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Abstract–The Younger Dryas impact hypothesis suggests that multiple airbursts or
extraterrestrial impacts occurring at the end of the Allerød interstadial resulted in the
Younger Dryas cold period. So far, no reproducible, diagnostic evidence has, however, been
reported. Quartz grains containing planar deformation features (known as shocked quartz
grains), are considered a reliable indicator for the occurrence of an extraterrestrial impact
when found in a geological setting. Although alleged shocked quartz grains have been
reported at a possible Allerød-Younger Dryas boundary layer in Venezuela, the
identification of shocked quartz in this layer is ambiguous. To test whether shocked quartz
is indeed present in the proposed impact layer, we investigated the quartz fraction of
multiple Allerød-Younger Dryas boundary layers from Europe and North America, where
proposed impact markers have been reported. Grains were analyzed using a combination
of light and electron microscopy techniques. All samples contained a variable amount of
quartz grains with (sub)planar microstructures, often tectonic deformation lamellae. A total
of one quartz grain containing planar deformation features was found in our samples. This
shocked quartz grain comes from the Usselo palaeosol at Geldrop Aalsterhut, the
Netherlands. Scanning electron microscopy cathodoluminescence imaging and transmission
electron microscopy imaging, however, show that the planar deformation features in this
grain are healed and thus likely to be older than the Allerød-Younger Dryas boundary. We
suggest that this grain was possibly eroded from an older crater or distal ejecta layer and
later redeposited in the European sandbelt. The single shocked quartz grain at this moment
thus cannot be used to support the Younger Dryas impact hypothesis.

INTRODUCTION

In 2007, it was suggested that one or more
extraterrestrial impacts or airbursts caused the onset of the
Younger Dryas cold period (12.85–11.65 ka), megafaunal
extinctions, and a decline in human population (Firestone
et al. 2007; Wittke et al. 2013). This idea is also known as
the Younger Dryas impact hypothesis and was initially
based on elevated concentrations (compared to

background) of several markers in the Allerød-Younger
Dryas boundary (~12.85 ka) at sites in North America and
one in Europe. These markers include, among others,
magnetic spherules, nanodiamonds, lechatelierite, and
platinum group elements (Firestone et al. 2007; Kennett
et al. 2009a, 2009b; Bunch et al. 2012; Petaev et al. 2013).
However, the Younger Dryas impact hypothesis has been
severely criticized because not all of the reported markers
were independently reproducible, nor were the markers
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considered as diagnostic evidence for an impact and/or
found at well-dated sites. The general consensus is
therefore that evidence for the hypothesis is still missing
(French and Koeberl 2010; Pinter et al. 2011; Van Hoesel
et al. 2014; Meltzer et al. 2014).

Planar deformation features (PDFs) are thin
(<1 lm), closely spaced (<10 lm), straight, parallel
deformation planes in crystals, which form during shock
deformation (e.g., Langenhorst 2002; French and
Koeberl 2010). PDFs are unique shock-related features,
and shocked quartz is therefore widely used as a reliable
impact indicator, although these have also been created
artificially in shock-wave experiments and nuclear
explosions (French and Koeberl 2010). In addition, the
orientation and number of sets within one grain is
related to shock pressure and can thus give information
about the impact itself (Grieve et al. 1996). Although
PDFs are amorphous in origin, these amorphous PDFs
can heal, or recrystallize, in the presence of water and
high temperatures; the healed PDFs can be observed in
light microscopy as traces of fluid inclusions (Goltrant
et al. 1991; Leroux and Doukhan 1996; Trepmann and
Spray 2006). Using light microscopy, PDFs can often be
easily identified. Other, nonshock features (e.g., tectonic
deformation lamellae or growth features), however, can
have somewhat similar appearances in light microscopy
and might be mistaken for PDFs (Table 1) (French and
Koeberl 2010; Reimold et al. 2014). Other methods,
such as transmission electron microscopy (TEM), light
microscopy using a universal or spindle stage, or scanning
electron microscopy (SEM) cathodoluminescence (CL)
imaging of sectioned grains are thus necessary to
confirm the true nature of planar deformation features
(Bohor et al. 1987; Goltrant et al. 1991; Ferri�ere et al.
2009; French and Koeberl 2010; Hamers and Drury
2011). Mahaney et al. (2010a) report finding PDFs in
quartz in an undated black mat-like layer in the
Venezuelan Andes, reported as representing the Allerød-
Younger Dryas boundary. However, Mahaney et al.
(2010a) only imaged whole grains using SEM, showing
parallel surface features spaced 0.5–1.0 lm apart.
Although the spacing of these features is consistent with
the spacing of PDFs, more information is necessary to
distinguish these features from nonshock features. Thus,
based on the current evidence these grains cannot be
considered to be shocked quartz. Moreover, in a follow-
up study on the same site Mahaney et al. (2010b)
reported that they found no irrefutable PDFs and
focused instead on the presence of closely spaced
fractures that were oriented parallel to the surface of
the quartz grains, highly disrupted grain surfaces, and
extreme brecciation. These features, however, are not
considered as indicative of high shock pressures (French
and Koeberl 2010).

