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ABSTRACT
Several studies of meteorites show that a large disruption of an asteroid occurred ca. 470
Ma in our solar system’s asteroid belt. As a consequence, a large number of meteorite impacts
occurred on Earth during the following few million years. The finding and characterization,
for the first time, of planar deformation features in quartz grains from rocks collected at the
Middle Ordovician Hummeln structure (Sweden) prove the hypervelocity impact origin of the
structure. The unambiguous shock features allow us to close an ~200-yr-old discussion about
its origin, and further the hypothesis of enhanced asteroid bombardment during the Middle
Ordovician, adding an impact crater to the increasing number confirmed and properly dated
from this period. Despite its relatively small size (~1.2 km in diameter), similar to the young
Meteor Crater (Arizona, USA), and its old age, the Hummeln structure is remarkably well
preserved, contradicting the general assumption that small craters are not preserved on Earth
for more than a few tens of thousands to a couple of million years.
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geophysical investigations of the structure, gave
further information in support of the impact
hypothesis (Lindström et al., 1999; Ormö et al.,
1999), no conclusive evidence for an impact origin (such as shock deformation in minerals or
traces of extraterrestrial matter) was presented.
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INTRODUCTION
The Hummeln structure is located in the Småland province (57°22′N, 16°15′E) in southern
Sweden (Fig. 1). It consists of a >160-m-deep
and 1.2-km-wide depression in the Precambrian
crystalline basement, within a lake with the same
name (Lake Hummeln; Lindström et al., 1999).
The origin of the circular depression has puzzled the geological community for almost 200
years. The structure was first mentioned by Hisinger (1826), who noted a large concentration of
what he interpreted to be glacially transported
Paleozoic sedimentary rocks along a trail south
of Lake Hummeln. Knowing that all Paleozoic
sedimentary rocks have been eroded away in
this part of Sweden, this was an indication that a
subterranean structure, where these rocks were
preserved, must exist nearby. This assumption
was confirmed by Linnarsson (1878) and Svedmark (1904), who concluded that the sedimentary rocks occur in situ under the lake. Through
detailed lead soundings (Nordenskjöld, 1937)
it was shown that a sub-circular depression in
the crystalline basement was present under the
southern part of Lake Hummeln. The structure
was at that time considered to be the result of
either explosive volcanism or tectonics (Nordenskjöld, 1937, 1944; Asklund, in Nordenskjöld, 1944). Not until the 1960s, after detailed
mapping of the lake topography, was an impact
origin proposed for the structure (Fredriksson and Wickman, 1963; Svensson, 1966).
Although additional investigations, including
the completion of a core drilling campaign and

Thus, despite the numerous investigations over
a period of almost 200 years, the origin of the
Hummeln structure was still unknown. The
drill core, recovered from the eastern part of the
structure, confirmed that the depression is partially filled with slumped Paleozoic sedimentary
rocks, mainly Cambrian muddy sandstone and
Ordovician limestone. Unfortunately the drilling was terminated at ~160 m depth, before
reaching the bottom of the depression, due to
economic reasons. The top part of the sediment
infill was shown to be glacially eroded, generating the conspicuous trail of Paleozoic rocks
south of the lake. Furthermore, the core showed
that the Paleozoic rocks in the structure occurred
as a sedimentary breccia and in places even with
overturned sequence. Detailed lithostratigraphic
comparisons with preserved coeval sequences
at the nearby Baltic island of Öland, as well as
acritarch, chitinizoan, and conodont biostratig-
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Figure 1. Simplified geological map of the Hummeln impact structure, Sweden (modified from
Ormö et al., 1999; Lindström et al., 1999; completed during our 2012 field campaign). Other
verified Ordovician impact structures in Baltoscandia are marked with stars in the inset.
