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Abstract. Northern latitudes have been significantly im-
pacted by recent climate warming, which has increased the
probability of experiencing extreme weather events. To com-
prehensively understand hydroclimate change and recon-
struct hydroclimatic anomalies such as drought periods, ap-
propriate proxy records reaching further back in time beyond
meteorological measurements are needed. Here we present a
220-year (2015–1790 CE), continuous, stable oxygen isotope
record of diatoms (δ18Odiatom) from Lake Khamra (59.99° N,
112.98° E) in eastern Siberia, an area highly sensitive to cli-
mate change and for which there is a demand for palaeohy-
drological data. This high-resolution proxy record was ob-
tained from a 210Pb–137Cs-dated sediment short core and
analysed to reconstruct hydroclimate variability at a sub-
decadal scale. The interpretation of the δ18Odiatom record is
supported by meteorological data, modern isotope hydrology
and geochemical analyses of the same sediment, which is in-
dicative of the conditions in the lake and catchment. A com-
parison with meteorological data going back to 1930 CE re-
vealed that the δ18Odiatom record of Lake Khamra is primarily
influenced by regional precipitation changes rather than the
air temperature. We identified winter precipitation, which en-
ters the lake as isotopically depleted snowmelt water, as the
key process impacting the diatom isotope variability. We re-
lated the overall depletion of δ18Odiatom in recent decades
to an observed increase in winter precipitation in the area,
likely associated with the global air temperature rise, Arctic
sea ice retreat and increased moisture transport inland. Avail-

able palaeoclimate proxy records, including a fire reconstruc-
tion for the same lake, support the idea that the new record
is a valuable hydroclimate proxy that is indicative of precip-
itation deficits and excludes solar insolation and air temper-
ature as primary driving forces, even before the first meteo-
rological recordings. We propose two possible hydroclimatic
anomalies that were detected in the Lake Khamra δ18Odiatom
record: one at the beginning of the 19th century and a sec-
ond prominent event in the 1950s. Both are interpreted as
prolonged dry periods associated with enriched δ18Odiatom
values likely caused by reduced winter precipitation, which
coincide with phases of reconstructed severe wildfires in the
region. Despite the apparent pristine lake area, we observed a
three- to fourfold increase in mercury concentrations and ac-
cumulation rates within the sediment record since the early
20th century, which is partly attributed to human air pollu-
tion.

1 Introduction

Siberia experienced an extraordinary heatwave during the
initial 6 months of 2020 (Overland and Wang, 2020; Col-
low et al., 2022), which would have been highly improb-
able without human-induced climate change (Ciavarella et
al., 2021). Since 1979, the northern latitudes have warmed
nearly 4 times faster than the rest of the world (Rantanen et
al., 2022), and this warming has even accelerated since the
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beginning of the 21st century (Chylek et al., 2022), a phe-
nomenon known as Arctic amplification (Manabe and Stouf-
fer, 1980; Miller et al., 2010; Previdi et al., 2021). Rapidly
increasing air temperatures due to rising emissions of green-
house gases increase the frequency and/or intensities of ex-
treme events (Seneviratne et al., 2021). Hydroclimatic ex-
treme events, such as drought periods or intensified precipita-
tion, are linked with ocean currents and large-scale dynamics
(Churakova Sidorova et al., 2021; Marshall, 2021; Senevi-
ratne et al., 2021; Watanabe et al., 2023). In the 21st century,
Arctic precipitation is expected to increase significantly due
to Arctic sea-ice retreat and increased evaporation (Bintanja
and Selten, 2014; Bintanja, 2018).

The hydroclimate across Siberia has undergone notable al-
terations in recent decades but differs regionally. While snow
depth has decreased over most southern parts of Russia, it
has increased in the northern parts, including northern cen-
tral Siberia (Ye et al., 1998; Bulygina et al., 2009; Ghatak
et al., 2012; Sato et al., 2022). In Yakutia (the Republic of
Sakha), located in the Russian Far East (Fig. 1a), the snow
cover duration has been prolonged (Bulygina et al., 2009),
and there has been a notable rise in overall precipitation lev-
els in the past 5 decades (Gorokhov and Fedorov, 2018). De-
spite this, Yakutia is one of the most vulnerable regions for
forest fires in Russia (Kirillina et al., 2020) and underwent its
most severe fire season of the past 40 years in 2021 (Tomshin
and Solovyev, 2022), highlighting that it is an area of ex-
tremes. Meteorological records only start at the beginning of
the 20th century, and there is a scarcity of high-resolution
hydroclimate records predating this period.

To reconstruct hydroclimatic anomalies, appropriate high-
resolution proxy records are needed. Oxygen isotopes of la-
custrine diatoms (δ18Odiatom) have proven to be a valuable
proxy to investigate temperature and hydrological variations
in numerous studies (Leng and Barker, 2006; van Harden-
broek et al., 2018). δ18Odiatom is influenced by different en-
vironmental and climatic factors, such as precipitation, evap-
oration or atmospheric circulation patterns, and is generally
linked to variations in temperature and the oxygen isotope
composition of the lake water (δ18Olake; Leng and Barker,
2006; Meister et al., 2024). Nevertheless, influencing fac-
tors vary by location and have to be evaluated for each study
site individually. Diatom oxygen isotope records located in
Russia have been interpreted as a palaeo-precipitation proxy
(Chapligin et al., 2012b; Kostrova et al., 2013a, b; Meyer et
al., 2022) or a proxy sensitive to snow or glacier meltwa-
ter input (Mackay et al., 2013; Kostrova et al., 2013b, 2014,
2021; Meyer et al., 2015, 2022), dominated by summer tem-
peratures on millennial timescales (Meyer et al., 2022). Fur-
thermore, long-term trends in the δ18Odiatom records corre-
spond to those in summer insolation (Meyer et al., 2015;
Kostrova et al., 2021; Meister et al., 2024), and teleconnec-
tions between Central Asia and the North Atlantic could be
identified (Mackay et al., 2013). The available lake sediment
δ18Odiatom records predominantly cover the Holocene, espe-

cially the last 2000 years (Meister et al., 2024). For Asia,
there are 21 published diatom isotope records, with a spe-
cial emphasis on Siberia (Meister et al., 2024). However,
the δ18Odiatom records mainly focus on millennial timescales,
whereas high-resolution records of the past hundred years
are very scarce. Moreover, only one Russian high-resolution
study at Lake Baikal has been interpreted as a hydroclimate
proxy (Swann et al., 2018; see Fig. 1a).

This study aims to provide a new hydroclimate proxy
record from Lake Khamra (59.99° N, 112.98° E) in south-
ern Yakutia (Fig. 1a). We hypothesise that a high-resolution
δ18Odiatom record can be used to reconstruct hydroclimatic
anomalies such as drought events or prolonged rainfall peri-
ods on a sub-decadal scale since 1790 CE. For this purpose,
the latest 90 years of the record are validated by meteorolog-
ical data to identify the main drivers of the δ18Odiatom record
in the study area. Comparisons with available palaeoclimate
proxy records are used to assess key factors responsible for
the diatom isotope variability and to analyse common trends
beyond meteorological timescales. For the identification of
large-scale dynamics, the δ18Odiatom record is placed in the
broader context of the northern landscape development. Ad-
ditionally, we survey the possible human impact on this re-
mote lake ecosystem since the onset of the Industrial Revo-
lution.

2 Study area and regional climate

Lake Khamra (59.99° N, 112.98° E, 340 m a.s.l.) is located
in a sparsely populated area in south-west Yakutia, eastern
Siberia, Russia (Fig. 1a). The closest urban settlements, Pele-
duy and Vitim, are situated 40 and 60 km south-west of the
lake, respectively. The city of Yakutsk is located 930 km to
the north-east; Irkutsk is ca. 1000 km to the south-west.

Lake Khamra covers an area of 4.6 km2 and has a catch-
ment size of 107.3 km2, extending towards the south-west.
The water depth ranges from shallow shore areas towards a
maximum of 22.3 m in the central part of the lake (Fig. 1c).
There are several small tributaries flowing down the gentle
hills into the lake, with the main inflow to the south-west and
an outflow in the north-east (Fig. 1b). The lake is a hydro-
logically open system with an estimated average long-term
discharge of 1.1 m3 s−1 (0.03 km3 a−1) and an average resi-
dence time of approximately 474 d (Messager et al., 2016).
In winter, the lake is covered by ice and snow. During field
work in March 2020, the ice thickness was on average 0.5 m
and the snow cover was about 1 m thick at different drilling
locations (Biskaborn et al., 2021a).

The lake is located within Cambrian bedrock compris-
ing dolomite and limestone alternating with silty Ordovician
sandstone and small delineated areas of clayey Silurian lime-
stone (Chelnokova et al., 1988). The landscape is classified
as mountain taiga within a discontinuous and sporadic per-
mafrost zone (Brown et al., 1997; Fedorov et al., 2018). Ac-
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Figure 1. Study area. (a) Position of Lake Khamra in the south-western part of Yakutia, close to the Lena River; the closest weather station
is located in Vitim, and Lake Khamra lies in between the cities of Yakutsk and Irkutsk. Other high-resolution study sites are indicated as grey
triangles (Jonsson et al., 2010; Swann et al., 2018; Broadman et al., 2022). (b) Catchment of Lake Khamra. The main in- and outflows are
indicated by arrows. (c) Sample locations at Lake Khamra. Service layer credits: © OpenStreetMap contributors 2023 (distributed under the
Open Data Commons Open Database License (ODbL) v1.0), Esri, Maxar, Earthstar Geographics, and the GIS User Community.
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cording to field observations, the catchment of the mountain
lake Khamra is covered by a mixed-coniferous forest mainly
consisting of the tree species Larix gmelinii, Picea obovata,
Pinus siberica and Abies siberica (Kruse et al., 2019; Mies-
ner et al., 2022).

According to the nearest weather station in Vitim (Fig. 1a),
the region of Lake Khamra is strongly influenced by the
continental climate, which is characterised by a large an-
nual temperature range of 47 °C, shifting from extremely
cold and dry winters (lowest monthly mean temperature
in January: −28.8 °C, 1929–2018 CE) to warm and humid
summer months (highest monthly mean temperature July:
+18.1 °C, 1929–2018 CE). The mean annual air tempera-
ture is−5.0 °C, with an annual mean precipitation amount of
423 mm (1929–2018 CE) and most precipitation falling be-
tween June and September (see Fig. 2). The variability of
snow accumulation in the area may depend on changing air-
mass trajectories and changing moisture sources. Between
November and March, the Siberian high is predominant, as
there is a shallow high-pressure system above central Siberia
associated with very cold and dry conditions (Shahgedanova,
2002). Winter precipitation is linked with frontal activity and
mainly influenced by the Icelandic Low in the north-west
and the Aleutian Low in the north-east, which is linked to
a depression in the upper troposphere (Mock et al., 1998;
Shahgedanova, 2002). Thereby, moisture is generally trans-
ported from the Icelandic Low originating from the North
Atlantic by westerly winds to central Siberia (Shahgedanova,
2002).

