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Abstract: The study was conducted in the Rzymsko esker, in the Eastern part of the Turek Upland Plain, within 
the range of the Warta Glaciation (Saalian II). The form was accumulated in a tunnel valley, which was partial-
ly filled with esker sediments. Lithofacies analysis, extended by a detailed analysis of clasts, made it possible to 
identify a considerable variability of sedimentation conditions. At the initial stage, transport and accumulation 
of sediments took place in the conditions of high energy hydraulic flows or hyperconcentrated flows. The flow 
energy rose cyclically, which was recorded as sediments coarsening. Deposits of boulders as well as massive and 
cross-bedded gravels were identified, a record of catastrophic glacial floods. During the later stage of esker forma-
tion, sandy and gravelly sediments were accumulated in an open crevasse. The strong erosional force of subglacial 
water is confirmed by an extremely high content of local rocks in the gravelly fraction (30–87%) and its very good 
roundness. Zingg shape analysis (1935) revealed a clear predominance of oblate forms among local clasts and 
equant fennoscandian erratics. A dependency was also found between the processing method and petrographic 
characteristics.
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INTRODUCTION

Fluvioglacial processes responsible for forming 
the Rzymsko esker operated in a subglacial tunnel 
valley and an open crevasse (Jaksa 2003). These 
environments have been described in the litera-
ture (Warren & Ashley 1994, Brennand 1994, 
2000, Brennand & Shaw 1996, Delaney 2001, Fard 
& Gruszka 2007, Pisarska-Jamroży & Zieliński 
2012). However, the significant dissimilarity of 
conditions present in individual cases still leaves 
many issues to be discussed. Sediments analysed 
in eskers prove diverse dynamics of the environ-
ment of their deposition, which is reflected in the 
different lithofacies and textural characteristics of 
the sediments. In the sediments of the Rzymsko 

esker, a high content of local rocks and their good 
roundness have been reported (Jaksa 2003, Czyż 
et al. 2008, Rdzany 2008, 2009), but no more de-
tailed analyses have been conducted so far. In or-
der to precisely determine the characteristic fea-
tures of the sediments, the author conducted 
shape and roundness analyses of gravel clasts and 
determined the share of local rocks. Determina-
tion of textural characteristics of sediments is 
important for estimating the length of sediment 
transport and erosional forces which operated in 
the given environment. The conditions present 
in tunnel valleys or crevasses provide informa-
tion on the features of the ice sheet and often also 
on the nature of its deglaciation (Delaney 2001). 
The aim of the conducted research is to determine 
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the conditions present during the deposition of 
sediments of the Rzymsko esker and to provide 
a better understanding of the relation between the 
structural and textural features of the sediments 
and the dynamics of the environment. The Rzym-
sko esker was formed during Saalian II (Fig. 1A) 
and broadening of the knowledge about the pro-
cesses which occurred in the ice sheet drainage 
system is another aim of the study.

GEOLOGICAL SETTING

The Rzymsko research site is found in the south-
ern part of the esker ridge, which is located in the 
central-eastern part of the Turek Plateau, accord-
ing to regionalisation of Kondracki (2001) (Fig. 1B). 
The esker’s orientation is nearly meridional, with 
a slight NNW to SSE deviation. Continuity of the 
ridge is broken by the Teleszyna and Struga Mi-
kulicka valleys, which divide it into three sections 
(Figs 1B, 2). The longest, 4-kilometre southern frag-
ment stretches between Rzymsko in the south and 
Kolonia Linne in the north. It reaches the elevation 
of about 147 m a.s.l. at its highest point. The relative 
height values between the form’s ridge and base 
reach 20 m, which makes it clearly prominent in the 
landscape. The central section runs along the Tel-
eszyna valley to Mikulice in the north. It is charac-
terised by less diverse relief. The last section, locat-
ed to the north of Mikulice, is recognised as a kame 
in the geological map (Czyż et al. 2004), and as an 
esker in the geomorphological sketch (Czyż et al. 
2008). The author shares the opinion that this form 
is a continuation of the esker. The esker partially 
fills a tunnel valley (Czyż et al. 2008, Frydrych & 
Rdzany 2015), a fragment of which stretches along 
the eastern edge of the landform (Fig. 2). 

