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Abstract

Glacial tills and fluvioglacial sediments deposited by the ice-sheet during the Pomeranian Stage (Weichselian) in north-
east Germany have been examined in terms of the degree of abrasion, rounding and frosting of quartz grain surfaces
in order to determine the conditions and processes that occurred in the alimentation environment of the fine-grained
material, as well as during transport. Strata in the glaciomarginal zone and the hinterland of the Pomeranian Stage in
the area represent diverse lithofacies, but have similar textural features. These features illustrate mainly that a high-en-
ergy aquatic environment had reacted with glacial deposits prior to their inclusion into the ice mass and deposited in
the area covered by the Odra lobe. The lack of regional diversification in the character of quartz grain surfaces in glacial
deposits between the German part of the Odra lobe and the remainder of the area analysed is recorded solely in the
morphological dimension, i.e. the outlet fragment of the ice-front’s course, but not in textural features of the sediments.
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1. Introduction

The character of quartz grain surfaces in the
sandy fraction of Quaternary deposits plays an im-
portant role in their genetic and dynamic interpreta-
tion (Mycielska-Dowgiatto & Woronko, 1998, 2001;
Woronko, 2001). Textural features of these deposits
allow conclusions to be drawn both on the depo-
sitional environment and on conditions prevailing
in the alimentation areas. Quartz grains may ob-
tain their shape and characteristic microstructures
due to glacial crushing and abrasion independently
(Haldorsen, 1981). Frost weathering may also be an
important process that results in specific micro-re-
lief of quartz grains and shape (Woronko, 2012).

The main goal of the present research was to
identify selected textural features, i.e., roundness
and matt degree of quartz grain surfaces derived
from the glaciomarginal zone of the Pomeranian
phase in northeast Germany. In addition, the re-

lationship between the distinguished types and
groups of quartz grains was examined. Attention
was also paid to determination of conditions and
processes that occurred within the alimentation
area and during transport of particulate material
during this phase of the last ice sheet. Lastly, the
distinctiveness of Odra lobe deposits in comparison
with coeval sediments of the marginal zone, but lo-
cated further to the west, in Mecklenburg-Vorpom-
mern has been considered.

2. Study area

The research was carried out at 14 sites (Fig.
1) situated within the glaciomarginal zone of the
main Pomeranian Stage, its retreat phases and in
the hinterland (Schulz, 1967; Liedtke, 1981; Busse-
mer et al., 1995). A total of 31 samples were ana-
lysed (Table 1); eight from trough cross-stratified
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Fig. 1. Location of the study area, as plotted on major extension lines of the positional and recessional character of
Weichselian glaciation in northeast Germany (after Liedtke, 1981; Bremer, 1994).
E - main Pomeranian Phase, Ea - Angermiinde-Chojna Phase, Eb - Gerswalde-Mielecin Phase, F - Rosenthaler
Phase, G - Velgaster Phase, H - northern Riigen-Wolin Phase; R-D - Randow-Durchbruchstal Phase.

coarse sands, gravelly sands and sandy gravels (5S¢,
S5Gt, GSt) as well as tabular cross-stratified coarse
sands, gravelly sands and sandy gravels (Sp, SGp,
GSp), typical of the proximal part of sandurs (Zie-
linski & Pisarska-Jamrozy, 2012). Thirteen samples
represented horizontally stratified sandy deposits
(Sh), typical of the central and distal parts of the
outwash plains (Zielifniski & Pisarska-Jamrozy,
2012). Ten samples were taken from the hinterland

of the glaciomarginal zone, from a massive clay-
ey-sandy diamicton (Dm) with a matrix-supported
framework. Detailed lithofacies characteristics and
resultant conclusions on conditions of sedimenta-
tion of the deposits in the glaciomarginal zone and
in the hinterland of the Pomeranian stage of the
Weichselian in northeast Germany can be found in
an earlier study, to which reference is made (Goér-
ska-Zabielska, 2008a).

Table 1. Depositional environments in Mecklenburg-Vorpommern and the Uckermark.

