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The controversial Younger Dryas impact hypothesis suggests that
at the onset of the Younger Dryas an extraterrestrial impact over
North America caused a global catastrophe. The main evidence for
this impact—after the other markers proved to be neither reprodu-
cible nor consistent with an impact—is the alleged occurrence of
several nanodiamond polymorphs, including the proposed pre-
sence of lonsdaleite, a shock polymorph of diamond. We examined
the Usselo soil horizon at Geldrop-Aalsterhut (The Netherlands),
which formed during the Allerød/Early Younger Dryas and would
have captured such impact material. Our accelerator mass spectro-
metry radiocarbon dates of 14 individual charcoal particles are
internally consistent and show that wildfires occurred well after
the proposed impact. In addition we present evidence for the
occurrence of cubic diamond in glass-like carbon. No lonsdaleite
was found. The relation of the cubic nanodiamonds to glass-like
carbon, which is produced during wildfires, suggests that these
nanodiamonds might have formed after, rather than at the onset
of, the Younger Dryas. Our analysis thus provides no support for
the Younger Dryas impact hypothesis.

radiocarbon dating ∣ carbon spherules ∣ wildfire temperature ∣
electron microscopy

The exact cause of the onset of the Younger Dryas (YD) stadial
(dated to approximately 12.9 ka) is still debated (1). Firestone

et al. (2) proposed that an extraterrestrial impact over the North
American ice sheet was not only the cause of the rapid cooling,
but also resulted in worldwide high temperature biomass burning,
North American megafaunal extinction, and the disappearance
of the human Clovis culture. Evidence for this hypothesis has
been under severe scrutiny ever since; most lines of evidence have
proven to be not reproducible or not unique to an impact (see
ref. 3 for an overview).

One of the more promising lines of evidence for the impact
hypothesis is the alleged occurrence of nanodiamonds in Allerød-
YD boundary sediments. At first, nanodiamonds were reported
based on NMR analysis of so-called “glass-like” carbon—black,
carbon-rich objects with an irregular shape and smooth reflective
“glassy” surfaces (2). The peak in the NMR spectrum, however,
might have been wrongly identified as diamond (4). More convin-
cing evidence of nanodiamonds was subsequently reported by
Kennett et al. (5, 6). Using transmission electron microscopy
(TEM), they claim to have found several nanodiamond poly-
morphs in so-called carbon spherules—black, carbon-rich sphe-
rical objects with a honeycomb-like or open interior structure—
and in bulk samples from the Black Mat, a marker horizon in
North America dated to the Allerød-YD boundary. The poly-
morphs they reported include cubic (3C) diamond, lonsdaleite
(2H diamond), and n-diamond (fcc carbon). Lonsdaleite is espe-
cially of interest because, in nature, it is reported only in meteor-
ites (7) or in relation to impact craters (8, 9), and is generally
formed through shock deformation of graphite or diamond.
Lonsdaleite has, therefore, been previously taken as evidence

for shock impact formation (9), although it can also be created
in low quantities during carbon vapor deposition (CVD) (10, 11).
Furthermore, the presence of lonsdaleite in impact craters has
been challenged and the use of nanodiamonds as a diagnostic cri-
terion for an impact is still debated (8, 9, 12, 13).

Daulton et al. (14), however, found no evidence of nanodia-
monds in carbon spherules, glass-like carbon or microcharcoal
aggregates from the Black Mat and other, non-Allerød-YD age,
strata. Instead, they found graphene- and graphene/graphane-
oxide aggregates in all their samples. Moreover, Daulton et al.
(14) suggest that Kennett et al. (5, 6) did not find any nanodia-
monds either but misinterpreted their diffraction data: mistaking
graphene aggregates for cubic diamond and graphene/graphane
aggregates for lonsdaleite. Later, the occurrence of n-diamond
and lonsdaleite was also reported during a more extensive ana-
lysis on a layer of ice from the surface of the Greenland ice sheet
(15). The layer of ice in which these nanodiamonds were found
was indirectly dated to the onset of the YD, although Pinter et al.
(3) suggest the oxygen isotope signal might have been misinter-
preted and actually points to a Holocene age. In Europe, cubic
nanodiamonds were found in the Usselo horizon at Lommel,
Belgium (16). However, no age control was presented and no
lonsdaleite or n-diamond was found. Recently, nanodiamonds
similar to those found in Greenland were found in Mexican lake
sediments thought to represent the Allerød-YD boundary (17).
However, even if their age-depth model is correct, the 10-cm-
wide peak in nanodiamonds might reflect 5,890 y of deposition
(18). The occurrence and origin of nanodiamonds, and especially
lonsdaleite, in the YD boundary sediments is thus still uncertain.