The study area is located in the central part of 
the Mogilno-Łódź basin. The bedrock is built of 
Maastricht sediments, dominated by grey, sandy 
and clayey marls at some places (Czyż et al. 2008). 
The material was eroded and transported by sub-
glacial water. The analysed form is surrounded 
mainly by flat and undulating moraine plateaus 
and fluvioglacial plains. The course of the Rzym-
sko esker corresponds to the Teleszyna valley, 
which once functioned as the outflow path of melt-
water during deglaciation of the Warta ice-sheet, 
and its foundations are probably older than the 

Fig. 1. Study area: A) Location against ranges of glaciation 
extents in Poland; B) Location of the research site (1) against 
the background of landscape relief and the physicogeographi-
cal divisions by Kondracki (2002) (2)

A

B

Odranian Glaciation (Klatkowa & Załoba 1991). 
The Rzymsko esker and the dominating morpho-
logical and lithological features of the surround-
ing area were shaped during the Warta Glaciation 
(Saanian II), which was the most recent glaciation 
to encompass the analysed area (Fig. 1A).
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METHODS

The present research was conducted in a gravel 
pit in Rzymsko (Fig.  1B). The structure and tex-
ture of the sediments was determined using Miall’s 

lithofacies code (1978) including its later modifica-
tions (Zieliński & Pisarska-Jamroży 2012). Three 
thickness classes were defined for sediment descrip-
tion: small scale (<6 cm), medium scale (6–30 cm) 
and large scale (>30) (Pisarska-Jamroży 2006). 

Fig. 2. Location of the research site (16) against the geomorphological forms on the basis of the modified geomorphological sketch 
(Czyż et al. 2008): 1 – moraine plateau, 2 – fluvioglacial plains, 3 – moraine hills, 4 – eskers and forms of crevasse accumulation, 
5 – kames, 6 – kame terraces, 7 – kettle holes, 8 – tunnel valleys and meltwater valleys, 9 – dunes, 10 – sand plains, 11 – peat 
plains, 12 – dead ice holes, 13 – erosional high terraces, 14 – high terrace, 15 – bottoms of river valleys and flood plains
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For sediments of the gravelly fraction, analysis 
of clast shape and roundness was performed. At 
several spots of the outcrop, samples of gravelly 
sediments were taken, from which the 8–16 mm 
and 16–32 mm fractions, referred to as medi-
um and coarse gravels according to Wentworth 
(1922), were isolated using screens. Then, 50 clasts 
from each fraction were selected and their length 
(DL – long axis), width (DI – medium axis) and 
thickness (DS – short axis) were measured. This 
was the base for calculating the elongation ra-
tio: DI/DL, flatness ratio: DS/DI (Zingg 1935) and 
maximum projection sphericity: ψp = (DS

2/DLDI)1/3 
(Sneed & Folk 1958). A total of 700 clasts were 
analysed, including 200 clasts in the 16–32 mm 
fraction and 500 clasts in the 8–16 mm fraction. 
The relation between the elongation ratio and flat-
ness ratio was used for drawing a Zingg diagram 
(1935). The diagram made it possible to divide 
the analysed clasts into four classes: oblate (disc), 
bladed, equant and prolate (rod). Roundness of 
the clasts was analysed by comparing their shape 
in the largest plane to the visual chart compara-
tor by Krumbein (1941). The chart was used for 
distinguishing nine classes of roundness (1 – very 
angular, 9 – well rounded).

During field observations, a high content of lo-
cal rocks was found in the gravelly and boulder 
formations. In order to analyse their content in 
more detail, the proportion of local clasts to fen-
noscandian ones was determined in the 8–16 mm, 
16–32 mm and boulder fractions (>256 mm). On 
the basis of the measurements, their shapes and 
roundness were compared.

In the coarse-grained sediments, the maxi-
mum particle size (MPS) was measured, as the 
mean value of the medium axis length (DI) of ten 
largest clasts in the stratum. When the measure-
ment of DI was impossible due to the excessive size 
of the boulder in the outcrop, the largest visible di-
ameter was measured. This parameter is regarded 
as one of the most adequate for determining flow 
competence (Bluck 1967, Brodzikowski 1992).

On the basis of grain size parameters of the 
sediments, a palaeohydrology analysis of meltwa-
ter flows that occurred were conducted. The meas-
urement of MPS was a base for calculating average 
velocity (Vav). It was determined using the Costa 
(1983) formulae: Vav = 0.18 DMPS

0.49, where Vav [m/s],  

DMPS [mm], which is used for gravels. Similar anal-
yses have frequently been performed in palaeogeo-
graphic research (Zieliński 1993, Zieliński & van 
Loon 2003, Pisarska-Jamroży & Zieliński  2012, 
Szmańda 2010).