Oxygen isotope measurements for precipitation (δ18Oprec)
recorded in Yakutsk (Kurita et al., 2004) and Irkutsk
(Kostrova et al., 2020) as well as the modelled monthly
δ18Oprec values for the region (Bowen et al., 2005; Bowen,
2023; IAEA/WMO, 2023) all follow the annual pattern of
the temperature amplitude, with strongly depleted values ob-
served in the winter months and more enriched values in
summer (see Fig. 2). Overall, the modelled data show the
highest δ18Oprec values, whereas the Yakutsk region shows
the lowest.

3 Methods

3.1 Water isotope samples of Lake Khamra and
meteorological data

During two field campaigns, in August 2018 and in
March 2020, the isotopic composition of the lake water was
analysed. During the summer field campaign in 2018, surface
water (0–0.05 m) was sampled in the central part of the lake,
and hydrological parameters like pH, conductivity and tem-
perature were measured on-site using a WTW Multilab 340i.
In spring 2020, six water samples were taken along a water-
depth profile below the lake ice cover (0.65 m thick), which
was additionally sampled. Two snow samples were collected

Figure 2. Meteorological data from the weather station in Vitim
(59.45° N, 112.58° E; 186 m a.s.l.; ECA (European Climate Assess-
ment) station code 3235; data accessible via the KNMI Climate Ex-
plorer https://climexp.knmi.nl (last access: 15 May 2023)): monthly
mean precipitation amount for 1929–2018 CE (90 years; grey
bars) and monthly mean temperature for 1929–2018 CE (90 years;
black line; Klein Tank et al., 2002); daily max temperature for
1930–2019 CE (upper dashed line) and min temperature for 1928–
2019 CE (lower dashed line; Durre et al., 2008). Monthly mean oxy-
gen isotope values for precipitation (δ18Oprec) recorded in Yakutsk
are shown by the light blue line (Kurita et al., 2004); those recorded
in Irkutsk are highlighted by the dark blue line (Kostrova et al.,
2020). Modelled monthly δ18Oprec values for the region (latitude
60°, longitude 113°; altitude 340 m) are shown as a pink line
(Bowen et al., 2005; Bowen, 2023; IAEA/WMO, 2023).

near the shore within a profile of 60 cm (see map of the dif-
ferent sample locations in Fig. 1c).

The snow and ice samples were all completely melted and
subsequently stored at a cool temperature in 30 mL polyethy-
lene bottles prior to stable isotope measurements. Hydro-
gen (δD) and oxygen (δ18O) isotopes were analysed at the
ISOLAB Facility at the Alfred Wegener Institute Helmholtz
Centre for Polar and Marine Research (AWI) in Potsdam,
Germany, with a Finnigan MAT Delta-S mass spectrometer
employing the equilibration method (details in Meyer et al.,
2000). Data are given in per mille (‰) relative to Vienna
Standard Mean Ocean Water (V-SMOW). The standard de-
viation includes all measurements of the individual sample,
which is generally better than the external (or machine) error.
The external errors of long-term standard measurements for
hydrogen and oxygen are better than ±0.8 ‰ and ±0.10 ‰,
respectively (Meyer et al., 2000). The second-order param-
eter deuterium excess (d excess) was computed as follows:
d = δD− 8 · δ18O (Dansgaard, 1964).

The water isotope samples of Lake Khamra are com-
pared to the global meteoric water line (GMWL; δD= 8 ·
δ18O+10; Craig, 1961) and to Global Network of Isotopes in
Precipitation (GNIP) data (IAEA/WMO, 2023) recorded in
Yakutsk (Kurita et al., 2004) and in Irkutsk (Kostrova et al.,
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2020). Additionally, the mean monthly and annual isotope
compositions of precipitation were modelled for the study
area (latitude 60°, longitude 113°; altitude 340 m) using the
Online Isotopes in Precipitation Calculator (OIPC; Bowen
and Revenaugh, 2003; Bowen et al., 2005; Bowen, 2023;
IAEA/WMO, 2023). The monthly modelled data serve as a
basis for the local meteoric water line (LMWL).

All meteorological data used in this study stem from
the KNMI Climate Explorer website (https://climexp.knmi.
nl, last access: 15 May 2023), from the weather stations
in Vitim (59.45° N, 112.58° E; 186 m a.s.l.; ECA station
code 3235; 1928–2019 CE), Yakutsk (62.02° N, 129.72° E;
98 m a.s.l.; ECA station code: 3214; 1888–2019 CE) and
Irkutsk (52.27° N, 104.35° E; 467 m a.s.l.; ECA station
code: 3245; 1882–2018 CE; Klein Tank et al., 2002). For
comparability with the weather station in Vitim, only meteo-
rological data for the years 1929–2018 CE were considered.

3.2 Sediment short core recovery and subsampling

During the field work in August 2018, a 42 cm sediment short
core, EN18232-1, was retrieved from the central and deep-
est part of Lake Khamra (59.99091° N; 112.98373° E; water
depth: 22.3 m) by using a UWITEC gravity corer (60 mm).
The water depth was determined with a surveying rope and
a handheld HONDEX PS-7 LCD digital sounder. After the
field work, the sediment core was transported in a PVC tube
to the AWI in Potsdam and stored in the dark at a cool tem-
perature (4 °C) until further analysis.

In October 2021, the short core was subsampled in contin-
uous 1 cm increments (n= 39). The rim material (< 0.5 cm)
of the individual sample layers was removed to avoid con-
tamination. With the help of a 1 cm3 tool, 24 subsamples
were also taken to determine the water content and dry bulk
density (0–10 cm every 1 cm; > 10 cm every 2 cm). All sedi-
ment samples were frozen and subsequently freeze dried for
at least 48 h.

3.3 Dating

To establish the high-resolution age–depth model, freeze-
dried subsamples of the short core EN18232-1 (n= 31) were
analysed for 210Pb, 226Ra, 137Cs and 241Am by direct gamma
assay in the Liverpool University Environmental Radioac-
tivity Laboratory using Ortec HPGe GWL series well-type
coaxial low-background intrinsic germanium detectors (Ap-
pleby et al., 1986).

With the intention of extending the 210Pb–137Cs age–
depth model, subsamples (n= 4) of the freeze-dried bulk
material of the deeper part of the short core were sent to
the radiocarbon analysis laboratory at AWI Bremerhaven.
No plant macrofossils were found in the very fine-grained
sample material and thus only bulk sediment samples were
dated. 14C was analysed by using an accelerator mass spec-
trometer (AMS), MICADAS (MIni CArbon Dating System;

Mollenhauer et al., 2021), and calibrated with the IntCal20
14C calibration curve (Reimer et al., 2020) using the CALIB
radiocarbon calibration program (CALIB REV 8.2; Stuiver
and Reimer, 1986, 1993).

To compute the age–depth model, a Bayesian accumula-
tion model within the R package “rbacon” v2.5.8 (Blaauw
and Christen, 2011; R version 4.1.1) was used, based on the
210Pb chronology.

3.4 Diatom isotope purification process, δ18Odiatom
analysis and contamination correction

The diatom isotope purification process includes both chem-
ical and physical preparation steps to obtain a purified di-
atom sample (Morley et al., 2004; Leng and Barker, 2006).
Aliquots (2 g) of dried sediment samples (n= 39) were
processed for δ18Odiatom analysis. The cleaning procedure
is based on the processing steps described in Morley et
al. (2004) and refined in Kostrova et al. (2021). However,
processing depends on the respective material and requires
an individual approach (Leng and Sloane, 2008). Relevant
steps include the removal of organic matter by adding H2O2
(30 %, 50 °C, ∼ 55 h) and then the addition of HCl (10 %,
50 °C, ∼ 16 h) to eliminate carbonates. Before starting the
heavy liquid separations (HLSs), all samples were washed
neutrally with ultra-pure water. By centrifuging the samples
in sodium polytungstate (SPT, 3Na2WO49WO3 ·H2O) solu-
tions with decreasing densities (2.50–2.12 g cm−3), the di-
atoms were gradually separated from the heavy minerogenic
fraction. An inverse HLS, described in detail in Kostrova et
al. (2021), detached light microparticles like charcoal from
the diatom valves. To remove possible residues of acid, SPT
and clay minerals, all samples were washed neutrally with
ultra-pure water using a 3 µm cellulose filter.

A contamination assessment of all processed samples (n=
39) was carried out by a JEOL M-IT500HR analytical scan-
ning electron microscope (SEM) with an integrated energy-
dispersive X-ray spectroscopy (EDS) system supplied with
a Peltier-element-cooled detector (SDD). The standardless
procedure was used according to Chapligin et al. (2012a)
(six repetitions, an acceleration voltage of 20.0 kV, a mag-
nification of 300 and a measuring time of 30 s). Detected
elements are given as oxides with weight percentages. The
SiO2 content indicates the purity of the processed sample,
whereas Al2O3 is used as an indicator of contamination with
clay fractions. The latter should be below 2.5 % to avoid ex-
cessive shifts in the δ18Odiatom record due to the contamina-
tion correction (Chapligin et al., 2012a). All 39 samples were
highly purified for δ18O measurements and had Al2O3 con-
tents ranging between 0.4 % and 0.7 % and SiO2 contents of
96.1 % to 98.7 %. EDS results, including the two oxides, are
given in the appendices (Table A1).

Before isotope measurement, aliquots of the processed
sample material were heated up at 1100 °C by ramp de-
gassing under a helium flow to remove the exchangeable
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hydroxyl groups of the siliceous diatom cell walls by ap-
plying the inert gas flow dehydration method (iGFD; Chap-
ligin et al., 2010). The oxygen isotope composition of the
samples (n= 39; contaminants, n= 3) was measured at the
ISOLAB Facility at AWI Potsdam with a semi-automated
laser-fluorination line (Chapligin et al., 2010) combined with
a Sercon HS2022 mass spectrometer. The laser fluorination
method uses bromine pentafluoride (BrF5) as a reagent to
completely release oxygen (Clayton and Mayeda, 1963).

