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Abstract. New data were obtained from the sedimentary sequence study of Lieporiai palacolake, Northern Lithu-
ania, employing a multi-proxy abiotic approach, for the description of the Lateglacial-Early Holocene palae-
oenvironmental dynamics in the basin. The study reveals significant differences in sediments deposited in the
Lateglacial, at the end of Lateglacial/Early Holocene and in the Late Holocene time periods. Six main environ-
mental stages are described. After glacial retreat, the formed landscape was re-organized by very fast currents
that might have appeared later than previously thought. Rapid water flow stabilized and lacustrine sedimentation
began together with the appearance of scarce pioneer vegetation shortly before 14 600 cal yr BP, (GI-1¢). The
development of the lake with mostly undisturbed sedimentation continued up to the final stages of the Lateglacial
Interstadial. The warm period caused maximum precipitation of Ca and Sr carbonates, which strongly affected
sediment saturation with other components. Increase in humidity in the later Lateglacial Stadial (GS-1) period
is indicated by the abrupt appearance of the coarser-sized mineral matter accompanied by weathering elements,
i.e. Ti, Al, Si, Mg, and the early immigration of Picea. About 11 500 cal yr BP, the mineral matter input started
decreasing, and stabilization of the climate regime began about 10 200 cal yr BP. (A)biotic proxies highlight slow
sedimentation mechanisms that recover shallow- and trophic-lake stages. The Lieporiai palacolake record clearly
shows the sedimentation hiatus between the Early and the Middle Holocene. Further stages are characterized by
paludification processes. Finally, peat accumulation was interrupted by humans.
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INTRODUCTION

Sediments of numerous lakes and/or palaeolakes,
revealing changes in the postglacial environmental
and climatic history and interpreted as high-resolution
data banks, have been investigated over the last dec-
ades of the XX century in the Northern Hemisphere.
However, chronologically based multi-proxy data
sets are still scarce and unevenly distributed in partic-
ular areas of central and eastern Europe, including the
Eastern Baltic (e.g. Stivrins et al. 2014; Stancikaité et
al. 2015; Apolinarska et al. 2012; Goslar et al. 1999;
Kylander et al. 2013). Although numerous investiga-
tions in the area were pursued throughout the last dec-
ades of the XXth century, the independent chrono-
logical subdivision based on *C data is still lacking in
most cases here. In the context of the present knowl-
edge, the biostratigraphical subdivision of sequences
and further correlation of the identified environmental
fluctuations make the obtained results rather debat-
able. In addition, some of the data sets for the terri-
tory, i.e. geochemical or "*O and "*C records, are very
scarce (Stancikaité et al. 2015, 2019). The number
of methods used for collecting high-resolution multi-
proxy archives of the local and regional postglacial
environment history has greatly increased in recent
years. The geochemical records of lake sediments
(Goslar et al. 1999; Engstrom, Wright 1984; Koinig
et al. 2003; Boyle et al. 2015; Kylander et al. 2013)
are accompanied by grain-size measurements (e.g.
Filipek, Owen 1979), survey of the magnetic suscep-
tibility (Blumentritt, Lascu 2015), tephrochronology
(Blockley etal. 2005; Turney 1998) etc. Furthermore,
application of modern scientific facilities, e.g. an elec-
tronic scanning microscope (SEM), may provide new
information about the chemical or structural compo-
sition of sediments (Apolinarska et al. 2012), reveal-
ing season-scale processes (Ojala, Tiljander 2003).

The area of Lieporiai palaecolake falls into the
western part of the boggy area surrounding Rékyva
Lake, located south-eastwards from the investigated
site (Lithuanian peatland cadastre 1995). At the be-
ginning of the XXth century, six natural raised bogs
existed in this region. Most of them were destroyed
during land reclamation. A few years ago, the complex
palacoenvironmental investigations were conducted
in Lieporiai and the collected data are currently in
preparation. The results of the study, which focused
on the high-resolution survey of biotic records includ-
ing diatom, pollen, plant and macrofossil data and the
subsequent analysis of the identified environmental
fluctuations in the context of identified climatic shifts
with the measurements of particular isotopes (*C, '30
and 1°C), are under development (Kisielien¢, personal
communication). However, this study paid scant at-
tention to abiotic parameters. In order to fill this gap,

92

a new sediment sequence, mainly designated for the
abiotic investigation, was collected from a small-scale
sedimentary basin. The palaeobiological part (pollen
and chironomid data) of this sequence is under devel-
opment and will be discussed in detail separately.

In this paper, we present physical and chemical
multi-proxy records (i.e. loss-on-ignition (LOI), mag-
netic susceptibility (MSus), grain-size, geochemical
data and scanning electron microscopy (SEM) micro-
graphs with the chemical composition) with a brief
overview of the biostratigraphy identifying changes
in the sedimentary regime and defining the responses
of the sedimentation environment to external factors,
such as climatic changes etc. It should be emphasized
that the SEM technique was applied for the analysis
of postglacial sediment subsamples in Lithuania for
the first time.

The purpose of this paper was (1) to provide an
overview of the Lateglacial and Early Holocene eco-
system dynamics revealing individual features of the
basin based on abiotic factors; (2) to discuss the proc-
esses and reasons causing changes in sedimentation
patterns.

