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Microstructural, δ13C isotope and C/N ratio investigations were
conducted on excavated material from the black Younger Dryas
boundary in Lommel, Belgium, aiming for a characterisation of
the carbon content and structures. Cubic diamond nanoparticles
are found in large numbers. The larger ones with diameters around
or above 10 nm often exhibit single or multiple twins. The smaller
ones around 5 nm in diameter are mostly defect-free. Also larger
flake-like particles, around 100 nm in lateral dimension, with a
cubic diamond structure are observed as well as large carbon
onion structures. The combination of these characteristics does
not yield unique evidence for an exogenic impact related to the
investigated layer.

transmission electron microscopy ∣ diffraction ∣ spectroscopy

Recently, the presence of different types of diamond morphol-
ogies and structures in a black carbon-rich sedimentary layer

has been used as evidence to support an extraterrestrial impact
approximately 12.9 ka ago as the cause of the Younger Dryas cli-
mate change (1–3). These authors argue that shock metamorph-
ism produced these diamond particles (2). Other arguments from
the same authors supporting the suggestion of an extraterrestrial
impact at the Younger Dryas are, amongst others, high concen-
trations of Ir, magnetic microspherules and grains and carbon
spherules. However, strong doubts still exist about the nature
and implications of these markers. Indeed, Paquay et al. (4) in
2009 failed to reproduce the elevated concentrations of platinum
group elements (including Ir) reported by Firestone et al. (3).
Moreover, the same authors showed that 187Os∕185Os isotopic
ratios, considered to being the most sensitive indicator of a me-
teoritic contribution, yield values typical of the terrestrial crust.
Surovell et al. (5) also failed to confirm enhanced levels of impact
microspherules in the Younger Dryas unit from seven different
sites. Also, the recent electron microscopy data presented to
prove the existence of Lonsdaleite particles with crystallographic
defects, claimed to be due to impact-related shock transforma-
tion, is not convincing (2). Although the reported lattice para-
meters can indeed be assumed to originate from Lonsdaleite,
low precision measurements from ring patterns resulting from
small particles can at most be seen as a first indication. This
uncertainty was recently confirmed by an extensive study by
Daulton et al. (6) who compared the Kennett et al. electron
diffraction data (2) with different graphene morphologies and
simulated Lonsdaleite diffraction. The lack of any experimental
intensity at expected Lonsdaleite lines such as 102 indicates
that no such structure appears in the investigated samples. In fact,
the occurrence of asymmetric double diffraction lines points to
the existence of graphene/graphane aggregates, also explaining
all other observed rings. Also, no two-beam or high-resolution
lattice images were presented by Kennet et al. to support their
interpretation of stacking faults in the Lonsdaleite crystals.

In the present work, we focus on diamond particles and carbon
isotope values in material obtained from excavations in Lommel
(Belgium), in which the Younger Dryas unit or boundary (YDB)
is revealed as a thin black layer as shown in Fig. 1. The same layer
was also included in the original paper claiming the extraterres-

trial impact (3) and in the recent confronting study of Paquay
et al. (4). The thickness and depth of this black layer vary depend-
ing on the actual location investigated along the excavated trench.
At most places, the layer is buried under approximately 50 cm of
yellow clay whereas 1 m thick, fine white sands occur underneath.
Samples of this black layer essentially composed of carbon, as
well as samples from parts of the immediately over- and under-
lying sediments, were investigated by different modes of transmis-
sion electron microscopy (TEM) and δ13C isotope measurements
to document the crystallography and possibly the formation
process of the diamond particles as well as the origin of the C
matter present in this layer.

