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Abstract

A meteorite impacted the ground in Estonia forming the Kaali Crater dated at
1183 - 1162 BC. It set up a Baltic-wide mega-tsunami dated at 1171 absolute
varve years BC. It also triggered violent seismotectonic effect in Sweden. An-
cient legends testify of direct observations of the sky phenomena and per-
sonal experiences of the ground shaking and tsunami flooding, which makes
the Kaali Crater the oldest impact event documented by humans. The Rag-
narok apocalypse is likely to lead its origin from the violent geodynamic ac-
tivity along the Swedish east coast.
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1. Introduction

At about 1200 cal. yrs BC something quite unique occurred in the Baltic region:
a meteorite impacted the ground on Saaremaa Island in Estonia giving rise to the
Kaali Crater and 8 minor impact marks. At the same time along the Swedish east
coast, we record high-magnitude paleoseismic activity, ground shaking with
power of fracturing the bedrock, intensive methane venting tectonics, and the
occurrence of a mega-tsunami with a run-up on the order of 15 m. In this paper,
we propose that all the events occurred at the same time, and that the geody-
namic events along the Swedish east coast were all triggered by the Kaali impact.
Supplementary Material to this paper has been posted on ResearchGate [1]. It
consists of 3 papers; Observational facts on seismotectonics and a mega-tsunami
in Sweden (Morner; p. 2-18), Radiocarbon chronology of the Kaali Impact
(Dufty; p. 19-21) and Searching for a larger meteor fragment falling into the Bal-
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tic Sea (Morner & Dufty; pp. 22-23).
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Figure 1. The Kaali Crater [6]. The crater has a visible surface dimension of 60 m in
diameter and 16 m in depth, but a hidden deformational dimension (pink) of about

110 m in diameter and 44 m in depth. The Cores 1 and 2 stratigraphy and position of
radiocarbon dates (1 - 4) are added.

2. The Kaali Impact Crater

The Kaali Crater is located on the Silurian dolomite bedrock surface of Saaremaa Is-
land in Estonia. The impact consists of a main crater and 8 minor impact marks. The
main crater has a diameter of 60 m and a depth of 16 m, although the bedrock is de-
formed down to about 44 m (Figure 1). The age of the Kaali crater has been debated
and given either at around 7500 BP [2] [3] [4] or at 3500 - 2500 BP [5] [6] [7].

The size of the impacting meteorite was estimated at around 450 tons hitting the
ground with a velocity of about 15 km-s™ and an energy release of about 4 x 10" J,
corresponding to an explosion of 4 - 20 kilotons of trotyl [7]. The trajectory has also
been interpreted quite differently, viz. from the ENE [6] or from the SSE [3]. Nev-
ertheless, the impact must have set up quite a severe shock-wave in the bedrock.

The light phenomenon in the sky, the sound at impact and the ground shak-
ing must have struck the people with both fear and fascination. In fact, the Kaali
impact coincides closely with an exceptional peak (Figure 2) in geodynamic ac-
tivity recorded at 13 sites along the Swedish east coast [8] [9] [10]. Ancient local
legends vividly record both sky phenomena and violent ground shaking, which
suggest that the Kaali Crater may be the oldest impact event recorded by hu-

mans [11], and potentially the best meteorite impact hazard event anywhere.

3. Late Holocene Seismotectonics in Sweden

In today’s instrumental recording of seismic activity, Sweden is a region of gen-
erally low seismic activity. In deglacial and early Holocene time, however, Swe-
den was a high-seismic region [8] [12] [13]. The Swedish Paleoseismological
Catalogue includes 66 documented, dated and published events [14] [15]. Their
distribution in time is given in Figure 2. The estimated magnitude and distribu-
tion include 8 M5 - 6,35 M6 - 7, 12 M7 - 8 and 7 M > 8 events [8] [14].

