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Abstract 
The following master thesis presents sedimentological and geochemical results from 

the drained lake of Lousoi, Achaia, Greece. The aim of this study is to analyze the 

paleoenvironmental evolution of the area, the last 10000 years, through the study of an 

7m depth core and compare the results with other lacustrine records from the 

Peloponnese. 

For this study, a sediment core, LS, was obtained using an Eijkelkamp percussion corer. 

Sediment types, structure, color, and sediment structures were recorded in the field, and 

then the core was packed and transferred to the Lab of Sedimentology, in the Geology 

Department of Patras University, for further analyses. 

Standard sedimentological analyses were carried out on core samples including (1) 

grain size analysis, and calculation of moment measures, such as mean, sorting, 

kurtosis, and skewness, (2) RGB measurements, (3) Total Organic Carbon (TOC), (4) 

(5) Total Nitrogen (TN), (6) Calcium Carbonate Content (CaCO3) and (7) 

measurements of pH and EC (electrical susceptibility). Radiocarbon dating 14C was 

carried out in seven different samples throughout the LS core. 

For the geochemical analyses, samples, size 5cm long and 4cm wide, were extracted 

from the LS core. The samples were then analyzed at the lab of Sedimentology by using 

a handheld XRF scanner. Chemical elements such as Al, Si, K, Ca, Ti, Mn, Fe, Rb, Sr, 

Zr, Zn, were analyzed. 

The interpretation of the sedimentological and geochemical data distinguished three 

distinct evolutionary stages of the Lousoi lake:  
• A limnic stage between 10900-8850 cal BP 

• Α transition stage between 8850-6150 cal BP and, 

• Α stage characterized by seasonal flooding between 6150-110 cal BP. 

The comparison of the lacustrine records for the last 5000 years revealed two periods 

where all sites displayed similar climatic conditions. 

• A wet period between 4150-3600 cal BP and, 

• a dry period between 1400-110 cal BP. 

Although all five geoarchives show evidence for periods with similar conditions, their 

timing and duration display considerable site-to-site differences. This may be attributed 

to the high regional geographical diversity within the Peloponnese, in combination with 

age uncertainties and site-specific responses in individual ecosystems, which may 

explain some deviations.  

Moreover, no dramatic shift was observed in the proxies, which would hint towards 

rapid climatic changes with a severe impact on the human population, but rather gradual 

variations were more noticeable. Thus, climatic changes may have been only one factor 

in a multi-causal interaction network that contributed to but did not cause social 

transformation. 



 

 

Περίληψη 
Στην παρούσα μεταπτυχιακή διατριβή παρουσιάζονται ιζηματολογικά και γεωχημικά 

δεδομένα, από την αποξηραμένη λίμνη των Λουσών Αχαΐας, στην Βόρεια 

Πελοπόννησο. Ο σκοπός της εργασίας είναι η παλαιοπεριβαλλοντική ανάλυση της 

περιοχής, τα τελευταία 10000 χρόνια, μέσα από τη μελέτη των ιζημάτων πυρήνα 

γεώτρησης βάθους 7m και η σύγκριση των αποτελεσμάτων με άλλα λιμναία αρχεία 

από την Πελοπόννησο. 

Στα πλαίσια των εργασιών υπαίθρου πραγματοποιήθηκε δειγματοληπτική γεώτρηση 

LS, βάθους 7m, με κρουστικό γεωτρύπανο της εταιρίας Eijkelkamp, επί τόπου 

μακροσκοπική περιγραφή του πυρήνα της γεώτρησης, συλλογή δειγμάτων και 

μεταφορά στο εργαστήριο ιζηματολογίας του τμήματος Γεωλογίας του Πανεπιστημίου 

Πατρών όπου έγιναν εργαστηριακές αναλύσεις. 

Οι εργαστηριακές αναλύσεις οι οποίες έγιναν στον πυρήνα LS περιλαμβάνουν: (α) 

κοκκομετρική ανάλυση των δειγμάτων και υπολογισμό στατιστικών παραμέτρων, (β) 

προσδιορισμό χρώματος βάσει της κατανομής των τιμών RGB, (γ) προσδιορισμό του 

ποσοστού Ολικού Οργανικού Άνθρακα (T.O.C.) και Ολικού Αζώτου (T.N), (δ) 

προσδιορισμό του ποσοστού Ανθρακικών αλάτων (CaCO3), (ε) μετρήσεις της 

Μαγνητικής Επιδεκτικότητας και (στ) μέτρηση pH και ηλεκτρικής αγωγιμότητας (EC). 

Ο προσδιορισμός της ηλικίας των ιζημάτων έγινε με τη μέθοδο ραδιοχρονολόγησης 
14C σε 7 δείγματα, στο CIRCE Laboratory, στην Ιταλία. 

Για την γεωχημική ανάλυση, δείγματα, μεγέθους 5cm σε μήκος και 4cm σε πλάτος, 

εξάχθηκαν από τον πυρήνα LS. Τα δείγματα στην συνέχεια αναλύθηκαν στο 

εργαστήριο ιζηματολογίας, με την χρήση ενός XRF χειρός. Τα χημικά στοιχεία που 

αναλύθηκαν, είναι: Al, Si, K, Ca, Ti, Mn, Fe, Rb, Sr, Zr, Zn. 

Η ερμηνεία των ιζηματολογικών και γεωχημικών δεδομένων αποκάλυψε τρία διακριτά 

στάδια εξέλιξης της λίμνης των Λουσών: 

• Ένα λιμναίο στάδιο μεταξύ 10900-8850 cal BP, 

• Ένα μεταβατικό στάδιο μεταξύ 8850-6150 cal BP και, 

• Ένα στάδιο που χαρακτηρίζεται από εποχικά πλημμυρικά φαινόμενα μεταξύ 

6150-110 cal BP. 

Η σύγκριση των λιμναίων αρχείων τα τελευταία 5000 χρόνια αποκάλυψε δύο 

περιόδους όπου όλες οι τοποθεσίες παρουσίαζαν παρόμοιες κλιματικές συνθήκες: 

• Μία υγρή περίοδο μεταξύ 4150-3600 cal BP και, 

• Μία ξηρή περίοδο μεταξύ 1400-110 cal BP. 

Αν και τα πέντε γεωαρχεία εμφανίζουν περιόδους με παρόμοιες συνθήκες, ο χρόνος 

και η διάρκεια τους εμφανίζουν σημαντικές διαφορές σε κάθε περιοχή. Αυτό μπορεί 

να αποδοθεί στην υψηλή τοπογραφική πολυπλοκότητα της Πελοποννήσου σε 

συνδυασμό με χρονολογικές αβεβαιότητες και τοπικούς παράγοντες που επίδρασαν 

στην κάθε περιοχή. 

