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SupplementaryInformation Text

Materials and Methods

1.1 Scanning Electron Microscopy (SEM) ofspecimensstudied by Micro X -ray Diffraction
Imaging and characterization of roarboncoated sections of AhS 72, AhS 209b and NWA

7983 to be used for micro-iy diffraction studies was done using a conventional petrographic

microscope and thé@SM Jeol 6490 low vacuum SEMat CEASC at tle University of Padova

(Italy).

1.2SEM 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 Astromadiés Research and Exploration Science division at Johnson
Space Center in Houston, Texas (USA). The JEOL 494GEM was used for backscattered
electron imaging (BEI) of a necarboncoated section of NWA 798Fig. S6). The observations
were made at 15 &/ 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 sufficiemilctoee to
provide good images (Fig6h. The JEOL 853@-E electron microprobe (EMP) was used for
secondary electron imaging (SEI) and BEI observations, as well as quantitative analysis of phases,
in carboncoated sections of AhS 72, AhS 209b, and NWAR39maging was conducted at 15
KeV accelerating potential and a range of beam curfemts ~1030 nA). Quantitative analyses
of silicates (olivine and pyroxene) were obtained at 15 KeV accelerating potential and 25 or 30 nA
of beam current. Natural angirghetic silicates, oxides and metals were used as standards. Data

reduction utilized the ZAF correction procedure.

1.3 Extraction of Samples for Xray Diffraction

Small samples of carbon materials selected (by SENR-i@y diffraction were removed ugj
a needl e. The materials obtained through this
diameter glass fibre&ig. S7 shows reflected light images of the AhS 72 and AhS 209b samples
mounted on the fibresrig. S11 shows the carbehearing aggrgate of NWA 7983 ureilitic

fragment.



1.4  Micro X -ray powder Diffraction (XRD)

Powder Xray diffraction analyses of Ah§&amples were performed in Experimental Hutch 1
(EH1) of the Paul Scherrer Institute (PSI) (1), Switzerland. Thélzed MS Powder
diffractometer works in Deby8cherrer geometry and is equipped with a ungiplie-statesilicon
microstripdetector, cald MYTHEN (Microstrip sYstem for Timaesolved ExperimeNts)he
characteristic of M$ X04SA beamline at Paul Scherrer Institute fareour measurements are

f Wavelength= 0.70861 A

1 Energy = 17.497 keV

1 Focused spot size of 130 pm x 40 um (fodusing;

TheMYTHEN Il detector is a generglurpose detector, with maximum resolution of 3.7 mdeg in
2d, and very high efficiency and rapidly acqu
On polycrystalline sampsof 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-®idaicu
Diffraction Supernova kappgeometry goniometer with a-¥ay Mo micresource equipped with
a Pilatus200K Dectris detector in transmission mode, controlled by the CnRali® E s of t war
at Department of Geosciences in Padova.
Diffraction line profile analysis using théigh Score Plus Software packa@analytical) was
applied to estimate the crystallisize of the carbon phases. The integral breadths, which were
obtained by the line profile analysis fitting, were then inserted into the Schkexrerto estimate

the crystallite size of diamond.

I g— —— [1]

— 2]

The ScherreEq. 1 , 2 gives a correlation between b p
diffracted domain, the crystallite siZ@v. K is a constantalue between 0.5 and 1, and it describes
the contribution of crystallites shapg€.is a parameter that depends on the relative orientation of

the scattering vector to the external shape of the crystallite



Using only the two peaks of diamonddaspacig 1.26 and 1.0A 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 heapalyzed

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. &), AhS 72 (Fig.S8 and NWA 7983 (Fig. @) sampés. In NWA 7983 micro
diamond (Fig. B), nanediamond and graphite (Fig.@) coexist.

However, both of the AhS samples show a typical feature of diamond stacking faults (see
Fig. S9the high magnification imagshowingthe left shoulder of the 2.06 feak of diamonaf
the AhS 209b samplén 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 FigS10).

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 identié/dimultaneous 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) poly2ypssn
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 builtldiithkne 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 observeddc or hcpmetals prone to faulting (e.g. copper, gold, platinum,

iron, nickel, cobalt). Two types of layers were defined: layer A with carbon atofs,a¢, %)

and at(- %, -%, %),and layer B with atoms af- %, -%,%) and (%, %.- %), respectively.



