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The paper presents the data on an Eemian—Late Glacial sedimentary sequence from the Zwierzyniec site, central Poland. A
number of boreholes document one or two organic layers that occur beneath one or two horizons of clayey and silty deposits
of ice-dammed lakes. This study demonstrates to which extent the Zwierzyniec site can contribute to a better understanding
of the palaeoenvironmental changes during the Eemian—Vistulian time-frame in central Poland. To study it, a multi-proxy ap-
proach was applied, involving: palynological and plant macrofossil analysis, study of rounding of quartz grains and morphol-
ogy of their surface, and investigations of sand mineralogy and till petrography. The results show that a till bed is overlain by a
sandy series corresponding to the glacial-interglacial transition. Either one or two distinct peaks of organic accumulation are
evidenced by peat horizons. The lower horizon records spectra with hazel and hornbeam, and did, therefore, accumulate in
the Eemian. Observed only in some boreholes, the upper peat horizon marks the Brarup (or the lower part of the Rederstall
stadial) represented by forest-steppe conditions with patchy mosaics of larch and further transition into sedges and herba-
ceous taxa. Localized in between the two peat sequences, the sandy horizon marks a long-lasting aeolian transformation
with weathering by frost in the Early Vistulian. Again, significant changes of the palaeoenvironmental regime occurred, and
are manifested in the one or two horizons of the glaciolacustrine sediments. This corresponded to the last glaciation in the re-
gion, when the ice-dammed lakes formed during the Main Stadial.
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INTRODUCTION

A series of sediments of various origins and ages occur in
the Warsaw region, central Poland. The area was covered by
ice sheets several times during the Quaternary. The Wartanian
( MIS 6) ice sheet was the last one (Marks, 2002, 2005a; Marks
et al., 2006) and it was followed by the Eemian (MIS 5e) warm-
ing. The latter resulted in deposition organic sediments that
have been found throughout the region (Karaszewski, 1972;
Kenig, 1985; Krupinski, 1986). Although the area of central Po-
land was ice-free during the next Vistulian cold stage (MIS
5d-2), a number of cooler-warmer episodes took place
(Klatkowa, 1997). Among these episodes, the development of
an ice-dammed lake in the hypsometrically lower parts of cen-
tral Poland (i.e. the Warsaw Basin) are of great
palaeoenvironmental significance. This morphological depres-
sion is an important hydrographic junction of the major rivers of
the Polish Lowlands, thus favouring lake development (Marks,
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2005b). Vast flat areas typical for ice-dammed lakes prevail
both west and east of Warsaw (Fig. 1).

Among sedimentary horizons in central Poland, some of
them have a well-established age control and palaeoenviron-
mental reconstructions (cf. Weckwerth et al, 2011;
Dzieduszynska et al., 2014; Kalinska-NartiSa and NartiSs,
2016a). Others, in contrast, lack of sufficient investigation. Tofill
the existing knowledge gap, we present a new data on the
Zwierzyniec sequence documented by a number of boreholes
drilled in the vicinity of Radzymin, 30 km north-east of Warsaw,
during a routine geological survey. Therefore, this study aims to
distinguish the sedimentary-environmental signature of the
Zwierzyniec sequence and offers a better understanding of the
palaeoenvironmental changes of the region. A combination of
two peat horizons separated by fine-grained sands and super-
imposed by varved clay-sandy alternations makes the
Zwierzyniec area ideal for a new study on environmental his-
tory. The profiles span warmer and colder periods and provide a
potential insight into palaeoclimatic changes of the region dur-
ing the Late Pleistocene. The latter is synchronous with the
North-Polish complex (MIS 5e-2; Lindner et al., 2013). In our
study, we apply a multi-proxy methodological approach involv-
ing palynological and plant macrofossil analysis, study of round-
ing of quartz grains and morphology of their surface, and inves-
tigations of sand mineralogy and till petrography.
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Fig. 1. Location map showing the main glacial limits during the Late Vistulian in Poland and adjacent areas
(adopted from Marks, 2012)

Ga — Gardno Phase; Le — Leszno Phase, Pz — Poznan Phase, Pm — Pomeranian Phase, Main Vistulian ice-dammed
lakes (grey) and location of selected Eemian and Vistulian organic profiles (after Bruj and Roman, 2007): B — Btonie, G —
Gotkéw, H — Horoszki, | — ltéw, K — Kubtowo, O — Osséw, P — Piaseczno, U — Ustkéw, Z — Zakroczym, ZR —

Zgierz-Rudunki; black square — area shown in Figure 2

THE UPPER PLEISTOCENE SEDIMENTS
IN CENTRAL POLAND

Glacial deposits of Wartanian (MIS 6) age cover vast areas
of central Poland and form the higher elevations and topo-
graphically distinct morainic plateaux (Marks et al., 2006). Gla-
cial recession resulted in degradation of sediments (Lindner
and Marks, 2012), and further development of local
ice-dammed lakes. This is documented at numerous sites, i.e.
at Mochty, ca. 40 km north-west of Warsaw (Marks et al., 1996)
and at Plecewice, ca. 50 km west of Warsaw (Kalinska, 2015).
In the post-Wartanian landscape, small-sized lakes or/and
peatlands prevailed, where organic accumulation took place
during the Eemian. In central Poland, several sections of
Eemian organic deposits were palynologically documented, i.e.
at Ossow (Sarnacka, 1992), ca. 10 km south of Zwierzyniec
(Fig. 2), Komorow (Krupinski, 1986), Pass (Janczyk-Kopikowa,
1974; Karaszewski, 1974), and at the Zoliborz subglacial tunnel
valley in Warsaw (Morawski, 1980; Pietrzykowski, 2011). The
Eemian—Vistulian transition with a full record of sediments rep-
resenting the Amersfoort, Brgrup (MIS 5¢) and Odderade (MIS
5a) interstadials is documented by the profiles at the
Zgierz—Rudunki (Jastrzebska-Mametka, 1985), Kublowo (Ro-
man and Balwierz, 2010) and Ustkow (Kotaczek et al., 2012)
sites, all of them located west of Warsaw (Fig. 1). It is also well
established that during the Eemian-Vistulian transition the
periglacial processes dominated in the higher elevations, with
limited accumulation of the sediments in the valleys and in-
creased slope-driven processes (Roman et al., 2014). Similarly,
a significant ice advance (MIS 4) in northern Poland (Wysota,
2002; Dzierzek, 2009; Marks, 2012; Dzierzek and Szymanek,
2013) intensified periglacial processes in the extraglacial area
of Poland (Dzierzek and Stanczuk, 2006; Roman et al., 2014).
During the Last Glacial Maximum (LGM), the ice sheet blocked
river valleys and the Warsaw ice-dammed lake developed
(Marks, 2012). After the final drainage of the ice-dammed lake,
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Fig. 2. Geomorphology of the eastern Warsaw Basin
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a few Vistula River terraces formed, largely covered by Late
Glacial dunes (Rozycki, 1967; Baraniecka and Konecka-Bet-
ley, 1987; Starkel et al., 2015).

