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Abstract: This research presents the paleoenvironmental evolution of a drained lake at the Lousoi
plateau (northern Peloponnese), for the last 10,000 years, through the study of a 7 m depth core.
Analyses conducted on the core include grain size, TOC, TN, pH, EC, total carbonates (%), magnetic
susceptibility measurements, XRF analysis, and radiocarbon dating. Our paleoenvironmental re-
construction was based on geochemical proxies” distribution in the core, combined with sediment
physical and textural characteristics and later comparison between additional lacustrine archives
from northern Peloponnese. From 10,900 to 7700 cal BP lacustrine, organic-rich deposits were rec-
ognized, reflecting increased lake water levels. Wet climatic conditions seem to have prevailed dur-
ing this phase, interrupted by a dry pulse at 9400 cal BP. Transition to more shallow waters was
marked at 8200 cal BP due to increased sediment deposition in the lake, with the environmental
status shifting to a more oxygenated phase. Overall, wet conditions prevailed in this period and are
in good agreement with regional records. In the Late Holocene period, the lake seems to have been
highly affected by pedogenic processes, and thus, it was difficult to distinguish paleoclimatic/pale-
oenvironmental signals.

Keywords: XRF; polje; paleoenvironment; paleoclimate; eastern Mediterranean

1. Introduction

The eastern Mediterranean region (Figure 1a) is shaped by high spatiotemporal var-
iability of climate, produced by mid-latitude and subtropical atmospheric circulation sys-
tems [1,2]. The complex topography of the area further enhances this variability, with
mountain ranges forming microclimates and distinct precipitation and temperature gra-
dients. This climate complexity, combined with a long history of human occupation in the
area, provides an ideal setting to track short- and long-term climatic and environmental
fluctuations and even address how these changes affected early human societies.

The Peloponnese, in particular, is located in the transitional zone of large-scale at-
mospheric patterns and is characterized by an E-W precipitation gradient (Figure 1b).
Climatic heterogeneity of the area is highlighted by studies conducted on lagoons [3,4],
lakes [5,6], and speleothems [7]. Still, the chronological framework of most studies is lim-
ited to the Middle and Late Holocene; thus, data also reflecting the Early Holocene envi-
ronmental and climatic status of the Peloponnese are lacking.

In this study, we present a new sedimentological archive from Lake Lousoi, located
in the central part of Peloponnese (Figure 1b). The lake presents similar geomorphological
and environmental characteristics to Stymphalia and Kaisari poljes [5,8], allowing a relia-
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ble and robust investigation and better evaluation of similar/opposing signals. Archaeo-
logical evidence in the area indicates that the region was inhabited at least from the Mid-
dle Neolithic (5700-5300 BCE) [9]. Our main aim is to track similar/opposing paleoclimatic
signals with previously studied sites of the Peloponnese and disentangle the general cli-
matic regime of the area for the Middle-to-Late Holocene. Furthermore, additional studies
from the broader Mediterranean region will be used, to evaluate and distinguish local
events from regional ones.

Mean annual
| precipitation
| (mmyyr)

Eastern Mediterranean
N
L ) & 4
Figure 1. (a) Eastern Mediterranean map with the study area highlighted in yellow box; (b) map of

Peloponnese, displaying the archives discussed in this study along with the mean annual precipita-
tion of the region for the period 1970-2000 [10].

2. Study Area
2.1. Regional Setting

The catchment is located in the northern Peloponnese (Figure 1) and occupies an area
of 78 km? (Figure 2). The area has steep topographic terrain, with altitudes ranging from
530 to 1629 m. Maximum altitude is observed on Mount Velia (1405 m), at the top of
Prophet Elias in the northeastern part of the area (1629 m), at Psili Gouva, east of the vil-
lage of Sigouni (1456 m) and Amolinitsa (1345 m) (Figure 2). Lake Lousoi is actually a
polje set at an altitude of 940 m, with flat-surrounding terrain and a total surface area of
49 km2[11].

At the northern part of the study area, on the slopes of Mount Velia, the villages of
Upper and Lower Lousoi are found (Figure 2) The watershed has a total surface of 28 km?
with its northern limit constituted by the northwestern side of the mountain [11]. The
catchment notably includes two sinkholes northwest of Lousiko, which drain the polje.

