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1. INTRODUCTION

One of the basic methodical approaches to identify the deposi-
tional palaeoenvironment is a detailed analysis of sedimentary 
facies. Facies identification and interpretation of transport-
depositional mechanisms enable the formation of a model 
of genetic facies (Mutti, 1992; Mutti et al., 2003). Within the 
model, the mutual relations and sequentiality among facies 
can be interpreted to estimate the position of sedimentary 
records within deep-water depositional system as well as to 
presume lateral development of sedimentary facies. A further 
conventional way to interpret turbidite depositional environ-
ments is the identification of systematic vertical patterns of bed 
thickness and grain size distribution. This approach is based on 
the general assumption that thickening- or coarsening-upward 
cycles are a sign of submarine lobe environment and thinning 
or fining cycles, may relate to channel and levees environment 
(e.g. Mutti & Ricci Lucchi, 1972; Ricci Lucchi, 1975; Mutti et 
al., 1978; Waldron 1987; Chakraborty et al. 2002). However, 
the importance of cyclicity and vertical trends in the interpre-
tation of depositional environment within submarine-fans is 
received with scepticism in some research papers. These point 
out that too much factors can affect the cyclicity, that many 
records do not show the cyclicity, that determining of vertical 
trends tends to be subjective and absent of any statistical tests 
(e.g., Walker, 1984; Pickering et al., 1989; Chen & Hiscott, 
1999a). Another methodological approach is based on statistical 

analysis of facies clustering in submarine-fan turbidite succes-
sions. This method uses a measurement of long-term interval  
of time series (Hurst exponent) and it relates to the autocor-
relations of the time series (Hurst, 1951, 1956; Chen & His-
cott, 1999b). In the Carpathian turbidite deposits, the method  
of Hurst coefficient has been introduced by Kötelešová  
(2012).

 The object of the study is a test of practical application of 
the statistical analysis on the successions that represent diffe-
rent part of deep-sea fan depositional environment, including 
the channel and levee, overbank and interchannel as well as 
different parts of depositional lobe environment. We applied 
Hurst statistics, the cumulative distribution of bed thicknesses, 
the index of proximity (ABC index sensu Walker, 1967) and 
frequency histograms on four sample sections in the Central 
Carpathian Palaeogene Basin (CCPB) in the Orava region 
(Fig. 1).

2. GEOLOGICAL SETTING

The CCPB lies inside the Western Carpathian Mountain chain 
(Fig. 1A) and belongs to the basinal system of the Peri- and 
Paratethyan seas. The opening and evolution of the CCPB pro-
bably related to crustal thinning, either as a result of subcrustal 
erosion (e.g., Kázmér et al., 2003), or due to the extensional 
collapse of the overthickened Central Western Carpathian 
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crust and the pull of the retreating subduction of the External 
Western Carpathian oceanic lithosphere (Plašienka & Soták, 
2015; Kováč et al., 2016).

The basin covered most of the Central Western Carpathian 
area (Fig. 1A,B) and is mainly filled up with flysch-like depos-
its, which overlap the substrates of the nappe units and their 

thickness reach up to thousand metres. The age of the sedi-
mentary formations ranges from the Bartonian (e.g., Samuel 
& Fusán, 1992; Gross et al., 1993) to the Late Oligocene (cf. 
Olszewska & Wieczorek, 1998; Gedl, 2000; Soták et al., 2001, 
2007; Garecka, 2005) (Fig. 2). In the study area, the CCPB 
sediments are bounded by the Central Carpathian units in 

Fig. 1. A – location of study area within the Alpine-Carpathian orogen; B – the Central Carpathians Palaeogene Basin system depicting structural sub-basins, 

basement massifs and surrounding units; C – geological sketch of the Orava region (after Biely et al., 1996; Watycha, 1974, Gross et al., 1993, modified) with 

the study localities: 1 – Dlhá nad Oravou section (49°15’42.74’’N, 19°28’07.89’’E); 2 – Oravský Biely Potok section (49°17’13.03’’N, 19°32’52.76’’E); 3 – Čierny 

Potok section (49°19’03.62’’N, 19°44’59.64’’E); 4 – Oravice section (49°18’12.19’’N, 19°44’53.62’’E)
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the south, while the northern boundary is represented by the 
Pieniny Klippen Belt (Fig. 1C).

