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Abstract—There are hundreds, perhaps thousands, of sites of archaeo-
logical importance throughout the world. In this study, the alignments 
of more than two hundred ancient sites were measured and analyzed. 
Sites are organized into eight geographic regions: South America, 
Mesoamerica, North America, Europe, the Middle East, Africa, Asia, and 
the Pacific Ocean. Google Earth imagery and measurement tools were 
used to estimate the alignment of linear and rectilinear structures at 
these sites with respect to true (geographic) north. In considering stan-
dard celestial and geographic reasons for the alignments, many were 
found to be oriented to the cardinal directions, in the directions of sol-
stices and other solar events, to lunar standstills, and to certain stars. A 
number of sites in China and Thailand were likely aligned to magnetic 
north at the time of construction using a compass. Some sites appear to 
have been aligned to “sacred directions” that include Islamic qibla and 
Quechua ceques. Site-alignment statistics reveal similarities and differ-
ences between geographical regions in terms of how sites within regions 
are aligned. Perhaps the most unexpected finding is that the alignment 
of about half of the sites could not be explained in terms of any of the 
explanations considered. 
Keywords:  archaeoastronomy; solstices; archaelogical alignment; sacred 

places; sacred directions; lunar standstills

INTRODUCTION
Evidence throughout the world suggests that human civilizations 
have a tendency to build their cities, and sacred and other places of 
importance, in specific directions. Many of the oldest pyramids and 
temples are aligned to the cardinal directions—north, south, east, and 
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west, sometimes with uncanny precision, such as the pyramids on the 
Giza plateau in Egypt (Lehner, 1997). The Angkor temples in Thailand 
(Magli, 2016) and certain earthen mounds in China also are aligned to 
the cardinal directions, as were early Chinese cities (Sparavigna, 2013). 
Although the cardinal directions can be determined readily from the 
motion of the sun and stars, there is evidence that the Chinese used the 
magnetic compass in some cases to align places of importance based 
on principles of geomancy and Feng Shui (Charvá tova! et al. 2011).

There are many places that are aligned to the cycles of the sun and 
moon, specifically to the northernmost and southernmost rising and 
setting of the sun and moon, called solstices and lunar standstills, re-
spectively. Stonehenge is aligned both to solstices and to lunar stand-
stills (Hawkins, 1965). Some Egyptian temples, most notably the Tem-
ple of Amun-Re at Karnak, are aligned to the winter solstice sunrise/
summer solstice sunset (Shaltout & Belmonte, 2005). The head of the 
Great Serpent Mound in Ohio points toward the summer solstice sun-
set (Hardman & Hardman, 1987). Some of the most sacred places on 
earth are aligned to the moon, including the Kaaba in Mecca (Hawkins 
& King, 1982) and the Golden Temple in Amritsar.

There is evidence that some sites may have been aligned to the 
point on the horizon where certain stars and planets of importance 
once rose. Examples include the ancient city of Teotihuacan, north of 
Mexico City, thought to be aligned to the Pleiades (Aveni, 2001) and 
the Temple of Hathor at Dendera in Egypt, aligned to Alkaid, a star in 
Ursa Major (Shaltout & Belmonte, 2005). The Caracol at Chichen Itza is 
believed to have been oriented to observe the planet Venus.

The misalignment of certain places with respect to the cardinal 
directions has been explained in terms of local factors including top-
ography and landscape. A part of Mexico City surrounding the ancient 
Aztec capital of Tenochtitlan is aligned in a direction slightly south of 
east. One theory is that the site was rotated in order to compensate for 
the shift in the position of the sun when it rose over Templo Mayor on 
the equinox rather than directly east at the horizon (Aveni et al., 1988). 
Ridderstad (2009) proposes a number of reasons why Knossos on the 
island of Crete is misaligned by about 10° south of east. 

Finally, there are sites aligned toward places of spiritual impor-
tance. Today many mosques face toward Mecca. However, there are 
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other sacred directions called qibla that are also used to align mosques 
(King, 2018). In Peru, imaginary lines known as ceques (Krupp, 1994) 
emanate out from the center of the city of Cuzco in all directions, one 
of which passes through the Inca fortress of Sacsayhuamán. 

