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Preface

The Special Issue Advances in Geoarchaeology and Cultural Heritage brings together diversified

interdisciplinary scientific approaches of natural sciences studying the past through archaeological

remains and cultural heritage proxies. The reasons and motivations for compiling and editing this

scientific work are the great interest in the advanced techniques to link material culture, remote past

societies, and human-environment interaction.

It is addressed to earth scientists, archaeologists, archaeometrists, senior scientists, and graduate

students. The involved authors come from a wide range of subjects focused on geosciences and

cultural heritage issues. I thank managing editors of Quaternary MDPI for their assistance in making

this volume.

Ioannis Liritzis

Guest Editor
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Editorial

Advances in Geoarchaeology and Cultural Heritage: Editorial
Ioannis Liritzis

Faculty of Humanities, Alma Mater Europaea University (AMEU), Slovenska Ulica 17, 2000 Maribor, Slovenia;
ioannis.liritzis@almamater.si

1. Introduction

The non-linear trend of evolution of ancient cultures is decisively affected by climatic
change, landscape changes, and more. At the same time, natural sciences which are applied
to material culture and, simultaneously, delve into the stratigraphic record reveal and
document past daily life. The task of modern humanity is to preserve the memories of the
past. This Special Issue is based mainly on selected papers presented in the digital 2nd Sino-
Hellenic International Conference on Global Issues of Environment and Culture which took
place on 17–19 September 2021, and was hosted in Greece (https://iao.henu.edu.cn/info/
1257/5437.htm, accessed on 10 December 2024). Beyond the selected papers, the SI touches
on other issues chronologically covering the Quaternary, e.g., palaeoanthropology and the
environment, climate change and ancient cultures, disaster archaeology, geoarchaeological
issues, archaeometry–archaeological sciences, and digital and remote sensing applications,
to mention a few.

The application of natural sciences to solve problems in the fields of archaeology, an-
thropology, physical and human geography, cultural heritage, and art, covering a long-time
range during the quaternary, has been very popular. The various terminologies used (ar-
chaeological sciences, geoarchaeology, archaeometry, and STEM in arts and culture) essen-
tially focus on the tandem of science and art (https://euro-acad.eu/library?id=17, accessed
on 10 December 2024) (Liritzis 2000 [1]; Liritzis et al., 2024 [2]). After all, such research and
its application offers societal and educational benefits, addresses sustainability concerns,
and aligns with SDG-11. (With Sustainable Development Goal 11 (SDG 11), countries
have pledged to “make cities and human settlements inclusive, safe, resilient and sustain-
able”. Within this goal, Target 11.4 aims to “strengthen efforts to protect and safeguard the
world’s cultural and natural heritage”.) (see also relevant articles in: https://www.mdpi.
com/journal/sustainability/special_issues/Archaeology_Cultural_Heritage; accessed on
10 December 2024).

2. Brief Summary

The eleven articles cover diversified nature subjects all related to geoarchaeology and
cultural archaeological heritage.

Prof. Stoev et al. [3] studied prehistoric astronomical observatories, which include a
specific type of rock-cut monument from the mountainous Thrace in Bulgaria that has a
specific shape and orientation in space. which is a part of the characteristic representatives
of the archaeoastronomical sites on the Balkan Peninsula. They examined 13 prehistoric
astronomical observatories using the methods of archaeoastronomy in order to determine
the period of their operation. It was shown that changes in climate (and in the astroclimate
accordingly) influenced the type of prehistoric astronomical observatories built.

Dr. Kokkaliari et al. [4] referred to recent findings of archaeological research in the
Vathy gulf area, Astypalaia Island, Aegean Sea, Greece, which indicate its continuous
habitation since prehistoric times, most importantly in the transitional period from the
Final Neolithic to the Early Bronze Age (late 4th/early 3rd millennium BC). Using non-
invasive analytical methods (Near-Infrared Spectroscopy—NIR) in combination with the
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mineral–petrographic characterisation of the main lithological formations of the island,
they were able to identify allogenic geo-materials including chalcedony, mica schist, bauxite
and meta-bauxite, steatite, and paragonite. Based on the mineralogical and petrographic
characterisation of the stone artefacts, a first attempt was made to evaluate the possible
raw material sources and to identify potential intra-island modes of stone exploitation.

Dr. Westra et al. [5] studied disasters in the past that have happened throughout human
existence. Their traces are found in the environmental record, archaeological evidence, and
historical chronicles. They present the Shang and Mycenaean cultures as prime examples,
among others, of Bronze Age societies with distinctive geographical, environmental, and
cultural features and structures that defined their attitudes and responses to dangerous
natural phenomena, such as floods, earthquakes, landslides, and drought. The cultural
landscapes of the Aegean Sea in Greece and Yellow River in China share many similarities
and dissimilarities and both had vast territorial and cultural expansions. They have an
apparent contemporaneity, and both receded and collapsed at about the same time. Thus,
through the microgeography of a few select Shang and Mycenaean sites and their relevant
environmental, archaeological, and historical contexts, and through environmental effects
on a global scale, we may understand chain events of scattered human societal changes,
collapses, and revolutions on a structural level.

Liritzis et al. [6] focused on the geoarchaeology of a Kastrouli Late Bronze settlement
in the province of Phocis, central Greece, which has been proved to have been an important
centre in the periphery of the Mycenaean palaces during the 13th–11th c BC. A methodolog-
ical approach was applied at the foot of the hillock near the Kastrouli plain site, combining
the digital elevation model (DEM) and GIS with electrical resistivity tomography (ERT)
traverses of around 300 and 500 m. The existence of an ancient lake with the presence of
two natural sinkholes was revealed, which was apparently engineered using hydraulic
works. It was noted that the mane-made sinkholes were made to carry our drainage and
produce a habitable environment, protecting the cultivated land and avoiding a swamp
associated with health issues.

Prof. Koskeridou et al. [7] presented the degradation of coastal environments of
an ancient coastal lake wetland, the so-called Lake Lerna in NE Peloponnese, Greece;
this is an issue that many areas in Europe are facing. Two drill cores in the area of the
ancient lake were analysed and three lithological and faunal units were recovered. The
usage of sub-fossil mollusc species for the first time in the region enriched the dataset and
contributed significantly to the delimitation of the fauna. They concluded that the lake
and its included fauna and flora were mostly affected by climatic fluctuations rather than
human intervention.

Dr. Saitis et al. [8] studied beachrocks which are well known as significant proxies
for paleoenvironmental analysis as they indicate coastal evolution. The combination of
geomorphological and archaeological sea-level indicators significantly contributes to coastal
paleogeographic reconstruction. In this study, a beachrock from the Diolkos area (West
Corinth canal, Greece) and remnants of the Diolkos slipway were used to reconstruct the
coastal evolution before Diolkos’ construction until today. They were studied using DGPS-
GNSS, and mineralogical analysis and OSL dating of beachrock samples were also carried
out. The results showed that the beachrock slab was preserved before the construction of
Diolkos below it, followed by its submergence by a co-seismic event after the abandonment
of Diolkos during 146 B.C. Consequently, a new beachrock was developed on top of the
submerged Diolkos around 120 ± 14 A.D. The RSL was stable until 1596 ± 57 A.D. when
the beachrock developed even closer to the present-day coastline. After 1596 A.D., it was
uplifted by 12 cm until it reached today’s position.

Dr. Howland et al. [9] applied tests that elaborated on the suitability of automated
point cloud classification tools provided by the popular image-based modelling (IBM)
software package Agisoft Metashape for the generation of digital terrain models (DTMs)
at the moderately vegetated archaeological site of Kastrouli, a Mycenaean site in Greece.
Based on this case study, the mostly automated, geometric classification tool “Classify
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Ground Points” provides the best results and produces a quality DTM that is sufficient for
mapping and analysis. Each of the methods tested in this paper can likely be improved
through the manual editing of point cloud classification.

Dr. Muskara et al. [10] analysed ancient obsidian tools from Kendale Hecala located on
the Ambar River in the Upper Tigris Basin, which is located in the province of Diyarbakır in
Southeast Anatolia. Macro-observations and the characterisation of archaeological samples
were performed using a handheld XRF and provenance was determined through statistical
clustering and multivariate analysis of the data. The authors indicate obsidian from
different resources at the settlement was used, including from Nemrut Dağ, Bingöl B, and
Group 3d. The technological analysis revealed that obsidian was brought to the settlement
as nodules and chipped into various tools at the settlement. Understanding the operational
sequence of the lithic industry, the chaîne opératoire, including the distribution of raw
material from source to site, is important to demonstrate the socio-cultural organisation of
the settlement in Southeastern Anatolia during the Ubaid period.

Dr. Robert Bednarik [11], a specialist in rock art, reviewed the most extensive corpus
of ancient immovable cultural heritage, including his current work on the direct dating of
Chinese Immovable Cultural Heritage. The dating of Chinese rock art by ‘direct methods’
began in the late 1990s in Qinghai Province. Since then, China has acquired the largest
body of direct dating information about rock art of any country. The establishment of the
International Centre for Rock Art Dating at Hebei Normal University has been the driving
force in this development, with its researchers accounting for most of the results. Dating
methods referred to include microerosion analysis, OSL, C-14, and uranium–thorium
analysis of carbonate precipitates in caves, and results were reported from Heilongjiang,
Inner Mongolia, Ningxia, Jiangsu, Hubei, Guangxi, Yunnan, Qinghai, Tibet, and Xinjiang.

Dr. Rossi et al. [12] reported on the strontium isotopes in archaeology and biogeo-
chemical research carried out over the past 40 years, highlighting its limits and risks. They
included basic knowledge material and suggestions for the correct use of these isotopes.
The isotopic characteristics of bio-assimilable strontium depend not so much on the isotopic
characteristics of the bulk rock but, rather, on those of its more soluble minerals. It is
warned that before studying human, animal, and plant remains, the state of conservation
and any conditions of isotopic pollution should be carefully checked. Samples should
be collected according to random sampling rules. The data should be assessed using a
statistical approach. To make comparisons between different areas, it should be borne in
mind that the study of current soils can be misleading since the mineralogical modification
of soil over time can be very rapidly altered.

Finally, Dr. Anja Hellmuth Kramberger [13] reported on the emergence of the Bronze
Age Monkodonja, a Castellieri-type settlement located near Rovinj on the west coast of Istria,
Croatia, and the possible effects of climatic changes in the 2nd millennium BC in the Adriatic
region. Established around 2000 BC, the settlement experienced significant construction
phases, particularly in its defensive architecture built with limestone blocks using dry-stone
wall techniques. The settlement appears to have met a violent end around the 15th century
BC, which is suggested by destruction layers, widespread burning, and the presence of
weapons such as a lance tip, bronze axe, and slingstones. Monkodonja’s destruction raises
questions about broader military conflicts in the Adriatic region during this period, and it
was proposed that a migration of people to the Istrian peninsula brought this new settlement
form and other influences, leading to a significant population increase. The appearance of
the Castellieri settlement form coincides with a period marked by documented climatic
changes [14] and two major natural disasters in the form of volcanic eruptions.

Conflicts of Interest: There is no any conflict of interest.
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Article

On the Emergence of the Castellieri Settlements and Possible
Effects of Climatic Changes in the 2nd Millennium BC in the
Adriatic Region
Anja Hellmuth Kramberger

Inštitut za Interdisciplinarne Raziskave, Univerza Alma Mater Europaea, Slovenska ulica 17, 2000 Maribor,
Slovenia; agrath@web.de or anja.hellmuth@almamater.si

Abstract: The fortified hilltop settlement of Monkodonja, located near Rovinj on the west coast
of Istria, Croatia, provides insight into Bronze Age occupation and conflict in the Adriatic region.
Established around 2000 BC, as evidenced by a series of C14 dates from human and animal bones,
the settlement experienced significant construction phases, particularly in its defensive architecture.
Its earliest fortifications, built with limestone blocks using dry-stone wall techniques, date to the 19th
century BC, with major expansions in the 16th century BC, where the primary wall was doubled
in width and reached over 3 m in thickness. Monkodonja’s architectural complexity, notably the
West Gate and Acropolis fortifications, and certain types of artifacts reveal influences from southern
regions such the eastern Aegean. However, the settlement appears to have met a violent end around
the 15th century BC, suggested by destruction layers, widespread burning, and the presence of
weapons such as a lance tip, bronze axe, and slingstones. Monkodonja’s destruction raises questions
about broader military conflicts in the Adriatic region during this period. Possible causes could
include localized warfare or connections to larger-scale disturbances. Research in Monkodonja is
also significant in the context of the debate surrounding the emergence of the so-called Castellieri
settlements in Istria at the beginning of the 2nd millennium BC. As early as the beginning of the
20th century, it was proposed that a migration of people to the Istrian peninsula brought this new
settlement form and other influences, leading to a significant population increase. The appearance of
the Castellieri settlement form coincides with a period marked by documented climatic changes and
two major natural disasters in the form of volcanic eruptions.

Keywords: bronze age; Adriatic region; Istria; phenomen of Castelliere settlements; climate changes;
changes in society; migrations

1. Istria in the 2nd Millennium BC and the “Phenomenon” of the
Castellieri-Settlements (Introduction)

Istria is the largest peninsula in the Northern Adriatic, and it owes its name to ancient
sources such as the “Periegesis” by Hecataeus of Miletus, written between 560 and 480 BC, in
which the pre-Roman inhabitants of the region are referred to as Histri or Istri [1] (p. 45), [2], [3]
(pp. 25–27).

Today, the largest part of Istria is located within Croatia, with the northern part largely
belonging to Slovenia, and a small area around Muggia in Italy. The sea currents in the
eastern Adriatic flow northward and pass Istria along its western coast and it is assumed
that they were already used for navigation in prehistoric times (Figure 1) [1] (pp. 49–50,
Figure 41), [4] (pp. 13–20). Istria, which geologically consists of limestone, is characterized
by sedimented red soil and the typical karst vegetation growing on it, including sub-
Mediterranean holm oak and pine forests [1] (pp. 56–58) and [5], (p. 43). The landscape is
marked by numerous rounded hills, bowl-shaped karst sinkholes (dolines), fissures, and
caves. In the lowlands around the hills, fields for agriculture and livestock farming can be
found today.

Quaternary 2024, 7, 56. https://doi.org/10.3390/quat7040056 https://www.mdpi.com/journal/quaternary5
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of a specific type of settlement known as Castellieri, Gradinas, or Kastelliere. These settle-
ments, located on the countless karst hills, are characterized by their thick, often concen-
tric walls built in dry-stone technique—without mortar. Today, these walls are often visi-
ble as ring-shaped structures beneath the canopy of the macchia or among the dense veg-
etation (Figures 2 and 3). By the mid-19th century, over 300 of these hilltop settlements 
were counted, and today about 500 have been recorded [1] (pp. 27–26, Figure 5), [6,7], [8] 
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Figure 1. The Adriatic region showing the course of sea currents and the location of the Istrian
peninsula (graphic: author, data from [1] (Figure 14)).

From the beginning of the developed Early Bronze Age around 2000 BC, significant
changes in the settlement patterns of the Istrian peninsula can be observed: the emergence
of a specific type of settlement known as Castellieri, Gradinas, or Kastelliere. These
settlements, located on the countless karst hills, are characterized by their thick, often
concentric walls built in dry-stone technique—without mortar. Today, these walls are often
visible as ring-shaped structures beneath the canopy of the macchia or among the dense
vegetation (Figures 2 and 3). By the mid-19th century, over 300 of these hilltop settlements
were counted, and today about 500 have been recorded [1] (pp. 27–26, Figure 5), [6,7], [8]
(p. 158, Figure 3), [9–12].

On the other hand, it is important to note that in the 19th century, the landscape of
Istria looked significantly different than it does today. At that time, the peninsula was less
densely covered with vegetation due to extensive livestock grazing [1] (pp. 27, 56–58), [8]
(p. 156) and [5] (p. 43). This means that the remains of prehistoric settlements were much
more visible, thereby attracting attention and interest.
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The historian and archaeologist Pietro Kandler from Trieste initially speculated in the
mid-19th century that the Kastelliere settlements were fortresses to secure the Roman road
network [1] (pp. 27–30). This assumed dating to the Roman period was quickly questioned
by contemporaries such as Carlo de Franceschi, Tomaso Luciani, and Antonio Covaz, who
pointed to the discovery of stone axes and coarse handmade pottery in the settlements.
The first scientific study of the fortified hilltop settlements was published in the 1870s by
Richard F. Burton, the British consul in Trieste [15]. Burton described in detail the dry-stone
construction of the walls and noted that the hilltops on which the settlements are located
had been artificially leveled. Burton was accompanied during a visit to the settlement of
Kunci near Labin in 1874 by Carlo Marchesetti, a physician and natural scientist, who was
the director of the “Museo Civico di Storia Naturale” in Trieste. Marchesetti himself began
a systematic study of the hilltop settlements in the 1880s. He registered and mapped over
400 sites and described various settlement types based on their construction, the buildings
within the enclosures, and associated necropolises.

The appearance of the new Castellieri settlement type during the Early Bronze Age in
Istria, specifically at the end of the Istra I phase according to Čović 1983 [1] (pp. 36, 510, Figure
332), has been recognized by researchers since the late 19th and early 20th centuries as a
significant phenomenon, often linked to possible migrations [12] (pp. 123–125). To understand
why the emergence of these fortified hilltop settlements in Istria is so remarkable, one must
first consider the settlement situation in Istria before 2000 BC. Up until the end of the 3rd
millennium BC, Istria appears to have been sparsely populated. Only a few Neolithic and
Copper Age coastal stations are known, such as Kargadur (cf. [16]), along with settlement
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traces on mountain plateaus or cave findings. Most of these consist of finds from karst caves,
such as Grotta dei Ciclami/Orehova Pejca [17,18], Laganiši Cave [19], Pupićina Cave [20],
Oporovina Cave [21], Garbinovica Cave [22], Pećina Ispod Sela Srbani [23], and Vela Cave [24].
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In the Bronze Age, this situation changed dramatically. Not only did the number of
known sites increase significantly, but settlements were now frequently found in previously
uninhabited mountainous areas [8] (pp. 157–158, Figures 2 and 3). This seemingly “explosive”
rise in settlement sites with the onset of the developed Early Bronze Age has repeatedly led
researchers to consider that migrations or colonization might have played a role [1] (pp. 30,
494–495), [8] (p. 159), and [12] (pp. 123–125). Although many questions about the Castelliere
settlements remain unanswered—for instance, it is still unclear how many settlements were
inhabited simultaneously—there are indications that at least some of the founders of the
Castellieri in Istria were newcomers. It is suspected that the local population at the transition
from the late Copper Age to the Early Bronze Age was too sparse and Istria too thinly
populated to carry out such extensive construction projects [1] (p. 494). It is evident that
the large-scale quarrying and the construction of meter-thick walls would have required a
considerable number of workers, organized and led by specific individuals. Furthermore,
the architecture, excavation findings, and artifacts suggest influences from regions as distant
as the Carpathian Basin and the Eastern Mediterranean [25,26], [1] (pp. 500–504), and [27]
(pp. 337–391). A particularly striking example among the ceramic finds are the tripod plates,
which appear in Istria for the first time with the Castelliere settlements and have predecessors
in tripods from the Eastern Mediterranean, for example, on Crete and Cyprus [25] and [27]
(pp. 215–220) (Figure 4). The use of tripods was likely associated with a specific form of
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food preparation and culinary traditions that were previously unknown in Istria before the
2nd millennium BC. The Early Bronze Age pottery differs markedly from the characteristic
Neolithic and Chalcolithic ceramics of Istria, which were distinguished by striking geometric
and curvilinear incised decorations, sometimes with inlays cf e.g., [16] (p. 115). Bronze Age
pottery shows distinctly different decorations such as plastic ornaments and fluting, and
black polished fine ceramics and barbotine also appear for the first time, to name just a few
examples.

Although there is a large number of known sites, only a few have undergone system-
atic archaeological excavation and much of our knowledge comes from surveys, surface
finds—mainly pottery—and occasional rescue excavations (cf 7). Only a very small num-
ber of settlements have been investigated through extensive research excavations. In recent
years, non-invasive methods, such as geophysical surveys, LiDAR technology, and three-
dimensional laser scanning for digital terrain modeling, have been increasingly utilized [28,29]
(Figure 3). These methods have provided new insights, such as revealing the frequency
of burial mound necropolises near settlements, which were previously obscured by dense
vegetation [30] (p. 28). However, due to these limitations, our understanding is still based on
incomplete and uneven data.

Quaternary 2024, 7, x FOR PEER REVIEW 6 of 29 
 

 

 
Figure 4. Upper: (a,b) Ceramic tripods from Monkodonja, Akropolis (Sonda 3), Istria, Croatia (draw-
ings author), lower: tripods from the Eastern Mediterranean region, (a,b)–Ayia Irini, Kea (Adapted 
from [31]), (c)–Cyprus (Adapted from [32] (p. 50)). 

Despite challenges within the existing data, this text seeks to explore the emergence 
of Castellieri settlements and analyze the factors that might have driven increased settle-
ment activity on the Istrian peninsula from the Early Bronze Age onward. Potential influ-
ences on Bronze Age settlement patterns in the late 3rd and 2nd millennia BC include 
climatic changes and major natural disasters. Additionally, developments throughout the 
2nd millennium BC and the question of possible migrations or ‘migration waves’, as pro-
posed by C. Marchesetti in the early 20th century cf. [2] (p. 117) and [12] (pp. 151–155), 
will be examined. 

The settlement of Monkodonja (Figure 5), the most thoroughly studied archaeologi-
cal site in the Croatian part of Istria, will serve as a case study for further analysis. The 
second section will provide a brief overview of Monkodonja, following an introduction to 
the palaeoecology of Istria at the beginning of the 2nd millennium BC. Next, the emer-
gence of Castellieri settlements and the migration-wave theory will be examined, consid-
ering the impact of climatic changes and major natural disasters at the transition from the 
3rd to the 2nd millennium BC and throughout the 2nd millennium BC. 

Figure 4. Upper: (a,b) Ceramic tripods from Monkodonja, Akropolis (Sonda 3), Istria, Croatia
(drawings author), lower: tripods from the Eastern Mediterranean region, (a,b)–Ayia Irini, Kea
(Adapted from [31]), (c)–Cyprus (Adapted from [32] (p. 50)).

Despite challenges within the existing data, this text seeks to explore the emergence of
Castellieri settlements and analyze the factors that might have driven increased settlement
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activity on the Istrian peninsula from the Early Bronze Age onward. Potential influences
on Bronze Age settlement patterns in the late 3rd and 2nd millennia BC include climatic
changes and major natural disasters. Additionally, developments throughout the 2nd
millennium BC and the question of possible migrations or ‘migration waves’, as proposed
by C. Marchesetti in the early 20th century cf. [2] (p. 117) and [12] (pp. 151–155), will be
examined.

The settlement of Monkodonja (Figure 5), the most thoroughly studied archaeological
site in the Croatian part of Istria, will serve as a case study for further analysis. Section 2 will
provide a brief overview of Monkodonja, following an introduction to the palaeoecology
of Istria at the beginning of the 2nd millennium BC. Next, the emergence of Castellieri
settlements and the migration-wave theory will be examined, considering the impact of
climatic changes and major natural disasters at the transition from the 3rd to the 2nd
millennium BC and throughout the 2nd millennium BC.
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2. Paleoecology of the Istrian Peninsula and the Gradina Monkodonja in the First Half
of the 2nd Millennium BC (Materials and Methods)
2.1. Paleoecology of the Istrian Peninsula

The emergence of the new settlement form on the Istrian Peninsula and the associated
postulated population increase had an impact on the natural environment.

As far as the Holocene environment and climate of Istria are concerned, our knowledge
is still limited, mainly due to a lack of suitable paleo-ecological sites and research [34] (p. 109)
and [35] (pp. 514, 519–520). Pollen and organic remains are rarely preserved in Holocene
layers, but there are some sites where human influence is evident in the pollen diagram.
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Research at the site of Polje Čepić in the east-central part of the Istrian peninsula, at the
northernmost tip of the Adriatic, has shown that at the beginning of the 2nd millennium
BC (associated with Core Segment Polje Čepić S3), an open mixed forest landscape predom-
inated [34] (p. 119). In comparison to findings from Core Segment S2 at Polje Čepić, which
corresponds to a layer from the 5th millennium BC, a decline in oak and other tree pollen
species was observed, with trees and shrubs accounting for 70% of the total pollen count.
This decline, along with the simultaneous increase in non-arboreal taxa, where herbs make
up 7.3% of the total pollen, indicates a more open landscape. Based on sedimentological
and palynological data, particularly the increase in non-arboreal pollen in Core Segment
S3, it is suggested that humans contributed to these changes through deforestation [34]
(pp. 120–122) and [35] (pp. 514, 519). Similar findings have also been made at the site of
Prapoče/Čičarija in northern Istria [35] (p. 511). In the 3rd millennium BC, linden forests
(Tilia) predominated, and oak (Quercus), hornbeam (Carpinus betulus), hazel (Corylus), fir
(Abies), beech (Fagus), and alder (Alnus) were also present. At the beginning of the 2nd
millennium BC, the landscape became more open, which is reflected in the decrease of tree
pollen in the pollen diagram and the increase of herb pollen.

2.2. Gradina Monkodonja–Research and Dating

In the context of the discussion about the appearance of the Castellieri settlements in
Istria, attention must be paid to the fortified hillfort settlement Monkodonja near Rovinj,
south of the Limski kanal, which represents the best-studied site in the Croatian part of
Istria [1,27,33,36] (Figure 5). The research conducted at Monkodonja has led to numerous
new insights, for example, regarding the dating of the so-called Castelliere settlements of
Istria, the organization of the settlement, or the long-distance contacts.

In the early 1950s, the first systematic excavations at the fortified settlement Monkodonja
were conducted under Boris Baćić, then director of the Archaeological Museum of Istria in
Pula [5]. In 1997, archaeological investigations were resumed as part of a Croatian-German-
Slovenian joint project funded by the DFG (German Research Foundation) and continued
until 2009 under the direction of Kristina Mihovilić (Archaeological Museum of Istria, Pula),
Bernhard Hänsel, and Biba Teržan (Free University of Berlin).

A prominent feature of the hilltop settlement of Monkodonja, as well as other con-
temporary settlements in Istria, is, as mentioned, its defensively effective architecture
made of broken limestone, constructed using dry-stone wall techniques. The settlement is
divided into an acropolis, upper and lower town, and outer fortification by ring-shaped
walls. There may have also been an outer settlement, as indicated by traces observed
during the clearing of the macchia vegetation at the foot of the hill. The fortified settlement
was accessed through several gates, with the main entrance being the large western gate
of the main fortification [5] (pp. 111–251). Also noteworthy are the burial sites—stone
cist graves—discovered in the area of the gate [37]. Similar graves have been found in
other hilltop settlements, such as Vrčin/Monte Orcino or the Gradina Brioni [37] (p. 161).
The architecture of the western gate appears highly complex due to various phases of
construction and modification (Figure 6). Such a building form is uncommon for Central
Europe during the Early Bronze Age and points southward and southeastward. Complex,
repeatedly modified gate structures are also found in the southern part of the western
Adriatic, in Apulia, at sites like Coppa Nevigata [38,39] (Cazzella, Moscoloni, Recchia 2012;
Cassano et al. 1987) and Roca [40]. Excavators have frequently highlighted the parallels
between the gate’s construction and findings from Aegina, as well as the parallels between
the graves near the gate and those in Mycenae [37] (p. 179), [1] (pp. 174–177, Figures
112–123 with reference to [41]) and [42] (pp. 160–165). It was established that the settlement
is not only spatially divided into different areas by the various ring-shaped walls but that
within these areas, social stratification can be observed. This can be inferred from the
building techniques, as small freestanding single buildings have been excavated, as well
as large multi-room buildings with courtyards, which were found in the acropolis area.
In certain parts of the settlement, storage buildings were also identified, evidenced by
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the extraordinarily high number of large storage vessels and animal bones [43] and [27]
(pp. 305–318). Most likely, large quantities of food produced in the surrounding area of
the fortified settlement were centrally stored within the strongly fortified walls and then
redistributed from there [44]. This is an economic system well-known from the Early and
Middle Bronze Ages in the Near East and the Eastern Mediterranean.
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The gradina of Monkodonja is dated, according to Reinecke’s chronological scheme for
Central Europe, to the period between the end of Bz A1 and the transition from Bz B1 to Bz
B2/C1. This corresponds to the late phase of Istra I to Istra II according to Čović 1983 for Istria
and to Bronzo Antico 2 to Bronzo Medio 2 according to Peroni 1994 cf. [1] (p. 510, Figure 332).
The Middle Bronze Age, Bronzo Medio 1 and 2 in Italy, corresponds to SH I to SH IIB (Late
Helladic I to IIB) in the Aegean cf. [45] (p. 216, Figure 24). A series of 45 C14 dates attest that
the settlement was founded around or before 1800 BC, possibly as early as 2000 BC, if we take
into account the dating of human bones from the two stone cist graves at the western gate [1]
(pp. 141, 146–147, 424–452). These dates were determined under the direction of Pieter M.
Grootes at the Leibniz Laboratory for Age Determination and Isotope Research in Kiel, based
on animal and human bone finds, and the evaluation of the datings was carried out with the
collaboration of Bernhard Weninger (Figure 7a,b).

The calibration of the C14 data was conducted by B. Weninger using the program
CALIB rev.5.01 with the INTCAL04 dataset, as well as using the program CalPal and
the INTCAL09 dataset [46,47]. Eight additional radiocarbon datings were performed
by Tomasz Goslar at the Poznan Radiocarbon Laboratory based on human bones from
burial mounds in the Monkodonja necropolis from the neighboring hill Mušego and were
calibrated using the program OxCal v4.4.2 [48] (Figure 8).

An issue that was thoroughly discussed in connection with the publication of the
C14 dates from Monkodonja and the associated burial mound necropolis Mušego, and
therefore does not need to be repeated in detail here, is the potential error due to the
marine reservoir effect, as fish consumption has been documented in the settlement [1]
(pp. 426–427, 438–440, 450). However, unaffected by the marine reservoir effect are the
bones of ruminants, sheep/goat, and cattle, and it was found that the 20 samples from the
acropolis and main fortification areas of Monkodonja provide a block of relatively close-set
dates, which fall within a time window between the 19th and early 15th centuries BC [1]
(pp. 438–440, Figures 320, 446 and 447). These dates define the main phase of settlement,
with two significantly younger and one older date from animal bones interpreted as results
of sporadic visits to the site before and after the settlement’s peak period.
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Figure 7. (a,b): Calibrated C14 dates from the 2005 and 2006 measurements of human and animal
bone finds from the fortified hilltop settlement of Monkodonja, Istria, Croatia, Leibniz Laboratory for
Age Determination and Isotope Research Kiel (Adapted from [49] (p. 38)).

Among the human bones from two stone cist graves discovered in the gate area of
Monkodonja, there are six dates that align with the animal bone dates, ranging from the
late 19th to the 15th centuries BC, as well as others that are distinctly older, dating to the
late 3rd century BC [1] (Figure 320). The latter should be viewed with caution. In this
context, the excavators have also suggested that these early dates might not solely indicate
a reservoir effect but may point to specific burial rituals where human bones from older
graves were relocated [1] (p. 448).
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2.3. The Phases of the Construction of the Fortifications

The C14 datings show that the first construction activities on the main fortification wall
took place in the 19th century BC, and the earlier phase of the primary use of the site dates
to the 18th–17th century BC. The first, oldest wall of the main fortification was built using
dry-stone techniques with limestone blocks averaging 60–70 cm in length and 40–50 cm in
height. However, in the gate areas, especially at the North Gate, blocks over a meter in length
and 60 cm in height were documented, and the wall had an average thickness of 1.50 m [1]
(pp. 113–115). In certain excavation areas, the wall was preserved up to a height of 2 m [1]
(pp. 120, 122, 127, 137, 143–144, Figures 72 and 86a). In the 16th century BC, there must
have been an impulse to significantly strengthen and expand the main fortification [1] (pp.
143–147). The additions on the inner side of the wall doubled its average width, so that
in its final phase, the main fortification reached a thickness of over 3 m. The main gate,
the large western gate leading into the settlement of Monkodonja, was also extensively
reinforced and expanded [1] (pp. 154–155, 158–164, Figures 101 and 102). While in its
first, oldest phase the wall only featured a passage through an angled section of the main
fortification, in its final construction phase it took the form of a chamber gate with a long
gateway flanked by two massive projections or bastions (Figure 6).

Several phases of expansion were also evident in the fortification of the acropolis,
during which one gate was closed, and the wall was partially widened to three times its
original thickness [1] (pp. 133, 278–301) (Figure 9). Hänsel, Mihovilić, and Teržan point out
that the final construction work on the wall in the acropolis area in the 16th century BC
appears somewhat hasty due to its slightly varying and less precise construction, suggesting
that the inhabitants of the settlement may have reinforced the walls out of necessity and in
haste [1] (pp. 304, 446). There is some evidence that the settlement was destroyed in the
15th century BC during a military attack and subsequently abandoned [33] (pp. 111–114)
and [1] (p. 452). On the one hand, the C14 data suggest that the settlement was no longer
inhabited after the late 15th century BC; on the other hand, the discovery of weapons
such as a Middle Bronze Age spearhead, a bronze axe, bone projectiles, sling stones, and
extensive burn marks in the acropolis area point to a violent end [1] (pp. 304–305, 349,
506–507) and [27] (p. 308). Likewise, the ceramic spectrum is homogeneous and shows no
forms that would date to the Late Bronze Age or Iron Age [27]. It should also be mentioned
that numerous human bones were found in all excavated areas of Monkodonja [50]. These
include grave finds—burials in the two stone cists near the western gate, destroyed graves,
and infant burials—but also human skeletal remains from at least 109 individuals, for
which B. Teßmann found evidence that some of these bodies had been exposed to the
elements for an extended period and showed signs of animal gnawing [50] (pp. 540–541).
This could suggest that some victims of the presumed attack on the settlement might have
been left on the surface and under debris after its destruction, without receiving proper
burial. It should be noted, however, that this is only one possible interpretation and there
may just as well be other reasons for the presence of human bones in the settlement, which
are investigated by B. Teßmann.
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3. The Emergence of Castellieri Settlements and Potential Links to Mobility, Climate
Change, and Natural Disasters in the Late 3rd and 2nd Millennia BC (Discussion)

Many studies have looked at changes in the environment during the Bronze Age in
the Mediterranean and Central Europe, focusing on how these changes affected Bronze
Age societies and the links between climate and society (e.g., [35,51–56]).

In the following section, the emergence of the Castellieri settlements in Istria and the
theory of migration waves will be discussed against the background of climatic changes
during the late 3rd and 2nd millennium BC. For this purpose, a brief overview of climatic
changes during the relevant period of time is given, followed by the mention of two major
natural disasters in the Mediterranean region in the first half of the 2nd millennium BC,
which also had an impact on the Bronze Age population.

3.1. Climate Changes in the Late 3rd and 2nd Millennium BC

In recent decades, there has been increasing research on the occurrence and impact of
climate changes and Rapid Climate Change (RCC) events during the Holocene on prehis-
toric humans, their cultural development, subsistence strategies, and mobility (e.g., [57,58]).

A period during which climate changes are recorded on a global scale includes the late
3rd and the 2nd millennium BC. During the time between 2200 and 1200 BCE, a diverse
range of early to late Bronze Age cultures emerged and developed across Central Europe,
the Mediterranean, and Western Asia, each contributing uniquely to the broader cultural
and historical landscape of the time. Of particular importance and covered extensively
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in research is a so-called Rapid Climate Change Event, documented for 4.2 ka BP, the
4.2-kiloyear event [51,52,56,59–66]. This refers to a period correlated with the Early Bronze
Age in various regions (cf. e.g., [52] (Figure 1), [67] (Figure 3.1), [56], [1] (p. 510, Figure
332), and [68] (Plates 80–83)). Mineralogical and geochemical data from a core (M5–422)
taken from the Gulf of Oman document a sudden onset of drought that occurred around
4025 ± 150 BC [65] (p. 382) and [69]. This drought event was evidently short-lived,
lasting only a few decades, and may have been the result of large-scale changes in the
boundary conditions between ocean, atmosphere, and vegetation. As Cullen and others
note, this abrupt climate shift had an unusually large amplitude compared to the rest of
the Holocene, almost matching the mineralogical and geochemical amplitudes associated
with the Younger Dryas period drought [65]. All available evidence suggests that the
4.2-kiloyear event, marked by cooling and unusual drought, led to dramatic changes in
regional climates during the mid-Holocene (e.g., [70–73]). However, it remains uncertain
what specific effects these changes had on Early Bronze Age populations in different regions
around 2200 BC. As noted above, there is an extensive research apparatus on this topic,
discussing the possible impact on the early Bronze age societies in different regions of
Europe and Western Asia [56]. Criticism has been directed particularly at oversimplified
or generalized interpretations of the connections between changes in the archaeological
record and climatic shifts [52] (pp. 333–334), [53] and [35] (p. 519).

For the Late Bronze Age, paleoclimatic data suggest further changes following the
cooling phase, pointing to a dry and warm phase associated with the so-called 3.2 kyr cal BP
drying event [51], [52] (p. 337), [74] and [57] (pp. 44–48). For the eastern Mediterranean, the
destruction of coastal cities such as Ugarit and Tell Tweini around 1200 BC is documented, and
these events are connected to socio-economic changes against the backdrop of climatic shifts,
which are also discussed in relation to the controverse topic of the so-called “Sea Peoples”(e.g.,
50 (p. 4), [74–77]) which, however, cannot be discussed further at this point, as this article
focuses on the first half of the 2nd millennium BC. A warmer, drier climate may have led to
crop failures and resulting famines in various regions, which in turn could have resulted in
increased socio-economic stress and conflicts (cf. [70]). However, the data basis for correlating
climatic changes with the disruptions of the Late Bronze Age is sometimes regarded as
inconsistent [53] (pp. 11–14) or criticized for assuming that Bronze Age populations lacked
adaptability to change [52] (p. 334). Furthermore, high-resolution oxygen and carbon isotope
data from a Stalagmite (S1) in the Mavri Trypa Cave in the southwestern Peloponnese, Greece,
provide key climate insights surrounding the destruction of the Mycenaean Palace of Nestor at
Pylos in the 12th century BC (~3150–3130 BP) [78]. The data suggest that a period of increased
aridity following the palace’s destruction could have contributed to agricultural challenges
and other consequences, such as undermining the ability to rebuild the palace and restore the
socio-economic stability of Mycenaean society.

3.2. Natural Disasters During the First Half of the 2nd Millennium BC

Possible effects on Bronze Age societies in the 2nd millennium BC may have been
caused also by several documented major natural disasters, such as the Avellino erup-
tion of Mount Vesuvius in Campania, Italy (e.g., [79–81]), and the Minoan eruption (or
Thera/Santorini eruption) in the southern Aegean (e.g., [82–85], [42] (pp. 53–62)).

The Plinian eruption of Vesuvius, known as the Pomici di Avellino eruption, ranks
among the most explosive Holocene events in the Mediterranean region and had far-reaching
impacts on Early Bronze Age populations [79]. The eruption likely dates to the 20th–19th
centuries BC, as indicated by a C14 dating of a goat bone from the destruction layer of the
Bronze Age settlement Croce del Papa (Nola, Naples) [86] (p. 239) and [81] (p. 814, Figure
7). This dating is supported by an analysis of lake sediments from the Agro Pontino graben,
central Italy, which contain a thin, continuous tephra layer composed of lithics, crystals, and a
small amount of volcanic glass [80]. The immediate effects of the eruption were catastrophic,
and it appears that the devastated areas only became densely populated again in the Middle

18



Quaternary 2024, 7, 56

Bronze Age, during the Bronzo medio 3 phase, meaning there was significant depopulation
or abandonment of the area for several centuries [80,87].

At the end of the 17th century BC, the eruption of the Thera volcano in the volcanic
island arc of the southern Aegean marked another volcanic event of enormous magnitude.
A Minoan settlement in Akrotiri was covered and preserved by several meters of pumice
(e.g., [82–85,88], [42] (pp. 53–62)). The eruption was so extensive that neighboring islands
were also blanketed with pumice and ash, and the Minoan ash layer has been detected in
numerous sites throughout the eastern Aegean, as far as Anatolia, the Black Sea, and the
Nile Delta [83] (p. 43) and [84] (pp. 50, 52, 54, Figure 3). The eruption was accompanied by
tsunamis, causing additional destruction over a vast area of the surrounding regions [84]
(pp. 54–55). Some researchers, such as W.L. Friedrich [84] (p. 46) and C. Oppenheimer [84]
(p. 53), believe that the eruption triggered global climate changes and crop failures, which
subsequently led to population migrations in the affected areas.

3.3. Natural Disasters and Climate Change as a Catalysts for Increased Settlement Activity in
Istria During the 2nd Millennium BC?

The previous analysis indicates climatic changes occurred during the transition from
the 3rd to the 2nd millennium BC, marked by the 4.2-kiloyear event. The impact of
this event on Early Bronze Age populations across various regions remains insufficiently
understood. Additionally, two significant natural disasters are documented for the first half
of the 2nd millennium BC: the Avellino eruption of Vesuvius and the Thera eruption, both
of which undoubtedly had immediate and long-term effects on the populations in directly
affected areas. These events likely influenced social structures and population movements
across the Eastern Mediterranean and Adriatic regions. Notably, these circumstances align
with the emergence of the Castellieri—a new settlement form in Istria—and a hypothesized
population increase, potentially due to immigration.

However, regarding the rise in settlement activity and the emergence of Castellieri
settlements in Istria, a key issue persists: based on current data, we still cannot determine
how densely populated Istria was at the beginning of the 2nd millennium BC or the exact
number of Castellieri settlements that existed simultaneously.

In the region around Rovinj, it has been established that at least 30 hilltop settle-
ments were occupied during the Late Early and Middle Bronze Age, within an area of
approximately 23 square kilometers, with distances between settlements ranging from just
1 to 5 km [37,89] and [1] (pp. 54–55). Excavations conducted between 2016 and 2018 at
several coastal sites in this area, as part of a Korean-Croatian joint project, also yielded
ceramic finds comparable to those from Monkodonja. These findings indicate at least
partial contemporaneous settlement use during the developed Early and Middle Bronze
Ages [14,90–92]. This evidence suggests that over the 300–400 years Monkodonja—the
best-studied settlement—was occupied, the region indeed had a dense settlement network,
with a system of smaller and larger satellite and central settlements positioned within sight
of one another (cf. [37] (p. 156, Figure 5)) (Figure 10).

Pollen diagrams currently available indicate that with the onset of the Bronze Age,
the rise of the Castellieri settlements, and the suggested population increase, significant
changes in the paleoecology of the Istrian peninsula occurred, likely driven by human
influence through deforestation. Future research will expand the database, providing
deeper insights into these human-induced environmental changes. Nevertheless, these
findings already support the assumption of increasing settlement activity on the Istrian
peninsula from the beginning of the Bronze Age.

Isotope analyses could provide evidence of mobility or the immigration of newcomers;
however, there is very limited data available for the Early and Middle Bronze Age in Istria.
C. Gerling and T. Douglas Price analyzed two human teeth from graves near the entrance
of the Monkodonja settlement, two human teeth from burial mound 7 at Mušego (the
Monkodonja necropolis), and a pig tooth from Monkodonja to examine their strontium
(Sr), oxygen (O), and carbon (C) isotope content [93]. The isotope analysis was expected to
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reveal differences, as it is hypothesized that the settlement’s founding generation included
immigrants, and the teeth from burial mound 7 at Mušego are younger than those from the
graves near the settlement’s gate-it is therefore about a “later generation”. The pig’s tooth
was included to provide a baseline for local isotope values, as the pig was assumed to have
been born and raised locally in Istria, spending its entire life in the area.
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Strontium varies depending on the geographical location or geological substrate,
the age, and the composition of the rocks [93] (p. 231). Through weathering processes,
strontium enters the groundwater and thus the food chain, being incorporated in place
of calcium (Ca) into the hard tissues (like bones or teeth) of living beings. To determine
the isotopic signal of biologically available strontium at the location of the first years of
life of a human or animal, the first permanent molars (M1) are examined, as the enamel
of the first permanent molars mineralizes early in childhood and remains without active
metabolism and systematic remodeling throughout life (cf. e.g., [94]). Changes in location
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can be detected by determining the ratio of stable 87Sr to radiogenic 86Sr. In addition to the
87Sr/86Sr analyses, oxygen isotope measurements are also used to determine changes in
location [93] (p. 232). It is relevant in this context that the ratio between the stable isotopes
18O to 16O, δ18O, varies depending on factors such as temperature, distance to the sea,
altitude, and latitude (cf. e.g., [95] (pp. 80–86)). Thus, information on the oxygen isotope
ratios is also incorporated during the time of tooth mineralization, providing clues about
the climatic conditions and locations during childhood [93] (p. 232).

The results of the analyses of the strontium and oxygen isotope ratios in the tooth enamel
of the four human individuals from Monkodonja and Mušego by Gerling and Price indicate
a uniform origin for the investigated individuals [93] (pp. 233, 234–237, Figure 179). Slight
differences from the isotope ratios in the pig tooth are attributed to differences in diet. The
87Sr/86Sr ratios in the human samples range from 0.70903 to 0.70955, while in the pig, it is
0.70944. 87Sr/86Sr ratios for Mesozoic rocks from the Jurassic and Cretaceous periods, which
dominate the Monkodonja region, are typically between 0.7080 and 0.7100 [93] (pp. 234, 230,
Figure 178). These values align with the geological conditions of the region but also apply to
other regions with similar geological backgrounds, making it impossible to deduce different
geological origins or mobility of the individuals from Monkodonja and Mušego based on this
data alone. However, Gerling and Price also found that the determined δ18O values of the
human individuals, while homogeneous within themselves, deviate from the expected values
for the region and the pig tooth [93] (pp. 236–237). The δ18O values in human teeth range from
−2.43‰ to −1.68‰, with the value for the pig being −3.93‰. Converting the δ18O values
to meteoric water yields a range from −3.47 to −2.24‰ [93] (p. 236 with reference to [96]),
which, according to Gerling and Price, represents a significant difference from the modern
oxygen isotope ratio of the region where the archaeological site Monkodonja is situated. The
deviations could either be due to inconsistencies in the regression equation used or suggest
a southern or western origin of the individuals. To better understand the results, further
reference samples are needed, and currently the results do not contribute to the questions
about the immigration of the Early Bronze Age inhabitants of Istria.

While ancient DNA analyses are not effective for detecting short-term mobility trends,
it is worth noting that studies of Early and Middle Bronze Age populations in Istria
have been conducted. As ongoing research examines mitochondrial haplogroups from
Monkodonja and other Bronze Age sites in Istria, current findings should be considered pre-
liminary. In collaboration with the Department of Archaeogenetics (DAG) at the Max Planck
Institute for the Science of Human History in Jena, researchers V. Villalba-Mouco and W.
Haak analyzed samples from 22 individuals across six Bronze Age sites in Istria [97]. These
samples include 14 from Monkodonja, two each from Maklavun, Šandalja, and Škicini,
and one each from Kavran and Žamnjak. Of the 22 samples, 13 met initial DNA quality
criteria and underwent 1240k SNP (single nucleotide polymorphism) capture analysis [97]
(p. 166, Table 1). Genetic sex determination identified nine male and four female individu-
als, and Y-chromosome haplogroups were determined for five males, revealing paternally
inherited lineages [97] (p. 168). Notably, male individuals from Monkodonja belonged
to haplogroups J2 (MNK011) and J2b (MNK004), from Maklavun to R1b1a2 (MKU001)
and J2b2a (MKU002), and from Kavran to R1b1a2 (KVN001). Villalba-Mouco and Haak
describe these haplogroups as common in Bronze Age southeastern Europe. It is assumed
that haplogroup R may represent a lineage associated with Eurasian expansion into Europe
and the origins of prominent Western and Central European haplogroups R1a and R1b,
while J2 likely originated in the Middle East [98]. Mitochondrial haplogroups, analyzed for
two individuals from Maklavun and one from Monkodonja, included mtDNA haplogroup
J1c3 for MKU001, T2b for MKU002 (Maklavun), and K1a18 for MNK007 (Monkodonja) [97]
(p. 168). As mentioned above, researches on are still ongoing.

While limited scientific data have yet to provide new insights into mobility and migra-
tion in Istria, material culture findings continue to indicate connections with both nearby
and distant regions, as discussed extensively by the excavators of the Monkodonja hillfort
and the author of this article. As noted, the architecture, excavation findings, and artifacts
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suggest influences from areas as far-reaching as the Carpathian Basin and the Eastern
Mediterranean [25,26], [1] (pp. 500–504) and [27] (pp. 337–391). Regarding ceramics, it is
worth to remind once more on the tripod plates, which first appear in Istria with the Castel-
lieri settlements and have predecessors in tripods from the Eastern Mediterranean [25]
and [27] (pp. 215–220) (Figure 4). While these findings clearly indicate interaction networks,
it remains uncertain whether these connections involved only knowledge exchange or also
an exchange of people.

