
The geodynamic and limnological evolution of Balkan Lake Ohrid,
possibly the oldest extant lake in Europe

BERND WAGNER , PAUL TAUBER, ALEXANDER FRANCKE , NIKLAS LEICHER , STEVEN A. BINNIE,
ALEKSANDRA CVETKOSKA, ELENA JOVANOVSKA, JANNA JUST, JACK H. LACEY, ZLATKO LEVKOV, KATJA
LINDHORST, KATERINA KOULI , SEBASTIAN KRASTEL, KONSTANTINOS PANA-GIOTOPOULOS, ARNE ULFERS,
DU�SICA ZAOVA, TIMME H. DONDERS, ANDON GRAZHDANI†, ANDREAS KOUTSODENDRIS , MELANIE J. LENG,
LAURA SADORI, MIRKO SCHEINERT, HENDRIK VOGEL, THOMAS WONIK, GIOVANNI ZANCHETTA AND
THOMAS WILKE

Wagner, B., Tauber, P., Francke, A., Leicher, N., Binnie, S. A., Cvetkoska, A., Jovanovska, E., Just, J., Lacey, J. H.,
Levkov, Z., Lindhorst, K., Kouli, K., Krastel, S., Pana-giotopoulos, K., Ulfers, A., Zaova, D., Donders, T. H.,
Grazhdani, A.†, Koutsodendris, A., Leng, M. J., Sadori, L., Scheinert, M., Vogel, H., Wonik, T., Zanchetta, G. &
Wilke, T.: The geodynamic and limnological evolution of Balkan Lake Ohrid, possibly the oldest extant lake in
Europe. Boreas. https://doi.org/10.1111/bor.12601. ISSN 0300-9483.

Studies of the upper 447 mof theDEEP site sediment succession from central LakeOhrid, Balkan Peninsula, North
Macedonia and Albania provided important insights into the regional climate history and evolutionary dynamics
sincepermanent lacustrine conditions establishedat 1.36millionyears ago (Ma).This paper focuseson the entire 584-
m-longDEEPsedimentsuccessionandacomparisontoa197-m-longsedimentsuccessionfromthePestani site~5 km
to the east in the lake, where drilling ended close to the bedrock, to unravel the earliest history of Lake Ohrid and its
basin development. 26Al/10Be dating of clasts from the base of the DEEP sediment succession implies that the
sedimentation in themodernbasin startedat c. 2 Ma.Geophysical, sedimentological andmicropalaeontological data
allow for chronological information to be transposed from the DEEP to the Pestani succession. Fluvial conditions,
slackwater conditions, peat formation and/or complete desiccationprevailed at theDEEPandPestani sites until 1.36
and 1.21 Ma, respectively, before a larger lake extended over both sites. Activation of karst aquifers to the east
probably by tectonic activity and a potential existence of neighbouring Lake Prespa supported filling of Lake Ohrid.
The lakedeepenedgradually,with a relatively constant vertical displacement rate of~0.2 mm a�1 between the central
and the eastern lateral basin and with greater water depth presumably during interglacial periods. Although the
dynamic environment characterized by local processes and the fragmentary chronology of the basal sediment
successions from both sites hamper palaeoclimatic significance prior to the existence of a larger lake, the new data
provide an unprecedented and detailed picture of the geodynamic evolution of the basin and lake that is Europe’s
presumed oldest extant freshwater lake.
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Most of the oldest and deepest extant lakes on Earth are
of tectonic origin and formed as graben lakes. Their long
history has often promoted evolution of unique biota in
the lake waters (Salzburger et al. 2014; Wilke
et al. 2016) and allowed recording of climatic and

environmental changes in their sedimentary successions
back to Tertiary times (e.g. Kashiwaya et al. 2001;
Brigham-Grette et al. 2013). Several of these lakes have
been targeted by the InternationalContinental Scientific
Drilling Program (ICDP); e.g. Francke et al. (2017).
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Seismic site surveys have shown that the sedimentary fill
in some of these lakes exceeds several hundredmetres of
thickness (e.g. Scholz et al. 1993; Niessen et al. 2007;
Oberh€ansli & Molnar 2012; Krastel et al. 2017 and
references therein). However, only very fewof the drilled
sediment records from these lakes cover the entire lake
history quasi-continuously and in high resolution, as
technical or sedimentological limitations hampered
drilling of the entire sedimentary successions.Moreover,
chronological constraints of deeper sediments are often
lacking and age estimations of these sediments are based
on extrapolation of surface sedimentation rates (e.g.
Krastel et al. 2017).

Lake Ohrid, at the border between NorthMacedonia
andAlbania (Fig. 1), is considered the oldest extant lake
in Europe (with the possible exception of the Caspian
Sea, which has a small European portion). It was the
target of an ICDP drilling campaign in 2013 within the
scope of the Scientific Collaboration on Past Speciation
Condition inLakeOhrid (SCOPSCO)project. Themain
goals of this project included unravelling the age and
origin of the lake, reconstructing the regional climatic
and environmental history and inferring the drivers of
the high biodiversity and endemism in the area. So far,
geological and (palaeo-)biological data are published
from the upper 447 m core composite depth (m c.d.) of a
584-m-long sediment succession (5045–1 DEEP) recov-
ered from the central part of the lake, where seismic data
indicate the oldest and thickest sediment infill (Wagner
et al. 2014). The upper 447 m c.d. comprise the entire
hemi-pelagic, lacustrine sediment succession and thus
the continuous existence of the lake since 1.364 million
years ago (Ma) (Wagner et al. 2019). These studies
focused on the paleoclimatic significance (Wagner
et al. 2019) and on ecosystem dynamics and resilience
(Panagiotopoulos et al. 2020; Wilke et al. 2020; Cvet-
koska et al. 2021; Donders et al. 2021; Jovanovska
et al. 2022). Based on hydro-acoustic data, the
SCOPSCO project also provided new information on
the geological history of the lake and particularly the
tectonic activity (Fig. 1; Lindhorst et al. 2015). Bios-
tratigraphical and seismic information from the DEEP
site indicates that basin sediment infill started around
2.0 Ma, which is supported bygenetic information from
extant endemic species and molecular-clock analyses
(Su�snik et al. 2006; Trajanovski et al. 2010; Lindhorst
et al. 2015; Stelbrink et al. 2016, 2018; Wagner
et al. 2017).

Despite a relatively good understanding of the envi-
ronmental history of Lake Ohrid for the last 1.36 Ma,
formation of the basin and the early stages of lake
development remain poorly understood. This is partly
due to the fact that previous studies focussed on the
upper 447-m-long sediment succession from the DEEP
site in the central part of the lake. The focus of this paper
is on the geodynamic settings of the early basin and lake
history, using the entire 584-m-long sediment succession

from the DEEP site (5045–1) and a stratigraphical
correlation to that from the nearby Pestani site (5045–4)
in the central eastern part of the lake basin (Fig. 1). At
the latter site, a 197-m-long sediment succession was
recovered and drilling ended close to the bedrock. The
comparisonofgranulometric, geochemical,geophysical,
tephrostratigraphical, palaeomagnetic and biological
data from both sites, in combination with seismic and
borehole logging data, provides the foundation for
unravelling the earliest lake history and basin develop-
ment, the depth evolutionof the lake, vegetation changes
related to lakeontogeny, and the tectonicdynamics in the
presumably oldest extant lake of Europe.

Material and methods

Site information and fieldwork

LakeOhrid is located at 693 mabove sea level (a.s.l.), has
amaximum length of 30.4 km (N–S), a maximumwidth
of 14.7 km (W–E), a surface area of 358 km2, a tub-
shaped bathymetry with a maximum water depth of
293 m, a mean water depth of ~151 m, and a total water
volume of 50.7 km3 (Fig. 1; Popovska & Bonacci 2007;
Lindhorst et al. 2012). The catchment of Lake Ohrid is
dominated by deciduous oak and hornbeam forests
below 1250 m a.s.l., mixed mesophilous and montane
forest between 1250 and 1800 m a.s.l., and sub-alpine
grassland above (Donders et al. 2021 and references
therein).

The selection of drill sites for the ICDP campaign at
LakeOhridwasbasedon twohydro-acoustic and seismic
surveys in the years 2007 and 2008. Multi-channel
seismic data were collected along ~500 km of profiles
across the lake using aMini GI Air Gun (0.25 L in 2007
and 0.1 L in 2008) and a 16-channel 100-m-long
streamer. More details on the technical settings and the
locations of the profiles are given in Lindhorst
et al. (2015). Processing of seismic data followed stan-
dard procedures and included the setup of the geometry,
editing of bad traces, band pass filtering (frequency: 35/
60–600/900 Hz), normal moveout (NMO) correction,
stacking, and a finite-difference time migration. A
predictive deconvolution aimed at the suppression of
multiples; however, multiples are clearly visible in the
processed data. A constant velocity of 1600 m s�1 was
used for the conversion of two-way travel time to
sediment thickness in m.

At the drill siteDEEP (latitude 41°0205700N, longitude
020°4205400E) at 243 m water depth in the central part of
the lake (Fig. 1) seismic data showed a maximum
sediment fill of ~680 m below lake floor (b.l.f.) for the
lake basin (Fig. 2; Wagner et al. 2014). At this site, four
parallel holes were drilled to a maximum depth of
568.9 m b.l.f., where the occurrence of very coarse gravel
and cobbles hindered further penetration (Wagner
et al. 2014). The correlation of core segments from the

2 BerndWagner et al. BOREAS
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individual holes was established using optical informa-
tion, lithological and geochemical data (Francke
et al. 2016). The composition of individual segments
and sediment expansion due to gas expansion led to a
total core composite length of 584 m, with a recovery of
99% for the upper 430 m and 95% for the entire
succession. The Pestani drill site (41°02020.8000N,
020°45044.5000E), at awater depth of 262 m in the central
eastern part of the lake floor (Fig. 1), was selected with
the aim of reaching sediments deposited directly above
thebedrockat~200 mb.l.f. (Fig. 2).At this site, onlyone
holewas drilled down to 195 mb.l.f. with a core recovery
of 91% (Wagneret al. 2014).As sediment expansionwas
moderate and all cores came from the same hole, the
lengthof thecomposite sediment succession is197 mc.d.
and exceeds only slightly the maximum drill depth.

After finishing drilling at the DEEP and Pestani sites,
geophysical downhole logging was carried out, and
continuous data sets of sedimentary physical properties
were acquired at both sites (Baumgarten et al. 2015;
Ulfers et al. 2022). Logging details, probes and data
processing are described in detail in Baumgarten
et al. (2015) and Ulfers et al. (2022). Among various
probes, a spectral gamma ray (SGR) probe was run
through the drill pipe at a logging speed of 3 m min�1

and a sampling interval of 10 cm, which allows avertical
resolution of approximately 10–20 cm, and records the
total gamma radiation (GR), as well as the spectral

components (potassium, thorium and uranium) and
their contribution to the GR (Baumgarten et al. 2015).