This paper analyzes the alignments of more than two hundred 
archaeological sites from across the world. The next section, Alignment 
Hypotheses, defines eight hypotheses against which alignments are 
assessed. The following section, Alignments of Archaeological Sites, 
presents our findings organized by geographic region. And the last 
section, Analysis of Alignments, summarizes the results of our analysis. 
Based on the distribution of site alignments, we show that there are 
interesting similarities and differences among geographic regions. 
Surprisingly, the alignment of about half of the sites considered in this 
study cannot be explained by any of the hypotheses considered.

ALIGNMENT HYPOTHESES
From a review of the archaeological and archaeoastronomical literature, 
eight basic explanations were identified to account for the orientation of 
an archaeological site: 1) to cardinal directions (i.e. facing north, south, 
east, and west), 2) to solstice sunrise or sunset directions, 3) to sunrise 
or sunset directions on days when the sun passes directly overhead, 4) 
to directions of major and minor lunar standstills, 5) to a planet, 6) to 
a star or constellation, 7) to magnetic north, and 8) in the direction of 
an earth site of religious or spiritual importance. We also discuss other 
explanations such as landscape and topography.

Cardinal Directions
The cardinal directions can be established either by observing the 
motion of stars at night or the path of the sun during the day or over 
the course of the year. A site aligned to the cardinal directions faces 
sunrise and sunset twice a year on the spring and autumn equinoxes. 

Solstices
Many ancient sites reference the directions of the sun on the first day 
of summer and winter (solstices). To determine if a site is aligned to the 
solstices, define the following angles:
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_ – azimuth angle of the sun (measured clockwise with respect to 
true north),

e – elevation angle of the sun above the horizon, 
q – latitude of the site,
b – solar declination. The tilt of the earth on its axis, the obliquity, 

¡, is what causes the seasons. 

The solar declination is the tilt of the earth toward the sun, which varies 
with the season, "¡ # b # ¡, reaching its largest and smallest values on 
the summer and winter solstices, respectively. On the spring and fall 
equinoxes, b = 0°.

The following solar path equation (Figure 1) relates the solar 
azimuth, the solar elevation, the latitude of the site, and the solar 
declination:

  cos_ = (sinb " sine sinq) / cose cosq       (1)

and can be used to calculate the azimuth angle of the sun at sunrise 
and sunset on the summer solstice

                                 _s! = cos"1 (sinb / cosq)                                       (2a)

                                                       _s" = "cos"1 (sinb / cosq)                              (2b)

and on the winter solstice:

       _w! = cos"1 ("sinb / cosq)                                      (3a)

       _w" = "cos"1 ("sinb / cosq)    (3b)

The obliquity changes slowly over time, less than 2° over a period of 
41,000 years. The present value is 23.43°. Due to changes in obliquity, 
solar alignments established in the distant past no longer line up ex-
actly. By inverting Equation 1 we can determine when an alignment at 
a given angle would have lined up with a solstice or some other event 
by solving for the obliquity as a function of azimuth angle at sunrise 
or sunset:
                      b = sin"1 (cos_ cosq)                    (4)
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It is noted that these equations do not take into account the local hori-
zon, which may be a$ ected by mountains and hills that cause the sun 
and moon to rise later and set earlier than over a % at horizon, and do 
not model atmospheric refraction that a$ ects the appearance of celes-
tial objects close to the horizon, both of which can be important factors 
in the alignment of certain sites.

Zenith Passage
At the equator, the sun passes directly overhead at noon on the equinox. 
Within the zone of the tropics, the sun can still pass overhead on certain 
other days. This occurs on days when the solar inclination is equal to 
the site’s latitude. An alignment occurs either at sunrise or sunset when

           |q| = 90° ! |_|                                   (5)