THE WARSAW ICE-DAMMED LAKE

The Zwierzyniec site is located on a vast glaciolacustrine
plain named the Radzymin—Marki level. Varved clays of the
ice-dammed lake are covered by a thin sandy horizon (Fig. 2).
A similar sandy layer covers the Btonie level, west of Warsaw
(Kalinska, 2012). The varved clays of the Warsaw ice-dammed
lake, as established by Halicki (1933), occur also north of War-
saw in the Zakroczym area, as well as in Piaseczno and
Gotkoéw, south of Warsaw (Fig. 1). The uppermost horizon of
the varved clays is hipsometrically roughly uniform and the
varvograms reveal a similar pattern.

Originally, the Warsaw ice-dammed lake was positioned in
the northern part of the Warsaw Basin (Samsonowicz, 1922).
The spatial range of the ice-dammed lake varied from 25 to
130 kmin its widest place, with a complex shoreline and narrow
bays stretching into the valleys of the tributaries of the Vistula
and Narew rivers (Fig. 1). Its development was correlated with
the Middle Polish Glaciation (MIS 6; Lencewicz, 1927; Halicki,
1933; Rdzycki, 1967).

The discovery of peat horizons intercalated with sands at
the Blonie site (Janczyk-Kopikowa, 1974; Karaszewski, 1974)
and sands with organics at the Ossoéw site (Sarnacka, 1982)
changed the ice-dammed lake age-model radically. This or-
ganic sequence occurs directly beneath the varved sediments
and appeared to be of Eemian age. Such interpretation posi-
tioned the ice-dammed lake in the Vistulian Glaciation.

As yet, very few direct age determination of the ice-dammed
lake exists. A very early thermoluminescence (TL) study
yielded an age of 44 ka (Proszynska-Bordas et al., 1988). This
placed the Warsaw ice-dammed lake in the middle part of the
last (Vistulian) Glaciation (Baraniecka and Konecka-Betley,
1987), and contradicted the general palaesogeographical out-
line, because no direct record of the glaciation have been found
in central Poland at that time. Only the Plock lobe of the
Vistulian ice sheet, correlated with the Poznan Phase at
19-20 ka (Marks, 2012) and located ca. 100 km west of War-
saw, could dam up the water. If it is true, the Warsaw
ice-dammed lake developed at 19-20 ka. A similar large
ice-dammed lake occurred also in the vicinity of Grodno
(Belarus) in a similar palaeogeographic position (Fig. 1), and
was linked by Marks and Pavlovskaya (2007) with the maxi-
mum advance of the Late Vistulian ice sheet.

Giving confidence to the above-mentioned interpretations,
the varved deposits from boreholes and outcrops in the vicintity
of Warsaw do not represent one glaciolacustrine depositional
event in one ice-dammed lake as stated previously. The tec-
tonically affected depression-like area of the Warsaw Basin fa-
voured, therefore, several glacially-controled ice-dammed
lakes. An accurate determination of the age and distribution of
the Warsaw ice-dammed lake remains, however, debatable.

METHODS

To determine the palaeoenvironmental record, 10-20 m
long sediment cores and a few tens of metres apart from each
other were acquired in the Radzymin area. The H-15 50 cm drill
with @ 9 cm inner tube diameter chamber assembled on a
UAZA452 chassis was used. Additionally, drillings were also per-

formed with a hand auger. This allowed recognition of one to
two peat intervals, as well as one or two glaciolacustrine hori-
zons. The electrical resistivity tomograph (ERT) was tested
across the profile and details can be found in Kowalczyk et al.
(2015).

The four borehole logs (Zw 1-4) were examined for (1)
palynological and plant macrofossil evidence in peats and
gyttjas, (2) rounding of quartz grains and character of their sur-
face together with their mineral content in sands, and, finally, (3)
petrography of gravelly fractions in the tills. The details on those
are given in the following sub-chapters.

ORGANIC SEDIMENTS

Plant pollen and macrofossil data can be used to recon-
struct climate variations during deposition of peat (cf. Kalnina et
al., 2015) and, therefore, were employed in our study. A total of
25 samples of ca. 3 cm thick and 5 cm in diameter were avail-
able for palaeobotanical survey: 1 for the gyttja layer (960 cm)in
the Zw-1 borehole, 3 for peats (1000-1030 cm), and 3 for the
gyttjalayer (1160—-1190 cm) in the Zw-2 log, 5 for the upper peat
layer (415-430 cm), and 11 for the lower peat layer
(815-855 cm) in the Zw-3 log (Table 1), and finally 2 for organic
matter (560 and 1730 cm) in the Zw-4 borehole. In every pollen
sample, hydrofluoric acid and the standard Erdtman acetolysis
were applied. Approximately 1000 pollen grains per sample
were counted. Prior to the macrofossil analysis, the samples
were boiled in 10% KOH solution. Occasionally, boiling had to
be repeated due to a high degree of peat compaction prevent-
ing sample dissolution. Plant macrofossils were also extracted
by wet sieving on a 200 ym mesh screen.