The presence of extensive shocked quartz grains at
the Allerød-Younger Dryas boundary would be a clear
indication that an extraterrestrial impact occurred
around the time of the proposed Younger Dryas impact
event. This is especially the case if it can be shown that
the grains contain mostly amorphous or fresh PDFs,
which can be indicative of relatively young impact layers
that have experienced limited postimpact alteration
(Trepmann and Spray 2006; French and Koeberl 2010).
Although fresh-looking PDFs have also been found in
older craters (Holm et al. 2011), PDFs that appear fresh
in light microscopy might prove to be decorated when
using higher resolution imaging techniques such as SEM
(Alwmark 2009). An absence of shocked quartz grains, on
the other hand, does not dismiss the impact hypothesis,
since no shocked quartz is expected if the proposed
Younger Dryas impact event consisted of airbursts, or hit
the ice sheet or occurred over the ocean. To test the
Younger Dryas impact hypothesis, we investigated several
palaeosols of Allerød-Younger Dryas age for the
occurrence of shocked quartz grains using transmission
light microscopy (TLM), new scanning electron
microscopy methods involving cathodoluminescence
(SEM-CL), and electron backscattered diffraction (EBSD)
and transmission electron microscopy (TEM). The SEM-
CL imaging is particularly useful for distinguishing
deformation lamellae and planar deformation features.

STUDY AREAS

Confirmation that an impact caused climate change
or an extinction event depends on timing, that is, there
must be a clear and causal relationship between the
timing of the event and the supposed impact (Van
Hoesel et al. 2014). Therefore, we investigated samples
from the Allerød-Younger Dryas boundary at nine
relatively well-dated locations in the European coversand
area, and one from a black mat deposit in North
America (Figs. 1 and 2; Table 2). A detailed description
of these sites can be found in Data S1 of supporting
information. Additional radiocarbon ages were obtained
for three of the sites in this study (Table 3).

In the coversand area, the Allerød-Younger Dryas
boundary is often marked by either the Usselo or
Finow palaeosol (Hijszeler 1947; Schlaak 1993; Kasse
2002; Kaiser et al. 2009). The formation of both types
of soils is thought to have started during the Allerød,
when aeolian activity ceased and the landscape
stabilized, and continued until the soil was buried by
renewed aeolian activity during the Younger Dryas cold
period (Kaiser et al. 2009). In the wetter parts of the
landscape, peat started to develop during the Allerød,
which formed layers that were also subsequently buried
during the Younger Dryas (Kaiser et al. 2006). Both the
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Usselo and Finow buried soils and the sampled peat
layers would have been at the surface at the time of
the proposed Younger Dryas impact event and should
thus have collected any impact-related material. Any
material found, however, could have been incorporated
in the soils at any time during their formation period
and analysis of these buried soils will thus only give a
first indication of the possibility of an impact at the
onset of the Younger Dryas. The North American
Black Mat differs in that respect. These wet soils and
algal mats did not form until the start of the Younger
Dryas (Haynes 2008), and the Black Mat would thus
cover any material related to the Younger Dryas impact
event. Three of the sites in this study have been
previously investigated for impact markers (Firestone
et al. 2007; Tian et al. 2011; Van Hoesel et al. 2012),
namely Murray Springs (Arizona, USA), Lommel
Maatheide (Belgium), and Geldrop Aalsterhut (the
Netherlands).

METHODS

At each site, one or more sediment samples
(Table 2) were taken from the Allerød-Younger Dryas
boundary layer. Samples (containing roughly 150 g of
sediment) from each site were treated with HCl, H2O2,
and/or repeated rinsing to remove carbonates and
organic matter when necessary, and sieved to remove
the smallest (<20 lm) and largest grains (>500 lm). To
isolate the quartz grains, density separation was
performed using a Loc50 centrifuge and diiodemethane
heavy liquid (of 2.62, 2.64, 2.66 g cm�3) at the Mineral
Separation Laboratory at the VU Amsterdam. As most
samples were rich in quartz grains and knowing that
shocked quartz can have a slightly lower density than
unshocked quartz grains (Langenhorst and Deutsch
1994), the 2.62–2.64 g cm�3 fraction was used for
further analysis. Due to the overlapping densities of
different minerals, this fraction can also contain minor

Fig. 1. Location of the field sites in Europe and North America (inset).

