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 Despite varved sediments being widely used for paleolimnological studies, little information is available about how
climate andmeteorological signals are recorded in varves at sub-seasonal to annual scale.We investigate links between
meteorological and limnological conditions and their influence on biochemical varve formation and preservation of
sub-seasonal climate signals in the sediments. Our study site is postglacial Lake Żabińskie located in NE Poland, in
which thick and complex varved sediments have been studied for the last decade. These sediments provide an excellent
material for studying the influence of short-term weather conditions on geological records. For this, we use an almost
decade-long (2012–2019) series of observational data (meteorological conditions, physicochemical water parameters,
and modern sedimentation observations) to understand varve formation processes. Then we compare these results
with a high-resolution biogeochemical proxy dataset based on μXRF and hyperspectral imaging (HSI) measurements
of a varved sediment core spanning the same period. Here we show direct links between the meteorological and
limnological conditions and varve formation processes. This is particularly the case for air temperature which governs
calcite laminae formation and primary production.We further show that calcite grain size is influenced by lakemixing
intensity resulting from the wind activity, and that holomixis events lead to the formation of distinct manganese (Mn)
peaks in the typically anoxic sediments. Our findings show that high-resolution non-destructive spectroscopymethods
applied to complex biochemical varves, in combination with long observational limnological datasets, provide useful
information for tracking meteorological and limnological processes in the past.
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1. Introduction

In the face of accelerating human impact on the environment, it is vital to
undertake effective conservation and mitigation strategies. These need to be
placed into the context of past climate and environmental variability
(Neukom et al., 2019). This information can be provided by geological
2
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records such as lake sediments, which trap information about environmental
conditions (Cohen, 2003). However, the attribution of different factors
influencing sediment composition and structure is challenging because the at-
mosphere, hydrosphere, lithosphere, and biosphere form a complex feedback
system. This presents a challenge for reliable environmental reconstructions.

Analyses of annually laminated (varved) lake sediments may improve
our understanding of these relationships because varve formation is in-
duced by the changing seasonal conditions, which are then reflected in
varve structure, providing an opportunity to compare proxy records with
instrumental data (Ojala et al., 2012; Zolitschka et al., 2015). For example,
clastic and clastic-biogenic varves in high-latitude and high-elevation lakes
can accurately register hydroclimate changes, as sediment composition
and laminae thickness are influenced by thaw rates, discharge, and erosion
intensity and are generally not altered by post-depositional processes
(Amann et al., 2017; Francus et al., 2002; Lamoureux, 2000; Ojala et al.,
2013). In temperate climate zones, the formation of biochemical varves
is often controlled by primary production, epilimnetic temperature, and
calcite precipitation (Tylmann et al., 2013; Zolitschka et al., 2015). Here,
the climate signal is furthermodified or lost because of biogeochemical pro-
cesses taking place in the water column and sediments, as well as human
activity, which can lead to a weakening or even loss of the relationship be-
tween climate and sediment proxies (Kienel et al., 2013; Poraj-Górska et al.,
2017). Thus, finding evidence for mechanistic links between meteorologi-
cal conditions and sedimentary signals in biochemical varved sediment is
challenging and needed.

Revealing information on the climate signal transfer to the sediments is
possible by modern process studies bridging monitoring approaches with
geological records. This requires high-resolution data from monitoring
and sediment cores reflecting seasonal changes within varves. Sedimenta-
tion monitoring enables the recognition of primary sediment formation
processes, such as seasonal deposition of biotic and abiotic components,
and diagenesis (Nuhfer et al., 1993; Scholtysik et al., 2020), while second-
ary factors such as sediment resuspension can also be traced (Evans, 1994).
Additionally, the development of non-destructive scanning methods, such
as micro X-ray fluorescence (μXRF) and hyperspectral imaging (HSI),
allows for rapid collection of elemental and other biogeochemical data
from sediment cores at the micrometer scale (Butz et al., 2015; Croudace
et al., 2019).

However, comprehensive studies of short-term relationships between
environmental conditions and sedimentation processes in lakes with bio-
chemical varves are rare, as sites offering a long duration of modern sedi-
mentation monitoring and sufficient varve quality are scarce. Biochemical
varve sedimentation processes were recently studied via the deployment
of sediment traps in Lake Sacrower See (Bluszcz et al., 2008), Lake Suminko
(Tylmann et al., 2012), Lake Żabińskie (Bonk et al., 2015a), Lake Kierskie
(Apolinarska et al., 2020), Lake Gościąż (Fojutowski et al., 2021), and
lakes Tiefer See and Czechowskie (Roeser et al., 2021). The major limita-
tion of these modern sedimentation studies was their relatively short obser-
vational periods, making it impossible to catch a range of variability in
environmental and meteorological conditions. Thus, how meteorological
conditions influence sedimentation and how meteorological signals are re-
corded in varves is still an open question.

To shed light on the problem outlined above, we investigated Lake
Żabińskie in northeast Poland, which offers (i) a decade-long continuous
observational data series of meteorological and limnological conditions as
well as modern sedimentation as recorded with continuous sediment trap
data, and (ii) varves of excellent quality covering the same time interval.
Recently, Zander et al. (2021a) used a statistical approach to classify the
varves from Lake Żabińskie representing the period 1966–2019 and
found characteristic varve types reflecting seasonal variability of some me-
teorological parameters. In this study, we explore specifically the processes
of sediment formation and climate signal preservation in the sediments. We
ask the following research questions: 1) Can a reproducible pattern of rela-
tionships between meteorological conditions, limnological processes and
modern sedimentation be established? 2) Do the surface sediments record
the same variability of processes as the sediment traps? 3) What kind of
2

meteorological and limnological phenomena can be precisely tracked
with varves? To answer these questions, we compared daily meteorological
data with observations of the limnological conditions and sediment trap-
ping carried out between November 2011 and April 2020. Our observa-
tional period includes years with substantially contrasting meteorological
conditions, encompassing severe winters with prolonged ice-cover and
mild winters with largely ice-free conditions and periods of water column
mixing and strong thermal stratification. Utilizing the excellent time con-
trol based on the varves, we compared these results with the sediment
core record spanning the same time frame. High sediment accumulation
rates allow biogeochemical data to be obtained at sub-seasonal resolution,
and variations in these data could be attributed to varying meteorological
and water column conditions. This approach enabled us to identify direct
and indirect influences of meteorological conditions and water column dy-
namics on the sub-seasonal sediment formation in this lake.

