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TWO HOLOCENE IMPACT CRATERS AT EMMERTING, GERMANY.
DEFORMATION, FRACTURING, AND THEIR RELATIONSHIPS TO THE
MELTING AND DECARBONIZATION

In two craters near Emmerting, three major processes which variably affected the original pebbles are
documented in the following order: 1. Deposition of hot material which solidified to glass (usually thin and
transparent) or reacted with carbonate to form expanded “pumice” on the surface of pebbles. 2. Ductile
deformation of variable intensity (with limited fragile deformation but intense fracturing of mineral grains), using
older as well as newly formed discontinuities; in some cases this deformation had to be associated with extreme
strain, excluding interpretation of the crater formation by any plausible human activity. The largely ductile
character of deformation points to a high temperature, but it was not necessarily accompanied by melting. 3.
Solidification of melts generated within pebbles or derived from secondary projectiles. These disequilibrium melts
were hot enough to have very low viscosity (in some cases, they may have also been injected by high
pressure/strain, or sucked in), which enabled them to fill even thin fractures in individual mineral grains; gas
expansion also formed extrusions resembling miniature volcanic features on the surface of some pebbles. In one
zircon grain baddeleyite was observed, probably formed by shock metamorphism. However, no additional
evidence was found to suggest pressures exceeding the threshold typically required for shock-induced melting (~8
Gpa or more). Nevertheless, the energy transformed during repeated mutual collisions may have heated the interior
of pebbles sufficiently. Origin of the depression at Grabenstatt-Kaltenbach is unclear, the disequilibrium melting
and decarbonization may also be explained by anthropogenic processes.

Key words: Holocene craters; impact; Emmerting; deformation; fracturing; injections.

Introduction presence of a compact body below the bottom of Crater
No. 4 (already suggested by Rosler et al. [2006] are con-
sistent with impact origin of the craters, which is
evidenced mainly by findings of meteoritic matter
(preliminary presented by Prochazka [2023]).

Here we demonstrate that in-situ thermal- and pres-

In this contribution we present mainly the in-situ
deformation and its relation to disequilibrium melting in
the pebbles from three sites in eastern Bavaria, Germany:
two craters at Emmerting and one similar depression at
Grabenstitt-Kaltenbach. The sites were investigated . . e
mainly by Rosler et al. [2006], Fehr et al. [2005], Ernstson sur(_e/deformatlon effects _|n the roc_:ks gre difficult to ex-
et al. [2010], and Neumair et al. [2016]. In previous plain unless a catastrophic event like impact took place.
contribution [Kalenda et al., 2024], we presented field ~ The craters developed in unconsolidated Quarternary
observations and field geophysical data (completed with ~ terraces formed mainly by coarse pebbles and cobbles.
laboratory gamma-ray spectrometry and some laboratory  Criteria for shock metamorphism in such target material
magnetometric results). These results, especially the  have not been established yet.

© V. Prochdzka, P. Martinec, P. Kalenda, L. Thinovd, K. Soucek, R. Storc, Jan Addmek, 5
J. Mizera, T. Trojek, G. Kletetschka
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Material and methods

In 2015, we collected ca. 25 pebbles or their large
fragments in the Kaltenbach depression and at least 30
pebbles in Crater No. 4 at Emmerting (see also Table 1
in Kalenda et al. [2024]). Samples were taken from
shallow, decimeter depths from soil within the craters.
Exact sample positions could not be determined due to
repeated prior excavation at the site. Nevertheless, the
presence of soil-filled fractures and root penetration
shows that the pebbles have not been introduced
recently. In 2016, we collected dozens of samples in
profiles in Crater No. 4. We had to break off a few of
them from the glass-rich area near the crater floor (which
may represent a transition to the compact layer indicated
geophysically). No correlation was observed between
thermal or deformation effects and sample position
within the profiles. Nevertheless, numbers of samples
referring to their position in profiles are preserved, e.g.
4/1/-3 means: Crater No. 4 / Profile 1 / -3 m. In
addition, samples 5/1/0 (a, b) were collected from the
center of Crater No. 5 (position 0 m in Profile No. 1).

After soft cleaning from recent soil and macroscopic
photo documentation, magnetic susceptibility of bulk
samples from Crater No. 4 and Kaltenbach was mea-
sured (see also Prochazka and Kletetschka 2016,
Kalenda et al. 2024). A binocular stereomicroscope was
used for observation of the surface of original samples or
sections, and photographs using one optical pathway
were made. Selected samples were partly cut and
investigated in sections. For both original surfaces
(especially thin glass layers) and sections also XRF-
analyses and spatial mapping of elements were per-
formed. Thin-sections and polished sections from selec-
ted samples were investigated with petrographic
microscope and scanning electron microscope (SEM).

SEM included back-scattered electron (BSE) and
secondary electron (SE) imaging and electron micro-
probe analyses.

Computer tomography (CT) was performed in the
Institute of Geonics, Ostrava, with the X-ray computer
tomograph Nikon XTH 225 ST. Software CT Pro 3D
was used for reconstruction of CT data (set of the
radiographic images). CT volume and tomographic
slices were evaluated by the VGStudio Max software
(versions 2.2 and 3.3.2).