3.4. The Middle of the 2nd Millennium BC-Signs of a Far-Reaching Crisis in the Adriatic Region?

C. Marchesetti postulated as early as the beginning of the 20th century that there
were two “waves” of settlement occupation or migrations in Bronze Age Istria (cf. [2]
(p. 117), [12] (pp. 151–155)). According to our current knowledge of the appearance of
the first Castellieri settlements in Istria, based on the research results from Monkodonja,
Marchesetti’s postulated first “migration wave” would coincide with the beginning of the
2nd millennium BC. The question arises whether there are indications of other more or less
drastic changes in the Bronze Age settlement pattern of Istria, with which Marchesetti’s
postulated second wave of migration could be linked.

The settlement situation for the late Middle Bronze Age and Late Bronze Age after the
15th century BC—i.e., from Bz C2 according to Reinecke’s scheme for Central Europe, or the
late phase Istra III according to Čović 1983 for Istria, or Bronzo Medio 3 to Bronzo Recente
for Italy according to Peroni 1994 (cf. [1] (p. 510, Figure 332))—is not yet sufficiently clarified.
Prior to the extensive research on Monkodonja in the late 1990s and 2000s, scholars assumed
that the “phenomenon” of Castellieri settlements was specific to the Middle Bronze Age,
and Monkodonja was dated to phases Bz B2-C according to Reinecke’s scheme for Central
Europe (cf. [5] (p. 117)). However, extensive research and the afore-mentioned series of
45 C14 dates have shown that Monkodonja was already settled in the late Early Bronze Age,
Bz A1 according to Reinecke (Figure 7a,b). This late Early Bronze Age and early Middle
Bronze Age dating should also be considered for those settlements that yielded identical
ceramic finds, such as the Gradina Monbrodo, located about 2 km from Monkodonja
and directly on the coast, as well as the settlements of Monvi and Muja [14,90–92], and
other sites that have so far been dated based on characteristic surface ceramic finds [8].
Settlement activity at Monkodonja ends in the 15th century BC, but this apparently did
not signal the end of all settlement activities in the entire region, as some C14 dates from
the burial mounds on the neighboring hill Mušego, which fall between the 14th–13th
centuries BC, show [48] (pp. 173–179) (Figure 8). In connection with the C14 datings from
the burial mounds of Mušego, which were determined based on human bones, it should
also be noted that the first series of 8 datings, conducted at the Leibniz Laboratory for
Age Determination and Isotope Research in Kiel and dated to the 14th–13th century BC,
was considered problematic [1] (pp. 449–450). They appear too young, especially when a
possible reservoir effect is also taken into account. Five additional radiocarbon dates which
come from the Poznan Radiocarbon Laboratory are older, they date between the late 17th
and 15th century BC which would be contemporaneous with the main settlement phase
of Monkodonja [48] (pp. 176–178, Figures 2–4). Two other dates from Poznan fall into a
period between the 14th and 13th centuries BC, and are therefore clearly younger than the
settlement. Even considering the potential influence of the reservoir effect, some dates from
the Mušego necropolis correspond closely to the period of the settlement’s existence, at least
in its later phase. Additionally, there are dates that are distinctly more recent, suggesting
that settlement activity in the area did not entirely cease after the Monkodonja settlement
ended in the 15th century BC.

However, no scientific datings and stratified ceramic finds have yet been linked to
settlements of the second half of the 2nd millennium, so it is unclear what the characteristic
spectrum of ceramic finds at the end of the Middle Bronze Age and during the Late Bronze
Age in Istria looks like. Only from the 12th century BC onward is there a broader data base
from various necropolises with urn burials, such as from the Limska Gradina [2] (p. 117)
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and [99]. Based on current data and research, it appears that in the area south of the Limski
kanal and between Rovinj and Bale, there was a decline or disruption in settlement activities
after the 15th century BC—after the end of Monkodonja.

The question arises whether the presumed violent end of the settlement of Monkodonja
involved a military conflict of a regionally limited, local scale, or if it was part of more
far-reaching events in the Adriatic region, and what the possible triggers for these events
might have been see also [95] (p. 235).

Conflict research and the reconstruction of warfare in prehistoric societies represent
a broad field of study, relevant for various time periods and regions (e.g., [100–102]).
Destruction layers, burn horizons, human skeletal remains, and the discovery of weapons
in settlements can, but do not necessarily, indicate military events. These findings are
particularly interesting for the Late Bronze Age and Early Iron Age periods, for which
there are not only material cultural records but also written testimonies that point to armed
conflicts. For example, during the 13th–12th centuries BC, drastic societal changes occurred
in the eastern Mediterranean, and are, as mentioned above, often controversially discussed
in the context of the so-called “Sea Peoples”. One notable example is the site of Tell Tweini
in Syria, where a destruction layer with weapon finds was discovered, dated to this period
using scientific methods (e.g., [74,77,103]). For the Adriatic region in the 2nd millennium
BC, however, we do not have any written sources that provide evidence of possible armed
conflicts, but can only infer such conflicts from material remains.

Of relevance to our considerations are findings from the Adriatic region, which,
during a similar timeframe as in Monkodonja, around the middle of the 2nd millennium
BC, provide evidence of widespread destruction in settlements that could offer insights
into more far-reaching events in this area. In this context, attention should be drawn to the
settlements of Roca and Coppa Nevigata in the southern Italian region of Apulia. Roca is
located near Otranto, on the Strait of Otranto, the narrow body of water connecting the
Adriatic with the Ionian Sea.

The settlement of Roca is situated on a promontory fortified in prehistory and was
inhabited from the Middle Bronze Age until the Hellenistic period, up to the 2nd century
BC, with a medieval overbuilding also present [40]. The Middle Bronze Age fortification
was constructed using monumental dry-stone wall techniques, incorporating post settings,
with the wall already having a width of 12 m in its initial construction phase, which was
later expanded to 20 m in a subsequent phase. The preserved height of the wall was 3 m,
and it is presumed that it was originally at least 2 m higher [40] (Table 7.I), [45] (p. 94). Of
particular note is the widespread destruction of the Middle Bronze Age complex around the
middle of the 2nd millennium BC, or in the 15th or early 14th century BC during the Bronzo
Medio 3 [104] (Figure 3), [40] (pp. 394, 402–403) and [45] (pp. 95, 145). It is highly likely that
the destruction of the settlement was the result of an armed attack, during which deliberate
fires were set, and the entire complex was burned down [40] (p. 396). In the area of the
monumental gate, the skeleton of an armed man was discovered [37] (Figures 3.100–3.101)
and [45] (p. 95). Victims of the destruction were found buried under the ruins of the
buildings. In the area of the so-called Postern C, the skeletons of seven individuals were
found—one man, one woman, and several children and adolescents—who had apparently
hidden there and were unable to escape when the fire broke out [40] (pp. 78–86, 399–401,
Figure 3.36, 3.54–3.58).

Unlike Monkodonja, however, the settlement of Roca was rebuilt after its destruction,
and the fortifications were further expanded. Both for chronology and for indicating long-
distance contacts, the finds of Mycenaean pottery are significant [40] (pp. 346–347, 403–404)
and [45] (pp. 94–101, 145–148).

Similar to Monkodonja and Roca, a Middle Bronze Age destruction layer has also been
documented in the significant prehistoric fortified settlement of Coppa Nevigata, located
on the Gargano Peninsula in Apulia. This destruction is dated to around the middle of
the 2nd millennium BC or the 15th century BC [104] (Figure 2) and [38] (pp. 459, 462).
As in Roca, Coppa Nevigata also shows Late Bronze and Iron Age settlement phases,
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with the Late Bronze Age settlement, in particular, indicating contacts with the Aegean
through Mycenaean pottery [38] (pp. 411–426), [86] (pp. 242–243), [45] (pp. 144–145), [105]
(pp. 94–98) and [39] (pp. 131–145). However, based on chemical and petrographic analyses,
it has been determined that the Mycenaean-type pottery is not imported from Greece but is
instead Italian-made products [45] (p. 144) and [106] (p. 157).

It is overall tempting to link the mentioned examples of destruction of large and
likely significant settlements such as Monkodonja, Roca or Coppa Nevigata around the
middle of the 2nd millennium BC, both in the western and eastern Adriatic region, and
to interpret them as results of more extensive conflicts. However, in this context, the data
basis is also severely limited, and it cannot be stated with certainty that all the settlements
were destroyed within a closely overlapping time period. However, if we return to the
hypothesis of various “waves of migration” to Istria, the data available so far might suggest
that after the 15th century BC, there was a certain decline in settlement in Istria, followed
by a renewed “upsurge” with the beginning of the Urnfield Culture period.

4. Conclusions

During the 2nd millennium BC, significant changes in settlement activities occurred
in the area of the Northern Adriatic on the Istrian Peninsula with the appearance of the
so-called Castellieri. As early as the beginning of the 20th century, C. Marchesetti postu-
lated that the occupation took place in the form of two “migration waves”, meaning that
newcomers migrated into this region, bringing new influences, knowledge, and traditions.
It was only with the Early Bronze Age that fortified hilltop settlements with concentric
stone walls emerged, which had no precedents in Istria. However, we are familiar with
monumental stone architecture from the Early Bronze Age in the fortifications of the Eastern
Mediterranean region. No precursors have been found in Istria for the rest of the material
culture of the Early and Middle Bronze Age either. For example, if we examine tripod plates
in ceramics, these clearly represent a form whose predecessors are found in the Eastern
Mediterranean. Furthermore, Bronze Age ceramics in general show no stylistic or techno-
logical similarities to the Neolithic and Chalcolithic ceramics of Istria, which suggests the
immigration of different ceramic traditions. However, among the ceramic forms, not only
are there those that seem stylistically influenced by the Eastern Mediterranean, but also
forms and technological features that point in another direction—namely, the Carpathian
Basin. Thus, Istria appears as a crossroads, reflecting influences from both the Eastern
Mediterranean and Central Europe.

Until the 1990s, research assumed that the spread of Castellieri was primarily a phe-
nomenon of the Middle Bronze Age in Istria. However, extensive modern excavations at
Monkodonja, supported by a series of C14 datings, have shown that settlement activities began
earlier, in the developed Early Bronze Age, likely around 2000 BC. This shifts the appearance
of the Castellieri on the Istrian Peninsula to a time close to the so-called 4.2-kiloyear event, an
abrupt climate change event that brought significant cooling and aridity, which may have had
more or less noticeable effects in certain regions. The impact of the abrupt climate change on
Early Bronze Age societies cannot yet be fully understood, posing a risk of oversimplifying
presumed causal relationships. Nevertheless, it seems plausible that the climatic changes
were felt more acutely in some regions than in others, possibly leading to droughts and,
consequently, migrations in search of better living conditions. The postulated first “migration
wave” or the supposed settlement boom on the Istrian Peninsula around 2000 BC could thus
be a result of the climatic changes at the turn of the 3rd to the 2nd millennium BC. Based on
the current data, it is considered certain that there was a significant increase in settlement
activity on the Istrian Peninsula at the beginning of the 2nd millennium BC.

If we accept the dating of the Avellino eruption of Mount Vesuvius in Campania to the
20th–19th centuries BC, this catastrophic event would have also led to migration. However,
the material found at Monkodonja, particularly the ceramics, shows no influences from this
region. Isolated finds so far only testify to contacts in the direction of Gargano, Apulia [13].
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Pollen analyses suggest that at the same time the peninsula began to be settled with
the Castellieri, humans began to massively intervene in the landscape, leading to lasting
changes. Forests were cleared to obtain building and heating materials as well as for
metallurgy and pottery production, transforming the landscape from dense forests to open
mixed forests with shrubs and herbs, creating a completely different environment compared
to the Neolithic and Copper Age. Human intervention in the environment not only altered
the landscape but most likely also affected the habitat of many animal species. Pollen
diagrams for Istria in the 7th–2nd millennia BC support that significant human-induced
changes in the landscape correlate with the Early Bronze Age in this region.

Around the middle of the 2nd millennium BC, or in the 15th century BC, the fortified
settlement of Monkodonja was destroyed, presumably in an armed attack, and was never
resettled. During a similar period, other large fortified settlements on the west coast of the
Adriatic in Apulia were also destroyed, but they were later rebuilt and resettled. It is not
yet possible to determine exactly how close the destruction of the individual settlements
occurred in time. However, it seems tempting to see them as the result of far-reaching
events and upheavals around the middle of the 2nd millennium BC, which occurred over
a relatively short period and affected other parts of the Adriatic region. That settlement
activities in Istria, particularly in the area around Monkodonja, did not completely cease
after the destruction of the central settlement is indicated by the continued use of the
necropolis of the settlement on the neighboring hill of Mušego. The study of surface-
collected ceramics and materials from various sondages and smaller excavations in the
area south of the Limski kanal and between Rovinj and Bale seems to indicate that most of
the surrounding settlements were occupied in a similar time period to Monkodonja and
not later, as the spectrum of ceramic forms is identical. Stratified settlement finds that can
be clearly assigned to the Late Middle Bronze Age and the Late Bronze Age are not yet
available. On the one hand, this results in a gap in knowledge about the ceramic forms
after the 15th century BC; on the other hand, no larger finds of settlement ceramics have yet
come to light that could potentially fill this gap. Overall, the impression is of a settlement
decline after the 15th century BC, but this is still difficult to assess based on the current
state of research.

The emergence of the Castellieri around 2000 BC could, in one interpretation, be associ-
ated with the abrupt climate changes of the 4.2-kiloyear event and/or the Avellino eruption of
Mount Vesuvius in Campania, both of which are believed to have caused population shifts
or migrations. However, given the limitations of the current data on population increases
and the presumed foreign origin of possible new arrivals in Istria at the beginning of the 2nd
millennium BC, it is not yet possible to draw definitive conclusions regarding causality. Simi-
larly, for our second question—what might have triggered a presumed ‘crisis’ in the Adriatic
region around the middle of the 2nd millennium BC, potentially leading to socioeconomic
stress, population shifts, and associated conflicts—only speculative assumptions are available
at this point, which require further investigation by future research. The Minoan eruption in
the southern Aegean at the end of the 17th century BC, while a significant event, appears too
early to be directly linked to a presumed crisis in the Adriatic around the middle of the 2nd
millennium BC or in the 15th century BC. However, it is possible that both short-term and
long-term effects of the eruption influenced regional developments over time, though these
potential effects would have interacted with other factors.

While the questions raised in this study about the emergence of the Castellieri settle-
ments and a possible “migration wave” at the beginning of the 2nd millennium BC remain
unanswered due to limited available data, the climate changes, natural disasters, and their
links to human activity observed during this period could provide a foundation for future
research. Future studies should aim to refine these ideas with more precise data to establish
clearer causal relationships.
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Protourbanog Naselja Brončanog Doba Istre. Knjiga 1—Iskopavanje i Nalazi Grad̄evina/Forschungen zu Einer Protourbanen Siedlung
der Bronzezeit Istriens. Teil 1—Die Grabung und der Baubefund; Hänsel, B., Mihovilić, K., Teržan, B., Eds.; Monografije i katalozi
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31. Mihovilić, K.; Teržan, B.; Hänsel, B.; Matošević, D.; Becker, C. Rovinj Prije Rima/Rovino Prima dei Romani/Rovinj vor den Römern;
Oetker Vogel Verlag: Kiel, Germany, 2001.
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Naselja Brončanog Doba Istre. Knjiga 3 Nalazi od Metala, Gline, Kosti i Kamena kao i Ljudskih i Životinjskih Kostiju/Forschungen zu Einer
Protourbanen Siedlung der Bronzezeit Istriens. Teil 3 Die Funde aus Metall, Ton, Knochen und Stein Sowie die Menschlichen und Tierischen
Knochen; Hänsel, B., Mihovilić, K., Teržan, B., Eds.; Monografije i katalozi Arheološki muzej Istre 34; Arheološki Muzej Istre u Puli:
Pula, Croatia, 2020; pp. 457–526.

43. Hellmuth Kramberger, A. Resource management in the hillfort settlement of Monkodonja near Rovinj, Istria in the Early and
Middle Bronze Age. In Preistoria e Protostoria del Caput Adriae; Borgna, E.E., Càssola Guida, P., Corazza, S., Eds.; Studi di Preistoria
e Protostoria 5; Istituto Italiano di Preistoria e Protostoria: Florence, Italy, 2018; pp. 371–380.

44. Jung, R. XPONOΛOΓIA COMPARATA. Vergleichende Chronologie von Südgriechenland und Süditalien von ca. 1700/1600 bis 1000 v. u.
Z.; Veröffentlichungen der Mykenischen Kommission 26; Verlag der Österreichischen Akademie der Wissenschaften: Vienna,
Austria, 2006.

45. Reimer, P.; Baillie, M.G.L.; Bard, E.; Bayliss, A.; Beck, J.W.; Bertrand, C.J.H.; Blackwell, P.G.; Buck, C.E.; Burr, G.S.; Cutler, C.B.;
et al. 1 IntCal04 terrestrial radiocarbon age calibration, 0–26 cal kyr BP. Radiocarbon 2004, 46, 10129–11058.

46. Reimer, P.; Baillie, M.G.L.; Bard, E.; Bayliss, A.; Beck, J.W.; Blackwell, P.G.; Bronk Ramsey, C.B.; Buck, C.E.; Burr, G.S.; Edwards,
R.L.; et al. 26 IntCal09 and Marine09 Radiocarbon Age Calibration Curves, 0–50,000 Years cal BP. Radiocarbon 2009, 51, 1111–1150.
[CrossRef]

47. Teržan, B.; Teßmann, B.; Goslar, T. Radiokarbonsko datiranje tri grobna Tumula na Mušegu/Radiokarbondatierungen der drei
Tumuli von Mušego. In Monkodonja. Istraživanje Protourbanog Naselja Brončanog Doba Istre Knjiga 4—Mušego/Mon Sego, Grobni
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Abstract: During the last forty years, the use of strontium isotopes in archaeology and biogeochemical
research has spread widely. These isotopes, alone or in combination with others, can contribute to
trace past and present environmental conditions. However, the interpretation of the isotopic values
of strontium is not always simple and requires good knowledge of geochemistry and geology. This
short paper on the use of strontium isotopes is aimed at those who use this tool (archaeologists, but
not only) but who do not have a thorough knowledge of mineralogy, geology, and geochemistry
necessary for a good understanding of natural processes involving these isotopes. We report basic
knowledge and suggestions for the correct use of these isotopes. The isotopic characteristics of
bio-assimilable strontium depend not so much on the isotopic characteristics of the bulk rock as,
rather, on those of its more soluble minerals. Before studying human, animal and plant remains, the
state of conservation and any conditions of isotopic pollution should be carefully checked. Samples
should be collected according to random sampling rules. The data should be treated by a statistical
approach. To make comparisons between different areas, it should be borne in mind that the study
of current soils can be misleading since the mineralogical modification of soil over time can be
very rapid.

Keywords: 87Sr/86Sr; archaeology; environment; mineral dissolution; bioavailable Sr

1. Introduction

The use of strontium isotopes in archaeological and, more generally, in environmental
research, dates back to the 1980s and 1990s of the last century (e.g., [1–3]). Bentley [4]
made a very good introduction to and evaluation of the use these isotopes in archaeology.
The reader is addressed to this paper for historical information. More recently, several
authors critically discussed the application of strontium isotopes to archaelogy and the
determination and mapping of bioavailable strontium isotopes (e.g., [5–9]), reporting
observations which are, in part, summarised in this paper. Although the use of strontium
isotopes is widespread, sometimes in connection with other isotopes, not all archaeologists
and biologists can be expected to have a physical-chemical, mineralogical, and geological
background to correctly manage strontium isotope data. From experience, we can state
that good management of isotopic and chemical data in archaeology and environmental
investigation needs basic knowledge not so much on the analytical technique, but rather
on the physical meaning of the isotopes of the elements used. This is the reason why
basic equations regarding radioactive decay, isotope mixing, and mineral dissolution are
introduced in the text. Comprehension of these equations needs mathematical knowledge
which constitutes a normal background of any university student.

This paper may be considered as a technical report (in the original significance of
the greek τέχνη) where we express our point of view as geochemists and geologists;
although, we know that, as stated by Pollard ([10], p. 634), “helpful and constructive
critiques . . . outside the fraternity were not always welcomed”. In a very simple and
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schematic way, we try to summarize theoretical and practical suggestions, in part separately
presented in several papers (e.g., [5–10]), for scientists who have no experience in strontium
isotope geochemistry but use it for practical purposes. In particular, hereafter, we want
to summarise (i) the basic geochemical concepts necessary for the correct application of
strontium isotopes, and (ii) the limits and the risks of using these isotopes.

In order not to weigh down the text and bore the reader, bibliographic citations in the
text are few, but essential. In fact, we believe that in science, a redundancy of bibliographic
citations frequently distracts the reader from the topic addressed. Chemical definitions
are reported in Appendix A, whereas accessory calculations, which are necessary for a
good understanding of the deep significance of the mathematical relations of the text,
are reported in the Supplementary Material. Consequently, the text could be read at two
different levels.

2. Strontium and Rubidium Isotopic Abundance, and Decay of 87Rb

The term “isotopic abundance” is frequently used ambiguously in several papers.
Thus, we remember that the isotopic abundance of the isotope AE of the element E is
defined as the ratio XAE = nAE / nE, where n is the number of nuclides AE and of the total
atoms of the element E present in the system of interest (see Appendix A). According to
the literature, the approximate isotopic abundances of strontium [11] and rubidium [12]
in most terrestrial materials are the following: X84Sr ≈ 0.55–0.58%, X86Sr ≈ 9.75–9.99%,
X87Sr ≈ 6.94–7.14%, X88Sr≈ 82.29–82.75%; X85Rb ≈ 72.17%, X87Rb ≈ 27.83% (X85Rb/X87Rb=
2.596).

The strontium geochemical cycle is very different in respect, for instance, to hydrogen,
oxygen, carbon, and nitrogen which scientists frequently use for their research. The
distribution of hydrogen, oxygen, and carbon isotopes depends mostly on the cycle of
these elements in the hydrosphere and atmosphere, whereas the distribution of strontium
isotopes depends mostly on the solid earth and its complex surface rock distribution.
Therefore, the correct application of the isotopes of strontium needs basic knowledge of
mineralogy, geology, and geochemistry.

At the low temperatures of the Earth’s surface environment, isotopes of hydrogen,
oxygen, carbon, and nitrogen undergo fractionation. On the contrary, at any temperature,
the potential fractionation of strontium isotopes, which have high numbers of atomic
mass, is very low, if present, and not detected by analytical present-day technology. In
other words, whereas the isotope ratios n2H/n1H , n18O/n16O , n13C/n12C , and n15H/n14N in
different substances, coexisting at a given temperature, are generally different, the isotope
ratio n87Sr/n86Sr is the same.

Natural change in the n87Sr /n86Sr isotope ratio is due to the unstable atomic nucleus
of 87Rb, which decays to 87Sr with emission of a β− particle:

87Rb → 87Sr+β− + v + Q (1)

where v is an anti-neutrino and Q is the decay energy (for physical-chemical definition
see IUPAC—International Union of Pure and Applied Chemistry. Radioactive decay is a
spontaneous nuclear transformation. The speed of this transformation at a generic time
t is proportional to the amount of 87Rb which is present in the system at that time. In
the mathematical language, for a system which does not exchange elements with the
environment, the instantaneous “speed of decay”, vdecay(t), at the time t is usually defined
by the following relation,

vdecay(t)= −
dn87Rb

dt
=

dn87Sr

dt
= λ n87Rb(t) (2)

λ = (1.3972 ± 0.0045)× 10−11×a−1
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where dn87Rb and dn87Sr indicate very small variations of n87Rb and n87Sr in a very small time
interval dt (approximate mathematical definition), λ is a constant called “decay constant”
(the probability that an atom of 87Rb has to decay in one year), and the letter a indicates the
years. In agreement with relation (1), the minus sign in front of dn87Rb is present because,
during decay, n87Rb decreases with time, whereas n87Sr increases.

From Equation (2), after simple mathematical manipulation (see Supplementary Material S1),
the following general relations are obtained,

n87Rb(t) = n87Rb(to)
e−λ(t−to) (3)

and
n87Rb(to)

= n87Rb(t) eλ(t−to) (4)

where to and t are the time of the beginning of decay computation and the present time,
respectively, and e is the Neper’s number (e = 2.71828182 . . .). Subtracting n87Rb(t) from (4)
and remembering that the loss of 87Rb is equal to the gain of 87Sr , we also write:

n87Sr(t)−n87Sr(to)
= n87Rb(to)

−n87Rb(t) = n87Rb(t)

(
eλ(t−to) − 1

)
(5)

where the difference n87Sr(t) − n87Sr(to)
is the number of 87Sr nuclides generated by decay

in the time interval t − to.
Consider now that in a system containing rubidium, only the numbers of 87Sr and

87Rb atoms change during the time. Thus, since for a closed system (no matter is changed
with the environment) the number of the 86Sr atoms is a constant value, independent on
the time, dividing (5) by the constant n86Sr value, we obtain:

n87Sr(t)

n86Sr
−

n87Sr(to)

n86Sr
=

n87Rb(t)

n86Sr

(
eλ(t−to) − 1

)
(6)

Relation (6) is usually written in terms of isotopic abundances as follows:
(

X87Sr

X86Sr

)

t

−
(

X87Sr

X86Sr

)

to

=

(
X87Rb

X86Sr

)

t

(
eλ(t−to) − 1

)

or, more simply, ( 87Sr
86Sr

)

t
−
( 87Sr

86Sr

)

to

=

( 87Rb
86Sr

)

t

(
eλ(t−to) − 1

)

3. The Strontium and Rubidium in Minerals
3.1. General

In the common minerals, strontium and rubidium are mostly enveloped (“coordi-
nated”) by oxygen, and their bond with oxygen is prevalently ionic (electrostatic forces).
Thus, strontium and rubidium may be regarded as Sr2+ and Rb+ ions that are linked
to oxygen, O2−. The oxygen atoms are distributed around Sr2+ and Rb+ and placed at
the apex of regular or distorted polyhedrons which define, in this way, the shape of Sr2+

and Rb+ lattice sites. Sr2+ replaces calcium, Ca2+, and, in minor amount, Na+ and K+

in several minerals. For instance, this substitution occurs in common calcium sulphates
(gypsum, CaSO4· 2H2O, and anhydrite, CaSO4), carbonates (e.g., calcite and aragonite,
CaCO3, and dolomite, CaMg(CO3)2), plagioclase (Na1−xCaxAl1+xSi3−xO8), K-feldspar
(KAlSi3O8), and apatite (simplified formula: Ca3(PO4)3(F, Cl, OH)), a mineral that in the
form of carbonate hydroxyl apatite, is the inorganic component of bones. It is noteworthy
that the ionic radii of Sr2+ may change a little bit in relation to the number of the enveloping
oxygen atoms. For instance, in aragonite, Ca2+ is present in ninefold coordination, allowing
aragonite to accept easily larger cations such as Sr2+; in this coordination, Ca2+ has an ionic
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radium of about 1.18 (1 =1 ångström = 10−10 m) [13]. On the contrary, in calcite, Ca2+ and
Sr2+ exist in sixfold coordination with an ionic radium of about 1.00 and 1.18 , respectively.

Rubidium Rb+ mostly replaces K+ in trioctahedral micas, including illite. The number
of effective coordination ranges from eleven to seven [14], the ionic radii for K+ and Rb+

being about 1.56 to 1.70 and 1.46 to 1.58 , respectively. In K-feldspar, K+ and Rb+ are
sevenfold coordinated [15] with ionic radii of about 1.46 and 1.56 .

To conclude, the crystal lattice features reported above are relevant for strontium
and rubidium distribution in different minerals. In particular, the ionic radium is very
important for element substitution; elements with similar ionic radii may substitute each
other in the crystal lattice.

The order of magnitude of strontium and rubidium concentration in some common
rock-forming minerals is reported in Table 1.

Table 1. Order of magnitude of Sr and Rb concentration in some main rock-forming minerals.

Minerals Chemical Formula Sr (ppm wt) Rb (ppm wt)

Gypsum CaSO4 ·2 H2O >1000 ≈0

Anhidrite CaSO4 >1000 ≈0

Plagioclase Na1−xCaxAl1+xSi3−xO8 200–1000 (1) 5–40 (1)

K-felspar KAlSi3O8 50–800 (1) 200–800 (1)

Calcite CaCO3 100–700 ≈0

Aragonite CaCO3 100–1000 ≈0

Dolomite CaMg(CO3)2 100–500 ≈0

Phyllosilicates (*) Largely variable <100 (1) 100–2000 (1)

ppm wt = part per million in weight; our evaluation from the abundant literature; (1) [16]; (*) clay minerals (in
particular, montmorillonite) may adsorb Sr2+ on the surface of their crystals; thus, the concentration of Sr2+ may
be higher than about 100 ppm wt.

3.2. Strontium Isotopes in Minerals and Whole Rock

In this paper, the term rock is also used for soil which, from a mineralogical and
petrographic point of view, may be mostly regarded as unconsolidated rock commonly
containing organic material. Several papers, which use strontium isotopes for archaeo-
logical reconstruction, sometimes address their attention to the isotopic composition of
the whole rock or soil. However, it is noteworthy that bulk rock/soil is not important for
the acquisition of isotopes by plants and animals. Rather, the different minerals and their
solubility in aqueous solutions are relevant. Hereafter, we approach this topic.

3.3. Minerals as Constituents of the Rock

We may observe a rock from two different points of view: (i) mineralogical composition
and (ii) physical state (consolidated and unconsolidated).

3.3.1. Monomineralic Consolidated/Unconsolidated Rock

The rock is formed only by a mineral (e.g., limestone and dolomitic rock consisting
of the minerals calcite or aragonite, and the mineral dolomite, respectively) generated
at a defined time in an isotopically homogeneous environment (for instance, limestone
precipitated from marine water at a defined geological time). In case after deposition the
rocks behave as a closed system, the rock is expected to maintain the initial macroscopic
isotope homogeneity during the time. To summarise, the isotopic ratio may change over
time, but at a given time, it will be the same in all the portions of the rock.

3.3.2. Polymineralic Consolidated/Unconsolidated Rock

(i) The rock is mineralogically heterogeneous containing several minerals, which, at
the time of their generation, had the same isotope ratio. This approximately occurs, for
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instance, during crystallization of a magmatic silicate magma on the surface or in the
interior of the Earth (note that this is strictly true only in case the different minerals become
closed systems at the same temperature; see [17]). In this case, the variation in the isotope
ratio of the single mineral from the time of its formation to the time of the measurements
depends largely on the original 87Rb content of the single mineral. Summarising: (a) at the
time of the rock generation, all the minerals had the same isotope ratio which, however,
(b) during the time, change their value with different speed because of their different 87Rb
original content. The rock initially was mineralogically heterogeneous and homogeneous
for the isotope ratio, whereas at the time of interest, it was both mineralogically and
isotopically heterogeneous.

(ii) At the time of its formation, the rock contains several minerals which already
have different isotope ratios. This is typical for clastic rocks, such as soil, moraines and
terrigenous sediments, or clastic consolidated rocks (e.g., silt, sandstones, conglomerates)
which derive by disruption of older rocks. In this case, the variation in the strontium
isotope ratio in the different minerals will be due both (a) to the original isotope values of
the different rock-forming minerals and, obviously, (b) to the time which elapsed from the
rock generation to the present. Summarising: the rocks, are mineralogically and isotopically
heterogeneous both at the time of their formation and at the time of interest.

3.4. Variation in Strontium Isotopes in Different Minerals (i) and Strontium Isotopes in the Total
Rock (Tot)

3.4.1. Different Decay Speed of 87Rb in the Different Minerals

As reported above, usually, the different rock-forming minerals have different initial
87Rb content, and thus, according to relations (2) and (5), the speed of 87Sr generation is
different for different minerals. Two minerals, for instance, calcite (simplified formula:
CaCO3) and muscovite (simplified formula: KAl2[AlSi3O10] (OH)2) both have the same
initial n87Sr(to)

/n86Sr ratio (= 0.7060) but different rubidium content, as reported in Table 2.

Table 2. Data for an exemplum fictum of calculation of strontium isotope ratio for calcite (Cc) and
muscovite (Mu).

Wi Ci
Sr n87Rb(t)/n86Sr n87Sr(to)/n86Sr n87Sr(t)/n86Sr

Calcite (Cc) 0.30 0.0800 0.0952 0.7060 0.7061

Muscovite (Mu) 0.70 0.0070 39.11 0.7060 0.7333
Wi = Qi/ (QCc + QMu) = Qi/Qtot , weight fraction of the rock-forming mineral Cc or Mu generically indicated
as i, where Qi is the mass of the single mineral and Qtot the mass of the total rock, consisting of the minerals Cc
and Mu. Ci

Sr = Qi
Sr/Qi, weight concentration of strontium in Cc or Mu, where Qi

Sr is the mass of strontium in
the single mineral and Qi is the mass of the single mineral Cc or Mu. (t), refers to data at the time t of interest;
(to), refers to data at the initial time. In italics, the isotope ratios obtained after t − to = 50 Ma (million years).
Concentration of strontium in the total rock Ctot

Sr = WCc ×CCc
Sr + WMu ×CMu

Sr = 0.30 × 0.0800 + 0.70 × 0.0070 =
0.0289 = 289 ppm wt (ppm = parts per million).

Using relation (6), after t − to = 50 million years from their generation, calcite will
assume n87Sr(t)/n86Sr equal to 0.7061 and muscovite equal to 0.7333. The variation for
calcite, with a small rubidium amount, is so low because the decay speed of 87Rb is very
low for this mineral (see relation (3)), whereas for muscovite, the amount of rubidium is
high, and thus, the speed of decay is high.

3.4.2. Relation of the Isotope Data for Minerals and for Whole Rock

The minerals 1, 2, . . ., ϕ indicated generically by the letter i, form the total rock
indicated as tot. If the isotopic features of the different minerals are known, for the different
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minerals and total rock, we may write the following approximate isotope balance relation
(see Supplementary Material S2):

ntot
87Sr

ntot
86Sr

∼=∑ϕ

i=1

(
Ci

Sr
Ctot

Sr
Wi

ni
87Sr

ni
86Sr

)
(7)

Relation (4) is a particular expression of a mixing equation which gives a “weighted

mean” of the isotope ratio n87Sr/ n86Sr for the total rock. The Ci
Sr

Ctot
Sr

Wi values are mathemat-

ical weights of the different addends, i.e., values which estimate the contribution of the
n87Sr/ n86Sr ratio of the different minerals to the isotopic values of the total rock. Ci

Sr is the
weight concentration of strontium in the generic mineral, i, Ctot

Sr in the total rock, tot, and
Wi the weight fraction of the mineral i in the rock (for symbols, see Table 2). As an example,
consider a rock formed by calcite and muscovite with the isotopic features reported in
Table 2. We write:

ntot
87Sr

ntot
86Sr

∼= CCc
Sr

Ctot
Sr

WCc
nCc

87Sr

nCc
86Sr

+
CMu

Sr
Ctot

Sr
WMu

nMu
87Sr

nMu
86Sr

= 0.08
0.0289 × 0.30× 0.7061+ 0.007

0.0289 × 0.70× 0.7333 = 0.7107

This value is far both from those of calcite and muscovite.

3.5. Selective Mineral Dissolution and Its Important Role on the Strontium Isotopes Values in the
Water Solution

Frequently, people retain that the bulk rock isotopic feature is relevant for the isotopic
characters of the bioavailable strontium. This, however, is not correct. Hereafter, we show
that the isotopic features of the single minerals are important.

It is noteworthy that the speed of mineral dissolution (kinetics of dissolution) is
different for the different minerals and depends on several factors (e.g., temperature
and pressure, size and morphology of the grains, pH of the aqueous solution, saturation
condition of the solution in the mineral phase considered, etc.). For instance, we consider
the kinetics of calcite and muscovite dissolution in pure water in conditions far from
the solution saturation in these minerals. According to the literature (e.g., [18,19], and
references therein), at about 25 ◦C and for pH in the range 5 to 9.5, the dissolution rate
of calcite is in the order of magnitude of 10−6 mole m−2 s−1, i.e., one meter square of
the mineral releases 10−6 mole of calcite in a second. In turn, for muscovite at 25 ◦C, the
value is about 10−11 to 10−12 mole m−2 s−1 ([20], and reference therein). Thus, the rate of
dissolution of calcite is at least one hundred thousand times the rate of muscovite! Even
if muscovite has very high n87Sr/n86Sr values in respect to calcite, the isotopic value of
the bioavailable strontium (strontium dissolved in water of the soil) will be very close
to the value for calcite. An example of this calculation is reported in Supplementary
Material S3, where we demonstrated that in a system consisting of calcite and of muscovite
with a high n87Sr/n87Sr ratio, the isotope ratio of a water solution which dissolved calcite
and muscovite will have an isotope ratio very close to that of calcite, not to that of the
whole rock.

Calcite, aragonite, and Ca-sulphates are the most common Sr-rich rock-forming miner-
als which exhibit the highest solubility. Thus, these minerals, when present, are expected to
mostly affect the isotope ratio of the circulating waters, as demonstrated above for calcite.
This is well documented in several places. For instance, in the “Prosecco wine” area in
Northern Italy [21], the main Sr-bearing minerals present in the soil are Ca-carbonate,
dolomite, phyllosilicates, and plagioclase, where some phyllosilicates may assume stron-
tium via surface sorption. We considered four places investigated by Aviani [21] and Petrini
et al. [22]: Nardin-Lison, Sant’Anna, Lonigo, Pittarello. For all these localities, strontium for
the isotopic determinations was extracted using both CH3 COONH4 (ammonium acetate)
1 M (pH ≈ 7) and HCl 2.5 N (very acidic solution). The reason for using solutions with
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different pH values is to consider the different conditions that may be present in the soil
in natural conditions: from neutral to acidic (the second is the case when there is a lot
of organic substance that decomposes). In practice, in the laboratory, two extreme and
opposite conditions of dissolution were considered. For instance, at pH ≈ 7, Ca-carbonates
and Ca-sulphates are dissolved a moderate to low amount, whereas at a very low pH,
carbonates are strongly dissolved together with Al- and Fe-hydroxides. On the contrary,
phyllosilicates are always slightly dissolved. In the “Prosecco wine” area, statistically, it
cannot be excluded that the average values obtained for solutions at pH ≈ 7 and at very
low pH values for the same soil sample are the same (psame mean = 0.20, psame median = 0.23).
Since in the area there is no evidence of Ca-sulphate occurrence, and the phyllosilicates are,
in both cases, poorly dissolved, the data obtained suggest the dominant role of carbonates.
It is noteworthy, however, that different extraction methods in general do not give the same
values of isotope ratio (see Section 4.2).

Moreover, the analysis of the whole soil after total dissolution gives largely higher
strontium isotope values (this is not a realistic condition since, in nature, the dissolution
of all the minerals that make up a rock does not occur). This demonstrates that the
phyllosilicates present in the soil are only slightly dissolved when treated with neutral
(acetate) or acid (HCl) solutions and represent residuals of old rocks with a high strontium
isotope ratio. Thus, the total rock isotope data cannot be used for the evaluation of strontium
isotopic features of available strontium.

To conclude, we recall again what we stated above: the isotopic features of the whole-
rock are not significant in determining the isotope ratio in plants and animals; rather, the
single phases present in the rock are relevant.

3.6. Sorption/Desorption and Minerals

Clay minerals, such as smectite, illite, and kaolinite, as well as organic matter may sorb
strontium from circulating water solutions because of the cation exchange capacity of these
substances. This process is well known in the scientific literature (see, for instance, [23–25]).
Generally, strontium sorption increases as strontium concentration and total salinity of
the solution decrease. The nsorbed

87Sr / nsorbed
86Sr value of the sorbed strontium is determined by

(i) strontium present in the most soluble minerals of the rock and/or (ii) strontium carried
by water coming from the environment. The last origin of strontium may be dominant
when the minerals present in the rocks are only slightly soluble, thus transferring into the
solution only a very small amount of strontium. This, for instance, may sometimes occur
when the rocks consist of common rock-forming silicates.

4. Strontium Isoscapes and Their Use in Archaeology
4.1. General

Geochemical prospecting includes any method of mineral exploration based on sys-
tematic measurement of one or more chemical properties of a naturally occurring material
([26], and reference therein). It is a very old method to recognize possible geochemical
anomalies in a territory and, thus, to identify areas with mineral deposits. Conceptually,
isoscape, a term recently used by West et al. [27], is no more than a graphical representation,
obtained with the aid of a geographic information system (GIS), of the results of isotope
geochemical prospecting.

The use of strontium isoscapes in archaeological and biogeochemical sciences needs
great caution for the following reason:

(i) Isoscapes generally refer to large-scale grid sampling with cells in the order of tens
or hundreds of km2, and in nature, variation in the strontium isotope ratio does
not necessarily merge continuously from one value to another, but it may be sharp,
even between neighboring sites when they are located on the boundary between
different geological formations. A good example of this condition is reported by
Montgomery et al. [5]. Moreover, frequently, sampling for isoscapes is not ran-
domly distributed in the area of interest. For instance, in Italy, covering an area of
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302.073 km2, Lugli et al. [28] used 1920 data of the 87Sr/86Sr ratio: on average, one
sample for 157 km2; in France, Willmes et al. [29] used data referring to 840 sites for
an area of 551.626 km2: one sampling grid for 657 km2! The criteria for sampling,
including the sampled materials, is another important point. In the isoscape of Italy,
Lugli et al. [28] include data related to ‘plant’, ‘water’, ‘biomineral’ (i.e., bones, teeth,
and bio-calcareous shells), ‘food’, ‘soil’ (including both exchangeable soil fractions
and bulk soils) and ‘rock’ (mainly evaporites, metamorphic and magmatic rocks, and
a few sedimentary bulk rocks). Thus, at best, the most common isoscapes can only
give generic indications for wide areas.

(ii) As a general rule, the sampling grid used to perform isoscapes and local investigations
should be the same. This, of course, is practically impossible to obtain because
isoscapes are usually made at large scale, as stated above. Thus, for local investigation,
scientists should use isoscapes with great caution and integrate them with values
obtained from more detailed random sampling.

4.2. Archaeological Investigation and Present-Day Environmental Condition

For a detailed discussion about problem of material selection for the strontium isotope
measurements of archaeological and present-day environmental samples, we address the
reader to Holt et al. [7]. In addition to the observations of Holt et al. [7], we remember that
the determination of bioavailable strontium in soil in some amount depends on the method
used for strontium extraction. For instance, for the same soil sample, we obtained a value
of 0.707743 using extraction with water at pH ∼= 5.7 (pure water initially in equilibrium
with CO2 of the atmosphere, PCO2

∼= 10−3.5 bar) and a value of 0.708139 using extraction
with CH3COONH4 (ammonium acetate) 1 M. This discrepancy may generate a bias in the
data distribution.

In archaeological research, the first important question is: does soil always maintain
the isotopic features it had in the past in an area of interest? We need a correct answer to
this question when we want to use a present-day isoscape as an indicator of past conditions.
In addition to climate modification, geomorphological, and mineralogical changes due to
erosion of the soil and/or deposition of allogenic material by water flows, wind, anthropic
land management, and chemical processes may generate important geochemical variations.
For instance, soil rich in organic material may produce a large increase in CO2 partial
pressure in water solutions migrating in the soil, which increases the solubility of calcite.
If the leaching proceeds for a sufficiently long time, calcite can disappear completely;
in this case, this mineral no longer contributes to the bioavailable strontium. Moreover,
in soil free of soluble minerals, the most important role may be played by strontium-
bearing water solutions coming from the environment (precipitation or other external
sources). Examples of strontium isotope variation due to environmental water and/or to
mineralogical variations in the soil over time, are reported by Åberg [3].

5. Investigating and Planning Strontium Isotope Research

We remind the reader that any investigation must be performed keeping in mind what
we want to know from strontium isotopes: in particular, archaeologists need data referring
to the past, not to the present; biologists possibly need data referring to the past and/or to
the present. This implies different type of sampling and strontium archives.

(i) Sampling should be random to avoid bias of the data obtained on the statistical
population sample. Homogenized sampling, where several samples are collected in a
defined small area and then reduced to only one homogenized sample for analysis [7],
in our opinion, is not a good method, because in this way, the variance in the data
population for the area of interest is reduced. This could make definition of allogenous
samples and comparison with other areas impossible.

(ii) What does “same strontium isotope ratio” mean? Modern technology furnishes stron-
tium isotope data with analytical uncertainty on the fifth or even on the sixth decimal
digit, whereas, also for small areas (up to one km2 as an order of magnitude), isotope
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data, at best, may exhibit variation in the fourth decimal digit (see, for instance, [24]).
If that is so, two samples could be considered as having approximately the same value
if they do not differ on the fourth digit. Thus, in principle, the identification of exotic
samples not belonging to the population of data related to materials coming from a
defined area should consider the variability in isotope data for the area of interest.

(iii) Are the sampled biological remains from the same site? The answer depends on (a)
the spatial definition of “same site” and (b) how we define the belonging of biological
remains to the area of interest.

(a) Spatial definition depends, of course, on the aim of the investigation. In other
words, we go back to the investigation scale. For instance, Cavazzuti et al. [30],
in studying human settlements located in the Po plain (Northern Italy), assume
that the settlements, although far, occur in a very “homogeneous” (it is not clear
what they mean: isotopically homogeneous, mineralogically homogeneous,
or both?) flat area without geographical barriers. They define three different
areas around each settlement with a radius of 5 km (“site catchment area”),
from 5 to 20 km (“immediate hinterland”), and from 20 to 50 km (“broader
hinterland”) and they compare the strontium isotope values to the background
of these three areal categories.

(b) The belonging of human or, in general, animal remains to the area of interest
depends on how we operationally define this belonging. Operatively, the
minimum time of belonging may be evaluated trough the mean residence
time of calcium or strontium in bones. The mean residence time, however,
depends on the bone type and on the age of the individuals. For instance, the
turnover for femur is about 25–30 years, whereas for ribs is about 5–10 years.
Therefore, using the ribs of an individual from another area, the individual
will be found to belong to the area of interest approximately 5–10 years after
its arrival. Instead, using the femur, it will appear to belong to that area after
25–30 years. Thus, in a defined area, using contemporaneously data from
femur and rib, the variability in the strontium data may increase. This is not
sufficiently considered in the scientific papers.

(iv) Before sampling, the geology and mineralogy of the area should be carefully consid-
ered to give an idea of the dominant mineral sources.

(a) An accurate geological analysis suggests that, reasonably, the soil of the area of
interest did not change its mineralogical and geochemical characteristics from
the time of the settlement to the present. Under this condition, the isotopic
prospecting of the available strontium of the present-day soil and plants is the
most elementary way for determining the isotope reference background which
the biological remains of the area of interest may be compared to.

(b) There is evidence or suspect that the mineralogy and geochemistry of the area
are not preserved; obviously, present day material cannot be used to define the
geochemical background of the area. In this case, different biological remains
(teeth, bones, shells, seeds, et cetera) may be used. In the event of an area of
interest having no archaeological evidence (different types of burial, funerary
objects, behaviour of the different animal species, etc.), suggesting a different
provenance of human or animal remains, all the last ones must be considered
as potentially belonging to the settlement of interest. It is evident that in this
way, the variability in the isotope data could be significantly expanded, and
some external individuals could be attributed to the settlement.

(v) If possible, the variability in the data should be defined using a high number of
analyses obtained from different individuals (indicatively, more than 15; the use of
too few samples may be misleading). For each area, in case the data have normal
distribution, data far from the prevalent distribution values could be identified with
some statistical method. For instance:
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background = average of the data, ∑ x
n

= x

where ∑ x = sum of the data x obtained on random samples from the area of interest, and
n = number of data.

s = experimental standard deviation of the data,

√
(x− x)2

n− 1
,

here, assumed very similar to the theoretical standard deviation, σ, is the entire population
of data.

Threshold = background + k × standard deviation, x + k s, where k is the “coverage
factor”. Frequently, for practical problems, k = 3 is assumed. Using k = 3, there is only
a very small probability (less than about 1%) that a sample will be mistakenly excluded
from the group to which it belongs. Theoretically, in place of k, an appropriate value of
the “Student’s t” should be used. A qualitative indication of the probability that the single
value is outside the investigated population, is given by the so-called “contrast”:

Contrast =
x

threshold

In case the distribution of data is not normal, non-parametric statistics may be used,
for instance, the “kernel density estimation” (KDE) (see [31], statistical software PAST 4.15).
Supplementary Material S4 report an exemplum fictum of calculation.

(vi) In general, we can only establish if the analyzed individuals may belong to the same
group, not that they do belong to the same group. In fact, samples settled on differ-
ent areas with similar geological formations exhibit the same isotopic values, even
if the areas are far from one another. This happens, for example, if the individu-
als come from areas located on carbonate formations of a very similar geological
age and with a similar genetic and diagenetic history. This is an important limit
for the use of strontium isotopes alone. For example, in the Illasi valley, Lessini
mountains, NE of Verona (Italy), plants grown on hydrothermalised carbonate forma-
tions from the Late Carnian to Liassic ages have very similar isotopic values (about
0.7083 ± 0.0003, our unpublished data), even if they are located many kilometers
away from one another. On the contrary, samples coming from the same hypothetical
locality straddling Cretaceous and Late Carnian–Liassic formations exhibit significant
isotopic differences already on the fourth digit (Cretaceous carbonate, 0.7077 against
Late Carnian–Liassic carbonates, 0.7083) (see also [5]).

