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Figure 7. Taxonomic phytoplankton groups with their biovolume and relative dominance (%) in the
epi- (upper graph) and the metalimnion (lower graph) from October 2013 to September 2015 (abscissa).

The concentration of most representative marker pigments was calculated for the entire water
sampling period (2013-2015), in order to compare their spatial variations between epi-, meta- and
hypolimnion, as well as with their deposition in the sediment trap (Figure S1, Supplementary Materials).
Marker pigments of Bacillariophyceae (fucoxanthin: Figure Slc) and Dinophyta (diadinoxanthin:
Figure S1d) were produced and deposited in higher amounts in spring and summer while Chlorophyta
marker pigments (Chl-b, lutein and zeaxanthin: Figure Sle,fh) were produced mainly in fall, and
marker pigments of Cryptophyta (alloxanthin: Figure S1g) were produced throughout the year with
the exception of fall. Zeaxanthin is a marker pigment also indicative of Cyanobacteria and decoupled
from parent marker pigments of Chlorophyta during summer, it indicates a higher contribution of
Cyanobacteria during summer months (Figure S1). Marker pigments of photosynthetic sulphur
bacteria were only found in the hypolimnion during summer and fall (Figure S1i,j).Most marker
pigments from the water column were also identified in the sediment record. A list of the marker
pigments co-occurring in the water column and sediment record is given in Table S1 (Supplementary
Materials). Their taxonomic affinities are also shown and inform about their likely biological sources,
which are consistent with the taxonomic phytoplankton groups of the epi- and metalimnion (Figure 7).
To gauge the similarity between water column and sediment samples we applied the Sorensen index
(S) on a similarity matrix built with binary data. This very simple similarity index provides a greater
“weight” to species common to the samples than to those found in only one sample. According to S,
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epi-, meta- and hypolimnetic samples resemble at >80%, whereas meta and hypolimnetic samples
resemble each other relatively more (92%), likely because of lower oxidation rates during anoxic
conditions of the hypolimnion. Interestingly, when compared with sediment samples of the top of
the core (CE 2007-2013 E), S diminished abruptly to 0.5, that is, the bias was 50% (Figure 9). This
decrease was followed by a slower decrease of S, until values of 30% (circa 1850) and its posterior
stabilisation at values of 40-60% that lasted circa two centuries. A Venn diagram highlights that
past communities only have a partial modern analogue (Figure 9) [5]. These results indicate that
approximately 50% of the marker pigments in the water column were destroyed between deposition
and permanent burying in the first centimetres of the sediment record, whereas the remaining 40-60%
were accurately represented over the period of study. This pattern is roughly consistent with the three
phases of sediment loss proposed by [48]: (1) rapid oxidation, enzymatic metabolism and digestion
by herbivores through the water column (half-life T1/2 = days) would account for a breakdown of
pigments while they sink, (2) slower post-depositional loss in surface sediments would result from
structural rearrangements, release of labile compounds and further oxidation (T1/2 = years) and (3)
once buried pigment degradation would have continued at a very slow pace (T1/2 = centuries).

o
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Violax Mg Allox ™
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Figure 8. Redundancy analysis (RDA) between phytoplankton taxa (biovolume; mm3-L 1) and marker
pigments (concentration; ug-L’l). Red arrows are explanatory variables (53% of the variance in pigment
concentration was explained by phytoplankton taxa), blue arrows are response variables (pigments).
Diadin: diadinoxanthin; Fucox: fucoxanthin; Chlc2: chlorophyll-c2; Allox: alloxanthin; a-carot:
a-carotene; Ph4_6: unknown phorbin; Phytin-al,a2: phaeophythin-al, a2; Phytin-b: phaeophythin-b;
Car12.5: unknown carotenoid; Myxo-like: myxoxanthophyll-like; BChl-a: bacteriochlorophyll-a;
BChl-e: bacteriochlorophyll-e; Oken: okenone; Isoren: isorenieratene; Neox: neoxanthin; Lut: lutein;
Chlb: chlorophyll-b; Zeax: zeaxanthin; Bphytin-a: bacteriophaeophythin-a; Astax: astaxanthin; Diato:
diatoxanthin; Chla: chlorophyll-a; b-carot: b-carotene; EpimerA: Chl-a epimer; AllomerA: Chl-a
allomer; Violax: violaxanthin; Chlide_a: chlorophyllide-a; Chlcl: chlorophyll-c1; Perid: peridinin.
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Figure 9. Comparison of Sorensen’s similarity index (S) between modern and sediment samples.
A Venn diagram comparing modern and past pigment assemblages is shown in the upper right corner.
Epi-, meta-, hypo- refer to current in-depth layers of the water column. Abcissa: dates inform about the
age of the sediment samples, Ordinate: S values.

Finally, Table S2 (Supplementary Materials) shows which marker pigments were found to be
exclusive from present-day samples (6) and which were found only in subfossil samples (7). Some of
the unspecific chlorophyll derivatives are produced under distinct environmental conditions and by
different mechanisms with time, chiefly through losses of Mg*?, herbivory, viral attack and enzymatic
catalysis [48]. Noteworthy, however, is the presence of four Cyanobacterial markers in the subfossil
record that were not present in modern samples, suggesting either a detection limit for the identification
of these pigments in the water column or that past lake conditions were favourable to a high diversity
of Cyanobacterial groups including N,-fixing. In fact, massive blooms of filamentous Planktothrix
rubescens De Candolle ex Gomont have been reported to have flourished in Lake Montcorteés in the
1970s [54]. However, based on microscopical counts and marker pigment detection, Cyanobacteria
seem to constitute only a low percentage of the phytoplankton currently thriving at Lake Montcortes
(Figure 6), an issue that needs further confirmation.

