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Abstract

:

The Fatimid state was established in Egypt in 969 and lasted until the end of the dynasty in 1171. During the Fatimid rule in Egypt, a large set of monuments were erected. A significant portion of these monuments were shrines dedicated to the descendants of the Prophet Muhammed, especially in Aswan. Groundwater rising, at present, has introduced severe deterioration to the ancient earthen mud-brick architecture of the Fatimid tombs in Aswan city (Egypt). However, monitoring the influence of anthropogenic and environmental aspects on the deterioration issues in Fatimid tombs has not yet been considered. To this end, the scope of this pilot study is to investigate the structural stability and weathering vulnerability of the building materials of mud-brick structures in the Fatimid Cemetery before restoration labor. This was achieved using an integration of remote sensing (Landsat 8 and SRTM-DEM) and hydrogeological datasets in the Geographic Information System (GIS), along with a physicochemical and mineralogical analysis of various materials (the bearing soil, wall plasters, and Muqarnas) from the affected cemeteries. The morphological and mineralogical compositions of the collected samples were analytically examined by using X-ray diffraction (XRD) and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) and CT scan. Moreover, geotechnical studies were conducted for the perched soil water and subsoil, including the analysis of the physiochemical composition and heavy metals using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The results of multitemporal analysis of land use/land cover (LULC) changes displayed the growth and appearance of wetlands near the Fatimid tombs area over the last decades, boosting the geo-environmental risks from soil water rising. Furthermore, the detailed analytical investigations of building materials and soil foundations showed that this unique and substantial ancient Islamic archaeological site of Egypt shows weak geotechnical properties, and it is highly sensitive to natural and anthropogenic stressors. This innovative methodology can produce novel recommendations and results to the Ministry of Antiquities in Egypt and the Heritage Commission in Saudi Arabia for the adequate restoration of monuments.
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1. Introduction


Throughout history humans have utilized a variety of construction materials, from mud-brick in traditional earthen structures to today’s high-performance cement. Since ancient times, antiquated earthen mud-brick archaeological sites extensively predominated in Greece, Egypt, and Saudi Arabia [1,2,3]. Gypsum was the most important and common binder used by mankind at least 9000 years ago in order to cover the masonry (mud-brick) in these historical constructions [4,5]. The purpose of covering the buildings with a layer of stucco is to strengthen their surface and to beautify them. Stucco was a necessary and practical means of construction [6]. In addition, clay and stucco were widely used in the early Islamic period, especially during the Abbasid period. For example, in 836, Samarra was constructed from fired brick, sun-dried brick, and stucco. Moreover, there are several Abbasid structures built of clay and stucco in the Arabian Peninsula, such as the buildings of al-Rabadha on the Zubayda route, and those of al-Mabiyat on the Syrian route [7,8,9]. In the area around Paris, gypsum mortar was thoroughly used in gothic buildings, which may explain why gypsum-based binders are known as “Plaster of Paris”. Mud-bricks were produced in ancient Egypt, where the specifications of the produced mud-bricks were well documented in previous studies [10]. These studies [10,11] clarified the basic materials used for its production, its strength, and dimensions. The manufacture of mud-bricks was recorded on plaster, drawings of the walls of some tombs in ancient Egyptian times. The sun-dried adobe mud- bricks are for building; the first man-made element that were prepared for regular construction. The word ‘adobe’ originated from the Egyptian word ‘thobe’ [12]. The Egyptian residents used it without straw, where its strength ranged from 4 to 5 N/cm2, while for bricks containing straw were 7 to 9 N/cm2 in strength. It was stated that during the pre-dynastic period, the average dimensions of that mud-brick was 24 × 12 cm, while it was 42 × 21 cm with a length/width ratio of 2:1 in the Old Kingdom The studies were carried out by [13] and [14] listed the mineral composition and grain distribution of mud-bricks and determined the physical properties of ancient mud-bricks such as porosity, water absorption and shrinkage.



The presence of these types of earthen mud-brick historical structures is evident and impressive in the Middle East and the countries of the Mediterranean basin, especially during the Middle Ages (e.g., Islamic architecture). Moreover, the effect of Islamic domes was felt in western architecture as late as the nineteenth century. Dome buildings, whether single domical buildings or cupolas in large complexes of buildings, have played a significant role in Islamic architecture [15].