The CCPB deposits (so-called the Podtatra Group sensu 
Gross et al., 1984; Gross, 2008) are commonly divided into the 
following formations (Gross et al., 1984; Figs. 1C and 2). The 
lowermost Borové Formation consists of breccias, conglomer-
ates, lithic sandstones to siltstones, marlstones, organodetrital 
and organogenic limestones. These represent the basal terres-
trial and shallow-marine transgressive deposits (Marshalko, 
1970; Kulka, 1985; Gross et al., 1993; Baráth & Kováč, 1995; 
Filo & Siráňová, 1996, 1998; Bartholdy et al., 1999). This 
formation is overlain by the Huty Formation, which mainly 
includes various mud-rich deep marine deposits (e.g., Janočko 
& Jacko, 1998; Soták et al., 2001; Starek et al., 2004) with the 
occurrence of sandstone megabed events (Starek et al., 2013). 
The up-section is composed of the Zuberec Formation and 
the Biely Potok Formation which predominantly consist of 
rhythmically bedded turbidites and massive sandstones and 
represent the various facies associations of sand-rich subma-
rine fans (Westwalewicz-Mogilska, 1986; Wieczorek, 1989; 
Janočko et al., 1998; Soták, 1998; Starek et al., 2000; Starek, 
2001; Soták et al., 2001; Sliva, 2005).

The deposits, evaluated and interpreted in this study, are part 
of the Zuberec and Biely Potok formations (Gross et al., 1984; 
Starek 2001) and occur at four localities in the Orava region. 
The sedimentary successions of all localities (Dlhá nad Oravou, 
Oravský Biely Potok, Čierny Potok, and Oravice – see location 
in the Fig. 1C) are biostratigraphically interpreted to be the Late 
Oligocene age (Starek et al. 2000; Soták et al., 2001; Starek, 
2001, 2005).

3. METHODS

The research involved a standard sedimentological evaluation 
of four sections. Measurement of bed thicknesses and facies 
analysis were a key for statistical analysis. We processed 642 
sandstone-mudstone pairs (Dlhá nad Oravou: 344, Oravský 
Biely Potok: 51, Čierny Potok: 121, and Oravice: 108). We used 
also modified dataset from Dlhá nad Oravou, which contains 
only bedsets, which correspond best to channel and levee fa-
cies associations (based on the analysis of sedimentary facies). 
Determination of the bed thickness becomes complicated if 
the bed is thinning out laterally, contains preserved bedform 
morphology or has been eroded. In these cases, the average 
was used. Amalgamated sandstone beds as a result of multiple 
flows with no obvious bed interface are inferred to represent 
a single bed. Input data for statistical analysis from individual 
section contain measurements of coarse-division thicknesses 
(conglomerate, sandstone, and coarser siltstone facies) and mud-
stone thicknesses (fine-grained siltstone and claystone facies) of 
the beds, all measured in a cm scale. Mudstone measurements 
include also thicknesses of hemipelagites and pelagites, because 
these intervals can not be distinguished from mudstones related 
to the basal turbidites in the field of study. No correction was 
made for compaction. All analysis were completed by R-cran 
software (R Core Team, 2014).

We evaluated the sandstone/mudstone ratio within the sec-
tions. The mean, median, minimum, maximum, and standard 
deviation show a summary variability of coarse division and 
mudstone thicknesses of the beds within different localities 
and environments. We used histograms for the expression of 
the frequency distribution of bed thicknesses.

The coarse-division thicknesses of turbidite beds were used 
for the Hurst statistics. The Hurst exponent or coefficient (also 
“index of long-term dependence“) is used as a measure of long-
term memory of time series. It relates to the autocorrelations 
of the time series (Hurst, 1951, 1956; Chen & Hiscott, 1999b). 
Computation of the Hurst K random shuffling of original se-
quence to generate 300 randomly shuffled sequences and the 
assessment of the significance of the Hurst K values (Chen & 
Hiscott, 1999b). We plotted recalculated K to D, whose positions 
in final plot should indicate depositional environment (Chen & 
Hiscott, 1999b).

We used the datasets of coarse-division thicknesses also for 
demonstration/computation of cumulative distribution function, 
which typically shows the varying degrees of variation from the 
power-law (straight-line) distribution. The cumulative thickness 
distribution is calculated and its shape examined on a log plot. 
Two-dimensional model simulates the effect of proximal (within-
channel) vs. distal (non-channelized) environment as well as 
different fan processes such as erosion and bed amalgamation 
(Carlson & Grotzinger, 2001).

Fig. 2. Descriptive lithostratigraphy of the western part of the Central 

Carpathian Palaeogene Basin. Nomenclature of the formations according 

to Gross et al. (1984), adapted. Biostratigraphy is based on the data from 

Starek (2001), Starek et al. (2000), Olszewska – Wieczorek (1998), Gedl 

(2000), Garecka (2005) and Soták et. al. (2007).
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The ABC index after Walker (1967) is used for the evaluation 
of proximity or distality of lobe systems. The coarse-division of 
turbidites was split to graded division (A), laminated division 
(B), and current rippled division (C). The ABC index or P is an 
equivalent of proximity and it is calculated as A (and all groups 
started with division A) to C ratio:

	 AP  =  ––––––––––   x  100
	 A + C

where P express percentage of distance from A to C (percent-
age values of proximity). Point of percentage of beds belonging 
to group A, B or C in triangular diagram reflects flow regime. 
Plotted values of A, B, C division fall to four defined areas in 
diagram (Walker, 1967).