Επιπλέον, οι κλιματικοί δείκτες που χρησιμοποιήθηκαν δεν εμφάνισαν ακραίες 

συνθήκες που θα μπορούσαν να αποδοθούν σε απότομες αλλαγές του κλίματος, αλλά 

εμφάνισαν σταδιακές αλλαγές. Επομένως, οι κλιματικές συνθήκες αποτέλεσαν ένα 

μόνο παράγοντα μέσα σε ένα δίκτυο αλληλεπίδρασης πολλών παραγόντων που 

συνέβαλαν στην παλαιοπεριβαλλοντική   εξέλιξη της περιοχής.
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1. Introduction 
The eastern Mediterranean can be considered a region of high importance for 

paleoenvironmental research, as it experienced a long history of human–environment 

interaction throughout the Middle to Late Holocene (Izdebski et al., 2016; Roberts et 

al., 2011). In contrast, there is currently only limited knowledge of environmental and 

climatic changes in the region that are often based on one single paleoenvironmental 

archive, leading to very heterogeneous and often even divergent results (Finné et al., 

2011; Luterbacher et al., 2012). This calls for the need for multi-proxy approaches on 

one paleoenvironmental archive and multi-archive approaches that use the same 

methods and proxies at different study sites (Seguin et al., 2020). Several studies on 

Eastern Mediterranean paleoenvironmental archives that have been published most 

recently (Emmanouilidis et al., 2018, 2019; Finné et al., 2017; Katrantsiotis et al., 2018, 

2019; Masi et al., 2018; Rothacker et al., 2018; Seguin et al., 2019, 2020), have tried to 

tackle the issue. 

The importance of the Peloponnese peninsula is that it offers the opportunity to explore 

the presence of regional differences and/or common climatic patterns and to investigate 

the impact of large-scale teleconnections in the Mediterranean (Katrantsiotis et al., 

2019). Paleoclimate records across the Peloponnese are prone to reveal different 

patterns on a spatially comparatively limited scale due to, the mountainous topography 

with elevations of up to 2400 m only a few kilometres away from the coast, a high 

climatic heterogeneity with significant precipitation and temperature gradients from 

west to east (Katrantsiotis et al., 2019). 

In this research, a 7m depth core from the drained lake of Lousoi is presented. The aims 
are (1) to obtain a solid age-depth model, (2) to analyze the record with 
sedimentological and geochemical methods for paleoenvironmental reconstruction, and 
(3) to compare climatic trends in the Peloponnese with other lacustrine archives during 
the Holocene.  
 
For its accomplishment, a sample drilling was carried out at the plateau of Lousoi 
(Northern Peloponnese), as well as sediment analysis, analysis of total organic carbon 
(TOC), total nitrogen (TN), CaCO3 analysis, color measurements (RGB), XRF 
analysis, pH and EC measurements as well as radiocarbon dating of 6 horizons. 
Sediment and geochemical analysis were performed at the Laboratory of 
Sedimentology of the Department of Geology of the University of Patras. The radio 
dating took place at the the università degli campania dipartimento di mathematica e 
fisica, CIRCE laboratory, in Napoli, Italy. The lacustrine cores that were selected for 
comparison come from open sources and are presented below (Fig.1). 
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Figure 1 Map dispalying the coring sites discussed in the study along with the mean annual precipitation of the 

region for the period 1970-2000 (Fick and Hijmans et al., 2017). 

2.Study area 

2.1 Regional Setting 

The research area is located at the SE part of the prefecture of Achaia and occupies an 

area of 78 km2
 (Fig. 2). The area has a steep topographic terrain, with altitudes from 

530 to 1629 m. Maximum altitude is, observed on Mount Velia, at the top of Prophet 

Elias in the NE of the area (1629 m), at Psili Gouva east of the village of Sigouni (1456 

m) and Amolinitsa (1345 m). One of the areas distinctive features is the polje of Lousoi 

at an average altitude of 940m with flat terrain. The polje total surface is around 49 km2 

(Koutsi et al., 2007). 

The northern limit of the study area belongs to the watershed of the catchment area, 

with a surface area of 28 km2 (Koutsi et al., 2007), which passes through the top of 

Mount Velia. Simultaneously, on the slopes of this mountain, the villages of Upper and 

Lower Lousoi are located. The cave of Lakes and the village of Kastria are situated at 

the southern part of the area. The watershed demarcates the rest of the study area 

passing through the peaks of Prophet Elias, Trani Lakka and Great Laka and the village 

of Lefki, which lies in the periphery of the catchment area. The main characteristic is 

the existence of two sinkholes at the NW of Lousiko, as well as the Cave of Lakes.
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Figure 2 At the top left is Greece. At the bottom right the Peloponnese peninsula with the coring location. At the center is the study area showcasing the Lousoi Plateau. The area is included in the topographic 

sheet, scale 1: 50.000, of the Hellenic Military Geographical Service, Daphne and specifically occupies its northern and central part. 
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2.2 Geological setting 
The study area (Fig. 3) is comprised of formations that belong to two geotectonic Zones 
(IGME sheet, Daphne), with a tectonic contact at the center of the polje with a NW-SE 
direction. The polje is dominated by Eocene flysch, Upper Cretaceous slabbed 
limestones, and Upper Jurassic siltstones and radiolarites. Upper Cretaceous undivided 
limestones and dolomites also appear in the NE of the polje. The Quaternary sediments 
of the polje are mainly comprised of alluvial deposits and debris cones. The NW-SE 
tectonic contact in the center of the study area is the main reason for the creation of the 
sinkholes and the cave of Lakes (Koutsi et al., 2007). The existence of a fault along the 
Mana stream is possible and provides an explanation for the elongated shape of the 
valley (Koutsi et al., 2007).  
 
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 967m. Around 294m North of the 
sinkholes, a yellowish layer comprised of silty clay was found, between alluvial 
deposits. The layer is believed to have been formed under a lake environment in the 
past and extended to a larger area around the polje (Koutsi et al., 2007). Given the 
proximity of the area to the sinkholes in combination with testimonies suggesting that 
in the past the polje turned to a lake when the water supply of the Mana stream was 
greater than the amount the sinkholes could accept, then the above sediments must have 
been deposited under a lake environment (Koutsi et al., 2007). 
 
According to Köppen (1936) the Peloponnese is classified as Csa (Hot-Summer 
Mediterranean climate) and receives, on average, between 400 to 850mm of annual 
rainfall (Fig. 1). Climatic data for the period 1975-1999 were taken from the 
meteorological stations of Lousika, Kalavryta, Klitoria and Lagovouni of the Ministry 
of Rural development and Food and H.N.M.S (Hellenic National Meteorological 
Service). The wet period (October-March) in the region of Lousoi has an average 
annual precipitation of 114.31mm (4.5 inch), while dry periods from April until 
September show an average of 32.2mm (1.26 inch) of precipitation. December is the 
wettest month with 151.97mm (5.98 inch) of precipitation, whereas August is the driest 
month with 3.8mm (0.14 inch) of precipitation. The average amount of annual 
precipitation for the period 1975-1999 is 879.12mm (34.61 inch). 
 