Table 1. Properties of PDFs compared to other planar fractures and non-shock features.a

Planar deformation features Planar fractures Tectonic deformation lamellae Growth lines

Shape Straight, parallel Straight, parallel Often slightly curved Straight, parallel,
sometimes with zigzag

Width <2–3 lm (typically <1 lm) 3–10 lm >2 lm (typically ≥10–20 lm) Narrow
Spacing <10 lm (typically <2 lm) >15 lm >5 lm Close, irregular
Sets/grain ≥1 (typically >3) 1–3 1–2 (typically 1) 1

Orientation Parallel to specific
crystallographic planes

Parallel to specific
crystallographic planes

Broad range of low angles
to basal plane

Parallel to
crystallographic planes
that are not typical

for PDFs
CL imaging Red/nonluminescent

sharp/well defined
Red/blue luminescent
hard to define

Shock pressure 10–30 Gpa 5–20 Gpa na na
aBased on French and Koeberl (2010), Hamers and Drury (2011), and Grieve et al. (1996).

na = not applicable.
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amounts of feldspar. Subsamples of the 2.62–
2.64 g cm�3 fraction were embedded in epoxy resin
(Epotek 301) using 1.27 and 2.54 cm diameter molds.
The resulting 5 mm thick sections were subsequently
polished to a 1 lm finish with Al2O3 using standard
polishing procedures. Each polished section contained
at least 1500 grains. The number of sediment samples
from the boundary layer that were investigated per site
is given in Table 2. A duplicate polished section was

made from the sediments sample containing shocked
quartz. All polished sections were inspected visually for
the occurrence of PDFs in quartz using transmitted
light microscopy (TLM).

After carbon coating, grains with planar
microstructures were analyzed using scanning electron
microscopy (SEM) cathodoluminescence (CL) imaging
(see Hamers and Drury 2011) using a Philips XL30S
FEG-SEM with a KE Developments Centaurus CL 8

Fig. 2. Photos of sampled layers at the field locations given in Fig. 1. Arrows indicate the location of the sampled layers (a).
Thin Allerød peat layer at Altdarss. b) Finow palaeosol at Blankenf€orde. c) Finow palaeosol at Dybowo. d) Usselo palaeosol at
Geldrop Aalsterhut. e) Finow palaeosol at Katarzynka. f) Usselo palaeosol at Katarzynka. g) Usselo palaeosol at Lommel
Maatheide. The Usselo palaeosol is visible as gray specks and a thin black organic rich layer in the top of the white coversand.
h) Thick Allerød peat bed at Lommel Maatheide. The undulating top of the peat suggests that the layer has been eroded.
i) Usselo palaeosol at Lommel Maatheide. j) Usselo palaeosol at Lutterzand. This palaeosol was not sampled but only used
for radiocarbon dating. k) Thin Allerød peat layer at Lutterzand. l and m) Black Mat at Murray Springs. n) Finow palaeosol at
Rosenberg.
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detector attached, which has a wavelength detection
range of 300–650 nm with a peak at 420 nm. For some
grains, additional SEM-CL images were taken using an
FEI Nova Nanolab 600 SEM with a Gatan PanaCL
detector, which is more or less panchromatic and has a
detection range of 185–850 nm. Three images were taken
with this detector, using a red (595–850 nm), green (495–
575 nm), and blue (185–510 nm) filter and subsequently
combined in a composite RGB image. In addition, on the
XL30S FEG-SEM grains were analyzed using forescatter
electron (FSE) imaging, also known as orientation
contrast imaging, and electron backscatter diffraction
(EBSD) mapping using an Oxford Instrument-HKL
Channel 5 system equipped with a Nordlys CCD EBSD
camera, with two FSE detectors attached in the lower
corners of the camera. For this analysis samples were
given an additional polish using 50 nm colloidal silica
before carbon coating.

A thin foil for transmission electron microscopy
(TEM) analysis was prepared using the FEI Nova
Nanolab instrument and analyzed using a FEI Tecnai
20 FEG TEM operated at 200 kV. All electron
microscopes are located at the Electron Microscopy
Laboratory Utrecht (EMU).

For additional radiocarbon dating, charcoal
particles from three sites (Table 3) were dated. After
handpicking the mm-sized charcoal particles from the
sand, the charcoal particles were treated following the
standard acid-alcali-acid (AAA) method (Mook and
Streurman 1983) to remove any adsorbed carbonates
and soluble humic acids with ultrasonic cleaning during
both acid steps. Radiocarbon ages were measured at the
Groningen AMS facility (Van der Plicht et al. 2000).

RESULTS

The sediment fraction (20–250 lm) from the
investigated boundary layers in the coversand area all
contained >75 wt% quartz. The layers from the
Netherlands as well as Katarzynka all consisted
of 30 wt% of the lighter quartz fraction (D2.62–
2.64 g cm�3) that was further investigated, the layers

from Blankenforde and Lommel contained a little more
(37 wt%) of the lighter quartz fraction. The layer
from Melchow differed from the others, in that the
D2.62–2.64 g cm�3 fraction comprised 60 wt% of the
total sediment fraction, probably because of a higher
amount of feldspars. The two layers from Murray
Springs contained more lighter minerals (44 wt%
D < 2.62 g cm�3) compared to the European layers.