FACIES DESCRIPTIONS 
AND DEPOSITIONAL CONDITIONS

Esker sediments are characterised by very high di-
versity and vertical and horizontal variability. Its 
core is dominated by coarse-grained sediments, 
and the flanks – by fine-grained sediments, which 
is a typical feature of this type of forms (Michal-
ska 1971, Brennand 1994). Within the outcrop, 
14 lithofacies were identified, which were present-
ed in Figures 3–5. The central part of the outcrop 
reveals a complex formed by BGm, BGp, GBp, Gp, 
Gt, Gm, SGp, Sp, Sl and Sh lithofacies, whereas the 
marginal parts contain Gm, SGp, Sp, Sl, Sh and 
Sr lithofacies. Sediment thickness in the outcrop 
is about 10 m, which is only a fraction of the to-
tal thickness of sediments in the esker. Previous 
research (Jaksa 2003) conducted in the outcrop 
located to the north of the analysed one had re-
vealed that at a greater depth, there is a several-
metre thick stratum of massive gravels with clast-
supported texture.

Coarse-grained sediments
Massive clast and sand-supported 
boulders and gravels (BGm)
The BGm lithofacies occurs only in the esker core 
and reaches the thickness of about 0.6 m. It is su-
perimposed on a stratum of horizontally stratified 
gravels (Fig. 3A). These sediments are character-
ised by the presence of partially clast-supported 
and partially matrix-supported texture, made 
up of boulders and coarse and medium grav-
els. Maximum particle size (MPS) in the sedi-
ment is 44.4 cm and the largest measured diam-
eter reaches 60 cm. The boulder fraction is largely 
predominated by clasts of local rocks, character-
ised by very good processing and a high degree 
of roundness. This lithofacies originated as a re-
sult of a meltwater flood in a tunnel valley, which 
may have taken place after an episode of increased 
ice-sheet ablation or a release of a small subglacial 
reservoir. 
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Fig. 3. Coarse-grained sediments: A) lithofacies of massive boulders and gravels and gravels with sandy matrix, separated with 
horizontally stratified gravels; B) planar cross-bedded gravels and sand-supported boulders and gravels; C) planar cross-bed-
ded gravels in a large scale set; D) megaclast of local rocks in planar cross-bedded gravels; E) trough cross-bedded gravels with 
normal grading and openwork texture; F) planar cross-bedded gravels and sandy gravels with openwork structure; G) normal 
grading massive gravels; H) planar cross-bedded gravels and gravelly sands with megaclasts

A B

C D

E F

G H
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Transport occurred in a high-energy hyper-
concentrated flow (Maizels 1991, 1993, Knudsen 
& Russell 2002, Pisarska-Jamroży 2007). The ma-
terial was accumulated very rapidly as a conse-
quence of a sudden reduction of transport speed. 
Sediments of this type often constitute records of 
catastrophic flows (Maizels 1991, 1993, Zieliński 
1993, Russell & Marren 1999, Knudsen & Russell 
2002, Zieliński & van Loon 2003, Fard & Gruszka 
2007). 

Planar cross-bedded clast and  
sand-supported boulders and gravels (BGp/GBp)
Sediments of BGp and GBp lithofacies are revealed 
only in the central part of the form, and create the 
core of the esker. Their thickness in the outcrop 
reaches 1.5 m. Along with Gp lithofacies, they 
form a single set of at least 5 m in thickness. They 
are dominated by clast-supported texture, made 
up of boulders and coarse and medium gravels 
with a high content of sandy matrix (Fig. 3B).

MPS reaches 63.9 cm. The largest measured 
boulder diameter is 75 cm, but the literature men-
tions clasts of up to 1 m (Czyż et al. 2008). Sim-
ilarly to the BGm lithofacies, the boulder frac-
tion is dominated by highly reworked local rocks 
(95% of the 20 largest measured clasts were local 
rocks). The BGp and GBp lithofacies are a record 
of a flood in a tunnel valley. The transport took 
place in the conditions of a high-energy hydraulic 
flow, capable of traction-transporting of boulders. 
Sedimentation occurred in a deep channel with 
a catastrophically high flow discharge resulting 
from progradation of transverse bars (Baker 1984, 
Brennand& Shaw 1996, Rudoy & Baker 1993, Car-
rivick et al. 2004, Zieliński 2015).