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raphy, gave an age of formation of the sedimentary breccia to be roughly coeval, within a few
million years, with that of the Granby impact
structure, located in south-central Sweden (i.e.,
ca. 467 Ma; Grahn et al., 1996; Lindström et al.,
1999; Ormö and Lindström, 2000). A diameter
of 1.8 km for the original pre-erosion crater
has also been suggested based on a reconstruction of the original target stratigraphy of ~130
m of Paleozoic sedimentary rocks and ~30 m
of seawater covering a peneplained Precambrian basement (Ormö et al., 1999). Brecciated
granite and dolerite are found in situ along the
southern border of the lake shore and as erratic
boulders along the shore and in the glacial trail
(Lindström et al., 1999). The crystalline breccia occurs as clast-supported monomict breccia
with a calcitic matrix and fragments as large as
~20 cm, and as a matrix-supported polymict
breccia with clasts ranging in size from gravel
to boulders in a finely crushed cemented sandy
matrix (Ormö et al., 1999).
From studies of meteorites, we know that a
large disruption of an asteroid occurred ca. 470
Ma in the main asteroid belt (Anders, 1964;
Keil et al., 1994; Bogard, 1995; Haack et al.,
1996; Korochantseva et al., 2007). This disruption spawned large amounts of asteroid debris
and dust, some of which entered Earth-crossing
orbits, resulting in an increase of two orders of
magnitude in the influx of smaller fragments
(meteorites and micrometeorites) to Earth; the
influx lasted for a couple of million years (e.g.,
Schmitz et al., 2001, 2003). It is assumed that
the disruption also resulted in the delivery of
larger asteroid fragments to Earth that were
responsible for the relatively high number of
Ordovician craters (e.g., Schmitz et al., 2001;
Ormö et al., 2014). Only one crater, the Lockne
impact structure, had been confirmed to be
linked to the L chondrite parent body break-up
event, through the study of major and minor
elemental composition of chromite grains (Alwmark and Schmitz, 2007), corroborated by oxygen and neon isotopes (Schmitz et al., 2011).
However, the impact cratering record of this
period is still not well constrained, and several
suspected craters within the time frame of the
Ordovician event are yet to be confirmed. One
of these suspected craters is the Middle Ordovician Hummeln structure.
Here we document, for the first time, shocked
quartz grains in crystalline breccia samples collected at the Hummeln structure, using optical,
scanning, and transmission electron microscopy,
as well as the universal stage. This finding not
only solves an almost 200-yr-old enigma, but
also strengthens the hypothesis that the cratering rate increased during the Middle Ordovician
as a consequence of the L chondrite parent body
break-up event. Furthermore, it is also one of the
oldest of the smallest (i.e., <1.5 km) impact craters confirmed on Earth to date, illustrating that
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such small craters, usually expected to be quickly
eroded, can, under the right circumstances, survive for hundreds of millions of years.
MATERIAL AND METHODS
We prepared 21 polished thin sections from
2 samples of the crystalline breccias, one from
a boulder along the southern border of the lake
shore (H1: 57°21′45.42″N, 16°15′30.53″E) and
one from an erratic boulder farther south (H2:
57°21′7.68″N, 16°14′46.56″E; Fig. 1). Both samples have similar compositions, exhibiting the
typical features of the matrix-supported crystalline breccia, with angular fragments of primarily granitic composition embedded in a finely
crushed cemented matrix. At macroscopic scale,
the clasts vary in size from ~0.5 to 20 cm (smaller
clasts are visible under the optical microscope)
and are mainly composed of quartz, microcline,
and minor amounts of plagioclase and mica; the
latter three are altered to various degrees.
The thin sections were searched for shock
metamorphic features, first using the polarizing
microscope, and then using scanning and transmission electron microscopy (SEM and TEM).
All quartz grains displaying planar deformation
features (PDFs) were further investigated using
the universal stage (U-stage; cf. Reinhard, 1931;
Emmons, 1943); the orientations of optic axes

A

and the poles perpendicular to PDFs were determined following the technique described in Ferrière et al. (2009a). SEM work was conducted
using a JEOL JSM 6610-LV at the Natural History Museum (Vienna, Austria). The operating
conditions were 15 kV accelerating voltage and
0.1 nA beam current. The focused ion beam
(FIB) technique was used for the preparation
of a TEM foil, using a FEI Quanta 3D FEG
DualBeam instrument at the Department of
Lithospheric Research, University of Vienna. A
foil of 13 × 6 µm extent and ~100 nm thickness
was prepared and then investigated using TEM,
which was done with an FEI Tecnai G2–20
TWIN instrument (LaB6, 200 kV) at the University of Lille (France). Conventional bright-field
TEM imaging and electron diffraction were
used to characterize shock effects in quartz.
