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Abstract

LUDVIG SVENSSON

Svensson, L., 2024: Echoes of impact: A petrographic analysis and classification of impact breccias from
Hummeln, Sweden. Dissertations in Geology at Lund University, No. 687, 25 pp. 15 hp (15 ECTS credits) .

Abstract: The Hummeln structure is a relatively recently confirmed impact structure located in the northeastern
part of the province of Smaland in Sweden (57.37347°N 16.25084°0). Due to its relatively recent confirmation,
detailed petrographic studies regarding shock metamorphism and shock metamorphic features in the Hummeln-1
drill core are lacking. The drill core is the only drill core from the structure and reached about ~164.25 meters,
measured from the lake surface. This study describes, classifies, and discusses three rock types from the lower part
of the drill core, and their relationship to the impact event. Three thin sections from these rock types were analysed
using polarizing microscopy, two of which were also analysed using scanning electron microscopy (SEM). From
the top down, the first rock (Breccia 1) is a monomict cataclastic impact breccia located between 159.14 and 160.55
meters. The second rock (Breccia 2) is a polymict suevitic impact breccia (160.45-160.75 m) that contain shock
metamorphic features in quartz in the form of planar fractures (PFs) and planar deformation features (PDFs). The
third breccia (Breccia 3) is a polymict lithic impact breccia located between 160.75 and 161.4 meters. These brecci-
as might have formed through slumping during the modification stage of impact crater formation, which means that
they would constitute crater fill, so called breccia lens material, or they might be part of the crater wall. If they are
part of the crater wall, the cataclastic breccia (Breccia 1) may have formed mostly in situ, during the compression
stage. The suevitic breccia (Breccia 2) could be some kind of intrusion-like sill, injected into fractures during the
excavation stage of impact crater formation, and the lithic breccia might have formed in a similar manner to the
suevitic breccia (Breccia 2).

Keywords: Hummeln, the Hummeln structure, impact breccias, impactite classification, shock metamorphism,
planar deformation features, impact craters, planar fractures, flow features, impact structures

Supervisor(s): Sanna Alwmark

Subject: Bedrock geology
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Sammanfattning

LUDVIG SVENSSON

Svensson, L., 2024: Ekon av nedslag: En petrografisk analys och klassificering av nedslags breccior frdin Hummeln,
Sverige. Examensarbete i geologi vid Lunds universitet, Nr. 687, 25 sid. 15 hp.

Sammanfattning: Hummelnstrukturen dr en nyligen bekraftad nedslagskrater som ligger i norddstra delen
av Smaland (57.37347°N 16.25084°0). Eftersom den relativt nyligen bekriftades vara en nedslagskrater s finns
det inte mycket detaljerade petrografiska studier var det giller chockmetamorfos och chockmetamorfa strukturer i
Hummeln-1 borrkdrnan, den enda borrkdrnan som finns fran kratern. Borrkédrnan é&r totalt 164,25 meter djup, maétt
fran sjons yta. Den hér studien beskriver och klassificerar tre breccior fran de ldgre delarna av borrkdrnan samt dis-
kuterar deras relation till kraterns bildning. Tre tunnslip fran dessa breccior analyserades med polarisationsmikro-
skop, varav tva dessutom med svepelektronmikroskop (SEM). I ordning uppifran och ner, &r den forsta en mono-
mikt kataklastisk impaktbreccia (Breccia 1), som ligger mellan 159,14 och 160,45 meter. Den andra bergarten
(Breccia 2) dr en polymikt suevitisk impaktbreccia (160,45-160,75 m) som innehaller chockmetamorfa strukturer i
kvartskorn i form av planar fractures (PFs) och planar deformation features (PDFs). Den tredje bergarten (Breccia
3) dr en polymikt litisk impaktbreccia som ligger mellan 160,75 och 161,4 meter. Dessa breccior kan ha bildats
antingen genom en process som kallas ”slumping” under modifikationsstadiet av kraterbildningen, och dérfor ut-
gora delar av kraterfyllnad, sa kallad breccialins, eller sd kan de utgora en del av kraterviggen. Om de utgér en del
av kratervaggen sé har den kataklastiska breccian (Breccia 1) bildats for det mesta in situ under kompressionssta-
diet av kraterbildningen. Den suevitiska breccian (Breccia 2) kan ha bildats som en intrusionsliknande sill, som
injicerats i sprickorna under utgriavningsstadiet av kraterbildningen, och den litiska breccian (Breccia 3) kan a bil-
dats pa ett liknande sétt som den suevitiska breccian.

Nyckelord: Hummeln, Hummelnstrukturen, nedslagsbreccior, impactite klassifikation, planar deformation
features, nedslags kratrar, planar fractures, flodes texturer, nedslagsstrukturer

Handledare: Sanna Alwmark

Amnesinriktning: Ber ggrundsgeologi

Ludvig Svensson, Geologiska institutionen, Lunds universitet, Sélvegatan 12, 223 62 Lund, Sverige. E-post: lud-
vig_dino@hotmail.com



1 Introduction

Understanding meteorite impacts and the process of
impact cratering has become increasingly popular in
the geoscientific community. Impact cratering was
long regarded as an insignificant geological process,
but in recent times that view has changed dramatically
with the realization that impact craters are more com-
mon than previously thought (Osinski et al., 2022).
This realization also came with the understanding that
impact events can cause massive amounts of destruc-
tion on even a geological scale. Meteorite impacts,
when energetic enough, are extreme events that push
target rocks to and beyond their limits, and form large
scale deformation structures of the crust known as
impact craters. Because of the extreme pressure-
temperature conditions during impact crater formation,
these structures are interesting from a geological and
scientific perspective and act as natural laboratories for
high pressure environments (French, 1998).

