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Abstract. The global spread of lake hypoxia,
[O2]< 2 mg L−1, during the last 2 centuries has had a
severe impact on ecological systems and sedimentation
processes. While the occurrence of hypoxia was observed
in many lakes, a detailed quantification of hypoxia spread
at centennial timescales remained largely unquantified. We
track the evolution of hypoxia and its controls during the
past 200 years in a lake, Tiefer See (TSK; NE Germany),
using 17 gravity cores recovered from between 10 and 62 m
water depth in combination with lake monitoring data. Lake
hypoxia was associated with the onset of varve preservation
in the TSK and has been dated by varve counting to 1918± 1
at 62 m water depth and reached a lake floor depth of 16 m
in 1997± 1. This indicates that oxygen concentration fell
below the threshold for varve preservation at the lake floor
(> 16 m). Sediment cores at 10–12 m depth do not contain
varves indicating good oxygenation of the upper-water
column. Monitoring data show that the threshold for hy-
poxia, and the intensity and duration of hypoxia which are
sufficient for varve preservation, is a period of 5 months of
[O2]< 5 mg L−1 and 2 months of [O2]< 2 mg L−1. Detailed
total organic carbon (TOC), δ13Corg, and X-ray fluorescence
(XRF) core scanning analyses of the short cores indicate that
the decline in dissolved oxygen (DO) started several decades
prior to the varve preservation. This proves a change in the
depositional conditions in the lake, following a transition
phase of several decades during which varves were not
preserved. Furthermore, varve preservation does occur at
seasonal stratification and does not necessarily require
permanent stratification.

1 Introduction

The vertical distribution of dissolved oxygen (DO) in lakes
and shallow-marine environments is among the most im-
portant factors regulating the ecology, biogenic and chem-
ical conditions, primary sedimentation and diagenesis of
sediments in such environments (Tyson and Pearson, 1991;
Shatkay et al., 1993; Diaz and Rosenberg, 1995; Dräger et
al., 2017; O’Reilly et al., 2015; Wetzel, 2001; Nürnberg,
2004). The development of hypoxic conditions in lakes,
[O2]< 2 mg L−1 (Tyson and Pearson, 1991; Nürnberg, 2004;
Vaquer-Sunyer and Duarte, 2008), during the last ∼ 200
years is a threat for ecological and sedimentary systems. It
is driven by both natural and anthropogenic pressure (Diaz
and Rosenberg, 2008; Jenny et al., 2016b), such as climate
warming (Jankowski et al., 2006; Njiru et al., 2012; Meire et
al., 2013; Jane et al., 2021), enhanced water column strati-
fication, and decreased lake circulation (Straile et al., 2003;
Jankowski et al., 2006) nutrient input increasing the primary
productivity and decomposition of organic matter (Kienel et
al., 2013; Dräger et al., 2017), and water–sediment interac-
tions (Steinsberger et al., 2017). Hypoxic conditions in lakes
support the burial and preservation of organic matter (OM) in
lacustrine records over 102–103-year timescales (Arthur and
Dean, 1998; Dräger et al., 2017). The burial of OM in lacus-
trine sediments contributes to the global carbon fixation, and
it is estimated to reach half the carbon fixation in the oceans
(Mulholland and Elwood, 1982; Dean and Gorham, 1998;
Tranvik et al., 2009; Kastowski et al., 2011; Mendonça et
al., 2017), due to the high OM productivity in lakes (Tyson
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and Pearson, 1991) and the high burial efficiency under hy-
poxic conditions (Sobek et al., 2009). To improve the evalu-
ation of organic carbon fixation in lake sediments and how
the efficiency of organic carbon fixation in lakes changes
between oxygenated and hypoxic intervals, an accurate and
high-resolution quantification of the rate and intensity of hy-
poxia spread in lakes and a good evaluation of OM produc-
tivity, accumulation, and preservation in lake sediments are
required.

Over the years, attempts to reconstruct past oxygen level
(paleoredox conditions) in lakes used diverse sedimento-
logical, geochemical and biological proxies (Anderson and
Dean, 1988; Ojala et al., 2000; Friedrich et al., 2014; Dräger
et al., 2017; Buatois et al., 2020; Dräger et al., 2019; Ter-
anes and Bernasconi, 2005; Jenny et al., 2013; Makri et al.,
2021; Ursenbacher et al., 2020; Sorrel et al., 2021). Lam-
inae preservation along lacustrine successions indicates the
absence of bioturbating organisms, while non-laminated in-
tervals reflect a DO level sufficient for the existence of bio-
turbation organisms in cases where the homogenous texture
does not originate from mass transport deposits (Kelts and
Hsü, 1978; Tyson and Pearson, 1991; Schaffner et al., 1992;
Diaz and Rosenberg, 1995; Ojala et al., 2000; Tylmann et
al., 2012; Kienel et al., 2013; Jenny et al., 2013; Friedrich
et al., 2014; Zolitschka et al., 2015). Low-oxygen conditions
in the sediment–water interface during laminated sediment
intervals are further supported by high bulk sediment total
organic carbon (TOC) concentrations within these sediments
due to the reduced organic matter (OM) decomposition (Diaz
and Rosenberg, 1995; Arthur and Dean, 1998; Dräger et al.,
2017). As a result, a more negative δ13Corg composition is
measured on laminated intervals with higher TOC content
because OM degradation selectively degrades organic com-
pounds with a more negative δ13C composition; thus, the
δ13Corg value of the remaining OM fraction becomes less
negative in non-laminated intervals (Mollenhauer and Eglin-
ton, 2007; Dräger et al., 2017; Benner et al., 1987; Lehmann
et al., 2002; Spiker and Hatcher, 1987). Therefore, δ13Corg
analyses allow us to determine whether high TOC concen-
trations increased production or preservation. An additional
method for reconstructing the oxygen level in lakes is by
analyzing the abundance of redox-sensitive elements in the
sediments through X-ray fluorescence (XRF) scans of sedi-
ment cores (Evans et al., 2019; Sanchini et al., 2020; Zan-
der et al., 2021; Sorrel et al., 2021; Makri et al., 2021). The
element data allow a continuous and high-resolution recon-
struction of paleoredox conditions rather than the binary lam-
inated non-laminated perspective. Specifically, the ratio be-
tween Fe and Mn is often used for paleoredox reconstruc-
tions because of the differential re-mobilization of Fe and
Mn under redox conditions (Loizeau et al., 2001; Żarczyński
et al., 2019; Makri et al., 2021; He et al., 2023; Naeher et
al., 2013), although the Fe/Mn ratio remains a proxy for rel-
ative changes in the sediment redox state. The abundance of
oxygen-sensitive bioturbating organisms in lakes was used

for the DO level reconstruction (e.g., Ursenbacher et al.,
2020). In temperate regions, chironomid species during their
larval stage serve as one of the main bioturbating organisms
in lakes. Remains of these larvae preserve well in the sedi-
ments, and their analysis therefore potentially allows recon-
structions of past DO concentrations as well and enables us
to link the spread of hypoxic conditions to laminated inter-
vals (Davies, 1976; Heinis and Davids, 1993; Brodersen et
al., 2004; Ursenbacher et al., 2020). However, the abovemen-
tioned methods were commonly applied on a single-sediment
core from the deepest part of the lake basin so that the rate
of the spatiotemporal spread of hypoxia remained unknown.
In this study, we apply a multi-proxy approach on multiple
sediment cores from the entire lake basin at different water
depths.