5. Discussion, Conclusions and Guidelines for Future Research

To date, most paleoenvironmental reconstructions for Lake Montcortes have been performed
using conventional methods and models, which were originally thought for lower resolution studies
and higher latitudes. They are therefore constrained to the supra-decadal level. However, it is
clear that the sublayers of varves host invaluable, high resolution information that still has to been
retrieved. Our modern analogue studies provide detailed information about fine-tuned processes
that take place at annual and sub-annual scales and show how a suite of widely used proxies
respond at the same temporal resolution. We expect that each proxy is physically deposited in
a varve sublayer in temporal correspondence with the processes it represents. Being able to put
this exact match in evidence is expected to boost the interpretative power of future high-resolution
paleoenvironmental reconstructions.

The main contribution of this review is to show the advantages and limitations of a multiproxy
modern-analogue approach in Lake Montcortés as a case study. This has not been published previously
in any other papers. There exist other studies with a similar approach, e.g., lake Zabirski (Poland) [58]
or Lake La Cruz (Spain) [59-62], but results in every case are different because sedimentary and
biogeochemical processes differ among lakes. Obviously, results of one particular lake may not be
directly applicable at other lakes. Our results demonstrate that current lacustrine processes of Lake
Montcortes involving calcite precipitation, phytoplankton and bacterial growth, oxygenation of the
water column and pollen production, have a clear seasonality and also a year-to-year variability,
depending on subtle interannual climatic variations. Therefore, it is reasonable to expect finding the
corresponding fingerprints of these processes at the varve (sublayer) levels. Interestingly, the brGDGT
production in soils is not seasonal, while the particle flux into the lake is. The similarity of brGDGT
distributions indicated the same sources of brGDGTs in soils and lakes. The brGDGT-estimated
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temperature reflected the interannual average conditions from the soil records. In order to provide
an integrated overview of the basic functioning of Lake Montcortes related to our modern analogue
studies, a synthesis of the main processes and their spatial and temporal course is presented (Figure 10).
This figure is intended to serve as a guide for high resolution paleoecological and paleoenvironmental
reconstructions and derived inferences in lake Montcortés and other similar lakes. It shows how
limnological variables and processes give raise to the proxies that will be used in these reconstructions,
the transit of the latter from present to past conditions, and where in the varve structure would these
proxies be found, according to the season where they are produced and settled down (time-lag = 0 is
assumed). In this figure, the limnological variables under study are listed (column 1); moreover, the
contemporary processes (column 4) that occur in the lake or lake catchment over the year (columns
2,3). Columns 5 to 8 show the seasons when these processes occur (blue) and when they are more
intense (dark blue). It is also indicated which varve sublayer is representative of each season. White
and a dark sublayer correspond to summer and winter, respectively, dark-white transitions to spring
and white-dark transitions to fall. Column 9 displays degradation and diagenetic mechanism that
are expected to act upon the limnological variables inside the sediment and column 10 the derived
proxies. Column 11 suggests which varve sublayers should be targeted to retrieve these proxies for
high resolution reconstructions, accepting that one single varve contains all seasonal information
needed, i.e., in correspondence with white and dark sublayers and their transitions. We also assume
that highly precise sampling methods are available in every case. This is an especially sensitive issue in
the case of Lake Montcortes where varves are relatively thin, e.g., total mean varve thickness averages
1.3 mm between the 14th and 20th century, with calcite sublayers 0.35 mm and organic sublayers
0.34 mm [26], and probably in other lakes as well. Note for example that by now, neither diatoms
nor pollen or pigments could be extracted from a single varve and even less from a sublayer, due to
methodological limitations.
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ii.

iii.

iv.

vi.

Vii.

Finally, we provide some guidelines for future research at Lake Montcortes and similar lakes.

Calcite: There is evidence that a temperature increase enhances the amount of calcite precipitation
and flux to the sediment. This relationship may be an important factor, when considering
the role of calcite as a sink of atmospheric CO, in the context of global warming and needs
further examination, On the other hand, if the size of endogenic calcite crystals varies seasonally,
inferences at the sub-annual scale may be derived from calcite crystals contained in sublayers
of varves.

These hypotheses encourage the execution of further modern analogue studies. Hence, three
improvements are suggested: (1) increase the frequency and duration of sampling, in order to
better document shifts in calcite precipitation as related to the current warming trend; (2) install a
meteorological station in the lake’s catchment, in order to capture local temperature and other
meteorological variables that condition water temperature; (3) perform a detailed survey of calcite
crystal features retrieved from seasonal traps and from varve sublayers to precisely determine
their origin and diagnostic characteristics.

Pollen: Two advantages of pollen studies are (1) the ability of identifying and characterizing
seasonal layers even in the absence of varves and (2) the possibility of recording interannual
variability and associated meteorological drivers.