Sedimentary environment Study case Sedimentary environment Study case
Althtittendorf
\| Langhagen = (
Mankmoos Koldenhof
distal part of an out-wash Milmersdorf proximal part of an out- Rethwisch Steinwalde Ost
plain Warlin wash plain
Zietlitz
@ ” Altkiinkendorf
[ Liitzlow
active (deforming) ice- ~ Zirzow active (depositing) ice- Randow-Durchbruchstal
sheet sole sheet sole Stolzenhagen
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3. Methods

Quartz grains of fractions 1.25-1.0 mm, 1.0-0.8
mm and 0.8-0.5 mm were analysed with regard to
degree of abrasion, following Krygowski (1964), as
well as by means of the morphoscopic method de-
scribed by Cailleux (1942), and modified by Gozdzik
(1980) and Mycielska-Dowgiatto & Woronko (1998).
The mechanical graniformameter of Krygowski
(1964) and optical microscope Carl Zeiss Stemi DV4
were taken into consideration. In the analyses of
evaluating the degree of the grain’s abrasion accord-
ing to Krygowski (1964) the value of the inclination
angle of the inclined plane of graniformameter at
which quartz grains had rolled down. Three types
were singled out: a - untreated grains, extreme-
ly angular, rolling down at an inclination angle of
the plate of more than 16° {3 - intermediate grains
(8-16°) — as well as y - grains of good and very good
abrasion, which had rolled down at an angle of < 8°.

The same material was subjected to an anal-
ysis of rounding and frosting of quartz grain sur-
faces of the sandy fraction by Cailleux (1942), as
modified by Gozdzik (1980) and Mycielska-Dow-
gialto & Woronko (1998). The following groups
of grains were distinguished: NU - non-abraded,
RM - rounded matt, EM/RM - partially rounded
matt, i.e., intermediately rounded and matt only
on edges and sharp points, RM/C - matt cracked,
EL - well-rounded shiny, EM/EL - partially round-
ed shiny, EL/C - well-rounded, shiny, cracked as
well as “other types”. During the analysis, special
attention was paid to the crushed/fractured grains
(C), which may have originated in the subglacial
deforming bed (Hart, 2006; Rose & Hart, 2008) or
in the proximal parts of the outwash plains among
others (Woronko, 2001; Molén, 2014).

In order to mark out the alimentation areas for
the glacial and fluvioglacial deposits of the sandy
fraction occurring in the glaciomarginal zone and
in the hinterland of the Pomeranian stage of the
Weichselian in north-eastern Germany, the per-
centage of quartz grains in the deposit was defined.
Due to its properties (resistant to both mechanical
abrasion and chemical weathering), quartz may un-
dergo selective enrichment in those deposits that
are subject to repeated redeposition, for example in
aeolian or channel environments (Mycielska-Dow-
giatto, 2001; Woronko, 2001).

4. Data presentation and analysis

The deposits analysed have a relatively small
differentiation, although the study was carried out

on material of diverse lithofacies, originating in var-
ious sedimentatary environments typical of the gla-
ciomarginal zone, beginning with fine-grained sand
(distal part of sandur) through to gravelly sand and
sandy gravel (proximal part). The research includ-
ed also glacial deposits of the hinterland, i.e. tills.
They showed also the lack of a clear differentia-
tion of the chosen measurable textural features of
these deposits, irrespective of the fact whether they
came from material of the German part of the Odra
lobe (the Uckermark) or of the glaciomarginal zone
within the borders of Mecklenburg-Vorpommern.

4.1. Quartz grain abrasion

As seen from analysis of the degree of quartz
grain abrasion, carried out with use of Krygowski’s
graniformameter (1964) (Table 2), the basic group
consists of untreated quartz grains a (from 52.4%
in the till of the 0.8-0.5 mm fraction in Mecklen-
burg-Vorpommern to 67.8% in the till in the Uck-
ermark; Table 2). The quantity of this group is the
highest, irrespective of lithofacies, fraction and re-
gion from which the material analysed originates.
The average percentage of quartz grains of type a
decreases along with the diminishing diameter of
the analysed grain. This trend is maintained in the
Uckermark and Mecklenburg-Vorpommern, both
for sandy and clayey lithofacies (Table 2). Meas-
ured by the value of standard deviation, which is
a measure of dispersion, the diversification of the
number of quartz grains of type a between the ana-
lysed samples is increasingly more stable, alongside
the decreasing fraction of the deposit.