All polished sections (D2.62–2.64 g cm�3) contained
quartz grains with tectonic deformation lamellae and
fractures (Fig. 3) in various, small amounts as well as a
small number of feldspar grains. Three quartz grains with
multiple sets of lamellae were also observed (Figs. 3g–i
and 4). The wavy nature of the lamellae of the first grain
(Fig. 3g) clearly indicates that these are tectonic
deformation lamellae (Drury 1993; Vernooij and
Langenhorst 2005). The other two grains, although not
convincing as PDFs in TLM (Figs. 4a and 4d), do show
some features similar to PDFs in the SEM-CL images
taken with the Centaurus detector (Figs. 3b and 3e).
These features appear thin (<1–2 lm), closely spaced (<2
and 5–10 lm) and relatively straight. Color filtered CL
imaging, on the other hand, shows that the features are
relatively thick (8–15 lm) bands bound by thin, irregular
red-luminescent lines and are thus not PDFs. In the
sample from Lutterzand, a small grain containing one set
of thin (<1–2 lm), closely spaced (<10 lm) lamellae was
observed in TLM (Fig. 5a). As these lamellae were
difficult to identify as twins using LM techniques, this
grain was examined using SEM techniques. EDS spectra
showed that the grain was feldspar: FSE imaging and
EBSD further showed that the thin bands had different
orientations consistent with twinning. Some of the
boundaries are decorated by small pores. In the grayscale
SEM-CL images, these feldspar twins closely resembled
PDFs in quartz (Fig. 5).

One of the samples from the Usselo palaeosol at
Geldrop Aalsterhut contained one relatively rounded
quartz grain containing two sets of thin, closely spaced
planar microfeatures in TLM (Fig. 6a) with a north–
south and northeast–southwest orientation. When the
microscope was focused slightly below the surface, a

Table 3. AMS radiocarbon dates of individual charcoal particles from the palaeosol at different locations.

Sample name Site Sample nr. for AMS 14C age BP Cal. age BPa

Dyb-1 Dybowo GrA-55464 10,390 � 50 12,390–12,160
LZ-02 Lutterzand GrA-55486 11,460 � 50 13,380–13,255
LZB-01 Lutterzand GrA-55616 10,930 � 70 12,860–12,715
LZB-2 Lutterzand GrA-55619 10,880 � 50 12,785–12,710
LMN-01 Lommel Molse Nete GrA-55466 11,050 � 50 12,990–12,835
LMN-2 Lommel Molse Nete GrA-55618 11,740 � 110 13,710–13,465
LMN-3 Lommel Molse Nete GrA-55621 11,930 � 55 13,830–13,615
aCalendar (cal.) ages were calibrated using the IntCal13 calibration curve (Reimer et al. 2013) and the OxcCalv4.2 calibration software (Bronk

Ramsey 2009), and given within their 68.2% confidence interval.
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third set of lamellae was visible with a northwest–
southeast orientation (Fig. 6b). SEM-CL imaging shows
that the lamellae are mostly red luminescent and are
sometimes lined by pores (Figs. 6c and 6d), suggesting
that they are healed PDFs (Hamers 2013). A fourth set
of lamellae (Fig. 6c, yellow arrow), not visible in TLM,
can be seen in the bottom part of the grain and has a
north–northeast to south–southwest orientation. No
planar features with an orientation corresponding to the
third set as seen in TLM (Fig. 6b) were seen in the
SEM-CL images, suggesting that this set is only present
in the part of the grain that is below the polished
surface.

The pores along the lamellae are best visible in the
FSE images (Fig. 7). The FSE images show trails of
pores following the direction of the PDFs as well as two
or three other orientations not seen in the TLM or
SEM-CL image, one of these other orientations is
visible in Fig. 7a, where they appear as a bright line or
thin band. The EBSD pattern quality map (Fig. 7b)
shows that the bright band in the FSE image has a less
well ordered or amorphous crystal structure. Coesite
and stishovite, which are denser phases of SiO2 forms
during high shock pressures, might also show up bright
in the FSE image. These high pressure phases of SiO2

would, however, show up brighter in the BSE image

a b c

d e

g h i

f
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Fig. 3. Examples of polished surfaces of quartz grains with different kinds of (sub)planar microfeatures. a) Transmitted light
microscopy (TLM) image of a grain with poorly defined subplanar microfeatures from the coversand underlying the Usselo
palaeosol at Geldrop Aalsterhut. b) TLM image of a grain with relatively wide planar microstructures from the Usselo palaeosol
at Geldrop Aalsterhut. c) TLM image of a grain with a few sharp (sub)planar microfeatures from the Finow palaeosol at
Rosenberg. d) SEM-CL image of the grain in (a) showing microstructures characteristic of tectonic deformation lamellae.
e) SEM-CL image of the grain in (b) (boxed region) showing weak contrast from tectonic deformation lamellae. f) SEM-CL
image of the grain in (c) showing narrow, irregular nonluminescent features (arrows), possibly healed fractures. g) TLM image of
a grain with closely spaced wavy tectonic deformation lamellae from the Usselo palaeosol at Lommel Maatheide. h) Higher
magnification TLM image of the grain in (g) (boxed region) showing a second set of deformation lamellae (arrows). i) SEM-CL
image of grain in (g) showing weak contrast from relatively wide features, compared to the narrow features visible in the TLM.
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compared to quartz (St€ahle et al. 2008), while the
features in our grain do not (Fig. 7c). The bright and
variable contrast is consistent with that observed for
healed PDFs (Hamers 2013).