Bulk soil, small pebbles (usually 1-3 cm in size) and
fine fractions of soil/sediment from Crater No. 4 were
also investigated to assess material balance and potential
meteoritic contamination. Most results will be presented
in a separate publication. Here we only compare mine-
rals in deformed and partially molten pebbles with iso-
late grains of the same minerals in the finer filling
fractions.

Results

Fracturing and deformation of rocks

Deformation of pebbles, which must have
proceeded after their transport to the present site, is
observed mainly in the Crater No. 4. Open fractures
are characteristic mainly for silicate pebbles from
Crater No. 4 (Fig. 1). Their formation was often
accompanied by extreme ductile strain, as evidenced
by stretched bridges spanning the fractures (Figs. 1,2).
Only one sample (#422) exhibited such deformation
without any melting inside of the rock (Fig. 2). In
other cases, samples were more- or less melted (Figs.
1,3,4). Fractures are often partly or fully infilled with
meltglass.. Importantly, this does not hold for thin
transparent glass coatings which do not cover the
walls of young fractures.

Fig. 1. A part of a fractured and deformed pebble with thin glass coating
(sandstone, Crater No. 4, # 415).
a) A view from the probable original upper side with glass; part of the original pebble (top) was broken-off along

an older crack (with limonite) after the strike. b) A view from the narrow side. ¢) Two skew bridges formed by
extension of a fracture (image 12x16 mm). d) A detail of c.



Geodynamics 1(38)/2025

The highly fractured and deformed sample #422
(Fig. 2) was also investigated with CT. Results indicate
little distinctive orientation of mineral grains askew to
the pebble’s long axis. The open fissures formed
perpendicularly to the propagation of pressure shock
wave after the compression ceased and correspond to
failure by tensile stress.

Fissures at the end which was partly broken off reach
to the surface and are more opened than those at the
opposite end. The fractures in two dominant directions
may have formed by combination of the incident shock
wave and waves reflected from the opposite surface

(Fig. 2d). The morphology and spatial arrangement of
fractures resemble rocks after an explosively driven
dynamic tensile test.

Melting inside of pebbles and cobbles

The typical partially molten rocks are quartz-rich
(mainly quartzites to gneisses) (Fig. 4-5). Inside of car-
bonate pebbles, the mineral composition has not signi-
ficantly changed during the crater-forming process. In
contrast, the basic or mafic rocks often underwent very
intense to complete melting (Fig. 6a).

Fig. 2. A fractured pebble (Crater No. 4, #422)
of quartzitic or granitic rock with stretched bridges in open fractures.

a) overview; note that no movement along fractures can be observed. Sample length 12 cm. b-e) CT of the
pebble in three perpendicular sections and scheme of the sections. Regular fractures are distinctive especially in
the longitudinal sections. The upper arrow marks the direction of incident pressure, the bottom dashed ones mark
the pressure waves reflected from the pebble’s surface. f), g) details of a bridge crossing an open fracture; it is
formed by unmolten quartz and other minerals like the surrounding rock.
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Fig. 3 A stretched bridge in a K-feldspar rich rock (Crater No. 4, granitic/syenitic? rock, #16133). Left
top: overview in BSE (the irregular dark stainings are from a pencil), left bottom: detail in SE, right:
detail in BSE (slightly darker quartz veinlets in the glass of K-feldspar composition).

Fig. 4 Examples of moderate deformation of stones affected by melting.

a) “Folding” of blue-green porous melt (chemically corresponding to biotite); also sharp boundaries of white
quartz and green/black melt with no mutual reactions are visible (Crater No. 4, #407). b) A “window* formed in
molten and deformed rock with relics of quartz crystals (Crater No. 5, #5/1/0a). ¢) Ductile deformation of glass
and probably of the unmolten stone surface too (orthogneiss, Kaltenbach; diameter of the white circle is 10 cm).
d) Detail of the surface deformation shown in ¢) (image 12x16 mm).
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Fig. 5. Extrusions of dark melt from impure quartzites
(a-c Crater No. 4, #421, d-e Crater No. 5, # 5/1/0a).

a) Parallel extrusions, perhaps oriented along original foliation. b) Dark melt veinlets and white tectonic quartz
veinlets in unpolished section. ¢) Detail of the surface formed by colorless and yellow glass with abundant
bubbles (image width 16 mm). d) The largest extrusion on the cobble's surface. €) Smaller pieces of dark melt,
on the pebble's surface with thin transparent glass.
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Fig. 6. Melting-affected natural rocks partly similar to metallurgic slags.

a) Almost completely melted and expanded basic rock (Crater No. 4, #419); note the quartz(?) veinlet crossing
the whole specimen on the right which is partly disturbed by the expansion. b) Preserved relics of layering of the
original sedimentary rock (Kaltenbach, #124).

Black melt forms extrusions on the surface of a
quartzite pebble (#421) from Crater No. 4 (Fig. Sa—c).
Similar extrusions are also observed on an originally
micaceous quartzite pebble (#5/1/0a, Crater No. 5): dark
porous melt, which resembles miniature volcanoes, or is
flat and seemingly similar to lichen, was expelled from
veinlets (Fig. 5d, e). The transparent glass coatings never
cover the porous dark melt (including the melt attributed
to secondary projectiles). It follows that the mafic melts
were still very hot (or even not yet covered the surface of
pebbles) when the thin, usually colorless glass coatings
were already solidifying after they had been deposited.
This interpretation is also supported by the chemical
composition of the glass coatings, which is probably
strongly influenced by biomass but almost unrelated to
chemical composition of the pebble’s rock (see also
Prochazka and Trojek 2017).