However, in many places the shock metamorphic
features used as unambigous evidence of an impact
event has since long been eroded. Studying craters
might lead to the discovery of new features that can be
used as evidence for an impact event which could help
identifying new craters (Kenkmann, 2003; Kenkmann
etal., 2014).

One large-scale structure that was recently added
to the list of confirmed impact structures is the Hum-
meln structure (Alwmark et al., 2015) in Smaland,
southern Sweden. Studying craters like this one here
on Earth can help us better understand both the impact
events, how materials respond to these intense events,
and understand other celestial bodies like the Moon
and Mars (Alwmark et al., 2015).

1.1 Background on the Hummeln struc-

ture
The Hummeln structure is an impact structure located
in the northeastern parts of the province of Smaland in
Sweden (57.37347°N 16.25084°0; Fig. 1). The struc-
ture is a roughly 1.2 km wide depression situated in-
side of lake Hummeln (Alwmark et al., 2015;
Lindstrom et al., 1999). The bedrock in the area con-
sists mainly of porphyric granite belonging to the
Trans-Scandinavian Igneous Belt (TIB) (Fig. 1)
(Lindstrom et al., 1999). The Hummeln structure’s
origin has been a heated topic of debate since the late
19th century when it was first discovered (Alwmark et
al., 2015). The two most prominent hypotheses were
explosive vulcanism and an impact event (Lindstrom
et al., 1999). The structure was long listed as a possi-
ble impact crater in Swedish geological literature and
Lindstrom et al (1999) provided proof of the existence
of Cambrian and Ordovician sedimentary rock depos-
its inside the depression by drilling to 164.24 m below
the lakes surface. At the drillsite, the sedimentary rock
deposits were found 17.1 meters under the lake surface
under a 3.1 meter layer of boulder till, deposited dur-
ing the Pleistocene. Lindstrom et al (1999) argued that
the Cambrian and Ordovician sedimentary rock depos-
its did not seem to have been deposited inside a crater
originally, which would mean that the sediments had
already been deposited when the meteorite struck.
With this in mind the possible impact was dated to

~470 Ma using biostratigraphy (Lindstrom et al.,
1999). No impact diagnostic criteria was discovered
(Lindstrom et al., 1999).

Only one drilling was done in the structure, so only
one drillcore (the Hummeln-1 drill core) exists, mak-
ing it a fairly unexplored crater (Fig. 1). The drilling
had to stop due to economic and technical reasons. It
stopped at a point were it had reached a few meters
into a unit of brecciated crystaline bedrock located
between 157.2 and 164.25 meters, proposed to be part
of the crater fill by Lindstrom et al. (1999). Above this
granitic unit is a Cambrian sandstone, described as
containing soft sediment deformation by Lindstrom et
al. (1999).

The final proof of the structure’s origin came in
2015 in the form of planar deformation features
(PDFs) in quartz, discovered by Alwmark et al (2015).
PDFs are microscopic shock metamorphic features
that can only form during impact events. They were
found in thin sections made from the core and a boul-
der taken from the southern lake shore (Alwmark et
al., 2015).

The purpose of this report is to make a petrograph-
ic description of one of the lower parts of the drillcore,
mainly focusing on the brecciated granite, and to clas-
sify some of the rocks using the latest classification
system for impactites by Stoffler et al. (2018). It is
also to discuss how the rocks may have formed.
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Figure 1. Map showing the crystalline bedrock in the lake Hummeln area, and the location of “Hummeln core
1”. An overview of the location of lake Hummeln also shown in the bottom right. The bedrock map was created with
the help of the map generator at the Swedish Geological Survey (SGUs) website (www.sgu.se). Legend according to
SGU. The map was created in ArcGIS. Mapdata ©SGU ©Lantmateriet.
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1.2 Formation of impact craters
Hypervelocity impact crater formation can be divided
into three stages (Collins et al., 2012) (Fig. 2).

The first stage, the compression stage, is initiated
as soon as a meteorite hits the Earth’s surface. Because
of the meteorite’s high velocity and mass, it carries
immense kinetic energy which is almost instantly
transferred into the target in the form of shockwaves
and heat (French, 1998). These shockwaves propagate
through the sediments and rocks that comprise the
target lithologies. Shock compression leads to shock
metamorphism and melting of the target (French,
1998). The shockwaves are also reflected back into the
projectile and together with the stored elastic energy
will eventually cause the meteorite to virtually com-
pletely melt and vaporize (Dypvik et al., 2010; French,
1998). Pressures that the target rock are subjected to
during this stage varies depending on the distance
from the centre of impact (Stoffler et al., 2018).The
shockwaves propagating through the target lose their
energy quickly due to dampening, one form of which
is the shock waves spreading over a larger and larger
volume, lowering the energy density. Some of the en-
ergy is also lost due to heating, deformation and accel-
eration. The loss of energy is dependent on the materi-
al; in porous rocks the shock wave loses their energy
and magnitude faster than in less porous rocks
(French, 1998; Kenkmann et al., 2014).

