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Event‑ and biostratigraphic 
evidence for two independent Ries 
and Steinheim asteroid impacts 
in the Middle Miocene
Elmar Buchner1,2*, Volker J. Sach2,3 & Martin Schmieder1,2

For decades, the Nördlinger Ries and Steinheim Basin in southern Germany have been regarded as 
a textbook example of a terrestrial impact crater doublet, although the oldest crater lake deposits 
in both craters suggest a biostratigraphic age difference of ~ 0.5 to 1 Myr. We previously presented 
stratigraphic arguments that challenged the double impact scenario and favoured a model of two 
temporally independent impact events in the Mid‑Miocene. We here present, for the first time, four 
localities within a distance of ~ 50–100 km from the Ries and ~ 50–70 km from the Steinheim crater that 
expose two independent seismite horizons, together unique within the Upper Freshwater Molasse of 
the North Alpine Foreland Basin, each one featuring impressive water escape structures. The seismite 
horizons are separated by ~ 10 to 15 m of undisturbed Molasse deposits and, biostratigraphically, 
by an entire European Land Mammal Zone, thus providing evidence for two independent major 
seismic events within a time span of ~ 0.5–1 Myr. Both the lower and the upper seismite horizons 
can be correlated litho‑ and biostratigraphically with the basal crater lake sediments at the Ries and 
Steinheim craters, respectively, deposited immediately after the impacts. From a biostratigraphic 
point of view, the impact event that formed the Steinheim Basin probably occured around 14 Ma, 
some 0.8 Myr after the ~ 14.81 Ma Ries impact event.

The ~ 24 km-diameter Nördlinger Ries and the ~ 4 km-diameter Steinheim Basin are two well-preserved Miocene 
impact craters in the karstified Swabian-Franconian Alb limestone plateau of southern  Germany1–3 (Fig. 1). The 
complex Ries crater is characterized by a double-layered ejecta  blanket4 composed of lithic impact breccia derived 
mainly from weakly shocked Jurassic to Triassic sedimentary target rocks, as well as by the overlying suevite 
that contains variably shocked and partly impact-melted material derived from the crystalline crater basement. 
High-precision Ar–Ar results suggest the Nördlinger Ries impact occurred at ~ 14.81  Ma5–7.

The ~ 4 km-diameter Steinheim Basin, located about 40 km SW of the centre of the Ries crater, is a complex 
impact crater with a prominent central uplift within a sequence of Triassic and Jurassic sedimentary  rocks1,2. The 
Steinheim Basin is well known for its shatter cones of outstanding shape and  quality1,8. Numerous drillings into 
the Steinheim Basin yielded cores with the basin-filling impact breccia overlain by crater lake  sediments1. The 
impact breccia contains variable amounts of clasts of Jurassic limestones, marls, mudstones, and  sandstones9, 
while the post-impact sediments are particularly rich in fossils, most notably gastropods, ostracods and verte-
bates such as fishes, birds, turtles, reptiles, land mammals, and  plants1,10–12. Although isotopic dating has, thus 
far, failed to yield a geologically meaningful age for the Steinheim Basin, the impact event is widely thought to 
have formed simultaneously with the Nördlinger Ries  crater13.

Beside the impact ejecta inside and in the surroundings of the two craters, a conspicuous bed of coarse-
grained distal ejecta in the North Alpine Foreland Basin (henceforth NAFB) represents an important impact-
marker  horizon3. This distal Ries ejecta layer (locally known as the ‘Brockhorizont’) occurs as a locally reworked 
horizon of sand including shocked quartz grains, pebbles, cobbles, and boulders of predominantly Upper Jurassic 
limestone with rare shatter  cones14–18. The lithic components in this horizon were ejected during the Ries impact 
event and ballistically transported over distances as long as 180 km (~ 7 to 8 crater  diameters19) and preserved in 
the siliciclastic sediments of the  NAFB15,17,18. No such coarse-grained ejecta have thus far been reported from the 
much smaller Steinheim impact. In theory, the most distal ejecta components of recognisable size (i.e., measuring 
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at least several millimeters across) would be expected within a distance of less than 30 km from the impact  site20, 
i.e., they would probably not have reached the NAFB. The average thickness of a Steinheim ejecta layer in the 
Hochgeländ area, about 100 km south of the Steinheim crater, would be expected to be approximately one mil-
limeter, or  less21, and would mainly contain grain sizes of sand and smaller, perhaps with occasional larger ejecta 
particles. Another factor hampering the recognition and stratigraphic correlation of Steinheim ejecta may be the 
internal structure of the karstified, highly porous Upper Jurassic target rock, probably in combination with some 
post-impact erosion. The high target rock porosity may have suppressed the primary production of proximal 
(and medial) impact ejecta in the closer surroundings of the Steinheim Basin in the first  place22.

One effect of large asteroid impacts is, depending on the kinetic energy imparted into the target rock, the 
triggering of intense  earthquakes20,21,23. The extremely powerful Chicxulub impact, known to have terminated 
almost all Mesozoic life, is thought to have generated a seismic pulse roughly equivalent to a magnitude  MW 
(moment magnitude scale) ~ 10 to 11.5  earthquake24,25. The impact that formed the 24 km-diameter Ries crater 
likely caused an earthquake around magnitude  MW ~ 8.53,26,27. The earthquake triggered by the much smaller 
Steinheim impact event was presumably stronger than  MW ~ 6.4 and may have been as strong as magnitude 
 MW ~ 7 or even somewhat  higher3.

Impact-triggered earthquakes can produce seismites in extensive volumes of  sediment3,27,28. One form of 
impact-related seismites are clastic dikes that commonly occur more or less proximal to the corresponding 
impact  sites29. However, impact-earthquakes may also cause soft-sediment deformation through liquefaction at 
greater distances (hundreds of kilometres) from the point of  impact3,27,30. The exact style of seismically induced 
deformation is mostly governed by the composition and lithification of the surface-near sediments and their 
petrophysical properties (i.e., cementation/diagenesis, grain size, open pore space, water  saturation3,27).

Figure 1.  Geographic and geologic situation in the study area in southern Germany, northern Switzerland and 
Austria. Marked by red stars are outcrops of the Ries seismite within a distance of up to 205 km from the Ries 
crater, and the proposed Steinheim seismite (orange stars) within a distance of up to 100 km from the Steinheim 
crater. Four localties in green are presented and discussed in this study and are marked with stars half in red and 
orange. Note that no seismite occurences caused by Alpine seismotectonic events are known North of the dotted 
line.
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Both the Nördlinger Ries and the Steinheim asteroid impact events imparted a significant amount 
of the impact energy into the sedimentary target of the Swabian-Franconian Alb, causing regional-scale 
 disturbances3,16,21,27,31. An extensive impact-seismite unit marks the Ries impact in the statigraphic record within 
the sand-dominated Upper Freshwater Molasse (‘Obere Süßwassermolasse’, OSM), with a number of representa-
tive outcrops in the vicinity of Biberach an der Riß, Ochsenhausen, and  Ravensburg3,27. The Ries seismite is 
capped by a primary (in situ-preserved) horizon of distal impact ejecta and is, in turn, overlain by undisturbed 
OSM  deposits15,16, a telltale sign that the seismite is the product of a major earthquake triggered by the Ries 
event. At Biberach and Ravensburg, swarms of clastic dikes cut through the Ries-related seismite-ejecta couplet 
and portions of the overlying  OSM16, which we interpret as evidence for a second, high-magnitude earthquake 
in the region that occurred subsequent to the Ries earthquake.

For decades, the Nördlinger Ries and the Steinheim Basin had been widely considered as a terrestrial impact 
crater  doublet13,32, formed by the impact of a binary asteroid of ~ 1 km (Ries impactor) and ~ 100–150 m (Stein-
heim impactor) in diameter,  respectively13. However, the long-held double-impact theory is, based on palaeon-
tologic and structural geologic constraints, not fully  supported3,12,33 (and discussions and references therein). 
From a biostratigraphic point of view, the Steinheim impact may postdate the Ries event by several kyr, and 
potentially as much as 1  Myr1. Accordingly, we recently suggested the two impact structures are likely of different 
age, supported by biostratigraphic, sedimentologic, and event stratigraphic  evidence3. While the basal crater lake 
sediments within the ~ 14.81 Ma Ries  crater5,6 correspond to the transition from the European land mammal 
zones (ELMZ) MN 5 to MN 6 (Langhian), the oldest crater lake deposits at Steinheim fall in the transition zone 
of higher MN 6 to MN 7 (latest Langhian and  Serravallian3,12,34,35).

Although an at least ~ 17 m-long clastic dike crosscutting the Ries seismite and the overlying distal Ries 
ejecta horizon in the Tobel Oelhalde-Nord (Hochgeländ plateau near Biberach) was tentatively linked to seismic 
shaking triggered by the the Steinheim  impact16, some doubt remained with respect to the impact-earthquake 
origin of the dike. First, the upper end of the dike is not (unlike the Ries seismite capped by distal Ries ejecta) 
overlain by a diagnostic Steinheim-impact layer, as is expected at the long distance from the relatively small 
source crater. Second, the Biberach clastic dike, by its structural nature, cannot be easily correlated laterally with 
the subhorizontal deposits of the Ries seismite and overlying deposits, and generally, both the dike attributed 
to the Steinheim-earthquake and the Ries seismite occur as far as ~ 100 km from the two impact structures.

