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SEDIMENTOLOGICAL FEATURES AND DEPOSITIONAL CONDITIONS
OF ACCUMULATIVE FANS IN THE LOWER SERTEYKA RIVER VALLEY,
WESTERN RUSSIA

WIKTOR PIECH'

Abstract. In the Serteyka River valley in western Russia, eight accumulative fans formed at the mouths of ravines were examined
geologically and geomorphologically. The test samples were collected from individual geological drillings made with a manual
probe, as well as from excavations in the central and distal zones of the fans. Using the Gradistat program, sedimentological
indicators were calculated, i.e. mean grain diameter (Mz), standard deviation (sorting — o1), skewness (Ski) and kurtosis (Kg),and
then particle-size distribution frequency curves, cumulative curves and a Passega C/M diagram were drawn. It has been docu-
mented that the grain size of the fan sediments depends on the characteristics of the source material. Analysis of sedimentological
indicators (mean grain diameter, sorting, skewness, kurtosis) showed the studied fans deposits to have a large variability of erosion
and accumulation conditions. For the deposits of younger fans, the 2" system of the Mz-versus-oi relationship after Mycielska-
Dowgiatlo (1995) was distinguished, while for the older, the 2", 3and 4 systems were recognised. The main process of grain
transport within these forms was saltation. The ravines on the eastern slope of the Serteyka valley were most likely created in
the periglacial period, while the gullies on the western side of the valley developed in the early modern period.

Key words: slope processes, deluvia, denudation valleys, erosion cuts, sediment lithodynamics, Late Weichselian, Holocene,
Little Ice Age

. sis that the activities of Neolithic people shaped the
Introduction slopes of the Serteyka River valley. Slope sedi-
. ments from this region are interesting because of
In the present-day valley of the Serteyka River,  the possibility of them recording changes in envi-
since the 1960s, during drainage works and later  onmental conditions taking place on the plateau.
during archaeological research, a number of ar- Slope sediments constitute a specific geoar-
chaeological sites dating from the late Palaeolithic e recording numerous changes in erosion and
to the modern period have been discovered. The  accymulation processes that are reflected in the
most interesting are globally unique Neolithic pile- gty ctural and textural features of sediments. Their

dwel!ing settlements (e.g. Kul'kova et f"l- 2001, yecognition is extremely important in the context
2015; Mazurkievich et al. 2009a, b, 2012; Kittel &t of enyironmental reconstruction (Smolska 2005;

al. 2020, 2001; Wieckowska-Liith et al. 2021).  Twardy 2008; Dotterweich et al. 2012; Kittel
The Serteya region is important in research onthe  9014: piech et al. 2018: Szwarczewski et al. 2020).
neolithisation of Eastern Europe because some of The development of gullies and denudation

the earliest ceramics have been found there  \qjjeys is influenced by many factors, both natural
(Kulkova et al. 2015). For many years, the lower 514 anthropogenic. The natural factors are con-
section of the Serteyka valley has been the subject  octed to one another. Less dense and fine sedi-
of not only intepsive archaeological research, but  ents are more easily eroded. An additional factor
also palaeo-environmental research (e.g. Mazur-  «facjjitating” erosion is steep slopes. Another fac-

kieVi?h et al. 2009, b, 2012, Pie.ch et al. 2018, oy js deforestation and the conversion of forests to
2020; Kittel etal. 2018, 2020, 2021; Mroczkowska  4raple Jands; this deprives the surface of the earth

et al. 2021a, b; Wieckowska-Luth et al. 2021; of “protection”, thereby intensifying slope pro-

Ginter et al. under review). The examination of  cesees Then, there is a strong erosion of the slopes
cuts and fans was supposed to revise the hypothe- leading to the formation of, among other things,
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furrows, cuts, and covers of slope deposits. Extre-
me phenomena, e.g. heavy rains, cause a sudden
intensification of erosion and accumulation pro-
cesses, especially on slopes without forest cover
(Teisseyre 1994; Poesen et al. 2003; Smolska
2005; Dotterweich 2008; Rodzik et al. 2008;
Twardy 2008; Vanmaercke et al. 2016).

Various environmental changes, geomorpho-
logical processes (e.g. regression of ice cover, flu-
vial and slope activity), climatic fluctuations (e.g.
changes in rainfall), vegetation or water condi-
tions influence the formation and development of
gullies (Table 1) (Klatkowa 1965; Twardy 1995,

2008, 2017; Starkel 2005; Valentin et al. 2005;
Panin et al. 2009, 2011; Dreibrodt et al. 2010;
Paluszkiewicz 2011; Jaworski 2018; Piech et al.
2018; Karasiewicz et al. 2019; Ginter et al. 2020,
under review). On the other hand, the anthropo-
genic factor is human activity in its broader un-
derstanding, e.g. deforestation, agricultural activ-
ity, the causing of fires (Twardy 1995, 2008;
Smolska 2005; Sidorchuk et al. 2006; Dotter-
weich 2008; Rodzik et al. 2008, 2015; Dotter-
weich et al. 2012; Golosov et al. 2017; Poesen
2018; Piech et al. 2018, 2020; Ginter et al. under
review).

Table 1

Processes, conditions and effects on the slopes

Environmental

Morphological
process

conditions

Geomorphological
effects

Sample literature

slopewash, rain-
wash, surface
flow, creep flow,
mud flow

rains of varying
intensity; plowing
method and type
of cultivation;
slope surface made
of fine material;
snow thawing

slope sediment co-
vers in individual
slope zones; for-
mation of accumu-
lative fans

Sinkiewicz 1989, 1998; Teisseyre 1994;
Stochlak 1996; Smolska 2003, 2005, 2008;
Twardy 1995, 2000, 2008; Belyaev et al.
2005; Mycielska-Dowgiatto, Ludwikowska-
Kedzia 2011; Kittel 2014, 2016; Ratajczak-
Szczerba, Paluszkiewicz 2015; Piech et al.
2018; Karasiewicz et al. 2019; Szwar-
czewskKi et al. 2020; Ginter et al. under re-
view

soil erosion, linear
erosion, slope ero-
sion, rill wash,
splash erosion,

piping

intense rains; lack
of a dense plant
cover; high slope;
slope surface made
of fine material

formation of small
size cuts (rills);
slope denudation

Sinkiewicz 1989, 1998; Teisseyre 1994;
Stochlak 1996; Smolska 2003, 2005, 2007,
2008; Twardy 1995, 2000, 2008; Sidorchuk
et al. 2006; Dotterwiech 2008; Dreibrodt et
al. 2010; Dotterweich et al. 2012; Kittel
2014, 2016; Majewski 2014; Ratajczak-
Szczerba, Paluszkiewicz 2015; Jaworski
2018; Piech et al. 2018; Poesen 2018;
Karasiewicz et al. 2019; Szwarczewski et al.
2020; Ginter et al. under review

rill erosion,
ephemeral gully
erosion, gully ero-
sion, road gully
erosion

lack of a dense
plant cover; pro-
longed heavy
rains; the occur-
rence of extreme
phenomena; strong
deforestation of
the upland area

formation of large
erosive cuts and
gullies

Klatkowa 1965, 1989; Poesen et al. 2003;
Belyaev et al. 2005, 2020; Smolska 2005,
2007; Twardy 1995, 2005, 2008; Valentin et
al. 2005; Panin et al. 2009, 2011; Dreibrodt
et al. 2010; Paluszkiewicz 2011, 2014;
Tylman 2011; Dotterweich et al. 2012;
Majewski 2014; Zglobicki et al. 2014;
Rodzik et al. 2015; Vanmaerke et al. 2016;
Golosov et al. 2017; Jaworski 2018; Piech et
al. 2018; Karasiewicz et al. 2019; Majewski,
Paluszkiewicz 2019; Piech et al. 2020

There are many processes affecting the mor-
phology of gullies and their accumulative fans (Ta-
ble 1). In gullies or erosion-denudation valleys, pe-
riods of increased erosion and accumulation alter-
nated. These forms constitute an important part of
the shaping relief processes.
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The aim of the study is to analyse the textural
features of accumulative fan sediments, and on
their basis to determine the erosion, transport, dep-
osition and redeposition processes, as well as their
geomorphological characteristics.



Sedimentological features and depositional conditions of accumulative fans in the lower Serteyka River valley ...

Research area

The study area is located in the valley of the lower
Serteyka River, which is on the Russian Plain in
western Russia, on the border of the Pskov, Tver
and Smolensk oblasts. This area was within the
range of the last Weichselian ice sheet (Valdai ice
sheet) (Fig. 1). The Serteyka River uses a subgla-
cial channel created during the last ice age. After
the deglaciation, blocks of dead ice remained in the
tunnel valley, which, as they melted, gave rise to
lakes. In the Holocene, these were drained, and
a fluvial system was developed (Kittel et al. 2018;
Piech et al. 2018).

On the western side of the Serteyka River val-
ley, the upland is formed mostly of fluvioglacial
sands. Further to the west and south-east there are
several clay horizons within fluvioglacial deposits
(Piech et al. 2020). In turn, the eastern plateau is
formed primarily of glacial till. Within the palaeo-
lake basins there are kames and kame terraces
build by sands and silts. These forms are partially
covered by gyttja and fluvial overbank deposits.
The beginning of lacustrine sediment accumula-
tion was in the Late Weichselian (Kittel et al.
2018). In the lower parts of the slopes of the sub-
glacial channel, strips of slope sediments and gul-
lies with accumulative fans have developed (Piech
et al. 2018, 2020) (Fig. 2).

