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Key points:

e Sr/Ca of bulk sediment representing the Sr/Ca of inorganic needle-like aragonite is
mainly temperature driven with hydrological conditions playing only a subordinate
role.

e During the 8.3 to 2.6 cal ka BP time period four major and six minor cold and dry
events were recognized.

e Cold and dry climate state enhanced anoxic conditions in the lake water column,
which increased organic carbon burial efficiency.

Abstract

The drivers of the efficiency in organic carbon (OC) burial are still poorly understood despite
their key role in reliable projections of future climate trends. Here we shed new light on this
question by presenting paleoclimate time series including OC content in sediments from Lake
Veliko jezero, Croatia. We identified the Sr/Ca ratio in bulk sediments as (comparative)
palaeotemperature and palaeohydrology indicator. Four major and six minor cold and dry
events were detected in the 8.3 to 2.6 cal ka BP interval. The combined assessment of Sr/Ca
ratios, OC content, C/N ratios, 5'3C data, and modelled proxies for palaeoredox conditions and
aeolian input reveals that cold and dry climate state promoted anoxic conditions in the lake
enhancing preservation of organic matter and leading to increased OC burial efficiency. Our
study contributes to that projected future increase of temperature might play an important role
in OC burial efficiency of meromictic lakes.

Plain Language Summary

While covering only 2% of the Earth’s surface lakes store disproportionally large amounts of
organic carbon, half of the amount stored in the oceans. In this way organic carbon is removed
from a short-term carbon cycle for longer (geological) period of time. Despite this fact and the
impact of the carbon on climate dynamics, there are questions about the carbon burial in lakes
that still remain unaddressed. For example, is the burial efficiency enhanced or suppressed by
a temperature increase? Also, what are direct mechanisms responsible for changes in carbon



burial efficiency? Although, there is probably no general answer due to the large variety of
lakes in nature, here we present results of a study in which high resolution palaeoclimate proxy
record based on the strontium to calcium ratio is correlated with indicators for redox conditions
and past aeolian input. In this way palaeoenvironmental and palaeoclimate conditions have
been reconstructed and compared to organic carbon content of the lake sediments. Our study
demonstrates that during colder periods concentrations of organic carbon are higher, which is
a direct consequence of a change in redox conditions mediated by redox zone boundary and
thermocline depths.

1. Introduction

Lakes, with disproportionally large amounts of buried organic carbon (OC) per year if
compared to the oceans (Mendonca et al., 2017), are of great importance for the global carbon
budget and cycle and thus might have a vast impact on climate changes also in the future.
However, the climate influence on OC burial efficiency is still not precisely understood.
Temperature influence on the OC burial efficiency has been studied extensively, mainly for the
lakes of higher northern latitudes (Gudasz et al., 2010; Larsen et al., 2011; Anderson et al.,
2013; Sobek et al., 2014; Heathcote et al., 2015). Despite extensive efforts as represented by
the large number of studies on this topic, there is still no overall supposition on a possible
temperature influence on the OC burial efficiency. Nor are the main driving mechanisms
recognized, which are likely and directly responsible for the observed changes in OC content
of the lake sediments. Some studies infer that higher temperatures are enhancing OC burial
mainly as a consequence of a denser vegetation cover (Algesten et al., 2003; Sobek et al., 2003;
Sobek et al., 2009; Larsen et al., 2011; Xu et al., 2013), while at the same time an increase in
temperature is positively correlated to OC mineralization (Sobek et al., 2009; Gudasz et al.,
2010; Gudasz et al., 2015). In more recent studies the anthropogenic influence is preferred,
primarily through the role of the reactive nitrogen and phosphorus on OC burial efficiency
(Anderson et al., 2013, 2020; Heathcote et al., 2015), and a temperature effect negated.
Furthermore, oxygen exposure time and redox conditions in the water may also play a
prominent role in the OC burial efficiency (Sobek et al., 2009; Sobek et al., 2014; Carey et al.,
2018; Bartosiewicz et al., 2019).

