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TWO IMPACT CRATERS AT EMMERTING, GERMANY::
FIELD DOCUMENTATION AND GEOPHYSICS

New research of two craters at Emmerting (No. 4 and No. 5), Germany, is presented. This paper should be
the first part of two papers concerning presumed impact craters at Emmerting. The second paper will be about
mineralogical / petrological, temperature and stress analyses. The enstatite-dominated meteoritic material, found
in the crater No. 4 [Prochazka et al., 2022; Prochazka, 2023], is the subject of a separate detailed research. High-
temperature effects and extreme deformation are significant in both craters. This deformation is explained with
the effects of pressure wave(s) and later decompression in a target dominated by large but unconsolidated
pebbles. Mutual collisions and secondary projectiles were documented. While most pebbles in the Crater No. 4
were thermally affected, the fine-grained fraction of the filling is poor in such material. It follows that small
particles were volatilized and/or blown away during crater formation, or transported away later (e. g., by
groundwater). Gamma-ray spectrometry has indicated that the walls of Crater No. 4 are significantly enriched in
major natural radionuclides of Th, K and partly U, while the crater interior is depleted in these elements which
are concentrated mainly in fine-grained fractions. This suggests a selective removal and volatilization of fine-
grained material during the crater formation. The georadar measurements at both craters show that crater rims
(walls) were partly pushed from below and partly heaped up from above with material that came from the crater
interior. Georadar detected a compact body below the crater floor which is supported by results of resistivity
measurements. A set of geophysical, geochemical, microscopic and mineralogical measurements proved that the
craters at Emmerting are of impact origin. Extreme high temperature (HT) conditions inside the crater and small
diameter of both craters indicate possible existence of very small meteoroids that are able to penetrate Earth’s
atmosphere with high impact velocity (more than 30 km/s). This fact should challenge current models of bolide
penetration through atmosphere.

Keywords: Holocene craters, terrace sediments, moraines, georadar, radiometric methods, automated
resistivity system (ARES), cratering, impact craters.

Introduction the impact origin was evidenced by finding of
meteoritic iron. Out of all Holocene craters between
10 m and 200 m in diameter (i. e., not including the
terminal pits), only in the Carancas crater (formed by
a recent and witnessed impact) stone meteorite was
found [Tancredi et al., 2009], see also [Osinski et al.,
2022] and references therein).

Looking for evidence of impact origin of small
craters is challenging, unless the meteorite fall was
observed and documented (e. g., [Plado et al., 2022]
and references therein). As summarized in a recent
review [Osinski et al., 2022], these craters usually
form in the uppermost, less consolidated and porous

rock material where the transformation of kinetic
energy to shock waves, leading to shock meta-
morphism, is little efficient. The shock-metamor-
phosed material, if present at all, has small volume
and is dispersed in relatively large space. Melting and
high-temperature (HT) metamorphism is usually not
an unequivocal proof of impact. In most small craters

The stone meteoroids entering the Earth’s atmosphere
with high velocity usually totally evaporate, or decay
to small pieces and decelerate to such velocity, at
which the dynamic pressure at the front of meteoroid
is smaller than the tensile strength of the meteoroid (e.
g., [Borovicka, Kalenda, 2003]). Thus, it is not clear
yet whether the impact of a relatively small stone
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meteorite with velocity of several km/s is rather an
exceptional event (in the case of Carancas facilitated
by high altitude), or there are many such craters
where, however, the stone meteorite relics decayed to
such extent that they cannot be macroscopically
identified (in humid climate hundreds of years are
sufficient for that; see [Jull, 2001]).

On the other hand, hypervelocity cosmic collisions
may be significant even in cases where the energy is
totally, or prevalently, liberated in atmosphere
(aclassical example of such an explosion is the
Tunguska event in 1908, and Chelyabinsk in 2013
[Kletetschka et al., 2017, 2015]). In-situ HT effects
(up to vaporization), contamination with siderophile
elements, unusual deformation, and probably also
high-pressure effects, may occur even at sites where
no impact crater was formed, as documented
especially for the airburst at the base of Younger
Dryas (e. g., [Moore et al., 2020; Bunch et al., 2021]
and references therein). Thus, small hypervelocity
impact craters may form as well.

In contrast to Northern Europe and the north-
eastern Baltic region with many impact craters
established, in Central Europe, only two hypervelocity
impact events have been widely recognized up to now
(according to the Earth Impact Database): the
Miocene impact (possibly two separate impacts)

which produced the Ries and Steinheim craters as
well as the moldavite tektites, and the Morasko event
in Holocene, forming several small craters. Recently,
Berger (2014) summarized an unequivocal evidence
for shock metamorphism in partly melted stones
collected near Nalbach (Saarland, W. Germany); their
geological position, however, is unclear, and the later
announced “Nalbach crater” [Berger et al., 2015] has
not yet been definitively accepted.

The small depressions at Emmerting and Grabenstitt-
Kaltenbach (Bavaria, Germany) are located in the so-
called Chiemgau Impact strewn field which, according
to the proponents, contains more than 100 craters of
Holocene age, formed most likely in the 1%
millennium B. C., perhaps at the end of the Bronze
Age [Rappengliick et al., 2004; Ernstson et al., 2010;
Ernstson, 2017, Possekel and Ernstson, 2019]. The
Chiemgau Impact strewn field would form an ellipse
with small craters at NE and hypothetical large craters
at SW. The lake Tiittensee was suggested to be the
largest single crater (original diameter ca. 500 m
[Rappengliick et al.,, 2004]), and a depression
resembling a double crater with dimensions ca.
900%400 m at the bottom of the Chiemsee lake
(Fig. 1) is the most prominent alleged impact
structure [Ernstson, 2016]
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Fig. 1. Map of the region of interest showing the localities closely investigated
(larger squares) and other localities briefly presented (small squares).
The impact origin of Tiittensee, however, has been questioned [Doppler, Geiss, 2005].

