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Abstract 

Abusir is the name of an elaborate burial area in Egypt, dotted with 19 pyramids and other temples, stretching on 
the western side of the Nile from the south of the Giza Plateau to the northern rim of Saqqara. It seems to have been 
created as the resting site for the Pharaohs dated from 2494 to 2345 BC. The name Abusir, originally spoken as Busiri, 
means “Temple of Osiris”. Over time, the name has become so popular because more than 60 villages now carry this 
name, but only one is the archaeological site. This paper focused on one of its most important pyramids from the 
Abusir archaeological area, Sahure’s pyramid, since it is one of Egypt’s little‑known but heavily damaged treasures. 
Field and laboratory studies have been carried out to investigate and understand the durability problems and con‑
struction materials of this pyramid, leading to results that confirmed the impact of the geoenvironmental conditions 
on the pyramid’s architectural, structural, and engineering stability. Moreover, the results showed that mineralogical 
content in the construction materials was an intrinsic problem due to the presence of swellable (expansive) clays, 
which are considered responsible for pyramid decay and damage. In addition to external factors such as the effect of 
temperature variations, rain, pollutants, wind, and earthquakes and their interactions with intrinsic building material 
defects. Finally, this paper revealed a new discovery for basaltic mortar as the first trial for green concrete manufactur‑
ing in the Egyptian Old Kingdom, Fifth Dynasty.
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Introduction
Studies on the impact of geoenvironmental conditions 
and how external agents affect construction materials are 
a recurring topic in new construction but are especially 
important in the materials of historical and archaeo-
logical heritage since its understanding will allow better 
preservation of this cultural heritage [1]. There are sev-
eral previous studies on stone weathering; for example, 
Charola et  al. [2] explained salt weathering for porous 
building materials and showed some related deterioration 

patterns on archaeological stone masonry because of 
environmental conditions such as fissures, granular 
disintegration, splitting in building materials, and salt 
efflorescence. Fitzner and Heinrichs [3] presented a 
study about weathering impacts on monumental stones 
and their forms and rates. In addition, they showed the 
nonvisible/nanoscale deterioration patterns of archaeo-
logical stones, visible deterioration in micro- and meso/
macroscale-like mass loss, and structural stability. Grossi 
et al. [4] studied the effect of air pollution, salt weather-
ing, and climate change on the durability of archaeo-
logical stones, showing that the blackening of the stones 
returned to high levels of sulfate deposition, diesel soot, 
and nitrogen deposition from vehicular sources around 
the archaeological buildings. Additionally, Figueiredo 
et  al. [5] studied the degradation factors that affected 
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some Roman archaeological buildings due to the effect of 
lichen exudates that led to observed physical and chemi-
cal alterations in granite. Sandrolini et al. [6] studied the 
environmental aggressiveness on historical stonework 
and the weathering patterns and rates using the material 
identification method and structural finite element mod-
elling to identify the decay causes and outline the effi-
cient restoration procedures. Khanlari et  al. [7] showed 
the influence of freeze–thaw cycles on the mechanical 
and physical properties of archaeological sandstone and 
concluded that the pore size distribution plays an essen-
tial role in the resistance of sandstones during freeze–
thaw cycles. Derluyn et  al. [8] explained the damage of 
salt weathering on building materials and compared the 
damage of thenardite and halite salts. Additionally, they 
used high-resolution neutron radiography simultane-
ously to monitor the crystallization process and deforma-
tions. Their results showed that cracking occurred during 
the drying for the limestone samples due to halite, and 
no damage was observed during drying due to thenard-
ite. Hemeda [9] explained and studied the climate change 
risks on archaeological sites in Alexandria and their 
impacts on building materials and concluded that. In 
addition, Risdonne et al. [10] used analytical techniques 
to identify plaster surfaces and evaluate weathering 
byproducts. Moreover, Villacreses et al. [11] interpreted 
the impacts of environmental conditions on the mechan-
ical stability and behavior of masonries, especially earth 
walls. Finally, Hatır et  al. [12] determined very specific 
deterioration maps to identify and qualify the weathering 
forms in the archaeological sites.

Specifically, in Egypt, several studies have been carried 
out to study the effect of environmental conditions and 
climate changes on archaeological sites. For instance, in 
the Giza pyramid area, Emery [13] studied the weather-
ing conditions on the Great Pyramid and revealed four 
types of limestone used to build it, such as gray hard 
dense limestone, soft gray limestone, gray shaly lime-
stone, and yellow limy shaly sandstone. Furthermore, 
Hanafy and Holail [14] presented a diagnosis study of the 
middle Eocene "nummulite bank" of the Giza Pyramid 
Plateau and explained that the early diagenetic alteration 
of the rock matrix was followed by partial to complete 
dolomitization of the limestone matrix and nummu-
lite grain. Reader [15] studied the weathering problems 
and erosion on Sphinx and presented a geomorphologi-
cal study for Giza Necropolis. USAID of Egypt [16] pre-
sented an assessment report to study the environmental 
impacts on the Giza plateau and suggested a methodol-
ogy for groundwater lowering. In addition, Gandah [17] 
studied and discussed the environmental impacts of rain, 
wind, and salts on the pyramid of Khufu and presented 
hypotheses for restoration and conservation. Zalewski 

[18] studied and gave us the opportunity to see the con-
struction materials of the Great pyramid in his study 
through the petrography observations of the building 
stones. Finally, Hemeda and Sombol [19] studied and dis-
cussed the durability problems of the Great pyramids and 
the effect of subsurface and underground water on the 
stability of the pyramid.

In Saqqara necropolis, Madkour and Khallaf [20] 
explained the degrading process of the faience inside 
the step pyramid, and the results showed that salt crys-
tallization from the wall support (Bedrock) was the 
main problem that generally affected the faience and 
the substructure of the pyramid. Kukela [21] stud-
ied the degradation patterns for the Step pyramid of 
Saqqara and showed isometric deterioration maps for 
the pyramid. Furthermore, Khalil et  al. [22] showed the 
effects of strong ground shaking on the stability of the 
Step pyramid and showed that there are many earth-
quakes in Greater Cairo with low magnitudes but with 
accumulative effects for the long term on the pyramid. 
Additionally, Rossi [23] utilized the advanced digital 
documentation method to monitor the area of the New 
Kingdom in Saqqara and showed the effect of wind, 
humidity, and temperature on the archaeological build-
ing. Finally, Ahmed [24] described the deterioration pat-
terns for all faces of the Step pyramid and showed the 
geoenvironmental challenges, such as earthquakes, over 
the Step pyramid. In Dahshour necropolis, Hemeda et al. 
[25] studied the geoenvironmental impacts and struc-
tural problems on the northern pyramid of Snefru at the 
archaeological site. Often, there are no more studies that 
investigate the geoenvironmental problems and material 
characterizations at the Dahshour and Abusir archaeo-
logical sites. Accordingly, the present study is a signifi-
cant study to investigate the durability and environmental 
problems of the construction materials of Sahure’s pyra-
mid at the Abusir archaeological site.

Of the sixty villages named Abusir in Egypt, only one 
is an archaeological site of first-class importance. It is 
located in the southern direction of the Giza Plateau and 
north of the Saqqara archaeological site and is consid-
ered one of the most enriched archaeological sites of the 
Memphis necropolis [26]. The ancient name of Abusir is 
called Busiri “the house or temple of the Osiris”. It has a 
cemetery of the Fifth Dynasty kings, but its actual his-
tory is much older than the Fifth Dynasty because in the 
Early Dynastic Period (c. 3150-c. 2613 BCE), it became a 
rapidly growing cemetery. In the south, close to the Early 
Dynastic cemetery in northern Saqqara, a rich upper-
middle-class cemetery dating from the First and Second 
Dynasties was discovered at the beginning of the twen-
tieth century by a German archaeological expedition 
directed by Hans Bonnet [27]. At the beginning of the 
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1960s, two Italian scholars, Vito Maragioglio and Celeste 
Rinaldi, contributed to the research on Abusir to make 
a survey for the site and provided us with rich informa-
tion on the Abusir pyramids and development plans of 
the monuments [28]. At the same time, a Czech archaeo-
logical expedition started to work in this area, and in the 
mid-1970s, the Czech team transferred its research to 
the not yet investigated southern area of the necropolis, 
and this institute is carrying out excavations at Abusir 
until now led by Miroslav Bárta [29]. Abusir was the only 
short-lived cemetery with pyramid complexes of three 
kings of the Fifth Dynasty: (1) Sahure; (2) NeferirKare; 

and (3) Niuserre [30] (Fig. 1a and b). In 2015, Abusir was 
scanned and modelled by the Czech Institute of Egyptol-
ogy and the Japanese team to document the NeferirKare 
pyramid with a 3D scanning laser and gave us 3D images 
for the pyramid to provide both qualitative and quanti-
tative information for the pyramid and its preservation 
state [31].