Laboratory work

Analyses of sediment fromLakeOhrid comprise abroad
suite of granulometric, geochemical, geophysical,
tephrostratigraphical, palaeomagnetic and biological
methods (e.g. Cvetkoska et al. 2016; Francke
et al. 2016; Jovanovska et al. 2016; Just et al. 2016,
2019; Lacey et al. 2016; Leicher et al. 2016, 2019;
Sadori et al. 2016; Zanchetta et al. 2018; Koutsoden-
dris et al. 2019; L�opez-Blanco et al. 2020; Thomas
et al. 2020; Zaova et al. 2022). Published data from
theDEEP sediment succession so far are restricted to the
upper 447 m c.d., where fine-grained sediments docu-
ment the entire history of permanent lacustrine condi-
tions for Lake Ohrid (Wagner et al. 2019). Based on
tephrochronological tie points, tuning of the total
organic carbon content in the sediments vs. orbital
parameters, and validation by palaeomagnetic events, a
Bayesian age-depth model was established. This model
shows that the upper 447 m c.d. of the DEEP sediment
succession comprise the last 1.364 Ma (Wagner
et al. 2019). Someof these analyticalmethods areherein
extended to the base of the 584-m-long sediment succes-
sion from the DEEP site and are now also applied to the
197-m-long sediment succession from the Pestani site.

Quaternary
fluvial/lacustrine sediment

Tertiary
fluvial sediment

Cretaceous
limestone

Jurassic
ultramafic extrusive

Triassic
limestone

Devonian
metasediment

Cambrian/Ordovician
metasediment

River/stream

Ohrid water depth (m)0 293

41°0’41°0’

N 41°10’N 41°10’

20°55’E 20°45’
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Fig. 1. MapofLakeOhrid and its surroundingarea,with geology, topographyandbathymetryof the lake (compiled fromWagner et al. 2019 and
Wilke et al. 2020), cities (red dots), St. Naum (black dot) and the locations of the DEEP and Pestani drill sites (yellow dots). The locations of
selected seismic profiles (yellow), major active faults (red) and inactive faults (orange) are from Lindhorst et al. (2015); thick yellow sections
indicate seismic profiles shown in Fig. 2. The overviewmap (left) marks the locations of Lake Ohrid (red square) at the boundary betweenNorth
Macedonia (MK, dark grey right) andAlbania (AL, dark grey left), the Tenaghi Philippon pollen record (black dot) andODPSite 967 (blue dot).
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The published and new data sets are indicated in the
individual method descriptions.

Granulometric analyses followed the methods
described in Francke et al. (2016) and were applied to
and have been published for the DEEP sediment succes-
sion down to 447 m c.d. (e.g. Wagner et al. 2019; Wilke
et al. 2020). For this paper, the data set from the DEEP
sitewas extended to 584 m c.d., with a sample resolution
of 64 cm, if there were no gaps. The same methods were
also applied to the Pestani sediment succession. Sample
resolution averages 50 cm, with a reduced resolution
being necessary for the lower part of the record where
more gaps are present (Wagner et al. 2014). After
removal of lacustrine sediment components, such as
authigenic calcite, organic and silicaceous matter, sam-
plesweredispersedusingNa4P2O7, placed in a shaker for
12 h, and then subjected to 1 min of ultrasonic treat-
ment. Sample aliquots were then measured three times
with a Beckmann Coulter 13320 laser particle analyser.
The individual results were averaged and then processed
using the GRADISTATv8 program (Blott & Pye 2001).

Geochemical analyses included elemental analyses
and XRF scanning, followed the methods described in
Francke et al. (2016) were applied to and have been
published for the DEEP sediment succession down to
447 m c.d. (e.g. Wagner et al. 2019; Wilke et al. 2020).
XRF scanning was carried out with an ITRAX� core
scanner, which was equipped with a chromium (Cr) X-
ray source and was run at 30 kV and 30 mA. Scanning
steps were set to 2.5-mm resolution with an integration
time of 10 s andwere also applied to theDEEP sediment
succession below 447 m c.d. and to the entire Pestani
sediment succession. Total carbon (TC) and total inor-
ganic carbon (TIC) were determined as released CO2

after sample aliquots were dispersed in 10 mL DI water
and using a DIMATOC 100 carbon analyser
(Dimatec�). Sample resolution was 8 and 16 cm for
the upper 447 m c.d. of the DEEP sediment succession
(e.g.Wagner et al. 2019), which was now also applied to
the successionbelow447 mc.d.For thePestani sediment
succession sample resolution was set to 24 cm if there
were no gaps in recovery. TC was measured after
combustion at 900 °C and TIC was determined after
sample aliquots were treated with phosphoric acid
(H3PO4) and combusted at 160 °C.Total organic carbon
(TOC) was calculated as the difference between TC and
TIC. Total nitrogen (TN) was analysed using a vario
MICROcube(Elementar�).Oxygenandcarbonisotope
ratios (d18O and d13C) were measured on carbonate

according to the protocol described in Lacey
et al. (2016) and have been published for the DEEP
sediment succession down to 447 m c.d. (e.g. Wagner
et al. 2019; Panagiotopoulos et al. 2020; Wilke
et al. 2020). Bulk carbonate samples were taken at
intervals of 16 cm from the DEEP sediment succession
for the upper 447 mc.d.This intervalwasnowalso taken
for the DEEP sediment succession below 447 m c.d.,
where carbonate content was >0.5% and comprises
calcite (Lacey et al. 2016). For the period of interest of
this paper, bulk carbonate samples from the Pestani
sediment succession between 133 and 180 m c.d. were
taken accordingly at intervals of 24 cm. Sample pre-
treatment included removal of organic material using
sodium hypochlorite, sieving at 64 lm to remove shell
material, and the reaction of fine fraction carbonate for
16 hwith anhydrous phosphoric acid at 25 °C. The CO2

yieldwas separated cryogenically fromwater vapour and
then analysed using a VG Optima dual inlet mass
spectrometer. The oxygen and carbon isotope composi-
tions of calcite (d18OC and d13CC, respectively) are
reported in delta notation (d) as per mille (&) deviations
of the isotope ratios 18O/16O and 13C/12C calculated to
the VPDB scale. Within-run laboratory standards with
known values calibrated to international reference
materials NBS19 and NBS18 were utilized for which
analytical reproducibility was <0.1& for d18O and d13C.

Tephrostratigraphical methods and results from the
DEEP site sediment succession down to 447 m c.d. are
described in Leicher et al. (2019, 2021). In the upper
412.4 m c.d., 57 tephra layers were found and investi-
gated for their morphological appearance, geochemical
fingerprint, and (chrono-)stratigraphical position. No
tephra was found below 412.4 m c.d. (Leicher
et al. 2021). Tephrostratigraphical methods applied to
the new Pestani sediment succession followed these
methods. Within the upper 140 m c.d. of the Pestani
sediment succession, 31 tephra layers were identified
during visual core description and subsequent high-
resolution line-scan image inspection (Table S1).Tephra
layers were labelled according to the prefix scheme: OH
(Ohrid) – PE (Pestani) or DP (DEEP) – and followed by
sampledepth indm. Individual glass fragments of tephra
layers were separated and analysed for their major and
minor element compositions using electron microprobe
analysis wavelength dispersive spectroscopy (EMPA-
WDS) (Leicher 2021; Leicher et al. 2021). The full data
set of tephra layers and secondary reference materials
analysed is available at the EarthChem repository

Fig. 2. Composite seismic profile from theDEEP site to the Pestani site; for location see Fig. 1. The location of the drill sites and the depth of the
drilling are indicated by the black vertical lines. Total inorganic carbon (TIC) from sedimentological analyses and natural gamma radiation (GR,
inverse scale) from borehole logging with correlating marine isotope stages (MIS) are displayed close to the DEEP site record. Note that GR is
plotted vs. metres below lake floor (m b.l.f.), whereas TIC data are plotted vs. metres composite depth (m c.d.), which differ due to core expansion
and composition of cores from different boreholes at the DEEP site. Red lines indicate prominent reflectors and their position relative to
the borehole logging data, MIS and TIC data. Note that primary reflectors interfere with multiples at greater subsurface depths. Depth
conversion from two-way travel time (TWTT) from the seismic data into m b.l.f. and m c.d. follows Ulfers et al. (2022).

BOREAS The geodynamic and limnological evolution of Balkan Lake Ohrid 5
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(https://ecl.earthchem.org/view.php?id=2292). Tephra
layers of the DEEP and Pestani sites were correlated
based on their geochemical fingerprints and respective
lithostratigraphical and stratigraphical information
(Figs S1–S12, Data S1).

Magnetic measurements for the upper 447 m c.d. of
the DEEP sediment succession are described in Just
et al. (2016, 2019). From the DEEP sediment succes-
sion, measurements were performed after the first
screening of low-resolution samples (mainly 48-cm
increments) on continuously subsampled intervals
across detected polarity transitions of the Matuyama–
Brunhes boundary and the base of the Jaramillo
subchron (Just et al. 2019). The low-resolution data set
was now extended to the base of the DEEP sediment
succession. From the new Pestani sediment succession,
89 samples (i.e. mainly 48-cm increments) were analysed
from the interval 89–135 m c.d. Measurements of the
natural remanent magnetization (NRM) and stepwise
alternating field (AF) demagnetization up to 100 mT
were carried out using 2G Enterprises cryogenic magne-
tometers at 10 incremental steps. Following the former
studies on the DEEP sediment succession the imprint of
greigite on palaeomagnetic data was quantified by the
ratio between the so-called gyro-remanent magnetiza-
tion (GRM) and NRM, i.e. ΔGRM/ΔNRM. The max-
imum angular deviation (MAD) was calculated to
provide a measure of the quality of demagnetization
data (see Just et al. 2016, 2019 for details). Data of
samples acquiring a significant GRM (>10% of NRM)
andwith MADs >10° were discarded.

Pollen analyses for the sediment succession from
400–447 m c.d. in the DEEP site (1.16–1.36 Ma) were
performed on 103 samples in intervals down to 16 cm
intervals (Panagiotopoulos et al. 2020). An average
pollen sum of 998 terrestrial pollen grains (515
excluding Pinus), spores, obligate aquatics, and algae
were counted per sample to ensure recording of rare
pollen taxa in specific relict species (for details see
Sadori et al. 2016; Kousis et al. 2018; Pana-
giotopoulos et al. 2020; Donders et al. 2021). For
this paper, 20 additional samples from 447–510.48 m
c.d. of the DEEP site were processed and analysed.
Only 10 of these samples yielded palynomorph
concentrations worth investigating and 7 of these
(down to 468.4 mc.d.) have an average pollen sum of
285 terrestrial pollen grains (203 excluding Pinus).
This extended DEEP data set was compared to the
interval of 133.35–179.95 m c.d. from the Pestani
sediment succession, where borehole logging data
(Ulfers et al. 2022) and core catcher material (Wagner
et al. 2014) infer the transition to permanent lacus-
trine conditions. A total of 30 samples from the
Pestani site were processed and analysed following the
methods from the DEEP site. A total of 27 samples
contained sufficient palynomorph concentrations and
yielded an average pollen sum of 800 terrestrial pollen

grains (473 excluding Pinus). This allowed us record-
ing of rare pollen taxa in specific relict species.

