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Abstract Mercury (Hg) is a toxic trace metal. It is clear that its natural cycle has been highly disturbed by
human activities, but there remains much to understand about how it operated before these perturbations. For
example, the influences of glacial-interglacial climate changes on the geochemical cycle of environmental Hg
remain poorly understood. While key Hg surface reservoirs are sensitive to millennial-scale climate variations,
itis unclear whether these responses influence their long-term behavior. Here, we explore how the terrestrial Hg
cycle responds to environmental changes over multiple glacial-interglacial cycles by analysis of a ~1.36-
million-year-long sedimentary Hg record from the ancient Lake Ohrid (SE Europe): with the objective of
understanding which processes may impact the behavior of this cycle on millennial timescales. Our analysis
reveals periodic behavior in Hg between 1,360 and 780 thousand years ago (ka), but a weaker link from ~780 ka
to present. This transition corresponds roughly to the Mid-Pleistocene transition (MPT), which is observed in
climate and ice-volume proxies in both Northern and Southern Hemispheres. These data confirm that long
lacustrine Hg records are modulated by, and can capture variability in, terrestrial reservoirs for Hg. We propose
that the change in Hg behavior corresponds to a reduction in catchment vegetation and soil carbon, and,
consequently, Hg reservoir capacity following the Mid-Pleistocene transition. Our findings demonstrate that
climate-driven changes in terrestrial reservoir size and stability can significantly influence the long-term
behavior of Hg, which could have major implications for our understanding of this cycle on a regional to global
scale.

1. Introduction

Mercury (Hg) is a toxic metal released into the atmosphere by both natural and anthropogenic processes (Obrist
et al., 2018). Following removal from the atmosphere, Hg is cycled between major surface reservoirs (e.g., air,
water, biomass), before eventually being sequestered in sedimentary archives, including marine and lake sedi-
ments, and soils. Studying the long-term evolution of this cycle is valuable for two reasons: (a) to assess the extent
to which it may be influenced by different environmental processes and/or events, and (b) to constrain the
“baseline” Hg cycle conditions that existed prior to human influence. Both are critical for building comprehensive
models of Earth's system responses to climate variability, and can be used to directly assess the efficacy of recent
regulatory action on biological Hg concentrations and human exposure (Outridge et al., 2018). However, due to
the scale of modern anthropogenic pollution, and a scarcity of pre-Holocene studies, the natural background
variability of the (terrestrial) Hg cycle and the processes driving variability in this cycle on geological timescales
(>10? years) remain poorly understood (Amos et al., 2014; Selin, 2009). By testing hypotheses of Hg behavior in
specific conditions and settings, we can begin to isolate key processes within the Hg source-to-sink pathway, and
the extent to which this pathway may be influenced by, for example (hydro-) climate, ice cover, and ecosystem
perturbations. Specifically, vegetation and soils are large surface reservoirs that hold organic matter and Hg, and
are considered critical to the long-term (=107 years) Hg cycle (Gworek et al., 2020). However, data to test the Hg
cycle response to climate-driven changes in these two reservoirs are lacking.

Paleoclimate archives document over 40 transitions between glacial (cold) and interglacial (warm) conditions
since 2.58 Ma (Palacios et al., 2022). These cycles operated with an obliquity-driven, 41-kyr periodicity prior to
~1,200 ka, but after the Mid-Pleistocene Transition (MPT; ~1,200-700 ka), they shift to a periodicity equating to
~100-kyr. This led to the establishment of larger continental ice sheets in the Northern Hemisphere, and marked a

PAINE ET AL.

1 of 20


https://orcid.org/0000-0003-4404-3021
https://orcid.org/0000-0002-5374-1625
https://orcid.org/0000-0002-1369-7893
https://orcid.org/0000-0002-0370-5802
https://orcid.org/0000-0003-4259-7303
https://orcid.org/0000-0003-4329-1058
https://orcid.org/0000-0002-2663-9940
mailto:alice.paine@unibas.ch
https://doi.org/10.1029/2025PA005245
https://doi.org/10.1029/2025PA005245
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025PA005245&domain=pdf&date_stamp=2026-04-18

. Y d N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2025PA005245

Supervision: Tamsin A. Mather, Stuart
A. Robinson, David M. Pyle

Validation: Bernd Wagner
Visualization: Alice R. Paine

Writing — original draft: Alice R. Paine
Writing — review & editing: Alice

R. Paine, Joost Frieling, Bernd Wagner,
Alexander Francke, Jack H. Lacey, Tamsin
A. Mather, Stuart A. Robinson, David

M. Pyle

LOCAL GEOLOGY

Quaternary Jurassic Devonian
(fluvial/ ) ( t ) (metasediment)
Tertiary Triassic Cretaceous
(fluvial sediment) (limestone) (limestone)

WATER DEPTH
0m 150 m 290 m

EEEREEEEEEEEOL

Figure 1. (a) Map showing the location of Lake Ohrid (41°02'N, 20°43’E) in south-east Europe, marked by a black star.
(b) Bathymetric map of Lake Ohrid marked with 10-m contour intervals, and the 5045-1 (DEEP) drill site as a black, orange
outlined star (Wagner et al., 2019). The dashed white oval marks an area of hydrothermal activity characterized by solfataras
and fumaroles (Hoffmann et al., 2010). (c) Satellite image of the modern-day Lake Ohrid, where mixed forest can be seen
surrounding the lake basin (© NASA 2022).

fundamental change in the Earth system (Clark et al., 2006). Glacial terminations occurred at specific points in the
orbital configuration, when changes in (mid-latitude) insolation interrupted ice sheet expansions, prompting a
return to warmer and wetter conditions (Palacios et al., 2022). Accompanying these climatic changes were
significant modifications to ecosystem composition, structure, and functionality, manifesting as shifts in vege-
tation density, diversity, and interactions, and/or alterations in soil physical or chemical properties (Donders
et al., 2021; Tzedakis et al., 2006). Physical glacial-interglacial changes in environmental conditions were also
accompanied by changes in biogeochemical cycling. Global carbon (Yu et al., 2023), nitrogen (Ren et al., 2017)
and phosphorus (Filippeli, 2008) cycles all follow a characteristic “sawtooth” pattern in many late Pleistocene:
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records reflecting the consequences of a gradual cooling trend from glacial inception to peak glacial conditions,
followed by a rapid glacial termination.

The limited evidence that is available suggests glacial-interglacial changes in Hg may follow a similar pattern to
the Quaternary glacial-interglacial climate variations. For example, clear increases in Hg concentrations are
documented during the last deglaciation (termination I: 19-11 ka) in ice cores (e.g., Segato et al., 2023) and
terrestrial (lacustrine) sediments (e.g., Paine et al., 2024). Knowledge of Hg cycle variability spanning further
back into the Pleistocene is based almost entirely from records produced from marine sediment cores, which
document low-amplitude shifts in Hg concentration proposed as corresponding to oscillations in atmospheric and
ocean circulation during the last glacial cycle (Chede et al., 2022; Figueiredo et al., 2022). However, these longer
records are controlled by both marine and terrestrial processes, making it difficult to isolate the influences of
specific processes and source-to-sink Hg pathways. Hence, it also remains unclear whether the changes related to
glacial-interglacial transitions produce regular variations in marine or terrestrial Hg records, and which, if any,
processes may control this behavior.

