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Ureilite meteorites are arguably our only large suite of samples from the mantle of a
dwarf planet and typically contain greater abundances of diamond than any known
rock. Some also contain lonsdaleite, which may be harder than diamond. Here, we
use electron microscopy to map the relative distribution of coexisting lonsdaleite,
diamond, and graphite in ureilites. These maps show that lonsdaleite tends to occur
as polycrystalline grains, sometimes with distinctive fold morphologies, partially
replaced by diamond + graphite in rims and cross-cutting veins. These observations
provide strong evidence for how the carbon phases formed in ureilites, which, despite
much conjecture and seemingly conflicting observations, has not been resolved. We
suggest that lonsdaleite formed by pseudomorphic replacement of primary graphite
shapes, facilitated by a supercritical C-H-O-S fluid during rapid decompression and
cooling. Diamond + graphite formed after lonsdaleite via ongoing reaction with
C-H-O-S gas. This graphite > lonsdaleite > diamond + graphite formation process is
akin to industrial chemical vapor deposition but operates at higher pressure (~1-100
bar) and provides a pathway toward manufacture of shaped lonsdaleite for industrial
application. It also provides a unique model for ureilites that can reconcile all conflict-
ing observations relating to diamond formation.

diamond | lonsdaleite | ureilite | meteorite | chemical vapor deposition

Ureilites are primitive achondrite meteorites that are residues of fractional melt extrac-
tion from deep within the ureilite parent body (UPB) (1). Because the UPB underwent
extensive melting and had a diameter that may have been >530 km (2), it was likely a
dwarf planet (massive enough to form a spheroid under hydrostatic equilibrium; for
comparison, the diameter of the impact-modified spheroid Vesta is 525 km), and these
meteorites are therefore our only large suite of samples from the mantle of such a body.

Up to 7% graphite occurs in all ureilites, abundant diamond occurs among graphite
in most, and evidence for the presence of lonsdaleite has also been reported (3-5).
Lonsdaleite is a hexagonal form of diamond that was first reported in 1967 in the Can-
yon Diablo and Goalpara meteorites (6), has been found in the Popigai impact struc-
ture (7, 8), and evidence for this phase has also been found in the diffraction signatures
in the products of experiments that subjected graphite to static (9, 10) or shock (11)
compression. Although it has recently been suggested that lonsdaleite does not exist as
a discrete material in nature (but is instead defective cubic diamond dominated by
twinning and stacking faults, given that these defects would produce the diffraction sig-
natures of lonsdaleite) (12, 13), more recent studies have confirmed its rapid produc-
tion in experiments at 50 GPa (14). The main challenge in confirming that lonsdaleite
exists in nature has been a lack of samples that contain large enough crystallites that
can be unambiguously identified (note, however, that coarse 0.5-5 pm natural lonsda-
leite has been reported from the Kumdykol diamond deposit, North Kazakhstan,
although no geological context was provided (15)).

It is also unclear how the various phases of carbon formed in ureilites. Some dia-
mond/lonsdaleite features are said to be consistent with having formed by shock
(3, 16-19), based on TEM observations that carbon phases are crystallographically
related. The observation that diamonds are found in weakly and moderately shocked
ureilites, whereas high degrees of shock are thought to be required, is a conundrum
(17). This has been explained by a combination of longer shock durations and catalysis
of diamond growth by Fe-Ni and Fe-Si alloys or liquids (17-19); specifically, it has
been noted that the diamonds observed in low shock ureilites cannot form without
catalysis by metal (17). This is problematic because ureilites are strongly metal
depleted, and although some primary metal does occur along grain boundaries and
with graphite, it rarely surrounds graphite-diamond grains (20) (see more below). The
metal-catalysis pathway also requires temperatures exceeding ~1,350°C (see figure 12
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in Nakamuta et al. (17)), whereas there is no evidence that
such temperatures were ever reached (equilibration tempera-
tures were 70-200°C cooler (1)). The observed strong enrich-
ment of noble gases in ureilite diamonds and lack in coexisting
graphite has also been difficult to reconcile with a shock origin
(21, 22). The high noble gas content led to suggestions that the
diamonds formed through chemical vapor deposition (CVD)
in the solar nebula prior to incorporation into the UPB
(23-26). However, exposure of nebular diamond to the high
temperature of the mantle (1,050-1,280°C (1)) under equilib-
rium conditions in an asteroid- or dwarf planet-sized UPB
would transform it into graphite (27), ruling this possibility
out. Furthermore, experiments have shown that diamond
formed under shock in closed systems (but not open systems)
retains more noble gas than coexisting graphite (26). It has also
been found that noble gas isotopes vary as a function of olivine
Mg#, and thus oxidation state, which implies that diamonds
formed locally and not prior to formation of the UPB (28).
The large sizes of some ureilite diamonds (exceeding 100 pm),
and the composition of mineral inclusions therein, have been
used to argue against the shock and CVD hypotheses, and
instead that they formed at >20 GPa in the mantle of a