RESULTS
Our optical microscope survey of the thin sections from the Hummeln structure revealed that
most of the quartz grains do not exhibit shock
features, even though many of them show undulose extinctions. However, during careful investigations, we were able to detect some quartz
grains displaying shock metamorphic features
in the form of PDFs (Fig. 2). These grains are
either part of larger clasts or free grains in the
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Figure 2. Thin section photomicrographs (crossed polars) (A and B) and backscattered electron images (C and D) of shocked quartz grains from the Hummeln structure, Sweden. A:
Large and fractured quartz grain with one set of planar deformation features (PDFs). B: Enlarged view of A showing one set of decorated PDFs oriented parallel to c(0001) orientation.
C: One set of decorated PDFs, with abundant fluid inclusions, as large as 2–3 mm, occurring
along the PDFs. D: Enlarged view of C showing an obvious set of PDFs oriented parallel to
c(0001) orientation. A second set of PDFs, barely visible on this image but visible under the
universal-stage microscope, is oriented northeast-southwest (i.e., perpendicular to the PDF
sets oriented northwest-southeast).
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matrix of the breccia samples. Quartz grains
with as many as three sets of PDFs were identified under the U-stage microscope. As seen
under the optical microscope, and further documented using the SEM, the PDFs are decorated
with vugs or tiny fluid inclusions that are generally <2–3 mm in diameter. The TEM observations on a FIB foil, cut across a quartz grain with
at least two different sets of PDFs (as seen under
the optical microscope), allow us to confirm that
the straight and parallel lamellae seen under the
optical microscope are PDFs (Fig. 3). At high
magnification, more lamellae, with apparent
thicknesses of a few tens of nanometers, are
visible. The lamellae are composed of dislocations and fluid inclusions or vugs; such microstructures are typical of annealed PDFs (e.g.,
Goltrant et al., 1991). Using the U-stage and
TEM, we were able to characterize the PDFs
in more detail, especially their crystallographic
orientations. The investigated PDFs are oriented
parallel, notably to c(0001), p{1012}, x{1122},
and m{1010}, all typical PDF orientations (see
Stöffler and Langenhorst, 1994; Ferrière et
al., 2009a, and references therein). The TEM
study also revealed that PDFs oriented parallel
to c(0001) consist of twin lamellae, typically
50 nm thick. They are visible at the optical scale
due to their decoration by fluid inclusions. In
addition, a few quartz grains with one set of planar fractures (PFs), oriented parallel to c(0001),
were detected during our optical microscope
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Figure 3. Bright field transmission electron
micrographs of a shocked quartz grain from
the Hummeln structure, Sweden. A: One set
of decorated planar deformation features
(PDFs) oriented parallel to c(0001) orientation. PDFs in this plane orientation correspond to thin shock-induced deformation
twins. B: One set of decorated PDFs oriented parallel to p{1012}.
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and TEM inspections. No toasted quartz (Ferrière et al., 2009b), diaplectic quartz, or melted
grains were detected during our survey.
DISCUSSION
Our survey of quartz grains in rocks from
the Hummeln structure showed that PDFs oriented along crystallographic planes typical for
impact-related shock metamorphosed quartz
are present in the investigated samples. Because
these features form as a consequence of shock
compression and are uniquely associated with
shock metamorphism of a degree only occurring at hypervelocity impacts (e.g., French and
Short, 1968; Stöffler, 1972; Stöffler and Langenhorst, 1994; French and Koeberl, 2010),
we conclude that the Hummeln structure is the
result of such an event, thus providing a definitive answer to the question regarding its origin.
Based on the size of the apparent crater in the
basement, and the plausible reconstruction of an
original 1.8-km-wide crater when considering
the then-target sediments and seawater (Ormö
and Lindström, 2000), the impactor responsible
for the excavation of the Hummeln crater is estimated to have been ~150 m in diameter.