The BSE image shows that the bright band in the
FSE image is bounded by two converging boundaries,
creating a narrow lens-shaped feature. Curved
boundaries occur between the pores. The inverse pole
figure map shows that the darker gray areas in the FSE
and BSE image are Dauphin�e twins (Fig. 7b). The
boundaries of the twinned domains are often parallel to
the planar microfeatures. Dauphin�e twins are known
to occur in shocked quartz, but their origin and relation
to the PDFs is not completely understood (Trepmann
and Spray 2005; French and Koeberl 2010; Hamers
2013).

Using FIB-SEM, a rectangular TEM foil was cut
from the grain with its short side perpendicular to the
grain surface and its long side perpendicular to one
PDF set within the shocked quartz grain (see Figs. 6a
and 7a for its location). TEM imaging of this thin foil
shows the planar microfeatures as thin lines of high
dislocation density (with an east-west orientation in
Fig. 8). No amorphous phase, typical of fresh PDFs,
was detected, suggesting that the features are healed
PDFs. The orientation of the PDF traces is parallel to
the short side of the TEM foil and thus perpendicular
to the polished surface of the grain (imaged in TLM
and SEM). Because the thin foil was sectioned
perpendicular to the trace of the PDFs in the polished
section (red box in Fig. 7a) the PDF boundaries in the
TEM section (east-west in Fig. 8a) are approximately
edge-on, that is, approximately perpendicular to the
surface of the thin foil. Analysis of the TEM diffraction
patterns (Fig. 8b) show that these PDFs are parallel to
the {10�14} planes. Comparison of the 2-D traces of the
PDFs to the pole figures based on the EBSD data
indicates that the other two sets of planar microfeatures
visible on the grain surface, are consistent with {10�12}
and {10�13} planes. These orientations are common for
PDFs in quartz (Ferri�ere et al. 2009). These PDFs were
not sampled for TEM analysis or studied using the
U-stage, therefore the orientation of these PDFs has
not been confirmed. Although most PDFs are straight,
TEM shows that some of the PDFs deviate toward the
edge of the pores. When tilted off zone, areas of
different brightness are seen in part of the grain,
suggesting that these areas have a somewhat different
crystal orientation. This difference in orientation also
explains the slight streaking in the diffraction pattern
(Fig. 8b).

The shocked quartz grain also contains several
K-feldspar inclusions (10–20 lm in diameter), visible as
dark particles in the SEM-CL image (Fig. 6c). SEM-
BSE images show the presence of even smaller (up to
2 lm) inclusions in some of the pores that are aligned
along the PDFs (best visible in the top of Fig. 7d). Due
to the small size of the inclusions, the EDX spectra
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Fig. 4. Polished surfaces of quartz grains from the Usselo
palaeosol at Geldrop Aalsterhut (a–c) and Katarzynka (d–f).
TLM images (a, d) show (sub)planar microstructures that are
not visible throughout the entire grain. Black and white SEM-
CL images (b, e) of each grains show one set of thin, closely
spaced microstructures that occur through most of the grain
(black arrows) and a second set in some part of the grain (white
arrows). Composite color CL images (c, f) however, show that
these microstructures consist of slightly thicker bands bounded
by thin, irregular red-luminescent lines. The gray and black
boxes in (a) show the location of (b) and (c), respectively. Note
that (b) and (c) are rotated counterclockwise compared to (a).
The black box in (e) shows the location of (f).
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include information of the surrounding quartz. The
inclusions generally contain sulfur, often in combination
with the presence of iron or titanium (Fig. 7e).
Inclusions with only iron or sulfur in combination with
calcium were also observed.

No other shocked quartz grains were observed in
the polished section containing the shocked quartz
grain, a duplicate polished section made from the same
sample, or the polished sections from different samples
from the same site.

DISCUSSION

Identification of Planar Deformation Features

Tectonic deformation lamellae are often easily
distinguishable from PDFs in light microscopy (e.g.,
Fig. 3a), especially when only one set is observed.
However, although the occurrence of multiple sets
of (sub)planar features is often seen as typical of
PDFs (Table 1), several nonshocked grains with more
than one set of subplanar features were observed