The Fatimid state was established in Egypt in 969 and lasted until the close of the dynasty in 1171. During the Fatimid rule in Egypt, many memorials were erected. A significant portion of these monuments were shrines dedicated to descendants of the Prophet Muhammed, especially in Aswan (Figure 1). Among these ruins, Fatimid tombs are the most important earthen archaeological graves since the early Islamic Fatimid Caliphate era, also reflect the importance of an architectural form that had a long and still not completely known pre-Islamic history [16]. Usually, earthen domes are built over the tomb’s chamber located either in designated cemeteries or in rural areas for religious purposes [17].



Uncolored gypsum decoration parts can be found on the entrances of some domes, as well as parts of gypsum Muqarnas in the dome transition areas. The presence of Muqarnas on the overhead is evident and stunning, whether in urban or rural areas. The purpose of Muqarnas is to form a smooth decorative zone of transition in an otherwise bare structural area. This structure provides the ability to differentiate between the main parts of a building, and function as a transition from the walls into a domed ceiling [18]. Muqarnas is typically applied to the undersides of domes, cornices and vaults and is often seen in the mihrab of a mosque [19]. Muqarnas are made of brick, stone, and stucco, and covered with plaster or tiles. Plaster gypsum remains were also found on the domes’ inner and exterior walls. Air temperature, air humidity, air pollution, subsoil water, and ground moisture, as well as man-made deterioration, are common weathering agents for archaeological structures [20,21,22].



Usually, mud-brick materials exhibit low cohesion and durability in humid environments, which leads to notable changes in color and volume (swelling) upon groundwater flooding, and subsequently, salt crystallization and cracking of structures with seasonal evapotranspiration [23]. The plaster itself may be brittle, or on a fragile weak wall support, or even prepare the floor for a distinct fine decorative coating, all of which may be important archaeologically and historically [24]. Similar consequences were recorded in different archaeological sites worldwide: in Italy [25], Egypt [26], and other countries [27]. Consequently, the fluctuation of soil water levels, together with the changes in the subsoil conditions (i.e., salinity and moisture), provide hazardous environments to heritage buildings, which is the greatest challenge facing archaeologists.



Unfortunately, the rising groundwater level is the most contemporary geo-environmental hazard that threatens these archaeological sites in Aswan city [28,29]. The perched soil water (i.e., waterlogging) phenomena were observed in different problems in Aswan city [30]. Unluckily, Aswan city faced different environmental risks from shallow soil water levels [31], which in turn led to severe deterioration of the Fatimid graves (Figure 2a–g).



In recent years, groundwater has reached remarkable levels near the ground surface in response to the complex interplay between anthropogenic and environmental factors in urban cities worldwide [32,33,34]. Unplanned anthropic activities usually ignore myriad of local environmental conditions, such as complex soil texture, mineral constituents [35], topographic setting, and natural stream networks [36,37]. This behavior drives soil water build-up, rising soil salinity and wetlands phenomena—and if it is not investigated, it can cause severe degradation to the ancient monument sites [38] and the inundation of undiscovered sites [39].



Several studies [40,41,42] reported that the site’s environmental determinants offer a wide range of forces on the mud-brick materials, altering the physiochemical characteristics of building materials. In addition, the other deterioration factors caused significant damage to the domes, which is the nature of the weak materials of which they are made, which differ in composition to the stronger materials utilized in heritage buildings, such as marble [43,44]. Conventionally, these environmental determinants are evaluated using in situ borehole drilling and field surveys, which are expensive, laborious, and spatially limited at the regional scale. Geospatial technologies, including remote sensing and geographic information systems (GIS), have been deemed to be the alternative and integral approach to incorporate multi-datasets and evaluate any vulnerable environment exposed to natural hazards [44]. Fundamentally, optical multispectral data can provide quantitatively precise maps forecasting changes in land use/land cover (LULC) to detect urban growth and alterations of the surface environments [45], [46]. Recently, Digital Elevation Modelling (DEM) images have undoubtedly enabled low-cost exhaustive topographical data to be collected to better understand the near-surface environment [47].