In addition to an earlier detailed description and interpretation of the outcrop Tobel Oelhalde-Nord, we here 
present three other localities with newly discovered outcrops in the NAFB within a distance of 53 to 100 km 
from the two impact craters where two separate seismite horizons, both unique to the otherwise more or less 
undisturbed OSM sediments, are preserved. All seismite outcrops are discussed with respect to their potential 
relation to the Middle Miocene Ries and Steinheim meteorite impact events in southern Germany, reinforcing 
the notion that the Steinheim impact may have triggered a significant earthquake several kyr after the Ries-
earthquake. In the context of a related earlier publication of our working  group3, the most important innovation 
in this follow-up study refers to the biostratigraphic context of the fossil content in deposits below and above 
the seismite horizons within the newly described outcrops and the biostratigraphically determined relative age 
of the crater lake deposits in the Ries and the Steinheim impact structures.

Results
Outcrops with two seperate seismite horizons. We here report on four outcrops: 1. The Ziemet-
shausen sand pit, ~ 53 km S of the rim of the Ries crater and ~ 53 km SE of the Steinheim  Basin36 (outcrop no. 
1; Figs. 1, 2). In this outcrop, the uppermost part of the lower seismite horizon capped by distal Ries ejecta and 
the upper seismite horizon are excellently exposed and described here for the first time. 2. The Tobel Oelhalde-
Nord3,16,27 (outcrop no. 2; Figs. 1, 3) located ~ 100 to 105 km South of the Ries crater and ~ 70 km South of the 
Steinheim Basin. From this outcrop described  previously3,16, we present updated information that underlines 
that two independent large seismic events are recorded within NAFB deposits, although no upper seismite hori-
zon occurs in this outcrop. 3. The Josefstobel (outcrop no. 3; Figs. 1, 4), a ravine located in in the Hochgeländ 
plateau south of Biberach an der Riß, ~ 100 to 105 km South of the Ries crater and ~ 70 km South of the Stein-
heim Basin, where the lower and the upper seismite horizons (the latter is first reported in the present study) 
are exposed exceptionally well, and 4. The Dietenwengen sand and gravel pit some kilometers East of the Hoch-
geländ (outcrop no. 4; Figs. 1, 5), ~ 105 km South of the Ries crater and 70 km South of the Steinheim Basin. 
This active sand pit offers outstanding insights into sedimentologic features and the biostratigraphy of the upper 
seismite horizon, also reported for the first time in this study.

Outcrop no. 1: Ziemetshausen. In the former, no longer accessible sand pit near  Ziemetshausen36 
(48°17′17.5″ N/10°30′46.5″ E, 508–529  m.a.s.l.; Fig.  2), the Ries seismite horizon is presumably present, but 
largely buried. A conspicuous horizon of primary, in situ-deposited distal Ries ejecta was observed by a member 
of our working group near the base of the sand pit (E.B.) in 2008 and by a colleague (pers.com. P. Bockstaller) 
in 2005 (Fig. 2, 6a). Only a few tens of centimetres of OSM sands with convolute bedding were visible on an 
outcrop scale at the basal minig level between 2005 and 2008, suggesting this outcrop also contains the several 
metres thick Ries seismite underneath the ejecta horizon, in analogy to exposures elsewhere in the  NAFB3,16,27. 
The Ries ejecta horizon is overlain by a minimum of 12 m of undisturbed, cross-bedded OSM sands. Second-
ary (reworked) distal Ries ejecta occur within this succession as individual redeposited limestone components 
or reworking horizons. One of the limestone clasts shows internal shatter  cones15 (Fig. 2). A second, at least 
4 m-thick, upper seismite horizon follows that shows large slump structures over a lateral extension of more than 
ten metres (Figs. 2, 6a), as well as distinct outcrop-scale faults. It is noteworthy that a horizon with reworked 
distal Ries ejecta is also included in the fold-like deformation tracing a large slump within the upper seismite 
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Figure 2.  Schematic description of the sedimentological situation (left), outcrop photographs, and event 
stratigraphic interpretion of the sedimentologic succession (right) in the (former) sand pit Ziemetshausen; 
outcrop no. 1 in the text. Two impact-seismic events (Ries and Steinheim? impact-earthquakes) are reported 
by the occurrence of a primary horizon of distal Ries ejecta. Due to the mining level in that outcrop, only the 
top of sediments of the lower seismite horizon with indistinct convolute bedding were observed. A metre-thick 
seismite horizon underlying the distal Ries ejecta was not detected unequivocally in this sand pit, but is to be 
expected. The second impact-earthquake (Steinheim impact) induced a relatively thick seismite horizon with 
slumps and convolute bedding. A succession of about 12 m of undisturbed OSM sediments were deposited 
between the two impact events. Photographs of the Steinheim seismite (upper three pictures) were taken by E.B. 
in 2008 and those of the distal Ries ejecta (lower two pictures) by Peter Bockstaller (Schopfheim) in 2005.
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Figure 3.  Schematic description of the sedimentological situation (left), outcrop photographs, and event 
stratigraphic interpretion of the sedimentologic succession (right) in the Tobel Oelhalde-Nord (Hochgeländ 
plateau south of Biberach an der Riß; outcrop no. 2 in the text). Two seismic events (Ries and Steinheim impact-
earthquakes) are reported by the occurrence of the Ries seismite horizons with slumps and convolute bedding 
within sediments that formed the land surface at the time of the impact event, capped by distal Ries ejecta. 
The second impact-earthquake (Steinheim impact) caused the formation of a giant clastic dike that reached 
the palaeo-surface at the time of the second impact event. A succession of about 15 m of OSM sediments 
were deposited in the timespan between the two impact events; for more details about this outcrop  see16; all 
photographs taken by V.J.S. in 2018–2019.
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Figure 4.  Schematic description of the sedimentological situation (left), outcrop photographs, and event 
stratigraphic interpretion of the sedimentologic succession (right) in the Josefstobel (Hochgeländ plateau south 
of Biberach an der Riß; outcrop no. 3 in the text). Two seismic events (Ries and Steinheim impact-earthquakes) 
are reported by the occurrence of two independent seismite horizons with slumps and convolute bedding 
within sediments that formed the land surface at the time of the two impact events. Additionally, the Steinheim 
impact-earthquake caused the formation of clastic dikes in deeper parts of the affected sediments. Usually, 
the Ries seismite is capped by distal Ries ejecta in several outcrops in the Hochgeländ area and elsewhere. In 
the Josefstobel, the distal Ries ejecta horizon is substituted by a dark claystone layer that resembles the K-Pg 
boundary layer to a certain degree (all photographs taken by V.J.S. in 2021).
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Figure 5.  Schematic description of the sedimentological situation (left), outcrop photographs, and event 
stratigraphic interpretion of the sedimentologic succession (right) in the Dietenwengen sand and gravel pit (near 
Eberhardzell, ~ 2 km east of the Hochgeländ plateau; outcrop no. 4 in the text). In this outcrop, the effects of the 
seismic event linked with the Steinheim impact are represented by slumps, convolute bedding, and ball-and-
pillow structures within the upper seismite unit (all photographs taken by V.J.S. in 2021).
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horizon (Fig. 7a). The upper seismite is topped by two metres of undisturbed, cross-bedded OSM sands and 
another ~ 1 m of Quaternary deposits and soil.

Outcrop no. 2: Tobel Oelhalde‑Nord. In the Tobel Oelhalde-Nord (48° 02′24.9″ N, 09° 49′52.0″ E, 504–
525 m.a.s.l.; Fig. 3), the uppermost part (~ 3 m) of the Ries seismite is exposed near the base of the ravine. This 
outcrop was already described in parts in previous  studies3,16. The seismite is represented by metre-sized slumps 
(Figs. 3, 6b) and convolute bedding and is overlain by a primary horizon of in situ-deposited distal Ries ejecta 
with a portion of limestone components showing distinct shatter cones (Fig. 3). The overlying ~ 15 m of cross-
bedded OSM sands are basically undisturbed. However, a giant, at least ~ 17 m-tall, clastic dike (Figs. 3, 7b) 
cross-cuts the lower seismite, the distal Ries ejecta horizon, and the otherwise undisturbed OSM sands, ending 
in a small fossil sand volcano (Fig. 3)16. This sand volcano, i.e., the site of local sand extrusion, presumably marks 
the paleo-land surface at the time of the seismotectonic event that created the dike. A laterally extensive upper 
seismite horizon sems to be absent in this outcrop, which may suggest a rather dry state of the surface-near sandy 
deposits at the time of the seismic event. However, at least 13 m of undisturbed Molasse deposits that separate 
the two seismite units (i.e., the Ries seismite horizon/distal Ries ejecta and the cross-cutting giant clastic dike 
at the extrusive sand volcano level)16 provide tangible sedimentologic evidence for two temporally independent 
seismotectonic events in the Tobel Oelhalde-Nord exposure.