2. Study site and methods

2.1. Study site

Lake Żabińskie (54.1318° N, 21.9836° E; 0.42 km2, 44 m max depth,
Fig. 1) is a small, hard water kettle-hole lake located in the Masurian
Lakeland, NE Poland. It is situated within the maximum extent of the
Pomeranian phase of the Vistulian glaciation, dated to ca. 17–16 ka BP
(Marks et al., 2016). Quaternary deposits in the catchment (24.8 km2) are
dominated by glacial tills, sands, and gravels (Szumański, 2000). Lakes
Łękuk and Purwin connect to Lake Żabińskie through one inflow, while
another inflow (Fig. 1) forming a small delta on the southern bank comes
from the nearby village of Żabinka, occasionally bearing high quantities of
particulate and dissolved matter (Bonk et al., 2015b). Through an outflow
(Fig. 1) on the west, Lake Żabińskie connects with larger Lake
Gołdopiwo. The Masurian Lakeland is characterized by pronounced cli-
mate continentality. The mean annual temperature of the region is 6.5 °C
(Jan. -5.6 °C, Jul. 17 °C), and the annual precipitation sum varies between
550 and 600 mm (Lorenc, 2005). Westerly and south-westerly winds dom-
inate the area (Hutorowicz et al., 1996). Presently, the land cover of the
catchment is divided between agriculture and woodlands dominated by
oak-lime-hornbeam and pine forests (Wacnik et al., 2016).

Ongoing limnological monitoring indicates that, depending on the me-
teorological conditions, the Lake Żabińskie mixing regime shifts from
meromictic through monomictic to dimictic. Thermal stratification of the
water column develops annually, resulting in periods of prolonged anoxia
in the hypolimnion. Along with lake depth, basin morphology and high
trophy, these conditions favor the formation and preservation of varved
sediments (Bonk et al., 2015a).

2.2. Methods

2.2.1. Meteorological data
Daily meteorological data from Kętrzyn (approx. 40 km southwest of

the study site) were retrieved from the Institute of Meteorology and
Water Management – National Research Institute using open data API
and climate 0.9.1 R library (Czernecki et al., 2020). For further analyses,
mean daily air temperature at 2 m, mean daily wind speed, and daily
precipitation sums were used. Meteorological data are presented in the
Supplementary Material (Fig. S1).

2.2.2. Limnological conditions observation
Water parameters, such as temperature, dissolved oxygen concentration

(DO), pH, and chlorophyll-a concentrations, were measured between No-
vember 2011 and April 2020 (Fig. 2). During 2011–2015, a YSI 6820 mul-
tiparameter sonde (YSI) was used while chlorophyll-ameasurements were
done using Minitracka IIC fluorometer (Chelsea Instruments). Afterward,
an EXO2 multiparameter sonde (YSI) was used. Additionally, a chain of
HOBO Water Temperature Pro v2 loggers (ONSET) was installed at the
deepest point of the lake. The loggers recorded water temperature at 1, 5,



Fig. 1. Site location with bathymetry and coring location. Lake Żabińskie is outlined.
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10, 20, 30, and 40 m depth with 15-min intervals. Water transparency was
measured with a Secchi disk. Ice-cover dates were established based on
field observations and satellite imagery. Water samples from 1 and 40 m
depth were used for hydrochemical analyses. Major ion concentrations
were determined with ion chromatography (ICS 1100, Dionex). The con-
centration of bicarbonates was determined with standard HCl titration
following Bonk et al. (2015a).

2.2.3. Sedimentation monitoring
Monitoring of modern sedimentation was carried out with a sediment

trap made of four 1-m-long PVC liners (⌀90 mm; 0.02344 m2 total active
area), located 1 m above the lake bottom at its deepest point (Fig. 3).
The sediment trap was retrieved monthly (average interval ≈ 33 days,
69 samples) during the ice-free seasons. Longer periods between trap
retrieval occurred during ice-cover (62 to 153 days, seven samples). After
collection, samples were freeze-dried and weighed. Mass accumulation
rates (MAR; g m−2 day−1) were calculated by dividing each sample's
mass (g) by the trapping time (days) multiplied by active area (m2).

