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ARTICLE INFO ABSTRACT

Keywords: Gravelly tsunami event beds are well known from some contemporary shores, but they are far less known from
Boulder the pre-Quaternary depositional record. Lacustrine examples are particularly exceptional. Here we present
Lacustrine

multidisciplinary evidence for a lacustrine cobble to boulder gravel deposited as an onshore paleo-tsunamiite
and discuss features that help to identify the depositional setting. The deposit was formed on the rocky shore of a
large peninsula within the late Miocene Lake Pannon (Hungary). The lake was several hundred meters deep, and
near to the study area it was about 50-80 km wide. The inferred paleo-tsunami deposit includes subangular
clasts that are exclusively derived from the underlying Cretaceous sandstone. Imbrication of the bouldery gravel
points to landward transport of the clasts, however, a 15-cm-thick lens of cross-bedded sand records an opposing
flow direction. The clayey sand matrix contains fossils, i.e. fragmented and articulated mollusc shells, as well as
ostracods, that lived on the nearby sandy shoreface and offshore. The facies of the gravel indicates a short-
distance transport of clasts typical for an extreme wave event. None of the depositional features e.g. various
degree of clast roundness, seaward dipping imbrication, bidirectional transport indicators, clast-supported
fabric, large thickness of beds, and lack of grading is either unique to tsunami deposits or excludes storm wave
origin. An extreme storm wave origin, however, is discarded in this case, when paleogeography and climate are
considered. The combination of matrix-supported fabric, presence of a mixed clayey-sandy matrix in the clast-
supported parts, and preservation of articulated mollusc shells, as well as mixture of clasts and fossils from
different zones of the shore, identify these beds as paleo-tsunami deposits. As coeval volcanism is not known, a
hypothetic tsunami could have been related either to an earthquake along nearby normal faults or to large-scale
sliding events on the closely located shelf slope due to rapid deposition or seismic shocks. The recognition of
these event beds reinforces structural observations on the syn-depositional character of nearby faults, active after
the middle Miocene climax of synrift tectonics in the Pannonian Basin. Thick, boulder-sized onshore paleo-
tsunamiites are useful indicators of a paleogeographic situation in which tsunami waves were amplified to
produce noticeable beds in the rock record.

Paleo-tsunami deposit
Paleo-seismicity
Slope collapse
Extreme wave event

1. Introduction

Tsunamiites (sensu Shiki and Yamazaki, 2008) occur worldwide
along many modern coastlines, but their facies varies greatly from
fossiliferous mudstones to boulder fields and their locations range from
offshore to onshore. Most of the recent tsunami-related deposits can be
directly linked to historically recorded events, such as large
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earthquakes, volcanic eruptions and/or related submarine slides. The
research interest of tsunami-related depositional processes and deposits
largely increased after the 2004 and 2011 well known events from the
Indian and Pacific Oceans (Costa and Andrade, 2020). In addition to
these recent occurrences (e.g. Matsumoto et al., 2010; Goto et al., 2012,
Chagué-Goff et al., 2011; Etienne et al., 2011; Goto et al., 2014), a large
number of modern examples is known from the Atlantic and
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Mediterranean regions of Europe (Dawson et al., 2004; Kortekaas and
Dawson, 2007; Costa et al., 2011; Scicchitano et al., 2007; Dawson
et al., 2019), New Zealand (Goff et al., 2001), Japan (Richmond et al.,
2012; Goto et al., 2015; Pilarczyk et al., 2019), around oceanic volcanic
islands (Moore and Moore, 1984; Pérez-Torrado et al., 2006; Paris et al.,
2017), Chile (Abad et al., 2020) or the Cascadian margin (Peters et al.,
2007). Most of the above examples are subaerially exposed onshore
tsunamiites, commonly referred to as tsunami deposits (Shiki and
Yamazaki, 2008), which have a limited preservation potential, except
for the very coarse-grained ones (Dawson and Stewart, 2007; Goto
et al., 2014).

Fine-grained tsunami deposits are typically composed of sand
(Gelfenbaum and Jaffe, 2003; Morton et al., 2007; Bahlburg et al.,
2018; Goto et al., 2019) and commonly found as anomalously coarse
layers between deposits of low energy coastal marshes and ponds
(Peters et al., 2007; Matsumoto et al., 2010). Coarse-grained deposits
can be represented by distinct boulders (Etienne and Paris, 2010, Goto
et al., 2012), boulder fields (Mastronuzzi et al., 2007; Maouche et al.,
2009; Etienne et al., 2011; Erdmann et al., 2017; Hoffmeister et al.,
2020) and gravel (Moore, 2000; Pérez-Torrado et al., 2006; Morton
etal., 2008; Paris et al., 2011, 2018), in nearshore or backshore regions.