CLASTIC SEDIMENTS

Quartz is ubiquitous in nearly all clastic sediments and its
grain rounding and character of its surface are of great impor-
tance in determination of the environment in which the grain has
been transported and preserved (Vos et al., 2014). Similarly, the
mineral composition of clastic sediments can be a powerful tool
in ascertaining i.e. mineralogical maturity and sediment sources
(Muhs et al., 2013). Having two clastic (fine medium-grained
sand) horizons, we can classify rounding of quartz grains and
character of their surface and determine their mineral composi-
tion. Preliminarily, two sandy samples from depths of 6.7 and 10
m (Zw-3) in two grain-size fractions (0.5-0.8 and 0.8-1.0 mm)
were analysed. The classification of the grain shape and the sur-
face character was done according to the Cailleux (1942)
method modified by Mycielska-Dowgiatto and Woronko (1998)
and accompanied with depositional environments according to
Woronko et al. (2015). Six groups of grains were determined: (1)
RM — well-rounded frosted (long-term abrasion in aeolian envi-
ronment), (2) EM/RM — partially-rounded and frosted (short-term
abrasion in aeolian environment), (3) EL — well-rounded shiny
(long-term transformation in fluvial/beach environment), (4)
EL/EM — partially-rounded and shiny grains (short-term transfor-
mation in fluvial/beach environment), (5) C — broken with at least
30% of the original grain surfaces (crushing in all types of envi-
ronments), and (6) NU — fresh, angular. Within the latter, the fol-
lowing subgroups were distinguished: (i) NU/L shiny grains with
sharp edges that result from crushing and abrasion in a glacial
environment (Woronko et al., 2015), and (ii) NU/M — outwardly
frosted grains with sharp edges without effect of transport. The
NU/M grains could correspond with “other” group as established
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by Woronko et al. (2015) and exposed to, e.g., a periglacial envi-
ronment. However, in our studies these grains are only of
non-rounded outline and are, therefore, similar to quartz grains
observed by Kalinska-Nartisa et al. (2015) in aeolian settings of
Lithuania. Subsequently, mineral-petrographic composition was
determined from both the 0.5-0.8 and 0.8—1.0 mm fractions, as
the amount of quartz increases in the deposits due to numerous
redeposition events (Mycielska-Dowgiatto, 2007). A random se-
lection of 200—-250 grains was made and four groups were distin-
guished: quartz, feldspars, particles of crystalline rocks, and
micaeous minerals.

MORAINIC TILL

Morainic till was found in several boreholes at a depth of
17-18.5m (Fig. 3). Two till samples were taken for petrographic
analysis from the Zw-2 and Zw-3 boreholes. Because of the low
frequency of gravel, we took additional samples from other
nearby boreholes (Zw-combine). Because the petrographic
analysis allows a prompt examination of the vertical
petrographic differenation of tills (\Wozniak and Czubla, 2015),
we consider it as an adequate technique in our study. The de-
posits were wet-sieved to obtain only the 5-10 mm gravel frac-
tion. The number of gravels varied between 64 and 345 (Ta-
ble 2). The relation of crystalline rocks, Paleozoic limestones,
dolomites, quartzites, quartz) was used for calculation of the
petrographic indices (O/K, K/W, A/B), where: O — total of sedi-
mentary rocks, K — total of lithic fragments and quartz, W — total
of carbonate rocks, A — total of non-resistant rocks, B — total of
resistant rocks (Table 2). Additionally, the relation between Pa-
leozoic limestons and dolomites (Wp/Dp) was also counted.
Details of the methodology can be found, e.g., in Wozniak and
Czubla (2015). The values of petrographic indices have been
analysed with regard to regional characteristics (lithotype) of the
tills (Lisicki, 2003).

RESULTS

LITHOLOGY

At Zwierzyniec the following units can be classified in the bore-
holes (Fig. 3). The fine-grained 0.4—1.0 m thick sands lie directly
under the present-day soil horizon. Sands are underlain by one (in
the Zw-1, Zw-2 and Zw-3) or two (in the Zw-4) glaciolacustrine ho-
rizons: brown-grey varved clays separated by a thin sandy layer,
or a sandy silt layer on top of varved clays. Varves represent nu-
merous alternations between the dark grey to brown and light grey
laminae towards the top of the profile. The thickness of a single
varve lamina varies between 0.1 and 1.5 cm, however, no direct
correlation between colour and thickness was observed. Locally,
the brown laminae intercalates with the dark grey laminae. Deeper
in the profile, under the glaciolacustrine sequence, one (in the
Zw-2) or two (in the Zw-1 and Zw-3, Zw-4) peat horizons occur.
The upper peat layer is 0.9—1.4 m thick and is documented in the
Zw-1 and Zw-3. Sands with organic fragments occur in the Zw-4.
Beneath the upper peat layer, there is a thick (up to 4 m) grey
fine-grained sandy layer. The lower layer of peat is 2—3 m thick. In
the Zw-4 profile, an additional peat layer was documented be-
tween a 13.0-14.5 m depth, underlain by 4.5 m thick gyttja (Fig. 3).
Thin layers of gyttja beneath the peat layers were also drilled in the
Zw-1 and Zw-2. The organic-rich sediments are underlain either
by medium-grained sands (Zw-4) or grey morainic till (Zw-2 and
Zw-3).

PALAEOBOTANICAL STUDIES OF ORGANIC SEDIMENTS IN THE ZW-3

Three local pollen assemblage zones (LPAZ) and five local
macrofossil zones (LMZ) were distinguished in the Zw-3 profile
based on visual evaluation.

LOCAL POLLEN ASSEMBLAGE ZONES

In the lower part of peat (samples 6-16; 814-854 cm
depth), LPAZ Z-1 was distinguished (Fig. 4 and Table 1). This
zone is characterized by the high number of pollen grains, that
decreases slightly towards its top. The pollen of pine and, to a
lesser extent, birches become common among trees. The
lower samples from the zone reveal the occurrence of Picea,
Alnus and Calluna vulgaris as well as single pollen of deciduous
trees. Additionally, pollen grains of Buxus are noted within the
lower part of the profile. However, Betula nana pollen is present
at the top of the zone (Fig. 4)

LPAZ Z-2 is distinguished in the upper peat of the Zw-3 pro-
file (samples 3-5; 420—430 cm depth). In this zone, the pollen
frequency indicates the existence of forest patches. The arbo-
real pollen (AP) is dominated by pine and, to a lesser extent, by
birch and larch. A high and increasing amount of the non-arbo-
real pollen (NAP) is caused by the sedges (Cyperaceae).
These represent local vegetation.