In the Northwestern European coversand area, the onset of
the YD is often stratigraphically marked by the Usselo horizon,
a buried/fossil soil horizon formed during the Allerød to early YD
(19). During the second half of the YD, the Usselo horizon was
covered by the Younger Coversand II (20). The Usselo horizon
should thus have collected any impact material falling from the
atmosphere during the Allerød to early YD. We investigated the
Usselo horizon at Geldrop-Aalsterhut, The Netherlands (Fig. 1
and Fig. S1) for the occurrence of nanodiamonds using TEM.
Bulk charcoal from the Usselo horizon at Geldrop has been
previously dated (21) to 11;020� 230 14C B.P., 13,110–12,680
calibrated (cal.) y B.P. (sample GrN-603), and to 10;960� 85
14C B.P., or 12,935–12,695 cal. y B.P. (sample GrN-1059). These
14C dates are from the early days of radiocarbon dating; they
were measured by radiometry and are thus imprecise compared
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to modern standards, in particular sample GrN-603. Here we re-
port on more precise accelerator mass spectrometry (AMS) dates
for 14 individual charcoal particles, 12 from the Usselo horizon,
and 2 from just above the horizon. In addition, the reflectance of
several charcoal particles was measured using light microscopy to
estimate the wildfire temperature (22, 23).

Results
The AMS radiocarbon dates of carefully selected and cleaned
individual charcoal particles from the charcoal-rich top part of
the Usselo horizon show no correlation with depth and range
over 400 14C y (Table 1). The weighted average of the charcoal
particles from the Usselo horizon is 10;870� 15 14C y B.P.
(12,785–12,650 cal. y B.P.). Bayesian analysis (27), however,
shows that the two particles found slightly above the horizon
(AH21a,b) are part of the same population (Fig. S2); it is likely
that they were distributed due to bioturbation. Including these
two particles yields a slightly younger average of 10;845� 15
14C y B.P. (12,760–12,640 cal. y B.P.); this is two centuries younger
than the Black Mat layers in which hexagonal diamonds have
been found (6), which have an average age of 11;070� 10 14C
y B.P. (13,080–12,915 cal. y B.P.) (6). With the exception of one
or two outliers in each dataset, the datasets show almost no over-
lap (Fig. 2); these outliers all have high standard deviations.
When compared to other radiocarbon dated sites reported to

contain nanodiamonds (5), our layer is of similar age as Murray
Springs (28) but older then Lake Hind (2).

Charcoal particles from the Usselo horizon show a reflec-
tance of 0.96� 0.06% Ro, indicating a charring temperature of
approximately 420� 10 °C, assuming a charring period of 1 h
(22). This temperature is consistent with the occurrence of car-
bon spherules and glass-like carbon found within the horizon
(Fig. 3), which are both thought to form during low-temperature
wildfires (29, 30). Glass-like carbon (up to 150 particles∕100 g)
is more common in the Usselo horizon than carbon spherules
(<10 particles∕100 g). Charcoal is, however, the most abundant
form of charred material (>10;000 particles∕100 g). Although
the charcoal particles, in most cases, have the characteristic cell
structure of their precursor wood (Fig. 4D), the polished sec-
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Fig. 1. The Late Glacial-Holocene stratigraphy at Geldrop-Aalsterhut. Ap-
proximate time periods are given on the left, stratigraphy on the right. From
bottom to top: Aeolian deposits belong to the Younger Coversands I (YC I)
formed during the Older Dryas (OD) cold stadial. The Usselo horizon (UH),
which formed in the top of the YC I during the warmer Allerød (A) intersta-
dial and into the early part of the Younger Dryas (YD) cold stadial, is visible as
a bleached layer with charcoal particles. The Younger Coversands II (YC II)
were subsequently deposited on top of the UH due to continued aeolian ac-
tivity as vegetation cover diminished during the YD. There is an erosional
boundary to the Holocene (H) driftsands (DS), which represent renewed aeo-
lian activity due to human activity during the Middle Ages. The soil that had
formed before Medieval times has been eroded at this location. Occupation
horizons of the Federmesser (FM) and the Ahrensburg (AB) culture are indi-
cated with arrows. The Ahrensburg occupation horizon at Geldrop has been
dated within 10,600–9,800 14C y B.P. (24). The Federmesser culture hadmostly
disappeared from the Benelux near the end of the Younger Dryas (24–26). At
Geldrop, their occupation horizon coincides with the Usselo horizon.