Oxygen: Even though our approach cannot provide estimations of past oxygen concentrations,
it is a useful tool to connect and compare the dynamics of past and present oxic and anoxic
events with annual resolution. However, if past oxygen concentrations are to be inferred, a more
specific modern analogue study is required. Perhaps monthly and multiannual monitoring of the
evolution of hypolimnetic oxygen concentrations and a concurrently examination of the content
of Fe and Mn oxides in surface sediment samples, catches mixing and meromictic years. It should
then be possible to establish appropriate transfer functions to estimate dissolved oxygen from
most related proxies. If successful, truly long-term oxygen time series linking estimated and
instrumental data could be established.

Cyanoprokariota assemblages lack a modern analogue, since they are nearly absent today,
whereas they were abundant, diverse and pervasive until, at least, the 1970s [54]. This observation
is surprising because, to our knowledge, there have been few changes in land use or lake
exploitation that could have affected Lake Montcortes’” trophic conditions. In contrast, we expect
Cyanoprokariota to play a prominent role during the coming warmer years, when Lake Montcortes
becomes more intensely stratified. Cyanobacteria marker pigments (myxoxanthophyll and
zeaxanthin) have been detected in the water column during monitoring, the lack of correspondence
with microscopical counts may be due to the low cell size of species involved, but this will need
further studies. Therefore, considering the known deleterious effects of Cyanobacteria on aquatic
ecosystems and human health, it would be advisable to continue present-day monitoring. The
results would aid in obtaining a long-term picture of cyanobacterial successions and importance
and allow deriving future scenarios, in the context of global warming.

brGDGT production in the soils of the lake catchment show no seasonality. However, in sediment
trap particles, the brGDGT flux presents a clear seasonality. The seasonal variations of flux rates
confirm transport variations from the catchment rather than in situ production of brGDGT in the
lacustrine environment. The MBT/CBT temperature estimates indicate that brGDGT signatures
in the sediment traps show a mixed signature and originate from surrounding soils. These results
suggest that any inferences made from the high-resolution record must be made with caution.
From a methodological point of view, cylindrical traps with seasonal or quarterly recovery
yield coherent results in all cases, i.e., total suspended solids, calcite crystals, pollen and spores
and particles for brGDGT extractions. However, it is recommended that additional samples
of surface sediments at the end of sampling years should be taken, to assess post-depositional
transformations of these proxies. In our case, surface sediment samples would have provided
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complementary information, such as total fluxes to the sediment and subsequent accumulation,
interactions at the sediment-water interface and early diagenesis. For example, in the case of
calcite precipitation as related to varve formation, initial data of organic matter content may be
needed to estimate the degree of sediment compaction with time [63] and for a full understanding
of structure and thickness of varve sublayers at any depth. In the end, all this information allows
a better connection and comparison between contemporary proxies and their modified version
after being buried in the sediment, making the modern analogue technique more powerful.

viii. Sometimes, modern analogue studies performed at a seasonal or annual frequency cannot be
fully exploited for the interpretation of sedimentary records, because of a mismatch in resolution
between present-day and past samples. This mismatch occurs when a relatively large weight or
volume of sediment is needed to extract enough material for proxy analyses, because contiguous
varves are too thin and/or must be joined into one sample. In doing so, the resolution of the
samples decreases. With time and targeted effort, this disadvantage will hopefully be overcome
with the advent of new technologies. In the field of marker pigments, hyperspectral image
spectroscopy is progressing quickly and offers a non-destructive and inexpensive approach that
permits high resolution. Hyperspectral image spectroscopy is being used in lake sediments,
e.g., for concentrations of sedimentary bacteriopheophytin “a”, based upon diagnostic spectral
properties with high spatial and temporal resolution [64]. A good match of the resolutions of
modern and past studies is indispensable to successfully connect both and to better understand
the evolution of ecosystems with time.

Supplementary Materials: The Supplementary Materials is available online at http://www.mdpi.com/2571-550X/
3/1/1/s1. Figure S1: Comparison of most representative modern marker pigments from the epi-, meta- and
hypolimnion as well as their deposition in the sediment trap, on the basis of annual values of the period 2013-2015;
Table S1: Marker pigments co-occurring in the water column and sediment record and their taxonomic affinities
for lake Montcortes; Table S2: Marker pigments and their taxonomic affinities for Lake Montcortes.
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Abstract: Typically, the description of varve microfacies is based on microscopic sedimentary
structures, while standard grain-size analysis is commonly applied with lower resolution. Studies
involving a direct comparison of varve microfacies and particle-size distributions, common
for clastic environments, are scarce for biogenic varves. In this study, we analyzed nine-year
resolution grain-size data from Lake Zabiriskie (northeastern Poland) to detect differences between
varve microfacies. Six varve microfacies were differentiated using grain-size distributions and
sedimentological attributes (calcite layer thickness, dark layer thickness, mass accumulation rate).
However, changes in particle-size distributions between different varve types are relatively small and
indicate a similar source for the material deposited. Decomposition of grain-size distributions with
the end-member approach allows recognition of relative changes for the deposition of allochthonous
(mineral) and autochthonous (carbonates, (hydr)oxides) components. Grain-size data suggest that
sources of allochthonous material remained constant, while varve formation was controlled mostly
by in-lake processes.