The upper peat of the Zw-3 profile at a depth of 414—420 cm
(samples 1-2) represents the LPAZ Z-3 zone, in which the pol-
len reveals a relatively low frequency. The AP, dominated by
birch and pine, falls rapidly to about 50%. There is a scant re-
cord of Larix, Juniperus and Salix. Among the NAP, grasses
and sedges are abundant. In part, however, they are undoubt-
edly local in origin. Arfemisia, Chenopodiaceae and a large
number of herbaceous taxa are also distinctive for this zone.

POLLEN ANALYSIS OF THE OTHER SAMPLES

Sample from a depth of 560 cm from sand with organic mat-
ter in the Zw-4 profile (Figs. 3 and 5) shows a treeless phase
(somewhat similar to that of LPAZ Z-3 in the Zw-3 profile;
Fig. 4). However, a horizon with a pollen spectrum abundant in
Quercus, Corylus and Pinus pollen is found in gyttjas at a depth
of 1730 cm in the same profile. Samples taken from the peat
layer in the Zw-2 profile (Fig. 5) show that the pollen spectra
from a depth of 1000-1020 cm are dominated by hornbeam,
and from a depth of 1030 cm by hazel with an admixture of
hornbeam (R 2 LPAZ). In gyttja at depths of 1160, 1180,
1190 cm we have documented the presence of hazel pollen
with a low amount of Tilia and Alnus (R 1 LPAZ). Finally, sample
from gyttja at a depth of 960 cm in the Zw-1 profile (Fig. 5)
shows a high frequency of hornbeam pollen. The hornbeam
and oak levels, noted in the three above-mentioned profiles,
represent part of the widely recognised climatic optimum, in
which pollen of plants with a more southerly present-day range
have the greatest frequency in the sequence (Binka and
Nitychoruk, 2011).

LOCAL MACROFOSSIL ZONES

The MZ-1 from the Zw-3 profile (samples 10-16;
830-854 cm depth; Fig. 6) shows a low frequency of
Andromeda polifolia, Scheuchzeria palustris, Oxycoccus,
Triglochin palustre, Potentilla palustre, Menyanthes trifoliata,
Carex riparia, Cicuta virosa; all of them either inhabit raised and
transitional bogs or form microhabitats in raised bogs (Fig. 6).
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Table 1

Lithology of peats following the Troels-Smith (1955) classification and the local palaeobotanical
zones in the Zw-3 profile

Lithology | SamPe | pepth [cm] Material LPAZ | LMZ
1 414 4Th (radic.)/2 [trunki et rami salici/l
2 418 ( )4TL (radic.)/2 ! 23 M2z-5
Upper peat 3 422 2Th (Sphagn.)/2, 2Th(radic.)/2
4 426 4Th (Sphagn.)/2 Z-2 MZ-4
5 430 4Th (Sphagn.)/1
6 814 4Dg [stripes p/:n/] MZ-3
7 818 4Th (radic.)/1 [trunki et rami]
8 822 3Dg, 1Th (radic.)2 [trunki et rami] MZ-2
9 826 2Th (Sphagn.)/2, 2Th (radic.)/1
10 830 2Th (radic.)/1, 2Dg
Lower peat 11 834 2Th (radic.)/1, 1Th (Sphagn.)/1,1Dg Z-1
12 838 3Th (radic.)/1, 1Th (brown mosses,Sphagn.)/1
13 842 2Th (Sphagn.)/1, 1Th(radic.)/1, 1Dg MZ-1
14 846 3Th (radic.)/1, 1Dg
15 850 4Th (Sphagn.)/1
16 854 4Th (Sphagn.)/1
LPAZ — Local pollen assemblage zones; LMZ — Local macrofossil zones
Table 2
Petrography of tills at Zwierzyniec
Profile Depth [m] O’;‘ggeg[s oK | kW | AB |wp/Dp
Zw-2 17.5-18.0 189 0.49 259 | 0.40 1.33
Zw-3 17.0-17.5 64 0.88 1.36 1.21 0.78
Zw-combine | 17.5-18.5 345 0.67 1.72 | 0.54 1.61

O - sedimentary rocks, K — lithic fragments, W — limestones (Wp) and
dolomites (Dp), A — mechanically non-resistant rocks, B —mechanically resis-

tant rocks

Macroremains of pine and tree birches as well as plants from
dry habitats (Arctostaphylos uva-ursi and Rumex acetosella)
occur regularly.

The MZ-2 (samples 8-9; 822—826 cm depth) shows a lower
variety of taxa than the MZ-1. Befula nana, as well as
Andromeda polifolia and Potentilla palustre occur abundantly.

The MZ-3 (samples 6-7; 814—-818 cm depth) reveals a de-
cline of Betula nana (Fig. 7) and Andromeda, and generally has
less frequent remains than as compared to the MZ-2. Abundant
pine wood fragments are noted towards the top of the zone (Ta-
ble 1).

In the MZ-4 (samples 3-5; 42—430 cm depth), numerous
types of Carex nuts prevail in the spectra. Other plants from
subaqueous habitats are rare. Only Menyanthes, Potentilla
palustre appear singly. The remains of pine and tree birches are
present in small numbers.

Lastly, in the MZ-5 (samples 1-2; 414—418 cm depth), nee-
dles of larch, nuts of Betula sect. Albae, Carex rostrata and
Stellaria palustris are the most abundant remains. Fragmented
wood of willow is significant towards the top of the zone (Table 1).

CLASTIC SEDIMENTS

The number of well-rounded frosted (RM) grains varies be-
tween 27 and 32% in the 0.5-0.8 mm fraction, and 24—38% in
the coarser fraction. This is followed by partially-rounded
frosted (EM/RM) grains that account for 18-29% and 23-25%
in the 0.5-0.8 and 0.8—-1.0 mm fractions, respectively. The in-
vestigated sediments are, therefore, characterized by abun-
dantly aeolian-transported quartz grains which both have the
highest roundness (RM), and with the signs of aeolian activity
visible on the edges and corners of the grains (EM/RM).
High-energy subaqueous grains reach as high as 4-7%
(well-rounded shiny EL grains), and 11-13% (partially-rounded
shiny EM/EL grains) in the 0.8—1.0 mm fraction, as well as ca.
8% (EL), and 12-17% (EM/EL) in the 0.5-0.8 mm fraction. The
number of broken (C) grains, formed from breakage of the EL,
EM/EL, RM and EM/RM types, is relatively high — ca. 16-18%
in both of the fractions. Both the fresh (NU/L) and weathered
(NU/M) grains occur sparsely. However, the sample from a
depth of 10 m contains ca. 10% of fresh grains (NU/L).