Abusir is a sophisticated archaeological site with dif-
ferent kinds of building materials and pyramids. The 
preservation state of this site is extremely poor and for-
gotten. Sahure’s pyramid has been affected by damage 
from various geoenvironmental impacts. In this sense, 

Fig. 1 a General map of Egypt and location of the Abusir archaeological site in Giza. b Pyramids at the Abusir archaeological site and specifically 
the Sahure’s pyramid (edited after http:// www. narmer. pl/ map/ abusir_ en. htm). c General view of Sahure’s pyramid from the causeway of the 
pyramid. d The preservation state of the pyramid

http://www.narmer.pl/map/abusir_en.htm
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the durability and resistance of the pyramid decreased 
physically and mechanically (Fig. 1c and d). For all these 
motives, the main aims of this paper are (1) to identify 
the geological and meteorological conditions related 
to this site; (2) to characterize the construction materi-
als of Sahure’s pyramid by means of geochemical, petro-
graphical, and petrophysical approaches; (3) to evaluate 
the durability and vulnerability of the ancient construc-
tion materials of the pyramid; and (4) to present a pro-
posal for scientific conservation and protection of the 
pyramid. To achieve all these aims, this study has carried 
out a hazard analysis for the construction materials of the 
pyramid utilizing different analytical and examination 
techniques of X-ray diffraction, X-ray fluorescence, and 
optical microscopy. In addition, the physical properties of 
the core building material of the pyramid are determined 
to confirm the environmental impacts on the physical 
properties of the construction materials used.

Sahure’s pyramid context
Description of Sahure’s pyramid
Sahure’s pyramid is located on a hill, and the elevation 
from the valley temple adjacent to the Nile is approxi-
mately 20  m. It is relatively small because it has a base 
of approximately seventy-eight meters and rises to a 
height of forty-seven meters (Fig.  2a and b). According 
to Verner [32], this pyramid was built using better qual-
ity stone and more diverse types than the pyramids of the 
Fourth Dynasty. For example, the base presents at least 
two layers of limestone, but it has not been excavated 
until now. Additionally, the core of the pyramid was com-
posed of six steps of limestone jointed with mud mortar, 
and the entrance located to the north was cased in fine 
white limestone from Massara (Fig.  2a). On the other 
hand, casing stone was built from massive limestone 
blocks with dimensions of 5 × 5.5 × 1 m, which were pre-
pared and brought from the Tura and Massara quarries 
[33]. The same materials and quarries were the sources of 
the casing stones at Neferefre’s (unfinished pyramid) and 
the Great Pyramid [32]. Meanwhile, the inner chambers 
of Sahure’s pyramid were cased by using smaller blocks 
[33]. The core of the pyramid was packed with a rub-
ble fill of limestone chips, pottery shards, sand, and clay 
mortaring [32–34]. This construction technique was per-
formed to reduce the cost, effort, and time for pyramid 
construction. Additionally, the architects made a notable 
error in planning the base, causing the southeast corner 
of the pyramid to extend 1.58 m to the east [32] (Fig. 2b).

Architecturally, the pyramid is surrounded by lime-
stone, which is used for paving, but the mortuary 
temple is paved by basalt and is accessed from the tem-
ple’s north and south sides with a tall courtyard and 
rounded enclosure wall 3.15 m thick [35]. On the other 

hand, the pyramid substructure access is found slightly 
above ground on the pyramid’s north face [32]. A short 
descending corridor lined with granite leads into a ves-
tibule [34]. In addition, the route and its walls are cased 
and guarded by a pink granite portcullis (Fig. 2a) [32, 36]. 
The descending corridor is 4.25  m long with a slope of 
24°48′ and has a passage 1.27  m wide and 1.87  m high 
[34, 37]. The corridor following is lined with limestone 
begins with a slight ascent before becoming horizontal 
land lined with granite [34]. The ascending portion is 
22.3 m long with a slope of 5°, while the horizontal sec-
tion is 3.1  m long [37]. Finally, the burial chamber is a 
single chamber measured to be 12.6  m east–west and 
3.15 m north–south [32, 34, 36].

Geological context
Generally, the Memphis area consists of different geolog-
ical features, such as Nile silts, which are located on the 

Fig. 2 a Cross section and b Plan of the Sahure pyramid. The colors 
in cross‑section represent the white fossiliferous limestone from the 
Tura quarry (casing stone, in white); the body of the pyramid made by 
laminated sandy argillaceous limestone (marl, in white gray); granite 
(casing for entrance and some parts in the corridor, in red); and 
bedrock from limestone (in dark gray). Edited after Ref. [35]
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eastern and western sides of the Nile River and adjacent 
to the archaeological sites in Memphis, Wadi (Valley). 
In addition, deposits include neonile deposits, pronile 
deposits, undifferentiated pronile deposits, limestone 
intercalated with shale stones, and Cretaceous forma-
tions [38] (Fig. 3a). Specifically, Abusir geological forma-
tions are considered from the Late Eocene, and Maadi 
limestone, clay-limestone, and marls crop out (tafla) 
(Fig.  3a and b). The upper member of the Maadi For-
mation (blue legend, Fig. 3b), which is connected to the 
Abusir area, is developed mostly as porous brown sandy 
limestone in-tempestite facies [38]. According to Beber-
meier et al. [39], ancient settlements are covered by more 
than 7  m of alluvial and aeolian deposits. These forma-
tions of Mokattam (Qn2, Fig. 3b) and Maadi are repeat-
edly intercalated with fossils such as oysters, nummulites, 
and shale or sandy shale. Moreover, Bebermeier et al. [39] 
said that the fluvial sediments belonging to a former river 
system called prenile deposits (Qns, Fig.  3b) occupied 
the present-day Nile basin in the early Pleistocene. In the 
middle Pleistocene, the prenile deposited fluvial sedi-
ments (Qn2, Fig. 3b) east of the (Qns) deposits, closer to 
the present-day floodplain of the river Nile. These sedi-
ments (Qns and Qn2) were deposited directly on top of 
Eocene bedrock. Sahure’s pyramid is located on the Nile 
silts (Qns), which reflects the geotechnical problems of 
the pyramid from the beginning of the construction due 
to the clay to claystone base (Fig. 3b).

Stone quarries and pyramids construction materials
Generally, ancient Egyptians exploited approximately 200 
quarries (Fig.  4) as sources of different kinds of stones, 
which were used as architectural, ornamental, and struc-
tural elements to build their temples, tombs, and pyra-
mids from the predynastic era to the late Roman period, 
but limestone and sandstone were the dominant building 
materials for their buildings [40, 41]. In fact, most of the 
limestone blocks used by ancient Egyptians were brought 
from Tertiary formations, mainly Eocene, Paleocene, and 
Pliocene. In addition, some limestone building materials 
were from the Quaternary age. On the other hand, most 
of the sandstone blocks were prepared from Cretaceous 
Nubian formations [40–42]. Specifically, the stones and 
joint materials (mortars) of the pyramids are important 
and interesting to reveal much information related to 
ancient technology and their sustainability [25]. Pyra-
mids were built from different kinds of stones, such as 
limestone, sandstone, sandy limestone, basalt, and gran-
ite. Cutting and preparation of stones from different 
quarries were an important process as the primary step 
for preparations of blocks of pyramids using different 
kinds of tools and techniques, such as using dolerite and 

crushed quartzite with sands in polishing of the stone 
surfaces [43] (Fig. 4).

