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Abstract 

The pyramids of Meroe are a significant archaeological place at the Al Bagrawiya archaeological site (Sudan) with 
hundreds of pyramids dating back to the kingdom of Kush (1070 BC–550 AD). In this area, winds, heavy rains, and 
flooding events are the main geohazards that need assessments and solutions because pyramids are subjected to 
an accumulation of sand dunes around them and the risk of flooding, affecting their durability. This research aims to 
assess the impacts of sand dunes on the stability of pyramid structures in addition to assessing the risk of flooding 
using satellite image observations, and damage and decay assessments of pyramid building materials were carried 
out through digital mapping. The results from satellite image analysis and monitoring showed that sand dunes along 
with heavy rains and flooding are the main decay factors, causing the collapse, disintegration, crumbling, alveolariza‑
tion, loss of materials, and cracking of the sandstone ashlars, detecting an increase in deterioration, even considering 
only the last three decades.

Keywords Pyramids of Meroe, Al Bagrawiya archaeological site, Sand dunes, Wind, Flooding, Construction materials, 
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Introduction
Several studies have been carried out on geoenviron-
mental and geohazard impacts on archeological sites 
and buildings. For instance, Stambolvo [1] explained 
the role of wind and rain in the deterioration of porous 
building materials, where water can penetrate stones by 
wind power and capillary suction to cause stone decay. 
Fitzner et  al. [2] studied the conservation state of con-
struction materials in the temples of Karnak and Luxor, 
and they categorized the damage as no visible, very slight, 
slight, moderate, severe, and very severe damage. They 

concluded that disintegration, detachment, and flaking 
degradation are degradation aspects due to salt weath-
ering. Sandrolini et al. [3] used the available long record 
urban scale environmental data and finite element anal-
ysis to identify the decay sources and problems of the 
cathedral of Modena (Italy). They concluded that wind 
blowing to the facades resulted in tensile stresses and 
loads to the façade plane. Hemeda et al. [4] studied vari-
ous environmental factors that structurally affected the 
pyramid of Snefru. Weathering, geotechnical, and seis-
mic loads were the main damage factors for the pyramid. 
In addition, in the middle of Egypt, a geoenvironmental 
and geotechnical assessment of damage at the El-Ash-
mounein archaeological site was applied, where stone 
columns were broken due to flooding and seismic loads 
[5, 6]. Fahmy et  al. [7] studied the impact of external 
environmental factors and intrinsic defects on the sus-
tainability of Sahure’s pyramid and showed that external 
factors such as earthquakes and climatic conditions are 
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the main external damage factors, while the clay content 
of the stone plays a damaging role as an intrinsic factor.

In fact, the challenges in relation to protecting cultural 
heritage need to be better understood to avoid further 
destruction of the cultural heritage landscape [8]. Severe 
climates can be considered a potential environmental 
problem for cultural and natural properties [9], caus-
ing partial or total collapse and sliding of archaeologi-
cal buildings and findings in coastal and desert systems 
[10]. In this sense, sand dunes show considerable mor-
phological diversity with active and inactive movements 
[11]. Wind could be an extra load on the dunes covering 
the buildings for a short or long time depending on wind 
power [12]. Therefore, windblown sand action can cause 
sand erosion in modern and ancient buildings [13]. On 
the other hand, floods are an unusual environmental haz-
ard to the preservation of archaeological sites [14], and 
river floods are the most common type of natural disas-
ter [15]. Flood events can cause irreversible destruction 
to archaeological sites and their built heritage [16]. For 
this, Fahmy [17] studied the impact of flooding on the 
Basilica Church at the El-Ashmounein archaeological 
site (Egypt). The results came across to the main reason 
for granite columns (freestanding columns) collapse dis-
placement, and irreversible deformations is the repeated 
events of flash flooding which reached 3 m over the col-
umns. Fernandes [18] studied the impact of heavy rains 
on the built heritage on Madeira Island, concluding that 
the trails near the canals were damaged by heavy rains 
and tourism activities were affected. In this context, Pet-
ra’s afforestation, terracing, and construction of check 
and storage dams are considered solutions to protect the 
archaeological site from flooding by 70% [19].

