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Abstract: The North Alpine foreland basin (NAFB) in Germany is characterized by various types of
sedimentologic features that make it an excellent terrestrial analog of regions affected by high-energy
asteroid impact-quakes on Mars. Impact events have shaped all planetary bodies in the inner Solar
System over the past >4 Gyr. The well-preserved Ries impact crater (Baden-W rttemberg and Bavaria),
formed around 14.8 Ma, has recently been linked to an earthquake-produced seismite horizon in Mid-
Miocene NAFB sediments that exhibits typical dewatering structures and is associated with sand
spikes, seismically produced pin-shaped pseudo-concretions. In this terrestrial setting, the sand spike
tails systematically point away from the Ries crater. On its path across Gale Crater, the Mars rover
Curiosity seems to have observed a similar seismite horizon in early Hesperian lacustrine deposits
including clastic dikes, convolute bedding, and, likely, sand spikes. Their orientation suggests that the
nearby Slagnos impact crater might be the seismic source for the formation of those seismites. The
Ries impact-seismite deposits can be traced over a distance of more than 200 km from the source
crater (northern Switzerland), which makes the NAFB an excellent terrestrial analog for similar
deposits and their sedimentologic inventory within Gale Crater’s lake deposits on Mars.

Keywords: Earth; Mars; seismicity; sand spikes; seismite; North Alpine foreland basin; Molasse; Gale
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1. Introduction

Through time, impact events have modified all planetary bodies in the inner Solar System. In this
study, we present and discuss sedimentologic evidence of large-scale, high-energy impact-quakes on
both Mars and Earth, which can thus be interpreted as analogs. On Earth, a seismite horizon produced
by the Mid-Miocene Ries impact earthquake, exposed at several localities within the North Alpine
foreland basin (NAFB), represents a textbook example of a terrestrial impact seismite [1,2]. The ~24
km diameter N&dlinger Ries in southern Germany is a well-preserved asteroid impact crater (Figure
1) that has been intensely investigated since the 1960s [3,4]. It has a well-constrained mid-Miocene
OAr/PAr age of 14.808 +0.038 Ma [5,6]. Proximal Ries impact ejecta occur in several varieties,
including suevite [3,4], a type of melt-bearing impact breccia. Distal ejecta produced by this impact
event occurs, in addition to the Central European tektites (moldavites) [3-5], as the coarse-grained distal
Ries ejecta layer, a locally reworked horizon of sand, pebbles, cobbles, and boulders of predominantly
Upper Jurassic limestone [1,2,7-9]. This horizon is a very distinct stratigraphic marker bed within
Neogene Molasse sediments of the NAFB [5-9]. The Ries ejecta clasts were ballistically transported as
far as 180 km, deposited, and preserved in those finer-grained siliciclastic sediments [1,2,7-12].

The Ries impact event caused intense regional-scale seismic effects in the NAFB deposits within
a considerable distance from the Ries crater [1,2,8-12]. A distinct seismite unit recently discovered in
the western and central part of the NAFB in southern Germany is characterized by various effects of
soft-sediment deformation, such as large paleo-slumps, convolute bedding, ball-and-pillow and flame
structures, and clastic dikes [1,2,12]. The seismite is unequivocally linked to the Ries event by its cap
of distal ejecta including shatter-coned limestone fragments and shocked quartz grains [1,2,8,9,12] and
detailed stratigraphic correlation using European land mammal zones (see Figure 2 in [15]). All of
these features are consistent with their formation in a seismite produced during an intense
paleoearthquake [1,2,8,12]. The seismite horizon in NAFB deposits was presumably produced by a
magnitude MW ~8.5 earthquake following the Ries impact [13]. Outcrop-scale soft-sediment
deformation occurred within a radial distance of ~40-210 km from the Ries crater [1,2,8-12,14].

So-called sand spikes [15] are often associated with the horizon of soft-sediment deformation and
commonly occur in the basal portion of the seismite [1,2,8,12,15]. At all Molasse exposures
investigated and reported in the literature, their occurrence is stratigraphically restricted to the seismite
horizon that is identical in age to the Ries impact event. The horizon is stratigraphically situated within
the final cycle of clastic sedimentation during the evolution of the North Alpine foreland basin in the
mid-Miocene (Figure 1), dominated by fluviolacustrine sandy deposits [15,16]. They occur in a large
variety of shapes, such as single, arrow- or obelisk-shaped individuals, and spike- or sill-shaped
aggregates. In some outcrops, board- and ledge-like aggregates dominate and form parallel to the
general layering of their host sands. The sand spikes often occur in several stacked layers, e.g., at the
Untereichen sand and clay pit [8,12,15,16], approximately 85 km south of the Ries crater [15]. Sand
spikes may have a bulbous head attached to an outward-thinning, tail-like protrusion. The bulbous
head can be almost perfectly round or can have an outer cauliflower-like texture [15,16]. Some sand
spikes have an obelisk-like shape without a pronounced bulbous head, and it appears that the specific
shapes of the sand spikes tend to vary with outcrop (i.e., sand spikes with bulbous heads are
predominantly found at Ochsenhausen, while obelisk-type sand spikes commonly occur at Untereichen
and near GUnzburg). Typical sand spikes from the NAFB mainly consist of quartz and, to a minor
degree, feldspar, mica, and accessory minerals. Thus, they are essentially identical in modal
composition and grain size with their host deposits [15-17]. The majority of sand spikes are cemented
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by relatively pure calcite. The size of individual sand spikes ranges from a few centimeters to several
tens of centimeters and, rarely, more than a meter [15-17]. Therefore, the size of sand spikes is not
immediately diagnostic in the field.

Ries seismite horizon with convolute bedding,
* clastic dikes, and sand spikes
(some with distal ejecta)

Localities with Ries seismite
horizon, mentioned in the
present study
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Figure 1. Geographic and geologic situation in southern Germany, northern Switzerland,
and Austria with the position of the N&dlinger Ries impact crater and the western and central
part of the North Alpine foreland basin (NAFB). Red stars mark locations where the Ries
seismite horizon crops out (many of them overlain by the distal Ries ejecta layer), and orange
stars mark outcrops in the Ries seismite horizon mentioned in this study. Sand spike-bearing
deposits are situated within a distance of up to ~140 km from the Ries crater; outcrops with
deposits that exhibit convolute bedding, clastic dikes, and/or sand diapirs even occur within
a distance of more than 200 km from the impact site (figure from [8,12,15], modified).