Table 1. AMS radiocarbon dates of the individual charcoal particles
from the charcoal-rich top layer of the Usselo horizon at Geldrop-
Aalsterhut (individually calibrated to calendar years)

Sample
name Depth, cm

Sample nr.
for AMS 14C age B.P. Cal. age B.P.

AH-21a −5.0–−4.0 GrA-49570 10,735 ± 45 12,675–12,585
AH-21b −5.0–−4.0 GrA-49521 10,765 ± 50 12,700–12,595
AH-12a 0.0–2.0 GrA-49516 10,765 ± 50 12,700–12,595
AH-12b 0.0–2.0 GrA-49507 10,920 ± 50 12,870–12,695
AH-32a 0.0–2.0 GrA-49527 10,960 ± 60 12,915–12,715
AH-32b 0.0–2.0 GrA-49529 10,755 ± 55 12,695–12,590
AH-23a 0.0–2.0 GrA-49573 10,860 ± 45 12,795–12,640
AH-23b 0.0–2.0 GrA-49574 10,845 ± 45 12,775–12,630
AH-13a 2.0–4.0 GrA-49569 10,895 ± 45 12,840–12,670
AH-13b 2.0–4.0 GrA-49514 10,880 ± 110 12,880–12,640
AH-33a 2.0–4.5 GrA-49575 10,900 ± 50 12,850–12,675
AH-14a 4.0–5.5 GrA-49515 11,020 ± 75 13,065–12,775
AH-14b 4.0–5.5 GrA-49509 10,865 ± 55 12,810–12,640
AH-14c 4.0–5.5 GrA-49524 10,840 ± 75 12,795–12,615

The larger measurement errors are caused by the fact that the samples were
very small, even for AMS. Samples were taken from different depth Usselo at
three different locations (see Fig. S1). The depth of the samples is indicated
using the top of the Usselo horizon as a reference level (0 cm). See Fig. S2 for a
visual overview of the modeled and individually calibrated dates.
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Fig. 2. Individual radiocarbon ages and weighted average (gray bands) of
the charcoal particles from the Usselo horizon at Aalsterhut compared to
those of the Black Mat at Arlington Canyon, where the alleged hexagonal
diamonds have been found (6). The age of the lower boundary of the Black
Mat at Murray Springs (MS, average of 8; ref. 28) and Lake Hind (LH, single
date; ref. 2), where cubic and n-diamonds have been found (5) are also in-
cluded. For reference, the approximate age of the Allerød-YD boundary
(AYDB) is indicated (see Discussion).
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tions also showed parts where no remnant cells were observed
(Fig. 4C).

TEM analysis of crushed glass-like carbon particles shows the
presence of carbonaceous microparticles similar to those inter-
preted by Kennet et al. (6) as lonsdaleite (Fig. 5 A and C). Diffrac-
tion rings containing discrete spots (Fig. 5 B andD), correspond to
some of the known lonsdaleite spacings (7). The patterns, however,
like the ones reported from the Black Mat (6), do not display rings
associated with the unique 1.93 and 1.50 Å d spacings associated

with lonsdaleite (7). The diffraction patterns of these particles are
therefore more consistent with graphene–graphane aggregates in-
stead (14). Some of the diffraction patterns (Fig. 5D) show a small
number of grouped spots corresponding to the 1.54 and 1.79 Å
d spacings of graphite and might therefore be closer to turbostratic
carbon or disordered graphite than to the randomly stacked gra-
phene/graphane aggregates.