The quartzite sample #421 exemplifies prolonged
exposure to elevated temperatures (probably due to a
high amount of melt at the crater floor), enabling
crystallization of various minerals from the melt (e.g.,
skeletal magnetite, various forms of clinopyroxene
and tridymite), which does not contradict quick and
disequilibrium melting. Also pebbles welded by melt,
without significant mutual deformation, were found at
the crater floor.

In the Kaltenbach structure only three partially
molten samples were found. The surface of the sample
#123 with relatively thick glass in some places does
show some deformation during or after melting (Fig. 4
c,d); inside of the pebble, however, significant
deformation is uncertain, except for expansion of wa-
ter vapor liberated mainly from micas. Nevertheless,
interesting glass-filled fractures were observed in this
sample (Fig. 7).

Stones seemingly similar to slags occur, however,
they have preserved original calcite or quartz veinlets
from the rock, and even original layering (Fig. 6).
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Their composition (e.g., low Mn content) is also in-
comparable to slags from old iron metallurgy [Piatak
and Ettler, 2021; Strassburger and Wieser, 2014].

Melt injections and secondary projectiles

Melt intrusions from external sources into pebbles
were observed in Crater No. 4. In the sample #16132, the
original quartzite was contaminated by dark basic melt
which not only forms part of the surface but also intruded
into open fractures (Fig. 8). Some of these fractures were
formed or at least expanded due to high strain prior to the
melt intrusion, and stretched bridges can be observed
again. As a result, there are abundant planar cavities in
two directions, one probably corresponding to foliation;
they intersect older tectonic quartz veinlets. The same
sample is coated in places with thin transparent glass
which, however, never covers the dark melt.

Fig. 7. Relatively thin fractures filled with glass
(orthogneiss, Kaltenbach, #123; see also
Fig. 4c) at the sheltered side which lacks any
significant glass coating; surface depressions are
filled with soil (image width 8§ mm).
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0.1 mm
—

Fig. 8.

a) Injection of dark melt into a quartzite pebble (#16132); isolated quartz remnants in the dark melt are visible.
b) Abundant bridges crossing open fractures (see one obviously stretched in the upper left).
¢), d) CT shows injection of the basic melt (bright); note the relatively undisturbed quartz veinlets which partly
act as barriers. ) BSE image: the basic melt (bright — on the left) with sharp boundary with the original rock
(with prevailing gray quartz, somewhat brighter glass, and bright zircon); the melt layer also contains isometric
cavities partly filled with crystals. f) (BSE) Crushed quartz (gray) enclosed in the basic melt on the pebble rim
(see also bubbles in the bottom); melt with bright columnar crystals (clinopyroxene etc.) surrounds the quartz.

11
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Out of probable original rock-forming minerals in
the secondary projectiles, only an Fe-Mg-Ti oxide
(probably Mg-rich titanomagnetite) was identified; it is
also heavily crushed and has complicated spatial rela-
tions to the melt. Note that basic rocks, likely altered and
hydrated by weathering, may have undergone nearly
complete melting, whereas melting of quartz would
require much higher temperature (due to insufficient
time for eutectic reactions). For the melt injections into
individual mineral grains see below.

Secondary projectiles whose impact has not led to
significant injections of melt were also observed in
Crater No. 4. These projectiles strongly deformed the

partially molten surface (Fig. 9), and may have even
significantly deformed smaller pebbles (Fig. 10).

Evaporation

Expansion of micas or chlorite due to water vapor
release is observed in many other pebbles from all
three sites. Evidence for evaporation of silicates was
observed in Crater No. 4. The sample #4/2/-1b
(originally perhaps granitic or dioritic rock) is very
strongly expanded, with a mass less than 600 g
despite a size of approximatey 8-13 cm; (Fig. 10). It
also displays significant strain and deformation,
possibly due to impact of a secondary projectile.

i
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Fig. 9.

a) Partially molten silicate cobble (#4/2/1/al), “welded” with a gneiss pebble (rich in dark melt) on the left, and
hit by a secondary projectile (calcareous sandstone?). Note the pushing away of the partially molten surface by
the projectile (two small arrows), and the furrows behind the projectile (large and one small arrow). b) View
from another side: rolling up of the partially molten surface by the secondary projectile (arrow).

12
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Processes at the level of single mineral grains

Quartz and some accessory minerals, mainly zircon
and less frequently monazite, rutile, and rarely xenotime
are the primary minerals preserved in glasses in various
partially melted samples. In the unmelted but injected or
glass-coated samples, also primary albite, micas, and
rarely apatite were found. Very intense but rather ire-
gular fracturing of quartz is common. Primary cristo-
balite, i.e. scale-like cristobalite which forms by long-
term high-temperature solid phase transformation of
quartz (see also Bartuska, [2001]) was not observed.

