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ABSTRACT:

Teodorski, A. 2025. Palacoenvironmental investigation of the Warsaw Ice-Dammed Lake (Central Poland):
7-year cyclicity in the supply of terrigenous material. Acta Geologica Polonica, 75 (4), ¢62.

The varved clays formed during the Saalian Glaciation (MIS 6) between Debe and Izbica (northern Mazovia,
Central Poland) were subjected to rock magnetic investigation. The studied varved clays represent a record of
110 years. In addition to annual cyclicity, there are other long-term cycles. One lasts 7 years on average and
is related to changes in water level within the ice-dammed lake and/or changes in the supply of terrigenous
material. This cyclicity is similar in duration to that observed in modern measurements of some parameters of
the Earth’s climate system and can be influenced by the internal dynamics of the Earth. Also, the investigated
clays were deposited in two sedimentation zones of the lake, distal and proximal. During the first phase of clay
sedimentation connected with the distal zone, the shoreline of the ice-dammed lake was in close proximity to
the stagnant ice-sheet front, and the lake deepened. The ice-sheet front was to the north of Zakroczym and Degbe
and to the north of the Bug valley (Zakroczym phase). Then, the ice-sheet front retreated towards Ptonsk and
Nasielsk (Nasielsk phase) and a higher amount of terrigenous material was delivered, leading to the deposition
of clay in the shallower, proximal zone.

Key words: Quaternary; Saalian Glaciation (MIS 6); Varved clays; Magnetic susceptibility;

Climate changes.

INTRODUCTION

The varved clays which formed in ice-dammed
lakes in the foreland of the ice-sheet are of great
interest because of the seasonality of their sedimen-
tation and the possibility of determining the time in
which the lake was active (e.g., Ashley 1975; Ridge
et al. 2012; Carrivick and Tweed 2013; Palmer et al.
2019). A single varve consists of a dark layer of clayey
material and a light layer of silty material. The dark
layer was formed by sedimentation of suspended ma-
terial during winter periods, when the water surface
of the lake was covered by ice. The light layer formed
during summer periods from material delivered from

beyond the reservoir (e.g., De Geer 1912; O’Sullivan
1983; Zolitschka et al. 2015). Therefore, varved clays
can be used to date geological events and determine
the seasonal variation of the sedimentary environ-
ment. The thickness of individual layers may depend
on a variety of factors, such as climate, variability in
the delivery of material from land, or the evolution of
the lake (e.g., Merta 1986; Palmer et al. 2019).

In addition to the use of sedimentological methods
for analyzing varved clays, rock magnetic methods,
which are based on the magnetic properties of the
studied sediments, began to be utilized in the first half
of the 20th century. Ising (1942, 1943) stated that the
sediments he studied possessed a natural remanent
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magnetization, which could be used to determine pa-
rameter variations in the Earth’s magnetic field. Also,
paleomagnetic issues concerning varved clays have
been mainly focused on determining the age migra-
tion of the Earth’s magnetic pole (e.g., Bakhmutov ef
al. 2006; Rogozinski 2017). Magnetic susceptibility
has been used to reconstruct the environmental con-
ditions in varved sediments (e.g., Bjorck et al. 1982,
Haltia-Hovi ef al. 2010). The susceptibility measure-
ments (and other rock magnetism analysis) allow us
to designate indirectly the content of magnetic miner-
als in tested sediments (Collinson 1983; Butler 1992;
Dunlop and Ozdemir 1997; Liu et al. 2012; Tauxe et
al. 2018). The changing content of magnetic minerals
(mainly magnetite sourced from eroded rocks) can be
used to define the amount of terrigenous material sup-
plied to lakes (Thompson and Oldfield 1986; Evans
and Heller 2003; Liu et al. 2012).

This paper is aimed at determining the environ-
mental changes that were recorded during sedimen-
tation of the varved clays in the northern part of
the Warsaw Ice-Dammed Lake based on magnetic
susceptibility measurements and other magnetic pa-
rameters. In particular, there is an attempt herein to
estimate the actual variability of the supply of terrig-
enous material to this part of the lake in the context
of climatic changes during the recessional phase of
the Saalian Glaciation (MIS 6) (Nowak 1967, 1978;
Marks et al. 2016; Frankiewicz 2023). Varved clays,
as annual-laminated sediments, in this case deposited
in the Warsaw Ice-Dammed Lake, are a good and

precise indicator of palacoenvironmental changes in
glacial environments. Magnetic susceptibility mea-
surements, as a low-cost, easy and relatively speedy
method, can be a support or an alternative to tradi-
tional methods used in sedimentology.