Other, less common, polycrystalline particles show diffraction
rings with d spacings corresponding to cubic diamond (Fig. 6),
although the cubic diamond reflections are also close to those
calculated for graphene (14). A 400 reflection however, which
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Fig. 3. Secondary electron SEM images of handpicked carbon spherules
(sample AH-33) and glass-like carbon (sample AH-4). (A) Complete carbon
spherule and (B) close-up of internal structure of a broken carbon spherule.
Energy dispersive X-ray spectrometry shows that the spherules contain
45–90 wt% carbon; the other dominant element is oxygen. Although smaller
(<0.3 mm in size compared to <2.5 mm in size), these particles look similar to
the carbon spherules found in the Black Mat (2, 6), as well as to charred fun-
gal sclerotia (29). (C and D) Examples of glass-like carbon showing smooth,
glassy surfaces and irregular shapes. No remnant structure of the precursor
wood, as in charcoal (Fig. 4 A and B), is visible.
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Fig. 4. Charcoal from the Usselo horizon. (A) Secondary electron (SE) image
of two charcoal particles from the charcoal part of the Usselo horizon (sample
AH-4) showing remnant structure from the cell walls of the precursor wood.
The inset shows a higher magnification image of the particle on the left,
showing detail of small-scale structure. (B) SE image of a different charcoal
particle showing the same structure. (C and D) Reflective light image of two
polished charcoal particles (sample AH-21) analyzed for their reflectance. The
polished sample (C) shows no evidence of remnant cell walls, whereas, in D,
cell walls are observed.

Fig. 5. BrightfieldTEMimagesof carbonaceousmicroparticleswithin crushed
glass-like carbon (A and B, sample AH-14; C and D, sample AH-33) and their
associated diffraction patterns. Diffraction patterns are inverted for better
visibility. (B) Diffraction pattern of (A) showing double diffraction rings corre-
sponding to graphene/graphane aggregates, rather then lonsdaleite. The
double triangles show the location of the missing 1.93 and 1.5 Å rings that
should be present in the case of lonsdaleite. (D) Diffraction pattern of C show-
ing discrete rings. The arrows indicate a few discrete spots corresponding to a
d spacing of 1.5 and 1.79 Å, which are known spacings of graphite.
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Fig. 6. (A) Brightfield TEM imageof a polycrystalline diamondparticlewithin
crushedglass-likecarbon fromthe lowerpart of the charcoal-rich layer (sample
AH-14). (B) Diffractionpatternof the entire particle showing rings correspond-
ing to the diamond d spacings and (C) [011] selected area diffraction pattern
of a single diamond crystal from the particle in A. (D) The energy dispersive
X-ray spectrum shows the carbonaceous nature of the particle, the small cop-
per peak is from the copper grid used to support the holey carbon film.
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has no equivalent in graphene, is weakly present. The selected
area diffraction pattern of a small part of the particle (approxi-
mately 200 nm) in Fig. 6A yields a diffraction pattern (Fig. 6C)
similar to the [011] pattern of cubic diamond (31). Weak 200 “for-
bidden” reflections, not forbidden for fcc carbon or n-diamond,
are visible. They do not show up in the ring pattern and are, there-
fore, more likely the result of double diffraction within a cubic
diamond crystal than an indicator for n-diamond.

Discussion
Wildfires. Our radiocarbon dates suggest that wildfires at this
location occurred after the Allerød-YD transition. There are,
however, uncertainties in the timing of the YD onset (1), as well
as in the interpretation of wood-charcoal ages due to the “inbuilt
age” effect (32). The inbuilt age occurs because consumption of
the outer wood during a wildfire leaves charcoal with radiocarbon
ages representing the older wood of the trees (32). In addition,
many trees would have died as a result of wetter conditions during
the early YD (33), possibly providing an older fuel source. Both
these aspects of the inbuilt age result in the charcoal radiocarbon
ages predating the wildfire event for an unknown number of
years. The precise timing of the YD onset is still ambiguous (1)
and the calibration curve for this interval is not definitive (34, 35).
For Northwestern Europe the onset of the YD chronozone,
which is marked by a change in vegetation, was originally defined
at 11,000 14C y B.P. (36). This age corresponds to the increase in
atmospheric 14C starting between 11,000 and 10,950 14C y B.P.,
often referred to as the “radiocarbon cliff.” This radiocarbon cliff
is presumably related to the shutdown of the thermohaline circu-
lation, and has been suggested as a global marker for the onset
of the YD (1, 37–39). According to the current International
Calibration 2009 (IntCal09) curve (34), the age of the radiocar-
bon cliff corresponds roughly to the onset of Greenland Stadial 1
at 12,850 y B.P. in the North Greenland Ice Core Project ice core
(40). In The Netherlands, the clear shift in vegetation marked by
an abrupt increase in nonarboreal pollen from numerous palyno-
logical records related to the onset of the YD occurred slightly
later, around 10,950 14C y B.P. (41). An even younger age for the
onset of 10;900� 50 14C y B.P. has been adopted when dating the
North American Black Mats (28). Therefore, we use a range of
11,000–10,900 14C y B.P. for the Allerød-YD boundary (Fig. 2) in
which the older half (11,000–10,950 14C y B.P.) corresponds best
to the Northwestern European records (36, 39, 41). Within two
standard deviations, our individual radiocarbon ages do not all
overlap and show a gap of 45 14C y between the youngest and
the oldest age (Table 1). This gap is within the lifespan of an in-
dividual pine tree, which can grow up to 200 y old, and less then
the minimum fire frequency in present-day boreal forests of
50–200 y (42). When looking at the calibrated dates (Table 1),
however, there is no gap, but an overlap of 35 cal. years within
two standard deviations. Furthermore, when using Bayesian
statistics (27), all ages overlap within one standard deviation
(Fig. S2) and they are thus statistically the same.