The study of modern onshore tsunamiites yielded a list of criteria,
including their sedimentary facies, composition and bedding, ecology
of redeposited fauna, which can be useful for the identification of tsu-
nami deposits either generated by undetermined triggering events or
described from the geological past (Goff et al., 2012). However, none of
these features nor their combination was found to indicate un-
ambiguously a tsunamigenic origin, because most of these are shared
with other extreme waves events such as major storms (Goff et al.,
2001, Felton et al., 2006; Kortekaas and Dawson, 2007; Morton et al.,
2008; Goto et al., 2014, 2015; Costa and Andrade, 2020; for a com-
prehensive list of arguments see Shanmugam, 2012). Other attributes,
such as original elevation above the water level, onshore distance from
the shoreline, or morphology of the shore are not known sufficiently
accurate even in cases of pre-historical, yet Holocene tsunamis. The
same holds for dimensions of the water body (i.e. areal extent, paleo-
water depth) that help to reconstruct the mode of deposition, or nu-
merical modeling of tsunami waves (cf. Dawson et al., 2019). In other
cases, modeling of boulder transport either by tsunami or storm waves
(Costa et al., 2011; Dewey and Ryan, 2017; Lario et al., 2020;
Hoffmeister et al., 2020) requires specification of parameters not
available for ancient examples. Subsequent erosion, which is common
in any coastal setting from storm-wave base to the subaerially exposed
backshore, may also remove evidence of deposition by tsunami waves.
Incomplete records and/or other uncertainties about the paleo-condi-
tions could lead to arbitrary interpretations and discussions about
paleo-tsunami and storm deposits (cf. Scheffers et al., 2005; Morton
et al., 2008; Erdmann et al., 2017; Dewey and Ryan, 2017), or paleo-
tsunami and fault-related alluvial deposits (Cantalamessa and Di Celma,
2005; Bahlburg et al., 2010), or paleo-tsunami and rocky shoreface
deposits (Moore and Moore, 1984; Felton et al., 2006) among others.
Although an increasing number of studies have described pre-Holocene
paleo-tsunamiites (e.g. Bourgeois et al., 1988; Shiki and Yamazaki,
1996; Fujino et al.,, 2006; Wang et al., 2015; Jarochowska and
Munnecke, 2015; Slootman et al., 2016; Dewey and Ryan, 2017), ex-
amples of modern and few thousand-year-old cases are still far more
numerous than descriptions of older ones. Further in the deep-time rock
record for which circumstances are more speculative, identification of
paleo-tsunami deposits and distinction from other extreme wave events
are challenging and still based mainly on the facies of the deposit. This
highlights the importance of well-established pre-Holocene examples.

Triggering mechanisms of (paleo-)seismic events, including earth-
quakes, under-water slides, or volcanic eruptions, can undoubtedly
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operate not only in marine systems near plate margins, but also in lakes
in the interior of continents, and thus are able to induce tsunami waves
(e.g., Ichinose et al., 2000; Dawson and Stewart, 2007; T6rd and Pratt,
2016; Falvard et al., 2018). Nonetheless only several examples of la-
custrine tsunamiites have been reported so far from intracontinental
areas. These include large mass transport deposits from Alpine lakes,
where correlation between volume of mass slides and height of tsunami
wave was established (Schnellmann et al., 2006; Hilbe and Anselmetti,
2014; Kremer et al., 2015). Other lacustrine examples are mud-clast
and/or peat-clast bearing sand beds in coastal lakes of Chile and Por-
tugal (Kempf et al., 2017; Costa et al., 2012) and products of the
Storegga Slide along the coastal lakes of Norway (Bondevik et al., 1997;
Vasskog et al., 2013). These latter lakes are important archives of paleo-
tsunami deposits with a higher preservation potential than that of
subaerially exposed parts of coastal plains (Kempf et al., 2017), how-
ever, they are controlled by processes generated in the nearby marine
system and not by the lacustrine ones.

Here we describe an example of a cobble to boulder gravel which we
infer to be an onshore paleo-tsunamiite from the late Miocene Lake
Pannon, Central Europe, which was not under any marine influence.
The paleogeography of the lake is fairly well-constrained (Magyar et al.,
2013; Sztano et al., 2016), as well as the climate of this period (Bohme
et al., 2008), therefore extreme wave events of storm origin are very
unlikely to have occurred. Independent evidence for roughly coeval
earthquakes and/or major slope collapse events providing triggering
mechanism is available (Fodor et al., 2013). Our objective is to de-
monstrate that a combination of sedimentary features and paleontolo-
gical characteristics could be considered helpful to identify paleo-tsu-
nami deposits in the rock record. We show this is possible even though
many features of paleo-tsunami deposits are shared by gravelly onshore
storm deposits, such as coarse-clast shoreface ridges or cliff-top gravels.
This study promotes recognition of a yet underestimated sort of paleo-
event bed in the sedimentary archives. It highlights the significance of
paleo-tsunami deposits as valuable indicators of paleo-seismicity, re-
gardless of their lacustrine or marine depositional setting.

2. Geological setting

The upper Miocene gravel discussed herein is located in the Gerecse
Hills at the junction of the northern segment of the Transdanubian
Range and the Kisalf6ld-Danube Basin of the Pannonian Basin System
(Fig. 1a). The Pannonian Basin is a result of lithospheric extension
within the Alpine-Carpathian orogenic belt (Royden and Horvath,
1988; Balazs et al., 2016). Extension started at around 18.5 Ma and the
syn-rift deformation was accompanied by neutral to felsic volcanism
(Harangi and Lenkey, 2007), partly related to subduction below the
orogenic arc. Major episodes of volcanism occurred between 17 and
14 Ma within the Pannonian Basin (Lukdcs et al., 2018), although
magmatism continued up to recent times in the Eastern Carpathians
(Seghedi et al., 2011). Syn-rift faulting resulted in the formation of
several major half grabens (Csontos, 1995), the Kisalf6ld-Danube Basin
being one of them (Tari, 1994; Kovac et al., 2006); the elevated edge of
this large-scale asymmetric graben is represented by the NE-SW
trending Transdanubian Range. Although syn-rift faulting ceased
around 15 Ma in the western Pannonian Basin, a renewal of faulting in
the early late Miocene was documented all along the Transdanubian
Range (Fodor et al., 2013; Magyar et al., 2017), possibly due to re-
organization of major blocks, mantle dynamics and subduction geo-
metry between ca. 12-9 Ma (Balazs et al., 2017a).

Post-rift sedimentary fill of the Kisalf6ld-Danube Basin started at
11.6 Ma (Sujan et al., 2016). At that time the vast (ca. 240,000 km?
area), up to 1000 m deep, brackish Lake Pannon occupied the entire
Pannonian Basin (Magyar et al., 1999; Balazs et al., 2018). The
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Fig. 1. A) Lake Pannon at about 9.4 Ma in central Europe with location of the study area indicated. B) Simplified geological map of the area, modified after Fodor
et al., 2013. C) Geological cross-section representing the conditions at about 8.7 Ma from the Kisalf6ld—Danube Basin (KDB) to the marginal successions at the

Transdanubian Range (TR) study site (modified from Sztané et al., 2016).