Processing of sediment samples for diatom analyses
andpreparationofpermanentdiatomslides followed the
methods by Cvetkoska et al. (2014). For the upper
447 m c.d. of the DEEP site record, 380 sediment
samples were taken at a temporal resolution of 2–4 ka
and data are published (e.g. Panagiotopoulos
et al. 2020; Wilke et al. 2020; Jovanovska et al. 2022).
For this paper, another 125 sediment samples were
selected at intervals between 0.64 and 1.6 m in the
sediment succession frombelow447 mc.d. In thispartof
the DEEP site record, total diatom counts decreased
substantially and only 32 samples contained diatoms,
some with only a single diatom. Below 510 m c.d. of the
DEEP site record, only five samples contained up to five
diatom valves. Because contamination or sediment
reworking cannot be excluded, these samples were not
included in the analyses. From thenewPestani record, 22
sediment samples were selected for diatom counting at
intervals between 0.48 and 8.74 m in the sediment
succession between 126 and 174 m c.d. No diatomswere
found below 174 m c.d. Permanent diatom slides were
prepared using Naphrax� as a mountant and each slide
was analysed across random transects to count 200–400
diatom valves, wherever possible (see Wilke et al. 2020
fordetails).Diatomanalyseswere conductedat 1000 and
15009magnification. Following the approach of Pana-
giotopoulos et al. (2020), diatom taxawere categorized
into five depth classes according to their habitat prefer-
ences and spatial distribution in the lake: 0–5 m (shallow
littoral communities), 0–10 m (littoral communities), 0–
40 m (epilimnetic planktonic and sublittoral communi-
ties), and 20–80 m (hypolimnetic planktonic communi-
ties).

Burial dating using in situ-produced cosmogenic
26Al/10Be (e.g.Granger&Muzikar 2001)wasperformed
on 10 individual samples comprised of eight quartz-rich
pebbles, plus two samples of amalgamated sediments
sieved to either the granule or coarse/very coarse sand
size fractions. These samples were extracted for this
paper from 586.18–585.64 m c.d. of the DEEP sediment
succession. Following crushing and sieving of the sam-
ples to 250–500 lm, pure quartz separates ranging from
2 to 40 g were obtained using the etching procedure of
Kohl&Nishiizumi (1992), which in the case of the small
pebbles wasmodified to prevent quartz loss by perform-
ing the first two dilute HF/HNO3 etches on the whole
sample before crushing and then etching the crushed
sample oncemore. Purity checks onassays of the cleaned
quartz were undertaken in-house using inductively
coupled plasma optical emission spectrometry (ICP-
OES). Samples were spiked prior to dissolution with
commerciallyavailableBeandAl ICPstandardsolutions
(Scharlab, 1000 mg L�1). Subsequent preparation as
accelerator mass spectrometry (AMS) targets at the
University of Cologne followed the stacked column
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approach outlined in Binnie et al. (2015). The samples
were prepared in two batches, each additionally contain-
ing one chemical blank. Targets were measured on
CologneAMS (Dewald et al. 2013), with 10Be/9Be and
26Al/27Al ratios normalized to the standards of Nishi-
izumi et al. (2007) and Nishiizumi (2004), respectively.

State of the art

According to former geological studies and seismic data
obtained during the site surveys of the SCOPSCO
project, the Ohrid basin formation initiated as a pull
apart basin during a transtensional phase in the Late
Miocene followed by an extensional phase since the
Pliocene (Dumurdzanov et al. 2004, 2005; Burchfiel
et al. 2006; Lindhorst et al. 2015; Pashko & Ali-
aj 2020). The deposition of the lowermost sedimentary
units recognized in the seismic data was ascribed to the
first phase of the syn-rift stage of basin evolution,when a
transient narrow valleymay have been filled quickly by a
fluvial system and small sub-basins formed by progres-
sive extension (Lindhorst et al. 2015 and references
therein). According to biostratigraphical and seismic
information and extrapolation of sedimentation rates
from the DEEP site, this basin sediment infill may have
started around 2.0 Ma (Lindhorst et al. 2015; Wagner
et al. 2017). The lake has existed continuously since
1.364 Ma,which is evidencedby combining information
from seismic (Lindhorst et al. 2015), borehole logging
(Ulfers et al. 2022) and sedimentological data (Wagner
et al. 2019). Masswasting in the lateral parts of the lake
is common and can be related to tectonic activity and
earthquakes (Wagner et al. 2008, 2012b; Reicherter
et al. 2011; Lindhorst et al. 2012). Active and inactive
faults within Lake Ohrid aremainly oriented inNE–SW
directions (Fig. 1).

Sedimentological data comprising the early lake
history are so far published only from the upper 447 m
c.d. of the DEEP site sediment succession and are thus
restricted to the entire hemi-pelagic, lacustrine sediment
succession deposited since the continuous existence of
the lake.Thesedataallowed forabetterunderstandingof
the influence of the African monsoon on winter rainfall
in the northern Mediterranean region (Wagner
et al. 2019) and on the regional vegetation succession
and the evolution of the young Lake Ohrid ecosystems
and their ecosystem resilience (Panagiotopoulos
et al. 2020; Donders et al. 2021).Moreover, the contin-
uous species-level fossil record of diatoms from Lake
Ohrid along with environmental and climate indicator
time series gave new insights into the evolutionary and
community dynamics of an isolated ecosystem since its
formation (Wilke et al. 2020; Cvetkoska et al. 2021;
Jovanovska et al. 2022).

Basedon the former studies of theDEEPsite sediment
succession, TIC in Lake Ohrid sediments is known to
resultmainly fromendogenic calcite precipitation in lake

surface waters. Abundance variations of TIC reflect
temperature and precipitation changes at Lake Ohrid
primarily on orbital time scales (Wagner et al. 2019),
with high values during interglacial periods (Fig. 3). K
intensities represent the amount of terrigenous clastic
matter in the sediments and thus are negatively corre-
lated to TIC and the amount of organic matter (e.g.
Francke et al. 2016; Wagner et al. 2019; Wilke
et al. 2020). TOC and TN data represent the amount
of organic material in the sediments and were used, in
combinationwith tephrostratigraphical andpalaeomag-
netic data, for the establishment of the age-depth model
at the DEEP site back to 1.36 Ma (Francke et al. 2016;
Just et al. 2019; Wagner et al. 2019; Leicher
et al. 2021). The TOC/TN ratio can be used to differen-
tiatebetweenautochthonous andallochthonousorganic
matter supply (e.g.Meyers& Ishiwatari 1995), but it can
also be affected by other factors, such as selective loss of
C or N during and after sedimentation (e.g. Lehmann
et al. 2002; Francke et al. 2016). Grain-size data pro-
vide information on lake internal transport energy. As
Lake Ohrid is mainly fed by karst aquifers (e.g.
Matzinger et al. 2007; Lacey & Jones 2018) and major
inlets do not occur along the central eastern shore
(Fig. 1), variations in grain-size data may reflect lake-
level changes, lake internal current activity, or aeolian
input (cf. Vogel et al. 2010b). Diatom data provided
information on habitat heterogeneity, trophic state and
changingwaterdepths (e.g.Wilkeet al. 2020;Cvetkoska
et al. 2021; Jovanovska et al. 2022). Pollen provided
regional information on vegetation and ecology changes
in the catchment (e.g. Sadori et al. 2016; Pana-
giotopoulos et al. 2020;Donders et al. 2021) and stable
isotopes provided information on lake water sourcing
and changes in the evaporation vs. precipitation ratio
(e.g. Lacey et al. 2015, 2016). The combination of
information from the published data set of the DEEP
site sediment succession shows that expansion and
deepening of Lake Ohridwas gradual, and deeper water
conditions had established at this site around 1.15 Ma
(Wilke et al. 2020).

Stratigraphical correlation of DEEP and Pestani
records

The stratigraphical correlation of theDEEPand Pestani
sites is mainly based on seismic and sedimentological
data (Figs 2, 3). Independent stratigraphical tie points
between the DEEP and Pestani sites are provided by the
occurrence of tephra layers identified in the sediment
successions from both sites (Tables 1, S1) and by
palaeomagnetic reversals and excursions. Borehole log-
ging data support the stratigraphical correlation, partic-
ularly in the lower sediment successionswhere some gaps
occur.

A stratigraphical correlation based on seismic data
follows three profiles across Lake Ohrid, two of them

BOREAS The geodynamic and limnological evolution of Balkan Lake Ohrid 7
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roughly in W–E direction and one interjacent in N–S
direction (thick yellow lines in Fig. 1). According to the
seismicdata, the sediment layersat theDEEPsitearewell
stratified and show fairly horizontal bedding, whilst the
geological situation in the eastern part of the basin is
more complex (cf. Lindhorst et al. 2015).Disrupted and
tilted reflectors occur directly west of the Pestani site
(Fig. 2). They indicate tectonic activity, mass wasting
and/or distinctly changing sedimentation rates and
impede tracing of some reflectors between the DEEP
and Pestani sites, particularly at intermediate depths
(Fig. 2).Tracingof the deepest reflectors is alsohindered
in the central basin, including areas around the DEEP
site, where multiple reflectors interfere with primary

reflections.Moreover, abedrock ridge in the eastern part
of thebasin interrupts thedeepest sedimentaryreflectors.
Despite these difficulties, selected horizons can be well
traced from the DEEP to the Pestani site, as has already
been shown for some horizons with ages of <1 Ma
(Ulfers et al. 2022), and thus support the correlation
based on sedimentological data.

For a stratigraphical correlation between the DEEP
and Pestani sites based on sedimentological data, we
used different proxy data sets, as deeper waters likely
diminish local effects on sedimentary characteristics.
The publisheddata from theDEEP site show that deeper
water conditions had established at this site around
1.15 Ma (Wilke et al. 2020). Therefore, we split the
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Fig. 3. Correlation of benthic isotope stack LR04 andMIS boundaries (Lisiecki & Raymo 2005), natural gamma radiation (GR, inverse scale)
from borehole logging (Ulfers et al. 2022) and TIC, K from XRF scanning, TOC/TN ratio, and grain sizes in the DEEP and Pestani sediment
successions.Ages anddata from theDEEPsite back to 1.36 Maare fromFrancke et al. (2016),Wagner et al. (2019) andWilke et al. (2020),with
the TOC/TN ratio so far only published back to 640 ka (Francke et al. 2016). Locations of tephra horizons in theDEEP sediment succession are
fromLeicher et al. (2021) and correlation to respective layers (colour-coded) in the Pestani sediment succession is shown inmore detail in Fig. 4,
Tables 1 and S1. Ages from palaeomagnetic excursions Gardar and Gilsa (left) are from Chanell (2017). The age at the base of the DEEP site
succession (black triangle) is from 26Al/10Be burial dating (Table S2). Diatom (see also Fig. 6), pollen (see also Fig. 7) and stable isotope data (see
also Fig. 8) complement the stratigraphical correlation in the lower part of the DEEP and Pestani sediment successions. Major hiatuses in the
sediment successions are indicated by gaps in the recovery logs and red triangles between the two sites.
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stratigraphical correlation between the DEEP and Pes-
tani sites into the period <1.15 Ma, corresponding with
the transition from Marine Isotope Stage (MIS) 34 to
MIS 35 (Lisiecki & Raymo 2005), and the prior period,
when environmentally dynamic and relatively shallow
water conditions, fluvial conditions or peat formation
prevailed at the DEEP site (Wagner et al. 2014; Pana-
giotopoulos et al. 2020; Wilke et al. 2020). A correla-
tion of sediment proxies >1.15 Ma can provide
information on the existence of a larger water body that
connected the DEEP and Pestani sites, periods of
isolated water bodies or even desiccation at both sites,
deepening of the early Lake Ohrid, distance of coring
sites to shore, and onset of sedimentation in the Ohrid
basin.

