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Abstract. The thick-bedded, deep-water sandstone succession was described at the Tylmanowa site from 
the Polish Outer Carpathians. This part of the Carpathians is built mainly of the Upper Jurassic to Paleogene 
deep-water rocks. Succession at the Tylmanowa site is composed of massive, ripple-cross laminated, planar 
and trough cross-stratified, horizontally laminated and deformed sandstones as well as massive and horizon-
tally laminated mudstones. All these sediments derived from gravity flows that prograde downslope from a 
basin margin towards the widespread abyssal plain. Exposed succession records the gradual transition from a 
decelerating debris flow to a turbidity current what is extraordinary in the recent investigations of deep-water 
sediments. The study succession has been compared with the widely known sediment models, such as: the 
classic Bouma Sequence (Bouma 1962), the high-density turbidite model (Lowe 1982), the fluxoturbidite 
model (Ślączka, Thompson 1981) and the hybrid event bed model (Haughton et al. 2009).
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IntroductIon

Sediment gravity flows can easily travel through 
the continental slope and reach the abyssal plain. They 
are responsible for delivering sediment to a deep-
water environment (e.g. Stow et al. 1996; Mulder, 
Alexander 2001; Davis et al. 2009). Sediments can 
move as slides that represent a coherent, translational 
transport, where sediment mass moves on a planar 
shear-surface without internal deformation. Further 
downslope, slides can transform into slumps, where 
a coherent but rotational transport mode causes de-
formation. The shear surface is shaped concave-up. 
As sediments become water-saturated, slumped sedi-
ment can transform into a cohesive debris flow. It 
transports sediments as an incoherent body that flows 
laminar and undergoes internal deformations (Shan-
mugam 2006). Debris flows behave as plastic flows 
and their transformation from cohesive to poorly co-
hesive or non-cohesive flow is continuous (Talling et 

al. 2012). Further increase in fluid content can lead to 
the evolution into a turbidity current that moves as an 
oversaturated turbulent flow (e.g. Piper et al. 1999; 
Shanmugam 2006). First, a high-density turbidity 
current appears, which then gradually evolves into a 
low-density turbidity current. The larger the transport 
distance, the greater the disintegration of transport-
ed sediment. The well-known models of deep-water 
sediment gravity flows assume only one main mode 
responsible for their transport, e.g. sediment concen-
tration (Bagnold 1962), sediment-support mechanism 
(Middleton and Hampton 1973), flow state (Sanders 
1965; Postma 1986) or rheology (Dott 1963). Each of 
the above-mentioned flows has different characteris-
tics of movement and settlement, which is reflected 
in their deposits (e.g. Middleton, Hampton 1976). 
However, flows-transformation processes are not yet 
thoroughly researched.

The only one sedimentary record of rheologi-
cally complex flows are fluxoturbidites (Dżułyński et 
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al. 1959), also known as the high-density turbidites 
(Lowe 1982), megaturbidites (Bouma 1987; La-
baume et al. 1987), deep-water massive sands (Stow, 
Johansson 2000) or hybrid event beds (Haughton et 
al. 2009). The term fluxoturbidite (Dżułyński et al. 
1959) was originally used to describe the thick grav-
elly, sandy and muddy succession with weakly devel-
oped textural grading and numerous massive beds or 
ripple cross-laminated beds. The mechanism that led 
to the fluxoturbidite deposition is interpreted as inter-
mediate between deep-water landslides and turbidity 
currents (see e.g. Unrug 1963; Ślączka, Thompson 
1981; Leszczyński 1989). Therefore, the fluxotur-
bidites as deposited on the proximal parts of subma-
rine fans are rather coarse-grained in contrast to the 
classic turbidites (see Bouma 1962).

The objective of this paper focuses on a detailed 
characteristic of the thick-bedded sandstones of the 
fluxoturbidite succession exposed at the Tylmanowa 
site. Most of the Outer Carpathians deposits are inter-
preted as classic turbidites, whereas only about 15% 
are considered fluxoturbidites (Felix et al. 2009). The 
aim of the study is: (1) to characterize lithofacies at 
the Tylmanowa site, (2) to identify the main sedi-
mentary processes responsible for sediment transport 
and deposition, (3) to comprise study succession with 
the existing models of deep-water gravity flows, and 
(4) to reinterpret previously done studies at the Tyl-
manowa site.

GEoLoGicAL SETTinG

The Tylmanowa site is located in the Lower 
Eocene Piwniczna Sandstone Member (Magura For-
mation) in the Outer Carpathians (Carpathian’s Fly-
sch) (Fig. 1). The Carpathian Flysch contains the Up-
per Jurassic to Paleogene detrital, sedimentary rocks 
which were deposited in a deep-water environment 
and were folded during the Neogene.

The Piwniczna Sandstone Member, deposited 
from the Lower to Upper Eocene, consists of the 
thick-bedded, muscovite-rich, medium and coarse-
grained sandstones with the intercalations of non-
calcareous mudstones and intercalations of pebbly 
mudstones (Oszczypko et al. 2005). The Piwniczna 
Sandstone Member deposits are usually massive, 
but graded bedding is observed at the bottom part of 
individual beds, and horizontal lamination or ripple 
cross-lamination – at the uppermost part (Birkenma-
jer, Oszczypko 1989). Amalgamation surfaces are 
common among the thick sandstone beds; however, 
the sharp lower boundaries occur commonly in sand-
stones (Birkenmajer, Oszczypko 1989). Soft-sediment 
clasts, load structures and deformation structures that 
are commonly found at the Tylmanowa site typically 
occurred in submarine landslides (e.g. Barnes, Lewis 
1991; Stow, Johansson 2000; Shanmugam 2017). 
The lower boundary of the entire Piwniczna Sand-
stone Member is gradual, while the upper contact is 

Fig. 1 Localization of the study site in the Magura Unit (Polish Outer Carpathians). Modi-
fied after Porębski and Dziadzio (2002)
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marked by the occurrence of variegated shale (see 
Ostrowiecka 1979). Up to now, the Piwniczna Sand-
stone Member is interpreted in terms of the middle 

submarine fan deposits. It is assumed that they are a 
product of a deep-water turbidity current deposited 
within the distributary channels and lobes (Oszczyp-
ko, Porębski 1985, 1986). 