Sand spikes do not represent sand concretions [15], as was the common explanation for these
peculiar, often times odd-shaped, calcite-cemented, sandstone bodies [15,17]. Rather, the outer
appearance and the featureless inner texture of the sand spikes are consistent with their formation as
sand injectites, a special form of a seismite [15]. Accordingly, sand spikes could be labeled pseudo-
concretions.

At least 95% of the investigated sand spike tails from the NAFB point toward an SSW direction
with a relatively small natural angular variance [15,17]. That is, the sand spike tails point away from
the N&dlinger Ries crater, considered their seismic source, situated NNE from the sand spikes. This
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systematic orientation of the sand spikes, together with their occurrence in direct association with the
at least ~6-15 m thick Ries seismite layer, further supports the notion that they are genetically related
to the Ries earthquake [15].

Sand spikes similar in shape, internal structure, and size to those from various localities in the
NAFB were also found in late-Neogene to early-Quaternary sands at Mount Signal in the Imperial
Valley of southern California [15,18]. Those sand spikes range in size from about 3 to 33 cm and also
occur in a variety of shapes. Some come with heads that are perfectly round and spike tails that are
long, tapering, or knobby. Some of the sand spikes exhibit cauliflower-textured heads, akin to those
from the NAFB. Obelisk- and board-like specimens also occur. Over 95% of the spike tails at Mt.
Signal point west [15,18] and appear to be genetically linked to the Imperial Fault as part of the long-
term active San Andreas fault, a major fault system that lies some 35 km to the west [15,18]. This
suggests that sand spikes at Mount Signal, which almost uniformly point away from the Imperial Fault,
were generated during an episode of strong seismic shaking in that source region [15]. The earthquake
strength induced by seismic activity or impact earthquake required to produce sand spikes is likely of
an order of magnitude of MW ~7 or higher [15], which is in line with the strengths of historic
earthquakes induced by the San Andreas fault system [19]. Additional possible sand spikes occur at
various other localities on Earth, e.g., at the lonian Coast, Italy [20] and Cape Liptrap, Victoria,
Australia [21] (for a compilation of proposed sand spike occurrences, see [15]).

The discovery of sand spikes at terrestrial localities provides a clear idea of both the direction
(azimuth) and distance of the (paleo-)seismic source that caused sand spike formation [15]. We posit
that with high enough image resolution, sand spikes may also be recognized in sediments covering
other water-bearing planetary bodies. In particular, planet Mars, on which large-scale seismites have
been reported [22,23], represents a hot candidate for the presence of extraterrestrial sand spikes (ideally
in association with other typical dewatering structures) in seismically disturbed sediments that were
water-saturated or at least water-bearing during the “wet” late-Noachian and/or early-Hesperian time
period [22,23]. If ever detected by one of the active Mars rovers, such as Curiosity, sand spikes on the
red planet may indicate palaeoseismicity induced by larger meteorite impacts or seismic earthquakes in
the past, at the same time offering estimates on the (past) volatile budget within the affected sediments.
We investigated the relatively high-resolution photographs from the Mars Rover Curiosity [24], whose
path leads across the ~3.5-3.7 billion-year-old (early-Hesperian), ~150 km diameter Gale Crater [22]
and its (presumably fluviolacustrine) crater-fill deposits. In a systematic search for sand spikes and
other sedimentary features typical of soft-sediment deformation on Mars, we explore whether
palaeoseismic activity or impact-induced earthquakes could have produced seismites in Gale Crater’s
post-impact sediments, potentially comparable in stratigraphic anatomy and texture to those formed
by the Ries impact earthquake in the NAFB in southern Germany [8,12,15]. The discovery of such
features would have implications for the ongoing debate about the past water budget of early Mars.