Here, we present a 1,360-kyr-long sedimentary Hg record using the Lake Ohrid sediment succession (Figure 1)
that continuously covers the entire lake history up to the present day. Lake Ohrid has an exceptional paleo-
environmental framework with which to examine Hg variability relative to changing local conditions, and records
both tectonic and climate-driven changes in sedimentation (Wagner et al., 2019). Therefore, these sediments
record glacial-interglacial cyclicity both prior to and following the MPT, and offer the opportunity to explore if
sedimentary Hg responds to both orbital-scale climate changes, and regional-to-global-scale biogeochemical
processes.

2. Study Setting

Lake Ohrid (41°02'N, 20°43'E) is a tectonic lake situated 693 m above sea level in south-east Europe (Figure 1a).
The present-day lake is ~30 km long, 15 km wide and up to 293 m deep, with a ~1,300 km? catchment. The lake
lies in the hydrothermally active Korga-Ohrid earthquake source zone (Hoffmann et al., 2010), with Quaternary
lacustrine and fluvial deposits on the northern and southern plains, and mountain ranges to the west and the east of
the basin (Figure 1b, Figure S1 in Supporting Information S1). Vegetation and soil types in the modern-day Ohrid
catchment are distributed in altitudinal belts. Mixed deciduous forests and rendzina (organic-rich) soils are
typically found in lower-elevation regions (<1,800 m), whereas in the higher montane areas sub-alpine grasses,
beech and coniferous forests, and acidic podzolic soils are more common (Figure 1c; Vogel et al., 2010). The
~447 m-long sedimentary succession extracted from the DEEP (central) site provides a continuous record of
hemipelagic sediment accumulation since ~1,360 ka, with age control provided by combining tephrochrono-
logical data from 16 *°Ar/**Ar dated tephra layers, magnetostratigraphic data, and orbital-tuning of peaks in total
organic carbon (TOC, Figure S2 in Supporting Information S1; Wagner et al., 2019). The 95% confidence in-
tervals of ages for specific depths produced by Bacon Bayesian age modeling are +5.5 kyr on average, with a
maximum of £10.6 kyr (Text S2 in Supporting Information S1). Detailed description of the parameters and
software used to construct the final age-depth model is included in a Supporting Information S1 file.

3. Methods
3.1. Sedimentary Mercury

Paine et al. (2024) analyzed sedimentary Hg concentrations in the top 36 m of the DEEP 5045-1 sediment
succession. We extend this data set to cover the full ~447 m succession, with Hg measurements taken for 640
powdered bulk sediment samples between ~36 and ~447 m composite depth at a sampling resolution of 64 cm (or
an average of ~2 kyr). Total Hg concentrations (Hgy) were measured using a RA-915+ Portable Mercury
Analyzer with PYRO-915+ Pyrolyser, Lumex (Bin et al., 2001) at the University of Oxford. Powdered samples
(39-340 mg mass) were weighed into glass measuring boats, placed into the pyrolyser (Mode 1), and heated to
~700°C. The Hg present is volatilized and oxidized to Hg® and quantified via spectral absorption, and the in-
strument subsequently records the absorption of UV light by Hg atoms at a specific wavelength: signaling the total
Hg content of the sample (Bin et al., 2001). Standard materials (paint-contaminated soil—NIST Standard
Reference Material ® 2587) with a known Hg value of 290 + 9 ng g~' were run prior to and during sample
analysis to calibrate the instrument. Analysis of repeated standard measurements (using masses tailored to give
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comparable peak areas to the samples analyzed) indicate reproducibility is generally +10% or better in line with
long-term observations of this standard on this machine (Frieling et al., 2023).

Rates of Hg accumulation in both cores were calculated by:
Hg,r = Hgr (DBD X SR) €))

where Hg ,, is the total Hg mass accumulation rate (mg m~> kyr™"), Hg is the total Hg concentration in a sample
(mg g~ "), DBD is the dry bulk density (g m™>), and SR is the sedimentation rate (m kyr™"). Values for Hg,y, are
calculated with respect to the median age estimate for each sample. Sedimentation rate values are those calculated
by Wagner et al. (2019), see also SI 2). Dry bulk density values were calculated immediately after sampling from
volumetrically sampled aliquots at the University of Cologne (Francke et al., 2016).

To explore whether sedimentary Hg is present in a single or multiple host-phases, thermal desorption profiles
(TDPs) were obtained for a representative subset of 5045-1 samples (n = 29) using the continuous-flow-based
methodology presented in Frieling, Fendley, et al. (2024) (Table S1 in Supporting Information S1). Samples
at room temperature were rapidly heated to 700°C, with Hg release lasting typically <1 min. Both Hg and TDPs
for each sample were obtained simultaneously using a Lumex RA-915M at the University of Oxford, with a
detector signal at one second increments extracted from the raw time-series output. The raw thermal desorption
data for each sample were isolated from the detector time series using the sample start and end point flags as
recorded in the Lumex RAPID software. Similar to total Hg concentration measurements, all Hg TDPs were
obtained in the highest-temperature mode, without boost heating. The weight of each sample was held constant
(50 £ 4 mg) to limit any effects of thermal inertia during sample heating and ensure reproducibility (Frieling,
Fendley, et al., 2024; Frieling, Mather, et al., 2024).

3.2. Carbonate Correction

In Lake Ohrid, endogenic calcite (CaCO;) accounts for up to >80% of the total sediment carbonate mass with
small contributions from biogenic and detrital terrigenous calcium carbonate (Lacey et al., 2016), and is generally
most dominant during warm, interglacial periods (Wagner et al., 2019). Such a high and variable carbonate
content creates a high risk of Hg fluxes to the sediment being diluted, and the variability results in a positive
correlation to other diluted phases (TOC, TS, quartz, clay minerals), when this effect is not suitably accounted for.
Carbonate-dilution is a common feature in sedimentary Hg records, as carbonate minerals rarely host appreciable
amounts of Hg (Fendley et al., 2024). As carbonate accumulation increases, Hg-bearing siliciclastic or organic
components can be diluted to such an extent that it produces a “false” reduction in Hg concentrations—a reduction
that may be incorrectly interpreted as a change in net Hg flux to the system. Indeed, we observe a negative
correlation between total inorganic carbon (TIC) and Hg (2 = 0.64, r = —0.8) that indicates carbonate dilution
exerted a significant effect on Hg concentrations throughout the DEEP 5045-1 record (Figure S3 in Supporting
Information S1).

The dilution effect imposed on Hg in this system also extends to other non-carbonate compounds such as organic
and siliciclastic detrital material (Figure S3 in Supporting Information S1). TOC appears the least affected by this
dilution, probably because more intense authigenic carbonate precipitation in warm interglacial periods coincides
with higher primary productivity and TOC contents in the sediments (Francke et al., 2016).