Isitpossible to discern arelationship between such
a decreasing grain fraction and increasingly weaker
influence of glacial crushing on these? Following
Haldorsen (1981), ideas presented by Gozdzik and
Mycielska-Dowgialto (1982) on the constant charac-
ter (or even conservation) of quartz grain surfaces in
glacial environments must be rejected. In fact, this is
the very environment in which quartz grains acquire
their shape due to glacial comminution, i.e., crushing
and abrasion (Haldorsen, 1981).

Quartz grains a may have resulted from frost
weathering (Woronko, 2012), while frost-weath-
ered (broken/crashed) quartz grains in periglacial
environments (Woronko, 2012) had been incorpo-
rated into the advancing ice-mass. Together with
the Scandinavian ice-sheet these sediments were
transported as far south as the study area. The un-
treated quartz grains of type a may have originated
also in high-energy fluvioglacial waters in the prox-
imal parts of the outwashes (Woronko, 2001).
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Table 2. Results of analysis of rounding of quartz grains according to Krygowski (1964). Percentage content of quartz
grains types a, B and y derived from fluvioglacial deposits and till of the main phase and the hinterland of the Po-
meranian phase in Mecklenburg-Vorpommern and the Uckermark.

fraction [mm] parameter a p \%

\ average [ %] 67.2 30.6 2.2

. § 1.25-1.0 stand. dev. 19.1 10.9 1.9

2 < & ;:: T average [%] 63.0 322 49
g 8= g o stand. dev. 193 12.1 3.2
£ 2 %” 0505 average [%] 593 37.0 3.7
= - stand. dev. 9.4 8.9 2.5
& average [%] 62.5 35.9 1.6
& = 12510 stand. dev. 11.1 12.1 1.2
E £ L0-08 average [%] 56.3 37.8 6.0
= 9 o stand. dev. 6.2 6.3 21
o 0805 average [%] 53.1 41.0 59

stand. dev. 2.7 4.0 1.7

0 average [%] 66.8 30.9 24

. g 1.25-10 stand. dev. 12.8 11.0 21

<~ § g 1.0-0.8 average [%] 64.9 30.8 4.4

o io g o stand. dev. 5.4 4.8 2.8

= § 0.8-0.5 average [%] 524 41.3 6.4

= stand. dev. 9.9 8.3 33
&= 125-1.0 average [%] 67.8 30.1 2.1
%f ‘ ’ stand. dev. 10.0 9.8 1.3

g average [%] 64.4 31.9 3.7

g 1.0-0.8 stand. dev. 8.5 6.0 28

=} 08.05 average [%] 58.3 36.6 5.2

stand. dev. 8.1 6.9 29

There are between 30.6% (fluvioglacial depos-
its, @ 1.25-1.0 mm, Mecklenburg-Vorpommern) to
41.3% (glacial deposition, & 0.8-0.5 mm, Mecklen-
burg-Vorpommern; Table 2) per grains of interme-
diate degree of abrasion p among all the analysed
quartz grains. Their percentage increases as grain
size diminishes, while, compared to the a type,
changes between fractions in  type are smaller.

The least numerous y type consists of quartz
grains of good and very good abrasion, the percent-
age of which does not exceed 6.4% (glacial depo-
sition, @ 0.8-0.5 mm, Mecklenburg-Vorpommern;
Table 2). Quantitative changes between fractions
differ depending of lithofacies. The largest percent-
age of quartz grains of the y type, which originated
in fluvioglacial deposits, is noted in the 1.0-0.8 mm
fraction. Both coarser and finer fractions contain
fewer grains of this type (from 1.6% in the 1.25-1.0
mm fraction to 5.9% in the 0.8-0.5 mm fraction in
the Uckermark deposits). Quartz grains which
originated in tills behave differently; in addition to
a smaller diameter they are characterised by more
extensive abrasion. According to Gozdzik & My-
cielska-Dowgiatto (1982) and Wright (1995), an in-
crease in the percentage of quartz grains of the y

type in finer fractions results from the conservation
of this grain type in the glacial environment. In con-
trast, a decrease in the percentage of coarser quartz
grains is a consequence of crushing to which larger
quartz grains are subjected in this environment to
a larger degree (Wright, 1995).

It follows from the analysis conducted that de-
posits of the glaciomarginal zone and hinterland of
the Pomeranian Stage in northeast Germany reveal
a close similarity in degree of abrasion of quartz
grains in the sandy fraction.