Stratigraphical correlation back to 1.15 Ma

For the stratigraphical correlation based on sedimento-
logical data back to 1.15 Ma, we selected TIC, K counts
from XRF scanning, the TOC/TN ratio and grain-size
information. Variations of the TOC/TN between the
DEEP and Pestani sites can be assumed to be negligible,
as lake internal currents (cf. Wagner et al. 2008; Vogel
et al. 2010a) mix the organic material in the water
column sufficiently at the centennial time scale. Varia-
tions in grain-size data are assumed to be relatively
similar at both sites, once pelagic water conditions were
established. This is also assumed for diatom data, which
complement the stratigraphical correlation between the
DEEP and Pestani sites in the lowermost sections of the
period <1.15 Ma.

For the period <1.15 Ma, the MIS31 interglacial at
1.081–1.062 Ma (Lisiecki & Raymo 2005), character-
ized by its exceptionally warm conditions, is a key tie
point represented in the DEEP sediment succession by
a prominent maximum in TIC at 375 m c.d. (Wagner
et al. 2014, 2019). Following the pattern of increased
TIC during interglacial periods, a pronounced maxi-
mum in TIC at 126 m c.d. in the Pestani data can also
be ascribed to MIS 31 (Fig. 3). Below MIS 31, maxima
of TIC in both successions can be ascribed toMIS 33 at
1.114–1.104 Ma (Wagner et al. 2019; Leicher
et al. 2021). K intensities show more variations com-
pared to TIC particularly during glacial periods and
imply, along with TIC data, that glacial and interglacial
periods over the last 1.15 Myr, back to MIS 34, are not
completely recorded in the Pestani sediment succession
(Fig. 3). TOC/TN ratios are low at both sites and
indicate a predominant autochthonous origin of
organic matter with slightly increased allochthonous
input during interglacial periods since 1.15 Ma. Based
on the overall high proportion of fine-grained sedi-
ments and similar amplitude of grain-size variations at
both sites, relatively deep-water conditions prevailed
also at the Pestani site since 1.15 Ma (cf. Wilke
et al. 2020). However, the proportion of fine-grained
material is higher at the DEEP site (Fig. 3). As the lake
is mainly fed by karst aquifers with low suspension
load, slightly coarser sediments at the Pestani site could
derive from more intense current activity at the lateral
basin floor (cf. Wagner et al. 2008, 2012a) that may
have diminished sedimentation of fine-grained mate-
rial.

Table 1. Tephra layers found in theDEEP sediment succession and their equivalents in the Pestani sediment succession. Tephra ages of theDEEP
site are based on the chronology presented in Wagner et al. (2019). Correlated equivalents according to Leicher et al. (2016, 2019, 2021). ET =
Etna; CF = Campi Flegrei; CVZ = Campanian Volcanic Zone; RMF =Roccamonfina; SVD = Sabatini Volcanic District; CA= Colli Albani.

DEEP Pestani Correlative
equivalentsLabel Isochrone

depth (m c.d.)
Thickness (cm) Age (ka) Label Isochrone

depth (m c.d.)
Thickness (cm)

OH-DP-0015 1.554 Crypto 3.29�0.08 OH-PE-0024 2.48 Crypto ET; FL tephra
OH-DP-0404 40.486 3.00 102.11�3.09 OH-PE-0208 20.87 3.00 CF; Tm24a/POP2
OH-DP-0435 43.513 1.50 109.45�1.82 OH-PE-0214 21.46 0.80 CF; X-6
OH-DP-0977 99.723 2.00 228.87�5.66 OH-PE-0273.9 27.39 0.50 CVZ/RMF?; S3?
OH-DP-1175 117.543 2.50 270.64�4.88 OH-PE-0294.8 29.48 0.50 SVD; unknown
OH-DP-1527 152.773 1.50 358.25�4.64 OH-PE-0402 40.20 1.80 RMF; unknown
OH-DP-1640 164.086 2.00 398.37�5.95 OH-PE-0452 45.26 3.40 RMF; unknown
OH-DP-1812 181.241 1.20 453.95�2.94 OH-PE-0565 56.56 0.90 RMF; unknown
OH-DP-1817 181.769 2.50 456.19�3.30 OH-PE-0569 56.98 2.70 CA; Pozzolane Rosse
OH-DP-1955 195.566 3.00 490.67�3.92 OH-PE-0616 61.64 3.20 RMF; unknown
OH-DP-1966 196.646 3.00 494.05�4.43 OH-PE-0622 62.20 2.40 RMF; CES1/A2
OH-DP-2010 201.049 1.50 514.17�4.37 OH-PE-0642 64.24 3.80 RMF; SC5/A7
OH-DP-2017 201.782 3.50 516.87�5.47 OH-PE-0648 64.88 3.10 SVD; Fall A
OH-DP-2555 255.586 2.40 662.55�7.16 OH-PE-0801 80.19 3.20 CVZ?; A11/12
OH-DP-2869 286.915 2.00 776.51�5.14 OH-PE-0965 96.56 1.40 CVZ?; unknown
OH-DP-3144 314.402 4.30 888.18�5.28 OH-PE-1111 111.10 0.80 CVZ?; unknown
OH-DP-3443 344.394 0.80 979.33�6.19 OH-PE-1213 121.39 1.60 CVZ?; unknown
OH-DP-4089 408.989 1.80 1206.9�4.55 OH-PE-1400 140.03 0.80 CVZ?; unknown
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The stratigraphical correlationof the two sites over the
last 1.15 Ma is supportedby thegeochemical correlation
of 18 tephra layers (Tables 1, S1, Figs S1–S12), with
tephra layers OH-DP-3443 and OH-PE-1213 deposited
during MIS 27 being the lowermost tie points of this
interval (Table 1, Figs 3, 4). Palaeomagnetic data also
support the correlation. Although the occurrence of
greigite distinctly distorts the palaeomagnetic data in
some intervals, the base of the Matuyama–Brunhes
reversal dated to 0.779 Ma and the base of the Jaramillo
subchron dated to 1.072 Ma can clearly be identified in
both records (Figs 3, 5; cf. Just et al. 2019). The latter is
corroborated by distinct maxima in TIC and minima in
K counts of MIS 31. Diatom assemblages from the
DEEP site record show a clear dominance of planktonic
taxa over the last 1.15 Ma and a preferred water depth
rangeof 0–80 m(Fig. 6; cf.Wilke et al. 2020), except for
the period around MIS 32, where a maximum of
facultative planktonic taxa can be observed. The upper-
most diatom sample from the Pestani site is from
126.88 mc.d., close to thebaseof the Jaramillo subchron
(Fig. 3). As this sample does not contain Pantocsekiella
sp. 2 nov, which has a pronounced maximum in the
DEEP site sediment succession between 334 and 367 m
c.d. (c. 0.956–1.052 Ma, Fig. 6), the age of this sample
can be inferred to range between 1.052 Ma and the base
of the Jaramillo subchron at 1.072 Ma (Fig. 3). Slightly

downcore at both sites, a maximum in Cyclotella
sollevata around 390 m c.d. in the DEEP site record
corresponds with MIS 34 and with 132.3 m c.d. in the
Pestani record. Although only four samples from the
Pestani sediment succession cover the period between
1.052 and 1.15 Ma, they also show a maximum of
facultative planktonic taxa (Fig. 6).

The stratigraphical correlation based on sedimento-
logical data indicates that the Pestani sediment succes-
sion is mostly continuous back to 1.15 Ma. Periods that
are disturbed or completely missing in the Pestani
sediment succession include MIS 6–7, MIS 14 and MIS
28–29,which is supported by theGRdata fromborehole
logging (Fig. 3; cf.Ulfers et al. 2022)andmissing tephra
layers (Table S1; Leicher et al. 2021). Hiatuses in the
Pestani sediment succession at those times could origi-
nate from increased lake internal current activity, mass
wasting, and/or tectonic activity. Increased lake internal
current activity at the Pestani site is merely indicated by
coarser sediments only for the periods aroundMIS 6and
MIS 14 (Fig. 3). Disrupted and tilted reflectors directly
west of the Pestani site show tectonic activity and mass
wasting, but this is not the case for reflectors that frame
MIS 6–7,MIS 14 andMIS 28–29 (Fig. 2). However, the
limited vertical resolution of seismic data of a fewmetres
(Wagner et al. 2017) and the mismatch of sediment
depth in the composite succession (m c.d.) and the real
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OH-DP-3443/-4089demonstrating the correlationof respective tephra layers from thePestani andDEEPsites.Geochemical compositions ofOH-
DP-3443/-4089 are based on Leicher et al. (2021).
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sediment depth (m b.l.f.) may bias the presumed ages of
reflectors. During MIS 6 small mass wasting deposits
likely contribute to an unusual sediment accumulation
at the DEEP site (Fig. 3; cf. Francke et al. 2016) and
also tephra layers at the Pestani site indicate some
redeposition of sediments (Table S1). Hence, erosional
mass wasting may have occurred during these periods,
particularly if the Pestani site was located on a lake
slope in former times. Although respective deposits are
not found in the DEEP site sediment succession in
substantial thickness, nor can be seen in the seismic
data along the profile, they may occur to the north or
south of the DEEP coring site.

Stratigraphical correlation beyond 1.15 Ma

For the stratigraphical correlation >1.15 Ma, we added
data from palynological and stable isotope analyses, as

this information is crucial to disentangle local from
regional drivers of environmental variability. As the
water in Lake Ohrid is well mixed and provides uniform
lake water d18O (d18OLW), which is the primary control
on d18OC (Lacey et al. 2016), endogenic carbonate
precipitated at DEEP or Pestani will have equivalent
d18OC. In concert with other data, isotope data help to
determine theenvironmental conditionsduring theonset
of basin and lake formation and when a lacustrine
environment connected the DEEP and Pestani sites.