In Sudan, Sweek et al. [20] carried out a conservation 
project for the Amun Temple because the architectural 
elements of the temple were affected by different kinds of 
decay mechanisms due to the poor quality of sandstone 
and heavy rains. Osman et al. [21] studied several prop-
erties of the Nubian formations and their geotechnical 
problems because these formations were the sources of 
construction materials in different archaeological build-
ings in Sudan. The governmental report of Sudan in 
March 2021 [22] mentioned different vulnerabilities that 
threaten the archaeological sites in Sudan. Among these 
vulnerabilities are natural encroachments such as strong 
winds, earthquakes, flash flooding, and Nile flooding. 
They explained that wind power could transport sand 
particles and weaken the sandstone building materials of 
archaeological buildings. In addition, the floods affected 
many archaeological sites, especially the Island of Meroe. 
Onderka and Vrtal [23] showed that the damage to the 
red brick and mud-brick structures in Wad Ben Naga’s 
archaeological site is due to seasonal heavy rains. Fahmi 

et  al. [24] studied the challenges of Sudanese heritage 
and mentioned that approximately 150 pyramids near 
the Nile River were affected during the recent flooding. 
Boozer [25] reported that the pyramids of Meroe were 
well preserved in the early  18th, nineteenth, and twentieth 
centuries but were subsequently damaged anthropologi-
cally. In this context, he discussed that Hinkel and Yellin 
(scholars) observed unrecorded and irreversible damage 
to many offering chapels in their architectural and relief 
elements. Moreover, the pyramid and chapel blocks were 
displaced at Meroe.

Remote sensing and satellite imaging observations have 
been used in archaeology for management and monitor-
ing purposes. For example, Hadjimitsis et  al. [26] said 
that satellite remote sensing and GIS analysis are tools for 
archaeological site observations and multianalysis of risk 
assessment. These tools preserve time and effort instead 
of in situ observation. Tapete [27] explained that remote 
sensing observations are extremely important in climate 
change issues, especially probable floods, drought, and 
other consequences in relation to water. In addition, he 
added that very high-resolution satellite images could 
help with damage mapping and assessment in archaeo-
logical sites. Angeli and Battistin [28] carried out a moni-
toring and assessment project for soil erosion and its 
impact on the buried archaeological heritage of Antonine 
Wall and Falerii Novi in Italy. Hu and Li [29] used Geo-
Eye images and CORONA images with high resolution 
to reveal some archaeological ruins that were covered by 
sand dunes. In addition, we assessed other ruins affected 
by wind erosion and surrounded by sand dunes and neb-
khas (aeolian landforms).

From the above literature review, very few studies refer 
to problems of flooding and sand dunes at Sudan archae-
ological sites. For this motive, the present study focuses 
on sand dunes and flooding risk assessment on the pyra-
mids of Meroe. To achieve this, treated and untreated 
satellite images were used to monitor and assess the geo-
hazard problems of sand dunes and flooding over the 
pyramids. Moreover, mapping and documentation for 
the decay forms of the pyramids of Meroe and the dam-
age rate were performed to assess the durability condi-
tions of the pyramids.

Al Bagrawiya Pyramids’ studied area
The pyramids of Meroe at the Al Bagrawiya archaeo-
logical site were built approximately 200  km north of 
Khartoum, between the Nile River and the Atbara 
River (Fig.  1A) with coordinates latitude N 16°56.111’, 
longitude E 33°42.852’ [30]. The Al Bagrawiya archae-
ological site is a World Heritage Site with significant 
pyramid-shaped structures of the Meroe kingdom. 
Meroe was an ancient city in Sudan, and it was the seat 
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of the government and the royal palace [31]. The pyra-
mids of Meroe back to the kingdom of Kush between 
the eighth century BC and fourth century AD and were 
devoted as a necropolis site for the kings and queens of 
Meroe (Fig. 1B). In addition, it contains more than 100 
pyramids in the north, south, and west of Al Bagrawiya 
(Fig.  2A) [32]. In a comparison between the Egyptian 
and Meroitic pyramids, the inclination angle of the 
Meroe pyramids ranges between 68 and 81 degrees, 
while the Egyptian pyramid’s inclination angle is lower 
than 52 degrees. Furthermore, the pyramids of Meroe 
are not as large as the Egyptian pyramids because the 
height of the Meroitic pyramids ranges between 10 
and 30 m and the base ranges from 4.5 to 17.5 m. Some 
pyramids were constructed with sandstone blocks with 
a rubble-filled core in the earlier periods (Fig. 2B), but 
some other pyramids were covered by brick or coursed 
rubble and rendered by lime or gypsum mortar for 
painting [30, 33]. Additionally, pyramid number 10 con-
tains different architectural elements, such as temenos 

walls, a chapel, an inclined passage, and a burial cham-
ber, as shown in the plan and cross-section (Fig. 2B).