STUDY SITE AND GEOLOGICAL HISTORY
OF THE AREA

The study area, Lieporiai palaeolake, is located
in the northern part of Lithuania (Fig. 1a, b) on the
south-western edge of the Siauliai city (55° 54° 04”
N, 23° 14’ 12” E). Currently, the palaeolake forms an
8 ha boggy meadow at an altitude of 122 m a.s.1. in the
lowest part (Fig. 1c). The investigated basin stretches
in a small depression surrounded by the hills of the
end moraine reaching up to 140 m a.s.l. (Fig. 1¢). Ac-
cording to the previous geological-geomorphological
investigations (Guobyté, Satktinas 2011; Stancikaité
et al. 2015), a few parallel tunnel valleys of subgla-
cial type are crossing marginal formations of the Last
Glaciation of the Middle Lithuanian Phase in the area
(Guobyté, Satkiinas 2011) (Fig. 1c). The investigated
site is situated in one of the highest parts of the pal-
aeovalley, filled predominantly with glaciofluvial de-
posits. The Middle Lithuanian and North Lithuanian
moraines were deposited 17 000 and 15 500 cal yr BP
respectively (Raukas et al. 1995; Heikkilé et al. 2009).
The surroundings of Lieporiai were deglaciated about
13.5 £ 0.6 '°Be ka (Rinterknecht et al. 2008) and the
lacustrine sedimentation in the surrounding lakes
started about 16 000—15 500 cal yr BP (Stancikaité et
al. 2015). During deglaciation, ice-melt water freely
flowed behind the glacier forming proglacial lakes.
Outwash sediments accumulated in the form of san-
durs, deltas and terraces therein (Gedzitnas et al.
2006). The above-mentioned forms were surrounded
by a descent filled with sand rich in organic matter
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Fig. 1 Location of Lieporiai palacolake (a, b) and geological-geomorphological situation of the area (c): 1 — low-lying
marshy plain, filled with peat; 2 — lowering filled with sand, rich in organic; 3 — lowering in morainic relief filled with
clayey sand; 4 — plain of glaciolacustrine basin, consisted of silty (a) and various sand (b); 5 — small esker composed
of various sand; 6 — kame composed of various sand; 7 — morainic relief: eroded (a), covered by sand (b); 8 — slope of
erosional origin (@) and step (b); 9 — erosional-accumulative slope; 10 — abrasional slope (a) and abrasional step (b); 11 —
small hill (a) and imperceptible eminence (b); 12 — Iron Age settlement; 13 — sampling point
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and low-lying marshy plains filled with peat located
in the southeast (Fig. 1c). It should be pointed out
that the area surrounding the study site underwent a
drastic transformation because of the intensive hu-
man interference and only some local patches are still
suitable for the environmental reconstruction.

The coring site is situated in the boreo-nemoral
vegetation zone and is characterized by mixed and
evergreen coniferous forests and grasslands convert-
ed into agricultural land. The annual average air tem-
perature was 6 °C, the average precipitation was 592
mm (415 mm in the warm season and 177 mm in the
cold season) during 1925-2006 (Simanauskiené et
al. 2008). In this part of Lithuania, the average an-
nual number of days with snow cover is 80-90 days
(Galvonaité et al. 2013).

MATERIALS AND METHODS

Sampling and analysis process

Two overlapping sediment sequences were ob-
tained from Lieporiai palacolake using a percussion
drill (Vibra corer, Cobra model) with 1 m long plas-
tic inner tubes. The total depth of the boreholes was
200 cm. The reported depth represents a compressed
sediment depth with the upper-most sample at 44 cm
below the surface. Drilling was proceeded until the
brown till layer was reached. In the laboratory, over-
lapping segments were cut into 2 cm intervals for fur-
ther investigations. All 2-cm-resolution subsamples
were subjected to MSus analysis; whole core sedi-
ments covering every 2—4 c¢m interval were subject-
ed to geochemical, LOI, pollen and spore analyses;
SEM and grain-size determination were done for the
78-104 and 74-160 cm intervals respectively. Most
studies, if not mentioned otherwise, were performed
at the Open Access Centre (OAC) of the Nature Re-
search Centre in Vilnius, Institute of Geology and
Geography.

AMS radiocarbon dating and sedimentation rate
The AMS dating was performed on 5 bulk samples
at the Center for Physical Sciences and Technology in
Vilnius. The "“C content in organic material (TOC) af-
ter the physico-chemical pre-treatment was measured.
The C content in a separate sample (162—160 cm)
was analysed in inorganic carbon (TIC) without chem-
ical pre-treatment (Table 2). The ratios of “C/™C in
the graphitised sediment samples were measured using
the 250-kV single stage accelerator mass spectrometer
(SSAMS, NEC, USA). Graphitisation of the samples
was performed using an Automated Graphitisation
Equipment AGE-3 (IonPlus AG) (Wacker et al. 2010).
The radiocarbon data were reported with 1-sigma er-
ror. The “C dates were calibrated using the IntCall3
dataset (Reimer et al. 2013) within OxCal 4.3 software
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(Ramsey 2009). The median date was calculated from
the age depth model. The calibrated age probability
range was associated with the 1 sigma (68.27%) and 2
sigma (95.45%) confidence level. The Bayesian statis-
tical method of the OxCal 4.3 (Ramsey 1995) software
was applied to construct an age-depth model based on
aset of 4 “C ages (R_Date) and one biostratigraphical-
ly based age identification with the OxCal age-depth
P_Sequence model (Ramsey 2008). The data scale and
the sedimentation rate value were calculated according
to the obtained median values of the probability dis-
tribution of the modelled age. The sedimentation rate
expressed as cm yr! was calculated for each centimetre
of the core.

MSus, LOI and grain-size determination

The measurements of MSus of 81 bulk samples
(constant volume of wet subsample was 19.6 cm?
each), were obtained using the MFKI1-B kappa
bridge (AGICO) equipment with a manual holder and
SAFYR software. Instrument calibration and empty
holder correction were performed. Each specimen
was weighed prior to the analysis. MSus was recalcu-
lated considering the weight of a room-dried sample
and expressed in SI units (10 m3/kg) using standard
methods (Thompson 1973; Sandgren, Snowball 2002;
Blumentritt, Lascu 2015).

Considering MSus results, 41 samples were se-
lected for LOI measurements and dried at the temper-
ature of 105 °C; then heated at 550 °C and 900 °C to
burn out organic matter and carbonates, respectively.
Analyses were performed using the basic LOI meth-
odology (Dean 1974; Santisteban et al. 2004).

The composition of the fine sediment fraction
(<0.2 mm) in the middle part of the core (74—160 cm)
was determined using a Fritsch Laser Particle Sizer
“Analysette 22”. In total, 26 bulk samples were ana-
lysed. The grain size of the sediments in the interval
below 160 cm depth was not determined, because it
visibly consists of coarse-grained sand and gravel.
Due to the high concentration of relatively undecom-
posed organic matter, this type of sediment analysis
was not performed in the upper part of the sequence,
i.e. sediments lying in 40—-74 c¢m interval. The differ-
entiation of grain size was performed following Ud-
den and Wentworth scale (Blott, Pye 2001).