Planar cross-bedded gravels (Gp)
The Gp lithofacies dominates in the central part 
of the esker, forming a considerable portion of 
its core. It is present in sets of medium and large 
scale, whose thickness exceeds 3 m. Along with 
the BGp and GBp lithofacies, they form a set 
of more than 4 m of thickness. It also often al-
ternates with the GSp lithofacies. The texture 
is made up of coarse and medium gravel and 
sparse boulders (Fig.  3C, 3D). Diversification 
of the content of coarse gravels and boulders is 
visible in the profile. Megaclasts of up to 65 cm 

were measured in the outcrop. Linear zones of 
larger concentration of coarser clasts are sepa-
rated with zones with a significantly lower con-
tent of such clasts, which constitutes a record of 
variable flow energy in the tunnel valley. There 
are also Gp strata which consist only of fine and 
medium gravels, without any content of coarser 
fractions (Fig.  3H). The sediments are dominat-
ed by matrix-supported texture and a high con-
tent of sandy matrix. They feature accumulations 
of coarse-gravelly clasts of local origin. There are 
instances of matrix-supported texture and strata 
of gravels devoid of matrix with openwork tex-
ture (Fig. 3F). They are one of the characteristic 
features of tunnel valleys and glacimarginal en-
vironments (Zieliński 1993, Maizels 1993, 1997, 
Fard & Gruszka 2007, Pisarska-Jamroży 2007, 
Gruszka et al. 2011). Sediments with a high con-
centration of gravelly clasts exhibit a considerably 
lower thickness than poorly-sorted sediments. At 
some places, normal and reverse fractional grain-
size distribution is visible, which is a record of 
the increasing and falling stages of flood. These 
sediments originated as a result of progradation 
of transverse bars or migration of 2-D dunes in 
flows that were heavily-loaded. The considerable 
thickness of sediments provides evidence for rap-
id aggradation and high supply of material (Jak-
sa & Rdzany 2002, Gruszka et al. 2011). The Gp 
lithofacies represents the environment of high-
energy flows. 

Massive gravels (Gm)
The Gm lithofacies is found in the central part of 
the esker, where it lies unconformably upon sedi-
ments of the Gp lithofacies and reaches the thick-
ness of up to 40 cm. They exhibit normal fraction-
al grain-size distribution and matrix-supported 
texture (Fig. 3G). The size of clasts decreases from 
medium to very fine gravels. Sediments of the 
Gm lithofacies are also revealed in the form of 
coarse gravels (cobble) with clast-supported tex-
ture without fractional grain-size distribution 
(Fig.  3A). Sedimentation of gravels with massive 
structure occurred in the conditions of supercriti-
cal flows, possibly in the conditions of upper flat 
bottom. That kind of sediments are interpreted as 
ones accumulated from a hyperconcentrated flow 
(Maizels 1993, Russel & Maren 1999).
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Trough cross-bedded gravels (Gt) 
The lithofacies is revealed in the central part of 
the esker. It occurs in large scale sets with thick-
ness of up to 1.5 m. In several strata, a clear fining 
of grain size towards the roof from medium and 
coarse gravels (pebble) to fine gravels (granule). 
Sediments of the Gt lithofacies are characterised 
by very good sorting, clast-supported texture and 
high packing density. Openwork texture is com-
mon (Fig. 3E). Their presence testifies to accumu-
lation in the conditions of supercritical high-en-
ergy flows, during which finer grains were carried 
away (Maizels 1993, 1997, Pisarska-Jamroży 2007, 
Fard & Gruszka 2007). The creation of openwork 
texture is considered as the result of effective sort-
ing on the transverse bars surface. Sand was car-
ried away in suspension, but energy of flow was 
too low to move bigger clasts (Wyżga 1993). Sedi-
ments of the Gt lithofacies originated as a result 
of migrating three-dimensional gravelly ripple-
marks in channels of considerable depth and high 
flow competence (Brennand & Shaw 1996, Carling 
1996, Rudoy 2002, Fard & Gruszka 2007). Direc-
tions of long axes of clasts are parallel to the gen-
eral orientation of the form.

Horizontally stratified gravels (Gh)
Sediments of the Gh lithofacies are sporadic in the 
outcrop. They are mainly made up of medium and 
fine gravels with thickness of up to approximate-
ly 0.5 m (Fig. 3A). They are quite well sorted, but 
contain sparse megaclasts. They were accumulated 
from a traction carpet under conditions of upper 
flat bottom in upper flow regime (Zieliński 2015). 
Transport and sedimentation may have occurred 
under hydrostatic pressure in a tunnel valley, with 
its complete filling. The condition of upper flat 
bottom is believed to be easily available in the en-
vironment of tunnel valleys (Saunderson 1981). 