The area of the sampling site is located at the west side of the polje and is part of the 

catchment area. The catchment area of the polje of Lousoi is a special case of a blind 

valley (Fig. 4), (Koutsi et al., 2007). Blind valleys are valleys that are closed from all 

sides. Their creation starts with the rocks that cannot be karstified and are found on the 

margins or inside the karst areas like islets. When the erosion of these valleys reaches 

the karstic background, they start to lose water, which either is channeled away, or more 

usually, percolates in one or more big sinkholes (I.G.U. 1956, from Papadopoulou-

Vrynioti et al., 2002).  
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Figure 3 Modified Map of the study area, showcasing the lithology (IGME sheet, Daphne, scale 1:50000) 
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The catchment area is characterized by moderate growth of the hydrographic network, 

which appears as quite inhomogeneous. Streams with very different development and 

evolution are observed. This is mainly due to their development in different lithologies 

such as the karstified limestones, the radiolarites and the flysch. Thus, in the North 

where the Pindos limestones dominate, a thinner network is observed with bigger 

stream length of all orders.  The shape of the catchment in that area is not particularly 

elongated, so there is enough space for stream growth. On the contrary in the south, 

where most of the formations are comprised of radiolarites and flysch of the Pindos 

zone and to a smaller percent limestone, the network is denser mainly in its eastern part 

with smaller stream length and a more elongated shape. The small drainage surface area 

of all stream orders characterizes the relatively young age of the hydrographic network 

(Koutsi et al., 2007). 

  

 

   

 
 

 

 

 

 

 

 

Figure 4 Classification of the river network using the Strahler method. The 

red dotted line demarcates the catchment area of Lousoi. Mana Stream is 

represented by the dark blue line in the center of the catchment area. 

(Reggina J. Koutsi et al, 2007) 
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2.3 Archaeological data 

Anthropological evidence from excavations efforts of the cave of Lakes since the 

1970’s uncovered that the inside and outside of the cave was inhabited from the 

Neolithic to the Late Bronze Ages. Facorellis and Maniatis 1997, suggest an intensive 

inhabitation phase of the cave from 4223 to 4045 BC. Therefore, the region was 

probably inhabited since the Neolithic period.  

The first written reports about Lousoi comes from the historians Polybius and 

Pausanias. Pausanias supports that Lousoi was located within the administrative 

boundaries of the city-state of Klitoria (Fig. 4).  

According to Pausania, Lousoi went through three consecutive periods. During the 

Geometric Period (8th century B.C) and probably until the 3rd century B.C, Polybius 

states that Lousoi was an independent city-state. After a regional war (220-217 B.C) 

Lousoi was assimilated to the more powerful Klitor. The last period of Lousoi, covers 

the Roman Imperial period. During the middle of the 2nd century A.D, Pausanias visits 

the region, and finds out that the famous ancient city had vanished. 

 

Figure 4 Map showing the ancient city-states of Lousoi and Klitor. In the map you can also see the temple of 

Artemis and an unidentified ancient temple. 
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2.3.1 Historic evidence for the Lake of Lousoi 

Part of the Lousoi plateau floods every winter. This phenomenon used to be more 

intense, because not only did it flood a part of the Lousoi plateau, but a lake formed. 

The lake is mentioned by the ancient historian Plinius, who calls it "Klitoria lake". The 

lake has been depicted on the map of 1852 of the French Mission to Moria. According 

to Mansola, the lake of Sudena (Lousoi) occupied about 4,000 acres (≈16.18 km2) and 

was considered one of the largest lakes of the then Greek state (1867). The French 

geologist Martel, who visited the area in 1892 (Fig. 5), calls it "Lake Karaklinos", from 

a misreading of the map of the French Mission. The correct term is, lake of 

"Haraktinos", from the name of the neighboring village.  The first attempt to drain the 

lake, by cleaning and widening the sinks, was done before the Revolution (1821). The 

inhabitants of Lousoi attempted to drain the lake again in 1886, by opening a canal. The 

attempt was partially successful, and the water level of the lake decreased. The 

complete drainage, however, was accomplished by public expense in 1894 

(Papagianopoulos-Simoni et al., 2017). 

 

 

Figure 5 Map of 1892, showing part of the northern Peloponnese. On the far left you can see the plateau of 

Sudena and inside Lake Haraktinos (source: Martel, 1892: 9). 

3.Materials and methods 

3.1 Coring-Fieldwork 

Fieldwork at the former lake site of Lousoi was conducted in early August 2020. The 

coring location was assumed to have been closer to the former lake depocenter and was 

recorded using a G.P.S. Maggelan Explorer XL device and is presented in Table 1. At 

the time of coring, the site was drained and covered by pastures and farms, thus being 

accessible for land-based vibracore drilling. A 7m core consisting of lake sediments was 

obtained using an Eijkelkamp percussion corer with sampling PVC closed tubes of a 

diameter of 50 mm. The core was placed into a sterile plastic container and afterwards 

stored at 40C in the laboratory.  
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Table 1 Borehole Coordinates, LS 

Borehole Name Latitude Longitude Depth (m) 

LS 37°58'25.25"N 22° 6'11.97"E 7 

 

The recovered LS core was subsampled at every 5cm for geochemical analysis using 

an XRF handheld scanner. 77 samples were collected, for grain size analysis, 

measurement of calcium carbonate content (CaCO3), total organic carbon (TOC), total 

nitrogen (TN), RGB analysis, pH, and EC analysis, as well as 14C dating of the core. 

3.2 Sedimentology 

Grain size is a fundamental property of sediments that affects their transport and 

deposition. Therefore, grain size analysis provides important information on the origin, 

the transport and deposition conditions of sediments (Krumbein 1941, Friedman 1979, 

Sheridan et al. 1987, Bui et al. 1989, Blott et al 2004).  For the current work, grain size 

analysis was conducted in the department of Sediment Analysis, Patras, Greece, with 

the use of a Malvern Mastersizer 2000 (Fig. 5).   

The results were then used for the determination of the grain size distribution of each 

sample. For the lithologic classification of the sediment of each sample the 

classification diagrams of Folk, Andrews, and Lewis (1970) (Fig. 6) were used.  