Several in-depth palaeogeographic studies
have been carried out in the Serteya region, but the
focus has been primarily on biogenic sediments
(Fig. 3) (e.g. Kittel et al. 2018, 2020, 2021; Tara-
sov et al. 2019; Lucow et al. 2020; Mroczkowska
et al. 2021a, b; Wieckowska-Liith et al. 2021).

Currently, erosion and accumulation pro-
cesses are observed on the slopes of the studied
part of Serteyka River valley (former tunnel val-
ley) and within the erosion cuts. The upland is
mostly deforested, and periodic farming is carried
out here, although in recent seasons the fields have
turned to fallow land, while the slopes, erosion
cuts, accumulative fans and the valley floor are
wasteland with small clusters of trees (Piech et al.
2020).

Methods

The sedimentological research covered seven ero-
sion cuts (gullies) and their accumulative fans that
were formed on the slopes and the Serteyka River
valley floor. Gullies on the western side of the Sert-
eyka River valley are marked with the letters A, B,

161

C, while gullies on the eastern side of the valley are
marked with the letters D, E, F (Fig. 2).

The field work included detailed geological
mapping of gullies and their accumulative fans,
which was performed using the Eijkelkamp geo-
logical hand auger equipped with a gouge auger.
The sediments were analysed with an accuracy of
1 cm. The distance between the drillings was 5 m
for fans of gullies A and B and from 5 to 30 m for
the other gullies’ fans. The samples for the study
of gully A were taken from two geological out-
crops. The first lay in the central zone, the second
in the distal zone. Samples with a volume of ap-
prox. 1 cm? were taken with an accuracy of 1-3 cm
from macroscopically distinguishable layers
(Piech et al. 2018). For other fans, samples for la-
boratory tests were taken from drillings from each
macroscopically distinguishable layer.

Laboratory work included grain-size analysis
by laser diffraction using the Malvern MasterSizer
3000 analyser with a water attachment, available at
the laboratory of the Institute of Geography of the
Pedagogical University in Krakow. The laser dif-
fraction method was used for fractions below
2.0 mm, and, for the coarser fraction, the sieve
method was used (carried out in the laboratory of
Faculty of Geographical Sciences University of
Lodz). Then the sedimentological indices were cal-
culated according to Folk and Ward (1957): mean
grain diameter (Mz), standard deviation (sorting —
o1), skewness (Sk;), and kurtosis (Kg). The calcu-
lations were made using the Gradistat 5.11 pro-
gram (Blott, Pye 2001). The SPAN index was also
calculated using the formula [(Dgo-D10)/Dso] (after
Foster 1991; Warrier et al. 2016).

Methods for the analysis of lithodynamics of
slope processes

The relations between mean grain diameter and
sorting were used to analyse the dynamics of slope
processes and the conditions of sediment deposi-
tion (see Folk, Ward 1957). The arrangement of
these relations is important in determining the dy-
namics of transport and the processes of material
accumulation within a specific environment (My-
cielska-Dowgiatto 1995). So far, four Mz-versus-
oi systems have been defined (Mycielska-Dow-
giatto 1995; Mycielska-Dowgialtto, Ludwikowska-
Kedzia 2011), i.e.:

— 1% system (as average grain diameter in-
creases, sorting values decrease simultaneously):
characteristic of channel deposits,
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Fig. 1. Location of research area (Gorlach et al. 2015)
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Fig. 2. Geomorphological sketch of studied fragment of Serteyka River valley after Kittel et al. (2018)

1 — moraine plateau; 2 — glaciofluvial plain; 3 — crevasse fills; 4 — kames and kame terraces; 5 — biogenic plains; 6 — flood plain;
7 —subglacial channel; 8 — valley slopes; 9 — alluvial fans; 10 — gullies, denudational valleys and their accumulative fans (A, B, C,
D,E, F,G)
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Fig. 3. Location of palaesogeographic research in Serteya region (A) and archaeological
and palaeogeographic research in Serteyka River valley (B, C)

A. 1 —Kittel et al. (2018, 20204, b); Mroczkowska et. al. (2021a); Piech et al. (2018, 2020); 2 — Tarasov et al. (2019); 3 — Mrocz-
kowska et al. (2021b); 4 —Lucow et al. (2020)

B. Early Neolithic sites ca 6500-5000 cal. BC (Kul’kova et al. 2015); letters indicate tested gullies denudational valleys and their
accumulative fans

C. Mid- and late Neolithic sites ca 4500-1800 cal. BC (Kul’kova et al. 2015); letters indicate tested gullies, denudational valleys
and their accumulative fans; rectangle indicates site of in-depth palaeogeographic research (e.g. Kittel et al. 2018, 2020a, b; Mrocz-
kowska et. al. 2021a)
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— 2"system (as average grain diameter de-
creases, sorting values decrease): refers to over-
bank deposits, aeolian deposits of hot deserts,
wash-out deposits, fluvial channel lag,

3 system (mean grain diameter values
vary, while sort values are constant): typical of ae-
olian deposits of the moderate climate zone, over-
bank-pool deposits,

—  4™Msystem (mean grain diameter values are
similar, but sorting values differ) typical of slope
sediments formed by splashing of rain drops.

Another method for determining the type of
sedimentation and the specification of morphody-
namic processes is the analysis of the particle-size
distribution frequency curves, which illustrate the
share of grains of certain diameters each sediment
(inagiven sample). By determining the modes that
occur in them, it is possible to estimate the strength
of the transporting centre and the duration of litho-
dynamic processes, and to distinguish the source
material for the deposited sediments (Mycielska-
Dowgialto 1995; Racinkowski et al. 2001; My-
cielska-Dowgiatto, Ludwikowska-Kedzia 2011).
It should be noted that the features of slope sedi-
ments in terms of the distribution of Mz-versus-c,
corresponds to the features of overbank alluvia
(Smolska 2005; Twardy 2008). When distinguish-
ing types of sediments, other analysis can be sup-
ported, e.g. the content of organic matter, the con-
tent of lithophilic elements, as well as a structural
analysis (see Kittel et al. 2020).

It should be emphasised that when interpret-
ing the Mz-versus-o; relations with respect to sys-
tems, one should take into account environmental
changes over time. These analyses should be pre-
ceded by the interpretation of the curves of sedi-
mentological indicators, in which fluctuations,
simultaneous decreases/increases in value, or the
presence of plateau indicate a change in erosion
and accumulation processes and therefore an envi-
ronmental change. After dividing the profile and
separating fragments with different tendencies,
one can apply the interpretation in relation to indi-
vidual systems. Then we get a full picture of
changes in the dynamics of the sedimentological
environment. Therefore, during the research, the
problem of determining all the features (different
systems) that change with depth was found.

Another method is the analysis of Visher
curves (Visher 1969). Based on the course of the
curves (analysis of sections A, B, C), the method
of grain transport is analysed: rolling, saltation or
transport in suspension (Visher 1969; Mycielska-
Dowgialto 1995; Szmanda 2010, 2011; My-
cielska-Dowgiatto, Ludwikowska-Ke¢dzia 2011).
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Another method for analysing the deposi-
tional conditions is the analysis of the relationship
between first percentile and grain median in the
Passega C/M diagram. In this diagram, we can dis-
tinguish several segments of transport fields, i.e.
N-O, O-P, P-Q, Q-R, R-S, which explain the
conditions of material transport and deposition,
e.g. graded suspension (Q-R segment). The C/M
Passega diagram also shows the fields of deposi-
tional environment types (from | to VIII) (Passega
1964, Passega, Byramjee 1969; Racinkowski et al.
2001; Szmanda 2010, 2011). It should also be
noted that the results of interpretations based on the
Passega C/M diagram may not agree with the in-
terpretation of the cumulative grain-size distribu-
tion curve (Szmanda 2010). SPAN index is another
factor that determines the dynamics of the environ-
ment. The 10th, 50th and 90th percentiles are used.
SPAN index is a dimensionless sorting index (Fos-
ter 1991; Warrier et al. 2016).

Individual methods with an in-depth descrip-
tion and analysis of the results are presented in:
Udden (1914); Wentworth (1922); Krumbein
(1934); Folk, Ward (1957); Passega (1964); Pas-
sega, Byramjee (1969); Visher (1969); Mycielska-
Dowgialto (1995); Racinkowski et al. (2001);
Szmanda (2010, 2011) and Mycielska-Dowgiatto,
Ludwikowska-Kedzia (2011).

The above-mentioned methods have been suc-
cessfully implemented to analyse the erosion and
accumulation processes of slope sediments (e.g.
Twardy 1995, 2000, 2003; 2005, 2008; Stochlak
1996; Smolska 2003; 2005, 2007, 2008; Kittel
2014, 2016; Majewski 2014, 2017; Paluszkiewicz
2014; Ratajczak-Szczerba, Paluszkiewicz 2015;
Piech et al. 2018; Karasiewicz et al. 2019; Ginter
et al. under review).

Results and Interpretation

Due to the complexity of the situation in individual
geological profiles, the author proposes to intro-
duce extended system records relating to the
Mz-versus-o relations. The proposals of entries are
intended to make the description more detailed.

