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Abstract: Varved lake sediments are well known archives used for paleoenvironmental reconstructions. They provide continuous, high-
resolution and calendar-year chronologies of past environmental changes. From lakes Kamenduł and Perty, located in the Suwałki Landscape 
Park, short cores of laminated sediments were collected and investigated using microfacies analysis and X-ray fluorescence (XRF) scanning. 
Sediments of Lake Kamenduł form biogenic (calcite) varves with pale lamina containing precipitated calcite and dark lamina composed 
of mixed organic and clastic material. There is a visible difference between varves in the lower and the topmost part of the core. The varve 
thickness and clastic material content decrease upcore. Analysed sediments of Lake Perty also show laminated structures which are biogenic 
varves composed of calcite laminas interbedded with layers of mixed material and dark laminas containing mostly organic material with 
some clastic particles. Our study shows that further analysis of sediments from these lakes may provide valuable information about past land 
use changes in their catchments as well as changes in the water column, i.e. mixing regimes and redox conditions.
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Introduction

Annually laminated (varved) lake sediments are 
widely recognized as valuable archives of environmental 
change (Ojala et al. 2012). They offer a range of proxy in-
dicators to reconstruct physical, chemical and biological 
conditions and processes in the lake water body as well as 
the surrounding catchment. Varved lake sediments are 
particularly suitable because they can be dated by varve 
counting which provides calendar-year time scales for 
reconstructions (Brauer et al. 1999; Dörfler et al. 2012). 
Although these excellent environmental archives occur 
in different climatic zones, they may be formed only un-
der specific conditions. For laminations to be formed 
there should be seasonal variability in the material de-
posited on the lake bed and a lack of post-depositional 
disturbances (Zolitschka et al. 2015). Therefore, varved 
sediments are often found in small and deep lakes where 
the water column is stratified during most of the year and 
bottom waters are mostly anoxic (Tylmann et al. 2012).

With the increasing interest in reconstructions of 
environmental change, a knowledge of the geographi-
cal distribution of lakes that contain varved sediments 

is also increasing. However, despite the significant 
progress that has been made, the updated Varves Data 
Base contains only 143 sites of varved lake sediments 
worldwide (Zolitschka et al. 2015). Compared to this 
number, northern Poland is rich in lakes with laminat-
ed sediments. The most widely known is Lake Gościąż 
where varved sediments have enabled the reconstruc-
tion of environmental change in central Poland dur-
ing last ca. 14,000 years (Ralska-Jasiewiczowa et al. 
1998). Moreover, in the central part of northern Poland 
there are varved lakes which are currently under study 
(Czymzik et al. 2015; Ott et al. 2016; Wulf et al. 2013; 
2016). In northeast Poland, Tylmann, Zolitschka et 
al. (2013) found as many as 24 lakes with laminations 
preserved. Sediment records from Lake Żabińskie and 
Lake Łazduny located in the Land of the Great Masuri-
an Lakes have already been investigated (e.g. Bonk et al. 
2016; Hernández-Almeida et al. 2015, 2016; Tylmann, 
Enters et al. 2013; Wacnik et al. 2016). However, there 
remain a  pool of lakes where laminations have been 
found which are potentially rich archives of environ-
mental change.
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Suwałki Landscape Park with over 20 lakes of 
different morphometric features is one of the most 
interesting parts of Poland in terms of lake sediment 
research (Fig. 1). Therefore, studies have already been 
conducted in relation to the ontogeny of the lakes 
(Gałka and Sznel 2013), climatic changes (Lauter-
bach et al. 2011), vegetation development and water 
level change (Gałka and Apolinarska 2014; Gałka et al. 
2015), sediment chronologies (Kinder et al. 2013), his-
tory of water column mixing regimes (Butz et al. 2016) 
and impact of land use changes on lake sedimentation 
(Poraj-Górska et al., submitted). Special interest is fo-

cused on small and relatively deep lakes which are most 
likely to contain varved sediments. Also, other features 
of the region, i.e. postglacial landscape with diverse to-
pography (lake sheltering) and the strongly continen-
tal climate (distinct seasonal differences) offer good 
conditions for the formation of varves. Six lakes with 
laminated sediments have been documented within 
this relatively small area (Tylmann, Zolitschka et al. 
2013) making Suwałki Landscape Park exceptional in 
this respect. Here, we present preliminary results from 
two laminated sediment records from lakes located in 
the Suwałki Landscape Park. Laminations observed 

Fig. 1. Location of Suwałki Landscape Park and lakes Kamenduł (A) and Perty (B). Other lakes with laminated sediments are also indicated: 
C – Lake Jaczno; D – Lake Kojle; E – Lake Jegłówek; F – Lake Szurpiły
Explanation: 1 – border of the Suwałki Landscape Park; 2 – lakes.
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in the sediments were investigated using microfacies 
analysis and high-resolution XRF scanning. The goal 
of this study is to document the annual nature of these 
laminations in order to show their potential for varve 
chronologies and paleoenvironmental reconstructions.

