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Abstract: The only example and reference of Ptolemaic Alexandrian tombs, with clear integrations
of Egyptian-style scenes and decorations, is considered an endangered archaeological site due to
different coastal environmental risks in Alexandria and the absence of maintenance. Anfushi’s
Necropolis is located near the western harbour (Island of Pharos) and dates back to the 2nd century
BC. Sea level rises, earthquakes, flooding, storminess, variations in temperature, rainfall, and wind are
the factors that have the largest effect on the destruction and decay of Anfushi’s Necropolis building
materials. This paper’s main objectives were to characterize this necropolis’s building materials
and assess its durability problems and risks regarding the coastal environment. Additionally, the
vector mapping of its architectural and structural elements was applied for documentation and
recording purposes for the necropolis. To achieve these aims, field (recording and photographs), desk
(engineering drawing and mapping), and laboratory works (X-ray diffraction, X-ray fluorescence,
binocular microscopy, polarizing microscopy, and scanning electron microscopy) were carried out.
The results confirmed the probabilistic risk of sea level rises and its impact on the submergence of
Anfushi’s Necropolis. The structural deficiencies of the tombs were caused by the effect of earthquake
tremors along with anthropogenic factors. In addition, chemical and microscopic investigations
showed that salt weathering (halite and gypsum) induced the decay of the building materials.

Keywords: Anfushi’s Necropolis; Alexandria; building materials; mortar; coastal environment; SLR;
stone decay; salt erosion; vector mapping

1. Introduction

The resilience and durability of historical buildings near marine areas are reduced due
to the dynamics of coastal environments [1]. Due to the importance of preserving heritage,
for example, in 2022, a database was constructed for 213 natural and 71 cultural African
heritage sites affected by coastal environmental changes for their sustainable management.
In this regard, by 2050, the number of archaeological sites that will be subjected to severe
effects due to coastal flooding and erosion will increase more than three times [2]. Sea
level rise (SLR), coastal flooding, coastal erosion, extreme rainfall, high winds, storm surge,
temperatures, and soil moisture are the most relevant issues related to the sustainability
problems of archaeological buildings near coasts [3]. Sea level rise is considered a major
threat to coastal areas and is recognized as a powerful indicator of climate change and
coastal dynamics [4,5]. Sea level rise occurs due to increasing global mean temperature,
leading to oceanic thermal expansion and the loss of continental ice [6]. Accordingly,
global sea levels will rise between 1 and 5 m by 2100, submerging most archaeological sites
worldwide [7].
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Globally, many desktop and field studies have been performed to evaluate and assess
the threats and sustainability problems of archaeological sites and their built heritage sites
in the coastal context [8–11]. In New Zealand, the heritage sites in Whangarei District
near the harbour have been destroyed due to sea level rises, extreme rainfall, and stormi-
ness [12]. In Ireland, Westley et al. [13] studied and assessed the impact of coastal erosion
on archaeological sites and showed the collapse of archaeological buildings at Derryoge
town due to cliff erosion. In the United States, Anderson et al. [14] studied the impact of
SLR on the archaeological sites, buildings, and cultural landscapes of the Gulf and Atlantic
coasts of the southeastern United States, reporting that a 1 m rise in sea level will lead
to the loss of over >13,000 recorded archaeological sites there. In the United Kingdom,
Harkin et al. [15] mentioned that the rate of regional sea level rise is between 1 and 2 mm
according to tide gauge records, which causes potential damage to the heritage on its
coastline. In Cyprus, Andreou [16] studied endangered areas using the Digital Shoreline
Analysis System (DSAS) to monitor the areas most vulnerable to coastal erosion and flood-
ing. Accordingly, archaeological sites in the south-central zone are experiencing a high rate
of coastal erosion. Furthermore, Andreou et al. [17] started to work on endangered coastal
archaeological sites in the Middle East and North Africa to show that sea waves and storm
effects produced coastal erosion and caused damage to archaeological buildings in Libya,
Yemen, and Jordan.

On the other hand, sea spray (marine aerosol), rising dampness, and coastal/flash
flooding can cause salt decay in archaeological building materials near the marine en-
vironment [18]. In this context, Morillas et al. [19] said that one of the most aggressive
deterioration aspects of sea spray is salt precipitation, which is composed of inorganic
salts (sulphates, nitrates, and mainly chlorides) and organic matter. In addition, sea spray
exists in a range of particles named using different terms because of their physical char-
acteristics, such as film drops, jet drops, seawater drops, brine drops, hygroscopic salt
drops, sea salt nuclei, and sea salt particles. These drops are composed of bubbles in
which a large amount of air and water are blended, and they reflect the chemical context
in the atmosphere [18,20,21]. Sea spray could cause the accumulative deposition of ions
on stones’ surfaces and penetrates inside the stone pores through ionic diffusion, leading
to degeneration [22]. Moreover, wind can increase the possibility of the aggressiveness
of sea spray’s impact on stone by carrying sea spray and directly depositing it on stone
surfaces [23]. Cardell et al. [24] demonstrated that most of the decayed stones in their case
studies (SW coast of France) were observed on the medium–high parts of the buildings
because the stones did not receive saline water from groundwater, but the stones received
salt from sea spray. Therefore, the mechanism of the salt crystallization of sea spray is
different from salt crystallization from groundwater through capillary action. In this sense,
salt from sea spray and groundwater can be considered a significant factor in the decay of
building stones near coasts [25].

In Egypt, some studies have been conducted to evaluate climate changes and marine
environmental impacts on archaeological sites, including Alexandria. For instance, El-
Raey [26] carried out an assessment study using GIS maps and remote sensing to evaluate
the impact of SLR on Egypt. He reported that many historical sites will be affected and
flooded when the water reaches 50 cm and upwards. Elsharkawy et al. [27] conducted a
study on SLR impacts and observed that SLR can increase soil salinity due to saltwater
intrusion in the delta and Alexandria. In this sense, SLR affected the Library of Alexandria,
one of Alexandria’s landmarks, in 2005. Moreover, Bekheet et al. [28] and El-Raey and
RCDRR [29] mentioned that Egypt is considered among the top five countries that will be
in danger due to an SLR of 1 m, specifically in Alexandria, which is considered among the
20 top cities in the world that will be in danger due to SLR. In addition, they explained
that permanent coastal flooding results in the loss of dry land and saltwater intrusion into
the surface and groundwater by submergence. The European Institute of Underwater
Archaeology (EIUA) allowed us to see the submerged port structures of the Great Harbour
of Alexandria using new methods (sonar scanning and magnetic surveys) [30]. Ivanov [31]
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revealed the remains of the submerged ancient breakwater using historical satellite im-
ages at Anfushi, which reflects the sea level rise’s impact in Alexandria. Furthermore,
Abdelnaby and Elnashai [32] studied the impact of the historical earthquake of 1303 AD in
damaging the historical buildings in Alexandria, concluding that the historical earthquakes
felt in Alexandria caused structural cracks, failures, and the partial and total collapse of
most of the ancient buildings in Alexandria. Hemeda et al. [33] studied the geohazard-
related problems at the Necropolis of Mustafa Kamil in Alexandria and showed how the
susceptibility of the necropolis rocks with regard to saline water and the seismic analysis
response upon the necropolis revealed that the tombs are not structurally safe for PGA
(peak ground acceleration) values greater than 0.07-0.08 G. Moreover, Hemeda [34] studied
climate change at archaeological sites in Alexandria using satellite images and geotechnical
modelling and concluded that flooding is a key factor in the damage to most built heritage
in Alexandria. According to a recent study [35], the Qaitbay Citadel was found to be the
most vulnerable site to SLR after carrying out four SLR scenarios based on representative
concentration pathways (RCPs) and shared socioeconomic pathways (SSPs).