1) Where the Mz-versus-o; relation exhibits
a set of points that matches the features of two dif-
ferent systems (after Mycielska-Dowgiatto, Ludwi-
kowska-Kedzia 2011), the following notation can
be used: “x/x system*; for example:*3'/4" system”.

2) Where the Mz-versus-o, relation exhibits
many systems (each at a different depth), the nota-
tion “x(x, x) system” should be used; for example
“15(319, 41 system” or «219(2"9, 1%, 4 system”. In
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this notation, the first number is the system recog-
nised for the entire population in the Mz-versus-oy
relationship diagram, whereas the numbers in pa-
rentheses represent the systems recognised for the
sediments of individual sections (units, segments)
of the profile (i.e. from individual depths). The
unity (segments) of the profile can be distinguished
based on, among other things, the curves of sedi-
mentological indicators. The order of the systems
in the proposed notation depends on the depth of
the recognised units. Thus, the first system within
the parentheses records the bottom of the geologi-
cal profile.

Gully A (western part of the valley)

This gully is cut into the upland to a length of
about 210 m and a depth of approx. 7 m, and at its
widest point it is 12 m wide. In the mouth section
has a U-shaped cross profile. The inclination of the
slopes is up to 52°. In the upper parts of the gully,
it adopts a V-shaped profile (Piech et al. 2018,
2020).

The fan sediments developed at the mouth of
gully A covered a coarse detritus gyttja in the cen-
tral and distal zone of the form. The top part of or-
ganic deposits was dated to the 2" half of the 17"
century AD (Piech et al. 2018). The inorganic de-
posits of the fan have been divided into a few sed-
imentological units: lower deluvia, proluvia, mid-
dle deluvia, upper deluvia and tillage diamicton.
The lower deluvia are fine, slightly silty sands with
numerous laminations of silt. This series is light
brown in colour. The proluvia are coarse sands
with numerous clay balls. Above, there are brown
fine sands, with an admixture of medium sand
(middle deluvia) in some places. The sediments of
this series have a massive structure. The upper
deluvia are fine, slightly silty, sub-horizontal lay-
ered sands. The top part of the fan’s deposits is
built of tillage diamicton (Piech et al. 2018; Ginter
et al. under review).

In the distal zone, the coarse-detritus gyttja is
covered with fine silty sands; above that, the con-
tent of the silty fraction increases, and is covered
with overbank alluvia.

In the central part of the fan, the values of sed-
imentological indicators fluctuate strongly for the
lower and upper deluvia, while relatively constant
values are recorded for the middle deluvia unit
(Fig. 4A). The sediments in this part of the fan are
characterised by poor or moderate sorting, where
the grain-size ranges from 3 to 4 phi. It is noticea-
ble that the skewness values increase towards the
top of the profile. The proluvia are characterised by
the lowest Mz values and the poorest sorting (Piech
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et al. 2018). The particle-size distribution fre-
guency curves for these sediments are usually uni-
modal, except for the proluvia, which are charac-
terised by a polymodal curves (Fig. 4D). The main
transport process was saltation for deluvial sedi-
ments, and traction for proluvia (Piech et al. 2018).
In the diagram of the Mz-versus-c; relation, delu-
vial sediments are arranged in the 2"¥system, while
the proluvia take the 1% system, indicating the cur-
rent environment (Fig. 4B). However, in the lower
deluvia the 2" system can be distinguished, for the
middle deluvium it is the 4™ system and for the up-
per deluvia it is the 2" system (after Mycielska-
-Dowgiatto 1995; Mycielska-Dowgiatto, Ludwik-
owska-Kedzia 2011). The code for the entire pro-
file is 2" (2, 4t 2nY) system can be used. Deluvia
have unimodal particle-size distribution curves and
the saltation process dominates in the transport of
grains. All deluvia are in the Passega C/M diagram
in fields V (gradation suspension transported under
conditions of moderate turbulence) and VI/VII
(gradation suspension transported under low tur-
bulence conditions, characterised by different par-
ticle size) in Q-R segment (graded suspension),
while proluvia are in fields | and 1l and P-Q seg-
ment (graded suspension with some grain trans-
ported by rolling) and in O-P segment (rolling
with some grain transported in suspension) (Fig.
4C) (after Passega 1964; Passega, Byramjee1969).
A lot of samples are also found in the Tc zone,
which is interpreted as characteristic of sediments
formed in conditions of density runoff (see
Szmanda 2011). It is noticeable that in the lower
deluvium there are usually constant values of the
SPAN index. The exception is the depth of 138 cm
b.g.l., where the value is several times greater. On
the other hand, in the middle and upper deluvium,
numerous fluctuations in the value of this index are
noticeable, from 0.5 to0 1.2.

In the distal zone of the fan, the highest values
of Mz above 5 phi are visible, while grains with the
grain size of 3-4 phi dominate. Sorting is poor or
moderate. For deluvial sediments, the particle-size
distribution frequency curves are unimodal. Ana-
lysing the cumulative grain-size distribution
curves (Fig. 5E), the conclusion was obtained that
saltation dominated in the transport process (see
Visher 1969; Mycielska-Dowgiatto, Ludwikow-
ska-Kedzia 2011; Szmanda 2011).The fan deposits
from the distal zone assume the 2" system. The
particle-size distribution curves are usually uni-
modal. As with sediments from the central zone, so
too here, saltation dominates in the transport of
grains. In the Passega C/M diagram, the samples
are located mainly in fields V and VI/VII (Fig. 5C)
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and in Q—-R segment (graded suspension) and in
the Tc zone (after Passega 1964; Passega, Byram-
jee 1969; Szmanda 2011). The SPAN index values
are constant and hover around 3.2. The values of
this index are almost double higher the values for
the central zone.

Gully B (western part of the valley)

This gully hangs 2 m above the valley floor. It
is cut into the upland to a depth of 2 m, and to
a length of approx. 70 m, with a maximum width
of 10 m. The slopes inclinations of the ravine range
from 26° to 52° (Piech et al. 2020).

In the central zone, the sediments of the fan
covered coarse detritus gyttja. The bottom of the
fan sediments is made of fine, light-brown sands.
There is fine gravel in some places above it and the
colour changes to light grey and then back to light
brown. The sediment thickness of the fan is ap-
prox. 175 cm.

From a depth of 172 to 140 cm b.qg.l., there is
a distinct change in mean particle diameter value,
along with poor sorting. Further, from 140 to 110
cm b.g.l. there is an increase the mean grain diam-
eter and a deterioration in sorting (Fig. 6A). This
proves a change in the transport conditions and a

SPAN

-3

g’

TN

Sk, K; O,

Mz

decrease in the dynamics (variability) of the envi-
ronment. Positive skewness values were recorded
in all samples. From the depth of 102 cm to 20 cm
b.g.l., environmental conditions can be postulated.
The sediments are moderately sorted, which
proves the relative stability of the transport dynam-
ics. For the entire set of points (172-20 cm b.g.l.)
in the relation Mz-versus-c,, a second system can
be defined after Mycielska-Dowgiatto and Lud-
wikowska-Kedzia (2011), characteristic of, among
others, slopewash deposits. On the other hand,
three populations can be distinguished here. The
2" system can be determined for the first and sec-
ond populations, while population 3 (samples at
depths 170-171 and 150-140 cm b.g.l.) is charac-
terised by the 4" system, which refers to slope sedi-
ments formed by splashing of rain drops (after My-
cielska-Dowgiatto, Ludwikowska-Kedzia 2011).
From the particle-size distribution frequency
curves, it can be concluded that, firstly, grains with
a size of 2—3 phi were accumulated, the curves are
leptokurtic, then the strength of the transporting
medium changed, as a result of which finer grains
in the range of 2.5-4 phi were deposited. Further,
conditions stabilised and grains with a size of 3-4
phi were mostly accumulated.

e

T

v

viiiv| /

.« B s

Fig. 4. Textural features of central zone sediments of gully A

A — sedimentological indicator curves: Mz — mean grain diameter, o| — sorting, K — kurtosis, Ski — skewness; B — relation Mz
versus oi; C — Passega C/M diagram; D — particle-size distribution frequency curves; E — cumulative grain-size distribution curves
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In the Passega C/M diagram, 50% of the sam-
ples are in field VI and VII (gradation suspension
transported under low turbulence conditions, char-
acterised by different particle size), 44% of the
samples are in field V (gradation suspension trans-
ported under moderate turbulence conditions), and
one sample (110-112 cm b.g.l.) is located in field
Il (traction deposition with a small proportion of
suspension dominates here) (after Passega and
Byramjee 1969). The samples are in the P-Q seg-
ment (graded suspension with some grain trans-
ported by rolling) and in a Tc zone (density runoff)
(Fig. 6C) (after Passega 1964). From a depth of
172 to 110 cm b.g.l. SPAN index values are higher
(average value 0.82) than the values from the depth
of 102-20 cm b.g.l. (mean value 1.31).

Gully C (western part of the valley)

The slopes of this gully are steep, in some
places reaching 60°. The form is cut into the up-
land to a depth of 7 m and a length of about 80 m
and a bottom width of up to 10 m in the mouth
zone. There are numerous hanging ravines and
smaller erosive cuts notes. At the bottom of the ra-
vine, a 3-m-wide deepening can be seen that is con-
nected with the side fan (STA profile).