The stratigraphical correlation between the DEEP
and Pestani sites beyond 1.15 Ma (MIS 34) shows very
similar fluctuations inTIC,Kcounts,TOC/TNratioand
grain-size data down to 408.9 m c.d. in the record from
DEEP and 140.0 m c.d. from Pestani. At these depths,
the occurrence of tephra layers OH-DP-4089 and OH-
PE-1400 with similar major element geochemistry pro-
vides another independent tie point (Table 1, Fig. 4).
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Fig. 5. Down-coremagnetic parameters of theDEEP (bottom) andPestani (top) sites vs. depth (m c.d.) and age at theDEEP site.DEEP site data
down to 447 m c.d. are published in Just et al. (2019). Maximum angular deviation (MAD), inclination of the anchored characteristic remanent
magnetization, and gyro-remanent magnetization vs. natural remanent magnetization (DGRM/DNRM), which reflects the impact of greigite on
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According to the chronology of the DEEP site record,
tephra OH-DP-4089 was deposited during MIS 36 at c.
1.21 Ma (Leicher et al. 2021). The similarity of geo-
chemical and grain-size variations between the DEEP
and Pestani sites back to 1.21 Ma, including the
relatively long-lasting MIS 35 around 1.16 Ma, implies
that both siteswere part of a larger lake rather thanbeing
located in separate basins. This is confirmed by diatom
data, which show similar assemblage changes and
relatively high abundances of planktonic taxa in the
sediment successions from both sites (Fig. 6). More
specifically, a maximum of Stephanodiscus sp. 1 nov at
406 m c.d. in the DEEP site record corresponds with a
maximumduring themiddle ofMIS35 and137 mc.d. in
the Pestani record. Pollen assemblages from DEEP
(400.6–406.646 mc.d.) andPestani (133.5–138.3 mc.d.)
corresponding toMIS 35 suggest a forested intervalwith
Abies,Cedrus and Tsuga (maximum values at both sites)
dominating at higher elevations, whilemesophilous trees
such asQuercus,Carya,Carpinus and riparian taxa such
asLiquidambar (maximumvalues in both sites) occurred
at lower elevations (Fig. 7). During MIS 36 (407.0–
411.4 m c.d. in the DEEP site record) conifer (excluding
Pinus and Picea) and mesophilous tree percentages
decrease, whereas Artemisia and Poaceae increase, sug-
gesting prevalence of cooler and drier climate conditions
(e.g.Sadoriet al. 2016;Koutsodendriset al. 2019).This
corresponds with the interval 139.0–141.5 m c.d. in the
Pestani record, but with higher mesophilous plant
percentages in comparison to the DEEP site (Fig. 7).

Below tephra layers OH-DP-4089 and OH-PE-1400,
or beyond MIS 36, a stratigraphical correlation of the
DEEP and Pestani sediment records is more difficult. In
addition to a potential match of TIC, K, TOC/TN ratio
and grain-size data, a distinct decrease of Pantocsekiella
delicatulaandan increaseofCyclotella sollevataat413 m
c.d. in the DEEP site record suggest a correspondence
with a similar shift at 142.6 m c.d. in the Pestani record
(Figs 3, 6). d13CC and d18OC both increase at 414 m c.d.
in the DEEP site record corresponding to an age of
1.23 Ma in MIS 37 (Wagner et al. 2019), which might
correlate with a similar increase at 144.5 m c.d. in the
Pestani record (Fig. 8). Pollendata support a correlation
of the interval from 141.5 to 144.5 m c.d. in the Pestani
record to the interval from 412.1 to 419.1 m c.d. in the
DEEP site record (Fig. 7; Panagiotopoulos et al. 2020).
During this interval, mesophilous and conifer taxa are
co-dominant and conspicuous peaks of conifer species

such asTsuga,Abies,Cedrusoccur in pollen spectra from
both sites. Although the overall match of geochemical,
grain-size, pollen and diatom data suggests that both
siteswere part of the samewater body, some data suggest
that the water depth at the DEEP site was substantially
higher than at the Pestani site during that time. For
example, planktonic diatom taxa with preferred water
depths of up to 80 m predominate in the DEEP record,
whilst a relatively high proportion of benthic or facul-
tative planktonic taxa limited to 0–10 m water depths
dominated the Pestani record duringMIS 37 (Fig. 6). A
shallowerwaterdepthat thePestani site is reinforcedbya
more pronounced minimum in fine-grained (<16 lm)
sediments and the occurrence of shell remains in the
supposedMIS 37 interval of the Pestani record (Fig. 3).

BelowMIS 37, awell-defined succession of the glacial
and interglacial periods MIS 38–43 recorded at the
DEEP site cannot be identified in the Pestani record
(Fig. 3). Gaps in core recovery of up to several metres,
distinct grain-size fluctuations, and the occurrence of
shell remains in the Pestani sediment succession imply
shallow and fluctuating water depths that led to discon-
tinuous sediment accumulation. Therefore, a strati-
graphical correlation of the two sites is restricted to
individual sediment horizons that are characterized by
specific changes in geochemical, pollen, diatom and
isotope data. Based on the diatom data, a prominent
minimum of P. delicatula at ~421 m c.d. might corre-
spond to ~147 m c.d. in the Pestani record and would
place this horizonwithinMIS 38 (Fig. 6). However, TIC
andKvalues in this interval of the Pestani record are not
typicalof glacial conditions (Fig. 3).The record seems to
be disturbed down to ~152 m c.d., where transitions in
d18OC and d13CC correspond to similar transitions at
~432 m c.d. in the DEEP site record (Fig. 8). According
to the DEEP chronology, these transitions are placed in
MIS 41 (Fig. 3). Somewhat below, stable isotope data,
particularly d18OC, show corresponding variations at
~440 m c.d. in the DEEP and at ~162 m c.d. in the
Pestani record, which is supported by diatom data with
increases of non-endemic planktonic P. delicatula and
endemic benthic Epithemia ohridana (Fig. 6). Also
pollen data support the correlation close to the onset of
permanent lacustrine conditions at the DEEP site.
Between 437.0 and 439.8 m c.d. in the DEEP site,
relatively high herb percentages (up to 40%, mostly),
similar mesophilous and conifer percentages, and max-
imumaquatic vascular plant percentages indicate glacial

Fig. 6. Shared endemic and non-endemic diatom taxa from the interval 300–510 m c.d. in the DEEP sediment succession and in interval 126–
174 m c.d. in the Pestani sediment succession. DEEP site data down to 447 m c.d. are published in Panagiotopoulos et al. (2020), Wilke
et al. (2020) and Jovanovska et al. (2022). Samples from531, 543, 545, 548 and551 mc.d. in theDEEPsite sediment successions containedonlya
few diatoms andwere not included here. Diatom-specific water-depth preferences are according to Panagiotopoulos et al. (2020). Tephrostrati-
graphical tie points OH-DP-4089 andOH-PE-1400 aremarked in yellow, tie points based on shifts in diatom populations and/or assemblages are
colour-coded according to Fig. 3. Taxa names in green represent taxa endemic to lakes Ohrid and Prespa, taxa names in blue are endemic to the
Drim River only or both Lake Ohrid and Drim River (cf. Levkov &Williams 2012).
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Fig. 7. Pollen percentage diagrams of selected (>2%) taxa (with 910 exaggeration) from the interval 400–468 m c.d. from the DEEP sediment
succession and from the interval 133–180 m c.d. from the Pestani sediment succession. DEEP site data down to 447 m c.d. are published in
Panagiotopoulos et al. (2020). Species are colour-coded as mesophilous (olive), montane (teal), Mediterranean (dark red), riparian (blue) and
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diatom assemblages (colour-coded; Figs 3, 6) and specific palynological horizonsmarked bygreen rectangles (shading correlates between cores).
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conditions of MIS 42. MIS 43 (440.2–447.3 m c.d.) is
characterized by arboreal percentages above 80% with
mesophilous species such as Quercus dominating and
relatively low percentages of conifers. Pollen spectra
from the Pestani site show relatively high percentages of
Poaceae, Amaranthaceae and Artemisia between 160.1–
161.5 m c.d. (Fig. 7), which can be tentatively correlated
with MIS 42. Below this horizon, the sample resolution
and pollen sum are too low for further down-core
stratigraphical correlation between the two sites.

The existing agemodel of theDEEPsite record ends at
447 m c.d., which corresponds to the transition between
MIS 44 and MIS 43 at 1.364 Ma (Figs 3, 9). Slightly
below this depth, at ~451 m c.d. in theDEEP site record,
there is a pronounced minimum in d18OC and a slight
maximum in d13CC. The same pattern is found around
167 mc.d. in thePestani record (Fig. 8).Thesimilarityof
the two records suggests that a water body already
connectedboth sites prior toMIS43.The stratigraphical
correlation is supported by diatom data, which show a
short occurrence of Didymosphenia geminata that is a
widespread at these depths in both records, but very rare
species in the Balkans (Fig. 6). Maxima in TIC and
TOC/TN ratios andminima inKat these depths (Fig. 3)
are typical for interglacial conditions and imply that the
sediments were deposited during MIS 45. However,
highly fluctuating grain sizes with a dominance of the
coarse silt and sand fraction at both sites, in combination
with peat horizons and the occurrence of shell remains at
theDEEPsite, indicatedistinct changes in sedimentation
characteristics, including fluvial or shallowwater condi-
tions or even desiccation and sediment redeposition.

Shallow water conditions and/or increased proximity to
the shore can also be inferred by high aquatic vascular
plant and Poaceae percentages in the Pestani sediment
succession below 160 m c.d. (Fig. 7).

Further stratigraphical correlation of proxies down-
core is vague. Based on the sedimentation characteristics
above, slight maxima in TIC at depths of around 462,
475,490and500 mc.d.alongwithahigherproportionof
fine-grained sediments at the DEEP site might correlate
with similar horizons at 174, 180, 185 and 195 m c.d. in
the Pestani record, respectively (Fig. 3). This is tenta-
tively supported by amaximum inTsugapollen at 465 m
c.d. in thesediment successionDEEPandat174 mc.d.at
Pestani (Fig. 7). However, the significantly lower pollen
sums do not allow for reliable correlations and pollen
samples from theDEEP site below 447 m c.d. and below
175 m c.d. from the Pestani site are most likely affected
by the dynamic depositional environment.

Early basin and lake history

Chronological constraints of the early basin and lake

At theDEEP site, a tentativeburial age from 26Al/10Be of
1.72�0.15 Ma (1 SE, n = 5) has been obtained for the
lowermost core section from 586.18–585.64 m c.d.
(Fig. 3, Table S2). Palaeomagnetic data from theDEEP
sediment succession below the base of the Jaramillo
subchron, in combination with the existing age model
down to 447 m c.d. and 1.364 Ma, support this age
estimation at the base of the succession. Three intervals
of normal polarities at ~385, 409 and 423 m c.d. are
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et al. 2019; Panagiotopoulos et al. 2020; Donders et al. 2021) and complementedwith new data (Figs 3, 7).
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impacted by the potential occurrence of early diagenetic
greigite andmay record the Bjorn, CobbMountain, and
Punaruu excursions (Fig. 5; Just et al. 2019). Greigite
formation also biases the DEEP site palaeomagnetic
data below 447 m c.d. The Gardar excursion dated to c.
1.46 Ma in records from the North Atlantic
(Chanell 2017) cannot be identified in the DEEP sedi-
ment succession. Further downcore, at ~526 m c.d.,
ΔGRM/ΔNRM shows only a moderate imprint of
greigite formation and a short normal polarity phase
occurs, which could correlate with the Gilsa excursion
dated to c. 1.55 Ma in records from the North Atlantic
(Chanell 2017).However,MADsvaryaround10° in this
section of the DEEP core and make this correlation
highly questionable (Figs 3, 5).