Geological and climate context
The geomorphological and geological features of Sudan 
vary from desert lands, hills, plutonic/volcanic forma-
tions, and valleys from various eras [34]. The Sudan 
plain consists of dark clays and red‒brown sands [35]. 
The general geological column of Sudan is composed of 
coastal plain deposits, Nubian formations, Palaeozoic 
sandstone formations, and a basement complex (mainly 
Precambrian) [36]. Deposition of the fluvial and marine 
sediments overlying the amalgamated terranes, from the 
Cambrian onwards, was because of the erosion of the 
Trans- Gondwanan Mountain belt and subsequent recy-
cling of the eroded detritus during later inversion tec-
tonics (Fig. 3A) [37]. In addition, continued erosion and 
continental deposition resulted in the widespread forma-
tion of sandstones such as the Mesozoic Nubian Sand-
stone Formation [38]. The Nubian series (different kinds 

Fig. 1 A Map of Sudan and location of the pyramids of Meroe et al. 
Bagrawiya (red point). B The pyramids of Meroe et al. Bagrawiya and 
their general view

Fig. 2 A General map with plans for the pyramids et al. Bagrawiya 
(edited after [31]). B Elevation and plan view of Pyramid number 10 
and its architectural and structural elements (edited after [30])
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of sandstones) is the main geological and geomorpholog-
ical feature of the Meroe area. In addition, the basement 
rocks are unconformably present (Fig. 3A). Nubian sand-
stone is a Cretaceous formation similar to sandstone in 
Upper Egypt. It is characterized by a general absence of 
basal conglomerates. Consequently, it is poorly cemented 
and fragile except for the sandstone that occurred over 
the basement complex. Finally, basement rocks include 
igneous, metamorphic, and sedimentary rocks. In the 
sixth cataract, the basement rocks existed largely (large 
outcrop) [30, 34, 38, 39].

Many quarries have been used in the kingdom of Kush; 
ferruginous sandstone quarries (Nubian Formations) 
were used as raw materials to prepare stone blocks for 
pyramid construction [40]. Brigitte Cech [41] classified 
Meroitic quarries into five sectors (Fig.  3B): (1) North-
west Sector: Q01–Q25; (2) Northeast Sector: Q26–Q34; 
(3) Central Sector West: Q35–Q80; (4) Central Sector 
East: Q81–Q91; and (5) South Sector: Q92.

Meteorologically, this region lies within the zone of 
tropical continental climate with fluctuations in rain-
fall and temperature from south to north. Generally, the 
rainy season lasts 5–8 months in the southern and heavy 

rains for 1–3 months in the northern part of Sudan. The 
annual rainfall ranges from 100 to 600 mm, and tempera-
tures can rise up to 43 °C [42]. The temperature in Sudan 
ranges from 26 °C to 32 °C annually, and since 1960, the 
temperature has increased from 0.2 °C to 0.4 °C per dec-
ade (Fig.  4) (https:// clima tekno wledg eport al. world bank. 
org). Rainfall patterns divide Sudan into five zones from 
north to south: (1) desert with 0–75 mm of precipitation 
annually; (2) semidesert with 75–300 mm; (3) low rainfall 
savannah on clay and sand with 300–800  mm; (4) high 
rainfall savannah with 800–1500 mm; and (5) mountain 
vegetation with 300–1000 mm of precipitation [43]. The 
archaeological site of Al Bagrawiya is situated in the zone 
of semidesert with 75–300 mm, as shown in the rainfall 
and flooding map of Sudan (Fig. 5). In this context, Salih 
et al. [44] mentioned that rainfall could be classified into 
five classes: (1) weak (W) is defined as 0.1–1.0 mm/day; 
(2) moderate (M) is > 1.0–10.0  mm/day; (3) moderately 
strong (MS) > 10.0–20.0  mm/day; (4) strong (S) > 20.0–
30.0 mm/day; and (5) very strong (VS) > 30.0 mm/day.