The present study was conducted to evaluate the coastal environment’s impact on An-
fushi’s Necropolis and the building materials’ decay sources, which led to severe damage
to the structural and architectural elements of the tombs. To achieve these aims, satellite
images and Google Earth maps were integrated into the research paper to evaluate the
vulnerability of Anfushi’s Necropolis to coastal dynamics (SLR, earthquakes, flooding, and
climate). In addition, multianalytical techniques (X-ray diffraction, X-ray fluorescence, Ra-
man spectroscopy, digital microscopy, optical polarizing microscopy, and scanning electron
microscopy) were applied to assess the durability and sustainability problems related to
Anfushi’s Necropolis’s building materials in the context of the coastal environment.

2. The Geographical and Archaeological Context of Anfushi’s Necropolis

Anfushi’s Necropolis is located on the Island of Pharos (western harbour), north
of Marriot Lake and 300 m from the Mediterranean Sea with coordinates N 31◦ 12′ and
E 29◦ 52′ (Figure 1A,B). The necropolis is situated around 1 m above the sea level and
around 3 m from the ground level of the tombs to the soil surface. Anfushi’s Necropolis is
considered one of the endangered coastal archaeological sites in North Africa that has not
been studied before in terms of material characterization and problems of conservation.
Figure 2A presents a general risk map for all marine archaeological sites in North Africa,
and Figure 2B,C) show the study area (zoomed-in risk map) as part of these endangered
sites due to the coastal environment. Giuseppe Botti, who was the director of the Greco-
Roman Museum in Alexandria, revealed Anfushi’s Necropolis in 1901. After Giuseppe’s
death, Evaristo Breccia and Achille Adriani continued their work on this archaeological
site and published research about it [36]. Anfushi’s Necropolis is considered an elite
Egyptian tomb for a blessed afterlife and represents a distinguished style for the tombs
that emerged from the 2nd century BC. This necropolis is the only example and reference
of a Ptolemaic Alexandrian tomb with extensive integrations of Egyptian-style scenes
and decorations; it was also the right place for a mummified body to be preserved and
resurrected (Figure 1C) [36]. The architectural features of the necropolis’s tombs reflect
the mentioned importance and role of the necropolis, which only consists of five tombs
from the overall complex that is visible, which is currently in a bad state of preservation
(Figure 1B). Each tomb consists of an open courtyard with burial units with attached rooms
for burial purposes and descending stairs from the ground level to the underground court
(Figure 3A). The first room of the burial unit depicts scenes in the Egyptian style. For
instance, it represents the dead person as an Egyptian priest between the god Horus and a
Pharaonic couple, standing in front of the enthroned Osiris to offer him a jar as a clear effect
of Egyptian art. From the previous room, we can see a doorframe in the Egyptian style
leading us to the burial chamber and an Egyptian motif interrupted by larger tiles with
painted Egyptian crowns (Figure 1C). As shown in Figure 3A,B, tombs were engraved in
the bedrock of the Pharos Island ridge and were covered with two plastering layers (coarse
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and fine) as preparation layers for the painting (Figure 3C). Some Egyptian scenes may
have been over Greek decorative plastered elements [37,38].
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Figure 2. (A) General map of the endangered coastal archaeological sites in North Africa and the
Middle East. From [17]. (B) Zoomed-in risk map of the delta (including Alexandria), and the green
pin shows the case study of Anfushi’s Necropolis as an endangered coastal archaeological site in
North Africa, Egypt (Alexandria). (C) Zoomed-in map of endangered Anfushi’s Necropolis and its
surrounding coastal environment.
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Figure 3. (A) Schematic plans for the five tombs of Anfushi’s Necropolis and their architectural
elements of the rock-cut tombs and their elements. (B) General view the ground level of the tomb
No 4 leads to the burial units and attached rooms. Numbers in square brackets and red rectangles
refer to the image (C). (C) Cross-section for mortar of the tombs, which consists of the support wall
(bedrock), coarse rendering mortar, and fine rendering mortar for painting.

3. Geological Context and Ancient Quarries in Alexandria

Egypt covers 1,000,000 km2 and consists of four major morphological regions: the
Nile valley and Nile delta, the western desert, the eastern desert, and the Sinai Peninsula.
Geologically, Egypt is mainly composed of five kinds of lithologies with unconsolidated
Quaternary sediments (Figure 4A) [39]. The western desert is composed of thick deposits
of loose sediments, mainly sand dunes, while the Nile valley is composed of floodplains,
silt, and clay. The eastern desert and Sinai are mainly composed of sand and gravel, while
the northwest is composed of sandstone and conglomerate. Moreover, the western and
eastern deserts are mainly composed of limestone with some formations of sandstone
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from the Upper Cretaceous age and sandstone, shale, and basement rocks. In the eastern
and south-eastern deserts, there are crystalline basements from igneous and metamorphic
rocks [39,40]. The coastline of Alexandria is characterized as an unconformity surface
composed of soil sediments, oolitic sand and clay, oolitic limestone (Middle Miocene), grey
shelly dolomite, marly dolomite, oncolitic limestone and dolomite, and shelly limestone.
In addition, it largely comprises bioclastic (shelly) and muddy carbonate sand strata
interbedded with fine-grained sandy silt (arid loamy soil), silty mud, and dark, organic-rich
layers (Figure 4B,C) [41–44]. On the other hand, the ridge of the Abusir between south-
western Alexandria and Abu Kir in the east dates back to the Pleistocene age, which reaches
a height of 35 m in its western part and 6 m in Abu Kir, and it was formed by poorly to
moderately cemented sandy carbonate [45]. The Island of Pharos is formed of limestone
(the bedrock of Anfushi’s Necropolis). A thin layer of clay with different thicknesses and
consolidation states is overlaid on the slopes of this limestone ridge [46].
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Ancient Egyptians used different kinds of stones (limestone, sandstone, granite, basalt,
etc.) from different quarries along Egypt, from south to north and from east to west. The
extracted stone blocks were used to build temples and tombs in different periods in Egypt
for architectural and ornamental purposes [47–49]. Alexandria was a source of quarried
limestone blocks from the Quaternary ages along the Nile delta’s Mediterranean coast [50].
Abusir and Al Max west of Alexandria are considered quarries that were used from the
Ptolemaic era to the Roman era (Figure 5). The limestone of these quarries is light-coloured,
and their deposits belong to the Pleistocene Alexandria Formation. Ancient and recent
quarries are observed on the Alexandria-Marsa Matrouh Road in a 21 km area [51,52].