Outcrop no. 3: Josefstobel. In the Josefstobel (48°01′61.2″ N/9°82′69.8″ E, 593–633 m.a.s.l.; Fig. 4), the 
at least 10 m-thick lower (older) seismite horizon includes sand spikes (locally known as ‘Zapfensande’) that 
were recently interpreted as a new, high-energy form of  seismite27, associated with OSM sands showing dis-
tinct convolute bedding (Fig. 4) and thrust fault-like slumps (Figs. 4, 6c,d). In this particular outcrop, distal 
Ries ejecta that commonly cap the Ries  seismite3,16 are absent and substituted by a 1 m-thick layer of dark, grey 

Figure 6.  Photographs of the most impressive details of the Ries seismite and distal Ries ejecta that caps the 
Ries seismite from the outcrops discussed in the present study. (a) Primary (in situ deposited) horizon of 
distal Ries ejecta with angular Upper Jurassic limestone components from the former sandpit Ziemetshausen 
(photographs: a was taken by Peter Bockstaller, Schopfheim, in 2005; b–d taken by V.J.S. in 2020–2021, spade 
and hammer for scale). (b) Slump with internal convolute bedding in the Ries seismite from the Tobel Oelhalde-
Nord (Hochgeländ); (c) Thrust fault-like slump in the Ries seismite from the Josefstobel (Hochgeländ plateau 
south of Biberach an der Riß); (d) Distinct fault- and fold-like structures in convolute bedding in the lower 
(Ries) seismite horizon from the Josefstobel (Hochgeländ plateau south of Biberach an der Riß).
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fluvio-lacustrine claystone that seems to have formed within a Middle Miocene local pond or lake. This clay 
layer rests on top of the Ries seismite with sharp contact and is partially rich in fossil leaf imprints of cinnamon 
trees (Daphnogene polymorpha). The claystone unit is overlain by about 14 m of undisturbed, cross-bedded OSM 
deposits, which are in turn capped by a ~ 2 m-thick second seismite horizon (Figs. 4, 7c). That upper seismite 
layer is, similar to the Ries-seismite 15 m below, also characterized by slumps and convolute bedding. In addi-
tion, clastic dikes occur in the otherwise undisturbed portion of OSM deposits sandwiched by the two seismites. 
The upper seismite horizon is, moreover, partially overlain by a bone bed with fossil remnants of vertebrates 
including turtles and tortoises (Trionyx, Testudo) and the Miocene deer species Dicrocerus elegans37. Fossils of 
this cervid with forked antlers are restricted to the European Land Mammal Zones (ELMZ) MN 5 and MN 6 but 
become increasingly abundant in MN 6 (evolution level Sansan). The findings of Dicrocerus in a relative high 
lithostratigraphic position indicate the upper seismite horizon in this outcrop can be biostratigraphically placed 
most likely in the MN6 biozone. Finally, the seismite unit is overlain by several metres of undisturbed OSM 
sands topped by Quaternary deposits and soil.

Outcrop no. 4: Dietenwengen. In the Dietenwengen sand and gravel pit near the small town of Eber-
hardzell (Fig. 5; 48°02′17.6″ N/9°86′45.8″ E, 619–640 m.a.s.l.), the lower, Ries-related seismite horizon is not 
exposed. The lower seismite horizon and/or distal Ries ejecta are probably buried under at least ~ 5–15 m of 
OSM deposits. Nevertheless, the ~ 0.5–2 m-thick upper seismite unit (Figs. 5, 7d) is well-exposed and char-
acterized by distorted and partially dewatered OSM deposits overlain by distinct ball-and-pillow structures, 
intensive convolute bedding with flame structures (Figs. 5), and cross-cut by clastic sills and dikes. Here, the 
upper seismite horizon is often directly underlain or replaced by 3–4 m (depending on the mining situation) of 
cross-bedded sands with several internal layers that contain reworked OSM deposits with larger clasts and fossils 

Figure 7.  Photographs of the details of the Steinheim seismite and clastic dikes from the four outcrops 
discussed in the present study; (a) The 4–5 m-thick Steinheim seismite in the Ziemetshausen sand pit with 
slumps in the upper parts and convolute bedding in the lower parts of the seismite. A reworked (secondary) 
layer of distal Ries ejecta is integrated into folding of convolute bedding and clearly demonstrates that the upper 
seismite horizon is of post-Ries age; (b) Giant clastic dike cross-cutting a horizon of reworked OSM material 
approximately 2–3 m above the Ries seismite and distal Ries ejecta in the Tobel Oelhalde-Nord (Hochgeländ); 
(c) Slump in the Steinheim seismite from the Josefstobel (Hochgeländ plateau south of Biberach an der Riß); 
(d) Ball-and-pillow structures in the upper (Steinheim) seismite horizon at the Dietenwengen sand and gravel 
pit, hammer for scale. Photograph (a) was taken by E.B. in 2008; photographs: (c)and (d) were taken by V.J.S. in 
2021 (b in 2019).
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of plants, molluscs, reptiles and mammals. The upper seismite horizon is followed by a ~ 14 m-thick sequence of 
undisturbed, cross-bedded sands, also cross-cut by clastic dikes and sills, as well as faults along which variable 
offset of the Molasse deposits can be observed. These yellowish sands (‘gelbe Molasse’) are, in turn, followed by 
a few metres of grey OSM deposits (‘graue Molasse’) that form the upper end of the sand and gravel pit. The thin 
subvertical dikes and wedges in the cross-bedded sands on top of the upper seismite horizon, as well as brittle 
deformation features, may have been caused either by the overburden of glaciers during the Pleistocene, local 
and minor tectonic activity, or may have formed simultaneously with the upper seismite horizon.

In 2021–2022, various fossils were discovered at the Dietenwengen sand pit by one of our group (V.J.S.), for 
instance invertebrates including gastropods (Cepaea) and bivalves (Margaritifera, Unio), lower vertebrates like 
turtles and tortoises (Trionyx, Mauremys, Testudo, Titanochelon) and crocodiles (Diplocynodon), and bones and 
teeth of at least 6 taxa of mammals. The mammal fossils occur in bone beds underlying (or laterally replacing) 
the upper seismite and include teeth and bones from Steneofiber sp., Dorcatherium cf. naui, Brachypotherium 
brachypus, well preserved antler fragments and teeth of the cervid Dicrocerus elegans37 and a fragment of a large 
molar of the proboscidean (Tertiary elephant) Gomphotherium cf. steinheimense38,39. Furthermore, we report a 
single, but well preserved carnivore tooth (M 1 inf.), which fits morphometrically very well with the rare taxon 
Alopecocyon cf. goeriachensis (TOULA), an extinct relative of the small red panda (fam. Ailuridae) that today 
inhabits the Himalayas and SW China. Fossil remnants of the carnivor genus Alopecocyon are only known from 
very few localities in mid-Miocene deposits (e.g. Sansan, Göriach) in Europe and Pakistan that span the ELMZ 
MN 6 and MN 7 biozones. The faunistic and biostratigraphical element of Alopecocyon is, hence, crucial for 
dating the upper seismite horizon at the Dietenwengen locality.

Outcrops with clastic dikes. Smaller and larger (and at least one giant) clastic dikes and sills occur in 
several outcrops in the Hochgeländ plateau south of Biberach an der Riß, for instance in the ravines Tobel 
Oelhalde-Nord and Oelhalde-Süd3,16 (Fig. 3, 7b), Josefstobel (this work; Fig. 4), and in the Dietenwengen sand 
pit (this work; Figs. 5, 7d). We also found clastic dikes and sills in ravines in the Ravensburg area (e.g., at the 
Kleintobel) and at Untereichen south of  Ulm27. In total, more than 30 clastic dikes, including dike swarms, have 
thus far been recognised in the Hochgeländ plateau. Most dikes and sills start below and cross-cut the Ries 
seismite and the ejecta horizon and, therewith, clearly postdate the latter. Other clastic dikes seem to originate 
somewhere between the lower (Ries) and the upper seismite horizon. We also found some rare small dikes and 
sills that cross-cut the upper seismite horizon in the Dietenwengen sand pit. Some dike- and wedge-like features 
run from top to bottom and are presumably of Pleistocene age. Additional small dikes and sills start within or 
slightly below the upper seismite horizon, and their formation can be interpreted as ‘co-seismite’ intrusion more 
or less simultaneous to the formation of clastic dikes and convolute  bedding40. Hence, we argue the dikes/sills 
and the convolute bedding in the upper seismite horizon are of mid-Miocene age and the result of the same 
seismic event.

Discussion
The Ries seismite: Evidence for long‑distance seismic shaking. The Ries seismite, i.e., 
the ~ 10–15 m-thick lower seismite unit and overlying distal Ries  ejecta3,14,18, forms a unique continental seis-
mite-ejecta couplet within a distance of 180 km from the  crater3. The structural inventory within the Ries seis-
mite, characterized by distinct soft-sediment deformation and dewatering structures described recently (such 
as sand  spikes3,27) indicates far-reaching seismic effects of the 14.81 Ma Ries  impact5,6. The seismite, which is 
exposed at several localities within the  NAFB3,16,27 features metre-sized slumps, usually with NW–SE-striking 
slump axes, convolute bedding, and ball-and-pillow and flame  structures3. The dip of the slumps and the strike 
of slump axes are both consistent with a seismic source in the Ries crater  region3,27. Such soft-sediment deforma-
tion features in continental deposits are typical of seismites produced by major  earthquakes41,42. The horizon of 
distal Ries  ejecta15,16 that caps the seismite unit (outcrops nos. 1 and  23,16,27) provides direct evidence that the 
Ries impact was the trigger of the seismic event that, in turn, caused soft-sediment deformation within a radial 
distance of at least ~ 100–180 km from the impact  site3,17,18. The energy imparted into the target deposits by the 
impact of distal impact ejecta components is much too low to induce seismic shaking of metre-thick (up to 
15 m) Molasse  deposits16,19. A recent  study31 suggests the Ries impact-earthquake even reached northern Swit-
zerland and produced seismic sand diapirs and sand volcanoes in surface-near OSM sediments near Winterthur, 
more than 200 km away from the Ries impact structure. The restricted occurrence of the Ries seismite within the 
NAFB suggests the seismically-induced production of soft-sediment deformation required specific lithophysi-
cal properties of the near-surface Molasse sediments, such as (locally) water-saturated unconsolidated sands in 
combination with underlying waterlogging  strata13,16,27.