In the proximal zone, the sediments of the fan
lie directly on fluvioglacial sediments. At the bot-
tom, the fan is built of silty fine, light-brown sands
with individual small charcoals. Above, there are
alternately silty fine sands, poorly laminated in
places, and various sands. At particular depths,
they vary in colour from light brown to light grey.
At a depth of about 100 cm b.g.l. single charcoals
also appear, while at a depth of approx. 50 cm b.g.l.
the number of charcoals increases.

In the central zone, too, the deposits of the fan
cover fluvioglacial deposits. In this part the fan is
made of fine silty sands, lightly laminated light
brown. At depths from 292 to 272 cm and 252-225
cm b.g.l. there are fine, slightly silty grey sands
with plant detritus. From a depth of 225 to 214 cm
b.g.l. there are alternately fine silty sands and silts
in colours ranging from grey to orange. Above,
there are fine, poorly laminated sands and, in some
places, various sands. The sediment thickness of
the fan in the central zone is 300 cm.

In the distal zone, fine and medium laminated
sands dominate, with small fragments of wood and
plant detritus in places. Charcoals have been docu-
mented at depths of 232-290, 211-197, 115-113,
103-93 and 39-32 cm b.g.l.

In the proximal zone, the deposits from a depth
of 317-300 cm b.g.l. represent the sediment of the
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substrate. From the floor to the depth of 196 cm
b.g.l., poor sorting is visible, and from this depth
up to the top of the profile the sorting is very poor
(Fig. 7A). Very large fluctuations are visible in the
values of sedimentological indicators. This proves
the variability of the force of dynamics of the
grain-transporting force, and therefore testifies the
relative instability of the depositional environ-
ment. This does not correspond to the data ob-
tained from gullies A and B, possibly because
gully C is older. During the accumulation of this
fan, different environmental conditions prevailed.
At particular depths, there is a sudden decrease in
the mean grain diameter and skewness, as well as
a sudden deterioration in sorting. This testifies to
the intense erosion processes that washed away the
finer material and left the thicker, poorly sorted de-
posits. There are also places where the fluctuations
in mean size diameter and sorting values are ac-
companied by uniform values of skewness. These
are periods of relative balanced of the grain-trans-
porting force, and they also indicate the stability of
the immediate surroundings of gully C. Strong
multimodality of the curves may indicate the dep-
osition of aggregates connected with clay/silts. In
the Mz-versus-c relation, two populations can be
distinguished. The first population is associated
with erosive processes, where there was a strong
washing-out of grains and the delivery of poorly
sorted material, while the second population deter-
mines the advantage of accumulation over erosion,
although the point cloud is stretched, which may
also indicate the relative instability of the deposi-
tional environment. For the entire profile, the 2™
system can be recognised. Two sample popula-
tions can also be distinguished in the Passega C/M
diagram. The first is located in fields I, II, Il re-
lated to traction deposition with a small share of
suspension. The samples are closest to N-O seg-
ment (accumulated by rolling) and O-P (accumu-
lated by rolling with some grain transported in sus-
pension) (after Passega 1964). The second popula-
tion of samples is in field V (gradation slurry trans-
ported under moderate turbulence), VI/VII (grada-
tion suspension transported under low turbulence
conditions, characterised by different particle size)
and in field VIII (fine-grained homogeneous sus-
pension of pelagic type) (after Passega, Byramjee
1969). The samples are in the Q-R segment
(graded suspension), P-Q segment (graded sus-
pension with some grain transported by rolling)
and Tc zone (density runoff) (Fig. 7C) (after Pas-
sega 1964; Szmanda 2011). The SPAN curve
shows clear peaks, which suggests a change in the
transport force of grains at particular depths.
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Fig. 7. Textural features of central zone sediments of gully C

explanations in Fig. 3

In the distal zone, a significant drop in grain
size and an increased share of coarse grains (skew-
ness drop and negative values) are visible from
a depth of 272 to 200 cm b.g.l., which suggests an
increase in the transport force, though the sorting
values do not fluctuate too much, which suggests
that then there were not very dynamic conditions
for the transport of grains with low variability of
force. The graining frequency curve shows the
greatest share of grains in sizes from 0 to 2 phi,
then the share of finer grains systematically and
evenly decreases. Thus, sudden accumulation epi-
sodes with high transport force (accumulation of
coarser grains) prevailed, followed by a gradual,
slow and relatively long decrease in transport force
(accumulation of finer material). At the top of the
profile, the values of the average grain diameter de-
crease, and the share of fine grains increases, so fine
material is accumulated, which is associated with
a decrease in the grain-transporting force. Two pop-
ulations of points can be distinguished in the Mz-
versus-o; relation. The first population is samples
for a depth of 297 to 270 cm and from 122 to 30 cm
b.g.l. (2" system) and the second population is sam-
ples from 248 to 200 cm b.g.l. (1% system). For all
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samples, the Mz-versus-o; relation exhibits the 3™
system, and it is aeolian deposits of the moderate
climate zone, overbank-pool deposits (Mycielska-
Dowgiatto 1995; Mycielska-Dowgiatto, Ludwik-
owska-Kedzia 2001). Using the proposed code that
can be described: 3(2",1%2") system. On the
Passega C/M diagram, two point populations can
also be distinguished. The first population is iden-
tical to the first population identified for the Mz-
versus-o; relation. This population is located in
fields I and II, where the deposition was from trac-
tion with a small proportion of suspension and in
N-O segment (rolling) and O—P segment (rolling
with some grain transported in suspension). The
second population is identical to the second popu-
lation in the Mz-versus-c; relation. This population
is located in field VI/VII (gradation suspension
transported in low turbulence conditions character-
ised by different particle-size distribution) and
some samples are in the Tc zone (Fig. 8C) (after
Passega 1964, Passega, Byramjee 1969; Szmanda
2011). The SPAN index values slowly increase
from bottom to a depth of 240-242 cm b.g.l. reach-
ing the value of 3.1, then falling to the ceiling.
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explanations in Fig. 3

STA (western part of the valley)

The STA profile is located within the smaller
accumulative fan formed in the northern zone, be-
tween the slopes of the upland and the main accu-
mulative fan of gully C. Profile STA is associated
with the younger phase of development of gully C.

The thickness of the fan sediments is less than
140 cm. The bottom part of the fan is made of
brown-grey laminated mud. Above, there are fine
and medium sands with an admixture of silt. From
adepth of 25 cm b.g.l., there are grey laminated mud
sands. The top of the organic deposits underlying
the fan sediment was dated to 4926+22 BP (MKL-
A4683), i.e. to 3707-3662 cal. BC.

The sediments of this fan are fine sands and the
skewness values are not very high. The lower seg-
ment of the profile (130-87 cm b.g.l.) is character-
ised by a slightly better sorting (but still poor) than
the upper segment (87-15 cm b.g.l.). Poor sorting is
caused by the short transport distance of the depos-
its, as well as the sudden deliveries of mixed mate-
rial. In this case, the short transport route can be con-
sidered worse sorting, as the average grain diameter
in this profile oscillates around 5 phi, which indi-
cates the advantage of accumulative processes over
erosive ones. However, from the different course of
the particle-size distribution frequency curves, it can
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be concluded that the processes shaping the fan
were quite dynamic — where there was a sudden ac-
cumulation of poorly sorted material. Perhaps from
single events, i.e. heavy rains. The Mz-versus-o; re-
lation shows the features of the 4" system (slope
sediments formed by splashing of rain drops). These
sediments are visibly enriched with fractions of the
order of 10-11 phi. This is most likely due to the
proximity of the slope, and to a fan of organic matter
and clay material (whose transport started during the
smallest surface runoff) being washed into the sedi-
ments. On the other hand, the clay material may
have come from the long-term washing processes of
clay horizons documented in the upland area. Poor
sorting and the diversified course of the curves can
also be explained by the transport of whole grain ag-
gregates agglomerated with clay. The material was
transported mainly in the saltation process and in
suspension, with rolling being a minor part. In the
percentage of samples in the Passega C/M diagram,
90% of the samples fall on the field VI/VII, and
10% on the field IV (after Passega, Byramjee 1969).
The samples are in the Q-R segment (graded sus-
pension) and P-Q segment (graded suspension with
some grain transported by rolling) and in the Tc
zone (Fig. 9C) (after Passega 1964; Szmanda 2011).
The highest values of the SPAN index are recorded
at a depth of 87-89 cm b.g.l. (2.4).
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explanations in Fig. 3

Denudational valley D
(eastern part of the valley)

In the current morphology of the terrain, this
gully is characterised by gentle slopes reaching
only 10°. The bottom of the ravine is filled mainly
with fine and medium sediments, and its length is
now about 50 m, although in the past its length
could have been greater because it is now followed
by a dirt road (Piech et al. 2020).

The fan deposits covered clay deposits, possi-
bly kame material. Above, there are fine and me-
dium, light-brown sands with some low lamina-
tions. Various sands occur at different depths.
From 166 to 114 cm b.g.l., there are alternating
fine, grey sands with silty admixtures and grey
silts. Above, there are fine, light-brown, slightly
silty sands. The fan is about 280 cm thick.