Planar cross-bedded sandy gravels 
and gravelly sands (GSp/SGp)
The GSp lithofacies is common throughout the 
form, mostly as interbedding of the Gp lithofacies 
(Fig. 3F) or intermediate zone between the sedi-
ments of Gp and Sp lithofacies. Its thickness usu-
ally reaches several dozen centimetres. Sediments 
of the GSp lithofacies are mostly very poorly sort-
ed. They contain megaclasts at some places. The 

SGp lithofacies occurs mainly in lateral parts of 
the form and in its upper central part. Similarly 
to the GSp lithofacies, it sometimes interbeds with 
thicker sediments. It occurs in sets of medium and 
large scale and is characterised by poor sorting 
(Fig.  4A). These sediments originated as a result 
of progradation of transverse bars or migration of 
2-D dunes in the conditions of high-energy flows. 
The megaclasts which are present in the sediment 
may come from the top of the channel, when sedi-
mentation took place in subglacial conditions.

Sand-supported massive gravels (GSm)
Sediments of the GSm lithofacies occur in the up-
per, western part of the form, where their thickness 
reaches approximately 0.5 m. They are character-
ised by clast-supported texture, made up of coarse 
and medium gravels, with a considerable content 
of fine-grained, mostly sandy, matrix. These sed-
iments are in erosional contact with other litho-
facies. Their features correspond most closely to 
intermediate flow, between cohesive and granular 
flow (Harvey 1984, Pisarska-Jamroży 2012).

Sandy sediments
Planar cross-bedded sands (Sp)
The Sp lithofacies is present throughout the out-
crop, but its highest thickness values are reached 
in the central zone. It occurs in sets of medium 
and large scale. Thickness of individual bars 
reaches up to 2 m. They are formed mainly by 
coarse sands. Significant admixtures of gravels are 
common. It is poorly sorted (Fig. 4B). The geome-
try of laminae is straight or concave. The Sp litho-
facies is a record of transverse bars or migration 
of 2-D dunes which originated in deep channels. 
Accumulation took place at a considerable rate, 
which is evidenced by buried gravelly clasts. As 
the last link of the GBp – Gp – SGp – Sp sequence, 
it may correspond to the last falling stage of flood 
(Pisarska-Jamroży 2007).

Trough cross-bedded sands 
and gravels and sands (SGt and St)
Sediments of the SGt and St lithofacies are ex-
posed fragmentarily in lateral zones of the form. 
The SGt lithofacies occurs in sets of medium and 
large scale, and the St lithofacies – in sets of me-
dium and small scale (Fig. 4C). 
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In the eastern part of the outcrop, a very high 
content of local rocks is noticeable. Accumula-
tion of SGt and St sediments took place as a con-
sequence of migration of sandy megaripplemarks 
under conditions of lower flow regime in channels 
of significant depth (Pisarska-Jamroży & Zieliński 
2013).

Low-angle cross-bedded sands (Sl)
The Sl lithofacies occurs in the entire outcrop, in 
the central part of the vertical profile (Fig. 4B). It 
separates two complexes of coarse-clastic sedi-
ments. Its thickness may exceed 1.5 m. It is formed 
mainly by poorly sorted coarse-grained sands 
with sparse clasts of fine-grained gravels. Sedi-
ments of the Sl lithofacies originated in the con-
ditions of lower flow regime as a result of washing 
the ripplemarks out (Zieliński 1992, 2015).

Ripple cross-laminated sands (Sr)
Sediments of the Sr lithofacies were identified 
in the western, lateral part of the esker. Their 

thickness reaches approximately 1 m. They are in 
erosional contact with the lower-lying sediments 
of the Sp lithofacies, from which they are separat-
ed by a thin stratum of pavement (Fig. 4D). In the 
upper part, they are cut by Gm sediments. The Sr 
lithofacies is made up of well sorted fine-grained 
sands. It was formed as a consequence of ripple-
mark migration in a fairly shallow channel, at low 
flow energy (Carling 2013, Pisarska-Jamroży & 
Zieliński 2013).