There is a clear relationship between the rate of glacial isostatic uplift and the
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Figure 2. Histogram of 63 paleoseismic events in the last 13,000 years. With a peak of
about 50% at the peak rate of uplift, it decreases with time (red line) except for a very
strong peak at around 3000 BP (coloured events: yellow = bedrock deformation, orange =
earthquake, violet = MVT, blue = tsunami) here interpreted as effects of the Kaali Impact.

number of paleoseismic events [8] [12]. Figure 2 gives a histogram of the number of
events per millennia for the last 13,000 years. There is a peak of paleoseismic events
coinciding with the peak of glacial isostatic uplift at about 10,000 BP, after which
there seems to be a generally decreasing trend with time (red line in Figure 2), ex-
cept for a very surprising and abnormal second peak of 13 events at around 3000 BP.
This peak calls for an explanation in other terms than normal seismotectonics of the
area (grey field in Figure 2). In fact, it calls for a point event.

earthquake

bedrock deformtion
® methane venting tect.
tsunami

Figure 3. Location of the 15 sites in Sweden recording seismotectonic effects at around
3000 BP (signs marked 1 - 15 with same colour code as in Figure 2) and the Kaali impact
crater with proposed trajectories from the ENE [6] or the SSE [3]. The working hypothesis
is that the Kaali impact triggered the seismotectonic effects recorded in Sites 1 - 13.
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The second peak at about 3000 BP refers to 13 sites consisting of four types of
seismotectonic data (Figure 2 and Figure 3), viz. earthquakes (orange), bedrock
deformations from ground shaking (yellow), methane venting tectonics (purple)
and tsunami records (blue).

The 13 sites (plus Sites 14 and 15, which seem to belong to the zone of “nor-
mal” paleosismic activity in Sweden; marked grey in Figure 2) are all described
in detail in the Supplementary Material ([1], Figures 1-23).

Earthquake records are documented in Sites 1 ([1] Figure 1), 7 ([1] Figure 7-8)
and 11 ([1] Figure 16). At Rodbiack gravel pit (just south of Umea) there is a
quite remarkable record of large-scale liquefaction including venting structures,
slides and faults (Figure 4) from a paleoseismic event occurring at about 3000
BP, and having a magnitude of about M7, or rather M7.8 [1] [8] [15] [16].

Figure 4. The Robick gravel pit in 2002 [8] recording large-scale liquefaction structures
in the sediments from about 4000 BP. The Baltic clays have been penetrated by vented
sand (a), liquefied sandy-gravelly beds have sunk down (b), sediment blocks have
become down-faulted (c), and at the sides liquefied sand has vented to the surface (d).
In a nearby site, an archaeological site dated at 3585 + 115 cal. yrs BP is covered littoral
sand of an 11 m tsunami event [1] [10].

Sites 14 and 15 in southern Sweden also refer to typical paleoseismic records.
Those sites were regarded as “normal” paleoseismic events (belonging to the
grey field in Figure 2), and were left out of the analysis of the 3000 BP peak in
geodynamic events here discussed.

Heavy ground shaking with capacity of bedrock deformation was observed in
Sites 2 and 3 [17], in Site 7 ([1] Figures 7-8), in Site 10 ([1] Figures 14-15), and in
Site 11. Whether the ground shaking was due to earthquake or MVT is still an
open question.

Some of the events (Sites 5, 7, 11, and 12) refer to explosive methane venting
tectonics [8] [9] [10] [18]. These events were interpreted as being generated by
rapid phase-transitions of methane hydrate (accumulated in voids and fractures
in the bedrock) into methane gas. This gave rise to explosive methane venting
tectonics or MVT events. The Sites 5 and 12 MVT events are estimated to cor-
respond to M 8.0 ground shaking events [16].
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In 11 of the sites, high-amplitude tsunamis were recorded (see detailed review
in [10] and older descriptions in [8] [9] [16] [19] [20]. They are recorded [10] in
Sites 1 (11 m), 4 (14 m), 5 (12 m), 6 (>6 m, maybe even 21.5 m), 7 (20.5 m), 8
(13.5-16.5m), 9 (14.5 m), 10 (9 m), 11 (14.5 - 21 m), 12 (10 m) and 13 (16 m).
This implies that we, in fact, are dealing with one Baltic-wide tsunami event
[10], despite previous local site interpretations (the absence of data in SE Sweden
is simply a lack of investigations). Furthermore, the tsunami event coincide in
time with the Kaali impact (below: Figure 5).