The oxygen isotope composition was directly measured
against a reference material of known isotopic composi-
tion given in delta notation (δ18O) relative to VSMOW
in per mille (‰). We used the laboratory standards PS
Jun17 (δ18O=+43.61 ‰± 0.16 ‰, n= 13) and BFC 1
(δ18O=+28.92 ‰± 0.08 ‰, n= 19), which were cali-
brated against the marine standard PS1772-8 (Chapligin et
al., 2010, 2011) and the standard biogenic silica (BFC; Chap-
ligin et al., 2011), respectively. All samples were measured
twice, and some of them were measured three times. The ana-
lytical reproducibility of the sample material was ≤ 0.26 ‰,
indicating an accuracy and analytical precision comparable
to the method’s long-term analytical reproducibility (1σ ) of
±0.25 ‰ (Chapligin et al., 2010).

All δ18O measurements (δ18Omeas) were contamination
corrected (δ18Ocorr) following a geochemical mass-balance
approach (Brewer et al., 2008; Swann and Leng, 2009; Chap-
ligin et al., 2012a):

δ18Ocorr =

(
δ18Omeas−

ccont · δ
18Ocont

100

)/(cdiatom

100

)
, (1)

where δ18Ocont represents the average δ18O value of
three samples of the heavy minerogenic fraction from
the first heavy liquid separation of > 2.50 g cm−3

(δ18Ocont=+16.1± 0.40 ‰, n= 3), assumed to have
100 % contamination. The percentages of contamina-
tion (ccont) were calculated by dividing the individual Al2O3
content of each sample by the mean Al2O3 content of
contaminants (11.3± 0.39 % Al2O3, n= 3) obtained using
the EDS results, where cdiatom gives the degree of purity
(100 %− ccont).

In order to increase comparability and to detect the im-
pact of hydroclimate variability within the δ18Odiatom record,
the isotope values were standardised. Therefore, the z-scores
of each δ18Odiatom value were calculated by subtracting the
overall mean and dividing it by the standard deviation of the
time series.

3.5 Other lake internal proxies

The inorganic carbon (TIC) content was determined for all
39 subsamples to analyse it as a possible proxy for sediment
supply from the carbonate-bearing bedrock in the catchment,
as outlined in Lenz et al. (2021). Prior to the measurements,
freeze-dried aliquots were milled to gain a homogeneous ma-
terial. TIC was measured by using an Elementar soli TOC

cube. The measurement accuracy was±0.1 %. To detect pos-
sible heavy metal pollution within the sediment record, the
total mercury concentration (THg) was quantified in each
subsample. THg (given in µg kg−1) was measured with a
MLS-MWS DMA-80 evo III at the Permafrost Carbon and
Nitrogen Lab (CarLa) at AWI Potsdam. The machine detec-
tion limit was 0.003 ng, with a laboratory-proven limit of de-
termination of 0.4 ng. Furthermore, mercury concentrations
were converted into fluxes (HgAR, µg m−2 a−1) by following
the procedure described in detail in Biskaborn et al. (2023).
The sedimentation rates (SR in cm a−1) were calculated us-
ing the age–depth model results according to Eq. (2) (Pfalz et
al., 2022), where xi is the sample depth of interest and xi−1 is
the depth of the previous layer:

SR(xi ) =
depth(xi )− depth(xi−1)

age(xi )− age(xi−1)
. (2)

Subsequently, the mass accumulation rate (MAR
in g cm−2 a−1) was computed by using following equa-
tion (Eq. 3), where DBD is the dry bulk density (in g cm−3):

MAR= DBD ·SR. (3)

We used the mean dry bulk density value here to calculate
the mercury accumulation rate HgAR in µg m−2 a−1:

HgAR= Hg ·MAR · 10. (4)

4 Results

4.1 Water isotopes of Lake Khamra

Water, ice and snow isotope data sampled during the two
field campaigns are shown in a δ18O–δD diagram in Fig. 3a.
According to the surface water sample collected in sum-
mer 2018, δ18Olake has a value of −21.16 ‰, a δDlake of
−165.3 ‰ and a d excess of+4.1 ‰ (n= 1). The water sam-
ple has a pH of 6.07. In March 2020, δ18Olake had a mean of
−19.98 ‰± 0.14 ‰, a δDlake of −159.3 ‰± 0.7 ‰ and a
d excess of +0.5 ‰± 0.5 ‰ (n= 6), which is isotopically
enriched in comparison to the isotope values from 2018.
δ18Olake reveals only small variations of ±0.35 ‰ within the
water profile, with continuous depletion towards the bottom
water (see Fig. 3b). The lake water temperature (Tlake) below
the ice cover is quite low, varying from a minimum of 2 to
2.7 °C downwards (Fig. 3c). All measurements are listed in
Table 1.

The ice cover of the lake, which had a total thickness of
0.68 m, was sampled in five segments in March 2020 (see
Table 1). The δ18O values vary by ±4.6 ‰, with the mini-
mum of −22.3 ‰ occurring at the surface and the maximum
of −17.7 ‰ occurring at the transition from ice to water. δD
ranges from−174.1 ‰ at the top to−144.3 ‰ at the bottom.
This results in a positive d excess value of +4.0 ‰ in the up-
per ice sample and negative d excess values dropping down
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Figure 3. (a) Co-isotope plot (δ18O–δD) of lake water, ice and snow samples taken during the two field campaigns in August 2018 and
March 2020 in relation to the GMWL (Craig, 1961) and the LMWL according to the modelled monthly mean values. Annual weighted mean
values of precipitation modelled for the region (Bowen and Revenaugh, 2003; Bowen et al., 2005; Bowen, 2023; IAEA/WMO, 2023) and
from the GNIP stations in Yakutsk and Irkutsk (IAEA/WMO, 2023) are marked as crosses. The intercept point between the local evaporation
line (EL) and the modelled LMWL is at δ18O −20.9 ‰ and δD −164.0 ‰. (b) δ18O of a water-depth profile of Lake Khamra, sampled
below the lake ice in March 2020. (c) Tlake of the water-depth profile, taken below ice cover in March 2020.

to −3.8 ‰ in the lower samples. The snow samples, which
were collected close to the lakeshore, reveal the lowest δ18O
values (with a mean of −29.14 ‰), a δD of −221.2 ‰ and a
d excess of +11.9 ‰. In comparison to the GMWL (Craig,
1961), only the snow samples lie slightly above the GMWL,
with all water and ice samples of Lake Khamra lying slightly
below the GMWL and below or along the modelled LMWL
of monthly values (Fig. 3a; Bowen et al., 2005; Bowen, 2023;
IAEA/WMO, 2023). The modelled annual mean for the re-
gion (δ18O: −13.2 ‰, δD: −105 ‰; Bowen and Revenaugh,
2003; Bowen, 2023; IAEA/WMO, 2023) is offset from the
measurement results, lying towards more enriched values
(Fig. 3a).

4.2 Age–depth model

The sample material appeared very uniform in colour dur-
ing sampling, without visible stratifications. The dry bulk
density of the short core EN18232-1 is variable, which is
likely a result of the high and fluctuating water content
(82 %–94 %, n= 24), especially in the upper part of the short
core. Therefore, we determined a mean dry bulk density
(122±35 mg cm−3, n= 38). The homogeneity of the sample
material is visible in the results of the 210Pb and 137Cs dating,
which imply relatively uniform accumulation at this site and
a relatively uniform volumetric sedimentation rate of around
0.19 cm yr−1, with slightly lower values since the 1950s (Pe-

ter Appleby, personal communication, 2022) – visible in a
slight flattening of the age–depth model in Fig. 4. Accord-
ing to the age–depth model based on the 210Pb and 137Cs
dating, the short core, with a total length of 39 cm, spans a
period of 222 years (ca. 2015–1793 CE, mean ages). Hence,
the mean sampling resolution of the record is sub-decadal:
5.7± 1.7 years (min: 2, max: 10 years).

The four 14C ages of the bulk sediment show a clear off-
set with respect to the 210Pb and 137Cs chronology, with sig-
nificantly older ages that nearly get progressively younger
with depth (see Table 2). Comparing two dating results for
the same sample depth (25–26 cm), we obtain a 14C age of
1806± 20 14C yr BP (before present), which corresponds to
a calibrated 14C age of 244 calibrated CE (2σ range: 210–
256). The same sample was dated by the 210Pb and 137Cs
method and received an age of 1858 CE± 11, resulting in
an offset of 1614 years. A comparable large age difference
in surface samples was observed in another study at Lake
Khamra (Glückler et al., 2021) that used macrofossil as well
as bulk sediment samples to retrieve 14C ages. Possible rea-
sons were discussed, such as an influence of dissolved car-
bonates (the so-called hard-water effect; Björck and Wohl-
farth, 2001; Philippsen, 2013), input of old organic carbon
(Colman et al., 1996; Vyse et al., 2020) or mixing processes
within the sediment (Biskaborn et al., 2012), which could
have led to discontinuous 14C age development with depth.
At Lake Khamra, very old macrofossils can be transported
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Figure 4. (a) Bayesian accumulation model obtained by applying the R package “rbacon” (Blaauw and Christen, 2011) and based on the
210Pb and 137Cs dating (green lines) of the short core EN18232-1 (grey lines indicate the 2σ range; red line indicates the median). (b) Model
iteration log. (c, d) Prior (green line) and posterior (grey area) distributions for accumulation rate and memory, respectively.

into the lake and could possibly influence the radiocarbon
age within the bulk sediment (Glückler et al., 2021). The ori-
gin of old carbon from eroding permafrost cannot be ruled
out either, as the area lies in a sporadic permafrost zone
(Brown et al., 1997; Fedorov et al., 2018). Additionally, inor-
ganic carbon can be transported into the lake by the main in-
flow, as the catchment contains early Palaeozoic carbonates
(Chelnokova et al., 1988; Glückler et al., 2021). Large age
uncertainties make it very difficult to use 14C ages for records
covering the last few hundred years (Björck and Wohlfarth,
2001). Since the old and non-continuous 14C ages are not
consistent with the homogeneous and high-resolution 210Pb
and 137Cs dating results, the 14C dating results are excluded
from the age–depth model.

4.3 δ18Odiatom record

The diatom δ18O record of Lake Khamra (EN18232-1) cov-
ers approximately the last 220 years (ca. 2015–1790 CE,
mean ages; n= 39). δ18Odiatom has an overall mean of
+21.7 ‰, it varies by±2.8 ‰ and it has a standard deviation
of ±0.6 ‰. The absolute minimum is +20.6 ‰, which oc-
curs at about 1940 CE, 1915 CE and 1875 CE. The absolute

maximum of +23.4 ‰ occurs at circa 1955 CE. Contamina-
tion correction increased all measured δ18O values by a mean
of +0.3 ‰, with a narrow range of between +0.2 ‰ and
+0.4 ‰ (Fig. 5). This indicates a very low degree of con-
tamination after cleaning and a low correction overall that
is within or close to the analytical error of ±0.25 ‰. The
trends before and after contamination correction are iden-
tical (−0.0006; n= 39), which implies uniformly prepared
sample material where the correction has no (significant) ef-
fect on the course of the record. All descriptions refer to the
corrected values (referred to as δ18Odiatom).