Table 1 Main features and interpretation of lithofacies from the Tylmanowa site

Lithofa-
cies code Description Photography Fraction Grading Thickness 

[m] Interpretation Equivalent lithofacies

Sm Massive sand-
stones with 
amalgamation 
surfaces and load 
structures

sand  
(f, m, c)

ungraded 0.15–4.00 • poorly cohesive 
debris flow

• non-cohesive 
debris flow

• grain flow

• Ta (Bouma 1962)
• F2 or F5 (Ślączka, 

Thompson 1981)
• S3 (Lowe 1982)
• F8 (Mutti 1992)
• H1 (Haughton  

et al. 2009)

Sandstones with 
graded bedding

sand  
(f, m, c)

normal 0.13–2.00

Sandstones with 
water-escape 
structures

sand  
(vf, f, m)

ungraded 0.15–1.60

Sr Sandstones with 
ripple cross-
lamination

sand 
(vf, f)

ungraded 
normal

cm scale • traction
• bed load, lower 

flow regime
• a certain phase 

of a low-density 
turbidity current

• Tc (Bouma 1962)
• T0-T2 (Stow, 

Shanmugam 1980)
• F9 (Mutti 1992)
• H4 (Haughton et 

al. 2009)
Sp, St Sandstones with 

planar and trough 
cross-stratifica-
tion

sand 
(f,m)

ungraded 
normal

>1.00 • low-density 
turbidity current 
under channel 
flow conditions

• S1 (Lowe 1982)

Sh Sandstones with 
horizontal lami-
nation

sand
(f)

no obvi-
ous grain 
size dif-
ferences

0.13–0.69 • plane bed, up-
per flow regime

• high-density 
turbidity cur-
rent, transition 
phase from high 
to low sedimen-
tation rate

• Tb (Bouma 1962)
• F9 (Mutti 1992)
• H4 (Haughton et 

al. 2009)

Sd Deformed sand-
stones

sand to 
mud

ungraded 
normal
inverse

~1.50 • catastrophic 
event

• lateral failure of 
semi- 
consolidated 
sediments

Fm Massive mud-
stones

mud ungraded 
normal

0.01–1.20 • low energy 
deposition

• deposition from 
suspension

• mud flocs depo-
sition

• Te (Bouma 1962)
• TE2 (Piper 1978)
• F9 (Mutti 1992)
• H5 (Haughton et 

al. 2009)
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Table 2 Main features and interpretation of lithofacies associations from the Tylmanowa site

Lithofacies association Dominated 
lithofacies

Subordinately 
lithofacies Thickness Interpretation

I Massive sandstones Sm Sr, Sp, St, Sd, Fm, Fh ~15m channel-fill deposits
II Sandstones interbed-

ded by mudstones
Sr, Sh Sm, Fm, Fh ~6m middle fan channel-margin levees deposits,

overbank deposits
III Mudstones interbedded 

by sandstones
Fm, Fh Sh, Sr ~6m upper fan channel-margin levees deposits

METhodS

Fifty metres of the Lower Eocene Piwniczna Sand-
stone Member exposed at the Tylmanowa site were 
described in details. This includes textural (grain size 
and grading), structural and deformational features, 
as well as bed thickness and lateral extent, type of 
boundaries, and inclination of sedimentary structures. 
Furthermore, the vertical arrangement of sediments 
was described. The deposits types (lithofacies) have 
been labelled using Zieliński and Pisarska-Jamroży 
(2012) code (Table 1). A twofold division of depos-
its was used, with the distinction of lithofacies and 
lithofacies associations. The term “lithofacies” corre-
sponds to the general structural and textural features 
within individual lithological beds that were formed 
under the same depositional conditions, whereas the 
term “lithofacies association” means a set of geneti-
cally related lithofacies that is a product of the depo-
sition in a specific sedimentary environment. The 
general purpose of using the lithofacies analysis is to 
reconstruct the origin of sedimentary formation and 
to create its descriptive-genetic sedimentary model.

SEdiMEnTAry SuccESSion

Eight different lithofacies (Table 1) and three 
lithofacies associations (Table 2) were recognized 
at the Tylmanowa site. A detailed description of the 
sedimentary succession exposed at the Tylmanowa 
site (Fig. 2) is made below.

Lithofacies association of massive sandstones

Description
The first lithofacies association contains mostly 

(78%) massive sandstones (Sm), and the remaining 
seven lithofacies (Sd, Sr, Sh, Sp, St, Fm, Fh) con-
stitute 22%. This is the reason why the lithofacies 
association is monofacial. This lithofacies associa-
tion occurs three times within exposed succession: A 
member at the bottom- (2 m thick), B member in the 
middle- (15 m thick) and C member at the top part 
(20 m thick) of the succession at the Tylmanowa site 
(Fig. 3).

The massive sandstone is composed of fine-, me-
dium- and coarse-grained sandstone and has normal 

grading with coarse-grained sandstone at the base. Its 
boundaries are generally planar and sharp, whereas 
erosional lower boundaries are less common. Ripple 
cross-laminated sandstone (Sr) is composed of very 
fine- to fine-grained sandstone, and horizontally lami-
nated sandstone (Sh) of fine-grained sandstone. Their 
boundaries are usually gradational, rarely sharp and 
planar. The planar cross-stratified (Sp) and trough 
cross-stratified (St) sandstones are made of a medium 
sandstone and form rhythm (Sp→St). The bounda-
ries of lithofacies Sp and St are sharp; erosional basal 
surfaces occur in trough cross-stratified lithofacies 
(St). Deformed sandstones (Sd) are dominated by 
fine-grained sandstone and subordinately by mud-
stone. The bottom boundaries of lithofacies Sd are 
erosional, while the upper are planar. The lithofacies 
Sd occur as a set of beds (approx. 1.5 m thick), and a 
separate bed has gradational or erosional boundaries, 
always poorly marked.

