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The causes of the late Pleistocene megafaunal extinctions in North
America, disappearance of Clovis paleoindian lithic technology, and
abrupt Younger–Dryas (YD) climate reversal of the last deglacial
warming in the Northern Hemisphere remain an enigma. A contro-
versial hypothesis proposes that one or more cometary airbursts/
impacts barraged North America ≈12,900 cal yr B.P. and caused
these events. Most evidence supporting this hypothesis has been
discredited except for reports of nanodiamonds (including the rare
hexagonal polytype) in Bølling–Ållerod-YD-boundary sediments.
The hexagonal polytype of diamond, lonsdaleite, is of particular
interest because it is often associated with shock pressures related
to impacts where it has been found to occur naturally. Unfortu-
nately, previous reports of YD-boundary nanodiamonds have left
many unanswered questions regarding the nature and occurrence
of the nanodiamonds. Therefore, we examined carbon-rich materi-
als isolated from sediments dated 15,818 cal yr B.P. to present
(including the Bølling–Ållerod-YD boundary). No nanodiamonds
were found in our study. Instead, graphene- and graphene/
graphane-oxide aggregates are ubiquitous in all specimens exam-
ined. We demonstrate that previous studies misidentified gra-
phene/graphane-oxide aggregates as hexagonal diamond and
likely misidentified graphene as cubic diamond. Our results cast
doubt upon one of the last widely discussed pieces of evidence
supporting the YD impact hypothesis.
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During the end of the last glacial period in the Northern
Hemisphere near 12,900 cal yr B.P., deglacial warming of

the Bølling–Ållerod interstadial ceased abruptly (1) and glacial
conditions were restored for a ≈1;300-yr interval known as the
Younger–Dryas (YD) stadial (2–5). Conclusion of the YD was
abrupt with temperature increasing to present-day Holocene-
interglacial levels within a few decades (2, 6). In North America
at least 17 genera of megafauna (e.g., mammoths, mastodons,
giant short-faced bears, saber-tooth tigers, and numerous other
megafauna species) became extinct near the YD onset, although
the details of the chronology are in question (7, 8). North Amer-
ica’s earliest known human populations arrived and dispersed
prior to the YD, and their Clovis lithic technology disappeared
from the sedimentary record near the onset of the YD (9, 10).
Although the YD climate reversal as well as the geologically
abrupt Pleistocene megafauna extinctions and disappearance
of the Clovis culture are not disputed, their causes are matters
of intense debate.

Most paleoclimatologists believe the YD stadial resulted when
a massive volume (∼9;500 km3) of fresh water from the proglacial
Lake Agassiz released into the northern Atlantic and disabled the
thermohaline circulation (4, 11). However, the YD has also been
attributed to cessation in the El Niño Southern oscillation caused
by changes in Earth’s orbital configuration (12). Although climate
change undoubtedly applied stress to the megafauna and human
populations, it remains unclear if that alone was sufficient to
catastrophically impact animal populations. Widespread hunting

of megafauna by Clovis paleoindians and disease have also been
proposed.

A recent hypothesis suggests that an extraterrestrial body,
either a fragmented chondritic meteorite or comet, detonated
as airburst(s) and/or impact(s) over North America, igniting
continent-wide wildfires and injecting a large mass of dust into
the atmosphere (13–16). The energy deposited by the bolides is
speculated to have induced partial melting of the Laurentide
ice sheet, disabling the North Atlantic thermohaline circulation
and initiating the YD stadial. The combined environment impact
would have adversely affected animal populations. In numerous
sites throughout North America, the Bølling–Ållerod-YD sedi-
mentary boundary is characterized by a black organic-containing
layer (often termed “black mat”) (9, 17), whose base is near the
boundary and is interpreted by impact proponents as a hemi-
sphere-wide deposit from wildfires (13–16). Elevated concentra-
tions (with respect to overlying and underlying sediments) of
impact markers are reported in YD black mats from 10 Clovis-
age archaeological sites and 15 Carolina bays on the Atlantic
Coastal Plain: specifically, iridium, nickel, magnetic microspher-
ules, fullerenes enriched in trapped 3He, charcoal/soot, carbon
spherules, glass-like carbon, and nanodiamonds (13–16). Among
these reportedmarkers is the rare hexagonal (2H) polytype of dia-
mond, lonsdaleite (16). Lonsdaleite is often associated with shock
pressures related to impacts where it has been found to occur natu-
rally; see refs. 18–21. Many of the impact markers reported in YD
black mats have been widely discredited (22–27) with the excep-
tion of the enigmatic nanodiamonds.