Aswan was chosen to be the case study (Figure 1b), which comprises many archaeological places located within the urban periphery, as is the case for the Fatimid tombs. To date, few studies have assessed the deterioration of the Fatimid tombs in isolation from the surrounding environment [48]. To this end, for precise restoration of historical architecture, an extensive investigation of the condition of the graves, along with the role of surrounding environmental determinants, is necessary to raise awareness of this neglected field. Therefore, the present research aims to first apply an integrated approach that takes advantage of spaceborne optical/DEM technologies and subsurface-based (groundwater) datasets in the GIS environment, and then carry out physiochemical and mineralogical assessments of materials before restoration labors, to achieve the following: (1) determine the environmental factors influencing the deterioration of Aswan city and the possible responses of mud-bricks materials of Fatimid archaeological graves, and (2) assess the degradation forms and changes in the tombs, particularly on decorative plaster and stucco. Furthermore, various evaluations of surface structures and historical monument surfaces can be performed to predict temporal degradation behavior and develop preventive conservation. This study also presents the actual responses of the basic buildings’ structure and gypsum decorations to the imposed deformation in the base state and/or the base of other etiological factors. Recommendations and results based on our investigations are presented to the supervisors of the Ministry of Antiquities in Egypt and the Heritage Commission in Saudi Arabia, whose duty is to restore, protect, and preserve these archaeological sites, which resemble each other in the two countries.




2. Study Area Characteristics with a Description of the Archaeological Fatimid Tombs and Environmental Challenges


Aswan is established in the south of Egypt on the east side of the Nile River, is one of the most marvelous tourist cities [49] due to the existence of the Simbel, Philae, and Isis temples, the Unfinished Obelisk, and some historical graves (Figure 1a). The study area covers a total area of 20.43 km2 (Figure 1b).



Geomorphologically, the study area can be classified into three topographical parts: high terrain, low Aswan plains, and the Nile River (Figure 3). The high elevated terrains are mainly composed of basement rocks (≈170 m above sea level, a.s.l), located in the middle (El-Sheikh Haroon plateau) and western (Gebel Tagug and El-Karor) parts of the area under study. The low Aswan plains, located on the eastern and western periphery of the El-Sheikh Haroon plateau, are the old Nile channels. Different valleys incised these mountains and plains areas. Geologically, Aswan and its districts were built on heterogeneous near-surface sediments varying from the Precambrian to the Quaternary age (Figure 3), including basement rocks (granite), Nubian sandstone (ferruginous sandstone and clays) rocks, and Quaternary sediments (sands, gravels, and clays). The hydrogeological regimes comprise [50]: (a) the Nile River, which is the primary source of fresh water, and (b) the eastern and western Quaternary aquifers. The Quaternary aquifers are mainly composed of gravel, sandstone, and clay intercalation under unconfined conditions that are recharged mainly from Dam Lake and the seepages of water facility pipes. Aswan experiences an arid climate characterized by a hot summer (38 to 42 °C).



The Fatimid cemetery is located in the southern part of the modern town of Aswan (Figure 1a,b). The area of study is located between latitude of 24.0778° N and longitude of 32.8917° E) [52]. As the cemetery is still in use today, it provides us with a unique cultural historical landscape, and the domes are built in the exclusive Fatimid style. The tombs contain domes that remained intact even before the year 1930 AD, which numbered 80.



In the middle of the previous century, many of them have been destroyed, and only 30 scattered models are currently left due to the reconstruction and expansion of Aswan city. The history of this cemetery extends from the second century AH (the eighth century AD) to the seventh century AH (the thirteenth century AD). These domes were built on a system of load-bearing walls, like other Islamic monuments, in monolithic molds. The predominant building material was mud-bricks, except for some parts of these tombs, such as the vaults, necks of domes, and the domes themselves, which were built of bricks. As parts of stone strips appeared in some domes, gypsum coverings also appeared on the inside and outside of some of these tombs, such as tomb No. 12 in the eastern group of the tribal cemetery and tomb No. 31 of the same group, and tomb No. 5 of the western group of the tribal cemetery, where the gypsum decorative parts can be clearly seen [53]. Tombs are generally built from raw bricks, with some exceptions. They are covered in white. They are small in size and a lot of them were ruined.



The tombs also vary in decoration; two types of decorations are very regular. In the stucco techniques, artists used mortars instead of marble, as these materials were cheaper than marble, and lime plasters can be easily molded in every shape and with less effort and cost [54]. Most likely, Aswan’s stucco was imported from outside the area, as the production of this material requires lots of fuel.