Geochemical analysis and pyrite concentration
determination

Based on MSus, LOI data and distinguished litho-
logical complexes, 48 subsamples were selected for
the geochemical survey. Bulk samples were milled to
the grain size <30 pm using an MM400 mixer mill
in zirconium oxide grinding jars. Pellets (¢ 20 mm)
were prepared by mixing 2.00 g of milled material
and 0.25 g of Licowax binder (Fluxana). Tablets



were pressed using the PP25 press (25 t). Both sides
of the pellet were analysed using the EDXRF Spec-
tro Xepos (Kleve, Germany) equipment applying the
Turboquant method (Schramm, Heckel 1998) for the
pressed pellet calibration procedure elaborated by
the manufacturers (software ‘‘XLabPro 4.5”) to de-
termine the contents of chemical elements. The av-
erage values of both pellet sides were calculated for
further data analysis and statistical treatment. This
enabled to reduce the influence of joint random errors
(Taraskevicius et al. 2013; Stancikaité et al. 2019).
The number of pyrite framboids was calculated along
the pollen, and calculated against the AP + NAP +
NPP.

Scanning electron microscopy

Five graphite-coated subsamples from the depths
0f 79, 97, 101, 107 and 145 cm were analysed. Stud-
ies were performed using the SEM Quanta 250 equip-
ment. For easy phase recognition, back-scattered
electron imaging (BSE) was used to acquire pictures.
The chemical composition of sediment components
was determined using the Energy Dispersive Spec-
trometry (EDS) detector X-Max, the INCA x-stream
digital pulse processor and the INCA Energy EDS
software. Measurements proceeded at the current of
1.1-1.2 nA and accelerating voltage of 20 kV.

Pollen and spore analysis, concentration
determination

A total of 33 samples of the constant volume
(0.5 cm?) were selected according to sediment homo-
geneity for the analysis. The standard chemical prep-
aration (Berglund, Ralska-Jasiewiczowa 1986; Ben-
nett, Willis 2001) of the material was performed at
the Tallinn University of Technology, Institute of Ge-
ology. In order to determine concentration, tablets of
Lycopodium clavatum spores (Stockmarr, 1971) were
added. The results are presented as percentages of the
sum of arboreal (AP) and non-arboreal (NAP) taxa
(AP + NAP = XP). Aquatics, spores and non-pollen

Table 1. Lithostratigraphy of Lieporiai palacolake

palynomorphs (NPP) were calculated as percentages
of P + sum of corresponding grains = 100% i.e. P
+ NPP = 100%. The pollen data together with the chi-
ronomid-based palacoclimatic reconstruction will be
discussed separately. The selected taxa (Quercetum
mixtum (QM), NAP, aquatics sum, Betula, Pinus, Pi-
cea) of particular plant groups are presented here.

Statistical evaluation of the data

A stratigraphically constrained cluster analysis,
which is a multivariate method for quantitative defi-
nition of stratigraphic zones, was performed for each
data set applying TILIA and TILIA-graph programs
(Grimm 1987). The values were standardized sepa-
rately and Ward‘s method with Euclidean distances
was chosen based on which diagrams were zoned
by optimal partitioning (LOI, chemical element as-
semblage (ChEA), grain-size and MSus zones). Data
were subdivided into five main assemblage zones
(Figs. 2 and 3).

RESULTS

Lithostratigraphy

Based on visual inspection and the analyses per-
formed, the sediment sequence was subdivided into
evident lithostratigraphical units (Table 1, Figs.
2 and 3). The bottom part of the core (from 200 to
160 cm) (units 1a and 1b) consisted of clastic sedi-
ments, mainly rough unsorted grey sand with the
gravel up to 2 cm in diameter. In the middle of the
interval, lenses of coarse sand with gravel (¢ 4 cm)
were discovered. Sediments consist of the terrigenous
material with an admixture of carbonates (15-30%).
In the depth range 160—118 cm (unit 2a and unit 2b),
an interval of sediments consisting of homogenous
greenish grey silt (up to 60%) with sand (up to 20% of
very fine- and medium-fine-grained sand), enriched
with sporadic mollusc shells (126118 cm, unit 2b)
was noted. From the depth of 118 to 108 cm (unit
2¢), sediments were found to consist of heavy, dark-

L'thgl‘??'cal Depth, cm Sediment description

Peat, black, on the topmost of the layer slightly enriched with darker well-decomposed peat, or

>b 3544 rich soil. Organic composites visually change

Sa 68-55 Peat, clayish and silty, enriched with shells on the bottom part

4b 80-68 Silt, coarse, dark brownish, enriched with gyttja and with a lot of shells

4a 90-80 Silt with very fine- and fine-grained sand, dark brownish

3 108-90 Silt with up to 10% of clay, enriched with light and fluffy carbonaceous detrital mud (so-called
lake marl)

2c 118-108 Silt with very fine-grained sand, dark brownish, consist shells

2b 126-118 Silt with very fine-grained sand, dark brownish, consist sporadic shells

2a 160-126 Silt with very fine-grained sand, greyish green

1b 165-160 Sand, various grained, enriched with carbonates

la 200-165 Sand and gravel, coarse-grained, with the till on the bottom
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brownish sandy silt, enriched with well-preserved
mollusc shells. This interval is characterized by the
average MSus value of 36*10° m*/kg, with the maxi-
mum value reaching up to 150*10° m3/kg. The inter-
val from 108 to 90 cm (unit 3) was found to consist of
very fine, light and friable silt, with high percentage
of carbonates (up to 40%). Simultaneously, the per-
centage of clayey particles increases reaching up to
10%. The sediment unit 4a (depth 90-80 cm) is char-
acterised by the increasing proportion of very fine and
fine-grained sand reaching up to 35%. At the same
time, the representation of organic matter in this inter-
val reached 10% while the occurrence of carbonates
declined to 7%. The MSus value increased along the
interval and, also, a higher pyrite concentration was
noted. The described part of the sequence is overlain
by silt-enriched gyttja with mollusc shells (80-68 cm,
unit 4b). Meanwhile, the percentage of mineral mat-
ter (up to 55%), particles of silt (up to 90%) and clay
(up to 11%), predominantly, stays rather high in the
lower part of the interval. Also, the relatively high
amount of carbonate (maximum reaches 34%) mate-
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rial was recorded. Meanwhile, the top part of the sec-
tion (units 5a and 5b) was found to consist of black,
decomposed peat with more than 80% of organic
matter. MSus lowered within the zone demonstrating
the most negative values while some recovery of the
curve was noted in the top-most part of the interval.