Edyta Kalinska-NartiSa, Jan Dzierzek, Krzysztof Binka, Andrzej Borkowski, Pawet Rydelek and Piotr Zawrzykraj

616

(Z-MZ ‘L-MZ ‘p-mZ) 231uhkziaimz wouy weibelp uajjod °G "Bi4
snjely ~  sojueblo yyum pues[ =] emi6 [ ieediemol
0C

0z 09 Oy 0z 09 OF 0Z 0z
- — o o — F08LL
(2] FOLLL
= —— L | — r 09L1L
- i — L | -— mOm”O_‘
[2<| - = [ 0CoL
rolotL
— ﬂL e, — —— ~000L
A v m & Q! )
& @z & o ¢ &) mo n.,o o o @ ¢ /o & N ) «
R FP o /f s// RO o @ R ,v © %
W z %/ N %w/o oo, & z-MZ
M CARSe & o
o & ¢ <
oY 0z or 0z

SIS e M A Al

jjjjiij_jj[j_f_jjjjjgO_N_.ﬁ_ Lﬂ_ﬁ_jf_ijiﬁ e
Mz

0@%%@&@0%%&4/ o// g fw 55 L 90@‘%& «9040 %@«O%o% @n.fo oysoO @so /Coo o> o/A o/+@¢w@o/vm¢+e«t /o W .m

%o oF o//.yo @/o o% /o@ oo S oVo,, //,.yo ./4%%%@%0 «F & ooo & & & 2 & o s < o g 2

PO T e@ @@ /\% g & ° & 0 < 3

° M¥ & & pmz =

OVAO ./ @./Aw?
(g-mZ) 291uhziaimz woly welibelp usjjod ‘¢ "Bi4
smey - jead Jamo| Bl eeduaddn
oAg N e 0z 09 or 0z 0z 0z 00, 08 09 Oy OZ

o T s+ s s ey e ey e e e e e e e B rF.._IWFrrFFrrrrrrrr_IrrrrrrFFrrk____.,,,,.___. S8
A \ Lose
Love
L2ve
v Lacs
L-Z Les
Locs
Lozs
Lzze
”w_w
PPNAL
rogy
¢z Lozy

14 g B

) L
ABojouyy NG
< o'
T 39

\/ & b \/
& / % Q + @ooo&o DR S ooos o o o/ mo o =S
90 ,yo% /7@ o BN WP P R P NG GO P of Qi) S 5
WM%\QW% ez X ,M « 9 e// ov /@x@// RN w@oo wxaaw\&ww%w% & & @067 o0 9/ 5
N & R //o% & e oov %9.@ SV o 3
& A



Upper Pleistocene palaeoenvironmental changes at the Zwierzyniec site, central Poland 617

"20 40 60

anal. K. Binka

&
— MZ-5
o MZ-4
MZ-3
MZ-2
MZ-1

)
-
f—
—
==
n
e

20

100

50

&

P
100

50

{

20

20

Ressnlsalinlinaizassisalsaisnl sulsalnsl
20

26

"20 40

20 40 60

aml

.
1 e e
20

« hiatus

20 40

.
-

=

-

=
mal

N
0

50 100 150

S
'

I upper peat [l lower peat -

20

soooun |

[wo] ydeq r— 71
T ©O N © 9 ¥ O N © Q ¥ ® N © 9 I
T o 8 Y & - - 8 N ® o oY F 0w
<+ ¥ ¥ ¥ F ®© 0 ®© © 0O ® ®W O O O ©

Fig. 6. Macrofossil diagram from Zwierzyniec (Zw-3)

hr — hairs; h — hydathode; fr — fruit; fs — fruit scales; | — leaves; n — needles; ¢ — cone; f — follicle; s — seeds; 2n — two-stigmal nuts; 3n — three-stigmal nuts; scirpoids — Carex group

non-assigned to genus or species

The highest content of quartz (92%) is found in
the 0.5-0.8 mm fraction of the sample from a depth of
6.7 m. The 0.8—-1.0 mm fraction and the sample from
a depth of 10 m seem to be depleted in quartz con-
tent, which varies from 74 to 80%. Simultaneously, a
relatively high content of both rounded feldspars
(4-8%) and lithic fragments (11-20%) are observed.
No micaceous minerals are found.

THE PETROGRAPHIC CHARACTERISTICS OF TILL

The composition of gravel in all samples is domi-
nated by lithic fragments. The K/W index of 2.59 for
the Zw-2 profile (Table 2) is very high and is not com-
patible with any tills in the region. The low frequency
of limestones in the fine-gravely fraction of till can be
explained by strong weathering. The latter is sup-
ported by the presence of Paleozoic limestones and
dolomites (Table 2). A high content of dolomite is typi-
cal of the Wartanian tills in central Poland. However,
the low frequency of limestones in tills, which build the
bottom of lakes, is very common (D. Gatgzka, pers.
comm.).

DISCUSSION

PALAEOENVIRONMENTAL INTERPRETATION
OF POLLEN AND MACROFOSSIL DATA

At least two peat layers have been distinguished
in the geological cross-section in the Zwierzyniec
area (Kowalczyk et al., 2015). However, the upper
peat layer is not preserved in the Zw-2 and Zw-4
boreholes. It was presumably eroded and replaced
by fine sand with the high content of organic material
that could represent another sediment facies of the
same age (Fig. 3). The lower organic layer is repre-
sented by peat and gyttja, which overlie the sandy
layer.

Pollen spectra from the three fragmentarily ana-
lysed profiles indicate the presence of pine-oak forest
(gyttja at 1730 cm in the Zw-4), forest communities
dominant by hazel (gyttia at 1160—-1190 cm in the
Zw-2) and, finally, by hornbeam (gyttja at 960 cm in
the Zw-1).