1 
 

 
Figure 5. (A) Ancient quarries in Alexandria (green and red stars) with an example of the light-
coloured of limestone outcrop (B).

4. Coastal Geodynamics Context
4.1. Sea Level Rise

Globally, sea levels are rising due to global warming; from 1995 to 2020, the water has
risen to approximately 102.3 mm, and in January 2022, it reached 102 ± 4 mm according
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to satellite sea level observations [53]. Alexandria is susceptible to the SLR effect as one
of the marine dynamics. From 1906 to 2020, the annual linear SLR in Alexandria was
2.6 mm/year; from 1906 to 1980, the SLR increased by 51%; from 1981 to 2000, the SLR
increased by 20%; and from 2001 to 2020, the SLR increased by 78% [54]. Figure 6 shows
the change in the average water level from November 2021 to February 2022. In November
2021, the sea level rise reached +88 mm (maximum), but in February 2022, the sea level rise
returned to −88 mm (minimum), which reflects the considerable variation in the sea level
in Alexandria.
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Furthermore, Alexandria is also vulnerable to SLR because of its low elevation and
local land subsidence. The land approximately 50 km in front of the sea is less than
2 m from the sea’s water level, and a sand belt formed by sediments charged from Nile
branches protects this land with its buildings. After building a high dam, the discharge of
these sediments decreased, and the safe sand belt started to be eroded [55]. El-Raey and
RCDRR [29] studied two scenarios of SLR’s impact on the loss of land and socioeconomic
activities in Alexandria and the whole delta after [56,57]. In this regard, they proposed that
an SLR of 0.5 m would affect 3.8 million people and 1800 km2 of land, while it was assumed
that an increase of a 1.0 m SLR would influence 6.1 million people and 4500 km2 of land
use (Figure 7A,B). Another scenario has been studied with a 1.5 m SLR, which put Anfushi
Bay (approximately 300 m from Anfushi’s Necropolis) in the risk zone of the future SLR
(Figure 7C) [28].

https://climate.nasa.gov/
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1.5 m. The study area is represented in black rectangle as a risk zone, after [28].
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4.2. Earthquakes and Land Subsidence

Generally, Egypt has many seismotectonic sources, such as those in the Gulf of Suez–
Northern Eastern Desert, Southwest Cairo (Dahshour), the Northern Red Sea, the Gulf
of Aqaba, and Aswan zones [58]. Historically, Alexandria was subjected to 25 severe
earthquakes between 320 and 2000 AD with large and moderate magnitudes. Alexandria
was subjected to a very strong earthquake that affected the ancient buildings in 702 AD,
and the earthquake of 726 AD caused the collapse of many structures, especially the
lighthouse of Alexandria [43]. A recent study confirmed that the historical record of
earthquakes in Egypt is from 2200 BC to 1889 AD. Recently, there have been various
earthquakes of different sizes, such as the Aswan earthquake in 1981 (moderate magnitude,
5.8), the Cairo earthquake in 1992 (moderate magnitude, 5.8), the Aqaba earthquake in
1995 (great magnitude, 7.2), and the El Alamein earthquake in 2015 (moderate magnitude,
4.5), and most earthquake activities are focused in northern Egypt. In this regard, the
Hellenic Arc, Red Sea, and Aqaba earthquakes gave less than 100 cm/s2 peak ground
acceleration with a duration of more than 3 min, which affected the ancient buildings
in Alexandria [59–61]. In addition, Figure 8A presents the distributions of historical
earthquakes in Egypt from 2200 BC to 2015 AD. Due to their closeness to the two major
faults, Egypt’s Eastern Mediterranean–Cairo–Fayoum fault and Suez–Cairo–Alexandria
fault have severely affected the ancient buildings of Alexandria. The second reason for
Alexandria’s vulnerability to earthquakes is the mechanical and physical characterizations
of the soil [60]. In Figure 8B, the historical epicentres in Egypt are shown, and most of these
earthquake epicentres affected many buildings structurally in Alexandria with magnitudes
from 4.5 to 6.5, since with a magnitude of 6.7, the offshore area gives a peak ground
acceleration of up to 300 cm/s2 [59].

Additionally, Alexandria’s land subsidence ranges from 0 to −5 mm yearly. From
2017 to 2020, the vertical displacement/deformations in Alexandria were −60 mm with
an average of −12.5 mm and a mean displacement rate of −1.73 mm/yr [62]. Moreover,
another study suggested that Alexandria was subjected to 0.4 mm/yr on average and up
to 2 mm/yr locally over the last decade after analysis using GPS and persistent scattered
interferometry data [63]. It was mentioned that the subsidence rate in Alexandria during
the last 60 years was 2 mm/year. In addition, the average rates of land subsidence in
Alexandria from 0.9 to 4.3 mm/year, from the west to the east along the northern delta
coast, vary irregularly with an average of ~2.5 mm/year [45]. SLR, earthquakes, and other
natural hazards from the Ptolemaic era until the Arabic era caused land subsidence and
affected the archaeological landscape, such as the ancient Royal Port in Alexandria, which
is 1 km from Anfushi’s Necropolis [64].

4.3. Environmental Factors
4.3.1. Storminess

Alexandria experiences approximately 16 strong storms yearly with strong winds,
high waves, and heavy rains, especially in the winter season [65]. In 2010, storm waves were
measured with heights of 7.7 and 6.8 m [66]. Most heavy storms (Nawat, local name) occur
between September and March each year, with a minimum of two days and a maximum of
eight days (Table 1).
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Table 1. Some recorded heavy storms in Alexandria with expected dates and durations. From [65].

No Storm Name Expected Date Approximate Duration

1 Nawat El-Saliba September 3 days

2 Nawat El-Maknassa November 3 days

3 Nawat Kassem and El-Fida December 5 days

4 Nawat El-Ghatas, El-Fida
El-Kabira and El-Karam January 10 days

5 Nawat El-Hosoum, El-Shams
El-Kabira and El-Aowa March 16 days

4.3.2. Flooding

Heavy rainfall and tidal actions are the main reasons for flash and coastal flooding
in Alexandria [67]. On 25 October and 4 November 2015, Alexandria experienced a rare
rainfall storm with 100 mm/h, which led to the worst flooding for decades because 60% of
the city was covered by water from 0.5 to 1 m [68]. Accordingly, Alexandria is considered
one of the five coastal cities that have the risk of flash flooding and coastal flooding [69].
Young [70] said that rainfalls with a 50 mm event would have a higher severity, as well
as rainfalls with 20 mm rainfall, resulting in significant flooding. In 2020, the maximum
tide in Alexandria occurred on 1 January at 0.40 m, and the minimum tide occurred on
February 29 at 0.25 m. In 2022, the minimum tidal action was 0.03 cm, and the maximum
was 0.29 cm from 18 May to 31 May 2022 (https://www.seatemperatu.re/middle-east/
egypt/alexandria/tides.html, accessed on 31 August 2022). Flooding in Alexandria occurs
each winter and has an insufficient drainage system and infrastructure [71]. For this reason,
the archaeological sites in Alexandria will be under the permanent impact of wetting and
flooding each year as well.