The bottom sample represents the sediments
underlying the sediments of the accumulative fans.
It is evident that they differ significantly from
younger sediments. The average grain diameter
decreases visibly with depth, so the erosive pro-
cesses slowly were replaced by domination of ac-
cumulation processes. The material is poorly
sorted here. The duality of the profile is noticeable
in the skewness. In the lower part, finer grains are
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decidedly more common. They may have been de-
posited as a result of aeolian processes. The sam-
ples’ Mz-versus-o; relation indicates the presence
of the 2" system (e.g. wash-out deposits), but there
are also 3"system features (aeolian deposits of the
moderate climate zone, overbank-pool deposits). It
can be described as a 2"%/3 system. The particle-
size distribution frequency curvesshow layers are
enriched with the finest material (e.g. from aggre-
gates). All curves are multimodal, which indicates
short transport and variability of dynamics. There
is a small share of traction in the transport of
grains, and saltation dominates here. In the Passega
C/M diagram, more than 90% of the samples are in
field VI/VII, and about 8% in field V (after Pas-
sega, Byramjee 1969). At the same time, they are
in the P—Q segment (graded suspension with some
grain transported by rolling) and the Tc zone (Fig.
10C) (after Passega 1964; Szmanda 2011). Fluctu-
ations in the value of the SPAN index are visible.
These fluctuations decrease at the ceiling.

Denudational valley E
(eastern part of the valley)

In morphology parameters, this gully is very
similar to the D gully. However, the mouth part is
multi-level — three levels can be distinguished,
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explanations in Fig. 3

the outlet level is suspended in relation to the ac-
cumulative fan below. Perhaps we are dealing here
with the transformation of isolated concave forms
— non-outflow depressions of predominantly gla-
cial origin. They are forming initially closed sys-
tems, and later, in the process of erosion, open flow
systems were formed (Klatkowa 1989; Twardy
2017). The periglacial denudation valleys were the
forms along which such transformations took place
most effectively. There was both the filling of the
insulated non-outflow forms and rapid erosion
through mechanical denudation of the thresholds
separating the individual concave forms (Klat-
kowa 1989; Twardy 2017). On the other hand, it
cannot be ruled out that there will be later human
interference that could develop such levels as a re-
sult of long-term land cultivation.

The sediments of the fan in the central part
cover clay sediments. From a depth of 173 to 135
cm b.g.l. there are grey silts in places with single
fragments of plant detritus. From a depth of 135 to
90 cm b.g.l. there is a silty material coloured from
grey-greenish to dark brown. Above, there are fine,
weakly laminated sands. The thickness of the fan
in this part is approx. 250 cm. The bottom of the
fan in the distal zone is formed by silty fine sands
with weak laminations. Above, there are silty fine
sands, with light-brown colour.
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The lower part of the fan in the central zone is
characterised by lower Mz values and, at the same
time, higher sorting values. This proves the higher
transport force of the deposition and the sudden de-
livery of poorly sorted material. Then, the erosion-
accumulation processes stabilised, as evidenced by
relatively high values of the mean grain diameter,
in the range of 4-5 phi. In the entire profile, the
sediments are poorly sorted. Interestingly, skew-
ness values are several times higher in the lower
part of the fan than in the higher part. This may in-
dicate that the finest fractions are being blown out
or washed out. In the Mz-versus-c; relation, the
samples have the characteristics of the 1% system
(channel deposits). The particle-size distribution
frequency curves are multimodal. Two samples
have a very distinct mode and a relatively flat plat-
eau for grain sizes from 3 to 7 phi. This speaks of
the long sorting of the material and subsequent sys-
tematic washing on the previously deposited sur-
face. The cumulative curves show a high propor-
tion of rolling in the grain-transport type, which in-
dicates a higher grain-transport force. In the Pas-
sega C/M diagram, samples from this segment are
in fields 1V and V, indicating that the deposition
was from gradation suspension transported under
conditions of high and moderate turbulence (after
Passega, Byramjee 1969). These samples are in the
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P—Q transport field segment, which is graded sus-
pension with some grain transported by rolling.
Saltation dominated in the remaining samples, and
in the Passega C/M diagram the samples were in
field VI/VII and in the P-Q segment (graded sus-
pension with some grain transported by rolling)
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and in the Tc zone (Fig. 11C) (after Passega 1964;
Szmanda 2011). The highest values of the SPAN
index are visible at the bottom of the profile.
Above the value, they are constant and oscillate
around 0.95.
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Fig. 11. Textural features of central zone sediments of gully E

explanations in Fig. 3

In the distal zone, based on changes in the val-
ues of the mean grain diameter and skewness, it
can be concluded that in the past there have been
numerous changes in the intensity of the erosion
and slope processes in favour of the predominance
of erosion, and then accumulation. The character-
istic feature of this profile is the constancy of the
sorting values — slight variations around the value
of 2. In the Mz-versus-c) relation, we recognise the
31 system, which refers to aeolian deposits of the
moderate climate zone, or overbank-pool deposits.
It is a characteristic system for low-dynamic sedi-
mentological environments with low variation of
transport force. Two groups of points can be dis-
tinguished here, i.e. one with values below 4 phi,
the other with values above 4 phi. The former most
likely relates to the erosive stages of washout
and/or aeolian processes, where the finer grains are
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washed away/blown away, while the latter most
likely relates to periods with increased accumula-
tion. It is well visible in the particle-size distribu-
tion frequency curves. In the first group, there are
curves with the largest particle size in the range of
values 1-2 phi. The second group consists of
curves, the share of grains in the size of 5-6 phi is
dominant, and the sorting takes place in the coarser
fraction or accumulation of aggregates. In the Pas-
sega C/M diagram, the samples are in field VI/VII
(44.4%) and field V (56.6%) and simultaneously in
the P—Q segment and in the Tc zone (Fig. 12). This
demonstrates the domination of the low grain-
transport force in low-turbulence conditions (after
Passega 1964, Passega, Byramjee 1969; Szmanda
2011). This profile shows large fluctuations in the
SPAN index from 1t0 1.2.
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explanations in Fig. 3

Denudational valley F
(eastern part of the valley)

In terms of morphometry, this is similar to gul-
lies E and D. The gradients of the slopes amount to
a maximum of 15°, the current depth is approx. 2 m,
and the bottom is approx. 10 m wide.

Here, the sediments of the fan cover fluvio-
glacial sediments. Above, there are deposits of grey
silt to a depth of 104 cm b.g.l. Next, there are light-
brown fine sand, slightly silty. At a depth of 66 and
29 cm b.g.l. there are single charcoals. Here, the
thickness of the sediments of the fan is less than 2 m.

From the bottom to the depth of 65 cm b.g.l.,
slight fluctuations in average grain diameter are
noted. This could indicate a stable accumulation en-
vironment or stable permanent sediment feed, but
strong fluctuations in sorting are noted from the floor
to a depth of 110 cm. For all samples, the 1% system
can be specified in the Mz-versus-o; relation, where
an environment characterised by high variability of
the force transporting the material. Periods of short-
term increased flow are separated by periods of low
flow dynamics. In low-dynamic periods, sorting of
the material by transport by saltation dominates. Dur-
ing periods of increased flow, there were rapid drops
in the transport force, and as a result the accumulation
of coarse material prevails (Mycielska-Dowgiatto
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1995). From 222 cm to 122 cm b.g.l. the 1% system is
recognised. Then, fromadepth of 112to65cmb.g.l.,
relatively constant Mz values and a slowly deteriorat-
ing sorting are visible. This indicates a change to the
4™ system, i.e. slope sediments formed by splashing
of rain drops. The top part of the profile (62—28 cm
b.g.l.) is transformed into the 3" system, where the
dynamics of the sedimentological environment are
low, with low variation in the transport force. For the
entire profile, in relation Mz-versus-c,, the samples
assume the 1% system. For this profile, the code can
be used: 1%(1%,4™ 3" system. The vast majority of the
particle-size distribution frequency curves are multi-
modal. This may indicate multiple transformations of
previously accumulated sediments or poor transfor-
mation of source sediments. In the Passega C/M dia-
gram, more than 94% of the samples are in the VI/VI
and they are very close to Q-R segment (graded sus-
pension) and Tc zone. In turn, one sample (6062 cm
b.g.l.) is located in | segment, where traction deposi-
tion dominates with a small share of suspension. At
the same time, this sample is in the O-P segment
(rolling with some grain transported in suspension)
(Fig. 13C) (after Passega 1964; Passega, Byramjee
1969). Throughout the profile, the SPAN values re-
main relatively constant at around 1. The only excep-
tion is the depth of 6062 cm b.g.l., where the value
is 2.5.
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explanations in Fig. 3

Denudational valley G
(eastern part of the valley)

In the morphology and morphometry of the
gullies, this one does not stand out from gullies D,
E and F. The bottom of the fan up to 130 cm b.g.l.
(in the central part) is made of fine silty sands with
fine clay balls. Above, there are fine sands, weakly
laminated. The top is made of fine and medium
brown sands.