The thinning of beds and fining of grain size up-
wards prevails at the A member and at the uppermost 
part of the C member (see Fig. 2). The thickening of 
beds and coarsening of grain size upwards occurs only 
at the lower part of the C member (see Fig. 2). Fur-
thermore, one sedimentary sequence of the Bouma’s 
type Sm→Sh→Sr and rhythm Sr→Sh with a slight 
thickness from 0.5 to 0.2 m were noted.

Interpretation
The lithofacies association of massive sandstones 

is interpreted to be deposited from a poorly cohe-
sive or from a non-cohesive debris flow (see Talling 
2013). Massive thick-bedded sandstones with normal 
gradation and coarse grains at the base indicate a rapid 
deposition from the gravity mass flows. A high con-
centration of sediment in the mass flow inhibits the 
development of turbulence and thus suppresses grain 
segregation (see Lowe 1976). The entire sedimentary 
record of massive sandstones at the Tylmanowa site 
may be considered a result of the deceleration of a 
grain flow or a low-cohesive (poorly cohesive) debris 
flow that leads at first to the settling of coarsest grains 
(i.e. coarse sand) and afterwards provides an evidence 
of a transition from a debris flow to a turbidity current 
(Talling et al. 2004). However, it is worth emphasiz-
ing that turbidity currents can also form massive and 
even ungraded sand deposits (Kneller, Branney 1995; 
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Fig. 2 Profile of the sedimentary succession exposed at the Tylmanowa site. Lithofacies symbols correspond to: 1 – mas-
sive sandstones (Sm), 2 – sandstones with ripple cross-lamination (Sr), 3 – sandstones with planar and trough cross-strat-
ification (Sp, St), 4 – sandstones with horizontal lamination (Sh), 5 – deformed sandstones (Sd), 6 – massive mudstones 
(Fm), 7 – mudstones with horizontal lamination (Fh). Lithofacies code symbols according to Zieliński and Pisarska-
Jamroży (2012)
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Branney, Kokelaar 2002; Talling et al. 2012). Mas-
sive sandstones from the Tylmanowa site seem to 
bear similarity to those from the Marnoso Arenacea 
Formation, described by Talling et al. (2004) and clas-
sified as thick, well-sorted sandstones. Such massive 
deposits are commonly found in the coarse-grained 
and thick beds in the proximal submarine fan settings 
(Sadler 1982).

Horizontally laminated sandstones (Sh) are con-
sidered to be products of the sandy, low-density but 
relatively fast turbidity currents (e.g. Lowe 1982; 
Mutti 1992; Hodgson 2009) that are transitional 
to the traction currents (Kuenen 1953; Lowe 1982; 
Ghibaudo 1992; Słomka 1995), which was recorded 
as a gradual transition from horizontal lamination 
to cross-lamination; or products of deposition from 
the suspended clouds that travel over the seabed (see 
Książkiewicz 1954; Dżułyński, Radomski 1955).

Planar and trough cross-stratified sandstones (Sp 
and St) are associated with the development of bed-
forms like submarine dunes (Fig. 4A). The former 
(i.e. Sp) arises from the migration of straight-crested 
dunes, whereas the latter (i.e. St) from the migration 
of sinuous-crested dunes. Such traction structures 
of a considerable size (few meters) are products of 
the channel flow conditions, preceding the complete 
channel filling stage. Cross-stratification formed in 
the same grain size as ripple-lamination indicates a 
reduction in the formation time of dunes associated 
with increased amount of mud (Sumner et al. 2012). 
The adequate amount of mud causes the generation 
of an internal shear layer that contributes to decreased 
turbulence (Baas et al. 2011).

The origin of ripple cross-laminated sandstone 
(Sr) is linked to the depositional conditions of the ac-
companying lithofacies (Fig. 4B). If the ripple cross-
laminated of sandstone forms individual beds, then 
its occurrence is associated with the ripples migra-
tion under the lower flow regime and the deposition 
from the saltation. This phase is characterized by low 

transport intensity. Ripple cross-laminated lithofacies 
may be interpreted as deep-water traction structures, 
testifying the bottom-current reworking process (see 
Shanmugam et al. 1993). On the other hand, when 
ripple cross-laminated lithofacies occur in the vicin-
ity of underlying horizontally laminated lithofacies, 
such traction structures are interpreted as a product of 
the settlement of grains from the suspension of a de-
celerating turbidity current and then further transport 
of those grains below the moving flow mass. This re-
sults in the loss of the original features of sediments 
(horizontal lamination) and development of new ones 
(ripple cross-lamination). In such a situation, the de-
termination of the origin of the deposits that build 
horizontal or ripple cross-lamination is difficult be-
cause they may be a result of a turbidity current or a 
sediment bed load (see Shanmugam 1997).

 Deformed sandstones (Sd) provide an evi-
dence of a catastrophic event that results in a lateral 
failure of the semi-consolidated sediments due to 
the disturbed gravity balance on the channel walls 
(slumped deposits). The initial convolute lamination 
(Fig. 4C) suggests that the sediment almost reached 
the threshold of liquidity during the deformation or 
it was completely liquefied, but the time was insuf-
ficient for convolutions to fully develop. Convolute 
lamination is considered to be the most common 
type of the soft-sediment deformation structures in 
the completely developed turbidites (Bouma 1962; 
Dżułyński, Walton 1965; Allen 1985; Maltman 1994; 
Dżułyński 2001; Tinterri et al. 2016).