The majority of previous studies of OC burial efficiency were focussed on recent and
sub-recent lake sediments, where climate effects can easily be concealed by anthropogenic
influence. Additionally, in latitudinal studies the temperature effect can be masked by other
variables such as changes in vegetation cover and/or precipitation rate. To infer the climate
influence on OC burial efficiency we have studied sediments of Lake Veliko jezero, Croatia
(Figure 1) for the period 8.3 to 2.6 cal ka BP. In detail we interpreted the OC content in the
context of high-resolution relative palaeoclimate and palaeoredox proxies as well as an
indicator for past aeolian activity. During the studied interval Lake Veliko jezero was a
brackish, meromictic lake (Wunsam et al., 1999), which is now submerged because of the
Holocene sea level rise. Our approach for correlating palaeoclimate and palaeoredox proxies
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Figure 1. Location of Lake Veliko jezero and Mediterranean climate records as discussed in the text in the upper
right corner with the locations of Cores M1-A and M2 and the stratigraphical and lithological surrounding of the
Lake Veliko jezero.

was made taking into account compositional nature of the geochemical data (Pawlowsky-Glahn
et al., 2015), that enabled more precise interpretations. The Sr/Ca ratios of the bulk sediment
mainly derives from Sr and Ca concentrations of needle like aragonite in Core M1-A and was
used as a paleoclimate, temperature proxy with higher ratio indicating cooler conditions. We
validated the reliability of the data and interpretations by also acquiring the same kind of data
for Core M-2 that was taken from a different basin of the same lake. An age-depth model of
Core M1-A (Figure 2) is described in Razum et al., (2020a). The significance of Sr/Ca ratio as
a palaeotemperature proxy is also confirmed by correlation with other previously published
studies including the main Holocene climatic events from the wider Mediterranean region
(Cacho et al., 2001; Sangiorgi et al., 2003; Combourieu-Nebout et al., 2013; Siani et al., 2013;
Regattieri et al., 2014; Samartin et al., 2017).

2. Results and discussion

Core M1-A recovered from Lake Veliko jezero is 417 cm long, four lithological units
were distinguished (Figure 2). The first unit (417 to 343 cm) is a terra rossa type soil, the second
unit (343 to 241 cm) is marsh to shallow lake sediment, the third unit (241 to 121 cm) consists
of deep lake sediment characterized by alternations of white and dark laminas mainly
composed of aragonite and organic matter. The last unit (121 to 0 cm) is made up of gray
homogenous marine sediment with a few centimeters of oxidized lake sediment in the
lowermost part. The third unit and the oxidized part of the unit four lake sediment were in the



focus of this study. Core M2 resembles Core M1-A with the difference that unit boundaries are
in different depths. Therefore, the studied interval spans from 127 to 266 cm in this core.
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Figure 2. Age-depth model for Core M1-A from Lake Veliko jezero (Razum et al.,
2020a), core images and lithological units are shown next to the depth scale. SEM images
of inorganic aragonite and Mg-calcite are shown on the right-hand side.

2.1.High-resolution XRF scanning and age-depth model

The Sr/Ca records were obtained by high-resolution XRF core scanning at split core
surfaces in 1-cm and 2-mm resolutions. We compared the Sr/Ca data and ratios between the
two investigated cores (M1-A and M2) to confirm robustness of our record and to exclude any
potential analytical artefacts. The geochronological age of Core M2 is based on one plant
remain sample, which was dated by radiocarbon methodology. Additional three datums were
included in the age-depth model of this core. Two of these ages are based on visible tephra
layers correlated to the known volcanic eruptions previously recognized in Core M1-A (Razum
et al., 2020a). The third date corresponds to a time of marine intrusion into the lake, which is
marked by a sharp boundary between lithological units three and four (Figure 2) in both cores.
It was radiometrically dated in Core M1-A (Razum et al., 2020a). Individual radiocarbon dates
were calibrated using the R package rbacon (Blaauw and Christen 2018). Despite lower
resolution of the Core M2 record it is evident that major peaks and throughs in Sr/Ca are well
presented in both datasets (Figure 3).