2.2.4. Coring and chronology
A 1.33-m-long surface sediment core (ZAB–20/01) was retrieved using

a UWITEC gravity corer (⌀90 mm) in late April 2020. An undisturbed
water-sediment interface was preserved, with the onset of spring calcite ac-
cumulation visible. Under laboratory conditions, the core was split length-
wise and photographed. Core half A was subsampled for thin sections,
following the procedure proposed by Brauer and Casanova (2001). Ten-
centimeter-long slabs were shock frozen with liquid nitrogen, freeze-dried
and impregnated with Araldite 2020 (Huntsman) epoxy resin. Slabs were
polished at MKfactory (Potsdam, Germany). Detailed microfacies analysis
of thin section ZAB–20/01 (0–9.5 cm)was carried out using anAxio Imager
A2 microscope (ZEISS) with magnification up to 400×. Due to the short
period and excellent varve preservation, repeated varve counts yielded no
uncertainty. The thickness of individual calcite layers and the area of calcite
grains (μm2, equivalent to grain size) were measured using ZEN lite
software (ZEISS). The thin section was also scanned on a flatbed scanner
at 2400 DPI using polarizing foil. Varve coordinates were recorded on
scanned images using DotDotGoose 1.5.2 (Ersts, 2020).
3

2.2.5. Non-destructive scanning
The resin-embedded sediment slab representing the topmost 9.5 cm of

the sediment core was used for μXRF measurements using a Tornado M4
μXRF spectrometer (Bruker) at the University of Bern. The scanner was
equipped with a Rh tube set to 50 kV and 300 μA. High-resolution 2D
maps of elemental compositions were obtained with a 20 μm spot size,
60 μm step size (pixel size), and 20 ms/pixel count time. The fresh core
ZAB-20/01 was used for hyperspectral imaging (HSI) with a Specim PFD-
CL-65-V10E line-scan camera. The procedure followed Butz et al. (2015)
and Zander et al. (2021b), with a spatial resolution of 60 × 60 μm. The
abundance of bulk sedimentary pigment groups was determined from
their relative absorption band depth (RABD). Calibration to pigment con-
centrations (μg gd.s−1; d.s. = dry sediments) followed Zander et al. (2021b).
Total chloropigments-a (TChl-a), which are used as a proxy of total algal
productivity (Butz et al., 2017), are represented by RABD655–685max.
RABD845 represents bacteriopheopigments-a (Bphe-a) produced by
anoxygenic phototrophic sulfur bacteria, a proxy for anoxic conditions in
the photic zone (Butz et al., 2016; Sinninghe Damsté and Schouten,
2006). The average reflectance across the spectrum (Rmean) was used as
an additional calcite proxy (Butz et al., 2017), corroborating correlation
with μXRF data. μXRF and HSI maps are available in the Supplementary
Material (Fig. S8).
2.2.6. Elemental analysis
Concentrations of total carbon (TC), total nitrogen (TN), and total sulfur

(TS) in the sediment trap samples were determined with a Vario EL Cube
elemental analyzer (Elementar). Sediments were freeze-dried, homoge-
nized, and weighted into Sn capsules. For a complimentary analysis of
total inorganic carbon (TIC), a SoliTIC module (Elementar) was coupled
to the Vario EL Cube. Sediment samples were acidified in the reactor
at 50 °C with 5 % HCl to release CO2. Total organic carbon (TOC) was
calculated as the difference between TC and TIC. Precision and accuracy
of elemental analyses were tested on certified standard materials B2176
(CNS) and B2188 (TIC) supplied by Elemental Microanalysis. Precision
ranges are: TC 0.05 %–1.93 %, TIC 0.04 %–0.45 %, TN 0.01 %–0.22 %,
TS 0.01 %–0.05 %.



Fig. 2.Time series of selected physicochemical parameters of Lake Żabińskie based on in situmeasurements during the years 2011–2020: (a)water temperature; (b) dissolved
oxygen concentration; (c) pH; (d) chlorophyll-a concentration. Time series smoothed with generalized additive models (GAMs). Vertical shaded areas mark periods of ice-
cover. Periods of mixis or stratification are indicated at the top of the figure.
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2.2.7. Powder X-ray diffraction
Powder X-ray diffraction (pXRD) was used for quantitative recognition

of selectedmineral phases in samples from sediment core and sediment trap
material. Sediments were dried, powderized, and then treated with 10 %
hydrogen peroxide to remove organic matter. Samples were analyzed at
the University of Bern Institute of Geological Sciences using a Panalytical
X'Pert PRO MPD equipped with an Empyrean Cu tube. Samples were
scanned from 5 to 75° (2θ) with a step size of 0.017° (2θ). Mineral identifi-
cation was made by comparisons with reference data from the Inorganic
Crystal Structure Database using the software TOPAS v6 (Bergerhoff
et al., 1987).

2.2.8. Statistics and visualization
All statistical analyses were performedwith R 4.1.3 (R Core Team, 2022).

Data processing and visualization were carried out with tidyverse 1.3.1
(Wickham et al., 2019) and its components. Physical lake parameters based
on the limnological and meteorological monitoring data were calculated
with rLakeAnalyzer 1.11.4.1 (Winslow et al., 2019). Schmidt stability was
4

used as a thermal stratification proxy (Idso, 1973). The water column was
assumed to be stratified once Schmidt stability exceeded 5 units and the
temperature difference between surface (1 m) and bottom (40 m) waters
were≥ 1 °C. Reverse stratificationwas characterized by periods of a temper-
ature difference between surface (1 m) and bottom (40 m) waters≤−1 °C
or ice-cover. The remaining days were assumed to reflect homothermic con-
ditions. Principal component analysis (PCA) was used to find relationships
between the biogeochemical variables in the core and the main modes
of their variation over time. Before multivariate analyses, data were log-
transformed, scaled, and centered.

3. Results

3.1. Lake monitoring

The major physicochemical properties of Lake Żabińskie represent a
complex stratification regime (Figs. 2, S2). Water temperature changes
had a strong, recurrent character (Figs. 2a, S2a). The lake surface was



Fig. 3. (a) changes of Ca2+, NO3
− and PO4

3−; (b) Mass accumulation rate changes and weight % of major sediment components in the sediment trap samples. Vertical shaded
areas mark periods of ice-cover.
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characterized by the highest temperature variability (10.5 ± 7.6 °C) and
the sharpest shifts. Deeper waters were progressively colder, below the
depth of 20 m mean values stabilized close to 4.0 °C. Commonly, reverse
stratification developed in the winter, especially under the ice-cover. Se-
vere winter conditions led to occasional cooling in the hypolimnion, with
temperatures below 3.0 °C. The surface warmed quickly after the yearly
ice break-up, with deeper strata following. During summer stratification,
the temperature in the epilimnion reached up to 26.2 °C, but at least one
profound cooling occurred during every summer (JJA). During the fall, sur-
face waters cooled quickly, whereas temperature at 10 m depth rose
abruptly, reaching 8.9 °C. Deeper water layers warmed only briefly.