GEOMORPHOLOGY AND GEOLOGICAL
SETTING

In the area of the Warsaw Basin, layers of varved
clays have been identified in several sites and drill
cores. Initially, their occurrence was connected with
the extensive ice-dammed lake established during
the Saalian Glaciation (Rozycki 1967; Text-fig. I).
However, as a result of the discovery of sediments
belonging to the Eemian Interglacial west of Warsaw
(Janczyk-Kopikowa 1974; Karaszewski 1974), the
varved clays have been assigned to the Weichselian
Glaciation, similar to the other sites in the west-
ern part of the lake, e.g., in Plecewice or Boryszew.
Furthermore, the ice-dammed sediments in the
Zwierzyniec site (east of Warsaw) were included in
the Weichselian Glaciation too (Kalinska-Nartisa et
al. 2016). The TL age for varved clays near Radzymin
is 51-55 ky BP and 53 ky BP for those near Blonie
(Baraniecka and Konecka-Betley 1987). This could
also suggest that the sediments were deposited
during the last glaciation. On the other hand, Eemian
Interglacial sediments separate two layers of varved
clays in the Ossow profile (Sarnacka 1982). This ob-
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Text-fig. 1. The extent of the Warsaw Ice-Dammed Lake (in blue) postulated by Rozycki (1972) and based on the range of ice-dammed sedi-
ments; black dots — localizations of geological sites highlighted in the text.
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servation confirms the occurrence of an ice-dammed
lake during the Saalian Glaciation. A group of re-
searchers postulated that the sediments of the older
(Saalian) ice-dammed lake are exposed at Mochty and
Debe (Marks et al. 1996; Ruszczynska-Szenajch et
al. 2003). However, the obtained TL age of the sed-
iments at Mochty is 115.6-120.8 ky for glacial tills,
126.5-131.3 ky for the supraglacial sands which cover

the tills and >88.7 ky for varved clays on the top part
of the profile and underlain mostly by the glacial till
(Fedorowicz et al. 1993). The TL age for sediments at
Debe is 132.7-137.4 ky for glacial till, 108.8 ky for flu-
vioglacial sands and >71.7 ky for varved clays on the
top part of the profile and underlain by the fluviogla-
cial sands (Fedorowicz et al. 1993). The obtained dates
suggest deposition of varved clay at Mochty and Debe

S - Saalian Glaciation
W - Weichselian Glaciation
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Text-fig. 2. Geomorphology and geological settings. A — location of the study area; B — geomorphological sketch-map of the study area (based
on Nowak 1967).
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during the Weichselian Glaciation, but the sediments
are still older than those in the Radzymin and Blonie
sites. It is worth noting that the profiles of the varved
clays in the northern part of the paleolake are located
at a lower altitude (clays begin from 77 m to 80 m a.s.l.
at Mochty and 79-80 m to 81-83 m a.s.l. at Debe)
than other profiles with Weichselian varved clays
(Btonie — 85-86 m a.s.l., Osséw — 88.5-90.5 m a.s.l.,
Zwierzyniec — 86.5-88 m a.s.l.; Marks et al. 2016). It
is important to note that the dates should be interpreted
with caution due to several errors in the TL dating
method. In summary, despite long-term studies of the
sediments within the Warsaw Ice-Dammed Lake, the
stratigraphic position of the varved clays at Dgbe and
Mochty is not certain yet.

The study area is located on the southern border
of the Ciechan6éw Plateau (Solon et al. 2018; Text-
fig. 2B) and the studied profiles are located in the vi-
cinity of Debe and Izbica, ca. 20 km north of Warsaw
(Text-fig. 2A). This border is expressed by an es-
carpment several meters high due to erosion by the
Vistula River. The surface of the plateau is located
at an altitude of 80—150 m a.s.l. and descends to the
south. On the surface of the plateau, there are several
moraine thrusts. According to Rézycki (1972), the
morainic hills were formed during the Zakroczym
and Nasielsk recessional phases, which are part of the
post-maximal Wkra Stadial of the Saalian Glaciation.
The limit of the Zakroczym phase runs further west
towards Plock (Text-fig. 3). To the east of De¢be, the
limit of the Zakroczym phase runs toward Serock
and next it runs parallel to the Bug valley (Rozycki
1972). The extent of the Nasielsk phase is to the north
of Plock and then to the south and east of Plonsk, and
to the west and south of Nasielsk. The possibility of
recreating the range of this phase ends in the Narew
valley to the north of Serock.

The oldest sediments exposed in the escarp-
ment are glacial tills with a thickness of up to 7 m
with boulder pavements on their top. Based on the
study of these tills, it was concluded that the ice-
sheet transgression took place from the northwest
(Ruszczynska-Szenajch et al. 2003; Teodorski ef al.
2021). The till is covered by a layer of fluvioglacial
sands deposited in the foreground of the ice-sheet.
On top of the sands there are ice-dammed sediments
represented mainly by varved clays. Based on the re-
gional sediment position and the fact that the varved
clays are covered in some places by glacial till from
the Warta stadial of the Saalian Glaciation (Nowak
1967, 1978; Marks et al. 2016; Frankiewicz 2023), all
the described sediments have been classified to the
Saalian Glaciation.

- Vistulian (Weischelian) Glaciation
- Mtawa stadial

- Nasielsk phase

- Zakroczym phase

- Wkra stadial

WalSo _\yarta/sozh stadial
0

- Odranian (Saalian) Glaciation

Text-fig. 3. The extent of selected Odranian (Saalian) Glaciation
stadials and phases (Rozycki 1972; Marks et al. 1996; Mojski 2005;
Marks et al. 2016; Marks et al. 2017; Marks et al. 2019).