3.2.1 Statistical Parameters  

The statistical parameters median (Md), the numerical Mean (Mz), the standard 

deviation (σi), asymmetry (Ski) and Kurtosis (KG) were calculated using the graphic 

method (graphic measure: Folk & Ward,1957). In the present work the statistical 

parameters were calculated with Gradistat V.9.1 software (Blott and Pye, 2001). 

Specifically: 

1.  Median (Md) - corresponds to the 50 percentiles on a cumulative curve, where half 

the particles by weight are larger and half are smaller than the median. This parameter 

is measured in phi units.  
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Figure 5 Mastersizer 2000 Hydro of the company Malvern Instruments 

 

2. Mean (Mz) - is the average grain-size. Several formulas are used in calculating the 

mean. The most inclusive graphically derived value is that given by Folk (1968): 

, where φ16, φ50, and φ84 represent the size at 16, 50, and 84 percent 

of the sample by weight. Mean is also measured in phi units and is the most widely 

compared parameter.  

 

 

 
Figure 6 Triangular classification diagram, Folk, Andrews, and Lewis (1970) 

 

3. Sorting or standard deviation (σi) - is a method of measuring the grain-size variation 

of a sample by encompassing the largest parts of the size distribution as measured from 



 11 

a cumulative curve. Folk (1968) introduced the "inclusive graphic standard deviation", 

that is calculated as follows: 

 , where φ84, φ16, φ95, and φ5 represent the phi values at 84, 

16, 95, and 5 percentiles.  Folk (1968) presented a verbal classification scale for sorting: 

σ1<0.350: very well sorted; 0.35-0.500: well sorted; 0.5-0.710: moderately well sorted; 

0.71-1.00: moderately sorted; 1.00-2.00: poorly sorted; 2.00-4.00: very poorly sorted; 

and, >4.00: extremely poorly sorted. 

4. skewness or asymmetry (Ski)- measures the degree to which a cumulative curve 

approaches symmetry. Two samples may have the same average grain size and sorting 

but may be quite different to their degrees of symmetry. Folk's "inclusive graphic 

skewness" (1968) is determined by the equation: 

 , where the phi values represent the same 

percentages as those for sorting. This formula includes a measure of the "tails" of the 

cumulative curve as well as the central portion. Other methods for determining 

skewness, notably those by Inman (1952) and Trask (1950), do not measure the tails of 

the curve. Symmetrical curves have a skewness equal to 0.00; those with a large 

proportion of fine material are positively skewed; those with a large proportion of 

coarse material are negatively skewed. A verbal classification for skewness suggested 

by Folk (1968) includes: Ski from +0.10 to -0.10 as nearly symmetrical; -0.10 to -0.30 

as coarse-skewed; and -0.30 to -1.00 as strongly coarse-skewed.  

5. kurtosis (KG) - is a measure of "peakedness" in a curve. Folk's (1968) formula for 

kurtosis is: 

 , where the phi values represent the same percentages as those for 

sorting. A normal Gaussian distribution has a kurtosis of 1.00 which is a curve with the 

sorting in the tails equal to the sorting in the central portion. If a sample curve is better 

sorted in the central part than in the tails, the curve is said to be excessively peaked, or 

leptokurtic; if the sample curve is better sorted in the tails than in the central portion, 

the curve is flat peaked or platykurtic. For normal curves KG = 1.00, leptokurtic curves 

have KG >1.00, and platykurtic curves have KG <1.00. 

3.2.2 CaCO3 Analysis 

The percentage of carbonates in the samples studied from the LS core were determined 

with the use of the FOG II/Digital hand-held soil calcimeter Version 2/2014 of BD 

INVENTIONS (Fig. 7). The principle of operation of the device is based on the 

measurement of CO2 emissions after reaction of the sample with 6N hydrochloric acid 

and in accordance with Müller and Gastner (1971) and Jones and Kaiteris (1983). 
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Figure 7 FOG II/Digital hand-held soil calcimeter Version 2/2014 of BD INVENTIONS 

3.2.3 TOC analysis and C/N ratio 

The concentration of TOC and TN in the samples studied from the LS core were 

determined with the use of the TOC-VWS/WP Shimadzu Series Analyzer (Fig. 8) and 

in accordance with Avramidis, Nikolaou and Bekiari (2015). 

 

 

Figure 8 TOC-VWS/WP Shimadzu Series Analyzer. 

 

3.2.3.1 Total Organic Carbon (TOC) 

The weight percent of total organic carbon (TOC) is a proxy of organic carbon 

concentration in sediments, representing a bulk value of organic matter that escaped 

remineralization during sedimentation (Meyers, 2003). The organic carbon that is 

deposited in lake surface sediments has two main sources, from the watershed 

(allochthonous) and produced within the lake itself (autochthonous). Therefore, TOC 

reflects different sources of organic carbon, delivery paths, degradation, and 

preservation. Small and shallow lakes are usually characterized by high terrigenous 

input to the sediments with elevated sedimentation rates and short transport of the 

sinking particles (and hence low exposure to water column oxidation) resulting in 

higher organic carbon content in these sediments. 
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TOC can be both diluted by addition of clastic sediment particles and concentrated by 

dissolution of carbonate minerals in sediment (e.g., Dean, 1999). TOC concentrations 

commonly increase as sediment grain size decreases (e.g., Thompson and Eglinton, 

1978). A consequence is that concentrations can become larger in deeper parts of lake 

basins where fine-grained sediments slowly settle than in shallower parts where coarser 

sediments rapidly accumulate. 

3.2.3.2 Organic Matter and C/N ratios 

Organic matter from lake algae, which are protein-rich and cellulose-poor, has C/N 

values that are commonly between 4 and 10, whereas vascular land plants, which are 

protein-poor and cellulose-rich, create organic matter that usually has C/N ratios of 20 

and greater (e.g., Ishiwatari and Uzaki, 1987; Meyers et al., 1994). These fundamental 

differences in organic matter composition generally survive sinking and sedimentation. 

The proportions of sedimentary organic matter that originate from these two general 

sources can consequently be distinguished by their characteristic C/N ratios (Fig. 9). 

 

 

Figure 9 Generalized d13C and C/N values of major sources of plant organic matter to lake sediments (Meyers, 

1994). Data from Core 81-E30 (Silliman et al., 1996) demonstrate the dominance of algal organic matter in the 

sediments of Lake Ontario. 

3.2.4 pH and Electrical Conductivity 

The H+ concentration of a natural water is usually discussed and measured as pH (the - 

log of the H+ concentration). Changes in pH affect the distribution of chemical forms 

by influencing solubility, sorption, and redox processes. The pH variations are 

primarily related to biological activity (Lee and Hoadley, 1967). pH can also be used to 

evaluate the production of humic acids through humification and their neutralization 

from the presence of CaCO3 (Moore and Belamy 1976, Göttlich 1990).  