The charcoal in the Usselo horizon at Geldrop-Aalsterhut can
thus easily represent a single episode of wildfire, with the char-
coal particles dispersed through the top of the Usselo horizon by
bioturbation. In that case, taking into account the inbuilt age, all
radiocarbon ages predate the actual wildfire and the maximum
age of the youngest charcoal particle (AH-21a), 10,825 14C y
B.P., provides a maximum age estimate of the timing of the wild-
fire (32). The wildfire thus occurred up to two centuries after the
onset of the YD (Fig. 2). The wildfire is therefore not only low
temperature, but also does not fall within the same time window
as the proposed impact, which is contrary to suggestions by
Firestone et al. (2). Moreover, when compared to the nanodia-
mond-bearing layer at Arlington Canyon (6), our wildfire is
clearly younger (Fig. 2) and, therefore, must represent a different
event. Our findings are, however, in agreement with several

studies in North America showing the absence of evidence for
continent-wide wildfires (43–45), let alone intercontinental wild-
fires reaching Europe.

Because our charcoal particles were derived from a soil horizon,
which accumulates material over a long time period, it can also be
argued that the dated charcoal particles represent multiple wild-
fires, rather then just one episode of biomass burning. Within the
respective dating uncertainties, some of the older charcoal parti-
cles might then be related to a wildfire occurring around the onset
of the YD; this does not, however, require a relation with the pro-
posed impact, as frequent fires occurred naturally (42).

Origin of the Nanodiamonds.When considering the extraterrestrial
impact hypothesis, there are several possibilities for the origin of
the nano- and microdiamonds. They (i) originate from the impac-
tor body, (ii) formed through shock-transformation processes
during the impact, (iii) formed within the high temperature “fire-
ball” resulting from the airburst or impact, (iv) could have arrived
through continuous “meteoritic rain,” or (v) formed through a
terrestrial process unrelated to an impact.

i. Tian et al. (16) report that nanodiamonds found in the Usselo
horizon at Lommel contained terrestrial isotopic δ13C and
C/N ratios, whereas Kurbatov et al. (15) note that the rounded
n-diamonds they found in the Greenland ice sheet are “unlike
any diamonds found in meteorites.” These results suggest that
these nanodiamonds did not originate from an impactor. In
addition, a nanodiamond-bearing impactor would have been
enriched in platinum group elements, which are absent in the
YD boundary layer (46).

ii. The occurrence of lonsdaleite, although a rare but possible
indicator of shock metamorphism, has not been independently
confirmed. Lonsdaleite is, however, also absent in the K∕T
(Cretaceous/Tertiary) boundary, where only shock-produced
cubic diamond was found (47). The morphology of the smaller
(approximately 20 nm) nanodiamonds found by Tian et al.
(16), however, suggest an isotropical growth mechanism for
these diamonds rather than an anisotropic shock mechanism
(11). In addition, no other shocked minerals have been re-
ported from the Allerød-YD boundary.

iii. Isotropic growth is more consistent with CVD nanodiamond
formation in the superheated fireball following an impact or
airburst. The presence of carbon spherules and glass-like car-
bon in the YD boundary sediments, and in which nanodia-
monds have been found, may, however, be inconsistent with
such extreme temperatures, as current research suggests car-
bon spherules and glass-like carbon form at temperatures be-
low 500 °C (29, 30). Furthermore, the larger (>100 nm) flake-
like or tabular nano- and microdiamonds, found in the Black
Mat as well as the Usselo horizon, cannot easily form by iso-
tropic growth.