Results and Discussion
To investigate the presence and nature of Bølling–Ållerod-
YD-boundary nanodiamonds, we microcharacterized the carbon
allotropes in carbonaceous materials from the base of YD black
mats and other dated sources using transmission electron micro-
scopy (TEM). The carbonaceous phases in carbon spherules and
microcharcoal isolated from YD black mats are identical to those
in spherules and glassy carbon isolated from older sediments as
well as obtained from a modern forest fire. All specimens were
predominantly C and contained the same dominant minerals:
amorphous carbon (a-C), graphene, graphene/graphane, and gra-
phite (all but the former displaying varying degrees of disorder).
Neither cubic nor hexagonal diamond was identified in any of
the samples. Trace amounts of submicrometer to nanometer-
sized minerals were observed, including Fe and Cu oxides as well
as Ti-, Si-, and/or Ca-rich grains.

The dominant crystalline carbonaceous phase in carbon spher-
ules, microcharcoal, and glassy carbon was graphene in the form
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of polycrystalline aggregates (Figs. 1–3 and Table 1). Graphene
is a two-dimensional, single-atom-thick planar molecule with
sp2-bonded carbon (1.42� 0.1 Å bond length) in a hexagonal
arrangement of 2.46� 0.02 Å edge length (28, 29). In the form
of a polycrystalline aggregate, as first observed in the cores of
many circumstellar graphite spherules isolated from chondritic
meteorites (30), graphene sheets are randomly oriented and lack
any correlation. When periodically stacked normal to their plane
(e.g., AB, AA, or ABC stacking), graphene sheets form various
graphite polytype structures or turbostratic graphite if the stack-
ing is disordered.

Core-loss absorption edges were measured using TEM elec-
tron energy loss spectroscopy (EELS) to determine the elements
present, quantify their concentration, and characterize their
local bonding. Elemental maps acquired using EELS spectrum
imaging of core-loss edges demonstrate that terrestrial graphene
aggregates contain predominantly C, but also heterogeneous
distributions of O at upward of ≈6 at:% indicating partial and
inhomogeneous oxidation. Discrete tens-of-nanometer diameter
Ca- and O-rich grains were sometimes observed embedded within
graphene aggregates. The near-edge structure of EELS core-loss
spectra is highly dependent on the local bonding of an element
and is sensitive to valence, crystal field splitting (e.g., atom coor-
dination and low- or high-spin configurations), spin-orbit interac-
tions, atomic Coulomb repulsion, and exchange effects. Low-loss
EELS spectra are also dependent on local bonding. Further
confirming the grains identified as (sp2-bonded) graphene are
not diamond, both the low- and core-loss EELS spectra of
graphene are distinct from that of sp3-bonded diamond (Fig. 2).

For all specimens examined, some graphene aggregates exhib-
ited diffraction lines that were asymmetric (indicative of textur-
ing) and doubled (Figs. 3 and 4). The extra set of reflections
showed varying degrees of diffuseness (i.e., disorder). For some
aggregates, their second set of reflections could be isolated from
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Fig. 1. Radial mean of electron diffraction intensity for graphene (thin lines)
of modern origin (charred fungal Sclerotium), of supernova origin [cores of
graphitic spherules isolated from the carbonaceous chondrite meteorite
Murchison (30)], and from the onset of the Younger–Dryas (carbon spherules
isolated from Santa Rosa Island, CA). Diffraction patterns were also acquired
with longer exposure times to measure faint, high-angle peaks (thick lines).
Graphene in microcharcoal from Murray Springs, AZ (∼12;900 cal yr B.P.) and
in carbon spherules as well as glassy carbon from Santa Cruz Island, CA
(15,498–16,209 cal yr B.P.) are nearly identical to above.
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Fig. 2. Comparison of low-loss (A) and core-loss (B) electron energy loss
spectra acquired from specimens overhanging holes in the support film (EELS
collection half angle 2β ¼ 6.34� 0.06 mrad). Shown are detonation synthe-
sized nanodiamonds as well as graphene of supernova origin [Murchison
meteorite (30)], of modern origin (charred fungal Sclerotium), and from the
onset of the Younger–Dryas (Santa Rosa Island, CA). See Fig. 1 caption for
expandeddetails. Arrows indicate peaks associatedwith π-π� and1s-2pðπ�Þ sp2