Dissolved oxygen (DO) concentrations, with the threshold of anoxic
conditions set to 1 mg O2 L−1 (Nürnberg, 1995), displayed shifts between
oxic and anoxic conditions in the hypolimnion (Figs. 2b, S2b). Typically,
5

oxygen was transported deeper into the water column during the spring
turnover after the ice break-up. However, this process was not efficient
enough in most years, and the anoxic boundary was established between
20 and 30 m deep. Complete spring oxygenation of the hypolimnion was
only registered in 2012 (April, 3.2 mg O2 L−1), 2014 (April, 5.6 mg O2

L−1), and 2020 (March, 11.5 mg O2 L−1). Only the epilimnion remained
oxic throughout the summers, with hypoxic conditions developing below
around 3 m depth (e.g., June 2013). The fall seasons of 2011, 2013, and
2015 were characterized by complete mixis, when DO concentrations in
the hypolimnion reached 5.7, 3.9 and 3.3 mg O2 L−1, respectively. In
other years, the anoxic boundary was established typically between 20
and 30 m water depth. Nonetheless, the fall mixis of 2012 and 2018 did
not reach 20mwater depth. Anoxia developed in the bottomwaters in win-
ter except during the very warm winter of 2019/20 when fall and spring
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turnovers overlapped. Finally, between 2016 and the end of 2019, Lake
Żabińskie hypolimnion remained permanently anoxic (meromictic).

Water pH, an important factor controlling precipitation of CaCO3,
was highly variable through the monitoring period (Figs. 2c, S2c).
Generally, the highest values in surface waters occurred in spring, after
the ice break-up and during the phytoplankton blooms. pH tended to de-
crease in summer, reaching minima before the ice onset. The pH values of
the epilimnion occasionally exceeded 10, with a mean value of 8.3 ± 0.4.
In the hypolimnion, it was on average lower and steadier (7.5 ± 0.2). In
some years, surface and bottom water pH followed similar patterns
(e.g., 2013 and 2014), whereas in other years, these two strata exhibited
opposite tendencies. The most pronounced difference occurred in 2016.

Chlorophyll-a concentrations associated with the phytoplankton abun-
dance varied mostly in the upper 10 m of the water column (Figs. 2d,
S2d). Peak concentrations occurred shortly after the ice-cover vanished,
reaching the highest values of 220 μg L−1 in the spring of 2017. Second,
local maxima occurred occasionally during fall. Concentrations below the
water depth of 20 m varied only slightly, rarely exceeding 10 μg L−1.

Water temperature,wind speed, and lakemorphometry datawere used to
calculate derivative physical characteristics of LakeŻabińskie'swater column.
The combination of these results led to the definition of three possible
thermic regime phases: 1) summer stratification, 2) reverse (winter) stratifi-
cation, and 3) mixis periods with a homothermic water column (Fig. 2).
Detailed description and visualization of these results are available in the Sup-
plementary Material (Fig. S3). On average, spring mixing lasted for 20± 16
days. However, the length of this period varied considerably, reaching up to
27 days (2015 and 2016) when mixing started already in early spring
(March). On the other hand, the late (April) onset of mixing led to a substan-
tially shortened period of homothermic conditions (2 days in 2018 and3 days
in 2013). The year 2020 was a clear outlier, with spring mixing starting in
mid-February and lasting for 55 days. Fall turnover typically lasted longer
(25 ± 15 days). It was the longest in 2011, starting in mid-November and
lasting to mid-January (58 days). Additionally, homothermic conditions
lasting over 30 days were observed in 2013 and 2015. Contrary to that, the
shortest fall mixing took place in 2014 (11 days) and 2017 (14 days).

3.2. Hydrochemistry

Concentrations of Ca2+, NO3
−, and PO4

3− were used to describe the
water column conditions regarding calcite precipitation and availability
of nutrients (Fig. 3a). Epilimnetic concentrations of Ca2+ (64.38 ±
9.11 mg L−1) showed a recurrent pattern. In general, Ca2+ concentrations
increased during the reverse stratification and peaked during the mixing
events. After the spring turnover, concentrations tended to drop as summer
stratification developed. Concentrations in the hypolimnion were less vari-
able and had less pronounced seasonality (74.62 ± 5.26 mg L−1). Nitrate
concentrations in the epilimnion showed, on average (2.61 ± 2.81 mg
L−1), similar tendencies to Ca2+. The highest concentrations, up to
10.41 mg L−1, were measured in the winter and immediately after the ice
break-up. Afterward, during the summer stratification, epilimnetic values
reached their annual minima as low as 0.02 mg L−1. Concentrations in
the hypolimnion were highly variable (2.81 ± 3.06 mg L−1). Often, max-
ima in the hypolimnion (up to 12.47 mg L−1) occurred after epilimnion
concentrations dropped, and multiple peaks were observed in several
years. PO4

3− concentrations in the epilimnion (0.59±0.54mg L−1) shifted
from year to year, with no clear pattern. For example, in 2014, the highest
concentrations were associated with summer stratification whereas, during
the 2018 summer stratification, the epilimnion was mostly depleted with
respect to phosphates. Concentrations in the hypolimnion were typically
higher and more variable (0.88 ± 0.71 mg L−1).