At Site 5, 6 and, 8 the tsunami wave was recorded both in its submarine phase
and in its run-up phase over land ([1] Figures 5, 11, 12), which is quite unique,
but provide extra strength to a proper understanding of the tsunami wave
propagation process.

The tsunami data base includes some 60 radiocarbon dates. Omitting dates that
refer to redeposited older material, the other dates range themselves into three
groups [10]:

1) 1650 - 1300 cal. yrs BC: 13 dates referring to the period before the event.

2) 1300 - 1060 cal. yrs BC: 11 dates referring to the time at about the event (ie.
1180 + 120 BC).

3) 1060 - 750 cal. yrs BC: 23 dates referring to the period after the event.

This implies that the tsunami event occurred within a zone of 1180 * 120 cal. yrs
BC. At Site 4, there is a 14 m tsunami recorded ([1] Figure 2, and [10]), which can
be tied to the postglacial varved clay chronology of the River Angermanilven sedi-
ments [21] [22] [23]. This provides an absolute age of 1171 varves BC (Figure 5).

The mega-tsunami recorded in 11 sites in Sweden (Figure 2 and Figure 3) is,
of course, contemporaneous, representing one mega-tsunami of Baltic-wide di-
mension. The absolute varve date in Site 4 gives an age of 1171 varve years BC
(with a margin of error of about +10/-30 varves according to [23]).

It is hereby proposed that the 3000 BP peak of seismotectonic events in Swe-
den and the Baltic-wide mega-tsunami event were all triggered by the Kaali Im-

pact. The geographical distribution of events in Sweden is given in Figure 3.

4. Ancient Legends

The traumatic experiences of violent natural phenomena shaking the Earth and
being observed in the sky are recorded in the Icelandic Edda [24] [25] and in the
Finnish Kalevala Epos [26] [27]. Below follow a few quotations highlighting the
vivid messages from the ancient oral tradition.

In Vdluspd of the Edda, it is stated that: The sun blackens, the earth sinks into
sea || Bright stars fall from heaven || Flames lash against life’s support (Yggdra-
sil) /| High gorges the heat against heaven itself. In Hyndla of the Edda, the sea
flooding is spelled out: The sea storms against the heaven |/ Floods over the
land. In Gylfaginning of the Edda, the earthquake shaking is well presented: The
whole earth and the mountains quake /| The trees are un-rooted and the moun-

tains collapse || All bounds are broken and torn apart.
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The Kalevala Epos is strongly focused on the extraordinary sky-phenomena.
In Song 47, we get the picture of what had happened: The high skies opened, the
whole sky broke || Fire rushes through the sky, it shoots like a star shot //
Lightens all across the skies, rushes through the clouds, and the wise old
Viindmoinen spoke: Noble brother Ilmarinen |/ Let us go to find out, let us go
and see || What sort of fire that occurred, what sort of spark that was seen |/

Gliding fast from the high skies, all the way down into the ground.

5. Ragnarok

With the new geological data here presented, there now seems to be logical rea-
sons for seeking the origin of the Nordic tales of Ragnarok, the Fenris Wolf, the
Midgard Serpent and the Surt giant in people’s own experiences in the Bronze
Age at about 1200 BC.

The Nordic mythology (the Asa Creed) includes the stories about the Rag-
nardk apocalypse, the Midgard Serpent, and the Fenris Wolf, which usually are
ascribed to the Viking period of the Late Iron Age [24] [25] or to the 6™ century
AD volcanic and climatic events [28] [29] (24-25). The origin of the mythology
may go much further back in time, however [18] [30] [31] [32] [33].