The compression stage quickly transitions into the
excavation stage, where rock and sediments undergo a
complex stage of fracturing, excavation of the pulver-
ised rock, and flow outwards from the epicentre of the
impact. This leads to a bowl-shaped crater rim form-
ing, called a transient crater(Fig. 2) (French, 1998).
The transient crater has a depth-to-diameter ratio of
roughly 1 to 3 (Kenkmann et al., 2013).

The excavation stage ends when there is no energy
left to eject material, and the crater enters a stage of
gravitational settling called the modification stage
(French, 1998). During this stage the rim “slumps” and
collapses into the crater forming crater fill deposits
together with the other displaced materials in the crater
(French, 1998). The modification stage can be defined
as ending when “things stop falling” (French, 1998).
This can take a short time (<1 min) in a small crater,
but up to a few minutes with a large craters (French,
1998). The time it takes is also affected by things like
if the impact happened on land or in water. Water will
flow back into the empty space created by the meteor-
ite taking sediments and rock with it if it impacted into
water (Dypvik et al., 2010). The modification stage
also leads to the crater diameter increasing due to the
collapsing of the rim which leads to the true depth-to-
diameter ratio of 0.28 in simple craters and even less
in larger craters (Kenkmann et al., 2013).

Projectile

};&t“ Shock wave

* ¢ EY
Contact/compression stage
\ \ Ejecta / /
(b) _Rarefaction (release wave)
1
1
|‘ \\ ," §— Shock wave
S
., (’\
S
.'F" Material flow
A\

End contact/compression stage

Ejecta curtain

Transient cavity

Modification stage

Uplifted rim Melt-rich

| material

Breccia lens Ejecta blanket

Final crater

Figure 2. Schematic illustration of the three stages of crater
formation for a simple impact crater taken from the book “Traces
of catastrophe” by Bevan M. French (French, 1998). (a) and (b)
shows when the projectile first hits the target and compresses it,
called the compression stage. (c) and (d) shows the excavation
stage where material is being pushed out of the crater as ejecta.
(e) shows the last stage, the modification stage, where the crater
rim is collapsing, and materials are falling back into the crater,
filling it. (f) shows the final crater and a simple representation of
where different impactites will end up.



After the modification stage the final crater has
formed. Craters can be categorized into three types.
They are the simple craters, complex craters, and a
multiring basins, depending on the size of the meteor-
ite and subsequently the final crater diameter. On
Earth, if the meteorite is massive enough to form a big
crater (>2-4 km, depending on target rock characteris-
tics), the crater might undergo a stage of central uplift
and form a complex crater, where major brittle defor-
mation and brecciation happens. A smaller size impact
results in the formation of a simple crater, with minor
to no central uplift (French, 1998). This report focuses
mainly on simple craters.

1.3 Shock metamorphic features in

quartz

When shockwaves propagate through the target, they
generate an array of different shock metamorphic fea-
tures alongside fracturing in rocks and minerals, some
of which can be used as unambiguous evidence of im-
pact. This is due to the high-pressure shockwaves
compressing the materials, which leads to inelastic
damage in the form of both brittle and plastic defor-
mation, but also melting and vaporisation closer to the
centre of impact, which could be considered some-
thing beyond the brittle and plastic regime (Fossen,
2010; Poelchau & Kenkmann, 2011). The features
produced include shatter cones, which are the only
unequivocal evidence of impact that are macroscopic,
planar fractures (PFs), diaplectic glass, high-pressure
mineral polymorphs, and planar deformation features
(PDFs) (Kenkmann et al, 2014; Poelchau &
Kenkmann, 2011).

Shock metamorphic features of highest relevance
to the present study are PDFs and PFs in quartz, be-
cause quartz can survive for very long periods of geo-
logic time due to its stable nature. The features can
also be seen through regular polarizing microscopes
and look like sets of parallel lines. This is because they
form as sets of parallel planes inside individual miner-
al grains.

PFs are a type of brittle feature that form at pres-
sures between 5-8 GPa. They are open fractures 5-10
pm wide occurring in parallel sets, where each fracture
typically has a spacing of around 15-20 um. PF-like
features can form during volcanic eruptions so they
cannot always be used as a definite proof of an impact
event. However, in multiple orientations in the same
grain, and if occurring in many grains in a sample,
PFs can be used as evidence of impact (French, 1998).
Kenkmann et al (2011) suggested that PFs containing
feather features should be added to the list of primary
criteria for identifying impact craters.

PDFs in quartz form under pressures that only arise
during impact events and are a type of plastic defor-
mation. Explaining exactly how they form is beyond
the scope of this paper, but they are amorphous lamel-
lae oriented along specific crystallographic orienta-
tions which can be measured with a universal stage
(U-stage). They are thinner than PFs, <2-3 pm and
occur in sets where individual lamellae are more close-
ly spaced than PFs, at around 2-10 pm. PDFs in quartz
have been the go-to feature to determine the impact
origin of structures on Earth (French, 1998). PDFs
form from 5-10 GPa to about 35 GPa (French, 1998;
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Kenkmann et al., 2014).