Thinning of beds and fining of grain size upwards 
are a typical feature of the distributary channel-fill de-
posits in a submarine fan environment. Here, it may 
reflect the process of a channel progressive backfilling 
during the lateral migration (e.g. Howell, Normark 
1982; Mutti, Normark 1987). Yet, the thinning and 
fining upwards trend proves the channel abandon-
ment (Posamentier, Walker 2006), whereas the thick-
ening of beds and coarsening of grain size upward 

Fig. 3 Sedimentary succession exposed at the Tylmanowa site with vertically arranged lithofacies associations. The 
boundaries between lithofacies associations are marked with the broken lines
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Fig. 4 Sedimentary features of studied deposits. A – A gravelly ripple within sandstones with planar and trough cross-
stratification (Sp, St). B – Composed sandstone bed with ripple cross-lamination (Sr), horizontal lamination (Sh) and mas-
sive sandstone (Sm). Formation of the composed sandstone beds is associated with the deposition of the inverse turbidite. 
It is a product of the flow overtaking. Upper, more diluted part of the turbidity current flows, faster and overtakes its lower, 
more concentrated part, resulting in uncommon vertical arrangement. C – An initial convolute lamination in a fine-graded 
sandstone. D – Finely horizontally-laminated mudstones (Fh) with the inserts of massive sandstones (Sm) and sandstones 
with horizontal lamination (Sh). Finely horizontally-laminated mudstones (Fh) display a parting lineation. E – Deforma-
tion of massive mudstones (Fm). F – Erosional contact between massive sandstone (Sm) and massive mudstone (Fm)

indicates the progradational stacking pattern of lobe 
deposits and thus the progradation of the entire fan 
system. Due to the fact that described lobe succes-
sion is superimposed on the channel fill deposits, it 
can be assumed that the development of depositional 
lobes proceeded in accordance with the topographical 
depression. And in turn, its progression was replaced 
by the formation and filling of the next distributary 

channel whose sediments lie above. Therefore, the 
lithofacies association of massive sandstones can be 
interpreted as deposits of the distributary channel fill 
that progressively passes into the depositional lobe 
(Fig. 5). The channel-fill deposits at the Tylmanowa 
site (Fig. 6) may be interpreted as the stacked chan-
nels sequences of a fan channel-lobe complex (see 
Stow, Johansson 2000).
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Lithofacies association of sandstones interbedded 
by mudstones

Description
The second lithofacies association is composed 

mainly (65%) of massive sandstone (Sm), horizontally 
laminated sandstone (Sh) and ripple cross-laminated 
sandstone (Sr); additionally (35%) massive mudstone 
(Fm) and horizontally laminated mudstone (Fh). The 
lithofacies association is 6 m thick. The thicknesses of 
the sandstone and mudstone lithofacies vary from 0.1 
to 0.5 m. Sandstones prevail in the whole association, 
especially at the upper part (mudstone:sandstone ratio 
reaches 1:2). The fine- and very fine-grained sand-
stones show ripple cross-lamination (Sr) and horizon-
tal lamination (Sh) which forms thin, sheet-like beds 
with thicknesses ranging from 0.2 m to 0.5 m. The 
thickness of the horizontally laminated sandstones 
(Sh) decreases towards the top. Less common in the 

Fig. 5 Depositional model of the submarine point source 
fan with marked zones of the deposition of lithofacies as-
sociations, distinguished at the Tylmanowa site

Fig. 6 Lithofacies association of mudstones interbedded by sandstones (channel-fill deposits) and overlaid lithofacies 
association of massive sandstones (channel-levee deposits). The boundary between lithofacies associations are marked 
with dashed lines
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lithofacies association is the graded bedding which 
occurs only within the lowermost part of sandstone 
beds, while in the remaining part of individual beds, 
graded bedding does not occur. Water-escape struc-
tures occur rarely and are poorly developed. Mud-
stones are represented by massive (Fm = 36%) and 
faintly horizontally laminated (Fh = 15%) sediments. 
Their thicknesses vary from 0.1 to 0.8 m. Massive 
mudstone (Fm) sometimes displays a nodular appear-
ance. The base surfaces of mudstone beds are planar 
and well marked. The upper boundaries are usually 
sharp and contain numerous load casts of overlying 
sandstones. Mudstones can contain chaotically ar-
ranged oversized grains or discontinuous sandstone 
inserts. Locally, massive mudstones occur as angu-
lar, soft-sediment clasts, the size of which does not 
exceed dozen centimetres. Horizontally laminated 
mudstones (Fh) are poorly marked (Fig. 4D). Their 
thickness is small, ranging from a few to a dozen or 
so centimetres. The boundary between massive mud-
stones (Fm) and overlying horizontally laminated 
(Fh) ones is usually gradational.

Interpretation
The lithofacies association of sandstones interbed-

ded by mudstones represents classic turbidite depos-
its, reflecting some divisions of the Bouma Sequence 
– alternating thin-bedded sandstones with mudstones 
(c.f. Woźniak, Pisarska-Jamroży 2018). Generally, 
this association relates to the sedimentation from the 
decelerating turbidity currents during a gradual aban-
donment of the distributary channel. This resulted in 
increased sediment spilling to the interchannel areas.

The interpretation of the ripple cross-laminated 
sandstones (Sr) and horizontally laminated sandstones 
(Sh) is the same as presented in the previous subchap-
ter. However, the fine-grained texture of mudstone, its 
well sorting and lack of the traction structures (Fm) 
can suggest the deposition from a diluted, low-density 
turbidity current, followed by the deposition of fine-
grained sandstone sediments from suspension. Thus, 
mudstones were deposited between successive, more 
sandy flow events (see Bouma 1962). It was found 
that flocs (mud particles gather into larger aggregates; 
see e.g. Talling et al. 2012) may be transported as 
bedload and deposited at relatively high flow speeds 
(up to 15–25 cm/s). The flocs deposition phenomenon 
may be an explanation of the occurrence of muddy 
soft-sediment clasts; however, inserts at the lower 
parts of beds suggest erosion process (e.g. Pisarska-
Jamroży, Weckwerth 2013).

Horizontally laminated mudstones (Fh) are iden-
tified with pelagic and hemipelagic settling of mud 
in a deep-water environment (Shanmugam 2006). 
Slightly marked normal gradation and parting linea-
tion indicate the deposition from a turbidity current. 

Sequences of horizontally laminated mudstones in 
the flysch deposits have sometimes been described as 
ultra-distal turbidites (c.f. Shanmugam 1978; Walker 
1978).