Results
Our findings confirm, and in fact reveal more direct proof than
the earlier studies, the existence of diamond nanoparticles also
in this European YDB layer. No such particles are found in the
overlying silt and clay or in the underlying fine sands. The latter
contain, aside from the prevalent amorphous carbon material, the
expected silicates and calcites with some of those also occasion-
ally observed in samples of the black layer. In contrast to the
reports from other YDB sites (3) the Lommel black layer samples
did not contain any millimeter-sized foam-like carbon spherules.
Because such spherules are relatively brittle due to a high degree
of porosity of the carbon skeleton, a possible reason for the lack
of such large particles in the Lommel layer could be the action of
diagenesis through which the particles are crushed under the
weight of the upper soil layers. On the other hand, any existing
diamond material in such spherules, as found before in carbon
spherules collected in undisturbed upper soils (7) from Belgium
and Germany, would still be present in the Lommel black layer.

Fig. 1. Depth location of the black Younger Dryas Boundary at Lommel,
Belgium.
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Most of the material observed in the Lommel TEM samples
consists of amorphous carbon, as expected from the black nature
of the layer. However, several crystalline particles can be identi-
fied within this amorphous material. In Fig. 2A a relatively large
crystalline particle with lateral sizes of around 100 nm is shown,
together with the corresponding selected area electron diffrac-
tion (SAED) pattern (Fig. 2B). When measuring the g-vectors
of the diffraction spots, the indexing corresponds with the [001]
zone of cubic diamond with the typical diamond extinctions at
the h200i positions. The latter are often not recognized in ring
patterns of groups of small particles due to incomplete extinction
conditions (1, 2). In fact, this is undisputable proof of diamond in
its classic cubic form found in YDB material and which, to our
knowledge, was never reported before.

The second proof of the cubic diamond character of this large
particle is the electron energy loss near edge spectrum (ELNES)
shown in Fig. 2C. The carbon K-edge with an onset around
285 eV first shows a small π* edge from supporting or covering
amorphous carbon but the three typical small maxima of the σ*
edge between 300 and 315 eV followed by a shallow bump at
around 330 eV are a clear fingerprint for cubic diamond (7–9).
Indeed, recent density functional theory calculations have shown
that the ELNES patterns from other carbon allotropes such as
Lonsdaleite and face-centered cubic (FCC) carbon clearly differ
from the one presented below (9). For example, the peak at
around 20 eV above the onset, clearly visible in Fig. 2C, does
not appear for the hexagonal Lonsdaleite structure.

In Fig. 2D a Fourier filtered atomic resolution image of the
same particle along the same [001] zone reveals the cubic sym-
metry of the atomic lattice with the typical 0.126 nm for the
220 interplanar spacing. The fact that the latter image resolution
can be obtained in conventional high-resolution work implies that
the present object cannot be much thicker than 20 or 30 nm. As
such, this large diamond particle can be considered as a diamond
flake similar to those found in the carbon spherules obtained
from undisturbed top-soils in Belgium and Germany investigated
in an earlier study (see, e.g., figure 8 in ref. 7). No twins or stack-
ing faults are seen in this particle but in the present selected
region, an edge dislocation with Burgers vector 1∕2½110� is visible
in the crystal lattice, again similar to the flake observed in the
spherules (7).

Smaller nanoparticles, with a typical diameter of ∼20 nm, have
also been observed. The averaged ELNES pattern is shown in
Fig. 3A, again revealing the typical cubic diamond fingerprint.
The diamond peaks are now less sharp than in the case of the
diamond flake of Fig. 2, which can be understood from the abun-
dance of the amorphous background material, also revealed in
the spectrum by a higher π* edge. The nanoparticles are shown
in Fig. 3 B–D using selected energy filtered transmission electron
microscopy (EFTEM) mapping: In Fig. 3B the so-called zero-loss
image is shown, revealing the actual location of strongly scatter-

ing material such as crystalline nanoparticles. Fig. 3C is an image
formed with the electrons in the π* edge whereas the σ* edge was
selected to form the image in Fig. 3D. Observing dark regions at
the same locations as the particles when using the π* peak implies
that these areas contain relatively less amorphous π* material. On
the other hand, the brighter regions in Fig. 3D confirm the cubic
diamond type of the particles with a corresponding σ* shape.