4.3.3. Meteorological Context

Alexandria is considered warm, arid, and clear in the summer, but it is cool, rainy, and
windy in the winter. In the summer, the average temperature degree is above 30 ◦C from
June to the end of September. On the other hand, the temperature in the winter is a 5 ◦C
minimum and 18 ◦C maximum from December to mid-March (Figure 9A) [72]. From the
automated weather station at the western harbour (approximately 1 km from Anfushi’s
Necropolis), the maximum relative humidity from 2007 to 2018 was 99%, and the minimum
relative humidity was 11% [73]. In 2021, the maximum relative humidity was 71%, and the
minimum relative humidity was 65% (Figure 9B). Furthermore, the average rainfall in the
summer is approximately 30 mm, while the average rainfall in the winter is 166 mm [68].
Hafez [72] said that the average annual rainfall is approximately 200 mm but can reach more
than 400 mm. Figure 9C shows the average days of rainfall in Alexandria, and Figure 9D
shows the monthly average rainfall in Alexandria in 2021. Due to rapid climatic change,
Alexandria has only two seasons: a hot summer from April to September and a moderate
winter from October to March. Daytime temperature and wind patterns are the main
factors for the difference between the two seasons [74]. In 2021, the maximum wind speed
was 44 km/h or 24 kts (strong), and the minimum speed was 7 km/h or 3.78 kts (weak).
Wind forces represent 70% of the total dynamic in both sea level, and current and tidal
actions represent 30% of the sea level and its current energy (Table 2) [75]. Currently, snow
is part of the marine dynamics in Alexandria that affect ancient building materials. After
decades, Alexandria was subjected to snowfall in December 2021, and this was considered
a rare snow occurrence (Figure 10A,B). However, from time to time, Egypt experiences a
cold snap, with low temperatures reaching 2 ◦C. Bibliographical studies of snowfalls in
Egypt and Alexandria are not available; however, it said that Egypt experienced snowfalls
in 1639, 1855, and 1934.

https://www.seatemperatu.re/middle-east/egypt/alexandria/tides.html
https://www.seatemperatu.re/middle-east/egypt/alexandria/tides.html
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Table 2. Wind dynamics in Alexandria, monthly in 2021 (after https://www.timeanddate.com/
weather/egypt/alexandria/historic?month=12&year=2021, accessed on 23 May 2022).

Wind Speed (km/h). Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Max 26 26 31 40 39 37 36 44 36 34 30 23

Min 7 8 10 9 16 18 24 22 18 19 13 7

4.4. Anthropogenic Damage

In 1899, Guiseppe Batti noticed and explained that many archaeological structures
had been destroyed due to mining, quarrying, and other infrastructure activities in the
district of El-Mafrouza, a road between El Mex and Anfushi. Some Egyptianizing façades,
cornices, a frieze with a winged solar disc, and an architrave had been damaged in one
of the hypogea at El-Mafrouza. In addition, some of the funeral structures at Anfushi’s
Necropolis were damaged [76]. Currently, the lack of maintenance and the neglect of this
important site are considered anthropogenic factors for damage as well.

5. Materials and Methods

To evaluate the impact of environmental dynamics in Alexandria over Anfushi’s
Necropolis, in situ visits were carried out to take photographs of the architectural and
structural defects and degradation. In addition, deskwork was performed to sketch and
map the decay and durability problems of the construction materials through engineering
drawings. Satellite images were collected to monitor the problem of sea level rise and its
impact on Anfushi’s Necropolis.

Highly weathered fallen archaeological samples were collected from the different parts
of Anfushi’s Necropolis (construction materials and rendering mortars) to carry out the
assessment study of the decay through analysis and microscopic examination from the
construction. Samples of the construction materials were divided into samples from the
casing stone and the bedrock with light colour and crust over the surface (Figure 11A,B).
The rendering mortar samples were coarse and fine mortars from the first and second
layers with blackish and yellowish colours, respectively (Figure 11C). The samples ranged
from 3 cm to 7 cm3 in size. In addition, some of the samples had been ground to be ready
for analysis purposes.
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To detect the morphological features of the construction materials, a digital microscope
was used, and thin sections were prepared and studied using an Olympus BH-2 (Shinjuku-
ku, Tokyo, Japan) polarized optical microscope to identify the different minerals, altered
phases and textures of the samples. Small fragments were used to detect the durability
problems and alterations through the textural features of the samples under high resolution
using a scanning electron microscope (TESCAN-performance at 20.00 kV, WD: 17.73 mm
and Vac: HiVac, Brno—Kohoutovice, Czech Republic). In addition, an EDS detector (EDAX
60 mm2 Octane Super) was utilized for salt phase detection, degradation patterns, and
elemental analysis for the detected salts. X-ray diffraction was utilized to identify the
mineralogy of the stones and mortars. For this, a Bruker D-8 Advance ECO diffractometer
equipped with a Lynxeye high-speed measurement detector was used under the following
conditions: CuKα radiation filtered by Ni, a graphite monochromator, fixed slots, and a
2theta 5◦ to 60◦ scanning angle; diffractograms were interpreted with the software software
Diffrac. EVA V.3.0 (Bruker-AXS) (Bruker Corporation, Billerica, MA, USA). A Bruker AXS
M-4 Tornado sequential dispersive wave X-ray spectrometer with an Rh tube operating at
4000 W (XRF) was used to recognize the major and trace elements.

6. Results
6.1. In-Situ Recordings

Over the years, earthquakes in Alexandria have affected the archaeological site of
Anfushi’s Necropolis and its structural stability. During ground motion, the accelerations
of the earthquake go through the foundation and bedrock to the building structures.
Accordingly, earthquake-induced damages are recorded and monitored, such as (1) the
horizontal displacement of some blocks; (2) vertical and horizontal wall displacements;
(3) cracks and fractures (approximately from 2 to 4 mm of space); (4) collapsed ashlars and
walls; (5) opened joints between blocks; and (6) chippings in most of the built structures
(Figure 12A,B). The bedrock has its own geotechnical problems because the unconsolidated
limestone presents many cavities, which affect the durability of the tombs and accelerate the
ground motion of the earthquakes to be transmitted rapidly from the bedrock to the tomb
structures (Figure 12C,D). Moreover, water reaching the ground level of the necropolis
was monitored, which is considered a damaging factor for the necropolis as well. In this
case, water could cause cavities in the bedrock and be responsible for the deterioration of
the architectural and structural elements of the necropolis (red arrows, Figure 12C,D). In
general, it has been observed that trees and vegetation around the necropolis and near the
tomb structures could be an additional factor as a mechanical force (Figure 12A,C), and salt
weathering, biological attack, discolouration, cracking, loss of material, and flaking are the
main decay patterns for the walls and ceilings with decorative motives due to dampness.
Finally, Figure 12E shows the accumulation of water inside room number four of tomb
number five. It is observed that the level of water rise reached to more than 50 cm over the
painted walls.