Detailed sedimentological research in the sur-
roundings rather supports the original theory of a gla-
cial kettle hole, and sedimentary profiles from the
lake shore are rather undisturbed from the Late
Glacial to recent (see [Huber et al., 2020; Rosch et al.,
2021] and references therein). Also the impact into
Chiemsee and subsequent tsunami were denied (see
Huber et al., 2020 and references therein). Nevertheless,
our paper has not been focused on discussion of the
whole Chiemgau Impact hypothesis. We concentrate
on the localities Emmerting and Kaltenbach where we
collected samples, and HT-metamorphism and defor-
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mation have already been documented [Schiissler,
2005; Rosler et al., 2006; Neumair et al., 2016].

Purpose

Our aim is to document and explain the unusual
combination of small dimensions of the craters with
very intense thermal effects and deformation. This
paper is concentrated mainly on field observation and
geophysical measurements, and briefly summarizes
macroscopic deformation and HT effects. Some
results were presented at conferences [Prochazka et
al., 2021, 2022; Prochazka, 2023].



Site descriptionEmmerting: Crater No. 4

A walled crater with a diameter of the depression ca.
8 m and a diameter including walls up to 13 m

Fig. 2. Crater No. 4 at Emmerting — intact
position, view from W to E
(photo: courtesy of W. Résler).
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(Fig. 2-4) is located ca. 1.5 km N of the center of the
Emmerting town (48.21278°N, 12.7706°E, 410 m a. s. I)
on a mild SE slope in a beech forest; the crater was cut
by a trench for scientific purposes on the southern side.

Fig. 3. Crater No. 4 — the status in 2017
with a trench through the southern wall.
View from S to N.

0 20m
J

P2

Fig. 4. The scheme of Crater No.004 at Emmerting and location of measured profiles (P1 to P11
were used for GPR, GP1 and GP2 for other geophysical methods). Green circles denote the trees;
crosses denote the pebbles with glassy crust (at the crater’s rim only).

The yellow rectangular area in the field was
examined for glass-coated pebbles.e depression (crater)
was formed in a Quaternary river terrace, containing
typical pebbles transported from Alps, including
sediments (prevalently limestone — carbonate rocks form
about a half of pebbles in the area) as well as crystalline
rocks. The terrace is the second one from the recent Alz
river upwards (Niederterasse) whose age is Late Glacial
[Anonymous, 1996]. Résler et al. (2006) observed at
least 100 years old trees growing from the wall as
well as the crater interior. VVarious pebbles, frequently
deformed, welded together with a silicate melt occur
in the crater as well as in the wall, showing that the
structure was heated as a whole and high temperature
persisted for some time after its formation [Rosler et

al., 2006]. Ernstson et al. (2010) suggested that
another heat pulse happened, perhaps an explosion of
methane from a cometary projectile.

Rosler et al. (2006) claimed lack of carbonate pebbles
in the crater; similarly, only one out of 17 pebbles
investigated by Schiissler (2005) was limestone. We
collected enough limestone pebbles in 2015. Nevertheless,
at the crater bottom as well as in the inner part of the wall
(as documented in a trench), large amount of sharp-edged
crushed limestone fragments can be found (similar to
many small crater-like structures in the surroundings [Fehr
et al., 2005]) which are sometimes sintered together. This
can be explained partly by disintegration of relatively soft
carbonate pebbles during crater formation, partly by
decarbonization.
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After georadar measurements in autumn 2015, we
examined the field on the flat summit of the terrace as
close as possible to the Crater No. 4 with the aim to find
pebbles coated with glass (see Fig. 4). The field was
clear and harrowed. The result was negative; in a
rectangular area with dimensions 50x25 m, no glass-
coated pebble was found. The same is true for material
recently mined in the gravel pit at Emmerting.

Also geophysical contrasts were documented, espe-
cially by magnetometry [Rosler et al., 2006]. Several ano-
malies with magnetic susceptibility (MS) up to 0.0035 SI
were found in the crater walls. The magnetic gradient
measurement by the same authors showed monotonous
surroundings of the crater but many dipole anomalies in
the crater’s wall. Most pebbles have high MS, often
frequency dependent, which indicates presence of
nanoparticles probably due to rapid temperature changes
[Prochazka, Kletetschka, 2016].

Ground penetrating radar (GPR) showed strong ref-
lections from 2.7 to at least 7.5 m depth inside of the crater
[Rosler et al., 2006], which has been attributed to “extreme
sintering of the subsurface” [Possekel, Ernstson, 2019].

Extreme HT metamorphism, thermoplastic defor-
mation and possibly volatilization were documented
by Schiissler (2005) and Rosler et al. (2006). The
melting was selective and little affected quartz even in
rocks where eutectic melting of quartz should take place.
Moreover, Schissler (2005) and Rappengliick et al.
(2010) presented extreme fracturing of mineral grains
and indices for shock metamorphism (prevalently
from petrographic microscope only): possible planar
deformation features (PDF) of several directions in
quartz and feldspar, diaplectic quartz, and spallation.

Fig. 5. Crater No. 5 at Emmerting before 2016.
View from SE to NW (photo © PK 2015).