Chronology, accumulation rate

The chronology of the investigated sequence is
based on the median values of four AMS dates (Tab-
le 2). The lowermost data (162—160 cm, FTMC-29-
1-2, 50 479 + 802 *C yr BP) were rejected from the
model as the estimated age was unexpectedly old. In
this case, the carbonate material was extracted and
analysed as the presence of the organic constituent in
the sediments was minor. The obtained result could
be explained by the participation of the so-called
“old-carbon” or “hard-water* effect as the represen-
tation of Devonian carbonate-enriched deposits close
to the present surface was noted in the area (Narbu-
tas, 2004). The age-depth model indicates that the de-
velopment of sedimentary environment was relatively
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unstable and rapid water flow stabilized, most prob-
ably, shortly before 14 000 cal yr BP, i.e. during the
GI-1e event or Bolling warming (Lowe et al. 2008).
The decreasing presence of coarse sand particles in
the strata proves stabilisation of the sedimentary en-
vironment and lower input of the terrigenous mate-
rial throughout the following intervals of the Late-
glacial Interstadial (unit 2a, Fig. 2). At that time, the
sedimentation rate increased up to 0.07 cm/year. The
beginning of the so-called Lateglacial Interstadial is
identified from the decreasing representation of NAP,
the rising participation of Pinus and other thermophi-
lous biotic proxies including the chironomid taxa
typical of a warm water basin. After 13 600 cal yr
BP, the sedimentation regime changed and the pres-
ence of detrital mud (lake marl, unit 3) in the strata
increased. At that time, the sedimentation rate de-
creased to 0.02 cm/year while the representation of
carbonate material further up in the sequence notably
increased. The flourishing of the pine-dominated for-
est coincided with the culmination of warm water taxa
in the chironomid record. The recorded changes in
both biotic and abiotic proxies could be interpreted as
amelioration of both climatic and sedimentary regime
that was typical of the final interval of the Lateglacial
Interstadial (GI-1c-a event sensu Lowe et al. 2008) in
the region (Pawlowski et al. 2016; Apolinarska et al.
2012; Heikkila et al. 2009). However, the increasing
representation of the terrigenous matter, i.e. deposi-
tion of brownish coarse silt enriched with fine and
medium fine-grained sand (unit 4a, Fig. 2), was noted
in the strata overlaying the above-mentioned gyttja
bed. At the same time, the sedimentation rate low-
ered to 0.004 cm/year and presence of the terrigenous
matter, namely very fine-grained and fine-grained
sand, in the sediments increased suppressing the car-
bonate portion of the sediments first of all. Consider-
able fluctuations were also noted in the geochemical
record where the representation of typical aluminosil-
icate element, Al, reached a peak (Fig. 3). In addition,
the sensu pollen data showed an increased instability
of the vegetation cover, i.e. thinning of the vegeta-
tion structure, and a distinct shift in the chironomid
record proved a pronounced temperature drop. The
described changes in the environmental proxies could

be interpreted as related to the onset of the Lateglacial
Stadial (GS-1) or Younger Dryas cooling in the area,
dated back to about 12 600 cal yr BP (Stancikaité et
al. 2015). Meanwhile, the AMS date (FTMC-29-4,
11270 £ 40 cal yr BP, 89—88 cm) produced “a young-
er than expected” age contradicting all the above de-
scribed biostratigraphical and lithostratigraphical
proxies and was rejected. Artificial contamination of
the material was highly possible as thickness of the
investigated layers was very low. The described layer
is overlaid by the dark brownish coarse silt-enriched
gyttja with a lot of shells (unit 4b, Fig. 2) suggesting
the decreasing transportation of terrigenous particles
into the basin. The increasing representation of the
organic matter is in a positive correlation with the
pollen record showing the ongoing formation of the
birch-dominated vegetation with the minor participa-
tion of NAP taxa (Fig. 2). The obtained AMS data
prove the Early Holocene age of the strata (FTMC-
29-5, 8 095 £ 50 cal yr BP, 72-71 cm). Both bios-
tratigraphical and lithostratigraphical data imply the
possible sedimentation hiatus occurring in the upper-
most part of the sediment sequence. Distinct changes
in the bio- and litho- stratigraphical parameters sug-
gest that the hiatus could be located on the boundary
between units 4b and Sa (Figs. 2 and 3). The presence
of anthropochores suggests a gap of a few thousand
years in sediments as Secale cereale spread in the re-
gion only during the last thousand years of the Late
Holocene (Stancikaité et al. 2006).

Geochemistry and electron microscopy

Based on the results of element relative standard
deviation of paired measurements, a total of 17 ele-
ments (Na, Mg, K, Al, Si, Ti, P, S, Zn, Cu, Cl, Ca,
Mn, Fe, As, Rb, Sr) were chosen for closer analysis.
The medians of chemical values in paired measure-
ments of sediment subsamples were expressed in ppm
(parts per million). Nevertheless, ratios of particular
elements (Si/Ti, K/Na, Mg/Ti, Mg/Ca, Rb/Ti, Rb/Si,
Mn/Fe) were calculated and analysed to supplement
the discussion. The average data of each geochemical
parameter in lithological units was calculated (Tab-
le 3).