4. R ESULTS

4.1. Sedimentary facies

The sedimentary successions within studied sections show 
variable lithology from fine-grained conglomerates, sand-
stones up to mudstones. The conglomerates are referred to as 

C lithofacies, the sandstones as lithofacies S, and mudstones 
as lithofacies M. The description and classification of the sedi-
mentary facies is mainly based on lithology and primary sedi-
mentary structures. The deposits of individual sections can be 
classified as R, S units (facies) sensu Lowe (1982) characterized 
by conglomerates and sandstones reflecting deposition from 
gravelly and sandy high-density turbidity flows, respectively 
F3–F7 genetic facies sensu Mutti (1992), and T(a-e) intervals 
(facies) sensu Bouma (1962) characterized by granule to fine-
pebble conglomerates, sandstones to mudstones reflecting 
deposition from high- to low density turbidity current (F8–F9 
facies sensu Mutti, 1992). The deposits are classified into 10 
individual facies according to their possible hydrodynamic 
interpretation (Figs. 3 and 4).

4.2. Sedimentary description and facies associations

4.2.1. Dlhá nad Oravou section
The Dlhá nad Oravou section is the part of Upper Oligoce-
ne turbidite succession of the Zuberec Formation (Starek, 
2005) and it continuously exposes a total length of more than 
110 m (Fig. 5). The section consists of several thick-bedded 
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Fig. 3. Dominant sedimentary facies and their interpretation within studied sections of the Upper Oligocene deep-sea fan.
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successions composed of fine-grained conglomerates and 
mostly coarse-grained sandstones. These 5–20 m thick mostly 
coarse-grained succession vertically alternates with thin- to me-
dium-bedded succession of mostly fine-grained sandstone beds 
and mudstones with variable thickness up to 90 cm (Fig. 5) 
(cf. Starek, 2005). The coarse-grained successions (65.6 %, 
see Fig. 6C) mainly contain R2, R3, S1, S2, and Ta (S3 after 
Lowe, 1982) facies. Successions are formed by thick-bedded 
often amalgamated beds and/or bedsets (Fig. 5). Generally, the 
fine-grained conglomerate R facies usually occur within the 
lower parts of these bedsets. These passed upwards into mostly 
coarse-grained sandstone S1–S2 facies with alternated thin 
intervals of granule-size conglomerates. Graded or massive 
medium- to fine-grained Ta facies occur mainly within the 
uppermost parts of these bedsets, where they are often asso-
ciated with Tb and Td facies and sometimes also with rather 
thin mudstone beds. Generally, the coarse-grained successions 
(bedsets) show clear upward fining trend in grain sizes and 
both, the upward thickening and also the upward thinning 
trends of bed thicknesses (Fig. 5). The base of the conglomer-
ate beds is often erosive.

The mostly thin- to medium-bedded successions (among 
coarse-grained bedsets) show approximately similar proportion 
of sandstones and mudstones and mainly comprises medium- 
to fine-grained sandstone Ta, Tb, and Tc facies, often with 
continuous transition to Td and Te facies (Fig. 5). The lower 
bed interfaces are sharp with common small-size erosional 
current marks. Sporadic occurrence of isolated sandstone beds 
(up to 70–90 cm thick) composed of massive Ta facies, some-
times with fine-grained conglomerate base are documented 
within rhythmic, predominantly thin-bedded fine-grained 
sequence. Some of thin- to medium-bedded intervals show 
both, the upward thickening and upward thinning trends of 
bed thicknesses (Fig. 5).

Depositional environments: Based on the coarse grain sizes, 
high degree of amalgamation, and the presence of erosive bases, 
the facies association of thick-bedded coarse-grained bedseds 
in Dlhá nad Oravou section is interpreted to be deposited in 
shallow turbidite channels in relative proximal environments 
(Starek, 2005). The vertical grain-size variations and internal 
scour surfaces within thick amalgamated beds probably reflect 
variations in flow velocity during individual flow events. Fining 
and thinning upward trends may indicate gradual waning flow 
and decreasing material supply in the channels associated with 
their progressive abandonment (e.g., Kneller, 2003). Thin to 
medium bedded sequence that separate these channel deposits 
could reflect overbank sedimentation, when large turbulent 
flows allowed sandy sediment to split over levees and deposit 
material in the interchannel areas. The isolated thick sandstone-
conglomerate beds could be interpreted as crevasse-splay de-
posits. These accumulations can form in the interchannel areas 
vertically organized upward thickening and upward thinning 
trends of bed thicknesses (e.g., Nelson & Nilsen, 1984).