This lithofacies association of sandstones inter-
bedded by mudstones was probably deposited in the 
middle fan setting, such as channel-margin levee or 
interchannel (overbank; Fig. 5). The process respon-
sible for the formation of submarine levee deposits is 
called overspill and assumes that flow moves down 
both within and outside the channel (e.g. Hay 1987a, 
b; Hiscott et al. 1997; Skene et al. 2002). Because the 
uppermost part of a turbidity current commonly ex-
ceeds the channel banks, the spillover is a continuous 
process (Posamentier, Walker 2006). Once the flow 
crosses the channel boundary, the flow velocity drops 
quickly, resulting in a rapid deposition. Such a depo-
sition is controlled mainly by the levees morphom-
etry, i.e. the difference in the height of the channel 
base and levee surface, as well as the velocity and ac-
cumulation ratio in the moving flow. According to the 
downstream flow development, levee deposits along 
the proximal channels are coarser than those found in 
the distal locations.

The formation of the overbank deposits at the Tyl-
manowa site is a response to the spillover process and 
flow stripping (e.g. Piper, Normark 1983; Migeon et 
al. 2000; Weimer, Slatt 2004; Posamentier, Walker 
2006). Flow spillover generally results from the extent 
of the current beyond the channel zone, as described 
above, while flow stripping is a process of enhanced 
spillover assuming the separation of a lower, more 
dense part of the flow from its upper part. Flow strip-
ping contributes to the levees break, especially on the 
outer channel bends, where the flow has a relatively 
high energy. Such flows are enriched in a sandy frac-
tion that settle down rapidly in the interchannel zone. 
This leads to the development of crevasse splays be-
yond the channel levees the deposits of which are 
similar to those of frontal splays, but consist of finer 
grain size sediments (Posamentier, Kolla 2003). Cre-
vasse or frontal splays sandstone beds thin or pinch 
out laterally, indicating the sheet-like morphology, 
same as described at the Tylmanowa site. Yet, sedi-
ment grain size decreases along with the bed thick-
ness in a distal direction from the channel zone.

Lithofacies association of mudstones interbedded 
by sandstones

Description
The third lithofacies association is dominated 

mainly (70%) by massive (Fm) and finely horizon-
tally laminated mudstones (Fh); additionally (30%), 
sandstones with horizontal lamination (Sh) and ripple 
cross-lamination (Sr), as well as massive sandstones 
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(Sm) are noted. The sandstone:mudstone ratio is 
1:2.5. Features of mudstone lithofacies Fm and Fh are 
similar to those described in the previous subchapter. 
An additional feature of mudstone occurred in this 
lithofacies association is local deformations of insert-
ed sandstone (Fig. 4E). Horizontally laminated sand-
stones (Sh) reach the maximum thickness of 0.26 m. 
Boundaries of lithofacies are planar and sharp. Ripple 
cross-laminated sandstones (Sr) with locally occurred 
climbing structures form lenticular-shaped beds the 
thicknesses of which do not exceed 0.1 m. The lower 
boundaries of ripple cross-laminated lithofacies are 
usually erosional and cutting down into the lower-
lying mudstone (Fig. 4F). Moreover, mudstone soft-
sediment clasts or weakly developed water-escape 
structures occur locally in sandstones.

Interpretation
All the lithofacies that are part of the lithofacies 

association of mudstones interbedded by sandstones 
have already been interpreted in the previous subchap-
ter; however, this lithofacies association shows a 
significantly higher content of mudstone lithofacies 
than in the lithofacies association of sandstones inter-
bedded by mudstones (see this subchapter). A higher 
content of the muddy fraction may indicate a higher 
contribution of sedimentation from a residual, ex-
tremely diluted turbidity current or a debris flow, but 
the distinction between vertically graded turbidite 
mud and ungraded debrite mud is impossible (Talling 
et al. 2012). The occurrence of ripple cross-laminated 
sandstones (Sr) and horizontally laminated sandstones 
(Sh) at the Tylmanowa site, show the deposition from 
traction currents and bedforms formation. This litho-
facies association indicates a relatively lower energy 
of the flow than in the case of the previously men-
tioned lithofacies association of sandstones interbed-
ded by mudstones (see previous subchapter).

The lithofacies association of mudstones interbed-
ded by sandstones represents channel-margin levee 
deposits of the upper submarine fan. A high content 
of mudstone deposits indicates rather outer levee 
sub-environment and shows the deposition from the 
upper, more dilute part of a bipartite flow. Thereby, 
massive sandstones (Sm) that lie under the lithofacies 
association of mudstones interbedded by sandstones 
are interpreted as a part of the channel fill deposits as-
sociated with the same flow event, but deposited from 
the bottom, dense part of the flow. The following dep-
osition of fine-grained deposits is probably a record 
of the termination of the levee activity due to a major 
shift in a depocentre or a rise in the relative sea level 
(see Hickson, Lowe 2002). The origin of the channel-
margin levee is in compliance with Posamentier and 
Walker (2006) statement that thin-bedded turbidites 

in levees deposits containing climbing ripple-lam-
ination or convolute lamination are more common 
in proximal fan settings. Moreover, the occurrence 
of the soft-sediment clasts that have not been disin-
tegrated may prove the deposition on the proximal 
part of a submarine fan, indicating a relatively short 
distance of the sediment transport.  The lithofacies 
association of mudstones interbedded by sandstones 
together with the basal massive sandstones (Sm) can 
be interpreted as channel-margin levee deposits of the 
upper submarine fan (Fig. 5).

diScuSSion

Due to the lack of direct monitoring, the designa-
tion of the flow behaviour in a deep-water environ-
ment and consequent sediment deposition process 
is not a trivial problem (e.g. Kneller, Buckee 2000; 
Mulder, Alexander 2001; Talling et al. 2004). The 
understanding of the sediment gravity-flow evolu-
tion depends mainly on information inferred from 
the sedimentary records, laboratory experiments 
and, recently, on numerical modelling (e.g. Cartigny 
et al. 2013, 2014; Salles et al. 2008; Talling et al. 
2004). The search for an universal model bringing 
both transport mechanisms and the characteristics 
of resulting deposits is the reason for the creation 
of many vertical lithofacies schemes (e.g. Bouma 
1962; Kuenen 1964; Mutti, Ricci Lucchi 1972; Shan-
mugam, Benedict 1978; Stow, Shanmugam 1980; 
Ślączka, Thompson 1981; Lowe 1982; Walker 1985; 
Mutti 1992; Haughton et al. 2009). A considerable 
number of the sedimentary models rises a question 
about their usage. Moreover, different flow processes 
may result in a creation of similar deposits. From this 
standpoint, it seems that sediment gravity flows are so 
complex and little-known processes that they cannot 
be arranged or categorized by the strict framework 
of any scheme. The following questions still remain: 
Which sedimentary model reflects the natural condi-
tions most precisely? Which model should be wide-
ly used to make the sediment comparison possible? 
How to link the observed sediment features formed in 
a relatively short deposition stage with a much longer 
flow transport process?