Three profiles of varved clays were studied in
accessible exposures. Profile I is the westernmost
(52°29°28”N; 20°55’50”E). The profile begins at an
elevation of 79.3 m a.s.l. and the varved clays reach a
thickness of 1.45 m. Here, the clays are underlain by
sands with flow structures preserved (Text-fig. 4A;
the boundary between sands and clays is marked by a
black arrow) and a thin layer of probably washed-out
varved clay. The bottom part of the varved clays is
partially disturbed. In the lower part of the profile,
varves of low thickness were observed. In the middle
part, the thickness generally increases and reaches
the greatest thickness in the top part.

Profile II (52°29°28”N; 20°55°53”E) begins at an
elevation of 80.2 m a.s.l. The length of the entire pro-
file is 2.62 m, of which 2.12 m was analyzed (up to
a thick, massive layer of silts; Text-fig. 4D, black ar-
row). In the lower part of the profile no sands under-
lying the clays were encountered. Here the lower part
of the investigated profile is characterized by varves
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Text-fig. 4. Characteristics of the varved clays studied. A — exposition of varved clays in profile I, black arrow shows the boundary between ice-
dammed sands and clays; B — dropstones (white arrows) in profile I; C — exposition of varved clays in the lower part of profile II; D — exposition
of varved clays in the upper part of profile II, black arrow shows the bottom part of the thick, massive layer of silts; E — exposition of varved
clays in profile III, white arrow — boundary between ice-dammed sands and clays, black arrow — bottom part of the thick, massive layer of silts.
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Text-fig. 5. The thickness of layers and thickness ratio of dark layers and varves in profiles I-1II; 1a-9b — intervals of long-term cyclicity.

with a smaller thickness compared to the rest of the during sedimentation of the varved clays. In addition,
profile (Text-fig. 4C, D). However, the thickness of the ratio of the thickness of the dark layers to the
the varves is greater than in profile 1. thickness of the varve was calculated. This ratio may

The longest and easternmost profile III (52° indicate climatic changes during the existence of the
29°28“N; 20°55°55”E) begins at 78.9 m a.s.1. Its total ice-dammed lake (Paluszkiewicz 2005) or changes in
length is about 4 m, 2.75 m of which were analyzed the water level in the lake and, consequently, changes
(up to a thick, massive layer of silts; Text-fig. 4E, in the depth of sediment deposition (Merta 1978,
black arrow). In this profile, a sand layer was also 1986). Based on the varve thickness graphs created,
identified under the clay (Text-fig. 4E; white arrow). the studied profiles of varved-clay exposure sites
Generally, the varve thickness increases again to- were correlated (Text-figs 5 and 6).

wards the top of the profile.

MAGNETIC SUSCEPTIBILITY
METHODS MEASUREMENTS AND ROCK MAGNETIC
ANALYSIS
Varve thickness analysis
Measurements of magnetic susceptibility were

This method is based on measuring the thick- made for 118 crushed rock samples, about 6.5 g, in-
ness of the varves, as well as the thickness of indi- serted in plastic boxes (v = 8 cm?). The samples were
vidual light and dark layers (Petterson et al. 1999; taken from successive light-colored layers of varved
Lamoureux 2001). The thickness of varves was mea- clays in profiles I (61 samples) and II (57 samples).
sured in terrain by ruler and scaled photos. The mea- This sampling methodology was adopted due to the
surements were made along the vertical profiles. A fact that the well oxidized summer layers better record
single varve was defined as the distance between one changes in the supply of mineral material to the lake.
upper boundary of the winter layer (the most visi- The dark layers, due to sedimentation under anaero-
ble within following varves) and the upper boundary bic conditions, may be subjected to post-depositional
of the winter layer of the next varve. Changes in processes such as the formation of iron sulphides like

varve thickness were related to changes in conditions greigite and subsequent late diagenetic oxidation (e.g.,
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Text-fig. 6. Correlation of profiles (I-III) based on the thickness

of varves (A), thickness of light (B) and dark (C) layers and ARM/

IRM - ratio between anhysteretic remanent magnetization and iso-
thermal remanent magnetization in 1T (D).

Roberts et al. 1996; Snowball 1996). Furthermore,
in many places their small thickness makes it very
difficult to take a suitable sample. For magnetic sus-
ceptibility (y) measurements, a Kappabridge KLY-2
(Geofyzika Brno) was used.