4.3.1 Phases of the Lake Khamra δ18Odiatom record

We identify four phases (I–IV) into which the δ18Odiatom
time series for Lake Khamra is subdivided (Fig. 5). This
differentiation from top to bottom of the core is mainly
based on the deviation from the overall mean δ18Odiatom
value of +21.7 ‰. The description of phases begins with the
most recent segment of the core and progresses towards the
older sections, as the following discussion first validates the
youngest part of the record with meteorological data.
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Figure 5. Lake internal proxy records of the short core EN18232-1 from Lake Khamra. I–IV indicate the four phases according to the
δ18Odiatom record. Diatom δ18O: measured δ18Odiatom (grey line) and contamination-corrected δ18Odiatom values (black line) are shown
with analytical and chronological errors. Geochemical records: white stars for the total inorganic carbon (TIC) indicate values below
the detection limit; mercury measurements are given in total mercury (THg, in µg kg−1) and converted into accumulation rates (HgAR,
in µg m−2 a−1). The individual mean values are displayed as vertical dashed lines. Arrows indicate a possible interpretation of the proxy.

Phase I (2015–1970 CE, n= 5)

In the most recent phase, phase I, δ18Odiatom of Lake Khamra
shows values that are mostly below the overall mean, with a
low variability of ±1.2 ‰, a mean of +21.5 ‰ and a stan-
dard deviation of ±0.4 ‰. The main characteristics are a
continuous decrease since ca. 1970 CE with a clear minimum
at ca. 2000 CE (Fig. 5). From 2000 CE, δ18Odiatom increases
slightly but still remains below the absolute mean value.

Phase II (1970–1930 CE, n= 6)

In contrast to phase I, δ18Odiatom values in phase II are en-
riched in heavy isotopes above the overall mean, with the
absolute maximum (+23.4 ‰) occurring around 1950 CE
and only one depleted value, a minimum, occurring at about
1940 CE (+20.6 ‰). This results in the largest variability,
±2.8 ‰, of the entire δ18Odiatom record, a clearly elevated
mean value of +22.3 ‰ and a standard deviation of ±1 ‰.
The maximum reaches a z-score of+2.7, while the minimum
has a negative score of −1.8.

Phase III (1930–1830 CE, n= 20)

Phase III consists of depleted δ18Odiatom values, mainly
below the overall mean. It begins rather abruptly around
1830 CE and persists until around 1930 CE, and values vary
by ±1.7 ‰. It is the longest phase of the diatom record
(ca. 100 years), has the lowest mean value of all the phases
(+21.4 ‰) and includes two absolute minima (+20.6 ‰ at
ca. 1915 CE and 1875 CE), each with a z-score of −1.8. The
standard deviation is comparable to phase I (±0.4 ‰).

Phase IV (1830–1790 CE, n= 8)

Phase IV of the Khamra record is characterised by notably
enriched δ18Odiatom values that are primarily above the ab-
solute mean. The internal mean of +22.2 ‰ is similar to
phase II but less pronounced, with a variability of ±1 ‰ and
a standard deviation of only ±0.3 ‰ (Fig. 5).
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4.4 Carbon and mercury concentrations (TIC, THg,
HgAR)

From the onset of the record at about 1790 CE to the 1950s,
TIC measurements remain constant at or slightly below the
overall mean of 0.15 % (Fig. 5). At ca. 1875 CE, 1910 CE
and 1940 CE, five samples are below the detection limit of
< 0.1 %. At about 1950 CE, TIC switches to above-mean val-
ues, reaching a maximum of 0.18 % in the uppermost sample.

THg shows a drastic increase, with a tripling of the mer-
cury concentrations in recent times (Fig. 5). All values are
above the detection limit of 0.003 ng. At the beginning of the
record until around 1920 CE, THg values fluctuate slightly
between the minimum of 82 and 111 µg kg−1, below the
mean of 123 µg kg−1. From ca. 1930 CE, THg rises nearly
continuously, reaching a maximum of 246 µg kg−1 in the top-
most sample. The mercury accumulation rates have a mean
of 26.6 µg m−2 a−1 (18.9–99.8 µg m−2 a−1). In the lower part
of the short core, HgAR remains below or at the mean val-
ues (Fig. 5). Between about 1930 CE and 1950 CE, HgAR
increases slightly above the mean before falling below the
mean around the 1970s. After that, we observe a drastic
increase to the maximum value of 99.8 µg m−2 a−1 in the
youngest sample.

5 Discussion

5.1 Modern lake hydrology and isotopic signature of
precipitation

The interpretation of the oxygen isotope record of lacus-
trine diatom silica (δ18Odiatom) requires careful considera-
tion of the current hydrological conditions of the respec-
tive study site (Leng and Barker, 2006). δ18Odiatom is in-
fluenced directly and indirectly by various depleting and
enriching factors, as summarised in Meister et al. (2024).
Besides the lake water temperature (Tlake), the oxygen iso-
tope composition (δ18Olake) and its sensitivity to evapora-
tion also affect the δ18Odiatom signal. The water residence
time of Lake Khamra has been modelled as about 1 year
and 3 months (474 d; Messager et al., 2016), which implies
nearly annual exchange of the lake water and hence the pos-
sibility of only seasonal evaporative effects. The water-depth
profile, taken below the spring ice cover, confirms a well-
mixed water column with only slight variations in δ18Olake
(±0.3 ‰) and no thermocline, at least in March 2020 (Fig. 3b
and c). Lake Khamra is an open lake system with an out-
flow in the north-east (see Map Fig. 1b). In open lake sys-
tems, δ18Olake generally mirrors the oxygen isotope sig-
nal of precipitation (δ18Oprec), including the local precipi-
tation intermittency (Leng and Barker, 2006). We compare
δ18Olake to δ18Oprec data from the nearest GNIP stations
in Yakutsk and Irkutsk (Fig. 1a). The recent mean δ18Olake
of −20.0 ‰ (March 2020) at Lake Khamra is closest to
the long-term annual weighted mean δ18Oprec at Yakutsk
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Table 2. Results for the 14C ages of the bulk sediment samples EN18232-1.

Lab ID Depth F14C ±
14C ± Cal age Cal age Cal age Cal age Cal age Cal age

(cm) (abs) Age (yr) Median min (CE; max (CE; median min (BP; max (BP;
BP (CE) 2σ ) 2σ ) (BP) 2σ ) 2σ )

EN18232-1_26 25–26 0.7987 0.0020 1806 20 244 210 256 1706 1694 1740
EN18232-1_31 30–31 0.8415 0.0016 1387 15 651 640 664 1299 1286 1310
EN18232-1_35 34–35 0.8708 0.0016 1111 15 944 939 991 1006 959 1011
EN18232-1_38 37–38 0.8623 0.0016 1190 15 842 818 888 1108 1062 1132

(Fig. 3a) but is more depleted overall compared to Yakutsk,
Irkutsk and the modelled annual mean δ18Oprec (Fig. 3a).
Consequently, the offset of δ18Olake towards a depleted iso-
tope composition indicates that the water of Lake Khamra is
strongly influenced by isotopically light precipitation – likely
snow or snowmelt originating during the cold winter months
(Fig. 2). The similarity of the δ18Olake to Yakutsk (Fig. 3a)
might be explained by the fact that the monthly mean values
of δ18Oprec measured in Yakutsk were lower overall com-
pared to Irkutsk and the regional modelled data (Fig. 2).
δ18Oprec is temperature dependent and its global mean in-
creases with rising air temperatures (Tair) by +0.7 ‰ per °C
(Dansgaard, 1964). This reveals that Yakutsk has colder
annual mean temperatures compared to Vitim and Irkutsk
(−9.3 °C, 1929–2018 CE, Yakutsk, ECA station code: 3214),
which can be ascribed to its more northerly position (Fig. 1a),
and thus Yakutsk has the most depleted δ18Oprec (Dansgaard,
1964).

The Khamra δ18Olake measurements plot below the
GMWL (Fig. 3a), and the water samples measured in
March 2020 even plot slightly below the modelled LMWL
(Fig. 3a), indicating potential evaporation effects at this site.
The water samples taken in August and in March show a
linear correlation with a slope of 4.9 and an intercept of
−60.6 ‰ (n= 7, R2

= 0.99), which can be interpreted as an
evaporation line (EL; Fig. 3a) comparable with the local ELs
of central Yakutian lakes (slope= 4.99; n= 39, R2

= 0.95;
Wetterich et al., 2008). The intersection point of the EL with
the modelled LMWL (δ18O: −20.9 ‰, δD: −164.0 ‰) is
assumed to reflect the δ18O of the mean influx to the lake
and is nearly identical to the δ18Olake measurement from
August 2018 (δ18Olake: −21.2 ‰, δDlake: −165.3 ‰). This
suggests that the August δ18Olake sample has a clear pre-
cipitation signal and evaporation effects are negligible, as
supported by its very low conductivity of 40 µS cm−1 (Ta-
ble 1). However, the δ18Olake value measured in August 2018
is strongly depleted (Fig. 3a) and corresponds to a modelled
monthly mean value of precipitation between November and
December (Fig. 2). Since there only one water sample was
measured in summer 2018 and the difference of 1.2 ‰ from
the water samples in March 2020 is low, this single data point
should be interpreted with caution. However, in summer, an
isotopically heavier δ18Olake value would be expected due

to higher summer temperatures, potential evaporation effects
and the clear seasonality with enriched δ18Oprec in the sum-
mer months (Fig. 2). Hence, the inflow of meltwater from
either snow and/or glaciers in the catchment, which is iso-
topically light water, could lower δ18Olake, as seen in other
studies in Eurasia (Mackay et al., 2013; Meyer et al., 2015,
2022; Kostrova et al., 2021). Lake Khamra lies at a relatively
low altitude of 340 m a.s.l. and there are no glaciers in its
catchment that could be responsible for the depleted melt-
water input. We know from an expedition report (Biskaborn
et al., 2021a) that a lot of snow can accumulate in this area,
as observed in March 2020. These snow samples reveal the
lowest isotope composition of all analysed samples (Table 1).
Therefore, enhanced snow meltwater input could lead to an
isotopic depletion of the lake water, which can apparently
last until the summer months.