Different forms of damage caused by natural and anthropic interventions can be detected both from the outside and the inside in the monumental area under study. From the outside, the dome has four facades: the eastern facade and its current height is 1.30 m. Above it, near the end of the facade, is a window with a pointed arch of the same shape and a wall thickness of 0.55 m. (Figure 2j). The interior is a square with sides 3 m long, and in the middle of the eastern side, there is an entrance with a pointed arch, 1.7 m wide and 0.25 m deep. Height is 2.05 m. In the middle there is a Mihrab with a similar arch. (Figure 2j). In addition, the dome No. 15 of the Fatimid tombs had some damage, such as gypsum falling off the walls and the hand script on the walls from the outside. (Figure 2d). The same problems of falling out, intended destruction, loss of gypsum decorations, and coloring of gypsum with modern paint inside the dome were observed (Figure 2e).




3. Materials and Methods


In this study, a holistic integration of space-borne (including multispectral and topography) and hydrogeology datasets through a GIS environment was conducted as a vigorous method to evaluate the causes of groundwater rise and their consequences on the Fatimid archaeological tombs (Aswan). Furthermore, various physicochemical, mineralogical, and morphological evaluations were established for the structures and the surfaces of historical monuments to anticipate the temporal degradation behavior and develop preventive conservation. Table 1 illustrates the various datasets sources used in this study.



3.1. Geospatial Analysis of Environmental Controlling Indices


Geospatial mapping methods were used to highlight the spatial distribution and contribution of environmental determinants (geomorphological, lithological, and hydrogeological), along with anthropical activities. First, the Aswan GIS database was established for different digital images generated from available and ancillary datasets. All digital images were co-registered to a unified projection (Universal Transverse Mercator (UTM) coordinate system, datum WGS 1984, and zone 39N utilizing the ArcGIS Pro 2.9 package developed by ESRI [55].



Four LULC maps were produced using multispectral satellite scenes for the years 1986, 2010, 2014, and 2021 to identify the patterns of urbanization and their possible impact on the study area. The scenes (path 174, row 43) were obtained from two Landsat 5 and 8 sensors spanning three decades from 1986 to 2021, with a minimum cloud cover and similar season (Table 1). All data were freely downloaded from the U. S. Geological Survey (USGS) database. The five-step procedure [56] implemented in this paper comprises (1) the image pre-processing method, (2) different image enhancement methods, (3) image classification (1986–2021) utilizing maximum likelihood supervised classification, and (4) accuracy assessment using grounds truthing data and Google Earth Pro imagery.



The Shuttle Radar Topography Mission (SRTM) DEM data were employed to obtain the elevation, slope, and stream network layers, as well as to estimate the stream density map using the spatial analysis tool in Arc Hydro tools. The SRTM-DEM dataset (acquired on 27 June 2000) was downloaded from the USGS, with a spatial resolution of 30 m. The spatial distribution of stream networks was obtained using hydrology tools in ArcGIS map as follows: (1) the sinkholes (i.e., depressions) were filled to raise the elevation levels to their neighboring areas, (2) a flow direction map was created from the DEM “filled” image applying the eight-direction algorithm (D-8) according to [57], (3) a threshold value of 100 was defined to approximate flow accumulations, and (4) the “stream order” for each channel was computed using stream distributions and flow direction products.



Also, of interest is hydrogeological investigation, the emphasis is on evaluating the geo-environmental risks related to the fluctuation of soil water levels and salinity contents. Surplus salinity contents over the permissible limits provide a precarious environment for the life of the rocky and muddy archaeological structures exposed to shallow groundwater levels [58,59]. Therefore, the groundwater measurements were collected from a published source (see Table 1). Accordingly, the hydrogeological cartographic distributions for current depth to water, sulfate (SO4−2), chloride (Cl−1), total dissolved salts (TDS), nitrate (NO3), bicarbonate (HCO3), and potential Hydrogen (pH) were created using IDW methods.




3.2. Physicochemical and Mineralogical Investigation


For complete documentation of the case study, weathering compounds, soil, subsoil water, and plaster samples were extracted from the Fatimid cemetery area (Figure 4a–d). All collected samples were labelled and stored in tightly closed plastic bags before testing.



3.2.1. Physicochemical Analysis of Soil


Ten soil samples were collected from the Fatimid cemetery in a zigzag pattern to ensure uniform distribution and to cover a wide range of weathering forms presented in domes. The samples were collected from small borrow trenches (approximately 50 cm depth). By using a sampling spoon, the same amount of soil was extracted from each sampling point. The soil samples were crushed using a pestle and mortar to accelerate the drying process in the oven at a temperature of 100 °C for 24 h. According to ASTM D 422-63, a dry sieve assessment was employed for the soil grain size retained on sieve No. 200. Moreover, hydrometer analysis was carried out on the soil particles passing from sieve No. 200.