(Figs. 3g–i and 4). In addition, sometimes we observed
tectonic deformation lamellae that were visible as one
set of relatively well-defined, parallel features (e.g.,
Fig. 3b), which might be confused with PDFs in light
microscopy by an inexperienced user. Using SEM-CL
images (e.g., Figs. 3d and 3e) these tectonic deformation
lamellae were easily distinguishable from PDFs, as
PDFs are sharp and well-defined in SEM-CL imaging,
whereas tectonic deformation lamellae are not (Hamers
and Drury 2011). For identifying the nature of the
features in Fig. 4, color filtered CL imaging proved to
be better in distinguishing between PDFs and other
features than the limited wavelength of grayscale CL
imaging. Universal stage measurements may be used to
distinguish between the 3D crystallographic orientation
of this kind of ambiguous features and PDFs (St€offler
and Langenhorst 1994; Ferri�ere et al. 2009), but our
samples were rather thick for U-stage analysis.
Although TLM of polished sections gives a good
indication for the occurrence of PDFs, other techniques,
such as SEM-CL imaging (preferably color filtered),
universal stage measurements, and/or TEM analysis are
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Fig. 5. Grain from the Usselo palaeosol at Lutterzand showing one set of thin, well-defined, closely spaced planar thin lamellae
that cross the entire grain in plain polarized light (a). EDS spectra showed that the grain was feldspar. b) FSE image of the
boxed region in (a) showing dark-gray bands of varying thickness with a different orientation than the matrix (light gray). Small
pores are visible (arrows) along some boundaries. EBSD patterns of the dark bands (c) and the matrix (d) show a shift of one of
the poles (white arrow) and changes in the bands that are visible (some indicated with black arrows). Patterns are rotated 90°
clockwise. e) EBSD pattern quality map of the boxed region in (b) shows thin lines of lower pattern quality, which occur at the
boundaries between the two crystal orientations. These regions might correspond to the thin features in the SEM-CL image (f),
which shows that the twins are nonluminescent.
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thus necessary to convincingly identify PDFs (e.g.,
Ferri�ere et al. 2009; French and Koeberl 2010; Hamers
and Drury 2011). Analysis of the topography of the
outer surface of a grain using SEM, as carried out by
Mahaney et al. (2010a), cannot be used to convincingly
identify PDFs (French and Koeberl 2010). Our results
also indicate that for a feldspar, where grains may
contain thin (<2 lm) twins decorated by inclusions,
differentiating the twins from PDFs in quartz may be
difficult when no other microstructural features such as
cleavage, zoning, or alteration are visible. EDS or a
more complete microstructural analysis might thus be
necessary in the uncommon situation that no
discrimination can be made using TLM. Thicker twins
in feldspars should be easily identified in cross polarized
TLM.

Origin of the Shocked Quartz Grain

Among the quartz grains we studied from 20
samples (roughly 1500 grains per sample) in 11
Lateglacial palaeosol and peat layers containing the
Allerød-Younger Dryas transition (see Table 2), only
one shocked quartz grain was found: this grain was
found in one of the samples taken from the Geldrop
Aalsterhut site. A duplicate polished section from the
same sample did not contain any shocked grains and
neither did the sections from the other two samples
from the same layer. The absence of any shocked grains
in a duplicate section from the same sample and in
sections from other samples from the Usselo palaeosol
from the same and nearby sites (Lommel) implies that
either the concentration of shocked grains is very low or

Fig. 6. Quartz grain containing PDFs from the Usselo palaeosol at Geldrop Aalsterhut. a) TLM image showing two sets of thin,
closely spaced planar microfeatures. b) A third set of planar microfeatures is visible slightly below the surface of the polished
section. c) Composite color CL-image of the grain showing that the microfeatures are mostly red-luminescent. A fourth
orientation is visible in the bottom part of the grain. The black features are small feldspar inclusions. Red rectangle indicates the
location of the TEM foil. The north-south oriented PDFs are parallel. d) Higher magnification composite color CL-image
showing some pores or fluid inclusions (arrows) along the PDFs. The irregular orange-luminescent feature is probably a healed
fracture.
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that one sample was contaminated. Based on a rough
estimate of the number of grains investigated from the
Usselo horizon at Aalsterhut (~6000) and the presence
of only one shocked grain, it is expected that the
coversand contains <0.02% of shocked quartz grains.

Alternatively, contamination is possible, as samples
were embedded and polished in a laboratory where
other shocked quartz samples were processed. Although
all preparation equipment was thoroughly cleaned
between samples, there is a chance that the grain

Fig. 7. a) FSE image of part of the quartz grain shown in Fig. 6 clearly showing the planar microfeatures as trails of pores in
multiple orientations. Darker and lighter gray areas, partly bound by the PDFs, are visible. At some locations a thin bright band
is visible along the planar microfeatures (black arrows). Red rectangle indicates the location of where the TEM foil was created.
White arrows show Dauphin�e twins; gray box is shown in (b), white box in (c), and black box in (d). b) Pattern quality map and
inverse pole figure map of the gray box in (a) showing that the dark areas in (a) are Dauphin�e twins (white arrows) and that the
planar microfeature is characterized by lower pattern quality (the feature is visible as a dark line) and thus a less well organized
or possibly amorphous crystal structure (black arrow). The EBSD map has been distorted as a result of charging and was
digitally stretched to match the geometry of the FS image. c) BSE image of the two Dauphin�e twins (white arrows) and the
bright planar microfeature in the white box in (a). The Dauphin�e twins are visible as blocky darker areas. The band
corresponding to the bright planar microfeature in the FSE image is bounded by two lines of pores (black arrow) that converge
toward each other near the edge of the image. The pores in each line are connected by small curved lines, which are possibly thin
cracks. The bright white feature (gray arrow) is an inclusion containing iron. d) BSE image of the area in the black rectangle in
(a), showing the Dauphin�e twin boundaries (white arrows). The bright features in the FSE image (black arrows) are again visible
as two lines that converge toward each other in both directions. e) EDX spectra of two of the bright inclusions in BSE images
that occur in the pores aligning the PDFs (gray arrows in c and d). The top spectrum shows the composition of the S-, Fe-, and
K-rich inclusion in (c). The bottom spectrum shows the composition of the largest inclusion in (d), which is Ti- and S-rich.
Because of their small size, the EDX spectra are dominated by the X-rays of the surrounding quartz.
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originated from cross contamination from another
sample. However, the concentration of shocked quartz
grains in samples from known impact craters was also
low so the chance of contamination is extremely small.
Below we discuss other possible origins of the shocked
grain.