5.2 Drivers of δ18Odiatom

Different factors determine the isotopic signature of diatom
shells (Leng and Barker, 2006; Meister et al., 2024). It is
directly controlled by Tlake and δ18Olake during biosynthe-
sis (Moschen et al., 2005; Dodd and Sharp, 2010). Leclerc
and Labeyrie (1987) developed an equation based on the
temperature-dependent fractionation between water and bio-
genic silica that can be used to reconstruct the water tem-
perature conditions that prevailed during diatom shell forma-
tion. Applying Eq. (5) below, we use the recent measured
δ18Odiatom=+21.5 ‰ and the mean δ18Olake=−20.0 ‰,
measured in March 2020, to calculate a water–silica isotope
fractionation factor of α(SiO2-H2O) = 1.0423:

α(SiO2-H2O) =
(

1000+ δ18Odiatom

)/(
1000+ δ18Olake

)
(5)

(Leclerc and Labeyrie, 1987).
The following isotope fractionation correlation, Eq. (6),

between fossil diatom silica and water is then obtained:

1000lnα(SiO2-H2O) = 3.26 · 106/T 2
+ 0.45 (6)

(Leclerc and Labeyrie, 1987).
We derive a Tlake of+8.7 °C, which is substantially higher

than the mean Tlake of +2.5 °C measured in March 2020
below the ice. Calculating Tlake from the δ18Olake of
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−21.16 ‰ as measured in August 2018 (α(SiO2-H2O) =

1.0436), we derive a temperature of +4.8 °C. The calculated
water temperature range (+4.8 to +8.7 °C) seems to be re-
alistic for the early summer months when the ice cover of
Lake Khamra starts to melt (May is the first month in which
monthly mean Tair > 0 °C, 1928–2019 CE, Vitim, Fig. 2).
Further analyses of the short core EN18232-1 are of diatom
assemblages, which will be the focus of a follow-up study
and are therefore not included here. Overall, the planktonic
diatom genus Aulacoseira (Thwaites) is by far the most abun-
dant and consists mainly of the planktonic species Aulaco-
seira subarctica (O. Müller), for which the growth conditions
(Gibson et al., 2003) agree very well with the reconstructed
water temperature range. It is assumed that in lake systems,
the effect of diatom species-dependent isotope fractionation,
the so-called vital effect, is negligible (Shemesh and Peteet,
1998; Rosqvist et al., 1999; Shemesh et al., 2001; Leng and
Barker, 2006; Chapligin et al., 2012b). Since the genus Aula-
coseira builds up heavy and highly silicified diatom frustules
(Laing and Smol, 2003), it likely also dominates the diatom
biomass and hence the isotopic signal. Using Eq. (6) with
δ18Olake and Tlake measured in March 2020, we can calculate
an expected recent δ18Odiatom of +23.4 ‰. The calculated
δ18Odiatom is enriched by +1.9 ‰ compared to the actual
measured surface δ18Odiatom value (+21.5 ‰), likely due to
the very low water temperature measured in March, which
probably does not correspond to the diatom growth temper-
ature, as discussed above. Nevertheless, as the reconstructed
water temperature aligns with the dominant diatom species,
the δ18Odiatom record of Lake Khamra is generally assumed
to be suitable for palaeoclimate reconstructions.

Globally, Tair and δ18Oprec have a positive fractionation
coefficient of+0.7 ‰ per °C (Dansgaard, 1964), which com-
pensates for the fractionation of biosynthesis between Tlake
and δ18Olake (−0.2 ‰ per °C, Moschen et al., 2005; Dodd
and Sharp, 2010). As a consequence, Tair has a stronger
effect on δ18Oprec (linked with δ18Olake at Lake Khamra)
and therefore δ18Odiatom than Tlake. This tendency is visi-
ble in other δ18Odiatom studies of the Northern Hemisphere
(Meyer et al., 2015; Chapligin et al., 2016; Broadman et al.,
2022). The fractionation coefficient is significantly higher
(+0.81 ‰ per °C) than the global coefficient when using
the monthly average Tair values of the weather station in
Vitim and the monthly modelled δ18Oprec values (n= 12) for
the region (Bowen et al., 2005; Bowen, 2023; IAEA/WMO,
2023). The distinct seasonality of δ18Oprec highlights its
strong Tair dependency in the Lake Khamra region, given the
high annual Tair range of 47 °C (Fig. 2). Therefore, we con-
clude that the Tair-dependent fractionation of precipitation
dominates over the fractionation due to biosynthesis; hence,
Tair has a stronger effect on the δ18Odiatom record, and its
variations rather than Tlake shape palaeoclimate trends.

Figure 6. The top three plots show the Khamra δ18Odiatom record
(with age uncertainties) for phases I and II compared to the an-
nual temperature anomalies and annual precipitation anomalies of
Vitim (1929–2018 CE, 90 years, reference period 1961–1990 CE).
The lower plot shows the variation in precipitation amount for the
period 1929–2018 CE (90 years) displayed by season: June, July,
August (JJA); September, October, November (SON); December,
January, February (DJF); and March, April, May (MAM). Individ-
ual trends for each season are shown in the box. All meteorologi-
cal data are from the weather station in Vitim (59.45° N, 112.58° E;
186 m a.s.l.; ECA station code: 3235); the data are accessible via
https://climexp.knmi.nl (last access: 15 May 2023) (Klein Tank et
al., 2002).

5.3 Comparison of δ18Odiatom with meteorological data
since 1930 CE, including lake internal proxies

The comparison of the diatom isotope record with meteoro-
logical data from Vitim, starting in the 1930s (Fig. 6), en-
ables the validation of the variability of the δ18Odiatom record
based on factors such as Tair, evaporation, precipitation and
seasonality, at least in the upper part of the record (phases I
and II).

In phase I, we see an overall depletion of δ18Odiatom val-
ues. In contrast, the annual Tair rises and shows almost con-
tinuous positive anomalies from about the 1980s, reaching
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up to +3.4 °C (Fig. 6). A rising Tair would lead to en-
riched δ18Oprec values (Dansgaard, 1964) followed by ris-
ing δ18Olake and δ18Odiatom values. Moreover, an increase
in Tair probably leads to stronger evaporative effects, which
would even further enrich δ18Olake and hence δ18Odiatom, as
observed within the recent sediment samples of a δ18Odiatom
record in Alaska (Broadman et al., 2020). If we assume Tair
to be the main controlling factor, we would expect a contin-
uous increase in δ18Odiatom. As a consequence, Tair cannot
explain the observed recent depletion in δ18Odiatom, and it
likely plays a subordinate role, at least in phase I.

However, we see a significant increase in total rainfall
amounts in the study area, as illustrated by almost consis-
tently positive annual precipitation anomalies during phase I
(Fig. 6). An increase in precipitation in addition to rising
temperatures would buffer evaporation effects and thus po-
tentially weaken the increase in δ18Olake due to rising Tair.
This is supported by the isotope composition of the recent
lake water samples, which show only a minor effect of evap-
oration (Fig. 3a). In order to achieve a decrease in δ18Odiatom
resulting from higher precipitation levels, a greater quan-
tity of isotopically depleted water has to reach the lake and
then be incorporated into the diatom frustules. Most de-
pleted δ18Oprec falls during cold seasons, mainly as snow,
when regional monthly mean temperatures are below 0 °C
for 7 months (October to April; Fig. 2). All three cold seasons
(September, October, November: SON; December, January,
February: DJF; March, April, May: MAM) show a more
pronounced precipitation increase, whereas there is only a
slight increase during the summer months (June, July, Au-
gust: JJA; Fig. 6). The highest increase is recorded during
SON (+0.61 mm yr−1, R2

= 0.2) and DJF (+0.60 mm yr−1,
R2
= 0.5). Consequently, the overall increase in annual pre-

cipitation is likely mainly due to the increase in winter
precipitation. Several studies discuss a change in snowfall
amount over Eurasia in recent decades, probably as a result
of extreme temperature rises in the Arctic, leading to a loss
of sea ice and increased evaporation over the Arctic Ocean
(Ghatak et al., 2010, 2012; Wegmann et al., 2015; Bailey et
al., 2021; Sato et al., 2022). Increased moisture amounts are
transported southwards, leading to increased snowfall and
duration of snow cover between 1966–2007 CE in specific
areas of Eurasia, including Yakutia (Bulygina et al., 2009).
During SON, the second largest amount of annual precipita-
tion is received (Fig. 2), which may contribute significantly
to δ18Olake. Most of the precipitation during the SON sea-
son is expected to fall as snow (monthly mean Tair for Vitim
in September: 6.4 °C; in October: −3.3 °C; in November:
−18.0 °C; 1929–2018 CE) with highly depleted δ18O values
(Fig. 3a). The snow can accumulate in the catchment and lead
to a depletion of δ18Olake and, thus, of δ18Odiatom when it
reaches the lake as meltwater in the next spring season. The
influence of the variation in the amount of snowmelt as a
controlling factor in the diatom isotopes has been observed
in other lacustrine δ18Odiatom records in northern latitudes

(Mackay et al., 2013; Rosqvist et al., 2013; Broadman et al.,
2022; Meyer et al., 2022).

Increased snowmelt runoff might increase (soil) erosion
within Lake Khamra’s catchment. Dolomite and limestone
are present in the bedrock (Chelnokova et al., 1988) and are
possible sources of total inorganic carbon (TIC) in the sed-
iment (Fig. 5), which probably contributes to the observed
14C age offset (see Sect. 4.2). At Lake Bolshoye Shchuchye
in Russia, elevated TIC values are used as a proxy for erosion
and sediment supply from detrital carbonate in the bedrock
(Lenz et al., 2021). Overall, measured TIC values at Lake
Khamra are low. The consistently above-average TIC values
in phase I are comparable to a deglaciation period described
at Lake Bolshoye Shchuchye, supporting our argument for
possible erosional input from the catchment (Fig. 5). Never-
theless, there are possible other sources of TIC in lake sed-
iments, like biogenic carbonate sources, including carbon-
ate fossils. As they are absent in the Khamra sediments, they
are a rather unlikely TIC source. Since the pH value of the
modern Lake Khamra (pH 6) indicates acidic conditions, and
given the rather cold lake water temperature, autochthonous
calcite precipitation as a source of TIC (Cohen, 2003) seems
rather unlikely too. However, to exclude the presence of car-
bonate minerals with certainty, an SEM analysis of the sed-
iment would be required (Last and Smol, 2001), which is
beyond the scope of this study.