 Figure 1.  Seasonal path of the sun (Equation 1) plotted over panoramic photo 
facing south taken at Piazza San Marco, Venice. Photo credit: 
https://www.openfootage.net/Openfootage/Vorschau/ContactSheet_
Piazza-San-Mar.jpg 
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Lunar Standstills
The plane of the moon’s orbit is tilted by 5.1° relative to the ecliptic. 
Because of its orbit, the moon can rise and set more northerly and 
more southerly than the sun. Due to the e$ ects of the sun’s gravity, the 
moon’s orbital plane does not stay & xed in space but precesses, causing 
the monthly angles of moonrise and moonset to change over an 18.6-
year cycle. Every 18.6 years the moon rises at its maximum northerly 
direction, which is known as a major lunar standstill. A minor lunar 
standstill occurs 9.3 years later when the moon rises at its minimum 
northerly direction. The moonrise and moonset azimuth angles at a 
standstill are

           _m! = cos!1 (sin' / cosq)   (6a)

                      _m" = !cos!1 (sin' / cosq)                               (6b)

where ' is the lunar declination which is ' = ± (¡ + 5.1°) for a major 
standstill and ' = ± (¡ " 5.1°) for a minor standstill.

Figure 2 shows several examples of sites aligned to the sun and moon.

Planetary Alignments
The motion of the planets is along the imaginary line de& ned by the 
plane of earth’s orbit around the sun known as the ecliptic. As a result, 
a planet can appear to rise anywhere between the summer and winter 
solstice sunrise directions and set anywhere between the summer and 
winter solstice sunset directions. For example, the maximum northern 
and southern setting directions of Venus observed at the Caracol in 
Chichen Itza are the same as the solstice sunset directions. 

Stellar Alignments
It is convenient to think of the stars existing on the inside of a celestial 
sphere. As earth revolves on its axis, stars appear to rotate around the 
celestial poles. In addition to obliquity, the earth’s axis precesses in a 
26,000-year cycle about the ecliptic pole. The direction in which a star 
rises and sets on the horizon depends on its location on the celestial 
sphere, the latitude of the site where it is observed, and the time of 
observation with respect to the precessional cycle.
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A)  Angkor Wat—Cardinal Directions B)  Karnak—Solstices

Figure 2.  Examples of sites aligned to the sun and moon. There are two sets 
of lines in B) through D), since solstices, lunar standstills, and zenith 
passages occur twice a year. Photo credit: Apple Maps.

C) Ziggurat of Ur—Major Lunar Standstills D) Koh Ker—Zenith Passage

Alignments to Magnetic North
There is evidence that ancient sites in certain parts of the world were 
aligned using a magnetic compass. Unlike the geographic poles, the 
magnetic pole is constantly in motion (Figure 3). In order to determine 
the alignment of a site to a pole (or any reference location on the surface 
of the earth), let A, B, and C be the locations of a site, the geographic 
North Pole, and the magnetic pole at a given time, respectively (Figure 4). 
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If ���� ������������ ���� are the latitudes and longitudes of the site 
and reference locations, de& ne the angles 

 
                                              
                                                       (7)
  
                                           
We wish to solve for the angle A (the azimuth angle of the reference 
location from the site) as a function of the locations of A and C on the 
sphere. Starting with the sine and cosine rules for spherical triangles:
  
                                 sin sin sin

sin sin sin
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                                   (8)     

                                                                                                             
and
                      cos b = cos a cos c + sin a sin c cos B                              (9) 

Figur e 3.  Estimated locations of the north geomagnetic pole over the past 
10,000 years (from McElhinny & McFadden, 2000).
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since  
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Using the estimated location of the north geomagnetic pole at a 

given time, it is possible to approximate the compass direction of mag-
netic north at a site at that time (Figure 5A).

Alignments to “Sacred Directions”
As noted above, Equation 11 can compute the azimuth angle at any 
location to any other location on the surface of the earth and can be 
used to evaluate alignments to “sacred directions” that include Islamic 

Figur e 4. The locations of a site A, North Pole B, and reference C are the vertices 
of a spherical triangle. Edges of spherical triangles are great circles. 
The angle A is the azimuth of the reference location measured at the 
site. 
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qibla and Quechua ceques (Lon, 2005). For example, using Equation 11 
it can be determined that the Rock of the Dome in Jerusalem is aligned 
in the direction of Petra in Jordan (Figure 5B).