The close-to-spherical and relatively large cubic diamond par-
ticle shown in Fig. 4A exhibits five-fold twinning close to one of
its edges. Observation of such star-like twinning in FCC-based
structures is often interpreted as an indication of isotropic growth
(10, 11). In the present case the asymmetric location of the star
center could, however, indicate some preferential growth condi-
tions. In Fig. 4B another large particle with a single twin is shown.
Smaller nanoparticles, below 5 nm, did not reveal any twinning.
Also, no dislocations were observed in any of these nanoparticles.

A completely different carbon structure, a so-called carbon
onion or onion ring, is shown in Fig. 5A, with part of the image
being magnified in Fig. 5B for clarity. The average interplanar
spacing between two successive rings measured from such high
resolution transmission electron microscopy (HRTEM) images
from different onion rings in the Lommel YDB material varies
between 0.268 and 0.284 nm. These values are substantially smal-
ler than the regular graphite interlayer distance of 0.341 nm (12).
Such reduced interlayer distances can yield internal pressures up
to 100 GPa in the inside of the carbon onion. The onion in Fig. 5
is a very large example, with over 50 graphene sheets and a dia-
meter above 25 nm (a double arrow reveals one radial direction
toward the only visible edge part, edges on the left and below
extend beyond the field of view). The graphene sheets also con-
tinue very far toward the center, indicated by the single arrow on
Fig. 5A, although the actual structure (amorphous or crystalline)
of the core cannot be resolved. The close-to-circular symmetry
and the sharp interlayer distance are evidenced by the fast Four-
ier transform (FFT) inset. A stacking defect can be observed in
the highlighted rectangle of a magnified part in Fig. 5B. In view of
the present interest in nanodiamond, it is important to note that

Fig. 2. (A) Flake-like diamond particle with (B) [001] SAED pattern revealing
cubic diamond extinctions at h200i, (C) HRTEM image revealing an edge
dislocation and (D) ELNES with typical diamond fingerprint.

Fig. 3. (A) ELNES of a region with many nanoparticles. EFTEM maps using
electrons from the (B) zero-loss, (C) π* and (D) σ* regions.

Fig. 4. (A) Close-to-spherical nanoparticle with five-fold twinning and
(B) single twin in large particle.
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such carbon onions can act as nanoscopic pressure cells for the
formation of diamond nanoparticles in the core of the onion
structure (13, 14). Due to the size of the onions yielding severe
overlapping of above and below curved sheets plus the surround-
ing amorphous carbon, the images are unfortunately not suffi-
ciently clear for any further structural conclusion, even after
applying image processing.

In view of earlier reports of Lonsdaleite with respect to impact-
related material, we deliberately looked for hexagonal diffraction
patterns with the proper lattice parameters in our samples. How-
ever, no indications of such a structure were found, not in the
present material from Lommel [nor in some revisited samples
from the spherules collected from undisturbed upper soils (7)].
In these experiments special care was taken to avoid any effects
of the high voltage electron beam in the TEM, which might
damage or even transform the Lonsdaleite back into graphite
due to the instability of this structure.

Also carbon isotope measurements and C/N values were
determined from the black material of the Lommel YDB layer.
The nanodiamond particles in the present material could not be
analyzed separately because of their small size. The Lommel
samples were thus analyzed in aliquots of increasingly smaller
and smaller size fractions (down to ∼10 μg C) in an attempt
to eventually detect an effect driven by the presence of extrater-
restrial organic material. The δ13C and C/N values remain con-
stant through the experiment and generated δ13C values between
−28.1 and −26.3‰, and C/N ratios between 9.2 and 26.9.