Moreover, many aspects of decay were recorded, such as alveolarization, exfoliation,
flaking, salt erosion (efflorescence and subflorescence), discolouration, blistering, spalling
and cracking. In this sense, Figure 13A shows the severe state of preservation due to the
degradation that occurs in the side room for one of the tombs of Anfushi’s Necropolis. In
that room, the degradation aspects are efflorescence and subflorescence, discolouration,
blistering, eroded edges, chipping, paint layer removal, and cracking. In addition, we can
see the horizontal displacement and cracking on the front wall from approximately 2 to
5 mm. In Figure 13B, the main degradation aspects include exfoliation, flaking, peeling,
spalling, blistering, pitting, rising damps, subflorescence, discolouration, and loss of the
painting layer. In addition, Figure 13C shows the alveolarization, chipping, and pitting
decay forms in the front of the wall, but on the ceiling, the main degradation patterns are
efflorescence and subflorescence, discolouration, and paint layer removal. Figure 13D,E
show two historical photos that date back to 2010 and 2018 for the same area, respectively,
where Figure 13D shows a complete ritual scene with its painting layer in a good state.
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On the other hand, Figure 13E shows the same scene after the loss of most of the painting
layers and salt attachment due to marine conditions. In both photos of Figure 13D,E show
a displacement of the wall can be observed (out of plane) above the Egyptian-style scene
which was estimated by approximately 10 mm. Finally, after taking different photographs,
digital recordings were taken to monitor and evaluate the deterioration patterns in different
areas for different architectural elements of Anfushi’s Necropolis, showing that salt erosion,
the loss of materials, the loss of painting layers, flaking, and cracks are the most dominant
decay aspects over the surfaces (Figure 14A–C).
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Figure 12. (A,B) Structural damage aspects due to earthquakes. (A) The red rectangle refers to
the deformations in the structures. (B) The red arrows refer to collapse and displacement of the
blocks and opened joints, and the red square refers to the damage to walls with chipping. (C) Water
intrusion impact on the architectural and structural elements of Anfushi’s Necropolis. Red arrows
refer to biological growth, salt accumulation, and degradation of the stone and painting layers.
(D) Geotechnical problems and unconsolidated bedrock with many cavities, as shown by the red
arrows. (E) Dampness impact over the structural and decorative elements of tomb No 5 (burial unit)
at Anfushi’s Necropolis. Red arrows refer to flaking, salt erosion, and biological attack on the tomb’s
construction materials [77].
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Figure 13. (A–C) Different kinds of decay patterns due to the marine environment the walls are
in. (A) The red rectangle refers to areas with efflorescence, subflorescence, edge eroding, flaking,
and loss of the painting layer in the courtyard of tomb No 4. (B) The red arrows refer to flaking,
exfoliation, salt erosion, surface disintegration, and loss of the painting layer in the courtyard of tomb
No 4. (C) Red squares refer to honeycomb and loss of material decay patterns, and black arrows refer
to salt precipitation and loss of the painting layer in the corridor to the burial units of tomb No 4.
(D) A ritual scene in the necropolis and its state of preservation state in 2010 from tomb No. 2 (back
wall of the burial chamber) (from https://mapsus.net/EG/necropolis-of-anfushi-5577, accessed
on 1 June 2022). (E) The same ritual scene after 8 years, with a worsened state of preservation,
where a large loss of the painting layer and renderings occurred due to the salt attack (from https:
//www.meretsegerbooks.com/gallery/581/anfushi-necropolis, accessed on 1 June 2022).
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Figure 14. (A–C) Different decay patterns for various architectural elements of Anfushi’s Necropolis,
where salt erosion is the main decay pattern on the surfaces in tomb No 2 rooms 1 and 2.

6.2. Sea Level Rise Impact (SRL) and Future Scenarios

Currently, SLR is considered the main hazard for the archaeological sites in Alexandria.
Accordingly, the probabilistic analysis and assessment of the future impacts of SLR were
carried out through satellite image observations from the accessible Climatic Central
Analysis (CCA) (http://sealevel.climatecentral.org, accessed on 10 June 2022). Different
topographical scenarios with an SLR ranging between 0.5 and 3 m were evaluated. The
results showed that the morphological scenario of 0.5 m SLR would not cover Anfushi’s
Necropolis with water (Figure 15A), but the 1 to 3 m SLR scenarios would submerge it
completely (Figure 15B–F).

http://sealevel.climatecentral.org
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6.3. Construction Materials Characterization
6.3.1. Petrographic Description

The thin section of the bedrock sample (BR, Figure 16A,B) shows a creamy oolitic
limestone with recrystallized sparitic cement (early gravitational cement) and late geopetal
micritic infills. Significant pores with rhombohedral calcite crystals exist due to their
formation in the absence of coccolithophorids. In addition, this kind of stone is made
up of large intraclasts and sand-sized spheres (ooids/oosparite) of calcium carbonate.
Fossil allochemical fragments of echinoderms, corals, red algae, bryozoans, gastropods,
and foraminifera are present and distributed in the matrix with carbonate in peloid and
pellet shapes. Rare subangular to rounded quartz grains are presented. Casing stone (CS,
Figure 16C,D) is considered a creamy fossiliferous micritic limestone. Calcite is embedded
in a micrite matrix rich in benthic foraminifera (Pseudochrtsalidina Conica), nummulites,
bivalves, molluscs, ostracods, sponge spicules, and other bioclasts. Rare subangular to
angular quartz grains are also present. Coarse-grained rendering mortar is present after
the stone casing layer (CRM, Figure 16E,F), and from the morphological features, the main
constituent of the mortar is quartz, which is poorly sorted, polycrystalline, and angular to
subangular. In addition, some quartz grains have undulatory extinction, and others are
monocrystalline with normal extinction and a maximum diameter of 2 mm. Quartz grains
are embedded in a micritic matrix with rock fragments, chert, plagioclase, and opaque
minerals (iron oxides). Figure 16G,H represent the fine-grained rendering mortar (FRM)
before painting layer application. Subangular to rounded quartz grains are well sorted,
and the maximum grain size is 0.5 mm in diameter and embedded in a micritic matrix.
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sparite). (C,D) Casing stone (CS), creamy fossiliferous micritic limestone, and calcite embedded in a 

Figure 16. Photomicrographs of the geological and archaeological prepared thin sections.
(A,B) Bedrock (BR) oolitic limestone with recrystallized sparitic calcite cement and sand-sized spheres
(ooids/oosparite). (C,D) Casing stone (CS), creamy fossiliferous micritic limestone, and calcite
embedded in a micrite matrix rich in benthic foraminifera. (E,F) Coarse-grained rendering mortar
(CRM) with quartz grains which are poorly sorted, polycrystalline, and angular to subangular; grains
embedded in a micritic matrix with rock fragments. (G,H) Fine-grained rendering mortar (FRM) has
well-sorted quartz grains, subangular to rounded, and these grains are embedded in a micritic matrix.

6.3.2. Mineralogical and Chemical Characterization

Semiquantitative mineralogical analysis using XRD (Table 3) revealed that the BR
consists of calcite (very abundant), aragonite (abundant) and halite (rare) (degradation
compound). The CS is composed of calcite (very abundant), halite (abundant), and gypsum
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(rare), where halite and gypsum are considered degradation compounds. Regarding the
mortar samples, the CRM is composed of quartz (very abundant), calcite (abundant), and
halite (rare), while the FRM consists of calcite (very abundant) with minimum amounts of
quartz, gypsum, and aragonite.