A statistical assembly of the two structural motifs was considered. The probabilities of a cubic

sequencea,, (AA layer stacking) and of an hexagonal oag, (B-B layer stacking) were

employed as parameters. The simplest fisitge model that considers just-Ryer stacking
probabilities and maps the corresponding Markov chain, can be described by a probability matrix
Uand a stackig matrixT:
p-b o T 4 L% (009
¢t~ s & ¢ (0.0 (% %.3

The probability matrix was optimized using a modification of the DIFFaxX+ soft{&re
combining the matxi method written in recursive forrd) for the description of the lattice
structure and the Whole Powder Pattern Modell)dor the description of the size/shape effects.

The optimized matrix was then employed in the TOPAS Rietveld soft(@réor the final
modelling of the whole pattern with multiple phases. The NIST SRM 640c Silicon standard was
employed to calibrate the instrumen$ €20.54311946 nm) and to obtain information about the
intrinsic instrumental broadening. Albeit not a proper pnafile 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 profiledata 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 @ 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 théevdifbraction 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 avolume
sensitive technique and thae 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 thehmeak
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 thodeedatrger 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 nhano diamonds (one with small and one with
large percentage of hexagomallts) 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 largeddia
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 averagE23m, whereas the larger ones are above 50 nm. Above
ca. 100 nm, iffraction 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 wasilyzedoy the RigakeOxford Diffraction
Supernova kappgeometry goniometer at Department of Geosciences in Padova:ray Mo
micro-source equipped with a Pilatus 200K Dectris detector, controlled by the Gigsalis E
software was used. Wlemovedthe single tystal analysed in our work from the carbarea
shownin Fig. S12. NWA 7983 show®nly diffraction spots, this point out that this sample is a

single crystal diamond with size as least as large as that of the fragment (@hdong).

1.6  Transmission dectron 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 overlaith other phases, large size distribution,
coexistence of size peak broadening and microstrain. For this reason, we used the TteM data
confirm the presence of the stacking faults of diamond in our samples.

The TEM laboratory is located at teoscience Institute of University of Frankfurt together
with a preparation laboratory working with an Argon lon Slicing (ArlS) 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 lon Beam (FIB) cutting preparation
procedure.



The FIB produced only a bit of amorphous layer in the first natensien 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 Gialin inside the sample, causing a contamination on our samples.

For TEM analysis, a Philips CM 200 was used operating with a-catiode at 200 kV. Two
FIB sections from the two coargeained carbofaggregates of the Almahata Sitta ureilite were
analyzed

The analysis was done using bridieid, darkfield and selected area electron diffraction
(SAED) techniques. SAED patterns taken with a camera length of 1m were evaluated manually
with an Alpowder as standard materi@his led to a camera constanb€23.64mmA. Further,
the software Single Crystal together with CrystalMaker was used to index crystal reflexes and

identify mineral phases.

1.7  Micro-Raman Spectroscopy

Raman i maging was performed wusing fARatat osk
Microscope (XMB3006003) designed for the study of astromaterials and housed at the NASA
Curation Officeat Johnson Space Center (JSRaman spectra were collected using phbof
488 nm light generated by a WITec diode laser (XSL31085). The Raman exation beam was
focused and the Raman scattered light was collacted) a50X objective. Theb0X objective
focused the incident light to a beam diameter of +in5 The Rayleigh scattering was removed
using a WITec Rayline long pass filter (XZF310888). The Raman scattered light was dispersed
using a UHTS600 spectrometer with a 300 g/mm grating (XMCEB00) and was detected using
a thermoelectrically cooledg0 C) -illurbimatedk CCD. The spectrometer resolution is ~2.8
cmY/pixel at the spectrum center and the wavenumber precision is +0-1&itimout the use of
advanced calibration techniqu@3. Raman images were collected by scanning the beam spot on
the sample using a-wsample scanning stage (WITec XSP3@0®1). Raman spectra were
collected with a spatial resolutiaf 5 um. The beam was aufocused on the sample using the
WITec TrueSurface program to allow for the Raman image collection of a esamitpl rough
topology.

Micro-Raman spectroscopy was used to image the diamond and graphite spe@esas.