Ancient Egyptian architects depended on different kinds 
of stones based on their quality, and they exploited doz-
ens of quarries to extract different materials (Fig.  4, gray 
squares). For that, they used high-quality limestone in the 
pyramid’s casing and its internal chambers [44]. Addition-
ally, they used granite in the casing of the internal cham-
bers, corridors, and bases. In addition, they used basalt 
in the pavements for mortuary temples for the pyramids, 
which represents approximately 20% of the pyramid con-
struction. On the other hand, the remaining 80% approxi-
mately corresponds to the core part of the pyramids and 
was brought from local quarries, such as those placed in 
the Giza Plateau, Abusir, Saqqara, and Dahshour [25, 44, 
45]. Tura and Massara quarries (Fig. 4, red circle) were the 
main places to extract high-quality limestone types that 
had been used as casing stones for the pyramids and their 
elements. In addition to the tombs and temples. Both quar-
ries are located near Cairo on the eastern bank of the Nile 
from pyramids [46]. The Widan El-Faras quarry (Fig.  4, 
yellow circle), in the northern Fayoum, was the source of 
the basalt stones for the pavements of mortuary temples 
from the Old Kingdom. This stone was used on the floor of 
the mortuary temple of the pyramid with a height of 0.4 m, 
width of 25 m, and length of 15 m [47]. The local quarry 
of Abusir and the surrounding area was the source of the 
core building material of Sahure’s pyramid that is adjacent 
to the local quarry of Saqqara and Dahshour archaeologi-
cal site as sources of their pyramid core stones (Fig. 4, blue 
circle). Additionally, to reduce the huge mining work to 
extract the stone blocks from the local quarry, they used 
the geomorphological structures and beds to be part of 
Sahure’s pyramid, such as the causeway that connects the 
valley temple and mortuary temple of the pyramid [39].

Geoenvironmental context
Egypt is a country susceptible to climate change and 
geoenvironmental hazards such as sea-level rise, in addi-
tion to an increase in the intensity and frequency of tem-
perature, wind (with sand and dust storms), heavy rains, 
and flash floods [48, 49]. Many geoenvironmental con-
ditions affect the area of Abusir, especially temperature 
fluctuations, strong winds, and humidity. These environ-
mental factors lead to physiochemical and mechanical 
damage to the structural materials and result in partial or 
total decay and collapse in some parts of the pyramids.

Recent analyses of the current climatic tendency reveal 
a warming trend in recent decades in Egypt, with aver-
age temperature increases of 1.4 °C and 2.5 °C projected 
by 2050 and 2100, respectively [50]. In this sense, climate 
change has been notable for the last ten years and has 
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had a risky impact on archaeological building materials, 
such as the thermal stress effect that leads to accelerated 
decay in stone construction materials. Moreover, the var-
iation in temperature causes changes in material volume, 
especially when material deformations occur heterogene-
ously, which leads to differential strains in the stone body 
[51].

From the readings and recordings for meteorological 
data in Giza, meteorological Station ID: EGE00147729, 
it is noticed that the warmest month of the year is July, 
with an average temperature of 27.5 °C and an average 
annual temperature of 14.5  °C. On the other hand, the 
driest month is May with 0 mm, and the wettest month 
is January (4  mm) (https:// en. clima te- data. org). More-
over, rainfall is considered rare, with an annual aver-
age of 12  mm. However, rainwater, as concentrated in 
the northern part of the country, is between 150 and 
200  mm and decreases gradually to the south, reach-
ing approximately 24  mm. Meanwhile, rainfall on the 
Mediterranean coastal strip decreases eastward from 
200 mm/year at Alexandria to 75 mm/year at Port Said. 
It also declines inland to approximately 25  mm/year 
near Cairo and 1 mm/year at Aswan. Moreover, signifi-
cant intensities of rainfall are recorded on parts of the 
Red Sea coast. In addition, humidity ranges between 70 
and 72% in the northern part of Egypt during the sum-
mer months and reaches 13% in the southern part of 
the Nile valley at Aswan [52].

Additionally, Egypt experiences dust storms in spring 
and early summer, with dry and windstorms usually 
arriving in April but occasionally occurring in March 
and May. The winds flow in low-pressure areas in the 
Isthmus of Suez and sweep across the northern coast of 
Africa, reaching high velocities. In addition, they carry 
large quantities of sand and dust from deserts that extend 
strongly from the red sea and Nile River to the Mediter-
ranean Sea and from the north-northeast to south-south-
west with large amounts of sand and dust (Fig.  5a–d). 
These sandstorms, often accompanied by winds of up to 
140 km, can cause temperatures to rise as much as 20 °C 
in two hours and may blow continuously for three or four 
days at a time, followed by an inflow of much cooler air 
[53].

Air pollution is considered one of the environmental 
factors and challenges that affects the stones of Sahure’s 

pyramid because it causes chemical weathering of the 
construction materials and thick black crust over the 
stone surfaces [54]. In Giza, it is noticed that from Sep-
tember to November, the number of pollutants decreases. 
On the other hand, in the season of wind, when the sky is 
strongly dark and strongly dark from March to May, the 
amount of pollutants increases, such as carbon monox-
ide, nitrogen oxides, ozone, and sulfur dioxide [55].

Intrinsic factors
Intrinsic factors are defined as the internal problems 
of the construction materials, which are related to the 
chemical, physical and mechanical properties of the 
stones, and intrinsic problems are also related to the 
interaction between the environmental conditions and 
the intrinsic properties of the pyramid construction 
materials. Both intrinsic agents and geoenvironmental 
agents work together in pyramid stone decay. For exam-
ple, gypsum salt is detected by means of chemical analy-
sis in the weathered casing limestone of the pyramid due 
to the reaction between sulfate pollutants and carbonate 
to produce gypsum [56]. In this sense, and from in  situ 
visual and macroscopic examinations, it is noticed that 
the fabric of stone is full of impurities and stained areas 
with yellowish spots, which reflects the weakness of the 
construction materials of the pyramid.

The main composition of the pyramid construction is 
yellowish sandy limestone as a core building material and 
white limestone as casing building material. Therefore, 
calcite is a common mineral in construction materials 
and is always exposed to variable and severe environmen-
tal conditions, such as humidity, pollutants, and heavy 
rains; accordingly, calcite is dissolved in water and reacts 
with outdoor pollutants [57]. Additionally, the decay of 
the pyramid stones occurred due to the incompatibil-
ity in physical and mechanical properties between the 
casing and core stones, especially during their differen-
tial reaction with environmental conditions [57]. Core 
stones were quarried from the Abusir local quarry, and 
the natural beds are characterized by high porosity and 
inhomogeneity. On the other hand, the casing stones are 
characterized by very low porosity and homogeneity [44], 
which reflects the extent of the difference in the physi-
cal properties between these two kinds of construction 
stones. Therefore, the environmental interactions will 

(See figure on next page.)
Fig. 3 a General geological map of the Memphis area and b a simplified geological map of the Abusir area. As shown in the legend, the pyramid is 
connected to the Mokattam formation and Maddi formation. Sahure’s pyramid is located on Nile deposits/silt that was deposited directly to cover 
the Eocene bedrock. Edited after Ref. [39]

https://en.climate-data.org
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Fig. 3 (See legend on previous page.)
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affect them differently and accelerate the rate of con-
struction material decay.