Discussion
Comparing the findings of the present work with those in the top-
soil spherules (7), those from Kennett et al. (1, 2) and other
meteorite findings (15–18), leads to the following remarks. Both
micron-sized flakes and nanoparticles of cubic diamond are pre-
sent in the Lommel YDB material and the top-soil spherules.
However, there is no report of flakes or excessively thin cubic
diamond in meteoritic or impact diamonds. The smallest nano-
particles, up to a few nm in diameter, do not contain any one- or
two-dimensional crystal defects in either the Lommel or top-soil
cases. Larger sized nanoparticles, around 20 nm diameter, reveal-
ing multiple twinning were only observed in the Lommel samples,
whereas in the top-soil spherules the larger agglomerates consist
of nanostructured grains with strongly deformed crystal lattices
(7). Moreover, most twins in the Lommel particles appear in a
nonlinear fashion, even star-like, indicating a close-to isotropic
type of growth. The larger flakes, around 100 nm in lateral dimen-
sion, do not reveal any twins. Stacking faults were not observed in
either of our samples. Kennett et al. (1, 2) reported no twinned
particles or flakes. The details of the observations on the diamond
in the carbon spherules from undisturbed top-soils were attribu-

ted to a CVD type growth process, rather than to explosion
related phenomena (7).

A very comprehensive work on twinned diamond nanoparti-
cles from meteoritic material was performed by Daulton et al.
(15) who compared artificial shock-synthesized (by detonation)
and low-pressure chemical vapour deposition (CVD) material
with residues from the primitive Allende and Murchison carbo-
naceous meteorites. One important conclusion was the similarity
between the CVD and meteoritic material in view of the number
and type of twinned particles. In the present study, most larger
particles [i.e., with diameters above 10 nm (but excluding the
flakes)], show some kind of twinning (mostly five-fold star, some
parallel), the smaller ones being defect-free. Especially the domi-
nant nonlinear character of the observed twins, points to an
isotropic growth mechanism for the nanoparticles, possibly of
the CVD type in contrast to the detonation type.

In the same work, Daulton et al. (15) also looked at disloca-
tions, but did not find any in the meteoritic or CVD samples. The
shock-synthesized material, however, did reveal clear signs of
dislocation defects, be it in nano-particles instead of in flakes
of the size observed in the Lommel samples. Such dislocations
were interpreted as resulting from a martensitic-like transforma-
tion from graphite to diamond (19). This could imply a shock-
related history for the flakes, where their microscopic shapes
could be seen as a remnant of a shock wave front passing through
the material. Although the latter is indeed a possible and likely
interpretation in the case of particles of known origin, other po-
tential pathways to produce dislocations in the flakes could easily
be envisaged, including lattice misfits during epitaxial deposition
and growth and strain hardening during deformation. Moreover,
more recent work on nanodiamond from detonation experiments
also did not reveal any flake-like shapes (20), whereas the type of
twinning confirmed the observations by Daulton et al. (15).

Double-check of both the present material and the top-soil
spherules for crystallites with a hexagonal symmetry did not
reveal Lonsdaleite in either of those. According to Daulton et al.
(15), Lonsdaleite nanocrystals are relatively stable in the electron
beam, so little or no back-transformation to graphite during ob-
servation is expected. The YDB material reported on by Kennett
et al. revealed cubic diamond nano- as well as microparticles. In
the most recent report by Kennett et al. the existence of Lonsda-
leite was identified on the basis of electron diffraction patterns
(2). The images of these particles seem to correspond to the flake
morphology. However, recent work by Daulton et al. (6) clearly
shows that the diffraction rings observed by Kennet et al. (2) can
also be explained by graphene/graphane aggregates whereas a
102 ring expected for Lonsdaleite was not observed. Kennet et
al. also claimed the observation of stacking faults, but the experi-
mental evidence cannot be considered as very convincing. From
the lack of Lonsdaleite in our present material and the results
from Daulton et al. (6, 15) it is concluded that no shock-induced
metamorphism has occurred when the Lommel material was
formed. Alternatively, the flake shape could be a remnant of a
deposition and delamination process during which some disloca-
tions are formed by the respective mechanisms proposed above.