The Raman spectrum of larger diamonds (~>45 nm) contains a large, narrow band at <1332 cm

7



originating from its only Ramaactive phonor(8,9). This allows for the easy identification of
large diamond grains via Raman spectroscopy. For smaller nanodiamonds (~<9h phgnon
confinement results in a drastic decrease in intensity as well as an increased bandwidth and
downshift of the ~1332 ! 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
diamondsAs 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 phaodon
overlaps with the more intense graphite D band and large diamond 1338dasrd further
hindering its identification. Because of this, only a few Raman spectra were observed with a band
characteristic of nanodiamonds. The presence of nanodiamondie umeilite samples was
positively identified in this work using TEM and micreRay diffraction. The lack of a ~1332 tm
1 diamond phonon peak in areas of the sample where diamonds are known to be present supports
the observation of nanodiamonds by thesghhiques. For the Raman images shown in figures
S6C and 1E, the intensity of red color indicates the relative intensity of the ~133Rgme
diamond phonon band providing an image of large (~>45 nm) diamonds.

The Raman spectrum of graphite consistisvof predominant firsbrder bands. The G band is
found at ~1575 crhandis a stretching mode of $pybridized carbons found in rings and chains
(11). Thus, the G band isharacteristic of sphybridized carbomegardless of the order of the
graphite(12). In contrast, the D band is found at ~1350%and isa ring breathing mode of $p
hybridized carbor11). This vibration is forbidden for perfect, infinigheet graphite and is only
observed for rings at tleglges of graphite grai($2). 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 (BigQrasd 1E),

where the intensity of the blue color corresponds to the G band intensity



Supplementary Information Figures
ALHA78019

graphite

0.5 mm

250 pm

Fig. S1.Reflected light images of werow-shock ureilite ALHA78019showing euhedral to
subhedral (bladshaped, tabular) graphite crystals with widfined (0001) cleavagdégcated
along silicate grain boundaridsote that graphite is spatially associated with Fe,Ni metal (labelled
Fe in images), some of which has beamestrially altered to Feydroxides (grey) in this sample.
Abbreviations: oliv = olivine; pyx = pyroxene; gph = graphite. Berkley and Ja3ear{d Treiman

and Berkley 14) infer that such crystals wethe primary (preshock) form of graphite in all
ureilites.
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Fig. 2. (A) Backscatteed electron image (BEI) of Ah309b, showing dominant texture of
olivine areagthe parallel lines on the surface apeatches frompolishing) Original olivine (oliv)
crystals are completely mosaicized te2mm-sized equigranular tiles, with minor interstitiat Si
Al-enriched glass (gl)B) BEI of less common, impasimelted olivine area in AhS 209b, with
~5-20mm-sized equigranular, rounded, grains of reducedr@iwith interstitial pyroxenes (pyx).
Metal and sulfide grains (bright) are commo@) BEI of AhS 209b showing impaesmelted
pyroxene, consisting of aggregates ofHbnmm-sized subhedral grains, with small amounts of
interstitial Caenriched pyroxene@x) and SiAl-enriched glass. Pores and small grains of metal
and sulfide (bright) are common. Pyroxenes are reduced relative to inferred primary compositions,
and show furthereduced outer rimsD() BEI shaving dominant lithology in AhS'2, similar to
[B], of equigranular, rounded, highly reduced olivine with interstitial pyroxene.
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AhS 209b

carbon

* carbon
" Jphases -7 .+."

L 100 um
Fig. S3.Backscatteredelectron images of AhS 209b. YAow-magnification image showing

highly recrystallized silicatesyith 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, originalghfarger, silcate

crystals. (B Elongated mass of carbon phases. @0llage of seven images showing part of ~1
mmt-long elongated mass of carbon phases.
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Fig. S4 (A) Transmitted crospolarized light image of NWA 7983 showing dominant texture of
completely mosaicized olivineBf BEI of mosaicized olivine in NWA 7983. Euhedrlbhedral
tiles of olivine (oliv) with interstitial SiAl-rich glass (gl). C) BEI of NWA 7983 showing
mosaicized olivine (upper left) grading into rounded, equigranulaingrof olivine with
interstitial pyroxene (pyx®n the right (D) BEI of NWA 7983 showing area of olivine similar to
[C] but with more reduced compositions.
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carbon
phases

