections from the two coarse-grained carbon-aggregates of the Almahata Sitta ureilite were
analyzed.
The analysis was done using bright-field, dark-field and selected area electron diffraction
(SAED) techniques. SAED patterns taken with a camera length of 1m were evaluated manually
with an Al-powder as standard material. This led to a camera constant C of 23.64mmÅ. Further,
the software Single Crystal together with CrystalMaker was used to index crystal reflexes and
identify mineral phases.

1.7

Micro-Raman Spectroscopy
Raman imaging was performed using “Ratatoskr”, a WITec alpha300R confocal Raman

Microscope (XMB3000-3003) designed for the study of astromaterials and housed at the NASA
Curation Office at Johnson Space Center (JSC). Raman spectra were collected using ~15 µw of
488 nm light generated by a WITec diode laser (XSL3100-1155). The Raman excitation beam was
focused and the Raman scattered light was collected using a 50X objective. The 50X objective
focused the incident light to a beam diameter of ~1.5 µm. The Rayleigh scattering was removed
using a WITec Rayline long pass filter (XZF3100-0488). The Raman scattered light was dispersed
using a UHTS600 spectrometer with a 300 g/mm grating (XMC3200-0600) and was detected using
a thermoelectrically cooled (-60⁰C), back-illuminated, CCD. The spectrometer resolution is ~2.8
cm-1/pixel at the spectrum center and the wavenumber precision is ±0.15 cm-1 without the use of
advanced calibration techniques (7). Raman images were collected by scanning the beam spot on
the sample using a x-y-sample scanning stage (WITec XSP3000-0001). Raman spectra were
collected with a spatial resolution of 5 µm. The beam was auto-focused on the sample using the
WITec TrueSurface program to allow for the Raman image collection of a sample with rough
topology.
Micro-Raman spectroscopy was used to image the diamond and graphite species in ureilites.
The Raman spectrum of larger diamonds (~>45 nm) contains a large, narrow band at ~1332 cm-1
7

originating from its only Raman-active phonon (8,9). This allows for the easy identification of
large diamond grains via Raman spectroscopy. For smaller nanodiamonds (~<45 nm) (9), phonon
confinement results in a drastic decrease in intensity as well as an increased bandwidth and
downshift of the ~1332 cm-1 diamond phonon (10). This decrease in intensity makes the
observation of nanodiamonds difficult using Raman imaging with visible excitation wavelengths.
Thus, our Raman images have low sensitivity to nanodiamonds but can easily observe larger
diamonds. As a result, we expect that while our Raman images are able to image large diamond
grains, nanodiamonds mostly go undetected due to the low signal of the nanodiamond Raman
spectra within the Raman image. In addition, the broad and weak nanodiamond phonon band
overlaps with the more intense graphite D band and large diamond 1332 cm-1 band further
hindering its identification. Because of this, only a few Raman spectra were observed with a band
characteristic of nanodiamonds. The presence of nanodiamonds in the ureilite samples was
positively identified in this work using TEM and micro x-Ray diffraction. The lack of a ~1332 cm1

diamond phonon peak in areas of the sample where diamonds are known to be present supports

the observation of nanodiamonds by these techniques. For the Raman images shown in figures
S6C and 1E, the intensity of red color indicates the relative intensity of the ~1332 cm-1 large
diamond phonon band providing an image of large (~>45 nm) diamonds.
The Raman spectrum of graphite consists of two predominant first-order bands. The G band is
found at ~1575 cm-1 and is a stretching mode of sp2 hybridized carbons found in rings and chains
(11). Thus, the G band is characteristic of sp2 hybridized carbon regardless of the order of the
graphite (12). In contrast, the D band is found at ~1350 cm-1 and is a ring breathing mode of sp2
hybridized carbon (11). This vibration is forbidden for perfect, infinite-sheet graphite and is only
observed for rings at the edges of graphite grains (12). Thus, the D band is more intense for graphite
that is less ordered containing smaller grain sizes. Because the D band intensity varies with
graphite order, we use the G band to identify graphite in our Raman images (Figures S6C and 1E),
where the intensity of the blue color corresponds to the G band intensity
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Supplementary Information Figures