Electrical conductivity of aqueous peat wash solution is a measure of the presence of 

soluble ions, but also dissolved ions in water which is retained and therefore provide 

indications for the chemistry of the solid but also of the liquid phase. EC is a tool used 

to interpret the origin of the water of the aquifer, but also of ion exchange processes in 

it (Göttlich 1990). 
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For the pH measurement 2g of dry powdered sample (Ø<2 mm) was mixed with 50ml 

of deionized water (ISO 10390, 1997, Hoffmann, 1991). The solution was left for 1h 

for the nutrients to settle, after occasional stirring. Then, measurements were taken by 

using an HQ40D digital two channel multi meter. The solution was then filtered through 

a Whatman Medium filter paper and was followed by the measurement of electrical 

conductivity (ISO 122565, 1997), with the same instrument. EC or electrical 

conductivity is measured in μS/cm. 

3.2.5 Determination of Magnetic Susceptibility 

Magnetic susceptibility is defined as the “magnetism” of sediments and describes the 

response of sediments to an external magnetic field. The degree of magnetism is divided 

by the force of the magnetic field and thus a dimensional unit is given, the sensitivity 

index (CGS).  

In sediments high values of magnetic susceptibility are proportional to concentration of 

metals as well as their oxides. On the contrary small negative values indicate the 

presence of organic material as well as carbonates and silicate salts (Dearing et al., 

1994). Ferromagnetic minerals such as hematite or magnetite produce high positive 

values of magnetic susceptibility, while transmagnetic minerals such as quartz or 

calcium carbonate showcase small to slightly negative values (Dearing et al., 1999). 

Magnetic susceptibility measurements were taken using a Bartington MS2E 

magnetometer and a surface sensor of the same company (Fig. 10). The surface 

response of the measuring unit is 3.8mm x 10.5mm and maximum depth response is 

3.5mm. For the core scan, the measurements were made by hand with 1cm distance 

from each measurement. Overall, for the LS core, approximately 1400 measurements 

were performed (700 initial measurements, 700 measurements for verification). 

 

Figure 10 Bartington equipment used for the measurement of the LS core. Left:MS2 Magnetic Susceptibility 

System, Right: MS2K Surface Sensor. 

3.3 XRF scanning  

3.3.1 X-Ray fluorescence 

X‐ray fluorescence (XRF) scanning provides nondestructive elemental records 

allowing investigation of abrupt climate changes otherwise difficult to resolve using 

time consuming destructive techniques on discrete samples. XRF scanning generates 

raw spectroscopic data, which are then converted to element counts and often used as 

estimates of element concentrations in the sediment. A range of physical factors such 

as changes in water content, grain size, organic matter, density, and porosity of the 
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sediment matrix, impact scanner XRF counts (e.g., Löwemark et al., 2011; Thomson et 

al., 2006) and elemental ratios are typically employed to overcome such closed‐sum 

effects (e.g., Weltje & Tjallingii, 2008).  

The operating principle of the X-ray Fluorescence handheld scanner (Fig. 11) is based 

on X-ray fluorescence spectroscopy. Samples are placed in the measuring device, and 

then a thin beam of X rays is generated by the machine, which falls on the sample and 

causes the emission of secondary electrons. With the transitions of electrons to the outer 

layers, spectral differences can be observed for each element separately. The elements 

are then identified by the characteristic photon energies they emit, and their 

quantification is related to the intensity of the emitted radiation. 

 

Figure 11 X-ray Fluorescence (XRF) S1 Titan/Tracer 5/CTX handheld scanner of Bruker X-ray analyzer Series at 

the lab of Sedimentology, school of geology, University of Patras 

In the current study a total of 140 measurements were pooled from the LS core for XRF 

scanning geochemical analysis. Downcore elemental variations were measured by a 

handheld X-Ray Fluorescence scanner, on the surface of the 77 extracted core samples. 

The base of the scanner was covered with a high-purity polypropylene film and then 

the scanning was commenced. The run for each sample was conducted with 30 sec 

exposure time at 10-50 kV for the elements Al, Si, K, Ca, Ti, Mn, Fe, Rb, Sr, Zr and 

Zn. Measured elemental intensities were all plotted as ratios rather than absolute 

concentrations, to avoid closed-sum effects.  

3.3.2 RGB analysis 

Images collected with a digital camera summarize reflectance values in the range of 

visible light into three broad wavelength intervals (red, green, and blue channels, RGB). 

Color data collected from digital images have been used to trace dm-scale change in 

sediment composition (Cortijo et al., 1995) but a much higher stratigraphic resolution 

is possible. The actual resolution depends on the camera and its lens, but a resolution 

of one measurement per 100µm, or better, can easily be obtained with modern cameras 

and computers. This makes digital images a suitable source for color data from finely 

bedded and laminated sediments, as it allows description of variation at the sub-

millimeter scale. Such high-resolution sediment color time series have been used 

successfully to reconstruct paleoclimatic records from laminated and varved sediments 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019GC008414#ggge22115-bib-0040
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019GC008414#ggge22115-bib-0054
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019GC008414#ggge22115-bib-0060
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(Merrill and Beck et al., 1995, Schaaf and Thurow et al., 1998, Rodbell et al., 1999, 

Nederbragt and Thurow et al., 2001b). 

RGB analysis of the core was conducted using the imagej software along with Inkscape. 

Photos were taken with a Nicon DSLR camera, and then were processed using the 

above softwares. The LS core was photographed in as high resolution as possible. 

Along with the core a white plate was photographed and was used as a standard for the 

processing and normalization of colors (color calibration). The RGB light spectra of the 

core were measured in a horizontal profile and with pixel accuracy. The RGB values 

were plotted in R and then correlated with the sedimentological and geochemical results 

of the core. 

3.3.3 Geochemical Indicators 

Lakes and their catchments vary enormously in their physical, chemical, and biological 

characteristics. The complexity of responses to within-lake and catchment 

processes lead to a highly diverse range of sediment types (Schnurrenberger et 

al. 2003). Therefore, a multi-proxy approach is required to disentangle the various 

factors that influence sediment composition and thus environmental interpretation. 

Geochemical analysis has historically been an important component of multi-proxy 

palaeolimnological reconstructions (Boyle et al., 2001). 

The geochemical composition of sediments depends on many factors, such as type of 

parent rock, transport and deposition conditions, and transgenic processes that occurred 

(Weltje and von Eynatten et al., 2004). The method for the process of the geochemical 

results was based on geochemical ratios, that represent stratigraphically the changes 

that occur in the concentration of the elements, in the LS core. The diagrams with the 

distribution of the elements along with the geochemical ratios, each describe different 

deposition conditions, changes in the particle size of sediments, climate change in the 

study area, intensity of chemical disintegration, etc. 