To remove the correlation imprinted by carbonate dilution on organic and detrital compounds in DEEP 5045-1,
and to avoid spurious correlations between Hg and any other parameters, or periodicity imprinted by carbonate
dilution we assess Hg, organic matter (TOC), and detrital (Qz, K) variations on a carbonate-free basis (CFB).
We use:

X
XcrB = 1_703 @)
100

where X indicates values for Hgy, TOC, K, and Qz, and Xy represents the carbonate-free concentration/
abundance of each species, respectively. CaCOj; is the concentration (wt %) of calcium carbonate in a given
sample. Concentrations of CaCOj; are calculated from TIC according to the mass ratio using:
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Figure 2. Comparison of the relationship between Hg rp and Qzcpg, Hgr cpp and Kegg, and Hgr pg and TOC pp—all
corrected for carbonate dilution. R-squared (%) and r values are also included. All correlations (n = 640) are significant at
p < 0.01 but never explain a substantial proportion of the variability.

CaCO; = TIC x 8.33 3)

drawing upon published TIC values (Wagner et al., 2019). Inorganic carbon compounds in the Lake Ohrid
sediment archive are dominated by calcite with minor amounts of siderite (FeCO;) present during periods of
overall low TIC (Lacey et al., 2016). As CaCOj is by far the dominant form we here assume all TIC is in CaCO;
(Equation 3) to correct for carbonate dilution. The parameters Qz-rg and Kgp are practical metrics, where the
relation with carbonate is removed. However, due to the potential influence of non-linearities in the X-Ray
Fluorescence (XRF) and Fourier Transform Infrared Spectroscopy (FTIR) analyses that underlie K and Qz
data, these K and Qzgg data should not be interpreted quantitatively. They are simply used to test for potential
co-enrichment of Hg, K and Qz outside the influence of carbonate dilution.

3.3. Time Series Analysis

To test whether cycles of significant spectral density are present in the DEEP 5045-1 Hg record, we performed
Lomb-Scargle spectral analysis using PAST v.4.16 software (Hammer et al., 2001). Low coefficient values
produced by an autoregressive moving average (ARMA) model (Table S3 in Supporting Information S1) suggest
that the data lacks strong temporal dependencies that would infer a strong red-noise influence (e.g., van der Bolt
et al., 2018), does not contain any major gaps, was sampled at regular depth intervals, and reflects a relatively
stable sedimentation rate (Francke et al., 2016; Wagner et al., 2019). To ensure our interpretation of the Hg record
was independent, and so avoid assumptions based on Hg behavior itself, we sub-divided the time-series into three
intervals prior to assessing spectral power. This subdivision followed preliminary identification of a dominant
periodicity of ~1,086-kyr in the full (~1,360-0 ka) DEEP 5045-1 Hgy g data set, which suggests interference
from a non-environmentally significant factor (Figure S8 in Supporting Information S1). Thus, the data was
divided based on objective changes in lake history and global boundary conditions, notably the onset of hemi-
pelagic sedimentation (1,360—1,200 ka), establishment of oligotrophic conditions (1,200-780 ka), and global shift
to ~100-kyr glacial cycles (780-0 ka) (Wagner et al., 2019). These time-windows also aid the examination of
local Hg behavior evolution across the MPT.

Frequency values in cycles/kyr of the Lomb-Scargle periodograms were transferred into the time-domain
(Freqrpvp) to indicate the statistically relevant cycles in kiloyears (kyr), using

Freqrye = 1/(F) 4)

where F is the frequency value generated by the spectral analysis.

The temporal evolution of dominant periodicities in the data was explored first by continuous wavelet transform
(CWT) analysis, using a Morlet mother wavelet. Red-noise background was corrected for autocorrelation by
applying an autoregressive moving average (ARMA) to the data series, following which a wavelet power
spectrum was computed. Spectral analysis of the detrended Hgr pg data was performed first on the full
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(~1,360-0 ka) series, and subsequently on three discrete intervals based on changes in lake history
(1,360-1,200 ka, 1,200-780 ka, and 780-0 ka).

To isolate periodicities associated with cycles identified as significant (~41 and ~100 kyr) in the Lomb-Scargle
spectral analysis we applied a bandpass filter to the DEEP 5045-1 Hg g data using the R package astrochron
(Meyers, 2014). Bandpass analyses were conducted on the raw, non-detrended, Hgy g data using frequency
ranges of 38—46 kyr and 90-130 kyr to extract variability associated with the 41 and 100 kyr cycles respectively.
These frequency ranges were calculated to accommodate the dominant frequencies, and allow some stretching
around that frequency to minimize impact from small errors introduced by the age-depth model. Mean cycle
duration for each orbital configuration following the orbital solution of Laskar et al. (2004) (Table S4 in Sup-
porting Information S1). Higher frequency periodicities that might be associated with astronomical precession
(~19-24 kyr) were not significant anywhere in the power spectra (Figure 4), and so are not included in bandpass
analyses.

4. Results

Reconstruction and comparison of Hg variability within the DEEP sediment succession requires isolating
Hg variability from variations associated with organic carbon (e.g., represented by TOC), and detrital phases
(e.g., represented by Qz, K). Although many previous studies have normalized Hg concentrations to these, this
approach also imprints the variability of those parameters on the normalized Hg ratio, and may mask subtle
variability in Hg.

Near-zero correlation coefficients between Hgy cpg and carbonate-corrected proxies for organic-matter and
detrital materials suggest that, after removing the carbonate dilution effects, Hg variability is generally unrelated
to the availability of both organic and detrital host phases (Figure 2). There is no evidence for co-enrichment of
Hg and TOC, Qz or K across the full data set (Figure S5 in Supporting Information S1), and throughout the time
interval covered by the DEEP core (Figure S6 in Supporting Information S1). Although these correlations reach
statistical significance (likely due to large sample size; n = 640), their explanatory power is very limited as Qz/K
and TOC account for only ~1%-5%, and <1% of the variance in Hg, respectively (Figure 2). This extremely low
co-variance, therefore, suggests that host-phase influences are minor relative to other processes. This is signif-
icant for two reasons. First, it suggests that normalizing Hg_gg to any of these phases (whether in carbonate-free
space or bulk) would be inappropriate, as it would effectively imprint variability in these phases onto the Hg-
normalized parameter, and so introduce artifacts to the data set. Second, it implies that normalizing Hg to K,
Qz, or TOC (bulk or carbonate-corrected) would not remove any co-enrichment effects such as may be common
in the marine realm (Shen et al., 2020). Indeed, prior to applying a normalization a strong linear relation with a
zero intercept (y = a X x) needs to be demonstrated to avoid introducing major errors, and biasing such as inflation
of Hg-normalized values at low “host phase” abundance. These basic prerequisites are not met here (Figure 2).
Instead, Hg normalization would imprint the unrelated variability in other phases onto Hg, introducing artifacts.
We consider Hg_ g as the most appropriate parameter to examine (isolated) Hg variability.