Annually laminated or varved lake sediments are unique
high-resolution archives to reconstruct the intensity of hy-
poxia and evaluate the rate at which hypoxic conditions
spread (Dräger et al., 2019). Reconstructing the rate and ex-
tent of hypoxia in lakes provide a valuable basis for sus-
tainable development, biological conservation, and evaluat-
ing anthropogenic pressure on the environment (Njiru et al.,
2012; Jenny et al., 2016b). This study addresses open ques-
tions on the spatiotemporal evolution of hypoxia within a
lake and critical conditions for initiating the preservation of
varved sediments. The main objective of this study is to re-
construct the spatiotemporal spread of hypoxia in Tiefer See
during the last 2 centuries in detail and to decipher the re-
sponse of the sedimentary system to depleted DO levels.
Moreover, we wish to identify thresholds for hypoxia spread
in the lake using present-day monitoring data. Finally, we
want to test the common approach of using varve preserva-
tion as proxy for a hypoxic lake regime. Our approach com-
bines the microfacies and geochemical analyses of 17 grav-
ity sediment cores from different water depths and locations
within the lake basin with lake-water-monitoring data. The
results are supported by paleoecological analyses (subfos-
sil chironomids) from selected samples of two of the cores
to support the interpretation of changing DO levels at these
sites.

2 Site description

Tiefer See (TSK; 53°35.50′ N, 12°31.80′ E; 62 m a.s.l.) is
located in the northeastern German lowlands (Fig. 1a), is
part of the Klocksin lake chain, and was formed within a
subglacial channel system at the end of the last glaciation.
It has an elongated axis oriented north–south, with steep
slopes in the east–west directions (Fig. 1b), and has a sur-
face area of 0.75 km2. The modern lake has a maximum
depth of 62 m and is an ideal site to link environmental con-
ditions to the preservation of laminated sediments (Roeser
et al., 2021). The lake has relatively wide and shallow mar-
gins (Fig. 1), and the deepest part of the lake (31–62 m) in-
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cludes only small part of the lake’s area (∼ 16 %) and water
volume (∼ 10 %). Only negligible inflow enters the lake di-
rectly from another lake, Flacher See, and the small catch-
ment area (∼ 5.2 km2) is dominated by glacial till of the ter-
minal moraine. This area is presently used as arable land,
whereas the lake shorelines are covered by a narrow band of
large alder, ash, and oak trees (Kienel et al., 2013).

The TSK is a mesotrophic–monomictic lake with a strat-
ified water column from March to October, while the water
column is well mixed from November to February (Roeser
et al., 2021). This limnologic mode has a significant im-
pact on lake’s circulation, oxygenation of the water col-
umn, and endogenic mineral formation. Present-day annu-
ally laminated sedimentation comprises an early spring di-
atom sub-layer, a late spring–early summer endogenic cal-
cite sub-layer (Roeser et al., 2021; Kienel et al., 2017), and
an autumn–winter mixed layer of organic matter and lit-
toral calcite sub-layer (Roeser et al., 2021). The three lay-
ers closely follow the annual stratification and oxygenation
of the lake, with thermal stratification strengthening during
spring and summer and a well-mixed water column during
autumn and winter. Allogenic sedimentation, such as dust in-
flux and sediment transport by surface runoff is negligible. In
the last 2 centuries, the lake surroundings experienced an in-
creased anthropogenic pressure that led to an increased nutri-
ent flux into the lake from anthropogenic fertilizers and ma-
nure (Kienel et al., 2013). As a result, the lake experienced
eutrophication with an increased OM flux and seasonal di-
atom blooms (Kienel et al., 2017). Following the increasing
OM flux to the lake floor, the consumption of oxygen at the
lake floor increased substantially, leading to prevailing hy-
poxic conditions.

The TSK Holocene sediment record is characterized by
frequent alternations between varved and homogeneous non-
varved intervals (Dräger et al., 2017, 2019). Varved intervals
are associated with A high TOC content of ∼ 15 % and more
negative δ13Corg (−32 ‰), while sediments of non-varved
intervals are characterized by a lower TOC content of ∼ 5 %
and a less negative δ13Corg (−28 ‰) (Dräger et al., 2019).
The preservation of a varved interval is attributed to the pre-
vailing hypoxic conditions (Dräger et al., 2017) and indicates
that the TSK is sensitive to various processes that regulate
oxygen levels along the water column.

3 Methods and materials

In this study, we apply a novel combination of three inde-
pendent high-resolution proxies for hypoxia: (i) varve preser-
vation and counting based on microfacies analyses that pro-
vide a robust time constrain, (ii) high-resolution geochemical
depth profiles that allow us to quantify the spread of hypoxia
in the lake, and (iii) faunal remains that are an indication of
potential burrowing organisms. This combination is applied
for sediment cores from different water depths and locations

within the lake basin (Fig. 1). For selected cores and inter-
vals, we also analyzed the remains of chironomid larvae in
the sediments; this is one of the main bioturbating organ-
ism groups in TSK that is expected to change in its abun-
dance and species composition with changing DO. In order
to quantify present-day seasonal variations in hypoxia, we
use lake water monitoring data. All analyses were conducted
at the GeoForschungsZentrum (GFZ) in Potsdam, Germany,
except for the chironomid analysis that was carried out at the
geoecology group at the University of Basel.

3.1 Sediment cores

In total, 17 short cores were taken with a 90 mm UWITEC
gravity corer (Dräger et al., 2019), during the period from
2011–2023 at different locations and water depths, between
10–62 m (Fig. 1) and covered the recent varved interval in
the lake. Each one of the cores is documented by the lo-
cation, water depth [m], core length [cm], and thin section
length [cm]. After recovery, the cores were left to settle in
a cold room in a vertical position at a temperature of 4 °C
for 2 weeks before core opening and sampling (Roeser et al.,
2021).

3.2 Microfacies analyses

From 16 of the cores, 46 overlapping thin sections (100×
25 mm) were prepared, following the standard procedure for
soft sediments based on the freeze-drying technique and im-
pregnation with epoxy resin (Brauer and Casanova, 2001).
The thin sections were used for varve counting based on the
microscopic identification of seasonal layers to achieve a ro-
bust chronology of the upper varved unit. For an overview,
thin sections were first scanned on a standard flatbed scanner
with 1200 dpi resolution. Varve counting was carried out us-
ing two different types of microscopes, namely a Zeiss Axio
Zoom V16 and an Olympus DP72 with non-polarized, semi-
polarized, and polarized light. For each core, a composite
profile of a series of overlapping thin sections was estab-
lished by microscopic correlation. Varve counting was car-
ried out on these continuous thin section profiles for each
gravity core.

3.3 Chronology

The chronology of the cores is based on three methods:
(i) varve counting, (ii) core correlation by marker layers, and
(iii) tephrochronology. Varve counting and core correlation
were applied to acquire the chronology of the laminated in-
terval, and tephrochronology was used to acquire an age an-
chor in the non-laminated sediments.
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Figure 1. Location map of the TSK. (a) The lake is located in the southern Baltic region, occupying a subglacial channel system. (b) TSK
bathymetry, short cores, and monitoring system locations. (c) The hypsometric curve of the lake. Photo sources: Esri, Earthstar Geographics,
and the GIS user community.