The LPAZ Z-1 (Zw-3 profile) pollen concentration
and the low content of herbaceous taxa (excluding lo-
cal elements) suggest dense boreal pine forests that
existed until the end of the zone; a wood of pine was
identified in the topmost sample. Therefore, we ob-
serve a gradual decline of interglacial condition. This
is expressed by rare Buxus that requires more mari-
time climate, and single pollen of deciduous trees in
the lower samples (Fig. 4). In the Eemian, Buxus oc-
curred in a hornbeam zone and persisted until the
end with Picea, and the beginning of the pine phase
(Binka and Nitychoruk, 2011; Binka et al., 2011;
Mamakowa, 1989; Zagwijn, 2000). More abundant
remains of Betula nana (Fig. 6) indicate a progressive
decrease in temperature at the end of the zone.

Locally, the MZ-1 represents initially a vegetation
of raised or transitional bog overgrowing by Sphag-
num moss (Table 1). The more demanding plants
dominate in the hollows or in small permanent and
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Fig. 7. Macrofossils from Zwierzyniec (Zw-3)

A — leaf of Betula nana (depth 826 cm in Table 1); B-D —
Scheuchzeria palustris: B — ends of leaves with hydathodes (depth
854 cm), C — follicle (depth 846 cm), D — seed (depth 830 cm)

temporary water bodies, including Triglochin, Carex riparia,
Menyanthes, Cicuta virosa and Potentilla palustris, as revealed
at a depth of 850—-855 cm in the Zw-3. It was rapidly followed by
a peat bog with sedge communities and of lower water level,
because the remains of pine and tree birches were found in situ.
The MZ-2 (820-830 cm in the Zw-3 profile) represents a suc-
cessive retreat of trees from the bogs, the abundance of dwarf
birch, and its further disappearance in the next zone (Fig. 6). A
similar pattern is observed in the Linie relict bog in northern Po-
land (Ejankowski and Kunz, 2006), wherein the dwarf birch oc-
curs in the dwarf shrub communities Ledo-Sphagnetum
magellanici, and further retreats. This is caused by a low
groundwater level, that could potentially be triggered by
waterlogging of the ground, as observed by Ejankowski (2004,
2008). The dwarf birch decline is recorded at a depth of
815-820 cm in the Zw-3 profile. A satisfactory explanation of
this cannot be found at the present stage of research. Of signifi-
cance, some plants such as Carex riparia can indicate an even
higher water level. Simultaneously, a well-decomposed peat
layer with particles of wood suggests a period of drought.
Throughout the period of sedimentation of the upper peat
layer, forest represents the isolated type only in the LPAZ Z-2,
where pine dominates in communities. The lower pollen fre-
quency and abundant herbaceous plants, especially Artemisia,
associated with steppe vegetation mark open conditions in the
LPAZ Z-3. The presence of remains of tree birches and abun-
dant needles of larch, however, shows the existence of forest. It
seems that the vegetation was forest-steppe with patchy mosa-
ics of larch. Abundant remains of larch and low percentages of
its pollen also attract attention. A very similar pattern is known
from the neighbouring Eemian sequence at Horoszki (Fig. 1;

Granoszewski, 2003). Observations of modern pollen of larch in
the Altai Mountains (Pelankova and Chytry, 2009) support
these discrepancies and show that the correspondence be-
tween Larix pollen in the modern spectra and real tree abun-
dance was often tenuous.

The upper organic level (MZ-4 and MZ-5) also begins with a
Sphagnum peat bog (Table 1), before being rapidly replaced by
transitional or minerotrophic mires with many species of
sedges, Potentilla palustris, Menyanthes, Stellaria palustris and
Carex rostrata. Abundant larch needles and a higher degree of
peat decomposition indicate frequent episodes when the bog
dried up in summer.

PRESUMABLE AGE OF THE DEPOSITS

The formation of the lower peat layer and the gyttjas at
Zwierzyniec may have started during the Eemian. This is sup-
ported by the presence of spectra with hazel (at a depth of
1160-1190 cm; Zw-2), oak, pine and hazel (at a depth of
1730 cm; Zw-4) as well as of pollen spectra dominated by horn-
beam at a depth of 1000—1030 cm (Zw-2) and at 960 m (Zw-1)
representing the Carpinus zone (Fig. 5). In the Zw-3 profile, the
lower peat layer (LPAZ Z-1) represents probably part of the final
zone of the Eemian. This is supported by the occurrence of
Buxus, low curve of Picea and rare pollen of deciduous trees.
The same pattern has been observed regionally in the numer-
ous Eemian pollen diagrams in Poland (Granoszewski, 2003;
Kupryjanowicz, 2008; Binka and Nitychoruk, 2011; Binka et al.,
2011). This period lasted from ca. 1500 to 2000 years (Caspers
et al.,, 2002).

Following the superposition, the upper peat layer in the
Zw-3 profile at a depth of 414-430 cm (Fig. 4), and the fine ma-
terial with organics in the Zw-4 profile at a depth of 560 cm
(Fig. 5) represent the upper or lower part of the Brgrup
interstadial (LPAZ Z-2 zone), and the first part of the Rederstall
stadial (LPAZ Z-3) or the lower part of the Brgrup and a part of a
part of intra-interstadial cold fluctuation.