Horizontally stratified sands (Sh)
The Sh lithofacies occurs in the upper part of the 
vertical profile of the sediments. The basal contact 
is not visible in the outcrop, which makes it diffi-
cult to precisely determine their thickness, which 
certainly exceeds 0.5 m. It is formed by quite well-
sorted, medium-grained sands. It is a record of 
accumulation in the conditions of upper flat bot-
tom, probably in an already open channel (Mai-
zels 1993, 1997, Zieliński 1992, Pisarska-Jamroży 
& Zieliński 2013).

A B

C D

Fig. 4. Sandy sediments: A) planar cross-bedded gravelly sands in a large scale set; B) large-scale sets of planar cross-bedded 
sands and sands with gravel and low-angle cross-bedded sands; C) sediments of trough cross-bedded sands and sands with grav-
el; D) ripple cross-laminated sands separated from planar cross-bedded sands with a cobbls



419

Geology, Geophysics and Environment, 2016, 42 (4): 411–427

Structural and textural response to dynamics of fluvioglacial processes of the Rzymsko esker sediments, Central Poland  

Fig. 5. Sedimentary logs from Rzymsko esker outcrop which show the most common lithofacies: BGm – massive gravelly boul-
ders, Gm – massive gravels, SGm – massive sandy gravels, BGp – planar cross-bedded gravelly boulders, GBp – planar cross-
bedded boulder gravels, Gp – planar cross-bedded gravels, GSp – planar cross-bedded sandy gravels, Sp – planar cross-bedded 
sands, Sl – low-angle cross-bedded sands
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FEATURES OF DEPOSITS 
AND INTERPRETATION 

In the analysed samples of gravels, the propor-
tion of local rocks to fennoscandian rock clasts 
was determined, and was found to vary consider-
ably within the outcrop. The mean content of local 
clasts in the 16–32 mm fraction is 55.3%, and in 
the 8–16 mm fraction – 46.2%. The content of fen-
noscandian clasts is 44.7% in the 16–32 mm frac-
tion and 53.8% in the 8–16 mm fraction. A slight 
majority of the analysed samples (57%) was dom-
inated by fennoscandian material, whose maxi-
mum content reached 70%. In strata with a high 
share of local pebbles, their content was between 
70% and even 87%. A considerable share of local 
material in esker formations has been discussed in 
the literature before. Salamon (2009) determined 
its content in an esker near Gogolin at 30–60% 
in the gravelly fraction. The subglacial environ-
ment is usually characterised by high dynam-
ics and erosional potential, which is why it gen-
erates deep tunnel valleys. In Poland, the valleys 
sometimes cut Quaternary sediments and make 
deep incisions in the Mesozoic bedrock. The local 
material of which the Rzymsko esker is built in-
clude mainly Cretaceous marls, which were erod-
ed and transported by subglacial water along the 
glacial drainage line. The variable content of local 
rocks in individual samples provides evidence for 
changeable supply of eroded material in different 
periods of sedimentation.

In the medium-grained (8–16 mm) and coarse-
grained (16–32 mm) gravel fraction, shape and 
roundness analysis of clasts was performed. While 
comparing the shape of clasts between the ana-
lysed fractions and clasts of local and fennoscan-
dian erratics, some regularities may be observed. 
In both fractions of local clasts, the oblate class is 
by far predominant (Figs 6–8). Grains of this class 
constitute on average 60.6% of all measured local 
grains in the 16–32 mm fraction and 67.5% in the 
8–16 mm fraction. Further distribution of content 
of individual classes for the 16–32 mm fraction is 
as follows: 16% – prolate, 13.1% – bladed and 10.3% 
– equant, and for the 8–16 mm fraction: 15.2% – 
bladed, 10.7% – prolate and 6.6% equant. The con-
tent of oblate grains for all samples of local clasts 
ranges from 45% to 80%, bladed clasts – from 5.4% 

to 21.7%, prolate – from 5.6% to 20.8% and equant 
– from 0% to 21.6%. The percentage distribution 
of shapes for fennoscandian clasts is complete-
ly different, where the equant class grains clearly 
predominate (Figs  6–8) constituting on average 
50.4% in the 16–32 mm fraction, and 48.65% in 
the 8–16 mm fraction. The second most frequently 
occurring are oblate clasts, which constitute 28.8% 
and 32.9% of grains respectively. Then there are the 
rod-like grains with 17.1% (16–32 mm) and 13.1% 
(8–16 mm). Bladed grains were the least numerous 
class, with the content of 3.8% (16–32 mm) and 
5.4% (8–16 mm). The content of the equant class in 
the analysed samples fluctuated between 35% and 
71.4%, oblate class grains – between 10.71% and 
55%, prolate grain class – between 0% and 25%, 
and bladed class – between 0% and 16.1%.