planetary body considerably larger than Mercury (25, 29). Are
the ureilites really from such a large body? If not, and many
assume the UPB was closer to 500 km diameter (2, 28, 30),
there is currently no satisfactory explanation for diamond and
lonsdaleite formation in ureilites.

In this paper, we show that lonsdaleite does exist in some
ureilites, and map the relative distribution of graphite, dia-
mond, and lonsdaleite. To do this, we examined carbon-
associated textures in 18 ureilites (S Appendix, Table S1), using
electron probe microanalysis (EPMA) coupled with transmis-
sion electron microscopy (TEM), optical petrography, and syn-
chrotron X-ray diffraction (SXRD) (Materials and Methods).
We build upon our recent work showing that a C-H-O-S
fluid/gas phase pervaded most ureilites during impact disrup-
tion (2) to investigate lonsdaleite and diamond formation
mechanisms.

Graphite, Diamonds, and the Largest Lonsdaleite Crystals Yet
Found in Meteorites. Of the 18 ureilites examined, all contain
graphite, most contain diamond, and a small number contain
lonsdaleite. Three ureilites contain coarsely crystalline graphite
with internal cleavage foliation defining distinctive fold shapes,

Lonsdaleite
crystals

Fig. 1. Images of graphite, lonsdaleite, and diamond in ureilites. (A) Reflected light image showing folded crystalline graphite, with fold morphology defined
by graphite cleavage (S/ Appendix, Fig. S1). Different shading in the graphite is produced by axial planar kink bands. (B) Reflected light image (stacked foci)
showing an example of the inherited fold morphology preserved in lonsdaleite (S/ Appendix, Fig. S4). (C) CL map of the same area as (B) indicating different
phases of carbon, where the green regions (from a fit of the 2.317 eV peak; S/ Appendix, Fig. S3) are lonsdaleite and the red areas (from a fit of the 2.157 eV
peak) on the periphery (including the purple dashed circle) are cubic diamond (blue is the CL response from olivine). (D) Scanning TEM Image of a region cut
out of the area indicated by yellow circle in (C), highlighting dark lonsdaleite crystals. The diffraction pattern for white area circled is further examined in S/
Appendix, Fig. S5 B-F. An example of a TEM image of lonsdaleite from NWA 2705 is shown in S/ Appendix, Fig. S5A.
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and no diamonds or lonsdaleite, sitting at well-equilibrated olivine
and pyroxene grain boundaries (Fig. 14 and SI Appendix, Fig. S1
and Table S1). In these meteorites, there is a small proportion of
primary FeNi metal and troilite (FeS) sitting as narrow veins
along some grain boundaries, and this is in contact with only a
small proportion of the primary graphite (S Appendix, Fig. S14).
The coarse crystalline graphite has been reported previously in
several other ureilites and is generally considered to represent
the peak metamorphic state of carbon prior to impact modifica-
tion (31, 32). We agree: the coarsely crystalline, mildly folded,
diamond-free graphite flakes sitting around well-equilibrated sili-
cate grain boundaries is what would be expected of the primary
metamorphic texture that existed at the termination of the peak
metamorphic melt extraction process.

Most of the ureilites that we studied (15) contain clusters of
small diamonds embedded in graphite (e.g., Fig. 2 A-C), as is
widely reported for ureilites in general (see Meteoritical Bulletin
Database). Diamond grain size varies between meteorites, and in
the samples examined here, range up to ~20 pm. Individual clus-
ters can be over 600 pm across containing tens to hundreds of
diamond grains, constrained by the dimensions of the enclosing
graphite. In these meteorites, graphite grains can contain variable
abundances of diamonds, with diamond-free and diamond-rich