3.3.1 Varve counting, marker layers identification, and
core correlation

We adopt the varve facies model from Roeser et al. (2021)
for varve counting in large-scale (10 cm long) thin sections
using a petrographic microscope. Varve counting along the
Holocene record of the TSK was proven reliable and was val-
idated by radiocarbon dating and tephrochronology (Brauer
et al., 2019); thus, we adopt this technique. Marker layers
(MLs) are distinct layers or sequences of laminae that can be
identified in thin sections (only few are also macroscopically
visible) and serve for core correlation. MLs are considered
isochrons, and their age is determined by varve counting.
MLs were initially defined in core TSK11-K1, due to its ex-
cellent recovery and its location in the deepest part of the lake
(Fig. 1), with a single ML that was identified in core TSK18-
SC4; this core allows us to complete the varve-counting pro-
cess until 2018, thus covering the entire recent hypoxic pe-
riod. The age uncertainty is estimated by the uncertainty in
the number of varves counted in core TSK11-K1 between

two consecutive MLs. Due to the very good preservation of
the varves, the dating uncertainty is below 1 %.

3.3.2 Tephrochronology

Tephrochronology was applied for three cores from interme-
diate water depths (TSK12-K1 water depth 35.1 m; TSK13-
QP1 water depth 30.3 m; TSK15-K5 water depth 27.3 m) to
identify the Askja (Iceland) eruption from 1875 CE as an in-
dependent isochrone. Previous work by Wulf et al. (2016)
has identified the Askja 1875 as a cryptotephra layer in the
core TSK11-K1. From each of the cores in this study, five
continuous 1 cm interval samples were analyzed from the
age–depth interval, which is expected to include the Askja
1875 tephra. The extraction of these microscopic glass shards
from the sediment samples used the adapted methods out-
lined in Blockley et al. (2005). The volcanic glass shards
were then identified via microscopy before being physically
extracted, using the method outlined in Lane et al. (2014).
The major and minor elemental composition of the individ-
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ual shards was measured using the electron probe microanal-
ysis (EPMA) conducted by the JEOL JXA 8230 instrument
at GFZ Potsdam. The operating conditions were a beam size
of 5–10 µm with 15 kV voltage and a 10 nA beam current.
The count times were 20 s for Fe, Ti, Mg, Mn, Cl, and P and
10 s for Si, Al, K, Ca, and Na. The machine was calibrated
using the glass standards of MPI-DING glasses ATHO-G,
StHs-6-80, and GOR-132-G (Jochum et al., 2006), as well
as Lipari obsidian (Hunt and Hill, 1996), with measurements
taken on these glasses during the run to ensure precision and
accuracy.

3.4 Geochemical sediment characterization

3.4.1 XRF scanning

Element maps were acquired on impregnated sediment
blocks, which are the residual counter parts of the thin sec-
tions, using a Bruker M4 Tornado micro-XRF scanner. The
XRF element maps allow a direct comparison of the geo-
chemical composition and thin-section observations of indi-
vidual layers. Elemental XRF mapping analyses were per-
formed in a vacuum chamber at 50 µm resolution with a
Bruker M4 Tornado micro-XRF scanner. This micro-XRF
scanner is equipped with an Rh X-ray source that is oper-
ated at 50 kV and 0.60 mA. The polycapillary X-ray optics
produce a high-intensity irradiation spot of about 20 µm that
allows fast measurement times of 50 ms.

Continuous element records were acquired every 0.2 mm,
directly at the split core surface, using an ITRAX XRF
core scanner. These non-destructive analyses were performed
with an Rh X-ray source (30 kV and 60 mA) for 4 s after
careful cleaning and covering the core surface with XRF-
transparent foil to prevent the desiccation of the core during
the measurements. In addition to the continuous XRF mea-
surements, two to three selected intervals of ca. 2 cm long
were selected to obtain replicate measurements.

Generally, XRF core scanning measurements cover the el-
ements from aluminum (Al) through zircon (Zr), but only the
elements Si, S, K, Ca, Ti, Mn, Fe, and Sr were selected, based
on the relative standard deviations (< 25 %) calculated from
3-fold replicate measurements. Element intensity records –
in counts per second (cps) – contain information on the rela-
tive element concentration but are also influenced by changes
in the physical sediment properties and matrix absorption and
enhancement effects (Tjallingii et al., 2007). However, log
ratios of element intensities are linear functions of log ratios
of concentrations and also allow consistent statistical anal-
ysis of compositional data (Weltje et al., 2015). Therefore,
statistical analyses were performed after a center-log-ratio
transformation (Bertrand et al., 2024) of the selected ele-
ment intensities using the Xelerate software package (Weltje
et al., 2015). Element correlations were explored using the
a–d PCA (principal component analysis) biplot, and Ward’s
hierarchical clustering was used for the geochemical char-

acterization of sediment cores. The statistical analyses were
performed on the XRF data of all the selected cores to reveal
the similarities and differences for all sediments within the
lake system.

3.4.2 TOC, δ13Corg, and CaCO3 determination

Five short cores (TSK11-K1, TSK12-K1, TSK13-QP1,
TSK15-K5, and TSK23-SC2) were sampled for the purpose
of determining TOC, δ13Corg, and CaCO3 profiles for con-
tiguous 1 cm3 samples.

Total carbon (TC), total organic carbon (TOC), and
δ13Corg were determined using an elemental analyzer
(FlashEA 1112) connected with a ConFlo IV interface on
a DELTA V Advantage IRMS (isotope ratio mass spec-
trometer; Thermo Fisher Scientific) at the GFZ, Sect. 4.3,
in Potsdam, Germany. For TC, up to 2 mg sample material
was loaded into tin capsules and combusted in the elemen-
tal analyzer. The calibration was performed using urea and
checked with a soil reference sample (Boden3; HEKAtech).
The TOC contents and δ13Corg values were determined on in
situ decalcified samples. Around 3 mg of the sample mate-
rial were weighted into Ag capsules, dropped first with 3 %
and second with 20 % HCl, heated for 3 h at 75 °C, and fi-
nally wrapped and measured as described above. The cali-
bration was performed using elemental (urea) and certified
isotope standards (IAEA-CH-7) and checked with an inter-
nal reference sample. The isotopic composition is given in
delta notation relative to a standard is δ (‰)= [(Rsample−

Rstandard)/Rstandard)]×1000, and the reproducibility for repli-
cate analyses is 0.2 % for TOC and 0.2 ‰ for δ13Corg. Calcite
contents were calculated by obtaining the total inorganic car-
bon content (TIC=TC−TOC) and multiplying it by 8.33,
which is the fraction of molar mass of the inorganic carbon
from the CaCO3.

3.5 Chironomid analysis

The abundance and taxonomic composition of chirono-
mid remains were analyzed for selected subsamples from
varved and non-varved sediment sections in two sediment
cores, namely the shallow TSK15-K5 (27.3 m) and the deep
TSK18-SC4 (61.1 m). Six sediment samples were analyzed
in each core, with 2 cm3 of sediment processed for all sam-
ples, except the deepest sample in core TSK-K5, where only
1 cm3 was analyzed. Three samples were taken from the top
varved unit and three from the non-varved unit below. Sed-
iments were washed through a 100 µm sieve, and the sieve
residue was then examined under a stereomicroscope (Leica
DM2500) at 20–40× magnification using a Bogorov count-
ing tray. Chironomid remains were sorted from other re-
mains, mounted in Euparal mounting medium, and identified
at 100–400× magnification under a compound microscope.
The remains were identified to morphotypes according to
Brooks et al. (2007). Larval remains were classified into
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taxa that can colonize deepwater (profundal) environments
in lakes and taxa restricted to shallow water (littoral environ-
ments), based on Brooks et al. (2007), Wiederholm (1983),
and Saether (1979). Concentrations were calculated by divid-
ing chironomid counts by the analyzed sediment volume, and
influx values were calculated by multiplying the concentra-
tions with estimated sediment accumulation rates in centime-
ters per year. Interpretations focus on the overall concentra-
tions, percentage abundances, and influx values of the sum of
the profundal chironomids and selected profundal chirono-
mid taxa.