Study area

Suwałki Landscape Park is located in northeast-
ern Poland (Fig. 1). This area was glacially overprinted 
during the Pomeranian Phase of the Vistulian glaciation 
(Mojski 2005) and modified by glaciotectonic processes 
(Ber 2000). Hence, a wide range of postglacial landforms 
may be distinguished here: moraine plateau, moraine 
hills, kames, eskers, valleys and kettle holes. The surface 
sediments are dominated by glacial and fluvioglacial 
sand and gravel, as well as till deposits. Peat and lacus-
trine sediments fill small depressions and lake basins.

The regional climate is characterized by cold and 
long winters resulting mainly from the strong continen-
tal influence in the eastern part of Poland. The mean 
annual air temperature is 6.3°C and the monthly aver-
ages range between –4°C in January and 16.6°C in July 
(Lorenc 2005). Suwałki Landscape Park is located in the 
Neman basin and is drained by the rivers Szeszupa and 
Czarna Hańcza (Bajkiewicz-Grabowska 1994). Lakes 
are important elements of the hydrographic network 
in this area. They are all of glacial origin and differ in 
morphometric features, hydrology and trophic states 
(Górniak et al. 2007).

Lakes Kamenduł and Perty are located within the 
Szeszupa depression in the northern part of Suwałki 
Landscape Park. They are flow-through lakes of similar 
size and depth but of different trophic state (Fig. 2, Ta-

ble 1). This difference most likely results from different 
land use in the catchments: while the immediate sur-
roundings of Lake Kamenduł are actively used for agri-
cultural purposes, a substantial part of the direct catch-
ment of Lake Perty is occupied by woodlands.

Methods

Short cores were collected from deepest parts of 
lakes Kamenduł (KAM-09/1, 92.2 cm) and Perty (PER-
09/1, 67.8 cm) using a UWITEC gravity corer (90 mm 
diameter) equipped with PVC liners and operated from 
a  rubber boat. After collection, the cores were sealed 
and stored in cold room (+4°C). Prior to analyses cores 
were split lengthwise and cleaned surfaces were photo-
graphed before further steps.

Changes in chemical composition of the sedi-
ments were investigated using X-ray fluorescence 
(XRF) elemental scanning (Croudace et al. 2006). Fresh 
sediment surfaces of half-cores were scanned with an 
ITRAX XRF Core Scanner (COX Analytical Systems) 
at the GeoPolar laboratory (University of Bremen, Ger-
many). We used a  Mo x-ray tube, step size of 1 mm 
and 10 seconds counting time per step. Additionally, 
we scanned impregnated sediment slabs with a higher 
spatial resolution of 0.2 mm to assess changes in the 
chemical composition between individual laminas.

After XRF scanning, selected sections of cores 
KAM-09/1 and PER-09/1 were sampled for thin section 
preparation. Sediment blocks were cut from the cores 
using aluminium trays (10 cm long x 2 cm wide x 1 
cm deep), shock frozen with liquid nitrogen and freeze 
dried. The sediments were then impregnated with 
Araldite© 2020 epoxy resin (Lotter and Lemcke 1999). 
Large-sized thin sections were prepared from the im-
pregnated sediment blocks by the MK Factory (Germa-
ny). Flat-bed scans of thin sections (2400 dpi) obtained 
under cross-polarized light were used for preliminary 
assessment of sediment structure. Further recognition 
of annual deposition cycles required microscopic anal-
ysis (NIKON Eclipse LV100POL) of individual laminas 
and their succession, i.e. microfacies analysis.