The depth profiles show that the geochemical

Table 2. AMS radiocarbon and calibrated median dates for the Lieporiai sediment sequence samples

i, @ \Lalsariery mber Age, Age, calibrate.d, Dated mateyial from
> AMS “C yr BP+ lo cal yr BP, median bulk sediment
AMS *C data
72-71 FTMC-29-5 7263 +37 8095+ 50 TOC
89-88 FTMC-29-4 9 884 + 37 11270 £ 40 TOC
112-110 FTMC-29-3 11877 +37 13 600 + 40 TOC
139-138 FTMC-29-2 11965 + 37 13975 +55 TOC
162-160 FTMC-29-1-2 50479 + 802 - TIC
Biostratigraphical data
90 ‘ Opening of the vegetation 12 600 —
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Table 3. Average values of selected geochemical parameters in lithological units

Stage 5b Sa 4b 4a 3 2c 2b 2a 1b la
Parameter n==o, n=1, n=4, n=>5, n==6, n=4, n=2, n=10, n=3, n=7,
5544 cm | 68-55 cm | 80—68 cm | 90-80 cm | 108-90 cm | 118-108 cm | 126—118 cm| 160—-126 cm | 165-160 cm | 200—165 cm
Na, ppm 736 1226 485 1567 269 1733 3035 2567 2537 3348
Mg, ppm 2063 2290 5670 19245 8405 22684 28443 31174 23117 22076
Al, ppm 1722 2515 4734 28746 4895 32298 39485 40859 28522 23975
Si, ppm 5256 5884 20341 152907 23588 198988 279925 247050 335750 316700
P, ppm 619.3 706.7 282.1 620.8 126.1 683.0 719.5 832.2 924.6 753.8
S, ppm 9077 14515 6816 11193 3123 7812 6970 6658 5629 4275
Cl, ppm 177.3 237.2 377.5 221.4 164.5 336.8 224.0 210.9 151.9 193.3
K, ppm 373 385 2178 14313 2416 17655 21863 22773 17165 13759
Ca, ppm 76179 65660 271640 | 148524 368492 131978 88000 101583 73952 91688
Ti, ppm 122 157 350 1999 385 2373 2703 2798 1499 986
Mn, ppm 1034 182 256 316 462 329 341 353 229 262
Fe, ppm 6420 6085 4002 18548 3456 12356 14423 15593 9408 7830
Cu, ppm 335 75.9 11.0 11.9 2.0 11.1 12.6 13.8 7.5 4.8
Zn, ppm 6.6 5.1 11.8 34.0 13.3 31.6 34.2 36.3 15.7 15.1
As, ppm 2.7 2.4 0.7 5.7 0.9 0.1 0.0 0.5 0.2 2.6
Rb, ppm 1.9 2.0 8.6 432 10.3 50.7 60.5 63.8 43.6 394
Sr, ppm 69.4 50 235.8 139.1 417.1 125.4 99.3 105.4 84.5 96.7
Mn/Fe 0.16 0.03 0.079 0.019 0.146 0.027 0.024 0.023 0.024 0.035
K/Na 0.5 0.3 6.4 10.5 10.0 11.6 7.2 8.9 6.8 43
Si/Ti 43.0 37.5 59.6 72.2 64.8 84.4 105.7 89.3 242.4 3344
Rb/Si*1000|  35.3 34.0 43.7 31.5 44.6 25.5 22.0 26.0 13.0 12.5
Rb/Ti*1000 15.1 12.7 26.1 21.9 29.0 21.5 22.4 22.8 30.3 41.8
Mg/Ti 17.6 14.6 19.8 9.6 28.2 9.6 10.6 11.1 16.1 23.0

composition mostly depends on the lithological con-
tent including grain-size, the presence of organic and
carbonate constituents etc. (Figs. 3, 4 and in detail
see Supporting Online Material Fig. S4). Lithologi-
cal unit la contains the highest concentrations of
Si and Na, their values reaching up to 336450 and
4795 ppm accordingly. The highest values of Si/Ti
ratio (varying between 300 and 450) were recorded
within this unit as well. A visible increase in K, Mg,
Si, Ti, Al, Rb, P, S and Fe concentrations is seen in
unit 1b, consisting of finer clastic sediments. Mean-
while, this change negatively affected the concentra-
tion of Ca, Na, Sr, As, Mn and Cl. Unit 2a starts with
relatively high Ti, Mg, Al, K and Zn concentrations,
reaching peak values versus concentrations through-
out the sedimentation period. Units 2a and 2b show
relatively steadily increasing concentrations of Na,
S, CI. According to the results of scanning electron
microscopy (SEM), clastic sediments — silt and fine-
grained sand — mainly consist of quartz, feldspars and
other K-, Si-, Al-, Ti-, Rb-, Fe-bearing minerals (Fig.
4, 1). Photomicrographs show the presence of scat-
tered and angular particles suggesting the hypothesis
of short transportation. Small oscillation is recorded
at the onset of unit 2b (124—126 cm, about 13 800
cal yr BP), where a significant increase in K, Mg,
Ti, Al, Rb, Cu, K/Na, Mg/Ti, Rb/Si, Rb/Ti, Mn/Fe
curves is noted. The recorded changes are in a posi-
tive correlation with the increasing representation of
clay-sized particles in sediments. Within unit 2¢ (an

interval from about 13 700 to 13 460 cal yr BP), the
depletion of the majority of the analysed elements is
visible with the exception of Ca, Sr, Cl, S and K/Na,
Rb/Si ratio. As for the peculiarities of the geochemi-
cal record of lithological unit 3, carbonates (Ca, Sr)
became most abundant, which probably weakens sig-
nals of other elements. However, a strong signal of
clay minerals is expressed by high Rb/Si and Rb/Ti
ratios that increased from 18 to 28 and from 21 to 22
accordingly. At the same time, the share of Mn sig-
nificantly increases from 329 to 551 ppm and is ex-
pressed by a higher Mn/Fe ratio. In the bottom part of
this interval (aged from about 13 400 to 13 100 cal yr
BP), sediments enriched with coarse-grained terrige-
nous particles (Fig. 4 e, f, g), bearing a higher concen-
tration of organic carbon (Fig. 4 e, h) and framboidal
pyrite (Fig. 4 d, e, h) were discovered. The sedimen-
tation interval between about 13 100 and 12 600 cal
yr BP is characterized by increased bioproduction,
which is evidenced by the presence of visible detri-
tal material in the strata (Fig. 4, d). The geochemical
record shows remarkable changes in lithological unit
4a (about 12 600-10 200 cal yr BP). In the middle of
the unit, the representation of Na, Mg, Al, Si, Ti, K,
Rb, Cu, Zn, P, CI clearly increases while that of Ca,
Sr, Mn, decreases. Nevertheless, the culmination of
Si-bearing minerals is expressed by the increased Si/
Ti ratio, which together with decreasing Rb/Si, Rb/Ti
ratios and lower representation of clay-sized particles
indicates a highly unstable sedimentation regime.
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Fig. 4 Scanning electron micrographs of subsamples from lake sediment at 79—145 cm depth interval: autochthonic par-
ticles: biogenic calcite-aragonite a, b, d(2), h(2); barite c(1). Products composed due to diagenesis: dolomite c(2), g(2);
pyrite framboids d(3), e(1,2), h(1). Alochthonic particles: plagioclase d(1); quartz e(2), g(3), I(1); biotite f(1); Ca-Mg-Al
silicate f(2); K-feldspar g(1,3), I(2). Most of fine-grained material (a-h) enriched with Ca. For detail see Supporting On-
line Material
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Peak values of Fe, S and As concentrations correlat-
ing well with the high pyrite concentration and the
remarkable peak of the MSus curve were established
in the upper part of the interval (about 10 650 cal yr
BP). The geochemical composition of unit 4b is very
similar to that of unit 3. It is important to mention that
in the upper part of this interval, high concentrations
of Cl and S elements were established. However, the
upper carbonate-enriched part of this interval is sup-
plemented with larger shell particles and other auto-
chthonic micrite (Fig. 4 a, b, ¢). Lithological units 5a
and 5b are enriched with P, S, Mn; higher values of
Mg/Ti, Rb/Si show relatively high concentrations of
Mg, Rb.