2. Methods
2.1. Imagery from Mars Rover Curiosity

Mars Rover Curiosity was designed to explore the Gale Crater on Mars (Figure 2) as part of
NASA'’s Mars Science Laboratory (MSL) mission [24,25]. It was launched from Cape Canaveral on
November 26, 2011, and landed on Aeolis Palus inside Gale Crater on Mars on August 6, 2012 [24,25].
The rover is still operational, and as of 25 November 2024, Curiosity has been active on Mars for 4367
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sols (more than 12 years) since its landing. The main mission goals include an investigation of the
Martian climate and geology and whether the selected field site inside Gale Crater has ever offered
environmental conditions favorable for microbial life, including an investigation of the role of (free)
water. In our present study, we evaluated and interpreted raw and edited images combined into
panoramic views. We evaluated images taken by Mars Rover Curiosity from sol 3050 and younger,
when Curiosity entered the sedimentary cover of the Aeolis Mons area. A summary of online imagery
resources is provided in Supplementary File S1. The size of image sections, sedimentological
structures, and individual sedimentological features (such as clastic dikes or sand spikes) were gauged
by comparing these features to the dimensions of the Mars Rover Curiosity. The information on the
size of Martian image sections therefore contains certain margins of uncertainty. As sand spikes, clastic
dikes, and associated sedimentary structures (e.g., convolute bedding) occur in a range of sizes and
geometries in nature, we consider approximate size estimates for those features sufficient to support
their geologic interpretation.
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Figure 2. Mars Rover Curiosity inside Gale Crater. (a) Path of Mars Rover Curiosity
within the ~150 km diameter Gale Crater. Curiosity entered Gale’s central mound region
(Mount Sharp) with fluviolacustrine deposits of Aeolis Mons end of 2021 around Solar
Day (Sol) 3050. Locations along the rover’s path with deposits showing the seismite
horizon (including convolute bedding, sedimentary dikes, and/or sand spikes) within
thinly layered lacustrine deposits are marked in yellow. (b) Position of the 6-7 km
diameter Slagnos Crater in the Aeolis Palus [26—28] surface close to the northwestern
crater rim in a zoomed-out map. Both images are from the NASA Mars Science
Laboratory, Curiosity Rover, interactive map (https://science.nasa.gov/mission/msl-
curiosity/location-map).
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Figure 3. Dewatering structures showing slumps and/or convolute bedding (a—€) in NAFB
deposits produced by the Ries impact earthquake. (a) Outcrop in the Kleintobel ravine
close to Ravensburg, ~140 km SSW of the Ries crater. Sediments with folded bedding of
slump structures are overlain by a horizon of distal Ries ejecta (hammer for scale). (b)
Sediments showing convolute bedding in the outcrop Josefstobel (Hochgel&nd, 100 km
SSW of the Ries crater) with distinct folding and crumpling of the originally flat-lying
strata (hammer for scale). (c and d) Convolute bedding in sediments of two temporary
(summer 1995 and spring 2023) construction sites at Ochsenhausen (~90 km south of the
Ries crater) close to Biberach an der Rif3(width is ~2 m and ~1 m for c and d, respectively).
(e) Convolute bedding in sediments of the Josefstobel ravine (width ~2 m). Clastic dikes
and sills produced by the Ries impact earthquake (f—i) that crosscut NAFB deposits. (f and
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g) Dikes in sediments of the Josefstobel and Kleintobel ravines near Biberach and
Ravensburg, respectively; the fine-clastic infill of the dikes is laminated parallel to the dike
walls and in places cemented by vertical layers or sheets of lamellar mineral precipitation
(f, hammer for scale, g: width of scene is ~ 1 m). (h and i) Deposits in an outcrop in the
Tobel Oelhalde-Nord ravine in the Hochgel&nd plateau (~100 km SSW of the Ries crater),
crosscut by a large clastic dike; the infill of the dike is laminated parallel to the dike walls
and in places cemented by vertical layers or sheets of lamellar carbonate precipitation (h;
hammer for scale) or mainly consists of lamellar carbonate precipitation (i; width of the
scene is ~1.5 m). (k) Thin clastic dikes and sills that crosscut sandy molasse deposits in
the Kleintobel ravine near Ravensburg (hammer for scale). (I) Clastic dikes and sills in the
Untereichen sand and clay pit (width of the scene is ~2 m).

2.2. Geological field studies

In the last three decades (starting in 1993), natural outcrops, construction sites, and sand pits in
Upper Freshwater Molasse deposits in the western and central part of the NAFB deposits were
systematically investigated regarding their occurrence of seismite horizons (in the form of dewatering
structures and clastic dikes and sills) and distal Ries ejecta (a detailed description of the sedimentologic
inventory and outcrop coordinates is given in [2] and the supplementary file therein). In the last years,
we expanded our investigations into those and other outcrops on the search for all kinds of dewatering
structures including sand spike-hosting deposits produced by the Ries impact earthquake. In order to
compare these terrestrial seismite structures to similar sedimentologic features in Aeolis Mons deposits
on Mars, we paid particular attention to outcrops and ravines in the areas of Gtnzburg, Ochsenhausen,
Dietenwengen, the Hochgeland plateau south of Biberach an der Rif3 and Ravensburg, all located in SW
Germany. Sedimentary structures (in particular sand spikes, convolute bedding, dikes, and sills) in some
of these outcrops were excavated (and reinvestigated) during several field campaigns in the summer of
2022 and, recently, in the spring and summer of 2023. We reinvestigated and newly excavated sandy
deposits in the NAFB along the flanks of the “Tobel Oelhalde-Nord”, “Josefstobel” (Hochgel&nd), and
“Kleintobel” (Ravensburg). Further field investigations were carried out in active sand pits, in particular
in the sand and clay pit Untereichen and in the sand and gravel pit near Dietenwengen.

AIMS Geosciences Volume 11, Issue 1, 68-90.



75

AIMS Geosciences

AT
— o —————

S0l 3401

Figure 4. Convolute bedding and sedimentary (clastic) dikes in thinly layered deposits of
Aeolis Mons. (a) Folded bedding in presumably lacustrine deposits, crosscut by some
single small sedimentary dikes (estimated width of scene is ~8 m). (b) Folded and crumpled
bedding of originally flat-lying strata, crosscut by likely sedimentary dikes; dikes and
sedimentary deposits are shifted in places (estimated width of scene is 3—4 m). (c) Small-
scale folded (convolute) bedding in lacustrine deposits (estimated width of scene is
~0.5 m). (d) At least two dikes crosscut the sedimentary deposits three-dimensionally; the
dikes are distinct from the dike-hosting thinly layered deposits by their color and resilience
(estimated width of the scene is ~2 m). (e) Sub-vertical and sub-horizontal likely clastic dikes
in a butte exposure (estimated width of the scene is ~2 m). (f) Thin possible clastic dikes
crosscut the thinly layered lacustrine deposits in various directions (estimated width of scene
~2.5m). All raw images: NASA/JPL-Caltech/MSSS; panorama stitching and retouching by
Andrew Bodrov (a), Neville Thompson (b, d, e), Todd (c), and Kevin M. Gill (f).
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Figure 5. Sand spikes in different shapes in the thinly layered, lacustrine deposits of Aeolis
Mons. (a, b, ¢) Board-like aggregates of sand spikes that formed parallel to the general
layering of their host deposits; sand spikes arranged in a row strongly resemble fish-bones
(estimated width of scene ais ~2.5 m and ~1 m for b and c). (d) Single obelisk-shaped sand
spike specimen (lower arrow; width ~20 cm) and very small-scale board-like sand spike
aggregate in thinly layered sandstone (upper arrow; estimated with of scene is ~0.6 m). (e)
Obelisk-shaped sand spike (same as in d) and arrow-shaped sand spike in the center of the
picture about 40 cm in length; width of rover wheel is ~40 cm. (f) Board-like, layered
aggregates of sand spikes eroded from the thinly layered, lacustrine Aeolis Mons deposits;
all sand spike apices point toward east (width of scene is ~2.5 m). (g) Elongated arrow-
shaped sand-spikes weathered from the thinly layered lacustrine Aeolis Mons deposits
(width of scene is ~0.6 m). All images: NASA/JPL-Caltech/MSSS.
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3. Results
3.1. Post-impact deposits within Gale Crater