Other sites

Neumair and Ernstson (2011) mentioned rare glass
coatings on rock fragments from the Mauerkirchen crater;
we, however, haven’t found such material after digging to
more than 0.5 m below the present bottom in the middle.
The depression is partly filled with yellow clayey
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Emmerting: Crater No. 5

A walled crater with a diameter of the depression
ca. 8 m, a diameter including walls up to 12 m and a
depth of 1-1.2 m (Figs. 5, 6) is located ca. 2 km NNE
of the center of the town Emmerting (48.2179°N,
12.7803°E, 390 m a. s. I) in a mixed forest. The target
rocks are sediments (dominated by coarse pebbles) of
the lowest terrace which is elevated ca. 3 m above the
recent alluvium plane of the Alz river. The terrace age
is Holocene [Anonymous, 1996]. The obviously
thermally affected pebbles are rather less abundant
than in Crater No. 4. Yellow sediment (marl?) could
represent a younger autochthonous filling.

Grabenstdtt — Kaltenbach

A walled circular depression with a 7-8 m
diameter including walls is located at the summit of a
forested moraine ridge near its eastern slope, 2 km
east of the Chiemsee lake at the town Grabenstitt,
west of the settlement Kaltenbach (47.8695° N,
12.5580° E, 575 m a.s.l.). Its filling contains mainly
limestone cobbles (similar to the surroundings)
commonly affected by decarbonization but also
silicate cobbles and pebbles which were sometimes
affected by melting. We checked and recognized more
sites in the so-called Chiemgau crater field too, for
example a crater at Mauerkirchen (47.89632° N,
12.32938° E) and a gravel pit at Rabenden
(47.99437° N, 12.46182° E) where the georadar per-
formance in typical coarse terrace sediments was
tested (Appendix 1, Fig. Al).

GP3

Fig. 6. The scheme of Crater No. 5
at Emmerting and location of
measured profiles (P1 to P4 were
used for GPR, GP1, GP2 and GP3
for other geophysical methods).
Green circles denote the trees.

sediments which according to Neumair and Ernstson
(2011) represent the bedrock, but they also could be a
younger filling. At Rabenden, we found nothing unusual
with possible exception of easily disintegrating pebbles of
leucocratic orthogneiss, which are a rather exceptional
phenomenon. It is questionable how they would have been
able to survive transport from the Alps to Rabenden.



Methods

Ground penetrating radar (GPR, georadar)

A new kind of ground penetrating radar [Tengler,
2013] was employed, which uses pulses (sparks) instead
of harmonic signals. This allows increasing the power
output by at least three orders of magnitude in
comparison with common GPRs. The 1-m long antenna
was tuned to the central frequency of 150 MHz, which is
comparable with previous measurement at Crater No. 4
[Rosler et al., 2006] but with the highly energetic
impulses of 5 kV on antenna. This resulted in much
deeper penetration depth, and the reflections from any
reflecting plane or reflective body with permittivity
contrast could be correctly registered from depths of at
least 10 m (see Appendix 1, Fig. Al). Twenty pulses at
the speed of the measurement about 1 km/h were
summarized. The step between measurements was
0.1 m, GPS accuracy was better than 1 m. The length of
each record was 1801 samples (crater No. 4) or 1081
samples (crater No. 5) and the step 0.277 ns (all together
500 ns / 300 ns). The sampling frequency was 3.6 GHz.
Relative altitudes were measured by a barometer with
the precision better than 10 cm.

Resistivity measurements
(Automatic Resistivity System, ARES)

The ARES main unit with standard accessories and
multi-electrode cable sections MCS5 was used. Six cable
sections were used (8 copper electrodes at 1 m spacing
each; 48 electrodes altogether) in Schlumberger and
Dipole-Dipole arrays (both arrays were used for each
measured profile). The distance between electrodes was
1 m. For the data interpretation a demo-version of the
ARES SW was utilized. Three iterations only between
measurement and modelled resulting data were used.

Magnetic susceptibility

Bulk susceptibility was determined with an SM-30
instrument (Z. H. Instruments, Brno). Exact measu-
rement is possible for samples of 2x2x2 c¢cm in size or
larger. In addition, mass susceptibility at various field
strengths (10-320 Am) and frequencies (502.6—
7981 Hz) in small specimens from 7 pebbles was
obtained at the Charles University, Prague, with the
SM-100 apparatus (Z. H. Instruments, Brno).

Radon measurements

Radon activity was measured at 5 points of profile
GP2 in Crater No. 4 using TESLA TSR 2 radon probes.
The probe core consists of a measuring chamber with a
semiconductor detector. Temperature and relative
humidity are also measured. Measuring interval was set to
30 minutes. Because the probes are designated for indoor
radon measurement, where the relative humidity does not
exceed 70 %, a special geometry for radon measurement
in soil was prepared. To protect probes from humidity and
rain, each probe was covered with a plastic bag, and
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placed into a perforated Marinelli container (0.6 1). Such
arrangement enabled that the soil gas flux coul reach the
detector while a secure distance between the probe and
bottom of the measurement hole was kept. The probes
were inserted into a 35 cm depth (length of probe) and
protected by a cover.

Field Gamma-Ray Spectrometry

In situ measurements of concentrations of K, U, Th
and ¥'Cs were performed mainly in the profiles. A
portable GT40 spectrometer (Georadis, Brno) with a
3x3” Nal(Tl) detector was used. In addition, 10 points in
the Kaltenbach structure and surroundings were mea-
sured with a GT30 instrument (**'Cs was not quantified).
The sampling time was set to 3 minutes at each spot. The
instruments are calibrated to 2 geometry and the depth
range is usually 35-50 cm.