6. Summary

We tried to explain how the use of strontium isotopes may be sometimes problematic
in archaeological research. These are the main points to be used as a vade mecum when
approaching strontium isotope study in archaeology:

(i) We cannot assume that the current geochemical, mineralogical, and geological con-
ditions of the investigated area are the same as in the past because variation in the
surface conditions is frequent also during a short time.

(ii) The use of large-scale isoscapes is risky because local investigation is usually per-
formed on a smaller scale.

(iii) Before studying human, animal, and plant remains, an accurate control of their
diagenetic condition is essential because pollution of the samples by environmental
strontium-bearing material with different isotope ratios is very easy (for instance,
diagenesis with dissolution/deposition of carbonate).

(iv) The samples (soil, human/animal remains, plants, etc.) should be selected randomly.
Usually, this is not considered in the literature.
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(v) To reach a reliable scientific conclusion, the investigation of a large number of remains
and related measurements is necessary. Without a large number of data, comparison
between different areas is risky (statistically insignificant).

(vi) If samples fall outside the prevalent distribution interval, we can state that they do
not belong to the same group. The individuals falling in the prevailing distribution
interval do not necessarily belong to the same group; we can only state that it is not
excluded they belong to the same group.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/quat7010006/s1.
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Appendix A

Nuclide: generic nuclear species with number of protons Z and neutrons N.
Element, (ZE): atomic species defined by the number of protons; for example, 38Sr,

generically indicated as Sr.
Isotope (A

Z EN): atom of the same element E with defined N value (A = Z + N, Atomic
Mass Number); for example, 86

38Sr48 for simplicity indicated as 86Sr.
Isotopic abundance: XAE = nAE/nE, where nAE and nE are the number of atoms of the

isotope AE of the element E and the total atoms of the element E in the material of interest,
respectively; for example, n86Sr and nSr.
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Abstract: Prehistoric astronomical observatories include a specific type of rock-cut monuments from
the Mountainous Thrace in Bulgaria, with a specific shape and orientation in space, which are part of
the characteristic representatives of the archeoastronomical sites on the Balkan Peninsula from the
period of 4000–4500 BCE. Earlier societies focused on the triad “astronomical instrument”—celestial
objects—trained observers. When choosing sites for the construction of oriented stone complexes for
astronomical observations, prehistoric people were interested in the number of clear days and nights
within the tropical year, which is connected with the paleoclimate of the region and to the astroclimate,
which determines the possibility of observing heavenly bodies. Here we examine 13 prehistoric
astronomical observatories using the methods of archaeoastronomy in order to determine the period
of their operation. Since the existence of a large number of such objects is indirect evidence of a
good astroclimate, we make an assessment of the paleoclimate in the relevant era in the Bulgarian
lands in order to find out if it was suitable for astronomical observations. The estimations are made
according to the geological data and solar insolation luminescence proxy records of the evolution of
cave speleothems from Duhlata cave in the village of Bosnek, Pernik municipality, which is still the
only available experimental record of past solar insolation in Europe covering the last 20,000 years.
The number of clear days and nights are estimated, and a critical assessment of the possibility of
successful observations of the Sun during equinoxes and solstices is made using the methods of
“horizon” astronomy and meridional culminations. It is also shown that the climate at the end of the
Ice Age was cooler than today. About 11,700 years ago (11,700 radiocarbon years before 1950 CE or
11,700 BP), the climate began to warm, and forest vegetation developed on the territory liberated from
the glaciers. During the Upper Atlantic (6–8 thousand years BCE), the average annual temperature
on the Balkan Peninsula and in particular in Bulgaria was about 2–2.5 ◦C higher than it is today. This
climate allows some very good astroclimatic conditions for observations of the Sun near the horizon
and increases the accuracy of the observational data in determining the time of occurrence in its
extreme positions on the horizon. We show that changes in climate (and astroclimate accordingly)
influence the type of prehistoric astronomical observatories.

Keywords: prehistoric observatories; archaeoastronomy; astroclimate; paleoclimatic records; cave
speleothems

1. Introduction

The beauty of the sky has always attracted our eyes. Undoubtedly, man has observed
the starry sky and celestial bodies since ancient times. Astronomy is part of culture and
society; it has a clear social character. Archaeoastronomy studies the ways in which people
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in the past have understood the phenomena in the sky, how they used them and what role
the sky played in their cultures [1].

With the advent of man, the Earth’s climate has changed under the influence of a
complex of factors, including human activity. The replacement of natural vegetation with
agricultural crops, deforestation and/or the burning of forests and the emergence and
growth of settlements change the natural albedo (reflection of the solar radiation) of the
territory. This causes reflectivity changes, which are the reason for changes in the Earth’s
surface heat balance. An attempt has been made to answer the question, “When did these
processes begin?” One of the reasons is agriculture, which is associated with a sedentary
lifestyle, and which first appeared in the Neolithic (10–11 thousand years BCE) [2]. On
the territory of Bulgaria, Neolithic settlements appeared about 8.1–8.6 thousand years
ago (radiocarbon years before 1950 CE). At the beginning of the Neolithic and later in
the Eneolithic (Chalcolithic, Copper Age), from 4000–4500 BCE, human influence on the
environment was limited, so climate change during this period was little affected by
anthropogenic activity.

Every major region in the world has its own individual destiny for development
in prehistory. Almost all of them go through certain stages in the formation of societies,
religions and technologies. All previous studies show that the basic notions of time and
timing are developed during these periods, and that the foundations of these culture share
common features and characteristics of the hearths of civilization. The architecture of
the special facilities for the observation of celestial objects studied here shows the skills
of the people of that time in planning, creating construction technology and making
long-term observations.

Rock monuments of this type, despite their initial antiquity and diversity, can arise
only in the presence of a sufficiently developed triad of “astronomical instrument—celestial
objects—trained observers”, as well as in the presence of certain socio-cultural, economic
and spatial-climatic conditions. As a specific cultural phenomenon, rock-cut monuments
for astronomical observations span many different periods of time in different regions of the
world. From the creation of the first rock sanctuaries by various communities with places
for the contemplation of heaven and prayers, to the emergence of much later, extremely
complex rock structures for targeted observations, long periods of historical time pass. It
can be tentatively believed that the first astronomical rock structures appeared on Earth at
the beginning of the 6th millennium BCE [3,4].

The prehistoric astronomical observatories consisting of rock-cut monuments from the
Mountainous Thrace in Bulgaria are characteristic representatives of the archaeoastronomi-
cal sites on the Balkan Peninsula from the period 4000–4500 BCE. When choosing sites for
the construction of these oriented stone complexes for astronomical observations, prehis-
toric people were interested in the number of clear days and nights within the tropical year,
which is connected with the paleoclimate in the region and with its astroclimate, which
determines the possibility of observing heavenly bodies.

The aim of our research is to examine 13 prehistoric astronomical observatories using
the methods of archaeoastronomy and determine the period of their functioning, which
is indirect evidence of a good astroclimate. In order to find out if the astroclimate was
suitable for astronomical observations, we make an assessment of the paleoclimate in the
relevant era in the Bulgarian lands. The estimations are made according to geological data
and solar insolation luminescence proxy records of the evolution of cave speleothems from
Duhlata cave in the village of Bosnek, Pernik municipality, which is still the only available
experimental record of past solar insolation in Europe covering the last 20,000 years.

2. Geographical, Climatic and Socio-Cultural Preconditions for the Appearance of
Astronomical Observation Facilities in Prehistory

Today, we know that, for the emergence of long-term settlements and economic
structures in prehistoric times, a mild climate and the availability of fresh water and
natural shelters are required, as well as fertile soils and materials for the production of
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tools. These conditions mostly correspond to the strip of the globe between 43◦ and 23◦

North latitude. The fertile valleys of the great rivers Tigris and Euphrates, the Yellow
River and the Yangtze, the Indus, the Nile, the Mediterranean coast and the mountainous
foothills of present-day Syria and Iran find themselves in this vast and favorable territory.
In this strip, one can find the largest number of the ancient settlements, religious sites and
production centers that serve as the basis for the emergence of all major ancient civilizations
on the Eurasian continent, beginning in the 9th millennium BCE. It was at that time that
the most significant migrations of ancient peoples took place. Traces of the movement
of pastoralists and farmers, merchants and builders of cult ensembles spread throughout
Europe. The area in which those tribes and peoples existed depended directly on the size
of the favorable territory.

Climate in the region of ancient settlements is one of the basic conditions for determin-
ing their size and population. The migration of tribes of farmers and pastoralists is often
associated with the search for new habitable lands. The socio-cultural sphere of this period
is characterized by the completion of the formation of pagan cults with a hierarchy of
deities. Most often, the pantheon of gods is governed by a supreme god (the Sun). Specific
ornaments of a solar or astral nature play an important role, carrying significant and di-
verse information, which often includes a magical component. It has become the structural
backbone of almost all prehistoric arts. An agricultural calendar is emerging in many of
these areas. Cult components sooner or later begin to be associated with the agricultural
calendar, gradually becoming the behavioral basis of prehistoric society. During the same
period, cults are built and actively spread, especially the cult of the Sun and natural forces,
as well as the cult of ancestors. Cult structures and complexes are realized variously: from
small areas in the structure of houses or settlements to large cult ensembles, which become
the ritual center of the surrounding villages.

The history of the prehistoric tribes that inhabited the Bulgarian lands and the Balkan
Peninsula during the Neolithic and Eneolithic Ages is an integral part of the history of
Southeast Europe. Unlike in the past, when technical possibilities did not allow such a
detailed study of prehistory, today it is possible, and new horizons and data are being
discovered. Of particular importance are the achievements of the radiocarbon method, den-
drochronology and the study of cave speleothems, which give prehistory real chronological
boundaries [5–7].

Figure 1 depicts several of the so-called “cultural-territorial zones”, which are deter-
mined primarily by the geographical factor. During the Neolithic and Eneolithic epochs,
three such zones emerged: Zone I—North, Zone II—Forest and Zone III—South. Each of
them has its own way of life, and the settlement in it is engaged in various activities of life.
Between the individual zones, there are others that carry the legacies of these three zones
interwoven within them. During the Neolithic era, several closely related ethnocultural
areas can be traced, having formed at the end of the 9th millennium BCE. They are the result
of the Neolithic consolidation of the Neolithic agricultural and livestock economy [8,9].

In the south, the cultures with Early Neolithic ceramics stand out (the groups in Thes-
saly and the Eastern Mediterranean; the groups from Karanovo—Kremikovtsi—Starchevo,
etc.). The characteristic features of these areas are painted ceramics, ground dwellings,
well-organized settlement structures and trade relations. Exceptions include the groups to
the north, where ground dwellings and dugouts meet in one place. This is obviously due
to the close coexistence of the two cultures [8].

The second area covers the region between the Balkans and the Carpathians. It
includes the cultures Ovcharovo, Krish and others. Their characteristic features are pottery
with impurities of chaff, an almost complete absence of painted pottery and a settlement
built only on the plateaus, and their main residential forms are the dugout and the ground
dwelling. At the end of the Neolithic era (end of the 8th millennium BCE), Thrace probably
experienced its first demographic explosion. The population began a gradual movement to
the north, where the Neolithic population was much less compact. That is why here, at the
level of the cultures of Polyanitsa, Sava, etc., in the Balkan Northeast, ground buildings
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appear, close to each other, and settlement mounds appear, which until then were typical
only for the southern regions [8,9].
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Studies on the structure and planning of a Neolithic settlement can be given only if a
large part of the settlement space has been discovered. In recent years, this has proved to be
very real and possible, and many hitherto unknown facts about the structure of settlements,
the manner of the construction of housing and its orientation and many other facts have
been established. The plans of entire Neolithic sites, such as Karanovo, Golyamo Delchevo
I, Podgorica and many others, have been revealed. Scattered throughout Bulgaria, they
give a realistic idea of the peculiarities of the housing construction, settlement traditions,
culture and technologies of their inhabitants [8,9].

3. Ancient Astronomical Observatories in Bulgaria (Horizon and
Meridional Astronomy)

In ancient times, when choosing sites for the construction of oriented stone complexes
(rock-cut monuments) for astronomical observations, prehistoric people were interested
in the number of clear days and nights within the tropical year. The set of atmospheric
conditions that affect the quality and quantity of astronomical observations of a particular
object determine the clear days and nights. The most important of them are the trans-
parency of the air, the degree of its homogeneity and the ability to obtain a long series of
observations. The “horizon” and “meridian” astronomical practices during the Eneolithic
are less strongly influenced by the astroclimate, mainly due to the lack of optical instru-
ments. The observations were made with the naked eye, using sighting and projection
devices made mainly of stone. However, the need for a good astroclimate also applies to
them, mainly due to the need to accurately record the equinoxes and solstices throughout
the year. This was a particularly important procedure for creating and maintaining the
prehistoric calendar.

A lot of prehistoric observatories are found in the mountainous regions of Bulgaria
(Figure 2). They can be defined as spatial structures of different reliefs, rock shapes and cuts
connected in a certain functional dependence with the horizon, the sky and the heavenly
objects and phenomena. Archaeoastronomical research has been made taking into account
the structural elements and orientation of the rock-cut monuments as well as archaeological
artifacts found on their territory.
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Figure 2. Location of the studied rock-cut monuments with astronomical meaning on the territory
of today’s Bulgaria: 1—Magura cave, 2—Bailovo cave, 3—Buzovgrad, 4—Zaychi vrah, 5—Lilyach,
6—Markov Kamak and Tsarevi Porti, 7—Kozi Kamak, 8—Belintash, Parmakla Kaya cave and Angel
Voyvoda, 9—Kovil, 10—Harman Kaya, Tangardak Kaya cave and Tatul.

Prehistoric observatories show the skills of their makers to build such facilities, to
conduct astronomical observations and to apply them. Generally, we can find them in high
places. There is usually a spring around, and they are near populated areas. Prehistoric
observatories take the form of megalithic structures such as sanctuaries and tombs. Very
often, images of astronomical objects and phenomena (the Sun, the Moon, bright stars,
comets, eclipses) can be found in these places. Solar, lunar and stellar images and solar
calendars have been found in the cave complexes near the villages of Baylovo and Lipnitsa,
Sofia district and the village of Tsarevets, Mezdra municipality; in the Topchika cave,
Asenovgrad municipality; and in the Magura cave near the village of Rabisha, Belogradchic
municipality [10–14].

Exploring the prehistoric observatories, we get an idea of the astronomical knowledge
and observations, of the customs and beliefs, and of the art, the worldview and the values
of the people and societies that lived in the ancient Bulgarian lands [15–27].

3.1. Methodology of Archaeoastronomical Investigations

The methodology of archaeoastronomical research examines the ways, methods and
aims of investigation in the field of archaeoastronomical reconstructions [16].

3.1.1. Methodology for the Detection and Study of Structural Orientations in Rock-Cut
Monuments (Method of “Horizon” Astronomy)

The basis of the methodology for finding the coincidences of terrain markers (structural
orientations) with the points on the horizon at which the Sun rises (or sets) for an observer
from a selected place is the assumption that prehistoric people empirically recorded these
positions within the tropical year (the time between two identical positions of the sun at
sunrise or sunset), which makes it possible to make a calendar. To restore the mechanism of
ancient observations, we need to measure the azimuth of the point of sunrise (sunset) from

47



Quaternary 2023, 6, 6

the prehistoric monument and the specific place of observation needed for determining the
declination of the sun by the formula

sin δ = sin ϕ sin h + cos ϕ·cos h·cos A (1)

where A and h are the azimuth and the height of the Sun above the true horizon at the
moment of sunrise (sunset). The latitude is denoted by ϕ and the declination of the Sun—
by δ. The height of the visible horizon is measured with a Theo 010 theodolite, with a
centi-centigrade accuracy. When the horizon line is more than 5–8 km away, the curvature
of the earth’s surface is taken into account, as well as the refraction and parallax of the
observed object. The sum of all these factors gives the following formula:

h = hhor − rterra + π − R (2)

where h is the real height, hhor—the apparent height of the horizon, rterra—correction for
the curvature of the earth’s surface, π—parallax and R—the refraction of the luminary [17].

Obtaining the values of h allows us to find the azimuth of that point on the horizon,
where the center of the Sun’s disk will fall, with the horizon line dividing it into two equal
parts. For the moment of the first touch of the disk to the line of the visible horizon, we
must add 0.25◦. Since the apparent diameters of the Sun and the Moon are the same, the
corrections used in determining sunrises (sunsets) are the same for both bodies.

3.1.2. Methodology for the Detection and Study of Light and Shadow Effects in Rock-Cut
Monuments (Method of Meridional Culminations)

The methodology for studying light calendar effects is related to the detection and
precise documentation of the main lines (horizontal and vertical, orientations) forming
the projection hole. Observing and measuring a “light” spot on a dark surface is easier
than directly observing the sun’s disk on the horizon line [18]. This procedure is facilitated
when the spot has the correct geometric shape and is designed on appropriate “reception
markers”—elements of the rock relief or the framework of the monument. By definition,
“light projection” in a calendar sense means the coincidence of a selected edge of a light
projection with a deliberately constructed “reception” marker [19]. Only two celestial
bodies, the Sun and the Moon, have great enough intensities of incident light to produce
such effects. The “effects” are studied empirically at characteristic points. The following
constants for the facility need to be measured and calculated in advance:

1. Astronomical azimuth of the object (A—most often this is the main axis of the facility
(the cave) or other auxiliary directions);

2. Latitude (ϕ—interpolated by map or accurate GPS);
3. Height of the Sun (h—from the characteristic “receiving markers”; dimensions and

orientation of the projection opening are also needed.

With the resulting A, ϕ and h (the latter is adjusted by +16′ to correspond to the
lowest point of the Sun relative to the horizon), according to formula (1), we calculate the
declination δ of the Sun and find in the astronomical calendar the corresponding day of the
year on which this light projection is realized.

According to the formula:

cos A = (sin δ − sin ϕ·sin h)/cos ϕ·cos h (3)

we calculate the azimuth A of the sunrise on the eastern horizon during the equinoxes
and solstices.

In the process of research, it is quite possible also to detect a characteristic lunar decli-
nation (minimum = [−(ε − 5◦9′)], or maximum = [+(ε + 5◦9′)]), where ε is the inclination
of the ecliptic and 5◦9′ is the inclination of the moon’s orbit relative to the ecliptic.

The hypothesis of the presence of light calendar effects in a monument is always
related to the position of the Sun (or Moon) relative to the axis of the facility, between the
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centers of two entrances, or exactly in the axis of a corridor (gallery). This axis is marked
from the middle of the lower outer edge of the lintel (the upper threshold of the hole to be
projected) at the desired lower point—the middle of the lower threshold of the step or rock
carving constituting the artificial marker. By selecting appropriate “reception markers” that
must meet certain objective criteria, it is quite possible to detect calendar relationships with
the annual movement of the Sun. Moreover, in certain cases, it is possible to astronomically
date the chronological boundaries of the object’s existence along the height of the Sun in
culmination during the winter solstice.

Due to the lack of archaeoastronomical research on a larger number of monuments
of this type, it is not known whether one, two or more calendar dates were used. If we
assume that the date “remembered” by a marker was only one, the most significant—for
example, the solstice—we can assume that the other dates are determined by movable
screens in the contour of the opening. From the previous archaeoastronomical studies of
rock-cut monuments and cult caves [3,4,10–27], we can conclude that the height of the
Sun, designated as a shadow or light spot, is much more important than the horizontal
orientation of the near and far benchmarks to sunrise or sunset.

Facilities for observing the Sun have been found at the following rock-cut monuments:
Belintash, near the village of Mostovo, Plovdiv district, Zaychi vruh (Figure 3), near the
village of Kabile, Yambol district; Tatul, near the village of Tatul, Momchilgrad municipality;
Tangarduk Kaya (Figure 4), Kurdjali district; Harman Kaya (Figure 5), near the village of
Dolna Chobanka, Momchilgrad municipality; Buzovgrad (Figure 6), Kazanluk municipality;
Tzarevi porti, the village of Kovachevitsa, Garmen municipality; Markov kamak, Blagoevgrad
municipality, Lilyach, Kyustendil municipality; Kovil, Krumovgrad municipality, Baylovo,
Gorna Malina municipality; Magura, Belogradchik municipality and Parmakla Kaya, near
the village of Nochevo, Asenovgrad municipality [14–27].
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Figure 3. Zaychi vruh (Cabyle). Artificially hewn out of the rock trenches, oriented East–West
and North–South, used for observations of the sun during equinoxes and culminations of bright
luminaries. An additionally leveled rock, located in the northeast, allows determination of the
summer solstice. This device could be used for measuring time intervals longer or shorter than a day,
after [25].
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Figure 4. Tangarduk Kaya cave sanctuary. The additionally processed gallery of the natural cave is
oriented North–South, and it is convenient for observation of Sun culminations. The light projection
of the entrance could be used for defining the summer and winter solstices or for determining the
longest and the shortest day of the year, after [19].
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Figure 5. Harman Kaya rock-cut monument. Observations of the Sun from the northeastern, artifi-
cially leveled site of the rock complex. The eastern peripheral part offers convenient reliefs which,
after a little further processing, were used as sighting devices. This is a typical system for observations
of sunrises and sunsets (during solstice or equinox), which coincide with characteristic points of the
local horizon(1—summer solstice, 2—spring and autumn equinox, 3—winter solstice), after [26].
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Figure 6. Buzovgrad rock sanctuary. Scheme of the basic structural elements of the sanctuary:
1—trilith, 2—“throne”, 3—“sacrificial altars”. The Triglav peak seen through the megalith’s aperture.
It is supposed that observations of the solar disc during sunset on the day of the summer solstice
were made when solar disc touched the line of the visible horizon, after [20].

Figures 3–6 give several examples of facilities for observation of the sun (rises and sets) in its
extreme positions on the visible horizon (solstices and equinoxes) and meridian culminations.

According to Ruggles [28], the rising and setting positions of the sun, moon and
planets are not affected by the precession of equinoxes (or only the precession) but do
change over time, by a smaller amount, owing to the fact that the obliquity of the ecliptic (ε)
changes slowly with time. Over the past few millennia, it has been slowly decreasing, from
about 24.15◦ in 5000 BCE to 23.45◦ now (27, [28] Table 31.3), but over a longer timescale (of
about 41,000 years), it oscillates between limits of about 24.4◦ and 22.2◦. A maximum was
reached in about 6000 BCE, and a minimum will be reached in about 14,000 CE. Compared
with the shifts in the stellar rising and setting positions due to precession, the differences
in the sun’s rising and setting position are small: for example, in temperate zones around
2000–6000 BCE, the sun rose and set further north at the June solstice, and the same amount
further south at the December solstice, than now. The corresponding azimuth difference is
about 1◦.

The archaeoastronomical dating of the studied rock-cut monuments associated with
long-term astronomical observations is made using the rising and setting positions of
the sun in its extreme point (solstice and equinox). The maximal height of the sun in
culmination during solstices (where the solar declination δ is at its maximum, and equals
the obliquity of the ecliptic ε) is calculated by the formula:

hmax = 90 − ϕ + ε (4)

Using the Equations (1)–(4), we calculate the obliquity of the ecliptic ε for every studied
object. The period of creation and operation of the rock-cut monument is determined by the
comparison of the derived obliquity of the ecliptic εwith the values presented in Table 1.

Table 1. The obliquity of the ecliptic, after [28].

Years 5000 BCE 4000 BCE 3000
BCE 2000 BCE 1000 BCE CE 1/1 BCE 1000 CE 2000 CE

ε 24.15◦ 24.1◦ 24.0◦ 23.9◦ 23.8◦ 23.7◦ 23.55◦ 23.45◦

Table 2 presents the rock-cut monuments associated with long-term astronomical
observations and astronomical practices (prehistoric astronomical observatories), their
orientations towards astronomically significant points on the visible horizon, as well as
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the observed phenomena—the rise, set or noon culmination of the observed object—and
archaeoastronomical dating.

Table 2. Prehistoric astronomical observatories, orientation of the astronomical facilities there,
supposed astronomical phenomena observed on the visible horizon—the rise, set or noon culmination
of the observed object—and archaeoastronomical dating.

No Rock-Cut Monument Type of
Observations

Orientation of the
Facility

Observed
Phenomenon

Archaeoastronomical
Dating

1. Belintash [15]
horizon observations Summer solstice Sunrise 2000 BCE

2.
Zaychi vruh (Cabyle) [25]
horizon observations
meridional culminations

Summer solstice and
equinoxes

Sunrise, sunset, stellar
and solar culminations 2200 BCE

3. Tatul [27]
horizon observations

Winter solstice and
equinoxes Sunrise 2200 BCE

4. Tangarduk kaya cave [19]
meridional culminations Winter solstice Solar culminations 3000 BCE

5. Harman kaya [26]
horizon observations

Summer and winter
solstices and equinoxes Sunrise, sunset 2500 BCE

6. Buzovgrad [20]
horizon observations Summer solstice Sunset 1800 BCE

7. Tsarevi porti [22]
horizon observations Summer solstice Sunrise 2000 BCE

8. Markov kamak [21]
horizon observations Summer solstice Sunrise 2200 BCE

9.
Lilyach [24]
horizon observations
meridional culminations

Summer and winter
solstices and equinoxes

Sunrise, sunset, stellar
and solar culminations 2200 BCE

10. Kovil [23]
horizon observations

Summer solstice and
equinoxes Sunrise 2800 BCE

11. Baylovo cave [3]
horizon observations

Summer and winter
solstices and equinoxes Sunrise 3000 BCE

12. Magura cave [14]
horizon observations

Summer and winter
solstices and equinoxes Sunrise 3000 BCE

13. Parmakla kaya cave [19]
meridional culminations Winter solstice Solar culmination 3000 BCE

Two groups of rock-cut monuments used for astronomical observations have been
identified. We see that, in the first group of prehistoric observatories (Belintash, Zaychi
vrah (Cabyle), Tatul, Harman Kaya, Buzovgrad, Tsarevi Porti, Markov Kamak, Lilyach,
Kovil, Bailovo cave and Magura cave), ancient observers used the method of “horizon”
astronomy. In the second group (Zaychi vrah (Cabyle), Tangarduk kaya cave, Lilyach and
Parmakla kaya cave), they used the method of meridional culminations of the same celes-
tial bodies. From Table 2, it is evident that these are the earliest prehistoric observatories
(dated to about 3000 BCE).

4. Paleoclimate

After the dating of the studied prehistoric astronomical observatories, in order to find
out if the astroclimate was suitable for astronomical observations, we make an assessment
of the paleoclimate in the relevant era in the Bulgarian lands.

Paleoclimate is the climate of the Earth in an individual region, at a particular geo-
logical or prehistoric time. Paleoclimatology is the science of studying the climate in the
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past. It is a very interesting and relevant, multidisciplinary field combining history, anthro-
pology, archaeology, chemistry, physics, geology and atmospheric and oceanic sciences.
Paleoclimate studies use the geological and biological evidence preserved in sediments,
rocks, tree rings, corals, ice sheets and other climate archives to reconstruct past climates
in terrestrial and aquatic environments around the world [29]. Clues about past climate
conditions are obtained from proxy indicators, which are indirect forms of evidence that can
be used to infer the climate [30,31]. These include:

- Isotopic Geochemical Studies: the study of isotopic ratios in rocks, bubbles from ice
cores, deep-sea sediments, etc. [32,33];

- Dendrochronology: the study of tree ring growth;
- Pollen Distribution: the study of plant types during the relevant climatic era and the

distribution of pollen found in sediments, ice, rocks, caves, etc.;
- Study of lake sediments (Lake Varves): (like dendrochronology, but with lake sediments-

a varve is an annual layer of mud in the sediment);
- Coral Bed Rings;
- Fossils in different geological and historical layers: studies of geological settings,

etc. [34];
- Historical documents and artifacts that testify to the emergence and development of

civilizations, etc.

Radiocarbon dating is one of the most useful absolute dating methods used in archae-
ology, geology, sedimentology and many other sciences. The ability to date minute samples
via accelerator mass spectrometry (AMS) means that paleobotanists and paleoclimatologists
can use radiocarbon dating directly on pollen purified from sediment sequences, or on
small quantities of plant material or charcoal. The dating of organic material recovered
from strata of interest can be used to correlate strata in different locations that appear to be
similar on geological grounds. Dating material from one location gives date information
about the other location, and the dates are also used to place strata in the overall geological
timeline [35]. Radiocarbon dating measurements produce ages in “radiocarbon years”,
which should be converted to calendar ages by a process of calibration.

As an example, we consider the calibration of the beginning of Holocene, the current
geological epoch, which is determined to have begun about 11,700 years ago [36].

A sample from the Two Creeks Fossil Forest, Wisconsin was used in an interlaboratory
test (the work of over 70 laboratories). These tests produced a median age of 11,788 ± 8
BP (2σ confidence) which, when calibrated, gives a date range of 13,730 to 13,550 cal BP or
11,730 to 11,550 BCE [37]. The Two Creeks radiocarbon dates are now regarded as a key
result in developing the modern understanding of North American glaciation at the end of
the Pleistocene [38].

Because the information needed to convert radiocarbon ages to calendar ages is
constantly being improved, it was decided that radiocarbon ages and not calendar ages
would become the standard method of recording results. This has the advantage that
the thousands of dates published in articles prior to any given update do not have to
be re-calculated.

The astroclimate is a set of meteorological and climatic conditions that determine the
possibility of the observation of cosmic bodies. In fact, this set of atmospheric conditions
mainly affects the quality of astronomical observations. The most important of them are
the transparency of the air, the degree of its homogeneity (influencing the “sharpness”
of the image of objects), the amount of background glow of the atmosphere, the daily
temperature drops and the strength of the wind. In modern astronomy, the astroclimate is
a combination of factors that distort the shape of the wave front emitted by celestial objects
passing through the Earth’s atmosphere.

4.1. Data from Cave Speleothems

It is well established that variations in the total amount of solar radiation at the
Earth’s surface (insolation) produce global changes in the climate. It has been proven
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in many ways that global climate change is due to variations in the total solar radiation
reaching the earth’s surface (earth’s surface insolation or solar insolation—the amount of
electromagnetic energy (solar radiation) falling on the earth’s surface) [39,40].

Past climate conditions can be estimated by studying the evolution of secondary
Karst formations as speleothems, secondary mineral deposits formed in caves that serve
as natural records of the solar insolation over very long time spans [39,41]. The obtained
time series have durations of hundreds of thousands of years and should be calibrated
using instrumental records. Thus, a large number of global change parameters can be
reconstructed [39,42]. Speleothems provide high quality, well preserved and undisturbed
records, but they are typically interrupted by numerous hiatuses caused by the disappear-
ance of the infiltrating water solutions that produce speleothem growth due to droughts,
etc. Speleothems that grow continuously for tens of thousands of years are exceptionally
rare, while those that grow continuously for hundreds of thousands of years are unique.
Such a speleothem is the one from the Duhlata Cave in the village of Bosnek region of
Bulgaria [43], which produced the record on Figure 7.

Temperature, past precipitation, the nature of the soil and the vegetation cover, pollu-
tion, air composition, glaciation, fluvial erosion and deposition and groundwater flows can
be usually read from the luminescence of cave speleothems and deposits.

Luminescence is the property of cave minerals most sensitive to depositional condi-
tions [41]. Many speleothems exhibit luminescence when exposed to ultraviolet (UV) light
sources or other high-energy beams. Depending on the excitation source, there are specific
kinds of luminescence: “Photoluminescence” (excited by UV and other light sources),
“X-ray luminescence” (by X-rays), “Cathodoluminescence” (by electron beam), “Thermo-
luminescence” (by heat), “Candoluminescence” (by flames) and “Triboluminescence” (by
crushing). Different types of excitation may excite different luminescent centers—electron
defects of the crystal lattice; admixture ions substituting ions in the crystal lattice or incor-
porated in cavities of that lattice; inclusions of other minerals; or fluid inclusions, molecules,
ions or radicals adsorbed inside of the lattice [36]. Some or all of them may exist in a
single speleothem. If the emission proceeds only during the excitation, then it is called
“fluorescence”, if it proceeds after the termination of the excitation then it is called “phos-
phorescence”. Some luminescent centers produce only fluorescence, but others produce
both fluorescence and phosphorescence.

Calcite speleothems frequently display luminescence, which is produced by the cal-
cium salts of the humic and fulvic acids derived from the soils above the cave.

The method of Laser Luminescent MicroZonal Analysis [43] gives information about
changes in the mineral-forming conditions and gives high resolution records of the annual
rainfalls and annual temperatures in the past, allowing for the reconstruction of climate
and solar activity variation.

The intensity of speleothem luminescence shows a direct connection with solar insola-
tion: The luminescence of calcite speleothems precipitated in caves depends exponentially
upon the soil temperatures, which are determined primarily by solar infrared radiation
in the case when the cave is covered only by grass or by air temperatures where there
is forest or bush cover. In the first case, the microzonality of the luminescence detected
in speleothems can be used as an indirect solar insolation index, and, in the second, as
a paleotemperature proxy. Thus, in terms of the dependence on cave site conditions,
we may speak about “solar sensitive” and “temperature sensitive” paleoluminescence in
speleothem records, as in tree ring records.

Figure 7 shows part of the solar insolation luminescence proxy record from the Duh-
lata Cave, located in the region of the village of Bosnek, Pernik municipality, Bulgaria [43],
which is still the only available experimental record of past solar insolation in Europe
covering the last 20,000 years. The cave is covered only by grass, and the soil temperature
there reaches 55 ◦C during the summer time, which means that this speleothem lumines-
cence record represents only the solar insolation. It demonstrates a dramatic minimum
of insolation after the Holocene maximum, from 7000 ± 2000 years ago (7000 ± 2000 BP
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or radiocarbon years before 1950 CE) [44]. From 4200 BCE to 600 CE, the insolation levels
were below the levels during the Younger Dryas event (Figure 7), which is considered to
be the end of the Last Glacial Period (LGP), a return to glacial conditions in the period
12,900–11,700 years BP [45], after which Pleistocene ended and Holocene, the current ge-
ological epoch, began with a sharp climatic warming [37]. However, it did not lead to
corresponding minima of the temperatures in the region as recorded in the paleotempera-
ture reconstructions for Bulgaria for the same period [46,47], showing that, from 5000 BCE
to 100 BCE, the mean annual temperatures in Bulgaria were higher than today (Figure 8).
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Figure 7. Luminescence proxy record of the Solar Insolation (Duhlata Cave, Bulgaria) (Optical Density
of Luminescence (ODL) in decimal logarithm relative units (R.U.) depending on time, after [43].
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(%); AAT—average annual temperature (◦C); ATCH—average temperature of the cold half of the
year (◦C); ATWH—average temperature of the warm half of the year (◦C); AAAP—average annual
amount of precipitation (mm/m2), after [46].
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4.2. Paleogeological and Pollen Data

Glaciers appeared in Northern Eurasia during the Pliocene, 4–5 million years ago,
but the climate of the Eastern Mediterranean remained warm. A permanent drought was
also recorded in Southeastern Europe at the end of the Pliocene. According to floristic
data, it has been proven [48] that the average July temperature in the last 4 million years in
Eastern Europe has decreased by approximately 7 ◦C. As a result, at the end of the Pliocene,
the height of the snow line in the region decreased by 750 m. Although the climate as a
whole began to change towards the cooling and strengthening of its continental character,
at the beginning of the Pleistocene, the territory of today’s steppe zone in southern Europe
still had a Pliocene-dominated forest-steppe landscape. The territory of today’s Bulgaria
fell into the wide transitional zone between the periglacial areas and the pluvial belt, due
to which the influences of both periglacial and warmer and wetter climatic conditions
alternated rhythmically during the Quaternary period on its territory.

The Holocene epoch started about 9700 BCE, when the glacial cycle of the Pleistocene
ended. According to the data from a number of geographical locations, and in particular
from drilling cores in the Greenland ice sheet [49], the Pleistocene-Holocene boundary
reflected the first significant warming after the end of the Younger Dryas. During the
Holocene, in the so-called Holocene maximum, the average annual temperatures in North-
East Bulgaria from 5000–3800 years BCE were 2–3 ◦C higher in comparison to the modern
ones [46].

According to pollen data, the Holocene climate in Bulgaria was warmest around
5000–4500 BCE. This warm weather covered the transition from the Neolithic to the Ene-
olithic in Bulgaria. Subsequently, the climate became colder and wetter, and the Black
Sea level dropped by 4–5 m at 3500–2000 BCE [50]. During the Holocene, in the period
4000–3000 BCE, forest cover of the lands predominated over the steppes, followed by an
advance of grasslands in N-E Bulgaria. During the last 2000 years, all climatic parameters
have remained without significant variations in the region [49]. However, due to the
Mediterranean influence in the Rhodope, Pirin, Osogovo and Sredna Gora mountains, the
amount frosty weather is 20–30% less than in the Balkan Mountains. The average duration
of frost-free time (without negative temperatures) in the plains and hills of Bulgaria was
180–225 days per year.

5. Astroclimate

In prehistory, in the absence of optical instruments, the astroclimate is mainly influ-
enced by the number of cloudless days and nights, the dust in the atmosphere due to
volcanic eruptions, forest fires, stormy winds and, of course, the levels of solar activity and
cosmic rays.

By definition, the astroclimate is a set of environmental conditions that determine
the quality of astronomical observations. Basic and mutually independent conditions for
determining the astroclimate are:

- The purity and transparency of the atmosphere;
- The light pollution of the natural environment;
- The seismicity of the region [51,52].

The first two of these conditions form a background glow in the sky, depending on the
composition and amount of pollution in the atmosphere (dust, aerosols, moisture) and the
amount of light pollution in it. On the other hand, the factors that affect the astroclimate
are both natural and artificial (anthropogenic).

Natural factors include microclimate and meteorological conditions, the presence of
clouds, fog, lightning, atmospheric pressure, temperature and humidity, the system of local
and prevailing winds, temperature anomalies in the air and on the land surface, terrain,
natural seismic activity and natural sources of air pollution. The natural factors determining
the astroclimate exist as a given and, in some cases, can be weakened or strengthened by
human activity.
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Anthropogenic factors include artificial light sources, heat, artificial inhomogeneities
of the area (areas with different albedo and heat capacity), artificial sources of air pollution,
electromagnetic interference and seismic noise and artificial obstacles to air flow (due to
land reclamation, land afforestation, etc.). Anthropogenic factors are usually negative, de-
grading the quality of the astroclimate and reducing the quality of astronomical observations.

Finally, we can make the conclusion that, around 8000 BCE, the climate in our lands
was very favorable. During this period, the average annual temperature on the Balkan
Peninsula and in particular in Bulgaria was about 2–2.5 ◦C higher than today [53]. This
climate provides very good astroclimatic conditions for observations of the Sun, Moon,
planets and bright stars, increases the effectiveness of observational data in determining
the time of sunrises and sunsets (extreme positions of celestial bodies on the horizon) and
noon culminations.

6. Conclusions

Here we examine 13 prehistoric astronomical observatories using the methods of
archaeoastronomy in order to determine the period of their operation. In choosing sites
for the construction of oriented stone complexes for astronomical observations, prehistoric
people were interested in the number of clear days and nights within the tropical year. The
aim of our investigation is to make an assessment of the paleoclimate in the relevant era in
the Bulgarian lands in order to find out if it was suitable for astronomical observations. The
estimations are made according to the geological data and solar insolation luminescence
proxy records of the evolution of cave speleothems from the Duhlata cave in the village of
Bosnek, Pernik municipality.

Two groups of rock-cut monuments used for astronomical observations have been
identified. In the first group of prehistoric astronomical observatories (Belintash, Zaychi
vrah (Cabyle), Tatul, Harman Kaya, Buzovgrad, Tsarevi Porti, Markov Kamak, Lilyach,
Kovil, Bailovo cave and Magura cave), ancient observers used the method of “horizon”
astronomy because of the climatic optimum (stable average annual temperature and low
humidity), with good visibility of the Sun, the Moon and bright stars on the horizon line
at sunrise and sunset. In the second group (Zaychi vrah (Cabyle), Tangarduk kaya cave,
Lilyach and Parmakla kaya cave), observers used the method of meridional culminations
of the same celestial bodies, as it was difficult to observe sunrises and sunsets on the
horizon due to the high humidity, precipitation and the predominance of cloudy days.
From Table 2, it is evident that earliest prehistoric observatories (dated about 3000 BCE)
were designed for the observation of meridional culminations. This can be explained by the
results from the reconstructions of the average annual temperatures and the average annual
amounts of precipitation over the last 7000 years [46]. During this period of the emergence
of prehistoric observatories in Bulgarian lands, the temperatures and precipitation levels
were comparatively higher, as was the air humidity, and observations were only possible at
noon and midnight.

The dynamics of climatic variables (temperature, humidity, sunshine) for several cli-
matic periods has been investigated using paleogeological data [48], pollen analysis [46,47]
and the analysis of cave speleothems from the territory of Bulgaria [43]. The solar in-
solation luminescence proxy record from the Duhlata Cave, placed in the region of the
village of Bosnek, Bulgaria, is derived using the method of Laser Luminescent MicroZonal
Analysis [43], and it is still the only available experimental record of past solar insolation
in Europe covering the last 20,000 years. Climatic parameters for the last 8000 years are
reconstructed, and shorter time intervals absolutely attached to the chronological bound-
aries of the historical periods established by archaeological excavations are defined from
them. From about 5000–3800 years BCE, the average annual temperatures in Bulgaria were
2–3 ◦C higher in comparison to modern ones. Such a climate gives very good astroclimatic
conditions for observations of the Sun near the horizon and allows increased accuracy in
determining the time of occurrence of its extreme positions on the horizon.
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Abstract: Recent findings of archaeological research in the Vathy gulf area, Astypalaia Island, indicate
its continuous habitation since prehistoric times, most importantly in the transitional period from
the Final Neolithic to the Early Bronze Age (late 4th/early 3rd millennium BC). The evaluation of
the prehistoric stone artefacts from Vathy using non-invasive analytical methods (Near Infrared
Spectroscopy—NIR), in combination with the mineral-petrographic characterization of the main
lithological formations of the island, is expected to provide important information about raw material
procurement and possible exchange networks. The geological study of the island combined with
the analytical methods applied to the archaeological artefacts and the geological samples led to the
identification of both local and allogenic materials. The possible locations of raw material sources
were established and the origin of allogenic materials was estimated. The stone artefacts made of local
geo-materials consist mainly of calcitic sandstone, shale, marl, and limestone/marble, comprising
the largest part of the lithological formations of the island, as well as pumice and volcanic rocks
of varying chemical composition. By means of a portable microscope and NIR spectroscopy, we
were further able to identify allogenic geo-materials including chalcedony, mica schist, bauxite and
meta-bauxite, steatite, and paragonite. Based on the mineralogical and petrographic characterization
of the stone artefacts, a first attempt is made to evaluate the possible raw material sources and to
identify potential intra-island modes of stone exploitation.

Keywords: geomaterials; near infrared spectroscopy—NIRS; lithic artefacts; non-invasive methods;
raw materials; archaeometry; Vathy; Astypalaia Island

1. Introduction

Archaeometry focuses on the application of analytical techniques in archaeological
finds to provide information about dating, prospecting, analysis of technology and prove-
nance, as well as reconstruction of a coeval environment [1], thus providing another scope
for the interpretation of cultural and archaeological growth and evolution [2–5]. Many
researchers [6–12] have used analytical techniques in a variety of archaeological findings to
acquire knowledge about the source rock material (including volcanic rocks, chert, clayey
raw materials, sandstones, etc.), their provenance, or even their utility.

For this reason, the use of non-invasive techniques is a matter of great importance, con-
tributing significantly to the archaeological desiderata arising, while keeping the findings
intact. The study of archaeomaterials include fundamental techniques widely used for their
chemical identification (i.e., X-ray Fluorescence analysis—XRF, RAMAN Spectroscopy) or
their textural analysis (i.e., Scanning Electron Microscope—SEM).

According to Hunt [13], reflectance spectroscopy can be defined as the technique that
uses the energy in certain wavelength regions of the electromagnetic spectrum to analyze
minerals. The operating principle of this methodology is based on the process of energy
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absorption in the near infrared region (350–2500 nm) to describe changes in molecular
level, measuring the energy of the bond vibrations between the cations and the molecules.
Molecular vibrations are in fact internal movements of atoms related to changes of the
length and the angle of their bonds.

The bonds vibrate differently, at discrete wavelengths, as a function of their length, rep-
resenting consequently the presence of certain NIR-active chemical compounds, leading to
specific mineralogical components. Vibration modes are generally distinguished in stretch-
ing and bending vibrations because the relative positions of the atoms are not absolutely
fixed and are, on the contrary, constantly fluctuating. The stretching vibrations are caused
by changes in the distance between atoms along their bond axis. The bending vibrations
are related to the change in the angle between two bonds, and characterized by scissoring,
rocking, wagging and twisting motions. When a molecule absorbs infrared radiation, the
molecular vibrations trigger a net change in the dipole moment, depending on the value of
the charge difference and the distance between the two charged centers. Even though the
study of molecular vibrations was originally based on Hook’s Law, describing a simple
harmonic oscillator in quantum physics can be considered only approximately simple
harmonic due to the inelastic nature of the molecular bonds. Normal, or fundamental
absorptions occur when a molecule is excited from ground to the lowest-energy excited
state (v = 1). Overtones occur when fundamental mode is excited with two or more quanta
of energy (2 v, 3 v etc.), resulting in a higher energy state. Finally, combination bands result
from two or more fundamental vibrations that are excited simultaneously.

This methodology is based on diffuse reflectance spectroscopy and is considered a
non-invasive method as it can be applied in-situ, directly to any material and is appropriate
when no sample preparation is needed, retrieving characteristic spectra from the visible
to the near infrared region, thus providing information about its chemical composition.
When infrared light penetrates the sample, it can be reflected, or scattered, following a
chain path until finally exiting the sample. This whole process will cause the initial energy
to be lost, since part of it will be absorbed by the material. The detector will collect the new
infrared radiation, now containing some new information. Diffuse reflection occurs since
the light penetrates the surface layer of the particles, excites the vibrational regions of the
target molecule, and then scatters in all directions. Thus, the reflection spectrum produced,
depends on the composition of the sample.

In the field of archaeometry, only few researchers have applied NIR spectroscopic
analysis to a variety of materials, including ceramics [14], ancient wood [15], paper [16],
or even with the use of imaging spectroscopy in paintings [17] etc. Tanyaş et al. [18],
studied the spectral properties of chlorite stone bowls to explore the regional locations of
the source rocks, incorporating ASTER satellite data, and also emphasizing in petrographic
and geochemical analysis, that critically supplement the spectroscopic analysis.

Although NIR spectroscopy has numerous advantages, being economical and a direct
method without any necessary sample preparation, its non-invasive nature, as in most
methodologies, necessitates the contribution of other methodologies as well, to provide
a reliable evaluation of the material. Spectral signatures can be affected by many factors,
causing the problematic interpretation of spectral signatures. These factors mainly deal
with the presence of multiple mineral phases resulting in the presence of overlapping
spectral absorptions, as well as the textural characteristics of the material (i.e., the presence
of porosity, the grain size of the minerals) that may affect the spectra. In this study, we
attempt to thoroughly examine a variety of archaeological artefacts, regarding the use
of non-invasive techniques, such as NIR spectroscopy, in the identification of the source
materials to draw conclusions about their provenance. The study of the archaeological
artefacts was also based on microscopic observation, providing further information about
the microstructure of the stone tools and their mineralogical composition in order to
eliminate the above concerns.

Astypalaia is one of the Dodecanese islands in Southern Aegean (Figure 1). Although
important finds from historical times have been located on the island, its prehistory was
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until recently overlooked. Chance finds at the Pyrgos peninsula overlooking the Vathy
gulf (“Vathy”) in the Northeastern part of the island in 2008 and extensive surveys and
excavations since 2011 [19,20] led to the location of archaeological remains from prehistoric
to modern times, indicating almost unceasing habitation. The prehistoric occupation is
as early as the Final Neolithic/Early Bronze Age (4th–3rd millennia BC); the location and
subsequent excavation of infant jar burials and the discovery of a prehistoric fortified
acropolis with important petroglyphs [19–21] constitute Vathy a diachronic palimpsest and
place Astypalaia within the broader frame of insular prehistory as known from the other
Dodecanese islands and mostly the Cyclades.
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Figure 1. Oblique satellite view (Google Earth Pro) of Greece and Astypalaia Island in the Aegean Sea.

During the surveys, a total of 117 ground-stone implements [22,23] were recovered
(Table 1); the collection includes mostly utilitarian items (suggesting fishing and processing
activities, e.g., grinding and pounding of edibles or other materials), along with two stone
beads. A retouched geometric artefact, originally thought to be of flint is also included in
the analyzed sample (a final total of 118 artefacts).