iv. Nanodiamonds have been found in micrometeorites and some
interplanetary dust particles (48), which continuously rain down
on Earth. However, these nanodiamonds are small (<5 nm)
and thus do not explain the larger diamonds found in our work
and elsewhere (6, 16). In addition, if the nanodiamonds are the
result of continuous rain, it would be expected that they should
be present throughout the records, whereas they are almost ab-
sent outside the proposed boundary layer (15, 17).

v. If the evidence is not consistent with any of the possible ex-
traterrestrial or impact origins, nanodiamonds must have
originated from some kind of terrestrial process. It has been
suggested that they might have formed during the wildfires
responsible for the charred material in the YD boundary
layer (46). Because wildfires are very common, this formation
mechanism could also explain the age discrepancy. Artificial
nanodiamonds have been grown using low-pressure CVD
at temperatures as low as 450 °C (10, 11), although the ex-
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perimental conditions differ from natural wildfire settings.
Furthermore, particles with a cubic diamond structure as well
as carbon onion structures, which can serve as nanoscopic
pressure cells for diamond formation (49), have been observed
in wood that was experimentally charred at 700 °C and subse-
quently cooled in a nitrogen atmosphere (50). In addition, cu-
bic nanodiamonds (<5 nm) have recently been discovered in
a candle flame and a natural gas flame (51). Although most
nanodiamonds burn up in the flame, this discovery suggests
it might be possible for nanodiamonds to form during a com-
bustion-type process under normal atmospheric conditions.
These findings are contrary to the suggestions of Kurbatov
et al. (15) that nanodiamond formation requires extraordinary
high temperature, pressure, and redox conditions not natu-
rally found at the Earth’s surface, leading them to adopt an
extraterrestrial origin for the nanodiamonds in the Greenland
ice sheet.

Although natural wildfires can reach temperatures as high
as 900 °C, glass-like carbon and carbon spherules found in our
study as well as the Black Mat (2, 6, 52) possibly indicate a low-
temperature formation (<550 °C or more likely <400 °C; refs. 29
and 30). A wildfire temperature of approximately 420 °C, as
inferred from our reflectance analysis at Geldrop-Aalsterhut,
also indicates that temperatures were slightly too low for known
diamond forming mechanisms. It must, however, be noted that
the final reflectance value depends not only on temperature, but
also on the duration of charring (22, 23). If heating occurred
during a period of <1 h, the temperature would have been
slightly higher then what we inferred from our reflectance
values. For example, for a charring period of only 10 min, our
value of 0.96% Ro would indicate a temperature of approxi-
mately 460 °C (22).

The carbon spherules found in the YD boundary layer seem
similar to charred fungal sclerotia formed under relatively low
temperatures (<450 °C; ref. 29). Although Daulton et al. (14)
do not report any nanodiamonds in similar carbon spherules,
cubic nanodiamonds have been found in carbon spherules from
present-day forest soils (53). If the morphology of these carbon
spherules to the charred fungal sclerotia is due to a similar low-
temperature origin, this might suggest a yet unknown low-tem-
perature formation of nanodiamonds. This similarity seems in
agreement with our findings of nanodiamonds in glass-like car-
bon as well as the low wildfire temperature inferred from the
charcoal. We cannot, however, exclude the possibility that the na-
nodiamonds were adhered to the surface of the glass-like carbon
and might thus be unrelated.

In summary, although some formation scenarios seem less
likely then others, the exact formation mechanism of the nano-
and microdiamonds found in the YD boundary layer is still un-
known. It is possible that several mechanisms have played a role.
For example, a CVD-like process within an impact/airburst fire-
ball or natural wildfire might have been responsible for the smal-
ler rounded nanodiamonds reported (5, 6, 15, 16), although
another process might be responsible for the larger flake-like
and tabular nano- and microdiamonds (6, 16).

Finally, it must be noted that there is a wide range in diamond
polymorphs and morphology reported from different locations
and/or by different authors, which also seems the case for the dia-
monds reported at the K∕T boundary (see Table S1). In addition,
Daulton et al. (14) report that no nanodiamonds were present at
all in their Black Mat samples, suggesting that differences in sam-
ple preparation, analysis and interpretation might also affect the
results. In addition, sample size and relative abundances at dif-
ferent locations can be a problem. We analyzed several hundred
particles in the TEM, representing only a fraction of the glass-
like carbon in the samples, but only found less than a handful
of possible nanodiamonds. We found no nanodiamonds in a small

fraction of carbon spherules analyzed; this might, however, be
related to the small sample size.