According to [12] the Peloponnese is classified as Csa (hot-summer Mediterranean
climate) and receives, on average, between 400 and 850 mm of annual rainfall (Figure 1).
Climatic data for the period 1975-1999 were taken from the meteorological stations of
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Lousika (1160 m), Kalavryta (731 m), Klitoria (750 m), and Lagovouni (880 m) of the
Ministry of Rural Development and Food and Hellenic National Meteorological Service
(HNMS). The wet period (October-March) in the region of Lousoi has an average
precipitation of 114.31 mm/month (4.5 inches), while dry periods, from April until
September, show an average of 32.2 mm/month (1.26 inches). December is the wettest
month, with 151.97 mm (5.98 inches) of precipitation, whereas August is the driest month,
with 3.8 mm (0.14 inches). The average amount of total annual precipitation for the period
1975-1999 is 879.12 mm (34.61 inches).
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Figure 2. Geomorphological map of the study area presenting the main settlements and sinkholes,
together with the core location, watershed, and drainage basin according to [11].

2.2. Geological Setting

The polje is dominated by Eocene flysch, Upper Cretaceous slabbed limestones, and
Upper Jurassic siltstones and radiolarites (Figure 3). Upper Cretaceous undivided lime-
stones and dolomites also appear in the northeastern part of the polje. The study area was
formed mainly through the activity of two faults. The fault with a northwest/southeast
direction in the center of the study area, which passes through the Cave of Lakes and the
sinkholes, as well as a possible fault along the Mana stream, provides an explanation for
the elongated shape of the valley [11].

The polje is drained by the Mana stream that is headed from the south to the north
following the direction of the long axis of the valley, ending up in a pair of sinkholes,
located at the center of the polje, at a height of 967 m. At the northern part of the sinkholes,
a yellowish layer comprising lacustrine silty clay was found between alluvial deposits.
The layer is believed to have been formed under a lake environment in the past and ex-
tended to a larger area around the polje [11]. Given the proximity of the sinkholes, the
catchment must have been supplied with freshwater by the Mana stream that surpassed
the drainage capacity of the sinkholes, thus forming a lake.
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Figure 3. Geological map of the study area according to [13].

3. Materials and Methods
3.1. Coring Fieldwork

Fieldwork was conducted in early August 2020. The coring location was selected af-
ter inspection of the area and by assuming it represents the depocenter of the former lake.
The exact location was recorded using a portable GPS device (37°58'25.25" N, 22°6'11.97"
E). A7 m long sediment core (LS core) was obtained using an Eijkelkamp percussion core
sampler with sampling PVC closed tubes of 50 mm diameter and 1 m length. After coring,
the sediment sequences were sealed with cling film and transported to the Department of
Geology, University of Patras, Greece, where they were stored in cool rooms (4 °C).

3.2. Sedimentology

Standard sedimentological analysis was conducted on 77 samples from the sediment
core (9 cm resolution) and analyzed grain size, carbonate content (%), magnetic suscepti-
bility (MS), total organic carbon (TOC), total nitrogen (TN), pH, and electrical conductiv-
ity (EQ).

The grain size of each sample was established using a Malvern Mastersizer, Hydro
2000, with the classification established according to [14]. Statistical grain-size parameters
of the sediment were determined automatically through Gradistat V.4 software [15]. Total
carbonates (%) were measured using a FOG II/Digital Hand-Held Calcimeter (BD Inven-
tions [16,17]. MS measurements were obtained through a Bartington MS2E sensor, with 1
cm resolution throughout the sediment sequence. For the sediment color, first, high-reso-
lution digital images were obtained using a Nikon DSLR camera and then processed
through Image]J software, to extract the RGB spectrum. TOC and TN were measured using
0.4 g of powdered sample and the TOC-VWS/WP Shimadzu Series Analyzer. For the pH
measurement, 2 g of dry powdered sample (J < 2 mm) was mixed with 50 mL of deion-
ized water [18]. The solution was left for 1 h for the nutrients to settle, after stirring. Then,
measurements were taken by using an HQ40D digital two-channel multimeter. The solu-
tion was then filtered through a Whatman Medium filter paper and was followed by the
measurement of electrical conductivity.
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3.3. Elemental Variations and Radiocarbon Dating

Downcore elemental variations were measured by a Bruker XRF handheld scanner
(S1 Titan/Tracer 5/CTX). A total of 140 measurements were pooled from the core segments
with a 30 sec exposure time at 10-50 kV for the elements Al, Si, K, Ca, Ti, Mn, Fe, Rb, Sr,
and Zr.

The chronological framework of the core was established through 4 14C radiocarbon
dates conducted on bulk sediment. The analysis was performed at the Universita Degli
Campania Dipartimento di mathematica e fisica, CIRCE laboratory, in Napolj, Italy. Cal-
ibration of the radiocarbon dates was based on IntCal 20 [19]. Conventional and calibrated
ages, as well as their exact depths, are presented in Table 1.