1.4 Impactites

During all three stages of crater formation, several
different rock types form, with varying composition
and lithology. Examples include breccias and impact
melt rock.

All these rocks can be categorized with an all-
encompassing name “impactites” (French, 1998). Im-
pactites can be grouped into two types depending on
their location in relation to the crater, “proximal im-
pactites” and “distal impactites” (Fig. 3 & 4) (Stoffler
et al., 2018).

Distal impactites are defined as the materials that
got thrown out of the crater during the excavation
stage and landed outside something known as the
crater’s ejecta blanket. The ejecta blanket is a proximal
impactite deposit composed of ejecta, that only exists
around a crater, usually within <5 crater radiuses from
the centre of the crater. This means the definition for
distal impactites are materials that have been displaced
to a distance >5 crater radii, including up to a global
distribution. The ejecta blanket becomes thinner the
further away you get from the crater, and it forms dur-
ing the ejection stage and the modification stage. Dis-
tal impactites are also often called airfall beds (Fig. 3)
(French, 1998; Stoffler & Grieve, 2007; Stoffler et al.,
2018).

Proximal impactites are defined as impactites that
occur inside the outer boundary of the continuous ejec-
ta blanket, i.e. they are defined as being within 5 crater
radii of the crater (Stoffler & Grieve, 2007). Proximal
impactites are distributed inside impact craters in dif-
ferent crater sections, one being the ejecta blanket,
others include the crater floor, and the crater fill de-
posits (Fig. 3) (Stoffler et al., 2018). The crater fill
deposits are a mix of impact melt rocks, and breccias
that got mixed during the modification stage, and the
fractured yet largely in-place rocks of the crater floor.
Impact melt rocks are mainly produced during the
compression stage and the ejection stage. They can
form as a thick coherent layer in larger craters, due to
the initial shock waves carrying so much energy (Fig.
2) (French, 1998; Stoffler et al., 2018). According to
Osinski et al. (2022) melting and vaporisation occurs
due to the shock waves forming rarefaction waves
which decompresses the materials, this causes energy
loss in the form of heat. What essentially happens is
very fast adiabatic decompression which leads to melt-
ing and vaporisation (Kenkmann et al., 2014).

The breccias that form during an impact event in-
clude cataclastic breccias, suevitic breccias, and lithic
breccias. Cataclastic breccias are monomict parautoch-
thonous breccias, meaning they are something in be-
tween autochthonous (rocks that remains in situ) and
allochthonous (moved away from its point of origin).
Lithic breccias are usually polymict unless it is a sin-
gle-lithology target, they are allochthonous and con-
tain shocked and unshocked mineral grains. Lithic
breccias can be found in the crater fill deposits, in the
crater rim. They can also form as dikes in the crater
floors and walls. Suevitic breccias (described in more
detail below, section 1.4.1) are polymict breccias that
contain melt particles and lithic fragments. Suevitic
breccias are allochthonous and are usually found as
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Figure 3. Illustration showing the location of different impactites in simple and complex impact craters. [llustration is
based on the situation on Earth. Illustration taken from (Stoffler et al., 2018).

lenses inside the crater fill deposits but can also occur
as part of the crater rim, or form as dikes in brecciated
target rocks (Fig. 3 & 4). These dikes should not be
confused with magmatic intrusions, despite the same
terminology. These intrusions form in the walls and
floors of craters, usually during the ejection stage or
the modification stage through materials being injected
into fractures (Lambert, 1981; Stoffler & Grieve,
2007, Stoffler et al., 2018).

1.4.1 Suevite and the characteristics of suevitic
materials
Suevitic materials are impactites that contain glasses

that have formed due to shock-induced melting. They
are often mixed with fractured and fragmented materi-
als, combined into a breccia (suevitic breccia; Stoftfler
et al., 2018). The glass usually forms particles inside
the matrix, and can have diverse shapes, the glass par-
ticles are often referred to as melt particles or just
melt. Suevitic breccias are therefor also alternatively
referred to as melt-bearing breccias (Engelhardt, 1972;
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Stoffler & Grieve, 2007). The melt particles can occur
in their vitric state or they can be devitrified, this may
depend on the differing cooling rates during the crys-
tallisation process or if they were altered afterwards
due to hydrothermal processes. When there is water
involved the melt might crystalize faster and form a
more vitric state, but they can also react with hydro-
thermal water and form clay minerals, this can also
happen with colder water long after impact
(Engelhardt, 1972; Muttik et al., 2010; Stoffler &
Grieve, 2007). According to Osinski et al. (2022) the
line between lithic and suevitic impact breccia can be
hard to define, as they may occur on a continuum. This
is due to them having the exact same characteristics
except for the presence of melt particles in the suevitic
breccia. Another thing that complicates things is if the
matrix itself has undergone melting in larger parts,
then the rock is instead classified as an impact melt
rock (Kenkmann et al., 2014).



2 Method

In this report three thin sections from three breccias
(Breccia 1, 2 and 3), from the Hummeln-1 core were
analysed using polarizing microscopy to classify them
using the latest classification system by Stoffler et al.,
(2018) (Fig. 4) as well as describing the breccias pet-
rographically. Two of the thin sections (160.36 &
160.68) were analysed with SEM.