Mercury levels (THg) exhibit a continuous increase and
significant enrichment (Fig. 5), clearly surpassing the natu-
rally occurring mercury concentrations measured in Yakutian
permafrost, with a background signal of 5.21±3.66 µg kg−1

(Rutkowski et al., 2021). Mercury is known to be deposited
in lake sediments due to human pollution by different an-
thropogenic sources such as air fallout, erosion, mining and
agriculture as well as industry and urban waste waters (Wang
et al., 2004). Lake Khamra is very pristine, with no great in-
dustry or urban settlements in the close vicinity. It is likely
that mercury reaches Lake Khamra by air pollution, which is
comparable to Lake Bolshoe Toko, another pristine Russian
lake (Biskaborn et al., 2021b). The mercury accumulation
rates (HgAR) show a more than fourfold increase in phase I,
corresponding to mercury fluxes observed at Lake Baikal
post-1850 CE, especially in the south basin and the Selenga
delta (Roberts et al., 2020). We assume that the rising HgAR
at Lake Khamra, especially since the 1990s (Fig. 5), may be
connected with the concurrent industrialisation in Asia (dom-
inated by China and India) and the associated Hg emissions
(Pacyna et al., 2016; Sundseth et al., 2017), as discussed in
Roberts et al. (2020).

Phase II is meteorologically characterised by a clear pre-
cipitation deficit, while temperatures indicate a rather mod-
erate to cool period, contrary to phase I (Fig. 6). Rather cool
temperatures cannot explain the enriched δ18Odiatom data
due to the positive correlation between Tair and δ18Odiatom,
whereas the precipitation deficit may provide an explanation.
From about 1935 CE to 1955 CE, we see a clear reduction in
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SON precipitation (Fig. 6). Less snow accumulation leads
to less meltwater input in the following spring and hence
possibly to less depleted δ18Odiatom values. The relative in-
fluence of summer precipitation (JJA) on δ18Olake could in-
crease and, with its enriched δ18Oprec values, could also lead
to increased δ18Odiatom values. Additionally, evaporative ef-
fects due to the overall precipitation deficit in phase II might
further increase δ18Olake and, hence, δ18Odiatom.

TIC shows a shift around 1950 CE from below to above
the detection limit that occurs almost simultaneously with
the change from a minimum to a maximum in δ18Odiatom
(Fig. 5). However, an assumed enhanced erosional input from
the catchment linked with elevated TIC contrasts with the ob-
served overall precipitation deficit in phase II. Mercury levels
start to rise rapidly from 1930 CE and show a first maximum
around 1960 CE, which was probably due to deposition of
air pollution, as black carbon emissions quickly increased in
Russia at that time (Eckhardt et al., 2023).

According to the correlation with regional meteorologi-
cal data, air temperature alone cannot be the driving factor
of δ18Odiatom at Lake Khamra. We assume that, at least in
phases I and II, variability of precipitation is a key factor in-
fluencing the δ18Odiatom signal.

5.4 Comparison of δ18Odiatom and internal proxies
beyond meteorological data

In contrast to phases I and II, there are no meteorological data
covering phases III and IV. If we adopt the interpretation ap-
plied for phases I and II, the prolonged phase III, which has
the lowest δ18Odiatom mean value of all four phases, suggests
a phase of dominant winter precipitation, which is compa-
rable to phase I and the rather constant hydroclimatic con-
ditions overall at Lake Khamra (Fig. 5). Cool air temper-
atures along with generally more depleted δ18Oprec values
likely lead to reduced δ18Odiatom values. Thus, together with
possible increased winter precipitation, cold and wet peri-
ods have a reinforcing effect on δ18Odiatom that is difficult
to disentangle. Therefore, Tair as an influencing factor in
this part of the record cannot be ruled out, and it is possi-
ble that the record changes from a precipitation-dominated
to a temperature-dominated regime, as seen in other stud-
ies (Meyer et al., 2015, 2022; Broadman et al., 2022). TIC
values vary mainly below the mean, indicating rather neg-
ligible carbonate input from the catchment. Mercury levels
stay nearly constant (around 100 µg kg−1), as also seen in
phase IV (Fig. 5), which could be assumed to be the base-
line value of the short core in pre-industrial times. Mercury
fluxes also show nearly constant values that are slightly be-
low or along the mean (26.6 µg m−2 a−1). Slightly enriched
HgAR values at about 1910 CE are nearly identical to the
fluxes observed in the south basin of Lake Baikal (1910 CE:
0.26 ng cm−2 yr−1; Roberts et al., 2020), although local in-
dustrialisation is given as the cause there.

Following the interpretation, we would expect a rather dry
period with reduced winter precipitation linked with distinct
enriched δ18Odiatom values in phase IV (Fig. 5), which is
comparable to phase II. However, higher temperatures could
also have led to enriched δ18Odiatom values at the beginning
of the record. Similarly to phase III, a warm and simulta-
neously dry phase could have amplified the diatom isotope
signal. As a consequence, in the older part of the record
(phases III and IV), it stays indistinct, which is a decisive
factor in the δ18Odiatom variability, and Tair cannot be ruled
out as the prevailing influence on the diatom isotopy.

5.5 Comparison with regional to hemispherical proxy
records

Prior to meteorological recordings, comparable high-
resolution climate proxies of the region are rare. A char-
coal record from a parallel sediment core from Lake Khamra
(Glückler et al., 2021) is used as a regional wildfire proxy for
the past 2200 years (shown in Fig. 7 from 1750 CE as “robust
CHAR”, which accounts for accumulated uncertainties). Sta-
tistical analyses of this charcoal record reveal two maxima
for the last 250 years, which can be interpreted as increased
fire activity in the area. One occurs around 1950 CE; the other
(which is less pronounced) occurs in the early 1800s (Glück-
ler et al., 2021). The increased fire activity corresponds very
well with enriched δ18Odiatom values observed in phases II
and IV (Fig. 7). As persistent dry conditions favour forest
fires, the overlap supports the interpretation that the enriched
δ18Odiatom corresponds to dry conditions with reduced win-
ter precipitation at Lake Khamra. A reduction in snow ac-
cumulation might lead to less soil moisture availability after
snowmelt, and when an early end of snowmelt coincides with
higher temperatures, it can force extreme wildfires in eastern
Siberia (Scholten et al., 2022). In contrast, periods of low fire
activity, indicated by a low level of “robust CHAR” (Glückler
et al., 2021), coincide with the assumption of rather wet pe-
riods with increased winter precipitation, as seen in phases I
and III of the δ18Odiatom record (Fig. 7). While snow accumu-
lation might increase soil moisture, a prolonged snow cover
duration, which has been observed since 1966 CE in Yakutia
(Bulygina et al., 2009), might also limit the duration of the
subsequent annual fire season.

Other diatom isotope studies in the Northern Hemisphere
indicate a correlation with solar insolation on millennial
timescales (Swann et al., 2010; Kostrova et al., 2019, 2021;
Meyer et al., 2022). Insolation mainly influences Tair and,
thus, δ18Oprec. The maxima of δ18Odiatom and fire activity oc-
cur around 1950 CE, which coincides with the modern solar
maximum (Coddington et al., 2015) and a temperature peak
in the Northern Hemisphere (McKay and Kaufman, 2014)
(Fig. 7). This reinforces the interpretation of a dry period
in phase II during which the increased Tair could even am-
plify the enriched δ18Odiatom values. In contrast, the enriched
δ18Odiatom values in phase IV and the charcoal peak around
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Figure 7. The Khamra diatom oxygen isotope record, shown as absolute values and z-scores, in comparison to possible forcing and com-
parable diatom δ18O records. The proxies for comparison include a charcoal record of Lake Khamra (Glückler et al., 2021), the annual
averaged total solar insolation (TSI; Coddington et al., 2015), a reconstructed temperature anomaly for the Arctic (McKay and Kaufman,
2014) and a multi-decadal winter North Atlantic Oscillation (NAO) reconstruction (Trouet et al., 2009). Comparable δ18O records include a
record from Lake Baikal in Russia (RU) (Swann et al., 2018), those from two lakes in Sweden (S) (Jonsson et al., 2010) and a study from
Alaska (Broadman et al., 2022). Arrows aid the interpretation of the plots. Vertical lines indicate mean values.

1800 CE (Glückler et al., 2021) overlap with the coldest re-
constructed temperatures of the time period studied in our pa-
per (McKay and Kaufman, 2014) and with the Dalton Mini-
mum, a period of low sunspot activity between circa 1790 CE
and 1830 CE which coincided with the eruption of Mount
Tambora in Indonesia in 1815 CE. This volcanic eruption is
considered as one of the largest in recent centuries (Zielin-
ski et al., 1994; Bradley, 2015) and resulted in a significant
drop in global air temperatures, leading to, among other ef-
fects, an increase in the polar sea ice extent (Stenchikov et
al., 2009). In addition, there was significantly less precipita-
tion for over a decade, including in regions north of 40° N
(Kandlbauer et al., 2013), which overlaps with a reported
dry period from 1750 CE to 1820 CE based on a tree ring
δ18O moisture reconstruction from Northeast China (Liu et
al., 2022). As a consequence, the Dalton Minimum and the
corresponding low temperatures must have had a subordinate
effect on the δ18Odiatom record, as the oxygen isotopes of di-
atoms are, in general, positively correlated with temperature,
and a reduction in temperature would lead to a depletion
in δ18Odiatom. Therefore, the increased δ18Odiatom values in
phase IV also likely correspond to dry conditions, and tem-

perature as well as insolation can largely be excluded as a
driving force. Furthermore, the occurrence of dry conditions
around these times serves as a potential explanation for the
increased fire activity despite the cool temperatures.

Cooler temperatures and an expanded sea ice coverage
across the Arctic Ocean (Stenchikov et al., 2009) during
phase IV might have resulted in diminished inland moisture
transport (especially during the winter months), potentially
contributing to drier conditions in the Lake Khamra region. A
30-year smoothed and normalised winter North Atlantic Os-
cillation (NAO) reconstruction (Trouet et al., 2009) indicates
high variability over the last 250 years (Fig. 7), with negative
values signifying a diminished pressure gradient and a weak-
ening of the westerlies, resulting in a reduced eastward mois-
ture transport potential (Hurrell, 1995; Osborn, 2006; Hurrell
and Deser, 2010). This could favour dry conditions within the
Khamra region, whereas a positive NAO phase can increase
winter precipitation by enhancing westerlies and promoting
moisture transport. The significant negative NAO peak dur-
ing phase II (reduced winter precipitation) and the transi-
tion to a positive state in phase I (possibly snow rich) cor-
respond to the regional meteorological data (Fig. 6) and are
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consistent with the hydroclimatic interpretation of the diatom
record. The strong negative phase in the NAO reconstruction
between 1750 CE and 1800 CE does not directly correspond
to the increased diatom values in phase IV (Fig. 7). How-
ever, a previous significant negative NAO phase may have al-
ready favoured dry conditions in the region, which were also
promoted by the observed increase in fire frequency from
1750 CE (Glückler et al., 2021) and a dry period recorded in
a moisture reconstruction from Northeast China (Liu et al.,
2022).