3.6 Monitoring data

An observational setup, based on a research platform at
the deepest part of the lake that has been used for high-
resolution limnological–sedimentological monitoring since
2012, provides the data used in this study (Roeser et al.,
2021). Temperature and oxygen profiles of the water column
were measured every 12 h with an automatic water probe
(YSI 6600 V2; Yellow Springs, OH, USA). These data are
used to trace the evolution of the summer thermal stratifi-
cation over time. CaCO3 and TOC contents and δ13Corg of
modern sediments were measured on sediment samples col-
lected bi-weekly by a sediment trap at a water depth of 50 m.
The sediment sampling was conducted at intervals of 15 d
with an automated sequential trap (Technicap PPS 3/3; ac-
tive area 0.125 m2) equipped with 12 sample bottles.

4 Results

4.1 stratigraphy

A total of 15 cores retrieved from a water depth > 12 m con-
tain the uppermost varved interval (Fig. 2). Two cores re-
trieved from < 12 m water depth (TSK23-SC1/SC2) do not
contain a varved unit. Except for the two cores without a
varved unit, all cores depict a similar sediment sequence con-
sisting of three units. The basal unit B, composed of ho-
mogeneous dark brown sediments, is overlain by unit G of
homogenous grayish sediments, followed by the varved unit
V on top. The thickness of unit V ranges between 4.5 cm
in the shallowest core (TSK16-K3) from 16 m water depth
and 40 cm in the deepest core (TSK11-K1) from 62 m water
depth. In contrast, unit G is thicker in the shallow-water cores
(13–15 cm) than in the depocentral cores (2 cm).

4.2 Varve composition

The upper laminated unit is mainly composed of biogenic–
calcareous varves, as defined in the lake by Roeser et
al. (2021), as a trifecta of diatom-rich, calcite-rich, and re-
suspension sub-layers (Fig. 3). Micro-XRF maps display the
abundance of Ca and Si as an indication of the calcite and
diatom layers. They show that these elements concentrate

along distinct laminae, emphasizing the seasonal deposition
of calcite and diatoms. While the diatom and calcite sub-
layers are very distinct in the micro-XRF scans due to the
high abundance of Ca and Si, the mixed layer is rich in or-
ganic materials, with only minor calcite crystals and diatom
frustules, and thus less distinct. The biogenic–calcareous
varve type is deposited and preserved at both the deep and
the shallow regions of the lake floor (Fig. 3).

4.3 Core chronology

The cores were dated by the following three methods:
(i) varve counting, (ii) core correlation by marker layers, and
(iii) tephrochronology. Varve counting and core correlation
were applied on 14 cores to determine the age of the onset of
varve preservation. The age of the boundary between units B
and G has been obtained for four cores (TSK11-K1 (62 m),
TSK12-K1 (35.1 m), TSK13-QP1 (30.3 m), and TSK15-K5
(27.3 m)) by tephrochronology.

4.3.1 Chronology of the varved sediments (unit V)

Varve counting and marker layers – TSK11-K1 master
core

Core TSK11-K1 (obtained in 2011) has been selected as a
master core, where 10 marker layers (ML1–ML10) were de-
fined and varve-dated (Fig. 4; see Table S1 in the Supple-
ment). In addition, ML0, formed in 2011, was identified in
core TSK18-SC4, which was obtained in 2018. ML0 is the
anchor point of the varve chronology, with varves between
2011 and 2018 counted in core TSK18-SC4 (61.1 m) and
older varves in core TSK11-K1 (62 m). Varve counting in
core TSK11-K1 yields a total of 93± 1 varves; thus, this
dates the onset of varve preservation to 1918 CE± 1 year.

Stratigraphic correlation

The onset of varve preservation was independently estab-
lished in all cores and confirmed by the marker layers
(Fig. 5; Fig. S1). In addition to the master core, two cores,
TSK12-K3 and TSK18-SC4, are also located in the deep-
est part of the lake at water depths of 61–62 m. A local
event layer, triggered by a thunderstorm in 2011 and oc-
curring in core TSK18-SC4, serves as an additional marker
layer (ML0) with a known age. The onset of varve preser-
vation in the deepest part of the lake in these cores is
independently obtained by microscopic varve counting at
1923 CE± 1 (TSK12-K3) and 1919 CE± 1 (TSK18-SC4);
thus, the results are within the uncertainty in the onset of
varve preservation in TSK11-K1 (1918 CE± 1) and an ear-
lier published age of 1924 (Dräger et al., 2019). From the
deepest part of the lake towards shallower depths, the onset
of varve preservation becomes progressively younger (Fig. 6
and Table 1). The onset of varve preservation at TSK18-
SC2 (51.3 m depth) was dated to 1925 CE± 1; at TSK15-K1
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Figure 2. Core images of all short cores used in this study arranged from deep to shallow. V – varved unit at the top of each core; G – gray
unit; B – brown unit.

Figure 3. Typical varves in TSK displayed by the thin-section images and micro-XRF mapping results of Ca and Si as deposited at the (a)
shallow-water depth and (b) a deeper part of the lake.
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(41.2 m depth) to 1943 CE± 1; at TSK14-SC2 (30 m depth)
to 1973 CE± 1; and at the shallowest core site, TSK16-K3
(16.4 m depth), the onset of varve preservation was dated to
1997 CE± 1. No varves were identified in the top sediments
of the shallowest two cores, TSK23-SC1 and TSK23-SC2,
from water depths of 10–12 m.

4.3.2 Chronology of non-varved sediments (units B and
G)

The chronology of the non-varved sediments (units B and G)
was established by tephrochronology in four cores (TSK12-
K1 (35.3 m), TSK13-QP1 (30.3 m), and TSK15-K5 (27.3 m);
an additional age was taken for core TSK11-K1 (62 m) from
Wulf et al. (2016)). In each core, a peak in shard concen-
tration was recognized and determined to be an isochron.
Geochemical compositions show that these volcanic shards
originated from the Askja 1875 CE eruption (Fig. S2 and
Tables S2 and S3). The volcanic glass shards were found
in cores TSK13-QP1 (30.3 m) and TSK15-K5 (27.3 m) at
the boundary between units B and G; thus, the age of this
boundary is 1875. In core TSK12-K1 (35.3 m), the shards
were found 3 cm below this boundary, and in core TSK11-
K1 (62 m) they were found 6 cm below the unit B and unit
G boundary; thus, the age was estimated according to the av-
erage deposition rate of the sediments between the base of
the varved unit and the identified tephra. As the cryptotephra
samples were undertaken at 1 cm intervals that represent a
certain time frame, depending on the deposition rate at each
core, a chronological error was added to the analysis.