Keywords: varves; lake sediments; grain-size; end-members

1. Introduction

Lacustrine sedimentary records are one of the most important paleoenvironmental archives [1].
Among these, records with varved sediments offer a rare opportunity for annually resolved
chronologies and analyses [2,3]. Studies based on varved sediments require careful recognition
and confirmation of the annual deposition cycle [4,5]. This is mostly achieved with microfacies
analysis, which is based on recognition of microscopic sedimentary structures forming the varves [4,6].
Careful studies of present-day in-lake processes might further confirm the annual rhythm of
sedimentation [4,7]. Most of the paleoenvironmental analyses rely either on geochemical proxies [8],
ecological indicators [9,10] or a combination of those [11]. Textural analysis, including particle-size of
the accumulated material, provides one of the fundamental characteristics for the study of sedimentary
material [12]. Grain-size analyses offer a variety of research opportunities for lacustrine settings.
Sediment texture could be used to study material provenance [13], transport [14], and processes such
as paleofloods [15,16], monsoons [17], and aeolian activity [18].

Since the inception of the varve chronology method by De Geer [19], grain-size has played an
important, diagnostic role, especially in clastic varves [2]. Textural changes in the cold climate are a
result of the freeze-thaw cycles affecting allochthonous material supply [20]. This, in turn, leads to the
formation of seasonal laminations, reflecting differences in the composition and size of the accumulated
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material [3]. Commonly, the warm season is characterized by larger particles, which originate from the
catchment, while their transport is induced by snowmelt and increased runoff. During ice-covered
seasons, accumulation of coarse particles decreases leading to dominance of smallest particles. This
closes the cycle with a fine-grained layer, often with addition of biogenic material [20-22]. Thus,
grain-size plays a fundamental role during the recognition of annual cycles. Thanks to continuous
density scans and grey-scale image analyses, grain-size data can be obtained with high, seasonal
resolution [23,24]. Therefore, this approach is not only valuable for microfacies analysis but even for
semi-automatic varve chronology development.

Contrary to clastic or clastic-biogenic varves, mineral matter plays a minor role with biogenic
varves that are dominated by material originating from biochemical processes and lacustrine
productivity [2]. This causes a lower interest in particle-size research for this type of varves. Different
approaches for sediment pretreatment lead to diverse results, due to different components being
possibly removed prior to analysis [25]. The most common procedure is to remove organic matter,
carbonates and biogenic silica before measurements [14,17,20,26]. However, this leaves possible metal
(hydr)oxides intact. This approach could be simplified, for example by removing only organic matter,
or further improved with removal of metal (hydr)oxides [25]. Ideally, removal of all non-minerogenic
components would effectively lead to the measurement of only allochthonous material of terrestrial
origin. However, there is the possibility to destroy clay minerals during subsequent pretreatment steps
further influencing the results of measurements. To achieve a full understanding of past processes
recorded within biogenic sediments, it might be helpful to measure the size of both allochthonous and
autochthonous sediment components.

The aim of this paper is to assess bulk grain-size data as a supporting tool for the discrimination
of biogenic varve microfacies. Furthermore, we test the end-member approach for tracing non-detrital
sediment components, such as carbonates, metal (hydr)oxides or diatoms. In this study, we used
grain-size data from the 2000 year-long, entirely varved sediment core from Lake Zabiriskie and
compared parameters based on grain-size data with nine-year resolution and previously described
varve microfacies.

2. Materials and Methods

2.1. Study Area

Lake Zabinskie (coring site at 54°0754 N; 21°59'01.1"" E) is located in the Great Masurian Lakes
region (Figure 1A), a part of the Masurian Lakeland (Northeastern Poland) [27]. This postglacial
landscape lies within the extent of the Pomeranian Phase of the Vistulian glaciation (ca. 17-16 kBP) [28].
The lake is mostly surrounded by glacial tills, sands, and gravels. Finer material is deposited in
depressions and near the lake basins [29,30]. Lake Zabinskie is fed by inflows from Lake Purwin and
streams from the south passing arable land. The southernmost tributary originates in the Zabinka
village bearing considerable amounts of nutrients and mineral matter, with the latter forming a small
delta on the southern shore of the lake [31]. Lake Zabirskie drains to the much larger Lake Goldopiwo
located to the west. The lake basin has a simple morphology with one, centrally located deepest point
of 44 m (Figure 1B). Strong seasonal thermal stratification and anoxia in the hypolimnion [4] lead to
the formation and preservation of varved lake sediments [31,32].
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Figure 1. (A) Location of Lake Zabiniskie. (B) Bathymetric map with coring site.
2.2. Coring and Composite Profile

Coring took place during two field campaigns in the summers of 2011 and 2012. A UWITEC
(Mondsee, Austria) coring platform was equipped with a 90-mm diameter piston and gravity corers.
The complete sediment profile was 19.5 m long, while this study focuses only on the previously
investigated top 5.95 m covering the last 2000 years. After retrieval, cores were tightly sealed and
stored in a cold room. Later, cores were split into halves, photographed, and macroscopically described.
The composite profile was created by correlation of diagnostic horizons.

2.3. Initial Analyses

Core half B was continuously subsampled with a temporal resolution of three years per sample,
i.e., an average sample thickness of 8.9 £ 5.2 mm (&£ 1 SD) with range of 1.6 to 37.0 mm. Dry bulk
density was calculated by freeze-drying 1 cm? of wet sediment and weighing the dry mass.