Fig. S1. Reflected light images of very low-shock ureilite ALHA78019, showing euhedral to
subhedral (blade-shaped, tabular) graphite crystals with well-defined (0001) cleavage, located
along silicate grain boundaries. Note that graphite is spatially associated with Fe,Ni metal (labelled
Fe in images), some of which has been terrestrially altered to Fe-hydroxides (grey) in this sample.
Abbreviations: oliv = olivine; pyx = pyroxene; gph = graphite. Berkley and Jones (13) and Treiman
and Berkley (14) infer that such crystals were the primary (pre-shock) form of graphite in all
ureilites.
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Fig. S2. (A) Back-scattered electron image (BEI) of AhS 209b, showing dominant texture of
olivine areas (the parallel lines on the surface are scratches from polishing). Original olivine (oliv)
crystals are completely mosaicized to ~5-20 m-sized equigranular tiles, with minor interstitial SiAl-enriched glass (gl). (B) BEI of less common, impact-smelted olivine area in AhS 209b, with
~5-20 m-sized equigranular, rounded, grains of reduced olivine with interstitial pyroxenes (pyx).
Metal and sulfide grains (bright) are common. (C) BEI of AhS 209b showing impact-smelted
pyroxene, consisting of aggregates of ~5-10 m-sized subhedral grains, with small amounts of
interstitial Ca-enriched pyroxenes (px) and Si-Al-enriched glass. Pores and small grains of metal
and sulfide (bright) are common. Pyroxenes are reduced relative to inferred primary compositions,
and show further reduced outer rims. (D) BEI showing dominant lithology in AhS 72, similar to
[B], of equigranular, rounded, highly reduced olivine with interstitial pyroxene.
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Fig. S3. Back-scattered electron images of AhS 209b. (A) Low-magnification image showing
highly re-crystallized silicates, with ubiquitous pores and dispersed grains of metal and sulfide. In
some areas, elongated masses of carbon phases are located along boundaries between aggregates
of olivine and pyroxene that are inferred to represent primary, originally much larger, silicate
crystals. (B) Elongated mass of carbon phases. (C) Collage of seven images showing part of ~1
mm-long elongated mass of carbon phases.
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Fig. S4. (A) Transmitted cross-polarized light image of NWA 7983 showing dominant texture of
completely mosaicized olivine. (B) BEI of mosaicized olivine in NWA 7983. Euhedral-subhedral
tiles of olivine (oliv) with interstitial Si-Al-rich glass (gl). (C) BEI of NWA 7983 showing
mosaicized olivine (upper left) grading into rounded, equigranular, grains of olivine with
interstitial pyroxene (pyx) on the right. (D) BEI of NWA 7983 showing area of olivine similar to
[C] but with more reduced compositions.
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Fig. S5. Carbon masses in NWA 7983. (A,B,C) Reflected light images. Highly reflective, highrelief areas (stripes parallel to the external morphology of the whole carbon area) in carbon masses
are inferred to be diamond, based on their optical properties. (D) BEI, showing dark and light
strips, parallel to the external morphology of the whole carbon area. Dark areas tend to correlate
with high relief, high-reflectance stripes in reflected light images. (E) Detail from area outlined by
box in [D]. Dark areas show only C, while lighter areas show C, Fe, and S peaks in energy
dispersive spectra (EDS).
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Fig. S6. Elongated carbon mass in NWA 7983. (A) Reflected light. Stripes of high reflection and
high relief are inferred to be diamonds based on these optical properties and fluorescence under
the electron beam. (B) Back-scattered electron image of non-carbon-coated sample in low vacuum
mode (some charging in silicate areas). Darker areas correspond closely to the areas of high
reflectance and high relief in [A]. Bright rim immediately surrounding the carbon mass represents
original metal (now terrestrially altered to iron-oxide). (C) Raman image of diamond (red) and
graphite (blue). The intensity of the diamond ~1332 cm-1 band is indicated by the brightness of the
red coloring, and the intensity of the graphite G band (~1575 cm-1) is indicated by the brightness
of the blue coloring. Larger areas of high relief show few signs of diamond and have increased
hardness compared to the low relief areas indicating the potential presence of small nanodiamonds
(~<45 nm). (D) Raman spectrum of nanodiamond (~<45 nm) found in the Raman image of [A].
The weak, broad ~1332 cm-1 nanodiamond peak is found overlapping the broad graphite D band
(~1350 cm-1). (E) Raman spectrum of large diamond (~>45 nm) found in the Raman image of [A].
The intense, narrow ~1332 cm-1 band is the dominant feature in the spectrum.
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Fig. S7. Optical microscopy images (magnification 10x in reflection mode) by Nikon eclipse
ME600 of (A) AhS 72 and (B) AhS 209b ureilitic samples glued at the top of 100 μm glass fibre.
These samples were analyzed by Synchrotron radiation micro X-ray diffraction, carried out at the
Paul Scherrer Institute, Villigen, Switzerland.

