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Introduction

This article presents a new concept of the tectonic and depositional environment of the Menilite-Krosno Beds classic flysch deposits
(Dzutynski et al., 1959; Ksiazkiewicz, 1975, 1977) in the Polish Outer Carpathians (Figure 1). The Menilite Beds and the overlying Krosno
Beds, both historically interpreted as deep-marine deposits, are here reinterpreted as shelf deposits of a large lake, occasionally ocean-
connected, which may have resulted in fully marine conditions at times. The new depositional model proposed here is based on the discovery
of abundant wave-formed sedimentary structures (recently, farther west, the Magdalena Sandstone Member of the Menilite Beds has been
reinterpreted as shelfal rather than deep; Dziadzio et al., 2016) and on paleogeographic reconstructions by Régl (1999) for Early Oligocene and
Early Miocene times (corresponding essentially to the Menilite-Krosno Beds) which show that the Carpathian region was within a large
enclosed water body, a remnant of the formerly through-going Paratethys seaway, isolated from the world ocean for much of Oligo-Miocene
time, forming a freshened sea or giant lake (Vakarcs and Magyar, 2004) here named “Lake Krosno”, a hydrologically open remnant-ocean lake
trapped in a long collision belt at an early stage of collision, evolved from the Paratethy seaway. The great majority of Menilite-Krosno sand
beds are interpretable as hyperpycnites and wave-modified hyperypcnites, supplied by rivers, mainly longitudinally from the west.

New Depositional Model of the Krosno Beds
Like all foreland flysch (also known as miogeosynclinal flysch as opposed to eugeosynclinal flysch; see discussion and references in Higgs,

2014), the Menilite-Krosno Beds are characterized by bed ‘packeting’, i.e. alternating packets, generally 1-30 m thick, of thinner (mm or cm)
and thicker (usually cm or dm) event beds, attributable to eustatic sea-level oscillations transmitted over the lake sill (Hiss, 1991, 2014, 2017).
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Evidence for shelfal sedimentary conditions includes the following sedimentary structures and compositional attributes: hummocky cross
stratification (HCS); pot casts (“whirls balls” of Dzutynski et al., 1957); gutter casts; symmetrical ripples (including vortex ripples); near-
symmetrical ripples (indicating a combined flow comprising a one-way sediment-supplying current accompanied by a wave-induced
oscillatory flow); interference ripples (symmetrical or near- symmetrical); sinusoidal lamination (rounded, symmetrical or near-symmetrical
ripples climbing vertically or near-vertically); multidirectional tool marks; hooked grooves; non-orthogonal (to nearly parallel) ripple crests and
sole marks on the same event-bed; and conspicuous muscovite and terrigenous plant matter mostly present in fine and very-fine sandstone beds
interpretable as hyperpycnites (see below and Zavala et al., 2011, 2012). No evidence of subaerial conditions has been found. There is also no
evidence of sedimentation in the beach/coast zone and no tidal structures were seen, although west of the research area such structures (tidal
rhythmites) have been described in the uppermost part of the Menilite Beds (Dziadzio, 2018, in press).

There is also evidence for low salinity (brackish or fresh) and for reduced bottom oxygenation of the Menilite-Krosno Basin (Lake Krosno).
These are: low diversity of fossils (benthonic megafossils) and trace fossils (see Ksigzkiewicz, 1977); low degree of visible vertical
bioturbation; scarcity of pyrite (cf. Berner and Raiswell, 1984); presence of syneresis cracks; the nature of benthonic foraminifera
(Ksigzkiewicz, 1975, 1977), dominating in the older horizons, which almost completely disappeared and were replaced by calcareous types in
the Krosno Beds (an additional possible factor is soupy bottom-mud due to low salinity). The Menilite-Krosno scarce benthonic-foram fauna
comprises both agglutinated and calcareous genera (Ksigzkiewicz, 1975). However, it differs strongly from the “flysch-type agglutinated
fauna” composed entirely or mainly of agglutinated taxa, characteristic for eugeosynclinal flysch (Higgs, 2014). Mixed agglutinant-calcareous
faunas like that of the Menilite-Krosno Beds typify miogeosynclinal flysch (Higgs, 2014). Higgs (2014) suggested that these faunas are only
“pseudo-bathyal” (“false bathyal” of Higgs, 2017a), being misinterpreted as bathyal due to a misleading combination of: (a) reworking of true
deep-water taxa from adjacent accretionary-wedge mountains, and (b) dysoxia of flysch-shelf bottom-mud (i.e. fairweather) due to permanent
lake-water stratification.