The mean value of the flatness ratio (Zingg 
1935) in the analysed sample differs significant-
ly between clasts of local rocks (0.555), and clasts 
of fennoscandian origin, for which it reaches 
0.722. It ranges between 0.231 and 1 for all clast 
(Fig.  9). In contrast, the elongation ratio (Zingg 
1935) does not reveal any noticeable differentia-
tion and amounts to 0.760 and 0.756 respectively. 
The range of values is between 0.438 and 1 (Fig. 9). 
A certain differentiation is visible in the distribu-
tion of the maximum projection sphericity (Sneed 
& Folk 1958). The average value of this ratio for 
the local clasts is 0.602, and for the fennoscandi-
an clasts – 0.729. The values range between 0.376 
and 0.965 (Fig. 9). The conducted analysis revealed 
that the dominant factor for shaping of clasts is 
their lithology. 

Roundness analysis of clasts based on Krum-
bein’s visual chart (1941) revealed that medium 
and coarse gravels in the esker are well reworked. 
Clasts of local origin are characterised by a high-
er degree of roundness, whose mean value for the 
16–32 mm fraction is 0.77 and for the 8–16 mm 
fraction – 0.8. Therefore, they can be regarded as 
well rounded. The average roundness value for 
fennoscandian clasts is 0.62 and 0.61 respective-
ly, which classifies them as rounded grains. The 
frequency distribution of individual roundness 
classes for the analysed samples is illustrated with 
Figures 6–8. The diagrams show that roundness 
of the local rocks is most frequently recorded in 
the 7–9 class. 
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Fig. 6. Grain shape classification (A) using the Zingg diagram (1935) and roundness (B) (Krumbein 1941) in the 16–32 mm frac-
tion of gravels of the Rzymsko esker: 1 – local rock, 2 – Fennoscandian erratic, 3 – local rocks, 4 – Fennoscandian erratics

A B
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Fig. 7. Grain shape classification using the Zingg diagram (1935) and roundness chart (Krumbein 1941) in the 8–16 mm fraction 
of gravels of the Rzymsko esker: 1 – local rock, 2 – Fennoscandian erratic, 3 – local rocks, 4 – Fennoscandian erratics

The fennoscandian clasts are most frequently 
placed in the 5–6 class, although in some samples, 
another mode occurs in the 7–8 class, which is re-
lated to a considerable content of fennoscandian 
carbonate rocks, which were much more easily 
abraded during transport than crystalline rocks. 
Such a high degree of roundness of the local rocks, 

despite fairly short transport, provides evidence 
for high energy of the flow present in the tun-
nel valley. Cretaceous marls of the local bedrock 
were easily abraded as a result of clasts colliding in 
streams of high flow competence. Their sharp edg-
es were reduced and their size decreased. Clasts 
were broken up and finer fractions originated. 
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Fig. 8. Grain shape classification using the Zingg diagram (1935) and roundness chart (Krumbein 1941) in the 8–16 mm fraction 
of gravels of the Rzymsko esker: 1 – local rock, 2 – Fennoscandian erratic, 3 – local rocks, 4 – Fennoscandian erratics 

Fig. 9. Distribution of the flatess ratio (A), the elongation ratio (B) and the sphericity (C): 1 – local rocks (16–32 mm), 2 – local 
rocks (8–16 mm), 3 – Fennoscandian erratics (16–32 mm), 4 – Fennoscandian erratics (8–16 mm)

A B

C
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The fennoscandian material, characterised by 
a considerably higher hardness than that of the lo-
cal rocks, was more difficult to process. However, 
the very high dynamics of the subglacial environ-
ment resulted in good roundness of the clasts.

DISCUSSION

The high variability of sediments and the consid-
erable number of lithofacies which are present in 
the esker confirm the high dynamics and variabil-
ity of sedimentation conditions. Accumulation of 
sediments occurred in a tunnel valley (N-tunnel), 
and the far predominant mechanism of sediment 
transport was hydraulic flow. In the tunnel valley, 
cyclical floods took place, during which material 

was transported in the conditions of high-ener-
gy flows (Jaksa 2003, Frydrych 2016). This is con-
firmed by the occurrence of the SGp – Gp – GBp 
– Gp – SGp lithofacies sequences with normal and 
inverse grading. There were also episodes of cata-
strophic flows, recorded in the presence of the BGm 
and BGp lithofacies. They resulted from increased 
ablation of the ice or a release of a subglacial, engla-
cial or supraglacial reservoir. In the glacial environ-
ment, such sediments have been identified in esk-
ers, in the environment of a tunnel mouth and in 
outwash plains (particularly those which originat-
ed during glacial floods of jökulhlaup type) (Rudoy 
& Baker 1993, Zieliński 1993, Mazizels 1991, 1993, 
1997, Brennand 1994, Brennand & Shaw 1996, Rus-
sell & Marren 1999, Fard & Gruszka 2007). 