The observation, using the optical microscope and especially the SEM and TEM, that the
PDFs are annealed and decorated indicates that
the originally amorphous PDFs (e.g., Alexopoulos et al., 1988; Goltrant et al., 1991) were
altered by post-impact processes. Considering
the age of formation of the crater this observation is not surprising, because this alteration is
typical of shocked quartz derived from ancient
impact craters. The orientations of the PDFs and
the observed low number of PDF sets per grain
indicate that the studied material experienced
relatively low shock pressures. However, as the
investigated samples are impact breccias, most
likely allochthonous or para-autochthonous
material from the breccia lens and thus by definition a mixture of mineral and rock fragments
likely derived from different levels of the excavated crater, we do not try here to assign shock
pressures. This would only be possible if more
target samples could be obtained, which would
require an additional drilling campaign.
According to modeling simulations (e.g.,
Zappalà et al., 1998), the influx of larger asteroid fragments to Earth increases for 1–30 m.y.
following a break-up of a large body in the
asteroid belt. Although a suspected increase of
impacts of large bodies following the break-up
of the L chondrite parent body at 470 Ma has
been discussed, the cratering record from this
time in Earth history is far from complete. So far
only one impact crater, the Lockne crater (Sweden), is directly linked to the break-up of the L
chondrite parent body (Alwmark and Schmitz,
2007; Schmitz et al., 2011). Thus, whether an
enhanced bombardment of our planet followed
the L chondrite parent body break-up event
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remains uncertain. The fact that the Hummeln
structure has an age that coincides with a relatively large number of other craters on the confined space of the present Baltoscandia (e.g.,
Ormö and Lindström 2000; Ormö et al., 2014)
strongly suggests that it results from a collision
between a fragment from the L chondrite parent body and Earth. Thus, the confirmation of
Hummeln as an impact crater strengthens the
idea that the L chondrite parent body break-up
event spawned large asteroid fragments that collided with Earth at a rate that was higher than
the normal background flux, and adds another
piece to the puzzle of how our planet is influenced and affected by catastrophic collisions in
the asteroid belt.
It is interesting that the roughly coeval, simple, 2-km-diameter Granby impact structure
is only ~150 km from the Hummeln structure
(Grahn et al., 1996; Alwmark, 2009); this suggests that the bombardment of Earth with projectiles in the 100-m-diameter range was severe
after the break-up event, unless the close occurrence of these two impact sites is considered a
coincidence.
Despite its relatively small size, similar to the
young Meteor Crater, and its old age, the Hummeln structure is remarkably well preserved.
Ormö et al. (1999) estimated that only ~150 m
of the upper part of the structure (130 m of the
sedimentary target sequence and 20 m of bedrock), or all of the elevated rim, was removed by
erosion since its formation; i.e., a surprisingly
large part of the crater is intact. Thus, we show,
contrary to the general assumption that craters
in this size range are not preserved for more than
a few thousand to a couple of million years, that
under specific conditions, such as a marine target environment with continued sedimentation,
a small impact crater can survive more or less
unaffected for hundreds of million years. The
confirmation of the Hummeln structure as an
impact crater, and its exceptional preservation,
calls for new drilling of the structure in order
to obtain a complete sequence of the impactite
deposits. Such drilling would also enable a better understanding of the formation processes
behind a small impact cratering event into a
shallow sea environment.
CONCLUSIONS
Our finding and characterization of (decorated) planar deformation features in quartz
grains from the Hummeln structure provide definite evidence for its hypervelocity impact origin,
ending an ~200-yr-old debate. First described
in 1826 by Hisinger, considered to be due to
explosive volcanism or related to tectonics for
decades (Nordenskjöld, 1937), and suggested
as being impact related (Fredriksson and Wickman, 1963), the Hummeln structure can now
be added to the list of the confirmed meteorite
impact craters on Earth (187), but more impor-
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tant to the growing list of Middle to Late Ordovician impact craters. The confirmation of the
impact origin of the Hummeln structure shows
that discovering and confirming more craters is clearly important from a geological and
planetary science point of view. It furthers the
hypothesis of intense bombardment by asteroids
during the Ordovician (following the 470 Ma
L chondrite parent body break-up event), and
illustrates that many more impact craters were
probably formed at that time on Earth that need
to be discovered and/or confirmed and/or better
dated. Considering the relatively small size of
the Hummeln structure, only ~1.2 km in diameter, its old age, and well-preserved morphology,
it demonstrates that under specific geological
conditions, small craters can be preserved on
Earth for several hundred million years.
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