DISCUSSION

Stage | (before 14 600 cal yr BP, lithological units
la-1b, 200-160 cm)

The lowermost layers of the investigated sediment
sequence consist of fluvial deposits suggesting strong
water currents and quick non-lacustrine sedimenta-
tion in the basin as the deposited material is unsorted,
sharp-edged, coarse-grained, predominantly consist-
ing of heterogeneous mineral matter. In addition, the
obtained *C data (~50 500 “C yr BP) also point to
the re-deposition of sediments including intensive
supply of allochthonous material into the basin. Re-
deposited particles might have been enriched with
Devonian dolomites widespread in northern Lithua-
nia (Narbutas 2004). The continuous representation
of the so-called weathering elements including Ti, Al,
K, Mg (Fig. 3) also points to the high steady inflow
of eroded material. The cold-water stream is likely to
have been enriched with dissolved and fine-grained
carbonates (Devonian dolomites and limestone most-
ly likely) as, according to LOI data (Fig. 3), they are
well represented in the material. At that time, condi-
tions were inappropriate for vegetation stabilization
in the closest watershed. Meanwhile, the decreasing
presence of the coarse-grained particles in the upper-
most part of the interval suggests some stabilisation
of the sedimentation environment (Fig. 2, unit 1b).
The increased Si/Ti ratio points to the change in the
silicate source and Rb/Ti ratio indicates that the water
flow rate decreased towards the end of this sedimen-
tation stage. Nevertheless, elements associated with
finer fractions, i.e. Ti, Al, K, Mg, Rb etc. (Koinig et
al. 2003; White, Blum 1995), accumulated together
with the first organic remnants (unit 1b) as LOI dia-
gram shows 0.5-1% of organic matter. Meanwhile,
the highest recorded concentrations of P could point
to: (i) a reverse from oxic to anoxic zone (ii); bio-
logical activity enhancement towards the end of this
sedimentation stage. The latter hypothesis is sup-
ported by biological proxies, i.e. the sporadic occur-

rence of such pollen as Caryophyllaceae, Artemisia,
Pinus proves the formation of pioneer vegetation
communities with high percentage of heliophytes in
the area. Similar pollen spectra were discovered in
the appropriate interval of Ginkiinai core situated at
a distance of about 7 km from Lieporiai palaeolake
(Stancikaité et al. 2015) and on the regional scale
(Veski et al. 2012; Stivrins et al. 2014).

Stage 11 (14 600-13 400 cal yr BP, lithological
units 2a-2c, 160-108 cm)

The newly obtained data suggest that the onset of
lacustrine sedimentation could be associated with the
so-called Bolling warming. A sudden transition from
coarse-grained deposits to clay, silt and very fine
grained-sand enriched with a low amount of organic
and carbonate material indicates some stabilization of
the sedimentation regime (Figs. 2 and 3). The percent-
age of the mineral matter in the sediments is still high
and siliciclastic elements, i.e. Ti and Al, predominate.
Besides, the part of the carbonate matter recorded dur-
ing LOI procedures significantly decreased. Although
the geochemical analysis shows a very insignificant
change in Ca and Sr curves, the onset of this stage is
reflected by a drastic increase in Mg and Mg/Ca ratio,
which was recorded throughout the rest of stage II,
suggesting: (i) a change of a given sediment source;
(i1) rapid warming reflected by carbonate composi-
tion changes, which might also evidence the first
appearance of bioproductivity. Similar geochemical
composition was previously analysed by Namiotko et
al. 2015, who suggested that increase in magnesium
enriched calcite had significant positive associations
with the benthic low-magnesium calcitic ostracods;
(iii) slightly anaerobic conditions in the saturated lake
favourable for modern dolomite formation (Vascon-
celos, McKenzie 1997); or (iv) some combination of
these.

Simultaneously, the content of Rb, K, Al in sedi-
ments increased and it is associated with a finer frac-
tion. The further development of the geochemical
record shows low variability of Si/Ti and K/Na curves
and rather stable presence of K, Ti, Rb and etc. point-
ing to stable terrigenous matter sources throughout the
rest part of stage II. This is also proved by the rather
stable MSus record. However, the decreasing Mg/Ti
ratio and stable Ti participation may be indicative of
the constantly lowering water table or the decreasing
watershed throughout stage II. Only a small oscilla-
tion of Al, Rb, K concentrations and Rb/Si and Sr/
Si ratios, probably induced by quick changes in clay
minerals, is noted in the transition zone from litho-
logical unit 2a to 2b at the 126—124 cm depth. This in-
terval, which is dated to approximately 13 800 cal yr
BP, could be correlated with the concurrent changes
in Gink@inai core (Stancikaité et al. 2015), in which
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higher participation of Artemisia, Chenopodiaceae
and a drop in Pinus curve were noted. The indicated
instability could be caused by the rapid water table
decline due to the short term Older Dryas cooling
event 13 800 cal yr BP. Zn profile also shows some
irregularity that suggests a hypothesis of water level
decrease. This tendency was previously analysed by
Tessier et al. (1989). It marks the moment when par-
ticulate zinc accumulation changed to autochthonous
and Zn accumulated in lake sediments by diffusion of
dissolved Zn from lake water to sediments resulting
in sub-surface peaks. The recorded low As and Mn/Fe
ratio (Engstrom, Wright 1984) as well as high pyrite
concentration allow speculating about anoxic condi-
tions throughout the interval. Moreover, these factors
also suggest that at that time the climate was already
favourable for thin soil formation. The mobility of Fe
increased because of the appearance of humic acids
(Engstrom, Wright 1984). Over time, expansion of
certain plant species, i.e. Juniperus, Ericaceae, Ar-
temisia, Chenopodiaceae, Salix gradually decreased.
At the end of this stage, Pinus became most abun-
dant and even increased upwards indicating moderate
forestation of the region with open pine-birch forest,
though open grasslands were still abundant. The indi-
cated vegetation might have stabilized the soil layer.
Stabilization of the climatic regime and formation of
the soil layer lead to favourable conditions for the
bioproduction. Gradually increasing lacustrine biota
probably consumed most of the nutrients dissolved in
water, which made water body transparent, oxygen-
enriched and oligotrophic. However, at the end of
this period, Juniperus flourished again, aquatic plants
vanished indicating dryer conditions about 13 70013
400 cal yr BP (unit 2c¢).