Conclusions
Our work follows two lines of research on the carbonaceous
fraction of the Usselo horizon, associated with the proposed YD
impact event. TEM analysis of glass-like carbon shows that,
although cubic nanodiamonds are present, there is no sign of the
shock polymorph lonsdaleite. Furthermore, although the forma-
tion of the Usselo horizon started during the Allerød, our cri-
tical dating places the wildfire episode up to two centuries after
the proposed impact event and into the YD. Moreover, our
nanodiamonds are two centuries younger then the diamonds re-
ported by Kennett et al. (6), indicating that, unless two impacts
happened in a short period of time, one or both of the cubic
diamond populations must have a nonimpact origin. Because the
glass-like carbon in which the nanodiamonds were found is
known as a wildfire product, the nanodiamonds might in some
way be related to wildfires instead. We therefore conclude that,
although our findings cannot exclude the possibility of an im-
pact, we found no evidence in the Usselo horizon to support the
YD impact hypothesis.

Materials and Methods
Fieldwork. Samples were taken during one day of fieldwork at the archae-
ological site Geldrop-Aalsterhut. Several pits were manually dug using
shovels and cleaned with trowels to locate the best part of the Usselo horizon
to sample. Samples of 200–800 g of sediment were taken by the correspond-
ing and second author from three selected locations in two pits at several
intervals within and above the charcoal-rich part of the Usselo horizon
(Fig. S1 and Table 1). One bulk sample of the charcoal layer at the top of
the Usselo horizon at Aalsterhut, AH-4, was sampled by a colleague together
with the second and last author during an earlier field visit.

Radiocarbon Dating. A total of 14 individual charcoal particles, >2 mm, from
different samples (Table 1) were handpicked and prepared for AMS radiocar-
bon dating using standard acid-alkali-acid treatment and ultrasonic cleaning
(54) by which only charcoal structures remained and soot disaggregated.
Radiocarbon ages were measured at the Groningen AMS facility (55) and
reported in conventional radiocarbon years (56). Ages were calibrated to
calendar years using the IntCal09 calibration curve (34) and the OxCalv4.1
calibration software (27). Both the radiocarbon and calibrated ages are
rounded to the nearest five; all uncertainties are given within 1-σ confidence.

Reflectance Analysis. Several charcoal particles, >2 mm, from sample AH-21
were embedded in resin blocks, polished, and submitted to reflectance ana-
lysis for a preliminary estimate of the wildfire temperature following the pro-
cedure described in ref. 22. For each particle, 100 measurements of the
reflections were taken at different locations using a Leitz motorized digital
microscope laboratory automatic microscope.

SEM Analysis. Subsamples of 100 g from samples AH-4, 14, and 33 were dried
in the oven at 90 °C, and sieved into fractions of <63, 63–355, and >355 μm.
The carbonaceous fraction of 63–355 μm was floated using sodiumpolytung-
state heavy liquid with a density of 2;000 kg∕m3. Flotation in water, as used
in the original study (2, 6), did not yield any carbon spherules. Carbon spher-
ules and glass-like carbon were then picked under a light microscope (mag-
nification 40×) based on their morphology (black spherical particles or black
particles with an irregular shape and smooth, reflective glassy surface). The
distinction between glass-like carbon and normal charcoal, however, was not
always easy to make because there seems to be a gradual transition between
the two with some charcoal particles having a partly glassy surface. Repre-
sentative particles from samples AH-14 and 33 were mounted on a stub
and analyzed using an FEI XL30SFEG SEM equipped with an EDAX energy-
dispersive spectrometry (EDS) detector located at the Electron Microscopy
Laboratory Utrecht (EMU).

TEM Analysis. Carbon spherules (sample AH-4) and glass-like carbon particles
(samples AH-14 and 33) were separately grouped for TEM analysis. These
were crushed in ethanol using an agate pestle and mortar, and part of
the suspension dispersed on a holey carbon grid. TEM analysis was preformed
using a FEI Tecnai 12 120 kV and a Tecnai 20 FEG 200 kV TEM equipped with
an EDAX EDS detector, both located at EMU. The TEM grids were sampled
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both in diffraction mode, to locate crystalline particles, and in image mode,
to locate individual particles. In this way, several hundreds of particles per
grid were analyzed. Selected area diffraction patterns were used to identify
the crystal structure of the particles, and energy dispersive X-ray spectrome-
try was used to check the carbon content.
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