The remarkably deformed (possibly partly mylo-
nitic) sample #422 (Fig 2), containing mainly quartz
and albite, shows no melting (the thin surface glass
has an external source); the only possible thermally
induced mineral transformations are decomposition of
chlorite (which is relatively opaque) and dehydration
of limonite, which perhaps formed opaque rims at
some grain boundaries. Strong fracturing of both
quartz and albite is observed, including some planar
fractures in quartz and highly intense cleavage of
albite (Fig. 11). These features have not proved shock
metamorphism yet, nevertheless, intense impact-
induced fracturing is common at pressures lower than
necessary for diagnostic shock effects, like the planar
deformation features (PDF) (French, 1998).

Within some zircon grains baddeleyite (ZrO2)
associated with glass was found (Fig. 12). Such
baddeleyite can be a high-temperature product of zircon
decomposition, which would have to be caused by shock
wave because in case of external heating, baddeleyite
would form an outer rim of zircon first. The temperature
of the zircon-to-baddeleyite transition in long-lasting
industrial processes is about 1550 °C [Bartuska et al.
2001]; however, for shock metamorphism, temperatures
up to 1800 °C are reported [French 1998]. The glass
associated with the baddeleyite found is not pure silica,
which would result from a simple decomposition of
zircon (unless the zircon was heavily metamictized and
altered), but it has high content of Al,Os, CaO and FeO,
and significant admixtures of alkalis and MgO. The-
refore, the zircon decomposition may have been pro-
moted (or the reverse reaction of baddeleyite to zircon
prevented) by an inclusion of other mineral which
subsequently reacted with the silica liberated. Some melt
or fluid injected into fractures (see below) may have also
played a role. An alternative explanation to the shock
decomposition of zircon, i.e. a detrital baddeleyite in the
sedimentary protolith of the present quartzite which
would react with silica to form zircon, is highly
improbable due to tiny size and complicated morphology
(i.e., relatively high surface) of the baddeleyite grains.

Feldspars and micas were frequently completely
melted in Crater No. 4 samples, forming mostly glasses
of mixed composition where microscopic minerals com-
monly crystallized from melt (mainly magnetite in the
dark-mica derived glasses).

Fig. 10. Strongly expanded pebble (# 4/2/-1).

a), b) general view; see also the dark melt which is
strongly deformed — possibly a secondary projectile:
in a) in the left bottom, in b) in the top. ¢) original
surface (relatively thin split on black background,
12x16 mm).

13
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Examples of glass derived from a single mineral
are the glass pseudomorphs after K-feldspar (with
abundant bubbles) and after albite exsolutions in the
sample #16133 (Fig. 3, 13). In the sample #16133, the

original K-feldspar had been penetrated by quartz
veinlets which have been preserved without any
reaction with the feldspathic melt (solidified to glass)
(Fig. 3, 13).

Fig. 11. Fracturing in transmitted light, Crater No. 4.

a) Intensely cleaved albite. (#422). b) Abundant post-tectonic fractures in quartz veinlet, interstected by a dark
porous glass veinlet (with black magnetite dendrites surrounded by translucent, Fe-depleted glass) (#421).

Err—

Fig. 12. Zircon with inclusions of baddeleyite (brighter) associated with Zr-poor silicate glass (darker),
both on the right from the center. Crater No. 4 (#16132), BSE image (detail on the right).

Melt (regardless to its origin) also penetrated
into fractures in individual mineral grains, mainly
quartz and zircon, and solidified as a glass there (Fig.
14-16). The injections into fractured crystals were
observed in both craters No. 4 and No. 5. It follows
that the melt in several samples must have had very
low viscosity due to high temperature, or was pushed
by high pressure/strain (or alternatively, sucked-in
during expansion of the just compressed rock), or

14

both. Note that in the sample 5/1/0a, the melt could
not be injected from any source outside of the cobble
(instead, melt extrusions are observed).

In the fine-grained crater filling, the disturbance of
zircon and monazite is minimal (Fig. 17). This can be
explained by two causes: 1. minerals not included in a
rock pebble or cobble could more easily escape the
pressure waves, 2. some portion of the crater filling
has been deposited only after the crater formation.
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Surface glasses

Thin, usually transparent or greenish glass coating of
large domains of individual cobbles and pebbles larger
than ca. 4 cm is typical for both craters at Emmerting. At
Kaltenbach, the green glass covering the partially melted
orthogneiss (Fig. 4 c,d) is relatively thick and likely
related to the bands of green glass (former phyllosi-
licates) inside. The sample #15240 (quartzite with bio-
tite, Crater No. 4) is an example of pebble with some
fracturing, insignificant deformation, no melting inside,
but with a thin glass coating (transparent, green-yellow).

Neither significant reaction of the melt (glass) with mi-
neral grains, nor thermally induced fracturing of quartz
was observed (Fig. 18a). Two glass layers were iden-
tified (Fig. 18b) but with a similar chemical composition.
The glass sometimes covers old weathered or even
moss/lichen-covered surface. It follows that the glass-
forming “external” material reacted with the pebble
surfaces minimally.

Note that in places thin glass also covers vein
quartz (which again supports external origin of the
glass, unless temperature 1700 °C was exceeded).

Fig. 13. Glasses of pure feldspar composition, Crater No. 4 (#16133, BSE images).

a) Quartz veinlet (medium grey) in a glass pseudomorph after K-feldspar (light grey, rich in bubbles). b)
Glass pseudomorph after K-feldspar (medium grey) with parallel pseudomorphs after exsolved albite (dark grey)
and injection of a basic melt (bright).