Transdanubian Range, as one of the basement highs of the complex lake
bottom, partially separated the Kisalfold-Danube Basin from the rest of
the lake, forming a large gulf (Fig. 1a; Sztand et al., 2013a, 2016).
Sedimentation started with deep-water mudstones and turbidites and
continued from ca. 10 Ma onwards with rapid NW-to-SE progradation
of a ca. 550 m high shelf-margin slope (Magyar et al., 2013; Sztand
et al., 2016; Balazs et al., 2018). The accretion of the shelf was fed by
deltaic to alluvial systems arriving from the Alpine-West Carpathian
orogenic belt. On the northwestern, shallow flanks of the Transdanu-
bian Range, however, deposition of the lacustrine sedimentary succes-
sion (Fig. la) started much later with a flooding event, dated at
9.4-9.2Ma by bio- and magnetostratigraphy (Cziczer et al., 2009;
Magyar et al., 2013, 2017; Magyar, 2020). Here, the succession is made
up of locally sourced fossiliferous shoreface sand, which partly inter-
fingered and later was overlain by lacustrine offshore clay. This clay
was deposited at an estimated water depth of up to 80 m (Cziczer et al.,
2009), and made a relatively shallow, wide and flat margin connecting
the deep basin interior and the coast (Fig. 1c). Both sandy and rocky
coasts were located on the edge of the Transdanubian Range (Sztano
et al.,, 2016; Magyar et al., 2017). Based on mollusc biostratigraphy
(Magyar et al., 2017), the upper Miocene bouldery cobble gravel de-
scribed herein is coeval with the sandy shoreface deposits, the offshore
clay, and the shelf-edge slope deposits prograding from the NW

(Fig. 1b). At this time the lake between the peninsula and the north-
western deltaic shorelines was only about 50-80 km wide, and the basin
was closed from the northeast, where different nearshore sediments
deposited (Kovac et al., 2006). Flooding of the coast of the Transda-
nubian Range was followed by the complete infilling of the Ki-
salfold-Danube Basin, thus deltas reached the study area less than 1
million years after the initial flooding (Magyar et al., 2017). On the
long-term flooding, determined by lithospheric processes (Balazs et al.,
2017a), short-term climate-driven lake-level changes with an amplitude
of 20-30 m were superimposed (Sztané et al., 2013b; Balazs et al.,
2017b).

The late Miocene climate of the Pannonian basin was warm tem-
perate. Based on the botanical and palynological record, the mean an-
nual temperature (MAT) is estimated between 13 and 16 °C, with
frostless winters and less than 20 °C annual range (Nagy, 2005; Hably,
2013). Estimates of the mean annual precipitation (MAP), based on
botanical and mammal records, scatter between the extreme values of
1950 and 354 mm, and often involve a temporal trend (e.g. Bohme
et al.,, 2008; Kovar-Eder and Hably, 2006). The MAP values most
probably remained within the realistic interval of 700-1300 mm, with a
clear maximum at about 9.7-9.2Ma. The ,Vallesian crisis”, i.e. the
sudden decrease of diversity in land mammals, especially the forest-
dwelling ones after ca. 9.5Ma, during deposition of the studied
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the foot wall (modified from Fodor et al., 2013).

sediments, is well constrained in the Pannonian basin (Nargowalla
et al., 2006). The crisis is interpreted as a consequence of increasing
aridity and seasonality, a phenomenon characteristic for mid-latitudinal
lands worldwide.

There are several lines of evidence for syn-sedimentary fault activity
along the western margin of the Transdanubian Range, including its
northern part, which was bounded mostly by normal faults (Fig. 1b, c;
Fodor et al., 2013; Sipos-Benkd et al., 2014). Direct indications, such as
tectonic breccias in the hanging wall of the western boundary fault
(Fig. 2), are testament to structural activity during the flooding (Fodor
et al.,, 2013; Fodor et al., 2018). At the same location locally-derived,
well-rounded, well-sorted carbonate pebbles of abrasional origin
(Fig. 2) may indicate a fault-controlled lake margin, only 1.5 km dis-
tance from the coeval bouldery gravel, discussed herein. Between two
overlapping fault segments, a northward tilted relay ramp is docu-
mented, which sharply deviated deltaic distributary channels during
regression less than a million years later (Fig. 1b, Bartha et al., 2015;
Fodor et al., 2018). The investigated site is located on the relay ramp
(Fig. 1b). These data indicate that fault activity, albeit possibly epi-
sodic, was ongoing during the entire time span of the sedimentation.

The upper Miocene gravel, which is the focus of the present study,
was deposited on an irregular erosional boundary with the Cretaceous
sandstone (Fig. 3). Clasts are exclusively made up of the underlying
sandstone, the sediment is poorly sorted and contains subangular cob-
bles to boulders. The Cretaceous sandstone beds were locally exposed
and originally could have been situated at the ancient lakeshore. Else-
where the Cretaceous sandstone is overlain by by Eocene mudstone
(Fig. 1).

3. Results
3.1. Sedimentary facies

The upper Miocene bouldery cobble gravel is exposed in small
stratigraphic thickness (up to 3.5m) provided by a single natural out-
crop along a creek (47° 42’ 54.90715” N; 18° 23" 33.378635" E; Figs. 3,
4). It has an irregular, erosional contact with the underlying Cretaceous
sandstone, and is unconformably overlain by Quaternary slope deposits.
The Cretaceous sandstone beds are either very hard due to carbonate
cementation or friable due to varying clay content.

The studied succession consists of a lower (ca. 1.25 m thick) and an
upper (up to 2.5m thick) gravel bed, separated by an irregular, yet
poorly defined surface of meter-scale relief. A 20 cm thick, 1.5 m wide,
lenticular sand body also occurs between them. The lower bed is a
matrix-supported cobble gravel with pebble-boulder clusters (Fig. 4a,
d). The matrix of the gravel is composed of clayey, poorly sorted, fine-
to coarse-grained sand (Figs. 3; 4f). Fragmentary and well-preserved
gastropod and bivalve (both articulated and disarticulated) shells of up
to a few cm in size and ostracod valves are abundant in the matrix
(Fig. 4d, e). Neither normal nor inverse grading is present. The upper
bed is dominantly clast-supported (Figs. 3, 4), with considerably less
muddy and sandy matrix. Fossils are very rare in the upper layer and
grading or textural sorting is absent. The sand lens between the two
gravel beds is composed of cross-bedded, coarse-grained sand that lacks
any pebbles, but contains granule-sized shell hash. Foresets dip towards
north, i.e., lakeward direction.