Table 1. List of radiocarbon dates conducted on core LS presented with depth (cm). Conventional
dates were calibrated through IntCal20 calibration curve [19].

o cal BP (20
Lab ID Depth (cm) Sample Description 14C Age (BP) Ranges)
DSH9965 129 bulk sediment 1398 + 29 1207-1381
DSH9964 298 bulk sediment 3999 + 41 4258-4685
DSH9966 520 bulk sediment 7171 + 43 7861-8163
DSH9543 672 bulk sediment 9294 +27  10301-10642

4. Results
4.1. Core Description and Stratigraphy

Based on the distribution of particle size, color, and sedimentary structures, four dif-
ferent sedimentary units were distinguished on the LS core. The presence of sand was
low, ranging from 0.41 to 18%, whereas clay ranged from 25 to 63% and silt from 32 to
70% (Figure 4). The sedimentological/stratigraphic units recognized in the core are de-
scribed in what follows.
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Figure 4. Log profile of core LS. From left to right, LS core photograph, stratigraphic column with the
main units recognized, grain size distribution and statistical parameters, geochemical parameters (CaCOs,
TOC, C/N, pH, EC), magnetic susceptibility (MS) values, and RGB profile plot.
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Unit 4 (5.20-7.00 m): This unit consists of poorly sorted gray-to-dark-gray mud. The
sediment of this unit is very coarsely skewed to near-symmetrical, and the distribution is
mainly mesokurtic with two measurements of leptokurtic material (5.45-5.40 m, 5.75-5.70
m). Pebbles were observed at 6.81-6.79 m.

Unit 3 (4.00-5.20 m): This unit consists mainly of poorly sorted, gray-to-brown sandy
mud. Pebbles were observed at 5.00 m. The sediment is coarsely skewed to very coarsely
skewed and primarily mesokurtic with two measurements (4.95-4.90 m, 4.65-4.60 m) of
platykurtic material and one measurement (4.05-4.00 m) of leptokurtic material.

Unit 2 (0.20-4.00 m): This unit consists mainly of poorly sorted brown mud, with two
intercalations of sandy mud at 1.62 and 2.12 m. The sediment of this unit is coarsely
skewed, with a horizon of near-symmetrical material from 2.85 to 1.90.m The distribution
ranges from mesokurtic to leptokurtic.

Unit 1 (0.00-0.20 m): This consists of the soil horizon that was not analyzed further,
to avoid any erroneous measurements and interpretations.

Magnetic susceptibility is generally low throughout the core, with a mean value of
21.2 CGS (1076 cm?/g), except from zones of consistently higher values (6.90-5.90 m, 4.90-
4.00 m, 2.90-2.80 m, 2.50-2.10 m, and 1.00-0.30 m) and an abrupt peak (6.80 m). The peak
coincides with the appearance of coarser material (6.81-6.79 m) and a decrease in the C/N
ratio (13.92) and TOC (0.44%). The carbonates (%) content is generally low at the lower
part of the core and increases primarily at Unit 2. Increased values recognized from 4.20
to 4.10 m coincide with the increase in particle size and magnetic susceptibility. The same
pattern is also observed from 2.82 to 2.55 m. Increased TOC (=1%) is observed at the lower
parts of the LS core (6.35-5.00 m), whereas in the upper parts, values are <1%. The C/N
ratio fluctuates throughout the core, presenting minimum values >10 and a maximum
close to 60, thus supporting that TOC comes from terrestrial vascular plant material rather
than protein-rich lake algae that would be reflected with molar C/N values between 4 and
10 [20]. One signal of probable autochthonous sedimentation is recognized from the C/N
ratio from 1.85 to 1.80 m.

The pH and EC (electrical conductivity) in the LS core vary between the lower parts
(7.00-5.00 m) and the upper parts (5.00-0.20 m) with mean pH values 7.32 and 8.34, re-
spectively. Generally, the highest EC values were observed at the lower part of the core
and coincide with increased TOC, whereas pH seems to reflect fluctuations in CaCOs con-
tent. Specifically, high EC values (5.30-5.15 m) were observed when pH was slightly
acidic. Finally, the highest peaks in alkaline conditions (2.90-1.60 m) are associated with
the highest concentrations in CaCOs.

4.2. Radiocarbon Dating and Age—Depth Model

The age-depth model was constructed using the R package RBacon v.2.3 [21] and the
IntCal20 calibration curve [19]. The top of the core was assigned at 2019 CE + 10 years,
which was the year of coring, and the bottom of the core sets at 10,900 cal BP (Figure 5).
Radiocarbon dates seem to be in good accordance with each other, but the chronological
control is relatively weak, given that the framework expands throughout the Holocene.
Thus, our interpretation of climatic and environmental signals is limited to long-term os-
cillations rather than short-term events. The average sedimentation rate for the core is 0.06
cm/yr, which remained relatively stable for the entire sequence.