To identify the type of magnetic minerals respon-
sible for the y recording, the anhysteretic remanent
magnetization (ARM), isothermal remanent magne-
tization (IRM), and S-ratio were measured in the
samples. ARM acquisition was performed using an
alternating field of 100 mT along with a steady bias
field of 0.1 mT generated in a MOLSPIN Shielded
Demagnetiser with the P.A.R.M. attachment. For
IRM analysis, the samples were magnetized along
the z-axis with a field of 1 T followed by an antipar-
allel field of 100 mT using a MMPM 10 pulse mag-
netizer. The remanent magnetization was measured
using a JR-6A spinner magnetometer. From the IRM
results obtained, the S-ratio was calculated, which
is expressed by the formula -(IRM-yo,/IRM;t)
(Grabowski et al. 2016) and indicates the ratio of low
coercivity (e.g., magnetite) to high coercivity (e.g.,
hematite, goethite) minerals in the studied samples
(e.g., Opdyke and Channell 1996). In addition, the
ARM/IRM, ratio was calculated, which can be use-
ful as a grain size indicator of the magnetic miner-
als (e.g., Ozdemir and Banerjee 1982; Jovane et al.
2007; Grabowski et al. 2016). Additionally, stepwise
acquisition of IRM up to 1.4 T was performed on
the selected samples. The magnetic measurements
were carried out at the Polish Geological Institute —
National Research Institute in Warsaw.

RESULTS
Varve thickness

The studied profiles represent a record of 110
varves of annual sedimentation in an ice-dammed
lake. The varve thickness increases from less than 10
mm in the lower part of the section (e.g., in the lower
part of profile I) to over 90 mm in the upper part of
the section (e.g., in the uppermost part of profile I1I),
see Text-fig. 6a.

Based on the changes in the thickness of dark
layers relative to the thickness of the entire varve,
several year-cycles (1a—8b) may be indicated. These
are best preserved in profile I1I. In intervals marked
by the letter ‘a’, this ratio generally gradually in-
creases within single intervals, even reaching over
0.5 in interval 4a in profile II. The exception is cycle
la in profile I, where this ratio is high (0.45) at the
beginning of the cycle. This may be part of another
cycle. On the other hand, it is the initial varve of
clay sedimentation (Text-fig. 4a). Such varves may
be characterized by a greater thickness of dark lay-
ers than the varves above, which may be due to the
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washing out of early deposited sediments (Marks et
al. 1996). A different trend can be observed in the in-
tervals marked with the letter ‘b’. In these parts of the
profiles, the thickness of light layers is higher within
the layers (up to 95 mm thick in interval 8b in profile
III), which analogically causes a decrease in the ratio
of the dark layer thickness to the thickness of the
varve. In the upper part of the section, this ratio drops
below 0.2. These intervals last 7 years on average.
Generally, in the lower part of the section (la—4a),
the varves are thinner (6—40 mm thick) and the average
accumulation rate is 18 mm/year. In the studied sec-
tion, the length of this interval is 58 years. In contrast,
the upper part of the section (4b—8b) is characterized
by thicker varves (12-99 mm thick) and an average ac-
cumulation rate of 32 mm/year, with an interval length
of at least 52 years. Furthermore, varve thicknesses
are more variable here, e.g., varves 40—60 in profile I1.

Magnetic susceptibility and magnetization
carriers

In profile I, the magnetic susceptibility () is in
the range of 6-12 x 10-® m3/kg (Text-fig. 7). On the
basis of y values, one can conclude the bipartite nature
of the described profile. The lower part of the profile
(la—2b) is characterized by the mean y of 9.59 + 0.96
x 10 m¥kg and the variation in values producing
the average is relatively small. In the upper part of the
profile (3a—4b), the average magnetic susceptibility is
8.15 + 1.38 x 10-® m?/kg and the variations are more
pronounced. The changes in susceptibility relate di-
rectly to the other long-term cycles determined from
the varve thickness graph analysis. Susceptibility

takes higher values in intervals marked ‘b’ (mean 9.87
+ 0.68 x 10°® m¥/kg) and lower values in intervals
marked ‘a’ (7.96 = 1.25 x 10-® m3/kg). The differences
between the intervals are more pronounced in the val-
ues of measured remanent magnetization. For inter-
vals with a higher y, the average ARM value is 9.14
+ 1.59 mA/m and the average IRM; value is 984.79
+ 245.82 mA/m, while for the intervals with lower
susceptibility, the remanent values are also lower, tak-
ing 6.80 = 2.46 mA/m and 469.16 + 263.92 mA/m,
respectively. The variation is also evident based on
other parameters. For the ‘b’ intervals, the average
ARM/IRM;t ratio is 0.010 £ 0.002 and the S-ratio av-
erages 0.00 £ 0.08. The ‘a’ intervals take values equal
to 0.020 + 0.004 and -0.25 + 0.19, respectively. The
ARM/IRM; ratio seems to be the best correlating
ratio with changing intervals la—4b.