4.4 Geochemical characterization

4.4.1 XRF cluster analysis

Statistical analyses were performed on the elements Si, S,
K, Ca, Ti, Mn, Fe, and Sr using Xelerate software (Weltje
et al., 2015), which performs a center-log-ratio transforma-
tion of the element intensity records prior to the statistical
operations. Element correlations were explored using a PCA
biplot, and a geochemical characterization of the sediments
was performed using Ward’s hierarchical clustering for all 13
sediment cores (Fig. 7).

The first principal component (PC1) explains 48.3 % of
the variance and reveals positive loadings for the element Ca
and negative loadings for K, Ti, and Fe, which reflects the
variation in the calcite and detrital sediments, respectively.
The second principal component (PC2) explains 41.7 % of
the variance, with positive loadings for Mn and Fe and neg-
ative loadings for K, Ti, and Ca, which reflects the relative
variation in the redox-sensitive elements. Less pronounced is
the loading of the element Si, which is probably related to the
occurrence of this element in diatom frustules and siliciclas-
tic detritus. Based on these element correlations, we selected
the element ratios of Ca/Ti, Si/Ti, and Fe/Mn as proxies

for the relative variations in the carbonate and detrital sedi-
ments, the diatom and detrital sediments, and the intensity of
the redox processes. These proxies are indicted as log ratios
(Fig. 9), including 95 % confidence intervals, as calculated
from the 3-fold replicate measurements.

Geochemical characterization using Ward’s hierarchical
clustering was performed to obtain the minimum number of
statistical clusters that match the observed sedimentological
units defined (V, B, and G), which are five groups in this case.
These statical clusters are calculated based on the Euclidian
distance of the data points to one of the five evenly distributed
centroids in the data set without stratigraphical constrains.

Element correlations show a clear distinction between de-
trital sediments (Ti, K, Fe, and Si), endogenic components
(Ca and Si), and redox-sensitive elements (Fe, Mn), whereas
cluster analysis shows the difference between homogenous
oxidized sediments (1–3) and varved reduced sediments (4–
5). Cluster 2 represents the base of the shallow cores that are
composed of oxidized sediments containing a higher detri-
tal fraction; thus, it lacks Mn and is enriched in the Ti, K,
and Fe of detritic origin. Cluster 3 represents the base of the
shallow cores that are composed of oxidized sediments with
higher amounts of detrital components. Cluster 4 represents
the top of the section in the deepwater cores that is composed
of Ca-rich reduced sediments. Cluster 5 represents the top
of the section in the shallow-water cores that is composed
of Ca-rich reduced sediments. Cluster 1 is glacial till (non-
lacustrine) that appears at the base of one core (TSK16-K3).
At the site of this core, the Holocene lacustrine section is
relatively thin; thus, a short-sediment core includes the late
glacial till (Theuerkauf et al., 2022; see Fig. S3).

Down-core cluster representations of the data points can
be used for geochemical characterization of the different sed-
iment types and reveal a clear change from the oxic sedi-
ments of unit B to the hypoxic sediments of units G and V
(Fig. 8). Besides, the clustering results divide between cores
from shallow locations of 11–41 m water depth and cores
from the depocenter at 51–62 m water depth. For the deeper
cores, unit B is classified as cluster 3 (Fe–Mn-rich oxidized
detrital sediments), while the upper units G and V are classi-
fied as cluster 4 (Ca-rich reduced sediments). For more shal-
low cores, unit B is classified as cluster 2 (Fe–Ti-rich oxi-
dized detrital sediments), while the upper units G and V are
classified as cluster 5 (Ca-rich reduced sediments). However,
for all cores, the change from unit B to the upper units G
and V is mainly related to the increasing dominance of Ca
(Fig. 8). In all of the cores, except TSK23-SC2 (11.3 m),
the transition from unit B to unit G is correlated with a sub-
stantial change in the geochemistry of the sediments marked
by a transition between cluster 2 (oxidized sediments with
higher detrital components) and cluster 5 (calcite-rich re-
duced sediments) in the shallow cores or between cluster 3
(oxidized sediments with higher detrital components) to clus-
ter 4 (calcite-rich reduced sediments) (deep cores).

Biogeosciences, 21, 4317–4339, 2024 https://doi.org/10.5194/bg-21-4317-2024



I. Sirota et al.: Tracing rate and extent of human-induced hypoxia 4325

Figure 4. TSK11-K1 master core. (a) Image of the core. (b) Thin sections of the core. (c) Marker layers (MLs).
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Figure 5. Chronostratigraphic correlations between cores TSK18-SC4 and TSK15-K3 and the master core (TSK11-K1).

4.4.2 Geochemical sediment core profiles

Three cores from different water depths (TSK11-K1 from
62 m, TSK15-K5 from 27.3 m, and TSK23-SC2 from
11.3 m) were selected for detailed TOC, δ13Corg, and CaCO3
analyses and are presented here with XRF Ca/Ti, Si/Ti, and
Fe/Mn ratios (Fig. 9). In core TSK11-K1 (62 m) (Fig. 9a),
CaCO3 content along unit B ranges between 17 %–41 %,

with an average of 28 %, and it increases along the thin unit G
and the varved unit to 25 %–62 %, with an average of 44 %.
The TOC content moderately increases from ∼ 3 % at the
bottom of the core to 11 % at its top, with no abrupt changes
at the transition from unit B to unit G and at the transition to
the varved unit V. δ13Corg values decrease from ∼−28 ‰ at
the bottom of the core to ∼ 3 ‰–1 ‰ at the top of the core.
While the change in the TOC content upcore is moderate,
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Table 1. List of all cores that were used in the study and the age of the base of the recent varved interval.

Water Location Length of varved Varve onset
depth interval [cm] [year CE]

TSK11-K1 62 53°35′35.60′′ N
12°31′48.00′′ E

40 1918± 1

TSK12-K3 61.7 53°35′36.00′′ N
12°31′49.00′′ E

32.5 1923± 1

TSK18-SC4 61.1 53°35′569′′ N
12°31′819′′ E

36 1919± 1

TSK18-SC2 51.3 53°35′623′′ N
12°31′818′′ E

23 1925± 1

TSK13-QP4 47.5 53°35′38.00′′ N
12°31′48.00′′ E

24 1934± 1

TSK15-K1 41.2 53°35′512′′ N
12°31′804′′ E

21 1943± 1

TSK17-SC4 38.3 53°35′574′′ N
12°31′690′′ E

19 1959± 1

TSK12-K1 35.1 53°35′32.00′′ N
12°31′54.00′′ E

7.5 1973

TSK13-QP2 34.7 53°35′47.00′′ N
12°31′40.00′′ E

10 1972± 1

TSK13-QP1 30.3 53°35′49.00′′ N
12°31′41.00′′ E

10 1970± 1

TSK14-SC2 30 7 1973± 1

TSK15-K3 29.9 53°35′457′′ N
12°31′840′′ E

8 1972± 1

TSK12-P4 29.6 53°35′32.00′′ N
12°31′55.00′′ E

12 1972± 1

TSK15-K5 27.3 53°35′446′′ N
12°31′829′′ E

8.5 1976± 1

TSK16-K3 16.4 53°35′984′′ N
12°31′584′′ E

3.5 1997± 1

TSK23-SC1 9.9 53°36′5.6154′′ N
12°31′34.68′′ E

0 –

TSK23-SC2 11.3 53°36′1.224′′ N
12°31′23.412′′ E

0 –

a stepwise increase and a stepwise decrease is observed in
the CaCO3 content and the δ13Corg values, respectively. Both
roughly coincide with the transition from unit B to units G
and V. The abrupt changes in CaCO3 content and the δ13Corg
composition coincide with the changes in the XRF elemental
ratios. Ca/Ti and Si/Ti ratios are both low along unit B, and
they are substantially higher in the varved unit. The Fe/Mn
ratio displays a stepwise decrease at the transition from unit
B to units G and V.