There are several questions when attempting to
relate the shocked quartz grain from Aalsterhut to the
Younger Dryas impact event. According to an early
version of the Younger Dryas impact hypothesis
(Firestone et al. 2007), multiple objects exploded above
or hit the Laurentide ice sheet in North America. If we
assume that these objects penetrated the ice or also hit
the unglaciated surface, shocked quartz could have been
formed, ejected into the atmosphere, and subsequently
have been incorporated in the Allerød-Younger Dryas
boundary layer. The shocked grain found in the Usselo
palaeosol in this study is, however, relatively large

(~200 9 150 lm) compared to, for example, the average
size of shocked quartz grains found in the K/T
boundary in Europe (~100 lm; Morgan et al. 2006).
This relatively large size grain makes it unlikely that the
grain is related to an event in North America involving
much smaller impactors, as suggested by Firestone et al.
(2007).

In a more recent version of the Younger Dryas
impact hypothesis, however, an event consisting of
multiple airbursts occurring around the globe is
presented (Bunch et al. 2012), rather than possible
impacts in North America. Although shocked quartz is
not formed in airbursts, one could hypothesize that one
of the objects entering the Earth’s atmosphere did not
explode in an airburst but actually hit the ground,
forming a small crater of only a few meters in diameter.
Such a small crater would have easily been eroded or
filled in by aeolian activity during the Younger Dryas

Fig. 8. TEM images of the FIB prepared TEM thin foil that was sectioned perpendicular to the trace of one of the PDF sets in
the grain, see Figs. 6c and 7a (red rectangle). The right- and left-hand sides in the TEM image are parallel to the polished grain
surface. a) TEM BF image detail of part of the top of the thin foil (corresponding to the bottom left corner of the red rectangle
in Figs. 6a and 7c). Traces of the PDFs (east–west in the image) are approximately edge-on and parallel to the {10�14} planes as
shown in the corresponding diffraction pattern in (b). Features perpendicular to the PDFs (north–south orientation, see arrows)
are also observed and might be twin boundaries. c) Higher resolution image of part of the thin foil tilted slightly off zone,
showing that the PDFs consist of lines of dislocations (arrow). d) TEM BF image of a different part of the thin foil, at a
different tilt, showing a dislocation network (arrow) between two PDFs.
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or the Holocene. A small, local impact might also
explain the occurrence of nanodiamond at the site (Van
Hoesel et al. 2012). However, no disturbances in the
Usselo palaeosol, indicative of a small local impact,
have been found at the Geldrop Aalsterhut site,
although these could have been present at the
nonexcavated parts of the site.

Most importantly, although the Usselo palaeosol
in which the shocked grain was found forms a visible
boundary between the Younger Dryas coversand and
the older sediments, this palaeosol was formed in older
sediments present at the surface during most of the
Allerød and the early Younger Dryas (at least for
several centuries). So, although the Allerød-Younger
Dryas boundary was sampled, in the form of the
Usselo palaeosol, relating the single grain in the Usselo
horizon to the proposed age of the Younger Dryas
impact event with certainty would thus be difficult
because the grain could have been incorporated into
the Usselo palaeosol anytime during the palaeosol
formation, and not necessarily at the onset of the
Younger Dryas. If it is assumed that the nanodiamond
found in glass-like carbon from the Usselo palaeosol
at the same site (Van Hoesel et al. 2012) was also
formed during an impact, and if the nanodiamond can
be related to the charcoal in the same layer, the
shocked quartz grain might also be dated to
10,845 � 15 14C yr BP (n = 14; Van Hoesel
et al. 2012) or 12,740–12,710 cal. yr BP (IntCal13).
Nanodiamonds in distal ejecta layers are, however, not
considered diagnostic evidence for an extraterrestrial
impact event and might have a different origin (French
and Koeberl 2010; Glass and Simonson 2012; Reimold
and Jourdan 2012). Assuming a small local impact,
it is also possible that this event occurred prior to
the formation of the Usselo palaeosol and was
incorporated into the coversand at an earlier stage, in
which case the grain could be hundreds to thousands
of years older. Although more shocked grains might
be expected to have formed, they could have easily
been dispersed by aeolian activity.