Fig. S8. (A) The diffractogram of AhS 72 and (B) the diffraction image of AhS 72 analyzed by
Synchrotron radiation micro X-ray diffraction at the Paul Scherrer Institute, Villigen, Switzerland.
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Fig. S9. Magnification of the left shoulder of the highest peak of diamond (2.06 Å)
corresponding to stacking faults of diamond (2.18 Å) in the AhS 209b sample.
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Fig. S10. The model diffraction profile of the AhS 72 carbon sample by DIffaX+software. Four
diamond families were employed: two families of nano diamonds (one with small and one with
large percentage of hexagonal faults) and two families of large diamonds with a small percentage
of hexagonal faults. (A), (B) and (C) show respectively the diffractogram between 10-30, 30-60
and 60-80 2θ(deg).
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Fig. S11. Diamond powder sample of NWA 7983 glued onto glass fibre of 100 μm, the sample
was analyzed by Rigaku-Oxford Diffraction Supernova kappa-geometry goniometer at the
Department of Geosciences of Padova.
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Fig. S12. BEI of NWA 7983 (not carbon coated) collected by JSM JEOL 6490 low vacuum SEM
at CEASC at the University of Padova (Italy). This image shows the carbon mass from which the
~100 m-sized single diamond crystal (outlined in yellow) analyzed in this work was removed.
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Fig. S13. (A) Reflected light image of elongated carbon mass in NWA 7983. A fragment from the
circled area was dug out and analyzed by micro-X-ray diffraction. (B) The removed fragment
glued onto the top of a glass fibre for analysis (left). Diffractogram on the right showing both
diffraction spots from a single crystal diamond (~20 m-sized) and diffraction rings indicative of
polycrystalline diamond.
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Fig. S14. Example of sample configuration for synthesis of polycrystalline diamonds of ballastype (a-b) and carbonado-type (c-d) in toroid-type apparatus (15,16). Inserts show
microphotographs of diamond crystallites near and away from metal catalyst synthesized at 8 GPa
and 2000oC for 1-2 s run duration [from (15)]. White – inclusions of metal catalyst (Cr20Ni80). The
sample was compressed to the target pressure of about 6 GPa and then single-time pulse-heated,
by applying electric power corresponding to about 2000oC in calibrated experiments. Pressure
increases simultaneously to 7-9 GPa according to static experiments, where pressure increase rate
during heating is 0.7-1 MPa/oC. In less than 1-2 seconds, we can achieve the full transformation
of a 6-7 mm graphite source to nanocrystalline diamonds with grain size from 10 nm to 1 μm in
the bulk sample and up to 5-10 μm crystals in the area close to the metal catalyst. Although the
toroid-type device is a traditional static HP device, not a shock device, the pulsed heating in this
experiment simulates shock and therefore this type of experiment can be considered as a close
analog of the long duration shock event in the natural impact process.
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Fig. S15. Synthetic diamond grown using the temperature-gradient technique using Fe-Ni as the
metal (solvent) catalyst (modified after [17]). In the image the diamond was observed by
cathodoluminescence topographs (sample 1 of [17]). The image shows the growth sectors in
parentheses with nitrogen content expressed in ppm (the nitrogen content was determined by
infrared spectroscopy [17]). The thick red arrows indicate the crystal growth directions. Growth
rate calculations indicate that the first step of the diamond crystal growth by this technique is very
rapid and indicate axial growth rates up to 8 m per minute [18]. It is evident growth sectors in
contact can show jumps in nitrogen content from 1 to 100 ppm [see boundary of (111) with (101)].
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Table S1. Results from the diffraction line profile analysis of AhS 209b, AhS 72 and NWA 7983.
λ is the X-ray radiation wavelength. In the second column, the 2 positions of the diamond
diffraction peaks are reported as well as their d spacing. In the last column, the crystallite size (Dv)
is reported. Only using the two peaks of diamond at 1.26 Å and 1.07 Å it is possible to obtain
reliable estimated of the crystallite size as such peaks do not show any overlap with peaks of other
phases within the grains analyzed here.

λ

Pos. [2°]

d-spacing (Å)

Dv (nm)

 0.71

AhS 209b (polycrystalline)
32.63
1.26
38.46
1.07

19
17

 0.71

AhS 72 (polycrystalline)
1.26
32.63
38.45
1.07

25
18

 0.71

NWA 7983 bright area (polycrystalline)
1.26
32.64
38.48
1.08

9
9

NWA 7983 dark area (single crystal)
Unit-cell edge, a = 3.569(1) Å
 0.71
Unit-cell volume, V = 45.46(2) Å3
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