Results
Ground penetrating radar (GPR)
Crater No. 4

The results of the GPR measurement on all
profiles confirmed the previous measurement [Rasler,
2006], but with better precision and resolution. We
measured this site twice, in 2015 and in 2017.
Because the measurements in 2017 only confirmed
the results from 2015, only the results from 2015 have
been analyzed. The filtered radarograms without
topocorrections are presented in Fig. 7.

Fig. 8 shows the radarograms on the profile P1
with topocorrections according to barometer. The
“column” radarogram, which supposed that the
reflections are mostly coming vertically, is in Fig. 8, a
and the radarogram, which supposed that reflections
are mostly coming from the places perpendicular to
the surface, is in Fig. 8, b.

The deformations of the strata right below the crater
can be seen on both radarograms in Fig. 8, independently
on the method used. The greatest deformations are below
the southern rim (right), where the wall is higher. The
deformation is detectable to the depths of more than 20 m
below the surface. The movement (with respect to the
previous surface) should be more than 0.5-1 m, which
corresponds with the depth of the crater (ca. 1 m). The
same observation was mentioned by Rosler et al. (2006).

The most important body is the highly reflective
layer(s) at a depth of 2-5 m right below the crater. This
body consists of compact and hard breccia [PoBekel and
Ernstson, 2019]); even drilling with a diamond drill was
problematic (see also Appendix 1, Fig. A2). A compact,
melt-cemented rock mass (perhaps representing the
original crater’s floor) was also reached ca. 0.5 m below
the present surface during the radon measurements. This
body is a bit tilted to the north and is covered by soft
sediment breccia at the crater bottom (Fig. 8).

To contour such a body, we made radarograms on
profiles P7—P11 with the step 0.5 m. The radarograms
without topocorrections are in Fig. 9. This body is
practically below the whole bottom of the Crater No. 4.
Its diameter is about 6 m and the thickness is 1-3 m.
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Fig. 7. Filtered radarograms without topocorrections and geological interpretation
of the layers on the profiles P1 (a), P3 (b), P5 (c) and P6 (d), in the position “before impact”.
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Fig. 8. Filtered radarograms with topocorrections on the profile P1:
a — trace is vertical; b — trace is perpendicular to the surface (mosaic).

pointing on the hard and compact body below the crater floor at a depth of 2-5 m.

Crater No. 5

We measured at this site in 2016. The filtered
radarograms with topocorrections are presented in Fig.
10. A highly reflective body can be seen below the crater
in the same way as in the Crater No. 4, even the depth is
similar, 2-5 m below the crater floor. The crater rim is a
bit different from the Crater No. 4, because a layer of soft
sediments is thinner, and it seems that the material was
only pushed up from the crater floor.

Resistivity measurements (ARES)
Crater No. 4

An area with lower resistivity was identified below
the crater in both GP1 and GP2 profiles, with some
asymmetry especially in GP2 (see Fig. 14).

The lower resistivity probably reflects higher water
content. A possible interpretation, consistent with
other methods, is the presence of a compact planar
body below the crater, which is inclined to NE-NNE
and somewhat retains the groundwater (note that such

a body even in a small depth strongly influences signal
from below).

The dipole-dipole measurement showed that the
crater itself is filled by low resistivity sediments.
Another potential small crater was localized at the end
of profile GP2, in the distance approx. 20 m SW from
the main crater (location —20 m).

Crater No. 5

The whole area was water-saturated during the
measurement, which complicates the interpretation. The
water in the bedrock is clearly visible on each resistivity
cross section. The crater forms an obvious discontinuity in
the ARES profiles, however, the results indicate some
disturbance of its original shape (see Fig. 15). Presence of
additional smaller craters is possible.

Gamma-ray spectrometry

The K, Th and U, and ¥’Cs activities determined
from the field gamma-ray spectrometry are presented
in Appendix 1.
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Filtered radarograms with topocorrect
on the profiles P1 to P4 (a—d), Crater No. 5.
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Fig. 11. Main radionuclides in two parallel profiles crossing
the Crater No. 4 (zero is the crater center).

Compared to typical crustal values, concentrations
of K, Th and U are very low, low, and low to average,
respectively, reflecting composition of the pebbles
which form the bedrock: high amount of limestone,
calcareous sandstone and quartzite, low amount of
granitic rocks and probable absence of alkaline
igneous rocks (including their metamorphic equi-
valents), as well as low fraction of clay and silt in the
terrace sediments. Thus, the K-rich glass coatings
(Tab. 1) cannot be explained by influence of a
hypothetic K-rich bedrock.

All radionuclides are depleted in the center of
Crater No. 4 (Fig. 11). Importantly, this trend is most
pronounced in the case of Th, a typical little mobile
element. The depletion of the crater center in the
anthropogenic ¥"Cs which was deposited long time
after crater formation is minor and is explainable by
soil disturbance during research activities. On the
other hand, K (and Th in the profile GP2) reaches
peak values at the crater rim wall. In Crater No. 5 and
its surroundings, the wet terrain and/or different
petrography resulted in lower contents of the natural
radionuclides measured. Considering the crater as a
whole (not distinguishing the central depression and
wall), it is somewhat enriched in K (see Fig. 12) and
slightly depleted in ¥Cs, and perhaps slightly
enriched in U and Th.

Two of four points measured in the Kaltenbach
structure are significantly depleted in K and Th

(including low Th/U ratios) in comparison with the
relatively homogeneous surroundings of the crater
(Appendix 1b).
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Fig. 12. Potassium weight concentrations
in three profiles crossing the Crater No. 5.