Table 1. Typology of the assemblage recovered during the surveys.

Type No of

discs 2
pull weights 1

pumice 2
adze 1

grinding slabs 2
pounders/polishers 5

utilized pebbles 14
stone beads 2

pebbles 54
bauxite 2

serpentine 1
flint nodule 1
copper slags 3
unidentified 27

geometric tool 1

Total 118
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Contacts with other Aegean islands are to be found in the chipped stone assemblage
made from obsidian of mostly Melian origin (macroscopic identification [24]) as well as in
pottery imported from the Cyclades [25]. With that in mind, it was of interest to investigate
the provenance of the raw materials employed in the manufacture of the ground tools and
implements that were also recovered at the site [26].

The evaluation of the stone artefacts using non-invasive analytical methods (Near
Infrared Spectroscopy—NIRS), combined with the mineral-petrographic characterization of
the main lithological formations of the island, is expected to provide important information
about the commercial transactions of that time and the expertise of the islanders on stone
exploitation. Information about the geologic structure of the island in combination with the
evaluation of the archaeological and geological materials led to the identification of local
and non-local materials.

2. Materials and Methods
2.1. Archaeological Artefacts

The collection of artefacts retrieved during archaeological fieldwork at Vathy com-
prises lids, grindstones, pounders, rubbers, polishing pebbles, floaters, two beads, a chisel,
and a single bifacial geometric tool (Figure 2). Numerous obsidian tools [24] and marble [25]
are also included in the lithic finds, constituting other subjects of research. During our
research, 118 stone artefacts were studied through the in-situ application of non-invasive,
non-destructive methods since rapid technological development provide important infor-
mation without interfering in the archaeological artefacts.
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The artefacts were studied macroscopically with the aid of a portable microscope
(Wifi ProScope mobile, Bodelin Technologies, Oregon City, OR, USA) and the capture of
micro-photographs (Figure 3a). The mineralogical identification was determined through
the application of Near Infrared Spectroscopy (NIR) using an SM-3500 specTERRA (Spec-
tral Evolution Inc., Lawrence, MA, USA) portable apparatus, with a field of view (FOV)
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2 × 1.5 cm, in contact with the surface of the samples, and a total number of 1200 of spectra
were evaluated (Figure 3b). The data acquired ranges from 0.35 to 2.5 µm with a spectral
resolution according to the software, between 3.5 and 8 nm. The spectra were finally pro-
duced by the instrument at 1 nm intervals, using the DARWin SP Data Acquisition software
(Spectral Evolution Inc., Lawrence, MA, USA), which is accompanied by the United States
Geological Survey (USGS spectral library) mineral standards database. Sample spectra
were first calibrated relative to a (5 × 5 cm in size standard panel (Spectral Evolution, Inc.
Lawrence, MA, USA).
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Figure 3. Non-destructive analytical techniques employed for the evaluation of the stone artefacts
studied: (a) use of the WiFi ProScope mobile microscope paired with iPad; (b) use of Near Infrared
(NIR) portable spectrometer SM-3500 specTERRA.

The spectra are characterized by absorption features, due to energy-matter interactions
at this region caused by molecular vibrations at specific frequencies. Consequently, the
absorption features allow us to determine which functional molecular group participates in
the structure of the mineral. The major spectral features in the NIR region are a result mostly
of the water content and the vibrations of the hydroxyl groups, such as Al-OH, Fe-OH,
Mg-OH [27]. Therefore, it is easy to identify hydrous minerals, such as amphiboles, mica,
clay minerals, etc. Minerals, such as quartz and feldspars, do not include hydroxyl or water
in their structure, thus they cannot be identified through NIRS. The main characteristic
absorption features imprinted through NIR spectroscopy are listed in Table 2.

Table 2. Major absorption features [27] of the minerals identified in the present study.

Wavelength (nm) Mechanism Mineral Group

~1400 OH- and water clay minerals, hydroxyls, zeolites
~1900 water smectites
~2200 Al-OH clay minerals, amphiboles, mica
~2250 Fe-OH epidote, biotite, tourmaline, chlorite, phlogopite

~2300–2400 Mg-OH amphiboles, epidote, chlorite
~2340 CO3

2− carbonates

2.2. Raw Materials

Destructive methods were used in the lithologic specimens, including petrographic
study and mineralogical identification. Through the petrographic observation, the lithologic
samples of Astypalaia Island were studied in detail, providing further information about
the texture of the samples as well as the grain size of the minerals and the mineral evaluation
was verified through the XRPD.

Petrographic thin sections were prepared and studied by means of transmitted light
microscopy (Zeiss AxioScope A.1, Carl Zeiss Microscopy Deutschland GmbH, Oberkochen,
Deutschland) in order to determine the rock type and mineral mode. The mineralogy of the
samples was further verified in the Mineral and Rocks Research Laboratory, Department of
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Geology, University of Patras, Greece, by means of X-ray Powder Diffraction (BRUKER D8
Advance, Bruker AXS, Karlsruhe, Germany) using Ni filtered Cu-Kα radiation, operating
at 40 kV and 40 mA and employing a Bruker Lynx Eye fast detector. Samples were step-
scanned from 2◦ to 70◦ 2θ and a time/step of 0.2 s. Samples were powdered (<10 µm)
in a vibration disc mill using an agate grinding set and randomly mounted in a sample
holder. The crystalline phases were identified using the DIFFRACplus EVA software
(Bruker-AXS, Bruker-AXS, Madison, WI, USA), based on the ICDD Powder Diffraction File
(2006 Version).

3. Geologic Setting of Astypalaia and Field Observations

To answer the question about the provenance of the raw materials present at Vathy, a
detailed bibliographic review was carried out for the in-depth study of the local lithologies.
Field observations through extensive sampling and GPS recording provided valuable infor-
mation for the petrographic study and the determination of the mineralogical composition
of the rocks. For this reason, we tried to perform as much as possible a representative
sampling (41 samples in total) at Pyrgos-Vathy, Analipsi, and Livadi peninsulas (Figure 4).
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The geologic structure of Astypalaia has been studied by many researchers [28–33]
and consists of sedimentary rocks, i.e., Upper Jurassic to Upper Eocene Alpine geologic
formations, as well as meta-Alpine lithologies. According to the geologic map (Figure 5)
of [32,34], the lithology of the island consists mostly of limestones, whilst the larger part of
the Western region of the island consists of Flysch (Upper Eocene–Oligocene), including
sandstones, mudstones, and conglomerates (Figure 6a). In Western Astypalaia, Upper
Jurassic neritic medium-bedded limestones, approximately 250 m thick, are overthrusted
on flysch. The Eastern part of the island comprises Senonian–Maastrichtian, thick-bedded
to massive, rudist limestones and Paleocene–Middle Eocene, thick-bedded to massive,
black, nummulitic limestones (Figure 6b). Quaternary sedimentary rocks characterize
meta-Alpine lithologies. At several sampling sites, dynamic deformation characteristics
were also observed (Figure 6c). Finally, in many sites in the Central part of the island Poros
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occurred, of aeolian origin, consisting of calcarenites as well as marine and continental
fauna (Figure 6d).
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lations; (b) of the Jurassic limestones over thrusting Eocene flysch; (c) characteristics of dynamic
deformation through the presence of folded sandstones; (d) Calcarenite quarry.

4. Results and Discussion
4.1. Microscopic Observation and Spectroscopic Characteristics of the Prehistoric Artefacts

The evaluation of the raw material of the prehistoric artefacts was conducted through
microscopic observation and the application of NIRS (Figure 7). The archaeological sample
includes: sandstone, shale, marl, limestone and marble, pumice and volcanic rocks of
varying chemical composition, steatite, mica schist, obsidian, chalcedony, and bauxite and
meta-bauxite. It is important however to study the provenance of the raw materials in order
to characterize them as either local, if they belong to the local lithology, or as non-local. This
information will clarify the systems of raw material procurement on Astypalaia during the
period under study.

As concluded from the application of NIR spectroscopy, the majority of the studied
stone implements (grindstones, polishing pebbles, and pounders) are comprised of calcite
(CaCO3) (Figure 7a). Calcite has diagnostic features in the near infrared region of the
electromagnetic spectrum, displaying a characteristic doublet feature at 1880 nm and
1990 nm approximately, as well as a deep major absorption feature near 2340 nm, shifted to
lower wavelength position for more dolomitic (MgCO3) compositions [35,36]. Even if the
major absorption feature is distinguishable in all studied spectra indicating the presence
of calcite, we observed differences in the reflectance values, the depth and the intensity of
the absorption features. The differences are attributed to the textural characteristics of the
lithotypes that were used as raw, i.e., the grain size of calcite, the cohesion of the grains,
internal grain defects, the presence of impurities, or the presence of inclusions and, if so,
the inclusion size [37]. According to [36], powdered carbonate materials have nearly flat
spectral characteristics for wavelengths lower than 1600 nm. This parameter seems to be
critical for the stone artefacts that display this characteristic, indicating the use of micritic
limestone as raw material, i.e., limestone with a grain size of calcite of <4 µm. Other spectra
display a negative slope toward higher wavelengths, and even if the major absorption
features at 2340 nm approximately are distinguishable, the characteristic doublet is hardly
seen and is not clearly developed. As described by [37], even small amounts of organic
matter in the mineralogical composition can suppress the spectral bands. Broad, rounded
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features at 1400 nm and 1900 nm indicate the presence of molecular water either due to
hydration or trapping water in the crystal lattice. Furthermore, small absorption features at
1900 nm region are often observed and are attributed to very small water polymers forming
inclusions, adhered to the inclusion walls [37,38].
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Figure 7. Representative reflectance spectra of the studied stone artefacts (left column), in comparison
to the associated laboratory reference, spectra of the USGS spectral library (right column) that were used
in the present study [39]: (a) pebble; (b) bifacial geometric tool; (c) floater; (d) rubber; (e) and (f) bead.

We also identified spectra that are characterized by absorption features at approxi-
mately 2200 nm and at 2290 nm, except for the absorption bands of calcite, which indicate
the presence of more mineralogical components in the raw material. The specific wave-
length position of the absorption features is attributed to Al-OH and Mg, Fe-OH molecular
vibrations, respectively. The spectral signature of the raw materials, in accordance with
the microscopic evaluation of the samples, are related to calcite, as well as clay minerals,
i.e., kaolinite, smectite, nontronite, and chlorite. The overlapping features of these minerals
make them difficult to identify, and according to the abundance of each mineral, the spectral
properties of the raw materials are influenced, i.e., the reflectance values and the depth
parameters of the absorption.

Spectra that are characterized by absorption features at 1400 nm and 1900 nm and a
rounded absorption feature near 2240 nm due to molecular vibrations of the Si-OH group
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(Figure 7b) are typical for chalcedony [27]. The impurities observed through the microscopic
study, which are responsible for the color of the artefact varying from brown to white,
characterize the spectral properties in the visible region of the electromagnetic spectrum.
Sometimes, the spectra are differentiated displaying absorption features near 1000 nm
attributed to spin-allowed crystal-field transitions due to the presence of metal cations,
with a positive slope toward longer wavelengths. Some samples are not characterized by
the rounded absorption feature at 2240 nm, implying the presence of a more crystalline
variety of silica, i.e., quartz, rather than chalcedony. The absorption features at 1400 nm and
1900 nm correspond to molecular water H2O absorbed in crystal grains or incorporated
into the silica framework [40].

Pumice artefacts have a light yellowish to beige color, rounded surfaces and high
porosity. They comprise amorphous SiO2, and minor crystals of biotite which were ob-
served through the microscopic study (Figure 7c). The spectral characteristics of some
pumice artefacts have a nearly flat reflectance, displaying absorption features at 1900 nm as
well as in the visible region of the electromagnetic spectrum at 400 nm. On the contrary,
intense, distinguishable absorption features at 1900 and 2200 nm, indicating the presence
of hydrous Al-rich minerals, characterize other pumice artefacts. The microscopic study
verified the presence locally of altered areas, related to clay minerals, as indicated by the
NIRS.

Furthermore, among the lithic artefacts, pebbles of volcanic origin were also studied,
whose lithologic characteristics differ from one another, indicating their different chemical
composition. Their color, sometimes reddish, while other times a light beige to dark gray
color, in combination with their textural characteristics (presence or absence of poros-
ity, shape and network of pores, mineral composition of phenocrysts and fine-grained
groundmass, and the presence or absence of amorphous material) indicate different physic-
ochemical conditions for the raw material, raising questions regarding their origin. The
phenocrysts identified through microscopic observation are mainly minerals, including
feldspars, especially plagioclase, as well as biotite, while the fine-grained groundmass
consists of quartz, feldspars, and volcanic glass (amorphous SiO2).

Some artefacts are comprised of compact material, with a reddish to dark greyish color,
indicating a geo-material that stands out from the local lithology of the island. Through
microscopic analysis, we observed dark grey color areas forming spots locally, in the reddish
material, whereas rarely, some artefacts had a dark gray color uniformly. The spectral
characteristics of these samples displayed absorption features at 480 nm and 840 nm, as
well as a steep, negative slope from 740 nm toward higher wavelengths. A not intense
but broad absorption feature is also identified at 1830 nm (Figure 7d). The microscopic
study as well as the spectroscopic analysis of the artefacts indicate the presence of hematite
and diaspore in the mineralogy of the raw material, which are indicative mineralogical
components of bauxite and meta-bauxite. Hematite (Fe2O3) is an iron oxide, common
in many geologic environments, indicating oxidizing conditions. Diaspore is an Al-rich
mineral (α-AlO(OH)), comprising the major component of bauxite, along with gibbsite and
boehmite.

The absorption features observed through the application of NIRS, at the spectra of
the green bead at 1390 nm, 1900 nm, 2080 nm, 2134 nm, 2174 nm, 2232 nm, 2320 nm,
2384 nm, and 2465 nm indicate the presence of talc in the raw material (Figure 7e). Talc is
a hydrated magnesium silicate (Mg3Si4O10(OH)2), occurring as an alteration product of
Mg-rich silicate minerals, e.g., olivine, pyroxene, and amphiboles. The broad absorption
feature at 830 nm, as well as the positive slope of the reflectance spectra from approximately
1400 nm to 2000 nm, also indicate the presence of a Fe-rich mineral phase, the absorption
features of which are probably overlapped from the absorption features of talc, hence it is
difficult to be determined. However, a small absorption feature at 2290 nm is attributed
to chlorite. The spectroscopic characteristics of the green bead, in contribution with the
textural characteristics of the samples, indicate steatite as a raw material.
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The other studied bead, similar in size with the aforementioned, has a nearly light
grey color and the spectral characteristics of the sample indicate the presence of Al-rich
minerals, due to the characteristic absorption features at 2190 nm, indicative of Al-OH
molecular vibrations (Figure 7f). These spectral characteristics, in combination with the
double absorption feature at 2343 nm and 2431 nm, are typical spectral signatures for mica
minerals [27,41], i.e., muscovite, paragonite, lepidolite, phengite, etc. [42]. The wavelength
position of the absorption feature at ~2200 nm is used to evaluate the compositional
differentiation of these minerals. Paragonite and Al-rich white mica have absorption
features smaller than 2195 nm [43], whereas muscovite’s absorption feature is located at
approximately 2200 nm and phengite’s is at up to 2235 nm [44]. Due to the white color of
this artefact as well as the diagnostic feature at 2190 nm, we can limit the composition of
the raw material to paragonite or Al-rich white mica.

4.2. Petrographic and Mineralogical Analysis of Astypalaian Lithotypes

The rock samples considered in the present study were characterized through petro-
graphic examination (Figure 8) and the mineralogical composition was determined through
mineralogical analysis (Figure 9, Table 3).

The petrographic investigation of the sandstone specimens (samples AST3, AST5,
AST6, AST7, AST10, AST24, AST28) obtained from Astypalaia revealed that they are
moderate to poorly sorted, often characterized by a cataclastic texture. The samples include
medium- to fine-grained particles, comprising sub-angular to sub-rounded grains of quartz
and in less abundance feldspars (Figure 8a). Subhedral to anhedral calcite, as well as chlorite
and illite, comprise the cementing material. Opaque minerals as well as clay minerals are
rarely identified displaying higher abundance, observed even macroscopically through
light to dark reddish areas (Figure 8b). Quartz is the most abundant minerals, forming either
monocrystalline or polycrystalline constituents. The presence of polycrystalline grains,
which are not fully separated, indicate small transportation, thus the immature nature
of the specimens. The feldspars often display characteristic twinning and are altered to
calcite or sericite, i.e., fine-grained mica. Tectonic processes due to diagenesis are imprinted
in the textural characteristics of the samples, i.e., the undulose extinction of quartz, the
fragmentation of the crystals, and the presence of foliation. Sometimes, the samples are also
characterized by a net of micro-veins, filled with fine- to coarse-grained calcite. Patches of
yellowish areas that were observed through the petrographic study are attributed to small
cavities that are filled by clay minerals. Minor rock fragments that were also identified in
some samples include sub-rounded and sub-angular mica schist and chert.

The textural characteristics of the samples, AST8, AST13, AST14, AST22A and AST25
indicate the abundance of calcite, varying in grain size. The samples are often characterized
by the presence of micro-veins, filled with more coarse-grained calcite (200–750 µm),
showing in general a specific orientation but irregularity in their thickness (Figure 8c).
Samples AST8 and AST13 are characterized by the presence of a grumeleuse texture, i.e.,
micritic clots that are surrounded by microsparitic calcite (Figure 8d). A grumeleuse
texture is typical for recrystallization processes, where coarser calcite crystals are developed
against smaller crystals. Samples AST21 and AST27 have an orange-beige color and
comprise large calcite grains (2–4 mm). As concluded from the mineralogical analysis,
the sample AST26 consists of dolomite (Figure 8e), with calcite in trace amounts. Calcite
and dolomite differentiation cannot be achieved only through petrographic study, thus
the mineralogical analysis by means of XRPD made a decisive contribution. The sample
consist of inequigranural polygonal calcite grains, with an almost isometric growth in
size, indicating a well-crystallized, more cohesive geologic formation compared to the
aforementioned. Furthermore, micro-brecciated zones are observed, imprinting the tectonic
processes involved in the formation of the lithotype, where the fragmentation of calcite
occur.
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Figure 8. Representative photomicrographs of the studied samples: (a,b) sandstone specimens (sam-
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AST25); (d) micritic limestone with the characteristic grumeleuse texture (sample AST13); (e) brec-
ciated zones in coarse-grained limestone (sample AST26); (f) biomicrite  comprising a variety of fos-
sils and clastic fragments (sample AST9A2); (g) biosparite , comprising fossils and sparitic calcite 
(sample AST4B); (h) breccia lithotype characterized by subangular fragments, in fine-grained 
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calcite  (cal); dolomite  (dol); fe ldspars (fs); quartz (qz). 

Figure 8. Representative photomicrographs of the studied samples: (a,b) sandstone specimens
(samples AST6, AST7); (c) coarse-grained calcite crystals filling micro-veins in micritic limestone
(sample AST25); (d) micritic limestone with the characteristic grumeleuse texture (sample AST13);
(e) brecciated zones in coarse-grained limestone (sample AST26); (f) biomicrite comprising a variety
of fossils and clastic fragments (sample AST9A2); (g) biosparite, comprising fossils and sparitic
calcite (sample AST4B); (h) breccia lithotype characterized by subangular fragments, in fine-grained
groundmass of quartz and feldspars (sample AST4A). Mineral abbreviations are according to [44]:
calcite (cal); dolomite (dol); feldspars (fs); quartz (qz).
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Figure 9. Representative X-ray powder diffractograms of sandstones.Mineral abbreviations are
according to [44]: calcite (cal); chlorite (chl); plagioclase (pl); illite (ilt); quartz (qz).

Table 3. The mineralogy of the samples as resulted from the evaluation of the X-ray powder diffrac-
tograms. Mineral abbreviations are according to [44]: alkali-feldspars (afs); aragonite (arg); calcite
(cal); chlorite (chl); dolomite (dol); illite (ilt); muscovite (ms); plagioclase (pl); quartz (qz).

Sample XRD Lithotype

AST-3 qz, pl, cal, ms/ilt, chl Calcitic sandstone
AST-4B cal Biosparite
AST-7 qz, pl, cal, ms/ilt Calcitic sandstone

AST-9A1 qz, pl, afs, cal, arg Biomicrite
AST-9A2 qz, pl, afs, cal, arg Biomicrite
AST-9B qz, pl, afs, cal, arg Biomicrite
AST-10 qz, pl, cal, ms/ilt, chl Calcitic sandstone
AST-11 qz, pl, cal, ms/ilt, chl Calcitic sandstone
AST-13 cal Limestone

AST-16B cal, qz Calcitic olistholite
AST-21 cal Calcarenite

AST-22A cal, arg Limestone
AST-22B cal Limestone
AST-25 cal, dol Limestone
AST-26 dol, cal Crystalline limestone/Marble?
AST-27 cal Calcarenite
AST-28 qz, pl, cal, ms/ilt, chl, clay minerals Calcitic sandstone

Samples AST9A1, AST9A2, and AST9B display channel-like porous, typical char-
acteristic for loose, non-cohesive lithologies and comprise micritic calcite, bioclasts, and
endoclasts (Figure 8f). The textural characteristics of the samples are indicative to biomi-
crites, coinciding to deposition in shallow hot water environments. The clastic fragments
are in agreement with the lithologic formations of Astypalaia, comprising mostly mudstone
and sandstone. In the mineralogical analysis of the samples, aragonite was also identified.

On the other hand, samples AST4B and AST15 comprise microsparitic calcite and
bioclasts, indicating a fossiliferous origin typical for biosparites, differing though in the
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grain size of the carbonate constituents (Figure 8g). The structure of the lithotype is
more cohesive and no porosity was observed macroscopically, or even microscopically.
Furthermore, we also observed micro-zones filled with brecciated calcite, coinciding with
the tectonic processes involved.

Sample AST16B represents a calcitic olistholith, abundant in euhedral to subhedral
coarse-grained calcite crystals (250 µm–2 mm), in a fine-grained quartzitic groundmass.
Samples AST4A and AST4C comprises fragments of carbonate rocks, sandstone and mud-
stone, quartzitic matrix, as well as calcite and minor clay mineral as cementing material,
indicative for breccias (Figure 8h). The samples are moderate to poorly sorted, with
sub-angular to sub-rounded constituents. The fragments are usually cracked and cut by
micro-veins, rich in calcite and silicic material. Minor opaque minerals also occur alongside
the cracks and the micro-veins. Quartz and feldspars are usually characterized by undulose
extinction and fragmentation.

4.3. Preliminary Results on the Provenance of the Raw Materials

Our preliminary results for the main mineral raw materials are summarized in Table 4.
The stone artefacts characterized as local are related to geo-materials whose lithologi-
cal characteristics are consistent with the lithology of Astypalaia Island. These include
sandstone, limestone/marble, marl, and shale.

Table 4. Classification of the stone artefacts according to lithological characteristics of the raw
material, in local and non-local.

Local Non-Local

Calcitic sandstone Chalcedony
Shale Bauxite/Meta-bauxite
Marl Steatite

Limestone/marble Paragonite
Pumice and volcanic rocks (rhyodacites to andesites, tuffs)

Geo-materials characterized as non-local include chalcedony, bauxite/meta-bauxite,
steatite, and mica (paragonite most probably), the closest to Astypalaia occurrences of
which are illustrated in Figure 10.

Steatite, the so-called ‘soapstone’ due to its texture, is a magnesium-rich rock com-
prising mostly talc and to a lesser extent other minerals including amphiboles, chlorite
and serpentine. The application of the NIRS at the steatite beads indicated the presence of
talc, displaying the related characteristic absorption features at the spectra. In the Aegean
Sea, steatite occurs at Tenos, Naxos, Sifnos, and Crete. According to [45], the mineralogical
composition of steatite in Crete varies, exhibiting mineralogical heterogeneity, related to
the complex geologic structure of the island and the associated host rocks. The main
mineral phase comprises mostly of antigorite or tremolite, and other minerals related to
the protolith. We can conclude that the origin of the steatite beads is not connected with
the occurrences from Crete, due to the presence of talc, identified through the NIRS, thus
most possibly the provenance of steatite is to be linked with Tenos, Naxos, or Sifnos.

Bauxites are sedimentary rocks which are characterized by the presence of Al-rich
minerals, i.e., gibbsite [Al(OH)3], boehmite [γ-AlO(OH)], and diaspore [α-AlO(OH)], thus
their high Al content. Bauxites that have undergone metamorphic processes, processes
related to changes in the pressure and temperature that contribute to differentiation in
the mineralogy and the textural characteristics of the rock, are called ‘meta-bauxites’, and
such occurrences are extremely rare. In the Aegean Sea islands, bauxite occur at Amorgos,
whereas meta-bauxites occur at Naxos [46].

75



Quaternary 2022, 5, 42

Quaternary 2022, 5, x FOR PEER REVIEW 17 of 22 
 

 

4.3. Preliminary Results on the Provenance of the Raw Materials 
Our preliminary results for the main mineral raw materials are summarized in Table 

4. The stone artefacts characterized as local are related to geo-materials whose lithological 
characteristics are consistent with the lithology of Astypalaia Island. These include sand-
stone, limestone/marble, marl, and shale. 

Table 4. Classification of the stone artefacts according to lithological characteristics of the raw ma-
terial, in local and non-local. 

Local Non-Local 
Calcitic sandstone Chalcedony 

Shale Bauxite/Meta-bauxite 
Marl Steatite 

Limestone/marble Paragonite 
Pumice and volcanic rocks (rhyodacites to 

andesites, tuffs) 
 

Geo-materials characterized as non-local include chalcedony, bauxite/meta-bauxite, 
steatite, and mica (paragonite most probably), the closest to Astypalaia occurrences of 
which are illustrated in Figure 10.  

 
Figure 10. Oblique satellite  image (Google Earth Pro) of the islands in the Aegean Sea, with the main 
occurrences of chalcedony, steatite, bauxite , meta-bauxite, pumice, and paragonite. 

Steatite, the so-called ‘soapstone’ due to its texture, is a magnesium-rich rock com-
prising mostly talc and to a lesser extent other minerals including amphiboles, chlorite 
and serpentine. The application of the NIRS at the steatite beads indicated the presence of 
talc, displaying the related characteristic absorption features at the spectra. In the Aegean 
Sea, steatite occurs at Tenos, Naxos, Sifnos, and Crete. According to [45], the mineralogical 
composition of steatite in Crete varies, exhibiting mineralogical heterogeneity, related to 
the complex geologic structure of the island and the associated host rocks. The main 
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occurrences of chalcedony, steatite, bauxite, meta-bauxite, pumice, and paragonite.

On the other hand, chalcedony is a cryptocrystalline variety of silica, mainly consisting
of quartz and moganite, i.e., fine-grained crystalline aggregates undiscernible even through
microscopic study. Moganite is also a silica mineral comprised of SiO2, differing though
in its crystalline structure, which is trigonal for quartz and monoclinic for moganite. The
nearest to Astypalaia occurrence of chalcedony is located at Melos island [47].

Paragonite and white mica are typical minerals occurring in medium to low grade
metamorphic environments. Even though these minerals participate in a variety of geologic
formations in many islands of the Aegean Sea, the most known occurrences, especially of
paragonite are located in the Lesbos [48], Syros [49], and Samos [50] islands.

Regarding the artefacts that are made of pumice, they are an interesting case since
although pumice does not belong to the local lithology of the island, abundant cobbles of
pumice along with volcanic rocks of varying chemical composition were found in large
quantities in Gialoudi Bay (Figure 11) during surface research. In general, the eruptive
products are highly influenced by the physicochemical properties of the erupting magma,
concerning the chemical composition, viscosity, and gas contents, etc. Furthermore, their
detailed study provides valuable information about the eruptive conditions of pre-existing
volcanic activities or even contributes to addressing a possible future volcanic danger. The
nearest to Astypalaia locations, known for their volcanic activity, are Thera, Melos, and
Kos. The conditions of transportation of pyroclastic material at extremely long distances
(tens of km) are studied by various researchers [51–53] and is still controversial.
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5. Conclusions

Non-invasive techniques, including use of a portable microscope and NIR spec-
troscopy, successfully helped us to evaluate the kind of the raw material that was used
for the archaeological artefacts. The geochemical composition in the majority of the stone
tools was compared to the available spectral library and successfully identified by the
interpretation of the retrieved spectra. The local geo-materials include limestone, marl,
sandstone, and shale. The variation on the spectral properties of the raw material, which
consists of limestone, indicate the exploitation and extensive usage of similar lithologies
relative to their mineralogical component from many and different sites in the island. Diag-
nostic absorption features in specific wavelength positions of the electromagnetic spectrum
helped us to distinguish materials that indicate an allochonous nature, not compatible with
the local lithologic formations of Astypalaia, including chalcedony, bauxite/meta-bauxite,
steatite, and paragonite.

The materials of volcanic provenance pose a more intricate challenge: although they
do not belong to the geological “profile” of Astypalaia, they are in a sense “local”, having
been deposited in the area tens of thousands of years before the arrival of the people who
used them. The study of volcanic pebbles from Gialoudi Bay and the search for similar
locations of occurrences in other coastal areas of the island is still under research.

The majority of the artefacts collected during the 2011–2015 surveys at Vathy are
made of locally available rocks. The larger and more numerous artefacts—discs, grinding
slabs, the pebbles used for grinding/pounding—are of local origin, while the adze, beads
(personal items), artefacts with geometric shape, and some of the sturdier pounders are
of exogenous provenance. The inhabitants of Vathy in the FNL/EBA exploited both local
(including the intrusive volcanic deposits at Gialoudi) and non-local raw materials, taking
advantage of their properties according to the task at hand and following long-established
practices. These initial results are indications that Astypalaia, although distanced, was not
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isolated even at these early times, and they encourage us to apply the process of geological
recognition and NIRS analysis on the assemblage from the excavations as well.

It cannot be deduced, by surface finds alone, whether the exogenous materials were
brought to Vathy as personal items of people from the Cyclades or whether they formed
part of an exchange network that included obsidian and pottery as well. Nor can the
affinities of a past society with specific areas be pin-pointed through laboratory analy-
ses and scientific models alone, including the study of the quantitative and qualitative
characteristics of the larger assemblage (to date some 750 artefacts and utensils have been
recovered (E.A. personal communication). of ground tools and implements as it emerges
from the on-going excavations at Vathy, and their comparison with similar assemblages
from neighboring islands (E.A. has undertaken a comparative study from similar artefacts
from Leros, Nissyros, and Rhodes.) will determine any similarities and/or differences.

Due to our interdisciplinary synergy, we are better prepared to understand the activi-
ties of the inhabitants of Vathy in the Early Bronze Age as these emerge from the ongoing
excavations. The complexity of the features and structures that are being located (infant jar
burials, petroglyphs, defensive structures [23], and the increasing number of ground stone
artefacts [24] made on various materials) completely justify the analysis undertaken and
described in the course of this paper.
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Abstract: Disasters do and have happened throughout human existence. Their traces are found
in the environmental record, archaeological evidence, and historical chronicles. Societal responses
to these events vary and depend on ecological and cultural constraints and opportunities. These
elements are being discovered more and more on a global scale. When looking at disasters in antiquity,
restoring the environmental and geographical context on both the macro- and microscale is necessary.
The relationships between global climatic processes and microgeographical approaches ought to be
understood by examining detailed societal strategies conceived in response to threatening natural
phenomena. Architectural designs, human geography, political geography, technological artefacts,
and textual testimony are linked to a society’s inherited and real sense of natural threats, such as
floods, earthquakes, fires, diseases, etc. The Shang and Mycenaean cultures are prime examples,
among others, of Bronze Age societies with distinctive geographical, environmental, and cultural
features and structures that defined their attitudes and responses to dangerous natural phenomena,
such as floods, earthquakes, landslides, and drought. By leaning on two well-documented societies
with little to no apparent similarities in environmental and cultural aspects and no credible evidence
of contact, diffusion, or exchange, we can examine them free of the onus of diffused intangible and
tangible cultural features. Even though some evidence of long-distance networks in the Bronze Age
exists, they presumable had no impact on local adaptive strategies. The Aegean Sea and Yellow
River cultural landscapes share many similarities and dissimilarities and vast territorial and cultural
expansions. They have an apparent contemporaneity, and both recede and collapse at about the
same time. Thus, through the microgeography of a few select Shang and Mycenaean sites and their
relevant environmental, archaeological, and historical contexts, and through environmental effects
on a global scale, we may understand chain events of scattered human societal changes, collapses,
and revolutions on a structural level.

Keywords: cultural; tangible; Yellow River; catastrophic; religion; climatic; dynasty; flood; Shang;
Mycenae; myth; history

1. Introduction

The manner of human interaction within a geographical area is determined by a series
of cultural processes where the very geography of the location limits the evolution and
layers of cultural values in each environmental niche. The layers of effects of structural
geology, topography, climate, vegetation, hydrology on the settlements, economies, ideolo-
gies, myths, and cultures of the Aegean Sea and Yellow River regions must be included
comprehensively. The Mycenaeans and Shang dealt with rivers, wetlands, dry areas, lack
and excess of water, unpredictable rainfall and soil erosion, coastal environments with
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the background of change and fluctuations in sea level, alluvial, and river systems, and
other physical phenomena tied to the exploitation of an ecological niche. However, the idea
of a unified, homogeneous response to individual environmental processes and common
economic strategies would be misplaced.

Natural disasters are part of an ecological niche and include droughts, plagues, storms,
volcanic eruptions, landslides, meteor impact and more [1–4]. They are perennial threats
to any society whose traces must be sought in the environmental, archaeological, and
historical records. Archaeology and environmental archaeology recognise changes in
cultural and ecological systems. It is worth noting that in a period of environmental
stability and conservation, the continuous habitation of an area for centuries is equally
important to recognising changes in vegetation systems, erosion phases, and other natural
phenomena [5] (Figure 1). Discussions like the present one link our contemporary ecological
challenges and forthcoming disasters. They shine light on the successes and failures in
the management of space, the insights and misunderstandings regarding the processes
of nature, and the calamities that have consistently beset organised human life, a hard
lesson humanity is seemingly obstinately unable to learn, even in the face of incipient and
ongoing environmental disasters.

This paper aims to demonstrate some of the key discussions revolving around natural
disasters witnessed in environmental data, archaeological evidence, epigraphic evidence,
and historical texts. It focuses on primary discussions regarding the Shang and Mycenaean
cultures and associated natural disasters. The paper develops from intertwined sections
concerning environmental archaeology and natural disasters, physical and textual evidence
of destructions, mythical destructions, and disaster management, prehistoric disaster
management involving technology and mythology, natural disasters that led to collapse,
archaeoseismicity, which is a catalyst for collapse and resilience, the case for China coupled
with protoscientific applications, religious world-views, and cosmology supported by
epigraphic evidence, texts, and ideas from later periods (Table 1).

Table 1. Table showing basic chronological comparison of Greece and China (dates from Bintliff, 2012;
Underhill, 2013) [6,7].

Greece China

ca. 3200 BC Early Bronze Age (EBA) ca. 2550–ca. 1950 BC Longshan Culture

ca. 2000/1900–ca. 1800/1700 BC Middle Cycladic/Middle
Helladic ca. 2300–1500 BC Qijia Culture

ca. 1800/1700–ca. 1500 BC Late Cycladic 1/Late Helladic 1 ca. 1750–ca. 1200 BC Sanxingdui Culture

ca. 1500–ca. 1400 BC Late Cycladic 2/Late Helladic 2 ca. 1800–ca. 1450 BC Yueshi Culture

ca. 1400–ca. 1250/1200 BC Late Helladic 3A-B ca. 1850–ca. 1550 BC Erlitou Culture

ca. 1250/1200–ca. 1050 BC Late Helladic 3C ca. 1600–ca. 1400 BC Erligang Culture/
Early Shang Culture

ca. 1400–ca. 1250 BC Huanbei Culture/
Middle Shang Culture

ca. 1250–1046 BC Yinxu Culture/
Late Shang Culture

1046–771 BC Wesstern Zhou Culture
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2. Disasters through the Environment and Archaeology
2.1. Environmental Archaeology and Natural Disasters

Historical ecology, related to functional anthropology, provides archaeologists with
concepts for evaluating cultural evolution [4]. Within cultural zones, technology and life-
ways are associated and developed with their environmental context. By extension, the
decline of a civilisation can be understood as an ecological disaster caused partly by the
misuse of resources and catastrophic natural phenomena. The direct correlation of catas-
trophic events affecting prehistoric or ancient societies, in this case, the Late Bronze Age
Aegean and the middle reach of the Yellow River, with the destruction of the Mycenaean or
Shang civilizations, is widely discussed [10,11].

How and who applied environmental knowledge is a crucial question, as the partic-
ipation of people in environmental change is self-evident and dynamic. Handling and
responding to local environments reveal timeless cultures in specific landscape contexts.
Environmental processes test social endurance: drought affects the supply of food, ideolog-
ical and ritual mechanisms are developed to dampen the impact, and a social memory of
disasters is created, which results in questioning the ability of the ruling class to appeal
to a deity to mitigate threats from the natural world. The practical problem-solving of the
Shang and Mycenaeans demonstrates the empirical approach to effectively minimising
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the effects of earthquakes, floods, and other natural threats with different material and
conceptual toolsets, as well as potential societal backlashes.

Distinguishing in the collapse of states and political units, the collapse of civilizations
and ‘Great Traditions’ is not a straightforward matter. [12]. The terms ‘collapse’ and ‘fall’
are misleading, because the fragmentation of empires and states into smaller political units
does not necessarily translate into a reduction in complexity [10], although in archaeology, it
means a reduction in cultural and political complexity. A political collapse, i.e., the collapse
or weakening of the state (political hegemony), incurs a chain reaction felt by different
strata of society and is visible through archaeological evidence. However, cultures are
distinct constellations of material and immaterial phenomena. Collapse does not necessarily
lead to an all-out loss of complexity, customs, or the disappearance of the population [10].
Collapse on such a large scale paints historical and ecological collapses with broad strokes
and reduces the lived experiences of communities as irrelevant to the continuity of larger
abstract entities, such as culture, civilisation, or nations.

2.2. Physical and Textual Evidence of Destructions

For the causes of the Late Bronze Age collapse across the eastern Mediterranean,
which spelt the end of the Mycenaean civilisation, a wide array of explanations have been
proffered [13–17]. However, linking specific evidence of floods, earthquakes, or volcanic
eruptions with prehistoric and legendary records remains complex and contentious, as
the impacts and effects of disasters are not well understood [18]. For instance, whether
the volcanic eruption on Santorini led to the sudden or gradual collapse of the Minoan
civilization has been much debated since Marinatos [19]. Due to the reduced solar radiation
and temperatures, the eruption’s effects may have had local, regional, and global implica-
tions [20] The lack of precise chronologies rends the broader analysis of the relationship
between a geological event or catastrophic natural phenomena and broader social and cul-
tural implications hypothetical. For the eruption of the volcano of Thera/Santorini [21,22],
the proposed date is circa 1620 BC. A different constellation of natural and political events
surround the Thera eruption: a specific catastrophe occur at a precise point in time whose
wider environmental and historical consequences are thoroughly investigated. Despite the
well-documented effects across the Aegean and Eastern Mediterranean and an increasingly
higher chronological resolution, the cause(s) of the Late Bronze Age collapse is unclear and
its link to it yet to be reported [23,24].

The Yu and the “Great Flood” myth hypothesis states that an earthquake burst a dam
in the Tibetan Plateau, resulting in the cataclysmic flood of the Yellow River basin area circa
2000 BCE, and has been increasingly debated since Wu et al. [11]. The scale and timing of
the flood suggests some correspondence with the mythical “Great Flood” of the Yellow
River and taming of the waters by the legendary figure of Yu. The story of the hero Yu
dredging the water and earning himself the divine right to rule marks the establishment
of the legendary Xia dynasty, according to the Shujing (Book of Documents) and the Shiji
(Records of the Grand Historian Sima Qian). In the traditional Chinese historiographical
and archaeological context, moral weight is given to the emergence of the Chinese civili-
sation from the cataclysmic floods and cultures and societies. Whether natural disasters
are a force or catalyst for civilisational destruction, collapse, renewal, and emergence is
a historiographical, philosophical, and theological schema and quandary that attributes
judgement on ancient destructive natural phenomena. Contrarily to the value judgement
placed on terrifying natural phenomena, the environmental and archaeological facts inform
us of patterns, changes, shifts, and fluctuations in a scientific setting that ought to be reason-
ably and relatively void of socio-historical judgement and moralization. The comparison
between the interpretations of the cases of the Thera eruption and the 2000 BCE flood,
coinciding with the Xia dynasty, the Yellow River flood reveals more about the inherited
historiographical, sociological, and disciplinary differences between the Archaeology of
Greece and the Archaeology of China than about the prehistoric civilisational mechanisms
of collapse or emergence (Figure 2).
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3. Early Cultural Engagement with Disasters
3.1. Mythical Destructions and Disaster Management

The experience of earthquakes, volcanic eruptions, and floods is traumatic and in-
cites interest and disquiet in societies. Contemporary analyses and interpretations of
past, current, and future destructive natural phenomena follow the historical schemas of
ancient historical, philosophical, and theological treatises that considered conflagrations,
cataclysms, inundations, and calamities with eschatological claims, moralising virtues, and
renewal or renaissance stories, etc. [24]. In archaeology, doomsday is an old-fashioned way
of thinking recently reinstated in the face of our contemporary degrading climate [18]. Some
search for mythical and legendary catastrophic events as [25] true accounts and historical
explanations are affirmed for the rupture and transformations of ancient civilisations, (i.e.,
Euhemerism). for example, the Biblical Floods, the destruction of Atlantis. and the Yu
and Great Flood myth. The flooding of the Yellow River is a common and measurable
phenomenon through various methods [26]. The evolution of its course and delta has
resulted in large-scale floods in different periods, including the Longshan period [27,28].
One can take issue with the standpoint that considers the Yu and the Great Flood myth a
historical fait accompli dated to circa 2000 BC (for example, Wang, 2005 [29]) However, the
relevant figures of King Yao, Gun, and Yu are not proven historical personages, significant
water-control activities worthy of such legend are unavailable, greater water management
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capabilities of other cultures within the Chinese world are not considered, [30], and other
rivers in within the floodplains [31] are omitted. Thus, there are severe scientific issues in
taking the historicity of China’s Yu and the Great Flood myth as a historical fact.

Such claims are circular in reasoning and controversial in their historical claims and
moralisation. Other Euhemeristic practices are found in the minor and nebulous fields of
geomythology [32] and archaeomythology [33]. In archaeology, such concerns are found
in the long-standing debates concerning the historicity of the Homeric epics or the Xia
and Shang dynasties, known as the “Homeric Question” and the “Doubting Antiquity
School”. Investigating prehistoric and historic societal responses to natural disasters can
be fraught with biases and masked by the scientific veneer of environmental science, the
venerability of ancient sources, and recent-to-contemporary sociocultural, ideological, and
political implications and concerns. Archaeology emerged from an imperialist and colo-
nial perspective and autochthonous (cultural, nationalist) perspectives that can influence
contemporary inquiries. No field of study or discipline has emerged from a socio-cultural
and ideological vacuum. A thorough comparative archaeological study necessitates a
close review of historical and archaeological literature to bring to the surface some of the
historical, cultural, and ideological biases surrounding a Sino-Hellenic study [34,35], which
is beyond the scope of this paper.

3.2. Prehistoric Disaster Management: Between Technology and Mythology

How did the prehistoric Xia and Shang, and Minoan Mycenaeans engage with their
environments? A utilitarian axiomatic claim sees a distinction between our contemporaries
and our prehistoric ancestors that lies in tangible and intangible ‘tools’. Yet, a prehistoric
mind is not inferior (or superior) to ours [36] (paraphrased: ‘prehistoric tools, not prehis-
toric people’). This implies that prehistoric technological developments, infrastructures,
and state systems, as well as myths, cults, and religious and literary traditions, are part
of a society’s practical toolset it may call upon to predict, prevent, or mitigate the effects
of inevitably forthcoming natural disasters. Reconstructing these ’toolsets’ may render
intelligible the ‘holy’ (spiritual-metaphysical) and the practical, or ‘profane’, processes
(knowledge, materials) that lead to a society’s eco-political successes and failures. Histori-
cal ecology evaluates environmental expertise and its involvement with the landscape and
the environment of the community. The adaptation strategies of groups and developed tech-
nologies and lifestyles are not by default repeated in other similar eco-cultural settings [4].
Although Mediterranean cultures have common elements in landscape management, their
strategies depend on various timeless historical, cultural, and economic processes. Anti-
seismic structures, for example, the experiential knowledge of the Minoans in rebuilding
their habitat and mitigation strategies against seismic damage, include building on the
bedrock, using wooden frames, posts, and cross-beams set on stone socles, and mud-brick
walls. Mud-brick is a global phenomenon, so it cannot be considered a Mediterranean
anti-seismic technology. Instead, it sits within a wide array of tools available to each group
of prehistoric people.

Technology features in myths, and the archaeological material reflects the visionary
ambitions of the Shang and Mycenaean technophiles and the fundamental importance of
technology [37] for the ‘clans’ of the middle reaches of the Yellow River and the Aegean Sea.
The legendary achievements of conquest, trade, and arts relied on a fundament of successful
agricultural practices. Despite the territorial expansion, vassalization and exchange and
diplomacy within and outside the Mycenaean or Shang supremacies, each city and palace
relied on locally produced agriculture for wealth and power. Having progressed beyond
the irregular Neolithic agricultural practices, the dynastic clans of the Bronze Age, now
firmly implanted permanently within palaces and citadels, sought to administer their
‘estates’. Hence, reclaiming soils from the water, diverting river systems, draining valleys,
irrigating plains, flood control, and storing water became increasingly advanced, efficient,
and more significant in scale.
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Military might is expressed through the monumental tombs of the citadel at Mycenae,
art and material, the extensive cultural expansion across the Aegean, the conflicts with
neighbouring larger empires, and the advanced architecture and engineering. Altogether,
they testify to the dynamic and aggressive growth of the Mycenaeans [38]. Linear B
supports the idea of a centralised administration, but leaves unclear the nature of the
Mycenaean state as a kingdom, confederacy, or other. It is mostly discussed through
the lens of Homeric epics [39,40]. The rich monumental tombs at Anyang, the burials
of mass human sacrifices, large and complex military campaigns, coordinated garrisons,
and territorial control, and the incredible and complex cities and productions point to the
stratified society and terrifying power of the Shang dynasty. Yet, the oracular literature
suggests that the territorial disparity and military might be propped up by allies and
subordinates, which sent the ruler on permanent diplomatic missions [41]. More detailed
accounts of the Shang state are available elsewhere [6,41–43].

In the archaeological literature, the conscious and ingenious water management capa-
bilities of the Aegean and the Yellow River Bronze Age civilisations are studied to a greater
extent than anti-seismic knowledge and engineering. The Greek god Poseidon—in Linear
B tablets the ‘Earthshaker’ (Linear B: e-ne-si-da-o-ne) in Knossos [44]—is evidence of the
sociocultural integration of the recurring destructive natural phenomenon into the Minoan
and Mycenaean world-view and their associated cultic practices. The building techniques
of the Mycenaeans, such as wooden framework wall construction, are found at Mycenae,
Tiryns Thebes, and Knossos [45]. Anti-seismic construction techniques are also well at-
tested by the Minoans, with foundations built on bedrock, wall frameworks, symmetrical
plans, etc., that could withstand ordinary and extraordinary seismic events [46]. Minoans
deployed anti-seismic construction methods that improved over time and extended to
monumental buildings and private residences.

4. Disaster as Factor for Human Evolution
4.1. Natural Disaster to Collapse?

Anti-seismic measures are contained within the knowledge and material capabilities
of the Shang and Mycenaeans and include both profound and far-reaching understanding
and enduring misunderstandings about the inner workings of nature and physics. The
Bronze Age societies of the Aegean and Yellow River regions suffered several disasters,
leading to the loss of life and material and habitable or cultivable space. Yet, their way
of life endured. Consequently, in investigating natural causes for a societal collapse,
the question ought to be ‘Why did this particular natural disaster prove to be the cause
for collapse?’.

The Aegean region is marked by frequent seismic activity [47–49]. Growth in interdis-
ciplinary work in Aegean archaeology is exemplified through archaeoseismology [50,51]
and recently in Yellow River archaeology. Natural disasters in an archaeological context
are social phenomena [52]. The societal impact of a prehistoric earthquake varies for each
community. While they may cause a degree of local decline, or even collapse, they do
not cause civilisational collapse [53]. A host of hypotheses exist that range from natu-
ral to societal causes, which do not need to be repeated (for a summary, see Middleton,
2020 [11]) (Figure 3).
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Figure 3. The Volcanic Arc and the Hellenic Trench in Greece with sites mentioned in the text. The
Aegean Sea Plate (also called the Hellenic Plate or Aegean Plate) is a minor tectonic plate in the
eastern Mediterranean Sea under southern Greece and far western Turkey. Its southern edge is a
subduction zone south of Crete, where the African Plate is swept under the Aegean Sea Plate. Seismic
and volcanic centers lie along the euro-african subduction zone. The Volcanic Arc (orange dashed
line) of the northern Eurasian Plate is a divergent boundary responsible for the formation of the Gulf
of Corinth. Note the northern Aegean Trench, the Hellenic Trench, and Pliny and Strabo fault zones
in eastern Crete (based on [54,55], scale: Athens-Thebes = 205 km (Basemap: United States National
Imagery and Mapping Agency data)).