The SEM analysis mainly focused on looking at
the thin sections with back scatter electron imaging
(BSE) and analysing their matrix texturally to deter-
mine the nature of the matrix and for presence of fine-
grained materials with flow features. These can be
used as evidence for melt components (French, 1998).
One such identified feature with flow-texture was also
analysed for bulk composition. Evidence of cataclastic
fragmentation was also studied but mainly in thin sec-
tion 160.36. The three breccias come from a granitic
breccia unit from the lower part of the core and were
also analysed and described macroscopically (Fig. 5).

3 Results

The images from the investigated sections of the Hum-
meln-1 drillcore shows three main lithologies (Fig. 5).
The first breccia (Breccia 1) is a clast supported brec-
cia containing granitic fragments, located roughly be-
tween 159.14 and 160.55 meters and has a dark green
matrix (Fig. 5). The lithic fragments are mainly com-
posed of dark red and salmon-pink potassium feldspar
and quartz (Fig. 5 & 6). The fragments range in size
from less than one cm up to a few centimeters and are
very angular.

The second breccia (Breccia 2) located between
160.55 and 160.75m differs from the first (Fig 5.).
This rock constitutes a breccia with flow features and
few lithic fragments. The lithic fragments are mainly
comprised of the same minerals as the lithic fragments
in the first rock type, but the potassium feldspar is
more orange in colour and quartz grains are more com-
mon (Fig. 5). The fragments are also generally a maxi-
mum of one centimeter in size and are sitting in a fine-
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Figure 4. Classification system for impactites used in this report from Stoffler et al. (2018).
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grained green matrix (Fig. 5 & 6). ments, one is more dark red and angular of sizes rang-

The third breccia (Breccia 3) is located between ing from <1 to ~7 cm. The other more salmon pink,
160.75 and roughly 161.4 meters and is a polymict smaller ( <I1-~2cm), and more rounded. There are also
breccia that does not seem to contain any flow fea- two types of green angular fragments, one that contain
tures (Fig. 5). It contains two types of granitic frag- potassium feldspar, the other only plagioclase (Fig. 5).

A F

| 160.35m
D 160.5m

160.72 m

160.15m ) g

1 I—,—’ |
T
Breccia 1 Breccia 2 Breccia 3

Figure 5. Photographs of parts of the drill core belonging to Breccia 1, Breccia 2 and Breccia 3. The diameter of the drill
core is 46 mm. A, B, C and D were coated with water. Arrows denote location in meters below the lake surface. The piec-
es are arranged so that up in the image is up stratigraphically. A is a clast-supported cataclastic breccia. The clasts mainly con-
sist of potassium feldspar and quartz, and the matrix has a dark green colour. B and C represent the same lithology as A. C is the
sample from which thin section 160.36 was produced (Fig. 6). D contains slightly more matrix but is generally the same litholo-
gy as A, B and C. The lithology of E is a matrix-supported polymict breccia with a green matrix containing flow features. The
matrix also contains (<1 mm) round quartz grains, also seen in Fig. 6. The lithic fragments in this breccia are composed of po-
tassium feldspar and quartz. The feldspar is orange in colour which suggests a different origin from that in the breccia above. E
is the location from which thin section “160.68” was produced (Fig. 6). F is a polymictic breccia that contains lithic fragments
similar to those in A, B, C and D, except it is matrix-supported and the matrix has a lighter green colour. From about 160.9 m
down it also contains dark green lithic fragments. G has a similar composition to F. Sample G contains multiple lithic fragments
in a green matrix. This breccia also contains salmon pink granitic fragments. Thin section “161.3 A” was made from this part of
the core at 161.3 m.

1 cm
Figure 6. Photograph of the pieces that thin section 160.36 (left) and thin section 160.68 (right) was made from.
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3.1 Thin section 160.36

Thin section 160.36 is part of a granite rich breccia.
The thin section is comprised of (>2.4 mm) granitic
lithic fragments of feldspars and quartz (Fig. 7). The
fragments are sitting in a fine-grained matrix (Fig. 8).
The rock is clast-supported. The fragments are suban-
gular to subrounded with no signs of shock metamor-
phism like PFs or PDFs. One of the granitic fragments
has undergone brittle deformation and something like
the early stages of cataclastic flow, as intragranular
shear fractures can be seen (Fig. 8). These fractures
also create something similar to bookshelf sliding

which can be seen on the bottom of the fragment near
the bottom of the image in Fig. 8. The matrix contains
some muscovite that seem to form a band like feature
seen in images C), D), E) and F) (Fig. 8). These imag-
es also show part of the matrix, which consists of very
poorly sorted and angular grains of quartz and feld-
spars. Some parts of the matrix are too fine grained to
be identified with a polarizing microscope (Fig. 8).
The grains in the matrix are angular to very angular

(Fig. 8).