ALIGNMENTS OF ARCHAEOLOGICAL SITES
The selection of archaeological sites from across the world is a 
challenging exercise in itself. More than two hundred sites were 
identi& ed from a variety of sources including UNESCO’s World Heritage 
Center, Wikipedia, Google Earth, and scienti& c and popular literature. 
The selected sites contain linear and rectilinear structures that are well-
resolved and visible in overhead imagery. Google Earth imagery and 
measurement tools were used to measure heading (azimuth) angles. 
Alignments are indicated in Tables 1–8 according to the following key:

Cardinal directions, i.e. geographic poles, and equinoxes (E)
Magnetic pole at the time of construction (X)
Zenith passage (Z)
Solstices (S)
Major and minor lunar standstills (M,m)
Stellar alignments (st)
Alignments to “sacred directions” (D)

Figure 5.  Sites aligned in other directions.

A) Chongling Mausoleum of Emperor 
Dezong of Tang aligned to geo-
magnetic pole at 83°N 45°E.

B)  Dome of the Rock in Jerusalem faces 
Petra.
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Measured angles of rectangular structures and rectilinear features 
are listed two ways: by a NW to NE facing angle between "45° and +45°, 
and a NE to SE facing angle between 45° and 135°. 

In a previous aerial archaeological study using Google Earth (Lepi-
onka & Carlotto, 2015), heading measurement errors were found to be 
as small as 0.1° between widely spaced, well-de& ned, point-like fea-
tures. Measurement errors at some of the sites considered here could 
be somewhat higher, particularly for ruined structures that lack a well-
de& ned edge and for smaller structures with short edges. In this study, 
a structure is classi& ed as being in alignment with a cardinal or other 
direction if the sides of the structure are within approximately 1° of that 
direction. For solar and lunar alignments, a site is considered aligned 
to a solstice or lunar standstill if a structure at the site, or an alignment 
between structures at the site, is within the range of solstice or lunar 
standstill directions at that latitude over the earth’s 41,000-year obliq-
uity cycle. 

In general the alignment hypotheses represent eight mutually ex-
clusive directions or ranges of direction at a particular site (although at 
certain latitudes minor lunar standstill moonrise/moonset directions 
and zenith passage sunrise/sunset directions can overlap). In addi-
tion to these eight alignment hypotheses (plus “unknown”), there are 
sometimes other explanations for the alignment of the site as noted in 
the tables and discussed in the accompanying text.

Africa
Table 1 lists the sites examined in Africa, most of which are in Egypt. 
About half of the sites are aligned to the cardinal directions. Most of 
these are pyramids in Lower Egypt. Shaltout and Belmonte (2005) 
analyzed the orientation of more than one hundred temples in Upper 
Egypt and Lower Nubia to discover that they face many di$ erent 
directions with a somewhat greater concentration of alignments in 
the east–southeast direction. This is in agreement with our & nding of 
sites aligned to solstices and major and minor lunar standstills. Their 
principal conclusion is that local topography (the course of the Nile 
River) was more important than astronomy in aligning the foundations 
of the temples. Our & nding that half of the sites examined in Egypt do 
not appear to be aligned to obvious astronomical events is consistent 
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*

E = cardinal directions, i.e. geographic poles, and equinoxes. M,m = major and minor 
lunar standstills. S = solstices. st = stellar alignments (aligned to Alkaid in Ursa Major).

TABLE 1
Alignments of Sites in Africa
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with this conclusion. The Temple of Hathor at Dendera was very likely 
aligned to the star Alkaid in the constellation Ursa Major, which is 
associated with the Egyptian goddess Hathor. 

If no alignment is given, the explanation is unknown. In some 
cases, there may be more than one explanation for an alignment.

Asia
Table 2 lists sites examined in Asia. Many of the sites in China consid-
ered here are ancient earthen mounds that are aligned either to the 
cardinal directions or thought to have been aligned in the direction of 
the magnetic pole at the time of construction (Charvá tova! et al., 2011). 
Some of the sites considered in Thailand are temples that could also 
have been aligned to the north geomagnetic pole (Iyemori et al., 2011). 
Magli (2016) determined that a very clear pattern of cardinal orientation 
and alignment occurs in numerous temples in and around Angkor. Al-
though some sites appear to reference the solstices in their construc-
tion and many are aligned to one another in solstitial directions, none 
of the sites themselves are aligned to the solstices. Unlike in Egypt, we 
were unable to & nd any sites in Asia oriented to solstices. Several were 
oriented, however, in directions that correspond to lunar standstills. 
Three sites located in the Tropic of Cancer might have been aligned to 
the sun on so-called “zenith passage days” when the sun passes directly 
overhead. McKim Malville (2015) analyzed 31 sites in India and found 
that two-thirds were aligned to the cardinal directions, solstices, and 
zenith passages. About half of the sites examined in other parts of India 
did not have an obvious explanation for their alignment. 