Results and discussion

Lake Kamenduł
Core KAM-09/1 shows well preserved lamina-

tions and significant changes in the sediment lithology 
Fig. 2. Bathymetric contour maps of lakes Kamenduł and Perty 
(Jańczak 1999, modified)

Table 1. Basic features of the studied lakes (Borowiak et al. 2016)

Lake Location Area [km2]
Depth

Trophic state Inflow/outflow
Max. [m] Mean [m]

Kamenduł 54°16.0'N, 22°52.0'E 0.25 26.2 7.0 eutrophic +/+
Perty 54°16.5'N, 22°53.9'E 0.20 32.6 7.4 α-mesotrophic +/+
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along the core (Fig. 3A). In the lowermost part (92–61 
cm) the sediment is brownish-grey and laminated. Lay-
ers of clayey material occur regularly. In the middle 
part (61–37 cm) greyish sediment without clear lami-
nations is observed. In the topmost part (37–0 cm) the 
sediment becomes more brownish with excellently pre-
served laminations. Additionally, variability of Ca and 
Ti confirm differences in the sediment composition 
(Fig. 3B). Calcium content shows no long-term trend 
but much more variability in the laminated parts com-

pared to the homogenous part of the core. Titanium 
clearly indicates changes in the contribution of clastic 
material in the sediment matrix, which is relatively 
high in the lower part (with the exception of the basal 
part, 92–87 cm) with many prominent peaks indicat-
ing thick clayey layers. Between 50–40 cm Ti content 
decreases to a minimum and towards the top remains 
at a low level.

Microscopic analysis of thin sections collected 
from laminated parts of the core indicated two differ-

Fig. 3. Lithology and chemical composition of core KAM-09/1. A – Macroscopic picture of the core; B – Changes in contribution of major 
elements (Ca and Ti); C, D – Flat-bed scans of thin sections showing seasonal changes in varves from Lake Kamenduł as characterized with 
XRF scanning data
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ent microfacies which can be regarded as varves (Fig. 
3C and D). In the topmost part, varves have a thickness 
in the range 0.3–1.4 cm and are generally composed of 
two laminas: (i) pale calcite lamina (1–4 mm thick) and 
(ii) dark lamina (1–10 mm) (Fig. 4A). However, addi-
tional black lamina up to 4 mm thick may also occur, 
e.g. at 10, 20, 72 mm of the thin section (Fig. 3C). Pale 
lamina consists of fine grained calcite (1–3 µm) with 
the addition of centric diatoms. Dark lamina is com-
posed of mixed material: pennate and centric diatoms, 
calcite crystals (2–4 µm), organic material and clastic 
particles. Occasionally, chrysophyte cysts may occur. 
The third optional lamina is formed by the monospe-
cific pennate diatom frustules., Geochemical data also 
shows characteristic variability, especially Ca peaks 
which are related to calcite laminas (Fig. 3C). Potassi-
um shows pronounced peaks only in some varves indi-
cating increased clastic material content. In some parts 
manganese and iron contents also seem to accompany 
seasonal changes, but their variability is not straight-
forward.

In the bottom part of the studied short core 
varves have a thickness in the range 0.3–0.9 cm and also 
consist of two laminas: (i) pale calcite lamina (1–2 mm 
thick) and (ii) dark lamina (2–7 mm thick) (Fig. 4B). 
Similarly to the topmost part, the pale lamina is domi-
nated by calcite grains (2–3 µm in diameter) enriched 

in diatom frustules and additions of clastic material. 
However, the dark lamina is formed by organic material 
with significant admixtures of clastic particles and only 
minor additions of diatom frustules and calcite crystals. 
Opposite variations in the contribution of calcite and 
clastic material are clearly confirmed by the geochemi-
cal data: while Ca peaks refer to calcite laminas, Si, K 
and Fe peaks show an increased contribution of clastic 
material (Fig. 3D). There is no distinguishable seasonal 
pattern in the Mn variability.

The presented microfacies strongly resemble 
biogenic (calcite) varves as described by Zolitschka et 
al. (2015). After lake water column mixing in spring, 
the algal blooms consume CO2, reduce the solubility of 
CaCO3, which leads to calcite precipitation (Kelts and 
Hsü 1978). The annual sedimentation cycle starts with 
spring calcite precipitation and growth of diatoms which 
are deposited as pale spring/summer lamina. Such a sit-
uation may occur several times within one year leading 
to multiple calcite deposition (Bonk et al. 2015). Mixed 
components, such as diatoms, calcite crystals, as well as 
organic and clastic material are typical for fall/winter 
deposition and form the dark layer. Each varve begins 
with a  relatively sharp border of calcite lamina, while 
the transition between the pale and dark layer is graded. 
Additionally, a third lamina formed from pennate dia-
tom frustules occurs irregularly and is probably a result 

Fig. 4. Varve microfacies characteristic for topmost (A) and bottom (B) part of sediment core from Lake Kamenduł. Each part presents 
microscopic image of one varve taken under cross-polarized light (left) and close-ups showing the major sediment components (right)
Abbreviations: AOM – amorphous organic matter, Cc – calcite crystals, Chry – chrysophyte cysts, Dia – diatoms, Mm – mineral matter, Pr – plant remains.
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of diatom blooms during fall. Even though the succes-
sion observed in those laminated sediments is typical 
of biogenic lamination, the clastic component plays an 
important role, especially in the lowermost part of the 
core. Fine-grained minerogenic particles may be trans-
ported from agricultural fields in the catchment to the 
lake after heavy rains during summer and fall as well 
as after snowmelt in the early spring. Therefore, clastic 
contribution usually increases just before the subse-
quent spring calcite precipitation.