The grain size of the two gravel beds is similar except for the matrix.
The size of the grains ranges from pebbles to boulders with an a-axis
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Fig. 3. A) Photomosaic of the studied outcrop and B) its line drawing interpretation. Note the bedding, clast imbrication, location of the largest boulders and the
unconformity with the underlying sandstone. The cross-bedded sand lens is in the center covered by the geologists. Quadrants where imbrication was measured are

also indicated (for close-up see Fig. 6).

exceeding 50 cm diameter; these boulders are scattered randomly
(Fig. 3). All gravel-sized clasts but the mollusc shells are derived ex-
clusively from the Cretaceous substratum, yet their roundness, spheri-
city and shape vary to a great extent. The majority of the clasts are of
the hard type of sandstone, the friable ones are concentrated near the
base (Fig. 4c).

Cobbles, which are the dominant size class (ca. 70% of the counted
clasts; Fig. 5), are predominantly rounded blades (ca. 50%), but dis-
coidal and elongate cobbles are also common (each ca. 20%). Pebbles,
on the other hand, are mostly well-rounded discs or spheroids. Most of
the boulders, however, are angular to sub-angular with slightly rounded
edges, and have a blade- or disc shape, which is inherited from the
abrasion pattern of the parent rock. Bed thickness in the Cretaceous
substratum is up to 25 cm, which limited the size of boulders at least
along one axis and affected the possible axial proportion of the clasts.

Clast shape, dimensions of the three axes, and for non-equant clasts
dip-direction and -angle of 155 clasts (i.e. a-axis or ab-plane depending
on shape) were measured in four 1 m? area quadrants in the lower bed
(Fig. 6a). The a-axis and ab-plane of clasts are commonly imbricated in
both beds (Fig. 3). Range of dip directions is related to grain size, de-
viation is smaller in boulders, but gets larger with the decrease of grain
size (Fig. 6¢). The NW-NE oriented dip direction of the imbricated
clasts reveals transport towards SE-SW (Fig. 6e).

3.2. Fossils

The sandy matrix contains fossils of bivalves, gastropods, and os-
tracods (Fig. 4d, e). The identified forms all represent the highly en-
demic brackish-water biota of Lake Pannon. Among the bivalves, two
dreissenid species are abundant: Congeria aff. simulans turgida and
Dreissenomya (Sinucongeria) arcuata. The first species is widely dis-
tributed in the northwestern foreland of the Transdanubian Range. It
lived on the sandy substratum of the littoral zone, often in large co-
lonies (Szilaj et al., 1999; Magyar et al., 2017). In contrast, D. arcuata is
known only from a few localities in the Pannonian Basin, typically from
littoral sands. As a sinupalliate bivalve, it is considered to have lived an
infaunal life. It was a shallow burrower into soft sediment (Marinescu,
1977; Harzhauser and Mandic, 2010). Shells of D. arcuata are found in

large numbers in the matrix of the lower gravel bed, almost always with
articulated valves. Due to subsequent dissolution, many specimens of
the two dreissenid species lost their shell material and are preserved as
internal moulds (,,steinkerns”). In addition to dreissenids, there are two
species of Lymnocardiinae: a fragile fragment of Paradacna sp., and a
few umbonal fragments of Lymnocardium proximum. The thin-shelled
Paradacna was mostly (but not exclusively) a deep-water dweller,
whereas L. proximum was a littoral species. Their shells were broken
into angular pieces before being buried by the sediment.

The gastropods are represented by a few juvenile specimens of
Viviparus sp. and a single specimen of Melanopsis defensa. Although
shells of the typically freshwater Viviparus do occur together with
brackish molluscs in the outcrops of littoral sands of Lake Pannon, they
were typically abundant in freshwater environments of the delta plain,
such as channels, ponds, and swamps, where they were accompanied by
similarly freshwater snails and unionid bivalves. M. defensa, however, is
a brackish-water littoral species, commonly associated with cardiids
(Gillet and Marinescu, 1971; Magyar et al., 2017). Its single specimen
from the outcrop is eroded and worn, indicating a longer-term abrasion
before burial.

The ostracod fauna of the outcrop is also of low diversity:
Amplocypris sp. and Candona (Caspiolla) sp. were identified. The latter is
most common in shallow brackish waters, whereas Amplocypris most
commonly (but not exclusively) lived in deeper water, below the wave
base (e.g. Cziczer et al., 2009; Olteanu, 2011).

4. Discussion of depositional processes and environment
4.1. Origin of clasts: From abrasion to onshore mixing

The pebbles, cobbles and boulders were derived exclusively from
erosion of the local Cretaceous sandstone substratum. Their monomict
composition combined with different shape, size and roughness reveal
various temporal exposure to reworking, i.e., to abrasional processes.
The well-rounded, spherical pebbles and bladed cobbles point to re-
petitive wave action and they could have been rounded on the beach-
face. Gravel beaches, however, are typically built up by texturally-
sorted, erosion-bounded, roughly parallel superimposed beds (e.g.
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Fig. 4. Detailed sedimentary features of the gravel shown in Fig. 3. A) Grain composition and variously rounded clasts. Arrows show rip-up clasts derived from the
uppermost silty sandstone bed of the underlying Cretaceous sandstone. B) Close up of the Cretaceous/Miocene unconformity. C) Rip-up siltstone clasts (arrows). D)
and E) Intact and broken shells between coarse-grained sand, pebbles and cobbles. F) The matrix-supported lower and clast-supported upper beds. G) Close-up of the

cross-bedded sand lens.