In the current study the concentrations of 5 main elements (Al, Fe, Ca, K, Si), and 6 

(Mn, Rb, Sr, Ti, Zr, Zn) trace elements were measured and plotted. The data obtained 

were used for the construction of geochemical ratios. The first category contains 

geochemical ratios of elements normalized to Ti, and the second, geochemical ratios of 

correlated elements that provide evidence about different deposition conditions, 

climate, disintegration, etc. The reason that Ti is used as a normalization agent is 

because it cannot be produced organically, and because it remains unchanged during its 

disintegration, transport, and deposition. Ti is also an indisputable indicator of 

allochthonous materials introduced into a catchment or discharge basin (Cohen et al., 

2003). 

Specifically, the geochemical indicators that were studied are presented in table 2. 
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Table 3 Geochemical ratios of the studied elements 

Geochemical Ratios of Elements Environmental Interpretation 

Rb/Sr 
Increased intensity of chemical decomposition (Unkel et al., 2010; 

Fernandez et al., 2013) 

Rb/Zr Reduction of particle size (Chawchai et al., 2013; Kylander et al., 2011) 

Ca/Ti 

Increased concentration of evaporates (Haberzettl et al., 2007; 2009; Jouve 

et al., 2013) 

Carbonate precipitation (Kylander et al., 2011) 

Deposition of carbonates of biogeochemical origin (Olsen et al., 2013) 

Fe/Ti 
Anoxic conditions (Aufgebauer et al., 2012) 

Reduction of particle size (Marshall et al., 2011) 

 

3.4 Radiocarbon dating 

Core dating was based on 6 14C radiocarbon dates. The samples were collected from 6 

stratigraphic horizons of the core and the material used was bulk sediment and organic 

matter. The analysis was performed at the università degli campania dipartimento di 

mathematica e fisica, CIRCE laboratory, in Napoli, Italy. The rbacon package (Blaauw 

and Christen, 2011) was used for the construction of the age-depth model. Bacon is an 

approach to age-depth modelling that uses Bayesian statistics to reconstruct Bayesian 

accumulation histories for deposits, through combining radiocarbon and other dates 

with prior information (Blaauw and Christen, 2011). 

3.5 Statistical Analysis 

The data collected during the current study were processed for the purpose of 

interpreting the different statistical parameters and their contribution to the overall 

results. For the statistical analysis of the geochemical parameters the computer package 

R was used and specifically the 4.0.3 version. The R package is based on the S 

programming language and is an open-source software that is freely available. The plots 

of the geochemical ratios were constructed with logarithmic scale, after initially 

calculating the average of each ratio separately, to better illustrate the differences in the 

core. For the creation of the plots, the package ‘ggplot2’ was used. 

The statistical analysis of the geochemical data also includes principal components 

analysis (PCA) for the grouping of the geochemical indicators and better interpretation 

of the conditions by which they depend on. The rationale behind PCA is, that variables 

in observations are correlated amongst each other, so the full dataset contains redundant 

information. PCA is useful to reduce the number of variables. With its help we can find 

“supervariables”, called Principal Components, that sum up the information of several 

variables – without losing much of the information that the original data have. 

Basically, we transform our data into a new coordinate system. The axis of the 

coordinates corresponds to the Principal components. The mathematics behind PCA are 

beyond the scope of this study.  

 

 



 18 

4.Results 
4.1 Core description and stratigraphy 

Based on the distribution of particle size, color, and sedimentary structures, 4 different 

sedimentary units were distinguished. The particle size analysis throughout the core 

indicates a relatively uniform distribution of grain size (Fig. 13). Sediment types are 

mud to sandy mud. The presence of sand is low, ranging between 0.41 to 18%, clay 

percent ranges between 25 to 63% and silt between 32 to 70% (Fig. 12). The 4 

sedimentological/stratigraphic units are described below: 

Unit 1 (0 – 0.20 m): Consists of the soil horizon that was not analyzed due to human 

intervention and to avoid any erroneous measurements and interpretations. 

Unit 2 (0.20 – 4.00 m): It consists of mainly poorly sorted brown mud with two 

intercalations of sandy mud (1.60-1.65m & 2.10-2.15m). The sediments of the unit are 

characterized mainly as coarse skewed, with a horizon of near symmetrical material 

(1.90-2.85m). The distribution is from mesokurtic to leptokurtic.  

Unit 3 (4.00 – 5.20 m): It consists of mainly poorly sorted, grey to brown sandy mud 

with three intercalations of fine silt (4.10-4.15m, 4.50-4.55m, 4.70-4.75m) and one 

intercalation of medium silt (4.20-4.25m). Pebbles were observed at 5.00m. The 

sediments of the unit are characterized as coarse skewed to very coarse skewed. The 

distribution is mainly mesokurtic with two momentary measurements (4.90-4.95m, 

4.60-4.65) of platykurtic material and one measurement (4.00-4.05m) of leptokurtic 

material.  

Unit 4 (5.20 – 7.00 m): It consists of poorly sorted gray to dark grey mud. The sediments 

of the unit are characterized as very coarse skewed to near symmetrical and the 

distribution is mainly mesokurtic with two momentary measurements of leptokurtic 

material (5.40-5.45m, 5.70-5.75m). Pebbles were observed at 6.79-6.81m. 

Magnetic susceptibility values are generally low throughout the core with a mean value 

of 21.2 CGS (10-6 cm3/g), some slight increases (2.55-2.82m & 4.10-4.92m) and an 

abrupt peak (6.80m). The peak (CGS 79) is due to the appearance of coarser material 

(6.79-6.81m) and matches with a decrease in the C/N ratio (13.92) and TOC 

concentration (0.44%). CaCO3 concentration is generally low (mean =1.87%) with a 

slight increase (1.60-2.90m) and an abrupt peak (4.10-4.20m). The peak coincides with 

the increase in particle size and higher values of magnetic susceptibility. Also, high 

values of magnetic susceptibility match with an increase in CaCO3 concentration at 

2.55-2.82m. High TOC content (≥1%) is associated with the lower parts of the LS core 

(5.00-6.35m). TOC values drop (6.35-7.00m) under 1%, but that is not reflected as an 

increase in CaCO3.TOC content drops below 1% (0.20-4.95m) with a mean value of 

0.63%. The C/N ratio fluctuates, throughout the core, with values between 10-20 and 

above 20, supporting that TOC comes from terrestrial vascular plant material (Meyers 

2003). The C/N ratio contains only one signal of autochthonous sedimentation at 1.80-

1.85m.  
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The pH and EC (electrical susceptibility) in the LS core vary between the lower parts 

(5.00-7.00m) and the upper parts (0.20-5.00m) with mean pH values 7.32 and 8.34 

respectively. Regarding the relationship between pH and EC, there is a poor negative 

correlation, according to Pearson’s correlation coefficient (r = -0.35). Generally, in the 

lower parts of the LS core it was observed that with high TOC (6.35-5.00m), the higher 

the EC values were, while pH was found to correlate well with fluctuations in CaCO3 

concentration. Specifically, high EC values (5.15-5.30m & 5.60-5.75m) were observed 

when pH was slightly acidic. The pH values (5.85-6.34 & 6.98-7.54) at these depths, in 

conjunction with EC measurements (182-515 μS/cm) simulate those of a topogenic bog 

(Göttlich et al., 1990). Finally, the highest peaks in alkaline conditions (1.60m-2.90m) 

are associated with the highest concentrations in CaCO3.  