A B

C D

Fig. 10. Phases of the esker development: A) accumulation in a subglacial tunnel; B) accumulation in an open crevasse; C) de-
velopment of a kame terrace; D) forms after ice sheet retreat. Arrows show directions of meltwater flows
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During catastrophic floods, flow conditions 
changed from hydraulic flows to hyperconcen-
trated flow. Average flow velocity was calculated 
using the formula (Costa 1983) based on MPS and 
its value exceeded 4 m/s. This makes it possible 
to conclude that during floods the value was con-
siderably greater. The value is approximate and it 
must be kept in mind that the size of clasts largely 
depends on the availability of material. The mas-
sive structure of gravelly sediments and the con-
siderable horizontal extent of lithofacies in the 
lower part of the esker may indicate sediment ac-
cumulation in the conditions of full-pipe flow at 
the initial stage of its functioning. Unfortunately, 
no diagnostic features of this type of environment 
have been determined as yet, which is why it is 
difficult to present a reliable support for this sug-
gestion (Warren & Ashley 1994, Fard & Gruszka 
2007, Krupa & Hojan 2015). Probably, free water 
surface flow dominated in the tunnel. In the up-
per part of the succession, the lateral variability of 
sediments is greater and there are no diamicton 
sediments present, which may indicate accumu-
lation in an open crevasse. Sediments of the mar-
ginal zones of the esker were accumulated in the 
conditions of lower flow dynamics, and the chan-
nels were shallower there. The average flow veloc-
ity was usually below 0.5 m/s. There were inci-
dents of increased flow energy during intensified 
ice-sheet ablation, recorded in the presence of the 
SGp lithofacies and erosional strata underlined 
with gravel surface; there were also episodic de-
bris flows. In its north-western part the esker con-
sists of kame terrace sediments, which provides 
evidence for continued accumulation in the ice-
free space between the esker and a block of dead 
ice (Fig. 10). 

CONCLUSIONS

The considerable diversification of sediments re-
flects variable dynamics of sediment transport and 
accumulation within the esker. Its core was domi-
nated by high-energy environment and the flanks 
– by low-energy environment. The central part of 
the tunnel was dominated by turbulent flows in 
the conditions of upper bottom. Average flow ve-
locity was based on MPS and its value exceeded 
4 m/s. During floods the value was considerably 

greater. In the flanks the average flow velocity was 
significantly lower – usually below 0.5 m/s. 

The predominant mode of sediment transport 
in the Rzymsko esker was hydraulic flow, which 
was periodically transformed into hyperconcen-
trated flow.

In the tunnel valley, cyclical flooding took 
place, during which material was transported in 
the conditions of high-energy flows, and some-
times even catastrophic flows.

The coarse-grained sediments of the Rzymsko 
esker are characterised by a considerable content 
of local material, ranging from 30% to 87%. Such 
large amount indicates intense bedrock erosion in 
the glacial drainage system, which must have been 
incised into Mesozoic sedimentary rocks at some 
interval along its path. 

Locally derived clasts in the gravelly fraction of 
the esker are very well rounded, and fennoscandian 
clasts – well rounded. The local material underwent 
very rapid abrasion in the tunnel valley, despite 
fairly short transport. In some beds, finer fraction 
is enriched in grains of local derivation. This is re-
lated to rapid and intense rock disintegration. 

Local and fennoscandian gravelly clasts are 
characterised by different preferred shapes. The 
local grains are much more flat and usually oblate. 
The fennoscandian clasts usually fall in the equant 
class. Discoidal marly clasts are more easily trans-
ported and may be carried by lower-energy cur-
rents, which may also explain their increased con-
tent in certain lithofacies.

Among more than twenty documented Warta-
nian eskers in Central Poland, the Rzymsko esker 
is characterised by exceptionally high flow energy. 
In some eskers, gravelly cores were documented, 
but no sediments reflecting such high flow energy 
were identified in them.
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