Destruction of settlements happens, and earthquakes are not the preferred explana-
tion. At first, Evans was reluctant to link the destruction of Knossos palace with seismic
activity [51,56]. In addition, society’s resilience against natural disasters also indicates
human response to them [49,57]. The early Minoan palaces were destroyed between 1900
and 1700 BC by earthquakes [57–59]. The Minoan architectural discipline continuously
evolved, incorporating new aesthetic features and practical anti-seismic features [50,60],
such as building on bedrock, construction of smaller free-standing blocks, use of wooden
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frames and cross-beams, façade projections and indentations [61], use of external friezes,
lighter upper floors, and use of supportive pillars, among others [62].

Centuries after the Thera eruption, the destruction of the potentially overextended
final Mycenaean palaces due to earthquakes or other events (i.e., invasion, Dorian invasion,
return of the Heraclidae) do not signify the protracted end of the Mycenaean lifeways a
couple of centuries later [63]. The Dorian invasion hypothesis has been rejected [64–66], and
the notion of seismic storms causing the Late Bronze Age collapse (see: [57,59] is viewed
with increasing scepticism [53]. The Mycenaean collapse is associated with the broader Late
Bronze Age collapse of significant kingdoms and cities in the Eastern Mediterranean [67].

Critics reproach the indiscriminate explication of site abandonment or destruction to
earthquakes when other factors are unknown [53] and deem it “neocatastrophism” [68,69].
Contrarily, the earthquake hypothesis is preferred, for the sake of parsimony, and stands
against a myriad of unproven or unprovable complex hypotheses that can be affixed to the
Mycenaean palatial collapse [57]. Subsequently, insufficient evidence and low temporal
resolution have led to strained and circular explanations of earthquake-induced collapse or
decline [70].

Mythological reports surround the Argolid area in the Peloponnese alleged natural
disasters from river flooding [71], including other prehistoric geomythological issues
of further deluges (Dardanus, Ogyges, Telchines). In addition, the fourth century BC
earthquake and associated tsunami in the Corinthian gulf swallowed the ancient coastal
city of Helike [72] and in the Levant [73].

A phenomenon as complex as civilisational decline or collapse is rife with reductionistic
views and historiographical assumptions regarding what and how civilisational genesis,
apex, nadir, and necrosis occur and are observable, or are useful as an interpretational
paradigm. Adopting an interpretive framework of civilisational decline entails a series
of complex phenomena of which catastrophic destruction is merely one aspect. In turn,
discussing sudden collapse or gradual centuries-long decline also involves the disappear-
ance of enough specific defined civilisational characteristics to render it ‘other’. Cultural
evolution is thus explained as a non-linear process [74].

4.2. Archaeoseismicity: A Catalyst for Collapse and Resilience

Disaster archaeology, in the case of the Mycenaean earthquake hypothesis, invokes
several lines of questioning and observation to propose a conjunction of facts and events
that risk forcing correlations into causation. An outcome of this discussion is the emergence
of the multidisciplinary field of ‘archaeoseismology’ [53,75]. Archaeoseismology seeks
to comprehensively and with interdisciplinarity determine the core seismic culture of an
area [76]. Eyewitness accounts and later historical records have historical and sociological
value in understanding emotive and pragmatic responses to the knowledge of an eventu-
ally forthcoming destructive natural phenomena and its aftermath and fallout. Historic
seismicity allows us to extend the earthquake record considerably [77]. Paleoseismology
examines the geomorphological and geological evidence for seismic fault activity [78], but
its main weakness lies in providing a higher-resolution chronology for seismic events.

Indicators derived from destruction or damage of archaeological sites may provide
a higher chronological resolution and the attraction of archaeoseismologists [50,79,80],
but ascertaining whether victims, broken pots, and warped structures are the result of
earthquakes or other physical pressures and processes is not an unambiguous observation
to make [81]. In reality, archaeoseismological simulations of characteristic earthquake
damage concluded that it could not be verified [82]. Numerous examples of seismic
damage to Minoan and Mycenaean settlements and evidence of repair and reoccupation
such as Knossos, Tiryns, and Mycenae exist. Yet, Hinzen et al.’s [83] assessment concluded
that the evidence for seismic damage is often inconclusive and that earthquakes causing
such widespread destruction to the end of the Mycenaean palatial system is unlikely.
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4.3. Disaster Archaeology: The Case of China

The case of China, in comparison, offers different scales of magnitude and geography,
and forces different perspectives on the notion of disaster. Earthquakes and floods have
caused the demise of vast settled areas. Yet, a coherent culture continued to exist despite the
calamities. On February 2nd 1556, an earthquake in Shanxi, Henan, and Shaanxi provinces
resulted in the death of circa 800,000 people [84]. China’s high population density can lead
to tragedies of enormous proportions. However, determining this level of disaster in a
prehistoric archaeological context is elusive. Archaeoenvironmental evidence regarding
palaeoearthquakes in Xia- and Shang-era China is growing. For example, recent work
in Henan Province revealed two faults, two grabens, and ground fissures, indicating a
palaeoearthquake at Xuecun. The cultural layers and AMS 14 C from the ash pit date from
the palaeoearthquake between 1520 and 1260 BC [85].

The buildings were built with regularly spaced timber posts, strengthened by hori-
zontal cross-beams. The lack of nails and the use of interlock with mortises and tenons
gave the building more flexibility and resistance to earthquakes. Earthquakes can also
cause other natural disasters, such as floods. Architectural heritages such as rammed earth
techniques appear independently in China and the Mediterranean regions, and constantly
evolve [86]. In China, it is known as hangtu and in English as cob and is a widespread,
simple, and earthquake-resistant building material found along the alluvial plains of north
China since the Neolithic Longshan period (c. 3000–1900 BC) [87–89] at sites such as
Pingliangtai [90], Lianyungang, Jiangsu, Taosi, and much more [91] as well as Bronze Age
sites, such as Erlitou, Longwan, Anyang-Yinxu [92], and later historical periods (Warring
States: 475–221 BC) [93]. The rammed earth structures (hangtu, cob, adobe, etc.) are known
for their anti-seismic qualities, but whether that was consciously done by the first builder
in China or elsewhere is unclear [94] (Figure 4).

Quaternary 2022, 5, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 4. Present-day active seismic faults and deep saline aquifers related to the approximate ex-
tent of the Shang culture (dashed line) and beyond (based on source: [95], distances 5° = 555 Km. 

The Lajia Ruins, for example, are evidence of a natural disaster that destroyed hu-
man settlements. In the upper Yellow River, the destruction of the site of Lajia of the Qi-
jia culture has been studied through various palaeoenvironmental means (micromor-
phology, OSL, paleosol). Around 2200–2000 BC, mudflows caused by rainstorms, flash 
floods, and earthquakes and the intensive exploitation of the landscape during the Neo-
lithic resulted in the tragedy at Lajia 28, [96–100]. 

However, the prime suspect for the cause of the demise of the Shang has usually 
been sought and expressed through traditional historiography that derived from the ac-
counts of Sima Qian (circa 145–86 BC). Nonetheless, the climatic shift in the northern 
central plains of China in the mid-Holocene is a clear marker of the far-reaching impact 
climatic change can have on modes of life. The historical connections between climate 
change and shifting frontiers between farmers and pastoralists of the northern Loess 
Plateau have received little attention [101]. Recent work has also proposed a connection 
between the collapse or decline of the Late Shang Dynasty and changing and deteriorat-
ing environments in the northern plains. Sedimentary data from the Loess Plateau indi-
cates a sudden increase in aridity circa 1100 BC caused by the shifting maritime mon-
soon in favour of the continental monsoon. This climatic shift is also recorded in ice 
cores [102] and confirms its link to the aridity of northwest China [103]. Lake sediments 

Figure 4. Present-day active seismic faults and deep saline aquifers related to the approximate extent
of the Shang culture (dashed line) and beyond (based on source: [95], distances 5◦ = 555 km).

90



Quaternary 2022, 5, 33

The Lajia Ruins, for example, are evidence of a natural disaster that destroyed human
settlements. In the upper Yellow River, the destruction of the site of Lajia of the Qijia
culture has been studied through various palaeoenvironmental means (micromorphology,
OSL, paleosol). Around 2200–2000 BC, mudflows caused by rainstorms, flash floods, and
earthquakes and the intensive exploitation of the landscape during the Neolithic resulted
in the tragedy at Lajia 28, [96–100].

However, the prime suspect for the cause of the demise of the Shang has usually been
sought and expressed through traditional historiography that derived from the accounts of
Sima Qian (circa 145–86 BC). Nonetheless, the climatic shift in the northern central plains
of China in the mid-Holocene is a clear marker of the far-reaching impact climatic change
can have on modes of life. The historical connections between climate change and shifting
frontiers between farmers and pastoralists of the northern Loess Plateau have received little
attention [101]. Recent work has also proposed a connection between the collapse or decline
of the Late Shang Dynasty and changing and deteriorating environments in the northern
plains. Sedimentary data from the Loess Plateau indicates a sudden increase in aridity circa
1100 BC caused by the shifting maritime monsoon in favour of the continental monsoon.
This climatic shift is also recorded in ice cores [102] and confirms its link to the aridity of
northwest China [103]. Lake sediments from the Inner Mongolia Plateau show an abrupt
reduction in water levels from circa 1100 BC to 400 BC [104,105]. Although not as sudden
as an earthquake or flood, the relatively sharp increase in aridity would have destabilised
the economy, production, and natural resources of the Shang Dynasty’s traditional area
of control, resulting in crop failures, livestock failures, mass migrations southwards, and
encroachment by northern pastoralists. Altogether, increased aridity, leading to famines,
instability, and uprising, could have set the scene for the collapse of the Shang Dynasty and
the eventual Zhou takeover of the Shang realm [101]. The Yellow River culture of the Shang
gradually expanded southwards in pursuit of copper and other resources, and before its
demise, underwent a cultural revival [89,106–108].

Finally, understanding ancient seismicity varies according to each discipline’s
interest [53]. An exploration of the impact of disasters on the Mycenaean and Shang
incorporates seismological, engineering, historical, and anthropological approaches [5].
Unlike sociological observations and conclusions, an archaeological investigation seeks to
answer questions that relate to currents of the interests of the discipline, like chronology,
and social adaptability, continuity, and discontinuity (Table 1). The placement of the citadel
of Mycenae on an active limestone fault scarp (cf. [109], that could have split its cyclopean
masonry in half gives us pause to consider the geological knowledge of the Mycenaeans [53]
and more broadly the ecological and cultural understanding of the prehistoric Shang and
Mycenaeans when faced with inevitable natural dangers. The recovery of Mycenaean and
Shang knowledge is inferred from Bronze Age infrastructural projects, epigraphic evidence
(Linear B, Jiaguwen), and later philosophical treatises. Natural phenomena were keenly
observed and a core point of interest. Scientific and religious notions were developed
within their own cultural and ideological frameworks and applied using tools, experiences,
and knowledge. From later sources, earthquakes were not associated with tectonic plates,
but with such causes as excessive Yin and trapped Yang, the winds, and the waters, which
caused the world to shake. The overall cosmology of the Mycenaean and Shang visions of
the world informed their cultic, religious, societal, and ideological approaches to dealing
with natural disasters, while the practical applications visible in the archaeological record
are derived from the experiential knowledge of materials and their properties.

5. Early Understanding of Disaster
5.1. Protoscience and Religion

Protoscientific applications, religious world-views, and cosmology can be linked to
some extent, but they should not be confused. In other words, prayers, sacrifices, or
appeals to Poseidon, Shang Di, or any deity or supernatural mover and properly built
infrastructural works, such as dams, dykes, and canals, and disaster-prepared political
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systems may both aim at avoiding and mitigating future disasters, but their approaches
may have little in common.

The repeated occurrences of natural disasters have led the Chinese to compile probably
the most reliable catalogue of them: the Guoyu Zhouyu (Historical Stories of States: Zhou),
dating to the Spring and Autumn Period (Chunqiu) 770–476 BC. It reflects on how the
Yellow River and other rivers drying up caused the collapse of the Shang [110]. Rivers
drying up, droughts, famines, dust storms, and so on are mentioned in much of Chinese
literature [101] and renders them plausible and the investigation into environmental causes
for the collapse of the Shang Dynasties realm a valid hypothesis. The study of historical
earthquakes in China is fertile ground, thanks to its extensive and accurate historical record.
Since the Shang Dynasty, a variety of natural disasters have been recorded. The Catalogue
of Chinese Earthquake, published in 1960, lists 585 historical earthquakes going as far back
as 1189 BC. The Taiping Yulan, compiled by Li Fang and dating to the 10th century AD, lists
45 earthquakes between the 11th century BC and 618 AD [111,112]. Compared with the
rest of the world, the Chinese records of historical earthquakes are the most complete [113].
The Shiji mentions how an earthquake in 780 BC, during the reign of King Yu of Zhou,
interrupted the courses of three rivers.

“In the second year of the reign of King Yu l (of Chou), the western province’s
three rivers shaken and their beds raised up, Poyang Fu said: ‘The dynasty of the
Chou is going to perish. It is necessary that the chhi of heaven and earth should
not lose their order; if they overstep their order (it is because there When the Yang
is hidden and cannot come forth, or when the Yin bars its way and it cannot rise
up, then there is what we call an earthquake. Now we see that the three rivers
have dried up by this shaking; it is because the Yang has lost its place and the Yin
has overburdened it. When the Yang has lost its rank and finds itself (subordinate
to) the Yin, the springs become closed, and when this has happened the kingdom
must be lost. When water and earth are propitious the people make use of them,
when they are not, the people are deprived of what they need. Formerly when
the rivers I and Lo dried up, the dynasty of the Hsia perished. When the Ho
dried up, the dynasty of the Shang perished.’ Now the virtue of the Chou is in
the same state as that of these dynasties was in their decline. The Chou will be
ruined before ten years are out; so it is written in the cycle of numbers (Sima Qian,
Shiji, Annals, 36 (Translation, [113] pp. 624–625).”

5.2. Epigraphic Evidence

Poseidon, the “Earthshaker” [enesidao], was prolifically worshipped in the Pelopon-
nese. We turn to the prehistoric epigraphic textual evidence from the Linear B tablets and
the Jiaguwen inscriptions (Oracle Bones). Natural phenomena, like earthquakes and floods,
were rationalised by later Greeks and Chinese thinkers. Turning to proto-scientific explana-
tions of natural phenomena, we must rely on contemporary epigraphic text, interpretation
of archaeological evidence, and later philosophical treatises to reconstruct the Mycenaean
and Shang modes of thinking.

Poseidon, the most commonly found name of a god in the proto-Greek Linear B
tablets [114], is known as e-ne-si-da-o-ne (“Earthshaker”) [115] from the 14th century BC
Tablets in Knossos [114,116] and survives into the classical period as the god of the sea,
earthquake, and tsunami [117] (see Figure 3).

The Linear B tablet mentioning Poseidon can also be linked to sanctuaries dedicated
to Poseidon at Methana, Calaureia, and Troezen [118]. The cult of Poseidon and likely to a
female counterpart by the Mycenaean is well established [119,120] and supported by the
appearance of the name po-se-da-o (Tablet PY Es(-) 653 or PY Un(2) 6; also see Duhoux and
Davis (2008) [121]), the cult at Phylakopi and the presence of a Hollow Psi figurine, and
the pair of human figures driving the Methana chariot models [122]. This is also reinforced
by the much later account of Diodorus (15.49.4), who describes the reverence paid by the
Peloponnesians to their patron god, Poseidon.
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“That it was Poseidon’s wrath that was wreaked upon these cities they allege
that clear proofs are at hand: first, it is distinctly conceived that authority over
earthquakes and floods belongs to this god, and also it is the ancient belief that
the Peloponnese was an habitation of Poseidon; and this country is regarded
as sacred in a way to Poseidon, and, speaking generally, all the cities in the
Peloponnese pay honour to this god more than to any other of the immortals
(15.49.4: Diodorus Siculus, tr. 1989 [123]).”

Unlike the Mycenaeans, whose writing was mostly accounting, as it derives from
the Mesopotamian tradition, the Jiaguwen reveals information relating to the divinatory
and ancestral cult of the Shang [124,125], there is virtually no surviving secular use of
writing [126].

In the Oracle Bones (Jiaguwen) inscriptions, commonplace divination is the encounter
of some general ‘disaster’ or ‘misfortune’. For instance, the character huò has been subject
to much debate about the divination practices of the Shang.

The Jiaguwen texts used for divinations have mostly been found at Anyang, in Henan
Province, at the site of the last Shang capital known as Yinxu [41,127,128]. After the Shang
dynasty was overthrown, scapulomancy and plastromancy were still practised, but held
much less importance in state affairs than in the Bronze Age [125,129,130]. The Oracle
Bones is written in the form of Chinese that was maybe archaic for the late Shang kings,
which would have been the ‘language of the ancestors’. Within the corpus are mentioned
sacrifices to the Yellow River (he) and the winds (Feng), suggesting an appeal to the spirits
of natural elements [125]. The character yu or yuji is believed to mean ‘apotropaic rite
against disasters’, or ‘religious ritual performed to prevent and eliminate disasters’ [131]
such as illnesses, natural disasters, and crop failures:

10,152: Crack-making on xinyou, performs yu ritual for flood damage.
14,407: Crack-making on xinyou, divining: performs yu ritual for flood damage,
and sheep are offered for rituals.
72: yu ritual . . . for Shangjia against disasters [131].

The Shang dynasty was established circa 1600 BC and inherited a host of religious ideas,
scientific notions, and mythological traditions from previous and unknown cultures, as well
as trends towards urbanisation and state formation. One should be careful not to project
later historical accounts and modern understanding on such an archaic Bronze Age culture
as was the Shang [41]. For a more detailed discussion of the religious landscape of early
China, see [132,133]. An impression of the Shang religious beliefs could be summarised as
natural phenomena considered as deities, such as the sun, the winds, the earth, the river, etc.,
whose connection with the Shang ancestral lineage is blurry. He, the river deity (spirit—shen,
or force) and Yue (mountain) figure prominently in the Pantheon and are conventionally
believed to refer to the Yellow River and Songshan (Mt. Song). Sacrifices were made to
these shen (spirits) [41]. Lastly, the identity of Di has been debated. Responsible for the huo
(catastrophe, disaster, ill omen), he is linked with weather and crops [134]. The Shang rulers
appealed to Di to divine his intentions on projects, wars, and buildings [135].

5.3. Texts and Ideas from Later Periods

The growing interest in Sino-Hellenic comparative historical and philosophical
studies [136,137] begins from the early historical periods of China and Greece. During
the antiquity of Greece and China, several conceptions about natural disasters and their
explanations are formulated. For instance, the Shiji quote refers to the Yin and Yang, a
prevalent notion during the Han Dynasty that earthquakes could be foretold astrologically.
In ideas found in the I-Ching (Book of Changes), earthquakes or thunders could be due to
constrained Yang or an excess of Yin [113]. Whether such theories can be found with some
approximation to periods before the eighth century BC is debatable [113]. The Meteorologica,
reiterating Anaxagoras, stated that earthquakes were the result of water excess from the
upper regions flowing into the hollows of the earth. Democritus considered that earth-
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quakes were the result of soil saturated with water. Anaximenes proposed that seismic
shocks result from masses of world falling in caverns. Aristotle put forward the notion of
earthquakes being due to instability of the pneuma/vapour [138].

6. Conclusions

Ancient texts dating to periods several centuries after the disasters have sometimes
been used to glean some clues and offer general remarks about prehistoric religion and
beliefs regarding divination and natural disasters in Greece and China [130], in particular,
the sociological implications of divinations as a political and rhetorical tool. Perhaps the
comparison of Greek and Chinese mantic practices can be insightful for the archaeological
interpretations of Shang and Mycenaean religion and sociological implications of natural
events [138].

Yet, the remains of destruction and abandonment of once-thriving settlements are the
staple of archaeological research. The causes that led to the sudden or gradual abandonment
of settled sites and regions are not clear and must be examined. The catalogue of lost,
destroyed, or abandoned community sites is large and incomplete. The fall of a once-
thriving world contains the ingredients for many literary, political, religious, ideological,
and overall cultural concerns and products. The Bamboo Annals and other works [139]
describe earthquakes occurring during the time of the mythical emperor Fa (1831 BC) and
the Gui emperor (1809 BC). However, their reliability and historicity remain doubtful [85].
Lastly, we may conclude that the Yu and the Great Flood parable, historicised in the Book
of Documents (Shiji), which occurred in the time of the mythical King Yao, refers to a ‘flood’
(hongshui) from the mythical primordial sea or waters [140].

If we consider these myths, such as Yu the Great, Deucalion, Ogyges, and so on, as
living fossils of human culture, then there is still no convincing methodical way of blending
archaeological, historical, environmental, and legendary evidence. If there were no prehis-
toric people, just prehistoric tools, then the experiences of natural dangers and disasters
and fears of a cataclysmic collapse of apocalyptical destruction were also woven into the
fabric of their world-view, which was then expressed and addressed through practical and
spiritual means. The Mycenaeans and the Shang were intelligent observers of their ecology.
It can be assumed that no natural (or supernatural) phenomenon, regular or exceptional,
was ignored. These occurrences grouped ecological phenomena and societal and spiritual
beliefs, which blended into convictions about the triangular influence between deities
on nature, nature, and humans (nature–humans–deities) and the ideological legitimacy
of archaic rulership. The feats of the Mycenaean and Shang engineers and architects are
impressive. Their resilience to floods, droughts, earthquakes, and other catastrophic natural
phenomena is understood through practical, intellectual, emotive, ideological, and spiritual
engagements with perennial threats.
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Abstract: The Kastrouli Late Bronze settlement in Phocis province, central Greece, has been proved
to have been an important center in the periphery of the Mycenaean palaces. It was reused at least
partially and was cultivated until the 20th century. The presence of a flat area off the Kastrouli hill
and the seasonal flooding nowadays led to the present investigation, questioning the formation of
an ancient lake or marsh/swamp. A methodological approach was applied combining the digital
elevation model (DEM) and GIS of the wider and confined area, examining slopes between 0 and
5 degrees (0 and 8.75%), with electrical resistivity tomography (ERT) traverses of around 300 and
500 m, reaching a depth of 100 m. The ERT data were rapidly collected on profiles and provided a
cross-sectional (2D) plot. It was found that, in the area, there is a basin with a length of 100 m and a
depth of around 40–50 m. The sedimentation process over the millennia has filled the basin, with the
upper 5–6 m surface layers of the area having a low resistivity. The presence of two natural sinkholes
with apparent engineered hydraulic works is noted to conform to drainage and produce a habitable
environment, protecting the cultivated land and avoiding a swamp associated with health issues.

Keywords: marsh; swamp; environment; basin; digital elevation model; GIS; slopes; inclinations;
Mycenaean; river; flood

1. Introduction

Landscapes are constantly changing as a result of climatic impact; the formation of
streams and rivers; and variations in riversides, flooding, water erosion, and tectonic
causes. Combining archaeology with investigations of ancient marshes or pods/lakes
is figurative for the resetting of palaeoenvironmental status and our comprehension
of anthropic landscape impacts. Studying relict lakes from soils and applying sur-
face geomorphology to geoarchaeological datable surfaces (pedoarchaeology) are dis-
tinctly helpful in this process, as well as in establishing a chronology of pedogenesis
and dwellings [1].
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Settlements in Greece were set on high hills to protect against occasional flooding.
However, during the prehistoric eras, settlements were placed near lake-margin marshes
and ponds. The abundance of aquatic resources in the lake margin and its vulnera-
bility to short- and long-term fluctuations have had an impact on both subsistence
and settlements and are thought to have motivated a para-agricultural economy [2].
In Greece, throughout its long history, water has played an indispensable role in the
life of these ancient societies, and Greeks were rigorous in the field of water manage-
ment, carrying out an impressive variety of hydraulic works [3,4]. Hence, the first
lakes may have developed into swamps/marshes, introducing malaria from insects
(malaria is caused by parasites such as the plasmodium, and it is transmitted to humans
by mosquitoes) and hindering agriculture and livestock; thus, attempts to dry out the
lakes may have been made [5,6]. In addition, these waterbodies have records of long
environmental variation changes and human resource use, as well as nurturing high
rates of endemism and biodiversity, with the freshwater enhancing algae overgrowth,
fed by excess nutrients [7].

The presence of an ancient lake and/or marsh can be confirmed using various
methodological tools: borehole logging [8], archaeological witness [9], historical ac-
counts, mythological legends (see lake gods), and electrical tomography [10] have
been quoted.

The drainage of water from agricultural land has existed for a long time in history,
dating back to the earliest civilizations in the Middle East since about (circa, ca.) the
fourth millennium before our common era (BCE). In the southeastern Mediterranean, the
Minoan and Mycenaean cultures devised techniques and master plans for the drainage of
agricultural lands in the ca. 15th century (c.) BCE. Since the decline and fall of the Aegean–
Anatolia region and Near and Middle East civilizations, society retrieval and agricultural
innovation during the Archaic and Classical periods (ca. 9th–4th c. BCE) encompassed
successful hydraulic endeavors, mastering drainage and irrigation techniques. Moreover,
Mesoamerica, India, and China have extensive histories of drainage and examples of
underground cisterns since prehistoric times and such evidence has been found elsewhere
in Greece, e.g., in Mycenae, Athens, Tyrins, Zakros, and Tylissos [11–14]. Earlier engineering
works are evident at Lake Kopais, Boeotia, where Late Mycenaeans from Orchomenos,
Gla, or Thebes settlements drained the lake [6], as indicated by a GIS-based survey of
archaeological datasets [15].

In the present paper, the plain adjacent to the Kastrouli fortified settlement (Desfina
village, near the town of Delphi, Phocis province, Central Greece) is investigated concerning
drainage activities using a geoarchaeological approach (Figure 1). It is a wetland agrarian
area, with the presence of a Late Mycenaean site from 14th c. BCE., which was also inhabited
at later times. The site has been systematically excavated since 2016, and an interdisciplinary
methodological approach has been developed. Chronological studies using radiocarbon
(14C) and luminescence dating, characterization and provenance, geophysical prospection
investigations, and coastal geoarchaeology have produced invaluable results regarding the
Mycenaean presence in southern Phocis [16–23].

Here, we advance these investigations in the search for the presence of an ancient lake
or marsh/swamp by first following a novel approach combining a geographical information
system (GIS) with a digital elevation model (DEM) and thematic maps, focusing on the
sloping of the terrain, together with electrical resistivity tomography (ERT) traverses,
supported by apparent archaeological remains.
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Figure 1. Aerial view of the Kastrouli settlement and environs and the location of the site in the
eastern Mediterranean. The traced, shaded landmark on the edge of the plain is noticeable, and it is
where water gathers during the winter; this geometric mark indicates plant debris forming a traced
boundary of a littoral zone similar to shorelines.

The prompts for this investigation were the contemporary sporadically flooded plain
at the Meteles plain off the Kastrouli hillock during winter and the presence of two sinks
built with a rim and an entrance leading via a channel to a natural underground fissure.
The surface ruins of the two built sinks were apparently engineered to lead seepage water
into a natural aquifer present in the limestone bedrock; this observation led to an earlier
report on the alleged ancient hydraulic works in the area [22]. These two features suggest
the possible existence of a marsh/small lake in the past, as they indicate earlier attempts
to drain the formed small lake/marsh. The natural sinks were probably first recognized
by the ancient habitants of the area in the nearby prehistoric Kastrouli settlement or its
occupants at later times. Thus, the natural outpour was engineered to facilitate drainage.
Today, the plains around Desfina village are inundated with long-lasting rainfall during
the winter (Figure 2).

Here, we present the first phase of a GIS and electrical tomography combined novel
approach to examine the presence of an old swamp/marsh or small lake to confirm the
hydraulic works at Kastrouli being an attempt to drain the plain in the past.

The objective of the present paper is to identify and define the boundaries of an
ancient marsh/lake using a novel combined approach of a digital elevation model, GIS,
and electrical tomography in light of the remains of built surface works, made to reroute
vast amounts of flood release into two sinkholes.
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Figure 2. A panoramic photo of formation of a seasonal lake in the vicinity of Desfina (on the right),
and snowy Mount Parnassus can be seen in the background (© IL).

2. Methods and Instrumentation
2.1. Electrical Resistivity Tomography (ERT)

Electrical resistivity tomography (ERT) is a sophisticated geophysical method that de-
termines the Earth’s subsurface resistivity by generally taking measurements on the ground
surface [24]. ERT data are rapidly collected on profiles and provide a cross-sectional (2D)
plot of the so-called apparent resistivity (Ω·m) versus depth. This is a technical quantity,
which is a function of the true resistivities of the formations, constituting the subsurface
setting. Next, these data are inverted to yield the distribution of the true resistivity in the
subsurface, which is called “electrical resistivity tomography”. ERT interpretation is a
straightforward task and leads to accurate representations of the geometry and lithology of
the subsurface geologic formations.

Clay, metallic oxides, and sulfides are common sedimentary materials that can conduct
electrical currents through the material itself. As such, the specific resistance of most near-
surface sedimentary materials is indicative of the quantity and chemistry of the pore
fluids within the material. The range of resistivity responses for one specific formation
depends on the saturation level, ion concentration, the presence of organic fluids (such
as non-aqueous-phase liquids), the temperature, the pressure, and the porosity [25,26].
The general principles that ERT is based on are what have been in use by geophysicists
for almost a century [27]. Recent developments in field equipment and data processing
techniques have enabled rapid two-dimensional routine research and three-dimensional
research. Older one-dimensional resistance surveys are still common and useful in many
cases but have problems interpreting areas of complex 2D or 3D geology.

Designing the exact parameters of our ERT survey in advance was not possible, mainly
due to the lack of information regarding the maximum depth of investigation required.
However, since the estimated maximum depth of investigation was of the order of several
tens of meters, we employed two custom-built 24-channel cables with 11 m maximum
electrode separation. This way, we could modify the spacing and the total length of each
ERT from a few meters up to more than 500 m, thus modifying the maximum depth of the
investigation and resolution accordingly (Figure 3).
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Figure 3. On the site of Meteles plain arranging ERT measurements (© IL). Upper left: four of the
co-authors preparing for the ERT measurements in situ, Left: two co-authors lay the cables for ERT,
Right: taking a reading in situ.

Apart from the 2 cables, we used the IRIS Syscal Pro, 10—channel system together
with 48 steel electrodes. The positioning of each line was determined with differential GPS,
ensuring accuracy of a few centimeters.

The first ERT1 was measured with electrode spacing a = 6 m, providing a total length of
282 m and a maximum depth of investigation greater than 60 m. Based on the preliminary
results of ERT1, we implemented greater electrode spacing in the second ERT2. Hence,
we exploited the maximum possible separation a = 11 m, reaching a maximum depth of
investigation of almost 100 m and a total length of 517 m (Figure 4).

The calculation of the true resistivity distribution was performed with the use of
DC_2DPro [28], an iterative inversion algorithm that transforms the arrangement of
the resistivity data into a geology model that yields the observed distribution of the
resistivity values.
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the hard rock. In recent times, discharge occurs via natural dryness, but in ancient times, 
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Figure 4. Aerial view of Kastrouli (round circle) and environment with the two ERT traverses (in red).
The two sinkholes sink1, sink2 are shown in blue stars. The traced, shaded landmark on the edge of
the plain is noticeable, and it is where water gathers during the winter; this geometric mark indicates
plant debris forming a traced boundary of a littoral zone. Axis numbers are the HGS (Hellenic
Geodetic System) 1987 coordinates in meters.

2.2. GIS, DEM, and Thematic Maps

Geomorphological observations in the Meteles area were made in the field, from
existing maps, and from aerial photos derived from an Unmanned Aerial Vehicle (UAV) (DJI
Mavic Mini). For the accuracy of field data collection, RTK-GNSS equipment (SPECTRA
SP-80) was used. All data were stored in a geographic information system in order to
develop a geodatabase for further analysis. Topographic data were simulated in order
to produce a digital elevation model (DEM). Based on DEM, a geographical distribution
of morphological slopes was developed [29,30], as well as of the drainage system and
drainage basins. Analysis of the morphological slopes using several thematic maps helped
to investigate, describe, and analyze the changes in the relief.

3. Results
3.1. ERT

Electrical tomography was applied, deploying two traverses along and across the plain
(Figure 4). The low conductivity, due to the extremely dry ground during summer (Figure 5),
resulted in very high contact resistances, which were compensated for by watering the
electrodes. The yielded resistivity imaging of the subsurface indicates a limestone bedrock
whose ceiling undulates. At its shallower parts, its depth varies between 0 and 7 m, whereas
its depth is ca. 60 m at its deeper parts. The bedrock depth extends beyond 90 m. Figure 6
displays two electrical tomographies. They show variable underground topography with
loose sedimentary deposits near the surface (5–10 m). Figure 7 shows a “fence diagram” of
the two electrical tomographies. The two sinkholes passing through the natural fissures of
the low-resistance limestone bedrock are noticeable. A depression filled with sediments
is found along ERT1 at a depth of ca. 60 m, with a locus of loose sediment at 30–40 m of
very low resistivity (10–20 ohm-m). The two sinkholes in ERT1 are connected to channels
through loose resistance, leading to discharge through the hard rock. In recent times,
discharge occurs via natural dryness, but in ancient times, hydraulic works were necessary
to remove the water. Since these two engineered sinkholes lie on the present surface, this
implies that the boundary of an ancient marsh or small lake could have been close to
these sinkholes, while hydraulic drainage works should have been made when the water
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level was within a meter or less from the present ground surface. The latter delineates the
maximum extension of the marsh/lake.
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Figure 7. (A) Fence diagram of the electrical topographies (ERT1 and ERT2) and (B) the ERTs of the
Meteles basin shown such that their relation to the basin becomes apparent. Axis numbers are the
HGS (Hellenic Geodetic System) 1987 coordinates in meters.

3.2. Slopping via Thematic Maps, GIS, and DEM

It is evident that, nowadays, the geomorphological characteristics of the area of Meteles
are not the same as those 3200 years ago. The large amounts of sediment transported during
this period must have changed the bottom of a small lake.

For this purpose, using ArcGIS Pro v. 2.9.2. software, we set up a high-resolution
DEM 5 × 5 m, which was derived from topographic maps at a scale of 1:5000, spatial data
produced from a UAV survey in the main study area [31], and RTK-GNSS data (Figure 8).
In the present study, the UAV data provide an accurate metric documentation of the wider
archaeological site.
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Figure 8. Digital elevation model of Southern Phocis area with Kastrouli fortified settlement.

The DEM was created in order to identify changes in the relief and in the physical
characteristics of the study area, e.g., surface drainage information, such as hydrographic
network and drainage basins, and to calculate the morphological slopes. The map of the
morphological slopes depicts the geographical distribution of the morphological slopes
within the drainage basins and, at the same time, reveals where the surface morphology
could indicate the existence of sinkholes.

Based on the Food and Agriculture Organization of the United Nations (FAO) slope
classification, the analysis indicates a relatively low slope area or flat-to-sloping area of
3.04 Km2 near the Kastrouli fortified settlement (Figure 9), with inclinations fluctuating
between 0 and 5 degrees or 0 and 8.75% (Figure 10). In this area, the authors identified two
depressions in the ground, called sinkholes, which are indications of unnatural external
surface drainage. Based on the study conducted by Ford and Williams [32,33], sinkholes
are produced from different geological processes of endogenous and exogenous origin.
Moreover, these sinkholes are located in the relatively low slope area (Figures 10 and 11),
which consists mainly of alluvial deposits, limestone formations, and second-generation
bauxite ore deposits, indicating both depression and subsidence. Figures 10–12 illustrate
variations in the morphological slopes, and the morphological slopes of 1◦, 2◦, and 3◦ are
delineated to illustrate the area where sinkholes developed.
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Figure 12. Morphological slopes of Kastrouli area. The black outline identifies the area with incli-
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indicates an area of 2.33 Km2, with inclinations fluctuating between 0 and 3 degrees (0 and 5.24%).
Gray triangles are the sinkoles.

110



Quaternary 2022, 5, 26

4. Discussion

The broader geological area of Kastrouli–Desfina consists mostly of Alpine formations
of the Parnassus–Ghiona zone and is partly covered by Neogene–Quaternary terrestrial
loose deposits. South of Kastrouli, at the coastal zone, there is a small outcrop of the
Pindos zone. This Parnassus–Ghiona mountain zone consists of a limestone sequence with
bauxite intercalations. The limestones are neritic, middle-to-thick layers of the Triassic to
Cretaceous and are covered by flysch, which includes brown-red siltstones, mudstones,
and sandstones.

The upper Cretaceous limestones vary in thickness between 150 and 200 m. The
basins around Kastrouli and the Desfina valley are filled with Quaternary, mainly Holocene
sediments [19,34,35].

At the edges of the Kastrouli–Meteles basin, man-made structural activities on a
natural crevice in the bedrock have formed two constructed sinkholes. The southern
one has a western opening of around 1.40 m and a width of 0.60 m, and around twelve
descending stairs leading to an underground tunnel intentionally dug to divert flood water,
reaching a ca. 4 m chamber (Figure 13). To date, no extensive survey has been conducted
regarding the ceramic sherds present at the bottom of the tunnel and/or the dating of the
stone construction with its mortar. Thus, any dating is possible from the Late Bronze to the
medieval period and maybe even modern times.
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The second one, north of the plain at the bottom of the foot slope of Kastrouli hill
(Figure 14) and built with medium-sized stones, includes a cistern of about 5 by 3 m
with a drainage sink, and the drainage location is covered by sediments. This sink was
of particular importance, as it has a small-sized arched bridge made with stone block
and unpolished stones with mortar, and it is of a larger construction and an obviously
engineered channel to drain the water.
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Figure 14. The cistern of the northern side sinkhole at Meteles, close up (left) and at a distance (right)
(© IL).

The waters draining into this initially deep basin, made up of variable thicknesses
of sedimentary deposits, as shown by ERT, carry with them much of the suspended
sediment that has been transported to date by the presence of rivers and streams from
the local catchment area. The actions of the current and the waves along the shore of the
swamp/small lake are responsible for the additional erosion and sediment deposition, and
some material may have been introduced as a result of the action of the wind; furthermore,
hydraulic effects dominate in small lakes. Seasonal rivers and streams in the environment
transport material of many different sizes, mainly of fine-to-medium grain size, the largest
being rolled along torrents. River water enters the Meteles basin during Holocene, and the
bed-load transport of the impermeable rock ceases upon reaching today’s flat area. The
lake basin water outlets seem to define the boundary limits adjacent to the outflow. Because
the dynamic processes that keep materials suspended are generally more active near the
water inlet to the formed swamp, sediments are usually sorted by size. Rocks, pebbles, and
coarse sand are located near the shore, while the finer sand, mud, and silt are, in most cases,
in the center of the basin (borehole log work in progress).

Both man-made structures have a cistern, a dug pipe similar to a channel to direct the
gathered waters into the openings of the two sinkholes. Drainage was probably made to
protect the cultivated land and to avoid a swamp associated with health problems, as it
is situated precisely ahead of the district. These are excellent reasons to conclude that the
current drainage works in the Meteles plane are later restorations or modifications of a
system designed by the Mycenaean residents of the fortified village of Kastrouli [22].

Both ERT measurements, with total lengths of 282 and 517 m, showed that there is
indeed a dip in the investigated area with an irregular topography filled with Quaternary
sediments at depths ranging between 5–6 m and 60 m for ERT1 and 100 m for ERT2.
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However, the high-resolution DEM using ArcGIS derived from topographic maps
at a scale of 1:5000, UAV, and RTK-GNSS data identified morphological slopes and other
interesting physical characteristics.

This analysis indicated a relatively low slope area of around 3 Km2, with inclinations
fluctuating between 0 and 5 degrees (0 and 8.75%) and sinkholes produced from different
geological processes of endogenous and exogenous origin. Depression and subsidence are
observed, filled in with alluvial deposits, limestone formations, and second-generation
bauxite ore deposits. It is of interest to note that the area covered by the slope of less than 1
degree (≤1.75%) is 0.61 Km2 (~240 × 240 m), with two natural outcrop barriers, one being
the Kastrouli foothill and the other being close to the southern sink. The increase in the
area is profound for slopes higher than 3–5 degrees (5.24–8.75%).

The piedmont in the investigated area gradually increases in elevation at the base of
Kastrouli hill in the present upland area. The transition zone between the Meteles plain and
the low-relief adjacent hillocks are well defined in the thematic slope maps reinforced by
ERT. The traced area between 0 and 5 degrees (0 and 8.75%) results in a dissected plateau of
the Desfina landscape and consists of alluvial fans and coalesced alluvial fans supported by
the torrent and stream GIS mapping of the region (Figure 15). An area of 2.33 Km2 makes it
a large region, which, in the past, may have suffered from flooding, with dimensions of
3 Km by 1–2 Km.
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Figure 15. The well-developed hydrographic system of the wider Kastrouli area.

We believe that the drained area confines are most probably at the boundary encircled
by a slope of less than 2 degrees (≤3.49%) (less than 0.1 Km2), whereas the two sinks’
positions are relevant and close to the flooded area, where streams and torrents flow
downhill and drainage is manageable (Figure 15).

Regarding ERT1, in the first 6 m, there are conductive, loose, clay materials, which
are perhaps eroded materials from limestone (Figure 6). At the 60th meter along the
tomography, the limestone plunges to a depth of about 35 m. The geological map does not
provide any fault indication (as a rift valley) or any bauxite ore body that could explain
this image. The basin starts somewhere at about the 95th meter and ends at about 180 m,
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whereas it seems to reach a depth of 40 m, making the size of this highly conductive layer
about 100 m by 30 m. As noted above, in the first 5–6 m, there are conductive materials,
while below this formation, there is an antistatic layer of thickness of about 10–20 m. Further
down, a relatively conductive formation appears, which may reflect an aquifer.

The existence of the sinkhole may be related to this layer, but our measurements are
few, and a (planned) borehole will give more information. There is a sinking in the whole
area, but regarding the sinkholes, we note with confidence that the sinks are located at a
slightly higher altitude than the basin. This is likely to be affected by the very existence of
the zone in which conductive materials accumulate.

In the second section of ERT2 (Figures 6 and 7), the (same) basin is, again, clearly
seen, which seems to reach a depth of about 40 m as also noted for ERT1. The basin
therefore seems to start from the 260th meter and reaches up to the 340–350th meters
along the tomography or about 100 m in length. As in ERT1 and here in the first few
meters, we see the conductive material, while deeper, the existence of an antistatic aquifer is
most probable.

The ERT and GIS-DEM data sway one’s opinion to assume the presence of a cave in
that area. That is, the rainwater found a way to dissolute the limestone perhaps together
with the existence of a fault. This cave may have collapsed due to the action of a seismic
fault, forming the basin and the accumulated deposits.

However, this hypothesis is to be tested if future research verifies the existence of a rift,
perhaps conducting a borehole analysis of sediments. However, to date, such information
has not been provided by the geological mapping of the area.

5. Conclusions

The set objectives of the present investigation were fulfilled. The sporadic flooding
of the Meteles plain that occurs nowadays during winter in the vicinity of the Kastrouli
prehistoric settlement (14th to 11th c. BCE) and the presence of two old sinks apparently
engineered to lead seepage water into a natural aquifer present in the limestone bedrock
were explained. The results of the combined ERT and GIS-DEM geophysical techniques
confirmed these observations, indicating the alleged ancient hydraulic works in the area as
having been a small lake in the past that developed into a marsh. The surficial entrance to
the sinkholes implies that a marsh developed during the last 3500 years or so. The studied
area close to the Kastrouli Mycenean settlement, which seems to have been reinhabited
at later times, contains a basin with a total length close to 100 m in width and a depth
somewhere between 40 and 50 m. It is a small basin with two sinks near it, which drain
the water. These natural crevices were reworked by ancient inhabitants and may have
continued to last centuries to aid the safe drainage of flooding. In fact, the flooded area
and/or the formation of a marsh or swamp, perhaps a small ancient lake, was estimated
with DEM and GIS sloping to be around 0.1 km2, and these two sinkholes were found using
ERT, as well as low resistivity values in that part of the bedrock. Future work includes
boreholing and the study of the acquired sedimentary cores for dating formation, the origin
of the sediments, and a palaeoecological reconstruction of the area.
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Abstract: Degradation of coastal environments is an issue that many areas in Europe are facing. In
the present work, an ancient coastal lake wetland is investigated, the so-called Lake Lerna in NE
Peloponnese, Greece. The area hosted early agricultural populations of modern Greece that started
modifying their environment as early as the early–middle Neolithic. Two drill cores in the area of
the ancient lake were analysed to establish the sedimentological succession and the depositional
environments using sub-fossil assemblages (molluscs and ostracods). Three lithological and faunal
units were recovered, the latter being confirmed by the statistical ordination method (non-metric
multidimensional scaling). The usage of sub-fossil mollusc species for the first time in the region
enriched the dataset and contributed significantly to the delimitation of the faunas. These consist of
environments characterised by various levels of humidity (from stagnant waters to freshwater lake)
and salinity, with ephemeral intrusions of salt water to the lake, documented by mollusc and ostracod
populations. We conclude that the lake and its included fauna and flora were mostly affected by
climatic fluctuations rather than human intervention in the area.

Keywords: molluscs; palaeoenvironment; ostracods; Holocene; biodiversity; sedimentology

1. Introduction

Coastal ecosystems are important for human activities [1] because most of human
activities are connected to the sea [2]. In the region of modern-day Greece, coastal areas
started hosting permanent human settlements as early as the Holocene Climatic Optimum
(6000–5000 BP) [3]. In this context, coastal lakes, disconnected from the sea by barriers,
together with the relevant ecosystems became affected by human presence [4,5]. As such,
coastal lakes and wetlands are pockets of high biodiversity and they often host endemic
species [6]. In addition, they constitute environments where non-marine molluscs thrive,
mainly freshwater and other gastropods that can live in lakes, bogs and swamps, and can
be important environmental indicators [7].
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The focus of this work is on the so-called Lake Lerna, present in the Gulf of Argos
during part of the Holocene, a region which has been exploited by humans since the
Neolithic [8]. The area has been studied in the past through several perspectives, such as
the reconstruction of palaeoclimates and the development of agriculture [8–10] or the study
of legends that took place in the region (namely the myth of Hercules and the Lernaean
Hydra [3]). Ancient Lake Lerna formed at about 8630 ± 100 BP [4], covering the south-
western part of the Argolis Plain up until recent years [4]. The latter work was the first to
describe in detail the structure of the plain, based on sedimentological results and ostracod
assemblages. Another aspect that has been analysed by [11] concerns environmental
destruction caused by early inhabitants of the area. Recent works [12] identified the climate
changes happening in the area during the past 5000 years.

Here, we aim to understand the evolution of Lake Lerna (Figure 1) to examine the
possibility of a human impact on the lake in comparison to climate fluctuations. Through
the stratigraphic, sedimentological and palaeobiological analysis of two subfossil-rich
shallow drill cores, we investigate the palaeoenvironmental evolution of the lake, regarding
the alternation of swamp and shallow lake and terrestrial depositional environments.
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Coastal environments are amongst the most disturbed by human activities, especially
coastal lakes and wetlands, which are particularly affected by humans [13]. Furthermore,
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non-marine molluscan faunas have faced a decline in diversity in recent years, as recorded
in Europe [14]. The results of the present work contribute to the investigation of coastal
environmental and ecological parameters that could potentially affect coastal wetland
ecosystems of the past, present and future.

2. Geology and Geomorphology

The wider area of the Argive Plain has been of interest to both archaeologists and
natural scientists for the past 50 years [15–23]. Geologists and geoarchaeologists have
studied the area focusing on its geomorphological evolution both during the geological
time and in prehistorical to historical times.

The Argive Plain consists of alpine formations that appear in its mountainous parts,
as well as Upper Pliocene to Upper Pleistocene deposits found in low topographic areas
around the Argos basin. The relatively modern Upper Pleistocene-Holocene deposits cover
the low elevation and the coastal areas [24–27].

Tectonic action has shaped and still shapes the landscape in the wider area. The
western margins of the Argolic Gulf and the Argive Plain are delimited by faults in the
direction NW-SE to NW-NNE, in a staggered arrangement (Kiveri-Lerni-Kefalari). The
eastern margins of the Argive Plain are also bordered by regular faults, direction NW-SE,
which are intersected by faults with a main direction of NE-SW. The arrangement of the
Upper Pliocene to Holocene deposits creates a main NW-SE direction of the ruptured struc-
tures in the area, with small deviations to the west and east. Regarding the geomorphology,
the study area is surrounded by mountain ridges (from W-N-E), with the most important
drainage basins being that of Inakhos and Xovriou, which are crossed by the homonymous
rivers [28].