2.2.Sr/Ca ratio as palaeoclimate proxy

Our working hypothesis was that the Sr/Ca ratio in bulk sediment almost exclusively
reflects the Sr/Ca ratio of needle-like aragonite in the sediment (Figure 2). Needle-like
aragonite precipitates nowadays during late spring and summer in adjacent lake Malo jezero
(Sondi & Juraci¢, 2010). Since Sr/Ca ratio of needle-like aragonite is largely temperature
dependant (Kinsman & Holland, 1969; Dietzel et al., 2004) we assume that the Sr/Ca ratio of
the studied sediment could be used as a relative palaeotemperature proxy. Mineralogical
analysis performed with a X-ray diffraction (XRD) and scanning electron microscope coupled
with energy dispersive spectroscopy (SEM-EDS) proved that inorganic needle-like aragonite
is the main mineral and nearly the only carbonate phase in our investigated samples (Figure 2).
The only exception is an interval from 201 to 214 cm where inorganic rhombohedral Mg-
calcite is the main carbonate phase confirming the results of Wunsam et al., (1999). According
to the age model of Core M1-A, the occurrence of Mg-calcite coincides with known time
intervals of wet climate during which lake levels were high and generally corresponding to
pluvial periods observed in the wider Mediterranean region (Figure 3 and 4, fromca. 7.6 to 7
ka BP) (Bar-Matthews et al., 1997; Kallel et al., 1997; Bar-Matthews et al., 1998; Bar-
Matthews & Ayalon, 2011; Magny et al., 2012 Combourieu-Nebout et al., 2013; Siani et al.,
2013; Zhornyak et al., 2011; Regattieri et al., 2014). We propose that during this period
increased freshwater input lowered the Mg/Ca ratio in the lake water leading to the Mg-calcite
precipitation and hindering the precipitation of aragonite. This consequently led to Sr/Ca
decrease in our records because Mg-Calcite incorporates Sr in the crystal lattice less effectively
compared to the aragonite (Kitano et al., 1971) thus the Sr/Ca ratio of bulk sediment cannot be
interpreted as a relative palaeotemperature proxy in this interval. However, the predominance
of Mg-Calcite over aragonite points to wetter climate conditions which are also observed in the
wider region during this time period (Bar-Matthews et al., 1997; Kallel et al., 1997; Bar-
Matthews et al., 1998; Bar-Matthews & Ayalon, 2011; Magny et al., 2012 Combourieu-Nebout
et al., 2013; Siani et al., 2013; Zhornyak et al., 2011; Regattieri et al., 2014).

In order to be able to utilize the Sr/Ca ratio as a relative paleotemperature proxy we
have proven that detrital Sr and Ca input is negligible. XRD analyses revealed aragonite as the
main mineral, with minor quartz content limited only to the oldest portion of the studied period.
Furthermore, large variation of the centered log ratio transformed variables of Sr and Ca with
detrital elements such as Ti and Al (Supporting file) and small variations between Sr and Ca
with inorganic carbon (INC) (Supporting file) additionally confirm that Sr and Ca vastly
represent carbonate component and are not of detrital origin.

Finally, the Sr budget of the Lake Veliko jezero water and consequently the Sr/Ca ratio
of the bulk sediment can also be influenced by hydrological variability. Changes in
hydrological regime would theoretically affect relative marine influence at this location
because of a limited connection of the lake to the Adriatic Sea through permeable karst: the
ocean water is characterized by higher Sr concentration compared to the freshwater (Martin &
Meybeck, 1979). Two possible scenarios emerge if hydrologically induced Sr availability was
the limiting factor for Sr/Ca ratio of the bulk sediment.