2.4. Chronology and Sedimentological Variables

The chronology is based on three individual varve counts and covers 2028 *3*/ 55 varve years,
reaching year 17 *3/_s5 BCE at a depth of 5.95 m. Additional age control of this period was achieved
with 29 AMS 4C dates, 13Cs chronostratigraphic horizons, and the Askja cryptotephra of 1875 CE [33].
Details on the chronology are published by Zarczynski et al. [32]. Based on varve chronology, the mass
accumulation rate (MAR in g x cm™2 x year™!) was calculated by multiplying varve thickness (VT in
mm) by dry bulk density (DBD in g x cm™). Additional measurements of calcite layer thickness (CT
in mm) and dark layer thickness (DT in mm) were done on scanned images of thin sections (2400 DPI),
which were previously used for varve counting. In case of multiple calcite layers within one varve, CT
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thickness includes the sum of all individual calcite layers occurring in the given year. DT represents all
remaining sublayers, and was calculated by subtracting CT from VT.

2.5. Microfacies Analysis

Microfacies analysis was carried out using Axio Imager A2 (ZEISS, Jena, Germany) and L100
(NIKON, Tokyo, Japan) microscopes, with magnifications between 20x and 500x. Thin sections were
investigated using non-polarized and polarized light. A detailed overview of the six main microfacies
and their formation processes was published with the varve chronology [32].

2.6. Grain-Size Determination

For the determination of particle-size, three parts of equal weight from three consecutive samples
were mixed to obtain samples of nine-year resolution. Organic matter was removed by combustion at
550 °C. Carbonates were not removed prior to grain-size measurements. Determination of particle-size
distribution was carried out with a Mastersizer 3000 (Malvern, Malvern, United Kingdom) laser
particle-size analyzer at the Faculty of Geography and Biology, Pedagogical University of Cracow.
Around 50 mg of material were used for each sample to achieve required obscuration of detector. Prior
to measurements, ultrasonic disintegration was applied for 60 s. The mean of three measurements for
each merged sample was used as the final value.

2.7. Statistics

Raw data is provided as a Supplementary Materials (S1). In a first step, annual sedimentological
data for each grain-size sample were averaged into mean values. Because grain-size data are attributed
to nine-year samples, this led to more than one varve type per sample. Therefore, the percentage share
of a given varve type was calculated for each sample. Only samples with one dominant microfacies
(>70%) were retained for further analyses, excluding 56 (26%) samples from the original dataset of
218 samples. Finally, grain-size data were averaged for each size class to achieve a mean distribution
for each varve-microfacies type. Grain-size distribution indices following moment (phi) formulas
were calculated with GRADISTAT (version 8.0) [34]. Later, phi values were converted to micrometers.
Ternary diagrams were created with ggtern 3.0.0 [35].

Prior to multivariate analyses, variables were log-transformed, scaled and centered with base R
(version 3.5.1) [36]. A principal component analysis (PCA) was carried out to determine the relationship
between grain-size indices and sedimentological data. Clustering tendencies and differentiation
of varve types were visualized on a PCA biplot. To disentangle genetically different material
originating from diverse sedimentary processes [37], grain-size distributions were decomposed with
an end-member approach using the EMMAgeo (version 0.9.6) package for R [38].

3. Results

3.1. Microfacies

Six microfacies were distinguished for the sediments of Lake Zabiriskie (Figure 2; [32]). Type I
(68 varves) occurred only at the topmost part of the record and is characterized by well-developed
calcite lamina followed by diatoms. The rest of the varve is mostly a mixture of minerogenic and
organic detritus with the addition of vivianite and pyrite. Characteristic for this microfacies is the
occurrence of additional calcite layers throughout the year. Varve type II (165 varves) characterizes the
least distinct annual cycle, with a poorly developed calcite/diatom layer marking the beginning of
varve years. Diatom frustules and chrysophyte cysts were deposited on top of the calcite layer, with
vivianite and pyrite rarely occurring. A fine-grained mineral layer formed sporadically at the end
of the year. Type III (1300 varves) is the most abundant of the record, with the simplest pattern of
deposition. The beginning of the varve year is marked by a well-developed calcite layer, followed by
deposition of mineral and organic detritus. Chrysophytes were more abundant close to the end of the
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varve year. Type IV (85 varves) is very similar to type III, with the addition of the thick diatom layer
deposited during the second half of the year. Type V (291 varves) starts with a calcite layer enriched
with iron, followed by a mix of calcite grains, diatoms, minerogenic and organic matter. Finally, an
iron-rich layer was deposited. This diagnostic layer is at times interrupted by a poorly-developed
calcite layer. Type VI (118 varves) is similar to type V, with a distinct (thick) diatom layer occurring
prior to deposition of the iron-rich layer. Development and occurrence of different microfacies is
strongly connected with land-use changes in the catchment and subsequent changes in the lake mixing
regime [39]. Varve types Ill and IV were deposited mostly during an 1100-year long period (ca. 520 to
1620 CE) of catchment reforestation leading to weaker wind action and meromixis (Figure 3). Types
L 1I, V, and VI occurred during phases of deforestation leading to intensified lake mixing and better
oxygenation of the water column. They were influenced by redox processes (types V and VI), enhanced
catchment erosion (type II), or recent eutrophication (type I).