Geodynamic factors
Egypt was exposed to many historical earthquakes that 
were recorded and reported from 2200 BCE to 1899 AD. 
Most of the earthquake epicenters were located in Cairo, 
and the damage from earthquakes affected Cairo, the 
Nile Delta, and the Nile valley. For example, in 520 AD, 
a large one happened, and many cities and villages were 
swallowed up [58] (Table 1). In 1992, Memphis pyramids 
were affected by the Dahshour earthquake with an esti-
mated magnitude of 5.3 and depth of 30 km. Thus, geo-
technical problems were observed, such as soil settlement 
and the settlement estimated in some villages at 1.75 km. 
Accordingly, the most common damage patterns for the 
buildings were the complete collapse, separations of the 
buildings, and diagonal cracks [59–61]. Other important 

examples of earthquake damage can be found in the 
northern pyramid of Snefru, where structural damage 
appeared, such as longitudinal structural cracks in the 
internal chamber [25]. In addition, both the Dahshour 
and Aqaba earthquakes caused partial collapse of the Step 
pyramid [22]. Finally, earthquakes also affected the Abu-
sir archaeological site and its pyramids because it is very 
near the Dahshour site. Accordingly, limestone enclosure 
walls of the shaft tomb of Udjahorresnet at Abusir were 
damaged and crumbled [62]. In addition, Sahure’s pyra-
mid was damaged, and many features of structural dam-
age that resulted from the earthquakes were monitored.

Materials and methods
Materials
Some fragments of limestone (casing stone) and sandy 
limestone (core stone) (Fig. 6b) were collected for anal-
ysis from the original quarries (Fig.  6a, red circle) to 
use in the analysis and identification of physical prop-
erties. Highly weathered fallen parts were collected for 

Fig. 4 Map of ancient Egyptian quarries (gray squares). The yellow 
circle refers to the Widan El‑Faras quarry, the red circle refers to the 
Tura and Massara quarries as the source for casting blocks, and the 
blue circle is the local quarry of the Abusir site as the source for core 
blocks

Fig. 5 a General map of Egypt, where the red square marks the 
Abusir zone, referring to the Abusir archaeological site in an orange 
circle (b). c The treated satellite image on the NASA Terra satellite 
(May 2010) explains the dust and sandstorms over Egypt spirally in 
blue, which extends strongly from the red sea and Nile River to the 
Mediterranean Sea. The amount of sand and dust thickly exists and 
results in the total hiding of the land surface below (edited after 
https:// earth obser vatory. nasa. gov/ images). d The treated satellite 
image from the NASA Terra satellite (April 2012) explains the dust and 
sandstorms in blue, which extends strongly from north‑northeast to 
south‑southwest. The amount of sand and dust is high, resulting in 
the total hiding of the land surface below (edited after https:// earth 
obser vatory. nasa. gov/ images)

https://earthobservatory.nasa.gov/images
https://earthobservatory.nasa.gov/images
https://earthobservatory.nasa.gov/images
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analysis and examination purposes (Fig.  6a, blue cir-
cle). In this sense, samples taken from the quarry are 
referred to in the text as “unweathered”, while those 
taken from the fallen blocks of the pyramid are called 
“weathered”. Finally, a fragment of mortar was taken 
from highly weathered fallen parts for its analysis and 
investigation (Fig. 6c).

Methods
Visual and morphological description
Visual examination was carried out to collect informa-
tion about the construction materials to identify the spe-
cific problems of the different construction materials of 
the pyramid. Additionally, the morphological examina-
tion was performed by using a digital microscope (USB 
digital microscope with stand), magnification between 20 
and 400×, and equipped with a digital camera 1.3 Mpx. 
In addition, some in situ visits and field work were made 
to record all problems of the pyramid, structural deficien-
cies, documentation, and geoenvironmental analysis.

Mineralogical characterization
A polarized light microscope (PLM) was carried out in 
the central lab of the Egyptian General Authority of 
Mineral Resources as a mineralogical and petrological 
analysis for stone samples. It has been used to identify 
the minerals and to specify the alteration processes of 
these minerals because of the geo-environmental effects 
on the building materials of the pyramid. X-ray diffrac-
tion (XRD) was utilized to identify the mineralogical con-
tent of the core stone, unweathered and weathered casing 
stone, and basaltic mortar. For that, a few grams of the 
samples were ground in an agate mortar, and the pow-
ders were analyzed using an PW-1480 X-beam diffrac-
tometer with the following conditions:  CuKα radiation, 
goniometer speed 2θ = 1 degree/min at a steady voltage 
40 kV and 30 mA.

On the other hand, the clay fraction was carried out 
throughout the separation process for clay minerals 
from core stone. Accordingly, a few grams of core stone 
powder were prepared and admixed in a solution with 
1000 ml of distilled water and 100 ml of acetic acid, fol-
lowed by stirring the mixture for 20 min every day until 
no reaction was observed. The clay fraction was collected 
on three glass slides for analysis. The first slide was con-
sidered an oriented untreated aggregate, the second slide 
was treated using dimethyl sulfoxide, and the third slide 
was thermally treated at 550 °C for 2 h.

Chemical characterization was carried out by means 
of X-ray fluorescence (XRF) in the Central Laboratory of 
Egyptian General Authority of Mineral Resources as an 
elemental analysis for the stone samples to identify the 

major and minor elements. Elemental analysis was car-
ried out using an X-ray fluorescence spectrometer on 
pressed powder pellets to determine the bulk chemistry.

Physical properties
To determine the petrophysical properties, such as spe-
cific gravity, apparent density, water absorption, moisture 
content, and porosity, nine cubic samples were prepared 
from local sandy limestone at the Abusir archaeologi-
cal site at 5 × 5 × 5 cm. The samples were weighed nat-
urally after drying at 105 °C, and then the samples were 
saturated in water to determine the natural weight, dried 
weight, and saturated weight.

Petrophysical testing was measured and calculated 
according to IS: 2386 (Part III) [63] and ASTM C97 [64]. 
The moisture content (MC) of the stone was expressed as 
a percentage by subtracting the dried weight of the stone 
from the natural weight and then dividing them by the 
dried weight according to the formula MC =  (weightwet–
weightdry)/weightdry*100 Weight [65]. In addition, water 
absorption (WA) is expressed as the percent weight 
change due to absorbed water and calculated according 
to the formula WA = (Mwet − Mdry)⁄Mdry × 100%. Moreo-
ver, the density (D) of the stone indicates the unit weight 
of the stone and is calculated by dividing the mass up 
the total volume of the stone according to the formula 
D = m/v [66]. Furthermore, unit weight (UW) was calcu-
lated by the gravitational force on a mass and is repre-
sented by the formula UW = m*g, where weight can be 
g*mm/s2. In addition, Specific Gravity (SG) is the ratio of 
the density of the stone to the density of water, and the 
specific gravity of natural stones ranges from 2 to 3 and 
is expressed as SG = ρsubstance/ρH2O. Finally, the porosity 
(Po) is a measure of void spaces inside stones and was 
measured according to the formula Po =  VV/VT [67].

Results
In situ investigation
Field observations were carried out to evaluate the cur-
rent state of preservation, photographing, and record-
ing for all deterioration patterns due to the effect of both 

Table 1 Examples of historical earthquakes with their approximate 
latitudes and intensities

Edited after Ref. [58]

Date Lat. E Intensity (MMI)

2200 BC 30.75 (Tell Basta) VII (destructive)

39 AD 30.20 (Northern Egypt) VI (very strong)

520 AD 31.00 (Northern Egypt) VII (destructive)

885 AD 30.10 (Northern Egypt) VII (destructive)

1847 AD 29.50 (Northern Egypt) VIII (Very destructive)
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geoenvironmental and internal (stone properties) dete-
rioration factors. Remarkable structural deformations and 
damage have been observed, and they were recorded, such 
as total separation and collapse of casing stones, wall crum-
bling, and structural damage. The damage has occurred 
because of the accumulative effects of historical and recent 
earthquakes with wind stresses (Fig. 7a and b). Visually, the 
main forms of decay are exfoliation, delamination, scal-
ing, powdering and alveolarization due to wind, wet-dry 
cycling, rain, and pollution conditions (Fig. 7c, d, e, and f, 

respectively). Moreover, the degradation form of detach-
ment/layering on construction materials is due to daily 
exposure to thermal and cooling cycling, which causes the 
expansion or contraction/shrinkage of minerals of the stone 
and finally leads to laminations and layering patterns [68].