Firstly, during cold periods, Sr/Ca in the lake water would be lower because of reduced
evaporation rate i.e. decreased marine influence. This would finally result in a relative decrease
in Sr concentration of the lake water and consequently Sr/Ca of the lake sediments. The
opposite would be the case for warmer climate conditions. This scenario however can be



discarded based upon good correlation of maxima in our Sr/Ca record with cold events which
were previously observed in multiple paleoclimate archives in the Mediterranean region
(Figure 3). In the figure 3 locally estimated scatterplot smoothed (LOESS) Sr/Ca curve, with
smoothing factor of 0.09, displays four distinct peaks centred at 8.3, 6.0, 4.25 and 2.9 cal ka
BP. First Sr/Ca maxima in our record, centred at 8.3 ka is coeval to cold event described in
pollen record from the Adriatic Sea by Combourieu-Nebout et al., (2013) and drop in the sea
surface temperature (Siani et al., 2013) recognized in the same core. In Alboran Sea drop in
the temperature at that time period was recorded as well (Cacho et al., 2001; Fletcher et al,
2012) while minor drop in the temperature was also observed in the Gemini lake (Samartin et
al., 2017). These events correlate with the North Atlantic cold event (NACS5) described by
Bond et al. (2001). Following the pluvial period (7.6 to 7 cal ka BP) characterised by Mg-
Calcite deposition instead of aragonite, another maxima in Sr/Ca record from M1-A core,
centred at about 6 cal ka BP, can be correlated with cold spells recognized in the Adriatic
(Sangiorgi et al., 2003; Combourieu-Nebout et al., 2013), Tyrrhenian and less clearly in
Alboran sea (Cacho et al., 2001) as well as NAC4 event in the North Atlantic (Bond et al.,
2001). Temperature reconstructions based on chironomid communities from Gemini and
Verdarolo lakes also indicate cold conditions at around 6 cal ka BP (Samartin et al., 2017). A
Sr/Ca maxima at about 4.25 cal ka BP is correlated to a decrease in the temperature in the
Adriatic Sea and Italian lakes (Combourieu-Nebout et al., 2013; Samartin et al., 2017) and in
the North (Bond et al., 2001). Finally, an increase in the Sr/Ca centred at about 2.9 cal ka BP
correlates well with the cold spells already recognized in the Adriatic, Alboran and Tyrrhenian
Sea (Cacho et al., 2001; Sangiorgi et al., 2003; Fletcher et al., 2012; Combourieu-Nebout et
al., 2013) as well as in the North Atlantic (Bond et al., 2001). A less pronounced temperature
decrease during this time interval was observed in Lake Gemini, Italy (Samartin et al., 2017).
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Figure 3. Sr/Ca records for Cores M1 and M2 as indicator of relative palaeotemperature and palaeohydrology
compared to palaeotemperature and palaeohydrological proxies from other records from the wider Mediterranean
region. The Mg-calcite rich interval is underlain by a dark blue area in the Sr/Ca record. Otherwise needle-like
aragonite is the dominant phase. NAC, AdC, AC, TC are abbreviations for cold events based on original

publications.

Second scenario implies that the environment during cold events was also dry, while
during warmer events it was more wet. This would lead to a decreased relative marine influence
and the dilution of the Sr budget in the lake water, which would finally result in lower Sr/Ca
during warm periods and higher values during the cold periods. To further investigate the role
of wet versus dry conditions potentially driving the Sr/Ca variability we studied additional
chemical elements acquired by XRF scanning like Br, Rb, Si, K, Na, Al, Fe, Mn, Zr, Ti and
Mo, most of them validated by wet-chemical analysis on discrete samples, e.g. through ICP-
MS. We used all of these elements to model proxies called balances for palaeotemperature,
aeolian input and palaeoredox conditions. This was done through orthonormal log ratio
transformation (Egozcue & Pawlowsky-Glahn, 2019) which enabled firm statistical parameter
to be established for reliable interpretation of involved processes (Razum et al., 2020b). The
methodology is fully explained in Razum et al., 2020b and is given briefly in supporting
material. In the end five balances were modelled, each is a proxy for certain process; b3 and
b4 are proxies for palaeoredox conditions, b5 is a proxy for aeolian activity while b2 is a



palaeoclimate proxy equivalent to Sr/Ca (rationale for balance construction is shown in
supporting file).