Type ll Type lll Type VI

— e — blue-green algae o .9 chrysophyte cysts 04 centric diatoms _ _ pennate diatoms

diatom layer

oo pyrite o068 vivianite calcite #77 £ Fe-rich layer FFRET fine-grained layer =——mineral-organic detritus

Figure 2. Top: Six varve microfacies (types I-VI) of Lake Zabinskie (thin sections scanned with
polarized light). White dots mark the beginning of each varve year. Bottom: Conceptual varve models.
Black bars indicate one year.
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Figure 3. Varve microfacies with sedimentological, and grain-size variability plotted vs. time and depth.

Main patterns of sedimentological properties and grain-size indices are shown in Figure 3 with
respective varve microfacies. Overall, both sedimentological characteristics and grain-size parameters
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are divided into four main phases. The first phase between ca. 17 BCE and 520 CE is characterized by
elevated values and higher variability of all the variables except sediment sorting. From 520-1620 CE
all values drop and remain relatively stable, with less sediment sorting. Between 1620 and 1870 CE
variables rise again, reaching respective maxima with very good sediment sorting. Finally, there is a
decoupling between CT and DT, reflected also in mean grain-size with an overall drop toward the top.

After dataset reduction, the number of sediment samples corresponding to each varve type left
seven samples of type I, 17 samples of type II, 126 samples of type III, 1 sample of type IV, 8 samples
of type V, and 2 samples of type VL. For the needs of statistical analysis, types IIl and IV as well as V
and VI were merged. The main sedimentological properties of the reduced dataset are illustrated by
boxplots shown in Figure 4. The mean MAR exceeded 0.10 g x cm™ x year™! for most varve types
with a maximum of 0.15 & 0.05 g x cm™ x year™! recorded for type II. The exceptions are types III
+ IV, with a mean of 0.05 & 0.01 g x cm™ x year'. The lowest MAR of 0.03 g x cm™ x year™ is
recorded within type III + IV, while the maximum value of 0.24 ¢ x cm™ x year™! occurred in type II.

Calcite layer thickness varies between varve types, with highest values recorded for type I
(1.37 £ 0.36 mm). The other types were characterized by thinner calcite layers, with type III + IV
reaching a minimum of 0.26 4= 0.10 mm on average. Type III + IV also reaches the lowest value of
0.09 mm, while a maximum of 1.84 mm is recorded within type I. Dark layer thickness shows a similar
pattern with highest mean values reached for varve type II (5.43 & 1.48 mm), while the lowest value
occurs for type III + IV (1.88 & 0.51 mm). Overall, varves of types I and II reach higher values for
all variables, while type II exhibited the most dispersed properties. Varves of type III + IV are most
uniform and generally at the lower end. Type V + VI shows values in between other types.
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Figure 4. Boxplots of sedimentological properties aggregated for varve types I-VI. Boxplot hinges
represent the 25th and 75th quantiles, solid horizontal line represents the mean, notches indicate
maximum and minimum values within the 1.5 inter-quartile range and black dots represent outliers.

3.2. Grain-Size

Type II varves are dominated by relatively coarse material with a mean particle-size of
13.5-20.9 um. Lower mean particle-size is associated with type III + IV (7.1-24.3 um). Overall,
types I, IIl + IV and V + VI are characterized by a minimum mean particle-size below 10 pm. On the
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other hand, the maximum mean particle-size exceeds 20.0 pm within types II, IIl + IV, and V + VL.
The median particle-size, together with the 10th (P19) and 90th (Pyg) percentiles show the margins of
distributions and follow similar patterns like the mean particle-size (Figure 5a). The mean kurtosis
ranges from 4.01 (type III + IV) to 4.66 (type II). Mean skewness is between 0.78 (type III + IV) and 1.07
(type V + VI), with type V + VI reaching overall higher values and low dispersions.
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Figure 5. (a) Boxplots of main grain-size indices and parameters aggregated by varve type. (b) Average
grain-size distribution aggregated by varve type (labels indicate positions of modes, respective size,
and relative share). Boxplots features as in Figure 4.
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Averaged distributions of particle-size, aggregated by type (Figure 5b), show that varve types
IIand V + VI are in fact shifted towards coarser material relative to the other types. Type I shows a
similar distribution like type III + IV. However, the secondary grain-size peak is smaller than 1 um
and better pronounced for type III + IV than for type I. While all the distributions are shifted towards
coarser grains, the secondary peak below 1 um is also well-pronounced. Grain-size distributions of all
types are determined by a dominant silt fraction. Main shifts occur for coarser silt around 22.1 um
(types I, IIl + IV, V + VI) or 26.3 um (type II), and finer silt around 13.1 pm (all types). Mean grain-sizes
calculated for average distributions range from 11.5 um (type III + IV) to 16.9 um (type II), with three
to four modes (Figure 5b) appearing mostly at 22.1 um, 13.1 um, and 0.7 um. Characteristic for type II
is an additional, coarse mode at 148.7 um. The samples were mostly poorly (n = 159) or moderately
(n = 3) sorted, with either meso (n = 31) or leptokurtic (n = 131), fine (n = 159) skewed or symmetrical
(n = 3) distribution.