Macro and microscopic description
A digital microscope was used for the morphological 
description of the core and casing building stones, as well 

Fig. 6 a Image from Google Earth map showing the representative sampling areas for the construction material of the pyramid near Abusir village. 
The red circle refers to the local quarry from which the core blocks of the pyramid were extracted, and in the blue circle, the place where some 
fragments were collected from fallen and highly weathered fragments/samples. These fragments represent the fossiliferous limestone as casing 
stone and sandy limestone as core building material (b) and the mortar fragment (c)
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as the mortar, to study their morphological and textural 
features, as well as to identify and reveal the deterioration 
sources and patterns.

The core stone (sandy limestone, Fig. 8a and b) texture 
of the pyramids is very fine to fine-grained. The stone is 
laminated due to relative variation in mineral composi-
tion and grain sizes and orientations, which reflects the 
differential behavior towards the geoenvironmental 
impacts, and this is considered one of the intrinsic prob-
lems of the stone body. Some irregular pore spaces and 
microcracks were detected with a considerable amount 
of sand grains inside the fractures. Black crusts were 
observed on the surfaces of stone, and some salts (pos-
sibly gypsum) partially fill the pores of the stones as well 
as cover some areas on the surfaces.

The unweathered casing stone (fossiliferous limestone) 
of the pyramid is a very white stone (Fig. 8c), with micro-
veinlets filled by calcite and quartz, and comb texture is 
observed in some of the microveinlets (Fig. 8d). On the 
other hand, the surface of the weathered casing limestone 
presented a honeycomb texture due to the dissolution of 
the carbonate matrix and the production of pores over 
the surface (Fig. 8e and f ).

The mortar sample was examined and showed a fine- 
to coarse-grained texture, composed of numerous min-
eral grains, mainly quartz, and rock fragments spread in 
a very fine-grained matrix (Fig.  8g). Regarding the rock 
fragments used as sand (grains), apart from quartz and 
some limestone fragments, others were observed with 
a very dark color, black to greenish. This color and the 
crystalline appearance suggest that these fragments may 
be basaltic rocks (Fig.  8h). Finally, significant irregular 
interparticle pores were detected in the sample.

Under the polarizing microscope, the core stone 
(Fig.  9a) is very fine- to fine-grained, essentially 

Fig. 7 Features of damage and degradation of Sahure’s pyramid 
building materials. a Collapsed blocks from core and casing stones 
due to earthquakes and environmental impacts (blue rectangle). b 
Structural cracks and crumbling of stone blocks due to earthquakes 
(blue rectangle). c Exfoliation and detachments of the stone blocks 
(red rectangle). d Scaling, powdering, and differential weathering 
of sandy limestone blocks (red rectangle). e Alveolar weathering. f 
Weakening and splitting of stone blocks Fig. 8 Microphotographs under the digital microscope for the 

construction materials of Sahure’s pyramid. a and b Core stone, grains 
of quartz admixed with calcite, fractures, laminations, and microcracks 
are detected. c and d Unweathered casing limestone is a very white 
stone, microveinlets filled with calcite and quartz are observed, and 
comb texture is observed in some microveinlets. e and f Weathered 
casing limestone of the pyramid with clear irregular pore spaces 
present in the carbonate matrix of the stone and comb texture is 
observed. g and h Sample of mortar with a significant amount of 
microfossils and fossil fragments are observed in the carbonate 
samples and in the groundmass, and several irregular interparticle 
pores are detected in the mortar. Legend: Cal (calcite), Qz (quartz), 
and Ba (basalt rock fragments)
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composed of calcite and, as secondary mineralogy, 
dolomite, clay minerals, and quartz, associated with 
iron oxides, opaque minerals, and rare amounts of 
feldspar, glauconite and phosphatic minerals. Carbon-
ates occur as very fine-grained, anhedral to subhedral 
crystals that represent the matrix of the stone. Clay 
minerals occur as very fine-grained anhedral aggre-
gates admixed with carbonates. Quartz is present as 
very fine-to-fine grain crystals scattered in the matrix, 
and the average grain size of fine quartz is 3 mm. Iron 
oxides are present in minor amounts and related to the 
clay minerals, as well as disseminated in the stone to be 
responsible for the reddish or/and yellowish colors. A 
significant number of microfossils and fossil fragments 
are observed, and some microfossils are filled with sec-
ondary calcite and quartz. Some irregular pores and 
fractures are detected in the sample, and microveinlets 
are filled by secondary calcite, quartz, and iron oxides 
cut across the sample. Dolomite may be present as min-
eral alternation after calcite (dolomitization process).

For the casing stone, unweathered and weathered sam-
ples have been observed. In the first case, the unweath-
ered sample (Fig.  9b) is mainly composed of micritic 
minerals as the essential component associated with 
minor amounts of dolomite, rare iron oxides, quartz, 
phosphate minerals, and opaque minerals. Iron oxides 
are observed as staining over some parts of the sample 
due to their dissemination, especially in the presence of 
humidity or water source, which causes discolouration 
and disintegration of the stone. Quartz is detected as 
very fine-grained crystals scattered in the matrix. Phos-
phate occurs as very fine bone fragments scattered in the 
stone. Some pores with irregular shapes and various sizes 
are observed scattered in the rock. Microveinlets are 
filled with calcite, and quartz is observed cutting through 
the sample. On the other hand, the weathered sample 
(Fig. 9c) is composed mainly of micrite and dolomite as 
the essential components associated with quartz and rare 
amounts of feldspars, gypsum, opaque minerals, iron 
oxides, and clay minerals. Quartz occurs as very fine- 
to fine-grained, anhedral grains scattered in the matrix. 
Significant amounts of microfossils of different sizes and 
shapes are scattered in the matrix of the sample, where 
some of them are filled by secondary sparite. Some parts 
of the stone are stained by traces of iron oxides. Second-
ary quartz replaces calcite both in the matrix and in some 
microfossils. Secondary gypsum replaces calcite and par-
tially fills cavities and pore spaces.

Finally, the mortar is mainly composed of aggregate 
particles by rock fragments, quartz, and feldspar associ-
ated with minor amounts of iron oxides, opaque miner-
als, and clay minerals cemented by calcite. The matrix 
appears admixed with gypsum. The observed stone 

fragments are of sedimentary (limestone, gypsum, or 
feldspathic graywacke) and igneous (porphyritic basalt 
and rhyolite) origin. Rock fragments are coarse- to 
medium-grained and have rounded to subangular shapes. 
Limestone fragments are the most abundant constituent. 
They comprise very fine- to fine-grained, subhedral to 
anhedral-interlocked calcite crystals. Most of the lime-
stone fragments are microfossils of different sizes and 
shapes (Fig. 9d). Some of the limestone fragments are cut 
by fine microveinlets filled by secondary calcite. Gypsum 
rock fragments are composed of a network of very fine-
grained irregular gypsum crystals, and the identifica-
tion of this texture is characteristic of secondary gypsum 
after anhydrite, which is created where the precursor of 
anhydrite rehydrated to gypsum [69] (Fig. 9e). Some gyp-
sum fragments are dissolved, leaving relics on the inner 
border of the secondary pores. Porphyritic basalt frag-
ments in the archaeological sample are generally com-
posed of very fine- to fine-grained plagioclase (anorthite) 
associated with olivine and/or pyroxene. Plagioclase in 
these fragments is slightly altered to sericite, while oli-
vine is high to completely altered to iddingsite, which is 
partially altered to limonite as well. Pyroxene is slightly 
altered to chlorite and iron oxides (Fig. 9f ). Mafic miner-
als (pyroxene and altered olivine) present as very fine- to 
fine-grained crystals that are observed in the matrix that 
reflect strong alterations of the rock fragments and the 
whole sample. Feldspathic greywacke fragments com-
prise very fine-to-fine grains of poorly sorted quartz 
(sand grains) associated with major feldspars and rare 
mica embedded in a very fine matrix of clay minerals and 
iron oxides. Ironstone fragments are composed of very 
fine- to fine-grained quartz and minor calcite embed-
ded in the cement of iron oxides and opaque minerals. 
Ironstone fragments are generally porous. Rhyolite frag-
ments are the least abundant and are composed of very 
fine- to fine-grained quartz and potash feldspars (mainly 
microcline). K-feldspars are slightly altered to clay miner-
als. Free quartz grains occur as very fine to fine-grained 
grains with rounded to subangular outlines, and some 
grains are polycrystalline. Feldspar (anorthite) occurs 
as fine-grained euhedral to subhedral crystals scattered 
in the matrix of the sample (Fig.  9f ). Calcite occurs as 
very fine-grained (micrite) aggregates that represent 
the majority of the matrix of the rock. Iron oxides and 
opaque minerals occur as very fine- to medium-grained 
scattered minerals in the sample. Gypsum occurs as 
very fine-grained, fibrous aggregates to needle-like crys-
tals scattered in the matrix of the sample. Clay minerals 
occur as very fine-grained admixed with all the matrix 
components. Some irregular pores and fine fractures are 
detected in the sample (Fig. 9f ).
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Mineralogical and chemical studies
The mineralogical results of the pyramid construction 
materials using XRD showed that the core stone sample 
is composed of calcite (79%), quartz (3%), and dolomite 
(18%) (Fig.  10, CS) (Table  2, CS). In addition, swellable 
clay minerals have been detected in the core stone after 
carrying out the separation process of clay minerals from 
the core stone powder of the pyramid. We observed that 
the main peak (with a spacing ≈  13  Å) moved towards 
greater spacing when dimethylsulfoxide (≈  18.6  Å) was 