The results obtained for profile II are more am-
biguous (Text-fig. 8). The y values range between
10.58 and 15.17 x 10°® m3/kg. The most noticeable
differences in magnetic parameters occur between
clays representing intervals 3a—4a and intervals
4b—T7a. The susceptibility takes the average values of
13.69 £ 0.57 x 10-® m3/kg and 12.35 £ 0.72 x 108 m¥/
kg, respectively. On the other hand, the average re-
manent magnetization values are 17.01 £ 4.08 and
10.24 + 1.80 mA/m for ARM and 1464.46 + 137.75
and 1012.68 + 203.58 mA/m for IRM. A clear de-
crease in the remanent values near the boundary be-
tween intervals 4a and 4b is also evident. The other
parameters do not show much regularity. The mag-
netic parameters in profile II take higher values than
in profile I, within intervals 3a—4a. Despite this, the
changes in the ARM/IRM; ratio are similar — the
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Text-fig. 7. Results of magnetic measurements in profile I; y — magnetic susceptibility, ARM — anhysteretic remanent magnetization; IRM —
isothermal remanent magnetization in 1T; ARM/IRM — ratio between anhysteretic remanent magnetization and isothermal remanent magneti-
zation in 1T; S ratio — ratio between isothermal remanent magnetization in -100 mT and isothermal remanent magnetization in 1T.
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Text-fig. 8. Results of magnetic measurements in profile II; x — magnetic susceptibility, ARM — anhysteretic remanent magnetization; IRM
— isothermal remanent magnetization in 1T; ARM/IRM — ratio between anhysteretic remanent magnetization and isothermal remanent magne-
tization in 1T; S-ratio — ratio between isothermal remanent magnetization in -100 mT and isothermal remanent magnetization in 1T.

ratio has higher values in intervals marked ‘a’ (up
to 0.016), and lower values in intervals marked ‘b’
(below 0.012).

DISCUSSION
Rock magnetism

The received results of petromagnetic research
indicate that ferromagnetic minerals are responsi-
ble for magnetic susceptibility (y). This is evidenced
by a good correlation between susceptibility values
and isothermal remanent magnetization (IRM) val-
ues, both in samples from the distal and proximal
sedimentary zones of the ice-dammed lake in both
studied profiles (Text-fig. 9).

Profile I is characterized by variable magnetic
mineralogy. High-coercivity magnetic minerals pre-
dominate in samples from sediments representing
intervals marked ‘a’, as indicated by negative values
of the S-ratio (Text-fig. 9). Most likely, this mineral
is hematite, which causes sample DE 44 from an in-
terval marked ‘a’ to not reach full saturation even in a
magnetic field of 1.4 T (Text-fig. 10). However, based
on the conducted research, it cannot be ruled out
that there is some goethite content in the tested sam-
ples. The IRM saturation curve of this sample also
indicates a relatively low content of low-coercivity

minerals. On the other hand, samples from intervals
marked ‘b’ are characterized by a relatively higher
content of low-coercivity magnetic minerals such as
magnetite, which causes the S-ratio to take values
above 0.0 (Text-fig. 9). In addition to magnetite, there
is also a smaller amount of hematite, as indicated by
the IRM saturation curve for sample DE 63 (Text-
fig. 10). The changing magnetite content affects the
x values, which is also confirmed by a good positive
correlation between y and the S-ratio in sediments
from both sedimentary zones. An inverse correlation
between ARM/IRM,t and ¢ was also observed (Text-
fig. 9). A decreasing ARM/IRM; ratio may indicate
an increase in magnetite diameter (e.g., Grabowski
et al. 2016). Low values of the ratio are characteris-
tic of periods marked ‘b’ (Text-fig. 7), whereas, for
periods marked ‘a’, high values of the ratio indicate
the presence of smaller magnetite grains. According
to the correlation between ARM/IRM;t and y, it can
be concluded that the presence of larger diameter
magnetite grains in the tested clays causes the sus-
ceptibility values to increase. Such a relationship
can be observed between SD magnetite grains and
MD magnetite grains, which are characterized by a
larger diameter than the previous type (Hatfield and
Stoner 2013). However, based on the available results,
it is not possible to exclude the occurrence of fine-
grained SP magnetite in the tested samples, which
also has a high magnetic susceptibility.
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Text-fig. 9. Correlation diagrams of magnetic measurements; y — magnetic susceptibility, ARM — anhysteretic remanent magnetization; IRM
— isothermal remanent magnetization in 1T; ARM/IRM - ratio between anhysteretic remanent magnetization and isothermal remanent magne-
tization in 1T; S-ratio — ratio between isothermal remanent magnetization in -100 mT and isothermal remanent magnetization in 1T.

Profile II is characterized by a different mag-
netic mineralogy. Generally, changes in the magnetic
mineralogy of the sediments are weakly correlated
with cycles determined by changes in the thickness
of light and dark layers (Text-fig. 8). Most likely,
the tested samples contain relatively more magnetite
than the clay samples from Profile I. This is evi-
denced by higher y and S-ratio values in the common
stratigraphic part of both profiles (periods 3a—4b;
Text-figs 7, 8 and 9). In samples from the distal part
of the lake of Profile II, no significant correlations
were observed between y versus ARM/IRM;r and
x versus S-ratio (Text-fig. 9). The reason may be the
occurrence of two types of magnetic minerals and/or
minerals with different grain sizes. Generally, it can

be concluded that in this part of Profile II, the content
of hematite may have a greater influence on sus-
ceptibility changes compared to the results obtained
in Profile I. The presence of hematite in the tested
samples is confirmed by the IRM saturation curves
for samples DE 70 and DE 100 (Text-fig. 10). A lower
ARM/IRM; ratio than in Profile I and higher S-ratio
values may indicate magnetite with a larger diameter.
In the proximal sedimentary zone, correlations be-
tween basic magnetic parameters are stronger.
Despite some differences in magnetic mineralogy
in the common stratigraphic part of both profiles,
a certain relationship can be observed. The ARM/
IRM; ratio is different but high for intervals marked
‘a’ in the distal sedimentary zone of both profiles.
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Text-fig. 10. IRM saturation curves from the selected samples.