The sediments of core DEEP 5045-1 record clear variability in Hgr_cpg through time (Figure 3a). Hgr_cpp values
average 37.4 ng g~" (range: 10.9-93.9 ng g™, standard deviation: 13.2), with the largest peaks recorded between
~260 and 130 ka. Accumulation rates (Hg,g) average 10.7 mg m~2 kyr~' (range, 0.7-42.6, standard deviation
7.7 mg m~2 kyr™"), and the largest Hg,, peaks are also concentrated between ~260 and 130 ka, when sedi-
mentation rates also reach maximum values (Figure 3g).

The absence of a correlation between Hg, common sedimentary host phases (e.g., TOC), or clastic detrital matter
(e.g., Qz, K) might also suggest that variability in the Hg flux to the lake dominates the Hg deposition, or that
more unusual and/or variable host-phases obscure the Hg-host phase relation. We test whether any Hg speciation
changes occur by analyzing thermal desorption profiles (TDPs) of representative samples through the sequence,
and these profiles reveal a single, dominant phase (that contains >90% of Hg) in all samples (Figure S7 in
Supporting Information S1). Organic-matter associated Hg is the most common form upon deposition and, given
the low overall concentrations of sulfur in DEEP 5045-1, it is therefore likely that this single TDP phase reflects
an organic phase that contains (almost all) Hg. This is further supported by the observation that organic-bound Hg
in natural sediments generally desorbs at low temperatures relative to other, more thermally stable, materials
(e.g., sulphides, iron hydroxy complexes and more exotic Hg minerals) (Frieling, Fendley, et al., 2024; Frieling,
Mather, et al., 2024; Saniewska & Beldowska, 2017). Together with the lack of evidence that host-phase
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Figure 3. Sedimentological data obtained from core DEEP 5045-1. (a) Total Hg (Hg_cpg), (b) Hg accumulation rate (Hg ),
(c) quartz abundance (Qz), (d) potassium abundance (K), (e) total organic carbon (TOC), (f) total inorganic carbon (TIC)
concentrations, (g) sedimentation rate (SR) is calculated from published chronology and grain-size information (data sets
(c—g) first presented in Wagner et al. (2022, 2019). Mass movement deposits (MMD) are marked by brown diamonds
(Francke et al., 2016), and lithological data based on published literature (Wagner et al., 2019). Glacial intervals are marked
by gray bars based on the Marine Isotope Stage (MIS) stratigraphy (Lisiecki & Raymo, 2005). Dashed vertical lines mark the
boundaries of three key intervals in the lake's history and global boundary conditions: 1,360-1,200 ka (onset of hemipelagic
sedimentation), 1,200-780 ka (establishment of oligotrophic conditions), and 780-0 ka (global shift to ~100-kyr glacial
cycles) (Wagner et al., 2019).

abundance exerts any appreciable control on sedimentary Hg content both in bulk, and with carbonate dilution
effects included (Figure 2, Figure S5 in Supporting Information S1), we infer that the net Hg supply is the first-
order control on Hgr cpg and Hg,g. Similar “flux-limited” regimes have been observed in other lacustrine
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Figure 4. Spectral analysis results for DEEP 5045-1. (a) Lomb-Scargle periodograms for three discrete intervals in the DEEP
5045-1 core: ~1,360-1,200 ka, ~1,200-780 ka, <780 ka show significant (p < 0.01) periodicities in each of the three data
sets. Horizontal dashed lines mark p < 0.01 (dark gray, large dashes) and p < 0.05 (light gray, small dashes) significance
levels. Also shown are scalograms that present the results of continuous wavelet transform (CWT) analysis. The y-axis is a
logarithmic size scale (base 2) whereby one unit corresponds to a doubling of the size scale; note the y-axes are different for
the three time-slices. Black contours indicate coherence above the 95% significance level against red-noise background,
corrected for autocorrelation. Color bars indicate the power of wavelet coherence whereby yellow marks the highest power.
(b) Bandpass filters (dark blue lines) that isolate components in the DEEP data set related to the obliquity (38-46 kyr) and
short eccentricity (90-130 kyr) cycles.

environments (Paine et al., 2024), and appear different from many marine systems in which host phase avail-
ability seems to more often control Hg drawdown (Shen et al., 2020).

Between 1,360 and 780 ka, the Hg g data shows a significant (p < 0.01) ~43 to 45-kyr (obliquity) periodicity
with particularly strong coherency between 1,200 and 780 ka (Figure 4). These ~44-kyr peaks in Hgr cgg
typically correspond to glacial intervals characterized by deposition of sediments containing low TOCgg
(<1 wt%; Figure 3e), and arboreal pollen concentrations (Figure 5b); signaling low aquatic productivity and
catchment vegetation density, respectively (Francke et al., 2016; Wagner et al., 2019). Conversely, troughs in
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Hgr_cpp seemingly correspond to interglacial intervals, characterized by high TOCpg (>2 wt%; Figure 3e) and
arboreal pollen concentrations (Figure 5b), coupled with minimal influx of detrital materials (Figures 2 and 5).

Glacial-interglacial variations in Hg show a fundamental shift at ~780 ka: corresponding to the later stages of the
MPT (~1,200-700 ka). This shift is characterized first by a visible reduction in the amplitude of Hg gg signals
between glacial and interglacial intervals (Figure 2), which is also captured in the DEEP spectral analysis
(Figure 4). Specifically, by weakening of periodicity in the obliquity (~41-kyr) band in the 780-0 ka period,
which is only partially compensated by the emergence of a subtle, lower (~97 kyr) frequency cycle (Figure 4).
This behavior is not shown by TIC and deciduous oak in the same interval, which both continue to show clear,
orbitally coherent, ~100-kyr cyclicity between ~780 and 0 ka (Wagner et al., 2019).

A second feature of the reduction in Hgr_cgp cyclicity at ~780 ka is the fact this reduction does not occur in other
organic, detrital, and mineral indicators within the DEEP sediments (Figures 5b—5e). These other indicators all
clearly document the progression from ~41-kyr to ~100-kyr glacial-interglacial cycles across the MPT (Clark
et al.,, 2006). For example, arboreal pollen measurements suggest that glacial-interglacial cyclicity in local
vegetation was not only retained following the MPT, but also tracked the global-scale transition from ~41 to
~100-kyr climate cycles (Figure 5b; Donders et al., 2021; Francke et al., 2016; Wagner et al., 2019). Variations in
TIC and Ca/K also track this shift which, coupled with a step-shift to fine-grained sedimentation at the DEEP
coring site beginning at ~760 ka (Figure 5d), pertain to major changes in local karst aquifer activity, aquatic
productivity, and sediment deposition in the Ohrid basin as a systemic response to longer, and likely colder,
glacial intervals (Wagner et al., 2019).