graphitic transitions as well as 1s-2pðσ�Þ sp3 diamond transitions.
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Fig. 3. Electron diffraction peaks calculated for 3C cubic diamond, 2H
hexagonal diamond, graphene, and graphene/graphane mixture compared
to those measured from presolar graphene as well as graphene and
graphene/graphane aggregates in carbon spherules isolated from Santa Rosa
Island, CA. In the electron diffraction patterns identified as hexagonal
diamond by Kennett et al. (16), asymmetrically doubled diffraction lines
are clearly evident in their Fig. S2B as well as discernible in both their Fig. 2F
and Fig. S2A. Peaks measured from the doubled diffraction lines in Fig. S2B of
Kennett et al. (16) are shown (we calibrated the reported f100g reflection to
2.189 Å, and the line widths represent the error in our measurement).
Kennett et al. (16) identified their Fig. S2C as hexagonal diamond; however,
it is also consistent with diffraction normal to the graphite basal plane;
graphite f100g (2.139 Å) is close to that of lonsdaleite f100g (2.182 Å).
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the first using a small selected-area aperture (Fig. 4), and EELS
showed those regions were also predominantly C with varying O
concentrations, demonstrating the presence of a modified form
of graphene. The modified graphene exhibited a 5.1� 0.3%
(see Table 1) contraction in hexagonal edge length, although
the contraction varied somewhat from aggregate to aggregate.
This is consistent with the previously theorized but only recently
synthesized hydrogenated form of graphene, termed graphane
(29), which exhibits a 5% reduction in edge length resulting from
buckling of C bonds out of the plane of the C sheet due to H
bonding on sheet faces. The third-most abundant crystalline car-
bonaceous phase was graphite with various degrees of graphene-
sheet stacking disorder.

Careful analysis must be exercised in identifying diamond
polytypes in carbonaceous specimens. Graphene diffraction lines

closely resemble those of cubic diamond for small Bragg angle
(Fig. 3 and Table 1). The first five diffraction spacings of graphene
approximately mirror those of cubic diamond with the notable
exception that graphene lacks analogous diffraction intensity
to that from f400g diamond planes. Differences between the
two structures become more pronounced at larger Bragg angles.
It is possible that graphene aggregates, which are ubiquitous
in carbon spherules, microcharcoal and glassy carbon, were mis-
identified as cubic diamond in previous studies of the YD-bound-
ary deposits (13, 15, 16) because no f400g reflections (or EELS
spectra) were reported and diffraction lines were measured only
over a small range of Bragg angles (15, 16).

Also reported in YD-boundary deposits (15, 16) is the pro-
posed n-diamond (or fcc carbon) modification of diamond; see
(31, 32). No n diamond was observed in any of our specimens.

Table 1. Electron diffraction planar spacings

3C Diamond Graphene/graphane—oxide

Indices Calculated, Å Indices
Calculated
graphene, Å

Presolar
graphene, Å*

Younger–Dryas
graphene, Å*,†

Younger–Dryas
graphane, Å*,†,‡

Calculated
graphane, Å

111 2.053 100 2.130 2.033 (6) 2.076 (4) 2.004 (7) 2.021
220 1.257 110 1.230 1.230 (2) 1.222 (2) 1.158 (2) 1.167
311 1.072 200 1.065 1.069 (3) 1.061 (2) 0.991 (3) 1.010
400 0.889
331 0.816 120 0.805 0.807 (2) 0.798 (1) 0.754 (2) 0.764
422 0.726 300 0.710 0.709 (2) 0.705 (1) 0.657 (1) 0.674
511∕333 0.684
440 0.629 220 0.615 0.616 (1) 0.609 (1) 0.575 (2) 0.583
531 0.601 130 0.591 0.593 (1) 0.584 (1) 0.547 (5) 0.561
620 0.562
533 0.542 400 0.533 0.534 (1) 0.525 (1) 0.496 (2) 0.506
444 0.513
551∕711 0.498 230 0.489 0.489 (1) 0.479 (1) 0.460 (1) 0.464
642 0.475
553∕731 0.463 140 0.465 0.465 (1) 0.455 (1) 0.436 (6) 0.441
800 0.445
733 0.434 500 0.426 0.427 (1) 0.418 (1) 0.400 (1) 0.404
660∕822 0.419 330 0.410 0.410 (1) 0.397 (1) 0.381 (1) 0.389

*Detonation synthesized nanodiamonds were used to calibrate diffraction camera length of microscope. Values in parentheses are the measurement error
(in the least significant digit) based on standard error of replicate measurements and the error in camera length calibration (�0.2%).