One way to assess whether the shocked quartz
found in the Usselo palaeosol might have formed
recently is to identify amorphous PDFs, as these only
occur in relatively young impact material (e.g., French
and Koeberl 2010). The PDFs in the grain are,
however, aligned with pores or fluid inclusions, are red-
luminescent, and consist of dislocation arrays rather
than amorphous material, which suggest that the PDFs
are healed and the grain thus experienced postimpact
alteration (St€offler and Langenhorst 1994; Trepmann
and Spray 2006; Hamers 2013). Although healing can
occur immediately following the impact, healed PDFs
are most common in older impact material (i.e., several

million years) (Grieve et al. 1996; French and Koeberl
2010). This suggests that the shocked grain might be
older than the Late-Glacial period. Shocked quartz
grains can be eroded from older craters or distal ejecta
layers and incorporated into the sediment (Cavosie
et al. 2010) and the rounded shape of the grain suggests
that it has been transported either prior to, or after
impact. There are several possible older impact layers
from which the grain might originate. The coversand in
the Netherlands is mostly of local sedimentary origin
(Crommelin 1964), which, in the southern Netherlands
consist of older fluvial deposits from the Meuse river
system. The K/T boundary (65 Ma) has been found in
the Meuse catchment (Smit and Brinkhuis 1996),
although no shocked quartz was found (Hamers 2013)
and shocked quartz grain sizes found in the K/T
boundary in Europe are usually smaller than the grain
we found (Morgan et al. 2006). The Ries and Steinheim
craters in southern Germany (15 Ma) are located in
close proximity to the (current) catchment of the river
Rhine, which could have transported material from the
ejecta layer to the Netherlands. There are also several
craters in Scandinavia, which might be the source of the
shocked quartz grain as the glacial ice could have
eroded the craters and transported the material south.
It is, however, unlikely that this material reached the
southern Netherlands as the glacial ice and its
meltwater never reached this part of the country,
although a small amount of material could have been
transported by aeolian activity. Alternatively, the grain
could be related to a pre-Late Glacial small scale
impact, after which the small crater would have been
eroded and the shocked sediment dispersed in the
coversand.

Similar to the S-, Fe-, and Ti- rich inclusions found
along the PDFs in our grain, magnetite inclusions along
PDFs have also been observed in shocked quartz from
the Vredefort crater (Cloete et al. 1999; Hart et al.
2000). In addition, experiments have shown that during
an impact, shocked quartz might become enriched in
material from the impactor (Ebert et al. 2013; note that
no inclusions were reported). The presence of these
inclusions could thus be related to the impact.

In summary, in our TLM study of the quartz
fraction of the Usselo palaeosol from multiple sites in
Europe and the Black Mat in North America, we
found several grains that showed features somewhat
similar to those of shocked quartz. However, SEM
imaging shows that only one of these grains contains
PDFs indicative of a shock event. This grain came
from the Usselo palaeosol at Geldrop Aalsterhut,
where nanodiamond of early Younger Dryas age has
been found (Van Hoesel et al. 2012). Although the
shocked grain was found in the Usselo palaeosol,
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which was at the surface during the onset of the
Younger Dryas, the healed nature of the PDFs
suggests that the grain is probably older. Because only
one grain was found at only one of the sites, we
suggest that the shocked grain might have been eroded
from an older impact layer and transported to the
southern Netherlands, where it was eventually
incorporated in the coversand in which the Usselo
palaeosol was formed. Alternatively, assuming that the
shocked grain was found in situ, the grain could have
been deposited in the Usselo palaeosol at any point in
time during its formation period (14,000–12,000 yr ago)
and not just at the Younger Dryas onset. Further
studies searching for shocked quartz and other impact
markers in the Allerød-Younger Dryas boundary at
nearby sites with better dating resolution, would be
necessary before the shocked quartz grain at Geldrop
Aalsterhut could be used to support a Late-Glacial
impact event. Failure to find shocked quartz, however,
does not necessarily invalidate the Younger Dryas
impact hypothesis as airbursts are not likely to result in
the necessary shock pressures at the surface.

CONCLUSIONS

Among the eleven palaeosol and peat layers of
approximate Allerød-Younger Dryas age, only one
shocked quartz grain was found, namely in the Usselo
palaeosol at Geldrop Aalsterhut. Assuming that the
grain was found in situ, the grain could have been
deposited in the Usselo palaeosol at any point in time
during its formation period (14,000–12,000 yr ago), and
not just at the time of the proposed Younger Dryas
impact event. However, considering that only one grain
was found and assuming no contamination of the
sample, we suggest that the grain was not found in situ,
but most likely eroded from an older impact layer and
incorporated in the coversand in which the palaeosol
was formed. Although the PDFs in the grain should
have been formed during an extraterrestrial impact, if it
occurred, a single shocked quartz grain cannot be
unequivocally used to support the Younger Dryas
impact hypothesis.
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