The evident lack of a dominant host-phase influence suggests that variability in Hg_cpg in DEEP 5045-1 is most
likely associated with Hg supply to Lake Ohrid (Figure 2). However, the reduction in Hgy cpg cyclicity at
~780 ka also becomes increasingly dissociated from the broader (climate-driven) sedimentary changes occurring
in Lake Ohrid during this time. Hence, this discrepancy suggests that additional processes influenced orbital-scale
Hg behavior in the Ohrid system, providing a foundation from which to discuss other potential drivers of orbital-
scale Hg cycling.

5. Discussion
5.1. Drivers of Orbital-Scale Mercury Cycling

Our ~1,360-kyr Hg record reveals two intriguing features. First, Hg variability appears to be driven by regular
cyclicity at a ~41-kyr orbital frequency between ~1,360 and 780 ka (Figure 4). Second, the regular behavior
observed in Hg is more coherent with orbital cycles prior to ~780 ka, while less of the Hg variability can be
explained by such cycles ~780-0 ka (Figure 5). The reduction in the proportion of Hg signal variability that can
be explained by orbital components following ~780 ka (Figure 4) is largely due to an increase in variability that
does not clearly correspond to any orbital cycle (Figure 5). This reflects a response opposite to other organic,
detrital, and mineral indicators within the DEEP sediments, which clearly document the progression from ~41 to
~100-kyr glacial-interglacial cycles across the MPT, and likely relate to major changes in local karst aquifer
activity, aquatic productivity, and sediment deposition in response to longer, and likely colder, glacial intervals
(Wagner et al., 2019). Two *’Ar/**Ar-dated tephra layers also provide independent age control for the interval
where the change in Hg behavior occurs (~780 ka): one at 715.02 £+ 5.4 ka, and the second at 789.38 + 1.9 ka
(Leicher et al., 2021). This suggests that, even if we consider the average error margin within the DEEP 5045-1
core chronology (£10.6 kyr; Wagner et al., 2019), the Hg_cgp shift still occurs well within the known temporal
range of the corresponding climate, lithology and vegetation shift.

Figure 5. (a) Total Hg corrected for carbonate dilution (Hgy_cpg), and Hg accumulation rate (Hg ,z) from core DEEP 5045-1. (b) Relative percentages of arboreal pollen
(AP) excluding Pinus, Betula, and Juniperus-type genera (Donders et al., 2021). (c) Ti/K ratios as a proxy for soil development (low ratios imply increased supply of
dissolved K, secondary clay minerals and thus well-developed soil structures (Francke et al., 2019). (d) Zt/Rb ratios as a proxy for grain size (higher ratios typically
indicate greater contribution of coarse materials) (Wagner et al., 2022). (¢) A normalized dust index generated from cores extracted at marine Ocean Drilling Program
Site 927, offshore Cyprus (Grant et al., 2017). (f) Benthic foraminiferal calcite 8180 (%0) (the LRO4 stack) with cold glacial stages defined by high 8'30 ratios (Lisiecki
& Raymo, 2005). (g) Atmospheric CO, from the EPICA Dome C ice core (Bereiter et al., 2015), CO, reconstruction from International Ocean Discovery Program Site
U1446 from the Bay of Bengal (Yamamoto et al., 2022), and a record of Marine Isotope Stages (MIS) derived from the LR04 stack (Lisiecki & Raymo, 2005) and the
Mid-Pleistocene Transition are also marked. Original data sets are presented by lighter lines, with an overlaying thicker line denoting the moving average of each data
set (~50-kyr equating to 32 data points (on average).
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We evaluate the potential origin of regular changes in Hg burial in the lake, considering three primary mecha-
nisms: (a) the efficiency of burial relative to re-emission (evasion) within the lake itself, (b) the overall flux of Hg
to the catchment from the atmosphere, and/or (c) flux modulation by reservoirs within the catchment. All three
can be closely tied to climate, shift in response to glacial-interglacial transitions, and could therefore reflect the
influence of both global-scale and local processes on this record. Furthermore, while all three mechanisms can
impact Hg cycling across glacial-interglacial cycles, the frequency of variability and evolution in Hg response to
glacial-interglacial changes through time may hold clues as to which was most important.

5.1.1. Changes in Mercury Burial Efficiency

In a lacustrine system, the long-term efficiency of Hg burial relative to evasion can be influenced by contrasting
local environmental conditions during discrete climatic intervals. For example, extension of ice toward the middle
of the basin during cold periods could cause a net reduction in the conversion rate of oxidized Hg species (Hg>*)
to elemental Hg (Hg®) (photoreduction) on the lake surface and/or in the water column, while simultaneously
decreasing evasion of “photoreductively available” Hg® back to the atmosphere (Clarke et al., 2023; O’ Driscoll
et al., 2018).

A growing body of research has shown that the signals encoded in lake sediment records over multiple
millennia are likely influenced by a combination of processes originating within, and outside of, the lake basin
itself (e.g., Bravo et al., 2017; Paine et al., 2024; Sahoo et al., 2023). Whilst the Hgy_~pg may be affected by, for
example, sediment redox processes, the processes that occur during early diagenesis typically can only mobilize
and displace Hg in the stratigraphy across very short (cm-scale) distances (e.g., Frieling et al., 2023; Gagnon
et al., 1997). Moreover, to avoid the potentially misleading effects of variable siliciclastic input (Figure 2) and
carbonate dilution (Figure S3 in Supporting Information S1), we also examine the Hg_-gg and Hg, records in
unison (Figures 3 and 5). Together with the limited long-term impact of diagenetic changes, the clearly syn-
chronous fluctuations in these two time series' provide evidence that the system is subject to (true) burial flux
changes on orbital time-scales (Figure 3).

Organic and/or detrital matter sedimentation may also trigger a change in lacustrine Hg burial efficiency (Kovacs
et al., 2024; Shen et al., 2020). Both sedimentation regimes show clear responsivity to glacial-interglacial scale
cyclicity in Lake Ohrid (Figure 2) meaning that, if supply of Hg to the DEEP 5045-1 sediments was controlled
solely by burial efficiency, the temporal evolution of Hg variability in this system would be expected to show the
same clear glacial-interglacial contrast captured by other proxies in the succession (Figure 4). However, the total
variation explained by obliquity- and eccentricity-driven periodicity in the Hgr_cpg curve is relatively reduced in
the ~780-0 ka period, and this increasingly “noisy” pattern notably diverges from that observed in proxies such as
TOC and Ti/K that represent primary (aquatic) productivity and soil formation (Figure 5). Taken together, this
shift in Hg behavior suggests another factor, not directly or linearly corresponding to global or local glacial-
interglacial trends, but also unrelated to solely burial efficiency, may have been more influential.