4.3 Radiocarbon dating and age-depth model 

The results of the radiocarbon analysis for the samples are presented in Table 1. 

Radiocarbon age determinations have been made on bulk sediment and organic matter 

from 6 horizons. Dates are reported as RCYBP (radiocarbon years before present). Two 

models were constructed. The first model was constructed with all the radiocarbon dates 

(Fig. 14). The second age-depth model was constructed by using the radiocarbon dates 

that did not contain old carbon or polluted through human intervention (Fig. 13), and 

with respect to the IntCal20 calibration curve (Reimer et al., 2020). A boundary was 

placed to mark the change in lake conditions. The age-depth model indicates as a 

maximum age for the examined sediments 10900 years BP at a depth of 7.00m. 

Table 4 Results of the radiocarbon dating 

Depth (cm) Dated Material Age 14C Error cal BP 

50 bulk sediment 1661 ±26 450 

129 org. matter 1398 ±29 1311 

250 bulk sediment 4156 ±39 3553 

298 org. matter 3999 ±41 4469 

460 bulk sediment 8628 ±47 9612 

520 peat 7171 ±43 7985 

672 bulk sediment 9294 ±27 10494 

 

Through radiocarbon dating and the age-depth model (Fig. 14), the sedimentation rate 

was calculated for each sedimentological/stratigraphic unit separately. On average, the 

sedimentation rate for the whole sequence was calculated at approximately 0.062 cm/yr. 

Unit 2 was calculated to have a sedimentation rate of 0.062cm/yr, while Unit 3 displays 

a slight increase of 0.065 cm/yr and correlates well with the change in particle size (see 

section 4.1). The sedimentation rate in Unit 4 decreases to 0.061 cm/yr, perhaps due to 

more stable lake conditions. In Unit 1 the sedimentation rate was not calculated as it 

was part of the soil horizon. Overall, the LS core exhibits a rather stable and continuous 

sedimentation rate with minimal fluctuations. 
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Figures 13, 14 The models were constructed using the R package rbacon (Blaauw and Christenn, 2011). The blue tie bars indicate the 14C age distributions (see Table 4). The greyscale 

of the line graph reflects the likelihood: the darker the more likely the model passes through that age. The red dotted line follows the mean ages. The grey dotted line indicates the 

boundary at 500cm. 
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4.4 Distribution of Geochemical Ratios with Depth 

In soil profiles, anoxic/reducing conditions are characterized by gray to blue colors 

(dominance of Fe2+), while oxic/oxidizing conditions are reflected by brown to red 

colors (dominance of Fe3+) (Unkel et al., 2014). The Fe/Ti ratio is in good agreement 

with the soil color of the LS core (Fig. 15). Starting from the top, the core transitions 

gradually from grey mud to brown mud (7.00-4.80m, 7600-10900 cal BP), marking the 

transition from anoxic to oxic conditions. There is only one increase at 5.50m exhibiting 

oxic conditions. The change in redox conditions may be related to an influx of 

freshwater from the watershed, supported by pH in the circumneutral zone and a 

decrease of TOC. The Fe/Ti ratio correlates well with the rest of the core reflecting the 

transitions in color from brown to grey (2.90-3.10m & 3.90-4.10m). 

For the study of paleoclimatic conditions, the Rb/Sr and Ca/Ti proxies were used. A 

high Rb/Sr ratio in sediments is interpreted as an indication for weak chemical 

weathering under a wet climate (Jin et al. 2001), while low Rb/Sr ratios indicate 

increased carbonate precipitation in the lake due to lower lake levels during drier 

conditions (Unkel et al., 2014). In contrast, a high Ca/Ti ratio indicates increased 

carbonate precipitation during drier conditions, while low Ca/Ti ratios decreased 

precipitation (Unkel et al., 2014; Kylander et al., 2011). The analysis of the core showed 

four periods dominated by dry conditions (1.35-2.80m, 4.00-4.20m, 5.00-5.20m, 5.90-

6.05m), and five periods of humid conditions (0.20-1.35m, 2.80-4.00m, 4.20-5.00m, 

5,20-5.90m, 6.05-7.00m).  

As suggested by previous studies, the chemistry of sediments is strongly controlled by 

the grain size of the dominant mineral host and subsequent particle size sorting 

(Kylander et al., 2011). The siliciclastic proxy (Rb/Zr) used in the current study is in 

good agreement with the particle size analysis, whereas high values indicate fine 

grained material and low values coarse grained material (Fig. 15). 

In the following, the paleoenvironmental and paleoclimatic evolution of the study area 

is presented. It will be based on the combined results of the sedimentological, 

geochemical, and chronological analysis of the core. 

5.Discussion 

5.1 Paleoenvironmental evolution of Lousoi lake 

During the last 10000 years, the lake of Lousoi has gone through three distinct 

evolutionary stages. Starting from the bottom (5.20-7.00m, 8000-10900 cal BP) we 

observe humid conditions, with low evaporation and a dry pulse that disturbs this 

uniformity at 9100-9400 cal BP (5.90-6.05m). Within this time frame the lake 

experienced considerable changes. Measurements of pH (7.35-7.4), the C/N ratio (11-

31) and TOC (0.44-0.54%), from 7.00m until 6.60m, reveal the existence of a 

circumneutral shallow lake. From 6.60m until 6.00m, measurements of pH (7.4-8.36) 

increase to a slightly more alkaline environment. The gradual increase of the C/N ratio 

along with TOC points towards carbon influx from an allochthonous source. The main 

phase of the water in the aquifers of the study area is Ca-HCO3
- and that is because of 

the limestone rich environment, resulting in relatively hard waters (Koutsi. et al., 2007). 

Thus, the increase in alkalinity and EC may be related to an influx of freshwater from 

the watershed that works as buffer (Muller et al., 2015). The chemical reaction that 

describes this process is: 
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CaCO3 + Corg + O2 + H2O → Ca2+ + 2HCO3 

The decrease of pH from 6.00m until 5.75m is probably due to the gradual degradation 

of organic matter that releases humic acids and is associated well with the increase of 

TOC. This period (10900-8850 cal BP) constitutes the limnic stage of the lake. 