The newly described Ries seismite occurrence (outcrops nos. 1 and 3) expand the known area of distribution 
of the Ries seismite and the associated primary horizon of distal Ries ejecta (outcrops no. 1 and 2 and additional 
sites already  described3). In all four exposures, bedding conditions and features caused by soft-sediment defor-
mation are remarkably similar. The overlying Ries ejecta layer is either developed as a primary, in situ-deposited 
horizon (outcrops nos. 1 and 2) or as a secondary, reworked layer of ballistically transported and shocked clasts 
of Upper Jurassic limestone (outcrop no. 1). In some of the outcrops described  earlier3, the overlying layer does 
not display unequivocal rock components ejected from the Ries crater, but consists of coarse-grained, locally 
reworked pebbles, cobbles, and boulders. In outcrop no. 3, the ejecta layer is substituted by dark grey to black 
claystones, which we interpret as fluvio-lacustrine fines deposited in a pond or small lake dammed by slumped 
OSM deposits immediately after the Ries impact. We did not find any coarse-grained components ejected from 
the Ries crater within these deposits, which suggests ballistically transported distal Ries ejecta was deposited in 
patches and not as a continuous ejecta blanket. The findings from the four outcrop localities combined provide 
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a detailed sedimentologic and temporal account of the profound environmental impact the Ries event had on 
the surrounding paleo-landscape3 (this study).

Is the upper seismite linked to the Steinheim impact? The upper seismite horizon in the newly 
discovered outcrops, separated from the deeper Ries seismite by a ~ 10 to 15 m-thick succession of essentially 
undisturbed OSM sediments, resembles the Ries seismite in many ways, although the entire unit is usually much 
thinner and only attains a thickness of ~ 0.5 to 2 m (Hochgeländ area and Dietenwengen, ~ 70 km south of the 
Steinheim basin; outcrops nos. 2, 3, and 4; Figs. 2, 4 and 5). At Ziemetshausen, some ~ 50 km from Steinheim, 
the seismite unit appears to reach a greater thickness of ~ 4–5 m (outcrop no. 1; Fig. 2). The most common fea-
tures caused by dewatering are convolute bedding, ball-and-pillow and flame structures in the lower parts, and 
metre-sized slumps with internal convolute bedding in the upper parts of the seismite horizon. The thinning of 
the upper seismite horizon (from 4–5 m at a distance of ~ 50 km to 0.5 to 2 m at a distance of ~ 70 km) correlates 
with increasing distance from the Steinheim impact cater region, which may suggest a genetic link between the 
upper seismite and the Steinheim impact event as a likely trigger mechanism. In turn, thinning of this seismite 
unit towards the south is at odds with a seismic source in the Alpine  region3,16.

Both the lower (Ries) and the upper (presumably Steinheim) seismite horizons are overlain by several metres 
of undisturbed OSM deposits in each of the outcrops (nos. 1–4) studied (Figs. 2, 3, 4 and 5), and accordingly, both 
seismite horizons were deposited within the ‘Fluviatile Untere Serie’ unit of the  OSM12,34,35,43. The stratigraphic 
position of the upper seismite near the top of the ‘Fluviatile Untere Serie’ suggests this seismite was deposited 
around ~ 14.3 Ma or somewhat later, i.e., at least ~ 0.5 Myr after the 14.81 Ma Ries impact. The (lower) Ries 
seismite horizon is often capped by a primary or reworked horizon of distal Ries ejecta, or by contemporane-
ous continental flash-flood deposits. The upper seismite horizon is locally overlain by reworked clastic material 
(compare to outcrop no. 3, Fig. 4), suggesting a contemporaneous continental flash-flood event that followed the 
second seismic event. However, none of the material overlying the upper seismite horizon has, thus far, shown 
evidence of an origin as distal ejecta derived from the Steinheim impact (e.g., small shatter cones or shocked 
mineral grains). At a distance of ~ 50–70 km from the Steinheim crater (at Ziemetshausen and in the Hochgeländ 
area and Dietenwengen), the existence of distal Steinheim ejecta is not to be expected or, if present, the layer 
would likely be less than one millimeter thick and, therefore, barely identifiable within the surrounding  sands19,20. 
According to numerical simulations of ejecta emplacement, the maximum grain size of distal Steinheim ejecta 
within this distance would be less than one  cm26. In contrast to the much larger Ries, the continuous ejecta 
blanket of the ~ 4 km-diameter Steinheim crater would only have reached a radial distance of 8–12 km from 
the crater  rim22. The most distal Steinheim ejecta of considerable grain size would have landed some ~ 30 km 
from the source crater. In addition, it is unlikely to find shocked mineral grains in the thin, distal portion of any 
potential Steinheim ejecta layer. Even within the impact breccia that fills the Steinheim crater, mainly composed 
of brecciated Middle and Upper Jurassic limestones and sandstones, shocked quartz seems to be extremely rare, 
if  present9. Therefore, the search for shocked quartz or zircon in deposits that cap the Steinheim seismite, which 
would establish a firm link between the seismite and an impact-earthquake, is not promising. A systematic 
search for possible traces of a fine-grained Steinheim-produced ejecta layer (and/or ablation products from the 
Steinheim projectile), if ever deposited and  preserved22,44, is a future endeavour.

Biostratigraphic arguments for a Steinheim‑age upper seismite. Independent support for a 
Steinheim-related impact-earthquake comes from fossils found associated with the upper seismite. Whereas 
the distal ejecta layer that rests on top of the Ries-produced seismite contains fossils of a mammal fauna charac-
teristic of the transition from ELMZ MN 5/6 to lower MN 6 within the earlier  Langhian3,14,15,35,45, the mammal 
remains (Alopecocyon cf. goeriachensis, Dicrocerus elegans; Gomphotherium cf. steinheimense;) found directly 
below, within, or on top of the upper seismite are together indicative of ELMZ MN 6 to the transition zone MN 
6/7. In particular, the occurrence of the genus Alopecocyon and the comparatively large amount of fossil antler 
remains of D. elegans associated with the upper seismite exposed at Dietenwengen sand pit and Josefstobel, in 
combination with a fossil tooth of an evolved, relatively large, proboscidean Gomphotherium cf. steinheimense, 
suggests these Mid-Miocene deposits are similar in age to those known from Sansan (France), the international 
type locality of the ELMZ biozone MN  646,47 or slightly younger, i.e., MN 6 to MN 6/748. These biostratigraphic 
constraints are in agreement with the immigration of Dicrocerus deer into Europe from Asia and its first appear-
ance in mammal biozone MN 5, followed by its typical widespread occurrence in biozone MN  635,36,49, and the 
size evolution of Gomphotherium, with larger individuals being prevalent later during the  Neogene50,51. Overall, 
the upper seismite seems to indicate an age corresponding to biozone MN 6 or the transition zone MN 6/7. In 
particular, the relatively thick and very distinct upper seismite horizon detected at the Dietenwengen sand pit 
is underlain by bone beds that offer a rich fauna indicative for the transitional ELMZ zone of MN 6 to MN 6/7.

Two independent aspects of biostratigraphic correlation regarding the two separate seismites are of par-
ticular relevance. First, both the lower (Ries) and upper (Steinheim?) seismite horizons are separated by one 
entire ELMZ biozone—essentially the interval between the MN 5/6 and MN 6/7 transition zones. Second, both 
seismites can be biostratigraphically correlated with the basal crater lake sediments at the Middle Miocene Ries 
and Steinheim impact craters, respectively. Since the Ries impact produced a distinct ejecta marker  horizon3,14,15, 
that stratigraphic correlation is further corroborated in the field south of the Ries crater. The Ries ejecta horizon 
occurs within the MN 5/6 transition zone, i.e., at or near the base of biozone MN  63,14,27,35. These constraints are 
consistent with the MN 6 mammal and avian fauna at the Ries  lake33,52, a rather hostile, evaporitic soda  lake53,54 
that evolved within the newly formed impact crater.

The upper seismite horizon corresponding to the higher MN 6 biozone and probably the transitional interval 
MN 6/7 correlates very well with the (basal) Steinheim crater lake  deposits1. Although Steinheim served as the 
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type locality for the European mammal biozone MN  755, the initial deposition of lake sediments at Steinheim 
may have started in late MN 6 or in MN 6/7 transition time (during the local Gyraulus kleini, G. steinheimensis, 
and G. sulcatus  periods10); however, from a biostratigraphic point of view, the presence of MN 6 in the Stein-
heim crater lake is not finally proven. Hence, there seems to be good biostratigraphic correlation between the 
deposition of sediments within the newly formed Steinheim crater  lake1,12,56 and the emplacement of the upper 
seismite horizon in the NAFB as constrained by its fossil content.