Radon
(crater No. 4)

Radon activity varied from 2000 to 10000 Bg. m3,
The maximal measurement error may be estimated
according to the number of impulses recorded at about
10 %. The results could be interpreted in such way —
consistent with GPR - that the bottom is formed by a
plate of compact rocks, which is somewhat inclined to
the northeast side of the profile. The relatively low
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radon activity near the middle of the crater (especially
at -3 m and -1 m, see Fig. 13) can be explained by a
sealing effect of the plate. Lower Rn activity may also
reflect lower U concentration in the crater filling.
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Fig. 13. Box-and-whisker plot of radon activity
in soil gas (crater No. 4, profile GP2, SW-NE).

Summary and discussion
of all field geophysical methods

Crater No. 4

The comparison of results of three methods in ca.
SW-NE oriented profiles is presented in Fig. 14. All
methods indicate a compact and watertight body
below the crater floor.

In the GPR profile P6, the crater walls and compact
body below the crater are well visible. The ARES
measurement showed that the upper layers below the
crater interior have low resistivity, which corresponds
probably with the high content of mineralized water,
which has been collected above the compact body. The
western surroundings of the crater has higher resistivity
than the eastern one, which can be interpreted as a
consequence of the water flow from the crater to the
northeast above the compact body below the crater
interior.

Crater No. 5

In the GPR profile P4, the crater walls and a compact
reflecting body below the crater are well visible. The
situation inside the Crater No. 5 is very similar to the
situation inside the Crater No. 4 from the GPR standpoint.

The ARES measurement have shown that the
uppermost layers up to the depth of 0.5 m inside the
crater and 1 m on the walls have partly relatively low
resistivity. Within the 1-3 m depths, resistivity is
relatively high. The crater interior and crater rim are not
well visible in the dipole-dipole as well as in
Schlumberger measurements. The low resistivity layers
below the depth of 3 m correspond with water-filled
sediments and probably with the groundwater level,
which is at the depth of 3—5 m below the surface.

Magnetometry

Although specimens with high MS were not
preferentially collected, it is obvious that MS is generally
very high. In carbonates, however, it forms two distinct
groups with values <0.2x107 Sl and >0.5x107 SI, with
maxima almost 1.5x1072 Sl (see Table 1 and Appendix 1,
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Table a)). All silicate pebbles and one of two vein quartz
samples have mean MS>0.25x107% SI, and the peak
value is 20.4x1072 SI (relatively Fe-rich, hard and dense
sandstone, Kaltenbach). Thus, the generally high MS of
silicate rocks (as well as of some carbonates) is, very
likely, related to the crater-forming event (see also
[Ernstson et al., 2010]). However, anthropogenic origin
of some angular stones at Kaltenbach cannot be
excluded. Field dependence of MS was always positive
in silicate rocks, but positive as well as negative field
dependence occurs in limestones.

Discussion

The field observations and geophysical measurements
are consistent with impact origin of the craters. Especially
the compact body below the floor of Crater No. 4 (and
possibly Crater No. 5 as well) is a strong indication for a
highly unusual event. Such bodies may have formed by
simple compression and reduction of pore spaces, but a
role of melting and sintering, or of the formation of mortar-
like matter thanks to decarbonization during the crater
formation is also possible. Also note that hydration of
reactive Ca-rich phases must have been an important heat
source, and it would also efficiently remove liquid water.
Moreover, possible relics of the reactive Ca-rich minerals
would be strongly hygroscopic, which could explain low
resistivity not only above but possibly also within the
compact body.

The craters at Emmerting cannot be explained as
glacial depressions (kettle holes) because during the
last glacial period (Wiirmian in the classification for
Alps), the glaciers have not reached the area of
Emmerting. The closest young moraines of the
Salzach Glacier from Alps [Van Husen, 1987] are
located ca. 10 km to the south; moreover, the Crater
No. 5 formed in a Holocene terrace [Anonymous,
1996]. Formation of perennial ice at the Kaltenbach
site cannot be theoretically excluded, but it is highly
improbable that it would form a small isolated circular
depression near the top of a moraine ridge. Of course,
any attempt to interpret the craters as glacial
depressions should also explain the HT / HP effects
(note that evidence for hypothetic human activities has
not been found in the craters at Emmerting).

The impacts into targets dominated by large pebbles
are little understood yet. Partly similar substrate rich in
up to almost meter-sized coarse clasts (mainly of basalt)
was documented in the Bajada del Diablo strewn field,
but very few information about mineralogy, chemistry
and deformation from these craters has been published
[Acevedo et al., 2012]. Nevertheless, it can be expected
that similarly to other porous environments, the
temperature effects will be dominant [Kiefer, 1971;
Osinski et al., 2022], while looking for classical shock
effects like PDF in quartz can be little productive (see
[Bunch et al., 2021]).

A probably non-impact nearly circular depression (the
Tor structure, Sweden) has been recently investigated in a
glacial till with boulders [Plado et al., 2022



(JueonyTuis S1 31 Jey) ASEO UI PaUI[IOpun pjoq) painseduwr osje sem SN Jo ddudpuadap Louanbayy — 1y
paganisipun InS1j UOIIBULIOJIP AU} AIASAId 0} JOPIO UT USYOIQ JOU JND JAYIIOU Sem d[dwes 4 .
(uoneun1oy 19)e10 03 Jo11d uaAd A[qissod) uord9[joo ajdwes 0y Joud awry Suof JJo udayoiq sem d[qqad [eurdrio Ay Jo Jed JuedIuSIs 4