iR
oy “Diamond
.« Cluster

patches adjacent in some meteorites. In most samples, the major-
ity of diamond clusters are situated in elongate grain boundary
graphite domains, with a proportion hosted in distinctly trans-
gressive vein/fracture systems (e.g., Fig. 2 Band (). In the domi-
nant majority of diamond + graphite clusters in most ureilites,
there is no primary FeNi metal or troilite in contact with the
cluster, or minimal contact at one end of the cluster, in no spatial
relationship with the distribution of diamond (e.g., Fig. 2 4 and
B), and importantly, this is well exemplified by the lowest shock
ureilite that we examined, NWA 4225 (SI Appendix, Fig. S2).
The well-defined folding of graphite grains shown in Fig. 14
is comparable in texture to equivalently sized polycrystalline
lonsdaleite grains in NWA 5996 and NWA 7983 (lonsdaleite
was found in 4 ureilites; S/ Appendix, Table S1). In these mete-
orites, the foliation-and-fold texture is defined by polycrystal-
line lonsdaleite (Fig. 1 B and Cand S/ Appendix, Figs. S3 and
S4) with the largest individual crystallites yet found in meteor-
ites (some exceeding 500 nm), as determined by TEM (Fig. 1D
and SI Appendix, Figs. S5-88). Similar features in NWA 7983
were recently described by Nestola et al. (18), although they
referred to the material we have identified as lonsdaleite as
nanodiamond (they noted that it has the characteristics of lons-
daleite in micro X-ray powder diffraction spectra, but did not

annealed

texture Lonsdaleite

/G raphite

primary
unsmelted
olivine

Fig. 2. Textural settings of transgressive lonsdaleite- and diamond-bearing veins in ureilite meteorites. The diamond and lonsdaleite in the element-CL
maps are distinguished by thresholding of the CL signal (Materials and Methods and S/ Appendix, Fig. S3). (A) Reflected light image (stacked foci) showing the
typical character of cluster diamond in graphite, with varying abundance. (B) Graphite + diamond veins cutting across a single pyroxene crystal. (C) An RGB
element-CL map (red = CL 2.157 eV peak; green = Fe; blue = carbon) showing diamond (purple) clusters in graphite (blue) in transgressive veinlets that
cut across primary olivine in the zone of stippled smelting. Fe depletion around fracture-associated smelting can also be seen. (D) An RGB element-CL map
(red = CL 2.317 eV peak; green = Mg; blue = carbon) showing vein-like arrays of lonsdaleite (purple) and graphite (blue) in annealed and smelted olivine

(light green), with primary unsmelted olivine in dark green.
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NWA 7983
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Fig. 3. Mineral maps highlighting the partial replacement of lonsdaleite by
diamond (lonsdaleite and diamond distinguished by CL peak fitting, Materials
and Methods). (A) A large domain of polycrystalline lonsdaleite is cut by a
veinlet of diamond, and there are localized clusters of diamond around the
margin of the lonsdaleite. (B) Here, a large, foliated, polycrystalline lonsdaleite
grain is partially rimmed by numerous diamond grains embedded in graphite.

perform TEM to confirm). Our SXRD analysis of NWA 7983
also confirmed the presence of lonsdaleite (Materials and
Methods and SI Appendix, Fig. S9). These polycrystalline lons-
daleite grains have the same size, shape, and distribution as
the graphite in the diamond/lonsdaleite-free ureilites. In both
NWA 5996 and NWA 7983, there are clusters of small equant
diamonds in graphite partially surrounding most lonsdaleite
occurrences, and in places, diamond sits in well-defined micro-
veins cross-cutting the lonsdaleite texture (Fig. 3 and S/
Appendix, Fig. S4 E and F). One other ureilite, NWA 2705,
contains large, distinctly elongate lonsdaleite grains that have
vein-like shapes (Fig. 2D and S/ Appendix, Fig. S5A).

A small number of ureilites provide crucial insights into the
formation of lonsdaleite. The intense polysynthetic shock twin-
ning of olivine and pyroxene seen in some ureilites postdates
peak metamorphism (otherwise it would have recrystallized), as
does the unannealed mosaicism and undulose extinction in oliv-
ine in more weakly shocked samples. Lonsdaleite is found in sam-
ples with well-developed annealing—either the entire meteorite is

4 of 8 https://doi.org/10.1073/pnas.2208814119

annealed or annealing is focused around the carbon phases (see
also (33))—and all samples we examined with strong annealing
contain lonsdaleite. Annealed domains are mildly to strongly
reduced relative to the primary grains. Importantly, annealing
has recrystallized part of the polysynthetic shock twinning in
NWA 2705 and NWA 11755, and lonsdaleite is only found in
the annealed domains (Fig. 2D). This association therefore
implies that lonsdaleite formed after the primary shock event in
these meteorites, in association with the reduction and annealing
process. In theory, annealing could occur when shock creates
numerous subgrains that are then annealed, or shock could cre-
ate highly strained crystal lattices that are subsequently annealed
into subgrains. The textures in NWA 2705 and NWA 11755
indicate that the latter applies.