5.1.2. Changes in Atmospheric Fluxes

The overall flux of Hg to the catchment from the atmosphere presents a plausible cause of cyclic changes in Hg
supply and ultimately Hg burial. During the Pleistocene, precession-controlled changes in aridity and wind
strength drove intense dust mobilization from the Sahara desert (Figure Se), and transport across the Mediter-
ranean basin during glacial periods (Grant et al., 2017). Atmospheric dust transport also plays a critical role in the
global dispersal of Hg (Huang et al., 2020; Qin et al., 2024), and several studies have attributed increases in the
Hg concentration of materials deposited in marine and lake basins during glacials to enhanced dust fluxes
(e.g., Fadina et al., 2019; Pérez-Rodriguez et al., 2018; Xue et al., 2025). Similar to burial efficiency (Sec-
tion 5.1.1), we might therefore expect a certain regular pattern of the dust influx imposed on the deposition
of Hg. Specifically, this mechanism might be recognized as a persistent precession, or eccentricity (through
precession modulation), frequency cycle in Hg variability across the analyzed period. Yet, despite the presence
of quasi-cyclic changes in the abundance of aeolian clastic material in the Ohrid sediments (Vogel et al., 2010),
Hgr.cpp and Hg o show a limited overall influence of the eccentricity-frequency cycle (only after 780 ka) and no
significant precession forcing (Figure 4). That said, we cannot rule out the potential for smoothing, overprinting,
and/or redistribution of Hg signals in the lake sediments relative to the original dust flux by the diverse range of
processes known to affect Hg stored in soils, vegetation, or surface sediments (Bishop et al., 2020). The Hg
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signals preserved in Lake Ohrid may reflect an integrated or lagged response; rather than a direct, instantaneous
record of dust-driven Hg delivery. Nonetheless, our evidence suggests that while dust fluxes to Ohrid clearly
varied across glacial-interglacial periods, they were likely not a dominant factor in the observed Hg behavior.

Volcanic eruptions can also emit large quantities of Hg to the atmosphere (Pyle & Mather, 2003). Although the
DEEP 5045-1 core contains multiple volcanic ash layers, clear evidence that volcanic ash clouds recurrently
reached Lake Ohrid (Leicher et al., 2021), we find that individual ash layers in the DEEP 5045-1 core do not
correspond to measurable peaks in Hgr_cpg or Hgag. This result is also consistent with published evidence from
Lake Ohrid and neighboring Lake Prespa over the most recent ~90 ka (Paine et al., 2024). Together, this evidence
suggests either that fluxes of volcanic-sourced (atmospheric) Hg to the catchment of Lake Ohrid was not suf-
ficiently high to leave a measurable signal in the sediments, and/or that our sample resolution was too coarse to
identify single, short lived volcanogenic perturbations of the scale and type occurring during the period covered
by DEEP 5045-1.

5.1.3. Modulation by Terrestrial Reservoirs

The lack of consistent glacial-interglacial cyclicity in the DEEP 5045-1 Hgr cpg and Hgui curves (Figure 2)
suggests that burial efficiency, not atmospheric flux changes, provide sufficient explanations for the variability
that is observed in these Hg signals. Hence, we tested an alternative mechanism—flux modulation by local
reservoirs (or “capacitors”)—as potentially the most significant control on Hg variability in this system
(Figure 3). Lake Ohrid is located in the mid-latitudes where terrestrial soil and forest reservoirs can (strongly)
vary in size, meaning their influence on local Hg cycling are likely to be pronounced; specifically by holding
significant amounts of Hg for relatively long periods (>10° years; Gustin et al., 2020). Ecosystems in this region
are already known to be highly responsive to orbital-scale climate change (Donders et al., 2021), and recent
studies have shown that vegetation and soils can serve as effective modulators of Hg cycling on decadal-to-
centennial timescales (Jiskra et al., 2018; Zhou et al., 2021). From this, we propose that on glacial-interglacial
timescales, regulation of local Hg supply to Lake Ohrid could be related to changes in hydrology, and reser-
voir stability (Wang et al., 2020).

Supply of Hg to Lake Ohrid appears to have been amplified when the catchment was marked by reductions in
vegetation density, and biodiversity (Figures 5a—5e). e.g., intervals marked by low arboreal pollen (e.g., AP-
Pinus), and elevated detrital material (e.g., quartz) concentrations have been interpreted in this record as signs of
limited vegetation growth, pedogenesis (Ti/K), and soil stabilization by plant roots (Donders et al., 2021; Wagner
etal., 2019). All would combine to enable more effective erosion and removal of soil materials by wind, rain, and
periglacial processes, with rivers effectively transporting these eroded materials into the lake when the landscape
was less covered by vegetation (Francke et al., 2016, 2019). Fine-grained detrital materials are also known to
provide effective vectors for Hg delivery to lake basins (Nagorski et al., 2021; Staniszewska et al., 2023), and
recent studies have shown that terrestrial Hg fluxes can increase in response to deforestation, reduced organic
matter cycling (e.g., by litterfall), and soil destabilization (Wang et al., 2019): owing to increased erosion of soil
matrices, and long-term reductions in the stability of terrestrial reservoirs (Gworek et al., 2020; Wang
et al., 2020). This also implies that terrestrial biomass accumulation and development of thick soils would have
the opposite effect: limiting mobilization of Hg by aeolian, hydrological, and cryospheric forces (Bishop
etal., 2020). Our data on the variance in Hg and notably the evolution of cyclic behavior may suggest an important
role for this mechanism, as lower Hgy_~pg and Hg, values indicative of reduced Hg export to the lake typically
occur in conjunction with higher arboreal pollen percentages (Figure 5b), enhanced pedogenesis (Figure 5c), and
higher local temperatures (Figure 3f): all indicative of a more “closed” catchment more susceptible to erosion, or
mobilization, of Hg.

Climate-driven shifts in catchment structure also correspond to changes in regional hydrology. Lake Ohrid is
hydrologically well connected to its catchment with continuous flow of water into the basin facilitated by karst
springs and local river channels (Matzinger et al., 2006), and it is likely that ice caps were established in the
mountains surrounding Lake Ohrid during glacial intervals (e.g., Gromig et al., 2018; Ruszkiczay-Riidiger
et al., 2020). Regional ice expansions on glacial-interglacial timescales can cause substantial changes in sediment
supply to lakes, owing to processes such as de-buttressing, cryoturbation, freeze-thaw, and quarrying of fine-
grained tills and sediments (e.g., Rodbell et al., 2022). All are processes known to influence Hg transport
(Nagorski et al., 2021; Staniszewska et al., 2023), and so suggest that glacial expansion would have had important
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implications for Hg cycling. For example, more intense erosion of organic and particulate-bound Hg by melt-
waters emerging from englacial, subglacial or supraglacial conduits could have enhanced the overall flux of Hg to
the Ohrid basin; especially if local soils were already degraded by the climate-driven recession of regional forest
structures.

We propose that during intervals marked by less vegetation cover, reduced biodiversity, and elevated soil
denudation (Figures 5a—5e), the resulting decline in terrestrial reservoir size and stability would diminish how
effectively they could buffer, filter, and/or store Hg prior to reaching Lake Ohrid. This loss in Hg storage capacity
would limit the catchment's function as a buffer/filter of Hg fluxes to the lake, enabling a more direct source-to-
sink transfer pathway, and reducing residence times in domains where Hg can be readily re-evaded to the at-
mosphere (e.g., soils and surface waters; Bishop et al., 2020; Gworek et al., 2020). Hence, the combined effect of
this reduced storage, diminished filtering, and more efficient routing would be a net increase in supply of Hg to the
lake (Figure 5a), accompanied by a suppression of longer-term (multi-millennial-scale) regular Hg variability that
is primarily generated by internal catchment processes. Under these conditions, the behavior of Hg in the sedi-
ment record through time would instead reflect a progressively noisier, more direct imprint of external forcings,
with secondary modulation by global-scale processes such as ice cover and dust flux.