37

Geodynamics 2(37)/2024

(19p]0 2q ABW YIIYM UONBZIIUO[AW (you-3) sse[3 93eABI[D dsudUI . (¢ssrou3oyio)
painseaur Jou . . uaydI| ‘SuLidyIEOM w7
A]1800]) Sa3pLIq PaYdIaNs Y)M UONBULIOJOP JWANXD |  IBJINS SSIIO[0D UIY) dpISul Jurjowr ou sainjoely uado yoo1 diqe-zirenb
(3. ‘D) uoneuUIWE)UOD d0EJINS Aq padudN[jul — SSBIS umoIq “MO[[A ,,paxIW {SUOISNIIXd Jou yym
I /[y 1-7L0 | oW umolq ow (PIALIdP-BOIW) JOB[q JO SUOISNIXI | )or[q JoFunok ‘Sse|S SSO[10[00 90BLINS OIS [ PI[[I} SUONIIIP onuow| (aanduur) 9y1zrenb u
‘{(uorsuedxa seJ) samnjoeyy jo Suruapim Ajqeqoid -Ul 9)Iq[€ pue 1301q PAZILIO[YD JO Junjow |  OM} Ul SAINJoRL}
1 "7-S9° (sase3 jo uorsuedxa o1doosoiorw Ajuo) SIedspI} JO Ajutew Supjow QAI9SQO Jou uayol| ‘Surioyream ssrougoylio
4 10°C-59°0 Jo uor ! Tl Af apIsul {(yo1i-y) Suneod ssej3 ssa[10[00 p qo1} Yo1] “suLiayy ! U (114
opuedxa 0s[e) auoisaul OLI-]) SSBT 99BLINS YSIUAAIT £(SI9[UIoA Jaoqrydwe
4 6L07CE0 Aq :o:mh w&mES uom,h_:vm Eo_m:&_xo 3uons AMN.tmv:_w Jo H_avoxwv w:u_me _anﬁamo_e._m ¢ oot L v_m_ohpm”_mmo v 6l
Cll1-L 2)1301q Jo uoisuedxa paywi| AIoA (pazniuowr) Appsowr) sse|3 ,,1301q° jou A]qeqoad uayoI|/ssow aoiq ym azuenb | gy
. Iy . sarores BuBLo Ut woisueds 207 AU uumt:,m Ay} pauLIo}/paydeal Ay} a1aym (s19[u1A 9310[BD , meEww@ BYCE]] suoisowy] Apues I
¥6' 010 1SBI] JB ‘S)[UIdA 9)ID[D JO UOIBZIU0GIBIIP Suisn) ajqissod Sssouwl “19Ae[ UOISOLI0D
$0°1-85°0 C_oE, d1101q pue Jedsp[oy wolj sse|3 zyrenb ur £jqeqoad | *qres ‘9yuowr] A[[eo0| (ss1oudoyuio 91
yep) ajnoafoad Arepuodas ‘uorsuedxa sed Ajurew
. . . aInjoely (19p[o uaydI| .
¥S'L-6€'T SOSpLIq PAYDIAIS ‘AYLIS A} JoYe saimoely uddo opisdn wouy pajsodap sse[3 ssa[10]0d Suofe go-yealq s34 | ‘(ainoey ur) syuoury £ (QUOISPUES ST
0 ou OIS QU0 J& SSE[3 99e)INS UIY) (go-yeauq) ¢, urelaoun « Z)1enb uroA [al
0 (t0D Jo uorsuedxa K|qissody;,) (uonreziuoqresap K|qissod;,) JuBIGIUSIS J0U UOISOLI0d (duoisawi| Apues €1
7L°0-79°0 ou (op1s wonoq Jo 1dedxa) Fuieod sse[3 uly) 91qeqoad uaydI1| A][e00] Juojspues 41
'0-91°0 Sa3pLIq PaY2IaS YHM UOISU)XD Pl saoe|d ur 19A09 Sse|S uly A1oA PIAISSQO J0U S[BISAI0 I9)JB SMO[[0Y « Z)1enb uroa 11
YL0-11°0 (Sunjow noyim) 3uryaans awos A[qissod ou JJo-yealq ISNID NYM JoulW |, JeIWIs 10 JSIYds-edIuw | O
1 SH0-91°0 ou 1SNID 9JI1[IS SULIdA0D (YOLI-) SSB[S uIy) Joutw Ajqissod | yiuown| gsnid dgedrfis [, duoisawi| Apues 6
60°0—L0°0 ou UONBZIU0GIEOdP 908JINS A|[BI0] Ten3au ‘9jqeqoad ou auoIsaw| 8
sa5pLq yoiq pue siedspay :Sunjow renb ur £jqeqoad QAIISQO J0U ,PIojIuRI3 / 1101
90'8-79°'C payPIeNS SuIpnjoUI SUn[ow JOYE UOHEWLIOJIP moiq p PIo} sounj 2 TAlqeq p q01} spron / dNIorp L
PIAISSQO dPISUl UOIIBULIOJP OU JLIOIP AU} YIM SSe[3 uddi3 Aq paurol PIAIdSQO J0U SOPIXO-UJA JouTu Juojspues
I3 88°0-2€°0 Sunmnjoely ren3ain Ajqissod J1oAe| papuedxad — UOIJeZIU0QIBIdp dIBLINS R jou K[jqeqoad aywo[op 9
66'0-S+'0 ou sooe[d ur uoneziuoqresap K[qrssod yeam K10 Ajqissod | (104e] u0IS01109) ISNIO Quo)sawI| S
6T T-L90 sures3 zyrenb oy Jede Juijnd anjoiq jo uorsuedxa | opisdn sse[3 sso[10]00 1301q JO Junow 1ou Kjqeqoad (saoed ur oyruownt] | 4 amoiq yym anzienb | p
Jow Yy
11°L-2L°1 U0 oN)s uojsaul| w_ohao”c SpIM 03Ul oW IBp (HoW PAYOLIL-2] }1ep) SuONBUILIEIIOd (uotyesox) (saoeld ur o] #+ (2N7AEND €
SNOLIBA + SUI}EOd SSB[S SS[10[0d saInjoRIy SUTUApIM / duojspues danduur
[eu12)xd Jo Surysnd SWOS YIIM UOIIBUWLIOJIP JWALXD
71°0-+0°0 ou LW[BUYSS 21IYM — UONBZIUOQIBIIP dJBLINS | Yeam AIdA A[qissod (SPIXO UA JIep Quo)saul| F4
1271-90°1 ou OPIS QUO JE SSB[3 90BJINS SSII0[0I UIY) (reajoun Surwn) 4, jsnuo y3uq Apaed |, doiq yum izyenb I
(IS ¢01) *339 s9[dafoad Lrepuodas (SunEur 0) uoneRI Uo0BZIBUOQ.IBIIP Supngoey nys-up (oedur-aad) 2d ) W20y
SIN S)I pU® UONBULIOJ S JJ)L.Id SULINP UOHBULIOJI( JO sddea) ‘Sunypoui ‘3ureod sse[) : : *3)9 SISNI))