Olivine and pyroxene are fully annealed into subgrains (cf’
(33, 34)) in the other two lonsdaleite-bearing ureilites, NWA
5996 and NWA 7983. Pervasive, intense reduction of the oliv-
ine, known as smelting (35-39) (see more below), also occurred
during this annealing (34), as indicated by intergrown FeNi
metal, troilite, and FeO-depleted olivine and pyroxene. These
two fully annealed meteorites have a texture akin to that
described for the fine-grained porous ureilites of Almahatta
Sitta, which have been pervasively reduced (40, 41). We sup-
port the previous interpretations (33, 34) that this whole-
sample, fine-grained texture was caused by annealing, because
the outlines of large preexisting silicate grains are clearly visible.
It must have occurred at high temperature because pigeonite
and evidence of silicate melting are found in the fine-grained
assemblage (41). Because the entire fine-grained assemblage is
comprehensively reduced, it is not the product of shock, it is
the product of pervasive geochemical reduction.

Effects of Impact Disruption of the Ureilite Parent Body.
At peak metamorphism in the UPB, with different samples
recording temperatures between 1,050 and 1,280°C (1) at pres-
sures >150 bar (2), melt extraction and grain boundary equilibra-
tion would have left numerous coarse graphite flakes at silicate
grain boundaries (time step 1 in Fig. 4), many of which would
have had folded shapes clearly delineated by the strong graphite
cleavage. This is well exemplified by the textures in NWA 5884
and NWA 5391 (Fig. 14 and S/ Appendix, Fig. S1). However,
uniquely, ureilites contain overprinting “smelting textures,”
which reflect reduction of olivine, triggered by a dramatic drop
in pressure caused by catastrophic impact disruption of the
UPB while the mantle was at, or very near, peak temperature
(1, 35-38) (time step 2 in Fig. 4). They consist of localized
domains of Fe-depleted olivine containing numerous pm-scale Fe
metal and FeS particles. These textures developed around graph-
ite (39) and along fractures and grain boundaries. The predomi-
nant development of these textures along fracture arrays and grain
boundaries (2, 33, 40), and the extensive addition of sulfur, are
clear indications that gas/fluid addition drove much of the reduc-
tion (2). We recently showed that the gas/fluid responsible con-
tained H,, CHy, S,, and H,S, with O derived from oxidation of
silicates during smelting, creating a locally varying mix of gas/
fluid molecules in the system C-H-O-S (2).

Transgressive veins and vein-networks of graphite are seen in
most ureilites and also require a secondary mobilization process
that drove textural disequilibrium. The same interpretation was
made by Day et al. (42). We suggested that the pressure decrease
associated with impact disruption drove exsolution of the C-H-O-S
fluid from residual melt, and this fluid then produced the vein
and vein-network textures during the smelting process (2). The
key point is that these textures formed at low pressures in the
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Fig. 4. Schematic diagram illustrating the evolution of the UPB and meteorites derived from it, and the postshock timing of diamond and lonsdaleite
formation. Time step 1 (Left) represents the situation prior to impact disruption. At this point, the ureilite core and shallow magma ocean had segregated,
leaving the mantle from which ureilites are predominantly derived. This primary mantle consisted of mainly olivine (Ol) and pyroxene (Px), up to 7% graph-
ite, and a small amount of residual silicate, FeNi metal, and sulfide melt (each melt was immiscible). Time step 2 (Right) is when all of the post-impact pro-
cesses discussed in the paper occurred. These were all driven by the decompression caused by impact disruption; i.e., after the shock event. Pressure
decrease caused volatile exsolution from residual melts during adiabatic cooling, and these volatiles then drove smelting (reduction of olivine) and, we
argue, diamond and lonsdaleite formation by CVD and possibly SFCD—see text. In larger fragments and the remaining UPB, pressure may have been high
enough to allow supercritical fluids to initially be stable, facilitating pseudomorphic replacement of folded graphite by lonsdaleite (SFCD; 2i), and then with
cooling, this fluid evolved to gas promoting partial replacement of lonsdaleite by diamond + graphite at rims and in cross cutting veinlets (CVD; 2ii).

immediate aftermath of the catastrophic shock event, and
there are many examples where intense shock features are over-
printed by secondary annealing associated with smelting (2). Dia-
mond clusters in graphite are interpreted here to have formed
during smelting, because they occur in transgressive, smelting-
associated veins in multiple samples (Fig. 2 B and (). Since
smelting and vein formation occurred at low pressure after the
shock event, the diamonds must also have formed postshock.