applied. In addition, heat treatment was applied and 
caused the collapse of the structures of these swelling 
clays, where their spacing decreased to ≈  9 Å (Fig. 11). 
Moreover, the unweathered casing stone is composed of 
calcite (93%) and dolomite (7%) (Fig. 10, UWsC) (Table 2, 
UWsC), while the weathered casing stone is composed 
of calcite (80%), dolomite (3%) and quartz (15%) (Fig. 10, 
WsC) (Table 2, WsC). Finally, the mortar is composed of 
calcite (40%), gypsum (30%), quartz (10%), and anorthite 
(20%) (Fig. 10, BM) (Table 2, BM).

Furthermore, all samples were analyzed elementally 
using X-ray fluorescence, and the identified elements 
were Ca, Fe, Si, Mg, Al, Na, K, Cl, and Ti (Table 3). The 
percentage of each element is clearly related to the min-
eralogy identified by XRD, observing that Ca has simi-
lar values. On the other hand, Si and Mg quantities vary 
more significantly, which is related to the quantities of 
quartz and dolomite in these rocks. In CS, there is also 
a contribution of elements related to silicates, such as Al. 
Likewise, the amount of Fe detected would be linked to 
the natural variability that these samples present with 
respect to the Fe oxides described previously. Last, the 
mortar sample is very different from the rocks. It has 
much less Ca, but instead the values of Si, Al, Mg, Fe, 
and K due to the presence of basaltic and rhyolitic rock 
fragments. Additionally, elements such as P, Cl, and S 
are present in greater quantities than in rocks, where the 
presence of P and Cl could be due to the presence of sec-
ondary salts and S could be due to the addition of gyp-
sum to the mortar with lime.

Physical properties
Physical properties were measured for the core stone to 
identify the moisture content (MC), water absorption 
(WA), density (D), unit weight (UW), specific gravity 
(SG), and open porosity (Po). To evaluate the durability 
problems and the geoenvironmental effects on probable 
changes in stone physical properties.

The results of the physical properties are summarized 
in Table 4, where the moisture content ranges from 26 to 
31.6%, the water absorption ranges from 29.2 to 31.9%, 
the density is 2.7 g/cm3, the unit weight is 27 g.mm.s2, the 
specific gravity is 2.7 g/cm3 and the open porosity ranges 
from 0.7 to 1.6%.

Discussion
The main purpose of this research is to study the effects 
of geoenvironmental impacts on the sustainability and 
durability of Sahure’s pyramid, as well as to study the 
interaction process between both intrinsic properties/

Fig. 9 a Thin section for the core stone investigated under the 
polarizing microscope. The sample shows the pore spaces, channels 
(microcracks), and dolomite presented as alteration minerals after 
calcite (dolomitization process). b The casing stone under a polarizing 
microscope. The stone is cut by microveinlets filled with secondary 
calcite and traces of quartz. Quartz presents as a secondary 
replacement mineral over carbonates, especially microfossils. c The 
decayed casing stone under a polarizing microscope. Secondary 
quartz replaces calcite both in the matrix and in some microfossils. 
Secondary gypsum replaces calcite and partially fills cavities and 
pore spaces. d Observed stone fragments are of sedimentary 
(fossiliferous limestone, gypsum (chemical alteration byproduct), 
feldspathic graywacke, and ironstone) and igneous (porphyritic 
basalt and rhyolite) origin e in basaltic mortar. Gypsum rock 
fragments are composed of a network of very fine‑grained irregular 
gypsum crystals, and this texture is characteristic of secondary 
gypsum after anhydrite. f Some grains of quartz are polycrystalline, 
feldspar (anorthite) occurs as fine‑grained euhedral to subhedral 
crystals scattered in the matrix, calcite occurs as very fine‑grained 
(micrite), iron oxides and opaque minerals occur as very fine to 
medium‑grained, gypsum occurs as fibrous aggregates to needle‑like 
crystals, and some irregular pore spaces and fine channels are 
detected
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defects of the construction materials and surrounding 
geoenvironmental conditions. Additionally, this research 
presents a new finding of the oldest trial in the world for 
mortar/concrete manufacturing, and it is called basaltic 
mortar/concrete, which is used as joint mortar in pyra-
mid building.

The natural heterogeneity of the sandy limestone that is 
used in the core construction of the pyramid back to its 
mineralogical content, such as iron oxides, reflected the 
reddish or/and yellowish color of the stone and played a 
role in the accelerating rate of stone decay against envi-
ronmental conditions. Aggregates of sands admixed with 
carbonates and clay minerals existed in minor amounts 
and disseminated in the stone. Additionally, the core 
building materials have their own internal defects that 
lead to the weakness of their durability and resiliency 
towards aggressive and cyclic environmental and weath-
ering impacts, which could be due to thermal stresses, 
wind, and rain. Petrographical and analytical results 
showed that the core stone is composed of calcite, dolo-
mite, gypsum, clay minerals, and quartz, associated with 
minor amounts of iron oxides and opaque minerals and 
rare amounts of feldspar, glauconite, and phosphate min-
erals. Among all the mineralogy, the presence and con-
tent of phyllosilicates, glauconite, and especially swellable 
clays suppose a serious risk to the integrity of this natural 
stone. According to Mahrous [71], both phyllosilicates 
(smectite and glauconite) are present in the limestone 
from different quarries in Egypt, and their proportions 
vary according to the quarry, such as Helwan (1.10%), 
Qena (0.78%), Minia (0.61%), Assiut (0.60%), Aswan 
(0.20%), Sinai (0.13%), Sohag (0.55%) and Suez (0.43%). 
Smectite was detected after the separation process of clay 
minerals from the core stone powder, and it commonly 

exists in sandstones and is characterized by specific phys-
icochemical properties, such as a highly active surface 
with high cation exchange properties due to its structure, 
chemical composition, and small crystal sizes [72–74]. 
Consequently, smectite has a large affinity for absorb-
ing water from the surrounding environment, especially 
montmorillonite, which causes severe decay for the pyra-
mid building material due to its shrinkage and swelling 
characteristics [75]. In this sense, Tiennot et al. [76] stud-
ied and confirmed the influence of smectite and glauco-
nite on stone monuments and found that low moisture 
content has a high impact on swelling action to smectite 
and glauconite, and they assured that under normal envi-
ronmental conditions, those clay minerals could cause 
clear weakness planes in the stones. Accordingly, the core 
stone of the pyramid with its content of swellable clays 
showed its weakness against changeable environmental 
conditions, especially in the fluctuation between temper-
ature and humidity conditions. In addition to the heavy 
rains and wind loads that led to detachments, layering, 
and delamination, partial and total structural collapse 
occurred with dynamic actions. These previous deterio-
ration patterns are considered the main decay patterns 
in the building materials of the pyramid (see Fig. 7). Fur-
thermore, iron oxides were detected as minor impuri-
ties in the chemical composition of the core stone, and 
in correlation with previous studies, clay minerals rich in 
iron oxides existed in the composition of the samples of 
limestone from Al-Zahir Baybars Mosque in Old Cairo. 
In fact, they were the reason for the reddish color of the 
stones, and iron oxides dissolved in the water source of 
sewage caused many patterns of decay, such as pow-
dering and disintegration of stone blocks [77]. Accord-
ingly, the color of the core stone is strongly reddish, and 
because of the dissolution process, the stones are full of 
pores, microcracks, and laminations.