Massari and Parea, 1988; Postma and Nemec, 1990; Hayes et al., 2010;
Lario et al., 2020). In contrast, the studied poorly-sorted, thick beds
with an irregular base indicate that shaping and deposition of clasts
occurred at different locations. Coexistence of different clast sizes with
various shapes is also characteristic of gravel beaches. The subangular
boulders and cobbles are interpreted to show only episodic abrasion,
which probably took place during repeated storm events.

The a-axis imbrication of the elongated clasts in accord with the
presence of the muddy matrix reveals a mass-flow type transport par-
allel to the a-axis, whereas ab-plane imbrication of discoid clasts marks
only the direction of the shear stress and the transport (Davies and
Walker, 1974; Nemec and Steel, 1984; Major, 1998). Taking into con-
sideration the paleogeography of the area, a-axis and ab-plane im-
brication reveals landward transport during deposition of the gravel,
whereas the cross-bedded sand lens between the gravel beds points to
lakeward transport.

The studied gravel represents a mixture of material originated from
four different zones: 1) offshore (clay, Amplocypris, Paradacna), 2)
shoreface (sand, Congeria, Dreissenomya (Sinucongeria), Melanopsis), 3)

abrasional terraces (rounded pebbles — cobbles) and 4) the base of rocky
cliffs (subangular boulders). This indicates that the clasts and shells,
probably including living molluscs, were entrained, mixed, transported
and deposited by an extreme wave event, i.e. either a tsunami or a
major storm striking the onshore region. Now let's explore the char-
acteristics of either type and their deposits in order to evaluate the
likelihood of their activity.

4.2. Signatures indicating storm origin in gravelly onshore deposits

Storm waves are capable of powerfully reshaping beach faces,
generate erosional surfaces and deposit clasts above high-water level
(e.g. cobble-boulder armors, gravel to boulder ridges, ridge complexes,
washover sheets, etc.; e.g. Hayes et al., 2010; Erdmann et al., 2017;
Lario et al., 2020). The largest storms (hurricanes, typhoons) in oceanic
settings are capable to overturn, pluck and transport boulders of up to
several tens of tons weight far into the land or onto cliff tops several 10s
m high (Williams and Hall, 2004; Goto et al., 2012; Erdmann et al.,
2017; Dewey and Ryan, 2017; Hoffmeister et al., 2020). Although the
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grain size ranges from pebble to boulder in these deposits, the absence
of mud is characteristic, as it does not settle from agitated water before
waning of storm waves (Hall et al., 2006; Scheffers and Scheffers, 2006;
Morton et al., 2008; Cox et al., 2012). Onshore storm gravels are often
composed of multiple, moderately to well sorted layers of different clast
sizes and shapes, arranged primarily by swash of high-energy waves,
due to multiple events over centuries to millennia (Morton et al., 2008;
Scheffers et al., 2009: Spiske and Halley, 2014). In such storm-related
deposits clast-supported fabric is dominant (Hall et al., 2006; Cox et al.,
2012). Open-framework is very common in modern deposits, but the
interstices could also be filled by sand, which infiltrated later, e.g., ei-
ther during the waning phase of the storm or long after, during other
inundation events (Hall et al., 2006; Morton et al., 2008).

Prevalent waves during fair-weather conditions or storms generate
seaward-dipping clast imbrication of discoidal pebbles, but shore-par-
allel orientation of the elongated ones was also reported (Williams and
Hall, 2004; Hall et al., 2006; Morton et al., 2008; Hayes et al., 2010;
Shanmugam, 2012; Spiske and Halley, 2014, Erdmann et al., 2017;
Dewey and Ryan, 2017; Lario et al., 2020).

Finally, within beach gravels, mollusc shells, corals or other fragile
macrofossils could be not only fragmented but edge-rounded with
abrasion surfaces (Davies et al., 1989) primarily due to traction and
collision due to fair-weather agitation. Storms mostly winnow and re-
deposit these biogenic clasts (Morton et al., 2008), moreover storms are
not capable of eroding and redepositing shells from deep, distal zones of
the shoreface (Kortekaas and Dawson, 2007; Donato et al., 2008).

The studied upper Miocene gravel is similar to the above described
onshore storm deposits from many points of view, including the
rounding of clasts, lake-ward dipping imbrication, clast-supported
fabric of the upper bed and presence of fractured shells. Other features,
like the lack of clear bedding, the poor sorting, the matrix-supported
character of the lower bed, and the presence of the clayey-sandy matrix
do not exclude a storm origin, but their coexistence is not supporting it
either. The a-axis imbrication and the presence of articulated shells, the
exhumation and transport of infauna of the lower shoreface are not
typical for storm gravels.

Fig. 6. Directional data of large clasts. A) The 1 x 1 m? quadrants where the measurement was carried out with an indication of a-axis or ab-plane imbrication as
white lines. Rose diagrams of a-axis or ab-plane dip directions for B) pebbles and cobbles, C) boulders and D) all measured clasts. All indicate transport direction of
gravel to the south. E) Paleogeography of Lake Pannon at the Kisalfold-Danube Basin, with the feeder river systems on the NW and the Transdanubian Penninsula on

the SE side. Landward transport directions in the study area are displayed.
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4.3. Signatures indicating tsunami origin in gravelly onshore deposits