The interpretation that ureilite diamonds formed under
hydrostatic equilibrium at high pressure in a large planetary
embryo (sic. >20 GPa (29)) was ruled out on the basis that the
textural associations between diamonds, graphite, and sur-
rounding silicates are entirely inconsistent with diamond for-
mation by equilibration at high pressure in the mantle of a
planet (18). We agree: static equilibration of carbon at high
P-T conditions would tend to form large (mm sized) single
diamond crystals (e.g., as seen on Earth), rather than clusters
of numerous small diamonds (mostly <20 pm) partially and
irregularly replacing graphite.

PNAS 2022 Vol. 119 No.38 e2208814119

Here, we suggest that an alternative diamond and lonsdaleite
formation mechanism operated via a process akin to industrial
CVD at moderate to low pressures immediately after the cata-
strophic impact disruption event. Below, we argue that this
mechanism is more likely than the currently popular model that
they were produced at high shock pressure. This idea of diamond
CVD during cooling of the UPB has not previously been sug-
gested, and so was not considered in recent models (18, 29); neb-
ular CVD has been ruled out on reasonable grounds (29).

Post-impact Diamond and Lonsdaleite Growth by CVD. To
form diamond via CVD, graphite sp” bonds must be suppressed
in favor of, or converted to, diamond sp> bonds. In industrial
CVD, this is achieved using a gas mix that includes hydrogen,
which destabilizes graphite sp> bonds in favor of diamond sp’
bonds at high temperature (43). Synthetic diamonds are manu-
factured at conditions of 700-1,100°C and 0.5-101.3 kPa
(0.005-1 bar), imposed on mixtures of CHy in hydrogen and
other gases, which causes deposition onto a substrate (a variety
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can be used, including diamond and graphite). Below 700°C,
diamond deposition rates are lower, so less useful to industrial man-
ufacture, whereas above 1,100°C, graphite growth starts to domi-
nate (43) (both graphite and diamond are deposited under hotter
conditions, up to at least 2,700°C). In some industrial CVD pro-
cesses, graphite, diamond, and lonsdaleite form together (44).

Diamond formation by CVD occurs in a narrow region of
the C-H-O phase diagram (87 Appendix, Fig. S10) that strad-
dles the H-CO mixing line (45), so mixtures of H,-CH4CO
are ideal. This process is similar to a series of reactions we sug-
gested for gas/fluid-driven smelting in ureilites, where infiltrat-
ing Hy, CHy, S;, and H,S drove reduction of olivine and
pyroxene to Fe metal and FeS (2). Smelting thus created a spa-
tially variable mixture of CHy, H,, H,S, CO, and H,O, pro-
duced by redox reactions either side of the fO, required for
carbon deposition. Maintenance of low XH,O conditions dur-
ing cooling in the UPB is implied by the lack of hydrous sili-
cates in ureilites and the presence of aromatic hydrocarbons
among graphite and diamond (16, 46, 47), which likely
evolved via reaction between the C-H-O-S fluid/gas and graph-
ite (2). Within that spatially varying mix, there would be
domains that fall within the diamond stability window of S/
Appendix, Fig. S10.

Given the widespread addition of sulfur seen in ureilite
smelted domains (2), sulfur was likely an active participant in
attaining the conditions needed for diamond stability (87
Appendix, Fig. S10 B and (), and experiments exploring the
effects of H,S in industrial CVD show that diamond growth is
enhanced at lower temperatures when sulfur is present; referred
to as sulfur-assisted CVD (48, 49). Indeed, some sulfur-assisted
CVD experiments are conducted in CH4-H,S-H, gas mixtures
(50), and others with CS, (51), akin to those envisaged here
for ureilites.