The carbon onions observed in the Lommel material are rela-
tively large and can consist of around 50 graphene sheets yielding
a diameter of around 25 nm and containing several stacking de-
fects in their shell structure. In most other cases where carbon
onions have been observed, they usually have a much smaller
diameter and consist of only a few graphene sheets depending
on the processing history. An example hereof are the carbon
onion structures with diameters below 10 nm observed in artifi-
cially produced wood charcoal (21). The latter were attributed to
the carbonization of lignin structures in the raw wood starting
material. Larger rounded graphitic structures have recently been
observed in modern and fossilized charcoal structures indicating
a large preservation time after a formation during natural wild

Fig. 5. (A) Carbon onion with compressed interplanar spacings between
0.268 nm and 0.284 nm [with magnified part and highlight of defect region
for clarity in (B)]. The single arrow indicates the center of the onion and
the double arrow its radius. The inset is an FFT revealing the close-to-circular
symmetry and sharp interlayer distance.
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fires (22). These consist of a shell of about 20 curved graphene
sheets surrounding a large amorphous carbon core with dia-
meters up to 50 nm or more, distinguishing them to some extend
from the present onion rings in which graphene sheets can still be
recognized very close to the center of the onion structure. Such
large onion structures can be formed through self-assembly of
carbon atoms under electron irradiation of graphitic materials,
such as polyhedral carbon particles (13, 14), by thermobaric full-
erene processing at 15 GPa and 1100 K (23, 24) or by applying an
arc-discharge between two carbon electrodes under water
(25, 26).

However, the structural characteristics of the observed carbon
onions are insufficient to further conclude on a possible forma-
tion history. A mechanism including bombardment of graphitic
materials with charged particles could be envisaged in the vicinity
of stars, implying an exogenic formation. In fact, these types of
carbon structures have indeed been proposed as carriers of the
217.5 nm interstellar UV absorption feature (27). On the other
hand, fullerenes have recently also been recorded to exist in
interstellar space (28) whereas the pressure and temperature con-
ditions needed to transform those into carbon onions could occur
during impact. However, discharges in volcanic or other ash
clouds may yield similar features as those produced by the con-
trolled experiments using carbon electrodes. In other words, the
occurrence of large carbon onions in the Lommel YDB material
is insufficient to determine the origin of the carbon material. Still,
the observation of carbon onions opens an extra path for the for-
mation of nanodiamonds as it was indeed shown that electron
bombardment can produce nanodiamonds in the interior of
the carbon onions (13, 14). Whether such a mechanism can be
expected to occur in nature is, however, still unclear.

The argument has been put forward that the Younger Dryas
event was caused by mega-airbursts in the atmosphere (1–3). This
type of megaexplosion at high altitude would explain the absence
of a large 12.9-ka-old impact crater in North America. In the case
of airbursts, the produced shocked carbon particles most likely
consist of extraterrestrial carbon derived from the projectile
and incorporated within the Younger Dryas black layer. The

δ13C and C/N values as well as the earlier determined Ir concen-
trations (4) obtained from the Lommel black material fall com-
pletely within the range of terrestrial organic matter (29–31).
However, extraterrestrial organic carbon displays a broad range
of isotopic compositions that also include those of terrestrial
organic matter (32–35). For example, bulk samples of nanodia-
monds separates extracted from primitive chondrites yield δ13C
values around −38.8 to −32.5‰ (i.e., close to the range obtained
here), but somewhat higher C/N ratios from 75 to 555 (32). Con-
sequently, the results obtained on the Lommel material do not
distinguish between terrestrial and extraterrestrial origins for the
carbon. However, the argument could be put forward that the
C/N ratios appear rather low compared to those of bulk nanodia-
monds measured in chondrites (32). Although the δ13C and C/N
ratio cannot be considered as diagnostic, a fully terrestrial origin
of the C present in the Lommel black layer is compatible with the
clearly crustal signatures of the concentration in platinum group
elements (4) and 187Os∕185Os isotopic ratios determined earlier
(36, 37). Part of this is listed in Table 1 and schematically shown in
Fig. 6 where numerical values for the δ13C, C/N and Ir parameters
are compared with representative data from known meteoritic
and terrestrial material, revealing that the entire Lommel data
range fits inside the terrestrial range and does not overlap with
the extraterrestrial data. This data thus implies that the present
materials and formation mechanisms should primarily be corre-
lated with particular activities on earth, rather than with exogenic
origins.