[31qeL

Anpiqndaosns onouSew ‘sassed0id uoneWIOjop pue - H ‘SoNsLIjoRIRYd d1seq — (Suriewwy) ¢ "oN 101e1) woij sajdwes Jo 1as 1SI1j Y} JO MIIAIAQ



38

Geodynamics 2(37)/2024

GP2-D

GP2-S

GP1-D miror

GP1-S  miror

XRF

P

—KC

P4 mirror

P6

Fig. 14. Comparison of three geophysical methods:

ARES - dipole variant (D); ARES — Schlumberger variant (S), gamma spectrometry (mutual ratios
of signals of Th, U and K to that of ¥’Cs; mean from profiles GP1 and GP2), and GPR.
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No HT-effects or unusual deformation have been
observed in the Tor structure, the “crater” caused no
anomaly in GPR profiles, and MS of its filling is not
elevated [Plado et al., 2022].

Some specific features of crater formation in coarse but
loose targets, perhaps reflecting additional heating and de-
formations caused by mutual collisions of pebbles after
projectile explosion, were qualitatively documented by
Prochazka et al. (2021) and Prochazka (2023). These effects
include secondary projectiles, a phenomenon which perhaps
has some analogy in literature [Anfinogenov et al. 2014].

Investigation of the meteoritic material found in the
Crater No. 4 is ongoing. Its mineralogy and mineral
chemistry [Prochazka et al., 2022; Prochazka, 2023] has
some similarities with enstatite chondrites and aubrites
but also important differences from representative com-
position of all meteorite groups known, possibly pointing
to an unusual character of the impactor.

Originality and scientific novelty

A set of geophysical, measurements, consistent with
results of other geological disciplines, proved that the
craters at Emmerting are most probably of impact origin.
These would thus be the smallest impact craters on Earth,
where extremely high HT conditions were proven during
their formation. Geophysical measurements showed that
there is a compact body under the crater floor, created by
strong compression, heating and melting of the sediments
of this terrace.

Practical significance

Signs of extreme HT conditions found inside both
studied craters with small diameters indicate that, under
not quite understood conditions, even very small meteo-
roids should be able to penetrate Earth’s atmosphere, and
survive while preserving a high impact velocity (more than
30 km/s). This fact should challenge current models of
bolide penetration through atmosphere.

Conclusions

Impact origin of the Crater No. 4 has been
supported by finding of a meteorite fragment, and
observation of signs of the presence of a high
temperature and uncommon strain effects. Similar
features, although more rarely, have been observed in
the crater No. 5 (Emmerting) and partly in the
depression at Kaltenbach. We can speculate that a
water-saturated environment (which is common here
up to now) mitigated the strain and high temperatures
in the Crater No. 5. Geophysical measurements at the
craters No. 4 and 5 indicated potential compact
features at and below their floors. These features were
potentially formed by compression and/or thermal
sintering and precipitation of Ca-rich minerals after
HT-decarbonization.

The geophysical results have supported impact
origin of the identified structures and completely
rejected the anthropogenic hypotheses (limekilns) and
postglacial phenomena.
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Appendix 1

a) mean concentration of radionuclides according to field gamma-ray spectrometry

n K,% | eTh,ppm | eURa, ppm | Th/U | ¥'Cs, kBg/m?
o C. 4 and surroundings 90 | 0.60 4.75 2.17 2.19 5.18
o C. 5 and surroundings 62 0.50 2.50 1.50 1.67 5.84
o C. Kaltenbach and surroundings | 10 0.67 4.99 2.81 1.77 n.a.

b) comparison of concentrations of natural radionuclides according to field gamma-ray spectrometry in the
Kaltenbach structure (individual measurements) and its surroundings (mean + st. dev., n=6)

K, % eTh, ppm eU Ra, ppm Th/U
0.69 5.4 2.9 1.86
within the crater 0.66 5.1 2.6 1.9
0.31 3 2.4 1.25
0.57 3 2.8 1.07
crater’s surroundings 0.74+0.11 56+0.35 29+0.28 1.93+0.15
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¢) concentration of natural radionuclides in the soil (including small pebbles or their fragments;
large biomass remnants were removed) determined by laboratory gamma-ray spectrometry

locality K, % Th, ppm U (Ra parent), ppm U, Ra daughter 187Cs, Bg/kg
o Crater 4 (n=4) 0.87 8.23 4.60 3.79 65
o Crater 5 (n = 2) 0.515 5.75 34 2.67 69

d) approximate concentrations of natural radionuclides in individual silicate pebbles (laboratory gamma-ray
spectrometry, samples not crushed; 3’Cs was below the limit of determination)

locality rock type sample No. K, % Th, ppm eU Ra, ppm
Kaltenbach sandstor?e 118 1.80 14.9 3.3
orthogneiss 123 1.80 2.0 3.9
Emmerting 4 (meta)basic rock? 4/2/-1 1.25 1.4 0.5