Lake Perty
Recent sediments from Lake Perty are porous 

but macroscopic inspection indicated relatively well-

preserved laminations in the sediment structure (Fig. 
5A). After oxidation, the sediment colour become red-
dish in some parts of the core which enhanced con-
trasts between individual laminas. The variability of 
Ca and Ti contents along the core does not show any 
radical changes in the sediment composition (Fig. 5B). 
A  slightly decreasing trend in Ca counts is visible in 
the lower part of the core (67–27 cm sediment depth) 
while Ti in this part shows more short-term variability 
with several prominent peaks in the lowermost part al-
though a rather stable long-term course. In the topmost 
part (27–0 cm), Ca content increases and is more vari-
able. Simultaneously, Ti content remains at a  low and 
stable level.

Fig. 5. Lithology, chemical composition of core PER-09/1 and major microfacies. A – Macroscopic picture of the core; B – Changes in con-
tribution of major elements (Ca and Ti); C – Flat-bed scan of a thin section showing cyclic changes in sediments from Lake Perty as charac-
terized with XRF scanning data; D – Microfacies characteristic of bottom part of the core. Microscopic image taken under cross-polarized 
light (left) and close-ups showing the major sediment components (right)
Abbreviations: AOM – amorphous organic matter, Cc – calcite crystals, Chry – chrysophyte cysts, Dia – diatoms, Mm – mineral matter, Pr – plant remains.
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Based on a thin section from the lower part of the 
core, a typical microfacies is 1.2–1.8 cm thick and con-
sists of two sections (Fig. 5C and D): (i) a set of calcite 
laminas and (ii) a  layer of homogenous material. The 
first (bottom) section is usually 5–6 mm thick and two 
or three individual calcite layers may be distinguished. 
They are composed mostly of fine grained (2–3 µm) en-
dogenic calcite crystals with some diatoms. These cal-
cite laminas are interbedded with layers of mixed ma-
terial (less calcite, more diatoms and organic remains, 
clastic material). The second (top) section is 7–12 mm 
thick and consists of diatom frustules, amorphous or-
ganic matter, chrysophyte cysts and clastic particles. 
The amount of amorphous organic matter increases 
towards the top of the layer. Compositional changes 
between bottom and top sections are well reflected in 
chemical composition (Fig. 5C). In the bottom section, 
XRF results show characteristic Ca peaks related to the 
calcite layers. Interestingly, Ca peaks are preceded by 
well pronounced Mn peaks which may indicate periods 
of better oxygenation of bottom waters during water 
column mixing. In contrast, the upper section is geo-
chemically stable, which is shown by all the presented 
elements.

An interesting pattern of structural changes and 
Mn variations provide the potential for investigations 
on water column mixing and redox conditions at the 
bottom of this lake in the past. Although in the stud-
ied thin section the structures described above are cy-
clic and resemble varves, it is not known at this stage 
of research if these structures occur regularly in deeper 
sediments. Macroscopic observations suggest that lam-
inations in the topmost part of core PER-09/1 are more 
similar to typical calcite varves like those from the up-
permost sediments of Lake Kamenduł.

Conclusions

We investigated short sediment cores from two 
lakes located in the Suwałki Landscape Park. Our goal 
in this study was to document the annual nature of lam-
inations found in the sediments in order to show their 
potential for varve chronologies and paleoenvironmen-
tal reconstructions. The preservation of the laminations 
was excellent in Lake Kamenduł and relatively good in 
Lake Perty. Microscopic analysis of thin sections and 
high-resolution XRF scanning revealed characteristic 
microfacies which may be generally regarded as bio-
genic (calcite) varves. However, a variable contribution 
of the clastic component, probably the result of land 
use changes in the catchments, make the varve struc-
tures more complex. It should be stressed that further 
confirmation of the annual nature of the laminations 
would need independent dating. Our preliminary re-

sults suggest that an interesting record of changes in 
the catchment erosion can be archived in laminations 
of Lake Kamenduł, while the chemical composition of 
laminations in the sediments of Lake Perty can provide 
insights into the history of mixing regimes and redox 
conditions in this lake.
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