3.3. Sedimentation monitoring

Mass accumulation rates and concentrations of major sediment compo-
nents changed regularly throughout the monitoring period (Fig. 3b). MAR
were highest shortly after the spring turnover (May or June), while the
6

lowest MAR were observed during the winter with the lake under ice-
cover. Typically, MAR dropped towards the midsummer after the spring
peak, whereas another rise was visible near the fall turnover. The average
MAR for all samples was 1.60 ± 1.52 g m−2 day−1 (n = 77). However,
throughout the entire monitoring period, MAR varied profoundly from
7.73 g m−2 day−1 in May 2016 to 0.18 g m−2 day−1 in December 2019.
TOC and TN concentrations, reflecting deposition of organic matter, were
closely related to each other throughout the period (r = 0.93, n = 72).
TOC and TN concentrations averaged 16.82 ± 5.16 % and 2.37 ± 0.92 %,
respectively. The highest concentrations commonly occurred near the
end of the summer stratification and during the fall turnover. With the
onset of ice-cover, concentrations usually decreased, and the lowest
values occurred shortly after the spring mixing. TS, which includes S
bound to organic matter and sulfides, was related to the concentrations of
TOC (r = 0.60, n = 72, p < 0.05) and TN (r = 0.64, n = 72, p < 0.05),
but its peaks were shifted. Concentrations of TS (mean = 0.88 ± 0.62 %)
peaked during winter, frequently exceeding 2.50 %, whereas minima
typically occurred in spring and early summer. Deposition of carbonates,
represented by TIC (4.40 ± 2.16 %), followed the pattern of MAR changes
closely. In most years, TIC concentrations formed a distinct peak shortly
after the ice out, reaching up to 9.80 %, whereas the lowest values were
observed in the winter, oscillating around 2.50 %. In years with very high
sampling resolution (2013, 2015), the spring-summer calcite peak was
clearly divided into two parts, whereas in the other years, this could not
be observed.

3.4. Sediment core data

3.4.1. Microfacies
Microscopic investigations revealed that all varves represent Type I

microfacies, according to Żarczyński et al. (2018). Varve thickness ranged
from 4.39 mm to 6.22 mm (sd = 0.53 mm). Each varve year started in
the spring with a pale, normally graded calcite lamina mixed with diatom
frustules. The size and shape of calcite grains differed significantly among
the varve years (Kruskal-Wallis test; df = 8, p < 0.05). Spring carbonate
layers of 2012, 2014, 2016, and 2020 were composed of larger calcite
grains with regular outlines compared to the other years (Figs. 4b, S4,
S5). Especially in 2012, 2014, and 2016, calcite crystals were mixed with
orange-reddish carbonate grains of rhodochrosite or Mn-rich calcite
(Fig. S9). As summer stratification developed, a thin layer of amorphous
organic matter mixed with sparse diatom frustules and pyrite formed. A
second, typically thinner calcite layer composed of smaller, lighter grains
was then deposited. It was typically accompanied by increased diatom
abundance, but calcified shells of Phacotus algae were also abundant
(Fig. S4). Afterward, a mixture of pyrite, organic matter, diatom frustules,
and mineral grains (e.g., quartz) were deposited. In 2012, 2015, 2016,
and 2017, a third calcite lamina developed (Fig. S6). Sparse vivianite
crystals associated with anoxic conditions were visible mostly in 2014. An
additional layer comprised of Mn and Fe (oxy)hydroxides formed after
intensive fall mixing in 2011 and 2013. Clay minerals mixed with organic
detritus were the primary components deposited during reverse stratifica-
tion under ice-cover. The end of the varve year (early spring) was typically
marked by the dominance of diatom frustules (often small, centric speci-
mens) mixed with chrysophyte cysts.

3.4.2. μXRF and HSI
A detailed characterization of element and pigment successions within

single varves indicated characteristic, sub-seasonal sedimentation patterns
(Fig. 4). Ti and K, commonly used as proxies of mineral matter delivery,
showed the highest abundances at the end of each varve year (winter),
marking the period when the lake was under ice-cover. The abundances
of Fe and S were highest during periods with well-developed summer strat-
ification. Both elements usually reached their respective maxima shortly
before peaks of mineral matter. The profile of Mn, an element most often
associated with redox changes, was the most intermittent among the ana-
lyzed proxies. Clear peaks formedonly occasionally, with a visible tendency



Fig. 4. (a) Thin section scanned in cross-polarized light andmicrofacies scheme; (b) μXRF andHSI profiles extracted from elemental (resin embedded slab) and pigment (fresh
core) maps (data from Zander et al., 2021a).
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for two consecutive (fall and spring) peaks, e.g., in 2011/2012 and 2013/
2014. Finally, a small increase in Mn abundance occurred at the beginning
of 2016. However, this time it was not preceded by higher Mn accumula-
tion in the previous year. Spring peaks of Mn overlapped to some extent
with the Ca peaks. Calcium showed a clear annual pattern with sharp in-
creases in spring. In most of the years, Ca maxima were divided into at
least two distinct peaks, while in 2013 and 2018, Ca peaks were generally
less developed. Abundances of P followed the Ca profile almost exactly.
Similar variability is displayed in the profiles of Si and TChl-a, with peaks
typically in early spring, immediately after the ice-cover disappeared and
7

before Ca peaks formed. Maxima of Bphe-a occurred most often in the sec-
ond half of the year, during the summer stratification. Bphe-a peaks were
out of phase with carbonates and organic matter proxies, and after 2014,
concentrations generally started to drop.