Mars Rover Curiosity was designed to explore the Gale Crater on Mars as part of NASA’s Mars
Science Laboratory (MSL) mission [24,25]. Mission goals encompass an investigation of the Martian
climate and geology, including the role of water [24,25]. After the start of the Curiosity mission in
August 2012 in the area of the Bagnold Dunes [26—-28], the rover has more recently entered the area
of Aeolis Mons (Mount Sharp) [26-28] in December 2021, i.e., around Solar Day (Sol) 3050.
Sedimentary deposits within Gale Crater [26-29] (in particular in the Aeolis Mons area) include a ~90
m thick succession of thinly layered sedimentary rocks that, according to previous studies, probably
formed in an ancient impact crater lake [26-29]. In the following 18 months, Curiosity delivered a
large number of photographs [24] from different on-board cameras. A selection of specific sediment
structures from the lacustrine or fluviolacustrine [28] deposits and their context will be described here
in some detail.

3.2. Convolute bedding

This type of soft-sediment deformation describes originally water-bearing and unsolidified
sedimentary beds disturbed by seismic waves induced by strong earthquakes [15,30]. Convolute
lamination and deformation in unsolidified sedimentary deposits are usually found in fine or silty sands
and may be confined to a specific water-saturated layer or to meter-thick water-bearing sections of the
host strata (for some representative terrestrial examples of convolute bedding, see Figure 3a—e).
Convolute bedding is often associated with other dewatering structures including sand blows (and sand
volcanoes exposed at the former land surface) and sedimentary (clastic) dikes [15,31] (see Figure 3f—
| for examples). We identified multiple scenes delivered by Curiosity showing convolute bedding (e.g.,
Sol 3401, 3481, 3530; Figure 4a, b, and c) in the thin-layered sedimentary deposits in the Aeolis Mons
area, in particular in scenes taken on Sol 3400 and later [24]. Convolute bedding is particularly obvious
in various scenes of Sol 3530-3531 [23], where complex folding, creasing, and crumpling of the
originally flat-lying strata occurs. Thin, finer-grained, and obviously more solidified and competent
deposits forming the layer boundaries clearly trace complex-folded bedding in the lacustrine deposits
(Figure 4b). Likely sedimentary dikes [29,31] (for terrestrial examples, see Figure 3f—I; for Martian
examples, see Figure 4a, b, and d-f) that crosscut the deposits with convolute bedding as well as
sedimentary layers are locally displaced (Figure 4a, b). Characteristic wavy or flame-shaped
deformation of thin-layered deposits of the Aeolian Mons region can be observed, for instance, near
the center of the scene captured during Sol 3530 (Figure 4b).

3.3. Sedimentary dikes and sills

Clastic dikes (or sedimentary dikes) are more or less tabular bodies of clastic material (often
fine sand to fine pebbles in grain size) that cut across sedimentary formations and typically exhibit
(sub-)vertical lamination (Figure 3f-i). In unconsolidated sediments, clastic dikes form by the
upward injection of a water-sediment mixture into overlying sedimentary bodies. Sedimentary dikes
produced by earthquakes classified as seismites form by the injection of liquefied clastic material
into (temporary) open fractures resulting from strong seismic shaking, simultaneously with fracture

AIMS Geosciences Volume 11, Issue 1, 68-90.



78

propagation inside the host rock [30-33]. Locally, horizontal and/or vertical displacement (causing
a visible offset) within the dike-hosting deposits can be observed (Figure 4b). The fine-clastic infill
of the dikes is usually laminated parallel to the dike walls and in places cemented by also vertical
layers or sheets (Figure 4e,f) of lamellar mineral precipitations of, e.g., phyllosilicates, secondary
calcite, or sulfate minerals [1,8,9-11,15,30,31]. As discussed later, the cementation of the dikes and
sheet-like lamellae by sulfates in the thinly layered deposits of Aeolis Mons is likely, as sulfates are
the most common cement minerals in the sedimentary rocks of Gale Crater [28,34—-36]. Those sheet-
like mineral precipitates may stick out of the outcrop walls as a result of selective weathering [1,2,12]
and may in places look similar (or even identical) to dike-like sulfate crack fillings unrelated to
(seismic) soft-sediment deformation. Sedimentary dike structures are omnipresent features in the
thinly layered sedimentary rocks of the Aeolis Mons area [24]. The dikes appear to be of sedimentary—
seismic origin as they exhibit typical sedimentologic features for instance described for the Ries impact
earthquake, which produced clastic dikes in the NAFB deposits [1,2,8-10,12,15], or clastic dikes
associated with the Late Permian Araguainha impact in the Paran&Basin of Brazil [37], which also
seem to have a similar appearance in length (up to several tens of meters) and width (typically
millimeters to decimeters). The picture taken during Sol 3401 [24] exhibits at least two dikes that
crosscut the sedimentary deposits three-dimensionally; the dikes are distinct from the dike-hosting
thinly layered deposits by their color and petrovariance (i.e., resilience to weathering). The dike in the
center of the photograph has an estimated length of ~1-2 m and a thickness of several centimeters,
rendering it unlikely that this feature represents a secondary vein filling (which, however, cannot be
entirely ruled out in the absence of compositional data; one has to note that clastic dikes can also be
associated with and/or replaced by secondary fillings [37]). The infill of the dikes shown in various
scenes of the rover’s path through Aeolis Mons are laminated parallel to the dike walls and seem to be
in places cemented by light-colored vertical layers of lamellar mineral coatings (e.g., Sol 3465). Many
of these dikes are distinct from the dike-hosting deposits by their color, presumably in line with their
(sulfate?) chemistry. Dikes and sills do not only crosscut the dike-hosting sediments but also crosscut
each other (Sol 3489) in various directions. Magmatic dikes do not exhibit vertical, sheet-like lamellae
and are usually more resistant to weathering than the surrounding rock, so that erosion exposes the
dikes as natural walls or ridges. Taken together, the sedimentary characteristics mentioned above
suggest that the dikes are best explained as clastic dikes rather than sand-filled cracks within the crater
lake deposits.