Breccia 1) Cataclastic breccia
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Figure 7. Left; scanned thin section “160.36” in plain polarized light (PPL). Right; an edited image with rectangles showing
where the images in “Figure 7” are taken. The black lines outline the borders of the lithic fragments. Red labels “Gr” denotes
granitic lithic fragments and yellow labels “Mx” denote the matrix.
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Breccia 1) Cataclastic breccia
XPL - PPL

L&

Figure 8. Photomicrographs of thin section 160.36 shown in XPL (left) and in PPL (right). A) A deformed lithic fragment
containing feldspars like plagioclase and microcline (~60-70%) the fragment also contains quartz (~ 25-35%). The fragment has
a zone of intragranular shear fractures in the central part of the sample, easier seen in PPL in image B). Images C), D), E) and
F), shows areas of the matrix with lots of muscovite. They are possibly some type of cataclastic flow feature. The matrix con-
sists mainly of quartz grains and feldspar grains, but some are too small to identify.
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3.2 Thin section 160.68

Thin section 160.68 is a polymictic, clast-poor matrix
supported breccia. The thin section is characterized by
its abundance of well rounded quartz grains containing
PFs and PDFs, set in a fine-grained matrix. There are
also a few larger ~1-2.4 mm lithic fragments that are
dominated by quartz and feldspar. The feldspar grains
in these fragments usually have a perthitic texture.
(Fig. 9 & 10). One of the lithic fragments contains PFs
and PDFs (Fig. 10). The matrix consists of a mix of

<10-100 pum quartz and feldspar fragments that vary
from angular to well rounded, though some grains can
be difficult to correctly identify due to their small size.
The matrix also contains very fine-grained darker
brown areas which seem to be fragments of some sort,
they range in size from few hundred micrometres to a
few millimetres.

Breccia 2) Suevitic breccia

Figure 9. Scanned thin section 160.68 (left) and edited version (right) showing the locations of photomicrographs in Fig.

10.
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Breccia 2) Suevitic breccia

XPL PPL

Figure 10. Photomicrographs of thin section 160.68 in XPL and in PPL. A) and B) shows overview images of
the general composition of the thin section. It contains lots of well-rounded quartz grains and a few lithic fragments
that are more angular, in a matrix of grains of varying roundness, some well rounded and some very angular. Cer-
tain areas of the matrix are very fine grained. C) and D) shows the two largest lithic fragments in this thin section.
The left fragment in the image is composed of ~90% potassium feldspar with perthitic texture, and the right frag-
ment of ~60% quartz ~40% feldspar. E) and F) is a closeup on well-rounded quartz grains containing PFs. G) and
H) shows a lithic fragment composed of quartz and some potassium feldspar (Kfsp). The quartz contains PFs, par-
allel to these there are also much smaller lines with closer spacing.
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3.3 Thin section 161.3A

This thin section is a matrix-supported polymict, pos-
sibly suevitic or lithic, breccia containing three types
of lithic fragments in a fine-grained biotite-rich matrix.
The first type of fragment is ~1-2 cm subangular and
contains biotite and smaller amounts of feldspars. The
second type is ~1 cm large but comprised mostly of
plagioclase which has undergone sericitization. It also
contains muscovite and biotite in smaller amounts
(Fig. 11). The third type consists of smaller (0.2-1

mm), fragmented, grains of potassium feldspar that are
very angular (Fig. 11). There is also a larger (~9 mm)
rounded and less fragmented (Fig. 11) potassium-
feldspar rich clast. This breccia does not show any
signs of shock metamorphism. The matrix is mainly
composed of biotite, but fragments of feldspars do
occur.

Breccia 3) Lithic breccia

Figure 11. Photomicrographs of thin section 161.3A in XPL and PPL showing a lithic polymict breccia
(below) and their locations in the scanned thin sections (above). A) and B) shows very angular grains of feldspars
with phertitic texture marked with “Kfsp” next to a large biotite rich (~80% biotite) lithic fragment that also con-
tains feldspar; the biotite is marked “Bt”. The fragments are set in a fine-grained biotite-rich matrix without appar-
ent flow features. C) and D) show the same large lithic fragment next to another large lithic fragment containing
plagioclase that has undergone alteration to sericite. The fragment also contains some muscovite and biotite.



3.4 Results from SEM analysis of thin sec-

tion 160.36
The SEM analysis of thin section 160.36 shows that its
matrix is composed of grains that have undergone frag-
mentation and cataclasis. The much larger lithic fragments
contain lots of fractures and in some areas, it seems to have
generated material that looks similar to the matrix textural-
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ly. It also shows that there are no melt components
anywhere in the matrix nor any grain boundary melts
or glass fragments (Fig. 12).

[Breccia 1) Cataclastic breccial

MIRA3 TESCAN]|

Lund University_Geology

MIRA3 TESCAN|

100 pm

Lund University_Geology

Figure 12. BSE images of thin section 160.36 (left), with their locations in the scanned thin section (right). A)
A fine-grained matrix with angular grains of sizes ranging from <1 to 50 um. Cutting across the centre of this im-
age in roughly northeast to southwest directions is lighter coloured muscovite that is also seen in thin section
160.36 (Fig. 8). B) Overview image of the brittle deformed lithic fragment with bookshelf faulting seen in figure 8.
C) Closeup of the same fragment with grains ranging in sizes from ~20 to ~100 um. The grains are angular due to
brittle fragmentation. D) Closeup of the matrix next to the fragmented grain. These fragments range in size from
<10 pm to about ~60 um. No flow features are present inside the matrix.
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3.5 Results from SEM analysis of thin

section 160.68
The SEM analysis of thin section 160.68 confirms that
the darker areas of the matrix contains flow features.
Compositional analysis of one of the flow features
showed that it has a weight percentage of 22.03 % O,
11.48% Si, 7.28% Fe, 6.95% Al, 1.14% Mg, 0.39%
Ca, 1.88% K and 0.29% Cl, which could be consistent
with clay (Furquim et al., 2008; Osinski et al., 2022).
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The analysis also showed that the largest lithic frag-
ment in the thin section has a darker area next to it
near one of its grain boundaries which contains flow
features (Fig. 13). Parts of the matrix aside from the
darker areas identified during optical microscopy con-
sists of feldspar and quartz, some very angular and
some well-rounded, ranging in sizes from <10 to 100
pum.