Fig. 14. Melt penetrations in quartzitic rock (Crater No. 5, #5/1/0a; BSE images).

a) Injections of melt chemically similar to a mafic silicate (chlorite, tourmaline or amphibole, containing Al, Fe,
Mg, Na and little Ca) into fractured quartz. b) Detail of other injected quartz (dark gray); Rt — rutile, possibly
deformed; the melt separated into very fine, usually acicular Fe-oxides (bright) and silicate glass (medium gray),
also crystallization of fine cristobalite is possible.

15



Geodynamics 1(38)/2025

Decarbonization

Probable remnants of re-carbonized lime are found at
all three sites. Importantly, in some samples evidence of in
situ decarbonization can be observed. Part of the surface
of the sample #5/1/0a, especially near the crossing of two

fractures (former calcite veinlets?), is covered with a white
“mortar”, containing stuck grains of, e.g., quartz from the
surrounding soil/sediment (Fig. 19 a,b).

The mortar formed naturally from re-carbonizing lime,
and it is younger than the glass coating.

Fig. 15. Melt penetration into accessory minerals (unpolished sections, BSE images):

a) zircon with injections of glass (# 16132); b) monazite — probably originally one grain, penetrated and
somewhat divided by melt (# 16132); ¢) zircon (white) and rutile (or anatase; light gray) in glass of K-feldspar
composition; the zircon had been likely a single crystal whose part was shifted away by an expanding bubble
(arrow); d) crushed zircon with several fragments somewhat torn away (mainly in the upper part) and glass-filled
fractures, in places with small crystals in the glass (# 5/1/0a).

Unusually complicated morphology, rough surface
and easy disintegration are typical for many small (se-
veral-cm sized) carbonate fragments, especially in Crater
No. 4, and similar crust also covers a dolomite pebble
(Fig. 19c). We suggest that the decarbonization took place,
which could also explain the bright white, soft, chalk-like
surface of many pebbles of Crater No. 4 and the Kal-
tenbach structure. Nevertheless, many limestone samples
(including large ones) do not display such an effect.

16

No glass that would cover carbonates has been
observed. It seems that the pressure of escaping gas
(CO,) prevented formation of any continuous coating
at high temperature; nevertheless, glass sometimes
formed on older weathering crusts of carbonate
pebbles. Possible product of reaction of an external
hot material with carbonate is the matter similar to
pumice observed in Crater No. 4 (#417 — sandy
limestone; Fig. 19d) and perhaps in Crater No. 5,
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partly filling open fractures and/or covering pebble's
surface. Its bright colors and relatively hard and
inflexible consistency exclude organic character (also
XRF, where applicable, shows a silicate composition).
This “pumice” could be a product of a reaction of
glowing fluid, melt or aerosol from outside with the
original surface, strongly influenced by escaping gas
(especially on calcite veinlets or carbonate surfaces).
Charred, obviously burnt relics of moss were also
found on relatively sheltered surface of the sample
#417 (Fig. 19e).

In the sample #105 from the Kaltenbach structure,
residual lime (portlandite) was identified. Its partial re-
carbonization formed a macroscopically distinct crust; in
addition, matter similar to man-made mortar occurs on
the sample surface. Similar to limekilns, gas released
from decarbonation may have contributed to expansion
of Ca-rich silicate rocks (#419, Crater No. 4; see also
Fig. 6). No burnt fine-grained material, like clay or loam,
which would be necessary for any furnace construction,
has been found in the craters at Emmerting (however, the
presence of such material at Kaltenbach is possible).

Fig. 16. Melt penetrations in zircon in polished specimen (5/1/0a). Zircon is allways the brightest
phase in the image. Composition of the melt veinlets in zircon varies from Al-rich silicate glass, in
places with tiny crystals (arrow in the bottom image points to Fe-Al oxides), to silica (lechatelierite?).
Also Ti(-Fe) oxides may have crystallized from melt, similar to the surrounding glasses.

17



Geodynamics 1(38)/2025

BSE

Monazite

Fig. 17. Examples of free zircon grains and a free monazite grain from the fine-grained filling of
Crater No. 4, with inabundant fractures (not filled) and inclusions or pores, not penetrated by melt.

y AccY  Spot Magn D;at‘IWD |—| 100 pm
1 B & N i i 250KV 50 200x SE 102
Fig. 18. A quartzite pebble (Crater No. 4, #15240) containing altered biotite and organic matter, with
glass coating (independent on the foliation).
a) Transmitted light, askew-crossed polars (hollows in the section are greenish gray).

b) SEM image of the surface: a flat upper glass layer (left, lower right), lower glass layer (upper right), and
rugged older weathered surface of the pebble (middle).

18
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Fig. 19.

a) White “mortar”, i.e., small mineral (e.g., quartz) and perhaps organic grains stuck on the original lime on two
intersecting cracks (Crater No. 5, #5/1/0a). b) A detail of mortar with stuck grains, on the bottom left and upper
right also (older) thin glass coating is visible. ¢) “Flourishing” of dolomite surface, perhaps due to gas expansion
during decarbonization (Crater No. 4, #4006, image height 4.5 cm). d) A leaf remnant (rusty) stuck on yellow
porous glass(?) layer (“pumice”) on an impure carbonate pebble (Crater No. 4, #417). e) Charred moss at another
site of the same sample.