The drainage network of the wider area is dendritic and the flow is transient, with
small or no runoff quantities most of the hydrological year. Inakhos is an important river,
with the highest contribution to the study area. A characteristic landscape often found in
the area consists of karstic, dissolving forms, in carbonate formations, seen as dolines and
caves. Lake Lerna belongs to a large karstic system that was isolated at about 7000 years
BP from the open sea by a beach barrier [4].

3. Materials and Methods

In order to reconstruct the palaeoenvironment, two shallow boreholes were made at
the locality of the ancient Lake Lerna, in the area of Almyros, Argive Plain, Peloponnese,
for the extraction of two cores: ALM3 (x: 386840.032, y: 4159040.203, 0.862 m.a.s.l.) and
ALM4 (x: 386916.843, y: 4158686.257, 0.376 m.a.s.l.) (Figure 1). Sampling was carried out
using a portable vibracoring sampler (Cobra) with a diameter of 50 mm, and the sediment
was encased inside 1 m closed plastic tubes. The boreholes reached a depth of 400 cm
(ALM3) and 398 cm (ALM4).

The cores were analysed at the Laboratory of Physical Geography, Faculty of Geology
and Geoenvironment of the National and Kapodistrian University of Athens. The plastic
tubes with the cores were split lengthwise, leaving the sediment sequence undisturbed. A
stratigraphic analysis was accomplished by studying the sedimentary sequence through
visual inspection. Photographs of the retrieved macrofauna were taken under a LEICA
M165 C stereoscope, with a LEICA IC90 E camera.

To determine the cores’ chronostratigraphy, five samples were prepared for accelerator
mass spectrometry (AMS) radiocarbon dating on bulk sediment samples, some containing
shell shards and peat. The dating was carried out at Centro di Datazione e Diagnostica
dell’Università del Salento (CECAD), Lecce, Italy. The results of AMS dating were cali-
brated using standard materials supplied by IAEA (International Atomic Energy Agency)
and NIST (National Institute of Standard and Technology) (Table 1). The “conventional ra-
diocarbon age” was calculated with a δ13C correction based on the 13C/12C ratio measured
directly with the accelerator. For the estimation of the measurement uncertainty (standard
deviation), both the radioisotope counting statistics and the scattering of the data have
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been taken into account. The larger of the two is given as final error (see Table 1). As such,
the values of the carbon stable isotopes fractionation term (δ13C) measured by AMS can
differ from the natural fractionation and from those measured by IRMS. Moreover, due
to the hard water effect or any inwash of detrital organic matter [12], the bulk samples
containing low organic material but many shell shards yielded inaccurate dates and were
not taken into account.

Table 1. Absolute ages of dated samples.

Sample Age (BP) δ13C (‰) Code Core Depth Bulk Sediment
Colour

LTL19897A 3200 ± 45 11.3 ± 0.4 ALM3 1–2 3.8α 154 ± 0.5 cm Brown
LTL20303 1515 ± 45 27.1 ± 0.5 ALM3 190–193.5 190–193.5 cm Brown-Grey

LTL19748A 5640 ± 45 26.9 ± 0.5 ALM3 2–3 88.5 288 ± 0.5 cm Grey-Black

LTL20301A 596 ± 45 21.0 ± 0.5 ALM4 203–205 203–205 cm Brown
LTL20302 4610 ± 45 28.8 ± 0.6 ALM4 328–330 328–330 cm Black

The stratigraphy of the sedimentary material from the two cores was examined using
sedimentological and micropalaeontological techniques. Samples were taken from each
core every 7 cm. Parts of the cores that were deemed displaying a change in the sequence
were sampled every 2 cm. Each sample (20 g dry-weight) was treated with H2O2 (30%)
to remove the organic material and agglomerates. The samples were washed using six
mesh sizes to separate gravel (>2 mm), sand subdivisions (1 mm, 500 µm, 250 µm, 125 µm,
63 µm) and silt/clay particles (<63 µm). The samples were then dried in an oven at 80 ◦C.

The acquired data from sieving were used to provide evidence about the depositional
environment. The sediments are characterised following Folk and Ward [29]. Sediment
texture determination, transport processes and deposition environment were classified
using the software GRADISTAT statistical package [30]. The software calculated the
sediment distribution and particle size statistics (mean size (Mz), sorting (σ), skewness
(Sk), kurtosis (Ku)) using alternative equations expressing values in ϕ units [29]. The
GRATISTAT analysis produces triangular diagrams showing the relative proportion of
sand, silt and clay (Figures S1–S8). From the values of one parameter or the combination
of many, the depositional environments are determined, and transport and deposition
mechanisms are interpreted. Mean size Mz represents the size of the granules of which
sediment is composed (fine-grained or coarse-grained), and the type of energy that caused
the transport (i.e., water, ice or wind). Grain concentration is measured by σ of the sample
around its mean. High σ values mean that the classification in terms of grain size is
poor, i.e., during the transport and deposition of the sediment, a limited sorting of its
grains took place. Small σ values mean good gradation and therefore good classifications,
i.e., the grains of the sediment have been well sorted from the means of transport and
storage. The parameter Sk refers to the presence of coarser or finer grains. Curves with
excess fine-grained material have a positive value, while those with excess coarse-grained
material have negative values. The Ku parameter is a quantitative expression used to
describe the deviation from normality. In other words, it measures the ratio between the
gradation in the tail of the curve and the gradation in its central part. They are divided into
leptokurtic, mesokurtic and platykurtic. Leptokurtic distribution corresponds to a large
concentration of grains close to the mean, mesokurtic distribution refers to a normal grain
distribution around the mean and platykurtic distribution refers to a large dispersion of
grain distribution relative to the mean [31].

All samples were prepared for palaeoenvironmental analyses; molluscs (gastropods
and bivalves), ostracods, charophytes and pollen were used for palaeoenvironmental
reconstructions. For taxonomic analysis, recovered specimens were separated into mor-
phospecies and were identified to the lowest taxonomic level possible. Selected specimens
were photographed under the stereoscope. With an aim of visualising groupings of the
data, we performed a non-metric multidimensional scaling (NMDS) using the Bray–Curtis
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dissimilarity index. All analyses were carried out in RStudio version 3.5.2 and Vegan
package 2.5-4, and stratigraphic plots were made with package rioja version 0.9-26. Relative
abundances were used for each species in percentages for all stratigraphic plots.

Palynological samples were prepared using standard procedures. Palynomorphs
were investigated by extraction with wet sieving through 125 µm and ultrasonic 10 µm
mesh sieves. Briefly, samples were treated according to the following procedure: sediment
samples underwent carbonate and silicate removal with 10% HCl, they then were decanted
three times and 30% HF, neutralised with KOH (10%) and subsequently washed with
deionised water and sieved over a precision sieve with 10 µm pore size. Finally, one
Lycopodium spore tablet was added to each sample to ensure estimation of the absolute
abundances and reliability of quantitative data. The residues were mounted in glycerine
gel on microscope slides for analysis under a binocular NIKON transmission microscope,
and one or two slides of each processed sample were analysed.

4. Results
4.1. Radiocarbon Dating

The results of the radiocarbon dating are presented in Table 1. The ages of the samples
vary considerably, most likely due to the hard water effect or any inwash of detrital organic
matter [12]. Due to the presence of molluscs along the cores, we are hesitant to take into
account of most of our dated samples, except the sample LTL20302 (Table 1), which has
enough plant remains (seen as a black-coloured layer) to produce a clearer result (see
discussion of [12] for details).

4.2. Cores’ Lithostratigraphy

Based on the analysis of both cores, four units of depositional environments were
distinguished (units A to D). Combined results of lithostratigraphy, biostratigraphy and
dating were acquired from both ALM3 and ALM4 cores. Each sedimentological unit (SU) is
described starting at the bottom of each core, following the deposition sequence (Figure 2).

4.2.1. Fluvial Deposits—Sedimentological Unit A (SUA)

Sedimentological Unit A corresponds to the base of the ALM3 core and ranges from
400 cm to 350 cm. It is characterised by brown-grey, slightly gravelly mud sediment
(Figure 2); the gravelly fraction represents 3%, the sandy one 7% and the silt/clay 90%. The
sediments were characterised as slightly gravelly mud with unimodal distribution, and are
moderately well sorted.

The sediment sorting ranges from 0.45ϕ to 0.7ϕ, and is classified as moderately well
sorted. Skewness (Sk) values range from −0.24ϕ to −0.36ϕ, defined as negative to very
negative asymmetry. Kurtosis (Ku) values range from 1.4ϕ to 2.7ϕ and are classified as
leptokurtic to very leptokurtic (Figure S1).

4.2.2. Shallow Lake Swamp Deposits—Sedimentological Unit B (SUB)

This unit covers the largest parts of both ALM3 and ALM4. Characterised by grey
and dark brown sediments, with very fine granulometry (silt/clay almost 95%), it is rich in
molluscs and organic material. Furthermore, SUB is divided into two sub-units, B1 and
B2, with a smooth transition between the two. SUB1 is dominated by grey clay/sandy
clay sediments rich in organic material, shells and includes layers of peat and gyttja. A
whitish-grey layer of ash was observed at 290 cm SUB2 and is characterised mostly by
brown sandy clay (silt/clay 90% and sand 10%).

More specifically, in core ALM3, SUB1 ranges from 350 cm to 250 cm. In this organic-
rich, one-meter thick sedimentary sequence, two peat layers were present at 292–290 cm
(sample ALM 3-21) and 275–273 cm (sample ALM 3-18) depth. Additionally, at 290–287 cm
(sample ALM 3-20), a clay layer, rich in white-grey ash, was observed. Most of the sedi-
ments in SUB1 were characterised as slightly gravelly mud to mud [30], with a unimodal
distribution, and are well to very well sorted, except for the sample at 275–273 cm depth,
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which was characterised as sandy mud [30] with a unimodal distribution, and is well
to moderately well sorted. SUB2 (250 cm to 180 cm) is characterised by slightly sandy
clay sediments, and organic material, such as the peaty layers of B1, are absent. SUB2 is
characterised as slightly gravelly mud to sandy mud [30] with a unimodal distribution and
is well to moderately sorted.
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The sediment sorting ranges from 0.3ϕ to 0.86ϕ, classified as very well to moderately
sorted. Skewness (Sk) values are from −0.38ϕ to 0ϕ, which vary from very negative to
almost normal asymmetry. Kurtosis (Ku) values range from 0.74ϕ to 3.16ϕ, and most of
the sediments at sub-unit B1 are classified as platykurtic and as very platykurtic at SUB2
(Figures S1–S3).

In core ALM4, SUB1 was identified between 400 cm and 210 cm. Peat deposits were
found at depths of 398–395 cm (sample ALM 4-36) and 385–370 cm (sample ALM 4-31, 32),
with a gyttja layer occurring at 392–390 cm (sample ALM 4-34). A light grey material which
corresponds to burned organic material (ash) was observed between the gyttja and the
lower peat deposit at 395–392 cm (sample ALM 4-35). Further organic material and layers
of shells were observed at depths 360–350 cm (sample ALM 4-30), 295–286 cm (sample
ALM 4-29, 28), 255 cm (sample ALM 4-24), 245 cm (sample ALM 4-23) and 233–225 cm
(sample ALM 4-22, 21). In core ALM4, the sediments of SUB1 are characterised as slightly
gravelly sandy mud to mud with a unimodal distribution, and are poorly to very well
sorted. Sub-unit B2 ranges from 210 cm to 193 cm depth. This unit is characterised by the
smooth transition of the sediment from grey sandy/silty clay to grey-brown silty clay, with
the absence of any organic material. Sub-unit B2 is characterised as slightly gravelly sandy
mud to mud, with a unimodal distribution, and is well to moderately sorted.

The sediment sorting ranges from 0.3ϕ to 0.84ϕ, which is considered as very well
sorted to moderately sorted, except for the samples at the depths of 391, 374, 362, 272
and 257 cm, which are characterised as poorly sorted. Skewness (Sk) values range from
−0.7ϕ to 0ϕ, varying from very negative to almost normal asymmetry. Kurtosis (Ku) values
range from 0.74ϕ to 3ϕ and most of the sediments of SUB1 and B2 are classified as very
leptokurtic, with a few as platykurtic (Figures S5–S7).

Overall, SUB points to a shallow lake swamp depositional environment.

4.2.3. Lake Deposits—Sedimentological Unit C (SUC)

Next in the stratigraphic sequence, SUC consists of grey-brown to brown sandy/silty
clays, with some gravel.

In core ALM3, SUC is found between depths of 180 cm and 102 cm. For the first 30 cm,
the material consists of grey-brown clay, with a mean percentage of 92% silt/clays and
8% sands. There is a change in colour at 150 cm to brown silty clay, with mean values of
silt/clays at 97.5% and sands as low as 2.5%. Granulometric data of SUC are characterised
as slightly gravelly mud to mud with a unimodal distribution, and are moderately to very
well sorted (Figures S3 and S4).

The same unit is also observed in core ALM4, from 193 cm to 53 cm depth. The
dominant material is a brown mud, with a silt/clay value of 98%. Gravels were found
occasionally at depths of 170 cm and 150 cm, while brown sandy mud (silt/clays 93%
and sands 7%) with layers of organic material was observed from 110 cm up to 53 cm.
Granulometric analysis shows that the sediments are characterised as slightly gravelly mud
to mud, with mud predominating.

Most values of the statistical parameters of granulometry, as far as sorting is concerned,
range from 0.3ϕ to 0.7ϕ, characterised as moderately well to very well sorted, except one
sample at 84 cm depth of ALM 4, which was characterised as poorly sorted (σ = 1.39ϕ).
Most of the skewness (Sk) values range from −0.3ϕ to 0ϕ, varying from negative to almost
normal asymmetry, except one sample at 84 cm depth of ALM 4, which is characterised as
very negative asymmetry (Sk = −0.71ϕ). Kurtosis (Ku) values range from 0.74ϕ to 3.5ϕ;
most of the sediments are classified as platykurtic while the others are classified as very
leptokurtic (Figures S7 and S8).

4.2.4. Anthropogenic Deposits—Sedimentological Unit D (SUD)

The last unit of the Almyros cores contains brown-grey silty clays, with the dominating
silt/clays reaching a mean value of 90% with the sands at 9% and 1% of gravels. More
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specifically, in core ALM3, SUD ranges from 100 cm to 43 cm. This sedimentary sequence
contains sporadic organic material while gravels were observed at 68 cm until 51 cm.

The granulometric analysis of SUC data characterised the sediments as slightly grav-
elly sandy mud to slightly gravelly mud [28] with a unimodal distribution, and are moder-
ately to very well sorted.

Regarding core ALM 3 and the samples at depths of 95 and 78 cm, their sorting is 0.3ϕ,
which are very well sorted. Skewness (Sk) values are 0ϕ, which are considered as almost
normal asymmetry. Kurtosis values are 0.74ϕ and are classified as platykurtic. For samples
at depths of 61 and 45 cm, the sorting ranges from 0.87ϕ to 0.94ϕ and are characterised as
moderately sorted. Skewness (Sk) values range from −0.38ϕ to −0.4ϕ, identified as very
negative asymmetry. Kurtosis (Ku) values are 3.14ϕ and 3.7ϕ, classified as very leptokurtic
(Figure S4).

In core ALM4, SUD is observed from the depth of 53 cm up to 10 cm. In contrast
to ALM3, the sediment lacked organic material and gravel. The granulometric analysis
of SUD in core ALM 4 also shows sediments characterised as slightly gravelly mud to
sandy mud by [29], with a unimodal distribution and being very well sorted. The values
of the statistical parameters as far as sorting is concerned are 0.45ϕ, which corresponds to
well-sorted material. Skewness (Sk) values are −0.25ϕ, identified as negative asymmetry,
while kurtosis (Ku) values range from 1.3ϕ to 1.6ϕ and are classified as leptokurtic to very
leptokurtic (Figure S8).

4.3. Palaeobiological Analysis
4.3.1. Palaeofauna

Taxonomic analysis yielded 25 species of molluscs (23 gastropod species and two
bivalve species) and 24 species of ostracods. All the molluscan fauna (Figure 3) is charac-
teristic of freshwater environments, whereas in the ostracod assemblages, some species
that tolerate higher salinities and low oxygen levels [32] are present. Molluscs and os-
tracods were analysed qualitatively and quantitatively to extract information relative to
environmental changes. The analysis of the two cores ALM3 and ALM4 placed the faunas
in three different molluscan–ostracod units (MOU) based on the prevailing environmental
conditions. These three units reflect similar environments for both mollusc and ostracod
faunas (Figures 4–6). The molluscan species and their habitats are presented in Table 2.

The first unit, MOUA, includes samples 18–26 of ALM 3 (Figure 4, 275 to 344 cm) and
samples 31–33 of ALM 4 (Figure 5, 374 to 388 cm), and the dominance of a stagnant to slow-
moving freshwater environment, where Gyraulus crista is the most abundant gastropod.
Taxa that inhabit woodland ponds, marshlands and require humid conditions, such as
Hippeutis sp. [33] and Carychium sp., are found in MOUA as smaller variations within
the environment. In addition, a taxon that is mostly found in caves or in karstic crevices,
Zospeum sp., is found in both cores of MOUA in association with other terrestrial molluscs
such as Vallonia sp. and Vertigo antivertigo. The ostracods of MOUA correlate well with the
environment that is revealed from the molluscan fauna, and give additional information
about the salinity oscillations and the very low levels of dissolved oxygen of the swamp
(Cyprideis torosa, Heterocypris salina) [34].

The second unit, MOUB, represents a swamp environment found in the stratigraphic
sequence (lighter-coloured grey sediments) that includes samples 8–17 of ALM3 (Figure 4,
155 to 270 cm) and 18–30 of ALM4 (Figure 5, 205 to 362 cm). MOUB has the character-
istics of a shallow permanent to slow-moving water body marked by the presence of
Planorbis cf. atticus. Dense vegetation is inferred by the increased number of Bithyniidae,
whereas elevated salinity is inferred by ostracod assemblages for all units of both cores. A
synchronous abundance of the gastropods Bithyniidae and Planorbidae, along with the
ostracods Cyprideis and Heterocypris, is evidence of high-salinity events (Figures 4 and 5).
The ostracod fauna of MOUB includes the largest numbers and taxonomic diversity of
Candonidae, Cyprididae and Cytherideidae. In MOUB of ALM3 core, a relative reduction
in the ostracod population is observed in its upper part (Figure 4, samples 11–8), were
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Candona sp. is the dominant taxon. In between this unit, several samples were barren
(Figures 4 and 5).
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Figure 3. Most abundant molluscs recovered in the ancient Lake Lerna. (A1–A3) Planorbis cf.
atticus, (B1–B3) Gyraulus crista, (C1–C4) Valvata sp., (D1–D3) Bithynia sp., (E1,E2) Acroloxus sp.,
(F1,F2) Pisidium personatum, (G1,G2) Carychium sp., (H1,H2) Oxyloma sp., (I) Vertigo antivertigo,
(J1–J3) Vallonia sp., (K1,K2) Stagnicola sp. Scale bars: 1 mm.

In samples 3–7 of ALM3 (Figure 4, 78 to 145 cm) and 6–17 of ALM4 (Figure 5, 77
to 197 cm), similar environmental conditions prevailed, characterising MOUC (brown-
coloured sediments). The absence of molluscs in ALM3 and ALM4, with a few repre-
sentative specimens of Planorbidae and Bithyniidae, indicate a transition to a freshwater
shallow lake with minimal vegetation, where the typical freshwater ostracod species such
as Candona cf. candida and Ilyocypris bradyi of both cores are the only present taxa.

The transition from a freshwater lake to a swampy environment is noted in core
ALM4, samples 3–5 (Figure 5, 46 to 57 cm), which corresponds to MOUB, with mollusc and
ostracod faunas typical of stagnant to slow-moving waters.
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Table 2. List of molluscs found in sediments of Lerna and their respective habitats and environments.

Class Families Genera Species General Habitat Environment

Gastropoda

Planorbidae

Planorbis cf. planorbis

Freshwater
Low energy temporary and

permanent ponds, streams, rivers,
springs, lakes [32]

Planorbis cf. atticus
Planorbis sp.
Gyraulus crista
Hippeutis sp.

Segmentina sp.

Valvatidae
Valvata cristata

Freshwater
Cold, clean lakes, rivers, streams

[7]Valvata sp.

Bithyniidae Bithynia sp. Freshwater Quiet muddy rivers, lakes, ponds,
canals, swamps [7]

Lymnaeidae
Stagnicola sp.

Freshwater
Flowing rivers and streams, lakes

to stagnant ponds, swamps [7]– sp.

Ellobiidae

Carychium sp.
Permanently wet

epigean
environments

Aphotic, permanently wet
terrestrial biomes [7]

Zospeum sp.
Permanently wet

subterranean
environments

Cave karstic rock crevice dweller
[35]

Vertiginidae Vertigo antivertigo
Terrestrial on water
margin vegetation

Wet, unimproved pasture,
marshes and tall fen or water

margin vegetation [36]

Pupillidae Pupilla sp. Detritus feeder (dead plant
remains) [36]

Valloniidae Vallonia sp.
Terrestrial moist

environment with
plant debris

Humid and wet habitats in
lowlands, on humid and

uncultivated meadows and in
calcareous swamps [36]

Acroloxidae
Acroloxus sp.

Fresh water Lakes [7]
Ancylus sp.

Hydrobiidae “Hydrobia” sp. Freshwater
Springs, streams, rivers, lakes,

groundwater systems, estuarine
marshes [36]

Succineidae Oxyloma sp.
Terrestrial on
water margin

vegetation
Feeds on wilting plant parts [36]

Bivalvia Sphaerioidea Pisidium personatum
Freshwater Bottom dwelling filter feeder [37]

Pisidium sp.

The ordinations of both mollusc and ostracod faunas that were recovered (Figure 6)
show a variation in environments throughout the cores. Three main groups were de-
fined, characterising three environments corresponding to three units that were previously
defined: stagnant waters, swamps and freshwater (Figure 6).

4.3.2. Palaeoflora

Sixteen pollen and dinoflagellate cyst samples were analysed for the investigation of
local floras, particularly covering the upper part sequence of the core sediments (Figure 7).
They were separated in three pollen units, PU1 to PU3, that are characterised by differences
in abundances of taxa, although some aquatic taxa seem to appear towards the bottom of
the core.
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Pollen Unit 1 (PU1) (Figure 7, 257 to 293 cm) is dominated by angiosperms while
presenting a high taxonomic diversity. Woodland vegetation is characterised by mixed
vegetation comprising species such as Juglans, Ulmus, Ostrya, Platanus, Acer, Castanea,
Quercus coccifera/ilex and Cistus. Grasses are represented by Gramineae, Asteraceae, Ama-
ranthaceae/Chenopodiaceae, Ericaceae, Caryophyllaceae, Polygonaceae, Artemisia and
Ephedra. They are equally distributed in PU1. What is exceptional in this unit is the presence
of aquatic plants such as members of the families Nymphaceae, Typhaceae, Sparganiaceae,
Nupharaceae and Cyperaceae. The presence of freshwater phytoplankton genera (Botryococ-
cus, Ascomycetes, Ovoidites) is notable and suggests a freshwater character of the samples.

In PU2 (Figure 7, 172 to 233 cm) there is a progressive increase in coniferous pollen
and a more noted presence of xerophytic taxa such as Quercus coccifera/ilex. Grasses are
present and relatively diverse, dominated by Gramineae and Asteraceae, with Artemisia
having a stable presence throughout the unit. Aquatic plants are still present, represented
by members of Cyperaceae, Nymphaceae and Typhaceae.

Lake deposits of Unit PU3 are defined by three samples, representing a swamp envi-
ronment that is found in the stratigraphic sequence (lighter-coloured grey sediments) that
includes samples 1 to 3 (Figure 7, 114 to 151 cm) of ALM3. They are characterised by the
presence of deciduous trees such as Quercus pubescens and a stronger presence of aquatic
vegetation, mainly represented by the Cyperaceae.

In general, a decrease in non-arboreal pollen (NAP) is observed throughout the core,
reaching a maximum in the uppermost sample. Charophyte oogonia are present in samples
ALM3, further characterising freshwater settings within PU2.

In total, three units were determined by the aforementioned assemblages. The sub-
units reflect the variation in the environmental conditions within a greater sedimentary
setting. Faunal units coincide significantly with pollen units, with the exception of MUC1,
which corresponds to the lower part of PU2.

5. Discussion

All the elements that were analysed in the present work point to a dynamic environ-
ment of a coastal wetland. The units defined by the sedimentological and palaeobiological
analyses reflect significant changes in the depositional environments of the studied area.

5.1. Sedimentology

The sedimentological analysis revealed four units (SUA to D), separated based on
grain size and colouration. The bases of both studied cores are composed of dark-coloured
sediments, rich in organic material, leaning towards lighter and brown-coloured sediments
in the top part of the cores. Sub-units defined for SUB and SUC indicate smaller-scale
changes in the sedimentation, whereas layers of peat mark other events tied to precipitation
and oxygen levels in the lake. Deep grey-black sediments indicate anoxic conditions, which
show a stagnant lake.

Katrantsiotis and colleagues [12] retrieved a core in the area of Lerna (GreekGrid,
EGSA ’87: x: 387,952.268, y: 4,159,981.561, 1 m.a.s.l) in order to study environmental
changes during the Holocene. The analytical methods included a combination of n-alkane
distributions and their hydrogen isotopic composition (δD), as well as sediment optical
lithological characterisation, in comparison with the total organic content (TOC). Our results
are in agreement with those of [12] (Figure 8). The units with dark-coloured sediment
(Table 1) are present in [12] as layers of high organic concentrations, while brown-grey
to brown layers correspond to less organic material [12] (Figure 8). However, in [12], all
sediments were characterised as gyttja, which in this study is observed only in specific
layers rich in organic material.
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(including TOC and δD23 data).

Comparing the present results with [12] yields the following findings.

• Unit B (390–425 cm) of [12], characterised as gyttja with high TOC values, is equivalent
to SUB1 of ALM3 (250–350 cm) and ALM4 (350–400 cm) (Figure 8), as these are the
levels with the highest concentrations of organic material. The peat deposits seen here
between gyttja are rather thin. In [12], Unit B was estimated to have been deposited
around 4000 BP.

• The deepest part of Unit C from [12]’s core could be related to the lower SUB2 of ALM3
(208–250 cm) and the middle SUB1 of ALM4 (270–350 cm) (Figure 8). These units have
similar silty sediment, as they are characterised by medium to low concentrations in
TOC. In [12], the Unit C was dated around 3700 BP.

• The upper Unit C and Unit D of [12] correspond to the upper part of SUB2 (208–180 cm)
of ALM3 and the upper part of SUB1 (270–210 cm) and SUB2 of ALM4 (Figure 8). The
latter units have similarities in sediment composition as well as in organic material
concentration (gyttja silty clay). In [12], the these units were dated around 2500 BP.

• Unit E of [12] is characterised by clay and low TOC, matching with SUC of ALM3 and
mid-SUC of ALM4 (100–190 cm) (Figure 8).
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• The lower part of Unit F (120–155 cm) of [12] can be compared with lower SUD of
ALM3 (75–100 cm) and upper SUC of ALM4 (55–100 cm) (Figure 8). These units are
all characterised by clayey sediment with similar concentrations of organic material.
The age given for lower Unit F of [12] is approximately 1500 BP.

The most accurate dates of the present study are the ones originating from gyttja,
such as the LTL19748A (5640 ± 45 BP) from ALM3, and LTL20302 (4610 ± 45 BP) from
ALM4. The two samples are very near the ash layer, present in both cores, as were those
of [12]; thus, we expected the dates to be similar, yet they differ by nearly a thousand
years. A similar dating result of a seed sample from [12] near the ash layer is around
3970 ± 30 BP, while the “charred” layer itself had a result of 4370 ± 30 BP [12]. The rest of
our dating results have considerable uncertainty, as most of them contain mollusc parts.
Due to these differences in ages, we are reluctant to discuss age estimations for our samples,
and therefore, we mainly compared the cores using sedimentological similarities. We are
also concerned about the validity of results of [12] at the upper part of their core (upper
0.5–1 m), since the Argive Plain has been deeply ploughed in recent years, meaning that
the upper sedimentary layers are mostly disturbed.

5.2. Palaeofauna and Flora

The recovered mollusc and ostracod faunas also correlate with significant environ-
mental changes, mainly by a variation in abundances, which can be useful indicators of the
lake’s condition at that time. Freshwater taxa are dominant in all samples for both molluscs
and ostracods. Nevertheless, some gastropod species, such as the Bithyniidae and Planor-
bidae, as well as some ostracod species, such as Cyprideis torosa and Heterocypris salina, can
withstand higher salinities [38]. Ordination through NMDS shows groupings of samples
coming from different parts of the cores; this reflects the dynamic environments that were
successively established in the area of the former lake. The presence of gastropod Zospeum
sp. in the basal part of both cores suggests that the shells could have been transported
through a nearby karstic system and deposited in the lake area.

Pollen data, spaced in the length of core ALM3, depict a trend that agrees with previous
findings in the area of the ancient Lake Lerna [39]. Anthropogenic disturbance, from PU2
onwards, is indicated by the increased presence of Plantago lanceolata [39]. Since the present
work is centred on the freshwater character of the ancient lake, aquatic taxa are mentioned
here additionally in PU1 and 2. An element that differs from previous studies, namely [39],
is the representation of Olea, which is present here in relatively low abundances.

5.3. Palaeobiological Evolution of the Lake

Previous studies [4] suggest that the lake formed around 8330 ± 100 BP is a stagnant
body of water, accumulating peaty gyttja [12]. The lake was first colonised by Planorbidae,
such as Gyraulus crista. Moving upwards in the cores, we find gastropod species living
in close proximity to lake environments (e.g., Succineidae). This correlates with the wet
climate, as suggested by [12] (see also Figure 8, δD23 graph), which helped in the accumula-
tion of plants near or inside the lake area, and a subsequent accumulation of detritus and
herbivorous gastropods on the lake bottom. The excess organic material caused anoxic
events. The absence of an ostracod fauna in the base of the cores further indicates nearly
anoxic conditions [34] of the lake (Figures 4 and 5, MOU1). However, the presence of the
fully aquatic gastropods Valvatidae is evidence that the water had enough oxygen for these
organisms to survive. Furthermore, the transported cave-dwelling gastropod Zospeum
sp. confirms that the karstic system of the wider area was more active during that wet
period [12], and provided water to the lake.

In both cores, we found an ash layer (ALM3 2.95 m, ALM4 3.93 m). This layer
might indicate a fire, something that is likely since other low-temperature forest fires were
recorded in the Peloponnese around that time [40]. Moreover, this ash layer has been
reported as charred material by [12], almost 1 km away to the north east from our sampling
sites, highlighting that the fire was widespread in the area.
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Sedimentological changes in SUB1 had a drastic effect on the fauna of the lake, with
several ostracod species appearing, an indication that the water was no longer anoxic [34].
Furthermore, the gastropod fauna displayed an increase in species diversity and abundance
(Figures 4 and 5). The sudden increase in populations, displaying peaks in species of
ostracods (Figures 4 and 5) such as Cyprideis and Heterocypris, indicate swift sea-water
influxes into the lake. The simultaneous peaks of gastropods of the families Planorbidae
and Bithyniidae can also be explained, as these organisms can tolerate salinity levels up to
16 ppt [38]. The intensity and position of those events is not similar in both cores (Figure 8),
suggesting that these influxes were local and sporadic, as the quantity of sea-water was
not enough to affect large portions of the lake. The peaks being caused by dry events,
which would have resulted in an increase in the salinity, is improbable, since both cores
display dissimilar peaks and because this MOU2 corresponds to a wet and cold climate
(Figure 8) [12].

After SUB, shifts in sedimentology and aquatic faunas suggest that the marsh transi-
tioned into a clear-water lake environment. This would correspond to the brown-coloured
sediment of [12], containing low TOC levels (Figure 8). This period is characterised by a
dry and hot climate [9,10,12,41,42] (see also Figure 8, δD23 graph), which halted the growth
of marginal plants around the lake, thus reducing the deposition of organic material. The
absence of molluscs can be a result of various factors, such as the absence of sufficient
plants for the molluscs to thrive on. We could argue that the lake was ephemeral at that
period of time, but we and [12] did not observe any sedimentological indications of such
events, nor did [12] display any abrupt changes in their age model. Therefore, we disregard
such a scenario.

Finally, the fauna present in the upper layers of ALM4 (SUC and D) suggests that
the lake had sufficient water to sustain both plants and the associated gastropod and
ostracod faunas (corresponding to an abrupt increase in TOC [12] seen in Figure 8). This
re-establishment of the lake as a permanent body of water with rich fauna and flora partly
coincides with the results of [4,18]. It also agrees with the archaeological finds of porotic
hyperostosis [43] during the Late Hellenistic Period, as according to the dating results
of [12], this wet period started somewhere around 1850 BP. Nevertheless, the reappearance
of a swamp would have affected the nearby populations’ health.

5.4. What Is Causing These Environmental Fluctuations?

Concerning the environmental changes recorded in localities of the
Peloponnese [10,12,41,44], there have been alterations of dry and wet conditions through-
out the past 6000 years, with human settlements existing in the area from 8500 BP on [42,45].
The results of [12] on the climate fluctuations are interesting as they illustrate that climate
can drastically alternate the sedimentology of the lake (Figure 8), thus highlighting the
dynamic character of this coastal wetland.

During the Late Bronze age, the population in the Argive Plain was devastated by
successive changes in precipitation levels that potentially led to decreased agricultural
output around 3200 BP [42,46–48]. In the Late Bronze age (3550–3200 BP), according to [49],
the climate was dry, with considerable erosion due to land overuse and deforestation [50],
but later studies in the Peloponnese demonstrate a brief wet period between 3300 and
3100 BP [9,10,41]. A prolonged dry period between the wet periods in the Argive Plain [12]
(not observable in our samples) might have destabilised the Peloponnesian populations
during the end of the Late Bronze Age [41]. After that, the climate was wet, while defor-
estation and land use, in general, were more intense after the Middle Geometric period
(~2750 BP) [51]. Prehistoric degradation of ecosystems has been investigated in the past
through vertebrate remains in the area of Lerna during archaeological investigations [11].
It is possible that these changes in the surrounding land were the reason for the lake’s
prolonged low TOC levels [12] and brown colour seen in our cores. As such, we found
clues of indirect human intervention in the lake due to deforestation and land use [51].
For most of the lake’s lifetime, however, despite humans potentially interacting with the
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lake, environmental factors were the key drivers for the water conditions, as well as the
fauna and flora living in and around the lake. The evidence for human interaction with
the surrounding fauna (e.g., deer, sea shell ornaments) [52,53] as well as the environmental
destruction have been investigated through the remains of larger vertebrates in nearby
archaeological sites (including birds thriving in lakes and wetlands) [11].

6. Conclusions

Through the study of two cores from the area of ancient Lake Lerna, sedimentological
and palaeobiological analyses were carried out to investigate environmental changes, with
molluscs being studied and used as palaeoenvironmental indicators for the first time in
the region.

Three major units were determined, confirmed by the sedimentological and palaeo-
biological analyses. They reflect changes in the environments of the area in the following
sequence. Fluvial deposits are followed by stagnant waters, then a swamp is formed
favouring periodical peat formation; after this, a freshwater lake is characterised by the
development of large molluscan and ostracod populations. Occasional storm events could
overcome the barrier and contaminate the lake with salt water, evidenced by the molluscan
and ostracod faunas, but these events are ephemeral.

The studied material covers a period of the Holocene starting at about 8630 years
before the present, during the early to middle Neolithic. This means that all recovered
faunas and floras have been potentially affected by the human presence in the area, and
no undisturbed conditions were found. Despite that fact, all of our results suggest that
the changes happening in the lake were caused mostly by climate fluctuations rather than
human intervention.

Concluding, most of the changes happening in the lake are correlated with climatic
fluctuations. Parameters such as the vegetation, dead organic material in the water, oxy-
genation of the water and rainfall in the region can affect the lake’s fauna and flora. By
investigating these changes, we were able to coordinate our results with other environ-
mental works in the region. Although humans were present, their impact on the lake was
minimal in comparison to climatic changes.

The case of Lerna can be used as an example for the evolution of coastal aquatic
ecosystems in the Holocene.
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species recovered in the examined samples of core ALM3. Figures S1–S8: Triangular diagrams of
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particle mass curves created using GRADISTAT statistical package; these include sediment particle
size (ϕ) retained during sieving.
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Abstract: Beachrocks are well known as significant proxies for paleoenvironmental analysis as they
indicate the coastal evolution. The combination of geomorphological and archaeological sea level
indicators has a significant contribution to the coastal paleogeographic reconstruction. In this study,
we studied a beachrock from the Diolkos area (West Corinth canal, Greece) and remnants of Diolkos
slipway to reconstruct the coastal evolution before Diolkos construction until today. We conducted
detailed mapping of Diolkos beachrock using DGPS-GNSS, as well as mineralogical analysis and
OSL dating of beachrock samples. The results showed that a beachrock slab was preserved before the
construction of Diolkos below it, followed by its submergence by a co-seismic event after Diolkos
abandonment during 146 B.C. Consequently, a new beachrock was developed on top of the submerged
Diolkos around 120 ± 14 A.D. The RSL was stable until 1596 ± 57 A.D. when the beachrock developed
even closer to the present-day coastline. After 1596 A.D., it was uplifted by 12 cm until it reached
today’s condition.

Keywords: Corinth Gulf; geomorphology; coastal evolution; relative sea level; sea level indicator

1. Introduction

Research on coastal evolution is an important tool for interpreting future littoral
changes in the context of climate change [1,2]. Several recent studies have used a wide
variety of coastal sediments in an attempt to reconstruct late Holocene littoral changes [3–8].

Beachrocks are hard littoral deposits, which are composed of a wide variety of
beach sediments that are lithified through the precipitation of carbonate cement at the
shoreline [9–12]. Typically, the cement is composed of two mineralogies: high magne-
sium calcite (HMC) and aragonite [13]. The diagenetic environment of beachrocks may
be determined by the cement mineralogy and morphology [14]; therefore, the study of
these characteristics can enable defining the spatial relationship between the past coastline
and the formation zone of the beachrock [10]. In fact, the cement is composed of acicular
aragonite with isopachous fringes within the lower intertidal zone, or HMC cements with
thin-bladed isopachous crusts, or dark or golden brown, pelletal and micritic, irregular
grain coatings and void fillings [15,16].

Beachrocks are frequently used to determine late Holocene shoreline changes for the
reconstruction of paleo-shorelines and as sea level indicators for the study of relative sea
level changes in various coastal environments [10,12,17–22]. In the absence of other sea level
indicators, especially along sandy coastlines, they can provide significant data on relative
sea level changes, or even in combination with other sea level markers. Such is the case of
the Aegean Sea, where beachrock occurrences are particularly common [12,18,20,22–26].

Amongst the main difficulties in the study of beachrocks, including sea level or
paleogeographic indicators, is to obtain a geochronology for their development; commonly,
beachrocks are dated through radiocarbon dating using shells or the cement. However,
difficulties may arise as, frequently, beachrocks may have undergone more than one
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diagenetic phase [9], while the cement from one single slab may provide different ages [18].
Dating marine fossils incorporated in the beachrock also facilitates errors as it has been
noted that there may be an important time period between the death of the organism
and its incorporation into the beachrock. In this latter case, the age obtained should be
considered as the maximum [27,28]. During the past decade, luminescence dating has also
been used for a variety of coastal sediments [12,29], and it has also been proven useful
to obtain a geochronology for beachrock formation in the Mediterranean [12,29–31] and
elsewhere [32–34].

In this context, the aim of this study is to investigate the coastal evolution of the
Diolkos site at Corinth Gulf, Greece though the morphological mapping of beachrock
outcrops, cement investigation, and luminescence dating.

2. Study Area
2.1. Geological and Geotectonic Setting

The study area is located at the Gulf of Corinth (Figure 1), a prominent tectonic and
geomorphological structure in the central part of Greece, separating the Peloponnese to
the south and central Greece to the north. The Diolkos site lies on the south coasts of the
isthmus canal.
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vations at the western edge of the isthmus revealed that this road was used for transport-
ing ships with the help of a wheeled vehicle, where the ships were moored, exempt from 
their cargo to the docks of Cenchreae or Lechaion. Diolkos was particularly useful for 
transporting warships, which had no cargo. The width of the road was 3.5 to 6 m and its 
length reached 8 km [41]. Diolkos was constructed in the 6th century B.C. in consideration 
of the need for the prompt crossing of the ships from the Saronic to the Corinth Gulf and 
is associated with Periander (625–585 B.C.), tyrant of Corinth. However, according to 
Koutsouba and Nakas [41], the frequent usage of Diolkos had already desisted after the 
complete destruction of Corinth (146 B.C.). 

According to Morhange et al. [42], during 340 B.C., a co-seismic event provoked an 
uplift of Lechaion harbor by 1.2 m (6.6 km west of Diolkos) and also uplifted the entrance 
to Diolkos, as shown from the uplifted beachrocks that are formed on the ancient ship 
slipway. Below Diolkos ancient ship slipway, an older beachrock is present [43]. 

  

Figure 1. A morphological elevation map of the general area of Corinth. Corinth isthmus (canal)
can be observed along with the modern town of Corinth, the Acrocorinth, and the ancient harbor
of Lechaion.

The geological basement of Corinth is dominated by rocks of the tectonostratigraphic
terrain 3 of the Hellenides [35]. The area of Corinth consists of the rocks of the sub-
Pelagonian unit, a part of an old continental margin. This unit is mostly characterized
by sedimentary rocks of Triassic to Jurassic grey limestones [35,36]. The topography and
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geology of this area have been profoundly affected by the fault system, which follows
the Central Hellenic Shear Zone extending from the Aegean part to the Ionian Sea and
Peloponnese part [37]. This movement along the zone has created many grabens, one of
which is the Gulf of Corinth, because of the Pliocene–Quaternary subsidence with marine
sediments. The subsidence seized during the middle–lower Pleistocene when the marine
sediments were uplifted and eroded.

More specifically, the Corinth canal shows a variety of sedimentary deposits, such as
faulted Pliocene–Pleistocene marls, limestones, sandstones, and conglomerates [36].
These deposits can be observed at the canal internal sides [36]. These rocks were formed
early in the history of the Gulf of Corinth graben when the southern part was below sea-
level and were uplifted relatively recently. To the center of the canal, the oldest exposed
rocks are visible. They are a series of pale marls with minor strata of brown sandstones
and conglomerates and are Late Pliocene in age [36]. Both these sequences were raised
above sea level through an east/west fault system. These steeply inclined normal faults are
visible every few hundred meters along the canal [36,37].

From the report of the Hellenic Navy Hydrographic Service, [38] during the period of
1990–2012, the area of Diolkos showed a maximum tide of 0.72 m, a minimum of 0.01 m,
and mean tide range of 0.26 m.

2.2. The Ancient Diolkos Slipway

Diolkos was a slipway used for transporting ships from the Saronic to the Corinth Gulf
and in reverse. Part of the paved road was excavated by Verdelis [39,40]. The excavations
at the western edge of the isthmus revealed that this road was used for transporting
ships with the help of a wheeled vehicle, where the ships were moored, exempt from
their cargo to the docks of Cenchreae or Lechaion. Diolkos was particularly useful for
transporting warships, which had no cargo. The width of the road was 3.5 to 6 m and its
length reached 8 km [41]. Diolkos was constructed in the 6th century B.C. in consideration
of the need for the prompt crossing of the ships from the Saronic to the Corinth Gulf and
is associated with Periander (625–585 B.C.), tyrant of Corinth. However, according to
Koutsouba and Nakas [41], the frequent usage of Diolkos had already desisted after the
complete destruction of Corinth (146 B.C.).

According to Morhange et al. [42], during 340 B.C., a co-seismic event provoked an
uplift of Lechaion harbor by 1.2 m (6.6 km west of Diolkos) and also uplifted the entrance
to Diolkos, as shown from the uplifted beachrocks that are formed on the ancient ship
slipway. Below Diolkos ancient ship slipway, an older beachrock is present [43].

3. Materials and Methods
3.1. Fieldwork and Laboratory Analysis

For this work, detailed spatial mapping of Diolkos beachrock outcrops was accom-
plished. A differential global position system (DGPS) with global navigation satellite system
(GNSS) system receiver (Spectra SP60) was used for the detailed recording of beachrock
elevation/depth (with respect to the mean sea-level), length, and width of the seaward
and landward parts with an accuracy of 3 cm. In total, 3 transects (AA’, BB’ and CC’) were
accomplished, which also included sampling the front (seaward) and the end (landward)
of each beachrock slab [12,29,44] (Figure 2).

Beachrock samples were collected from the top bed of beachrock outcrops, from the
front and end slabs. Overall, 4 thin sections were prepared for petrographic and microstrati-
graphic analyses using a Leica DMLP (Leica Microsystems GmbH, Wetzlar, Germany) petro-
graphic microscope with a digital camera and the corresponding image treatment software.
These observations allowed characterizing the constituents, the presence/contribution of
bioclasts, as well as the type of the cements and their micro-morphological features.
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Figure 2. The study area of Diolkos, western part of Corinth canal. In this figure, three cross sections
(AA’, BB’, CC’) are illustrated together with the location of OSL samples (DiN1, DiS1). The ancient
ship trackway or slipway can be found with the dashed grey/black line.

3.2. Luminescence Dating

The beachrocks were dated by using optically stimulated luminescence (OSL) dating
of quartz. Two samples were selected for dating and were processed at the Luminescence
Dating Laboratory of the Institute of Physics, Silesian University of Technology, Poland.
Quartz grains of 125–200 µm size were selected for use. A germanium spectrometer was
used to determine the radioactivity dose rate. The determination of the equivalent dose
was measured with the single aliquot regeneration protocol (OSL-SAR).

3.3. Relative Sea Level Reconstruction

For the reconstruction of the relative sea level and the production of relative sea level
index points (SLIPs), we used the methodology proposed by Vacchi et al. [45], which has
also been used for Mediterranean beachrocks [12,29,46]. SLIPs were produced only for those
samples having intertidal formation in terms of cement typology, following the protocol
proposed by Mauz et al. [10]. Cement with needles or isopachous fibers of aragonitic
cement or isopachous rims and micritic high-magnesium calcite (HMC) cement or HMC
cement in stalactitic position and meniscus between grains indicates that the beachrock
samples have been formed in the intertidal zone [10].

The altitude of the former sea-level was estimated using the equation of Shennan &
Horton [47] for each dated SLIP point. The total vertical error was obtained by adding in
quadratic individual errors according to the equation:

ei = (e2
1 + e2

2)1/2 (1)
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where e1 and e2 represent the index point error sources while taking into account
both indicative range and the additional computational errors associated with the
sample altitude [45].

4. Results
4.1. Beachrock Distribution

The detailed spatial mapping of the exposed beachrock of the Diolkos area was
performed during summer 2020. The analysis includes the northern and southern parts
of the beachrock, which is interrupted by the canal of the Corinth isthmus (Figure 3).
The beachrock is composed of pile layers of sediments with plane-parallel seaward bedding.
On both sides, the beachrock is highly intervened by human activity (i.e., jetties, Diolkos
administration building, submerging road bridge, military installations).
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Figure 3. Diolkos area beachrock outcrops. The N corresponds to the northern part and S to the
southern part. The Corinth isthmus (canal) can be seen in the middle. The white dashed lines
indicate the exposed Diolkos ship slipway. The areas covered by white dotted lines indicate the
studied beachrock.

The beachrock, on both sides, has at least 75 cm thickness from its deepest part up to its
corresponding exposed outcrop. The largest beachrock width is 105 m on the northern side.
The beachrock extends to −75 cm depth and has a maximum elevation of 80 cm ± 5 cm.
Due to the complexity, extensive width, and the beachrock distribution, three cross sections
were carried out for better data interpretation (Figures 2 and 4).

In more detail, at the northern part, the beachrock lies at a maximum elevation of
68 ± 2 cm (Figure 4a) and maximum depth of −80 ± 2 cm (Figure 4b). In the northern
part, a man-made wall structure was present almost at 23 m from the coastline. In Figure 4,
the multi-banding morphology of the beachrock is evident. As is evident in Figure 4b,
samples CoDi1 and CoDi2 were retrieved for microscopic analysis, as well as the sample
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DiN1 for OSL dating. The northern beachrock shows a mean seaward dip of 8◦ from width
25–95 m, while, from 0–25 m, the mean dip is 12.5◦.
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beachrock is submerged and below the Diolkos remnants. At this cross section, samples 
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dating. 
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Figure 4. Schematic representation of Diolkos beachrock cross sections and sample points. The blue
line represents the m.s.l. (a) A cross section of the northern beachrock part. At 22 m width, a wall
construction is present. (b) A cross section of the northern beachrock part. At 26 m width, a wall
construction is present. The star shaped points indicate the samples for microscopic analysis, and the
arrow point at the cross section indicates the OSL dating sample. (c) A cross section of the southern
beachrock part. At 1 m width, a Diolkos remnant is fused with the beachrock. The star shaped points
indicate the samples for microscopic analysis, and the arrow point at the cross section indicates the
OSL dating sample.