Nestola et al. (18) suggested that coarse diamond in NWA
7983, and “nanodiamond” with textures akin to the polycrys-
talline lonsdaleite pseudomorphs of graphite that we describe,
formed during a prolonged shock-induced high-pressure
pulse (4-5 s at 150 kbar, 1,250-1,350°C) catalyzed by liquid
Fe-Ni-C. However, we note that this mechanism only proceeds
at the limits of plausible impact conditions within thin films of
Fe-Ni-C melt, whereas our observations have found that there
are numerous examples in low shock ureilites where widespread
development of microdiamonds occurs in the absence of, or
unrelated to, FeNi metal (e.g., Fig. 2 A and B and S/ Appendix,
Fig. §2). Because C-H-O-S gas/fluid would be dispersed along
all fractures and grain boundaries, post-shock diamond and
lonsdaleite formation provides a better explanation of why these
have partially replaced a// graphite grains throughout most urei-
lites (87 Appendix). Pseudomorphism is also a common feature
of fluid-mediated dissolution-reprecipitation reactions in many
geological systems (52). The unavoidable change in gas/fluid
P-T-X conditions during decompression also provides an expla-
nation for the progressive evolution from lonsdaleite to dia-
mond seen in NWA 7983 and NWA 5996 (i.e., the diamond
rims around lonsdaleite and cross-cutting diamond microveins
in Fig. 3).

As expressed conceptually in Fig. 4, the low pressures used in
industrial CVD would certainly be reached in small fragments
of the UPB generated during impact disruption (<12 km
diameter for <1 bar), but large fragments, and the likely surviv-
ing residual UPB (53), would unavoidably have had higher
internal pressures (S Appendix, Fig. S11). As yet, there has
been no experimental study of diamond or lonsdaleite forma-
tion from a volatile phase at these higher P-T conditions.
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Lonsdaleite Formation by Supercritical Fluid Chemical Deposition
(SFCD)? The C-H-O-S fluid/gas in ureilites appears to have pro-
gressively evolved during decompression as it exsolved from
residual silicate melt (2). At the P-T conditions relevant to
deeper parts of the UPB at the onset of impact disruption
(1,050-1,280°C, 150 — >1,000 bar (1, 2, 30)), a CH4-H,S-
H,-CO mix with minor H,O would be supercritical (relevant
critical points are: Hy, 13 bar, —240°C; CHy, 46 bar, —83 °C;
CO,, 74 bar, 31°C; CS,, 79 bar, 279°C; H,S, 90 bar, 100°C;
H,0, 218 bar, 374°C). As disruption, depressurization and
cooling progressed in different-sized fragments and the remain-
ing parent body (we showed that rapid cooling would occur in
all UPB fragments by adiabatic compensation (2)), local sys-
tems would have equilibrated toward a variety of final internal
pressures, resulting in an evolution from supercritical fluid to
gas at a variety of rates (i.e., during time step 2 in Fig. 4). The
critical point of mixtures can be estimated from the mean of
the critical temperatures and pressures of the components, but
here we have no constraints on the proportions of components.
It is, however, clear that sulfur and hydrogen were present, and
methane is strongly implied, so the critical point may have
been between 46 and 90 bar, which, at the density of ureilites,
equates to the center of an 80-112 km diameter UPB fragment
(ST Appendix, Fig. S11). Although these are plausible fragment
sizes for catastrophic disruption of a >500 km UPB, most frag-
ments would be smaller than 80 km, so the final mix was likely
gaseous in most cases.

We suggest that lonsdaleite may have formed by reaction
between supercritical fluid and preexisting graphite in some larger
UPB fragments and the remaining UPB (time step 2i in Fig. 4),
accounting for its relative scarcity. Evidence is provided by the tex-
tures in NWA 5996 and NWA 7983. Most of the crystalline
graphite grains in these two samples have been partially replaced
in such a way that lonsdaleite has pseudomorphed the graphite
microstructure, even preserving the intricate details of the pre-
existing foliation, folds, and kinked fabric (Fig. 1 A-C and S/
Appendix, Fig. S4). This lonsdaleite pseudomorphism has in places
resulted in small but recognizable localized volume increases (57
Appendix, Fig. S4C). Shock-induced conversion of graphite to
lonsdaleite or diamond produces a large volume decrease reflecting
their respective densities (graphite = 2.26 g/cm3 , lonsdaleite and
diamond = 3.52 g/ cm3), so the observed volume increase requires
addition of carbon, such as by fluid-mediated pseudomorphism.