Table 3. Mineralogical analysis of Anfushi’s Necropolis samples. BR: bedrock; CS casting stone; CRM:
coarse-grained rendering mortar; FRM: fine-grained rendering mortar; Cal: calcite; Qz: quartz; Gp:
gypsum; Ar: aragonite and Hal: halite (+++ very abundant; ++ abundant; + rare, − not detected).

Cal Qz Gp Ar Hal

BR +++ − − ++ +

CS +++ − + + ++

CRM ++ +++ − − +

FRM +++ + + + +

Elemental analysis via XRF and EDX was carried out to confirm the results of the
mineralogical interpretation (Table 4). The results responded well to the XRD results.
The BR is mainly composed of calcium (93%) and chloride, silica, potassium, sulphates,
and strontium as scarce elements. The CS is mainly composed of calcium (83%), and
sodium, chloride, sulphates, iron, magnesium, potassium, and strontium are detected as
rare. The CRM is mainly composed of silica (54%) and calcium (36%), with sulphates,
chloride, aluminium, potassium, magnesium, and iron as scarce elements. Finally, the
FRM is composed of calcium (70%) and silica (18%), plus sulphates, chloride, iron, sodium,
potassium, and strontium. Chloride was detected in all samples as a degradation element.
In addition, strontium is considered a significant trace element that is a signature of
the coastal environment’s impact on buildings because seawater contains approximately
8 mg/L strontium [52]. Moreover, halite and gypsum were detected in all samples with
different ratios. For this, the content of halite and gypsum salts was calculated by dividing
the total molecular weight of each salt on the molecular weight of the Cl and SO3 on for
all samples. In the BR sample, the content of halite is 3.5% and gypsum is 0.6%. In the CS
sample, the halite content is 5% and gypsum is 3%. In the CRM sample, halite is 1.8% and
gypsum 2.3%. Finally, in the FRM sample, halite is 3.5 and gypsum is 2.3%. In this sense,
it is clear that the two main decay salts are halite and gypsum, and they were detected
with high content in the CS and FRM samples. In the FRM, gypsum could be an additive
component to the preparation layer of paintings.

Table 4. Elemental analysis of major and minor elements, expressed in oxides (wt. %), for the
Anfushi’s Necropolis samples. BR: bedrock; CS casting stone; CRM: coarse-grained rendering mortar;
FRM: fine-grained rendering mortar.

CaO SiO2 Cl Fe2O3 MgO Na2O K2O Al2O3 SO3 Sr

BR 93 1 2 1 1 2

CS 83 3 1 1 4 1 5 1

CRM 36 54 1 2 1 1 1 4

FRM 70 18 2 1 3 1 4 1

6.3.3. Macroscopic and Microscopic Investigation

Binocular microscopy was used to examine the textural and morphological features,
detecting the alterations and weathering aspects on the surfaces due to the marine envi-
ronment impact. Figure 17 represents the BR sample, where salt attack (efflorescence) is
well observed on the surface and disintegration of the stone surface is seen. Figure 17B
shows the morphological texture of the CS, and salt erosion is considered the main feature
of decay for the stone surface. Furthermore, Figure 17C represents the coarse-grained
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rendering mortar, where quartz grains are well shown with different sizes in the lime
matrix. Disintegrated quartz grains and some gaps are detected. Figure 17D shows a
homogenous surface of the fine-grained rendering mortar and yellowish colour due to the
high amount of lime with a minor amount of gypsum. In addition, there are a few quartz
grains in the matrix. From textural observations, salt covers most of the mortar surface.
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Figure 17. (A–D) Photomicrographs under a binocular microscope for the bedrock (BR), casting
stone (CS), coarse-grained rendering mortar (CRM), and fine-grained rendering mortar (FRM). Black
arrows and rectangles show the ooids, quartz grains, disintegration, and salt crusts on different
samples. Apparently, salt erosion is the main feature of deterioration for all samples.

On the other hand, microscopically, the building materials were examined under
a scanning electron microscope (SEM) with high resolution to evaluate the impact of
marine dynamics on the building materials and their alterations/byproducts. For the BR,
Figure 18A shows the morphological texture of the BR with a wide large-angle view for the
bedrock sample. Euhedral to anhedral halite crystals with changeable habits and different
growth phases are present due to the inhomogeneous absorption of the aqueous solution
(Figure 18B). The initial state of gypsum nucleation formed in needle-like crystals along
with halite crystals and gaps are observed as well (Figure 18B). Figure 18C,D represent the
morphological features and decay of the casing stone, where Figure 18C shows the surface
filled with pores and gaps, and Figure 18D shows the distribution of the mesostructured
halite, which is integrated with the stone surface. Microfissures and pores are present on
the surface. Figure 18E–H display the decayed surface of the coarse-grained rendering
mortar. In Figure 18E,D, the textural features exhibit the disintegration of the mortar, with
many gaps and pores and the precipitation of the salt enveloping the quartz grains and
filling the pores intensively. Furthermore, in Figure 18G, quartz grains are distributed
with different sizes in the white lime matrix. Figure 18H shows the textural features of
the mortar mixed with the precipitation of halite crystals (cubic and amorphous phases)
and gypsum (needle habit). Finally, for the FRM, Figure 18I shows a lime–gypsum matrix
with many pores and pitting in between. In Figure 18J, the precipitation of halite crystals is
observed, and the needle habit of gypsum is present as an additive to the rendering mortar
before the painting layer. Finally, an EDS detector was utilized to detect and carry out
elemental analysis for the salts on the surface for one of the selected samples of bedrock
(BR) (Figure 19A–C).
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Figure 18. Micromorphological features of the construction building materials of Anfushi’s Necropo-
lis. (A,B) The oolitic limestone (BR, bedrock) surface texture with halite cubic crystals and needle-like
gypsum. (C,D) The fossiliferous micritic limestone (CS, casing stone) morphological texture with
halite crystal perceptions, pores and microfissures. (E–H) The coarse-grained rendering mortar
(CRM) textural features with disintegrated grains, precipitation of halite (cubes), gypsum (needles),
and detection of gaps and pitting. (I,J) Fine-grained rendering mortar (FRM) textural aspects with
depositing halite mixed with needle-like crystals of gypsum, in addition to gaps and pitting. Red
squares and rectangles refer to the disintegration feature of the samples due to salt weathering impact.
Scales are expressed in microns. BR: bedrock; CS casting stone; CRM: coarse-grained rendering
mortar; FRM: fine-grained rendering mortar; Hl: halite; Cal: calcite; Qz: quartz; Gp: gypsum.
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Figure 19. (A) Micromorphological feature of bedrock (BR) with halite cubic crystals and needle-like
gypsum, and the red squares were analysed elementally using EDS. (B,C) EDS elemental analysis
results for halite and gypsum salts for one of selected samples from bedrock of the necropolis.