Moreover, in Giza, many pollutants are observed with 
increasing rates from September to November, such as 
carbon monoxide, nitrogen oxides, ozone, and sulfur 

Fig. 10 X‑ray diffraction patterns of the construction materials 
of Sahure’s pyramid. Legend: CS, core stone; UWsC, unweathered 
casing stone; WcS, weathered casing stone; BM, basaltic mortar; 
Gyp, gypsum; Qz, quartz; Cal, calcite; An, anorthite; Dol, dolomite 
(according to Ref. [70])

Table 2 XRD results of the core, casing, and basaltic mortar/
concrete of the pyramid

CS core stone, UWsC unweathered casing stone, WcS weathered casing stone, 
BM basaltic mortar, “-” a mineral phase not registered, Cal calcite, Dol dolomit,; 
Qz quartz, Gyp gypsum

An anorthite (according to Ref. [70])

Cal Dol Qz Gyp An

CS 79 18 3 – –

UWsC 93 7 – – –

WsC 80 3 15 2 –

BM 40 – 10 30 20
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dioxide [55]. Accordingly, gypsum byproducts appear in 
core stone with 2% because of the reaction of calcium 
carbonate with sulfuric acid as an environmental pol-
lutant [78]. In the same context, gypsum salt is formed 
inside the porous building materials due to the accumula-
tive reaction between sulfuric acid and calcium carbon-
ate that leads to irreversible damage to the stones, and 
the internal fabric of the stone is replaced with gypsum 
[79, 80]. In addition, the presence of dolomite might 
have occurred because of the dolomitization process 
originally, where the limestone was altered into dolomite 
when the stone was in contact with water rich in mag-
nesium, and this transformation was accompanied by an 
increase in porosity [81].

Since the two components of calcite and quartz have 
existed, it is expected that the differential thermal expan-
sion rates will be different, which could cause many 

internal stresses leading to microcracks, fissures, and dis-
integration for the stones. In particular, the thermal coef-
ficient volumetric expansion of quartz is 0.36 between 
20 and 100  °C; calcite shows anisotropic thermal strain 
behavior due to its positive and negative linear thermal 
expansion coefficients. These different coefficients gen-
erate high tensile stresses along crystal boundaries, sig-
nificantly impacting the disintegration of stones in the 
high frequency of fluctuations of the temperature daily 
and monthly. Similar to calcite, dolomite is present in 
the core stone, and they have different thermal expansion 
coefficients [82, 83]. Accordingly, many deterioration 
patterns, such as layering and cracking, could be noticed 
because of the various thermal expansion coefficients of 
different minerals in the core building materials.

On the other hand, ancient Egyptians utilized lime-
stone from ancient quarries (Tura and Massra quarries) 

Fig. 11 X‑ray diffraction patterns of the clay fraction from the core stone sample, where the main peak observed corresponds to swellable clays. 
The AO sample (black line) corresponds to oriented aggregates without treatment, AO‑DM (red line) after treatment with dimethyl sulfoxide, and 
finally, AO‑550° (blue line) treated thermally at 550 °C

Table 3 Chemical composition of the core stone, unweathered and weathered casing stones, and basaltic mortar from Sahure’s 
pyramid

Major and minor elements are expressed in wt. %

CS core stone, WCS weathered casing stone, UWCS unweathered casing stone, BM basaltic mortar

CaO SiO2 TiO2 Al2O3 Fe2O3 MnO MgO Na2O K2O P2O5 Cl SO3 LOl

CS 47.90 4.80 0.10 0.40 5.10 0.09 2.40 0.09 0.06 0.02 0.23 0.69 37.90

WCS 53.22 1.90 0.10 0.11 0.50 0.03 1.18 0.07 0.06 0.08 0.18 0.66 41.80

UWCS 52.74 3.54 0.12 0.18 0.52 0.01 1.10 0.04 0.01 0.01 0.19 0.69 40.50

BM 31.19 18.80 0.80 3.79 7.93 0.10 0.97 0.12 0.90 0.14 0.40 16.9 17.50



Page 16 of 20Fahmy et al. Heritage Science  (2022) 10:61

that were typically light gray on unweathered surfaces 
but were also nearly white or pale yellowish to pink-
ish [84]. Accordingly, the unweathered casing stone of 
Sahure’s pyramid is mainly calcite (93%) with some dolo-
mite that was extracted from the Tura and Massra quar-
ries in Helwan. This casing stone is relatively soft due 
to its abundance of calcite and relatively porous due to 
some impurities, such as iron oxides, quartz, a phosphate 
mineral, and opaque minerals. Limestone owes its own 
hardness to either more coarsely crystalline calcite or the 
presence of secondary dolomite as the casing stone of 
the pyramid [85]. Tura and Massra stones consist mainly 
of calcite. In addition, they contain fossils (molluscs, 
and especially echinoids and globigerinid, nummulite 
foraminifera, Ostreaelegans, Pectens. p, Lucina mokat-
tamensis) plus one or more of the following impurities: 
dolomite, quartz (as detrital sand silt grains or diagenetic 
chert nodules); iron oxides (hematite or goethite) and 
various clay minerals (aluminosilicates). In contrast, the 
weathered samples of casing stone are composed mainly 
of calcite and dolomite as the essential components asso-
ciated with a few amounts of quartz and traces of feld-
spars, gypsum, biotite, opaque minerals, iron oxides, 
and clay minerals. Secondary quartz replaces calcite, 
and some parts of the stone are stained by traces of iron 
oxides. Additionally, secondary gypsum is also replac-
ing calcite because of a chemical weathering reaction 
between pollutants and calcium carbonate leading to 
partial cavities and pore spaces.

For the mortar and after petrographical and analytical 
studies, the results showed that it is affected by a slight 
alteration over essential mineral constituents. Some 

microfossils are filled by secondary calcite, and limestone 
fragments are occasionally cut by fine microveinlets filled 
by recrystallized secondary calcite. Gypsum fragments 
are generally secondary after anhydrite because of acidic 
rains. In this context, Sievert et  al. [86] confirmed the 
conversion of anhydrite into gypsum during hydration 
when anhydrite is exposed to a water source and water 
molecules enter through the cracks of the anhydrite sur-
face. In addition, when there are sufficient  Ca2+ and  SO4

2- 
ions and water molecules at the surface, nuclei of gypsum 
are formed. Finally, a large amount of gypsum is formed, 
and the remaining anhydrite is left behind. Furthermore, 
some gypsum fragments are dissolved, leaving relics on 
the inner border of the secondary pores in the mortar. 
In this sense, gypsum can be soluble and dissolved in the 
presence of an unsaturated aqueous solution releasing 
 Ca2+ and  SO4

2- ions due to the chemical characteristics of 
gypsum [87]. Moreover, sericite was detected as an alter-
ation of plagioclase (in fragments and free crystals), and 
sericite is a common alteration mineral of orthoclase or 
plagioclase feldspars in regions that are subject to ther-
mal alteration; this process is called sericitization [88]. 
However, olivine (in fragments and free crystals) is high 
to completely decomposed to iddingsite and then par-
tially altered to limonite. In this regard, Smith et al. [89] 
confirmed that olivine is the most reactive mineral under 
both thermal and weathering conditions. The forma-
tion of the iddingsite by oxidative weathering and olivine 
begins with a solution of Mg from planar fissures, and 
the oxidation of Fe within the remaining olivine provides 
nuclei for the growth of goethite. In addition, pyroxene 