PALAEOENVIRONMENTAL IDENTIFICATION OF QUARTZ GRAINS

The quartz grain morphology relates to the mode of trans-
portation, distance from source, and timing, but it is equally a
function of the original grain shape in the parent rock (Mahaney
et al., 2001; Kleesment, 2009; Costa et al., 2013; Kalinska and
Nartiss, 2014; Vos et al., 2014). In this study, a preliminary anal-
ysis of the roundness of quartz sand grains and the character of
their surface combined with mineralogical composition open up
great opportunities for future work at higher resolution. So far,
two sediment samples revealed a great variability of grain
types, representing not only aeolian (RM and EM/RM) and flu-
vial (EM/EL) sedimentary environments, but also cracked
grains (C) and totally fresh grains with no traces of transporta-
tion (NU/L). However, the predominance of matt grains with
perfectly spherical shapes was noted in particular in the upper
part of the profile (sample taken from a depth of 6.7 m). These
grains represent the long-lasting aeolian transformation. Simul-
taneously, the abundance of shiny (EM/EL+EL) quartz grains is
attributed to fluvial environments (Krinsley and Doornkamp,
1973), and such deposits could be typical of river floodplains
(Marks et al., 2014). It is acknowledged that a relatively high
(>5%) number of grains with well-rounded outlines observed in
the sediments refer either to the underlying deposits (\Woronko,
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2001) or results from the long-lasting fluvial cycles (Weckwerth
etal., 2011). Similarly, the high content of cracked grains (C) in-
dicates the post-sedimentary weathering due to freeze-thaw
(Woronko and Hoch, 2011; Woronko, 2012) and have been re-
ported from the former periglacial areas in northeastern Poland
(Woronko et al., 2013). It is apparent from this study that the
textures reflect not only the influence of fluvial/aeolian associa-
tions by the supply of aeolian material into the river valleys, but
also the reworking of pre-existing sediments, as noticed within
the periglacial zone of the last glaciation (Zielinski et al., 2009;
Velichko et al., 2011). The contribution of the latter could be ex-
plained by the presence of the underlying morainic complex.
Noteworthy is the prevalence of aeolian-type grains in the sam-
ple from a depth of 6.7 m; these could only result from lon-
ger-term aeolian activities caused by increasing climate aridity.
The 0.8—1.0 mm quartz grains tend to reveal the strongest ae-
olian abrasion (Mycielska-Dowgiatto and Dzierwa, 2003). In our
study, however, similar numbers of both well-rounded (RM) and
partially-rounded (EM/RM) matt grains are observed and,
therefore, it argues that aeolian action has no significant role in
abrading the coarser fraction.

The mineralogical maturity, defined as composition where
there is a dominance of quartz (Pettijohn et al., 1972), is stated as
being achieved from extended periods of aeolian activity (Muhs,
2004). Itis likely, given by the relatively large amount of feldspars
and lithic particles, particularly in the sample from a depth of
10 m, that their source was from a combination of igneous or
metamorphic rocks. Such a composition appears to be similar to
the fluvioglacial sediments of central Poland, with 70-75% of
quartz, exclusively (Mycielska-Dowgiatto, 1993). Feldspars, how-
ever, are mostly of rounded outline, meaning the whole material
underwent aeolian transformation (cf. Weckwerth et al., 2011).
The feldspar depletion in the sample from a depth of 6.7 m was
likely overlapping with the deterioration of climate conditions re-
corded in the upper part of the profile.

PALAEOENVIRONMENTAL IDENTIFICATION OF TILLS

Based on the petrographic indices of the Zwierzyniec till, it
cannot unambiguously be established whether or not the till is of
the Wartanian age. Although the Wartanian tills have been ob-
served in the area (Lisicki, 2003; Marks et al., 2006), our O/K,
K/W and A/B petrographic indices correspond neither to the re-
gional lithotype for Wartanian till nor the older tills. The cause of
this is likely due to a strong weathering.

PALAEOENVIRONMENTAL RECONSTRUCTION

The sediment cores to a maximum depth of 20 m at the
Zwierzyniec site represent a sedimentary record of the
Eemian—Late Glacial sequence in central Poland. This data
combined with the multi-proxy approach applied in this study al-
low the evaluation of the palaeoenvironmental pattern of the se-
quence, which is discussed below.

Based on petrographic composition of the lowermost
morainic till, we assume that, although strongly weathered, it is
probably of Wartanian age. An uneven upper boundary of the till
ranges between 70 to 74 m a.s.I. Either this is inherited after the
primary-preserved uneven surface of the morainic plateaus, or
eroded by the proglacial water.

Accumulation of fine- and medium-grained sands postdates
the glacial conditions. Sands are presumably of fluvial origin;
this is supported by the abudance of the shiny well- and par-
tially-rounded quartz grains (EL+EM/EL) and lack of mica. This

mineral, due to its platy habit (Marcinkowski and Myciel-
ska-Dowgiatto, 2013), contradicts with water flowing conditions.
The numerously cracked quartz grains coincide with the gla-
cial-interglacial transition and could be possibly inherited from
the underlying till. The continuous organic deposits, termed as
the lower peat, cover the sands. Formation of the organic de-
posits occurred probably during the late Eemian, and coincides
with the end of spruce and beginning of the pine phase
(Mamakowa, 1989; Zagwijn, 2000; Binka and Nitychoruk, 2011;
Binka et al., 2011), when continental conditions prevailed. Lo-
cally, the lower peat is replaced by two peat horizons alternated
by a sandy horizon and underlain by gyttja (Zw-4; Fig. 3). That
complex combination cannot be explained at this stage of re-
search. However, colder-interglacial interval cannot be ex-
cluded. Macrofossil record at the Horoszki Duze site
(Granoszewski, 2003) provides the minimum mean July tem-
perature estimates of 17-18°C, and January temperatures be-
tween —1 and —5°C for the late Eemian (cf. Helmens, 2014).
These are lower than the estimates from continental Europe
(Klotz et al., 2003), but slightly higher than in the Eastern Baltic
region (Seiriené et al., 2014).

Rapid environmental changes are inferred for the lower
peat-sand transition; this is well-documented in all boreholes,
where the total thickness of sands between the lower and the
upper peat is occassionally up to 5 m (Kowalczyk et al., 2015).
In sand the fluvial-aeolian grain mixing prevails, giving evidence
of a fluvioperiglacial environment (Mycielska-Dowgiatto and
Woronko, 2004). Collectively, the cracked (C-type) and ae-
olian-type (EM/RM+RM) grains demonstrate intense frost
weathering and long-lasting aeolian processes. As such, ae-
olian deposition is likely to coincide with stadials of the early
Vistulian (MIS 5d and b), when a general trend towards colder
temperatures and dryer conditions in Central Europe is ob-
served (Brewer et al., 2008); the plant cover sharply decreased
and even cold-resistant species did not form dense forests
(Novenko et al., 2008). Assuming the Brgrup age of the overly-
ing upper peat horizon (see below), the timeframe of sand de-
position can be narrowed to the cold Herning stadial (MIS 5d),
when the fluvial activity and ocassionally solifluction prevailed in
Poland (Marks et al., in press). However, only a sufficient dating
can stratigraphically position that sandy horizon.