The Electrical Conductivity (EC) values of the samples were measured using a systematic process that involved combining the dried samples with distilled water in a ratio of 1:1 (solid: water), shaking this solution periodically for one hour, and finally measuring the EC of the suspension using HI 9033 conductivity meter. The pH test was performed in the same manner, using a GLP21 pH meter.




3.2.2. Soil Water Measurements


The soil water samples were manually collected over the study area site between January and February 2021, at peak hours, three times per week. The subsoil water samples were directly transported to the laboratory and stored at a temperature of 2 °C. All stored samples were mixed before testing, and the remaining quantities of subsoil water were stored at 2 °C.




3.2.3. Heavy Metals Analysis Using Inductively Coupled Plasma Mass Spectrometry (ICP-MS)


Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was utilized to determine the levels of zinc (Zn), cadmium (Cd), manganese (Mn), iron (Fe), copper (Cu), nickel (Ni), and lead (Pb) in soil and subsoil water. Heavy metal levels were measured using an ICP-MS (Nexion 300D, PerkinElmer, Shelton, CT, USA) after treatment and acid digestion. Argon (Ar) at 0.6 L/min was used to provide make-up gas when the laser ablation chamber and ICP torch were used simultaneously. High spatial resolution was accomplished since the ablation spot size was determined to be 5 m, with 136 m between each line.



Efflorescence is normally the result of the evaporation of saline water existing in the porous structure of the stone. Efflorescence is often founded on soluble salts such as sodium chloride (halite: NaCl) or sulphate (thernadite: Na2SO4), magnesium sulphate (epsomite: MgSO4. 7H2O), but they may also be made of less-soluble minerals such as calcite (CaCO3), barium sulphate (BaSO4), and amorphous silica (SiO2. nH2O) [60].




3.2.4. Mineralogical Study Using X-ray Diffraction (XRD)


Three samples were collected from the most deteriorated parts of the new plaster located outside the Fatimid domes, the old plaster from inside the domes, and the soil. All samples were wisely collected from severely damaged and fallen parts.



The mineralogical composition of the soil, new plaster, old plaster, and cemetery wall samples was determined using XRD analysis. The XRD test specimens were air-dried before being pulverized with a mortar and pestle. The XRD analysis was performed using an XRD equipment model X’ Pert PRO with a monochromator and Cu-radiation (λ = 1.542 Å) at 45 kV, 35 mA, and a scanning speed of 0.03 °/s. The reflection peaks were acquired between 2θ = 2° and 60°, as well as the corresponding spacing (d, Å) and relative intensities (I/Io). After that, the diffraction charts and relative intensities were obtained and compared to data from the International Centre for Diffraction Data (ICDD).




3.2.5. Morphological Study Using a Scanning Electron Microscope (SEM)


The morphology of the soil, new plaster, old plaster, and cemetery wall samples were assessed using a Scanning Electron Microscope (SEM)—JEOL model JSM 636O LA with a high-resolution range from 100 to 0.5 nm at 20 kV. The samples were prepared in an identical manner employed in the XRD test and were coated by a thin layer of gold 5 to 50 nm.




3.2.6. Scanning Electron Microscope Attached with Energy Dispersive X-ray (SEM—EDX)


The SEM (JEOL JSM 6400) coupled with an energy-dispersive X-ray spectrometer (EDS) with an accelerating voltage of 20 kV, coating the samples with a highly conductive thin film of gold, was used to reveal details of the digenetic processes. The SEM/EDX combination is used extensively for all types of material analysis and for documenting and interpreting degradation processes or controlling conservation [61,62].




3.2.7. Computed Tomography (CT) Scan Analysis


A Computed Tomography (CT) system employs a motorized X-ray source that revolves around a circular opening. All X-ray imaging is based on the absorption of X-rays as they pass through the different parts of the sample. The information is picked up by the detectors and transmitted to a computer to reconstruct all the angles which are collected during a complete rotation. A micro-CT (Quantum FX, PerkinElmer, and Waltham, MA, USA) was used to scan the samples. The scans were performed under tube voltage 90 kV, a tube current of 160 µA, a field of view of 20 mm, and scan time of 4.5 min. The analysis was carried out at Karolinska Institute, Stockholm, Sweden






4. Results and Discussion


4.1. Evaluating the Contribution of Environmental Factors to the Subsoil Water-Related Risks


Natural and anthropogenic factors may have an impact on the occurrence of environmental hazards, either positively or negatively. This cannot only be achieved from the documentation and studying of the building material characteristics, but it is also crucial to avoid delinquency from studying the locations separately, because surrounding environmental determinants can be important for defining the most influencing factors.