In core TSK15-K5 (27.3 m) (Fig. 9b), CaCO3 content
ranges from∼ 20 % along unit B to∼ 60 % in the units G and
V. This abrupt increase appears at the transition from clus-
ter 2 to cluster 5. The TOC content decreases from ∼ 10 %
at unit B to ∼ 6 % along units G and V. δ13Corg values de-
crease from ∼−28 ‰ at the bottom of the core to ∼−30 ‰
at the top of the core. Both display a moderate change up-
core, which is in contrast to the abrupt change in CaCO3 con-
tent. Ca/Ti and Si/Ti ratios are both low along unit B, and
they are substantially higher along units G and V. The Ca/Ti
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Figure 6. Spatiotemporal spread of hypoxia in TSK, as shown by
the onset of varve preservation and recovery depth.

ratio displays a stepwise increase, which is correlated with
the transition between units, while the Si/Ti ratio is mod-
erately increasing upward from that point. The Fe/Mn ratio
decreases sharply from the transition between unit B to units
G and V upcore.

In core TSK23-SC2 (11.3 m) (Fig. 9c), the changes in all
proxies are less distinct. CaCO3 content ranges from ∼ 20 %
at the base of the core to ∼ 50 % at its upper part. This in-
crease is roughly correlated with the transition between clus-
ter 2 and cluster 5. The TOC content increases from ∼ 5 %
in cluster 2 to ∼ 10 % along cluster 5. δ13Corg values remain
constant along the core, within a narrow range of −28 ‰ to
−28.8 ‰, and do not show a depletion trend like the other
two cores. The Ca/Ti ratio is low at the base, and it is moder-
ately increasing from the transition between the cluster 2 to
cluster 5. The Si/Ti ratio does not show a clear trend upcore.
The Fe/Mn ratio is constant along the core with little vari-
ance. In contrast to the other two deeper cores, the transition
between the clusters (and sediment units) is not associated
with a substantial change in the Fe/Mn ratio.

4.4.3 Chironomid abundance

Remains of chironomid larvae were present at low abun-
dances in the analyzed cores, with the exception of the lowest
sample in the intermediate-water core (TSK15-K5; 27.3 m)
(Fig. 10; full data set in Table S4). The assemblages were
characterized by a high percentage of littoral (shallow-water)
taxa remains, whereas profundal (deepwater) chironomids
were only present at relatively low percentages. At ∼ 27 m
water depth (TSK15-K5), the abundance, concentration, and
influx of the remains of chironomid larvae are gradually re-
duced from unit B to unit G and drop down to almost zero
in unit V (Fig. 10a). In unit B, a high abundance of chi-
ronomids from profundal environments is observed, includ-
ing high abundances of the Micropsectra-radialis-type, while
in unit G, a lower abundance of chironomids and M.-radialis-
type is observed. In unit V, only negligible amounts of chi-
ronomids are observed. In the deepwater core (TSK18-SC4,
61.1 m), the overall abundance of chironomids and the abun-
dance of profundal chironomids is very low throughout the
core (Fig. 10b), in line with the low-oxygen concentration

and low amounts of bioturbation. However, among the most
abundant deepwater chironomid taxa, a shift is apparent at
ca. 37–30 cm depth, where M.-radialis-type and Tanytarsus-
lugens- and Tanytarsus-mendax-type decline and Chirono-
mus increases in percentages.

4.5 Limnological monitoring

The present-day DO dynamics are shown in lake monitor-
ing data between April 2019 and February 2021 (Fig. 11b).
The dynamics of DO along the water column at the deep-
est part of the lake show clear seasonal fluctuations in which
DO at the upper ∼ 12 m ranges from ∼ 8 mg L−1 during the
early spring to ∼ 14 mg L−1 during the winter, while near
the lake floor, DO ranges from ∼ 1 mg L−1 in early win-
ter to ∼ 11 mg L−1 during the spring. The depletion in DO
at the hypolimnion first occurs at the water–sediment inter-
face and progrades upward during the summer–autumn to a
water depth of ∼ 12 m (Fig. 11a), which represents the oxy-
cline. Thermal stratification prevails from April to Novem-
ber, with an average thermocline depth of ∼ 10 m (Fig. 11b).
The epilimnion temperature ranges from ∼ 3 °C in winter
to ∼ 22 °C in summer, while the hypolimnion temperature
ranges from 3 °C in winter to 5 °C in summer. An interest-
ing observation is the time shift between the changes in the
vertical oxygen distribution and the temperature dynamics.
While the maximal temperature difference between the epi-
and hypolimnion is achieved in August (Fig. 11b), the maxi-
mal DO difference between the layers appears in November
(Fig. 11b).

5 Discussion

5.1 Present-day oxygen dynamics

The seasonal water column stratification and the associated
lake circulation play a main role in the bottom-water oxy-
genation in TSK. Present-day seasonal dynamics of DO con-
centrations in the lake show that hypoxia is extending upward
in the water column during summer–autumn and is limited
by the thermocline around 10 m depth (Fig. 11b). The verti-
cal variations in the DO along the water column at the deep-
est part of the lake allow us to quantify the required inten-
sity, duration, and vertical development of hypoxia, which
is required for varve preservation. The general definition
for hypoxia is [O2]< 2 mg L−1 (Tyson and Pearson, 1991;
Diaz and Rosenberg, 1995; Jenny et al., 2014), although for
freshwater lakes value of [O2]< 5 mg L−1 has been used to
define hypoxic conditions (Njiru et al., 2012). By adopt-
ing these numbers, we can define the hypoxic threshold
for varve preservation at TSK below 12 m water depth by
[O2] < 5 mg L−1 for 5 months (August–December) and [O2]
< 2 mg L−1 for 2 months (November–December; Fig. 11a).
Our results show that in spite of the winter oxygenation of
the water column, varves can be preserved in monomictic

Biogeosciences, 21, 4317–4339, 2024 https://doi.org/10.5194/bg-21-4317-2024



I. Sirota et al.: Tracing rate and extent of human-induced hypoxia 4329

Figure 7. PCA biplot of PC1 and PC2 showing all of the XRF data points and correlations of the elements measured. Geochemical charac-
terization of the sediments by the five statistical clusters is indicated by the distribution of the clusters in the biplot reflecting the different
sediment compositions.

lakes, as long as the duration and magnitude of the seasonal
hypoxia is sufficient. This was previously observed in Lake
Czechowskie in northern Poland (Roeser et al., 2021) and in
Diss Mere, England (Boyall et al., 2023). Only at the shallow
lake floor (< 12 m) do oxic conditions prevail during the en-
tire year. The position of the transition layer at ∼ 12 m depth
is dictated by the transfer of heat down the water column
from the surface water and reflects the thickness of the up-
per convective layer which forms the epilimnion. Because
the spread of hypoxia starts from the sediment–water inter-
face and spreads upward, it is bounded by the depth of the
transition layer. The time delay between the vertical oxygen
distribution and temperature dynamics likely reflects the tim-
ing and duration of OM decomposition during the period of
stratification at the deepest part of the lake basin and the cir-
culation of lake water that starts from the bottom and the time
required to transport oxygen into the bottom waters.