A possible explanation for low diversity of trace fossils and scarcity of vertical ones is that Lake Krosno salinity for much of the time was low
(brackish or fresh), rendering the bottom-mud weakly cohesive (characteristic of open lakes, cf. Higgs, 1991) and therefore (?) exceptionally
watery (soupground or perhaps ultra-soupground), detrimental to the visibility of burrows (very strongly compressed by compaction; cf.
Schieber, 2014) and unfavorable in the first place for many types of burrowing animals.

The vast majority of sandstone event-beds in the Menilite-Krosno Beds can be interpreted as hyperpycnites and wave-modified hyperypcnites
(rather than the near-universally assumed slump-generated turbidites), supplied mainly longitudinally by sediment-laden rivers. Based on all of
the above: (a) these sandstone beds were probably deposited on a shelf (i.e. the feeder-delta slope may have been too low/short for slumps to
evolve into turbidity currents), and (b) lowered salinity (very prone to hyperpycnal flow; see below) occurred for much of the time, especially
during lowstands, corresponding to the thicker-bedded packets.

Thus, most sandstone beds in the Menilite-Krosno Beds can be interpreted as wave-modified hyperpycnites with HCS and/or other wave-
formed sedimentary structures (see Higgs, 1991, Myrow et al., 2002). Those sandstone beds capped by ripple cross lamination and (slightly)
asymmetrical ripples are habitually assigned to the Bouma Tc division, implying unidirectional flow. However, combined-flow ripples (i.e.
near-symmetrical ripples) and corresponding cross lamination differ only subtly from their unidirectional-flow counterparts (e.g. Harms, 1969;



Higgs, 1984; Myrow et al., 2002) and have hitherto been overlooked in the Menilite-Krosno Beds, as have the truly symmetrical ripples. Each
such sandstone bed can be interpreted as the product of a flood event accompanied by a storm, resulting in a wave-modified hyperpycnite with
HCS and/or other wave-formed sedimentary structures (cf. river-fed wave-modified turbidites of Myrow et al., 2002; Pattison, 2005).

It is this combination of eustasy, early collision in a very long (>1,000 km) collision belt, floods and storm waves that explains the unique
character of foreland flysch, including the Menilite-Krosno Beds (i.e. packeted; entirely shelfal; few or no intervals with fully marine fauna) by
generating five specific controlling factors: (1) a low-salinity lake, that by definition is (2) very prone to hyperpycnal flow, both during floods
and fair weather (rivers need more than fifty times more suspended sediment to underflow the sea compared to a freshwater lake; Mulder and
Syvitski, 1995), hence (3) massive fluvial-sediment transfer directly to the shelf, greatly slowing the (bypassed) delta’s progradation onto the
shelf, (4) storm-wave ‘shaving’, limiting shelf aggradation, maintaining the shelf’s intrinsic equilibrium profile (Higgs, 2010, 2014), and (5)
fluctuations in water depth and brackishness by glacioeustatic incursions over the lake sill (Higgs, 1991), the rapidity of these eustatically
driven lake-level rises and falls causing the trademark bed-packeting of foreland flysch (Higgs, 2014, 2017).

Conclusions
All of these facts strongly suggest deposition of the Menilite-Krosno Beds on the shelf (i.e. between storm- and fair-weather wave base) in a
vast remnant-ocean lake, called here “Lake Krosno”, evolved from Paratethys. The low salinity of the basin (lake) justifies the interpretation of
the majority of sandstone beds as hyperpycnites. The shelf equilibrium profile governed by storm erosion, intrinsic to all shelves, limited
sediment aggradation, while delta progradation was slowed by the lake’s low salinity favoring delta bypass by hyperpycnal flow, delaying the
eventual overrunning of the shelf by deltaic deposits (Higgs, 1991, 2014, 2017).
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Figure 1. Location of the study area.