However, for periods marked ‘b’, the value of this
ratio decreases in both profiles and assumes simi-
lar values (Text-fig. 6), which may indicate similar
processes affecting the content and type of magnetic
minerals in the tested samples.

Palaeoenvironmental reconstruction

The examined profiles of varved clays represent
sedimentation between the distal and proximal sed-
imentation zone of the lake (based on the types of
varves mentioned in Merta 1978). The changes in
magnetic parameter values of clays accumulated in the
distal sedimentary zone indicate a certain cyclicity,
similar to the changes in the dark and light layer thick-
ness. In the intervals marked ‘a’, the values of y, ARM,
and IRM; are lower than in the intervals marked ‘b’.
However, a different situation is observed in the clays
accumulated in the distal zone in profile II, where
the values of the above-mentioned magnetic parame-
ters behave oppositely, i.e., are higher in the intervals
marked ‘a’ than in the intervals marked ‘b’. A common
feature of these two studied profiles is the similarly
changing values of the ARM/IRM; ratio in the distal
sedimentary zone (see Rock magnetism subsection).
According to the author, changes in the values of this

ratio confirm the correlation between the studied pro-
files resulting from the analysis of the varve thickness
or changes in the thickness of individual light and dark
layers interpreted in the studied clays. This allows for
the determination of environmental changes occurring
during the sedimentation of the studied clays.

The cycles observed based on the changes of the
dark layers/varves ratio and changes of the values of
rock magnetism parameters (mainly in the distal accu-
mulation zone) last 7 years on average. However, it is
worth emphasizing that the cyclicity is best visible in
the intervals la—6a and the cycles last 68 years. The
exceptions are intervals 3a and 4b, where the cycles
persist 14 and 15 years, respectively. It is possible that
the cyclicity in these intervals is disturbed by addi-
tional, undefined factors or the boundaries of the cy-
cles are blurred. In the upper part of the profile of the
studied clays (intervals 6b—8b), the length of the cycles
decreases to 3—4 years, i.c., they are twice as short.

The cycles that last on average 7 years are similar to
those described based on the contemporary measure-
ment data. Pfeffer et al. (2023b) illustrated a cyclicity
in the Earth system, which lasts around 6 + 1 years.
This has been observed, e.g., in changes in the length
of day, Earth’s magnetic field and position of magnetic
poles of Earth as well as Earth’s gravity field (Abarca
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del Rio et al. 2000; Mound and Buffet 2006; Silva et
al. 2012; Ding and Chao 2018; Pfeffer et al. 2023b).
Cycles with similar periods have been recorded also in
the climate system of Earth — in the changes of global
mean sea level, mass balances of the Greenland ice
sheet and glaciers, terrestrial water storage, or global
mean surface temperature (Moreira et al. 2021; Pfeffer
et al. 2023a; Pfeffer et al. 2023b). Although the cause
of the above-described cyclicity in the elements of the
Earth’s climate system is not yet well understood, it
has been suggested that its formation may be poten-
tially influenced by processes occurring in the Earth’s
interior and interactions between its internal structural
elements (Pfeffer et al. 2023D).

It cannot be clearly stated whether the cyclicity
recorded in the varved clay profile at D¢be is similar
to that described by Pfeffer et al. (2023b) and the
proposed reason for its occurrence may be only one
of many probable causes. This is due to the fact that
modern measurements of the described parameters
last for a relatively short time — in most cases, a max-
imum of several dozen years.

Furthermore, instrumental and geological data
have different accuracy, which can make comparisons
between them difficult. Nevertheless, it is worthwhile
extending the study of the described short-term cy-
clicity to geological profiles with longer time records,
such as lake sediments from the Holocene.

For the studied sediments, deposition took place
in the area close to the distal sedimentary zone at
first (intervals la—4a), and then there was a transition
to sedimentation in the area close to the proximal
part (intervals 4b—9b). In the lower part of the section
(intervals la—4a), the varves are considerably thinner
than in the upper part of the studied clays, and the an-
nual increase in sediment is small (18 mm/year). The
low average sedimentation rate in the lower part of the
profile of the tested varved clays may result from the
profile being located in the deeper (distal) sector of
the lake. The greater distance from sediment source
inflow (from the mouths of rivers, shores of the lake)
could result in lower sediment supply for the reservoir
and consequently, varves of relatively small thickness
could be deposited (Ashley 1975; Merta 1978; Ridge
et al. 2012; Heideman et al. 2015; Palmer et al. 2019).
Because of the calmer sedimentation environment in
the distal sedimentation zone, the record of changes in
magnetic susceptibility reflects well the intervals and
cyclicity of sedimentation interpreted from changes
in the thickness of dark and light layers. In the lower
part of profile I (la—2b), the supply of terrigenous
material was relatively high. This statement is sup-
ported by higher values of the y, ARM and IRM;