3.4. Sand spikes

The formation of sand spikes [15] is a complex, polyphase process associated with the formation of
other (classical) forms of seismites in the sense of dewatering structures (e.g., convolute bedding, clastic
dikes) following the processes of seismically induced liquefaction and/or sediment dewatering. Sand
spikes were recently identified to be a special type of a “wet” sand-derived seismite [15]. The spectrum
of the appearance of sand spikes includes single, spike-, arrow-, or obelisk-shaped specimens and
board-like aggregates that formed parallel to the general layering of their host deposits [15-17]. Sand
spikes may occur preferentially along layer boundaries at some terrestrial outcrops in the NAFB [15],
which suggests they form in basically dry sand bodies that still contain some fluid in layers or pockets.
In the Aeolis Mons area on Mars, most of the sand spikes, probably cemented by sulfates (see
discussion [28,34-36]), occur as board-like aggregates (Sols 3582, 3797, 3786, 3810) (Figure 5a—g).
Such aggregates in the terrestrial NAFB deposits (e.g., sand and clay pit Untereichen [8,15,16]; Figure
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6a—e) and in Martian deposits in Aeolis Mons area [28,29] (e.g., Sol 3796) are commonly lined up in
a fishbone pattern along the general layering of the host deposits, and individual board-shaped
aggregates (typically decimeters up to about 1 m in length) protrude from the layered sediment, thereby
generating the impression of stick-like sand spikes (Figure 5). Those fishbone-shaped sandstone
formations (i.e., Sol 7396) have provoked strange interpretations, including fossil dinosaur bones or
fish skeletons, in popular scientific forums and associated social media. Locally, features strongly
reminiscent of sand spikes (Figure 5d) weather out from their host deposits (Figure 6c). The
dimensions of the sand spikes on Mars can only be estimated by comparing their length to the size of
Mars Rover’s wheels [24,25], which are approximately 40 cm in width [24]. We conclude that the
length of the sand spikes observed in the area of Aeolis Mons ranges from ~20 cm for single obelisk-
like specimens to roughly 1 m in the case of the board-like sand spikes. Hence, this size range is
comparable to the average size of 20-30 cm in length of sand spikes from terrestrial occurrences [15].
Many of the sand spikes observed in Aeolis Mons area occur in slumped blocks of thin-layered
sediments, and the orientation of the spikes and host rock layering significantly varies on a single
scene (e.g., Sol 3786). However, in some scenes, sand spikes obviously occur within their host
sediment in situ and all sand spikes (dozens of individuals) point toward the East (Sol 3810) when
compared to Curiosity’s southward travel route in the considered region [24] (Figure 2). In terrestrial
environments with sand spike-bearing sediments (e.g., NAFB [15,17], Germany and Mount Signal,
California, USA [15,18]), more than 95% of the sand spikes’ apices point away from the seismic
source inducing the seismic waves that formed the sand spikes. Assuming the formation mechanism
for terrestrial sand spikes also applies on Mars, the seismic source responsible for the formation of the
sand spikes should be situated somewhere west of the area of Aeolis Mons. In some image scenes,
convolute bedding, crosscutting dikes, and sand spikes are spatially and stratigraphically associated.
In all cases, sediments showing convolute bedding seem to overlie the sand spike-bearing deposits
(e.g., Sols 3474, 35303531, 3401-3409, and, in particular, 3485-3520).
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Figure 6. Sand spikes produced by the Ries impact earthquake in different shapes in thinly
layered fluviolacustrine deposits of the NAFB. (a and b) Board-like, layered aggregates of
sand spikes that formed parallel to the general layering of their host deposits from the
Untereichen sand and clay pit; sand spikes arranged in a row strongly resemble fishbones;
compare with Figure 5a, b, and ¢ (width of scene a is ~4 m and scene b is ~0.6 m).
(c) Obelisk-shaped single sand spike from a former sand pit close to GUnzburg.; compare
with Figure 5d (length of the sand spike is ~20 cm). (d) Board-shaped fishbone-like
aggregates of sand spikes in the Josefstobel ravine in the Hochgel&nd plateau (hammer for
scale). (e) Board-like and arrow-shaped aggregates of sand spikes in the finely layered
sandy deposits of the Untereichen sand and clay pit (width of the scene is ~3 m).

4. Discussion and conclusions
4.1. Characteristics of the Ries-produced seismite horizon in the NAFB

The dynamic process of seismite formation (including sand spikes) in the mid-Miocene NAFB
sediments requires water-saturated or at least water-bearing unsolidified sandy deposits, which were
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affected by a train of strong seismic waves (i.e., P-, S-, Love, and Rayleigh waves) sent out by the
Ries impact [1,2,12,15,30,31]. Liquefaction of water-saturated loose sands in the NAFB sediments
by earthquake-induced increasing pore pressure led to a vertical or horizontal flow of the liquefied
sediment and the formation of characteristic dewatering structures such as convolute bedding and
sand diapirs, visible in many outcrops in the western part of the NAFB [1,2,8-11,15]. Additional
structural features of the seismite are clastic dikes and sills that form by the rapid and dynamic filling
of temporary open fractures within the host sands [15]. Pore pressure increase was also responsible
for the formation of sand spikes when the volume of liquefied sediment and, therewith, the difference
in hydrostatic pressure between the liquefied sediment and the dry host deposits, was not sufficient
to produce clastic dikes or sills [15]. The formation of dikes and sills by liquefaction of a sand—water
mixture requires large, water-saturated sediment bodies [30,31]. The typical shape and relatively
small size (up to 1 m) of the sand spikes, with roundish and/or cauliflower-like heads and tail-like
protrusions that point away from the seismic source, suggest only small, water-filled pockets or
limited water supply along layer boundaries in the host sands of the NAFB that burst upon seismic
compression [15,17]. A mechanism referred to as “explosive flash vaporization” in earthquake-
affected rocks [38] may have played a key role in sand spike formation. Fluids in the sediments affected
by seismic pressure waves were decompressed to the point that water and other fluids turned into vapor
after the passage of the fastest seismic wave, leading to decompression-induced flash vaporization [38].
Concomitant cavity expansion along faults, joints, layer boundaries, and/or other lithologic
inhomogeneities within the sediment generated extreme reductions in pressure, facilitating a localized
formation of pore fluid vapor. After explosive decompression and flash vaporization, portions of the
affected sediment were absorbed into the transient cavities under temporary vacuum conditions [15,38].
The solubility of minerals (mainly calcite in the case of the terrestrial sand spikes) was strongly
influenced by the chemical composition, pressure, and density of the fluid, and flash vaporization
increased the degree of supersaturation by several orders of magnitude, resulting in the near-
instantaneous precipitation of cement [15,38]. The rapid initial precipitation of calcite stabilized the sand
spikes shortly after their formation, followed by intense and longer-lasting secondary calcification [15].