Stage 111 (13 400-12 600 cal yr BP, lithological
unit 3, depth 108-90 cm)

The maximum precipitation of Ca and Sr carbon-
ates was noted between 13 300 and 12 600 cal yr BP.
At the same time, light silt enriched with clay-sized
particles containing the highest concentration of car-
bonates as well as Ca and Sr deposited in Gink@inai
Lake (Stancikaité et al. 2015). These changes in the
sedimentary environment suggest climatic ameliora-
tion that could be correlated with the GS-1la inter-
val. Such high precipitation of carbonates in the lake
might be due to the improved climatic conditions and
stabilization of sedimentation. This change is closely
related to the decrease of weathering elements in the
reservoir or its long-term supersaturation (Pawtowski
et al. 2016) with carbonates, and is largely controlled
by grain size (Kylander et al. 2013), as the composi-
tion of sediments in stage [ significantly differs from
that in stage II (Figs. 2 and 4). Less intensive trans-
portation of eroded material into the lake is proved by
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the decreasing MSus curve and the lower participa-
tion of aluminosilicate elements (Ti, Al), as indicated
in the geochemical record.

SEM analysis determined biochemical calcite
precipitation along with geochemical indicators. Ac-
cording to Apolinarska et al. (2012), in the uppermost
Allered and lower YD sediments, calcite of such a
type was accumulated owing to the activity of au-
totrophic organisms in the lake. New data show that
a remarkable rise of Ca and Sr curves is in a positive
correlation with the higher participation of organic
material. Obviously, these changes could be inter-
preted as indicators of the rising biomass production.
The latter fact is also proved by the changing pollen
record showing the increasing density of the vegeta-
tion cover and formation of the pine-dominated for-
est in the area. Moreover, carbonate leaching in the
lake catchment could also be explained by the estab-
lishment of the conifer-dominated forest (the culmi-
nation of Pinus pollen curve, the presence of Pinus
stomata), which could enhance mobility of carbon-
ates because of the lower soil pH (Apolinarska et
al. 2012). The newly formed vegetation, typical of
many sites in central and northern Europe (Veski et
al. 2012; Stivrins et al. 2014; Pawlowski et al. 2016;
Apolinarska et al. 2012; Heikkila et al. 2009), might
have stopped shore erosion, the primary source of in-
organic minerals and elements, affecting the degree
of dilution of other components of sediments.

Nutrient reduction and gradual temperature in-
crease resulted in the well-oxygenated lake stage. The
systematically increasing Mn/Fe ratio that could be
suggested as an oxygen indicator was also analysed
by Engstrom, Wright (1984) and Koinig et al. (2003).
Such conditions were ideal for the formation of diage-
netic carbonates (Miiller et al. 1972). This theory can
explain the appearance of well-expressed rhomboidal
dolomite crystals that are common in the bottom part
of this unit (Fig. 4 g ). It is important to mention that
high Mg/Ti ratios show sediment enrichment with
magnesium versus Ti and have a significant correla-
tion with increased bioproduction. However, a de-
creasing Mg/Ca curve shows that carbonate precipita-
tion did not have such a significant dilution effect on
Mg participation as on that of other elements.

Stage 1V (12 600-10 200 cal yr BP, lithological
unit 4a, depth 90-80 cm)

Relatively calm sedimentation conditions with
deposition of carbonaceous detritus lasted until the
onset of the Younger Dryas (GS-1), 12 600 cal yr
BP, according to the pollen record (Fig. 2). An abrupt
input of the coarser-sized mineral matter and a rise
in MSus values at that time were noted (Fig. 3). The
recorded reverse could be connected with: (i) a lo-
cal flood or rise of the water level, as similar changes



occurred in eastern and central Poland (Goslar et al.
1999; Pawtowski et al. 2016); (ii) an increase in the
minerogenic input indicating climatic deterioration
and aridification, which was previously explained in
Stancikaité et al. (2015). Scarce vegetation associat-
ed with the cooling of GS-1 interval was recorded in
central Latvia (Veski et al. 2012; Stivrins et al. 2014)
and in other parts of Europe (Heikkila et al. 2009;
Dean, Schwalb 2000). During this period, plants typi-
cal of open habitats (i.e. Artemisia, Caryophyllaceae)
developed together with scattered Betula forests in
the area. At the same time, pine was suppressed from
the catchment, but Picea entered the area indicating
increasing wetness. Numerous studies (Heikkila et
al. 2009; Veski et al. 2012; Stancikaité et al. 2019)
recorded early immigration of this tree to the region.
The recorded chemical and physical properties to-
gether with an increase in the so-called weathering
elements, i.e. Ti, Al, Si, K, Mg, Rb, prove activated
erosion episodes in the watershed as well as low bio-
logical productivity of the lake. The raised Zn curve
points to the change in aqueous solution acidity.
Lake pH values could have increased to exceed pH
7 in surficial sediments (Tessier et al. 1989). Such
water pH was previously indicated by the flourish-
ing of Amphora pediculus diatoms in Ginkiinai Lake
(Stancikaité et al. 2015).