Relationships between the selected proxies were assessed with a PCA
(Fig. S7). Ti, K, Fe, S, and Bphe-a covaried in a progressing order during
the study period. Ca and P formed a second, opposing group on the first
principal component axis. TChl-a and Si were correlated mostly with PC2.
Overall, event-driven Mn variability was mainly independent of the other
variables and the first two PCs.



Fig. 5. Boxplots of the spring calcite layer grain size (planar area).
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4. Discussion

4.1. Preservation of environmental signals in the sediment record

Lake Żabińskie's thermic structure and mixing regime exhibit a strong
relationship with the atmosphere; especially surface waters react quickly
and mirror air temperature changes (Fig. 6). Additionally, surface water
temperature changes coincide to some extent with periods of increased
windiness. Generally, heat fluxes vary the most at the water surface,
while deeper strata exhibit more stability (Fig. 2a). Typical for temperate
lakes, spring mixing in Lake Żabińskie starts immediately after the ice-
cover break-up. Years characterized by a severe winter and long-lasting
ice-cover typically result in short spring mixis followed by the rapid devel-
opment of summer stratification. A short spring mixis is generally insuffi-
cient to oxygenate the hypolimnion, which results in prolonged anoxia.
This ismost clearly visible in 2013 and 2018,when the homothermic spring
phases lasted for 3 and 2 days, respectively (Figs. 2a, 6). Overall, these years
are characterized by lower MAR, whereas years with mild winters and pro-
longed spring mixing favor higher primary production and more intense
calcite precipitation during spring, which results in higher MAR. Calcite
precipitation dynamics are controlled mostly by water temperature and
pH, as well as phytoplankton activity which is, in turn, limited by N and
P concentrations (Stabel, 1986). In Lake Żabińskie, high nutrient concentra-
tions in the surface waters after the ice-out can further rise due to lake turn-
over and internal loading from the deeperwater strata. Then, with the rapid
air temperature rise and subsequent warming of the epilimnion, intensive
algae blooms (Fig. 2d) lead to HCO3

− depletion and CaCO3 supersaturation
(Bonk et al., 2015a). Spring temperature increases over the scale of days
further limit CO2 solubility, leading to a quick increase of water pH
(Fig. 2c, d, S2c S2d). Finally, this leads to rapid calcite precipitation, as
seen in a drop of Ca2+ concentrations and a peak in TIC deposition regis-
tered in the sediment trap (Fig. 3b). Moreover, additional calcite precipita-
tion events occur 2–3 times per varve year, as evidenced by sediment trap
and sediment core data (Figs. 3b, 6, S4, S5, S9).

A gradual temperature rise and a warm summer also lead to an elevated
accumulation of organic matter in the second half of the year (Fig. 3b). Fur-
thermore, after warm summers, surfacewater cools quickly. In contrast, cold
summers result in a more gradual decrease of water temperatures due to
larger thermal inertia (Piccolroaz et al., 2015). Higher wind speeds at the
end of the year typically increased fall destratification and mixing duration
(Fig. 6). Increased wind speed can lead to more intense resuspension and
redeposition of sediments (sediment focusing)which, to some extent, can ex-
plain higher mass accumulation rates registered shortly before and after the
fall turnover in the sediments (Fig. 3b; Czymzik et al., 2016; Apolinarska
et al., 2020; Roeser et al., 2021). Finally, the development of reverse stratifi-
cation precedes ice-cover and calm sedimentation conditions under ice-
cover. Mass accumulation rates during winter are generally lowest (Fig. 3b).
Fig. 6. Links between atmospheric conditions (temperature, wind), water column pr
sedimentation observations, and sediment record. Mixis (F) – fall mixis; Mixis (S) – s
stratification. The first bar in the sediment trap MAR plot shows the observed and corr
and 2019 to replace missing data. The position of diagnostic layers is based on the date
is stretched to fit the diagnostic layers. Dots mark the beginning of varve year.
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Comparison of sediment trap data and sediment core data allows us to
assess how effectively the environmental signal is recorded in the sedimen-
tary archive. The most basic parameter is MAR, which can be precisely es-
timated both from sediment traps and varved sediment cores. On average,
during the study period, values of total MAR for individual years deviated
in both datasets by 21 %. However, direct comparison is not possible for
the varve year 2012 because the sediment trap was installed too late to reg-
ister the first calcite precipitation event. Data from other years suggest that
spring (April–May) deposition constitutes up to 53 % of the total MAR for
each year. Accounting for this loss, annual deposition in 2012 sediment
trap data agrees with MAR from the sediment core (Fig. 6), and after the
correction, the mean difference during the study period is between 14 %
and 17 %. Also, higher MAR for the varve year 2019 calculated from the
sediment core could be an effect of imprecise subsampling in the very top-
most section of the core, i.e., including part of the spring 2020 calcite layer.
The only difference, which is difficult to explain, was registered in 2013
when data from the sediment trap showed much lower MAR. Minor differ-
ences should be expected, as sediment trap data averaged over the varve
year cannot perfectly match core sub-sampling.

A high-resolution, sub-seasonal comparison between the sediment trap
and core is possible using biogeochemical data. Total inorganic carbon con-
centrations measured in the sediment trap samples and μXRF Ca record pro-
vide evidence that, despite different temporal resolutions, both records
track the same processes, ultimately leading to the formation and preserva-
tion of distinct calcite laminae. TIC concentrations measured in the sedi-
ment trap material typically show two or more peaks each year (Fig. 3b),
corresponding to the layers visible in the thin sections. However, due to
the temporal resolution of sediment traps, CaCO3 peaks are smoothed. A
similar pattern is visible in the μXRF Ca record, while the higher measure-
ment resolution better captures well-defined local maxima corresponding
to discrete calcite layers visible in thin sections (Fig. 4). After deposition, cal-
cite layers do not undergo significant transformation, and post-depositional
processes do not change the initial signal recorded at the time of layer for-
mation. However, it is important to note that TIC is not solely CaCO3, as
Mn‑carbonates are also present in the sediments, at times constituting up
to 15 % of annual mineral material (Table S1). Therefore, inorganic carbon
concentrations are controlled by more than one mineral and can diverge
from μXRF Ca record. Typically, a similar overlap is visible between
the total sulfur concentrations measured in the sediment trap samples
(Fig. 3b) and μXRF S recorded from the sediment core (Fig. 5). Although sul-
fur accumulation is associated with dark laminae lacking well-developed
sedimentary structures, it can be attributed to the second half of the varve
year.