4.2. Roundness and matt degree of quartz
grain surfaces

The same quartz grains, examined following
Krygowski’s method (1964), were analysed to
evaluate the degree of roundness and matt area
of their surface (compare Cailleux, 1942; Gozdzik,
1980; Mycielska-Dowgiatto & Woronko, 1998). The
results obtained show (Table 3 - grey distinction)
that, irrespective of lithofacies and sampling spot,
the two commonest groups are partially rounded
shiny grains (EM/EL) and well-rounded shiny ones
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(EL). These grains acquired a high degree of round-
ing and a smoothed surface in a high-energy aquat-
ic environment (Mycielska-Dowgialto & Woronko,
1998).

While in the Uckermark material the differenc-
es between these groups are small (in the region of
10-15%), in the case of material originating from
the sandy lithofacies of Mecklenburg-Vorpom-
mern and in clayey lithofacies of all the entire study
area, these even reach 60%. It is worth noting that
a smaller diameter of the quartz grain analysed is
accompanied by a decrease in the percentage of
partially rounded shiny grains (EM/EL) in favour
of well-rounded shiny grains (EL). The trend is
characteristic also of quartz grains of groups EM/
RM, NU and OTHER TYPES. In the quartz materi-
al, grains of typical aeolian origins (RM) make up
a very small percentage. Only partially rounded
matt grains (EM/RM) reach a maximum of 8.3%
in deposits from the Uckermark. This group plays
no role in the glacial material of the glaciomarginal
zone of Mecklenburg-Vorpommern.

Links between abrasion type and degree of
rounding and frosting of quartz grain surfaces have
recently been noted by Gozdzik (2001), in that EL
quartz grains often are disc shaped, which may in-
fluence the size of the group of grains of the y type.
Grains of the EL type do not roll on Krygowski’s
graniformameter (1964), but slide down. Hence,

although their percentage is high (Table 3; Fig. 2),
grains of the y type belong to the least numerous
group of quartz grains (Table 2) in the deposits an-
alysed.

Among the cracked grains (C), grains EL/C are
more numerous. Cracked grains of the RM/C type
are represented in individual fractions by no more
than 0.5%. In total, grains of the C type are few;
the highest average percentage of cracked grains
(EL/C = 7.5%) is characteristic of fluvioglacial de-
posits of the 1.25-1.0 mm fraction, which originated
in Mecklenburg-Vorpommern (Table 3; Fig. 2). The
process of cracking/crushing of quartz grains may
take place under various conditions. Crushing/
fracture is present in subglacial deforming beds
(e.g., Whalley & Krinsley, 1974; Haldorsen, 1981;
Mahaney, 1990a, b; Hart, 2006; Rose & Hart, 2008;
Molén, 2014). The fluvioglacial environment also
witnesses erosional processes. In the proximal parts
of outwash plains, where, as a result of collision
during the transport in saltation or basal traction,
the character of abraded quartz grains develops
(Woronko, 2001; Mahaney et al., 2001; Molén, 2014).

Where percentages of quartz grains in individu-
al fractional ranges do not exceed 10%, it would not
appear that they were subjected to repeated redep-
osition, e.g., in an aeolian environment. Deposits
influenced by abrasion in such an environment for
a long time, i.e., by long-lasting air flow, are charac-

Table 3. Results of studies of quartz grain surfaces according to Cailleux (1942). Percentage content of respective groups
of quartz grains derived from fluvioglacial sediments of the main phase and the hinterland and derived from till
from the hinterland of the Pomeranian phase in Mecklenburg-Vorpommern and the Uckermark. The grey distinc-
tion shows that, irrespective of lithofacies and sample provenance, the two most numerous groups are partially
rounded shiny grains (EM/EL) and well-rounded shiny ones (EL).