The southern beachrock has a maximum elevation of 83 ± 2 cm and a maximum depth
of −20 ± 2 cm. The south–north cross section (Figure 4c) indicates the relationship of
the beachrock and the Diolkos remnants, which are located at sea level. Another part of
beachrock is submerged and below the Diolkos remnants. At this cross section, samples
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CoDi3 and CoDi4 were retrieved for microscopic analysis, as well as sample DiS1 for
OSL dating.

4.2. Cement Morphology and Mineralogy

All the observed Diolkos samples show a coherent pattern with sub-rounded and well
to medium sorted grains with a general absence of bioclasts (<3%). The lithoclasts mainly
consist of quartz, calcite, dolomite, plagioclase, and feldspar (Table 1). The examination
of the beachrock cements from Diolkos showed that the micritic high magnesium calcite
(HMC) [(Ca,Mg)CO3] cement was the most dominant in all samples (Figure 5). In samples
CoDi1 and CoDi2, the cement forms a thin isopachous coating around the sediment grains
(Figure 5a,b). In samples CoDi3 and CoDi4, the cement forms a more coherent isopachous
coating as well as pellet forms (Figure 5c,d). Furthermore, the CoDi4 sample has brown
micritic cement, forming an outer film. A pore filling matrix cement was observed and
consisted of very fine sedimentary particles (5–20 µm). Additionally, in sample CoDi4,
a meniscus cement formation was noted (Figure 5).

Table 1. Mineral content and textural characteristics of beachrocks derived from the microscopical
analysis and association with SLIP and indicative meaning.

Sample Cement Type Cement
Thickness Mineral Composition SLIP Indicative

Meaning

CoDi1 Thin isopachous micritic HMC.
No matrix and no bioclasts <10 µm

Quartz, Mg-Calcite,
Dolomite, Plagioclase,

clay minerals

Intertidal,
undifferentiated MHW to MLW

CoDi2 Thin isopachous micritic HMC.
No matrix and no bioclasts <10 µm

Quartz, Mg-Calcite,
Dolomite, Plagioclase,

clay minerals

intertidal,
undifferentiated MHW to MLW

CoDi3
Isopachous micritic HMC and.

Matrix infilling and
Pellet concentrations.

10–20 µm
Quartz, Mg-Calcite,

Dolomite, Plagioclase,
clay minerals

Intertidal,
undifferentiated MHW to MLW

CoDi4
Isopachous micritic HMc.

brown bio-micritic cement.
Pellet concentrations.

10–20 µm
Quartz, Mg-Calcite,

Dolomite, Plagioclase,
clay minerals

Intertidal,
undifferentiated MHW to MLW

The observed binding material between the grains is mostly upper intertidal cement in
samples CoDi1, CoDi2, CoDi3, and CoDi4, while the CoDi4 sample has evident forms and
characteristics of freshwater influence. Cements of the upper intertidal zone are <100 µm
and they are associated with detrital constituents (rock and shell fragments), which are all
present in all the samples. Furthermore, the cement crystals that are forming an isopachous
micritic coating serve as another indicator of intertidal zone beachrock formation. In the
above samples, there was an absence of meteoric cement.

Combining the microscopic analysis and the detailed field survey, we confirmed that
all the samples were beachrock samples with intertidal cement. Thus, the formation zone
of the retrieved samples for OSL dating was the intertidal zone.
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Figure 5. Polarized microscopy image in McHMC: micritic high magnesium calcite, BioCal: biogenic
calcite, Cal: calcite, Qz: quartz. (a) Sample CoDi1, 10× magnification, scale 20 µm. Micritic HMC
cement is coating mineral and lithoclast grains. (b) Sample CoDi2, 20× magnification, scale 10 µm.
Thin micritic HMC cement is coating calcite grains. (c) Sample CoDi3, 20× magnification, scale 10 µm.
The micritic HMC cement is fully covering the grains as a pore filling. (d) Sample CoDi4, 20× magni-
fication, scale 10 µm. Micritic HMC cement is covering the sediment grains. A pellet concentration is
present as a pore filling.

4.3. Sea Level Past Positions

The two samples from the northern and southern part of the beachrock were used
as SLIPs. A vertical uncertainty was calculated for each index point derived from the
accuracy of height measure and every possible factor associated with sampling and the
later analytical processes (i.e., waves that temporally increase the water level) [29,48].
In Table 2, the OSL results of the two samples are provided. The sample DiN1 was collected
from 0.17 m and the DiS1 from 0.20 m. Using the OSL dating method, we acquired the ages
of 0.381 ka ± 58 years and 1.83 ka ± 14 years, respectively. Both samples were converted
into SLIPs (Table 3), showing a sea level at approximately 4 cm and 8 cm, respectively.
Table 3 presents all the details of converting the beachrock samples to SLIPs. Both SLIPs
were acceptable as OSL dating, and the field measurements did not present methodological
or any executive issues.

Table 2. Age determination results of the selected Diolkos samples.

Site Sample
Number

Elevation
(m) Method No of

Aliquots
Equivalent
Dose (Gy)

Age BP
(ka)

CoDiN DiN1 0.17 Quartz 12 0.230 0.381
CoDiS DiS1 0.20 Quartz 15 1190 1.83
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Table 3. Past relative sea level calculations.

Beachrock
ID

Sample
No

Height
(m)

Age
(ka)

Tidal
Range

(m)
Measurement

Error (m)
Indicative
Meaning

(m)
RWL (m) RSL (m) Error

(cm) Notes

CoDiN DiN1 0.17 0.381 0.26 0.02 0.26 0.13 0.04 13 Accepted
CoDiS DiS1 0.20 1.83 0.26 0.02 0.26 0.13 0.08 13 Accepted

5. Discussion

Coastal paleogeographic reconstructions that study sea level fluctuations during
the middle–late Holocene in the Mediterranean take advantage of a variety of proxies,
which include geomorphological evidence, such as tidal notches [49–52] and
beachrocks [12,21,29,31,53], fixed biological indicators [54], and archaeological indica-
tors [49,54–57]. In many studies, different proxies have been used for coastal palaeogeo-
graphical reconstructions [12,42,48].

Today, the beachrock of Diolkos is separated at its northern and southern part from
the isthmus of Corinth (artificial canal), and it is uplifted. The microscopic examination
of the beachrock samples revealed that their formation environment was in the upper
intertidal zone [10,12,29,44,58]. The micritic HMC cement with pellet microformations,
the high tendency to fill all the beachrock porosity, and the occasional brown color cement
are good indicators for using a beachrock as a SLIP [9,10]. The beachrock distribution was
quite complex as it had a notable width (105 m maximum), and the human interventions
did not facilitate field examination.

The OSL dating was conducted on samples from the most characteristic places.
It should be noted that the northern sample (DiN1) derived from the beachrock seaward
face and the southern sample (DiS1) derived from the beachrock slab, exactly above the rem-
nants of Diolkos slipway. The northern sample age was estimated at 0.381 ka ± 57 years
(1569 ± 57 A.D.) and the southern sample at 1.83 ka ± 14 years (120 ± 14 A.D). These sam-
ples derived from almost the same height. However, their distances from the present-day
shoreline are approximately 6 m and 60 m, respectively. Additionally, their conversion to
SLIPs showed that the beachrock parts had the same relative water level during the time
they were formed. Based on the aforementioned, it seems that the relative sea level did not
change between 120 A.D. and 1569 A.D.

Considering the results from the beachrock mineralogical analysis, the sea level recon-
struction, and the morphological analysis, it is clear that the two parts of Diolkos beachrock
were once a continuous slab.

The area of Corinth isthmus has been uplifting by approximately 0.3 mm/year for
the last 200 ka [59–62]. During 1981, an earthquake sequence took place at the area of
Loutraki as a result of the fault system of south Alkyonides. That earthquake uplifted
Corinth isthmus by 2 cm [63]. The area of Corinth isthmus is a tectonically active area
given that, in the last 150 years, two strong seismic events have been described in historical
records. In 1858, an earthquake of M = 6.5 destroyed Corinth, and, in 1928, an earthquake
M = 6.3 inflicted extensive damage in Corinth and Loutraki [64]. The area is surrounded
by a secondary faulting system that is occasionally active. At a distance of 7 km west
of Diolkos, the ancient Lechaion port resides. Studies have revealed that local tectonics
were responsible for producing tsunamigenic events that affected the ancient port [65,66].
Furthermore, it was noted that repeated phases of uplift and subsidence affected the area
of Lechaion even if this situation is in contrast with the general geomorphological and
tectonically uplifting regime of the area [66]. According to Morhange et al. [42], a tectonic
uplift of 1.2 m was the main reason for the silting of the ancient port of Lechaion. It is clear
that the area of Corinth is very tectonically active and the local faulting systems play an
important role for the coastal geomorphological changes that affect manmade structures
(e.g., ports, slipways, etc.).

Diolkos was an ancient slipway, enabling ships to cross from the Corinthian Gulf to the
Saronic sea. Diolkos was constructed during the time of Periander (625–585 B.C.), tyrant of
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Corinth [67]. The slipway was functional from at least the 5th to the 1st century B.C. [67].
After 67 A.D., there is no evidence of using Diolkos. At that time, Nero started the first
plan to open a canal; however, his efforts failed, and the canal works were abandoned [67].
In Nero’s effort to open the canal, Diolkos slipway was partly destroyed. According to
Koutsouba and Nakas [41], the frequent usage of Diolkos was already in disuse after the
complete destruction of Corinth (146 B.C.). Finally, the canal opening project started in
1882 and was brought to completion in 1893.

Nowadays, a submerged beachrock (hereinafter beachrock A) resides below te Di-
olkos remnants, which might have been used as a structural background for Diolkos
construction [42]. On top of the slipway, a second beachrock exists, uplifted (hereinafter
beachrock B). The beachrock A shows similar characteristics and texture with the uplifted
one (Figure 6). We can assume that beachrock A had formed within the intertidal zone,
similar to beachrock B.

Quaternary 2022, 5, x FOR PEER REVIEW 11 of 16 
 

 

Nowadays, a submerged beachrock (hereinafter beachrock A) resides below te Di-
olkos remnants, which might have been used as a structural background for Diolkos con-
struction [42]. On top of the slipway, a second beachrock exists, uplifted (hereinafter 
beachrock B). The beachrock A shows similar characteristics and texture with the uplifted 
one (Figure 6). We can assume that beachrock A had formed within the intertidal zone, 
similar to beachrock B. 

  
(a) (b) 

Figure 6. Southern Diolkos part. (a) Inland view. The dashed white line separates the beachrock B 
from Diolkos remnants. The erosion of Diolkos coastal zone can be observed. (b) Contact point of 
beachrock B with Diolkos remnants. From this site, the sample DiS1 was retrieved. 

Our multiproxy analysis, combining historical, archaeological, geomorphological, 
and mineralogical data along with geochronology, allowed to reconstruct the paleogeo-
graphic evolution of Diolkos area. Before Diolkos construction (6th century B.C.), 
beachrock A was located in the intertidal zone. Assuming that the mean tidal range was 
almost the same as now, the intertidal zone was ranging between +13 cm to −13 cm. At 
that time, the Corinthians started constructing Diolkos on top of beachrock A, taking ad-
vantage of its slippery surface for pulling the ships. Consequently, the Diolkos slipway 
was located on the coastline. Beachrock A stopped its development due to the anthropo-
genic intervention. After the destruction of Corinth during 146 B.C., a co-seismic event 
must have taken place that submerged beachrock A and part of Diolkos. At that time, 
human intervention was limited and Diolkos ceased to be used until Nero’s canal project 
in 64 A.D. Considering that the formation of beachrocks requires a calm coastal environ-
ment so that sand can accumulate and consequently consolidate, a new beachrock started 
forming after the abandonment of Nero’s canal project. Morhange et al. [42] refer to a co-
seismic event around 340 B.C. that might have caused an uplift in the western part of 
Diolkos. However, this might not be possible as, during that time, Diolkos was functional 
and beachrock A was still submerged. 

Consequently, the first layer of beachrock B, covering the Diolkos remnants, had de-
veloped or was developing during the period of 120 ± 14 A.D. The coastal zone had found 
again its natural equilibrium as the longshore drift currents from Loutraki and Corinth 
supplied Diolkos with fresh sediment. 
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until 1569 ± 57 A.D. After that time, at least one co-seismic event may have occurred, 
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the beachrock may have been still developing (Figure 7). Taking into account the seismic 
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area. 

Figure 6. Southern Diolkos part. (a) Inland view. The dashed white line separates the beachrock B
from Diolkos remnants. The erosion of Diolkos coastal zone can be observed. (b) Contact point of
beachrock B with Diolkos remnants. From this site, the sample DiS1 was retrieved.

Our multiproxy analysis, combining historical, archaeological, geomorphological,
and mineralogical data along with geochronology, allowed to reconstruct the paleogeo-
graphic evolution of Diolkos area. Before Diolkos construction (6th century B.C.), beachrock
A was located in the intertidal zone. Assuming that the mean tidal range was almost the
same as now, the intertidal zone was ranging between +13 cm to −13 cm. At that time,
the Corinthians started constructing Diolkos on top of beachrock A, taking advantage of
its slippery surface for pulling the ships. Consequently, the Diolkos slipway was located on
the coastline. Beachrock A stopped its development due to the anthropogenic intervention.
After the destruction of Corinth during 146 B.C., a co-seismic event must have taken place
that submerged beachrock A and part of Diolkos. At that time, human intervention was
limited and Diolkos ceased to be used until Nero’s canal project in 64 A.D. Considering that
the formation of beachrocks requires a calm coastal environment so that sand can accumu-
late and consequently consolidate, a new beachrock started forming after the abandonment
of Nero’s canal project. Morhange et al. [42] refer to a co-seismic event around 340 B.C. that
might have caused an uplift in the western part of Diolkos. However, this might not be
possible as, during that time, Diolkos was functional and beachrock A was still submerged.

Consequently, the first layer of beachrock B, covering the Diolkos remnants,
had developed or was developing during the period of 120 ± 14 A.D. The coastal zone
had found again its natural equilibrium as the longshore drift currents from Loutraki and
Corinth supplied Diolkos with fresh sediment.

Beachrock B started developing and increasing its width and thickness at least up
until 1569 ± 57 A.D. After that time, at least one co-seismic event may have occurred,
which uplifted the area by ~12 cm. Between 1569 and the Corinth canal opening in 1882,
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the beachrock may have been still developing (Figure 7). Taking into account the seis-
mic events of 1858 and 1928, we may assume that these events may have uplifted the
Diolkos area.
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Figure 7. An illustration of the paleogeographic evolution of Diolkos area before the slipway con-
struction until today. The white dashed line indicates the modern coast, the grey rectangle indicates
the formed beachrocks, the grey blocks indicate Diolkos slipway, the black dashed line indicates the
modern road of Posidonia, and the white lines indicate jetties. (a) The coastal zone of Diolkos area
before the construction of the slipway (<600 B.C.), indicating the beachrock A. (b) Construction of
Diolkos slipway on the beachrock A. (c) Subsidence of beachrock A and Diolkos slipway. (d) The new
sediments overlay Diolkos slipway and form the beachrock B. The coast has advanced towards se€.
(e) The coast reached today’s position as the Corinth canal has been opened, and the majority of the
beachrock is destroyed.
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The functional height of an archaeological remain corresponds to the position (height)
of specific architectural parts in relation to the mean sea level at the time of construction.
Functional heights set the minimum construction height above the highest local tide [49,68].
There are few studies that refer to the functional height of ancient slipways. In Morhange
and Marriner [69], several archaeological sea level indicators were studied along with
slipways, which were categorized as meso-tidal functional constructions. Anzidei et al. [70]
mentioned that the slipway of Carthage, Tunisia is less constrained as a sea level marker
with a functional height of 0.24 ± 0.5 m. Baika [71] investigated a submerged slipway from
Kea island, Cyclades, Greece of the Classical/Hellenistic era and identified the relevant
RSL of the construction, around −2 to 2.5 ± 0.3 m. Diolkos was constructed by limestone
blocks of 35 cm thickness. Taking into account the available literature and the possible
Diolkos building material, we can assume that the subsidence of the beachrock A and
Diolkos remnants was of the order of ~35 ± 16 cm.

6. Conclusions

In this study, we investigated the evolution of the Diolkos, Corinth, Greece beachrock.
Combining data from the geomorphological field study, mineralogical and microscopic
analysis, OSL dating, and historical and archaeological records, the paleogeography of the
Diolkos area was possible.

• Before the 6th century B.C., a beachrock was lying on the intertidal zone covering the
area and reaching at least 65 m from today’s coastline.

• Diolkos construction occurred and the beachrock stopped its development until the
destruction of Corinth in 146 B.C.

• A subsidence occurred totaling 35 ± 16 cm, and Diolkos along with beachrock A
were submerged.

• Sediment accumulation occurred after Nero’s intervention at 67 A.D., forming a new
beachrock in the intertidal zone in 120 ± 14 A.D.

• After 120 ± 14 A.D., the beachrock continued its development up until 1569 ± 57 A.D.
• After 1569 ± 57 A.D., the beachrock developed another 5 m width until the present-day

coastline. The area uplifted by 12 cm owing to one or more co-seismic events.
• The beachrock development stopped when the Corinth canal construction started

in 1882.
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Abstract: This paper tests the suitability of automated point cloud classification tools provided by
the popular image-based modeling (IBM) software package Agisoft Metashape for the generation of
digital terrain models (DTMs) at moderately-vegetated archaeological sites. DTMs are often required
for various forms of archaeological mapping and analysis. The suite of tools provided by Agisoft are
relatively user-friendly as compared to many point cloud classification algorithms and do not require
the use of additional software. Based on a case study from the Mycenaean site of Kastrouli, Greece,
the mostly-automated, geometric classification tool “Classify Ground Points” provides the best results
and produces a quality DTM that is sufficient for mapping and analysis. Each of the methods tested
in this paper can likely be improved through manual editing of point cloud classification.

Keywords: photogrammetry; DTM; GIS; IBM

1. Introduction

In recent years, aerial laser scanning (ALS; also known as LIDAR) has attracted much
attention for its ability to “see through” dense vegetation [1–8]. This technology can
record ground surfaces below vegetation as some fraction of the lasers emitted from the
scanner strike ground surfaces through small gaps between leaves. This allows for the
processing of ALS-derived point clouds to filter out “first returns”, representing the canopy,
leaving only “last returns”, representing the ground surface [8–12]. One end product of
such a process is a digital terrain model (DTM; also referred to as a bare-earth digital
elevation model), a measure of the elevation of a ground surface that does not include
vegetation or structures [13–15]. DTMs are critical datasets for archaeologists, useful for
identification of sites and features below dense vegetation but also for performing various
kinds of landscape modeling and spatial analyses in GIS [13–17]. Thus, digitally stripping
a site of its vegetation through the production of DTMs is critical for many avenues of
archaeological inquiry.

Despite the advantages of ALS for DTM production, laser scanning approaches are not
always feasible as the technique can be cost-prohibitive [2,18–21]—though costs are likely
to come down with the rapid pace of technological development. As such, archaeologists
often prefer the combination of low-altitude aerial photography, often from UAVs, and
image-based modeling (IBM) for the collection of elevation datasets at sitewide scale [22–30].
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Agisoft Metashape (formerly Agisoft Photoscan) stands out as one particularly common
software package used for the production of 3D datasets through IBM [25,26,31–33]. Stan-
dard IBM procedures produce a digital surface model (DSM; i.e., an elevation dataset
including both vegetation and structures) rather than a DTM [34]. DSMs are not suitable
for most forms of archaeological analysis and mapping as the elevations in the dataset
represent a combination of vegetation, structures, and ground surfaces. In the context
of ALS, where point cloud filtering techniques are common and well-known, DSMs are
infrequently used by archaeologists [14]. Among IBM practitioners, however, the use of
DSMs produced from unfiltered or minimally-filtered point clouds is common [25,35].

Though IBM is often preferred by archaeologists due to cost considerations and ease
of use, IBM approaches suffer in comparison to ALS with regard to the inability of the
former approach to record data hidden by dense vegetation. As such, a DSM produced
through IBM methods does not contain data on archaeological features hidden below
trees. Thus, IBM/photogrammetry is often considered inappropriate for application in
vegetated areas [20,26,36,37]. However, many—if not most—archaeological sites exist
in moderately vegetated areas, often featuring some trees, shrubs, or bushes, but not
enough to entirely cover the site and prevent it from being seen from above. Collection of
elevation data through methods of low-altitude aerial photography and IBM at sites such
as these is an attractive proposition due to the cost-effectiveness and user-friendliness of
the techniques [21]. In this context, IBM is viable but conducting additional data processing
to produce a DTM is necessary for mapping and spatial analysis.

IBM-derived data can be processed in a number of ways to produce a DTM [38]. Geo-
metric filters normally used for the processing of ALS data are often applied to IBM data as
well [39,40]. Examples of this include the use of algorithms such as the fast Fourier trans-
form [41], cloth simulation filtering [42,43], and a TIN-based filtering approach [38,44–46].
These geometric algorithms are frequently applied using specialized point cloud filtra-
tion software tools such as LASGround [46], TerraSolid [45], or LP360 [44]. IBM point
clouds can also be classified based on the use of RGB and NIR imagery to identify the
spectral signature of points, either through the use of an NDVI threshold [38,47,48] or a
machine learning-based classification [47]. Machine learning classifiers can also be based
on geometric relationships within a scene [49], or both color and geometry [50]. GIS-based
filtering of DSMs proves yet another approach to DTM production from IBM data [51].
Most of these tools are suitable for use by specialists in ALS or remote sensing but are
beyond the technical expertise of most field archaeologists who nevertheless require DTMs
for mapping or analysis. This is problematic as a major appeal of LAAP and IBM-based
approaches is their ease of use.

Fortunately, user-friendly alternatives exist for point cloud filtration and DTM pro-
duction. One prominent example is the point cloud classification toolkit provided by
Agisoft Metashape [52]. The set of tools in this program, ranging from fully manual to
fully automated, can be used effectively to filter out vegetation and structures from pho-
togrammetric point clouds in an easy and straightforward way [21,28,34,53,54]. The results
of these approaches have been validated as accurate and useful for analysis of bare earth
surfaces through comparative analysis of derivative DSMs and DTMs [34]. However,
studies measuring the accuracy of Agisoft-based point cloud filtration have found that
results are not as accurate as those generated from more technically-intensive point cloud
filtering algorithms or DTM production through ALS [34,38,55]. Moreover, users of the
automated tools in Agisoft have also pointed out the need for manual editing of point cloud
classification results [21]. Still, automated approaches for IBM point cloud filtration mean
that IBM can be a viable and accurate alternative to ALS even when ground classification
is necessary [21]. As such, the availability of user-friendly point cloud classification tools
within Agisoft is a boon to archaeologists working at all but the most densely vegetated
sites. These tools allow for the use of cost-effective and user-friendly photogrammetric
methods to generate GIS-based elevation datasets that can facilitate both sophisticated
spatial analyses and aid more straightforward goals of contour generation and mapping.
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This paper explores the point cloud classification and DTM production functionality
offered by Agisoft Metashape Professional [52,56]. The approaches offered by Agisoft are
largely automated and user-friendly and as such, provide a useful alternative to more
technical approaches requiring specialized knowledge or additional software. The utility
of the approaches offered by Agisoft has not been adequately tested despite the ubiquity
of use of the software by archaeologists. Each of the three automated approaches to point
cloud classification provided by Agisoft Metashape is tested based on IBM data recorded
at the Late Helladic period site Kastrouli, in central Greece. The generation of derivative
contour data for both an unmodified DSM and a DTM using standard GIS techniques is
also presented in order to discuss the utility of DTM production using these techniques.

Kastrouli is located in the Phokis region of central Greece, on the Desfina Peninsula [57].
The site lies at the end of a ridgeline at the top of a hill, the top of which is encircled by
a fortification wall. The slopes of the hill on which the site lies are rocky with sparse
vegetation, while the top of the hill is partially covered by trees, large bushes, and shrubs,
as well as several low field walls. The site’s earliest and most notable remains are, in
addition to the fortification wall, three tombs that date to the Late Helladic period, one of
which (Tomb A) was dated more precisely to the LH IIIB 2 [58,59], though the tomb was
re-assigned to the LH IIIA 2 or slightly later based on excavations in 2016 and optically
stimulated luminescence dating [60,61]. The tomb was also re-used through the LH IIIC
and again later in the Middle Geometric period, before being partially looted in the 20th
century [58,59]. The fortification wall was also constructed in the Late Helladic period and
was reinforced in later periods [59,62,63]. Excavations in 2017 and scientific analysis of
finds and skeletal remains have shed additional light on the site’s occupation in the Late
Helladic period [62–67]. The current case study at Kastrouli was part of the 2016 excavation
campaign at Kastrouli, which excavated Tomb A at the site and conducted two small wall
sample probes in other parts of the site. The campaign also featured a 3D and spatial
recording program designed to comprehensively and intensively document the site and
the progress of the excavation through spatial and 3D recording [58–60,68].

2. Materials and Methods

The data collected to create a sitewide model of Kastrouli was collected using a helium
balloon with an attached, custom frame and a Canon EOS 50D DSLR triggered by an
interval timer (updated from the LAAP system described in [25]). The balloon was tethered
to an operator on the ground, who maneuvered the balloon around the site with the goal of
collecting images in transects across the site and with a great deal of (ca. 90%+) overlap
between consecutive images. The balloon, though less predictable in flight than a typical
small UAV, carries a higher resolution camera and allows for longer flight time. As such,
the balloon system generates comparable results to a UAV system for photogrammetric
purposes if coverage is adequate, though recent technological development in UAVs has
rendered them the gold standard of LAAP recording. In total, sidewide LAAP photography
at Kastrouli captured 790 images of the site, a sufficient number to generate a detailed
model of the site.

Once these images were captured, they were processed using a straightforward and
standard workflow in Agisoft Metashape Pro. The ways in which these stages work
within Agisoft is discussed in further detail elsewhere [25,27]. At Kastrouli, the model was
georeferenced using nine control points established at the site using differential GPS. The
model overall had a horizontal spatial error—as reported by Agisoft—of 8.23 cm, which
we regard as acceptable for a sitewide model, especially given the acquisition of smaller,
more precise models at key parts of the site. The processed and georeferenced model was
sufficient to generate a high-resolution (2.5 cm) orthophotograph suitable for the project’s
mapping goals (Figure 1) as well as a DSM of the site. As Kastrouli is moderately vegetated,
a DSM includes elevations of vegetation and architecture at the site, meaning that the
dataset is inadequate for mapping and spatial analysis. Thus, producing a DTM was
necessary. As discussed above, many methods for producing a DTM from IBM datasets
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exist, though most require a relatively high level of technical expertise. Those provided
by Agisoft Metashape, however, are relatively user-friendly, though varied in degree of
automation and effectiveness.

Quaternary 2022, 5, x FOR PEER REVIEW 4 of 12 
 

 

more precise models at key parts of the site. The processed and georeferenced model was 
sufficient to generate a high-resolution (2.5 cm) orthophotograph suitable for the project’s 
mapping goals (Figure 1) as well as a DSM of the site. As Kastrouli is moderately vege-
tated, a DSM includes elevations of vegetation and architecture at the site, meaning that 
the dataset is inadequate for mapping and spatial analysis. Thus, producing a DTM was 
necessary. As discussed above, many methods for producing a DTM from IBM datasets 
exist, though most require a relatively high level of technical expertise. Those provided 
by Agisoft Metashape, however, are relatively user-friendly, though varied in degree of 
automation and effectiveness. 

 
Figure 1. An orthophotograph of the site of Kastrouli, Greece. Note the vegetation obscuring the 
ground surface across the site. 

Agisoft Metashape provides a suite of point cloud classification tools that facilitate 
the production of DTMs from a subset of points in a model (Table 1) [52]. These include 
four options to classify points at varying levels of automation. First, a nearly fully auto-
mated classification (Classify Points) is available, applying machine learning techniques 
to sort points into standard LIDAR classes. Users have the option to select which classes 
will be used and a confidence parameter for point classification. At 0.00 confidence, this 
tool will classify every point in a scene based on Agisoft’s proprietary classification algo-
rithm. This tool is the easiest to apply as it requires only the input of one parameter. 

A second, mostly automated tool (Classify Ground Points) requires users to set three 
geometric parameters, which are used to distinguish points representing the bare earth 
from those representing other features based on the angle and slope from adjacent points 
[34,38]. This tool uses a TIN-based algorithm [21]. The Classify Ground Points tool in 
Agisoft Metashape is very easy to use but requires an iterative process in which the three 
geometric metrics used to differentiate points are manually adjusted and the selection tool 
re-run in order to find a quality result [34]. As such, it is difficult to ensure that the best 
possible result is attained. 

A third tool provided by Agisoft (Select Points by Color) allows for the classification 
of points by their color values, with an option to set a tolerance range. This tool can be 
applied to select and classify points into the various categories one at a time. At Kastrouli, 

Figure 1. An orthophotograph of the site of Kastrouli, Greece. Note the vegetation obscuring the
ground surface across the site.

Agisoft Metashape provides a suite of point cloud classification tools that facilitate the
production of DTMs from a subset of points in a model (Table 1) [52]. These include four
options to classify points at varying levels of automation. First, a nearly fully automated
classification (Classify Points) is available, applying machine learning techniques to sort
points into standard LIDAR classes. Users have the option to select which classes will be
used and a confidence parameter for point classification. At 0.00 confidence, this tool will
classify every point in a scene based on Agisoft’s proprietary classification algorithm. This
tool is the easiest to apply as it requires only the input of one parameter.

Table 1. Methods of point cloud classification in Agisoft Metashape Professional and the correspond-
ing user parameters used to produce optimal DTMs at Kastrouli.

Point Cloud Classification Method User Parameters

Classify Points Confidence: 0.00

Classify Ground Points
Max angle (deg): 15

Max distance (m): 0.05
Cell size (m): 10

Select Points by Color
Color: #b69b8a
Tolerance: 15

Channels: red, green, blue, hue, saturation, value

Assign Class Fully manual
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A second, mostly automated tool (Classify Ground Points) requires users to set three
geometric parameters, which are used to distinguish points representing the bare earth from
those representing other features based on the angle and slope from adjacent points [34,38].
This tool uses a TIN-based algorithm [21]. The Classify Ground Points tool in Agisoft
Metashape is very easy to use but requires an iterative process in which the three geometric
metrics used to differentiate points are manually adjusted and the selection tool re-run in
order to find a quality result [34]. As such, it is difficult to ensure that the best possible
result is attained.

A third tool provided by Agisoft (Select Points by Color) allows for the classification
of points by their color values, with an option to set a tolerance range. This tool can be
applied to select and classify points into the various categories one at a time. At Kastrouli,
a medium-light shade of orange (hex code #b69b8a) generally representing the color of the
surface of the site in the acquired imagery was selected for identifying ground points. This
tool also requires an iterative process in which colors and tolerance are adjusted in order to
find a visually optimal result.

The final tool (Assign Class) is fully manual, allowing users to select points by hand
and sort them into classes. The first three automated approaches are tested and presented
here. In each case, the threshold for user-provided values was chosen based on the best
appearance of the resulting classification (Table 1). In order to test the reliability of these
approaches, results are presented below without any manual editing of point cloud classifi-
cation, which should normally be applied for best results [21]. These values will naturally
vary by site and data collection methods.

Producing a DTM from a subset of a dense point cloud in Agisoft Metashape is a
straightforward task and only requires the selection of relevant point classes during DEM
production [52]. A DTM was produced from the results of each point cloud classification
process described above. The results of these processes are presented below, along with
smoothed contours generated from the DTMs/DSM for comparative purposes.

3. Results

The methods described above resulted in four elevation models of 2.5 cm spatial
resolution: an unmodified DSM (Figure 2a) and three DTMs produced through classifying
points geometrically (Figure 2b), through color selection (Figure 2c), and using the fully
automatic procedure (Figure 2d). Each DTM is intended to represent the bare earth surface
of the site, stripped of vegetation and architecture, though results vary by method. In
each method, in areas of the site where the points were classified as ground, the cloud
of points was used by Agisoft to generate a continuous raster surface. However, in areas
covered by vegetation or architecture in which no ground classified points existed due
to the limitations of photography and photogrammetry discussed above, the program
interpolated a surface from the ground points on each side of the open space. In other
words, the elevation measurements in areas covered by vegetation or stone walls serve as
estimates based on the nearest ground points [21]. Ultimately the entire DTM is generated
through an interpolative process, though this interpolation becomes more speculative in
areas with fewer relevant points—i.e., those with dense vegetation and a complex ground
surface [21]. It is difficult to quantify the error in elevation induced by the interpolation of
vegetated areas, given a lack of a control dataset of points below vegetation. Testing of the
quality of the DTM-generation process was not a primary goal of the field project, and so the
data needed to conduct this type of accuracy testing was not collected in the field. However,
visual inspection of the resulting DTMs is insightful for the relative utility of the results
and subsequent research can investigate the accuracy of each classification method [38].
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Figure 2. Comparison between an unmodified DEM of Kastrouli produced by (a) LAAP and pho-
togrammetry and DTMs of the site generated by LAAP, photogrammetry, and point cloud classifi-
cation through: (b) Classify Ground Points, (c) Select Points by Color, and (d) Classify Points. The
site wall and excavation areas are shown for context. DEMs (a,b) are also viewable in interactive
format here: https://storymaps.arcgis.com/stories/39280437536b4c458817fa4aa5c0b541 (accessed
on 19 November 2021).

4. Discussion

Visual inspection of each resulting DEM is useful for understanding the extent to
which each point cloud classification method was successful in identifying ground points,
and therefore removing vegetation and architecture at the site from the elevation model.
The DSM produced without classifying points (Figure 2a) serves as a control for comparison.
On this DSM, the vegetation across the site is clearly visible as roughly circular high points
across the site, especially its summit. Architecture is also apparent on closer inspection.

Of the other elevation models, the DTM produced by the geometric classification
tool Classify Ground Points is clearly superior. The model is free of any elements of
elevation representing large vegetation and architecture at the site is not apparent in the
dataset. Previous testing of this point cloud classification technique for DTM production
has reported that quantitative error results for the approach are highly competitive, but
qualitative results are less so [43]. In the present case study, visual inspection of the
results shows that the qualitative results in terms of the algorithm’s ability to differentiate
vegetation from ground points are superior to other methods provided within Agisoft.
However, further testing can examine the extent to which quantitative error rates compare
to other approaches.

Other methods provided by Agisoft were less successful in differentiating ground
points from vegetation. A color-based approach (Figure 2b), despite classifying the lowest
number of points out of the three classification techniques, was the least successful in
removing vegetation from the DEM. The DEM produced through this method clearly
illustrates that points on top of vegetation were classified as ground points, even despite
the iterative process and fine tuning of the color and tolerance parameters. Despite the
flawed result, this tool still has potential for point cloud classification as it can be used in
combination with other tools, including manual identification, to produce a more refined
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result. However, at Kastrouli, this tool was not sufficient to produce a DTM without
manual editing.

The final approach tested here is the fully automated tool, Classify Points, which
applies Agisoft’s proprietary algorithm, developed through machine learning, to sort points
in the model into classes. Points identified as “ground” were subsequently used to produce
the DEM. Unfortunately, though easy to use, this approach was not effective in classifying
points at Kastrouli. This automated approach classified many points on the surface of the
site as “building” (orange points in Figure 3), despite the lack of buildings in the scene.
Low stone walls across the site were correctly classified as building; however, bedrock
outcrops and much of the bare earth at the site was incorrectly grouped as such. Only a
fraction of the actual ground surface was classified as “ground” (brown points in Figure 3)
as well, with this class also featuring enough low-lying vegetation to disrupt the quality of
the DTM. However, much of the vegetation at the site was classified correctly, suggesting
potential for more nuanced use of this approach to classify and remove vegetation rather
than rely on the identification of ground points. Overall, this tool was not accurate at
Kastrouli, though it may be effective in other contexts and sites.
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algorithm. Green points are classified as “high vegetation”, orange points are classified as “building”,
and brown points are classified as “ground”. Much of the bare earth at the site is incorrectly classified
as “building.”

Though these approaches were of varying effectiveness, in total they suggest that the
use of multiple methods, combined with some manual editing of point cloud classification,
will provide effective results. However, at Kastrouli, the geometric procedure Classify
Ground Points provided quality results without even a need for manual editing. However,
producing a highly accurate DTM would likely require manual editing of automated
classifications [21], which in turn requires many hours of additional labor in classification
by a trained eye able to differentiate rocky outcrops from stone walls and ground-truthing.
These tasks are important for best results, but they exponentially complicate and limit the
efficiency of the overall process. As such, projects producing DTMs from photogrammetric
datasets should consider the balance between efficiency of data processing and the ultimate
accuracy of a final DTM.

In this case study, the geometric approach produced a DTM that generally reflects the
topography of Kastrouli, especially on the top area of the site. The elevation dataset clearly
has removed the artificially high measurements that represent the highest trees and bushes.
This is a valuable accomplishment, as the current vegetation on the site most likely does
not reflect ancient vegetation, and these elements also disrupt mapping and analysis efforts.
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The smoother surface of the DTM on the top of the site more accurately reflects the ground
surface in that area, as it is largely flat and gently sloped within the area encircled by the
fortification wall. The vast majority of the archaeological remains at Kastrouli are also
found in this area. That the DTM generation method performed most strongly in this area
is an encouraging result for study and analysis of the site’s anthropogenic component and
therefore the project’s goals. This is evidenced by the contours generated from the DTM,
which—by contrast with contours generated from an unmodified DEM of the site—provide
a much simpler and more intuitive representation of the site’s elevation (Figure 4). The
DTM-generated contours serve as a strong basis for mapping of key site features and
excavation areas. Meanwhile, many of the contours generated from the DSM appear to
represent the topography of the vegetation at the site rather than the variations in ground
level elevations. Ultimately, the DTM produced through these methods provides a more
useful basis for understanding ancient occupation of the site as it more closely reflects the
ancient occupation surface rather than more recent vegetation. Future investigation at the
site will be able to make use of this dataset to examine the patterns of occupation across
the site.
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efficient in terms of the manual labor required, with the most time-consuming steps being 
field collection of data and testing different point selection and classification methods and 
standards. Refining the classification of the point cloud to reduce false negatives and false 
positives can also be manually intensive, depending on the standards needing to be met. 
The work described here produced quality results without manual editing in order to 
demonstrate the efficiency of that process, though review and manual editing of point 
cloud classification would likely improve outputs [21]. Processing photographs into 3D 
models, and subsequently DTMs, is another potential limiting factor on the efficiency of the 
process, depending on the quality of the computational resources available. In general, how-
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Figure 4. (a) Contour map produced from the unmodified DSM. Note the contours representing
vegetation. (b) Contour map produced from the Classify Ground Points-derived, geometrically
filtered DTM. In both cases, contour lines below 5 m have been removed and contours have been
smoothed. These maps are also viewable in interactive format here: https://storymaps.arcgis.com/
stories/39280437536b4c458817fa4aa5c0b541 (accessed on 19 November 2021).

One of the main benefits to the workflow described here is the relative simplicity
and efficiency of the approach. Combined LAAP-IBM methods have become relatively
standard applications at archaeological sites, with Agisoft also commonly being applied
for its integrated photogrammetric workflow [27,33]. The steps for generating a DTM are
also efficient in terms of the manual labor required, with the most time-consuming steps
being field collection of data and testing different point selection and classification methods
and standards. Refining the classification of the point cloud to reduce false negatives and
false positives can also be manually intensive, depending on the standards needing to be
met. The work described here produced quality results without manual editing in order to
demonstrate the efficiency of that process, though review and manual editing of point cloud
classification would likely improve outputs [21]. Processing photographs into 3D models,
and subsequently DTMs, is another potential limiting factor on the efficiency of the process,
depending on the quality of the computational resources available. In general, however,
these LAAP, photogrammetric processing, and point cloud classification methods serve as
an effective and efficient method for DTM generation and in many cases may complement
already practiced workflows on archaeological projects. These methods also allow for
the generation of accurate and simple contours that are important for cartography at
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archaeological sites. The approach presented here is applicable to all moderately-vegetated
sites recorded with IBM, though the quality of point cloud classification methods may vary
according to the topography and vegetation at the site. Though more sophisticated methods
may also provide better results, the methods tested here are extremely user-friendly and
can be improved by manual editing of point cloud classification. As such, this approach
provides an easy and straightforward method of DTM production.

Drawbacks of the methods described above are its applicability only to areas with
limited vegetation or architecture and its dependence on automated methods that may not
capture the complexity of an archaeological site. In areas with no vegetation or architecture,
the DTM does not depend on interpolation, which means that the dataset can achieve high
fidelity to the ground surface given the potential for photogrammetric methods to achieve
high levels of accuracy [35,69]. However, any part of a site where the ground surface is
obscured by vegetation or architecture relies on interpolation from the nearest ground
surface, which increases the amount of estimation at the expense of actual measurement.
Thus, more vegetated or built-up sites will suffer in accuracy compared to more sparsely-
covered sites. This trade-off should be factored in when choosing this method for DTM
generation. The combined approach described above also should be applied with the
understanding that automated methods lack the sophistication provided by expertise and
a trained eye. A strictly automated approach may be unable to distinguish between a
low stone wall and a rocky outcrop, for example. However, tools for manual point cloud
classification allow archaeologists to consider the extent to which they would like to modify
or replace the results of an automated system. Ultimately, maps and spatial analyses are
subjective enterprises that can be facilitated by objective methods, so a combination of
automated and manual approaches seems appropriate for this type of study. Looking
forward, future studies should address the extent to which an interpolative method of
creating a DTM reflects the reality of the ground surface of the site below vegetation and
architecture by comparing the results generated using the method described above to
measurements derived from other means [38,55]. This verification will help to demonstrate
the accuracy of an IBM-based point cloud classification approach to DTM generation.

5. Conclusions

A combined LAAP-photogrammetry-point cloud classification approach is an effec-
tive and efficient workflow for generating a DTM of an archaeological site sufficient for
cartography and spatial analysis. Such a methodology bests LiDAR on cost and may
integrate more fully into already existing archaeological practices. The popular IBM soft-
ware package Agisoft Metashape provides a number of mostly-automated tools for point
cloud classification that can be applied to DTM production. Of these, the Classify Ground
Points tool appears to be the most reliable based on a case study from Kastrouli, Greece.
However, it is likely that automated methods can be improved by manual editing of results,
at the expense of efficiency. Overall, the use of automated point cloud classification tools
in Agisoft provides a streamlined and user-friendly process for the production of DTMs.
This approach then represents a useful addition to the toolbox of archaeological projects
interested in mapping and spatial analysis at moderately-vegetated or moderately-built
up sites.
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Abstract: Kendale Hecala is located on the Ambar River in the Upper Tigris Basin, province of
Diyarbakır in Southeast Anatolia. Various raw materials, including obsidian, radiolarite, chert,
jasper, chalcedony, and quartzite, were used in the lithic industry. Obsidian artefacts constitute an
average of 64% of the chipped stone assemblage. Technological analysis reveals that obsidian was
brought to the settlement as nodules and chipped into various tools at the settlement. Understanding
the operational sequence of the lithic industry, chaîne opératoire, including the distribution of raw
material from source to site, is important to demonstrate the socio-cultural organization of the
settlement in Southeastern Anatolia during the Ubaid period. In order to identify source varieties,
the obsidian artefacts uncovered from Ubaid layers of Kendale Hecala were analyzed by macro-
observations, and the characterization of archaeological samples was performed using a handheld
XRF. Multivariate analysis of the data indicates the use of obsidian from different resources at the
settlement, including Nemrut Dağ, Bingöl B, and Group 3d.

Keywords: Upper Tigris; obsidian sourcing; pXRF; Nemrut Dağ; Group 3d; Ubaid

1. Introduction

Ubaid, which originally referred to a pottery style, characterizes the material culture
that shared similar tools, architectural forms, and practices for a specific period. The
distribution of the Ubaid pottery and consequently the extension of culture depending
on the mutual relation between different societies approximately reached an area from
the Strait of Hormuz to Northern Mesopotamia and Upper Tigris, and the Mediterranean
shores [1]. The Ubaid culture spread from southern Mesopotamia to the north across
Mesopotamia in the later Ubaid 3 and 4 phases, which correspond to the Northern Ubaid
period, dating from about 5300 to 4500 BC [2]. The interaction within the regions is evident,
especially from pottery tradition, while the obsidian circulation could also reflect the
communication pattern.

The characterization studies elucidate the variety of obsidian sources reached to a
specific site and obsidian procurement strategies. Determination of compositional groups
will also reveal the preference for specific raw material properties for particular obsidian
artefact production. The lithic chaîne opératoire was defined by Lemonnier in four stages,
including extraction, reduction, production, and transformation [3,4]. Identifying the
source could explain the extraction phase comprising the selection of raw material and
the transportation system of obsidian [5]. On the other hand, the sequences of technical
processes corresponding to the places of activity for core preparation, flake, and blade
production from the core and tool kits received less recognition. The inadequate sampling
strategy in provenance studies could not provide relating information.

The recent studies focused on a more systematic sampling strategy that spatially
and chronologically represents the site, allowing for the detection of any possible shift in
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the obsidian procurement over time. This strategy also provides insights for reduction,
production, and tool finishing processes; therefore, we could obtain a more extensive
perspective for (1) the lithic industry at the settlement, (2) the social and cultural structure
of the society, (3) the role of the settlement in obsidian distribution, (4) the interaction
between societies through trade, and (5) the spread in skill and knowledge.

In Anatolia, two major groups of geological sources are defined as Central Anatolia,
including Acıgöl, Göllüdağ, Nenezidağ, Hasandağ, and Eastern Anatolia, comprising the
Upper Euphrates, Lake Van, and Northeastern Anatolia regions. The previous provenance
studies indicated that Bingöl B obsidians and peralkaline obsidians from Bingöl A and
Nemrut Dağ were the primary sources in Southeastern Anatolia during the PPNA and
PPNB (Hasankeyf, Çayönü, Hallan Çemi, and Gusir Höyük). More thorough studies
that examine the geochemical data to describe obsidian selection systems and circulation
networks for a period from PPN to Ubaid periods in the area detected changes in the
proportions of the various geological sources over time [6–8]. Although the change could
be related to the sample size, the shift in obsidian procurement and diversity of obsidian
sources may suggest a modification in the taste for the physical appearances of obsidian
materials, such as color, in the technology or exchange system. The effects of a shift in
trade networks and centralization are reflected in the place of activity, i.e., on-site domestic
production or off-site standardized blade industry [5].

In the Upper Tigris region, Kenan Tepe obsidian assemblage from Ubaid levels, for
instance, suggests a difference in the production stage of obsidian tools based on their
raw material [9]. Due to the proximity, the obsidian raw material diversity and chaîne
opératoire at Kenan Tepe could bear some similarities to Kendale Hecala. However, we
also acknowledge that the obsidian procurement could show regional varieties. Obsidian
sources arrived at Kenan Tepe mainly include Bingöl B, Bingöl A, Nemrut Dağ, Muş,
and the compositional group defined as Group 3d by Renfrew et al. [10]. The elemental
composition and the physical appearance of Group 3d obsidian at the site are well described
in a recent study by Campbell et al. [11]. Due to a similar proportion of Group 3d artefacts
to Bingöl and Nemrut Dağ sources, the authors suggest a region between Bingöl and
Nemrut Dağ for the location of Group 3d. The obsidian raw material diversity at Tell
Zeidan in Northern Mesopotamia was studied by Khaldi et al. [12]. The results suggested
that obsidian obtained from the Sıcaksu sub-source of Nemrut Dağ, Bingöl B, and Bingöl A
were available at the site for Ubaid period contexts.

The obsidian source characterization study at Gre Fılla was conducted on fifty samples
comprising various debitage and tools in 2021. The assigned origins of obsidian samples
revealed that Gre Fılla was located in the distribution area of Bingöl B, Bingöl A (Solhan),
and Nemrut Dağ sources [13]. While obsidian from Bingöl B constituted the majority, we
could follow the temporal change in the proportions of different sources within the layers
of PPNB. The archaeological evidence and C14 dating indicate an occupation at Gre Fılla
dating from the PPNA to the late PPNB (9300–8200 cal. BC) [14]. On the other hand, the C14

dating at Kendale Hecala suggests a cultural sequence between 6700 and 5500 BC, including
the Pottery Neolithic (PN) and the Ubaid periods. Gre Fılla and Kendale Hecala sites by
the Ambar Çayı, one of the tributaries of the Upper Tigris basin, are located only 800 m.
apart (Figure 1). Therefore, characterization studies at two mounds will provide valuable
data to understand the obsidian procurement and exchange patterns in the region during
the Neolithic and Chalcolithic periods. This study presents the elemental compositions
of twenty-one obsidian artefacts from Kendale Hecala obtained from Ubaid layers using
a handheld, portable X-ray fluorescence (pXRF) spectrometer. We aimed to establish the
primary obsidian sources that arrived at Kendale Hecala during the Ubaid period to assign
the site in the obsidian distribution system in the Upper Tigris region and define whether
Group 3d obsidian was available at the site.
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yarbakır Archaeological Museum under the supervision of Prof. Dr. A. Tuba Ökse. The 
archaeological evidence indicates that Gre Fılla was settled from PPNA to PPNB. The site 
was then abandoned and used as a cemetery during the Late Antiquity and early centuries 
of the Middle Age. Kendale Hecala, situated at 800 m. south of Gre Fılla, is approximately 
3–4 m in height, and about 0.65 ha in extent (Figures 1 and 2). According to C14 dating and 
the material remains, including pottery, lithic, and architecture, the settlement had been 
used in three periods spanning 6660–4540 cal. BC (Period KH III-II) and AD 500–1500 (Pe-
riod KH I) (Table 1) [14,15]. Following the Early Chalcolithic settlement, the site was aban-
doned and reoccupied after a period of ca. 5300 years during the medieval period. The 
excavation at the site was sustained at ten trenches at the northern operation and four at 
the southern operation in the 2019 season. 