In summary, there seems to be a clear time gap between the formation of the Ries seismite (approximately 
MN 5/6 transition) and the upper seismite presumably related to the Steinheim impact (upper MN 6 or transition 
MN 6/7), which is apparent based on biostratigraphic evidence (Fig. 8). That time gap is further evidenced by a 
10 to 15 m-thick layer of undisturbed sands that separates the two seismite layers in the field (compare Figs. 2, 
3, 4 and 5). The time difference between the formation of the two seismites may help solve a long-held geologic 
problem that originated from the alleged synchronicity of the Ries and Steinheim  impacts13,33. According to that 
model, the Ries crater lake formed soon after the impact (MN 5/6) in the mid-Langhian12, following the impact 
at 14.81  Ma5,6. In contrast, following that theory, the Steinheim crater would have stayed ‘dry’ for an extended 
period of time (several kyr) before the crater depression was filled with water and lake deposits in MN 7  time12,33.

The new biostratigraphic impact crater-seismite correlation presented in this study reconciles previously 
conflicting theories regarding the timing of impact crater formation as it now allows for a temporal gap between 
the Ries and Steinheim impact events. Presumably, both craters initially represented morphological depressions 
without much fluvial drainage that would have filled up with water soon after impact, as expected in a deeply 
water-saturated paleolandscape in the Middle  Miocene57. In fact, the pervasive alteration of impact melt particles 
within the Steinheim impact  breccia9 and the occurrence of thermal spring mound deposits on top of the central 
uplift (exemplified by the aragonitic ‘Wäldlesfels’1) demonstrate that the Steinheim Basin hosted a sizeable (but 
rather short-lived) post-impact hydrothermal system and was almost completely filled with water. During that 
phase, the prominent central uplift of the Steinheim crater was, at least temporarily, partially to entirely sub-
merged. While the Ries impact has been Ar–Ar-dated at a precise age of ~ 14.81  Ma5,6, the current best-estimate 
age for the Steinheim impact is derived entirely from biostratigraphic constraints. Assigning a late MN 6 to tran-
sitional MN 6/7 age to the impact, the Steinheim event most likely occurred in the terminal  Langhian12 or earliest 
 Serravallian58, around ~ 14.3 to 14.0 Ma. Considering the most recent high-precision geochronologigic results 
for the Langhian/Serravallian boundary (13.82  Ma59; ~ 13.8  Ma60), a late Langhian Steinheim impact scenario 

Figure 8.  Chrono-59 and  biostratigraphic12 classification of the crater infill of the Ries and the Steinheim impact 
structures and the lower and upper seismite horizons. The lower seismite horizon of Ries  age5,6 is embedded in 
OSM deposits that contain faunal elements characteristic for the ELMZ MN 5/6 to MN 6. The lowermost Ries 
crater lake deposits are dominated by the same faunal assemblage. The upper seismite horizon is under- and 
overlain by faunal elements of the ELMZ MN 6 to MN 6/7, strikingly consistent with identical faunal elements 
that occur in the lowermost Steinheim crater lake deposits; ELMZ European Land Mammal Zone.
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appears most likely. Overall, a time interval of at least ~ 0.5 Myr (and potentially as long as ~ 0.8 Myr) seems to 
separate the Ries and Steinheim impact events despite their geographic proximity. It, however, remains unclear 
at this point whether, and to what extent, the two impacts are causally connected to the distinct faunal turnover 
in European land mammals marked by the MN 5/6 (within uncertainty Ries-age) and MN 6/7 (approximately 
Steinheim-age) biozone  transitions35 (see also discussion therein).

Significance of clastic dikes. In addition to the lower and upper seismite units described above, outcrop-
scale clastic dikes first described near Biberach an der Riß (along the flanks of the Tobel Oelhalde-Nord) and 
Ravensburg  (Kleintobel16) are eye-catching features in the local outcrops, structurally linked to paleoseismic 
activity. Additional clastic dikes and dike swarms occur in a number of exposures along ravines in the Hoch-
geländ plateau, for instance the Josefstobel, but also in the Untereichen sand and clay pit south of  Ulm27,34,43 
(Fig. 1). The clastic dikes and dike swarms are earthquake-produced  structures41. In terms of their stratigraphic 
setting and age, they commonly cross-cut the Ries seismite and ejecta layer where present, and also cut through 
the sequence of undisturbed post-Ries deposits that lie between the lower and the upper seismite. Hence, the 
clastic dikes clearly postdate the Ries impact event and  earthquake3. The largest known clastic dike reported 
from the Tobel Oelhalde-Nord was, therefore, tentatively linked to the Steinheim impact event that presumably 
postdates the Ries by a few  kyr16. It is noteworthy that none of the clastic dikes that cross-cut the Ries seismite/
distal ejecta-couplet also cross-cut the upper seismite horizon. This suggests the clastic dikes and the upper seis-
mite, produced by a second large Middle Miocene earthquake, are potentially genetically linked. In other words, 
the paleoearthquake that produced the upper seismite potentially also created the clastic dikes.

As discussed previously, Alpine seismic sources and/or tectonic activity associated with major fault and 
graben zones within the South German Block (e.g., the extensional Upper Rhine graben or the Hohenzollern-/
Lauchertgraben)61 are unlikely the trigger mechanism for the clastic dikes, which occur far away from any major 
endogenic tectonic  structure16 and also postdate the main phase of Alpine tectonism by a few  Myr3,27,62. Likewise, 
Mid-Miocene seismo-volcanic activity within the  Hegau63 or the phreatomagmatic Urach-Kirchheim volcanic 
 fields64 are presumably too far away from the seismite occurrences and too weak of a seismic source to be con-
sidered viable trigger mechanisms for the widespread formation of soft-sediment seismites in large areas of the 
 NAFB16 (see discussion therein). Therefore, the most likely scenario is that the palaeoearthquake responsible 
for the formation of the upper seismite and the clastic dikes was triggered by the Steinheim impact event, only 
some ~ 50 to 100 km away, with a calculated moment magnitude of around  Mw 7 (depending on the effective 
diameter of the Steinheim Basin before erosion, within a range between 4 and possibly 5  km26). In contrast to the 
Ries impact-earthquake, which mainly produced a seismite unit suggestive of a water-saturated paleoenviron-
ment (i.e., mainly soft-sediment deformation, such as convolute bedding, flame and ball-and-pillow structures; 
as well as sand  spikes3,27), the Steinheim earthquake seems to have created a variety of palaeoseismic deformation 
features in the host sediment, including structures similar to those in the Ries seismite, but also subvertical clastic 
dikes that indicate a dryer state of the local bedrock  substrate16. As an exemplary case for a relatively dry bedrock 
paleosurface, no distinct upper seismite horizon developed in the outcrop Tobel Oelhalde-Nord (Hochgeländ), 
but instead a giant clastic dike cuts through the Ries seismite and the overlying OSM deposits, reaching the 
former paleo-land surface by forming an extrusive sand  volcano16. The difference of physical substrate proper-
ties is plausible when one takes into account the climatic change from warmer, humid conditions at the time of 
the Ries impact (14.81 Ma) towards a cooler and dryer climate only a few kyr later, when the Steinheim event 
occurred (~ 14.3 to 14.0 Ma). The time interval between 15 and 14 Ma, in particular, indicates a major decrease 
in reconstructed clumped isotope temperatures (from NAFB paleosoils) following the ~ 14.9 Ma Miocene Cli-
mate  Optimum65,66. That change in climate led to a stronger seasonality and less humid conditions in Central 
Europe. At the time of the Ries impact, the palaeolandscape was characterized by a high groundwater level that 
covered deeper parts of the Molasse deposits up to the palaeosurface. Those water-saturated conditions allowed 
the Ries-impact earthquake to cause pervasive stirring of soft, seismically fluidized sediments. In contrast, the 
earthquake induced by the Steinheim impact-earthquake seemingly only affected the uppermost portions of the 
water-bearing sediment, causing widespread but limited dewatering that produced a seismite horizon of ~ 4–5 m 
in thickness in Ziemetshausen and only up to ~ 2 m in the Hochgeländ. Instead, the Steinheim earthquake also 
produced clastic dikes in the deeper parts of the Molasse deposits, where isolated pockets or layers of water-
saturated sand occurred on top of thick clay or marl layers that served as local aquitards in an otherwise rather 
dry bedrock with a deep groundwater  level16.

Alternative trigger mechanisms for the production of widespread seismites in the NAFB? A 
number of potential trigger mechanisms and source regions should be taken into account to explain the for-
mation of the seismites in the NAFB. While the lower seismite unit is unequivocally linked to the Ries impact 
through its cap of impact ejecta, various geologic processes may have produced the upper seismite (Fig. 9), from 
which no overlying ejecta have, thus far, been reported (see also discussion above and why it is unlikely or even 
impossible to find distal Steinheim impact ejecta that far away from the source crater).

With respect to volcanically induced seismicity, the seismic potential of the Hegau and Urach-Kirchheim 
volcanic fields, potentially causing earthquakes of  MW ~ 5 to  663,64, is presumably too low to be considered a 
convincing trigger mechanism for widespread, large-volume seismite formation across the NAFB. Seismites 
induced by major Alpine tectonic  acitivity62,67, which predates both the Ries and Steinheim impact events and, 
hence, did not affect the unfolded Upper Freshwater  Molasse34, are known mainly in older (marine) Molasse 
deposits in Switzerland and southern Germany, but are limited to the area south of the line Lake Constance—
Oberstaufen—Immenstadt marked in Figs. 1 and 103,16,62,67 (see also extensive discussion  in3,16) .
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In Fig. 10, we illustrate how the Biberach and the Ravensburg areas might have been influenced by mid-
Miocene seismic events along the Upper Rhine Graben or in the Hohenzollerngraben domain in SW Germany. 
The estimated maximum earthquake strength along these prominent tectonic features may have reached mag-
nitudes  MW 6 to 6.516,61, also taking into account the maximum distance of seismite formation based on the 
systematic study of strong historic  earthquakes16,68 (see Table 1  in16 and extensive discussion therein; see  also3, 
their Supplemetary Table 1 and “Methods”).