The depth of erosion for a long-wavelength tsunami wave exceeds
that of storm waves (Goto et al., 2014; Dewey and Ryan, 2017),
therefore even a single tsunami wave could be capable of eroding and
transporting small to very large clasts that originated from offshore to
the backshore. The relatively short duration of the tsunami event,
however, limits sorting and mixing of grain sizes from clay to boulders,
in cases resulting in poorly-sorted deposits (Moore et al., 1994;
Scheffers et al., 2005; Goff et al., 2012; Paris et al., 2013). One of the
most important indicators of tsunami deposits could be the presence of
mud in the matrix (Morton et al., 2007; Abad et al., 2020), while sev-
eral different factors may result in its absence, thus careful considera-
tion is needed. The amplitude and period of tsunami waves also influ-
ence transport processes. Tsunami waves reaching the shore commonly
produce turbulent flows (Nanayama and Shigeno, 2006; Nanayama,
2008), but hyper-concentrated flows (Mulder and Alexander, 2001) or
debris flows with large volume of suspension may also develop by
erosion and entrapping of sand to clay from the nearshore area (Pérez-
Torrado et al., 2006; Morton et al., 2007; Nanayama, 2008; Costa et al.,
2011; Abad et al., 2020). The ratio of fine- to coarse-grained clasts
determines whether matrix- (Nanayama and Shigeno, 2006) or clast-
supported gravel with some matrix is deposited (Shiki and Yamazaki,
1996; Tanner and Calvari, 2004). Open framework fabric may point to
original lack of fine-grained matrix or its removal by the back flow.
Transport processes also determine whether normal, inverse or lack of
grading develops in the deposit (Moore and Moore, 1984; Nanayama
and Shigeno, 2006; Pérez-Torrado et al., 2006; Paris et al., 2011; Goff
et al.,, 2012; Goto et al., 2019). Lack of grading mostly develops in
gravels due to the short duration of transport followed by rapid de-
position (Morton et al., 2007). Normally graded sand is very common
and rather points to local tsunamis, while inverse grading may indicate
regionally significant, large earthquakes (Goff et al., 2012).

In contrast to numerous waves during storms, a tsunami hits the
coast in the form of a single wave or a few waves, resulting in clear
phases of inundation and backwash (Dawson, 1994; Pérez-Torrado
et al., 2006; Nanayama and Shigeno, 2006; Morton et al., 2007). These
phases can be deduced from deposition of several beds and imbrication
of clasts dipping seaward and landward, respectively, in subsequent
beds (Nanayama et al., 2000; Fujino et al., 2006; Nanayama and
Shigeno, 2006; Pérez-Torrado et al., 2006). Other paleo-current in-
dicators, such as cross-bedding or cross-lamination may also be pro-
duced (Moore and Moore, 1984; Nanayama et al., 2000; Morton et al.,
2007; Slootman et al., 2018; Paris et al., 2018). Backwash could be
powerful enough to erode and transport talus or fluvial gravel from the
inundated area back to the coastal region (Goto et al., 2019). It also can
transport part of the sediment, swept previously onshore, back towards
the main water body. The transport direction and capacity of the back
flow highly depends on the topographic gradient and relief, and usually
it follows local lows and may merge to scour channels or accelerate to
supercritical flows near the beach (Morton et al., 2007; Slootman et al.,
2018).

A wide variety of fossils occurs in many sorts of onshore tsuna-
miites, due to the erosional power of tsunami waves, which mobilize
sediment of the sublittoral and littoral zones. As a result, fossil content
of tsunami deposits commonly represents a mixture of taxa that lived in
different habitats, at various water depths, and having distinct sub-
strate-preferences (e.g. Moore and Moore, 1984; Fujino et al., 2006).
Usually none of the remains are in life position except for boring bi-
valves, which were transported within boulders (Massari et al., 2009;
Costa et al., 2011). The preservation of macrofossils, e.g. shells, varies
from poor to perfect, depending on two factors: the pre-tsunami abra-
sion of disarticulated ones by wave agitation, and the matrix/clast ratio
of the transporting tsunami, which when high, effectively prevents
grain collisions and breaking of shells (Fujino et al., 2006; Pérez-
Torrado et al., 2006; Donato et al., 2008; Massari et al., 2009; Paris
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etal., 2011, Puga-Bernabéu and Aguirre, 2017). Articulated shells were
probably transported when they were still alive (Morton et al., 2008,
Massari et al., 2009; Goff et al., 2012).

The studied upper Miocene gravel shares several features with on-
shore cobble to boulder tsunami deposits. The most important of these
are the mixture of clasts and fossils from a wide range of coastal zones,
the clayey-sandy matrix and the matrix-supported fabric together with
a-axis type imbrication, all indicating landward transport in suspension
as a mass flow. In several case studies the articulated shells were re-
ported as indicators of erosion, short-term transport and rapid burial by
tsunami events, thus the presence of such fossils could be an evidence
for tsunami deposits. A potential backwash deposit is also present in the
studied gravel deposits. Not only the bidirectional transport, but also
the small number of beds and the rough erosional relief are in favor of
the tsunami origin. None of the observed features opposes this inter-
pretation.

4.4. Role of climate

Formation of storm waves capable of plucking and emplacing
boulders in a lake is a function of local climate. Late Miocene pa-
leontological climate proxies from the region reveal warm temperate
conditions with a mean annual temperature of about 13-16 °C and a
mean annual precipitation of 700-1300 mm (Bohme et al., 2008),
slightly warmer and more humid than today. During and after the
Vallesian crisis, when diversity of forest-dwelling land mammals de-
creased suddenly, aridity and seasonality might have increased in the
Pannonian region (Nargowalla et al., 2006). Modeling of the modern
climate of the region shows that increasing aridity during the last
decades resulted in decreasing wind speed (Spinoni et al., 2015). Ob-
viously, the paleontological data cannot be used as a proxy for late
Miocene storm intensity or maximum wind speed. The regional wind
direction might have been similarly from NW, though the topographic
effect of the Alps and Carpathians was probably smaller. These winds
thus might have crossed the 50-80 km wide Lake Pannon (Fig. 6), in-
tensified wave force and contributed to the abrasional processes of the
coasts facing to NW. At present, wind speed above 15 m/s (moderate
gale) near ground level is very rare within the Carpathian area
(Bartholy et al., 2003). That value is far too small to induce several
meter high waves (e.g. exceeding 2-3 m) which are common in open
marine settings and are capable of plucking and transporting 0.5 m-
diameter boulders (e.g. Erdmann et al., 2017; Cox et al., 2018; Dewey
and Ryan, 2017; Lario et al., 2020). In addition, model calculations
demonstrated that a storm wave four times higher than a tsunami wave
is required to transport a boulder of a certain mass (Cox et al., 2018;
Dewey and Ryan, 2017; Hoffmeister et al., 2020). Therefore, violent
storm events, which could have been capable of producing more than a
meter-thick bed of bouldery gravel onshore, possibly in cliff-top posi-
tion, are not likely to have occurred in the late Miocene Lake Pannon.