4.2.2. Oravský Biely Potok section
The Oravský Biely Potok section represents the type locality 

of the Biely Potok Formation (sensu Gross et al., 1993) and it 

continuously exposes a total length of more than 38 m (Fig. 
5). The section consists of medium- but predominantly thick-
bedded succession with massive sandstones to fine-grained 
conglomerates (96.6 %) and very sporadic mudstone beds 
(3.4 %) (Fig. 6C). The beds generally range in thickness from 
several tens of cm up to some meters. The average thickness of 
the beds within section is 86.39 cm and 50 % of all measured 
bed thicknesses falls within the range of 15 to 140 cm (Fig. 6A). 
Vertical pattern in beds arrangement shows low-expressive 
upward thickening (?) and also upward thinning trends of bed 
thicknesses (Fig. 5). The sequence mainly comprises S1, S2 fa-
cies, and Ta facies (S3 after Lowe, 1982) and much less Tb–Te 
facies. The S facies are dominant in whole succession, where 
very thick amalgamated beds frequently occur (Fig. 5). The up-
per limit of S facies within thick beds is formed by thin planar 
lamination of Tb facies (if occurs) or it shows a fining-upward 
trend towards a thin siltstone interval. The interlayered mud-
stones are usually absent. The completely developed Bouma 
sequences (Ta-e facies, sensu Bouma, 1962) or fine-grained 
sandstone Tb, Tc – Te facies are more abundant only within 
the uppermost part of the section, where they are linked to 
an occurrence of thin- to medium-thick turbidity beds. The 
sandstone beds often embrace a floating mudstone intraclasts 
and armoured balls. The beds have a good lateral stability. The 
lower sides of the beds are mostly plain, rarely slightly erosive 
or gently undulated with deformational (loading) structures. 
The small erosional current marks are rather sparse.

Depositional environments: Thick-bedded turbidites with 
a relatively good lateral continuity are usually interpreted as 
deposits from high concentration turbidity currents that 
deposited their sediment load through continuous aggrada-
tion (Lowe, 1982; Kneller & Branney, 1995). A thick-bedded, 
amalgamated, mostly medium-grained sandstone turbidites 
with minor occurrence of mudstone interbeds indicate that it 
was formed near depocenter of lobe, as lobe axis deposits (e.g. 
Prélat et al., 2009). Some thicker beds or amalgamated bedsets 
of varying lithology from coarse-grained sandstones to very 
fine-grained conglomerates were probably deposited proximate 
to channels. Packages of stacked turbidite beds with indication 
of coarsening and thickening, or fining and thinning upward 
trends could demonstrate shifts in the position of the lobe 
centroid within the lobe system (e.g., Prélat & Hodgson, 2013).
4.2.3. Čierny Potok section
The Čierny Potok section is a part of the Upper Oligocene Zu-
berec Formation and it continuously exposes a total length of 
up to 28 m. The section consists of rhythmic, predominantly 
medium-bedded succession with sandstone to fine-grained con-
glomerate (67.6 %) and mudstone beds (32.4 %) that generally 
range in thickness from several cm to 100 cm (Fig. 6A,C). The 
average thickness of turbidite coarse-grained facies (sandstone 
– fine conglomerates) within section is 15.4 cm and 50 % of 
all measured bed thicknesses falls within the range of 5 to 20 
cm (Fig. 6A). Vertical pattern in beds arrangement shows few 
meters thick units with evident upward thickening tendency of 
bed thicknesses (Fig. 5). The succession mainly comprises S1, 
S2 facies, and Ta facies (S3 after Lowe, 1982) and Tb–Te facies. 
The coarse-grained sandstone to fine-grained conglomerate 
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Fig. 4. Sedimentary facies. A – massive, sand matrix supported, poorly sorted fine-grained conglomerates (R3 facies); B – coarse-grained horizontally 

bedded sandstones (S2 facies) and horizontally bedded and inversely graded fine-grained conglomerates (R2 facies) on the top; C – normally graded, clast 

supported, well sorted fine-grained conglomerates (R3 facies), sharply overlapping the massive sandstones (S3 interval sensu Lowe, 1982); D – massive fine-

grained conglomerates (Ta facies or S3 interval sensu Lowe, 1982) with sharp erosive interbed contact to plane laminated coarse- to very coarse sandstones 

of S2 facies; E – cross-stratified coarse sandstone to granule-size conglomerates (S1 facies) covered with horizontaly layered sandstones with granule-size 

lamination (S2 facies); F – coarse-grained horizontaly bedded sandstones with granule-size lamination (S2 facies); G – complete “Bouma sequence” with 