The upper peaty sequence documented in the Zw-1 and
Zw-3 profiles is discontinuous. For example, no peat is re-
corded in the Zw-2 and Zw-4 boreholes, which seems to be re-
placed by the sandy series with organic matter. A plant record
of the Zw-3 profile coincides with the Brarup onset (the LPAZ
Z-2 zone), and probably represents either its intra-interstadial
cold fluctuation or the first part of the Rederstall stadial (LPAZ
Z-3). This stadial is considered to be the coolest period during
the Early Vistulian (Seiriené et al., 2014). A fragmentary nature
of the Zw-3 profile does not allow stating whether the plant re-
cord is of intra-interstadial fluctuation or the first part of
Rederstall stadial age. However, prevalance of pine (LPAZ Z-2)
combined with a strong steppe continental phase documented
by larch in the LPAZ Z-3 (and similar to that found in the Zw-4;
Fig. 5) supports rather the late Brgrup and the Rederstall stadial
age. A similar pollen pattern, assigned to the Brgrup onset, has
been reported from central and eastern Poland (Granoszewski,
2003; Binka and Nitychoruk, 2011; Kotaczek et al., 2012).
Given the arid continental steppe conditions with larch in the
wetter location, the minimum mean temperature between —27
and —-34°C and from 16 to 18°C of January and July, respec-
tively, together with an annual precipitation <400 mm, were es-
tablished (Kunes et al., 2008). In our study the temperatures
must have been slightly higher due to the presence of Betula.
Meadow steppe formations with patches of Betula provided the
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temperatures between 20 and 21°C for July and the annual pre-
cipitation between 300-350 mm (Pelankova et al., 2008). Ac-
cording to Granoszewski (2003) the temperatures of the warm-
est and the coldest months varied between 15-17°C and -8 to
—14°C.Winter temperatures in Western Europe seem to be, in
contrast, milder with an annual preciptitaion of ca. 600 mm
(Kuhl et al., 2007). The peaty horizon in our study was probably
continuous, however, eroded partially by a water flow. This is
supported by the presence of a thin gravelly horizon that occurs
in the overlying sandy sequence.

Widely distributed varved clays occur in the Warsaw Basin.
Between two glaciolacustine horizons a thin 0.5 m thick
fine-sandy layer occurs; this is documented by the Zw- 4 bore-
hole and allows us to establish two phases of ice-dammed lake
development within the likely short drainage event in between.
Itis supported by lithological differentation of sediments in Zw-2
and Zw-3 boreholes. Owing to the unique alternation of the
interglacial/interstadial-glacial/stadial sedimentary record, the
Zwierzyniec sequence allows us to correlate the varved clays,
and consequently the ice-dammed lake with the last glaciation.
Two damming events likely coincide with the Main Stadial,
when the ice positioned ca. 100 km west of Warsaw. The
Leszno and Poznan phases of the maximum Vistulian
ice-sheet advance (MIS 2) are of similar range in central Poland
(Skompski, 1969; Marks, 2002; Mojski, 2005; Wysota et al.,
2009), and can be, therefore, linked with the development of the
lower and upper glaciolacustrine horizons, respectively. The
thin sandy horizon reflects a relatively short time gap when the
ice-dammed lake did not exist, which could coincide with an up
to 5 ka difference between the phases, as indicated by the
cosmogenic isotope ages and calibrated radiocarbon data
(Marks, 2012).

The total thickness of the glaciolacustrine sequence, as ob-
served in Zwierzyniec east of Warsaw, differs significantly from
west of Warsaw, wherein 12 to 18 m profiles were examined in
Plecewice and Ihéw (Fig. 1), respectively (Dzierzek, 2015).
Thus, the Zwierzyniec site is likely to represent a more periph-
eral zone of the ice-dammed lake/lakes.

The sandy sequence overlies the varved clays, thus domi-
nating the Radzymin—Marki level landscape. The fine-gravelly
horizon in the lowermost part of the sandy sequence is due to
erosion and gravels, that originate presumably from the adja-
cent morainic plateau. The fluvial origin of the sands was pro-
posed by Sarnacka (1982), and Baraniecka and Konecka-Bet-
ley (1987). However, west of Warsaw at the Plecewice site, the
aeolian character of sediments prevails (Kalinska, 2012). Addi-
tionally, sandy aeolian-like deposition took place at 15-16 ka
and 12 ka only 15 km SE of the Zwierzyniec site
(Kalinska-Nartisa and Nartiss, 2016b). A stepwise ice reces-

sion together with simultaneous variations in the water level re-
sulted in the formation of the terraces of the Vistula River. The
Otwock terrace is adjacent to the investigated area (Fig. 2) and
considered to have been formed in the Late Weichselian
(Vistulian; Baraniecka and Konecka-Betley, 1987; Sarnacka,
1992), After surface drying, aeolian activity formed dune fields
observed throughout the Warsaw Basin (Manikowska, 1982,
1991).

FINAL REMARKS AND CONCLUSIONS

1. This study was the first to provide a sedimentary record
of the Zwierzyniec site, where two glaciolimnic se-
quences are underlain by two organic horizons. The
multi-proxy approach reveals the Wartanian(?)-Eem-
ian—Vistulian sequence, in which the Late Eemian and
the Brorup seem to be well-expressed.

2. The Eemian optimum is manifested in the gyttjas and
lower peats; the uppermost part of the lower peat, how-
ever, reveals gradual climate deterioration.

3. The Early Vistulian climate, as inferred from the lithology
and the sedimentary pattern recorded in the quartz
grains, reveals both its deterioration and dryness. This
was later followed by the accumulation of the upper peat
in the warmer Brgrup.

4. Climatic deterioration is characteristic for the onset of
glaciation, and thus indicates erosion. The uppermost
part of the upper peaty sequence was therefore eroded,
and subsequently replaced by the sandy accumulation.

5. The varved sequence of the Radzymin—Marki level cor-
responds to the last glaciation. A scenario of the
Leszno—Poznan phases is supported by the general
palaeogeographical outline in central Poland.

6. Our study demonstrates to which extent the Zwierzyniec
profile can contribute to a better understanding of the
palaeoenvironmental changes during the Wartan-
ian—Eemian—Vistulian sequence. As such, its further de-
tailed exploration remains open.
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