5.2. Evolution of Mercury Behavior

Ecological (namely vegetation and soil), glaciological, and sedimentological processes are all known to be critical
within the terrestrial Hg cycle on millennial timescales (Fadina et al., 2019; Paine et al., 2024; Wang et al., 2024).
Our record documents a transition toward less periodic, increasingly high-amplitude, and more “noisy” Hgr cgg
and Hg,y behavior at ~780 ka (Figure 5a). This transition deviates from key ecological proxies in the DEEP
5045-1 sediments, which instead document a clear shift from ~41-kyr to high-amplitude ~100-kyr cyclicity
(Figures 5b and 5c; e.g., Donders et al., 2021; Wagner et al., 2019, 2022). Also evident from ~780 ka is a
reduction in the peak amplitude of arboreal pollen percentages (Figure Sb) and Ti/K ratios (Figure 5¢), marking a
progressive (net) reduction in local pedogenesis and arboreal pollen, respectively. Furthermore, examination of
microfossil distributions throughout the DEEP 5045-1 core show that sedimentological shifts following the MPT
were accompanied by increasing abundances of diatom taxa previously shown to coincide with large-scale
changes in global ice volume and temperatures, such as Pantocsekiella (Cvetkoska et al., 2021; Wilke
et al., 2020). Together, these sedimentological and biological proxies suggest that the Ohrid record does capture a
distinct MPT-associated shift, and so the coeval timing of comparatively less periodic Hgt cgg and Hgag
behavior, decreasing vegetation diversity, tree cover, and soil stability could suggest that the sensitivity of Lake
Ohrid's catchment to orbital-scale climate change had direct bearing on Hg supply and burial across the MPT.

Two ecological shifts across the MPT could provide a link between Hg oscillations in the DEEP 5045-1 record,
and the orbital-scale evolution of Ohrid catchment. The first is a net reduction in local soil reservoir size and
stability in response to longer glacial intervals, and their associated effects. Following the MPT and particularly
since ~400 ka, DEEP 5045-1 documents a progressive shift to the formation of thinner soil horizons, in the form
of a clear reduction in the glacial-interglacial contrast between sedimentary Ti/K ratios (Figure 5c), suggesting
that physical weathering became more important in the catchment relative to chemical weathering. Given that
organic components that are chemically or physically mineral-bound can effectively stabilize Hg within the soil
matrix, this suggests that soils would have stored not only less organic matter, but also less Hg (O’Connor
et al., 2019; Wang et al., 2019).

An indirect control by soil carbon storage on Hg may seem counter to our identification of a negative correlation
between Hg and TOC in Lake Ohrid (Figure 2, Figure S5 in Supporting Information S1) and the assessment from
thermal desorption characteristics that Hg is likely associated with an organic phase. Indeed, it is important to note
that measured sedimentary TOC is not equivalent to soil or terrestrial OM. Reduced primary productivity, and
oxygenation of bottom waters (enhanced vertical mixing) would act to reduce TOC in the lake sediments during
cooler glacial conditions, whereas the opposite occurs during warmer interglacials (Francke et al., 2016). Thus,
during glacials, sedimentary TOC concentrations would fall while Hg inputs rose due to the increased soil
denudation promoting Hg leaching into groundwater (Du et al., 2023), its greater transport via runoff (Bishop
et al., 2020), and reduced Hg re-emission to the atmosphere as detailed above.

The second shift, which primarily affects above ground carbon and Hg reservoirs, is a decline in arboreal pollen
and biodiversity, driven by more prolonged, eccentricity-paced climate cycles. This decline is documented in
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Figure 6. Schematic model depicting key changes in Hg supply to the sediments of Lake Ohrid prior to (~1,360-780 ka), and
following (~780-0 ka) the Mid-Pleistocene transition (MPT). Diagrams are separated relative to glacial and interglacial
intervals, where cartoon images show the contrast in vegetation and soil characteristics between each scenario (e.g., fewer
tree icons in the post-MPT glacial panel depicts a more open, “steppe” catchment). (Insets) End-member time series that
illustrate “typical” changes in sedimentary Hg. g relative to glacial (blue shading) and interglacial conditions, and to each
of the four states presented here. Shapes of these Hg g curves are derived from the data for MIS 38 to 32 (pre-MPT), and
MIS 7 to 5c (post-MPT), presented in Figure 5.

Lake Ohrid as a progressive reduction in arboreal pollen percentages within the DEEP 5045-1 core (Figure 5b),
and characterized more specifically by a clear reduction in deciduous and mesophyllous tree species during both
glacial and interglacial intervals following the MPT (Donders et al., 2021). One direct consequence of this decline
would be an overall reduction in the size and stability of the catchment's standing biomass reservoir. Ecosystems
with low biodiversity are typically less able to “buffer” the negative effects of abrupt climate change, and so lack
the stability necessary to provide effective storage reservoirs for carbon or Hg (Hararuk et al., 2013). When
superimposed onto the MPT-induced prolongation of (cold) glacial cycles, it is possible that increasingly pro-
nounced, orbital-scale ecological “swings” in the Ohrid catchment instigated a long-term decline in surface
biomass (Figure 5b), reducing not only the overall capacity of vegetation to effectively uptake Hg (Zhou
et al., 2021), but also destabilize their underlying soils, reduce litterfall Hg supplies, and concurrently reduce soil
capacity for Hg storage (Wang et al., 2019; Yuan et al., 2024).

Taken together, we propose that the change in terrestrial Hg cycle behavior recorded by DEEP 5045-1 can be
mechanistically explained by the mid-Pleistocene intensification of glacial cycles (Figure 6). Colder and more
arid conditions would have suppressed pedogenesis and reduced net terrestrial primary productivity, limiting
vegetation growth and the supply of organic matter that effectively binds and stabilizes Hg in soils (O’Connor
et al., 2019). The reduced canopy cover would also limit direct Hg® uptake in leaves (Zhou et al., 2021), while
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concurrent amplification of periglacial processes due to growth of glaciers and permafrost in the surrounding
mountains would enhance Hg mobilization by ice and meltwaters (Nagorski et al., 2021; Staniszewska
et al., 2023). Therefore, the enhanced amplitude of glacial-interglacial climate oscillations after the MPT could
have induced two effects: (a) an overall reduction in Hg sequestration capacity in terrestrial reservoirs, and (b) an
increase in the mobility of previously stored Hg. Resulting from this reduction in the effective Hg sink and thereby
the modulatory capacity of terrestrial reservoirs would be a more direct pathway from atmospheric and detrital
sources to lacustrine sinks.