6.4. Digital Mapping

The heritage digitalization approach is considered a reproduction of physical interac-
tions and interventions. Remote recontextualization and interactive models for heritage are
necessary since the world of conservation and restoration should follow up all advanced
technologies to help protect world heritage. Indeed, the virtual recording and mapping of
monuments will decrease the physical interventions to the monuments and increase their
authenticity and value [78]. In addition, using computer mapping methods can reduce
the mistakes of intervention by restorers, which will help save money for the budgets
of restoration projects [79]. In this regard, mapping of the architectural and structural
elements was carried out to preserve the archaeological site of Anfushi’s Necropolis using
AutoCad 2020. The process is important for virtual archiving to protect our heritage for
the next generation, and some maps were made for virtual retouching with the original
tones of colours of the paintings and the significant motifs of Anfushi’s Necropolis, and this
will help in future restoration work. Geometrical surveys, documentation, data processing,
interpretation, the creation of 2D models/maps, editing, and rendering were taken into
consideration in the work during the digital restoration, as shown in Figure 20A–D.
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fushi’s Necropolis (walls of tomb No 2, rooms 1 and 2) using AutoCAD 2020.

7. Discussion

Anfushi’s Necropolis is considered a rock cut in oolitic limestone as the bedrock and
is placed near the shore. Different aspects of marine dynamics have affected Anfushi’s
Necropolis, such as SLR, coastal and flash flooding, storminess, earthquakes, and various
climate factors (temperature variations, rainfall, humidity, and wind), in addition to all
anthropogenic factors that can affect historical buildings. The consequences of the marine
dynamics led to the resilience/durability weakness of the Necropolis construction elements.

Historical pieces of evidence confirmed the sudden increasing rate of SLR. In this
sense, this research has depended on some historical satellite images that enabled us to
monitor the SLR rate through submergence phenomena. Figure 21A,B) shows two historical
satellite images (2012 and 2013) that display the submergence of an ancient structure (old
breakwater) in the eastern harbour (Island of Pharos). Figure 21C displays an old photo
of the same area before its submergence in 1916. Figure 21D shows a recent Google
Earth image (2022) with anthropogenic intervention via artificial nourishment using sands.
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Accordingly, Stanley et al. [80] confirmed that many ancient port structures and old coastal
structures were submerged due to SLR. For these reasons, this research presented different
SLR scenarios (Figure 15) on Anfushi’s Necropolis through satellite image observations
from climatic central analysis (CCA), and the results showed us that a rise of more than 1 m
would submerge Anfushi’s Necropolis completely. In this regard, Bekheet et al. [28] put the
Anfushi area in the risk zone of the 1.5 m SLR scenario, and Shaltout et al. [81] confirmed
that Alexandria was subjected to an observable SLR of 0.5 cm yearly before a High Dam
was built, and after this was built, it became subject to 0.2 cm SLR yearly. Moreover, in
their report about climate change, the World Bank [82] reported that the SLR will reach
+0.20 m by 2030, and regardless of the scenario of SLR, the SLR will increase during the
next few decades and the next century by more than the currently observed rates. This
yearly increase in SLR has had a negative impact on the durability of Anfushi’s Necropolis.
For example, the water level reached 30 cm on the ground of the necropolis as a result of
water infiltration inside the tombs and caused salt weathering and deformations to the
most of the walls and their valuable paintings.

1 
 

Figure 21. (A,B) show two satellite images (2012 and 2013) confirming the submergence of the ancient
structures. (C) Old photo (1916) of the same area before the submergence of the ancient structures,
from [83], and a recent Google Earth image (D) for the same area with nourishment interventions.
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Structural deficiencies were photographed and recorded due to the historical earth-
quakes’ effect on Anfushi’s Necropolis. These structural deformations are erosion, collapses,
and horizontal displacements. Kázmér [84] explained that these earthquake-induced dam-
ages are caused to ancient structures as well. In addition, the geotechnical problems
and the unconsolidated limestone of the bedrock of the tombs accelerated the impact of
earthquakes in damaging the necropolis because the low-quality bedrock could amplify
the ground motions during the earthquakes, which made the structure of the tomb more
vulnerable to earthquake damage. In this sense, Hemeda et al. [33] observed that the tombs
of the Necropolis of Mustafa Kamil in Alexandria are not structurally safe for PGA (peak
ground acceleration) values greater than 0.07-0.08 g. Furthermore, Mohamed et al. [43]
confirmed that 25 strong earthquakes hit Alexandria from 320 to 2000 AD. These earth-
quakes definitely affected the structural states of the buildings, and the response at some
sites was strong and damaging due to the site effect and unconsolidated deposits (soil prob-
lems/geotechnical problems). In this sense, Hamouda et al. [64] established that the ancient
royal port of Alexandria approximately 1 km from Anfushi’s Necropolis was influenced by
land subsidence due to SLR, earthquakes, tsunamis, and sediment mass failure, where all
these environmental actions caused land subsidence in Alexandria from the Ptolemaic era
until now.

Alexandria is vulnerable to both flooding by rains and SLR, especially in the last
two years in the winter season, due to the high dynamics of the coastal environment of
Alexandria and rapid climate change. Alexandria is subjected to approximately 16 storms
yearly during the winter season accompanied by strong winds, high waves, and heavy
rains [65,67]. Accordingly, the in-situ observation confirmed the gathering of water in the
chambers due to flash flooding and storminess with high waves of the sea (Figure 12E).
The water inside Anfushi’s Necropolis reached 30 cm over the ground, causing dampness
in the architectural and structural elements through capillary actions. Thus, the main
observed deterioration aspects were salt erosion, spalling, layering, disintegration, and
structural deformations.

The chemical analysis showed that halite is the main alteration compound and ap-
peared in all compositional and elemental analyses. Halite is a soluble salt that becomes
present in buildings mainly from sea spray precipitation. Additionally, it could come
from gathered water from flooding in the ground, saline rainwater, or even condensed
atmospheric humidity. Efflorescence and subflorescence are considered the main decay
patterns of salt erosion in most architectural and structural elements. Examination using
a scanning electron microscope for the building materials (stones and mortars) showed
interaction between the stones and mortar surfaces with halite crystals, which nucleated
heterogeneously and severely eroded the surfaces in their crystalline form or in the brine
inside the pores or on the surface. The crystallization and recrystallization process of the
halite salt led to the bleeding of the stone with many pores and pitting (disintegration),
as shown in the microscopic results. In this regard, Benavente et al. [85] reported that salt
crystallization in porous stones mainly occurs on the surface of the porous stone (efflores-
cence) and within the porous media of stone (subflorescence), and they confirmed that the
halite salt source is mainly attached to sea spray. In addition, halite crystallization could
exist as result of humidity fluctuations under and above 75% RH. In this sense, Sato and
Hattanji [86] said that halite is deliquescence salt and has the affinity to absorb moisture
from the surrounding environment, causing severe salt weathering to stones. Finally, the
calculations of halite content from the elemental chemical analysis revealed that the casing
stone (CS) contains the highest content from all the samples with 5%, but in the bedrock
(BR) and fine rendering layer, the content is 3.5%. Thus, it is easy to find degradation
features such as spalling, flaking and powdering in many parts of the necropolis as a result
of salt weathering along with climatic factors.