The data analyses show that an increase in Sr/Ca correlates to increases in anoxic conditions
(rp2-b3) = 0.55, p(.0s) = 0.00001) and aeolian activity (rpz2-bs) = 0.56, p.os) = 0.00001) (Figure
4). Furthermore, a speleothem based palaeohydrological reconstruction from Corchia cave in
Italy (Regattieri et al., 2014) implies that during the time of Sr/Ca maxima in our record climate
conditions were generally drier (Figure 4). However, it is also evident that Sr/Ca ratios in our
record do not exhibit exceptionally high values during the most widespread dry event in the
Mediterranean and wider region at 4.2 ka (Sangiorgi et al., 2003; Arz et al., 2006; Drysdale et
al., 2006; Magny et al., 2009; Bar-Matthews & Ayalon, 2011; Bini et al., 2019). This implies
that hydrological conditions probably played, compared to the temperature effect, less of arole
in driving Sr/Ca ratios. Following all lines of evidences, we propose that the Sr/Ca ratio of
Lake Veliko jezero bulk sediment is representing Sr/Ca ratio of inorganic needle-like aragonite
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Gemini and Verdarolo and humidity index from Corchia are visible on the right side of the figure.

that mainly reflects relative palaeotemperature changes while hydrological variability likely
playing a secondary role.

One of the main advantages of XRF core scanning despite being non-destructive is the
high resolution. If Sr/Ca ratios is a temperature indicator, then it is maybe also applicable for
short events, for example we observe several, relatively brief cold events at 8.0, 6.6, 5.4, 4.8,
4.0 and 3.3 cal ka BP. From these, the events at 8.0, 6.6, 5.4 and 4.0 cal ka BP were also
recorded in Lake Gemini, while the 3.3 ka BP event was recognized in Lake Verdarolo
(Samartin et al., 2017). Most of these events are characterized by an increase in anoxic



conditions and aeolian input, indicating not only cooler but also drier climate conditions at our
sites (Figure 4). These events can be detected due to the combined effects of the limited size
and detrital influence on the studied lake(s) and high-resolution data. The small size of this lake
(surface area of 1.44 km?) with very limited detrital influence i.e. small effects of internal and
landscape filters as defined in Blenckner (2005) results into increased sensitivity in recording
smaller-scale climate events.

2.3.Disentangling the drivers of OC burial efficiency

To decipher potential drivers of OC burial efficiency we analyzed OC, inorganic carbon
(INC) and organic nitrogene (N) and explored its relationship with enhanced anoxic episodes,
cold spells and aeolian input. Additionally, to better characterize the provenance of organic
matter (OM) we analyzed §*3C throughout the same interval.

Higher C/N ratios (>10) indicate potential mixing of the land-derived and
autochthonous organic matter (Meyers & Ishiwatari, 1993; Meyers, 1994), while more negative
513C values could also be related to the increase of the land-derived component of the organic
matter (Lamb et al., 2006). Our results demonstrate a slight long-term decreasing trend in C/N
record coinciding with a much stronger increasing trend of §3C values. This anticorrelated
pattern of the two proxies indicates that land-derived organic matter is partly decreasing in line
with the overall detrital influence during our studied interval (Figure 4). Additional evidence
comes from the occurrence of quartz only found at the base of the studied interval (supporting
file). A combination of two factors is most probably causing the described trends. First, lake
deepening caused by the Holocene sea level rise, moved shoreline away from the core site.
More specifically, the distance between Core M1-A and the Pomena doline which is a small
terra rossa soil patch adjacent to Lake Veliko jezero (Pomena field, Figure 1) was increased.
Second, due to the Holocene sea level rise a gradual increase in marine influence through the
permeable karst did occur. The sea level rise changed the lake biota (Wunsam et al., 1999) and
consequently organic carbon content and composition.