Electronic Annex 1
The test of the ability of the georadar

Because of the serious concerns about possibilities of
radar in the fluvioglacial sediments, we made a test of its
ability in a similar locality. We have chosen the quarry
south of Rabenden (47°59'45.09"N, 12°27'46.47"E),
because the sequence of fluvioglacial sediments, similar
to other sites investigated, is clear visible in the almost
vertical walls there. We made one profile approximately

and the radarogram.
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JABA YIAPHI KPATEPU B EMMEPTIHI'Y, HIMEYYMHA:
[NOJILOBI AOCILIXKEHHS TA TEO®DI3UKA

OmucaHo HOBI JOCTipKeHHs OBOX KpaTepiB y EmMmeptinry (Ne 4 i Ne 5), Himeuunna. L5 crartst — mepiua
YyacTHHA 13 IBOX CTaTeH, AKi CTOCYIOThCSI HMOBIpHUX yaapHUX KpatepiB y EMMeptinry. [[pyra ctarts Mictutume
aHani3 MiHepaiuorii / metposorii, BINIUBY TEMIIEPATypH Ta THCKY. MeTeopuTHUi MaTepian i3 JOMiHyBaHHSIM
eHcTatuTy, 3Haiimenuit y kpatepi Ne 4 [Prochazka et al., 2022; Prochazka, 2023], — npeamer okpemoro
JETaIbHOTO JOCHipKeHHS. B 000X KpaTepax BUSBIEHO 3HaUHI BHCOKOTEMIIEPAaTypHI €eKTH Ta eKCTpeMalbHi
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nedopmaiiii, sKi MOSCHIOIOTHCSA BIUIMBOM XBHJII THCKY Ta MOAAibIIol JekoMmmpecii B MiCIi ymapy, e
MepeBaXKalOTh BEJIHKI, aJle PUXJIi TAbKH. 3aJOKYMCHTOBAHO B3a€MHI 31TKHEHHS T'ajbOK Ta “BTOPUHHI CHapsan”’
(Bukuau i3 kpatepa). Xoua Oinblia 4acTHHA Tajbku B Kparepi Ne 4 3a3Hana TepMidyHOTO BIUIMBY, IPiOHO-
3epHHCTa (Dpaxilisi 3alOBHEHHS MICTHUTh MaJlo Takoro Marepiaxy. 3 LBOTO BHUIUIMBAE, IO APiOHI YAaCTHHKH
BUIAPOBYBAIMCS Ta/abo BUIYBANCH IiJ 4Yac YTBOPEHHS KpaTepa, abo MepeHOCHIIHCS Mi3Hilue (HampuKiam,
IPYHTOBUMH Bojamu). ['aMMa-CrieKTpoMeTpisi oKasaia, 1o cTiHku kpatepa Ne 4 icToTHO 30aradeHi OCHOBHHUMHU
npupoaaumu pagionykmizamu Th, K i gactkoBo U, Tofi sk BHYTpIIIHIN MpocTip KpaTepa 30iAHCHUI HAMH, I
€JIEeMEHTHU 30CepeKeH] NepeBaXXHO B ApiOHO3epHHUCTUX ¢pakiisx. Lle cBimuuTh mpo BHOIpKOBE BUIAIICHHS Ta
BUTIAPOBYBAHHS JAPIOHO3EPHUCTOTO Martepially IiJ] 9ac YTBOpEHHs Kparepa. ['eopamapHi BUMiproBaHHS B 000X
KpaTtepax MoKas3ajd, M0 Kpai kparepa (CTiHKM) OyJIM 4acTKOBO BUTHCHEHI 3HH3Y, a YaCTKOBO 3aCHIaHi 3BEpXy
MaTepiasioM, II0 HaIiHIIOB i3 BHYTPIIIHBOI YacTWHHU Kparepa. I'eopasap BHABMB KOMIIAKTHE TiJIO MiA THOM
Kparepa, 110 IMiATBEP/UKYIOTh Pe3yIbTaTH BUMIpIOBaHb IUTOMOTO onopy. Kommieke reodisndanx, reoxiMiqHuX,
MIKpOCKOIIYHUX 1 MIHCpaJOTiYHUX BUMIpPIOBaHb JOBIB, IO TOXOMKCHHA KpaTepiB y Emmeprinry ymapwe.
Exctpemanbro BHcoki Temmeparypu (HT) BcepennHi kparepa Ta HEBEIHKUH HiaMeTp 060X KpaTepiB BKa3ylOTh
Ha MOJKJIMBE ICHYBaHHS Iy)Ke MaJCHbKHX METCOPOIMIB, AKi 3MaTHI MPOHUKATH B atMocdepy 3emili i3 BUCOKOIO
mBHKicTIO yaapy (monan 30 km/c). Ileit pakT BBaXkaeMO BUKIMKOM JUIS MOJIENIEH IPOHUKHEHHsI OOJIiIiB yepe3
aTtMocdepy.

Kntouosi crnoea: TONOLEHOBI KpaTepH, TEpacHi BIIKIAICHHS, MOPEHH, reopaaap, pagioMeTpudHi METOIH,
aBTOMATH30BaHa CHCTeMa BUMiproBaHHs mutomMoro omnopy (ARES), yTBopeHHsI KpaTepiB, yIapHi KpaTepH.
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