†Hexagonal edge length varies slightly from grain to grain.
‡Measured from graphene/graphane aggregates.

Fig. 4. Typical electron diffraction pattern from graphene/graphane aggregates exhibits (A) asymmetrical electron diffraction rings indicative of texturing
(i.e., nonhomogeneous dispersion) of two phases. Different regions within the same aggregate exhibit diffraction rings from (B) only graphene (solid triangles),
(C) both graphene and graphane, or (D) only graphane (open triangles). To aid in visual clarity, the diffraction patterns are displayed in reverse contrast.
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In the YD Arlington specimen, we identified an aggregate of na-
nocrystalline Cu, and in several of our specimens we identified
nanocrystalline Cu2O. These minerals can be misidentified as
several of the proposed polytypes/modifications of diamond.
Copper (space group 225, a ¼ 3.6149 Å) has the same diffraction
lines as n diamond with planar spacings (i.e., Cu f111g at
2.087 Å) differing by <1.7% from diamond. Further, Cu nano-
crystals mounted on standard a-C coated Cu TEM grids can
be misidentified as pure C by TEM energy dispersive X-ray spec-
troscopy. Copper oxide, Cu2O (space group 201, a ¼ 4.267), has
diffraction lines very similar to those of the proposed i-carbon
modified diamond structure [occasionally reported synthesized
along with n diamond (31)].

Although diffraction lines of 2H hexagonal diamond are
distinctly different from those of the major carbonaceous phases
identified in YD-boundary carbons (see Table 1), previous
researchers (16) misidentified graphene/graphane aggregates as
2H hexagonal diamond in YD black mats. Diffraction patterns
reported as 2H diamond by Kennett et al. (16) are clearly
missing many relatively intense 2H diamond reflections, e.g.,
the (101) and (102) (18–20). Furthermore, close inspection of
those patterns reveals asymmetric doubled diffraction lines that
match closely to those of graphene/graphane aggregates and
are inconsistent with 2H diamond (Fig. 3).

Conclusion
Our work emphasizes that rigorous analysis of electron diffraction
patterns must be performed together with appropriate elemental
quantification or other supplemental structural analysis (e.g.,
EELS or Raman spectroscopy) for the proper identification of
diamond polytypes in carbonaceous materials. Unfortunately,
many TEM studies of reported nanometer- to submicrometer-
sized diamond polytypes in the literature do not perform such a
definitive microanalysis. We demonstrate that previous studies
of YD-boundary sediments (15, 16) clearly misidentified gra-
phene/graphane aggregates, shown here to be ubiquitous in
several types of carbon-rich materials from sediments (dated
from before the YD to the present), as 2H diamond and may have
misidentified graphene as cubic diamond. Importantly, we observe
no nanodiamonds in any Bølling–Ållerod-YD-boundary sedi-
ments examined in this study. It is possible nanodiamonds occur
inhomogeneously and only in some of the YD-boundary carbons
and hence are not observed in our study. However, Kennett et al.
(16) state that “lonsdaleite crystals at Arlington co-occur with car-
bon spherules and other diamond polymorphs…” and describe the
occurrence of nanodiamonds in carbon spherules with “…a TEM
study revealed conspicuous subrounded, spherical, and octahedral
crystalline particles (2-300 nm) distributed in their carbonaceous
matrices…. Analysis of the particles by electron diffraction shows
reflections consistent with cubic diamonds….”

The usefulness of cubic nanodiamonds as impact markers in
sediments remains unclear because processes other than impact
might account for them. Diffraction, supported by EELS and
Raman spectroscopy, identified submicrometer (and perhaps nan-

ometer-sized) cubic diamond in an indeterminate population
of carbon spherules isolated in upper soils from various sites in
Germany and Belgium (33). No links to impact structures have
been established, and the origins of these diamonds remain
unclear. The reported presence of 2H hexagonal diamond in
Bølling–Ållerod-YD-boundary sediments (16) represented the
strongest evidence suggesting possible shock processing and an
YD impact event. However, we demonstrate that nondiamond
carbonaceous minerals were misidentified as 2H diamond in
the previous study (16). The observation that morphologically
similar carbon spherules occur throughout late Pleistocene to
modern sediments (27) together with our results that YD-bound-
ary carbons lack diamonds (particularly the 2H polytype) and
are mineralogically similar to older as well as modern spherules
casts significant doubt upon the YD impact hypothesis.