4.5. The inferred tsunami event in Lake Pannon

The studied gravel deposit is interpreted as the product of an ex-
treme wave event, most likely as an onshore paleo-tsunamiite based on
the sedimentary facies and fossil remains together with considerations
of paleogeography and climate. The two gravel layers most likely re-
present the impact of two tsunami waves. Minutes could have elapsed
between successive waves (cf. Dawson and Stewart, 2007; Morton et al.,
2007; Dewey and Ryan, 2017). It is supposed that the first wave eroded
and transported a mixture of pebbles, cobbles, boulders and high
amount of sand and clay together with shells from different zones of the
coast (Fig. 7a). The a-axis or ab-plane imbrication excludes rolling, the
high proportion of matrix points to a rapid, cohesive debris-flow type
surge, which resulted in deposition of the thick, poorly sorted, matrix-
supported lower bed (Fig. 7b). After maximum inundation and stag-
nation was reached, a backwash current transporting mostly sand
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Fig. 7. Depositional model of the tsunami deposits. A) Source area of different grain classes, shapes and shells from offshore to backshore cliff-top. B) The first
tsunami wave entraining and transporting the available material, from clay to boulders. C) Small sand dune depositing during backwash on top of the matrix-rich
lower layer of the gravel. D) Formation of the upper layer by the second tsunami wave, probably transporting less sand.

developed, and small sandy dunes formed on the irregular surface of the
gravel deposited during the inundation phase (Fig. 7c; cf. Nanayama
et al., 2000). Imbrication pointing to lakeward transport was not re-
corded in the gravel beds. Absence of coarse material in the backwash
sediment thus indicates relatively low-strength back flow and lack of
funneling and acceleration, which commonly occurs in low relief
coastal plains or far from the original coast (cf. Slootman et al., 2018).
The precise extent of inundation cannot be constrained, but the Triassic
carbonate bedrock, cropping out in a distance of 0.5-1km, was not
reached (Fig. 1), as reflected by the monomict composition of the gravel
(i.e. lack of Triassic carbonate clasts), that may reveal localized in-
undation of a valley or a low lying coastal area (cf. Kortekaas and
Dawson, 2007; Morton et al., 2007; Goto eat al. 2012; Goto et al.,

2019).

For the deposition of the upper gravel bed, which has a clast-sup-
ported fabric and contains a much lower proportion of clayey-sandy
matrix and shells, several scenarios are possible. Hence the tsunami-
genic origin of the upper bed cannot be unequivocally demonstrated.
Although the upper layer is thicker than the lower one, potential evi-
dence of subsequent waves was not preserved and therefore it cannot be
determined with certainty how many tsunami waves might have oc-
curred. It is still most likely that it was produced by the second tsunami
wave, eroding and transporting a smaller amount of fine-grained sedi-
ment from the shoreface (Fig. 7d), unless the sand was partly removed
by the backflow.
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Fig. 8. A) Depositional model from the progradational slope of the deep lake to its fault-controlled margin, where the tsunami deposit formed due to earthquakes
and/or slope failures as possible triggering mechanisms. B) Shelf progradation with large-scale slope failure shown on an interpreted seismic profile from the SE part

of Lake Pannon. C) Location of the geological and seismic profiles.

4.6. Triggering mechanism

The triggering mechanism of a tsunami cannot be determined from
the depositional features. Here we review some possible scenarios that
could have caused tsunamis in Lake Pannon, without considering extra-
terrestrial causes like the strike of a meteorite. A volcanic eruption,
synsedimentary fault activity (paleoseismic event), and/or a major slide
of the shelf-edge slope might have occurred anywhere in the vast Lake
Pannon. A tsunami hitting the study area at the SE coast of the
Kisalfold-Danube basin (Figs. 6, 8) must have been triggered in the NW
part of the lake. At this time the length of the embayment was almost
200 km, its width was ca. 50 km and the depth attained 550 m in its
central part (Sztané et al., 2016; Balazs et al., 2018).

There are two major buried volcanoes in the Kisalfold-Danube
basin: one in the central part and another at the northeastern margin.
Their activity, however, which started in the middle Miocene and
persisted to the late Miocene, came to an end at 11 Ma (Harangi et al.,
1995; Harangi et al., 2015; Panisova et al., 2018), i.e. some 2 million
years before the studied tsunamiite was deposited.

Near-site structural observations provide good candidates for a
triggering mechanism. Earthquakes might have been related to struc-
tural activity close to the site during the deposition of the gravel. This
activity is manifested by several N-S trending fault segments in the
study area (Fig. 1c), where fault-related breccias, large footwall-de-
tached blocks, and abrasional gravels on eroded fault scarps indicate
coeval faulting (Fig. 2; Fodor et al., 2018). In addition to local structural
activity, any syn-sedimentary fault movement in the western part of the
lake basin could have produced earthquakes, or the associated rock-fall
could have been capable of triggering tsunami waves, potentially large
enough to generate the documented tsunami deposit (Fig. 8). Although
a far-field tsunami trigger would be more difficult to prove, evidence of
active late Miocene faults, possibly not long before the deposition of the
tsunamiite, are extensively documented not only from the Trandanu-
bian Range, but all over the western Pannonian Basin (Kiss et al., 2001;
Fodor, 2008; Tors et al., 2012; Fodor et al., 2013; Kovacs et al., 2015;
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Vojtko et al., 2019).