Sand/dust storms are one of the main environmental 
events in Sudan [45]. They are related to arid and sem-
iarid areas but can occur as long as there are dry sedi-
ments. The process of sandstorms involves three steps: 
(1) entrainment or emission of surface material; (2) 
transportation through the atmosphere; and (3) deposi-
tion [46]. Sherif [47] collected some sand particles from 
Atbara, which is adjacent to a recent study area of Al 
Bagrawiya, to characterize the sand particles. In this con-
text, Khartoum and Atbara particle sizes are less than 
0.3  mm, but Atbara’s dust size contains a high percent-
age of larger particles. In addition, the majority of par-
ticles transported more than 100  km from the source 
are  < 0.02 mm in diameter [46].

Furthermore, Sudan practices potential wind power, 
and the wind speed in Sudan at 50  m height varies 
between 5.1 and 7.1  m/s. According to the wind power 
analysis that had been carried out for 25 towns in Sudan, 
the wind speed at 90  m height varies between 8.96 and 
8.73 m/s [48]. Most regions of Sudan are not subjected to 
hurricanes, although some thunderstorms with relatively 
high speeds for a short duration cover some areas in the 
center of Sudan during the rainy season [49].

Methodology
The scientific methodology depends on archaeologi-
cal mapping for monitoring and risk assessment using 
Google Earth images and satellite images from the 
Spectro radiometer MODIS on NASA’s Aqua satellite 
(NASA). SeaDAS has been used as a remote sensing tool 
to treat Earth images and satellite images. These treated 

Fig. 3 A Lithological map of the study area. B Ancient Meroitic 
quarries in the northwest sector

https://climateknowledgeportal.worldbank.org
https://climateknowledgeportal.worldbank.org
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satellite images were used to manage and monitor sand 
dune movement through high-resolution and detailed 
images during 2004, 2010, 2014, and 2021 according to 
available data in these years. Moreover, sandstorms, 
heavy rains, and flooding risks were observed and 
assessed through the Spectro radiometer MODIS on 
NASA’s Aqua satellite images. Furthermore, decay dete-
rioration mapping was carried out using digital engineer-
ing drawings to assess the actual preservation state and 
geohazard impacts on the pyramids of Al Bagrawiya and 
their building materials. For this, vulnerability rate and 
decay form specifications were carried out depending on 
fieldwork (observational recordings) and photographs 
were taken using the semiquantitive analysis method or/
and ununified damage standard (for individual architec-
tural and structural elements). Then, sketching for some 
selected architectural and structural elements for the 
pyramids was performed using AutoCAD 2020 through 
bench work.

Results and discussion
Destruction of pyramids
The pyramids of Meroe were constructed from Nubian 
sandstones. The sandstone blocks were prepared from 
various quarries from the Nubian formations around the 
area. The sandstone building materials of the pyramids 
are subjected to different kinds of damaging hazards and 
risks, probably as the main sand dune formation around 
the pyramids causing mechanical stresses and instabil-
ity for the construction elements of the pyramids. Heavy 
rains and sandstorms are considered the main damaging 
factors for the construction materials of pyramids as well. 
Finally, flooding is a risk that threatens archaeological 
sites and pyramids in Sudan.

Sand dunes and wind impacts
A sand dune can be considered a loose sand hill formed 
in different sizes and shapes (barchans, longitudinal, 
transverse, parabolic, barchanoid, and star) due to wind 
flows, and the morphological feature of the sand dunes 