Fig. S5.Carbon masses in NWA 7983,B,C) Reflected light images. Highly reflective, hig

relief areas (stripes parallel to the external morphology of the whole carbon area) in carbon masses
are inferred to be diamond, based on their optical prope(B@<BEI, showing dark and light

strips, parallel to the external morphology of the whaldon area. Dark areas tend to correlate

with high relief, highreflectance strips in reflected light images. \Petail from area outlineldy

box in [D]. Dark areas show only C, while lighter areas show C, Fe, and S peaks in energy
dispersivespectra (EDS).
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Fig. S& 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) Badcattered elean image of noftarborcoated sample in low vacuum

mode (some charging in silicate areas). Darker areas correspond closely to the areas of high
reflectance and high relief in [ABright rim immediately surrounding the carbon mass represents
original metal(now terrestrially altered to ireaxide). (C) Raman image of diamond (red) and
graphite (blue). The intensity of the diamond ~1332 &and is indicated by the brightness of the

red coloring, and the intensity of the graphite G b@arib75 cm') 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 naradond (~<45 nm) found in the Raman image of [A].

The weak, broad ~1332 chmanodiamond peak is found overlapping the broad graphite D band
(~1350 cm'). (E) Raman spectrum of large diamond (~>45 nm) found in the Raman image of [A].
The intense, narrow ~32 cm! band is the dominant feature in the spectrum.
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AhS 209b

Fig. S7. Optical microscopy images (magnification 10x in reflection mode) by Nikon eclipse
MEG600 of A) AhS 72 andB) AhRS2 09 b wurei l i tic samples glued at
These samples weamalyzedby Synchrotron radiation micro-Kay diffraction, carried out at the

Paul Scherrer Institute, Villigen, Switzerland.

d=201A AhS 72
|,— (iron)
2000 dw208A
L d=1.17A
\ (iron)
g d=3MA
d=10TA
1000 | (@raphite 2H) (4-uu \ !
\ ¢l1.42A\
. (iron)
\J\k N i/
~— )
0 T T T T

Fig. S8. (A) The diffractogram of AhS 7and @) the diffraction image ofAhS 72analyzedby
Synchrotron radiation micro-Xay diffraction at the Paul Scherrer Institute, Villigen, Switzerland
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AhS 209b |
(Figure 2A inset)

111 peak of diamond
/ 2.06 A '

100 peak of lonsdaleite
2.18A ~

\

Fig. S9. Magnificationof the left shoulder of the highest peak of diamond (A6
correspondingo stacking faults of diamond (& A) in the AhS 209b sample.
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Fig. S10. The model diffraction profile othe AhS 72 carbonsample by DiffaX+software. Four
diamondfamilies 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 fault§A), (B) and (C) show respectively the diffractograntvween 1030, 30-60

and 60802 (Heq).
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NWA7983
Diamond 2

Fig. S11. Diamondpowder sample of NWA 7983 glued onto glassfioré 100 e m, t he
was analyzed by RigakOxford Diffraction Supernova kapggeometry goniometer at the
Department of Geosciences of Padova.
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Fig. S12. BEI of NWA 7983 (nd carbon coated) collected B$MJEOL 6490low vacuum SEM
at CEASC at the University of Padova (Italyhis imageshows thecarbon mass from whidhe
~100mm-sizedsinglediamondcrystal(outlined in yellow)analyzedn this workwas removed
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Fig. S13.(A) Reflected light image of elongated carbon masswA\N983.A fragment from the
circled area waslug outand analyzé by microX-ray diffraction. (B The removed fragment
glued onto the topfaa glass fibre for analysis (leftpiffractogramon the rightshowing both
diffraction spots from a single cryst@diamond (~20vym-sized) and diffraction rings indicative of
polycrystalline diamond.
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Fig. S14.Example of sample configuration for synthesis of polycrystalline diamonds of-ballas
type (ab) and carbonadtype (cd) in toroidtype apparatus (15,19. Insers show
microphotographs of diamond crystallites near and dvesly metal catalyst synthesized&GPa

and 2000C for 1-2 s run durationffom (15)]. Whitei inclusions of metal cataly§€Cr2oNigo). The

sample was compressed to the target pressure of about 6 GPa asidgledime pulseheated

by applying electric power corresponding to about 2CG0id calibrated experiments. Pressure
increases simultaneously 7@ GPaaccording to static experimentghere pressure increase rate
during heating is 0-1 MPafC. In less tharl-2 seconds, we caachievethe full transformation

of a6-7 mm graphitesourcet o nanocrystalline diamonds with
the bulk sampleanduptel50 e m cr y st al s themetaltchtaystithoagh the | o s e
toroid-type device is a traditral 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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