basal massive or gradational sandstone interval (Ta facies), parallel-laminated fine-grained sandstone interval (Tb facies), ripple- cross laminated fine-

grained sandstone interval (Tc facies), laminated siltstones (Td facies) and mudstones (Te facies); H – parallel-laminated medium-grained sandstones (Tb 

facies); I – soft-sediment deformation of sandstone bed (SD facies).
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(S and Ta facies) is less common in the lower part of the section, 
where fine-grained sandstone Tb, Tc facies and mudstones are 
dominating (Fig. 5). Contrary, the S facies are frequent in the 
upper part of the section, where they often form thick amalga-
mated beds with only minor occurrence of mudstones within 
the succession. The upper limit of S facies within thick beds 
is formed by thin planar lamination (Tb facies) or it is fining-
upward to siltstone and mudstone facies. The ripple bedding 
(Tc facies) is rather sparse in thick sandstone beds and is poorly 
developed only at the top of the beds, near the transitions to 
siltstones. Soft-sediment deformations (SD facies) are relatively 
common. Geometry of each bed is tabular or sheet-like and 
small-size erosional current marks on the lower bed interfaces 
are common. Generally, the abundance of Tc–Te facies mark-
edly decreases towards the upper part of Čierny Potok section.

Depositional environments: A regularly medium-bedded 
rhytmic succession, the good lateral continuity of beds, and 
the frequent occurrence of finely-structured sandstone facies 
and mudstones in the lower part of the section could indicate 
deposition in lobe off-axis sub-environment (Prélat et al., 2009; 
Prélat & Hodgson, 2013; So et al., 2013). The relative abun-
dance of amalgamation within thick sandstone to granule-size 
conglomerate beds with typical occurrence of S facies and small 
amount of mudstone turbidites, but still occurrence of thin- 
to medium-thick fine sandstone interbeds, tabular geometry 
of beds and absence of both, large scours and evidences for 
channels in the upper part of the section suggest a deposition 
within depositional lobe (e.g., Nelson & Nilsen, 1984; Mutti 

& Normark, 1987; Prélat et al., 2009). The generally upward 
thickening tendency of beds and grain size within the Čierny 
Potok section may indicate gradual progradation or/and lateral 
migration of the axial part of the lobe over margin with lobe 
fringe deposits.

4.2.4. Oravice section
The Oravice section continuously exposes more than 100 beds 
with a total thickness of up to 20 m. The section consists of 
rhythmic, predominantly thin-bedded succession with fine-
grained sandstone and mudstone beds that range in thickness 
from several cm to tens of cm (Fig. 6A). The average thickness 
of turbidite sandstone facies within the Oravice section is 5.99 
cm and 50 % of all measured bed thicknesses falls within the 
range of 3 to 8 cm (Fig. 6A). The beds show noncyclic vertical 
organization or only low-expressive vertical organization into 
small-scale units with upward thickening and less commonly 
thinning tendency of bed thicknesses. The succession mainly 
comprises Tb, Tc, Td, and Te facies (Fig. 5). The Ta (S3) facies 
is less common and usually builds the gradational interval in 
the lowermost part of the turbidites, especially in rare thicker 
beds (up to 15–20 cm). The beds have a good lateral continuity. 
The lower bed interfaces are sharp with common small-size 
erosional current marks. Towards the top of beds, the fine-
grained sandstones grade to the siltstones and mudstones. The 
beds often show the complete Bouma sequences (Ta-e facies, 
sensu Bouma, 1962). Especially thin (up to 5 cm), very fine-
grained turbidites consist often only of Tc, Td, and Te facies.

statistical analysis as a tool for identification of depositional palaeoenvironments in deep-sea fans...
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Depositional environments: Regularly thin-bedded, rhyth-
mic succession with a higher proportion of mudstone (65.6 
%), thin-bedded finely-structured sandstones with significant 
dominance of Tc–Te facies, and the good lateral continuity of 
beds supported interpretation of the Oravice section as lobe 
fringe deposited on the margin of a prograding lobe (e.g., Prélat 
& Hodgson, 2013; So et al., 2013). The deposits represent dilute 
low concentration turbidity currents and slow hemipelagic 
deposition of the basin plain (Stow & Piper, 1984).

Fig. 6. A – coarse-grained and mudstone division-thicknesses frequency distribution among individual sections; B –  cumulative distributions of the coarse-

grained division-thicknesses from complete datasets of individual sections and also modified dataset of Dlhá nad Oravou section. The shapes of lines of 

cumulative distributions correspond with different environments of deep-sea fan (cf. Carlson & Grotzinger, 2001). C – frequency distribution analysis of 

thicknesses of coarse-grained and mudstone division of the beds within the individual sections and the percentage of lithology.

statistical analysis as a tool for identification of depositional palaeoenvironments in deep-sea fans...