5.2 The transition from oxygenated to hypoxic
conditions

The identification of the onset of varve preservation in the
sedimentary record is a common tool to date the onset of
hypoxic conditions in lakes because it indicates the absence
of bioturbating organisms (e.g., Diaz and Rosenberg, 1995).
However, varve preservation is a binary proxy that is only
indicating a depletion of the DO level to below a certain
threshold. To trace possible depletion in DO level prior to
varve preservation, more sensitive geochemical proxies are
applied. Geochemical sediment characterization by cluster-
ing of XRF data shows that the varved unit V and the un-
derlying unit G are geochemically similar and reflect simi-
lar sediment composition (Fig. 8). This is also supported by
the relative variations in endogenic calcite and detrital matter
(Ca/Ti) and the relative variations in biogenic silica and de-
trital matter (Si/Ti) (Fig. 9). The increase in the CaCO3 con-
centrations and Ca/Ti ratio at the transition from unit B to G
reflects an enhanced calcite formation (Fig. 9). The increase
in the Si/Ti records at the transition to unit G indicates a rel-
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Figure 8. XRF stratigraphy of the cores. The colors of the clusters represent the geochemical classification of the sediments based on the
cluster analysis presented in Fig. 7. B – brown unit; G – gray unit; V – varved unit.

ative increase in the diatom accumulation that continues into
the varved unit V, but this is less clear in the shallow core
TSK23-SC2 located at a water depth of less than 12 m. In-
tervals of increasing calcite and diatom deposition are char-
acterized by cluster 5 in shallow-water cores and cluster 4
in deepwater cores. Together, the rising deposition of calcite
and diatom frustules indicate changes in sedimentation prior
to the onset of varve preservation, while the DO levels were
still sufficient for the existence of bioturbating organisms.

Variations in Fe/Mn ratios are another sensitive proxy be-
cause the oxidation of organic matter at the sediment–water
interface and upper sediment is coupled with the reduction
in Mn or Fe oxides. Decreasing Fe/Mn ratios at the tran-
sition from units B to G observed in all cores below 12 m
water depth show that redox processes are initiated at this
depositional boundary (Fig. 9). This suggests that the re-
dox conditions at the sediment–water interface had already
changed prior to the onset of varve preservation. The bac-
terial oxidation of organic matter and the reduction in Mn
and Fe at the sediment–water interface are associated with
changes in the DO level (Melton et al., 2014; Thamdrup,

2000; Liu et al., 2022). Relative constant Fe/Mn ratios in
core TSK23-SC2 located above the oxycline (< 12 m) do
not show a decrease as in the cores from locations with cur-
rently low DO levels and thus confirm the sensitivity of this
proxy to oxygen conditions at the sediment–water interface.
This is also supported by the upcore reduction in oxygen-
sensitive chironomid abundance and the decrease in pro-
fundal chironomids already at the transition between units
B and G in core TSK15-K5. The δ13Corg profile of three
cores (TSK11-K1, 62 m; TSK15-K5, 27.3 m; TSK23-SC2,
11.3 m) supports the DO depletion in the deep part of the
lake, while the shallower lake floor remained oxygenated.
δ13Corg in the deep and intermediate cores shows more neg-
ative values upcore, approaching δ13Corg values of recent or-
ganic materials from sediment traps which experienced mi-
nor degradation (Fig. S4). Because TSK has no riverine in-
put, it is unlikely that changes in the sources of external
OM will significantly impact the δ13Corg values. This is also
validated by a TOC/TN ratio of ∼ 10 along the Holocene
section, which is typical of lacustrine primary productiv-
ity rather than terrestrial OM (Drager et al., 2019). More-

Biogeosciences, 21, 4317–4339, 2024 https://doi.org/10.5194/bg-21-4317-2024



I. Sirota et al.: Tracing rate and extent of human-induced hypoxia 4331

Figure 9. Core image, XRF stratigraphy, CaCO3, TOC, δ13Corg, Ca/Ti, Si/Ti, and Fe/Mn profiles of three cores from different water depths.
(a) TSK11-K1 at 62 m depth, (b) TSK15-K5 at 27.3 m depth, and (c) TSK23-SC2 from 11.3 m depth. All profiles use the same scale on the
x axis to allow for comparison between different cores.

over, variations in δ13Corg along the Holocene section are
linked to changes between varved and non-varved intervals.
δ13Corg values of around −32 ‰ characterized all laminated
intervals and around−28 ‰ characterized the non-laminated
intervals. The fact that this is a constant range during the
Holocene likely indicates the homogeneous source of OM
in the lake over time with a constant δ13Corg value of the pri-

mary OM. Thus, we argue that those more negative δ13Corg
values are explained by less selective degradation and point
to increasing organic matter preservation at the deep and
intermediate lake floor (Spiker and Hatcher, 1987; Meyers,
1997; Wynn, 2007). This indicates the onset of depletion
in the DO level prior to the onset of varve preservation at
the deep lake floor at the boundary between units B and G.
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Figure 10. Abundances of chironomids, profundal chironomids, and selected profundal chironomid groups in core TSK15-K5 (a) and in
core TSK18-SC4 (b).

δ13Corg values in the shallowest core are less negative and
constant along the core (Fig. 9), reflecting oxygenating con-
ditions for the last 2 centuries. This agrees with the observa-
tion of DO dynamics in the lake, which show that the upper
part of the water column, the top ∼ 12 m, is oxygenated dur-
ing the whole year (Fig. 11a).

The transition into hypoxic conditions is driven by the eu-
trophication of the lake, as previously suggested by Kienel et
al. (2013) and Dräger et al. (2019). The spread of hypoxia in
lakes during the last 3 centuries was shown to be a combina-
tion of changing climate conditions (Jenny et al., 2014; Jane
et al., 2021) and human-induced eutrophication (Jenny et al.,
2016a) in many temperate lakes. The TSK region has been
an agricultural landscape in the last few centuries, which ex-
plains an increased nutrient input into the lake from indus-
trial fertilizers and sewage. As a consequence, the internal
productivity of the lake increased, as reflected by the TOC in-
crease and the onset of diatom blooms during the deposition
of the varved unit. A similar timing with respect to human-
induced hypoxia was reported from other lakes in southern
Baltic lowlands (Poraj-Górska et al., 2021). The contribution
of climate warming, which enhances water column stratifi-
cation and reduces lake circulation, might be an additional
driver for hypoxia spread, as suggested globally (Jane et al.,
2021). Sediment focusing was suggested to bias the primary
Fe/Mn signal, challenging the use of Fe/Mn as a proxy for
oxygen conditions (Naeher et al., 2013). In the case of the
TSK record, the top varved unit is characterized by frequent
fluctuations in the Fe/Mn ratio, corresponding to the number
of years, based on the varve counting. This indicates that the
seasonal hypoxia controlled by the lake circulation is well

recorded in the sedimentary record of the deep lake floor
(Fig. 9). Thus, we conclude that the influence of sediment
focusing is negligible, with no substantial impact on changes
in the measured proxies that reflect the depletion of the DO
in the lake.