The tale of the Fenris Wolf [31] recounts the story of a giant wolf threatening
to destroy the Earth and therefore was chained deep in the mountains, but when
he howled the ground and mountains trembled violently and deep fractures
formed and rock fragments were thrown around. This sounds like a perfect de-
scription of earthquakes. Therefore, the tale of the Fenris Wolf [31] seems to get
a logical explanation in the high seismic activity in Sweden in the Late Holocene
[8] [10] [32], particularly the remarkable concentration of paleoseismic events at
about 3000 BP [31] [32] [33]. Besides, several place names refer to sounds or
fractured bedrock [31] [33].

Just as the tales of Ragnarok (the apocalypse) and the Fenris Wolf (the ground
shaking and bedrock fracturing) hark back to ancestral traumatic experiences of
the violent natural phenomena taking place at about 3000 BP so might the leg-
end of the Midgard Serpent. Tsunami waves rising into a high wall when break-
ing in over the coasts may be regarded as a giant serpent. Therefore, it seems
most significant that the image of a giant sea serpent occurs on a rock carving
from the Bronze Age on the Island of Bornholm ([1] Figure 24, [34] Figure 4).

6. Discussion

The time coincidence, geodynamic coupling, tsunami dimension and legend
background need some additional discussion.

The exact age of the Kaali Crater has been a matter of debate [2] [3] [5] [6] [7]
[35]. The span of uncertainty is from about 1000 to 1700 cal. yrs BC (or about 2850
to 3300 BP). Secondly, the mode of sedimentary infill of the crater basin needs re-
consideration. According to Veski ef al [6], the crater was “an empty hole” after the

impact, into which “loose material was gradually washed to the bottom of the cra-
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ter”. The Baltic-wide tsunami documented in Sweden, is likely also to have invaded
the crater and deposited a mixed material at its base, which seems to fit well with
the description by Veski et al [6] of the basal sediments: a “dolomite diamicton
(unsorted sediment that contains a wide range of particle sizes from clay to gravel)”
and calcareous gyttja with eroded diatoms. At the base of core 1, there is a peat [35]
dated at 3390 + 35 BP or 1680 + 60 cal. yrs BP. It seems quite strange to have “peat”
at the base of the crater-lake. Rather does it indicate the inflow from re-deposited
peaty material of pre-impact age. If so, the age of the impact post-dates the age of
the peat. Only 3 dates come from the base of core 2 (Figure 1); sample 1 (1600 + 90
cal. yrs BC) comes from the top of the carbonate rich diamicton, sample 2 (1025 +
105 cal. yrs BC) was taken 3 cm up in the lake gyttja, sample 3 (915 + 85 cal. yrs BC)
is from the detrital gyttja and must be too young.

In order to provide a better dating analysis, Duffy kindly constructed an Ox-
Cal Poissonian depositional sequence model (P_sequence). This model ([1] Fig-
ure 24) yields a boundary age for the onset of deposition in the crater of 1183 -
1162 BC (95%).

This value is in perfect agreement with the absolute varve date of 1171 BC,
obtained of the tsunami event in Site 4. It also agrees well with the zone of dates
referring to “at about” the event ranging from 1300 to 1060 cal. yrs BC or 1180 +
120 cal. yrs BC (above).

Figure 5 illustrates the excellent agreement between the date of the Kaali Cra-
ter and the tsunami dates in Sweden, where the absolute varve date of 1171 BC
stands out as exceptional. By this, the time coincidence between the impact and
the geodynamic effects in Sweden seems settled.

k3]
(]
£
Mega-tsunami =
1700 in Sweden ©
N 8
7 — @© [G]
O c c om
D §¢ 72 o
© 15004 £ 3 s g
3 s L @ =
> T L » o
Qo 7T -2 1] o~
> = 2 ©
©° @ =
2 1300 >3
© € o ~ ©
o 1&£3¢ b= T
S @8 Stl—+———— ABSOLUTE AGE OF EVENT
° L_0
£ 11004 § ©
S
8 1 g€
£ e
o 900 5O
£ 52
= - T ©
700 -

Figure 5. Chronology of the events discussed. The Kali impact is dated at 1183 - 1162
cal. yrs BC, and the mega-tsunami event in Sweden is assigned an absolute varve age of
1171 varves BC in Site 4 (in good agreement with the radiocarbon chronology of the
tsunami event; left column).
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The geodynamic coupling between impact forces and seismotectonic effects in
Sweden (a distance of up to 400 km to Site 1 and 160 km to Site 11) is another
prime issue.