20 pm
Lund University_Geology

MIRA3 TESCAN|
200 pm
Lund University_Geology

Figure 13. BSE images of thin section 160.68 (left) with scanned thin section showing their locations (right).
A) and B) are magnifications of the darker area under the large lithic fragment in images C) and D) in Figure 10.
The area contains flow features, which could be grain boundary melt. C) shows grains of varying sizes but mostly
ranging from 10 to 100 um in melt-like structures located in a brown area inside the matrix. The grains are also
typical for the matrix itself. Analysis made in the rectangle, shows that the area that contains the melt-like struc-
tures might be consistent with clay. D) shows one of the fine-grained brown fragments which contains flow fea-
tures. The flow features follow grain boundaries. Some of the grains are just over 200 pm and are well rounded and

consist of quartz.

4 Discussion and classification
The results from the analysis of the drillcore shows a
sharp shift in lithology at about 160.55 meters. Before
this point is a granitic breccia between 159.14 and
160.55 meters (Breccia 1), after this point there is two
polymictic breccias, one from 160.55 to 160.75 meters
(Breccia 2) and one between 160.75 and 161.4 meters
(Breccia 3), (see classification below, section 4.1, 4.2
and 4.3).
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4.1 Breccia 1

The first (Breccia 1) between 159.14 and 160.55 me-
ters can be described as a monomict, cataclastic brec-
cia. This rock showed no signs of PFs or PDFs, and
the matrix has undergone cataclastic flow. The SEM
analysis together with the polarizing microscopy
showed that the matrix probably consists of the same
minerals and has the same general composition as the
large lithic fragments, and that the grains have under-
gone fragmentation (Fig. 12). The lithic fragment in
figure 8 indicates limited grain rotation and or friction-



al sliding. The muscovite seen in figure 8 has possibly
formed through some type of cataclasis, maybe by the
muscovite slipping along its planes during the for-
mation of the matrix (Fig. 12).

4.2 Breccia 2

The breccia between 160.55 and 160.75 meters
(Breccia 2) is interpreted as a matrix-supported
polymict suevitic breccia. The classification is based
on the presence of melt fragments, which were charac-
terized with SEM, frequent rounded quartz grains with
PFs and lithic fragments. Besides PFs one of the lithic
fragments also contained much thinner bands with a
closer spacing interpreted as PDFs, though they have
not been measured with a u-stage.

These characteristics are consistent with the expec-
tation that suevitic breccias contain components with
shock metamorphic features (e.g., Stoffler et al., 2018;
Osinski et al., 2022). The dark brown areas of the ma-
trix are probably devitrified glass that originally
formed as a result of shock induced melting
(Engelhardt, 1972), this is based on the presence of
flow features and that it is fine-grained. One of these
dark brown areas also had a bulk composition that was
in line with clay minerals, which can be used as evi-
dence for a melt particle that has been altered by water
(Fig. 13) (Osinski et al., 2022). The darker brown col-
ours might be due to the presence of iron oxides, as
iron is also present (Muttik et al., 2010; Stoffler &
Grieve, 2007). Some parts of the dark brown areas
contain flow features that follow grain boundaries,
which could mean that the melt was mixed with the
grains and had not already crystallized when the mix-
ing happened (French, 1998). The most difficult part
about the classification is that it clearly contains glass
fragments that are sitting in different parts of the ma-
trix, however, in certain areas it is harder to determine
if they are fragments or if it is the matrix itself that has
undergone melting. This could possibly change the
classification to an impact melt rock if this turns out to
be a common and widespread occurrence, though for
now the classification remains a suevitic breccia. Fur-
ther studies could resolve this.

4.3 Breccia 3

Further down in the core, from 160.75 to 161.4 meters,
there is a polymict breccia (Breccia 2) containing gra-
nitic lithic fragments and three other types of lithic
fragments. The matrix varies in colour from lighter
green to darker green (Fig. 5 & 11). The matrix con-
tains areas that are mostly comprised of biotite. In
some places these areas look similar to something like
devitrified glass, even though it does not have any
well-defined flow features, this could be investigated
in the future using SEM. Certain parts of the matrix
are also a lot more similar to the matrix in thin section
160.36, containing more quartz and feldspar frag-
ments. This could possibly be the more lighter green
matrix seen in the core samples in Fig. SE.

This breccia could be classified as either a
polymict lithic breccia or a polymict suevitic breccia,
depending on if it contains melt particles. No shock
metamorphic features have been identified, although
this could be due to the lack of large quartz grains
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(Fig. 11).