The elevation of the investigated area decreases steadily from 177 m (a.s.l.) in the middle areas to 86 m (a.s.l.) toward the northern and eastern parts (Figure 5a). This variation facilitates the shallow soil water movement toward the low-laying (<2%) Fatimid tombs region (Figure 5b). The flat surfaces proved to be more susceptible to waterlogging and ponding areas over the years [63]. Three natural stream networks mainly originated from the middle–high terrain, with E-W, NE-SW, and SW-NE directions toward their outlets in the northern, eastern, and southwestern regions, respectively (Figure 5c). The stream density ranges from 0 to 14.36 km/km2 (Figure 5d).



The LULC classified maps showed dynamic change among the majority of land cover classes (Figure 6a–d), which may reflect the possible impact of anthropogenic activities during the last three decades. The created LULC maps were deemed to be accurate with overall accuracies of more than 95%. The findings revealed a substantial increase in urban and waterlogging by 4.82 and 0.31 km2, respectively, from 1986 to 2010, whereas the net area of bare land, vegetation, and wetlands decreased by 3.52, 0.77, and 0.85 km2, respectively (Table 2). Between 1986 and 2010 (Figure 6a,b), urban development has mostly been focused in the western areas of Egypt along the Nile River and Fatimid tombs. Furthermore, the urban area rose by 1.75 and 0.69 km2 in the subsequent periods of 2010–2014 and 2014–2021, respectively (Figure 6c,d and Table 2).



Undoubtedly, the urban developments were established over the stream networks in the western parts, which in turn supports the soil water flows along the floors of the streams [64], resulting in perched soil water at the end of main channels in the low flatness Fatimid area (Figure 7a). The stream density is high in the Kima and Fatimid areas, which is inversely proportional to the infiltration rate of soil water. Moreover, swamps and waterlogging were observed in these areas, which affect the foundation of many infrastructures. As a result, the wetlands areas regained a total of 0.48 km2 and 0.15 km2 in the periods of 2010–2014 and 2014–2021, respectively (Table 2). This corresponds to the increase in the wetlands class, particularly in the Fatimid area, during the period 2014–2021.



It is worth noting that the wetlands area corresponds to scanty plants and bare wet soils (see Figure 2a–c and Figure 6), which frequently correlated with shallow water levels in the Fatimid area (Figure 4d). Regarding the shallow groundwater nuisance, the depth to soil water (averaging 5 m) levels showed a northward and southwestern decrease, where the soil water approaches the ground surface (<1 m) in the Kima factory, Atlas district, and Fatimid graves area (Figure 7a). The main explanations for the groundwater rising in the eastern and southwestern parts have been blamed on the infiltration from High Dam Lake and the decline in abstraction rates from Kima Lake. However, these remarks can be ruled out as the reason for environmental challenges in the Fatimid tombs, where the nitrate concentration is more than 50 ppm (Figure 7g), reflecting the effluent of wastewater to groundwater.



Furthermore, the soil water salinity (SO4−2, Cl−1, TDS, and pH) contents clarified an increase toward the western parts with a local high at the Fatimid graves and the area north of Kima (Figure 7b–e). The aggressive TDS, SO4−2, and nitrate values were based on >1000, 600, and 30 ppm [65], the thresholds at which the degree of risk to the archaeological sites would increase dramatically. Therefore, the buried archaeological structures situated below the moderately saline soil water level in the Fatimid graves areas would face aggravated deterioration compared to the freshwater. This saline soil water can easily seep into the plasters, causing cracks in the structures, along with expansion for gypsum paste (Figure 2d–h) and severe deterioration of wall painting (Figure 2i,j). There is no good sewage system, but it is random. Given this, it is not at all surprising that water leaked from the domestic and wastewater pipelines into the soil water levels. This leads to the deterioration of the environment surrounding the antiquities, and the site suffers not only from salt and water weathering but also from human activities [66].