Since there are opposite temperature and insolation trends
in phase II (rather warm, high insolation) and phase IV
(rather cool, low insolation) but the Khamra δ18Odiatom val-
ues are isotopically enriched in both phases, we conclude that
temperature and insolation likely play a minor role as prevail-
ing influences in our diatom record. The good agreement of
the Khamra δ18Odiatom record with the local charcoal record
and the winter NAO index contribute to the identification of
past hydroclimate variability. This strengthens the argument
that variations in precipitation dominate the δ18Odiatom sig-
nal, and that this extends to the earlier phases prior to mete-
orological observations.

5.6 Comparable high-resolution δ18Odiatom records
(regional and in the Northern Hemisphere)

There are very few high-resolution δ18Odiatom records at
northern latitudes that cover the same time period and can be
considered for comparison. For Russia, we only found one
high-resolution, decadal-scale diatom isotope study of the
southern basin of Lake Baikal (Fig. 1a; Swann et al., 2018). It
includes a composite δ18Odiatom record for the period 2010–
1850 CE (160 years). The authors interpret their δ18Odiatom
values oppositely to the Khamra record. Low δ18Odiatom val-
ues do not correspond to an increase but to a decrease in pre-
cipitation, presumably because isotopically enriched sum-
mer precipitation (linked with the Atlantic Multi-decadal Os-
cillation; Sun et al., 2015; Swann et al., 2018) dominates
the Baikal record, in contrast to the dominance of heav-
ily depleted winter precipitation at Lake Khamra, which
is linked with the NAO. Furthermore, there are two high-
resolution δ18Odiatom records from high-altitude sub-Arctic
lakes in Scandinavia (Figs. 1a and 7) covering the period
from about 2005–1835 CE (Jonsson et al., 2010). Here, de-
creasing δ18Odiatom values are linked with increased win-
ter precipitation that enters the lake as snowmelt, coinciding
with a high NAO index (Jonsson et al., 2010). This is a very
similar interpretation to the Khamra record and supports its
use as a proxy for winter precipitation and snowmelt. A sim-
ilar context of snow-dominated lacustrine environments has
been found for Kamchatka (Meyer et al., 2015) and the Polar
Urals (Meyer et al., 2022), albeit over longer timescales. In
Alaska, a multi-proxy palaeoclimate study includes a high-
resolution δ18Odiatom record from Kelly Lake on the Ke-
nai Peninsula (Fig. 1a) spanning the last 120 years (2018–

1902 CE; Broadman et al., 2022). The record is interpreted
as a hydroclimate proxy, whereby the temperature effect is
superimposed by various hydroclimatic variables (Leng and
Barker, 2006; Broadman et al., 2022), which corresponds to
the δ18Odiatom interpretation of Lake Khamra. There is an-
other diatom isotope study of Kenai Peninsula (Broadman et
al., 2020) that focuses on millennial-timescale hydroclimatic
changes but includes a high-resolution part (2018–1902 CE).
Comparison with meteorological data reveals that δ18Odiatom
in Alaska is mainly driven by the precipitation and evapora-
tion balance (P –E).

All δ18Odiatom records of the mentioned studies (Jonsson
et al., 2010; Swann et al., 2018; Broadman et al., 2020, 2022)
are significantly enriched in heavy isotopes compared to the
Khamra δ18Odiatom record (Fig. 7). The offset in δ18Odiatom
between these study sites is mainly due to considerably
cooler Tair and the distinctly continental climate of the Lake
Khamra region and its reflection in δ18Oprec. All compared
δ18Odiatom records shown in Fig. 7 indicate a decreasing
trend and a striking shift towards enriched δ18Odiatom val-
ues in the youngest samples. The Lake Khamra record has
no overall decreasing trend from 1850 CE until 1950 CE, af-
ter which the Khamra record shows a clear decreasing trend
until 2000 CE, with the two youngest samples showing a rise
(Fig. 7).

The Lake Baikal record (Swann et al., 2018) also has two
minima at the onset of the 20th century and a maximum in the
1970s, which is comparable to the Lake Khamra record. The
enriched δ18Odiatom values between 1850 CE and 1950 CE
do not fit with the overall trend for the values in phase III
of the Khamra record to be below the mean δ18Odiatom. Ex-
treme regional differences between these two lakes, such as
in catchment size and water residence time, as well as differ-
ences in the development of summer and winter precipitation
probably lead to the contrasting interpretation.

Jonsson et al. (2010) report the presence of a peak around
1980 CE in both Swedish δ18Odiatom records (Fig. 7), which
is delayed compared to the peak in the 1950s within the
Khamra record but also potentially attributable to a reduced
ratio of winter-to-summer precipitation during that period. In
general, the Swedish site shares similarities with the Khamra
region in terms of NAO-driven winter precipitation fluctu-
ations. Nevertheless, the δ18Odiatom increase after 1990 CE
is seen as a result of decreasing winter precipitation and si-
multaneous rising summer precipitation as well as rising an-
nual temperatures (Jonsson et al., 2010), whereas winter pre-
cipitation and air temperature increased in the Lake Khamra
region (Fig. 6). Remaining regional differences in hydrocli-
mate, such as the influence of the Arctic Ocean on precip-
itation in the Khamra region, probably led to the different
magnitudes of increase in the two records after 1990 CE.

The δ18Odiatom record from Kelly Lake is similar to the
Khamra record in phases I and II, with a maximum in the
1950s and a decrease afterwards. The authors relate this de-
crease to an increasing amount of depleted winter precipita-
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tion due to a reduction in sea ice extent, depleted glacial melt-
water originating from the glaciers and/or depleted ground-
water fed by glacial meltwater (Broadman et al., 2022). Un-
fortunately, there are no data available on groundwater con-
ditions at Lake Khamra. Since there are no glaciers in the
catchment of Lake Khamra which could contribute to an iso-
topic decrease, the interpretation of Khamra δ18Odiatom as a
winter precipitation proxy is strengthened.

Consequently, the regional setting strongly influences the
characteristics of each diatom record, requiring a case-by-
case approach to data interpretation and cross-site compar-
isons. Nonetheless, this comparison reveals similar hydro-
climate reactions that support the interpretation for Lake
Khamra and strengthen the significance of the Khamra di-
atom record as a hydroclimate proxy not only locally but also
for comparisons between regions with contrasting large-scale
hydrological patterns.

5.7 Hydroclimatic anomalies covered by the Khamra
δ18Odiatom record

Our investigations reveal that the Khamra δ18Odiatom record
can be interpreted as a hydroclimate proxy for winter pre-
cipitation variability in which Tair has a rather subordinate
effect on δ18Odiatom. Hence, extreme values in the δ18Odiatom
record of Lake Khamra are most likely linked to phases char-
acterised by drier conditions, which exhibit reduced snowfall
(maxima), or phases with wetter conditions, which are as-
sociated with increased snowfall (minima). Considering that
Lake Khamra’s residence time is modelled as being about
1 year and 3 months (474 d; Messager et al., 2016) and age
uncertainties limit the resolution of our record, multi-day
precipitation anomalies are unlikely to be captured by the
diatom record. Consequently, a hydroclimatic anomaly must
be of a “prolonged” or “persistent” nature (i.e. several dry
or moist years in a row) or must lead to a lasting change in
the conditions in the catchment area to have an impact that is
detectable within our sub-decadal diatom record.

The minima of the continuous δ18Odiatom record occur in
phase III and in phase II, whereas the maximum occurs in
phase II. Thus, the short phase II (1970–1930 CE, n= 6) is
characterised by the highest variability within this record.
Hence, this is interpreted as a period with an increased prob-
ability of hydroclimatic anomalies with rapidly changing
and/or exceptional environmental conditions. The maximum
in 1950 CE lies outside the 99 % percentile, and z-score anal-
ysis confirms that it is an exceptionally high value, as it is
the only one that deviates by nearly 3 times the standard
deviation within the record (Fig. 7). This maximum can be
ruled out as a measurement error or outlier, as the sample
has been measured in duplicate. Moreover, the values before
and after it support this maximum. Elevated δ18Odiatom val-
ues correspond to elevated δ18Olake values, likely caused by
diminished meltwater input. Between 1935 CE and 1955 CE,
a decrease in autumn (SON) precipitation is evident. This

period lies within a period of overall precipitation deficit in
the region until the late 1960s (Fig. 6). The precipitation re-
duction corresponds to a prolonged negative phase of winter
NAO (Fig. 7), with a minimum in the 1960s (Trouet et al.,
2009). Moreover, the δ18Odiatom maximum at 1950 CE coin-
cides well with a clear maximum of regional wildfire activity
(Glückler et al., 2021, Fig. 7). Vegetation surveys carried out
during the 2018 expedition (Kruse et al., 2019) revealed ex-
tensive regions of forest succession without less dense forest
cover in the vicinity of Lake Khamra. Remote sensing data
on historical forest fires and forest loss reach back to only
2000 CE (Hansen et al., 2013; Giglio et al., 2018). We hy-
pothesise that in the 1950s (corresponding to the observed
dry period), wildfires likely occurred and had a consider-
able impact, destroying the dense forest in the lake’s vicinity
and resulting in the formation of large forest succession ar-
eas afterwards, which can be observed today. An increase in
Cyperaceae pollen and more evergreen versus deciduous ar-
boreal pollen types in the 1950s (Glückler et al., 2021) sup-
ports the assumption of a massive vegetation change in the
vicinity of Lake Khamra after the 1950 CE fire event. Fur-
thermore, Cyperaceae have the capability to promptly estab-
lish in recently disturbed and deforested regions, such as re-
gions after a wildfire, besides their ability to grow in wet ar-
eas (Glückler et al., 2021 and references therein).

The lake internal proxies also show a distinct shift at the
time of the δ18Odiatom maximum. Assuming that a severe
fire suddenly led to an opening in the previously dense for-
est vegetation in the catchment, the affected area, especially
the soil cover, would likely have become more vulnerable to
erosion from rain and snowmelt flowing into the lake. Even
years after the fire event, the loss of vegetation cover could
have altered the input into the lake, in line with the TIC val-
ues from the 1950s on that were consistently above the mean
(Fig. 5). Additionally, the first peak in THg around 1960 CE
(Fig. 5) might be related to changed conditions in the catch-
ment area. Anthropogenic mercury inputs from increasing
industrial combustion that were transported by air (as dis-
cussed in Sect. 5.3) were likely the main Hg source. Mer-
cury can be released into the air by burning plant material
(Driscoll et al., 2013), but it can also accumulate in burned
soils, so it could have subsequently been transported into the
lake by erosion (Burke et al., 2010). The mercury accumu-
lation rates rise above the mean (26.6 µg m−2 a−1) for the
first time within the Lake Khamra record between 1930 CE
and 1950 CE. However, since the increase in the accumula-
tion rate is rather small, we assume that the main source of
Hg accumulation was still atmospheric Hg deposition from
anthropogenic sources.

