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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 Żabińskie (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.
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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 Żabińskie 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 Żabińskie (coring site at 54◦07′54′ ′ 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 Żabińskie is fed by inflows from Lake Purwin and
streams from the south passing arable land. The southernmost tributary originates in the Żabinka
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 Żabińskie drains to the much larger Lake Gołdopiwo
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 Żabińskie. (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 cm3 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 +34/–53 varve years, 
reaching year 17 +34/–53 BCE at a depth of 5.95 m. Additional age control of this period was achieved 
with 29 AMS 14C dates, 137Cs chronostratigraphic horizons, and the Askja cryptotephra of 1875 CE 
[33]. Details on the chronology are published by Żarczyński et al. [32]. Based on varve chronology, 
the mass accumulation rate (MAR in g × cm−2 × year−1) was calculated by multiplying varve thickness 
(VT in mm) by dry bulk density (DBD in g × cm–3). 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 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. 

Figure 1. (A) Location of Lake Żabińskie. (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 cm3 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 +34/–53 varve years,
reaching year 17 +34/–53 BCE at a depth of 5.95 m. Additional age control of this period was achieved
with 29 AMS 14C dates, 137Cs chronostratigraphic horizons, and the Askja cryptotephra of 1875 CE [33].
Details on the chronology are published by Żarczyński et al. [32]. Based on varve chronology, the mass
accumulation rate (MAR in g × cm−2 × year−1) was calculated by multiplying varve thickness (VT in
mm) by dry bulk density (DBD in g × cm–3). 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 20× and 500×. 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 Żabińskie (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 III 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
I, II, 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).
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polarized light). White dots mark the beginning of each varve year. Bottom: Conceptual varve models.
Black bars indicate one year.

Quaternary 2018, 2, x FOR PEER REVIEW  5 of 15 

 

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 III 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 I, II, 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). 

 
Figure 2. Top: Six varve microfacies (types I–VI) of Lake Żabińskie (thin sections scanned with 
polarized light). White dots mark the beginning of each varve year. Bottom: Conceptual varve models. 
Black bars indicate one year. 

 
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 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. 

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
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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 VI. For the needs of statistical analysis, types III 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 × cm–2 × year–1 for most varve types
with a maximum of 0.15 ± 0.05 g × cm–2 × year–1 recorded for type II. The exceptions are types III
+ IV, with a mean of 0.05 ± 0.01 g × cm–2 × year–1. The lowest MAR of 0.03 g × cm–2 × year–1 is
recorded within type III + IV, while the maximum value of 0.24 g × cm–2 × year–1 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 ± 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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3.2. Grain-Size

Type II varves are dominated by relatively coarse material with a mean particle-size of
13.5–20.9 µm. Lower mean particle-size is associated with type III + IV (7.1–24.3 µm). Overall,
types I, III + IV and V + VI are characterized by a minimum mean particle-size below 10 µm. On the
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other hand, the maximum mean particle-size exceeds 20.0 µm within types II, III + IV, and V + VI.
The median particle-size, together with the 10th (P10) and 90th (P90) 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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Averaged distributions of particle-size, aggregated by type (Figure 5b), show that varve types
II and 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 µm
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 µm 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 µm
(types I, III + IV, V + VI) or 26.3 µm (type II), and finer silt around 13.1 µm (all types). Mean grain-sizes
calculated for average distributions range from 11.5 µm (type III + IV) to 16.9 µm (type II), with three
to four modes (Figure 5b) appearing mostly at 22.1 µm, 13.1 µm, and 0.7 µm. Characteristic for type II
is an additional, coarse mode at 148.7 µm. 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 (II 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
(2.4 ± 1.2%).
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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 (P10, P90, 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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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 µm) and EM2 (mode at 37.0 µm), respectively. The end-members associated with finer
material (7.8 µm to 31.0 µm) explain over 25% of variance each. EM1 was mostly visible within type
III + IV, with some observations occurring within type II and IV. EM2 was recorded only in type III + IV,
rarely dominating this type. EM3 was highly variable among the types, with highest relative values
recorded within type II and V + VI. 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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modified).

4. Discussion

Biogenic varves from Lake Żabińskie 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 Żabińskie are dominated by small (approx. 4 to 50 µm), planktonic diatom
taxa (Aulacoseira, Stephanodiscus, Cyclotella). Larger (over 100 µm), 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 Żabińskie varve types. Differences based on mean, median, P10, and
P90 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 Żabińskie 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 Żabińskie 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 Żabińskie, we attempt to compare end-members with geochemical data
(Figure 8c) [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 µXRF data (r = 0.46, p < 0.05). With a mode around 31.0 µm, this indicates presence of cemented
aggregates of mineral matter or carbonates coated with these (hydr)oxides. Mn and Fe variability
in sediments of Lake Żabińskie 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 µm) 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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