Fig. 5. Sedimentary logs of the Dlhá n. Oravou, Oravský Biely Potok, Čierny 

potok, and Oravice sections with depicted vertical distribution of both – 

coarse-grained (sandstone-conglomerate) division thicknesses and mud-

stone division thicknesses of beds, vertical trends, lithology, sedimentary 

facies distribution, changes in flow regime, position within interpreted 

palaeoenvironments, and palaeocurrent regime. ID – number of bed, M – 

mudstones, S – sandstones, Co – conglomerates.
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4.3. Statistics

Boxplots and histograms show distribution of coarse-division 
thicknesses and mudstone division thicknesses of the beds 
among individual sections (Fig. 6). Within the Oravice sec-
tion the thin sandstone beds (≤ 10 cm) occur most frequently 
and this section shows also the smallest range of sandstone 
bed thicknesses (1–25 cm). The Čierny Potok section shows a 
broader range of thicknesses (5–25 cm). Both sections show 
skewed distribution of coarse division thicknesses and mud-
stone thicknesses. However, there are significant differences in 
mean values of thicknesses. The largest range of coarse-division 
thicknesses are documented within the Dlhá nad Oravou sec-
tion (0.5–250 cm) and the Oravský Biely Potok section (3–290 
cm) (Fig. 6A). The Oravský Biely Potok section shows plateau 
or multimodal frequency distribution of thicknesses. On the 
contrary, Dlhá nad Oravou section shows more significant 
variance, and the skewed distribution of beds, similarly to 
the Oravice or Čierny Potok sections (Fig. 6C). However, the 
situation is different within modified dataset of the Dlhá nad 
Oravou section, which shows considerably higher average 
values of bed thicknesses (51.86 cm) and median values (40 
cm) in comparison with the complete dataset of the Dlhá nad 
Oravou section (mean = 21.783 cm; median = 8 cm) (Fig. 6A).

We tested the cumulative distribution of the complete data-
set covering all measurements of coarse-division thicknesses 
within the entire successions among individual sections, as 
well as within modified dataset of bed thicknesses in the Dlhá 
nad Oravou section (Fig. 6B). The modified dataset contains 
only bedsets which correspond best to channel and levee facies 
associations (base on sedimentary facies analysis). Cumulative 
distributions (on logarithmic scales y and x axes) show lines 
with varying curvature. The shape of cumulative bed-thickness 
frequency distributions depends on the number of thick beds 
(and its amalgamation). The strong curvature of line in the 
Oravský Biely Potok section and modified dataset of the Dlhá 
nad Oravou section and partly also in the Čierny potok sec-
tion reflects an occurrence of thick sandstone-conglomeratic 
beds with common amalgamation. Conversely, the shape of 
line and its slope in the Oravice section shows slightly curved 
process, more linear with comparison to the other sections. 
It corresponds with frequent occurrence of thin, well defined 
turbidites in succession and rare occurrence of few thicker 
beds in the profile. These thicker beds affected the line and 
bend its upper part.

We used the Hurst coefficient (K) to verify the assumed in-
terpretation of depositional palaeoenvironment based on iden-
tified facies and facies associations (Chen & Hiscott, 1999b). 
Hurst K computed from datasets for individual sections ranges 
from 0.61 to 0.82 at α = 0 – 0.52 (Fig. 7). Plotting of K values 
against their deviation from the mean (D) of randomly shuffled 
sections under study revealed that the sections fall in different 
depositional environments (Fig. 7). Plotted K and D values of 
the Oravice section dataset (both, coarse division thickness 
and coarse division thickness percentages) fall into basin-floor 
sheet sand. After plotting K to D for the Čierny Potok sec-
tion, the coarse-division thickness as well as coarse-division 

thickness percentages are placed in lobe-interlobe depositional 
environment. The Dlhá nad Oravou section is placed sym-
metrically around the border between lobe-interlobe deposits 
(coarse division thickness) and channel-levee complex (coarse 
division thickness percentage). The K and D values of coarse 
division thicknesses and they percentage of the Oravský Biely 
Potok section are widespread between basin floor sheets and 
lobe-interlobe deposits (Fig. 7). This misinterpretation comes 
from using of undervaluated dataset (see chapter Discussion).

Calculated P values (ABC index – see Fig. 8) of the Oravice 
section shows a small percentage value of proximity (9.37 %), 
i.e. high values of distality (90.63 %). On the contrary, the 
Oravský Biely Potok section (P = 100) and modified dataset 
of the Dlhá nad Oravou section (P = 93.17) show the largest 
value of proximity. The Čierny Potok section and the complete 
dataset of Dlhá nad Oravou section show range of P values from 
52.83 to 66.20. Percentual values of A, B, C divisions fall in ter-
nary plot into Field 1 (Oravice section), Field 2 (Čierny Potok  
section), Field 3 (Oravský Biely Potok section and Dlhá nad 
Oravou section – modified dataset) and into Field Mixture 
(Dlhá nad Oravou – complete dataset) (Fig. 8).