A short comparison with well-known and widely 
used sediment models were made. This includes: the 
Bouma Sequence (Bouma 1962), the high-density 
turbidite model (Lowe 1982), the fluxoturbidite mod-
el (Ślączka, Thompson 1981)), and the hybrid event 
bed model (Haughton et al. 2009). This comparison 
aims to show that a significant number of deep-water 
sediment models affect the further interpretations and 
often hamper the direct comparison instead of facili-
tating it.
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comparison to the Bouma Sequence

Some lithofacies noted at the Tylmanowa site 
succession may be interpreted as the sections of the 
Bouma Sequence (Fig. 7). The lithofacies of massive 
sandstones (Sm) may correspond to the Ta Bouma’s 
division; horizontally laminated sandstones (Sh) to 
the Tb division; sandstones with ripple cross-lami-
nation (Sr) to the Tc division; horizontally laminated 
mudstones (Fh) to the Td division; and massive mud-
stones (Fm) to the Te division of the Bouma Sequence. 
Based on this understanding, the interpretation can be 
fraught with some discrepancies and ambiguities, as 
it is showed below.

Massive sandstones (Sm) are usually identified as 
a low-density turbidity current and the Ta division of 
the Bouma’s Sequence or the F7 division of the model 
by Mutti (1992). The origin of massive sandstone de-
posits has aroused a great controversy among the re-
searchers, which contributed to the creation of the nu-
merous theories (see e.g. Bouma 1962; Stauffer 1967; 
Walker 1967; Lowe 1976; Lowe 1982; Arnott, Hand 
1989; Kneller, Branney 1995; Shanmugam, Moiola 
1995; Shanmugam 1996; Sumner et al. 2008). Cur-
rently, two depositional modes are assumed to form 
thick, deep-water massive sandstones: 1) a progres-
sive layer-by-layer aggradation from the high-density 
turbidity currents and 2) en masse freezing of debris 
flows (see Talling et al. 2012). The ungraded, mas-
sive structure indicates that the flow concentration 
was sufficient to prevent grain segregation (Amy et 
al. 2005; Dorrell et al. 2011) and the deposition rates 
were high enough to suppress the bedform forma-
tion (Leclair, Arnott 2005; Sumner et al. 2008, 2012) 
while a normally graded structure may be formed 

due to a fast fallout from the turbulent suspension 
of a high-density turbidity current (Lowe 1982). The 
sharp grain-size breaks, occurring especially between 
massive sandstones and overlying mudstones, may 
correspond to the boundary between a poorly cohe-
sive debris flow and a trailing weak turbidity current 
(see Talling 2013), whereas the intralayer grain-size 
breaks, strictly associated with coarse fraction and 
related to coarse-tail normal grading, indicate set-
tling during the terminal stage of the flow (see Marr 
et al. 2002).

Horizontally laminated sandstones (Sh) are usu-
ally characterised as the Tb division of the Bouma Se-
quence. It was long thought that this structure is attrib-
uted to the deposition from the low-density turbidity 
currents (e.g. Lowe 1982; Mutti 1992) and thus the 
low sedimentation rates (Best, Bridge 1992). How-
ever, recently it is known that horizontal lamination 
can be formed at the lowest part of a highly concen-
trated flow and hence results from the high-density 
turbidity currents (Leclair, Arnott 2005). Contrary to 
Lowe (1982), horizontal lamination may be the most 
abundant sandy lithofacies in the basin plain settings 
(Sumner et al. 2012). Generally, it arises due to the 
activity of a diluted turbidity current and traction 
processes (Kuenen 1953).

Sandstones with ripple cross-lamination (Sr) are 
considered to display the Tc division of the Bouma 
Sequence and traction processes under the lower flow 
regime. Its formation may be associated with the tur-
bidity currents (Sanders 1963, 1965; Shanmugam 
1997), bottom current reworking (Shanmugam et 
al. 1993) or sediment bed-load (Shanmugam 1997). 
Dune-scale cross-stratification (i.e. planar and trough 
cross-stratification; Sp and St, respectively) is an un-
common structure within the turbidite deposits due 
to the insufficient time necessary for its formation 
(Walker 1965) or inadequate sedimentation rates that 
suppress dune creation (Lowe 1988). However, it has 
been noted from the numerous turbidite systems (e.g. 
Kneller, McCaffrey 2003; Sylvester, Lowe 2004; 
Hodgson 2009). Ripple cross-lamination and dune-
scale cross-stratification are an unequivocal evidence 
of the deposition from a low-density turbidity current 
(e.g. Baas 1994; Talling et al. 2012). This structure 
corresponds to the S1 division of the Lowe’s model 
(1982).

Horizontally laminated mudstones (Fh), as well 
as subordinately, horizontally laminated sandstones 
(Sh) seem to correspond to the Td Bouma’s division 
and to the F9 of the Mutti’s division (1992). Yet, it 
reflects a very weak, lower flow-regime traction proc-
ess that leads to the formation of the individual lami-
nae. Lowe (1982) interpreted laminated mudstones as 
a transitional division towards an overlying hemipe-
lagic and pelagic sedimentation.