in profile I and an inversely proportional correlation
of the ARM/IRM; ratio with y values (Text-fig. 9).
Increased delivery of terrigenous material is also sug-
gested by an increase in the thickness of the dark
layers, with a maximum at interval 2a. The increase
in thickness suggests a greater amount of suspended
material that may have been deposited during winter.
The interval 2a also represents a temporal deepen-
ing of the lake within the lower part of the profile
I, expressed by a decrease in y, ARM and IRM val-
ues and a predominance of fine-grained magnetite
(higher ARM/IRM; ratio). The negative S-ratio
value indicates the predominance of high coercivity
minerals such as goethite and hematite. However, the
author suggests that throughout the profile, high co-
ercivity minerals may be at similar levels, and the
variation in S-ratio values may be predominantly de-
pendent on the amount of magnetite supplied to the
lake. Furthermore, the increase in depth in interval
2a is indirectly indicated by dropstones found in the
clays (Text-fig. 4B; white arrows), which suggest close
proximity of the lake banks to the ice-sheet front and
the occurrence of the ice blocks. The deepening ends
with the onset of interval 2b. The upper part of profile
I (intervals 3a—4a) is predominantly sedimentation
in the part of the lake as it is becoming deeper. The
maximum depth of the reservoir is represented by
sediments belonging to interval 4a. The lowest values
of y, ARM, IRM;1 and the highest ARM/IRM;r ratio
in the entire profile, as well as a thicker dark layer,
compared to the light layer confirms this statement.
The upper part of the section (intervals 4b—8b) is
characterized by varves of greater thickness (sedi-
mentation rate is 32 mm/year) and represents a more
proximal sedimentation zone. The varves in the prox-
imal zone have a more complex structure, proba-
bly similar to the Bouma sequence (Bouma 1962;
Bakhmutov et al. 2009), but this statement needs a
broader investigation. Several erosional horizons are
observed within selected light layers. The horizons
are often underlain by thin layers of sands with ripple
marks. Merta (1978) observed ripple marks on the top
surfaces of the light layers of varved clays deposited
in different localizations of the Warsaw Ice-Dammed
Lake area. The forms were interpreted as a result
of wave activity during summer periods. It means
that sedimentation of the varved clays took place at
a relatively shallow depth, probably in a proximal
sedimentation zone. A similar situation might have
occurred at the Debe site, but this statement requires
broader investigation. It is also noteworthy that in the
upper part of the section, the clay is characterized by
a greater variability in varve thicknesses, which may
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be caused by greater environmental dynamics related
to the shallowing of the lake and/or a greater supply
of material transported from land. Interval 4b—8b
is also characterized by a greater thickness of light
layers relative to dark layers. The above-described
characteristic of this zone in profile II causes the ob-
tained record of changes in magnetic parameters not
to be characterized by clear cyclicity as observed in
the distal sedimentation zone of the lake.

As these intervals (1a—4a and 4b—8b) are character-
ized by a long duration (at least 58 years for the distal
sedimentation zone and at least 52 years for the prox-
imal zone), they can have an ability to record climate
changes (Merta 1978; Paluszkiewicz 2005). The cause
of the changes in the sedimentological record may be
the retreat of the ice-sheet front located in the north.
Melting of the ice sheet may have led to an increased
supply of mineral material to the sediment reservoir
compared to that of clays deposited in the distal sedi-
mentation zone. Subsequently, decreasing values of y,
ARM and IRM within the proximal zone recorded in

13

of one source of drift of terrigenous material and/or
the opening of another source of terrigenous material.

Profile I is characterized by lower thickness
of dark layers and similar thickness of light layers
within varves 34-52 (intervals 3a—4a) in comparison
with the other profiles (see Text-fig. 6). The differ-
ences in this part of the profiles are also visible in the
ARM/IRM; ratio and other magnetic parameters. In
profile I, the ratio is higher than in the other profile.
This may be related to the smaller diameter of the
magnetic mineral grains. It is worth saying that the
ARM/IRM;, ratio is similar in varves 40—46 (inter-
val 3b) and 55-64 (interval 4b) (see Text-fig. 6) in
both profile I and profile II, i.e., in the periods with
higher supply of the material. The collected results
show that the sedimentation in profile I might have
occurred temporarily in a relatively shallower part
of the reservoir than in profile II (lower dark layers/
varves ratio in profile I) but still in the more distal
accumulation zone. Additionally, the results probably
indicate a lower supply and/or a smaller diameter
of terrigenous material (higher ARM/IRM; ratio in
intervals 3a and 4a, lower values of y, ARM and IRM
as well as a lower thickness of dark layers).