The abundance of the remains of chironomid larvae in
two cores from the deep and shallow parts of the lake
basin supports our hypothesis regarding DO depletion over
time. Chironomids are oxygen-sensitive organisms (Heinis
and Davids, 1993; Brodersen et al., 2004; Ursenbacher et
al., 2020; Perret-Gentil et al., 2024) that can live in lacus-
trine deepwater environments. Of the deepwater chironomid
groups identified in the sediments of TSK, the M.-radialis-
type is typically considered the most sensitive to eutrophica-
tion and the associated oxygen decrease. Habitats with pro-
nounced hypoxia over extended periods of time are usually
characterized by an absence of deepwater chironomid larvae,
low concentrations of chironomid remains, and low absolute
abundances and percentages of profundal chironomid groups
in subfossil chironomid assemblages (Van Hardenbroek et
al., 2011; Ursenbacher et al., 2020; Brodersen and Quinlan,
2006). Chironomid remains in core TSK15-K5 from inter-
mediate water depth support the two-step DO depletion in
the lake, as high concentrations and influx values of the to-
tal and profundal chironomids were observed in unit B, with
lower abundances in unit G and negligible abundance in unit
V (Fig. 10). This decrease in DO is also confirmed by the
distinct reduction in the M. radialis type, which is the dom-
inant deepwater taxon in the core (Fig. 10). The overall low
concentrations, influx values, and percentages of profundal
chironomids in the deepwater core TSK18-SC4 may indicate
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Figure 11. Physical properties of the water column. Spatiotemporal characterization of dissolved oxygen (DO) (a) and temperature (b) in the
lake. The diminishing of the temperature (c) and DO (d) stratification along the water column. The maximal depth gradient of temperature
(e) and DO (f) along the water column show the evolution of the thermocline and oxycline depth.

that during the entire studied interval the deepwater core was
characterized by lower DO levels compared to the interme-
diate core. This indicates that relatively low DO levels in the
depocenter of the lake prevailed even during the deposition
of unit B, which is considered to reflect the most oxygenated
conditions. However, the DO level at the time was insuffi-
cient for varve preservation, and only a further decrease in
the DO resulted in the preservation of varves in the depocen-
ter from the base of unit V onwards.

In summary, the transition from units B to G marks a
change in the geochemical composition of the sediments
driven by initial DO depletion at the lake floor prior to the
onset of varve preservation. Therefore, the onset of varve
preservation reflects a threshold in DO level and the duration
of hypoxia required for varve preservation. The time differ-
ence between the onset of the DO depletion and the onset of
varve preservation provides an estimate of the sensitivity of
the lake system to environmental change.
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Figure 12. (a) Images of the selected cores and their chronologic anchors. (b) The time interval between the onset of DO depletion (base of
unit G) and the onset of varve preservation (base of unit V).

Figure 13. The spread of hypoxia in the lake (black) and its rate (green) over time. (a) The rate at which the lake floor becomes hypoxic. (b)
The rate at which the lake’s water volume becomes hypoxic. (c) Percentage of hypoxic water volume (blue dots) and lake floor area (brown
dots) from the total. The dashed lines indicate the maximal extent of hypoxia under present-day conditions when the seasonal oxycline is at
∼ 12 m depth.

5.3 Time shift between the onset of oxygen depletion
and varve preservation

The time of the onset of geochemical changes (B–G bound-
ary) and the onset of varve preservation (G–V boundary) is
determined through the Askja 1875 cryptotephra at the tran-
sition between units B and G and the varve-dated onset of
annual laminations at the different locations and ranges from

∼ 15 years in the depocenter (62 m) to ∼ 80–100 years at in-
termediate water depths (27–35 m) (Fig. 12). This difference
implies that the cessation of bioturbation is more rapid in
the depocenter compared to intermediate water depths. The
faster sediment response at the depocenter to depleting DO
levels can be explained by the following mechanism: (i) the
depocenter experienced higher TOC flux due to sediment fo-
cusing, and thus an enhanced OM decomposition, and that
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drives DO depletion. (ii) At intermediate water depths, DO
levels sufficiently low enough to allow varve preservation
were reached later because water column mixing and circula-
tion have more influence on DO levels than on the deep lake
floor. Because seasonal hypoxia starts at the lake floor and
spreads upward, at intermediate water depths the duration of
hypoxia is shorter and thus also less severe.

5.4 Basin-scale spread of hypoxia

To discuss the basin-wide spread of hypoxia, we use the on-
set of varve preservation as a proxy for hypoxia because this
is best seen in the core and comparable with other studies
based on this indicator (e.g., Jenny et al., 2016b), keeping
in mind, however, that DO depletion started a few decades
earlier. It took ∼ 80 years from crossing the DO threshold
at 62 m water depth (1918 CE± 1) until it reached 16 m wa-
ter depth in 1997 CE± 1, which is the shallowest lake floor
depth from which a core with a varved top was taken (Fig. 6).
A similar rate of hypoxia spread across two phases is ob-
served in two morphometric variables: (i) the lake floor area
and (ii) the water volume (Fig. 13). In the first phase, from
1918 and 1972, the rate in which the lake floor becomes hy-
poxic was 1–3.5× 103 m2 yr−1, and the rate of water vol-
ume that becomes hypoxic was 10–35× 103 m2 yr−1. In the
second phase between 1972 and 1997, these rates increased
substantially, reaching a rate of 10–14× 103 m2 yr−1 for the
spread of hypoxia on the lake floor and 138–164×10 m2 yr−1

of water volume that became hypoxic. Moreover, between
1918 and 1997, the proportion of the lake floor area that ex-
perienced hypoxic conditions increased to 52 % of the total
lake floor (Fig. 13c; brown dots), while the water volume
that became hypoxic increased only to 36 % of the total wa-
ter volume (Fig. 13c; blue dots). This yields an increasing
difference between the percentage of hypoxic lake floor area
and water volume hypoxia over time as, at any water depth,
the proportion of the lake floor that is hypoxic is larger than
the proportion of the water volume. The acceleration in the
rate of hypoxia spread in TSK around 1972 CE is controlled
by the shape of the basin and occurred when the level of hy-
poxia reached a water depth of ∼ 30 m, equal to the slope
break (Fig. 1). At that point, the rate at which the lake floor
and the water volume became hypoxic increased by almost
an order of magnitude.

6 Conclusions

The depletion of DO in the TSK during the past 2 centuries
is recorded by lithological changes and geochemical and bi-
ological proxies, allowing us to identify the presence of sev-
eral threshold processes.

1. The preservation of varves marks a depletion of the
DO level to below a threshold of [O2]< 5 mg L−1 for
5 months and [O2]< 2 mg L−1 for 2 months under sea-

sonal hypoxic conditions. This provides evidence that
the presence of varves does not necessarily require
meromictic conditions (permanent stratification).

2. According to changes in sediment geochemistry, oxy-
gen levels initially decreased around 1875 CE and con-
tinued for another 3 to 5 decades until a threshold in
oxygen depletion was crossed at the depocenter of the
lake, thus allowing varve to be preserved.

3. Hypoxic conditions sufficient to allow varve preserva-
tion spread upwards in the lake basin during ∼ 80 years
from the deepest part of the lake up to a water depth
of 16 m. The upper limit of hypoxic conditions is de-
fined by the oxycline, roughly reflecting the thermo-
cline, above which permanent oxygenated conditions
prevail, and no varves are present.

4. The basin morphology controls the spread of hypoxia
which occurred in two phases. An acceleration occurred
during the 1970s when the level of hypoxia reached the
slope break at ∼ 30 m.

5. The biogeochemical cycles in the lake reflected in the
calcite, diatom production, and TOC deposition intensi-
fied with the development of hypoxic conditions.
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