4.3. Distribution of Geochemical Proxies

The downcore elemental profiles from the LS core present large variations that are
clearly linked with changes in sediment composition and properties. Elements such as Si,
Al, and K exhibit a similar distribution in the core and are mostly transported in the
system during periods of increased clastic inwash (Figure 6). Si seems to be mostly of
detrital rather than biogenic origin since Si distribution in the core is similar to the other
detrital-originated elements (Al and K) (Figure 6). No distinct pattern can be observed for
Si, K, and Al distributions, apart from some periods at 7.00
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6.20 m, 4.20-4.70 m, 3.00-4.00 m, and 1.00-1.80 m (Figure 6). Fe, which is highly
influenced by redox conditions prevailing in the system, presents low concentrations for
the most part of the core, except from some increased values recorded at 4.30—4.60 m and
3.00-3.50 m (Figure 6). The Ca profile is clearly correlated with the total carbonates (%)
content (Figure 4), with distinct increases recorded at Units 2 and 3 (Figure 6).

Stratigraphic
column

Depth (m)

Lithologies
- Soil Horizon \:I Brown mud -( sray/dark gray mud
- Pebbles El(jmy.bruwn sandy mud \
I I ) 1 T I I I I I T I 1
0 2,000 4,000 6,000 8,000 10,000 12,000
cal BP

Figure 5. Age-depth model for LS core, constructed using the R package RBacon [21]. The blue tie
bars indicate the “C age distributions (Table 1). The grayscale of the line graph reflects the likeli-
hood, and the red dotted line follows the mean ages.
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Figure 6. Geochemical proxies’ distribution against depth (m) and age (cal BP), with the strati-
graphic column and LS core presented at the bottom. Concentration of each element is presented in
counts (cps).

5. Discussion

Lacustrine records studied so far in northern Peloponnese (Stymphalia, Kesari, Phe-
neos, and Asea) represent shallow water bodies that have experienced long periods of
desiccation and are highly influenced by climatic/environmental forcing, anthropogenic
activity, and pedogenic processes [5,8,22]. To summarize the geochemical composition
from the prior mentioned sedimentary sequences, previous studies have used principal
component analysis, with PC1 explaining the inflow of carbonate-rich clastic material dur-
ing periods of increased weathering in the catchment, whereas PC2 explains the enhanced
carbonate precipitation during dry—warm conditions [8]. We applied the same method
here for these sites, but for Lake Lousoi, the resolution of our geochemical data did not
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permit a robust analysis; thus, we interpreted each geochemical proxy separately (Figure
7)

5.1. Early Holocene (11,800-8200 cal BP)

From 10,900 to 8200 cal BP (7.00-5.20 m), the Lake Lousoi sediment sequence presents
a typical organic-rich lake deposit, interrupted by an intermediate thin layer of pebbles at
10,800 cal BP (Figure 4). TOC and pH measurements for this period (Figure 4) indicate a
relatively alkaline environment with sufficient water levels to permit organic matter
preservation. Detrital originated elements such as Si, Al and K present increased values,
with a minor decrease at 9400 that is followed by an increase in Ca, probably due to a dry—
warm pulse and increase in carbonate ions precipitation in the system (Figures 6 and 7).
A similar signal of dry conditions but with a longer duration was recorded for the Balkans
from 9900 to 8900 [23].

The Pheneos sedimentary sequence, which is the only record from the area expand-
ing in the same timeframe as Lake Lousoi, exhibits overall humid conditions until 8900
cal BP, with two short dry phases recorded at 10,300 and 10,000 cal BP (Figure 7). On a
more regional scale, the Early Holocene period is marked with d¥0 depletion in lakes and
speleothems [24,25], thus indicating relatively warm and wet climatic conditions.

5.2. Middle Holocene (8200—4200 cal BP)

At the start of the Middle Holocene, the sediment record from Lake Lousoi gradually
transits to a gray/brown coarser material (Figure 4). This transition is also accompanied
by a decrease in TOC (Figure 4), indicating that the lake must have reached a more oxy-
genated phase, where the water level was considerably lower and fluctuated during sea-
sons. In addition, a slight increase in Ca content at 8200 cal BP indicates increased evapo-
ration and may be attributed to the 8.2 events that produced long-term cold-dry trends
[26] (Figure 6). From this point on, Ca content seems to change drastically in terms of total
counts and is also highly correlated with detrital elements’ distribution. This points to a
common source of these elements, meaning that Ca was mostly transported in the system
from an allochthonous source rather than biogenic/chemical processes. Fe concentration
also presents increased values from 7400 to 4800 cal BP and coincides with increased val-
ues of MS (Figure 4), which reflect increased detrital inflow in the system.