Undoubtedly, the expansion of wetlands (weeds and dense plants) is a serious environmental issue in the Fatimid area, hiding the features of the archaeological domes (Figure 2a). Moreover, these plants were more prone to threats of catching fire (Figure 2c), posing a reoccurring threat to the dome foundations. Many studies have examined the damaging effect of hoes and plants on archaeological sites, as well as the most effective way to remove them [67,68]. According to Jackson et al. [69], a huge stem requires three times more water than typical plants. Consequently, the recurring maintenance of sewage and fresh networks is required to reduce the amount of water to the site, and thus reduce plant growth. Until now religious rites have been held (Figure 2l) in this archaeological site with the use of a lot of water, and due to the lack of awareness of the importance of the place, this has resulted in the destruction of the domes’ decorative gypsum elements. Needless to say, all of these serious scenarios will have a significant impact on the site’s condition, which worried us as it may bring huge challenges to the cultural heritage conservation.




4.2. Manifestations and Effects of Deterioration Factors on Fatimid Archaeological Domes


As previously mentioned, the graves are located within the polluted urban area, showing varying degrees of deterioration. Many common moisture problems can be traced back to the use of poorly durable materials in construction or neglect of maintenance. The line of development of these tombs is quite uncertain. The domes were plastered from outside and inside by covering one other mortar’s layers of different thicknesses and compositions. In the stucco techniques, artists used mortars instead of marble, as these materials were cheaper than marble, and lime plasters can be easily shaped into any shape [70]. This research is focused on selecting some models for domes with mortar and gypsum remains that showed repeated damages; field investigations show a wide range of weathering forms in most domes, especially on decorative gypsum, plasters, and Muqarnas (Figure 2 and Figure 4).



With a few exceptions, tombs are constructed of raw bricks. They are completely white and mostly small in size. A number of these structures have been destroyed. The tombs also vary in decoration; two types of decorations are very common. A horizontal inscription on the surface represents a niche with a pointed arch. The second relates to the outer walls and comprises vertical cavities of different widths that cut the outer face. The style is commonly found in the southern group which contains relatively large mausoleums, which may have been built later than most tombs. The line of development of these tombs is quite uncertain [71]. The domes from outside and inside were plastered by multiple covers of mortar layers of different thicknesses and compositions. Gypsum in mortars frequently contains minor percentages of sand and limestone powder, supporting the concept that gypsum was used as processed: 70–90% gypsum, 8–17% crumpled limestone, and 2–8% sand [72].



Moisture is commonly caused by shallow subsoil water levels that can damage building materials and components. Regarding the inundation and capillary rising of groundwater given by Jones [73], regions underlay by shallow groundwater levels between 0–2 and 2–2.5 m were, respectively, assigned high and very high vulnerability ratings (Figure 7a). The soil water is directly below the floor of the domes in the Fatimid area during dry seasons and rises several inches above the ground during the high-water level (Figure 2b and Figure 8g). Many of them are surmounted by copulas [74]. As a result, the analysis of the subsoil water received special attention. The subsoil water is considered an aggressive deterioration factor, due to the existence of high TDS and Cl−1 contents (Figure 7). However, such problems can be avoided by following recent techniques that are based on a solid understanding of how urban salinity behaves in the archaeological buildings [75]. For example, the structural failure of plaster wall decoration results from chemical reactions with building materials and weathering components (Figure 2i,j and Figure 8). Moreover, the outer walls have suffered severely (Figure 2d,g and Figure 8), and even some domes and Muqarnas have become permanently missing (Figure 2e,h and Figure 8c,d). It turns out that the walls were falling apart not only from exposure to weather, age, neglect, and poor handling, but also from poor material of the foundations. The near-surface soils are dominated by silt and sand contents with an average of 13% and 87%, respectively, which support the soil water-retaining capacity in the Fatimid area (Table 2). In most domes, therefore, a layer of mud-bricks and gypsum was observed on the lower edge of the dome wall that was dissolved by water. Moreover, the swelling of the soil is widespread, which in turn weakens the building.
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Table 2. The area and amount of change in LULC classes (km2) observed in the area under study between 1986–2021. The negative sign (−) indicates a decrease in the land cover class.
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	Classes
	1986
	2010
	2014
	2021
	Difference