Fig. 4 Thermal map (upper left) and chart of temperature (upper right) over Sudan monthly. (Bottom) Historical temperature records from 1901 to 
2020. Edited after: https:// clima tekno wledg eport al. world bank. org/ count ry/ sudan/ clima te‑ data‑ histo rical

https://climateknowledgeportal.worldbank.org/country/sudan/climate-data-historical
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formed around the pyramids is a barchan shape (Fig. 6) 
[50]. Sudan experiences wind speeds at 90 m height var-
ying between 8.96 and 8.73 m/s. The wind speed in the 
area around the case study is measured to be approxi-
mately 15.2 m (height), especially in the winter season. In 
this regard, sand could be transported at 6.7 m/s (speed). 
In the cases of sand storms, the carried sand measured 
to be 100  m (width) during 1  month of sand flowing, 
focused more on the northwest of Sudan [48, 50]. In this 

sense, sand dunes are the most serious and dangerous 
environmental problem in the northern part of Sudan 
and affect the archaeological sites in Sudan. For this, the 
strongest wind in Sudan is from December to April, and 
the calm wind is from June to October (Fig.  7). Google 
Earth images were collected and processed by software 
(SEADAS) to monitor the movements of the dunes 
around the pyramids from June 2004 until July 2021. 
During the last 15 years, the dunes increased from 1 year 

Fig. 5 A Map of Sudan’s rainfall (after [43]). B Map of areas affected by flooding in Sudan (after [55]). White stars present the case study (C)
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to another and covered parts of the pyramids from one to 
three meters (Fig. 8).

Figure  9 presents the risk analysis mapping for sand 
dune coverage around the pyramids. The rate of coverage 
from 2004 to 2021 increased, especially in 2010, 2014, 
and 2021. The area covered by sands around the pyra-
mids is approximately 15400   m2 with volumes of 15400, 
30800, and 46200  m3 and an estimated thickness of 1, 2, 
and 3 m, respectively. In this sense, Fig. 10 shows the rate 
of coverage for the sand dunes over the pyramids and was 
carried out to assess to what extent the pyramids have 
been covered by sand. The classification of coverage rate 
has been divided into three categories: uncovered, par-
tially covered, and totally covered. In 2004, one pyramid 
was uncovered, 12 pyramids were partially covered, and 
6 pyramids were totally covered by sand. In 2010, 3 pyra-
mids were uncovered, 8 pyramids were partially covered, 
and 7 pyramids were totally covered. In 2014, one pyra-
mid was uncovered, 14 pyramids were partially covered, 
and 4 pyramids were totally covered. Finally, in 2021, 
7 pyramids were partially covered, 12 pyramids were 
totally covered, and there were no uncovered pyramids. 
From the previous observations, in 2021, the coverage of 
sands over the pyramids was higher than in other com-
pared years, and the coverage rate of the sands over the 
pyramids depended on the wind power and its direction.

Moreover, there are different processes and mecha-
nisms for sand dune impacts over the pyramids, espe-
cially during wind moving toward the pyramids. In the 
movement moments of sand, three processes of salta-
tion, suspension, and sandblasting occur, which have 
a vital role in pyramid erosion and damage. Saltation/

bombardment occurs when wind transports particles, 
mainly quartz, between 0.063 and 0.5 mm and usually at 
a height less than 1.5 m above ground level. Suspension 
is the transportation of particles for a long time, and the 
particle diameters are less than 0.063 mm. Sandblasting 
is a process whereby salt particles bombard soil aggre-
gates, causing aggregate fragmentation and the release 
of fine particles [46]. Figure 11A explains the mechanism 
of saltation, transportation, suspension, and sandblast-
ing of particles around the pyramids of Meroe. On the 
other hand, macro processes such as the accumulation of 
sand around the pyramids can represent an external force 
over the structure of the walls causing structural defor-
mations, especially when the sands are mixed with water 
to be more compact with a high load (Fig.  11B). In this 
regard, wind erosion (encroachment) is the most danger-
ous geoenvironmental factor in Sudan that causes the 
degradation not only of archaeological buildings but also 
of soil degradation (dissertation) in arid and semiarid 
areas [51]. Likewise, wind speed is the main key in the 
decay of the building materials of the pyramid, especially 
when the potential energy of wind is more than 5 m/sec. 
In this context, recent studies in Sudan confirmed that 
the potential of wind energy exists in many areas with an 
average annual wind speed of more than 5 m/sec [52].