In the meteorites examined here, polycrystalline lonsdaleite
tends to occur in fully annealed ureilites (NWA 5996, NWA
7983), or in domains of annealing associated with smelting
(NWA 2705, NWA 11755), which formed after the primary
shock event. Annealing would normally be taken to imply that
these meteorites remained hotter for longer than ureilites lacking
annealing (33), and thus that they came from larger fragments of
the UPB (under the principle of radiative cooling). But this is
not possible because annealed ureilites contain uninverted
pigeonite and have measured extremely rapid cooling rates (40,
41, 54). Instead, as we suggested recently (2), a supercritical fluid
would tend to drive annealing despite rapid cooling because flu-
ids are highly effective at promoting recrystallization through
enhancing diffusion (55-57). In addition, the observation that
reduction is relatively mild in annealed domains (lesser FeO
depletion of olivine) (34, 58) implies higher pressures because
progression of olivine reduction to lower FeO requires lower
pressures (2). In sufficiently large UPB fragments, the system
would evolve from supercritical fluid to gas with cooling and
decompression (time step 2ii in Fig. 4), and this may explain
why diamond-graphite clusters and diamond-bearing veins
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overprint lonsdaleite. Whether or not a supercritical fluid was
involved, this lonsdaleite > diamond transition must be associ-
ated with cooling.

Support for our suggestion that the lonsdaleite and diamonds
formed by a CVD-like process is provided by previously pub-
lished Raman spectroscopy data, which show that ureilite dia-
monds have spectra that are consistent with low pressure CVD
and inconsistent with formation by shock (24). Furthermore,
experimental work (59) has shown that during growth by CVD
in a Hy-CH4-Ar gas mix, diamond traps at least 20 times more
Ar than graphite, matching the observed relative noble gas distri-
bution between these phases in ureilites. Our interpretation is
also consistent with the work showing that noble gas isotopes in
diamond vary as a function of olivine Mg#, and thus oxidation
state and position in the UPB mantle (28). This observation indi-
cates that diamond formed in the presence of a noble gas-bearing
fluid/gas phase that had not migrated large distances. Our model
thus provides the only known solution to the problem of needing
to form lonsdaleite and diamond in situ throughout the UPB
mantle fragments during rapid cooling, without the need for cata-
lyzing metal enveloping diamond + graphite.

Although SFCD is known to be more effective than CVD
for some industrial processes (57), it has not demonstrated
experimentally for lonsdaleite/diamond. We suggest that given
the large sizes of the lonsdaleite crystallites we have found, the
possibly superior hardness relative to diamond, and the shape-
preserving tendency of the process, SFCD may be a pathway to
industrial manufacture of shaped lonsdaleite and diamond.

Materials and Methods

Eighteen ureilite samples (SI Appendix, Table S1) were examined via optical
microscopy, and this was used as a basis for selecting specific samples for
detailed analysis by EPMA and TEM. After combined EPMA and TEM work had
highlighted the textural differences between diamond and lonsdaleite, we found
that optical microscopy could be used to broadly distinguish between lonsda-
leite, diamond, and graphite at a larger scale, allowing numerous grains to be
examined. Graphite is easily distinguished from diamond and lonsdaleite in
reflected light imaging because the latter are hard and sit proud on the surface,
whereas graphite is soft and therefore recessive. The reflected light images of
these minerals shown in Figs. 1 and 2 and SI Appendix, Figs. S1, S2, and S4
were obtained by automated stacking of digital images taken at successive opti-
cal foci; this allows diamond, lonsdaleite, and graphite to be imaged in focus in
the same photomicrograph. Diamond tends to sit in granular clusters among
graphite, whereas lonsdaleite tends to somewhat partially pseudomorph preex-
isting graphite shapes.