To summarize, surface sediments record the same variability of pro-
cesses as the sediment traps. This allows a closematch between the datasets
measured over different scales – temporal for observational data and depth
for core data. Finally, close links between meteorological and limnological
conditions and varve formation processes can be observed and described.
4.2. Varve composition as a proxy for meteorological conditions and lake mixing
regime

Calcite lamination characteristics have been previously used to recon-
struct overall lake ontogeny in response to environmental change (Bonk
et al., 2021; Hernández-Almeida et al., 2017) but also more specific climate
parameters, e.g., past precipitation variability (Czymzik et al., 2016). Despite
factors such as sediment redeposition, seasonal changes in meteorological
conditions generally play a dominant role in the formation of biochemical
varves, as seen in other mid-latitude lakes (Apolinarska et al., 2020;
operties (temperature at 1 m depth, oxycline depth and mixing regime), modern
pring mixis; Stratification (W) – winter stratification; Stratification (S) – summer
ected value for 2012 using average spring (April–May) MAR values between 2013
s of sediment trap TIC peaks, meteorological data and holomixis events. μXRF data
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Tylmann et al., 2012). Recently, Zander et al. (2021a) carried out a detailed
investigation on the relationship between the Lake Żabińskie sediments and
themeteorological conditions in the last ca. 60 years. Bulk geochemical data,
especially total carbon (TC), show close relationships to the warm season
(MAMJJA) air temperature (r = 0.69, p < 0.05) and spring (MAM) wind-
speeds (r = −0.58, p < 0.05). However, sediment micromorphology
and sediment trap data can also reflect sub-seasonal changes in the atmo-
sphere and lake (Roeser et al., 2021). Similarly, the complex microstructure
of varves in Lake Żabińskie potentially also reflects specific weather
phenomena.

The first calcite layer is always deposited immediately after the spring
algae bloom (Bonk et al., 2015a; Żarczyński et al., 2018). Typically, the dy-
namics of CaCO3 precipitation affect the grain size of calcite crystals
(Fig. 5). Spring mixing intensity controls internal nutrient loadings. Ele-
vated PO4

3− concentrations in the epilimnion increase primary production
and at the same time prevent rapid precipitation of small calcite grains
(Lotter et al., 1997; Ohlendorf and Sturm, 2001). Long and intense spring
mixing causes increased turbulence, numerous nucleation centers, and
rapid growth of CaCO3 and leads to a larger mean size of calcite grains
(Lotter et al., 1997). During the last decade in Lake Żabińskie, this process
was evident in 2012 and 2016 (Fig. 5). Precipitation of the second and third
calcite laminae follows rapid cooling followed by warming of air and water
and periods of increased wind speed lasting from days to weeks (Fig. 6).
These changes exert control on the bicarbonate balance in the epilimnion
and CaCO3 saturation (Figs. 2c, S2c). Higher wind speeds cause shallow
mixing events restricted to the first few meters of the water column. The
Ca2+ pool depleted by CaCO3 precipitation is briefly replenished by these
shallow mixing events (Hernández-Almeida et al., 2015). These events
also lead to decreased surface water temperatures, increased pH, and hin-
der photosynthesis, while increased turbulence allows diatoms to remain
suspended (Bluszcz et al., 2008; Stabel, 1986). Subsequent algae blooms
and epilimnion decalcification are driven by rising water temperature.

Furthermore, CaCO3 is bound to abundant Phacotus Lenticularis lorica
(Lenz, 2020; Roeser et al., 2021) found within the secondary calcite layers
and in the summer sediment trap samples. High Phacotus abundances corre-
spond to the short periods of increasedwindiness (Fig. S5) and rapid calcite
precipitation (Figs. S4, S5). Because epilimnetic waters are depleted con-
cerning Ca2+ and nutrients during the summer stratification, secondary
calcite laminations are less developed and thinner than the spring layers
(Figs. 4, S6). Years characterized by a late break-up of the ice-cover and
no evident temperature shifts throughout the summer stratification are
characterized by low and highly dispersed calcite precipitation, with no ap-
parent separation between the calcite layers, as is seen in the years 2013
and 2018. Typical for low-P conditions and CaCO3 supersaturation,
sustained by high water temperature, these calcite layers are composed
of smaller grains than those in the spring laminae (Lotter et al., 1997;
Roeser et al., 2021). Additionally, (re)dissolution can influence the quantity
of calcite deposited on the anoxic lake bed than its precipitation from the
epilimnion (Dean, 1999), as evidenced by more irregular-shaped crystals
deposited in years characterized by anoxic conditions. Overall, calcite pre-
cipitation in Lake Żabińskie is governed by rapid changes in the air and
water temperature at the scale of weeks, and is further influenced by
wind intensity controlling the mixing regime (Fig. 6).