Overall, all varves belong either to medium silt (I and III + IV) or coarse silt (Il and V + VI)
grain-size classes. The relationships between different sediment classes are shown in Figure 6. Some
degree of separation is visible between types, with type III + IV shifted slightly to the direction of clay
and sand-sized particles, with a gradual change towards silt-dominated type II. The mean clay content
varies between 1.7 £ 0.8% (type II) and 6.3 & 3.3% (type III + IV). Silt dominates all samples with
rather high differences between types. It is least abundant in type III + IV with a mean of 91.2 & 3.3%,
while for type II silt reaches 96.4 + 1.1%. Sand-sized particles are most prominent in type III + IV
(24 £1.2%).
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Figure 6. Ternary diagram of grain-size data. Larger points indicate values for mean grain-size
distributions. The smaller triangle shows the location of samples within the full ternary diagram.

3.3. Statistical Analyses

3.3.1. Principal Components Analysis

Principal components analysis (PCA) was carried out on three main sedimentological variables
(MAR, CT, DT) with the addition of parameters calculated from grain-size distributions (Figure 7).
Four principal components exceeded 5% of the total explained variance (PC1: 57.2%; PC2: 16.4%;
PC3: 11.3%; PC4: 8.6%), while only PC1 passed the broken-stick test. There are three main groups of
visible vectors: (1) sedimentological variables (CT, DT, MAR) and skewness, (2) variables describing
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distribution (Py9, Pgg, mean, and median diameter) with kurtosis, and (3) sorting. Samples tended to
cluster to some extent: types I and II were mostly related to sedimentological variables while type III
+ IV had strong relationships with variables describing particle-size distributions (except skewness).
Samples from type V + VI were more dispersed between other types.
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Figure 7. PCA biplot of sedimentological and grain-size data. CT—calcite layer thickness; DT—dark
layer thickness; MAR—mass accumulation rate.

3.3.2. End-Member Analysis

End-member analysis resulted in recognition of five different end-members (EM) (Figure 8a).
Coarsest end-members explain the smallest proportion of variation with only 5.4% and 5.0% for EM1
(mode at 44.0 um) and EM2 (mode at 37.0 um), respectively. The end-members associated with finer
material (7.8 pm to 31.0 pm) explain over 25% of variance each. EM1 was mostly visible within type
III + IV, with some observations occurring within type I and IV. EM2 was recorded only in type Il + IV,
rarely dominating this type. EM3 was highly variable among the types, with highest relative values
recorded within type Il and V + VL. Types I and III + IV reach overall low values, with some outliers in
type III + IV. EM4 shows a gradual decrease starting from type I until type III + IV. A slight rise within
type V + VI is also visible. EM5 is virtually absent within type II and reaches the highest values within
type III + IV.
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Figure 8. (a) End-members loadings with diagnostic plots. (b) Relative abundance of end-members vs
time and depth. (c) Profiles of selected geochemical proxies (LXRF centered log-ratios (clr) of Mn and
Ti, TIC—total inorganic carbon) with a 20-year running mean and varve types (Zarczyﬁski etal., 2019;
modified).

4. Discussion

Biogenic varves from Lake Zabinskie show macro- and microscopic differences, mostly resulting
from variations of in-lake processes. Despite different structures, the texture of these sediments is
generally similar and, as a result of their autochthonous origin, dominated by silt-sized particles.
This can be related to calcite crystals as well as diatom frustules abundant in all sediment samples.
Sediments of Lake Zabinskie are dominated by small (approx. 4 to 50 um), planktonic diatom
taxa (Aulacoseira, Stephanodiscus, Cyclotella). Larger (over 100 um), benthic diatoms (Fragilaria,
Pseudostaurosira, Staurosira) are scarce. Therefore, inferences about external transport processes and
sources are limited due to minor contributions of allochthonous material associated with aeolian or
fluvial provenance. Annually resolved sedimentological data, combined with the standard grain-size
allows separation of Lake Zabiriskie varve types. Differences based on mean, median, Py, and
Py particle-sizes show similar patterns. Type II varves consistently document the highest values,
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suggesting contributions linked to relatively coarser material showing elevated erosion rates [40].
On the other hand, the remaining varve types exhibit similar patterns, mostly due to deposition of
autochthonous material. However, type III + IV varves have numerous outliers of coarser particle-size.
This is probably due to episodic deposition of aggregated autochthonous material such as calcite [41].

In terms of statistical measures such as sorting, skewness and kurtosis, all varve types exhibit
considerable similarity. Analyzed sediments are poorly sorted due to dominance of the silt fraction,
which is deposited under lower flow conditions [42,43], which do not favor sorting processes. Transport
and deposition of sediments in the lakes could be directly influenced by wind fetch and wind
stress, effectively changing sedimentation patterns over time, potentially leading to complex sorting
processes [44]. Furthermore, sediments of Lake Zabiniskie are comprised of products of biogenic
(diatoms) and biochemical (carbonates, Fe and Mn (hydr)oxides) processes, which are more important
than transport and sorting. Selective sediment deposition is demonstrated by positive skewness
associated with dominance of a fraction coarser than the median [45]. On the other hand, highest
skewness values recorded within type II show a more diverse deposition setting due to the higher
influence of allochthonous material. Grain-size distributions of varve types do not differ significantly,
and fraction modes are similar, with minor changes of their relative shares (Figure 5b).