In the NAFB, sand spikes commonly show a preferred orientation along the pattern of the
dewatering structures that point away from the N&dlinger Ries, the seismic source for the formation
of sand spikes and the entire seismite horizon [15,17]. The Ries earthquake had an estimated moment
magnitude of MW ~8.5 or somewhat higher [13,15], which means that sand spikes seem to form during
very destructive earthquakes. Generally, a minimum moment magnitude of MW 5.5 is required for the
formation of convolute bedding [30,31] and clastic dikes on the spot of their formation, and, most
likely, at least MW 7 for the formation of sand spikes some tens of kilometers away from the
hypocenter of the earthquake [15].

Sand spikes and more “classical” dewatering structures (clastic dikes, slumps, convolute bedding,
flame structures, ball-and-pillow structures, and sand diapirs [1,2,12,30,31]) are often found together
in one outcrop in the western part of the NAFB. The up to 15 m thick Ries seismite horizon [1,2,12,15]
that formed within a radial distance of 40 km to considerably more than 100 km away from the seismic
source [9-12,15] shows a certain internal stratification. The top of the seismite horizon is usually
formed by slumps and sand diapirs, underlain by deposits showing convolute bedding, flame structures,
and ball-and-pillow structures. Sand spikes typically occur within the basal parts of the seismite layers
that are widely undisturbed or may show indistinct convolute bedding within the host sands
surrounding the spikes [15]. Clastic dikes locally crosscut parts of or the entire succession of the
seismite horizon [1,2,12,15], which may be an effect of protracted seismic shaking and deformation as
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a sequence of seismic waves travels across the sediment body (with time gaps between the P-, S-, Love,
and Rayleigh waves extending with increasing radial distance from the seismic source [15]).

Remote faulting of sedimentary deposits triggered by strong seismic waves far from the impact
site was reported, for instance, from the Chicxulub asteroid impact at the Cretaceous—Paleogene
boundary [32,33]. The distal formation of clastic dikes and sills on Earth far from the impact site was
also described for various impact events [32,33,37]. In the Paran&Basin of Brazil, clastic dikes and
sills occur within a distance of a few hundred to ~1,000 km away from the end-Permian Araguainha
impact event [37]. Seismites produced by impact earthquakes are, however, particularly known from
marine environments (e.g., seismite and/or tsunami units associated with the Chicxulub [32,33],
Araguainha [37], and Manicouagan [39] impact events). The Ries seismite horizon in the NAFB
deposits currently represents the best preserved (and maybe the only), exposed, and described
continental seismite horizon [1,2,12,15].

4.2. Characteristics of a suspected seismite horizon at Aeolis Mons

Gale Crater is a ~150 km diameter [27-29] complex impact structure with a central mound
(Mount Sharp, Aeolis Mons) that represents a transitional feature between a central peak and peak
ring [28,29]. The early-Hesperian impact structure (3.5-3.7 Ga) [28,29] was the landing site of the
2011 Mars Science Laboratory mission [24] and the target region of the entire mission of the Mars
Rover Curiosity [24,27]. That rover detected various lithologies in Gale Crater including sedimentary
units. The data delivered by Curiosity indicate substantial sedimentary infill of Gale Crater [27-29],
with some post-impact materials derived from the crater rim domain. The overall sedimentary cover
of the central mound of Aeolis Mons is made of flat-lying strata, >250 m in thickness [28]. Several
hypotheses have been proposed to explain those sedimentary deposits in the past, but data from Mars
Rover Curiosity only seem to support a fluvial, deltaic, lacustrine, and/or aeolian nature of those
sediments [26-28,40].

The >250 m thick sedimentary cover of Aeolis Mons includes a ~90 m thick succession of
generally flat-lying, thinly layered sedimentary rocks [28], the sedimentologic features of which are
consistent with deposition in a lacustrine paleoenvironment that had possibly formed in an ancient
impact crater lake [26-28]. The lacustrine sedimentary strata inside the Gale Crater resemble small-
scale bedding sequences seen in sediments from lacustrine environments on Earth [41]. Representative
occurrences of those strata were described in detail from the lowermost crater walls of a fresh crater
situated between the Gale Crater rim and the Aeolis Mons region [28]. The thinly layered material
probably directly overlies the crater basement rocks and likely represents the oldest crater infill. Thus,
those post-impact sediments are likely only somewhat younger than the Gale impact event itself.
Curiosity entered the aera of Aeolis Mons around Sol 3050 or even somewhat earlier [24]. Besides
some photographs that show (aeolian) dune deposits (Sol 3645-3670), most photographs sent by the
Mars rover exhibit the thinly layered deposits that can be observed since Sol 3050. All our examples
of suggested seismite features are hosted in originally more or less flat-lying and thinly layered
deposits of lacustrine origin. The deposits showing convolute bedding stem from Sol 3041 to 3530,
sand spikes from Sol 3796 to 3810 (one from Sol 3313), and clastic dikes from Sol 3460 to 3465.
Sedimentary (clastic) dikes observed by Mars Rover Curiosity were also identified at Yellowknife Bay
at an earlier stage of the rover’s path through Gale Crater [42]. The entire seismite horizon may total
an estimated thickness of ~5-10 m. According to our observations in the rover imagery, sediments that
contain sand spikes stratigraphically underlie the deposits that exhibit convolute bedding in
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combination with clastic dikes. This is strikingly similar to the findings in outcrops in the seismite
horizon in NAFB sediments, where sand spikes either occur within the lowermost parts of (or directly
below) deposits with convolute bedding [15]. Seismite formation in the Aeolis Mons region obviously
follows the same fundamental mechanisms as in the NAFB deposits, which include as ingredients
poorly solidified or even unsolidified, fine-grained, and water-bearing sediments affected by strong
seismic waves [15]. Satellite data (CRISM and THEMIS) for the Gale Crater infill suggest dioctahedral
and trioctahedral phyllosilicates as the main type of cement and fillings, varying in composition by
location [35,36].