Discussion

Possible anthropogenic processes
and origin of the Kaltenbach structure

Limestone pebbles in the Alpine foreland, including
the surroundings of Grabenstitt [Freude, 2007 and refe-
rences therein], may have conspicuous morphology and
structures due to dissolution in acidic soils and formation
of corrosion layers (we observed these phenomena main-
ly in Crater No. 4). However, nothing similar to the
decarbonized, i.e. expanded or chalk-like, surfaces (Fig.
19) was presented [Freude, 2007].

Many human activities may cause disequilibrium
melting. All the glass-coated pebbles of anthropogenic
origin shown by several authors (e.g., Doppler and
Geiss [2005]) have a smooth surface and show no
deformation during or after melting. Darga and Weiler
[2009] argued that stones could have been coated with
glass, softened and even deformed in an old limekiln
thank to temperatures reaching up to 1200 °C.
However, this would explain neither melt injections
into very thin fractures, nor extensive evaporation of
minerals in some samples. Detailed research of
partially melted stones from old limekilns (including
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the area mentioned by Doppler and Geiss [2005]) is the
subject of a separate study. Nevertheless, even
preliminary comparison [Prochdzka 2023] clearly
shows that in limekilns the melt was much less
deformed and the glass layers are relatively thick and
rather not clearly delimited, which is rather comparable
to the Kaltenbach site but not to craters of Emmerting.

Finally, placement of a limekiln (or any other
device demanding for fuel feeding) in poorly drained
and frequently wet alluvium (Crater No. 5) would be
illogical. Note that the situation was not better in the
past due to proximity of fossil side channels of the
Alz river, as displayed in a historical map
[Anonymus]. Fehr et al. [2005] suggested that Crater
No. 5 was secondary used (as a natural depression)
for a limekiln, but neither presented nor cited any
evidence for that.

Man-made fires partially melted walls of many pre-
historic to early mediaeval hillforts in Europe, forming
so-called vitrified forts, especially in Scotland. Stones in
these walls, however, had been intercalated with wood
and possibly other combustibles (see also Childe and
Thorneycroft [1938]). This would be impossible in the
depressions investigated. Some authors [Friend et al.,
2007] suggested relatively low temperatures (< 900 °C)
as sufficient for vitrification of the walls but they
assumed eutectic melting of biotite and quartz, i.c., a
long-lasting equilibrium process.

The morphology of the depression at Kaltenbach
corresponds to an impact crater, not a limekiln.
However, the owners may have partly recultivated
and hidden their limekilns after usage to escape
superparamagnetism (most likely
caused by nanoparticles) of stones from the Crater
No. 4 and Kaltenbach [Prochazka and Kletetschka,
2016] indicates a rather short heating. In limestones,
however, the nanoparticles may also simply reflect
submicroscopic grain size of the original iron
hydroxides / hydrated oxides (and in the only silicate
sample of Kaltenbach measured, magnetometry did
not indicate significant presence of nanoparticles).

taxation. The

Formation of the craters at Emmerting: the role of a
specific target

Shock metamorphism has also been proven in
small impact craters: it was significant even in the
Kamil crater with a diameter of 45 m [Fazio et al.,
2016]. In the Carancas crater with a 13.5 m diameter
(i.e., comparable to the craters at Emmerting), small-
scale melting of the projectile with melt injections
into the target sediments was documented and weak
shock effects were found in the ejecta [Tancredi et al.,
2009]. So the shock effects could be, in principle,
found even in very small impact craters, but in such a
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case the shocked material usually has small volume
and is dispersed in relatively large area. High-
temperature and shock phenomena and even small
craters can be also produced by airbursts, i.c.
explosions of the projectile in a relatively high
altitude [LeCompte et al. 2025, Fitzenreiter et al.
2025].

The energy necessary to form the craters at
Emmerting was larger than for a crater of similar size
in a compact and even in a sandy target. The porosity
significantly reduces pressure and the compression of
pore space leads to a greater temperature
enhancement [Love et al., 1993]. In sands and
sandstones the porosity can locally enhance the
pressure at grain rims [Kowitz et al., 2013]. While
this effect could be somewhat different in the coarse-
grained target at Emmerting, the finding of
baddeleyite as a probable shock product points to
inhomogeneity of the peak pressure and temperature.
We have not observed other evidence for shock
pressure greater than ca. 8 GPa (nevertheless, PDFs
and spallation were mentioned by Schiissler [2005]).
The formation of PDFs is dominant in compact rock
massifs, while in a porous environment, it is relatively
suppressed and temperature effects are more
important [Osinski et al., 2022 and references
therein]; note that most of the terrestrial porous rocks
investigated for shock metamorphism  were
sandstones [Kowitz et al., 2013] which are still very
compact targets in comparison to the coarse terrace
sediments.

The projectile may have exploded above the ground
yet. The porous target would be efficient in transfer and
absorption of heat from the explosion and potentially
from thermal radiation of the projectile (in case of
subvertical impact). An ignition of aboveground biomass
and leaf litter prior to the projectile arrival (see also
[Randa et al., 2008]) could lead to formation of a fluid
rich in K and other biogenic metals which could form the
glass coatings rich in these elements.