Europe
Table 3 shows the alignments of ancient sites in Europe. Unlike Africa 
with many of its sites aligned in the cardinal directions and Asia with 
many of its sites aligned either to true (geographic) north or geomag-
netic north, about half of the sites examined in Europe are aligned 
to solstices and lunar standstills. Palantine Hill, which was the earli-
est settlement in ancient Rome, is aligned to major lunar standstills. 
The Parthenon, which sits atop the Acropolis, is not aligned to solstices 
or to lunar standstills. Dinsmoor proposed that it was aligned to the 
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D = alignments to “sacred directions”. E = cardinal directions, i.e. geographic poles, and 
equinoxes. M,m = major and minor lunar standstills. S = solstices. st = stellar align-
ments. X = magnetic pole at the time of construction. Z = zenith passage.

TABLE 2
 Alignments of Sites in Asia
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sunrise on the birthday of the Greek goddess Athena (Hannah, 2013). 
That the Acropolis also appears aligned in the same general direction 
and predates the Parthenon by hundreds, perhaps thousands, of years 
would seem to challenge that dating and the reason for its alignment. 
Maravelia (2002) proposes that the alignment of a number of tholus 
tubes in Mycenae are based on topographical not astronomical con-
siderations.

North America
Most of the Native American/indigenous sites examined in North 
America are aligned to the cardinal directions, solstices, or lunar 
standstills (Table 4). 

TABLE 3
Alignments of Sites in Europe

D = alignments to “sacred directions”. M,m = major and minor lunar standstills. 
S = solstices. 

E = Cardinal directions, i.e. geographic poles, and equinoxes. M = major lunar stand-
stills. S = solstices.

TABLE 4
Alignments of Sites in North America
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Paci' c Ocean
About half of the sites in the Paci& c appear to have astronomical align-
ments (Table 5). The Ahu platforms on which the Easter Island Moai 
look out to the sea were built in a variety of orientations around the is-
land. Three of the alignments may be astronomical. The Temple of Nan 
Dawas at Nan Madol in Micronesia is aligned in the direction of the 
zenith passage sunrise. A megalithic structure called the Ha’amonga’a 
Maui Trilithon along with most of the structures on the island of Tonga 
are aligned in a northeast direction that has no known explanation.

The Middle East
Only four of the sites examined in the Middle East have an apparent 
explanation for their alignment (Table 6). The Kaaba in Mecca analyzed 
in detail by Hawkins and King (1982) was found to be most accurately 
aligned to the moon, which is one of several directions or qibla that are 
sacred in Islam. The Ziggurat of Ur (Sparavigna, 2016) and the Great 
Mosque of Sana’a in Yemen also are aligned to the moon. The Dome of 
the Rock in Jerusalem is oriented toward Petra in Jordan.

South America
About a third of the sites examined in South America are aligned to 
the cardinal directions, solstices, or lunar standstills (Table 7). Another 
third appear to be aligned to face either the city of Cuzco in Peru’s 
Sacred Valley or the city of Caral in the Supe Valley. A number of lines 

* Entire island of Tonga aligned in the same direction. E = cardinal directions, i.e. geo-
graphic poles, and equinoxes. M,m = major and minor lunar standstills. S = solstices. 
Z = zenith passage.

TABLE 5
 Alignments of Sites in the Paci' c Ocean

*
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and geoglyphs in Nazca appear to point toward, away from, or at right 
angles to Cuzco. The alignment of sites to Cuzco is consistent with a 
set of directions that emanate from Cuzco called ceques. The remain-
der of the sites in South America have no obvious explanation for their 
alignment, including the large megalithic structures at Machu Picchu, 
Olantaytambo, Tiwanaku, and Puma Punku, whose origins are poorly 
understood.