The sediments of this fan have high mean
grain diameters (4-6 phi) and poor or very poor
sorting. Based on sedimentological indicators, two
units can be distinguished: the first from the bot-
tom to a depth of 132 cm b.g.l., the second from
130 cm b.g.l. to the top. The first fragment demon-
strates fluctuations in the mean grain diameter,
sorting and skewness. In the Mz-versus-c; relation,
the 2" system is distinguished. In the second frag-
ment, the charts are expropriated. From the depth
of 92 cm b.g.1., a steady, slow decrease in the mean
grain diameter is visible. On the other hand, an
“arc” is visible in the skewness diagram. Here the
samples also assume the 2™ system. In this system,
sorting takes place mainly in coarser fractions and

175

periodic supply of poorly sorted material. It is
characteristic of, among other things, slope wash
deposits. In the other hand, for the entire profile, in
the Mz-versus-c; relation, the features of the 1% sys-
tem can be found. For a detailed distinction, it
would be necessary to use the following notation:
154(2m, 2" system. The particle-size distribution
frequency curves are usually unimodal, and less
often bimodal and trimodal. All curves are basi-
cally expropriated — no mod hits 8%. For single
samples, a large share of rolling in the transport of
grains is marked, and saltation prevails. However,
there is also a significant share of transport in sus-
pension. This is most likely the result of the wash-
ing of clay balls. In the Passega C/M diagram, 85%
of the samples are in field VI/VII and 15% are in
field 1l (dominant deposition from traction with
a small proportion of suspension). A few samples
are in the Tc zone, but most of the samples are out-
side the transport field segments (they are close to
the Q-R segment) (Fig. 14C) (after Passega 1964,
Passega, Byramjee 1969). From the bottom to
a depth of 122 cm b.g.l., large fluctuations in the
SPAN value are visible, above this depth the val-
ues are characterised by uniformity.
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explanations in Fig. 3

Discussion

Sedimentological characteristics of
the Sertaya gullies and denudational valleys

Deluvial sediments can often retain the character-
istics of the source material (Smolska 2005;
Twardy 2008; Kittel 2014; Majewski 2017; Piech
et al. 2018).

In the diagram of the Mz-versus-c; relation,
the vast majority of the obtained points are ar-
ranged according to the 2"system after Mycielska-
Dowgiatto (1995) and Mycielska-Dowgiatto, Lud-
wikowska-Kedzia (2011) (Fig. 15). However, the
situation is much more complex, as shown in Table
2. The studied deluvia are characterised by the
dominance of grains with a size of 3-4 phi, but the
sizes may be different, depending on the source
material. The recorded sorting also varies from
poorly sorted to well sorted material, except that
poorly sorted sediments predominate. This is
mainly due to the short transport distance of grains
and the weak grain-transporting force. Positive
skewness values predominate. The 2" system in
the Mz-versus-c relation is typical for deluvial
sediments (Smolska 2005; Twardy 2008; My-
cielska-Dowgiatto, Ludwikowska-Kedzia 2011;
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Paluszkiewicz 2011; Kittel 2014; Ratajczak-
Szczerba, Paluszkiewicz 2015; Majewski 2017
Piech et al. 2018).

Western fans have unimodal curves and in the
M_z-versus-c relation they usually take the 2" sys-
tem (e.g. wash-out deposits). The Mz-versus-o; re-
lation shows that the sediments of the fans belong-
ing to gullies A and B are clearly closer to the be-
ginning of the system than the remaining sedi-
ments (Fig. 15). This separation may be influenced
by the source material. For gullies A and B, the
source material is mainly fine fluvioglacial sands,
while for the remaining gully, apart from the fluvi-
oglacial sands, there are also glacial tills.

The sediments of the western accumulative
fans (A, B) can be classified as deluvial sands after
Twardy (2008), where the grain size is predomi-
nant in the range of 1-3 phi, poor or medium sort-
ing is noted, and the skewness values are varied.
The 2" system is marked for these sediments after
Mycielska-Dowgialto (1995). The particle-size
distribution curves take an unimodal form. The
main processes shaping the series of deluvial sands
are linear rain-wash, which in upland areas creates
furrows that cross the accumulation level of soils.
The material was transported mainly by traction
and saltation, and the subsequent units are rela-
tively flat and continuous layers (Twardy 2008).
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Eastern fans have multimodal curves and as-
sume the 1%, 2", 3 and 4" systems. Moreover,
these sediments exhibit more complex Mz-versus-
ol relations. Eastern fans were also formed as a re-
sult of surface runoffs, but also rinsing from rain,
or solifluction and creeping. Perhaps the aeolian
factor also influenced the system of the Mz-versus-
oirelation here. In the investigated fans’ sediments
(C distal zone, D, E distal zone), segments were
found in which the graining characteristics in the
Mz-versus-o; diagram suggest the presence of the
2" and 3" system, which correspond to aeolian de-
posits of hot desert and aeolian deposits of the
moderate climate zone (after Mycielska-Dow-
giatto, Ludwikowska-Kedzia 2011). However, the
sediments of the studied fans are not in the area in-
tended for aeolian sediments in the diagram (Fig. 4
in Podgorski, Szmanda 2004).

The sediments of fans on the eastern side of
the Serteyka valley (gullies and denudational val-
leys D, E, F, G) can be classified as deluvial sandy
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silt in the concept of Twardy (2008). They are
characterised by fine fraction (values higher than
3 phi), poor and very poor sorting. They are also
characterised by weak affiliation to the 1% or 2"
system and usually positive values of skewness.
The particle-size distribution frequency curves are
polymodal, and the cumulative curves run in a way
in which it is impossible to clearly distinguish in-
dividual sections determining the form of tran-
sport. Twardy (2008) believes that such sediments
were formed in a low dynamic sedimentological
environment, where diffuse flushing prevailed,
which works mainly within the topsoil. Twardy
(2008) indicates that poor and very poor sorting is
the result of unstable runoff conditions on the
slopes. Smolska (2005) suggests that the poor sep-
aration of the population on the cumulative curves
may be typical for deluvial sediments, which is
confirmed by the results of Majewski (2017), alt-
hough the work of Paluszkiewicz (2011) and Kittel
(2014) managed to distinguish differences.
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Fig. 15. Graph of relationship between mean diameter and sorting for all tested sediments

1 — gully A central zone; 2 — gully A distal zone; 3 — gully B central zone; 4 — gully C central zone; 5 — gully C distal zone;
6 — C gully C STA profile; 7 — gully D central zone; 8 — gully E central zone; 9 — gully E distal zone; 10 — gully F central zone;

11 —qully G central zone
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The geological structure of the deluvia sepa-
ration does not affect the presented model (Twardy
2008). In the work of Twardy (2008), the source
material for slope sediments includes sands and
silts of kames, glacial sands and gravels, abla-
tionftill clays, and silty sands. At the same time,
cuts were formed on the slopes of kames, river ter-
races, fluvioglacial plains and the slopes of mo-
raine plateaus. The model is not affected by the ter-
rain relief area or large water arteries, nor by long-
lasting settlement traditions (after Twardy 2008).

The sediments of the western fans have lower
mean grains values than those of the eastern fans.
The deposits of the first group of fans are better
sorted and have larger ranges of values for skew-
ness and kurtosis.

Coarse sediments appeared in individual
places in the sediments of Serteya accumulative
fans, which can be interpreted as proluvia. Proluvia
are multi-grained sediments, with a predominance
of coarse grains, with poor or very poor sorting
with low or negative skewness values. Their parti-
cle-size distribution frequency curves can take var-
ious shapes. The 1% system (channel deposits) is
characteristic for these sediments, which is con-
firmed by the results of Smolska (2005) and
Twardy (2008).

In all relationships of sedimentological indi-
cators, there is a clear division between gullies
from the modern period and from the perigla-
cial/early Holocene period (Fig. 15). The modern
slope deposits are coarser and better sorted than the
older slope deposits. The observed system in the
diagram of the relationship Mz-versus-o; and Mz-
versus-Sk; is consistent with the concept of divid-
ing deluvia into deluvial sands and deluvial sandy
silt proposed by Twardy (2008). Where early-
modern sediments in Serteyka River valley corre-
spond to deluvial sands, and older deluvial sedi-
ments correspond to sandy silt. The Mz-versus-Sk
diagram in modern sediments (deluvial sands)
shows the tendency that the mean grain diameter
(in phi values) increases with skewness values
(Fig. 16). On the other hand, in the perigla-
cial/early Holocene sediments (deluvial sandy
dust) there is a tendency that the skewness values
decrease with an increase in the mean grain diam-
eter (in phi values).

In the Mz-versus-Kg relation, early modern
sediments fall mainly in one grain-size range (3-4
phi), but there is a significant differentiation in the
values of kurtosis, where leptokurtic distributions
dominate. The sediments usually oscillate around
one kurtosis value, but there is a large grain-size
range. In the oi-versus-Sk; relation, a very clear
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positive trend is visible in early modern sediments,
with predominant samples with better sorting than
in older sediments. For the latter, the population of
points is placed parallel to the skewness axis. In the
or-versus-Kg relation, new sediments form a point
cloud with a relatively high degree of dispersion,
while older sediments accumulate around the value
of 1 phi for kurtosis and 1.5 to 2.5 phi for sorting.
In the Kg-versus-Sk; relation, the points for both
series “‘start” in the same field, i.e. 1 phi values for
kurtosis and O for skewness. Further, the popula-
tion of samples for modern sediments follows
a positive trend, while samples of older sediments
accumulate around the value of 1 phi for kurtosis,
with strongly different values of skewness.

The description of the Mz-versus-o; and Mz-
versus-Sk; relationships for deluvial sandy silt (af-
ter Twardy 2008) can also be extended to include
trends for other relationships of sedimentological
indicators. Characteristic features of this type of
sediment also correspond to the features of sedi-
ments from the periglacial/early Holocene period.
Perhaps the described features (as well as the con-
cept) can be implemented in the recognition of
slope deposits from this period, and perhaps they
can be considered as typical features.