Selected graphite-diamond and graphite-lonsdaleite-diamond-bearing domains
were examined using a JEOL 8530F-CL HyperProbe at the CSIRO Microprobe Labo-
ratory in Melbourne. The EPMA was equipped with an optical grating spectrometer,
xClentV (xCLent (60)), for cathodoluminescence (CL) collection and analysis, and a
JEOL SXES (SS-94000SXES) extensively modified by CSIRO (61). CL and SXES (soft
X-ray emission spectrometry) were used to characterize the textural associations
between diamond and lonsdaleite as identified by TEM and to construct a series of
element, CL, and SXES maps characterizing the key textures. The optical spectrome-
ter collected from 199 to 972 nm and had a 200 nm entrance slit. Operating condi-
tions were 7 kV, 80 nA, and a dwell per pixel of 400 ms, and maps were collected
by scanning the stage with a step size and spot size of 500 nm. We found that,
although both proved to be suitable, CL provided the greater contrast than SXES in
distinguishing between lonsdaleite and diamond (S/ Appendix, Fig. S12). Thresh-
olding of the CL spectra (S Appendix, Fig. S3) allowed integration with element
maps to highlight the relative distribution of graphite, diamond, and lonsdaleite
among silicates. Diamond is distinguished from lonsdaleite by their respective fea-
tures in the CL spectral response, which makes imaging their relative distribution
straightforward. The CL peak at 2.157 eV was selected as being characteristic of dia-
mond, whereas the peak at 2.317 eV was selected to highlight lonsdaleite in the
maps of the ureilites examined (S/ Appendix, Fig. S3). We compared spectra
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collected at room temperature with those collected with the stage cooled by liquid
nitrogen. The nitrogen-cooled stage collects CL spectra with enhanced and narrower
peaks in the case studied here. However, we found that the data collected at ambi-
ent temperature were adequate to distinguish diamond from lonsdaleite. Graphite
does not have a CL response but appears in maps of carbon distribution. We do
not distinguish between crystalline graphite and amorphous carbon. These multi-
spectral maps were used to produce element-CL maps (in Fig. 2 C and D and S/
Appendix, Fig. S4) and phase distribution maps (in Fig. 3 and S/ Appendiix, Figs. S3
and S4), where each mineral is assigned a unique color based on its unique spec-
tral signature, highlighting the relative distribution of coexisting minerals.

Point analyses of olivine and pyroxene were collected from seven ureilite
samples to conduct Cr thermometry and estimate the peak metamorphic condi-
tions for inclusion, along with existing thermometry data, in S/ Appendix, Table
S1. Minerals were analyzed on the JEOL 8530F-CL HyperProbe under a focused
beam with a voltage of 15 kV and an average probe current of 15 nA. All ele-
ments were measured for 20 s (10 s on the background), except Na which was
measured for 10 s (5 s on the background). Oxide abundances were collected
simultaneously from four spectrometers. Thermometry was conducted following
the method of Collinet and Grove (1), which is based on the exchange of Cr
between coexisting olivine and orthopyroxene or pigeonite.

For the TEM work, site-specific lamellae were cut from areas of different CL
brightness within the hard diamond/lonsdaleite grains using a FEI Scios dual
beam focused ion beam (FIB) instrument. The lamellae were lifted out of the sam-
ple using a tungsten needle attached to the micromanipulator system, while
remaining in the focused ion beam chamber (so-called "in situ plucking"). After
attaching to Cu grids, the lamellae were thinned with progressively lower Ga
beam energies down to 2 kV to minimize specimen damage. The lamellae were
analyzed on either a JEOL 2100F or JEOL F200 transmission electron microscopes
operating at both 80 and 200 kV. No evidence of significant electron beam dam-
age was observed at either accelerating voltage. The camera length of all diffraction
patterns was calibrated using polycrystalline Pt, available on each lamella from the
protective surface layer deposited during FIB processing. Electron energy loss spec-
troscopy (EELS) was undertaken on a JEOL F200 transmission electron microscope
fitted with a Gatan Enfinium spectrometer. The energy resolution obtained from
the full width at half maximum of the zero loss peak was 0.5 eV. EELS spectrum
images (maps) were taken in scanning TEM mode with a probe size of ~1 nm.
Spectrum images in the low loss regime and in the vicinity of the carbon k edge
of up to 500 x 500 pixels were collected. Each low loss spectrum was deconvo-
luted to remove plural scattering using the Fourier ratio method (62). A density
map was then created by determining the maximum energy of the bulk plasmon
peak for each spectrum and then converting this to density (63).

To further confirm that lonsdaleite is present in NWA 7986-the primary focus
of our TEM work-we conducted SXRD analysis at the powder diffraction beam-
line of the Australian Synchrotron. The beamline was set up in reflection geome-
try with a 5° incident angle and a beam size of T mm horizontally and 0.75 mm
vertically (footprint of ~1 x 3 mm on the sample), using a nominal energy of
21 keV, with the wavelength refined using NIST SRM LaB6 660b to be
0.589376(2). Datasets were collected using the Mythen II microstrip detector
(64). Paired patterns, with the detector set 0.5° apart, each of 60 s, were col-
lected to cover gaps between detector modules. We took 83 datasets in steps
across the sample, covering an area of 20 X 9 mm in the center of the sample
block with a small amount of overlap in neighboring datasets (~0.5 mm). Data-
sets were merged using PDViPeR, in-house software available at the beamline.
These pattems (e.g., SI Appendix, Fig. S9) were then analyzed using the search-
match capabilities of Malvern Highscore Pro with the ICDD PDF4+ database.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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