Mutual collisions of cobbles and pebbles heated
them strongly and led to complicated relations of
melting and deformation (see also [Prochazka, 2023].
In the pebbles interior, the melting was mainly caused
by the pressure wave and subsequent decompression
when more compressible (i.e., relatively soft and/or
porous) matter, like alterered mafic minerals, micas or
feldspars, melts first, while eutectic melting (e.g.,
feldspars with quartz) is very limited. Shock pressure
in tens of GPa is considered to melt minerals [French,
1998 and references therein], albeit for very local
melting 5 GPa was sufficient in experiments with
sandstone [Kowitz et al., 2013]. Nevertheless, due to
repeated collisions, the peak pressure could be much
lower than necessary for “one-shot” melting.
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Secondary projectiles are little documented in
literature, but they should be significant in case of impact
into target dominated by large pebbles or boulders.
Anfinogenov et al. [2014] described a stone several
meters in size and several tons in weight which formed a
furrow in the permafrost near the epicenter of the
Tunguska explosion. The boulder, formed by sandstone
(or conglomerate), and its fragments collected in the soil,
were partly coated with thin glass. Anfinogenov et al.
[2014] calculated that the stone had to hit the ground
with velocity higher than 500 m/s (they suggested that it
was a meteorite, which however is inconsistent with its
chemical and isotopic composition [Haack et al. 2016]).
Therefore, this stone may represent a secondary project-
tile. Note that smaller stones could have been accelerated
to much higher velocity. Fehr et al. [2005] also docu-
mented probable effects of secondary projecttiles, but
with very low velocity, around several craters near Em-
merting.

Fine-grained fractions of the original target sedi-
ments appear poorly preserved in the crater infill. They
were partly lost during the impact by the effects of gas
pressure (due to projectile explosion, water evaporation,
and possibly explosive fire of organic matter). The role
of impact-vaporized pore water which removed
preferentially fine particles was documented in nature
[Pietrek and Kenkmann, 2016] as well as experimentally
[Buhl et al., 2013]. Downward transport of fine particles
and fragments was also significant (as supposed for
highly porous targets, like some asteroids [Housen et al.,
2018]), which could explain formation of the compact
bodies below the craters No. 4 and 5 indicated geo-
physically [Kalenda et al., 2024]. A potential sintering
was limited by abovementioned processes causing
depletion in fine particles, and (in Crater No. 4) low clay
content in the original sediment. The present fine ma-
terial was also influenced by soil formation and transport
of particles (by groundwater, gravity, and bioturbation)
through the skeleton of large clasts all the time after
crater formation. While the heating of the target was
quick, the cooling was locally slow for several reasons: 1)
many pebbles have been heated inside, ii) after water
evaporation, fire from organic matter has persisted for
some time, iii) cooling effect of liquid water which
reached the site soon after the crater formation would be
prevented by its exothermic reaction with quicklime
burned from carbonates.

Originality

The craters at Emmerting are unique by the
combination of small size and strong HT-meta-
morphism probably including shock effects. Due to
poor preservation of the stony projectile material, the

documented extreme deformations and penetrations of
melt even into thin fractures in crushed mineral grains
are important evidence of impact.

Practical significance

Our results may be useful to interpret hitherto as well
as future discoveries of potential impact craters in coarse
unconsolidated sediments. In addition, the assumption
that many small asteroids have a relatively loose, “rub-
ble-pile” like consistence, is being confirmed by spa-
cecraft missions (e.g., [Fujiwara et al., 2006]). Thus,
knowledge of the behavior of such targets during impact
is important for space activities, including potential
planetary defense.

Conclusions

In the craters No. 4 and 5 at Emmerting, three
major phases have been documented:

1. Deposition of hot material which solidified to
glass (usually thin and transparent) or reacted
with carbonate to form expanded “pumice” on
the surface of pebbles (usually bottom side was
sheltered). The surface glass coatings may ha-
ve started to form by thermal wave shortly
before the impact.

2. Ductile deformation of variable intensity (ac-
companied by intense fracturing of mineral
grains but with very limited movements along
fractures); in some cases this deformation pro-
ves extreme strain, excluding explanation by
any realistically possible human activity. The
ductile character of the deformation points to a
high temperature, which however did not al-
ways cause melting.

3. Solidification of melts formed inside the peb-
bles or from secondary projectiles. These melts
were also able to fill even thin fractures in
individual mineral grains (perhaps owing to
underpressure during rebound of the com-
pressed rock); expansion of gases also lead to
extrusions and formation of miniature “vol-
canoes” on the surface of some pebbles. The
strongly expanded Ca-poor pebble and abun-
dant bubbles in feldspar-derived glasses point
to evaporation of silicates in Crater No. 4. The
role of underpressure in the melt evaporation is
also possible.

The character of melts in most samples from craters
proves quick heating with minimum of eutectic melting.
Typical highly porous “internal” melt formed likely from
micas (like chloritized biotite). Feldspars melted in many
samples and they formed mixed feldspar glass, and even
glass pseudomorphs after K-feldspar and albite without
any eutectic reaction.
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The formation of baddeleyite in zircon was very
likely caused by the shock wave with a pressure in the
order of tens of GPa. However, presssures greater than
ca. 8 GPa were generally rare (quartz was typically
strongly fractured but for now, we cannot confirm the
PDFs reported by some authors). The heating sufficient
for melting and evaporation was possible at relatively
low shock pressures in the rocks thanks to porosity of the
target and mutual interaction of pebbles.