Additionally, PCA analysis of grain-size and sedimentological data from Lake Zabiriskie results to
some degree in separation of different varve types. The close relationship between CT, MAR and type
I varves suggests thickness of the calcite layer as the controlling factor for the overall accumulation
of the given year—a possible response to the increasing lacustrine productivity [46] and carbonate
deposition [47]. On the other hand, type II varves are associated more with DT implying higher
importance of accumulation of detrital components rather than poorly developed calcite layers. These
varves developed in response to forest clearing in the catchment area. Mineral matter deposition
was caused by soil erosion and increased delivery of allochthonous material [40], leading to a more
prominent role of terrestrial matter in the varve structure. Additionally, at that time intensity of lake
mixing increased, which caused poor varve preservation. Varve type III + IV is related to major
grain-size characteristics, i.e., sorting or mean particle-size and kurtosis. This type is characteristic
for an over 1000 year-long period of meromixis, when catchment was densely forested reducing
wind stress on the lake [39]. Type V + VI shows no apparent tendencies, which are explained by the
complicated structure and origin, where both sedimentation and chemical processes played important
roles. Occurrence of this type is characteristic for periods of more intense lake mixing. This in turn
caused deposition of Fe and Mn (hydr)oxides forming visible sublayers in varves. These varves
co-occurred with early human impact on the lake catchment [39].

End-member analysis and distribution decomposition allows separation and recognition of
the sources and transport processes of allochthonous material. As allochthonous input is of
minor importance for Lake Zabinskie, we attempt to compare end-members with geochemical data
(Figure 8¢) [11,39]. This leads to the recognition and definition of non-clastic end-members. Significance
of correlations is corrected for autocorrelation [48]. The pattern visible in EM3 resembles Mn variability
of uXRF data (r = 0.46, p < 0.05). With a mode around 31.0 um, this indicates presence of cemented
aggregates of mineral matter or carbonates coated with these (hydr)oxides. Mn and Fe variability
in sediments of Lake Zabinskie during the last 2000 years was controlled mostly by changes in
oxygenation of the water column [39]. Higher abundance in the type V + VI seems to support this
interpretation. The high values noted also within type II varves are a sign of metal scavenging,
adsorption onto silt-sized mineral particles and coating of grains [25]. Comparing EM4 with the Ti
record (r = 0.35, p < 0.05) suggests deposition of silt-sized (mode at 13.0 um) allochthonous mineral
matter. EM5 is probably associated with the abundance of calcite in the sediments showing a similar
pattern like TIC [39] (r = 0.67, p < 0.05). Calcite is an important component for every type, except type II,
where calcite laminas are poorly developed and of low quality [40]. EM1 and EM2 explain a relatively
small portion of the total variance and complicate interpretations. Finally, superimposed peaks of
end-member distributions might be caused by the authigenic nature of the sediments. Precipitation
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and redeposition processes could lead to a different size of accumulated material of the same origin.
Furthermore, the end-member analysis should be treated with caution, especially when run without
reference based on samples of known origin [49]. Analysis of different algorithms conducted by van
Hateren et al. [50] suggests that EMMAgeo might be prone to the occurrence of artifacts in end-member
grain-size distributions. Yet, comparison with geochemical data might act as external validation.

It should be stressed that there are multiple sources of uncertainty in our analysis. The first is
related to the inhomogeneity of samples that contain more than one varve type. In this way, signals
from two varve types are mixed, leading to a weak separation between grain-size characteristics
of different varve types. Secondly, lacustrine sedimentation in low-land lakes of the temperate
zone is dominated by in-lake production and biogeochemical processes rather than accumulation
of minerogenic matter. Due to this, typical discrimination between transport regimes and particle
deposition could not be applied. The finest material tends to aggregate when settling down the water
column, which is important for metal compounds and (hydr)oxides or carbonates [51]. Additionally,
even though not studied here, diatoms further influence grain-size determination. Diatom frustules
often are abundant and come in a variety of shapes and sizes. These factors influence the interpretation
when the range of particle-size is narrow and covers more than purely allochthonous matter.

Our results suggest that even bulk data of lower, non-annual resolution is useful for discrimination
between varve types. Comparison of structure and aggregated grain-size analyses improves and
validates previously determined varve microfacies. A step forward will be varve-by-varve sampling,
sequential extraction of sediment components and repeated grain-size measurements. If applied, this
might lead to recognition of particle-sizes associated with different components. Furthermore, it would
be helpful in assessing the relation between particle-size and their scavenging potential [52,53].

5. Conclusions

We compared bulk grain-sized data with an annually resolved record of varve properties and
microfacies and found that even with aggregated data it is possible to partially discriminate varve
microfacies. End-member analysis resulted in the attribution of end-members to specific sedimentation
styles (i.e., precipitation of carbonates, formation of metal (hydr)oxides, and deposition of clastic
particles), as well as tracing relative changes of their respective abundance over time. Therefore, we
conclude that grain-size analysis is useful for more than characterization of the mineral component
of biogenic lake sediments. Further studies with sequential extraction and separation of individual
sediment components will likely improve the interpretation of end-member analysis.
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