In addition, wind can transfer the heat and mois-
ture inside the construction materials of the pyramids, 
increasing decay. Masaru et  al. [53] mentioned that 
wind-driven rain loads might lead to moisture flow into 
the interior surfaces of buildings, increasing the humid-
ity and heat transmission to the walls. The interaction 
of climatic factors such as variations in temperature and 

Fig. 6 A Barchan sand dune components and movement. B Schematic formation of barchan sand dunes around pyramids
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Fig. 7 A and B Captured satellite images for sandstorm over Sudan on 9 May 2009 (from https:// earth obser vatory. nasa. gov/ images/ 38459/ 
dust‑ storm‑ over‑ sudan). C and D A sandstorm over the archaeological site of Al Bagrawiya on 14 May 2013 (from https:// earth obser vatory. nasa. gov/ 
images/ 81127/ dust‑ storm‑ in‑ sudan). Yellow arrows in D refer to the wind directions. E General view of the pyramids of Meroe and the impact of the 
sand dunes on the building materials of the pyramids. Taken by Martchan/Shutterstock (https:// www. theaf rican dream. net/ sudan‑ forgo tten‑ pyram 
ids‑ are‑ more‑ than‑ egypt/)

https://earthobservatory.nasa.gov/images/38459/dust-storm-over-sudan
https://earthobservatory.nasa.gov/images/38459/dust-storm-over-sudan
https://earthobservatory.nasa.gov/images/81127/dust-storm-in-sudan
https://earthobservatory.nasa.gov/images/81127/dust-storm-in-sudan
https://www.theafricandream.net/sudan-forgotten-pyramids-are-more-than-egypt/
https://www.theafricandream.net/sudan-forgotten-pyramids-are-more-than-egypt/
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Fig. 8 A Images for monitoring the movement of sand dunes around the pyramids from Google Earth. B Treated images to clearly see this 
movement around the pyramids. Images from 2004 to 2021 are in grey colour, except for 2014, which is in RGB colour
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humidity along with wind could cause acceleration and 
more damage to the construction materials of the pyra-
mids. In this sense, Moncmanová [54] confirmed that 
decreasing and increasing temperatures could cause dif-
ferential thermal conductivity between the outer layer 
and inner core of the stones, which will lead to fine 
cracks, spalling, and lack of strength.

Heavy rains and flash flooding risks
Sudan is subjected to flash floods and heavy rains yearly 
from July to September. Many destructions are happen-
ing to houses, people, and infrastructures. In 2007, dur-
ing the season of flooding, Sudan was subjected to the 
worst heavy/intense rains, which affected so much of 
the infrastructure and the archaeological sites in Sudan 
(Fig. 12). According to the Sudanese report on 12 August 
2021, heavy rains and flooding affected six locations 

in the River Nile state, including Atbara, Shendi, Al 
Matama, Barbar, Abu Hamad, and Ad Damar, from 7 
to 10th August 2021. The floods led to vast destruction 
of the new houses and built heritage where the flood 
rate exceeded the risk level. (Fig.  13A and B) [55]. In 
this regard, [23] displayed damage to the red brick and 
mud-brick structures in Wad Ben Naga’s archaeological 
site due to seasonal heavy rains and flooding. The Suda-
nese report on 16 September 2021 confirmed that floods 
affected many archaeological sites, especially the island 
of Meroe. In addition, they mentioned that the water lev-
els of the Nile River have risen above flooding risk levels 
at the Khartoum, Atbara, Shendi, and Ed Diem stations. 
Water levels reached 17 m, which was 50 cm above the 
flooding risk level [55].

Damage rate and decay patterns of the pyramids
Risk analysis for the damage rate over the pyramids was 
carried out to identify the state of conservation for each 
pyramid in the study area. The damage is classified into 
three categories: slightly, moderately, and severely dam-
aged. Figure  14 presents the damage rate of the pyra-
mids over several years. In 2004, 3 pyramids were slightly 

Fig. 9 A Base map for the studied area. B Coloured estimation 
for sand dune coverage around the pyramids and their variations 
from 2004 to 2021. C Linear outlines for the variations in sand dune 
coverage from 2004 to 2021

Fig. 10 The coverage rates of the accumulated sands over the 
studied pyramids in 2004, 2010, 2014 and 2021
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damaged, 7 pyramids were moderately damaged and 9 
pyramids were severely damaged. In 2010, 2 pyramids 
were slightly damaged, 5 pyramids were moderately dam-
aged and 12 pyramids were severely damaged. In 2014, 
one pyramid was slightly damaged, 6 pyramids were 
moderately damaged, and 12 pyramids were severely 
damaged. In 2021, 4 pyramids were moderately damaged, 

and 15 pyramids were severely damaged. From the pre-
vious observations, in the last two periods in 2014 and 
2021, the damage rate increased due to the increasing 
activity of wind power and climate change.