Furthermore, some olivine-bearing materials are hydrated/hydroxylated [28] into serpentine-
group minerals. High-resolution visible and shortwave infrared data included a widespread distribution
of olivine (sometimes with pyroxene) within the bedrock, hydrated silicates present in both bedrock
and sediments, and regional or temporal differences in water chemistry as evidenced by the presence
of chloride and sulfate salts detected by the rover inside Gale Crater [34-36]. Kaolinite-serpentine-
group phyllosilicates, hydrated silica, and other hydrated/hydroxylated phases were detected
regionally at various localities within Gale Crater [25,35,36]. All those results indicate an alteration
of the local rocks by interaction with water [35,36]. Dewatering and liquefaction of water-bearing
sediments at shallow depth (i.e., close to the former Martian land surface) would have produced
convolute bedding. Compression and quick decompression of liquefied sand/water mixture in
isolated water pockets or within boundary layers may have induced the formation of sand spikes in
the deeper parts of the sedimentary body, likely in the same way as observed in the terrestrial
outcrops in the NAFB [1,2,12,15]. However, in contrast to the NAFB, where cements are
predominantly calcite, the cementation of the Martian sand spikes at Aeolis Mons would have been
dominated by hydrated sulfates that are prevalent there [34-36]. In some of the NAFB outcrops, we
observed sand diapirs and sand volcanoes [1,2,12,14,15], for instance on the Hochgel&d plateau
close to Biberach an der Rif3[5,8,15] and outside the city of Winterthur [14,15] in northern
Switzerland (fossil Miocene sand diapirs and sand volcanoes locally known as the “Chpfi” [14]).
The formation of these sedimentologic features requires water-saturated sediment layers, liquefied
to water/sand mixture rising up close to or entirely to the former land surface. In the thinly layered
Aeolis Mons deposits [28], we did not observe any features that resemble fossil sand diapirs or sand
volcanoes (albeit the latter are rare seismic features even on Earth), which may suggest Gale’s lake
deposits were water-bearing rather than water-saturated at the time of the seismite formation. Some
of the image scenes delivered by the Mars Rover Curiosity illustrate that the seismite horizon in
Gale’s Crater lake deposits are overlain by additional thinly layered lacustrine deposits. This
suggests that a) the seismite-hosting sediments were not covered by open water from a crater lake
during seismite formation, b) the formation of the lake deposits had not terminated but must have
continued after seismite formation, and c) Gales Crater’s lake infill was deposited under considerable
fluctuations of the lake’s water level.

4.3. Possible seismic sources

According to our findings in terrestrial environments with sand spike—bearing sediments and the
associated seismic sources that induced the sand spike-forming earthquake (NAFB/N&dlinger Ries,
Germany [15,17] and Mount Signal/Imperial (San Andreas) Fault, California, USA [15,18]), sand
spikes occur within a distance of ~30 to ~140 km from the seismic source, i.e., a radial zone of ideal
conditions for sand spike formation. The earthquake strength required to produce sand spikes is
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estimated to have been of order magnitude MW ~7 or higher [15]. As all sand spike apices observed
in situ in the Aeolis Mons region point east (e.g., Sol 3810), the potential seismic source that produced
those sand spikes would likely be situated some ~30 km or more west of Curiosity’s path. A candidate
that seems to fulfill these requirements is the ~6—7 km in diameter Slagnos impact crater [27] (Figure
2), situated ~35 km west of the rover’s recent travel route, close to the west-northwestern inner crater
rim of the ~150 km diameter and 3.5-3.7 Ga Gale Crater. Since the time Gale Crater and its
(fluviolacustrine) sedimentary infill formed, the area was shaken by many impact events of unknown
age, among them the impact that created Slagnos Crater. That impact structure is surrounded by a
seemingly well-preserved layered ejecta blanket with lobe-like ramparts and long runout flows [27],
similar to the characteristics of the ejecta blanket surrounding the N&dlinger Ries impact crater [43]
in southern Germany in many ways. The appearance of Slagnos’ ejecta blanket strongly argues for the
formation of the impact structure in a volatile- and fluid-rich paleoenvironment and thus, probably
shortly after the formation of Gale Crater, potentially contemporaneous with the deposition of
lacustrine crater-fill sediments in the early-Hesperian. The preserved sedimentologic record of
geologic activity inside the Gale Crater includes the deposition of sediments within a paleolake
covering the crater floor in the center of the crater (Aeolis Mons) and the evolution of geomorphic
features and surfaces on Aeolis Palus [27] (northwestern part of the Gale Crater between Aeolis Mons
and the crater rim). The bulk of water-driven geomorphic shaping associated with the evolution of the
crater interior would have been confined to the early-Hesperian [44]. The formation age of the Slagnos
Crater and Gale Crater’s lake deposits cannot be determined exactly; however, the Slagnos impact into
water-bearing sediments in the Aeolis Palus surface might be simultaneous with, or slightly postdate,
the formation of the lacustrine deposits in the Aeolis Mons area [41].

The size of the Slagnos event, creating a ~6—7 km diameter impact crater, would have been
sufficient to impart enough energy into the Martian crust to induce a magnitude MW 7 impact
earthquake, which is required to form sand spikes at a given distance from the crater [13,15]. This type
of impact could have been accomplished, for instance, by a projectile ~400 m in diameter and with the
density of a stony meteorite (3000 kg/m?), at an impact velocity of 17.5 km/s and an impact angle of
70°[13], assuming an iron meteorite as the asteroid that produced Slagnos Crater, with density (8000
kg/m?®) and size (~300 m in diameter) having to be adjusted for modeling purposes [13]. Following the
Slagnos impact event, the resultant earthquake would have had a Richter magnitude ML 7.0,
corresponding to a moment magnitude around ~MW 7.3 (Supplementary File in [8]) at a radial distance
of 35 km from ground zero. That earthquake strength would have been sufficient to produce a seismite
horizon including sand spikes in the Aeolis Mons area more than 3.5 billion years ago, examined today
in natural outcrops by Mars Rover Curiosity. We are aware of the fact that, theoretically, any other
seismic source (impact event or seismotectonic activity) could have been responsible for the formation
of a seismite horizon in the Aeolis Mons crater lake deposits. However, from its geographical position
west of Aeolis Mons and its distance of 35 km from the seismite horizon, as well as from its presumably
early-Hesperian age [27,28], the Slagnos impact event is an excellent candidate with respect to the
seismic source that produced a veritable seismite layer associated with sand spikes in Gale’s crater-
lake deposits.

