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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



Quaternary 2023, 6, 6 3 of 18

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
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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 1.

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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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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