The distance of ~ 150 km between the large tectonic feature of the Upper Rhine Graben and the Biberach and 
Ravensburg areas, and, in particular, the Ziemetshausen area more than 200 km away, is most probably much 
too large to produce voluminous seismites in these areas. The East African Rift Valley is currently the largest 
seismically active rift system on Earth. Historical earthquakes and palaeoseismic events are estimated to have 
reached a maximum moment magnitude of  MW ~ 7.069, an earthquake intensity sufficient to produce seismites 
within an area of ~ 100 km from the seismic source. Although the Biberach and Ravensburg sites could have 
been seismically affected by a very strong mid-Miocene earthquake with its hypocentre in SW Germany (e.g., 
the Hohenzollern- or /Lauchertgraben; Fig. 10), the Ziemetshausen area is still situated far beyond the sphere 
of influence (at least 50 km) from all seismic sources thought to have been active in the Middle Miocene. This 
makes the scenario of a tectonic or volcanic seismite-producing event in the study area very unlikely for the 
upper seismite horizon exposed in the Ziemetshausen sand pit. In contrast, the Ries and the Steinheim events 
both caused major seismic shaking and are both located only some 55 km away from this locality.

It is also noteworthy that the upper (Steinheim) seismite at Ziemetshausen, located only ~ 53 km SE of the 
Steinheim crater, is the thickest (4 to 5 m) and most distinctly developed upper seismite horizon in the entire 
study area, whereas at other localities (in the Hochgeländ area and at Dietenwengen sand pit) the upper seismite 
horizons is developed less distinctly and only has a thickness between 0.5 and 2 m. This indicates the seismic 
source for the upper seismite horizon was situated somewhere north of Ziemetshausen, and not in the Alps in 
the South or in any major tectonic structure west of this area. This agrees very well with the vertical extension 
and thickness of the clastic dikes that also decrease from North to South in the study area. Although direct evi-
dence for the context between the Steinheim impact and the formation of the upper seismite horizon and clastic 
dikes (e.g. superimposed distal Steinheim ejecta on Steinheim seismite) still needs to be established, the number 
and quality of biostratigraphic, event stratigraphic, and geographic arguments provide a comfortable degree of 
certainty that the upper seismite horizon was most likely formed as a result of the Steinheim impact-earthquake.

Growing evidence for two separate impact events. In summary, the recent findings related to the 
Ries and Steinheim impacts, including absolute impact  ages5,6, high-resolution stratigraphic constraints aided by 

Figure 9.  Simplified lithostratigraphic columns illustrating the four outcrops described and discussed in the 
present study. In these outcrops, a lower Ries seismite horizon capped with distal Ries ejecta (or equivalent) and 
an upper Steinheim seismite horizon (or equivalent) are clearly associated by appearance and altitude above the 
sea-level. Note that the outcrop Ziemetshausen with significant divergent altitude is situated ~ 50 km north of 
the other three outcrops.
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the presence of distal Ries ejecta in the  field3,14–16,27, the differing biostratigraphic ages of the Ries and Steinheim 
crater lake  deposits1,3,33, and the biostratigraphic correlation of the lower (Ries, transition MN 5/6) and upper 
(Steinheim, MN 6 to transition MN 6/7) earthquake-produced seismite horizons with the two source craters, 
 respectively3,16,27,31, lead us to conclude that the Ries and Steinheim impact structures are the result of two tem-
porally separate impact events in southern Germany, occurring only ~ 40 km and ~ 0.5 to 0.8 Myr apart. The 
Ries and Steinheim impact craters, therewith, extend the list of terrestrial false impact crater doublets including 
the West and East Clearwater Lake impact structures in  Canada70 and the Suvasvesi North and South impact 
structures in  Finland71, all of which had been considered of binary impact origin previously. Currently, only 
one crater pair on Earth remains (the Lockne and the Målingen impact structures, Middle Sweden) that is still 
regarded to be the result of a simultaneous double impact  event72.

Methods
Field studies. Over the last three decades, horizons of distal Ries ejecta were systematically investigated in 
the  NAFB3,14–16. We payed particular attention to ravines in the areas south of Ulm, Biberach and Ravensburg 
in SW Germany. Outcrops with soft-sediment deformation structures and clastic dikes and sills were partially 
exposed below and above the distal ejecta horizon along the flanks of the ravines after very heavy rainfall in 
winter 2018/2019 in the Biberach and Ravensburg area and were first discovered and investigated in spring 2019. 
The structures were excavated during various field campaigns from spring until winter 2019. We excavated and 
examined in detail the sandy foreland basin deposits over a vertical extension of up to 20 m along the flank of 
some ravines in the Hochgeländ area (e.g., ‘Tobel Oelhalde-Nord’ near Biberach) and over tens of metres later-

Figure 10.  Geographic and geologic situation in the study area in southern Germany, northern Switzerland 
and Austria. All seismic sources active in the study area in mid-Miocene times are depicted including their 
estimated potential of maximum earthquake intensity in moment magnitude  (MW)  (see16 for conversion of 
magnitudes in Richter scale  ML to  MW;  and3, their Supplementary Table 2) and the maximum distance of the 
potential formation of earthquake-induced seismites in affected sediments within the circle  segments16. The 
dashed circular lines mark, hence, the limit of potential seismite formation at a magnitude of ~ MW <  541,42 for 
each known seismic source acitive in Middle Miocene. The large red arrow shows the maximum distribution 
of seismites evidently induced by the Ries impact-earthquake within 205 km from the crater; the large orange 
arrow marks the distribution of seismites attributed to the Steinheim impact-earthquake3,16; green arrows 
show the estimated influence sphere of potential volcanic-induced earthquakes, and the grey arrow shows the 
potential maximum influence of the seismotectonic feature of the Hohenzollerngraben. The seismotectonic 
source of the Upper Rhine Graben with its distance of more than 150 km to the Hochgeländ area and more 
than 200 km to the Ziemetshausen outcrop is not considered, because seismite formation at such a distance is 
very unlikely. Note that no other seismic source beside the Ries and Steinheim impact events had the potential 
seismic capacity to impart enough energy into the Ziemetshausen sedimentary target, sufficent to form metre-
thick seismite horizons.
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ally along the flanks of the ravines in the Ravensburg area and in an active sand pit near Dietenwengen. During 
various field campaigns in 2020, we discovered several new outcrops with Ries seismite overlain by distal Ries 
ejecta and dike swarms in the Hochgeländ plateau and near Ravensburg. In spring and summer 2021, as well as 
in spring 2022, we finally discovered outcrops with two separate seismite horizons in a ravine in the Hochgeländ 
plateau (Josefstobel), inspected and documented in detail. The former Ziemetshausen sand pit was inspected in 
detail in the years 2005 and 2008 by members of our group and/or by colleagues, mentioned as data source in 
the text and the acknowledgements.

Estimated magnitude of impact earthquakes. Seismic efficiency (i.e., the fraction of the impactor’s 
kinetic energy that is transformed into seismic wave energy) is thought to range between  10−5 and  10−3. Using a 
mean value of  10−4 for that  efficiency21,26 (and references therein), an equation that correlates the impact energy 
with the resultant seismic magnitude  (ML) was  derived21,26:

where M is the local (Richter) magnitude and E is the kinetic energy of the incoming projectile (E = half the pro-
jectile mass multiplied with the projectile’s velocity squared, in Joules). Earthquake magnitudes calculated using 
that equation are only (geologically reasonable) approximations. Applying Eq. (1), the giant Chicxulub impact, 
for instance, (impact energy ~ 3.7 ×  1023 J) that caused the mass extinction event at the K-Pg boundary generated a 
seismic pulse roughly equivalent to a moment magnitude  MW 10–11.5  earthquake25. The causal relation between 
the magnitude-distance relation of the formation of seismites in the form of clastic dikes and soft-sediment 
deformation caused by intense earthquake activity was reported for many regions on  Earth41,42,68. Liquefaction 
and concomitant formation of seismites caused by meteoritic impact-induced earthquakes is preserved in the 
sedimentary  record16,17,25,28 and can help to evaluate intensity of other impact-induced earthquakes. However, 
the impact earthquake magnitude-distance relationship for liquefaction effects in sediments has to be evaluated 
mainly from more recent large seismically-induced earthquakes and their distal dewatering effects reported in the 
 literature68. For earthquake magnitudes given exclusively in local (Richter) scale magnitude  ML in the literature, 
we estimated  MW values (moment magnitude) based on existing  ML values. The moment magnitude  (MW) and 
local (Richter scale) magnitude  (ML) are roughly comparable between  MW ~ 3.5 and  MW ~ 7.0–7.5 for shallow 
earthquakes (depth < 33 km); at higher magnitudes saturation of  ML occurs and the pseudo-linear relationship is 
no longer valid.  ML values for the Ries and Steinheim impacts were calculated using well-established equations 
and impact energy values from the literature. In an additional step, we estimated moment magnitudes  MW from 
reported  ML values by comparing known  ML and  MW values for historical earthquakes (for detailed procedure 
and literature cited  see3; Supplementary File). A range of typical  ML and  MW values for tectonic earthquakes 
and estimates for impact-triggered earthquakes is given in the supplementary Table 1 of an earlier study from 
our  group3.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].