Earthquakes and ground shaking have been recorded at far distances from
historical impact events. The Tunguska event in 1908 generated an M 4.7 earth-
quake [36] with a seismic wave over 5300 km [37]. At the Chelyabinsk impact
event in 2013, the seismic ground shaking was recorded “at least up to 4000 km
away” [37], and the authors concluded that “distant seismic recording can agree
remarkably well with local meteor observations”.

Methane venting tectonics (MVT) seem sometimes to have been generated
over very long distances [9]; at the Saguenay M 5.9 earthquake in Canada in
1988, violent methane venting was observed 800 km to the SW, and at the M 7.7
earthquake in Pakistan in 2013, methane venting tectonics occurred 400 km to
the south. In both these cases, it seems to have been the seismic shock waves in
the crust that set up the MVT events [9]. A recent MVT event seems to have
been recorded in Timor in 2018 [38]: the locals heard a strong explosion, found
a former bedrock fractured into pieces and gas venting from the ground (Figure
6). The gas was burning (obviously set on fire by sparks from the colliding bed-
rock fragments (cf. [18]).

Figure 6. View of the Timor 2018 event with fractured bedrock
and burning methane degassing [38], a recent example of
methane venting tectonics [9] and burning gas [18].

Actual MVT was only observed in Sites 5, 7, 11, 12. The ground-shaking effect
of the MVT-event at Sites 5 and 12 were estimated at M 8.0 [16]. Such a high
ground shaking may well explain the deformational effects observed in Sites 1, 2,
3,7,10,and 11.

The tsunami events are observed in 11 of the 13 sites. The tsunami wave-height
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or run-up height is now established at values ranging from 10 to 16.5 m (above).
This rules out a sequence of local events, in favour of one big Baltic-wide event.
Either we may be dealing with an atmospheric shock wave (meteo-tsunami; [37]
[39]) induced by the impact, or a normal tsunami generation of an impact hit-
ting the Baltic Sea. The dimension of the Kaali Crater (60 - 100 m wide and 16 m
deep) and its elevation (+22 m) shed some doubt that this impact would be
strong enough to generate the mega-tsunami and the seismotectonic effects ob-
served in Sweden. Therefore, it seems probable that a hitherto unknown larger
meteor fragment fell directly into the Baltic Sea somewhere between Estonia and
Sweden ([1] Figures 25-26).

For the history of impact events [11], it seems important that the Kaali impact
event may now be considered the oldest event observed and recorded by humans.
Previously, the oldest events were the 616 BC and 645 BC events in China [11].

7. Conclusions

The ice cover in the European Arctic Seas affects the biologic productivity and
the Kaali crater represents an important event. Available radiocarbon dates were
reinterpreted according to the OxCal Poissonian depositional sequence model
providing an age of 1183 - 1162 cal. yrs BC for the onset of sedimentation in the
crater ([1] p. 2). This is co-incidental with the date of the mega-tsunami in Swe-
den, absolutely dated by varves at 1171 varves BC.

The 13 sites in Sweden bear witness of severe ground shaking, seismotectonics and
methane venting tectonics. They all occur at the same time as the mega-tsunami, and
can hence be directly coupled to the Kaali impact.

It is concluded that the Kaali impact (Figure 1) triggered the 13 deformational
events recorded in Sweden (Figure 2) at 1171 absolute years BC (1183 - 1162 cal.
yrs BC for the Kaali crater), and that all this became mixed into ancient legends
because it terrified and fascinated the local people. Hence, the Kaali impact event
may be considered the oldest event observed and recorded by humans.
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