Fig. 7 Sedimentary model of classic turbidites, i.e. the 
Bouma Sequence with the main sedimentary features and 
interpretation of the depositional mechanisms (modified 
after Bouma 1962)
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Massive mudstones (Fm) are the last Te division 
of the Bouma Sequence and correspond to the F9 di-
vision of the Mutti’s model. These deposits reflect 
the deposition in a low-energy, hemipelagic or pe-
lagic environment (Lowe 1982; Shanmugam 1997), 
which is characterized by a calm and continuous set-
tlement from the suspension. Thus, they form also via 
en masse deposition from a diluted, fluid mud layer 
(Sumner et al. 2012).

Despite the 50 m thick succession at the Tyl-
manowa site displays sedimentary structures com-
monly associated with the Bouma Sequence, turbidite 
successions or their incomplete fragments are ob-
served rarely. In fact, each of distinguished lithofacies 
could be associated to the appropriate part of the Bou-
ma Sequence. However, an orderly vertical manner 
is generally lacking, and only locally some vertical 
successions, usually thin and poorly marked, are vis-
ible. The first one includes massive sandstone (Sm) 
overlaid by sandstone with horizontal lamination (Sh) 
followed by the ripple cross-lamination (Sr). Such a 
vertical sequence (Sm→Sh→Sr) bears similarity to 
the Tabc Bouma’s divisions. Second sequence exhibits 
sandstone with horizontal lamination (Sh) that gradu-
ally passes into more finer sandstone with the ripple 
cross-lamination (Sr). This sequence (Sh→Sr) corre-
sponds to the Tbc Bouma’s divisions. Third sequence 
contains the transition from sandstone with ripple 
cross-lamination (Sr) to fine-grained sandstone with 
horizontal lamination (Sh) or horizontally laminated 
mudstone (Fh), reflecting the Tcd divisions (Sr→Sh/
Fh). Less commonly, fine-grained sandstone with 
horizontal lamination (Sh) or horizontally laminated 
mudstone (Fh) passes into massive mudstone (Fm), 
displaying the Tde divisions (Sh/Fh→Fm). These 
quoted examples are rare, and no vertical succession 
of the Bouma’s type is fully developed. Thereby, it 
seems that the individual beds should not be referred 
to the turbidity current deposition. The following 
questions arise: When should incomplete fragments 
of the Bouma succession be called and interpreted 
as a part of the turbidite beds? Is the adjacent occur-
rence of only two divisions enough? And, what if 
there is only one division? Theoretically, considering 
the gravity flow among its entire movement path, it 
is obvious that the investigation of its lateral conti-
nuity and sediment lateral manner is possible. And 
then, the single occurrence of an upper division of the 
Bouma Sequence without any underlying lower Bou-
ma’s division is justified. The lateral transitions of the 
individual sedimentary structures seem to be a prom-
ising aim of the future research. Furthermore, is there 
a minimum thickness of the succession or a minimum 
number of the vertically arranged sedimentary struc-
tures, determining the definition of any sediments as 
a turbidity bed? And how to explain the occurrence of 

the upper Bouma’s division (e.g. the Tc division cor-
responding to the ripple cross-laminated structure) in 
the sandstone inserts that stuck within the mudstone 
deposits? Can the conditions of a single flow be really 
so varied? Further studies on the relationship between 
the nature of an individual gravity flow and the char-
acters of its deposits are required.

comparison to the Lowe’s model

The division of the Lowe’s model (Fig. 8) of the 
high-density turbidites into a high-density (S divi-
sions) and low-density (T divisions) interval can be 
referred to the succession studied at the Tylmanowa 
site. The lower part of the Tylmanowa site succession 
(first 25 m of the succession; see Fig. 2), including 
the lithofacies association of mudstones interbedded 
by sandstones, followed by the lithofacies associa-
tion of massive sandstones  and lithofacies associa-
tion of sandstones interbedded by mudstones, can be 
interpreted as the sedimentary record of the relatively 
low-density turbidity currents. It is testified by a rela-
tively high mud content. In contrary, the upper part 
of the succession (from the height of 26 m to the end 
of the succession; see Fig. 2) indicates the deposition 
from the high-density turbidity currents. Especially, 
the large traction structures occurring in the upper-
most lithofacies association of massive sandstones 
correspond to the S1 division of the Lowe’s model. 
Such structures are considered to be characteristic of 
the thick-bedded, deep-water sandstones of a proxi-
mal fan setting (Mutti, Ricci Lucchi 1972; Middle-
ton, Hampton 1976; Walker 1978). According to the 
Lowe’s model, the large traction structures (S1 divi-
sion) should be overlaid by the deposits of a traction 

Fig. 8 Sedimentary model of the high-density turbidites 
with the main sedimentary features and interpretation of 
the depositional mechanisms (modified after Lowe 1982)
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carpet. However, those are not observed at the Tyl-
manowa site. This can be explained by the fact that 
whether the deposit consists of a very fine- and fine-
grained sediment, the formation of a traction carpet is 
suppressed due to insufficiently dispersive pressure 
(Lowe 1982). The uppermost part of the Tylmanowa 
site succession  consisting of a massive sandstone as-
sociation (from the height of 26 m to the end of the 
succession; see Fig. 2) may be determined as the S3 
division, due to its significant thickness and massive 
structure that possess normal grading or water-escape 
structures. Thus, indicating the deposition from the 
suspension.

comparison to the fluxoturbidites model

The fluxoturbidites model (Ślączka, Thompson 
1981; Fig. 9) assumes the deposition from a com-
posite sediment gravity flow and therefore includes 
turbidity currents, grain flows and liquefied sedi-

ment flows. Although debris flows are not evidently 
proved, deposits at the Tylmanowa site seem to be 
similar to the fluxoturbidites. The lithofacies associa-
tion of massive sandstones may correspond to the F2 
or F5 division of the fluxoturbidites model. The first 
one, F2 division of the Ślączka and Thompson’s mod-
el, consists of sandstones with a thin gravel cluster 
at the bottom and crudely graded towards the top. 
This division reflects the inhomogeneities of the flow 
rheology. The second one, F5 division of the Ślączka 
and Thompson’s model, is composed of the over-
sized grains dispersed in a sandy matrix and scat-
tered mudstone clasts. It is overlaid by deposits of a 
low-density current, i.e. T divisions, adapted from the 
Bouma Sequence. The boundary between the F5 and 
Ta divisions is transitional, which can be successfully 
referred to the deposits at the Tylmanowa site. More-
over, the thickness of the classical fluxoturbidite suc-
cession is determined to be about 5 m, but may range 
up to at least 10 m, while only the uppermost 10–20% 
displays the Bouma Sequence (Ślączka, Thompson 
1981). Therefore, considering a large thickness of the 
massive sandstone lithofacies association, deposits at 
the Tylmanowa site may be referred as an example of 
the fluxoturbidites.