Figure 15A–F shows the most dominant deterioration 
patterns over the construction material of the pyramids 
of Meroe at the Al Bagrawiya archaeological site, such 
as collapsing, crumbling, buckling, disintegration, alveo-
larization, loss of materials, and cracking. In this sense, 
Fratini and Rescic [56] confirmed that the abrasive effect 
of wind is an important factor that causes the alveolariza-
tion of ancient building materials. In this arid area, the 
wind has a significant potential for causing failures for 
the blocks of the pyramid and can cause wall collapse and 
detachment of the casing stones, in addition to out-of-
plane buckling [57]. Cracks and disintegration could be 
caused by the expansion and contraction of the construc-
tion materials in accordance with the heating and cooling 
effect of temperature and wind power [58].

Conclusion
The present study showed two geoenvironmental factors 
that threatened the preservation state of the Al Bagrawiya 
Archaeological Sites in Sudan. For this, the current study 
explained the impact of sand dunes and their role in the 

Fig. 11 A Mechanism of sand accumulation around the pyramids. B Three possible phases for the sands as external forces on pyramid structures

Fig. 12 Aerial satellite image to show the heavy rains over the case 
study in July 2007. From https:// earth obser vatory. nasa. gov/ images

https://earthobservatory.nasa.gov/images
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degradation of the construction materials of the pyra-
mids. In addition, wind power is considered an erosive 
factor for the sandstone blocks of the pyramids. Further-
more, the research presented the threats of flooding of 
the Nile River on the archaeological sites of Al Bagrawiya.

Sand dunes played a significant role in the destruction 
and degradation of the building materials of the pyra-
mids of Meroe. In this regard, satellite images showed 
that the sand dunes are Barchan type, which increased 
each year due to the accumulation of sand during the 
strong wind and sandstorms that cause damage and 
degradation to the pyramids. Wind is considered a 
deterioration key et al. Bagrawiya, the archeological site 
that led to sand dune formations and abrasion of the 
building materials for the pyramids.

Sand dunes and wind loads resulted in decay and 
destruction patterns of the building materials of the 
pyramids, such as total collapse, disintegration, loss of 
materials, crumbling, cracks, and buckling. Flooding 
from heavy rains and rising Nile River water is consid-
ered a potential threat at the Al Bagrawiya archeologi-
cal site and its pyramids. In 2020 and 2021, the water 
levels reached 17  m beyond the safe flooding rate, 
which gives us a red alarm to take all precautions to 
carry out preventive protection for archaeological sites 
from probable damage from flooding.

Future studies with multianalytical techniques are 
needed regarding the chemical and physical impact of 
sand dune components (quartz, gypsum, clay, etc.) on 
the construction building materials of these pyramids. 
In addition, restoration, conservation, and site man-
agement plans are highly recommended for safeguard-
ing this important archaeological site and its built 
pyramids.

Fig. 13 A The impact of flooding in Sudan. From: 
https:// daily newse gypt. com/ 2020/ 09/ 06/ egypt‑ dispa 
tches‑ urgent‑ aid‑ to‑ flood‑ hit‑ sudan/. B Satellite image of the 
flooding over Atbara and near the Al Bagrawiya archaeological 
site. From: https:// earth obser vatory. nasa. gov/ images/ 147288/ 
record‑ flood ing‑ in‑ sudan

Fig. 14 Damage rate for the pyramids in 2004, 2010, 2014 and 2021

https://dailynewsegypt.com/2020/09/06/egypt-dispatches-urgent-aid-to-flood-hit-sudan/
https://dailynewsegypt.com/2020/09/06/egypt-dispatches-urgent-aid-to-flood-hit-sudan/
https://earthobservatory.nasa.gov/images/147288/record-flooding-in-sudan
https://earthobservatory.nasa.gov/images/147288/record-flooding-in-sudan
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Fig. 15 A–F Degradation maps for the construction materials for the pyramids of Meroe
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Fig. 15 continued
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