In the Passega C/M diagram, the sediments of
the western fans are in fields 1-VII, but the domi-
nant fields are V (gradation suspension transported
under moderate turbulence) and VI/VII (gradation
suspension transported in conditions of low turbu-
lence characterised by a different particle-size dis-
tribution). Segment P-Q (graded suspension with
some grain transported by rolling) dominates in
transport, and Q—R segment (graded suspension) is
also common. In all profiles, the samples were ar-
ranged in the Tc zone, which corresponds to the
dense runoff. Western deluvia are formed as a re-
sult of dispersed and/or concentrated surface run-
offs, with different dynamics. The very short time
of gully A and B development indicates that there
was less chance of multiple redeposition of sedi-
ments within the fan, and that human activity, in-
cluding plowing within the upland, had a direct im-
pact on the formation of these fans (Piech et al.
2018, 2020; Ginter et al. under review).

The sediments of eastern fans in the Passega
C/M diagram are located mainly in field VI/VII, so
the deposition took place from the gradation sus-
pension transported under low-turbulence condi-
tions and from a homogeneous suspension with
different graining. At the same time, the P—Q seg-
ment and the Tc zone dominate here. Older depos-
its of D, E, F and G fans were accumulated and
then could be transformed many times during
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Fig. 16. Relationships of sedimentological indicators for sediments of western and eastern fans (in phi scale)

1 —deposits of A and B fan; 2 — deposits of D, E, F, G fan; 3 — deposits of C fan

different and changing environmental conditions.
The accumulation of these sediments could have
continued (perhaps intermittently) after the retreat
of the Weichselian (Valdai) ice sheet.

In the Passega C/M diagram, proluvia’s points
accumulate in the areas of deposit environment
types I, Il and 111. The deposition is from traction
with a small share of suspension dominates and at
the same time are in the transport segments (or
close to them) N-O (rolling) and in O-P (rolling
with some grain transported in suspension). This is
consistent with the analyses of Smolska (2005),
although in her results, the progeny accumulated in
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the P-Q and O-P segments. Proluvia arise as a re-
sult of concentrated surface runoff, sometimes of
extreme intensity (Smolska 2005; Twardy 2008;
Piech et al. 2018). The particle-size distribution
frequency curves for proluvia are unimodal with an
elongated left slope as demonstrated by Twardy
(2008). By contrast, for the gully A fan, the prolu-
via are polymodal, with an elongated left and right
slope of the curve (Piech et al. 2018). The cumula-
tive curves show a clear advantage of traction in
the grain-transport process (Twardy 2008; Piech et
al. 2018).
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For fans A and B, the average value of the
SPAN index is 0.8 with a range of 0.3 to 2.7. For
fans D, E, F and G, the mean of the index is 1.2
(0.7-3.2), while for fan C, the mean is the highest
and amounts to 1.4 with a range from 0.7 to 3.1.
This suggests that fans A and B show the greatest
environment dynamics, while for the remaining
fans the variability of the sedimentological envi-
ronment is slightly lower (cf. Warrier et al.
2016).The arithmetic mean of the SPAN index for
all samples is 1.1, with a range of 0.3-3.2. These
results differ from the range of values for late Qua-
ternary lacustrine sediments, where the range is
from about 2 to even 7.8 (Warrier et al. 2016). In
turn, from the studies by Foster et al. (2008), the
SPAN range for lacustrine sediments ranges from
about 2 to almost 20 with the mean of the index is
6.83. Perhaps the SPAN index can be another pa-
rameter to distinguish deluvial sediments.

The sediments of fans A and B are concen-
trated in the fields with graining characteristics
similar to those of moraine tills, sandbed braided
river deposits and Vistula River overbank deposits
comparing with Podgérski and Szmanda’s re-
search (2004). In turn, the features of the sediments
of the C, D, E, F, and G fans are similar to the fea-
tures of the sediments of moraine tills, Vistula
River overbank deposits and varved clays from
Podgorski and Szmanda’s research (2004).

In almost all samples, the particle-size distri-
bution curves show that the curves for particle size
finer than 6 phi are arranged almost identically to
each other (with different particle size shares). The
lower fraction content in the samples is the result
of the fraction size limits marked during lithologi-
cal studies (Szmanda 2011 — further literature
there). The greater or lesser content of the individ-
ual fraction ranges is also caused by Tanner gaps.
These are the ranges determined by Tanner (1958),
where when changing the value of Mz decreases
the grain diameter of the basic fractions (Szmanda
2011). For the investigated sediments of accumu-
lative fans, the decrease in the frequency of grain
occurrence is noticeable mainly in the range of 9-
10 phi, but also, to a lesser extent, in the range of
5-6 phi.

To determine all the characteristic deluvia pa-
rameters, detailed statistical analysis should be
performed, the analysis of which goes beyond the
accepted scope of this paper. Statistical analysis
that would be worthwhile include analysis of vari-
ance and F. Snedecor's test, which check the valid-
ity of grouping sediments. This method was used
by Turkowska (1991), who in her research showed
that the statistical analysis of the particle-size
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distribution can determine the features of the river
sedimentation environment. The graining indexes
differentiate channel and overbank alluvia at the
significance level of 1%, where Mz has the greatest
differentiating power (Turkowska 1991).

The erosive area of western gullies is most
probably much larger than that of eastern gullies.
The result is a longer transport route for the grains
and a greater chance of better sorting of the mate-
rial. In the vicinity of gullies A and B, there are lay-
ers of clay of small thickness and they are located
several dozen metres away from the studied gullies.
Thus, the proportion of clay balls in the fan’s sedi-
ments may be lower. In addition, clay balls were
found only in proluvial layers, not in the deluvial de-
posits. Most likely, during heavy downpours, the
erosion surface at the upland was much larger and
perhaps it cut the layers of clay further away from
the gullies. Human impact, i.e. land deforestation,
agricultural use of the upland may have an impact
on the breaking up aggregates and a greater share of
the smallest fractions. The result may be the uni-
modality of the deluvia of fans A and B.

Gullies and denudational valleys D, E, F and
G may have been formed during the Late Weich-
selian, which is suggested by their poorly deline-
ated morphology and filling of the bottom with
deluvial sediments. Fan deposits directly cover flu-
vio- and limnoglacial deposits, so it was not possi-
ble to date them using the **C method. This also
suggests the older age of these forms. In the lower
part of these denudational valleys, finer grains are
definitely more common. They may have been de-
posited as a result of aeolian processes, which is
partially confirmed by the results of the in the dia-
gram of the relationship Mz-versus-c; analysis.
This is most likely the result of exposed ground
and sparse vegetation. This is confirmed by the re-
search of Taravov et al. (2019), where patchy veg-
etation with tundra-steppe and forest associations
for this period was documented in biogenic sedi-
ments from the Serteyka region.

The deposits of fan C have been accumulated
since the early Holocene, as evidenced by the pres-
ence of these deposits directly on kame sediments.
This is also evidenced by the points in the relation-
ships of sedimentological indicators, the greater
part of which accumulates with the points corre-
sponding to the eastern fans. Some of the samples,
however, are in the population corresponding to
modern settlements. It can be assumed that gully C
and its fan were rejuvenated in the modern period.

The clay on the eastern slopes is in the imme-
diate vicinity of the denudational valleys, and its
thickness is greater. The multimodality of the sedi-
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ments of the eastern fans is associated with the
washing of clay surfaces, and further with the
transport of whole grain aggregates combined with
clay and their subsequent erosion. In the process of
shaping gullies, which is assumed to be periglacial,
solifluction and runoff processes take place, and
perhaps also the processes of stripping and falling
off the frozen fragments of the gully’s slopes and
their subsequent washing out (see Klatkowa 1965,
1989; Twardy 2008; Paluszkiewicz 2011; Tylman
2011; Belyaev et al. 2020). As a result of these pro-
cesses, the sediments are mixed, with almost no
sorting, which results in poor and very poor sort-
ing. The so-formed covers were then cut open and
blurred by the processes of linear erosion and sur-
face runoff. Another important element was the
runoff of water on the frozen ground, and then the
erosion of the adjacent layer (Klatkowa 1965;
Majewski 2008; Tylman 2011; Karasiewicz et al.
2019). Inturn, Panin et al. (2011) believe that slope
wash was the main process shaping the slopes dur-
ing the decline of the last ice age. Massive sands
and sandy silts interpreted as colluvia (with a mas-
sive structure) could have arisen as a result of
creeping (Majewski, Paluszkiewicz 2019). In turn,
massive sands and silty sands (with an average
grain diameter from -0.5 to 6.3 phi and with a poor
and moderate sorting) could also arise as a result
of flushing occurring in the Late Weichselian and
the early Holocene (Karasiewicz et al. 2019).
Boulder levels are associated with gravitational
movements within the slopes in the cold periods of
these periods (Tylman 2011; Majewski 2014;
Majewski, Paluszkiewicz 2019). To the Late
Weichselian, in the denudation valleys of the £.6dz
Upland (Central Poland), series of fine-laminated
sands are documented, and under them there are
Plenivistulian boulder horizons (Klatkowa 1965,
1989). In the denudation valleys from the Plenivis-
tulian, sandy-silty series were also found (Twardy
2008). Their mean grain diameter varies from 1 to
4.5 phi, with poor and very poor sorting. The skew-
ness values are positive but stay close to 0. Vistu-
lian slope sediments are unimodal, with the domi-
nant mode falling to values close to 2 phi (Twardy
2008). Smolska (2005) notes that some of the slope
sediments were deposited in the periglacial and
early Holocene periods. This material is laminated
and is deposited on glacial and fluvioglacial sedi-
ments, and has a thickness of about 0.5 m. In the
top, soliflucent structures and a lack of organic
matter were noticeable. The slope sediments from
this period are better sorted than the Holocene
deluvia. This is due to a large content of aeolian
material (Smolska 2005).
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In Stochlak’s (1996) distinction, sandy, sandy-
silty sediments, often characterised by lamination,
belong to the “proper” Holocene deluvia. They are
characterised by a large amount of humus admix-
ture and rhythmic layers. This author also distin-
guishes agricultural deluvia, which are identical to
tillage diamicton (Sinkiewicz 1998; Smolska
2005; Twardy 2008). On the other hand, Teisseyre
(1994) distinguishes deluvial soil sands as detrital
sediments composed of soil lumps, where they
constitute more than 75% of the sediment volume.