 
Figure 2. The aerial photography of the trenches at Kendale Hecala (excavation archive). 

Table 1. The cultural sequences at Kendale Hecala. 

Date (BC) Period Pottery Lithics Architecture 
6660–5500 KH III-PN 1    
5500–4550 KH II-Ubaid 3–4    
500–1500 2 KH I-Middle Age    

1 Pottery Neolithic. 2 AD. 

Figure 1. The aerial photography showing the locations of Gre Fılla and Kendale Hecala in the Ambar
Çayı valley (Google Earth image).

2. The Archaeological Site

Ambar Dam is proposed to be constructed in the northern valley of Ambar Çayı,
located in the upper Tigris valley. The salvage excavations in the region, including three
mounds, Ambar Höyük, Gre Fılla, and Kendale Hecala, were initiated in 2018 by the
Diyarbakır Archaeological Museum under the supervision of Prof. Dr. A. Tuba Ökse.
The archaeological evidence indicates that Gre Fılla was settled from PPNA to PPNB. The
site was then abandoned and used as a cemetery during the Late Antiquity and early
centuries of the Middle Age. Kendale Hecala, situated at 800 m. south of Gre Fılla, is
approximately 3–4 m in height, and about 0.65 ha in extent (Figures 1 and 2). According
to C14 dating and the material remains, including pottery, lithic, and architecture, the
settlement had been used in three periods spanning 6660–4540 cal. BC (Period KH III-
II) and AD 500–1500 (Period KH I) (Table 1) [14,15]. Following the Early Chalcolithic
settlement, the site was abandoned and reoccupied after a period of ca. 5300 years during
the medieval period. The excavation at the site was sustained at ten trenches at the northern
operation and four at the southern operation in the 2019 season.
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Table 1. The cultural sequences at Kendale Hecala.

Date (BC) Period Pottery Lithics Architecture
6660–5500 KH III-PN 1

5500–4550 KH II-Ubaid 3–4
500–1500 2 KH I-Middle Age

1 Pottery Neolithic. 2 AD.

3. The Lithic Industry at Kendale Hecala

The various raw materials of lithic materials consisted mainly of obsidian (65%) and
other knappable siliceous rocks (35%), commonly known as flint, chert, and radiolite.
Macro observations presented that the color of the obsidian materials ranges from opaque
black, red-dotted black-gray, translucent green, and gray. The debitage constitutes 60%
of lithic assemblage, and tools form 40%, while debris is also present. The percentage of
obsidian cores (26%) is considerably lower than flint cores (74%). Bladelets, blades, and
flakes comprise the major portion of the obsidian assemblage, while the exhausted obsidian
cores were mainly used to produce blades and flakes based on the scares on the debitage
planes. Cores with pyramidal shapes (Figure 3) or polyhedral with opposite platforms and
shapeless core fragments are also defined. The lesser amount of obsidian cores and the
reduction strategies (exhausted cores) suggest that obsidian was less readily available at the
settlement, contrary to local knappable siliceous materials. The reason for the preference
for obsidian is not apparent yet; however, it could be derived from conventional practices
in the society, social aspects of the organization, or transferred skills with technology. The
nodules and flakes exhibiting the primary cortex on the surfaces, along with the amount of
debris, point to on-site production activity.
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Figure 3. Unipolar pyramidal blade core sample.

The length of the blades is less than 10 cm. The higher percentage of the obsidian
blade and flakes, as opposed to the percentage of flint blades and flakes, may suggest
that obsidian was the choice material for the production of blades and flakes. Typological
classification of obsidian tools found at Kendale includes retouched blades and flakes,
scrapers, splintered tools, scrapers, bores, denticulated tools, burins, notched tools, backed
blades, retouched blades, and microliths (Figures 4 and 5). Furthermore, obsidian materials
found at the site reflect an ad hoc flake and blade industry.
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Figure 5. A retouched blade and splintered tools from Kendale Hecala.

4. Materials and Methods
4.1. Sampling

The obsidian samples were collected among 2018–2019 finds for element analysis to
present the obsidian geological source variety at Kendale Hecala. All twenty-one samples
are assigned to the Ubaid period and include flakes, cores, and tools such as retouched
materials and scrapers (Table 2). We selected the samples to represent spatial differences
at the site and followed the protocols for dimension and thickness recommended for
XRF measurements [16,17]. Obsidian artefacts of various colors observed through macro
analysis were selected in order to ensure our sampling strategy would reflect the raw
material variety at the site. The sample morphology is an important parameter to obtain
accurate and precise data when using a handheld XRF instrument. The surface roughness
of the samples is one of the major limitations of archaeological studies. Irregular surfaces
of archaeological samples may create an air gap between the instrument probe, resulting
in a significant change in the analytical signal [18,19]. Therefore, we excluded obsidian
artefacts which do not meet this requirement.

Among the sources in Eastern Anatolia, only Nemrut Dağ and Bingöl A sources were
classified as peralkaline obsidians (Figure 6). Due to the proximity to Kendale Hecala,
geological samples were collected from Bingöl A (Solhan) as a possible source of peralkaline
obsidian artefacts found at the site. We used the geochemical data obtained by different
studies using various analytical methods to compare with our dataset and to relate obsidian
assemblage of Kendale Hecala to the calcalkaline obsidian sources of Bingöl B, Muş, and
Süphan Dağ.
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Table 2. Contextual and technological information for the analyzed Kendale Hecala II artefacts dated
to cal. 5600–5000 B.C.

Sample Nr Stratum Trench Color Assemblage

KH-O-001 KH II K8 Black Retouched
KH-O-002 KH II L8 Gray Retouched
KH-O-003 KH II L8 Black Retouched
KH-O-004 KH II L8 Gray Retouched
KH-O-005 KH II L8 Black Retouched
KH-O-006 KH II K8 Green Retouched
KH-O-007 KH II K8 Green Flake
KH-O-008 KH II K8 Green Core
KH-O-009 KH II K8 Green Splitter
KH-O-010 KH II K8 Green Retouched
KH-O-011 KH II K8 Green Retouched
KH-O-012 KH II K8 Green Flake
KH-O-013 KH II K8 Smokey gray Core
KH-O-014 KH II K8 Smokey gray Retouched
KH-O-015 KH II K8 Green Core
KH-O-016 KH II K8 Green Flake
KH-O-017 KH II L8 Green-gray Flake
KH-O-018 KH II L8 Green-gray Retouched
KH-O-019 KH II L8 Green-gray Splitter
KH-O-020 KH II L8 Black Retouched
KH-O-021 KH II L8 Green-gray Retouched
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4.2. Analytical Procedure

Chemical analysis of the obsidian samples was conducted with a handheld EDXRF;
Hitachi X-Met8000 Expert. The apparatus was equipped with a silicon-drift detector (SDD)
and an excitation source of X-ray tube Rh target. We use pXRF for the determination of the
major elements Fe, K, Zr, Ca, and Ti, as well as the trace elements Ba, Mn, Rb, Zn, Sr, Pb,
and As.

Archaeological and geological samples were cleaned with distilled water in an ultra-
sonic bath for 15 min. The instrument was set to 40 kV for 90 s as an optimal time. We
also give at least 5 min intervals between each measurement to allow the instrument to
cool and stabilize as suggested by Steiner et al. [20]. The measurements were performed
according to the calibration method mentioned in Muşkara and Konak [13]. The matrixed
matching strategy to check the accuracy of the calibration method requires using interna-
tional standard materials (SRM or certified reference material CRM), which are generally
in powdered form to ensure homogeneity. The best way to ensure appropriate validation
is using the sample preparation method in the same way of reference material [21], since
the comparison of the analytical signals obtained by different sample preparation meth-
ods may not always be proper (for further discussion on the issue, see [19,22]. We used
East Göllüdağ obsidian samples as secondary standards to confirm the analyzer accuracy
and stability before and during the analysis of the samples to ensure the validity of the
calibration method for intra-laboratory comparison.

The flattest spots on the surface were selected for measurements to minimize the air
gap between the sample and probe. The analysis spot size of the instrument was 5 mm, and
the positioning of the analyzer was controlled by an integrated camera. All samples were
analyzed in duplicate and some in triplicate to ensure the reliability of the measurements.

4.3. Data Analysis

The accuracy and reliability of obsidian provenance studies or source assignment of
obsidian artefacts by pXRF have been discussed over the last decade. Various authors
suggested that the data obtained by pXRF measurements can indeed be used to discriminate
various geological sources. The obsidian procurement patterns at many sites in Anatolia
and Near East have been usefully defined using pXRF and other portable or non-destructive
devices such as SEM-EDX (scanning electron microscope-energy dispersive X-ray) PIXE
(proton-induced X-ray emission), EMPA (electron micro probe analyzer). However, the
concerns on the validity of pXRF measurements have not been fully addressed. The validity
of pXRF has been described by Nazaroff et al. [23], referring to its ability to distinguish
different geological sources, although a systematic error introduced by pXRF was observed
when the results were compared with the data obtained by a lab-based XRF instrument.
Two sample t-tests were applied between the datasets to check the accuracy of the results
acquired by pXRF. K-means cluster analysis, then, was used to calculate the analytical
capacity of the pXRF instrument to assign the archaeological sample to the specific source.
On the other hand, a similar approach was followed by Frahm to test the validity of pXRF,
although he did not apply the appropriate calibration producers, even on the artefacts
that did not have the desired morphology for the measurements [24]. He concluded
that “Even with systematic error from the (lack of) calibration and random error due to
problematic artefacts, the compositions of these Near Eastern obsidians, as measured using
HHpXRF, have greater inter-source than intra-source variations” [24] (p. 1091), expect for
the peralkaline sources Nemrut Dağ and Bingöl A. However, of course, the validation of
pXRF using reference materials is still required to establish accuracy and precision.

While multiple bivariate scatterplots are generally used for obsidian-source assign-
ment, principal component analysis (PCA) has been suggested to identify compositional
groups in a dataset [25–31]. In this study, we applied PCA to characterize archaeologi-
cal samples and define compositional groups. The data of archaeological samples and
geological samples from Bingöl A were transformed to base-10 logarithms before PCA
to reduce the differences in magnitudes of the concentrations recorded and address the
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skewness of the original data [32,33]. In contrast, other data-transformation methods
include Z score standardization [31], multivariate Box–Cox transformation [28], and a
minimum/maximum normalization [34]. PCA was performed using a correlation matrix
with no rotation axis. A ratio plot of Fe/Mn vs. Rb/Zr and a ternary graph of Zr, Rb, and
Zn are also used to distinguish peralkaline and calc-alkaline obsidian artefacts. In this
study, multivariate statistical analysis is carried out with the help of SPSS software 28.0.1.0
(142) (IBM 2021).

5. Results

The elemental composition of geological samples originated from Bingöl A, and East
Göllüdağ were reported in Muşkara and Konak [13]. Since the Ba and Sr values of Bingöl A
samples acquired by pXRF was below the detection limits of the instrument, the results for
the same elements originated from East Göllü Dağ obsidian samples provides insight for
the lower limits of the linear dynamic range of our instrument for Ba and Sr. The element
compositions of Kendale Hecala obsidian artefacts are presented in Table 3.

Table 3. Element composition of artefacts from Kendale Hecala obtained by pXRF.

Sample Fe Ca Zr Ti Ba Mn Rb Zn Sr Pb As Source

KH-O-001 12,132 4666 268 1168 317 305 192 36 38 25 5 Bingöl B
KH-O-002 12,860 7271 286 1288 318 296 208 33 39 29 3 Bingöl B
KH-O-003 15,396 7204 291 1186 419 310 203 36 38 25 6 Bingöl B
KH-O-004 12,537 8398 281 1180 373 275 194 39 37 29 1 Bingöl B
KH-O-005 12,673 5371 295 1228 431 323 205 39 38 29 3 Bingöl B
KH-O-006 28,952 2145 1148 1173 n.d. 1 541 216 168 n.d. 34 23 Nemrut D.
KH-O-007 26,570 1791 1051 1067 n.d. 486 194 140 n.d. 31 20 Nemrut D.
KH-O-008 28,504 2342 1148 916 n.d. 500 210 167 n.d. 36 18 Nemrut D.
KH-O-009 24,063 2170 1022 899 n.d. 504 202 145 n.d. 39 22 Nemrut D.
KH-O-010 27,422 1922 1078 1149 n.d. 490 196 162 n.d. 33 17 Nemrut D.
KH-O-011 27,345 1859 892 1157 n.d. 584 194 136 n.d. 33 15 Nemrut D.
KH-O-012 24,812 1871 1042 1008 n.d. 477 206 156 n.d. 38 25 Nemrut D.
KH-O-013 10,206 5486 170 368 n.d. 331 394 74 n.d. 63 15 Group 3d
KH-O-014 11,825 3571 189 449 n.d. 430 448 84 n.d. 67 14 Group 3d
KH-O-015 11,553 4442 273 1079 356 284 198 33 34 28 4 Bingöl B
KH-O-016 30,038 2532 1260 1230 n.d. 554 229 170 n.d. 40 22 Nemrut D.
KH-O-017 18,320 2379 1082 759 n.d. 392 201 130 n.d. 31 14 Nemrut D.
KH-O-018 29,772 2807 1019 1294 n.d. 631 223 151 n.d. 42 16 Nemrut D.
KH-O-019 18,665 2587 1080 794 n.d. 408 202 142 n.d. 33 14 Nemrut D.
KH-O-020 12,158 4280 196 467 317 383 476 89 11 70 11 Group 3d
KH-O-021 33,332 2215 1098 1212 318 734 235 163 38 41 20 Nemrut D.

1 n.d. not detected.

The log-transformed data for Fe, Zr, Ca, Ti, Mn, Rb, Zn, Pb, and As of archaeological
and geological samples were used for PCA in order to distinguish various compositional
groups among the Kendale artefacts. Using the scree plot and eigenvalues, two components
were found significant. Examination of biplots of element vectors and the data of obsidian
samples against the first and second principal components indicates four compositional
groups in our dataset (Figures 7 and 8). Group 1, representing Bingöl A, is characterized
by higher amounts of As and Zn. None of the archaeological samples are assigned to
this group. On the other hand, Ba and Sr values found below the detection limits of the
instrument and relatively higher contents of Zr and Fe identify 12 artefacts designated to
Group 2 that are derived from peralkaline obsidian of Nemrut Dağ.
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Figure 8. Bivariate plot showing obsidian artefacts and Bingöl A geological samples on PC1 and PC2
for the four compositional groups (yellow circles coding Bingöl A).

The second principal component distinctively separates Group 3, including three
artefacts. The discriminating positive loading of Pb and Rb elements is interesting since
it suggests that these artefacts were produced from Group 3d obsidian. In a Rb vs. Pb
scatterplot, which was recommended for assigning Group 3d obsidian [11], three artefacts
(KH-O-013, 014, and 020) exhibit significantly higher values of Rb and Pb (Figure 9). The
Pb content with a mean of 66 ± 4.54 ppm (mg/kg) obtained by Campbell et al. [11] for the
artefacts defined as Group 3d is consistent with our data. The mean concentration of Rb is
439 ± 42 ppm corresponds to values that have previously been published [11,35,36], while
the Rb content of KH-O-013 is relatively lower. However, it is compatible with the data of
four artefacts from Yarım Tepe II obtained by Francaviglia using XRF [37] (see also [35]),
and one sample from Eridu reported by Renfrew [10].
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Figure 9. Rb vs. Pb scatterplot showing obsidian artefacts and Bingöl A geological samples.

Group 4, consisting of six artefacts, is separated for its higher Ca and Ti values in
Figure 6. In the Ba vs. Zr scatter plot, our data for Group 4 are compared to published
values in order to define the geological source of the samples (Figure 10). Group 4 artefacts
have a Ba content ranging from 317 to 431 ppm, while their Zr content is between 268 and
291 ppm. Therefore, the element composition of this group corresponds to Bingöl B source.
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Figure 10. Ba vs. Zr scatterplot showing Kendale Hecala obsidian artefacts (KH-O-01, 02, 03, 04,
05 and 15) and obsidian sources of Eastern Anatolia: Bingöl B (G) [38].; Bingöl B (B) [39]; Bingöl B
(K) [40], Süphan Dağ (P) [41].

The Fe/Mn vs. Rb/Zr scatterplot of the samples discriminates three geochemical
groups (Figure 11). One group closer to Bingöl A reference samples represents the peral-
kaline obsidians at Kendale Hecala; however, we understand that there is an overlapping
between Nemrut Dağ obsidian, especially between Sıcaksu and Bingöl A [13]. On the
contrary, the scatterplot of principal component analysis is more efficient to discriminate
between two peralkaline sources. The artefacts assigned to Bingöl B are separated from
peralkaline obsidian, while three artefacts identified as Group 3d appear on the upper left
corner of the plot, is notably differentiated from the other artefacts. This pattern is related
to a significantly higher concentration of Rb.
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Figure 11. Bivariate plot of Fe/Mn vs. Rb/Zr showing obsidian artefacts and Bingöl A geologi-
cal samples.

The compositional groups defined at Kendale Hecala are also distinguished by plotting
the values of Zr, Rb, and Zn in a ternary graph (Figure 12). Most obsidian artefacts show
consistencies with geological samples collected from Solhan, representing the peralkaline
obsidian source. The higher Rb concentration separates three artefacts (KH-O-013, 014,
and 020) and the lower values of Zn assign six artefacts (KH-O-001-005, and 015) to
calcalkaline obsidians.
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6. Discussion

The geological source of 21 obsidian artefacts, including cores, flakes, retouched
materials, and scrapers, were determined as Bingöl B, Nemrut Dağ, and Group 3d. Since
our geological sampling represents only Bingöl A source obtained from Solhan, we applied
a principal component analysis for the discrimination of different compositional groups.
The total variance explained by the first and second components is 82%. The first component
is positively correlated with Zn and As, while also less correlated with other components
(Table 4). The second component is positively correlated with Rb and negatively correlated
with Ti.
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Table 4. The component matrix of PCA.

1 2 3

Log10Fe 0.878 −0.426 0.165
Log10Zr 0.887 −0.359 −0.188
Log10Ca −0.675 −0.145 0.644
Log10Ti −0.134 −0.931 0.251

Log10Mn 0.733 −0.196 0.596
Log10Rb −0.011 0.948 0.269
Log10Zn 0.979 0.093 0.000
Log10Pb 0.351 0.888 0.223
Log10As 0.921 0.240 −0.025

The PC1 separates Group 1, Group 2 (peralkaline), and Group 4 (calc-alkaline) obsidi-
ans, and PC2 discerns Group 3. On the other hand, discriminating Bingöl A and Nemrut
Dağ compositional group has been difficult, especially when the data were acquired by
pXRF. Various binary diagrams, including La vs. Nb and Zr vs. Nb, were applied by
Chataigner [42]. Although Bingöl A and Nemrut Dağ sources are represented homoge-
neously, she suggests that flow dating could provide better results when archaeological
samples are not allocated to either source precisely. Other quantitative analysis methods
of the data have been applied, such as ratio plot of Nb/Pb vs. Y/Nb [30], Fe vs. Zr [12],
or Al2O3 vs. FeO(T) vs. Zr [43]. Characterization studies have also identified sub-sources
in Nemrut Dağ [29,42–44]. Among the defined outcrops, Sıcaksu obsidian has the most
similar geochemical compositional to Böngöl A, while it was reported as the most available
source at settlements in Northern Mesopotamia from the Late Neolithic to Chalcolithic
period [12,29]. However, Frahm [43] argued that other than Sıcaksu, three other Nemrut
sub-sources occurred at Körtik Tepe, Domuztepe, and Tell Mozan. Our data for Gre Fılla
artefacts also suggest that obsidian raw material from various outcrops of Nemrut Dağ
(especially Sıcaksu and Kayacık) arrived at the settlement [13].

The scatterplot of PC1 and PC2 in this study identifies peralkaline obsidians; however,
archaeological samples differentiate from Bingöl A geological samples due to similar be-
havior of Zn-As (positive loading for Bingöl A) and Fe-Zr elements (positive loading for
archaeological samples). Due to the clear separation between the groups, Group 2 artefacts
are assigned to Nemrut Dağ, although no overlapping regions may have resulted from the
number of archaeological samples analyzed. On the other hand, the representation of the
sample on the bivariate plot of Fe/Mn vs. Rb/Zr supports the allocation of obsidian arte-
facts to Nemrut Dağ. Future studies will include obsidian samples from Sıcaksu, Kayacık,
and other outcrops of Nemrut Dağ in order to test the efficiency of the variable set used
in the principal component analysis. While Fe, Zr, and Zn have been used for identifying
peralkaline obsidians, As appears to be among the set of discriminating variables.

The Group 3d obsidian compositional group was initially defined by Renfrew et al. [10].
Various obsidian sources, including Central Anatolia, Eastern Anatolia, and Armenia,
were analyzed in this study using OES (optical emission spectroscopy) instrument. After
appointing four distinct compositional groups, they specified the chemical characteristics
of Group 3d as: “Two specimens that fall in group 3c on the barium-zirconium graph (nos.
171, Ras Shamra, and 235, Dahran) have been distinguished as Group 3d, on the basis of an
exceptionally high content of rubidium and lithium. It is not yet clear whether these are
from an otherwise undocumented source, possibly in Armenia, or are anomalous analyses
from known sources” [10] (p. 33). The most recent study on Group 3d is published by
Campbell et al. [11]. Although the main focus was the artefacts recovered from Kenan Tepe,
they provide a comprehensive description of the physical and geochemical properties of
Group 3d obsidian. They suggest a scatter plot of a Rb vs. Pb is the most accurate method
for identification of this type of raw material since the concentrations of these elements are
significantly higher. The previous studies and Kenan Tepe data provide consistent result
for the elements that define for Group 3d. The mean concentration of Rb is reported to be
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higher than 450 ppm, and the Pb content is around 60 ppm. Other than Rb and Pb, the
authors mentioned that the concentrations of Li, B, and Cs could be distinctive for this
group. In our dataset, we assigned three artefacts, KH-O-013 (core), KH-O-014 (retouched),
and KH-O-020 (retouched), to Group 3d.

Kenan Tepe is the only settlement so far that the large-scale use of this compositional
group has been detected [11]. Due to the intensive use of Group 3d and on-site production,
the authors proposed a possible location of Group 3d as more accessible to Kenan Tepe,
probably between Nemrut Dağ and Bingöl area. When we compare the proportion of Group
3d artefact among the other sources, the ratio of Group 3d artefacts is 14% (Figure 13). On
the other hand, obsidian assemblage at the site indicates on-site production, regardless of
obsidian type. However, the number of obsidian artefacts was limited in our study since
the sampling was undertaken at the earlier stages of the excavation. Future studies will
produce data to better understand the obsidian chaîne opératoire at Kendale Hecala during
the Ubaid period.
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Figure 13. Proportion of main sources at Gre Fılla (PPNB) and Kendale Hecala II (Ubaid period).

Other than Group 3d, the primary sources at Kendale Hecala during the Ubaid period
were Bingöl B and Nemrut Dağ. We follow a dramatic shift in obsidian diversity when
the available sources at Gre Fılla during PPNB are compared to Kendale Hecala during
the Ubaid period. On the other hand, the relative proportion of each source also varied
between the two settlements.

7. Conclusions

The lithic industry at Kendale Hecala is significantly dominated by obsidian during
the Ubaid period. The proportion of obsidian in the lithic industry is almost twice as much
as other knappable siliceous rocks. The lithic analysis reveals obsidian nodules, primary
flakes, and production debris, indicating a local work organization, including the reduction
and production stages of chaîne opératoire. The three core samples in our study assigned to
three different sources may also indicate that the debitage was produced on site, regardless
of the raw material type. Therefore, we assume that Kendale Hecala was not connected to a
central lithic distribution system. The obsidian as a raw material probably arrived to the site
by the local groups (for instance, by transhumance routes) from relatively short distances.
Although an exchange and transportation system from a settlement closer to the obsidian
source to the vicinity can be expected [45], obsidian artefacts at Kendale Hecala suggest
direct contact with raw material prior to the initial stages of obsidian preparation. Except
for Group 3d, the distances of the primary sources to Kendale Hecala are approximately
150 km south from Bingöl B and 250 km southwest from Nemrut Dağ [46]. The production
activity is in accordance with Kenan Tepe, where the on-site reduction is apparent, although
obsidian material constitutes around 18 to 20% of the lithic industry at Kenan Tepe. On
the other hand, the long-distance transportation system of obsidian from eastern Anatolia
to northwestern Iran, between Lake Urmia and the Lake Van regions, during the Late
Neolithic and Chalcolithic periods is also evident from obsidian-sourcing studies [47].

The previous study at Gre Fılla demonstrates a diachronic change in obsidian use in the
region. Bingöl A has so far not been detected at Kendale Hecala; therefore, we may assume
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that Nemrut Dağ was the main supplier of peralkaline obsidian. The relative dominance of
Bingöl B in PPNB at Gre Fılla disappeared at Kendale Hecala, as illustrated in Figure 11.
Due to the proximity of the two sites, the continuous chronological sequences, and material
culture, it is safe to argue that technological knowledge and cultural information were
shared between Gre Fılla (PPNA-PNNB periods) and Kendale Hecala (PN-Ubaid periods).
However, future studies will provide more data for identifying the dynamics that affected
obsidian procurement at Ambar Çay Valley in the Upper Tigris region between the PPNA
and Ubaid periods. On the other hand, the shift in dominant sources and changes in the
diversity of raw material between Gre Fılla (PPNB) and Kendale Hecala (Ubaid period)
suggest that the distance of the source from the settlement was not the primary factor that
influenced the obsidian consumption strategies.
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Abstract: The most extensive corpus of ancient immovable cultural heritage is that of global rock art.
Estimating its age has traditionally been challenging, rendering it difficult to integrate archaeological
evidence of early cultural traditions. The dating of Chinese rock art by ‘direct methods’ began
in the late 1990s in Qinghai Province. Since then, China has acquired the largest body of direct
dating information about the rock art of any country. The establishment of the International Centre
for Rock Art Dating at Hebei Normal University has been the driving force in this development,
with its researchers accounting for most of the results. This centre has set the highest standards in
rock art age estimation. Its principal method, microerosion analysis, secured the largest number
of determinations, but it has also applied other methods. Its work with uranium-thorium analysis
of carbonate precipitates in caves is of particular significance because it tested this widely used
method. The implications of this work are wide-ranging. Most direct-dating of rock art has now
become available from Henan, but results have also been reported from Heilongjiang, Inner Mongolia,
Ningxia, Jiangsu, Hubei, Guangxi, Yunnan, Qinghai, Tibet, and Xinjiang. Intensive work by several
teams is continuing and is expected to result in a significantly better understanding of China’s early
immovable cultural heritage.

Keywords: rock art; petroglyph; microerosion dating; radiocarbon dating; uranium–thorium
dating; China

1. Introduction

Immovable cultural heritage occurs throughout the world and in many forms, of
which rock art is the most numerous of manifestations. In the case of China, the connection
between rock art and other such heritage is particularly important because features such
as statues, religious and secular structures or rock inscriptions of known ages have been
used extensively to calibrate the direct dating of rock art. Estimating the ages of rock art
is one of the most challenging tasks of archaeology and is riddled with controversies [1].
Many approaches have been tried, and it has become evident that the methodology of
‘direct’ dating is the most dependable of them. It is characterized by a direct physical
relationship between the rock art in question and the dating criterion, and the falsifiability
of the propositions concerning that relationship.

A wide range of potential ‘dating criteria’ has been appraised, but there are difficulties
with many of them. Most importantly, the demand for falsifiability renders it is essential
that the analysis should be repeatable: another researcher must be able to test the claim by
repeating the experiment. Such replication is not possible with many methods proposed
or already used because they involve the removal of physical samples that are sacrificed
in the process of analysis. Such methods may also be challenged on ethical grounds by
arguing that these interventions damage the integrity of the rock art or its relationship
with contiguous features, such as mineral accretions. Examples include extracting carbon-
bearing substances contained in rock art paint residues, cations present in rock varnishes
covering petroglyphs, or determining the nature of uranium and thorium components
of reprecipitated carbonates. Many of these applications are severely hampered by the
significant variations of the concentrations of the dating criteria elements in coeval mineral
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skins on a millimetre-scale, which may be well above 100% [2,3]. For instance, the method
of cation-ratio dating of iron and manganese-rich mineral accretions has long been discred-
ited [4], and the uranium-series analysis of speleothem skins is currently under intensive
review (see below).

The topic of rock art age estimation in China was first reviewed over three decades
ago [5], and given the significant progress made in this field since then, it is worthwhile
assessing how much change there has been. It is notable that the first-ever academic
report about Chinese rock art in a Western language only appeared in 1984 [6]. Since
1991, when a sizeable Australian delegation attended a rock art conference in Yinchuan,
Ningxia Province, the collaboration between Chinese and Australian rock art researchers
developed and eventually flourished. The status of rock art dating in China in 1991 was that
such practices were then limited almost wholly to archaeological or indirect means, such
as “presumed association with a dated sediment deposit, perceived stylistic connection,
spatial association and similar” [5]. Much rock art ‘dating’ derived from the pareidolic
‘identification’ of presumed animal species depicted or from correlation with ancient
documents, such as the jia gu wen (writing on tortoise shells or bones). Other indirect
approaches were the perceived degree of weathering, presumably depicted activity themes,
and alleged styles [7]. Only two examples of direct rock art dating were then known in
China: radiocarbon dating of stalactitic deposit physically related to a rock painting at the
massive Huashan site in Guangxi Zhuang Autonomous Region [8]; and the 14C content of
flowstone laminae and pollen in the underlying paint layer were determined at one of the
rock painting sites at Cangyuan, Yunnan Province [6]. The Huashan motif appears to date
from between 2370 and 2115 BP, but more recent analytical work at the site has suggested a
somewhat younger age. The Cangyuan image seems to be approximately 3000 years old,
an estimate that has recently been confirmed [9]. A careful assessment of the 57 U–Th and
four AMS radiocarbon results secured from four Cangyuan rock paintings has suggested
that the paintings seem to be between 3800 and 2700 years old. Excavation results from the
sites corroborate this conclusion.

2. Introduction of Direct Rock Art Dating in China

These first two direct dating attempts of Chinese rock art refer to endeavors that were
not testable by replicating the experiments on which they were based. The subsequent
results were derived from Tang Huisheng, who, in 1997–1998, introduced the use of
microerosion analysis in Qinghai Province [10]. He collected microerosion calibration data
from three petroglyph sites: Shuixia, Lebogou and Kexiaotu. These were then used to place
petroglyphs from three more sites chronologically: Lushan, Lumanggou and Yeniugou.
These were found to be approximately E2000, E2300 and E3200 years old, respectively
(the ’E’ prefix indicates that the age estimate was derived from erosion data). Since these
measurements are repeatable, they fully comply with the requirements of direct rock art
dating (Figure 1). Tang then secured age estimates from three cupules at the Jiangjunya site
at Lianyungang City, Jiangsu Province, ranging from E4300 to c. E11,000 years BP, using
calibration obtained from a Buddhist inscription at nearby Kongwang Hill, dating from
April 61 CE [11].

All methods currently used to estimate the ages of rock art are experimental, and that
includes microerosion analysis [1]. However, that method offers significant advantages,
such as full replicability and lack of physical intervention. Microerosion-derived age
estimates of petroglyphs can only be approximate because precipitation can vary as a
function of time. Therefore, in the present report, only approximate estimates are given
(for proposed tolerances, see individual publications cited). Nevertheless, the results of
seven ‘blind tests’ conducted in Russia, Portugal, Italy, Bolivia, Australia (2) and China
matched archaeological expectations very well [12–18]. In terms of their magnitude, results
from this method are fully reliable. Radiocarbon analysis, by contrast, can provide very
precise results, but when obtained from rock art these may be entirely false. Those obtained
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from paint residues can only be accepted if the substance analyzed has been identified and
separated, be it at the molecular or at the object level [19].
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The discovery of a major rock art concentration in Henan Province [20] prompted a
very successful rock art dating expedition in that region and Ningxia and Jiangsu Provinces
during June and July 2014 [21]. It utilized China’s wealth of rock surfaces suitable for
microerosion calibration, especially soundly dated rock inscriptions. Several calibration
curves, as well as twenty-seven age estimates from petroglyphs, were secured. This work
included testing previous archaeological age predictions for some of the best-known Chi-
nese petroglyph complexes, such as those of Helanshan and Jiangjunya. For instance, there
had been numerous age estimates for the famous Helanshan petroglyphs near Yinchuan,
ranging from the Pleistocene to recent centuries, and based on various methods. The 2014
campaign furnished reliable estimates of E2000 to E2330 years BP.

On the other hand, the seven dates secured from the Jiangjunya site, 14 km west of
Lianyungang, ranged widely, from about E369 to E5380 years BP, demonstrating the use
of the site from Neolithic to recent historical times. Some of the site’s many petroglyphs
have been demonstrated to have been retouched after their initial creation. For example,
Petroglyph 1 was made about E2210 years ago but was retouched some E360 years ago.
Such reworking of a petroglyph cannot be readily identified by any other dating method.
All age estimates of this campaign were again obtained by microerosion analysis and are
thus repeatable. Now or centuries into the future, any researcher can locate the dated
motif and even the specific micro-wane and re-measure it. This adds the benefit that future
erosion rates can be determined.

The microerosion method endeavors to ascertain when crystals in the grooves of
percussion grooves were fractured by impact during petroglyph production. At that time,
the edges of these fractures were totally sharp, but erosion gradually rounds them at
the microscopic level in a quantifiable process that is a function of time. The resulting
micro-wanes reflect the time since the fractures occurred [12,13]. In contrast to most other
known direct dating methods, it refers to criteria that are functions of actual age rather than
minimum or maximum ages. It is also non-invasive and involves no contact with the rock
art and there are no contaminating factors. The method even allows age determinations in
the field. However, it also entails several disadvantages: it has so far only been applied
to two minerals (quartz and feldspar); it requires minimum grain sizes of about 1.5 mm
with fractures of about 90◦ between the cleavage surfaces, orientated so that the micro-
wane faces the microscope; and the rock surface must have been exposed to precipitation
ever since the petroglyph was created. Microerosion analysis provides very reliable but
imprecise age estimates, with tolerances often in the order of 20–25%. The significant
differences in rainfall in different environments can be accounted for by calibration against
the microerosion of surfaces of known ages. In recent years a universal calibration has
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been created that is based on relative regional precipitation and can be applied where
local calibration is not possible [22,23]. The only minerals calibrated so far are quartz and
feldspar and the former is thought to have a range of up to maximal 50 ka.

In June and October 2015, rock art dating missions were undertaken in the Xinjiang,
Inner Mongolia, Ningxia, Guangxi, and Henan provinces [18]. Although new age esti-
mates were only secured from two of these regions, the expeditions provided an essential
overview of the scale of Chinese rock art and the logistics of developing comprehensive
approaches to its dating, as well as several other scientific data. More than any such work
previously undertaken in China, these journeys impressed the need to develop flexible
approaches utilizing multiple methods, with geomorphological procedures forming the
most reliable core. Nevertheless, a series of five other microerosion estimates were secured
from the Henan sites Xuanluoling, Taibailing and Paomaling, all forming part of the ex-
tensive Mt Juci complex. Of particular interest was determining the age of a mask/face
petroglyph at Xiao Fengshan site in Inner Mongolia. This motif on rhyolite turned out to
be late Neolithic at about E4730 +1400/−810 years of age. This was subsequently found to
confirm the archaeological expectation that the area’s face/mask images are of that period.
However, there is no proof that this age estimate can be applied to all face/mask motifs of
the region.

Another microerosion-based rock art dating program was undertaken in 2016 [24].
Five sites were investigated in Xianju County of eastern Zhejiang Province. They yielded
fifteen microerosion results, including calibration from three surfaces of the Wufubei site
complex. Several motifs at the Xiaofangyan and Songlongshan sites provided seven quite
consistent dates ranging from E1200 to E1360 at the second site and slightly earlier results
from the first.

The effects of the 2014 rock art dating campaign have led to developments beyond the
provision of more credible rock art dates than any previous project. Most importantly, it
persuaded Tang to establish the International Centre of Rock Art Dating and Conservation
at the College of History and Culture, Hebei Normal University, Shijiazhuang.

3. The International Centre of Rock Art Dating (ICRAD)

This agency of Hebei Normal University was formally established on 16 June 2016 [25].
That university was chosen because it already possessed facilities for AMS radiocarbon,
uranium–thorium and OSL analyses, three of the methods used in rock art dating work.
The Centre will establish a comprehensive archive for global information on all direct rock
art dating projects and results in the world since the early 1980s, and it will conduct its own
research in age estimation of rock art in China. The ICRAD established a simple ground
rule to ascertain the scientific integrity of records: they must be presented so that another
researcher can try to duplicate (or refute) the reported results, be it by the same or another
method. Therefore, the dating criterion must be described so that the second researcher can
re-locate the criterion reliably. ICRAD also emphasizes the need to establish protocols that
would stand the test of time and will not need to be significantly modified in the future.

To facilitate the implementation of these protocols, ICRAD has established a system
of numbering each rock art age determination attempt with a unique code, much in the
way radiocarbon dating results are identified. Without such a system, the growing mass
of uncollated and incompatible data would eventually become unmanageable. ICRAD’s
direct dating register will eventually be made available publicly to facilitate its use globally.

Since the establishment of ICRAD, the efforts of direct-dating Chinese have continued
unabated—in fact, they appear to be accelerating. In 2017, a large team conducted the first
rock art dating program undertaken in Hubei Province, focusing on a mountainous area
east of Tongbai [26]. Huai River rock art corpus includes numerous sites that generally
resemble the Henan rock art to the north. Eight of them yielded age estimates, which
in all cases derive from cupules. They all fall under 1270 years, ranging down to about
650 years, indicating that the extensive rock art complex is relatively young. The results
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of this work were interpreted according to the recently established universal calibration
curve (UCC) [22,23].

A second team revisited petroglyph sites in the granite region of Fangcheng in Henan
Province and secured a series of nine age estimates from the sites Fangshan 2 and 4,
Zhangzhuang, Wushigou 2 and 4 [27]. The first site produced the earliest results from
two zoomorphs that are between 4000 and 5000 years old. This was soon followed by
the team’s assessment of several sites at Lianyungang in Jiangsu Province during two
field seasons [28]. The authors provided 14 microerosion age estimates from eight sites,
including three results from two of the Jiangjunya sites. They ranged from E710 to E2020
years BP, broadly confirming that the area’s petroglyphs cover a considerable period, but
the majority is 1000 to 2000 years old. Calibration was secured from a rock inscription at
Xioaxishan 1 site, which was also confirmed by the UCC recently established. This paper
also introduced a local phenomenon, standing stones bearing petroglyphs that are very
common in northern Chinese regions but rare further south. In Lianyungang, they are
called shiganma (stone mother) and bear anthropomorphous petroglyphs. Jin and Chao
studied eleven of them, managing to secure age estimates from four. These corresponded
well with ancient literature and inscriptions.

Jin and Chao then presented the first rock art dating results from Liaoning Province in
north-eastern China [29]. They investigated three site complexes featuring eight sites near
Anshan City. The authors provided age estimates of three cupules from the site Bafen’gou
and one each from cupules at Wangjiayu 1 and 2, ranging from E1140 to E2030 years. Of
interest is their detection of KEM (kinetic energy metamorphosis [30]), which they had
also reported previously from the granite of Wushigou 1 at Fangsheng [27]. KEM was only
discovered in recent years but has since been investigated intensively [31]. It has been
recognized as an essential tribological variable in the study of petroglyphs.

Most recently, the focus of rock art dating has turned to the Tibetan Plateau, specifically
to Garze Tibet Autonomous Prefecture in Sichuan Province and Yushu Tibetan Autonomous
Prefecture in Qinghai Province [32]. Twelve petroglyph sites were investigated in that area,
featuring vast numbers of zoomorphs and more recent Buddhist rock inscriptions. Despite
strenuous endeavors, only one dating could be extracted from the petroglyphs. It is from a
geometric design at the Kewa site that was E2089 +218/−295 years old, i.e., most probably
of the Han Dynasty.

Although most direct rock art dates from China were secured by microerosion analysis,
it would be wrong to assume that no other methods were used or at least tried. For example,
a project investigating cave art in Guangxi Region that found a tradition rich in feline
depictions used 14C analysis to estimate the ages of two types of material: charcoal applied
in rock painting and the wax of a small beehive superimposed over paint residues [33].
The charcoal flakes in the white paint of a feline provided a date of 250 ± 30 years BP, and
the beehive yielded 80 ± 30 years BP. This relatively recent tradition has been explained in
terms of available ethnographic information provided by the Zhuang people of the region.

Another analytical method much used for rock art age estimation in China is one
of the uranium-series techniques, determining the 230Th/234U ratio. It has been used
predominantly in two regions, Yunnan, and Heilongjiang Provinces, but was recently also
applied in Tibet. The method demands that the initial ratio of 230Th/234U at the sample
formation must be known or determined. Thorium is not soluble in water under naturally
occurring conditions, whereas uranium is, and the optimistic assumption is made that
freshly formed carbonate precipitates are free of Th. The method was first introduced in
rock art age estimation in 1981 [34] when it was found sometimes to provide significantly
misleading results. In China, the method was first used at the Baiyunwan rock art site
in Yunnan, yielding only inconsistent results, and the uncertainties were attributed to U
depletion, detrital 230Th occurrence and the presence of ‘dead’ carbon [35]. Tang collected
samples from Jinshajiang sites in Yunnan, some of which were subjected to analysis by
two different laboratories. Significant were the 230Th/234U results of the June 2017 ICRAD
expedition to Heilongjiang Province, conducting the first scientific rock art research in

183



Quaternary 2021, 4, 42

China’s northernmost region [2]. Its results led to a fundamental reassessment of a method
that had been the subject of scientific controversy for many years.

4. The Trouble with U–Th Dating of Rock Art

The first application of U–Th analysis to estimate the age of rock art relates to petro-
glyphs on the ceiling of Malangine Cave in South Australia [34]. A speleothem lamina
covers one generation of them that in turn bears another tradition of petroglyphs, thus pro-
viding a minimum date for one and maximum date for the other. Its radiocarbon age was
5550 ± 55 years bp, but the sample’s U–Th date was five times greater, 28.0 ± 2.0 ka. All
subsequently dated similar carbonate speleothems subjected to both tests showed a similar
pattern: the U–Th results were always older and, in most cases, significantly older than 14C
or archaeological estimates (Figure 2) [36–42]. Indeed, in two cases, both from China, the
U–Th dates were more than one hundred times as old. A reprecipitated carbonate film at
Yilin in Heilongjiang that can only be a few centuries old at most has provided a U–Th raw
age of 134.6 ka, i.e., hundreds of times its realistic age [2]. An international team recently
discovered a few hand and foot impressions of juveniles in a hardened travertine deposit at
the Quesang Hot Spring site in Tibet. They correctly proposed that the age of these prints
should approximate the rock’s age, which must have been soft and still forming at the time
they were produced. They secured U–Th ‘dates’ from the travertine that would place the
age of the formation between 169 ka and 226 ka. On that basis, they claimed to have found
the oldest known rock art globally, probably made by Denisovans [43].
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This follows similarly spectacular claims from several cave sites in Spain, also based on
U–Th data, that paintings thought to be of the late Upper Paleolithic were much older and
were made by Neanderthals [44–46]. Due to these many concerns about the credibility of U–
Th dates from non-crystalline reprecipitated carbonates, an intensive debate of the method
when applied to thin or porous carbonates has developed over the last decade [47–56].
The primary cause of the excessive ages attributed to reprecipitated carbonate deposits
is the depletion of U by moisture. Solution may also remove detrital Th, there may be a
transformation of aragonite to calcite, or samples may be contaminated by components of
the support rock [57–59].

Two other factors are of great concern. One issue needing more attention is the
significant variation of U concentrations in coeval calcite skins demonstrated to occur on
a millimetre-scale that may be greater than 100% [2,3]. The second concern stems from
‘blind tests’ we conducted due to the grossly incongruous U–Th results from Heilongjiang
sites Mohe and Yilin 2 [2]. We split four samples from Yunnan Jinshajiang sites and
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submitted the two sets to two different U–Th laboratories [60]. Not only did this yield
two entirely different sets of results, but the reporting protocols also differed profoundly.
Moreover, three results produced negative values, probably attributable to significant
leaching of U and other contaminating factors (Table 1). The stochastic distribution of
the dates in Figure 2 suggests that the distortion is not systematic but seems to be a
random function of taphonomic processes distorting the U–Th ratios. Most notably, the
water-soluble U can be readily mobilized when the deposit is subjected to moisture. This
frequently occurs with speleothems and even more so with travertine that is fully exposed
to precipitation. Travertines are not dense crystalline formations like stalagmites; they have
varying degrees of porosity which assists the reaction with carbonic acid to revert to their
soluble (bicarbonate) phase.

Table 1. Comparison of the raw U–Th ages of four split samples provided by two laboratories: all
ages in ka.

Sample MR-1 HY-1 YDG-1 YDG-2

Laboratory 1 1.359 ± 0.179 2.362 ± 2.573 4.674 ± 5.118 20.077 ± 2.742

Laboratory 2 −7 +21/−26 −20 +26/−35 −14 +33/−45 0.4 ± 7.7

There are also a few more minor issues related to extraordinary claims of this nature
about rock art. Although we have no reliable information on soft tissue dimensions of
any robust humans, especially not on Denisovans, we assume that Neanderthals had
thicker fingers than moderns, and we know that their feet differed from those of gracile
humans [61,62]. The footprints at Quesang were made by ‘modern’ humans, as the authors
correctly note, suggesting that they are much younger than proposed. Moreover, the
earliest rock art currently known is not, as suggested, in Sulawesi: there are several earlier
candidates in India, France, Spain, South Africa, even Australia [63]. Moreover, the age of
the Sulawesi rock art was also determined by the unreliable U–Th method.

Considerable efforts have been made to date petroglyphs by the uranium–thorium
(U-Th) disequilibrium method and optically stimulated luminescence (OSL) surface dating.
For the former, the chronology of early human fossil remains overlain by precipitated
calcite (stalagmites) also requires a plea for caution with regards to contamination, as
described above. Associated methodological corrections are reported for Petralona Cave
in Greece [64–66]. For the latter, Liritzis’ surface luminescence dating of sun-exposed
archaeological stone, masonry surfaces has been introduced [67] which has been extended
and applied to rock art cases of exfoliated engraved fragments [68–70].

5. Summary and Outlook

It needs to be emphasized that U–Th results of the Holocene, especially the second
half of that period, seem to match 14C dates from the same deposits frequently. It is only
as we approach the Pleistocene that the results of the two methods diverge. By the time
30,000 carbon years is reached, the corresponding U–Th ages are around 50,000 years—and
this also appears to apply to fossil bone [71]. Nevertheless, the 230Th/234U method has been
widely used to date carbonate speleothems, and when it produces extraordinary results, its
advocates reject the need for checking these with another method [54]. One of the most con-
sequential outcomes of the work by the International Centre for Rock Art Dating (ICRAD)
is that it has found a path to test the results of U–Th analysis and thereby help resolve the
deadlock between the opposing parties. First, it has begun to take multiple samples of
coeval carbonate skins, confirming dramatic differences [2]. Second, the processing of split
samples by multiple laboratories has shown no correspondence whatsoever, be it in actual
dates or reporting protocols [60]. Direct rock art dating results that cannot be verified are
questionable, and if different laboratories deliver wildly diverging dates of split samples,
there is no basis for even the most rudimentary comparison. The refusal of the advocates
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of exclusive use of U–Th dating to consider applying a second method [54] also deprives
the discipline of the most crucial attribute of good science—the facility of testability.

The method of microerosion analysis has become the most intensively used by ICRAD
researchers, despite its lack of high precision. It offers reliability instead, simplicity of
application, unlimited repeatability, the benefit of obtaining target dates rather than max-
imum or minimum ages, and its lack of physical intervention. In China, with so many
historical sources, rock inscriptions and archaeological sources of dating information, the
method has already been widely applied. Its results have, in many cases, been verified
independently by archaeologically derived information of several types. By comparison,
the exclusive application of U–Th analysis, especially in presumed Pleistocene contexts,
has universally provided ages that are archaeologically far too great, and the reasons for
this are well understood.
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