4.4 Possible Formation

Given that Breccia 1 does not show any signs of shock
metamorphism like PFs or PDFs, the shocked lithic
fragment in thin section “160.68” may have originated
in a different part of the crater, perhaps closer to the
center of the crater. Closer to the center of the crater
the pressures from the shock waves were higher
(Stoftler et al., 2018) which might have allowed shock
metamorphism at greater depths even in the crystalline
bedrock. That would also be in line with the fact that
the potassium feldspars in the two rock types have
different colors, and different quartz content, which
indicates slightly different composition and possibly
origin.

There are a few possible ways the granite dominat-
ed breccias in the lower part of the drill core could
have formed. One is through slumping during the
modification stage. In this scenario the shifting litholo-
gy as seen in the samples from the core (Fig. 5) could
be explained by this section of the core being part of
the layered crater fill deposits (Fig. 3 & 4; Stoffler et
al., 2018). Though one thing that is hard to explain is
how Breccia 1 does not show any signs of mixing,
while Breccia 2 does. Breccia 2 contains many differ-
ent constituents, from lithic fragments to melt to low
shock pressure indicators (Stoffler et al., 2018) like
rounded quartz grains with planar fractures. One possi-
bility is that the lower unit of the drill core is the crater
rim, this was discussed by Lindstrom et al. (1999),
who postulated that the granitic unit could have been a
block of shattered rim wall sitting in the crater fill de-
posits, that fell down during the modification stage.
Although this is possible, the fact that the layers are
basically horizontal sheds doubt on that idea.

Another hypothesis is that the sudden change to a
suevitic breccia (Breccia 2) can be explained by it be-
ing a sill-like intrusion, like dikes, whose material
originated closer to the centre of the crater. In that case
the drilling might have stopped in the beginning of the
crater floor or the crater wall. Following this hypothe-
sis Breccia 1 might not have moved far from its origi-
nal position when a slurry of melt rock, lithic frag-
ments, shocked Cambrian sand grains, and possibly
water, flowed into the fractures in the brecciated gran-
ite. This would have happened quickly during the
compression and ejection stage. If Breccia 2 was in-
jected in this way as a form of dike, that could have
implications for how this crater formed. It could imply
that this crater has more in common with a complex
crater (Lambert, 1981). However, considering the
crater diameter of 1.2 km, and the fact that craters be-
come complex between at least 2 and 4 km on Earth
(French, 1998), this would imply that the crater might
be larger. If Breccia 2 was injected as a dike, then
Breccia 3 could have formed in a similar way, though
why Breccia 3 got partially mixed with similar granitic
material seen in Breccia 1 while Breccia 2 did not is
hard to explain. Given that the Hummeln structure
currently has a diameter of 1.2 km, and it does not
show any clear central uplift it is probably a simple
crater. Using a depth-to-diameter ratio of 0.28 which is
the ratio for simple craters (Kenkmann et al., 2013),



you would expect to reach the true crater floor at ~336
meters below the crater rim at the center of the crater.
The core itself is about 143 meters from the top of the
sedimentary rocks, and according to Lindstrdm et al.
(1999) the extant rim is a few tens of meters above this
at the most, though it need to be clarified that this is in
fact not the true rim but the crater wall. The depth of
the drill core in relation to the rim puts at least some
doubt on the idea that the crater floor was struck by the
drilling. Though this does not consider the fact that the
crater has been eroded, and the original diameter of the
crater and as a result the true height of the crater rim,
is unknown (Lindstrom et al., 1999).

Another possibility is that the crater wall was
struck, this is possible considering the drilling hap-
pened closer to the edge of the crater (Lindstrom et al.,
1999). This would likely have reduced the distance to
the end of the crater fill deposits, given that the struc-
ture can be expected to have a parabolic shape (e.g.,
Stoffler et al., 2018) and as a result possibly rock types
more in line with the crater wall or floor would have
been encountered during the drilling sooner than if the
drilling had been made in the center of the structure. It
is also worth noting that the drilling happened on a
ridge (Lindstrom et al., 1999). This might also have
influenced how far the drill had to go before hitting the
crater wall assuming the wall has been uplifted. In this
case Breccia 2 and Breccia 3 could still have formed
as a dike.

To confirm or disprove this hypothesis, more de-
tailed analyses of the lowest part of the core is needed.
Examples may include looking at thin section 161.3A
using SEM to see if it contains melt particles, but also
analyzing and mapping thin sections from other inter-
vals of the drill core in more detail. If thin section
161.3A contains melt, it could mean that the matrix in
both Breccia 2 and Breccia 3 has undergone some
mixing or that they have similar points of origin.

6 Conclusion
This analysis provides evidence that simple craters
might on some occasions have impact breccia dikes
similar to those seen in complex craters given the as-
sumption that the Hummeln structure is a simple
crater. It also sheds light on the characteristics and
constituents of impactites in small impact structures.
The three impactites that have been analyzed are
comprised of three types of breccias that could have
formed either through slumping or represent part of
the crater wall. They include (from top to bottom); a
monomict cataclastic breccia (Breccia 1), a polymictic
suevitic breccia (Breccia 2), and a polymictic lithic
breccia (Breccia 3). Only Breccia 2 shows clear evi-
dence of shock metamorphism, in the form of PFs and
PDFs and it might be a type of injection sill. This re-
port proposes a reevaluation of the lower part of the
core compared to earlier study and how these impac-
tites may have formed.
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