The site near Mochty is the second site where
sediments belonging to the Saalian Glaciation were
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Text-fig. 12. Paleogeographic reconstruction with the limits of the

Zakroczym and Nasielsk phases, Saalian Glaciation (MIS 6); black

arrows — the magnitude of the terrigenous material input — bigger
arrows show a higher amount of the sediment supply.

exposed. It is located c.a. 26 km to the west of De¢be.
The glacial till, 2—8 m thick, is exposed in the escarp-
ment of the postglacial plateau (Marks et al. 1996).
The till is covered by a 2 m thick layer of supraglacial
sands. Above the till or sands is a 0.1-0.3 m thick
pavement. It is covered by a 7 m thick layer of fine
sands, which accumulated in an ice-dammed lake.
The sands pass up in to a 3—4 m thick layer of varved
clays. At the back of the escarpment, 3 m thick, ice-
dammed sands and silts lie on the varved clays. These
ice-dammed sands and silts indicate the next stage of
ice-dammed lake sedimentation. Within the varved
clays, 59 varves were distinguished and are shown
in the profile in Text-fig. 11. The varve thickness is
differential and is 2-23 cm, 1.5-20 cm for light layers
and 0.4-9 cm for dark layers.

This research reveals that varved clays at the
Mochty site were deposited in the first stage of the de-
velopment of an ice-dammed lake, after the accumu-
lation of the fine sands. The clays may be correlated
with the part of the varved clays from De¢be which
accumulated in the distal sedimentation zone (Text-
fig. 11). The sedimentation rate in the Mochty pro-
file is 65 mm/year, whereas it is only 18 mm/year in
Debe. The first stage of lake sedimentation is related
to the stagnation of the ice-sheet front to the north of
Zakroczym (Zakroczym phase; Rozycki 1972; Marks
et al. 1996). The ice-sheet front in the vicinity of
De¢be was also in close proximity to the north of Degbe
(Text-fig. 12; Nowak 1967; Rozycki 1972). The second
stage of the accumulation at Mochty, connected with
the accumulation of the upper ice-dammed sands and
silts, may be correlated with the part of the varved
clays from Degbe which were deposited in the proxi-
mal zone. The increased supply of the terrigenous ma-
terial in both profiles may be related to the retreat of

the Saalian ice-sheet front to the north towards Plonsk
and Nasielsk (Nasielsk phase). The higher sedimen-
tation rate at Mochty may correspond to its location
closer to the lake shoreline (Text-fig. 12) and to the
faster melting of ice in the western part, or it could
have been located closer to the source of supply of
material (Carrivick and Tweed 2013).

CONCLUSIONS

The studied profiles of varved clays formed
during the recessional phase of the Saalian Glaciation
(MIS 6) contain a total of 110 varves of annual depo-
sition and represent a transitional environment be-
tween the distal and proximal sedimentation zones of
the ice-dammed lake. Their transition is climatic in
nature or may be associated with the closure of one
source of the drift of terrigenous material and/or the
opening of another source of terrigenous material.
The sedimentation in distal and proximal sedimenta-
tion zones lasted at least 58 and 52 years, respectively.

In addition to the cyclicality associated with an-
nual sedimentation in summer and winter, another
type of cyclicality was observed. The long-term cy-
clicity (1a—8b) refers to changes in the water surface
level in the lake and/or changes in the supply of ter-
rigenous material. These intervals last 7 years on av-
erage. The cyclicity is similar in duration to that ob-
served in modern measurements of some parameters
of the Earth’s climate system and can be influenced
by the internal dynamics of the Earth.

Based on the sedimentological record and mag-
netic properties of the studied varved clays, it can be
concluded that in the first phase of clay sedimentation
(interval la—4a) the shoreline of the ice-dammed lake
was relatively close to the stagnant front of the ice-
sheet and the lake was generally becoming deeper.
Relatively rapid climate warming led to increased
melting of the ice-sheet and its regression. This was
recorded in the transition from sedimentation in the
more distal sedimentation zone to deposition in the
more proximal zone.

The comparative analysis between sediments ex-
amined from the Debe and Mochty sites shows two
phases of sedimentation in the ice-dammed lake. The
first stage is recorded by sedimentation of the varved
clays. The second stage is characterized by the higher
supply of terrigenous material. The sedimentation of
the varved clays at Debe was changed from the dis-
tal to the proximal sedimentation zone. At the same
time, the ice-dammed silts and sands accumulated
at the Mochty site. The increasing input of material
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is caused by the ice-sheet front retreating from the
area near Zakroczym, and from the area to the north
of Debe and furthermore to the north of the Bug val-
ley (Zakroczym phase) towards Plonsk and Nasielsk
(Nasielsk phase).

The analysis of varved clays on the basis of mag-
netic susceptibility and other indices yielded the best
results for clays deposited in the more distal sedimen-
tation zone due to a calmer depositional environment.
Clays from the more proximal zone, due to a more
dynamic deposition environment, were characterized
by frequent erosion and most likely redeposition of
some material, and provided less information on en-
vironmental changes. This is also influenced by the
more complex magnetic mineralogy.
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