fr[‘;;;‘}“ parameter O]gl' NU RM/C EL/C  EL Eg/ RM %(IA/

%D § 10510 Average [%] 5.6 5.0 0.0 7.5 9.8 719 0.0 0.4

2 =22 stand. dev. 4.6 44 0.0 44 54 6.2 0.0 0.7
g % 2. Loog average[%] 7.6 3.9 0.0 68 127 | 681 0.0 0.9
g =58 TP stand. dev. 5.7 24 0.0 44 8.0 8.1 0.0 1.9
5 0g.05 Average[%] 47 32 0.0 55 187 665 0.2 1.2
8 stand. dev. 3.2 33 0.0 2.9 7.9 8.6 1.0 1.6
§° Losqp Average[%] 115 9.1 0.0 37 218 | 453 0.8 7.9
= = 77 stand. dev. 9.4 49 0.0 1.3 13.1 6.7 0.5 2.7
= g 1008 average [%] 5.9 74 0.5 5.7 31.0 39.7 15 8.3
g TP stand. dev. 42 42 11 2.6 7.2 47 0.9 32

5 0g05 Average[%] 63 55 1.0 34 335 | 454 1.0 4.0

stand. dev. 5.1 32 14 1.6 2.4 35 0.8 1.7

& 12510 R [%] 53 45 0.1 66 102  67.0 13 49

458 7Y stand. dev. 35 3.6 0.3 24 52 110 23 6.2

= EXE E | ,o0g Average[%] 32 31 0.3 61 198 = 641 0.7 27
g2 =& standdev. 22 1.8 0.9 17 130 = 166 14 5.2
=} :% E 08.05 average [%] 2.5 24 0.1 6.6 26.6 58.4 0.8 2.4
O stand. dev. 27 15 0.3 26 123 | 145 13 32
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Fig. 2. Results of analysis of roundness of quartz grains according to Krygowski (1964). Percentage content of quartz
grains of types a, B and y derived from fluvioglacial deposits (flgl) and till (gl) of the main phase and the hinterland
of the Pomeranian phase in Mecklenburg-Vorpommern (MV) and the Uckermark (Uck).

terised by a high percentage of quartz grains, about
90-92% (Kamiriska et al., 1986). Sand-fraction de-
posits of the glaciomarginal zone of the Pomerani-
an Stage of Mecklenburg-Vorpommern had not un-
dergone aeolian processes earlier, i.e., prior to their
accumulation in the fluvioglacial environment.

The very high percentage of EL and EM/EL
grains, as well as EL/C types indicates that they
originated in an aquatic environment, inclusive
of a high-energy beach setting during the Paleo-
gene-Neogene to the north of the study area (Schulz,
2003). Rock outcrops situated in the littoral zone at
that time appear today on Riigen Island and have
also been recorded from the bottom of the western

and southern Baltic Sea (Goérska-Zabielska, 2008b).
The former existence of other outcrops of such
rocks, which due to erosion have now disappeared
completely, cannot be ruled out (Goérska, 2000).
The ice-sheet advancing from the north-north-east
moved over outcrops of these rocks and included
them into the material transported.

5. Discussion

The sandy-gravelly lithofacies and tills in the
glaciomarginal zone and in the hinterland of the
main phase of the Pomeranian Stage and of reces-
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sive stages in northeast Germany, were studied in
order to evaluate the degree of abrasion and round-
ing of quartz grain surfaces of the sandy fraction.
These analyses served to determine the conditions
and processes that took place in the alimentation
environment of fine-grained material and during
transport. Valuable data have been obtained for the
reconstruction of environmental conditions under
which the transport and deposition of sediments
occurred.

The abrasion of quartz grain surfaces reveals
a close similarity between glacial and fluvioglacial
deposits, despite the fact that the material exam-
ined represents diversified lithofacies of the glaci-
omarginal zone and the hinterland. The material
does not show any distinct differences of textural
features either, despite the extensive distribution of
sites studied. The localities furthest removed from
each other - Mankmoos and Stolzenhagen - are
around 180 km apart, in a straight line (Fig. 1).

Textural features of sandy deposits in the study
area provide evidence of a high-energy aquatic en-
vironment in which quartz grains acquired surface
features typical of such a setting. Mainly the results
of rounding and frosting are convincing in this re-
spect. Irrespective of lithofacies and provenance
area, partially rounded shiny grains (EM/EL) are
the commonest type (Table 3). Their average per-
centage decreases, coupled with a decreasing grain
diameter in favour of well-rounded shiny grains
(EL), the percentage of which increases even two-
fold between the 1.25-2.0 and 0.8-0.5 mm fractions.