5.3. Links to Terrestrial Carbon Reservoirs

An intriguing feature of the DEEP 5045-1 sedimentary record is the apparent decoupling of Hgr g (local
Hg cycle), TOCcgg, and TIC (local carbon cycle) following the MPT. Prior to the MPT, coeval oscillations in
Hgr.cpp, TOCcpg, and TIC correspond to periodic shifts in vegetation and soil cover, composition, and stability
in the catchment (Figures 2 and 5). However, following establishment of ~100-kyr glacial-interglacial cycles at
~780 ka, TOCgg and TIC show increasingly pronounced contrasts between glacial and interglacial intervals,
whereas the clear glacial-interglacial pattern in Hgy g Weakens significantly (Figure 4).

Recent studies have shown that the biological and physical processes that control the terrestrial organic carbon
cycle also control the terrestrial Hg cycle (Yuan et al., 2024; Zhou et al., 2025). This coupling exists primarily as
land-atmosphere exchanges of Hg and carbon are both modulated by uptake from the atmosphere in vegetation,
storage and release through decomposition and combustion. All these factors are responsive to climate (Hararuk
et al., 2013; Schaefer et al., 2020), and the close coupling between Hg uptake in vegetation and common Hg-
organic-carbon association in soils imply that climate-driven terrestrial carbon reservoir dynamics could have
also “echoed” effects in Hg reservoir dynamics. For example, both Hg and organic carbon fluxes to Lake Ohrid
could have been affected by intensifying exposure and reworking of older (previously undisturbed) soils and
sediments by physical erosion of surface soils and/or by meltwater discharges during glacials. However, it is not
guaranteed that this correspondence would translate to coupled sedimentary signals, and indeed the same
mechanisms underpinning a carbon-Hg cycle coupling in the Ohrid catchment could also explain why their
associated proxies seemingly deviate in the post-MPT sections of the DEEP 5045-1 record. For example, as
glacials became longer and more intense, organic carbon may be released as CO, in response to changing
environmental conditions (Hararuk et al., 2013). Whereas, Hg release could occur due to both evaporation from
the soil surface, and erosion of organic and inorganic soil constituents; increasing its mobility in the catchment
(Fritsche et al., 2008). Thus, the partial decoupling of sedimentary signals aassociated with Hg and carbon cycling
in DEEP 5045-1 may reflect differing sensitivities of these two cycles to glacial intensification; despite sharing
several common transport pathways, and post-depositional processes (Zhou et al., 2025).

Considering the evidence currently available, the dissociation of terrestrial Hg and carbon cycling in Lake Ohrid
following the MPT suggests that modulation of Hg deposition by terrestrial capacitors may have been a key factor
of Hg variability in some intervals such as the (pre-) MPT interval, with other environmental factors also
contributing to the regularity of the observed variations (Sections 5.1.1 and 5.1.2). Given the links known to exist
between the terrestrial Hg and C cycles (Hararuk et al., 2013; Yuan et al., 2024; Zhou et al., 2025), we hypothesize
that terrestrial Hg stocks over geological timescales may be responsive to changes in terrestrial carbon stocks and,
therefore, that both local and global-scale variations in terrestrial C reservoirs can impact Hg records. This may
have occurred during large (periodic) changes in terrestrial ecosystems such as recorded in Ohrid across multiple
Pleistocene glacial-interglacial periods (Figures 5 and 6). Ecological shifts of this nature, therefore, warrant
consideration in studies that aim to resolve Hg cycle variations from terrestrial archives directly, or cover periods
of abrupt major vegetation and/or soil disturbance deeper in Earth's geological past (Dal Corso et al., 2020).

6. Conclusions

The ~1,360-kyr sedimentary archive of Lake Ohrid is one of the longest continuous records of terrestrial Hg
cycling currently available. The temporal scope of the sequence offers a unique opportunity to test the extent to
which Hg responds over multiple glacial-interglacial cycles to environmental changes and which key processes
may impact terrestrial Hg cycle behavior. Prior to ~780 ka, total Hg concentrations corrected for carbonate
dilution (Hgy_crg) and Hg accumulation rates (Hg, ) both show significant orbital-scale cyclicity characterized
by a ~44-kyr (obliquity) component, with higher values typically corresponding to glacial intervals. Similarly
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pronounced alterations to the terrestrial Hg cycle under glacial conditions have also been identified in records
corresponding to the last glacial period (<100 ka; Paine et al., 2024, 2025; Schneider et al., 2020; Wang
et al., 2024). However, very few terrestrial records exist that cover multiple glacial cycles. The DEEP 5045-1 Hg
and paleoenvironmental record covers multiple glacial cycles, and synthesizing these data sets allows us to
propose that the observed, pre-MPT Hg g variability could be explained by the sensitivity of vegetation and
soils in the Ohrid catchment to climate, combined with the open hydrology of the lake.

After ~780 ka, there is a reduction in glacial-interglacial contrast between Hgr cpg values, and peaks become
increasingly higher in amplitude. This shift appears to diverge from other ecological proxies in the DEEP 5045-1
core, that show a clear shift from ~41-kyr to ~100-kyr cycles. From these observations, we suggest that the
change in Hg response corresponds to a reduction in local soil formation and arboreal pollen in response to the
mid-Pleistocene intensification of glacial cycles: with increasingly pronounced, orbital-scale ecological “swings”
in the Ohrid catchment not only reducing the capacity for vegetation to effectively uptake Hg, but also desta-
bilizing their underlying soils, reducing litterfall Hg supplies, and concurrently limiting the soil's capacity for Hg
assimilation. Hence, our data suggest that orbital-scale environmental changes were important drivers of Hg cycle
variability over many of the earlier >20 glacial-interglacial cycles recorded in this archive, but fewer of the later.
The climate-sensitive nature of the proposed modulating reservoir (vegetation, soils) implies the Hg cycle
behavior documented here should be widely considered in the interpretation of the Pleistocene glacial-interglacial
Hg record as well as periods of significant terrestrial disturbances in the geological rock record.

Human-driven environmental pollution has made it more difficult to isolate (and thus understand) the natural Hg
cycle variability recorded in modern lake sediments. In light of the signals captured by the Lake Ohrid sedi-
mentary record, we suggest that development of similarly long, millennial-scale terrestrial sediment records could
provide opportunities to establish a pre-industrial Hg cycle baseline over an extended timeframe, and so provide
crucial context for understanding which mechanisms are most significant for transport, accumulation, and cycling
of Hg in different environments, over multiple millennia. On an even broader scale, records of this nature could
allow for closer study of Hg-cycle responses to other key climate transitions of the Quaternary, such as inten-
sification of Northern Hemisphere Glaciation INHG), intensification of the tropical Walker Circulation, and the
older Heinrich events and Dansgaard-Oeschger (D-O) cycles. Comparison of Hg signals corresponding to in-
tervals in which environmental conditions and/or responses to orbital cycles were distinctly different (e.g., pre-vs.
post-MPT) could, therefore, allow for better differentiation of signals produced by the host system itself, and
those produced by these external processes.
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