5. DISCUSSION

Sedimentological study of well outcropping successions of 
deep-marine turbidite beds of the Zuberec and Biely Potok 
formations presented in sample sections allows identification 
of the facies associations which represent various depositional 
environments of sand-rich fans. In general, the relatively long 
vertical successions provided enough data for the successful 
statistical analyses. These could represent an appropriate tool 
to test the accuracy of assumed depositional environment 
identified by the determination on the grain-size, lithology, 
vertical arrangement of beds and facies, shape of individual 
beds, sedimentary structures, and palaeocurrent analysis.

The ABC index after Walker (1967) calculated for the Oravice 
section supports distality of turbidite succession and mostly 
lower flow regime deposition, estimated on the basis of facies 
analysis. The A, B, C divisions fall after plotting into the Field 1 
which in our case corresponds to the outer fan/distal lobe fringe 
environment. This depositional environment well agrees with 
the calculated Hurst coefficient (for coarse division thicknesses 
and their percentages) that is placed to cluster of basin-floor 
sheet sand (Chen & Hiscott, 1999b). These conclusions also 
correspond with the distribution of sandstones and mudstone 
thicknesses as well as frequency analysis of beds, which dem-
onstrate the strong dominance of thin beds and a small range 
of bed thicknesses (“zebra” type turbidites). The shape of cu-
mulative distribution is slightly curved. The shape is affected 
by relatively high number of thin beds up to 10 cm (92.5%) and 
presence of a few beds with thicknesses of 12, 15, 18, 20, and 25 
cm. Thicker beds caused bent of the upper part of line, and the 
shape of line and its slope without these beds show more linear 
process. It is interpreted as outer fan/lower fan – lobe deposits 
which correlates with results of other used analysis (see above). 
Low density of points in shape of distribution is caused by low 
variability in bed thicknesses.
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The ABC index of the Čierny Potok section shows lower 
degree of distality compared to the Oravice section and falls 
to the Field 2 which better corresponds to the lobe-interlobe 
deposits. The position of K and D values from the Čierny Potok 
section show lobe-interlobe deposits field and greater range of 
coarse-division thicknesses could also correspond with greater 
proximality in comparison to the Oravice one. However, the 
frequency distribution still shows dominance of thin beds 
within the sedimentary succession. Regularly thin- to medium-
bedded, rhythmic character of a large part of the Čierny Potok 
section with good lateral continuity of beds and frequent oc-
currence of finely-structured sandstones facies and mudstones 
suggest deposition in lobe off-axis sub-environment and it is 
largely similar to the deposits of the Oravice section. In this 
case, index of proximality was probably greatly influenced by 
depositional onset of thick beds with frequent occurrence of 
S facies within the uppermost part of the Čierny Potok section. 
The occurrence of thick and also amalgamated beds in this 
part affects also the shape of cumulative distribution. The final 
distribution shows rather transitional shape in comparison to 
linear shape which should correspond to the rhythmic deposi-
tion of lobe off-axis sub-environment.

Thick-bedded, mainly medium- to coarse-grained sandstones 
and very fine-grained conglomerates of a relatively monoto-
nous Oravský Biely Potok succession reflects very high value 
of proximity after ABC index and A, B, C divisions fall after 
plotting into the Field 3. This well corresponds to the interpre-
tation of sedimentary facies and their transport-depositional 
mechanisms. The high degree of bed amalgamation and pres-
ence of intra-erosive interfaces (Fig. 4D) indicate depocenter 
within lobe close to mouth of distributary channels. This sec-
tion shows also the largest range of bed thicknesses and also 
the largest average thickness of coarse-division of beds. The 

cumulative distribution shows in first part linear course but 
then changes the curve which is affected by significantly thicker 
beds and amalgamations. The shape confirms environmen-
tal interpretation as middle fan channels/lobes (Carlson & 
Grotzinger, 2001). However, the Hurst coefficient for coarse 
divisions show after plotting the deposition of the Oravský 
Biely Potok succession within zone of distal fan or basin plain 
environment and percentage of coarse-division thicknesses 

Fig. 7. Plot of Hurst K of an original 

succession against the deviation 

from mean K of the shuffled section 

of individual sections (modified 

on the basis of the plot of Chen 

& Hiscott 1999b).

Fig. 8. Ternary plot of percentages of beds belong to A, B, and C division. 