Received: 15 June 2022; Accepted: 27 September 2022

References
 1. Heizmann, E. P. J. & Reiff, W. Der Steinheimer Meteorkrater (Pfeil, 2002).
 2. Stöffler, D. et al. Ries crater and suevite revisited: Observations and modeling. Part I: Observations. Meteorit. Planet. Sci. 48, 

515–589 (2013).
 3. Buchner, E., Sach, V. J. & Schmieder, M. New discovery of two seismite horizons challenges the Ries-Steinheim double-impact 

theory. Sci. Rep. 10, 22143 (2020).
 4. Sturm, S., Wulf, G., Jung, D. & Kenkmann, T. The Ries impact, a double-layer rampart crater on Earth. Geology 41, 531–534 (2013).
 5. Schmieder, M., Kennedy, T., Jourdan, F., Buchner, E. & Reimold, W. U. A high-precision 40Ar/39Ar age for the Nördlinger Ries 

impact crater, Germany, and implications for the accurate dating of terrestrial impact events. Geochim. Cosmochim. Acta 220, 
146–157 (2018).

 6. Schmieder, M., Kennedy, T., Jourdan, F., Buchner, E. & Reimold, W. U. Response to comment on “A high-precision 40Ar/39Ar age 
for the Nördlinger Ries impact crater, Germany, and implications for the accurate dating of terrestrial impact events” by Schmieder 
et al. (Geochim. Cosmochim. Acta 220 (2018) 146–157). Geochim. Cosmochim. Acta 238, 602–605 (2018).

 7. Schmieder, M. & Kring, D. Earth’s impact events through geologic time: A list of recommended ages for terrestrial impact structures 
and deposits. Astrobiology 20, 91–141 (2020).

 8. Schmieder, M. & Buchner, E. Strahlenkegel in Opalinuston-Konkretionen des Steinheimer Beckens (Baden-Württemberg): Shatter 
cones in Opalinuston concretions of the Steinheim Basin (SW Germany). ZDGG 164, 503–513 (2013).

 9. Buchner, E. & Schmieder, M. Steinheim Suevite: A first report of melt bearing impactites from the Steinheim Basin (SW Germany). 
Meteorit. Planet. Sci. 45, 1093–1107 (2010).

 10. Rasser, M. W. Evolution in isolation: The Gyraulus species flock from Miocene Lake Steinheim revisited. Hydrobiologia 739(1), 
7–24 (2014).

 11. Höltke, O. Land snails from the Miocene Steinheim impact crater lake sediments (Baden-Württemberg, South Germany). N. Jb. 
Geol. Paläont. Abh. 285, 267–302 (2017).

 12. Morlo, M., Nagel, D. & Bastl, K. Evolution of the carnivoran (Carnivora, Mammalia) guild structure across the Middle/Upper 
Miocene boundary in Germany. Palaeogeol. Palaeoclimatol. Palaeoecol. 553, 109801 (2020).

 13. Stöffler, D., Artemieva, N. A. & Pierazzo, E. Modeling the Ries-Steinheim impact event and the formation of the moldavite strewn 
field. Meteorit. Planet. Sci. 37, 1893–1907 (2002).

 14. Sach, V. J. Litho- und biostratigraphische Untersuchungen in der Oberen Süßwassermolasse des Landkreises Biberach an der Riß 
(Oberschwaben). Stuttg. Beitr. Naturkde. B 276, 167 (1999).

(1)M = 0.67 log10 E
−5.87



17

Vol.:(0123456789)

Scientific Reports |        (2022) 12:18603  | https://doi.org/10.1038/s41598-022-21409-8

www.nature.com/scientificreports/

 15. Sach, V. J. Strahlenkalke (Shatter-Cones) aus dem Brockhorizont der Oberen Süßwassermolasse in Oberschwaben (Südwest-
deutschland): Fernauswürflinge des Nördlinger-Ries-Impaktes (Pfeil, 2014).

 16. Sach, V. J., Buchner, E. & Schmieder, M. Enigmatic earthquake-generated large-scale clastic dyke in the Biberach area (SW Ger-
many). Sed. Geol. 398, 105571 (2020).

 17. Letsch, D. Diamictites and soft sediment deformation related to the Ries (ca. 14.9 Ma) meteorite impact: The “Blockhorizont” of 
Bernhardzell (Eastern Switzerland). Int. J. Earth Sci. 107, 1379–1380 (2017).

 18. Holm-Alwmark, S., Ferrière, L., Alwmark, C. & Poelchau, M. Estimating average shock pressures recorded by impactite samples 
based on universal stage investigations of planar deformation features in quartz: Sources of error and recommendations. Meteorit. 
Planet. Sci. 53, 110–130 (2018).

 19. Buchner, E. et al. Simulation of trajectories and maximum reach of distal impact ejecta under terrestrial conditions: Consequences 
for the Ries crater, southern Germany. Icarus 191, 360–370 (2007).

 20. Melosh, H. J. Impact Cratering. A Geologic Process. Oxford Monographs on Geology and Geophysics Series No. 11 245 (Oxford 
University Press, 1989).

 21. Collins, et al. Hydrocode simulations of Chicxulub crater collapse and peak-ring formation. Icarus 157, 24–33 (2002).
 22. Buchner, E. & Schmieder, M. The Steinheim Basin impact crater (SW-Germany): Where are the ejecta?. Icarus 250, 529–543 (2015).
 23. Sleep, N. & Olds, E. Remote faulting triggered by strong seismic waves from the Cretaceous-Paleogene asteroid impact. Seismol. 

Res. Lett. 89, 570–576 (2018).
 24. Schulte, P. et al. The Chicxulub asteroid impact and mass extinction at the Cretaceous-Paleogene boundary. Science 327, 1214–1218 

(2010).
 25. DePalma, et al. A seismically induced onshore surge deposit at the K-Pg boundary, North Dakota. PNAS 116, 8190–8199 (2019).
 26. Collins, G., Melosh, H. J. & Marcus, R. Earth impact effects program: A web-based computer program for calculating the regional 

environmental consequences of a meteoroid impact on Earth. Meteorit. Planet. Sci. 40, 817–840 (2005).
 27. Buchner, E., Sach, V. J. & Schmider, M. Sand spikes pinpoint powerful palaeoseismicity. Nat. Com. 12, 6731 (2021).
 28. Tohver, E. et al. End-Permian impactogenic earthquake and tsunami deposits in the intracratonic Paraná Basin of Brazil. GSA 

Bull. 130, 1099–1120 (2018).
 29. Sturkell, E. F. F. & Ormö, J. Impact-related clastic injections in the marine Ordovician Lockne impact structure, central Sweden. 

Sedimentology 44, 793–804 (1997).
 30. Simms, J. M. Uniquely extensive seismite from the latest Triassic of the United Kingdom: Evidence for bolide impact?. Geology 31, 

557–560 (2003).
 31. Schmieder, M., Sach, V. J. & Buchner, E. The Chöpfi pinnacles near Winterthur, Switzerland: Long-distance effects of the Ries 

impact-earthquake?. Int J. Earth Sci. 111, 145–147 (2021).
 32. Melosh, H. J. & Stansberry, J. A. Doublet craters and the tidal disruption of binary asteroids. Icarus 94, 171–179 (1991).
 33. Heizmann, E. P. J. & Hesse, A. Die mittelmiozänen Vogel- und Säugetierfaunen des Nördlinger Ries (MN6) und des Steinheimer 

Beckens (MN7) - ein Vergleich. Courier Forschungsinstitut Senckenberg 181, 171–185 (1995).
 34. Prieto, J., Böhme, M., Maurer, H., Heissig, K. & Abdul Aziz, H. Biostratigraphy and sedimentology of the Fluviatile Untere Serie 

(Early and Middle Miocene) in the central part of the North Alpine Foreland Basin: Implications for palaeoenvironment and 
climate. Int. J. Earth Sci. 98, 1767–1791 (2009).

 35. Böhme, M., Gregor, H.-J. & Heissig, K. The Ries- and Steinheim meteorite impacts and their effect on environmental conditions 
in time and space. In Geological and Biological Effects of Impact Events (eds Buffetaut, E. & Koerbel, C.) (Springer, 2002).

 36. Seehuber, U. Litho-und Biostratigraphische Untersuchungen in der Oberen Süßwassermolasse in der Umgebung von Kirchheim in 
Schwaben. Doctoral Thesis, LMU München. https:// doi. org/ 10. 5282/ edoc. 9993 (2008).

 37. Lartet, E. Sur les débris fossiles trouvés à Sansan, et sur les animaux antédiluviens en général. Comptes Rendus Acad. Sci. Paris 5, 
158–159 (1837).