We conclude that the Younger Dryas boundary carbon mate-
rial excavated in Lommel, Belgium, contains cubic diamond
material in different forms. Aside from amorphous carbon, dia-
mond nanoparticles with diameters of a few nm up to a maximum
of around 20 nm are the most abundant structures. The smallest
ones, below 5 nm diameter, are defect-free whereas the larger
ones often contain twins with nonlinear configurations being
dominant. The latter points toward an isotropic growth mechan-
ism, possibly CVD type. Also flake-like cubic diamond particles
of up to 100 nm in lateral dimensions have been found. This par-
ticular shape as well as the occasional observation of dislocations

Table 1. Data ranges for δ13C (‰), C/N ratio and Ir (pg/g) for terrestrial material,
extraterrestrial material and the black layer in Lommel (reference numbers are given in
brackets) (OM ¼ organic matter)

δ13C (‰) C/N Ir (pg/g)

Terrestrial −40 to 5 (29, 30) 5 to 70 (31) 10 to 80 (4)
OM & diamond OM cont. crust

Extraterrestrial −38.8 to −32.5 (32) 75 to 555 (32) 103 to 105 (4)
chondrite nanodiamond chondrite nanodiamond impact layers

Lommel black layer −28.1 to −26.3 9.2 to 26.9 20 to 42 (4)

Fig. 6. Schematic representation of the ranges of δ13C, C/N ratio and Ir concentration for terrestrial crust (white), chondritic meteorites (gray), and Lommel
black layer material (black). The overlap between terrestrial crust and Lommel material is apparent whereas the extraterrestrial material is clearly separated
from the other two.
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could indicate a martensitic-like transformation path from gra-
phite to diamond, although epitaxial growth cannot be ruled
out. Because no hexagonal diamond (Lonsdaleite) could be iden-
tified a shock-induced mechanism is unlikely to be involved in the
formation of the crystalline carbon material in the present layer.
The observed large carbon onion structures could be produced
by a variety of processes, which implies that their exact origin
remains unclear. Graphitic ring structures can indeed be formed
during natural processes such as wild fires, although the existing
observations reveal slightly different morphologies. As a final
conclusion it should be stated that the present variety of crystal-
line structures observed in the black Younger Dryas boundary
in Lommel does not provide sufficient evidence to conclude an
exogenic impact as the origin of these structures.

Materials and Methods
The material was collected on-site by one of the authors (D.S.) and small parts
of the excavated material was crushed in ethanol and dispersed on holey car-
bon TEM grids. High-resolution TEM imaging as well as electron energy loss
spectroscopy were performed with an FEI CM30 ultratwin field emission gun
instrument operating at 300 keV equipped with a postcolumn GIF200 spec-
trometer. Background subtraction and zero-loss convolution of the spectra
were obtained via the GATAN DM software.

Carbon and nitrogen content along with carbon isotope signature (δ13C)
were determined by combusting preweighed crushed samples, acidified to
remove CaCO3, and contained in silver cups in a Flash1112 elemental analyzer
coupled to a Deltaþ XL via a conflo III interface (Thermo Scientific). Internal
reference materials included IAEA-CH6 for C whereas acetanilide was used
for total organic carbon and total nitrogen calibration. Typical reproducibility
of δ13C is �0.2‰.
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