Seismic data from close to the DEEP site suggest that
120–130 m of presumably coarse-grained sediments
were not recovered from below the deepest drill hole
containing the oldest sediments in the basin (Fig. 3;
Lindhorst et al. 2015). Extrapolation of the sedimenta-
tion rate (~3.9 m ka�1) between 447 m c.d. (1.36 Ma)
and 586 m c.d. (1.72�0.15 Ma) provides an estimate for
the onset of sedimentation in the LakeOhrid basin of ca.
2 Ma (Figs 3, 9), which supports earlier age estimations
(cf. Wagner et al. 2014, 2017; Lindhorst et al. 2015).
However, sedimentation rates may have varied signifi-
cantly in a highly dynamic environment during the early
graben formation and filling. The age estimations from
theDEEPsite suggest thatTICmaximabelow447 mc.d.
in the DEEP sediment succession are also related to
interglacial periods (Figs 3, 9) and that an age of c.
1.5 Ma at ~500 m c.d. in the DEEP record can be
tentatively transferred to thebaseof thePestani recordat
~195 m c.d. (Fig. 3). As seismic data suggest that the
bedrock is ~5–15 m below the base of the recovered
Pestani sediment succession, sedimentation here may
have started not much earlier than 1.5 Ma.

Dynamic changes >1.4 Ma

Based on the seismic information and the sedimentolog-
ical proxydata, the early basinwas formedbyanarrow, S
to N trending valley (Lindhorst et al. 2015). Rounded
cobbles and gravel at the base of theDEEP site sediment
succession (Fig. 3; cf.Wagner et al. 2014) suggest that a
fluvial system drained this valley shortly after its
formation, at least around 1.72�0.15 Ma according to
the burial age from 26Al/10Be dating. As the cobbles,
gravelandsandsareprimarilycomposedoffelsic silicates
and siliciclastics, they likely originate from the Pliocene
or Miocene conglomerates, sandstones and siltstones
that are exposed today in themountains to the southeast
and southwest of Lake Ohrid (Hoffmann et al. 2010;
Pashko & Aliaj 2020). Late Miocene to Quaternary
coarse-grained sediments are also reported from out-
crops and drill holes in the flat areas to the north of Lake
Ohrid (Fig. 1; Dumurdzanov et al. 2004), but the seis-

mic data from the SCOPSCO project do not support
infill from this direction and show that the modern Lake
Ohrid basin likely contains the oldest sediments in its
central part (Wagner et al. 2014; Lindhorst et al. 2015).
Thus, the coarse sediments at the base of the DEEP site
sediment succession could have been transported by the
(palaeo)river Drim, which is the outflow of Lake Ohrid
todayandmayhavehad its source in themountains south
ofLakeOhridat that time (Figs 1, 10).Overlying coarse-
grained sediments are interspersed bymore fine-grained
sediments and peat layers, which indicates a highly
variable and dynamic environment prior to c. 1.4 Ma.
This early lake setting is supported by the diatom data
showing that at the very beginning of lake formation,
mixed assemblages with species endemic to the Drim
springs (St. Naum; Figs 1, S13) and non-endemic taxa
occurring in the surrounding rivers, prevailed (Fig. 6).
Moreover, diatom data show slightly different succes-
sionsatboth sites.Diatomsoccuronly sporadically in the
DEEP site record below 451 m c.d. that might corre-
spond toMIS 45 (Figs 3, 6). At the Pestani site, diatoms
have not been found below ~173 m c.d. The lack of
corresponding diatom and stable isotope data below
~451 m c.d. in the DEEP site record and ~167 m c.d. in
the Pestani record suggests that any ponds or small lakes
that existedwere likely separated fromeachotherprior to
c. 1.4 Ma (Fig. 3). At ~451 m c.d. in the DEEP site
record and ~167 m c.d. in the Pestani record, i.e.
probably during MIS 45, the very similar patterns of
TIC, K, C/N ratio, grain size and isotope data, and a
corresponding shift in diatom assemblages, suggest the
presence of a first larger lake extending over the DEEP
and Pestani sites. The higher aquatic vascular plant
percentages at Pestani (20% at 150 m c.d.; Fig. 7)
compared to the DEEP site suggest a rather distal
locationof theDEEPsite to the shore incomparisonwith
the Pestani site. However, this lake apparently persisted
only for a short period ormay have shifted its position as
indicated by the incomplete records of both sides.

The d18OC data from the base of the DEEP site record
(below 452.08 m c.d.; Fig. 8) initially have an average
d18OC of �6.6& before lowering to an average of
�11.4& between 451.92 and 450.32 m c.d. At the
Pestani site, the base of the record (below 172.91 m
c.d.) has average d18OC of �10.3& decreasing to an
average of �12.0& between 168.50 and 166.34 m c.d.
(Fig. 8). This suggests that, prior to any continuous
connection between the two sites, Pestani remained a
through-flowdominated system (lowd18OC)whereas the
DEEP site may have been cut off from major inflows
(Fig. 10), at least during drier months of the year, and
underwent a degree of evaporation leading to higher
d18OC.ThePestani site is located adjacent to springs that
are part of the karst aquifer system that characterizes the
Gali�cicaMountains to the east of the lakeand is themain
water tributary today. The Pestani site was likely
groundwater-fed at this time and therefore the average
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d18O of inflowwould have been low (average rainfall-fed
spring inflows today have d18O = �10.1&; Lacey &
Jones 2018). The shift in isotope data at bothDEEPand
Pestani to lowerand similard18OCaroundMIS45marks
a period of direct overlap between the two records
(Fig. 8), supporting the presence of a larger body of
water extending over the two sites (Fig. 10). In both
records, the average d18OC up to the lowermost chrono-
logical marker average�8.4 and�8.8 etc of isotope data
betweenthe tworecordsduring thecontinuous lacustrine
conditions. The d18OC increase of +3.0& at DEEP and
+3.2& at Pestani is also constant between the two sites
and suggests the increase in lake volume and residence
time likely led to evaporation driving the higher d18OLW.

The settings of lakes Prespa andOhrid duringMIS 45
differeddistinctly fromthe recent settings andapotential
surface connection at that time has even been proposed

(Stojadinovi�c 1966). Increasing lake levels during MIS
45 could be the result of increased rainfall at that time,
likely in combination with enhanced groundwater input
to the lake potentially sourced fromLakePrespa (Fig. 1)
and potentially supported by tectonic activation. Today,
groundwater inflows account for over 50% of input to
Lake Ohrid (Matzinger et al. 2007; Lacey &
Jones 2018). Lake Prespa today is smaller than Lake
Ohrid with significantly higher d18OLW around �1.5&.
An enhanced groundwater connectionbetween the sister
lakes would increase the d18O of groundwater entering
LakeOhridandcouldhave led, in part, to the~+3& shift
in d18OCobserved in theDEEPandPestani records.This
would imply that Lake Prespa existed when Lake Ohrid
started to fill, and Lake Ohrid may not be the oldest
extant lake in Europe. This is in agreement with the
formation of the Ohrid and Prespa basins during the
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early Late Miocene (Pashko & Aliaj 2020), probably
with slightly delayed formation of the Lake Ohrid basin
during the latest Miocene (Burchfiel et al. 2008). Dia-
tom data also indicate an early existence of Lake Prespa.
During the formation of Lake Ohrid, species endemic to
Lake Prespa or shared by lakes Prespa and Ohrid were
among the first to establish in the developing waters of
LakeOhrid (togetherwith non-endemic taxaoriginating
mostly from the catchment and the surroundings;
Fig. S13).More than half of the endemic diatom species
are shared between the two lakes, supporting the
connection of the two lakes in their early phase of
existence. The lower number of endemic species, includ-
ing across non-diatom taxa (e.g. Albrecht et al. 2012;
Levkov & Williams 2012) could result from more pro-
nounced lake-level fluctuations, increasing eutrophica-
tion (e.g.Matzingeret al. 2007;Wagneret al. 2012a), or
discontinuous existence of Lake Prespa since that time.
The latter possibility, however, is contradictory to the
presence of highly specific diatom species, such as
Surirella rotunda, S. lineopunctata and S. imbuta, within
the contemporary endemic flora of Lake Ohrid, known
as endemic for the contemporary flora of Lake Ohrid
(Cvetkoska et al. 2014).

Stabilizing lacustrine conditions after 1.4 Ma

The DEEP site has been covered continuously by water
sinceMIS43or1.36 Ma(Wagneret al. 2019). InMIS43
the proportion of planktonic diatom taxawith preferred
water depth ranges of up to 80 m substantially increased
at the DEEP site (Fig. 6). At the Pestani site, the first
substantial increase in planktonic diatom taxa is slightly
later, probably at the end of MIS 43, and with a higher
proportion of taxa preferring water depths of <40 m
(Figs 3, 6). As the early lacustrine history of Lake Ohrid
and its catchment betweenMIS 43 andMIS 35 has been
discussed already in detail based on data from theDEEP
site (Panagiotopoulos et al. 2020), the focus here is on
the comparison to the new data from the Pestani site.
After 1.36 Ma and until c. 1.03 Ma (360 m c.d.), glacial
periods at the DEEP site are characterized by a higher,
but decreasing proportion of facultative planktonic or
benthic taxa with preferred water depths of <10 m.
Interglacial periods are characterized by higher rainfall
(Wagner et al. 2019) and show a clear dominance of
planktonic diatom taxa with preferred water depth
ranges of up to 80 m. Indication of increasing water
depths over time at both sites also comes from shell
remains, which have a topmost occurrence in the DEEP
sediment succession at ~435 m c.d. or during MIS 41
(Fig. 3). Today, the ‘shell zone’, where reworked shells
accumulate, is reported at 10–30 m water depth
(Albrecht & Wilke 2008; Cvetkoska et al. 2018). This
zone likelywas somewhat lowerduring the early phase of
the lake, when the smaller lake size restricted wind fetch
and wave activity. The topmost occurrence of shell

remains in theDEEPsediment successionduringMIS41
(Fig. 3) along with the high proportion of planktonic
and facultative planktonic diatom taxa in most samples
above (Fig. 6) indicate that the water depth may have
passed a treshold of 10-20 m at the DEEP site since that
time (Fig. 10). This is supported by the shift to higher
d18OC indicating increased surface area and enhanced
lake water evaporation. In addition, green algae com-
prisingBotryococcus sp.andPediastrum sp.arepresent in
significant abundances in the DEEP site sediment
succession between 1.36 and 1.26 Ma (Fig. 7) and point
to the prevalence of shallowwater conditions during this
phase. In contrast, the lower abundance of green algae
after 1.26 Ma indicates a shift to deeper and/or more
oligotrophic water conditions at the DEEP site. This
aligns well with climate change at the onset of the Mid-
Pleistocene climate transition (cf. Panagiotopoulos
et al. 2020) and likely was amplified around 1.15 Ma
according to diatom data (Wilke et al. 2020).