The fluxoturbidite concept and its origin (Dżułyński 
et al. 1959) based mainly on the deposits defined 
as the products of the fully mixed flows, where the 
transformation of a debris flow into a turbidity cur-
rent is fully developed (sensu Felix et al. 2009). How-
ever, the succession exposed at the Tylmanowa site 
is interpreted to display a rather different flow-trans-
formation mechanism. These thick-bedded, massive 
sandstones bear similarity to the debrites overlain by 
the thin turbidites, resulting from dense debris flows 
that undergo some transformation towards the turbid-
ity currents (type A flows, sensu Felix et al. 2009). 
Thereby, most of the flow remains untransformed 
and its sedimentary record displays features associ-
ated with a bipartite flow. The boundary between the 
adjacent debrite and turbidite is marked by a sharp 
grain-size break (see Felix et al. 2009). Therefore, 
fluxoturbidites from the Tylmanowa site are inter-
preted as the deposits of dense debris flows that dis-
play a very initial stage of the transition towards the 
turbidity currents.

comparison to the hybrid bed model

The hybrid bed model (Haughton et al. 2009; 
Fig. 10) depicts the sedimentary record of the transi-
tion from a non-cohesive to a cohesive flow behaviour, 
followed by the deposition of variably developed, di-
lute turbidity current. Deposits at the Tylmanowa site 
are interpreted to bear similarity mainly to the H1 di-
vision of the hybrid bed model that origins from the 

Fig. 9 Sedimentary model of the fluxoturbidites with the 
main sedimentary features and interpretation of the depo-
sitional mechanisms (modified after Ślączka, Thompson 
1981)
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progressive aggradation from a non-cohesive, high-
density turbidity current. This division consists of a 
graded or ungraded, massive, well-sorted sandstone 
with mud clasts at the top. Moreover, the lithofacies of 
sandstones with horizontal lamination (Sh) and sand-
stones with ripple cross-lamination (Sr) correspond 
to the H4 division of the hybrid bed model formed as 
a result of the traction of a dilute turbulent flow. At 
least, massive mudstones (Fm) and mudstones with 
finely horizontal lamination (Fh) are included in the 
H5 division that reflect the suspension fallout process. 
According to the hybrid bed assumptions, transitional 
and (cohesive) debris flow deposits occur as the H2 
and H3 divisions, but the studied succession does not 
contain it. The increased amount of the mud, particu-
larly at the bottom part of the Tylmanowa site succes-
sion (first 25 m of the succession; see Fig. 2), would 
suggest the deposition from a more complex and rhe-
ologically heterogeneous gravity flow compared to 
the uppermost, sandy part of the succession (from the 
height of 26 m to the end of the succession; see Fig. 2). 
Due to a large thickness of the individual sandstone 
beds, succession exposed at the Tylmanowa site may 
be interpreted as an example of the debrite-turbidite 
‘megabeds’ or, subordinately, as the turbidites with 
linked debrites (sensu Haughton et al. 2009). Finally, 
it should be strongly emphasized that in the case of 
the Tylmanowa site succession, the flow transforma-

tion seems to originate from a relatively dense debris 
flow to a more dilute turbidity current. In the light of 
the flow transformation studies, the precise definition 
of an individual transformation phase and its param-
eters, as well as the determination of its direction (i.e. 
whether debris flows have formed from turbidity cur-
rents or debris flows have contributed to the forma-
tion of turbidity currents) are necessary. The general 
classification of flow transformation processes and 
resulting sediments is challenging at the time.

concLuSionS

The following conclusions can be drawn:
• Eight lithofacies were distinguished at the Tyl-

manowa site and were interpreted as the products of 
various sediment gravity flows that prograde downs-
lope from a basin margin towards the widespread 
abyssal plain. Most of the flows are classified as de-
bris flows or turbidity currents.

• Three lithofacies associations (massive sand-
stones, sandstones interbedded by mudstones, and 
mudstones interbedded by sandstones) at the Tyl-
manowa site represent: (1) the distributary channel 
fills, (2) the middle fan channel-margin levees, and 
(3) the upper fan channel-margin levees.

• Deposits of massive sandstones are predominant 
at the Tylmanowa site succession. They are interpret-

Fig. 10 Sedimentary model of the hybrid event bed with the main sedimentary features and interpretation of the deposi-
tional mechanisms (modified after Haughton et al. 2009)
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ed to be deposited en masse from poorly cohesive and 
non-cohesive debris flows (sensu Lowe 1976).

• Studied deposits were deposited from complex, 
internally-stratified gravity flows, being a combina-
tion of plastic and fluid flow states. Succession at the 
Tylmanowa site records a certain phase of the gradual 
transition from a decelerating, dense debris flow to 
a strongly diluted turbidity current (sensu Talling et 
al. 2004), corresponding to an early stage of type A 
flows (sensu Felix et al. 2009). The last one seems 
that the debris flow did not have enough time and 
space to fully develop and evolve. This can indicate 
the proximal setting of a submarine fan.

• Succession at the Tylmanowa site bears great 
similarity to the fluxoturbidite model (sensu Ślączka, 
Thompson 1981) rather than to the high-density tur-
bidity current model (sensu Lowe 1982). Moreover, 
the sedimentary record shares the features of both 
turbidity current and debris flow deposits, and there-
by the interpretation as the hybrid event bed (sensu 
Haughton et al. 2009), is desirable.

• The succession at the Tylmanowa site was de-
posited in the middle and upper part of a proximal 
submarine fan as the elements of a sandy, perchance 
mud-sand, channelized, point source submarine fan 
(sensu Reading, Richards 1994).
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