Another source of tsunami events could have been the shelf edge
slope of Lake Pannon, which was located ca. 50-80 km to the NW from
the coast of the large Transdanubian peninsula when the gravel de-
posited (Fig. 8; Sztano et al., 2016; Magyar et al., 2017). Close to the
shelf-margin the water depth of Lake Pannon reached 550 m (calculated
from decompacted clinoform height; Balazs et al., 2018), but it was
only about 80 m in a 10-15 km wide belt near the coast of the study site
(estimated from paleobiological data; Cziczer et al., 2009). As a con-
sequence of high sediment input from the W-NW, an unusually rapid
slope progradation occurred (ca. 100 km/Ma; cf. Magyar et al., 2013),
probably inducing instable conditions. Therefore, the slope must have
been especially prone to major slide events (Fig. 8b) due to autocyclic
oversteepening even without earthquake shocking. Modest earth-
quakes, on the other hand, can initiate liquefaction in rapidly pro-
grading delta and slope systems leading to failure and triggering tsu-
namis more commonly than formerly anticipated (Hornbach et al.,
2010). If a subaqueous slope failure occurred somewhere along the ca.
150 km wide strike of the slope, it could have mobilized a large volume
of sediment and thus could have very well initiated tsunami waves in
Lake Pannon.

No such slope failure has been documented so far in the old-vintage
2D seismic data of the Kisalfold-Danube Basin. The progradation of the
shelf edge slope, however, continued until 4 Ma over the entire area of
the Pannonian basin (Magyar et al., 2013), and many examples of slope
collapse events are detected in various 3D seismic volumes (Fig. 8; van
Baak et al., 2017; Csicsak et al., 2018). These events must have been
quite common in the sedimentary system of Lake Pannon, therefore
tsunami events could have been equally frequent.

If tsunamis could have been so common in Lake Pannon, why have
there not been more tsunami deposits detected along the paleoshor-
elines? Potential sand beds in delta plain deposits are numerous and are
not peculiar. As discussed above, fine-grained tsunami deposits have a
low preservation potential due to subsequent change of the pa-
leoenvironment, erosion, bio- and pedoturbation, etc. (Spiske et al.,
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2020). As tsunamis do not necessarily leave a large signal in the rock
record, many of them remain unrecognized (Fig. 8a). Special conditions
may be needed to amplify tsunami waves in order to exceed a threshold
for producing noticeable deposits, which varies with coastal settings.
The known paleogeographic conditions of the Kisalf6ld-Danube Basin
might have played a role in the amplification of tsunami waves. If
triggering occurred far to the south, the dimensions of the elongate,
funnel-shaped embayment of the lake (Fig. 6e) could have resulted in
resonant amplification of the wave motions (cf. Sztané and de Boer,
1995). If more proximal triggering locations are considered, an other-
wise small tsunami wave could have been amplified while propagating
across the wide, relatively shallow-water “plateau” near the studied
coast, resulting in a catastrophic flood of the coast and the accumula-
tion of the studied tsunami deposit. Elsewhere, without local amplifi-
cation, the erosional or depositional effect of the same tsunami could
have remained unnoticed. The primary or refracted origin of the sub-
sequent waves cannot be determined from the deposit. Both the likely
steep shores from NE and the well-known progradational slope to N-NW
(Fig. 6.e) could have reflected the tsunami wave as a topographic
barrier.

The generally low preservation potential of backshore paleo-tsu-
nami deposits (Paris et al., 2017; Pérez-Torrado et al., 2006) also im-
pedes their recognition in the rock record. In our case, the continued
flooding of the peninsula (Sztano et al., 2016; Magyar et al., 2017), and
burial of the succession resulted in its preservation. In addition, abra-
sional, nearshore or deltaic deposits which may interfinger with other
potential paleo-tsunami deposits are cropping out only in narrow belts
along the present hills (e.g. Magyar et al., 2017) and each exposure
represents only a very limited time window. Therefore, up to date, this
is the only study reporting tsunami deposits from the late Miocene of
Lake Pannon.

5. Conclusions

There is no distinct facies model for fine- or coarse-grained onshore
tsunamiites, because these can greatly vary depending on several local
features. In addition, the sedimentary character of onshore gravels
deposited from extreme wave events, i.e. tsunamis and storms can be
similar. Only a thorough analysis may reveal a combination of features
determined by transport and depositional processes that facilitate the
identification of paleo-tsunami deposits.

In the case of the upper Miocene bouldery cobble gravel from the
coast of Lake Pannon, various degrees of clast roundness, lakeward
dipping imbrication, bidirectional transport indicators, clast-supported
fabric, large bed thickness or lack of grading do not provide exclusive
evidence in favor of either tsunami or storm wave origin. Extreme storm
waves, however, are discarded considering the local paleogeography
(with restricted width of the water body) and climate (with probably
low-speed winds only). A combination of depositional signatures, e.g.
the matrix-supported fabric and the preservation of the articulated
mollusc shells, as well as mixture of clasts and fossils from different
coastal zones offshore to backshore, favor the classification of these
beds as paleo-tsunami deposits.

Well-developed clast imbrication in the matrix-supported gravel
reveals inundation of the backshore region by the first wave, followed
by back wash and deposition of small sand dunes in erosional scours.
The overlying imbricated, clast-supported gravel probably was formed
by another successive tsunami wave, most likely from the same event.
Tsunamiites do not reflect tsunami triggering mechanism. Faults that
might have been active at times of deposition occur close to the study
site. In addition, rapid slope progradation in Lake Pannon, or earth-
quakes related to the above faults may have resulted in slope collapse
events triggering the tsunami.

Our interpretation confirms that coarse-grained onshore tsunami
deposits, scarcely recognized in the rock record, may have formed in
lacustrine settings. Fine-grained ones could have remained
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undiscovered, probably because physical conditions for amplification of
tsunami waves were not met, or due to their low preservation potential.
Lacustrine tsunami deposits may be more abundant than previously
thought, if contemporary structural deformation, volcanism, or the
collapse of steep slopes due to high sedimentation rates are considered.
Finally, it is concluded that tsunami deposits in the deep time rock
record, particularly in continental settings, may serve as indicators of
paleoseismicity and may help to identify otherwise unknown structural
activity in the area. Both lacustrine and marine paleo-tsunamiites can
highlight specific paleogeographic configurations favorable for ampli-
fication of tsunami waves.
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