*

* Oriented in the direction of Petra. D = alignments to “sacred directions”. M = major 
lunar standstills.

TABLE 6
Alignments of Sites in the Middle East

D= alignments to “sacred directions”. E = cardinal directions, i.e. geographic poles, and 
equinoxes. M,m = major and minor lunar standstills. S = solstices.

TABLE 7
Alignments of Sites in South America
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Mesoamerica
In analyzing the alignments of Mayan sites, Aveni found that 16 percent 
are aligned west of north, while the other 86 percent are aligned east 
of north (Aveni, 2001). He concludes that an eastern skew was a stan-
dard architectural practice over a wide area in Mexico. A peak around 
25° south of east suggests that many sites were aligned to solstices. As 
shown in Table 8, more than 75 percent of identi& ed alignments lie in 
solar or lunar directions. What is particularly interesting about Meso-
america is the large fraction of sites whose alignments are unknown. 
Fuson (1969) suggested the possibility that Mayan temples were aligned 
to magnetic north using a compass. Carroll (1979) analyzed about four 
dozen Mesoamerican sites and found that almost all of them were not 
aligned to magnetic north, based on their assumed date of construction. 

D = alignments to “sacred directions”. E = cardinal directions, i.e. geographic poles, and 
equinoxes. M,m = major and minor lunar standstills. S = solstices. st = stellar alignments. 
Z = zenith passage.

TABLE 8
Alignments of Sites in Mesoamerica
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ANALYSIS OF ALIGNMENTS
The graphs in Figure 6 plot the distribution of site alignments with-
in each of the eight geographic regions. Site distributions are con-

Figure 6 .  Site-alignment distributions.
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verted to probabilities (relative frequencies) over the set of alignments 
{E,S,M,X,D,Z,st} where “M” represents both major and minor lunar 
standstills. If         and         are the alignment probabilities within two 
geographic regions, we de& ne the similarity between the two regions by
  

Table 9 lists similarities between regions in terms of their align-
ment probabilities. 

Figure 7 depicts the similarity between geographic regions using a 
distance-preserving nonlinear mapping algorithm (Carlotto, 1993). Re-
gions on the edge of the map are the most distinct from other regions 
in terms of their alignment statistics. For example, South America is 
di$ erent from the other regions in terms of the large number of sites 
that are aligned to other sites. Africa, mainly Egypt, is distinguished by 
its many pyramids aligned to the cardinal directions. Asia is unique in 
that most of its sites are aligned either to true north or to geomagnetic 
north. Most sites in Europe are aligned to solstices or lunar standstills, 
while sites in the Middle East are aligned only to the moon. Almost all 
of the sites in North America that were built by indigenous people are 
aligned to the sun or moon.

DISCUSSION
Across all eight geographic regions, 19% of the sites considered 
are aligned to the cardinal directions, 9% to solstices, 15% to lunar 
standstill, 5% to the geomagnetic pole at the time of construction, 5% 
to other sites, 4% to zenith passages, and 1% to stars. About 42% of the 
sites (95 out of 224) are anomalous in that they cannot be explained by 

�
�� �� 	 ���
�� � ��
����

TABLE 9 
Region-to-Region Similarity (Euclidean Distances) 

Based on Similarity of Site-Alignment Distributions

������ ������
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any of our alignment hypotheses. Some of these sites may have aligned 
for other reasons, e.g., the alignment of the Parthenon to the sunrise 
on Athena’s birthday or to conform to the landscape and topography 
as at Teotihuacan. Other structures such as Hindu temples in India 
(Daware, 2017) may have been aligned at the discretion of the builder 
without any obvious plan. It is also possible that some sites may not 
have been purposefully aligned at all.

That the alignment of so many sites cannot be explained is sur-
prising. About half of the sites, on average, within all of the geographic 
regions (with the exception of North America) cannot be explained in 
terms of alignment (Figure 8). This would suggest that the reason for 
the non-alignment could be global and not local in nature. This pos-
sibility is considered in a subsequent paper. 
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