In the Pestani record, low amounts of green algae
below 150 m c.d. are consistent with the presence of a
through-flow dominated system at this site prior to c.
1.26 Ma (Fig. 7). High green algae concentrations
between 150 and 133 m c.d. suggest a connection
between the Pestani and the DEEP sites and more
stagnant and shallow water conditions. The topmost
occurrence of shell remains in the Pestani record is at
145 mc.d. (Fig. 3).This implies that thewaterdepthmay
not have exceeded the depth of the ‘shell zone’ at 10–
30 muntil MIS 37, i.e. much later than at the DEEP site
(Fig. 10). It seems a larger lake extendedover thePestani
and DEEP sites at least during interglacial periods, but
with deeper waters at the DEEP site. During glacial
periods, when rainfall was lower (Wagner et al. 2019),
lake-level decrease might have affected particularly the
Pestani site with its more lateral position in the lake and
with increasing elevation relative to theDEEP site due to
ongoing subsidence. Thismay explain the larger hiatuses
in the core recoveryandmoredisturbed sedimentationat
the Pestani site untilMIS 36 orc. 1.21 Ma.For that time,
thePestani recordshows the firstpersistentoccurrenceof
planktonic diatom taxa with preferred water depth
ranges of up to 80 m. This increase in water depth
explains why the Pestani record consists predominantly
of fine-grained sediments and shows almost continuous
sedimentation afterc. 1.21 Ma. Seismic data confirm the
first uninterrupted correlation of the DEEP and Pestani
sites in MIS 36 (Fig. 2). However, the proportion of
facultative planktonic and benthic taxa is higher in the
Pestani record compared to the DEEP site record until
1.08 Ma.This is likelydue to a slightly lowerwater depth
compared to the same period in the DEEP site record.
This may additionally be affected by the more lateral
location of the Pestani site and thus a higher influence of
shallower habitats. Although the diatom data imply a
highly dynamic environmentwith overall increasing, but
fluctuatingwater depth until c. 1.03 Ma, absolute values

BOREAS The geodynamic and limnological evolution of Balkan Lake Ohrid 19

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12601 by B

ritish G
eological Survey, W

iley O
nline L

ibrary on [04/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ofwaterdeptharedifficult to infer.The calculationof the
preferred water depth is based on recent environmental
settings. According to Secchi transparency measure-
ments over recent decades, the upper 80 m of the water
column comprises the entire photic zone. However, this
zone might have been around 50 m or less in a shallower
and potentially more trophic early lake phase (Fig. 10).
More eutrophic conditions during this phase are indi-
catedby relativelyhighproportionsof eutrophicdiatoms
and green algae (Fig. 7; Panagiotopoulos et al. 2020;
Wilke et al. 2020; Cvetkoska et al. 2021; Jovanovska
et al. 2022). Above 360 m c.d. in the DEEP sediment
succession, corresponding with c. 1.03 Ma, a clear
dominance of planktonic taxa indicates further deepen-
ing and broadening of the lake such that larger parts of
the central lake became part of the aphotic zone, where
the water depth may have exceeded 40–80 m. From the
Pestani site, the diatom record from the last 1.03 Ma has
not been studied so far.

The morphology of the young and relatively narrow
Lake Ohrid basin also may have influenced the sur-
rounding vegetation. The distance between the DEEP
and Pestani sites during the early lake phase likely was
lower than today (Fig. 10). Wetland taxa, such asCarya
orAlnus,mayhavebeenmoreabundant in flatter areas to
thenorthor south.HigherpercentagesofMediterranean
taxa in Pestani (up to 10%, Fig. 7) could be associated
with the presence of thermophilous vegetation near the
coring location,while inDEEPshowmaximumvaluesof
5%. Modern vegetation studies across the Gali�cica
Mountains (Fig. 1) document the existence of ther-
mophilous forests in the lowlands (Matevski
et al. 2011). These findings point to a more local
vegetation signal of the Pestani pollen record associated
with the location of the coring site. This changed with
ongoing lake broadening and the Pestani pollen record
appears to capture a more regional vegetation signal
upcore (from 150 m c.d.) recording two glacial–inter-
glacial cycles corresponding to MIS 38–35. Despite the
lower sample resolution of the Pestani record, the
vegetational succession of individual taxa and the
ecogroup trends (e.g. mesophilous and montane)
observed show a close affinity to the ones documented
in the DEEP record (Fig. 7).

Climatic implications

The climate significance of the DEEP site data covering
the period of continuous existence of Lake Ohrid since
1.36 Mahas been highlighted in a numberof papers (e.g.
Wagner et al. 2019, Panagiotopoulos et al. 2020, Don-
ders et al. 2021; Fig. 9). They include climate and
altitude related vegetation differences compared to the
Tenaghi Philippon peat sequence recovered from the
Philippi basin in EasternMacedonia, Greece (Figs 1, 9;
Tzedakis et al. 2006; Donders et al. 2021). The new
data from the bottom of the DEEP site sediment

succession and the Pestani site sediment succession does
not provide much additional information on palaeocli-
mate dynamics, as both sites show a highly variable and
dynamic environment prior to c. 1.4 Ma that is mainly
triggered by local processes, which overprint the climate
significance. The fine-grained sediments and peat layers
deposited at the DEEP and Pestani sites prior to c.
1.4 Ma, in conjunction with slight maxima in TIC and
stable isotope data, indicate that slack water conditions
may have persisted during interglacial periods, when
rainfallwas likelyhigher (Wagneret al. 2019).Although
the burial age from 26Al/10Be of 1.72�0.15 Ma for the
lowermostpartof theDEEPsite sediment successioncan
be used to roughly infer the onset of sedimentation in the
lake basin, more reliable age information from the
lowermost parts of the DEEP and Pestani sediment
successions would be needed for palaeoclimate signifi-
cance between c. 2.0 and 1.36 Ma.

Despite these restrictions, it is noteworthy that the
onset of permanent lacustrine conditions in Lake Ohrid
around 1.4 Ma is contemporaneous with the age of the
base of the Tenaghi Philippon peat sequence (Figs 1, 9;
Tzedakis et al. 2006). The sediment successions from
both basins imply relatively dynamic environmental
conditions prior to 1.4 Ma and subsequently stabilizing
conditions (cf. Tzedakis et al. 2006; Pross et al. 2015).
Although both basins are part of the Southern Balkan
Extensional Region (Dumurdzanov et al. 2005), they
are located ~300 km apart, which makes a solely
tectonically driven ontogenesis of Lake Ohrid unlikely.
The published sedimentological and diatom data from
after 1.36 Ma indicate that deepening and widening of
early Lake Ohrid was not a linear process and may have
beenaffectedby the interplaybetweentheclimatechange
at theonsetof theMid-Pleistocene climate transitionand
ongoing basin subsidence (cf. Panagiotopoulos
et al. 2020). The timing of lake formation around
1.36 Ma rather correspondswith amajor global climate
transition. MIS 43 is the last interglacial of a series of
high-amplitude interglacials (MIS49–43) in theMediter-
ranean Sea (Fig. 9; Wang et al. 2010). This timing also
corresponds with a shift to increasing dust flux from the
Sahara into the eastern Mediterranean Sea (Fig. 9;
Grant et al. 2022). Moreover, at this time, a change in
glacial dynamics is associated with a decrease in modu-
lation sensitivity to obliquity and a decrease in the
relative duration of interglacials (Fig. 9; Lisiecki &
Raymo 2007). However, a decrease in the relative dura-
tion of interglacials might have lowered thewater supply
to Lake Ohrid, as the lake is supposed to have received
higher amounts of rainfall during interglacial periods
(Wagner et al. 2019). The latter is supported by the new
data from the DEEP and Pestani sites, which indicate
higher water levels during interglacial periods at the
onset of lake formation (Fig. 10). Given the regional
synchronicity between the onset of sedimentation in
the two basins, regional forcing mechanisms for the

20 BerndWagner et al. BOREAS

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12601 by B

ritish G
eological Survey, W

iley O
nline L

ibrary on [04/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



formation of Lake Ohrid and the peat record from the
Phillipi basin need to be explored.

Tectonic implications

The new data from the DEEP and Pestani sediment
successions provide abetter understanding of the history
of the lake or basin deepening related to tectonic uplift
and subsidence, respectively, by reconstructing sediment
thicknesses and lake-waterdepthover time.However, the
latter is challenging has beenpreviously basedon seismic
andhydro-acousticdataandthe formationof subaquatic
terraces (Lindhorst et al. 2010; Wagner et al. 2017).
The most prominent of these terraces at ~35 and ~60 m
below the present lake level likely formed during MIS 5
and early MIS 6, respectively (Fig. 10), when relatively
dry climate conditions may have persisted (Wagner
et al. 2019).

The two sediment successions provide only a fewhints
on past changes in water depth. Today, the water depths
at the coring locations differ by 19 m, with 243-m water
depth at the DEEP site and 262 m at the Pestani site
(Fig. 10; Wagner et al. 2014). Back in time, at the onset
of permanent lacustrine conditions at the DEEP site at
1.36 Ma, the data from the DEEP and Pestani sites
suggest that a shallow lake connected the two sites, likely
with somewhat deeper water at the DEEP site according
to the diatom data. The sporadic connection of the two
sites by a shallow lake at or even prior to 1.36 Ma
requires similar altitudes, differing probably by <20 m
(Fig. 10).

The reconstruction of sediment thicknesses over time
is based on the transfer of chronological information
based on correlation using proxy data from the DEEP
and Pestani sites. Both sites indicate a relatively constant
increase in sediment thicknesses over time (Fig. 10). The
26Al/10Be age from the DEEP site indicates that ~120 m
of sediment (borehole logging data; Fig. 3) may have
accumulated at this site between c. 1.72 and 1.36 Ma. A
tentative stratigraphical correlation of TIC maxima
from DEEP to Pestani (Fig. 3) indicates that ~30 m of
sediment may have accumulated at the Pestani site
between c. 1.5 and 1.36 Ma (Fig. 10). Around 1.36 Ma,
both sites were at a similar altitude. Since 1.36 Ma,
~430 m of sediment has accumulated at the DEEP site,
whilst only ~163 m has accumulated at the Pestani site
according to the borehole logging data (Fig. 3). Taking
the altitude of the lake surface today (693 m a.s.l.), the
water depth of 243 m at the DEEP site and 262 m at the
Pestani site (Δr � 19 m; Fig. 10), and the sediment
accumulation of 430 and 163 m (Δr � 267 m; Fig. 10),
respectively, the level of theMIS43onset at 1.36 Ma is at
~20 m a.s.l. at the DEEP site and at ~268 m a.s.l. at the
Pestani site today, i.e. differing by ~248 m. Sediment
compaction may have altered the altitude of these
horizons in the respective sites. In the upper 240 m of
the sediment succession from the DEEP site, the

sediment compaction was relatively constant and aver-
aged at 14% (Baumgarten et al. 2015). When applying
this rate to the two sites and the respective sediment
thicknesses, thealtitudeof the1.36-Mahorizonwouldbe
at ~80 m a.s.l. at the DEEP site and at ~300 m a.s.l. at
the Pestani site, i.e. differing by ~220 m. Assigning a
fairly high uncertainty to a potential difference in
altitude of up to 20 m at the onset of the record and
sediment compaction in the course of ongoing sedimen-
tation, the vertical displacement between the sites can be
estimatedto200–250 msince1.36 Ma.Thiswouldresult
in vertical displacement rates of 0.15–0.18 mm a�1 for
the last 1.36 Ma, with changes based on relatively small
amountsof sedimentaccumulationovera long time scale
(Fig. 10).