A similar average percentage of groups of quartz
grains in sandy fractions of the Pomeranian Stage in
the study area indicates that the untreated grains
a are partially rounded shiny grains (EM/EL) and,
to a lesser degree, well-rounded shiny grains (EL)
which acquired features of rounding and frosting
in a high-energy aquatic environment (Myciels-
ka-Dowgiallo & Woronko, 1998). Taken together,
both groups constitute more than half, and often
three-quarters, of all the quartz grains of the depos-
its analysed.

The lack of regional differentiation of the char-
acter of quartz grain surfaces in examined depos-
its between the German part of the Odra lobe and
the remainder of the study area may suggest that
the diversified dynamics of the marginal zone of
the ice-sheet during the Pomeranian Stage were re-
corded only in the morphological dimension, i.e.,
the outlet fragment of the ice-front’s course. So far,
the available data do not allow any conclusion to
be drawn on different mechanisms that functioned
inside the Odra glacial stream, as they are not re-
flected in unique textural features. Complementary

textural studies of quartz grains, carried out in the
glacial deposits that originated in the Polish part of
the Odra lobe as well as further north-east along
the glaciomarginal zone of the Pomeranian Stage in
Poland, appear to confirm this regularity (Gorska,
2005, 2006; Goérska-Zabielska, 2007).

Glacial deposits of the marginal zone of the Po-
meranian Stage of Mecklenburg-Vorpommern and
the Uckermark had their alimentation areas on the
Baltic Shield and on the bottom of the Baltic Sea.
Strata exposed in Paleogene- Neogene littoral zones,
nowadays found along the German Baltic coastline,
must also have been glacially eroded, although to
a much lesser degree. Transport and deposition of
these sediments occurred in an aquatic environ-
ment. All textural features analysed document their
fluvioglacial character.

The lack of textural diversification of the depos-
its analysed is here documented for the first time in
the study area. Previous papers on the question of
a glacial surge (e.g., Dyke & Morris, 1988; Stokes &
Clark, 1999, 2001; Kjeer et al., 2003; Kasprzak, 1988,
2003) have not discussed the different regime of an
individualised ice stream as recorded in textural
features of the deposits.

Here, it is worth adding that petrographic anal-
ysis of the medium-grained gravelly fraction and
a study of indicator erratics in the coarse-grained
gravelly fraction of glacial deposits in the glacio-
marginal zone of the Pomeranian Stage in north-
east Germany and northwest Poland bring very
different statement on this issue (Gérska-Zabielska,
2008c). The gravels of the Odra lobe differ petro-
graphically from those occurring to the west and
east from this outlet part of the glaciomarginal zone
which originated in the Upper Pleni-Weichselian.

6. Conclusions

Three main conclusions can be drawn from the
present study with respect to quartz grains derived
from lithologically diversified sediments which
represent facies of the glaciomarginal zone and the
hinterland of the Pomeranian Stage of northeast
Germany. Sediments of both proximal and distal
parts of an outwash plain were sampled within
the glaciomarginal zone. In the hinterland of the
Pomeranian Stage, mainly till was studied. In ad-
dition, one site documenting the proximal part of
an outwash plain and another one representing gla-
ciotectonically deformed till were investigated in
detail.

There are no differences between quartz grains
examined following Krygowski (1964). Irrespective
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of lithofacies, fraction and provenance area, the ba-
sic group consists of untreated quartz grains a, i.e.,
extremely angular grains, rolling down at inclina-
tion angles of > 16° (Krygowski, 1964).

Analyses of rounding and frosting of quartz
grain surfaces of sandy fraction according to Cail-
leux (1942; subsequently modified by Gozdzik,
1980 and Mycielska-Dowgiatto & Woronko, 1998),
indicate a close similarity between glacial and flu-
vioglacial deposits. Irrespective of lithofacies and
sample provenance, two main groups have been
noted: partially rounded shiny grains (EM/EL)
and well-rounded shiny ones (EL). These grains ac-
quired a high degree of rounding and a smoothed
surface in a high-energy aquatic environment.

The glacial deposits of the marginal zone of the
Pomeranian Stage of Mecklenburg-Vorpommern
and the Uckermark most likely had their alimenta-
tion areas on the Baltic Shield and on the bottom
of the Baltic Sea. For some an origin from Paleo-
gene-Neogene littoral zones, occurring at present
along the Baltic coast of Germany, cannot be ruled
out.
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