The role of natural and anthropogenic processes in
formation of the Kaltenbach structure remains open.
Anthropogenic contamination is probable (but possibly
after the depression’s formation). Some fracturing of
pebbles and deformation of partially molten rocks,
dominated by gravity and gas expansion, do not prove
impact event, although the filling (injection?) of some
fractures by glass is remarkable.

Several samples may macroscopically resemble
metallurgical slags, but their composition and relics of
original rock’s textures, including quartz and calcite
veinlets, exclude such comparison.
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JABA I'OJIOLIEHOBI YIAPHI KPATEPU B EMMEPTIHI'Y, HIMEUUNHA.
JEE®OPMALILSA, PYUHYBAHHS TA iX 3B'SI30K 3 IJTABJIEHHSM TA JJEKAPBOHI3ALIIEIO

VY nBox kparepax mo6musy EMMepriHra 3a10KyMEHTOBaHO TPH OCHOBHI NPOLECH, SIKi IT0-Pi3HOMY BIUTUHYIIN
Ha MEPBUHHY rajbKy, y TAKOMY NOpsAKY: 1. Oca/ukeHHS rapsyoro MaTepiany, skuil 3aTBepIiB y ckio (3a3BHyail
TOHKE Ta Mpo3ope) abo pearyBaB 3 KapOOHATOM, YTBOPIOIOYU IMyXHUPYACTy “mem3y”’ Ha MOBEPXHI rajibku. 2.
[Tnactuyna aedopmarisi 3MIHHOI iIHTEHCHBHOCTI (3 OOMEKECHOI KPHXKOIO aedopMmalii€ro, ane iHTeHCHBHHUM
PO3TPiCKyBaHHAM MiHEPAJIBbHHUX 3€PEH), [0 BAKOPHCTOBYBAIA SIK CTapilll, Tak i HOBOYTBOPEHI PO3PHBH; Y ACTKUX
BUMAJIKAX I 1edopMariis BillIOBia€ eKCTPEeMaIbHOMY CTHCKY, 10 pOOUTH il aHTPOIOTCHHE MOXOKEHHS TyKe
ManoiMoBipHUM. [lepeBakHO macTH4HMil XapakTep nedopmariii Bkazye Ha BUCOKY TEMIIEpaTypy, ajie BOHA He
000B'SI3KOBO CYIPOBOKYBaNacs IUIaBJIeHHs M. 3. 3aTBEPIiHHS PO3IUIABIB, 0 YTBOPHIIKCS BCEPEHHI raJIbKU a00
MOXOWIN Bifi “BTOPUHHUX CHApsAiB” (BUKHMHYTUX yJIapoM po3iuiaBieHux mopix); 1li HepiBHOBaXKHI po3ILIaBU
Oy JOCTaTHbO TapsYMMH, MI00 MaTH JyXe HU3bKY BSI3KICTh (y JEAKUX BHIIAJKaxX BOHHM TaKOXK MOLIH OyTH
1H'€KTOBaHI MM/l BACOKMM TUCKOM/HAMPY>KEHHSAM a00 BCMOKTaHi), 10 JO3BOJISUIO iM 3alIOBHIOBATU HABITh TOHKI
TPIIIMHK B OKPEMHX MIHEpPaJbHUX 3€pHAX; PO3IMIMPEHHS Ta3iB TAKOX YTBOPIOBAJIO EKCTPY3ii, IO HaragyloTh
MIHIaTIOpHI BYJIKaHIYHI yTBOPEHHS Ha MOBEPXHI JEAKHX TallboK. Y NEIKHX 3€pHAaX LUPKOHY CIIOCTEpiraBcs
Gamneneir, HWMOBIpHO, YTBOpPEHHMH BHACHiJOK ynmapHoro meramop¢izmy. OmHak He Oyno 3HAHIEHO HIKHX
JOJATKOBUX JIOKa3iB, AKi O CBIAUMIM NPO THCK, IO TEPEBHILYy€E IOPIT, 3a3BHUYail HEOOXITHMH I yHapHO-
ingykoBanoro ruianenus (8 I'Tla aGo Oinprie). TMM He MEHI, CHEPTis, MEPETBOPEHA Iijl Yac MOBTOPHHX
B3a€EMHHUX 3IiTKHEHb, MOIJIA JOCTATHHO HArPITH BHYTPILIHIO YaCTHHY TraiboK. [lOXOJKEHHs 3amajuHu B
I'pabenmreT-KansTen6ax HescHe, HEpIBHOBa)XKHE IIIABICHHS Ta JAeKapOoHi3amis TYT MOXYTh OyTH TaKOX
MOSICHEH] aHTPONOT€HHUMH MTPOLIECaMHU.

Kniouosi cnosa: TtomoueHoBI Kkparepu; ynap; Emmeprtinr; nedopmamis; TpilIMHYBaTiCTh; iH'eKmii
(MIpPOHMKHEHHS PO3ILIABIB Y TPIIIUHH ITil THCKOM).

Kniouosi crosa: TOIONEHOBI KpaTepH; yaap; BUBEP:KECHHS; TedopMallis; TPIIMHYBATICTh; 1H €KIIii.
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