The western and eastern gullies also differ in
terms of morphology and morphometry. Western
forms were cut further and deeper into the area of
the upland. The slope can reach even 70°, and the
slopes within the ravines are short. Their upper
edges are sometimes jagged due to modern erosion
processes. The bottom of the gullies in its upper
part has a V-shaped character, while at the mouth
it has a U-shaped form. The bottom is additionally
incised due to early modern erosion. The fans
formed at the mouths of these forms may be up to
70 m long and up to 60 m wide, and are visible in
the relief. It should be mentioned that the western
slopes of the Serteyka River valley are steeper than
the eastern slopes.

The gullies and denudational valley on the
eastern side of the valley are much shorter than the
western forms. Their slopes are long and have gra-
dients of up to 20°. The whole forms are poorly
defined in the morphology of the terrain relief and
has a U-shaped character. The bottom is wide and
flat, and filled with deluvial sediments. Modern
erosion phases have not been documented here.
The fans in this zone are very poorly visible — they
are partially buried by lake sediments (mainly gyt-
tja), as well as overbank alluvia.

The chronology of gullies

The slope processes within the Serteyka River val-
ley most likely began shortly after the last ice sheet
receded in the Late Weichselian. At that time, the
water from the melting blocks of dead ice was dis-
charged to channels and to/from depressions con-
ditioned by uneven fluvioglacial procesess (Klat-
kowa 1965, 1989; Sinkiewicz 1989; Smolska
2005; Majewski 2008). Periglacial conditions pre-
vailed at that time, i.e. no compacts of vegetation
and frozen ground. Solifluction, rain-wash and
thaw processes acted on the slopes. In turn, the fac-
tors influencing the development of nivation hol-
lows are solifluction, frost ventilation and flushing
(Thorn, Hall 2001; Paluszkiewicz 2014; Rataj-
czak-Szczerba, Paluszkiewicz 2015). The next
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stage in the development of valleys and gullies was
the Belling, when the temperature increased
slightly, which resulted in permafrost thawing and
the erosion phase (Kozarski 1995; Marks 1996; To-
bolski 1998; Hoek 2001; Majewski 2008). In the pe-
riod of 20-15 ka BP, the oldest gorges/gullies and
small river valleys could have been formed in East-
ern Europe (Belyaev et al. 2005, 2020; Panin et al.
2009). In the Early Holocene (10.3-8.4 ka BP), the
development of valleys was stopped by the devel-
opment of plant cover (Starkel 1990 — further liter-
ature there; Twardy et al. 2014; Twardy 2017).

Panin et al. (2011) describe the stages of gully
erosion that took place in the Russian Plain during
the Holocene. These phases were in the periods:
6200-5900, 5500-5200, 4600-4300 and 3600—
3000 cal. years BP. In the Serteya region in the pe-
riod of 5.9-4.2 cal. BP, the local climate could
have been shaped by a lake-river system (Mrocz-
kowska et al. 2021a). During this period, humer-
ous fluctuations in the water level in the Great Sert-
eya Palaeolake Basin were recorded (Tarasov et al.
2019; Kittel et al. 2020, 2021; Mroczkowska et al.
2021a; Wieckowska-Liith et al. 2021).

Short episodes or single episodes of increased
erosion occurred at the Russian Plain also as fol-
lows: 4700, 3800, 3000, 2200, 1800 and 900 years
BP (Belyaev et al. 2005, 2020; Panin et al. 2009),
which may partially correlate with the wet phases
defined by Starkel (1990 — further literature;
Starkel et al. 2013). They were correlated within
creased activity, e.g. rivers or landslides. In turn,
on the slopes of the Serteyka River valley, a signif-
icant intensification of the slope processes took
place in the period 3250-2500 cal. BC and 2200—
1500 BC (Kittel et al. 2020, 2021). Due to in-
creased rainfalls, from 3000 cal. years BP, some of
the studied gullies in Eastern Europe were created
(Belyaev et al. 2005; Panin et al. 2009). The period
1800-1500 cal. years BP corresponds to the next
phase of cutting up the surface of the plateaus. The
increase in the development of erosive cuts was
caused by the overlapping of climatic and anthro-
pogenic factors (Belyaev et al. 2005; Twardy
2008, 2017; Panin et al. 2009, 2011; Zgtobicki et
al. 2014; Kittel et al. 2018, 2020, 2021). The bot-
toms of periglacial valleys were built up in the Hol-
ocene by deluvia as a result of rain-wash, and then
cut open due to human-induced gully erosion
(Twardy 2017). It was during this period that gully
C was most likely formed, the lateral STA accu-
mulative fan of which is dated after ca. 3700 BC.
However, it is very close to the slope, making the
dated sediment vulnerable to the redeposition of
older material.

183

Organic mud dated to 220+100 and 4304100
years conv. BP in the Central Plain of Russia,
which has been documented within the gully, has
been accumulated as a result of increased linear
erosion and stripping of the humus layer from
higher areas (Belyaev et al. 2005). During this pe-
riod, an increase in the share of pollen from culti-
vated vegetation was noted in organic sediments
found within gullies and accumulative fans
(Belyaev et al. 2005; Panin et al. 2009, 2011).
From the 11" century AD, in the Central European
Lowlands, the importance of erosion in shaping
slopes increased. This was the result of human in-
fluence, and between the 14" and 16™ centuries
AD, another increase in human impact on gully
erosion was noted (Belyaev et al. 2005; Panin et
al. 2009, 2011). Intensive exploitation of the envi-
ronment took place in the 15" century AD, which
resulted in new road cuts being made, among other
things. Since the 17" century AD, in the Central
European Lowlands and in the Serteya region, in-
tense deforestation and soil erosion resulting from
agricultural activities have been recorded (Golosov
et al. 2017; Piech et al. 2018; Tarasov et al. 2019;
Lucow et al. 2020; Mroczkowska et al. 2021b;
Ginter et al. under review). These processes were
the cause of the development of gully erosion, and
further the formation of slope covers (Golosov
2002; Golosov et al. 2017). Fans A and B were
formed from the second half of the 17" century to
at least the 19" century AD (see Ginter et al. under
review). On the other hand, climate changes during
the Little Ice Age also caused increased gully ero-
sion (Twardy 2008; Panin et al. 2009; Zglobicki et
al. 2014; Piech et al. 2018, 2020; Ginter et al. un-
der review). During this period, the conditions
were decidedly humid in the Serteya region
(Mroczkowska et al. 2021b). In the 1990s, the ero-
sion processes decreased due to the shrinkage of
agricultural land. This was caused by, among other
things, the collapse of collective farms (Golosov et
al. 2017).

Conclusions

— Seven gullies and their accumulative fans
of various sizes and ages have been documented in
the lower part of the Serteyka River Valley within
the Great Serteya Palaeolake Basin.

— The gullies on the western slope of the val-
ley have a very distinct terrain morphology and are
dated to the modern period (gullies A and B).
Gully C may date to the periglacial period and been
“rejuvenated” from about 3200 BC.
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— Gullies and denudational valleys on the
eastern side of the valley (D, E, F, G) are poorly
legible in the relief. Their slopes are gentle, their
bottoms are filled with deluvial material and they
were most likely formed in the periglacial condi-
tions of the Late Weichselian.

— The complex geological structure of indi-
vidual fans was documented, consisting mainly of
fine sands with silty laminations, and also silts
(deluvial deposits), and sometimes various sands
with clay balls (proluvia) were recorded.

— These sedimentological features of the ac-
cumulative fan deposits indicate significant differ-
entiation of dynamics in the erosion-accumulation
environment.

— There are significant differences in the

sedimentological characteristics between the west-
ern and eastern gullies, which indicates differences
in the deposition conditions, the characteristics of
the source material, and perhaps the time period
over which the sediments were deposited.
The sediments of modern fans were de-
fined as deluvial sands, while the sediments of
older fans are deluvial sandy silts (after Twardy
2008). In turn, the sediments of fan C have the fea-
tures of both deluvial sand and deluvial sand silt.

— The features of deluvial sandy silts (after
Twardy 2008) can be extended to include analysis
of other sedimentological indicators.

— The use of the aforementioned analysis
and sedimentological methods allowed for a de-
tailed characterization of slope sediments. It also
allowed for an interpretative extension of the rela-
tionship between individual sedimentological indi-
cators.

— Sedimentological analysis allowed for the
determination of lithodynamic conditions that
shaped the deposition of slope sediments.

— The proposed extended record of the sys-
tems of relations between sedimentological indica-
tors allowed for a more detailed description of the
tested samples from individual profiles.
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