From about 11 500 cal yr BP, the input of min-
eral matter started decreasing, while the proportion
of clay-sized particles, Ca, Sr and Rb/Si increasing,
indicating stabilization of the shores and watershed
and recovery of the water level. The pollen record
evidences the formation of a new vegetation cover,
wherein NAP pollen flourished. Decreased Mn/Fe
ratios and increased Fe, As and pyrite framboid con-
centrations, especially in the upper part of the interval
about 10 600 cal yr BP indicate chemical processes
that occurred during diagenesis of modern sediments
(Wilkin et al. 1996). The above-mentioned processes,
which are usually linked to the oxic-anoxic transition
zone, could be related to increased groundwater lev-
els and an increase in humic acids (Engstrom, Wright
1984).

Stage V (10 200-7 200 cal yr BP, lithological unit
4b, depth 80-68 cm)

The obtained data suggest stabilization of the sedi-
mentation regime about 10 200 cal yr BP. This inter-
val represents the final phase of an open water body.
During the further stages, the transition from the lake
to the peatbog regime was noted in Lieporiai. Subse-
quently, a complete change in the lake’s trophic stage
including the onset of the paludification processes
was revealed. Due to lower soil pH and increased hu-
mic acids, the movement of Ca and Sr from soil to
the basin was intensified. Favourable conditions and

enrichment of the basin with carbonates may have
caused the bioproduction of molluscs. An increased
Mn/Fe ratio (at about 75 cm depth) points to high-
ly oxygenated, transparent and shallow water basin
stage with low pH. Shallowing processes led to grad-
ual overgrowing and gradual development of the new
vegetation structure suggesting progressively warmer
climatic conditions. The Early Holocene is con-
firmed by the spread of Betula forests together with
the appearance of alder and spruce. Such transition
is evident regionally (Stancikaite et al. 2006, 2015;
Stivrins 2014; Karasiewicz et al. 2019). However,
at that time, sedimentation was extremely slow and,
therefore, a short section represents a relatively long
period of time. By the middle of this stage, high and/
or increasing concentrations of Rb, Mg in comparison
with silicate elements (Si, Al), Ti and high carbon-
ate concentrations started decreasing probably due to
the decreased humification, which was accompanied
by some vegetation disturbances. Obviously, the pro-
gressively warmer climate suffered some instability,
which was not significant. It might have been a signal
of 8.2 ka event, detected in high-resolution records in
western and central Europe, and previously discussed
in Veski et al. 2004.

Stage VI (Middle-Late Holocene, lithological
units 5a-5b, above 68 cm)

Theborderline between Early and Middle Holocene
in Lieporiai palacolake is clear-cut. The two geologi-
cal epochs are separated by a very abrupt change in
the sedimentation regime or even in the sedimenta-
tion hiatus, which is clearly visible in geochemical
and pollen records. Besides, the transition zone starts
with the peak of CI. Chlorine is a common element
that dissolves in surface groundwaters or geological
formation fluids and can be a conservative tracer in
most aquatic and geological environments (Koehler,
Wassenaar 2010).

Further changes could be related to paludification
processes. However, due to high organic concentra-
tion, abiotic multi-proxy approach had weak signals.
Even so, with regard to elemental ratios and LOI,
this interval could be split into two stages. The first
one generally covers the Middle Holocene, which is
characterized by higher concentrations of most of the
analysed elements (except Mn, As, Fe) with a slight-
ly decreasing trend. The interval is characterised by
the highest S, As, Cu concentrations, an increasing
Mg/Ti ratio, and a slightly increasing, but low Mn/
Fe ratio. Such a composition can be explained by soil
acidification, which usually leads to the depletion of
elements (Karasiewicz et al. 2019; Pawltowski et al.
2016).

In comparison, the sediments deposited during the
Late Holocene, have a very high Mn/Fe ratio, which
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indicates an oxic state suggesting favourable condi-
tions for mineralization of the sediments, suitable for
various living microorganisms. The surface organic
sediment layer is characterised by the heterogeneity
of chemical composition, slightly enriched with the
so-called weathering elements.

From the beginning of this stage, changes tak-
ing place in vegetation were characteristic of the
Holocene thermal maximum period discussed region-
ally (Stivrins et al. 2014; Pawtowski et al. 2016; Ka-
rasiewicz et al. 2019). Common trends for broadleaf
forests with an admixture of Pinus, Picea and with
some heliophilous communities in the understory
were recorded. However, our new pollen data show
a drastic decrease in Betula species, a higher concen-
tration of herbs and grasses, including Secale cereale,
Asteraceae, Lactucaceae. Such changes were prede-
termined by some local factors and could have been
caused by increased human activity. Nevertheless,
high Fe, Cu, Mn concentrations could be related to
the human impact, i.e. pollution and/or iron smelting
(Salatkiené 1994) processes.

CONCLUSIONS

According to the abiotic proxies obtained from the
sedimentary sequence analysis, the sedimentary re-
gime of Lieporiai palacolake underwent six intervals
of changes during the Lateglacial-Early Holocene.
The lake came into existence before 14 600 cal yr
BP. The Lateglacial Interstadial was characterised by
the maximum precipitation of Ca and Sr carbonates
as well as the flourishing of Pinus-dominated for-
ests. The diversity of sediments deposited during the
Lateglacial Stadial was increased by the weathering
elements. Decreasing humidity lead to the vegeta-
tion cover thinning and provoked erosion processes.
Climate stabilisation as a response to increased tem-
perature dates back to about 10 200 cal yr BP. The
sedimentation hiatus with a visible gap in geochemi-
cal and pollen records functions as a borderline sepa-
rating the Early Holocene from the Middle Holocene.
The natural lake evolution was altered by the anthro-
pogenic influence only during the last stage, probably
during the last thousand years.

A significant positive correlation was found to ex-
ist: (i) between precipitation of chemical elements,
i.e. Si, Ti, Al, Mg, K and grain size; (ii) between Fe,
pyrite framboid concentration and MSus.

Sediment oversaturation with silicates, carbon-
ates, organic or other components affected the degree
of dilution of element contents. Numerous factors
(changes of trophic stage, bioproduction, pH, redox
conditions, weathering, erosion, water table fluctua-
tion, stratification, enrichment with oxygen, tempera-
ture etc.) influence sediment oversaturation with cer-
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tain products and change sediment composition and
the sedimentation pattern.
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