Table 4 Results of the petrophysical properties for the core stone (sandy limestone) of the pyramid

L length (in cm), W width (in cm), H height (in cm), V volume (in  cm3), M mass (in g), NW natural weight (in g), DW dry weight (in g), SW saturated weight (in g), MC 
moisture content (in %), WA water absorption (in %), D density (g/cm3), UW unit weight (g.mm.s2), SG specific gravity (g/cm3), Po open porosity (in %)

Sample No. 1 2 3 4 5 6 7 8 9

L 5.0 5.0 4.7 5.0 4.9 4.7 5.0 5.0 5.0

W 5.0 4.8 5.0 5.0 5.0 5.0 5.0 4.8 5.0

H 4.8 5.0 4.7 5.0 5.0 5.0 5.0 5.0 5.0

V 120.0 120.0 110.5 125.0 122.5 117.5 125.0 120.0 125.0

M 324.0 324.0 298.3 337.5 330.8 317.2 337.5 324.0 337.5

NW 291.8 307.3 306.3 319.7 315.2 297.05 300.3 302.2 317.3

DW 292 306 306 318.5 314.3 296 299 301 316

SW 293 307 307.2 319.4 315.2 297 300 303 317.4

MC 26 30.6 30.5 31.9 31.4 29.6 30 30.1 31.6

WA 29.2 30.6 31.6 30.9 31.5 29.6 30 30.2 31.7

D 2.7 2.7 2.6 2.7 2.7 2.6 2.7 2.7 2.7

UW 27 27 26 27 27 26 27 27 27

SG 2.7 2.7 2.6 2.7 2.7 2.6 2.7 2.7 2.7

Po 0.8 0.8 1.0 0.7 0.7 0.8 0.8 1.6 1.1
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(in fragments and free crystals) is slightly altered to chlo-
rite and iron oxides.

From petrophysical measurements for the core stones, 
the water absorption coefficient ranged from 29.2% to 
31.7%, the average density was 2.7  g/cm3, the average 
specific gravity (GS) was 2.7 (g/cm3) and the open poros-
ity ranged from 0.8 to 1.1% (Table 4). Water absorption of 
stones is categorized into low-absorbing stone (1 to 10%), 
moderate-absorbing stone (10 to 50%), and high-absorb-
ing stone (50 to 100%) [90]. According to the physical 
properties, core stones of the pyramid are categorized 
as moderately absorbed stones [90]. Water absorption is 
considered the most important physical property that has 
relationships with density and porosity due to the reac-
tion of water with the internal composition of stones 
leaving pores and spaces because of the alterations and 
dissolution processes. Finally, when the degree of water 
saturation and absorption increase, the durability of 
stones decreases [90, 91].

Furthermore, and according to the recordings of his-
torical seismological data, shear forces due to previous 
earthquakes have affected the pyramid structure. The 
most important factor that effectively caused major dete-
rioration and structural problems of the Red pyramid 
near the Abusir archaeological site was the impact of the 
accumulative earthquakes [25]. Specifically, in 1992, an 
earthquake occurred at Dahshur with an estimated local 
magnitude of 5.3 M on the Richter scale [25]. This earth-
quake caused notable crumbling, casing and body stone 
collapsing, and structural cracks in Sahure’s pyramid. The 
previous environmental weathering and bleeding of the 
construction materials helped the damaging impact of 
the earthquake on the pyramid.

Finally, this study revealed that the first trial for mor-
tar/concrete manufacturing in the world dates back to 
2494 to 2345 BCE. In this sense and according to pre-
vious studies, the oldest mortar was made from mud 
and clay back to the 10th millennia BCE. On the other 
hand, concrete manufacturing dates back to 1400–1200 
BCE in the royal palace of Tiryns (Greece). This con-
crete was composed of lime and pebbles, and small 
usages of it have been recorded in some structures in 
the ancient Nabataea culture as well [92]. The name of 
our study mortar is called basaltic mortar/concrete, and 
the main precursors of this concrete are basalt and lime-
stone fragments with lime and gypsum. The source area 
of basalt fragments is the Widanel-Faras quarry, which 
was referred to in part of the ancient Egyptian quarries 
(Fig. 4, yellow circle). This kind of mortar/concrete gives 
more attention to the impressive mentality of ancient 
Egyptians in the technology of building materials for 
their pyramids.

Preservation proposal for the pyramid
Sahure’s pyramid has been affected by many factors of 
deterioration (physical, mechanical, and chemical). Many 
fallen stone blocks and loss of cohesion of construction 
materials are well observed. Therefore, urgent restoration 
and conservation are needed to safeguard this important 
pyramid. The preservation plan should include the fine 
restoration, structural interventions, preventive con-
servation, and management of the archaeological site of 
Abusir. For protection, the dust over the whole body of 
the pyramid is cleaned, salts are removed from the stone 
surfaces, stone blocks are consolidated, the gaps are 
filled, and grouting is performed by using improved tra-
ditional mortars such as lime mortar. Finally, a replace-
ment for highly weathered blocks with new blocks is 
highly needed in most of the pyramid parts.

For structural intervention, the authors suggest car-
rying out geotechnical studies to investigate structural 
problems and assessment for the soil problems as well 
using finite element modelling to specify the areas of defi-
ciencies. In this sense, urgent design for steel or wooden 
supports for the structural stability of inner chambers is 
recommended to prevent structural collapse.

Last, the site management plan for the Abusir archaeo-
logical site should be carried out for sustainability and pre-
ventive conservation purposes. Abusir is listed as a world 
heritage site with all of Memphis, but very few tourists and 
researchers go there due to the lack of infrastructure, ser-
vices, and maintenance. After the development plan for the 
site, it will be strongly a significant and competitive destina-
tion for the tourism industry and researchers in Egypt.

Conclusions
Intrinsic problems related to the mineralogical compo-
sition of the construction materials of Sahure’s pyramid 
played an important role in the decay and degradation 
of these building stones. Clay minerals in core stones, 
such as smectite and glauconite, affected the durabil-
ity of the stones due to the swelling force of these clay 
minerals. Moreover, the paper showed that one of the 
internal defects of the pyramid construction materi-
als is the original pores in the stone resulting from the 
dolomitization process of calcite. In addition, pores and 
spaces are present due to weathering agents and envi-
ronmental interactions with construction materials. 
Additionally, gypsum salt replaced calcite and partially 
filled pore spaces inside stones to form crusts over the 
stone surfaces and weaken the resiliency of the stones. 
On the other hand, the presence of anhydrite has been 
detected because of the high thermal impact of the sur-
rounding environment. The secondary phase of gypsum 
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from anhydrite has been detected due to the chemical 
decay of construction materials. Moreover, disseminated 
iron oxides with humidity caused the staining that made 
the stones visible as reddish or/and yellowish. In addi-
tion, the dissemination of the iron oxides caused pores 
and spaces because of their dispersion in water. Differ-
ent thermal behaviors of calcite, quartz, and dolomite 
affected the durability of the stones, causing disintegra-
tions and layering degradation patterns for the build-
ing blocks of the pyramid. Meanwhile, the wind and 
wet-drying cycle’s effects caused the honeycomb decay 
pattern in some blocks. Petrophysically, the stones have 
been affected by environmental conditions and catego-
rized as moderate water-absorbing, which makes stones 
so susceptible to future environmental impacts. Dynam-
ically, the research discussed that the environmental 
impacts and intrinsic problems were not only the factors 
of decay and damage but also the accumulative effect 
of historical earthquakes. Dahshour earthquake (1992), 
which is adjacent to the Abusir archaeological site, and 
the Aqaba earthquake (1995) both led to a partial col-
lapse and structural damage of the Sahure’s pyramid. 
Additionally, the paper investigated and confirmed that 
the core stone of the pyramid is from a local quarry and 
that the casing stones were extracted from the Tura and 
Massara quarries. Finally, this work revealed a new dis-
covery related to basaltic mortar/concrete that was the 
first trial of concrete fabrication in the Old Kingdom in 
Egypt.
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