It is challenging to track the timing and intensity of the lake water
column mixing events with data from sediment cores. Abundances of
redox-sensitive elements such as Mn and Fe are often regarded as proxies
for changing oxygen conditions in the hypolimnion (Tribovillard et al.,
2006). Previous studies suggest that the formation and preservation of
Mn-bearing minerals in sediments is a complex problem with numerous
plausible pathways for Mn burial (Davison et al., 1982). Changes in the
O2 availability (Dräger et al., 2017; Naeher et al., 2013) and pH (Bonk
et al., 2021) are most often regarded as the primary controls of this process.
Our observational data suggest a strong link between lake turnover, hypo-
limnion oxygenation, and Mn burial in the Lake Żabińskie sediments. Inci-
dental Mn peaks are diagnostic for the holomixis events in Lake Żabińskie
(Fig. 6, S2 and S8). During the observational period, every instance of
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holomixis produced a distinct Mn peak in the sediments, and there were
no holomixis events that did not lead to elevated Mn concentrations in
the sediments. Additionally, principal component analysis shows that
Mn variability is mostly independent of the lithogenic proxies K and Ti
(Fig. S7), suggesting redox-controlled Mn deposition (Zander et al.,
2021b; Żarczyński et al., 2019). Bphe-a concentrations and S counts di-
rectly oppose Mn (Figs. 4, S7), further suggesting that oxygen availability
drives Mn deposition in the sediments.

These findings align with results from several other seasonally anox-
ic lakes, such as Lake Stechlin, Germany (Scholtysik et al., 2020) and
Baldeggersee, Switzerland (Schaller and Wehrli, 1997), where Mn-enriched
layers are observed due to the process of geochemical focusing. This geo-
chemical focusing results from repeated redox changes and the cycling of
redox-sensitive species. During thermal stratification, Mn2+ is reductively
dissolved and removed from sediments overlain by anoxic waters. When ox-
ygen mixes with the Mn-rich hypolimnion, (oxy)hydroxide rains can occur,
as observed in Elk Lake (Nuhfer et al., 1993); however, the majority of
these (oxy)hydroxide particulates are (re)dissolved before burial in the
deepest part of the lake. This leads to substantial enrichment of Mn2+ in
the hypolimnion. During holomixis events, Mn-oxides are deposited at the
deepest point, sometimes as thick crusts (Wirth et al., 2013). Subsequent
stratification and reestablishment of anoxic conditions likely leads to the
dissolution of a portion of the Mn-oxides formed during deep mixing, but
conversion to Mn‑carbonate, which is enabled by H2S oxidation (Meister
et al., 2009), leads to the preservation of Mn in anoxic sediments. In Lake
Żabińskie, rhodochrosite constitutes up to 15 % of the mineral components
in annual layers characterized by holomixis during the preceding fall or
spring (2012 and 2014, Table S1). Distinct Mn-rich lamina visible in the
μXRF maps (Fig. S8) suggests that Mn‑carbonate formation is rapid in re-
sponse to mixing events. Lake turnover can also induce Mn precipitation
when the carbonate-rich surface waters mix with the Mn enriched bottom
waters (Dean and Megard, 1993). We observe that spring holomixis leads
to Mn enrichments that are intercalated within calcite laminae, whereas
fall mixing typically leads to formation of Mn layers that clearly precede
the onset of spring calcite precipitation. This observation shows the potential
to reconstruct the frequency and timing of mixing events (fall versus spring)
from the sedimentary record.

5. Conclusions

We investigated Lake Żabińskie in northeast Poland to explore the pro-
cesses of biochemical varve formation and potential for climate signals
preservation in these sediments. The combination of meteorological data,
lake monitoring data, the composition of sediment trap samples, and
sediment core analyses enabled us to identify influences of meteorological
conditions on the sediment formation in this lake:

1. We see direct relationships between meteorological conditions, limno-
logical processes, andmodern sedimentation. Especially air temperature
and wind speed directly affect physicochemical water parameters and
primary production, which, together, govern the behavior of the inor-
ganic carbon complex. Carbonate precipitation processes, geochemical
focusing, and sedimentation of organic matter are the immediate effects
of atmosphere-water interactions, yielding unique seasonal sediment
structures and properties.

2. Variability inMAR and sediment composition observed in sediment trap
samples is well reproduced in the sediment record. Therefore, good pres-
ervation of major environmental signals makes the sediment archive a
reliable source of information for paleoenvironmental reconstructions.

3. Varves provide useful proxies for tracking meteorological and limnolog-
ical processes in the past. In eutrophic lakes with biochemical varves,
calcite laminae are the most characteristic feature of the sediment struc-
ture. In Lake Żabińskie, the grain size of the first (spring) calcite laminae
is positively related to the intensity of spring mixing, while the occur-
rence of additional calcite laminae informs about colder and more
windy periods during summer stratification. Furthermore, incidental
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Mn peaks in sediments correspond perfectly with hypolimnetic oxygen-
ation and holomixis events, suggesting that Mn is an excellent recorder
of deep mixing events at this site. Holomixis events tend to occur during
relatively long and cold springs or in fall/early winter due to the late
formation of ice-cover on the lake.

Our study confirms that comprehensive observations of limnological
parameters combined with high-resolution sediment analyses enable the
recognition of a processing cascade leading to sediment formation and
climate signal preservation. Observational data and novel high-resolution
spectroscopic methods of sediment analysis show promise in tracking
paleoweather phenomena using biochemical varved lake sediments.
Further studies based on long-term observations of the atmosphere, hydro-
sphere, and lake sediments utilizing high-resolution data from the auto-
mated data loggers combined with ultra-high-resolution measurements of
sediment fluxes might lead to evenmore accurate attribution of short dura-
tion events, e.g. heavy rainfall or increased wind speed, to sediment accu-
mulation dynamics. Using already existing methods of non-destructive
sediment analyses, it should also be possible to track the effects of these
short-term events in micromorphology and geochemical variability of the
sediment record.
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