Gypsum is detected in the fine-grained rendering mortar as an additive to the mortar
constituents with lime and quartz. In addition, gypsum is present in the casing stones
behind the rendering layers with 3% as decay salt from the elemental chemical analysis



Minerals 2022, 12, 1235 29 of 34

result. In this case, gypsum could be delivered to the stone via immigration from the
rendering mortar, causing salt attack on the stone [25]. The examination via SEM confirmed
the existence of needle-like gypsum salt along with the crystals of halite. Charola et al. [87]
mentioned that gypsum has low solubility and is less aggressive, but damage due to
gypsum occurs in the case of dehydration–hydration reactions causing internal forces
and cracks. In addition, strontium is detected in most of the samples as a significant
trace element that is a signature of the marine environment’s impact on buildings because
seawater contains approximately 8 mg/L strontium [52].

Furthermore, the content ratio of the existing salts is considered reasonable a value for
salt weathering for the stone surfaces and the paintings, especially with halite, which has
been estimated to be 5% in the casing stone sample. Compared with the previous study
of [86], they confirmed the erosive role of 0.5, 5.3, and 7.7 of halite content (gram weights of
salt in a 100 g salt-free rock specimen) in stone degradation.

The dynamics of climate, such as variations in temperatures, wind, humidity, and
rainfall, have affected the building materials of Anfushi’s Necropolis. Fluctuations in
temperature degrees daily and seasonally led to expansions and shrinkages in the building
materials [88]. This thermal differentiation could lead to the cracking of surfaces and
rendering layers’ separations due to the various thermal coefficients between the minerals
(calcite, quartz, gypsum, and halite) in the construction materials and their alterations.
Mart et al. [89] explained the destructive impact of the mismatched thermal expansion
values between salt (halite) and stone (calcite), where halite thermal stress is 35 GPa and
could cause changes in the tensile strength of the stone with daily and seasonal changes in
temperature degrees. When the stone hosts a high amount of halite, the higher thermal
stresses will lead to cracks and flaking decay patterns, as observed in this necropolis. In
addition, the changes in temperatures could cause severe damage because of phase changes
for the salts and microclimate. In this context, Grossi et al. [90] said that halite salt can
crystallize at a fixed humidity regardless of the temperature, and gypsum can be susceptible
to crystallization due to changes in humidity and temperature. Moreover, wind power
is considered one of the causes of the necropolis building materials’ decay, especially the
wind speed in Alexandria, which reaches 44 km/h (strong), and wind power is considered
to be 70% of the total dynamic in both sea level and current [75]. The wind is considered
a way of transferring halite salt (marine spray) from the sea to construction materials. In
addition, wind is responsible for the formation of alveolar weathering (honeycomb) in
the stones because hollows that are filled with salt are washed away by the wind [91]. As
an exceptional and recent case, very low temperatures could be considered a new and
future environmental phenomenon in Alexandria. Last year, Alexandria experienced rare
snowfalls that could affect the construction materials of Anfushi’s Necropolis (Figure 10).
Snow can deteriorate the construction materials by soaking water inside the pores of
building materials, followed by cooling, which causes delamination and spalling as decay
patterns. Moreover, probable subsequent and repeated freezing events in the following
years could deteriorate the material if the water content from rainfall or a high-humidity
environment is higher than the critical degree of saturation for the material at the time of
freezing [92].

Anthropogenic actions are considered one of the damaging factors to the structures of
Anfushi’s Necropolis due to ancient mining, quarrying, and other infrastructure activities
around the necropolis in 1899 [76]. Recently, neglect of the archaeological site without
any preservation interventions has also been regarded as an anthropogenic factor. From
field observations, trees and shrubs around the tombs of the necropolis affected the tombs
mechanically and biologically, especially the trees, which can cause mechanical damage to
structures through roots during growth. In this sense, Loperte et al. [93] mentioned that the
roots of trees could cause direct and indirect damage to structures of historic buildings in
the case of direct contact between tree roots and the building or through shrinkable soil
indirectly, as is happening in this site.



Minerals 2022, 12, 1235 30 of 34

From all of the above and field observations, the various marine dynamics factors
(coastal surrounding environment and salt decay) have resulted in much structural and
architectural decay in Anfushi’s Necropolis, such as the displacement of walls, cracking,
collapse, block chipping, salt erosion (fluorescence and subflorescence), flacking, spalling,
the loss of material, alveolarization, layering, disintegration, pitting, and the loss of paint-
ing layers.

Finally, this study presented a digital reconstruction and restoration of the architectural
and structural elements of Anfushi’s Necropolis through engineering drawings. In this
regard, this part of digitalization is considered a significant contribution to safeguarding
this important necropolis for the next generation as part of world heritage, especially with
the new world of digitalization. We believe this virtual restoration and reconstruction is
essential for any upcoming restoration project for this site. In addition, these maps and
models will help to achieve low-cost restoration projects with minimum physical interven-
tions. This archaeological site of Anfushi’s Necropolis is urgently requiring restoration,
conservation, and site management.

8. Conclusions

The research presented the durability problems regarding the construction materials
of Anfushi’s Necropolis and the impact of environmental dynamics in Alexandria on the
necropolis tombs. The tombs were excavated in the oolitic limestone ridge and covered by
fossiliferous limestone. This necropolis was painted on two different preparation mortars.
The first preparation mortar is coarse-grained, and the second preparation layer is fine-
grained. These construction materials have been subjected to different factors of damage
and decay, such as SLR, coastal and flash flooding, storminess, earthquakes, and various
climate factors (temperature variations, rainfall, humidity, and wind).

The main decay patterns are structural cracks, horizontal displacement for the walls,
block chipping, and collapses. These are in addition to flaking, spalling, salt erosion, the
loss of materials, delimitations, alveolarization, and the discolouration of the painting
layer due to marine dynamics (earthquakes, flooding, windstorms, sea spray, and climatic
conditions). Moreover, SLR is considered a future risk for the necropolis that will lead to
the full submergence of the necropolis at 1m SLR during the next few decades. Halite, as
an aggressive soluble salt, is considered the main decay factor for architectural elements
and their surfaces. The efflorescent and subflorescent precipitation of halite and gypsum
were observed on all surfaces of Anfushi’s Necropolis and were detected via analytical
and microscope investigation in all samples. The water level inside Anfushi’s Necropolis
reached 30 cm over the ground as a result of flooding and heavy rains, causing dampness
of the architectural and structural elements through capillary actions. The main observed
deterioration aspects related to this are salt erosion, spalling, layering, disintegration,
and structural deformations. The responsibility for the destruction and poor state of
preservation of the necropolis lies not only with marine dynamics and environmental
conditions but also anthropogenic interventions which played a role in the destruction of
some structural elements, along with the recent failure to give due care to this important
heritage site. Finally, this paper participated in the mapping and recording of some selected
architectural and structural elements of Anfushi’s Necropolis through vector sketches with
the retouching of original tones of colours for the paintings to help in the retouching and
restoration works in the future.
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