Even though the z-scores of the δ18Odiatom record are less
pronounced than in phase II, we identify a similar tempo-
ral correspondence between a charcoal peak in the early
1800s (Glückler et al., 2021) and elevated δ18Odiatom values
in phase IV (Fig. 7). Hydroclimatic anomalies such as pro-
longed dry periods, which are mainly due to a deficit of win-
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ter precipitation, form the basis for enhanced forest fire ac-
tivity in this area. This hydroclimatic variability is reflected
in the diatom isotope record of Lake Khamra, which agrees
well with the regional reconstruction of forest fires.

6 Conclusions

The presented δ18Odiatom record of Lake Khamra provides
a valuable sub-decadal hydroclimate proxy record spanning
from about 1790 CE to 2015 CE for the understudied area of
south-west Yakutia in eastern Siberia. For the period since
meteorological measurements began in the 1930s, we can
exclude air temperature as the main driving factor for the
variability of the δ18Odiatom record of Lake Khamra. Instead,
δ18Odiatom is linked to seasonal precipitation changes in the
region, especially variations in early winter precipitation that
enter the lake as isotopically depleted snowmelt water. An
overall depletion of δ18Odiatom since the 1950s is interpreted
as an increase in winter precipitation in the area that is pos-
itively correlated with the winter NAO index. Prior to me-
teorological recordings, the δ18Odiatom signal also appears
to be little influenced by air temperature or solar insolation.
Comparisons with available palaeoclimate proxy records and
other high-resolution δ18Odiatom records from the Northern
Hemisphere support the use of the δ18Odiatom record of Lake
Khamra as a valuable hydroclimate proxy, especially for win-
ter precipitation shifts.

Hydroclimatic anomalies within the Lake Khamra
δ18Odiatom record are interpreted as dry periods that were
likely caused by reduced winter precipitation, which led to
enriched δ18Odiatom values at the onset of the 19th century
and especially in the 1950s, with the latter confirmed by me-
teorological data. These two dry periods overlap with recon-
structed charcoal maxima and serve as a potential explana-
tion for high fire activity in the area despite rather cool tem-
peratures, especially during an insolation minimum around
1800 CE. This highlights that the reconstruction of hydrocli-
mate conditions is a highly valuable means to better under-
stand climatic drivers of past fire activity.

We also detected a significant increase in mercury lev-
els that occurred nearly synchronously with the peak in
δ18Odiatom around 1950 CE and is mainly attributed to human
air pollution, despite the remote location of Lake Khamra.
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Appendix A

Table A1. Main geochemical characteristics and isotopic signatures of diatom samples from Lake Khamra. The purity of the sample ma-
terial was determined by EDS. The SiO2 content ranges between 96.1 % and 98.7 % and the Al2O3 content between 0.4 % and 0.7 %.
Mean δ18Odiatom values (“Diatom δ18Omean”), calculated contamination values (%) and δ18O values corrected for contamination (“Diatom
δ18Ocorrected”) are given. “sed” stands for sediment.

Sample ID Depth Depth Age SiO2 Al2O3 Na2O MgO K2O CaO FeO Total Diatom Diatom Repl Contamination Diatom
sed sed (CE) (%) (%) (%) (%) (%) (%) (%) (%) δ18O δ18O (#) (%) δ18O
top bottom mean (‰ SD (±) corrected
(m) (m) vs. SMOW) (‰ vs.

SMOW)

EN18232-1-01 0.00 0.01 2015 96.59 0.44 2.55 0.11 0.12 0.08 0.19 100.08 21.29 0.17 2 3.85 21.50
EN18232-1-02 0.01 0.02 2009 96.75 0.46 2.40 0.07 0.12 0.06 0.15 100.01 21.29 0.26 3 4.03 21.50
EN18232-1-03 0.02 0.03 2000 97.42 0.46 1.73 0.06 0.07 0.07 0.20 100.00 20.65 0.17 2 4.06 20.84
EN18232-1-04 0.03 0.04 1990 96.54 0.64 2.33 0.04 0.16 0.04 0.25 100.01 21.46 0.20 2 5.65 21.78
EN18232-1-05 0.04 0.05 1980 97.07 0.49 2.04 0.06 0.10 0.07 0.19 100.01 21.72 0.24 3 4.31 21.97
EN18232-1-06 0.05 0.06 1970 96.05 0.55 2.97 0.11 0.14 0.06 0.17 100.04 21.80 0.21 2 4.84 22.09
EN18232-1-07 0.06 0.07 1961 96.47 0.69 2.43 0.06 0.09 0.07 0.21 100.02 22.08 0.06 2 6.14 22.47
EN18232-1-08 0.07 0.08 1953 97.13 0.52 1.98 0.05 0.12 0.06 0.16 100.01 23.11 0.22 2 4.59 23.45
EN18232-1-09 0.08 0.09 1947 96.45 0.55 2.58 0.08 0.13 0.07 0.19 100.04 22.26 0.09 2 4.85 22.57
EN18232-1-10 0.09 0.10 1941 98.60 0.54 0.44 0.06 0.05 0.11 0.21 100.00 20.39 0.14 2 4.77 20.60
EN18232-1-11 0.10 0.11 1936 96.70 0.57 2.25 0.07 0.15 0.07 0.19 100.00 22.40 0.11 2 5.08 22.73
EN18232-1-12 0.11 0.12 1930 97.72 0.69 1.09 0.08 0.11 0.08 0.24 100.00 21.30 0.26 2 6.08 21.63
EN18232-1-13 0.12 0.13 1925 98.66 0.50 0.46 0.04 0.04 0.10 0.22 100.00 21.22 0.10 2 4.38 21.46
EN18232-1-14 0.13 0.14 1920 97.07 0.51 2.05 0.03 0.11 0.06 0.18 100.00 21.66 0.13 2 4.47 21.92
EN18232-1-15 0.14 0.15 1915 97.90 0.70 0.94 0.06 0.11 0.08 0.21 100.00 20.32 0.21 2 6.16 20.59
EN18232-1-16 0.15 0.16 1909 97.45 0.43 1.77 0.05 0.08 0.08 0.17 100.02 21.56 0.16 2 3.76 21.78
EN18232-1-17 0.16 0.17 1904 96.57 0.44 2.65 0.07 0.09 0.07 0.14 100.03 21.54 0.05 2 3.85 21.76
EN18232-1-18 0.17 0.18 1899 97.37 0.43 1.77 0.06 0.06 0.09 0.25 100.04 20.76 0.21 2 3.82 20.94
EN18232-1-19 0.18 0.19 1894 98.40 0.56 0.71 0.04 0.04 0.09 0.18 100.01 20.89 0.02 2 4.91 21.13
EN18232-1-20 0.19 0.20 1889 96.25 0.50 2.92 0.07 0.10 0.07 0.15 100.05 22.03 0.14 2 4.43 22.31
EN18232-1-21 0.20 0.21 1884 97.24 0.49 2.00 0.06 0.03 0.06 0.15 100.01 21.45 0.24 2 4.29 21.69
EN18232-1-22 0.21 0.22 1879 97.16 0.42 2.15 0.05 0.06 0.07 0.13 100.03 20.81 0.05 2 3.69 20.99
EN18232-1-23 0.22 0.23 1874 98.53 0.46 0.74 0.04 0.02 0.08 0.15 100.03 20.40 0.26 3 4.09 20.59
EN18232-1-24 0.23 0.24 1869 97.31 0.53 1.85 0.05 0.04 0.07 0.17 100.02 21.42 0.15 2 4.71 21.68
EN18232-1-25 0.24 0.25 1864 97.63 0.71 1.19 0.09 0.10 0.09 0.19 99.99 20.99 0.06 2 6.32 21.32
EN18232-1-26 0.25 0.26 1859 97.82 0.49 1.42 0.07 0.02 0.07 0.14 100.02 21.09 0.16 2 4.29 21.31
EN18232-1-27 0.26 0.27 1853 97.86 0.44 1.45 0.04 0.02 0.04 0.17 100.01 21.33 0.22 2 3.87 21.54
EN18232-1-28 0.27 0.28 1848 98.37 0.46 0.84 0.04 0.02 0.09 0.19 100.01 20.94 0.10 2 4.07 21.14
EN18232-1-29 0.28 0.29 1843 97.25 0.50 1.93 0.04 0.03 0.10 0.19 100.02 21.58 0.15 2 4.46 21.84
EN18232-1-30 0.29 0.30 1838 97.91 0.66 1.06 0.06 0.09 0.04 0.18 100.00 20.96 0.15 2 5.84 21.26
EN18232-1-31 0.30 0.31 1833 97.55 0.54 1.54 0.06 0.05 0.10 0.18 100.01 21.12 0.22 2 4.74 21.37
EN18232-1-32 0.31 0.32 1828 97.31 0.39 1.96 0.07 0.03 0.08 0.18 100.01 22.00 0.05 2 3.44 22.21
EN18232-1-33 0.32 0.33 1823 97.19 0.51 2.01 0.05 0.03 0.07 0.17 100.02 22.29 0.01 2 4.49 22.58
EN18232-1-34 0.33 0.34 1818 97.62 0.52 1.53 0.03 0.04 0.09 0.19 100.02 22.06 0.01 2 4.60 22.34
EN18232-1-35 0.34 0.35 1813 97.88 0.54 1.21 0.05 0.08 0.08 0.17 100.01 21.37 0.01 2 4.77 21.63
EN18232-1-36 0.35 0.36 1808 97.47 0.61 1.53 0.10 0.04 0.09 0.22 100.05 21.98 0.19 2 5.36 22.31
EN18232-1-37 0.36 0.37 1803 97.53 0.40 1.79 0.03 0.03 0.08 0.15 100.02 21.70 0.15 2 3.57 21.90
EN18232-1-38 0.37 0.38 1798 97.79 0.53 1.34 0.05 0.04 0.10 0.18 100.02 21.71 0.03 2 4.69 21.99
EN18232-1-39 0.38 0.39 1793 98.10 0.57 1.02 0.04 0.03 0.08 0.17 100.02 21.99 0.26 2 5.05 22.30
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organic carbon and the Khamra δ18Odiatom record, are available
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et al., 2024).
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