4.4. Implications for the environment and climate conditions on early-Hesperian Mars

An impressive, up to ~15 m thick seismite horizon in mid-Miocene fluviolacustrine deposits of
the NAFB produced by the N&dlinger Ries impact earthquake [1,2,12,15] comprises deposits with
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characteristic sand spikes, overlain by deposits showing convolute bedding and crosscut by clastic
dikes [1,2,12,15]. This horizon is currently the only known example of a well-preserved impact-
seismite in a continental setting on Earth. A similar, complex seismite horizon of estimated 5-10 m in
thickness, again with a basal sand spike—bearing unit overlain by deposits with convolute bedding,
crosscut by clastic dikes, occurs in Martian lacustrine deposits of the Aeolis Mons region. We argue that
the seismite unit may have been produced by the Slagnos impact event, as far as the paleodistance,
bearing, seismic magnitude, orientation of sand spikes, and host sediment properties are concerned. The
mid-Miocene Ries impact scenario with its distal sedimentologic effects in the form of an impact seismite
horizon in the NAFB probably represents the best terrestrial analog of an early-Hesperian [22], likely
impact-produced seismite on Mars.

The environmental conditions in and around Gale Crater on early-Hesperian Mars were
presumably rather “continental”. Those conditions entailed a fluviolacustrine depositional
environment near the center of Gale Crater with unconsolidated sediments and free fluid-bearing sandy
deposits, as well as fluids saturated in ions derived from mineral dissolutions (e.g., sulfate, chloride).
Furthermore, climate conditions were suitable for the existence of liquid water that enabled the
existence of a permanent impact crater lake. Based on our argumentation that the Slagnos impact event
induced the seismite-producing impact earthquake, environmental requirements and seismic
conditions at the early-Hesperian Gale Crater are in many ways similar to those of the mid-Miocene
terrestrial Ries-NAFB analog. Comparable processes of asteroid-triggered impact earthquakes in a
similar environment of unconsolidated and water-bearing lacustrine deposits close to the former land
surface seem to have produced analog effects in the form of seismites characterized by convolute
bedding, clastic dikes, and sand spikes, but on two different planets. However, each one of those
sedimentary features should be observed and interpreted in their sedimentologic context to make a
more convincing case (e.g., convolute bedding in combination with likely sand spikes and clastic dikes
as opposed to dike-like crack fillings alone) when one has to rely on photogeology alone.

The sedimentologic characteristics of the seismite horizon (in particular the lack of sand diapirs
and sand volcanoes) in the Aeolis Mons deposits suggest water-bearing but not water-saturated
conditions during seismite formation (i.e., the substrate was probably “moist” rather than “wet”). The
seismite horizon probably formed in deposits that were not necessarily covered by water. However,
seismite-hosting deposits in the Aeolian Mons region are unconformably overlain by additional flat-
lying and thinly layered lake deposits. In earlier descriptions of the lacustrine deposits of Gale Crater,
disruptions in sedimentation in the crater lake were explained by a shoreline of the lake that receded
away from the crater rim with time [26-28]. Alternatively, another proposed setting may have been an
episodic lake the depth of which fluctuated repeatedly [28]. However, the observed crater lake deposits
with a seismite horizon again capped by another sequence of undisturbed lake deposits are not in line
with a crater lake’s shoreline that steadily receded from the crater rim. Rather, that sedimentary record
is evidence of sequential and abrupt changes in the Martian environment [44,45]. Interbedded
hydrated/hydroxylated sedimentary units suggest changing environmental conditions during lake
sediment deposition, perhaps in a drying or episodically dry lake [28]. According to our observations
and interpretations, a fluctuating water level in Gale Crater’s lake favors episodic lakes or, even more
plausible, is consistent with a long-lived crater lake whose water level episodically fluctuated
depending on changing climate conditions. The first descriptions of terrestrial sand spike occurrences,
some as early as ~200 years ago, stem from relatively young Neogene to Quaternary deposits. The
occurrence of sand spikes in early-Hesperian deposits of Aeolis Mons on planet Mars strongly suggests
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that these seemingly fragile sediment structures can, under certain circumstances, survive more than
three billion years.
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Supplementary file S1—Mars Curiosity Rover image resources

The map of Gale Crater shown in Figure 2 is available at: https://science.nasa.gov/mission/msl-

curiosity/location-map.

a:

Panorama-stitched and edited/retouched Curiosity images used in Figure 4:
https://www.360cities.net/image/mars-panorama-curiosity-solar-day-3481,  panorama  and

retouching by Andrew Bodrov;

b: http://www.gigapan.com/gigapans/230023, panorama and retouching by Neville Thompson;
c: https://gigapan.com/gigapans/230449, panorama and retouching by Gigapan user Todd;

d: http://gigapan.com/gigapans/228756, panorama and retouching by Neville Thompson;

e: http://'www.gigapan.com/gigapans/229328, panorama and retouching by Neville Thompson;
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f: https://mww.flickr.com/photos/kevinmgill/52114402597, panorama and retouching by Kevin M. Gill.
Raw  Curiosity images used in  Figure 5 are available online at:
https://mars.nasa.gov/msl/multimedia/raw-
images/?order=sol+desc%2Cinstrument_sort+asc%2Csample_type
sort+asc%2C+date_taken+desc&per_page=50&page=0&mission=msl.
Detailed information about the dimensions of the Mars Rover Curiosity is available at:
https://mars.nasa.gov/msl/spacecraft/rover/summary/.
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