Red points represent individual sections (Dlhá nad Oravou 2 means the 

modified dataset). The points are located within various fields, which 

correspond with different flow regimes and coincide with depositional 

environment; P or ABC index values show percentage values of proximity 

for individual sections.
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fall to lobe-interlobe environment. These wide spread of the 
values and the misconception of using Hurst coefficient re-
sult with greatest probability from an insufficient number of 
measurements in the dataset (only 51 beds). Here are clearly 
shown the limits for application of the Hurst coefficient in the 
study of axial depocenters of sand rich mid fan environment 
with very thick beds, because despite of the relatively large 
outcrop it is quite difficult to obtain a dataset with a sufficient 
number of beds.

The opposite problem with the interpretation of the results 
of statistical methods is extremely long succession with a very 
large number of test beds within the Dlhá nad Oravou section. 
Although, on the basis of sedimentary analysis, several parts of 
this succession clearly demonstrate deposition within shallow 
turbidite channels in relative proximal environments of middle 
fan, the index of proximality calculated for complete dataset 
shows only average values and A,B,C divisions fall into mixed 
field. The mean, medium and 50% interval of all beds also show 
considerable undervaluation in comparison with expected values 
for distributaries in proximal parts of middle fan. This is due 
to mixed signal from great length of the Dlhá nad Oravou suc-
cession which includes the vertical development of the various 
depositional environments, interpreted as channel-levee and 
more slurry inter-channel environments with crevasse-splay 
deposits and overbank sandy deposition. This assumption is 
clearly documented by using a modified dataset that comprises 
only bedsets, which are evidently interpreted as channel-levee 
deposits. The modified dataset shows large value of proximal-
ity and A,B,C divisions fall into Field 3 (Fig. 8). There is also 
a significant shift to higher average and median values of bed 
thicknesses. A slight change in the shape of cumulative distribu-
tion is also documented. Transitional shape, which correspond 
with mixed influence of various depositional systems going to 
be more curved, which correspond better with channels (Fig. 
6). Histogram shows significant change of distribution of bed 
thicknesses (towards the thick beds) in comparison with origi-
nal dataset. The Hurst coeficient was not calculated because 
modified dataset of the Dlhá n. Oravou section is under minimal 
limit (100).

Index of proximality in turbidite deposition assumes basin-
ward decrease in erosion as well as gradual thinning and fining 
tendency of turbidity current with distance as a result of loosing 
energy and gradual flow depletion (e.g., Walker, 1967; Kneller 
& Branney, 1995). However, the proximal areas of deep-sea 
fans are characterized by a relatively high lateral variability in 
depositional environments (channel – levee – interchannel) 
with strong lateral anisotropy in flow velocity. Therefore, fine-
grained sediments that accumulated in levee and interchannel 
areas have similar characteristics to those accumulated in distal 
areas (e.g., Mutti & Ricci Lucchi, 1972). Comparison of sedi-
mentary facies analysis and statistical analysis shows that the P 
index or ABC index of proximality has only poor information 
value, especially when the dataset includes the values of a long 
vertical depositional record in proximal parts of deep-sea fans. 
It can be used only in ideal cases where the mixed signal is not 
present within vertical succession as a result of lateral variability 
of depositional environments.

6. CONCLUSIONS

The statistical analyses could represent an appropriate supple-
mental tool to test the accuracy of assumed depositional envi-
ronment identified by conventional approaches as a detailed 
analysis of sedimentary facies. The computation of the Hurst 
coefficient and cumulative distributions of the bed thicknesses 
can be successfully used as primary methodological approaches 
to the interpretation of submarine fan depositional environ-
ments and palaeo-flow regimes (cf. also Kötelešová, 2012). This 
applies especially for the interpretation of borehole data, where 
only one-dimensional information is available. However, the 
statistical analysis of the facies clustering requires good quality 
and adequate quantity of data (Chen & Hiscott, 1999b), what in 
our case is demonstrated by the example of the Oravský Biely 
Potok section where insufficient dataset evidently results to the 
misinterpretation of the position within submarine fan archi-
tecture. The widespread application of the Hurst coefficient/
facies clustering analysis and cumulative distribution of the bed 
thicknesses is limited also for successions of sufficient dataset 
quantity but with a mixed signal in consequence of frequent 
vertical variation of depositional environments, especially 
in more proximal parts of deep-sea fans. This may result in a 
shift of clustering in final plot. It can also affect the shape of 
cumulative distribution, eventually considerably undervalue or 
overvalue the statistical indicators of measured data or cause a 
shift in the frequency histograms of bed thicknesses, which is 
demonstrated within the Dlhá nad Oravou section. The P index 
or ABC index of proximity ideally reflect distality/proximity 
of depositional environment in deep-sea fan and palaeo-flow 
regime, but fails to distinguish it from the lateral changes of 
sub-environments within specific depositional areas, therefore 
it has generally only poor information value.
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