Overall, humid conditions were reported in the other lacustrine records of the Pelo-
ponnese during the Middle Holocene (Figure 7). In Lake Stymphalia, which presents sim-
ilar geomorphological characteristics like Lake Lousoi, a dry period was recorded from
7600 to 6700 cal BP, followed by a transition to more humid conditions until 4500 cal BP
[5] (Figure 7). Same signals with increased detrital inflow were recorded for Lakes Lousoi,
Pheneos, and Kaisari, especially from 6700 to 5800 cal BP, where the highest concentration
of detrital elements and MS are recorded (Figures 4 and 6). At Lake Pheneos, south of
Lake Lousoi, the system seems to be a permanent water body from 5000 to 3600 cal BP,
due to wet climatic conditions and perpetual supply of fresh water [8]. More to the south,
the Asea valley’s record presents stable conditions and lack of lake sediments from 5000
to 3400 cal BP, with some minor dry trends recorded at 4900 and 4700 cal BP [22].

Regional climatic records from the Balkans in general display stable climatic condi-
tions [27] for the Middle Holocene, with high lake levels recorded at Lake Prespa [28],
Lake Dojran [29] and Lake Van [30]. Opposing trends of aridification are displayed in the
eastern Mediterranean at Eski Acigol [31] and Lake Pergusa [32]. In Lake Ohrid, a shift in
the erosional processes was recorded after the cooling event of 8.2, pointing to a vegeta-
tion-controlled landscape erosion rather than a rainfall controlled [33]. Similarly, wet cli-
matic trends were recorded from 5000 to 3500 cal BP in the northern Aegean [34] and Lake
Lerna [6].
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Figure 7. Comparison of the geochemical proxies from Lake Lousoi with the PC1 distributions from
Asea valley and Lakes Kaisari, Pheneos, and Stymphalia.

5.3. Late Holocene (4200 cal BP—Present)

The onset of the Late Holocene at 4200 cal BP is marked with an abrupt increase in
Ca concentration until 1500 cal BP. Since no macroshell remains were identified in the
sediment core, we assume that calcium carbonate in the system is mostly derived as
nodules, indicating the formation of pedogenic soil and post-depositional alteration of the
sediment. C/N ratio also indicates an allochthonous source of organic material during this
period, with decreased TOC values through the sequence. Since the sediment core was
retrieved from the depocenter of the lake, at least according to the geomorphological
features of the area, we assume that after 4200 cal BP, the lake Lousoi must have reached
a state close to its present, with episodes of seasonal flooding being the main supply of
fresh water in the area. Whether the 4.2 cold-dry event [35] was the main driving factor
of Lake Lousoi transition at this state is hard to tell due to our age-depth model’s
uncertainty and also due to the extensive anthropogenic activity in the area that may also
contributed to drainage activities of the lake. All in all, the last 4000 years of Lake Lousoi
may be highly affected by pedogenic processes, and thus, it was difficult to distinguish
paleoclimatic and paleoenvironmental signals.
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6. Conclusions

The lacustrine records of northern Peloponnese reveal a complex environmental his-
tory, highly affected by past climatic status and anthropogenic activity. In this study, we
used a multiproxy approach on a 7 m long sediment core from Lake Lousoi, to identify
similar/opposing trends between local and regional archives. Our data indicate that, for
the last 10,900 years, Lake Lousoi experienced significant changes that led to final desic-
cation at around 4200 cal BP. During the Early Holocene, typical lacustrine organic-rich
deposits indicated a lake system with enough water supply to maintain a permanent wa-
ter body. Wet climatic conditions were also recognized in the same period and reflected
by enhanced weathering in the catchment and inflow of detrital-originated elements. A
transitional stage at 8200 cal BP coincided with the hemispheric 8.2 cold—dry event, result-
ing in shallower lake waters. After this, the study area seemed to be still supplied with
fresh water but reached a more oxygenated phase, as indicated by the TOC and pH meas-
urements. Overall, wet climatic conditions were recorded from 7700 to 4600 cal BP and
are in good agreement with those of Lakes Kaisari and Stymphalia. At 4200 cal BP, an
abrupt increase in Ca was recorded, and Lake Lousoi shifted to a state close to its present,
where water level fluctuates according to seasonal flooding.
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