 38. Klähn, H. Die badischen Mastodonten und ihre süddeutschen Verwandten. 134 (Gebr. Bornträger, 1922).
 39. Camp, C. L. & Vanderhoof, V. L. Bibliography of fossil vertebrates 1928–1933. Spec. P. 27, Geol. Soc. of America: 1–503 (1940).
 40. Mugnier, J.-L. et al. Micro-granulometry of sedimentary dykes, Kathmandu basin, Nepal. PANGEA. Tectonophysics 509, 33–49 

(2011).
 41. Hargitai, H. & Levi, T. Clastic dikes. In Encyclopedia of Planetary Landforms (eds Hargitai, H. & Kereszturi, A.) (Springer, 2014).
 42. Shanmugam, G. The seismite problem. J. Palaeogeol. 5, 318–362 (2016).
 43. Maurer, H. & Buchner, E. Rekonstruktion fluvialer Systeme der Oberen Süsswassermolasse im Nordalpinen Vorlandbecken SW-

Deutschlands. Z. dt. Ges. Geowiss. 158, 249–270 (2007).
 44. Buchner, E. An approach towards the projectile trajectory during the oblique Steinheim meteorite impact by the interpretation of 

structural crater features and the distribution of shatter cones. Geol. Mag. 155, 193–202 (2018).
 45. Reichenbacher, B. et al. Graupensandrinne - Ries-Impakt: Zur Stratigraphie der Grimmelfinger Schichten, Kirchberger Schichten 

und Oberen Süßwassermolasse (nördliche Vorlandmolasse, Süddeutschland). ZDGG 149, 127–161 (1998).
 46. Ginsburg, L. La faune miocène de Sansan et son environnement. Mémoires du Muséum national d’histoire naturelle, 183, 393 (2000).
 47. Peigné, S. and Sen, S. Mammals of Sansan (Mammifères de Sansan). Publications scientifique du Museum, Paris, 2012; Memoires 

du Museum national d’Histoire naturelle 203 (2012).
 48. Göhlich, U. B. Order Proboscidea. The Miocene Land Mammals of Europe 157–168 (1999).
 49. Mörs, T., von der Hocht, F. & Wutzler, B. Die erste Wirbeltierfauna aus der miozänen Braunkohle der Niederrheinischen Bucht 

(Ville-Schichten, Tagebau Hambach). Paläont. Zeitschr. 74, 145–170 (2000).
 50. Wang, S. Q. et al. A new species of Gomphotherium (Proboscidea, Mammalia) from China and the evolution of Gomphotherium 

in Eurasia. J. Vertebr. Paleont. 37, e1318284 (2017).
 51. Heißig, K. The faunal succession of the Bavarian Molasse reconsidered: Correlation of the MN 5 and MN 6 faunas. In European 

Neogene Mammal Chronology 181–192 (Springer, 1990).
 52. Heizmann, E. J. & Fahlbusch, V. Die mittelmiozäne Wirbeltierfauna vom Steinberg (Nördlinger Ries) Eine Übersicht. Mitt. Bay. 

Staatss. Paläont. hist. Geol. 23, 83–93 (1983).
 53. Pache, M., Reitner, J. & Arp, G. Geochemical evidence for the formation of a large Miocene “travertine” mound at a sublacustrine 

spring in a soda lake (Wallerstein Castle Rock, Nördlinger Ries, Germany). Facies 45, 211 (2001).
 54. Tütken, T., Vennemann, T. W., Janz, H. & Heizmann, E. P. J. Palaeoenvironment and palaeoclimate of the Middle Miocene lake 

in the Steinheim basin, SW Germany: A reconstruction from C, O, and Sr isotopes of fossil remains. Palaeogeol. Palaeoclimatol. 
Palaeoecol. 241, 457–491 (2006).

 55. Kirchner, M. Ein kurzer Abriß der Mikroflora von Steinheim am Albuch. Mitt. Bay. Staatss. Paläont. hist. Geol. 27, 105–112 (1987).
 56. Janz, H. An example of intralacustrine evolution at an early stage: The freshwater ostracods of the Miocene crater lake of Steinheim 

(Germany). Hydrobiologia 419, 103–117 (2000).
 57. Buchner, E. & Schmieder, M. Das Ries-Steinheim-Ereignis: Impakt in eine miozäne Seen- und Sumpflandschaft: The Ries-Steinheim 

event – impact into a Miocene swampy lakescape. ZDGG 164, 459–470 (2013).
 58. Březina, J., Alba, D. M., Ivanov, M., Hanáček, M. & Luján, À. H. A middle Miocene vertebrate assemblage from the Czech part of 

the Vienna Basin: Implications for the paleoenvironments of the Central Paratethys. Palaeogeogr. Palaeoclimat. Palaeoecol. 575, 
110473 (2021).

https://doi.org/10.5282/edoc.9993


18

Vol:.(1234567890)

Scientific Reports |        (2022) 12:18603  | https://doi.org/10.1038/s41598-022-21409-8

www.nature.com/scientificreports/

 59. Cohen, K. M., Finney, S. C., Gibbard, P. L. & Fan, J. X. The ICS international chronostratigraphic chart. Episodes 36, 199–204 
(2013).

 60. Šarinová, K. et al. 40Ar/39Ar dating and palaeoenvironments at the boundary of the early-late Badenian (Langhian-Serravallian) 
in the northwest margin of the Pannonian basin system. Facies 67, 1–27 (2021).

 61. Nivière, B., Bruestle, A., Bertrnd, G. & Carretier, S. Active tectonics of the Southeastern Upper Rhine Graben, Freiburg Area 
(Germany). Quat. Sci. Rev. 27, 541–555 (2008).

 62. Keller, B. Facies of Molasse based on a section across the central part of the Swiss Plateau. Swiss Bull. Angew. Geol. 17, 3–19 (2012).
 63. Schreiner, A. Hegau und westlicher Bodensee 90 (Sammlung geologischer Führer, Schweizerbart, 2008).
 64. Kröchert, J., Schmieder, M., Theye, T. & Buchner, E. Considerations on the age of the Urach volcanic field (Southwest Germany). 

ZDGG 160, 325–331 (2009).
 65. Eronen, J. T. & Rössner, G. E. Wetland paradise lost: Miocene community dynamics in large herbivorous mammals from the Ger-

man Molasse Basin. Evol. Ecol. Res. 2007, 471–494 (2007).
 66. Methner, K. et al. Middle Miocene long-term continental temperature change in and out of pace with marine climate records. Sci. 

Rep. 10, 7989 (2020).
 67. Scholz, H., Frieling, D. & Aehnelt, M. Synsedimentary deformational structures caused by tectonics and seismic events: Examples 

from the Cambrian of Sweden, Permian and Cenozoic of Germany. In New Frontiers in Tectonic Research: General Problems Sedi-
mentary Basins and Island Arcs (ed. Sharkov, E.) 183–213 (IntechOpen, 2011).

 68. Youd, T. L. & Perkins, D. M. Mapping liquefaction-induced ground failure potential. J. Geotech. Eng. Div. 104, 433–446 (1978).
 69. Yang, Z. & Chen, W.-P. Earthquakes along the East African Rift System: A multiscale, system-wide perspective. J. Geophys. Res. 

115, 2. https:// doi. org/ 10. 1029/ 2009J B0067 79 (2010).
 70. Schmieder, M. et al. New 40Ar/39Ar dating of the Clearwater Lake impact structures (Québec, Canada): Not the binary asteroid 

impact it seems? Geochim. Cosmochim. Acta 148, 304–324 (2015).
 71. Schmieder, M. et al. The two Suvasvesi impact structures, Finland: Argon isotopic evidence for a “false” impact crater doublet. 

Met. Planet. Sci. 51, 966–980 (2016).
 72. Ormö, J., Sturkell, E., Alwmark, C. & Melosh, J. First known terrestrial impact of a binary asteroid from a main belt breakup event. 

Sci. Rep. 4, 6724 (2014).

Acknowledgements
The authors are grateful to Peter Bockstaller (Schopfheim, Germany) for providing photographs from the former 
Ziemetshausen sand pit and detailed information on the outcrop conditions in the year 2005. We thank Michael 
Morlo (Senckenberg Research Institute, Frankfurt/Main) and E.P.J. Heizmann (Erdmannhausen) for detailed 
information on the determination of a fossil carnivore tooth from Dietenwengen. E.B. acknowledges a grant 
(project 11050) by the Stifterverband für die Deutsche Wissenschaft (Dieter Schwarz Stiftung).

Author contributions
Discovery, preparation, and documentation including digital photos of all seismite horizons, clastic dikes and 
distal Ries ejecta in the field was done by V.J.S. (Biberach and Ravensburg areas) and by E.B. and M.S. (Ziem-
etshausen sand pit) unless otherwise specified. Newly discovered Middle Miocene fossil objects from the Diet-
enwengen sand pit and the ravine Josefstobel were recovered and determined by V.J.S.. E.B. designed the study, 
prepared the results and figures and led the paper preparation. M.S. and V.J.S. co-designed the study, and inter-
preted the results. Sedimentological, litho- and biostratigraphical interpretations of field data were carried out 
by E.B., M.S., and V.J.S.. All authors contributed to the writing and editing of the paper.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1029/2009JB006779
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Event- and biostratigraphic evidence for two independent Ries and Steinheim asteroid impacts in the Middle Miocene
	Results
	Outcrops with two seperate seismite horizons. 
	Outcrop no. 1: Ziemetshausen. 
	Outcrop no. 2: Tobel Oelhalde-Nord. 
	Outcrop no. 3: Josefstobel. 
	Outcrop no. 4: Dietenwengen. 
	Outcrops with clastic dikes. 

	Discussion
	The Ries seismite: Evidence for long-distance seismic shaking. 
	Is the upper seismite linked to the Steinheim impact? 
	Biostratigraphic arguments for a Steinheim-age upper seismite. 
	Significance of clastic dikes. 
	Alternative trigger mechanisms for the production of widespread seismites in the NAFB? 
	Growing evidence for two separate impact events. 

	Methods
	Field studies. 
	Estimated magnitude of impact earthquakes. 

	References
	Acknowledgements