Materials and Methods
Microcharcoal aggregates (<63 μm size separate) were isolated from the base
of black mat sediment layer at the same locality and stratum (Murray Springs,
AZ) reported to contain cubic nanodiamonds (15). Although we did not
carbon-date our Murray Springs specimen, Haynes et al. (34) have obtained
consistent dates for the base of the black mat throughout theMurray Springs
site of 10;260� 430 B.P. (calibrated: 11,358–12,546 cal yr B.P., 1σ range),
11;000� 100 B.P. (calibrated: 12,737–13,061 cal yr B.P., 1σ range), 10;410�
190 B.P. (calibrated: 12,005–12,559 cal yr B.P., 1σ range), respectively. There-
fore, we assume that our specimen dates to be of the same range and are
representative of the Bølling–Ållerod-YD boundary. Carbon spherules were
isolated from the same locality (Arlington Canyon, Santa Rosa Island, CA)
reported to contain hexagonal nanodiamonds (16). Kennett et al. (14, 16)
dated the entire basal 5 m of the Arlington YD sequence within the 1σ range
13,100–12,830 cal yr B.P. and reported nanodiamonds in the deepest meter-
thick layer (16). In contrast, we obtained calibrated radiocarbon dates span-
ning >5;000 years over that same 5-m sequence. From that sequence, we
examined two specimens for nanodiamonds (from the lowest meter) dating
to 12,766–13,044 and 13,379–13,560 cal yr B.P. (1σ range). On neighboring
Santa Cruz Island, carbon spherules and glassy carbon were collected from
Bølling–Ållerod sediments dated at 15,498–16,209 cal yr B.P. (1σ range) in
Sauces Canyon. Our radiocarbon 14C dates were analyzed by the University
of California at Irvine Accelerator Mass Spectrometry lab and were calibrated
using Calib v6.0 calibration software (35, 36); see Table 2. Charred fungal
sclerotia were collected from a modern (2006) low-intensity fire at Thursley
Bog in Surrey, southern England, and were strikingly similar in morphological
form to Pleistocene- as well as Holocene-age carbon spherules (27). All
carbonaceous grains were extracted from the collected sediments using a
combination of dilute (10%) hydrogen peroxide to break down the clays,
followed by digestion in hydrofluoric acid; for further details, see ref. 27.

Several particles (i.e., carbon spherules, microcharcoal, or glassy carbon
aggregates) from each specimenwere crushed between quartz disks (without
solvent), and the fine powder was mounted directly on holey a-C film-coated
TEM grids by gently placing the TEM support film in physical contact with the
powder. Between 262 and 545 submicrometer-sized particles per TEMmount
(2,200 particles total) were individually characterized by TEM selected-area
electron diffraction to identify their structure. Elemental and supplemental
structural analysis of representative grains from the different structural types
wasperformedusingEELS. Specimenswereanalyzedusinga200-kV JEOL JEM-
2100F field emission scanning transmission electron microscope (at Washing-
ton University), equippedwith high-resolution pole piece and a Schottky field
emission gun. The instrument is equipped with a Gatan Tridiem imaging filter
capable of performing EELS, EELS spectrum imaging, and electron energy-fil-

Table 2. 14C radiocarbon and calibrated ages

Laboratory/
specimen number

Height
(m above datum) Material dated 14C age, yr

Calibrated age,
cal yr B.P.: median*

Calibrated age,
cal yr BP: 1-sigma*

Calibrated age,
cal yr BP: 2-sigma*

Santa Cruz Island Sauces Canyon

UCIAMS 46051/SCI-07-P4 3.37 Organics from
centrifuge

13,080 ± 30 15,818 15,498–16,209 15,221–16,402

Santa Rosa Island Middle Arlington Canyon

UCIAMS 66950/SRI-09028 Near basal Charred wood 11,020 ± 25 12,890 12,766–13,044 12,718–13,079
UCIAMS 66951/SRI-09-29c Near basal Charcoal 11,625 ± 25 13,456 13,379–13,560 13,341–13,619

*Calibrated using Calib v6.0 Radiocarbon Calibration software (35, 36).

16046 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1003904107 Daulton et al.



tered imaging. EELS spectra were collected in the diffraction mode of the
transmission electron microscope (i.e., image coupling to the EELS spectro-
meter) and were corrected for dark current and channel-to-channel gain
variation of the CCD detector array. To quantify elemental compositions, EELS
partial cross-sections were calculated from Hartree–Slater models.
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