During the studied interval just two different pollen zones occurred, one with Juniperus
and Phillyrea at ca. 8 to 6.5 ka BP and another of Quercus ilex from 6.5 ka BP to present (Jahns
& Bogaard, 1998). This finding implies minor changes in the terrestrial vegetation with
negligible impact on carbon content, composition and variability.

The correlation of the OC content with Sr/Ca record reflecting temperature variations
on millennial time scale suggests that the OC content increased during cold interludes (Figure
4). The observed OC increase during cold events is in line with a study of Gudasz et al. (2010)
where a temperature decrease leads to low mineralization of OC. However, the temperature
effect through OC mineralization was not the substantial factor for OC preservation in the Lake
Veliko jezero sediments. If temperature was driving the OC preservation on millennial time
scales, cold climate conditions would decrease the degradation rate of algal (autochthonous)
organic matter (Sampei & Matsumoto, 2001). This would result in all lower C/N values, higher
OC and more positive §*3C values, which we did not see in our data. Indeed, we observe slightly
higher C/N and more negative §**C values during cold spells. This would imply that land-
sourced organic matter increased during cold spells as a result of enhanced aeolian input,
confirmed by correlation analyses r(b2-b5) (Figure 4). Yet, we argue that an increase in land-
sourced organic matter is not the main mechanism in overall OC increase. If this would have
been the case, then one would expect that more than double increase in OC during the cold
spells would cause substantial increase in C/N, which is not observed in our record. An
exception is the 4.2 event, when maximum C/N ratios occurred.

The OC amount and variability also correlates with paleoredox proxy (Figure 4), i.e. an
increase in anoxic conditions corresponds to an increase in OC content. Based on this finding



we propose that an increase in anoxic conditions is the main factor that led to OC preservation
at our site. Decrease in temperature and possibly drier conditions during cold events would
shift the redox zone boundary and thermocline closer to the surface (Zadereev et al., 2014).
This would prevent mixing of the water throughout the water body, thus causing the anoxic
boundary to move upward, leaving the majority of the water column under anoxic conditions.
This is also confirmed by high correlation between palaeotemperature (b2) and palaeoredox
(b3) proxies. Although the depth of a thermocline depends on a number of factors such as lake
size, dissolved organic content, temperature, wind activity etc. (summarized in Cantin et al.,
(2011) we believe that the temperature was the key factor controlling thermocline and redox
zone boundary depth in Lake Veliko jezero. These findings are underpinned by a study of
modern processes in Lake Veliko jezero lake, where the thermocline occurs only during
summer months (Benovi¢ et al., 2000). Finally, a shallow thermocline/redox zone boundary
would cause that most of the organic matter produced in and transported into the lake is
prevented from decomposing resulting in higher OC values during cold spells.

3. Conclusions

Data presented demonstrate that temperature changes may have a significant impact on
OC burial efficiency. Temperature decrease and likely drier climate conditions caused shifting
of anoxic boundary towards the surface of the lake and thus prevented OC mineralization in an
oxic environment. This study is, unlike many previous studies, unbiased in respect to the
anthropogenic influence, changes in latitude or significant vegetation changes, which might
have an effect on OC burial efficiency. Our results demonstrate that climate variability was
able to trigger mechanisms inherent to the lake resulting into oscillations of OC burial
efficiency.

The Sr/Ca ratio of bulk sediment reflects the formation of aragonite needles in this
special lake setting, and is a novel approach that can be utilized for paleoclimate
reconstructions. We were able to identify several cooling events known in the wider
Mediterranean area, but the unique high resolution of our data enabled to also identify a number
of short-term cold and dry events throughout the 8.3 to 2.6 cal ka BP period that mainly have
not been found before. Further high-resolution studies on additional archives would be
beneficial for investigating their wider regional character.
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