Only fewdatawith respect to tectonic uplift exist from
the region for comparison. On avery recent scale, which
allows only tentative comparison to the long-term
sedimentological data from the DEEP and Pestani sites,
geodetic measurements recorded an uplift rate of
<1 mm a�1 at the city of Ohrid (Fig. 1) between July
2000 and February 2021 (http://geodesy.unr.edu/
NGLStationPages/stations/ORID.sta). The vertical dis-
placement rates of 0.15–0.18 mm a�1 for the last
1.36 Ma at Lake Ohrid are distinctly lower compared
to earlier measurements of current uplift rates of the
surrounding mountains of >5 mm a�1 (Lilien-
berg 1968). They better correspond with an estimated
uplift rate of 1 mm a�1 since the Pleistocene for the
Jablanica Mountain range directly northwest of Lake
Ohrid (Fig. 1) and with uplift rates of <1 mm a�1 in
Balkan regions further to the east (Ruszkiczay-R€udiger
et al. 2020 and references therein). The Internal Alban-
ides comprisingKorabi zone rocks that also compose the
mountains southeast of LakeOhrid are characterized by
a fission-track based long-term exhumation rate of
0.16 mm a�1 since c. 20 Ma,with apulse of exhumation
at 1.2 mm a�1 between 6 and 4 Ma (Muceku
et al. 2008; Pashko & Aliaj 2020).

Overall, the rate of vertical displacement between the
DEEP and Pestani sites in Lake Ohrid over the last c.
1.36 Ma seems to be in broad agreement with the few
existing data from the region. The rate of vertical
displacement seems to be relatively constant over time,
at least on a long-term scale, which implies that the
reconstructed orbital scale water-level changes particu-
larly at the onset of lake formation are mainly related to
changes in rainfall between glacial and interglacial
periods.

Conclusions

Seismic profiles and deep drilling of Lake Ohrid provide
the firstdetailedview into the early lakeandbasinhistory
of what is thought to be the oldest extant lake in Europe.
For this purpose, the 584-m-long sediment succession
(5045–1) fromthecentralDEEPsitewascomparedto the
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197-m-long sediment succession (5045–4) from the
Pestani site further to the east, where drilling ended
close to the bedrock.

Burial age estimations based on 26Al/10Be dating of
clasts from the base of the DEEP sediment succession
provided an age of 1.72�0.15 Ma. As 100–120 m of
sediments fill from below the base of the recovered
sediment succession are recorded in seismic data from
this site, extrapolation of sedimentation rates implies an
onset of sedimentation in the modern Lake Ohrid basin
as early as c. 2 Ma. A narrow, south to north trending
valley supported fluvial and slack water conditions, peat
formation or even complete desiccation and character-
ized the early central basin history. Based on a compar-
ison of geophysical, sedimentological and
micropalaeontological data from the DEEP and the
Pestani sites the sedimentation at the latter site started
around 1.5 Ma. Prior to 1.36 Ma, the sediment succes-
sions from both sites indicate a highly dynamic environ-
ment in space and time. At 1.36 Ma the DEEP and
Pestani sites were first connected in a joint lake basin,
with slightly greater water depth at the DEEP site. Early
Lake Ohrid underwent distinct lake-level fluctuations,
with greater water depth in interglacial periods and
gradual but fluctuating deepening and widening. The
Pestani site indicates a more lateral location with more
thermophilous vegetation in the vicinity and with shal-
lowerwaterconditionsordesiccationparticularlyduring
glacial periods. A permanent larger lake has connected
the two sites since 1.21 Ma.

There isno indication thatamajor tectonic eventalone
caused the formation of Lake Ohrid. Sediment accumu-
lation rates imply a relatively constant vertical displace-
ment by tectonic uplift and subsidence of ~0.2 mm a�1

between the central and the eastern lateral part of Lake
Ohrid. Isotope anddiatomdata suggest that the fillingof
the Lake Ohrid basin partly originates from the (palaeo)
river Drim, supported by the activation of the karst
aquifer system at the eastern shore of Lake Ohrid. The
data imply that Lake Prespa already existed when Lake
Ohrid formed. The onset of ontogenesis of Lake Ohrid
around1.36 Ma is contemporaneouswith thebaseof the
Tenaghi Philippon pollen record and a major shift in
global climate, when a decrease in the relative duration
andamplitudeof interglacial periods is proposed.As this
indicates that the formation of Lake Ohrid is not solely
driven by tectonic activity, the regional climate forcing
needs to be explored in respect to higher amounts of
precipitation, evapotranspiration andwater supply dur-
ing interglacial periods.
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Fig. S1. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0024/OH-DP-0015 and OH-PE-0017/OH-DP-0169.
Geochemical data for tephra layers from the DEEP
site are based on Leicher et al. (2021).

Fig. S2. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0208/OH-DP-0404, OH-PE-0214/OH-DP-0435 and
OH-PE-0225/-0273.0/OH-DP-0624. Geochemical
data for tephra layers from the DEEP site are based
on Leicher et al. (2021).

Fig. S3. TAS-diagram (A) after Le Bas et al. (1986),
pantellerite/comendite classification (B) after

MacDonald (1974) and bioxide plots (C–K) of tephra
equivalents OH-PE-0222/-0223/-0228 and OH-DP-
0505/-0499. Geochemical data for tephra layers from
the DEEP site are based on Leicher et al. (2021).

Fig. S4. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0273.9/OH-PE-0997andOH-PE-0294.4/-0294.8/OH-
DP-1175. OH-DP-1006 and OH-DP-1055 are also
shown, but equivalents are not found in the Pestani
succession. Geochemical data for tephra layers from
the DEEP site are based on Leicher et al. (2021).

Fig. S5. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0402/OH-DP-1527. An equivalent of OH-PE-0306
was not identified in the DEEP site succession.
Geochemical data for tephra layers from the DEEP
site are based on Leicher et al. (2021).

Fig. S6. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0452/OH-DP-1640 and OH-PE-0565/OH-DP-1812.
Geochemical data for tephra layers from the DEEP
site are based on Leicher et al. (2021).

Fig. S7. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0569/OH-DP-1817. Geochemical data for tephra lay-
ers from the DEEP site are based on Leicher et al.
(2021).

Fig. S8. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0600/OH-DP-1911, OH-PE-0616/OH-DP-1955 and
OH-PE-0622/OH-DP-1966. Geochemical data for
tephra layers from theDEEP site are based onLeicher
et al. (2021).

Fig. S9. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0642/OH-DP-2010, OH-PE-0648/OH-DP-2017 and
OH-PE-0801/OH-DP-2555. Geochemical data for
tephra layers from theDEEP site are based onLeicher
et al. (2021).
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Fig. S10. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0819/OH-DP-2603 and OH-PE-0888/OH-DP-2669.
No equivalent of OH-PE-0873 was identified in the
DEEP site succession. Geochemical data for tephra
layers from the DEEP site are based on Leicher et al.
(2021).

Fig. S11. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
0965/OH-DP-2869 and OH-PE-0983/OH-DP-2898.
Geochemical data for tephra layers from the DEEP
site are based on Leicher et al. (2021).

Fig. S12. TAS-diagram (A) after Le Bas et al. (1986),
CaO/FeOvs.Cl diagram (B) afterGiaccio et al. (2019)
andbioxideplots (C–K)of tephraequivalentsOH-PE-
1111/OH-DP-3144, OH-PE-1213/OH-DP-3443 and
OH-PE-1400/OH-DP-4089.

Fig. S13. Variations in diatom relative abundances and
accumulation of endemic diversity from the DEEP
sediment succession over the last 1.36 Ma. (A)
Diatoms characteristic for spring (teal bars) and river
(olive bars) conditions, showing the relative abun-
dance of taxa characteristic for St. Naum springs and
the surrounding rivers today. y axis truncated at 30%
and cut-off maxima values printed where applicable.
(B) Species accumulation of endemic diatoms from
Lake Ohrid (grey circles), Lake Prespa (light purple
circles), lakes Ohrid and Prespa (dark purple circles)
and St. Naum springs (green circles), listed according
to time of occurrence in the DEEP sediment record.
Vertical grey and white bars indicate glacial and
interglacial periods, respectively.

Table S1. Tephra layers identified in the Pestani sedi-
ment succession and their equivalents from theDEEP
site. Ages of DEEP site tephra derived from the age-
model inWagner et al. (2019). Correlated equivalents
according to Leicher et al. (2016, 2019, 2021). ET =

Etna, CF = Campi Flegrei; PA= Pantelleria; CVZ =
Campanian Volcanic Zone; RMF = Roccamonfina;
SVD = Sabatini Volcanic District; CA= Colli Albani.

Table S2. Cosmogenic nuclide analysis and results.
The 10Be and 26Al concentrations derived from the
AMS results were blank corrected following Binnie
et al. (2019), with resulting 10Be concentrations
ranging between 1.699104 and 6.049104 at g�1 and
26Al concentrations between 0.8219104 and
15.79104 at g�1. Some of the samples, especially
those for which limited amounts of quartz were
available, required blank corrections amounting to a
significant fraction of the total concentration mea-
sured. In addition, 26Al counts detected by the AMS
were low, particularly for five of the samples.
Consequently, five of the 10 measurements were
discounted and not used in the age derivation. The
remaining five samples have respective 10Be and 26Al
blank corrections of less than 16 and 5%. The ratios
of the five accepted 26Al/10Be measurements range
between 3.54 and 2.59, with an error weighted mean
and one standard error of 2.94�0.25. Assuming
decay constants of 9.83�0.25910�7 year�1 (Nishi-
izumi 2004) and 4.987�0.043910�7 year�1 (Chmel-
eff et al., 2009; Korschinek et al., 2009) for 26Al and
10Be, respectively, and an initial burial ratio of 26Al
to 10Be of 6.75, we apply the error weighted mean
ratio and the formula for burial times given in
Granger & Muzikar (2001) to derive an age and one
standard error uncertainty of 1.72�0.15 Ma. Alter-
natively, if we assume the sediments had a complex
exposure history prior to their burial at the core site,
i.e. that the 26Al/10Be ratio at the time of burial was
less than 6.75, then the sample with the lowest ratio
of the five (5045-1D-202A-CC-10) gives the most
meaningful age as 1.97�0.48 Ma (1 SD). However,
although we use a subset of the more robust
measurements, we note that the individual results
are close to reliable limits and thus a more definitive
age requires further analysis.

Data S1. References used in Supporting Information.
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