Τhe highest EC values were observed when pH was slightly acidic (5.15-5.30m & 5.60-

5.75m, 7900-8100 & 8600-8850 cal BP). During these periods’ lake conditions 

simulated those of a topogenic bog. Between 5.00-5.20m (7700-8000 cal BP) there is a 

shift towards a dry environment with high evaporation. The transition is also marked 

by a change in the character of the sediment from mud to sandy mud, supported by the 

Rb/Zr ratio.  

From 4.20m until 5.00m (6500-7700 cal BP) climate transitions back to wet conditions 

with low evaporation, correlating well with low CaCO3. The Fe/Ti ratio at 4.80m 

signals the change in redox conditions from anoxic to oxic. At this point the lake 

becomes even more shallow as evidenced by the change in color and the low TOC 

(<1%).  

Between 4.00-4.20m (6150-6500 cal BP) there is a shift from wet conditions to a dry 

climate with increased evaporation, that correlates well with an abrupt peak in CaCO3 

and high pH values. This period (8850-6150 cal BP) constitutes a transition stage of the 

lake between the limnic and the final evolutionary stage.  

From 4.00 until 2.80 m (6150-4150 cal BP) the geochemical indicators point towards 

more humid conditions. At the same time grain size changes from sandy mud to mud, 

as indicated by the Rb/Zr ratio. Peak alkaline conditions (8.66-8.8) in the lake start from 

2.90 and end at 1.40m. This seems to correlate well with increased CaCO3 precipitation, 

small peaks in magnetic susceptibility, as well as a dry period (1.35-2.80m, 1400-4150 

cal BP). If the above are associated with the C/N ratio that shows an allochthonous 

input of organic matter as well as an abrupt peak in EC, then we could determine that 

carbon was deposited from an outside source at a time where the water level of the lake 

decreased, thereby increasing the precipitation of salts in the form of CaCO3. Finally, 

pH decreases from 1.60m until 0.20m exhibiting a good correlation with decreasing 

CaCO3 and a wet climate (0.20-1.35m, 110-1400 cal BP).  

This period (6150-110 cal BP) constitutes the last evolutionary stage of the lake and is 

characterized by seasonal flooding, as indicated by two gray horizons at 3.10-2.90 & 

4.00-3.90m. Overall, the lake of Lousoi remained shallow throughout its existence as 

indicated by the low TOC and high C/N ratio, until it was completely drained through 

human intervention in 1894.  

In the following, PC1 was used as the main palaeoenvironmental proxy, as it represents 

all carbonate and siliciclastic elements by their loadings and is more representative than 

a ratio (Katrantsiotis et al., 2018).  
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Figure 16 Comparison of PC1 proxies for all 5 sites. (a) Stymphalia, (b) Kaisari, (c) Pheneos, (d) Asea, (e) 

Lousoi.. For the interpretation, the reader is referred to the text. 

5.2 Paleoenvironmental reconstruction on the temporal scale 

For the period 5000-3600 cal BP we generally observe wet conditions for the 

geochemical records from the area of Mt. Ziria, while the Lousoi dataset indicates a 

wet pulse at 4800 cal BP, followed by arid conditions and a general humid phase 

starting from 4150 cal BP. Asea, also shows very stable conditions with two short, dry 

pulses around 4900 and 4700 cal BP and a general tendency towards increasingly wetter 

conditions. The PC1 in Stymphalia likewise depicts wetter conditions approximately 

until 4200 cal BP (Fig. 16a), where a dry phase is detected.  
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Following this more stable phase, an aridification trend is detected at 3300 cal BP in 

the records close to Mt. Ziria.  In contrast, in Lousoi a humid period is observed between 

4150-1400 cal BP. The most significant shift in the geochemical proxies occurs in 

Pheneos and Kaisari at 3300–3200 cal BP (Fig. 16b, c). Pheneos and Kaisari also, depict 

a peak in dry conditions at 3000 cal BP, whereas Asea and Stymphalia show two minor 

dry spells at 3200 and 2900 cal BP with wetter conditions in between. The temporal 

diversity shows that climatic changes could be regionally very different and reveal very 

heterogeneous (local) conditions. 

For the period 1400-110 cal BP the Lousoi record shifts from a wet climate to a dry 

one, with a wet pulse observed from 500 to 400 cal BP. Pheneos and Kaisari, show a 

short phase with moderately wetter conditions from 1050 to 850 cal BP and a general 

dry period, while Asea depicts dry conditions for the last 2200 cal BP. Finally, 

Stympalia exhibits humid conditions with a dry spell at 1000 cal BP, followed by a 

desiccation period during the last 200 years (Seguin et al., 2019). 

6. Conclusions 
The interpretation of the sedimentological and geochemical data distinguished three 

distinct evolutionary stages of the Lousoi lake, (1) a limnic stage between 10900-8850 

cal BP, (2) a transition stage between 8850-6150 cal BP and, (3) the last stage 

characterized by seasonal flooding between 6150-110 cal BP. The comparative analysis 

of PC1 proxy responses between neighboring lakes improved the paleoclimatic 

interpretation. Based on the geochemical analysis of the five study areas for the last 

5000 years, different phases were identified between East and West. When permanent 

lake water bodies existed at all sites (ca. 5000–3600 cal BP) we saw a wet climate 

dominating around Mt. Ziria, while Lousoi exhibited a dry climate that transitioned to 

a humid one around 4150 cal BP. A shift of this pattern was observed around 3300 cal 

BP, as wet phases replaced dry ones in the East, with the most visible transition in 

Pheneos and Kaisari, while Asea and Stymphalia exhibited only two dry pulses. The 

temporal diversity shows that climatic changes could be regionally very different and 

reveal very heterogeneous (local) conditions. Finally, in Lousoi, we observe a transition 

to dry conditions from 1400 until 110 cal BP. During this period the other records 

generally exhibit dry conditions except for Stymphalia (Fig. 16). Overall, rapid climatic 

changes were not observed in any record, but rather gradual variations were noticed. A 

plausible hypothesis would be that these records integrate the climate signal over the 

catchment and thus may be less useful to pick up short-term variation in the way they 

are recorded in speleothems (Finné et al., 2014, 2017). This study shows that 

geoarchives in mesoscale proximity to each other exhibit an East/West trend that 

responds differently to climate variations for the last 5000 years. The highly variable 

morphology of the Peloponnese causes a significant change in the response of the 

archives to climate and environmental forcing on a local valley scale. Therefore, to 

improve the comparison of the archives in the meso and macro scale, other proxies 

should also be used (pollen, diatoms, speleothems). Overall, the microclimate pattern 

observed here should be studied with further research centered around NW of the 

Peloponnese peninsula.
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