1986–2010
	Difference

2010–2014
	Difference

2014–2021





	Bare land
	13.41
	9.89
	7.57
	6.64
	−3.52
	−2.31
	−0.93



	Urban
	4.16
	8.99
	10.73
	11.42
	4.82
	1.75
	0.69



	Vegetation
	0.96
	0.20
	0.34
	0.34
	−0.77
	0.15
	0.00



	Wetlands
	1.95
	1.10
	1.58
	1.74
	−0.85
	0.48
	0.15



	Waterlogging
	0.00
	0.32
	0.25
	0.34
	0.31
	−0.06
	0.09








A high EC value of subsoil water (Table 3) is obtained, which coincides with the high concentrations of nitrates, chloride, sulfate, and TDS (Figure 7). This enforces the damage to bricks by the migration of soluble salt that is dissolved by water wicks through the brick by capillaries. As the water evaporates in the dome’s interior, the salt left behind crystalizes and splits the surface layer off the brick, exposing its interior. This process is called sub-fluorescence.



An important component of domes is that gypsum (CaSO4·2H2O) plaster contains about 20.9% of the mass of chemically compounded water, which is simply lost at high temperatures. This phenomenon is recognized as dehydration, and the dehydration reaction is thermal, in other words, energy is required to break the crystal water [76]. Conversion of the gypsum content to anhydrite is one aspect of the common degradation of stucco and gypsum used in decorative elements, which undoubtedly experience a physical-chemical change due to high temperatures from exposure to fire, causing the plaster to crack and fall from the dome and become pieces. A similar event occurred in the Al-Aqsa Dome [77].



The gypsum layer shows a clear sensitivity to dryness, and we find that at temperatures that are higher than 30 degrees Celsius, and in the presence of a relative humidity of up to 40%, gypsum loses water and turns into anhydrite, and in this case, gypsum becomes a relatively weak mortar on surfaces. Through this study with a scanning electron microscope equipped with an EDX unit, we find that the gypsum mortar used is in a state of deterioration and disintegration, in addition to the presence of a large proportion of navigator crystals, especially in the lower parts of the walls bearing the dome close to the ground. The gypsum and weak building materials in the domes suffer from the effects of the various and harmful environmental conditions surrounding the archaeological area of the domes, especially the impact of the diversity in temperature, which shows its clear effect in the separation, cracks, and general weakness of all the materials that make up the dome layers (Figure 8). Additionally, the components of the soil that have been identified, and the continued presence of groundwater in that soil on which the domes are built, lead to the swelling of its components and then their shrinkage; all these factors combined work to damage the walls and decorations of the archaeological domes. The results of the XRD analysis support the mineral composition of the new and old plaster fragments that were revealed from the thin section investigation, as listed in (Table 4, Table 5 and Table 6).



The results of the XRD analysis of the mineral composition of the new and old plaster fragments taken from the dome under this study are included in (Table 4, Table 5 and Table 6). The XRD pattern of the old plaster is presented in (Figure 9 and Table 4). The major peaks are albite, calcian ((Na, Ca) Al (Si, Al)3 O8) at 2-theta = 28.05°, 29.18°, and 35.79°, quartz (SiO2) at 2-theta = 21.07°, 26.93° and 50.53°, braunite (Ca Mn14 + 3 Si O24) at 2-theta = 21.07°, 26.93°, and 32.83°, and zircon, metamict (Zr SiO4) at 2-theta = 19.95°, 26.93°, 35.79°.



The result of the XRD analysis of the new plaster fragments revealed that calcite is a major mineral, but quartz and gypsum are trace minerals in the old gypsum sample (Figure 10 and Table 5), whereas the major peaks are albite (Na (Si3 Al) O8) at 2-theta = 26.73°, 27.59°, 28.19°, 29.65°, 39.67°, 48.79° and 50.53°, quartz (SiO2) at 2-theta = 26.73° and 50.53°, calcite, magnesium ((Mg0.06 Ca0.94) (CO3)) at 2-theta = 23.91, 29.69°, 36.41°, 39.67°, 43.49°, 47.15°, and 48.79°, haigerachite ((Fe0.84 Al0.16)3 KH14 (PO4)8 ·4 H2O) at 2-theta = 10.09°, 27.59° and 50.53°, and hematite (Fe2O3) at 2-theta = 33.37°.



The result of the XRD analysis of one deteriorated sample of soil revealed that calcite is a major mineral (Figure 11 and Table 6), but gypsums, manganese, and hematite are trace minerals. The major peaks for soil are albite, calcian ((Na, Ca) Al (Si, Al)3 O8) at 2-theta = 28.01°, 40.75° and 42.41°, quartz (SiO2) at 2-theta = 21.07° and 50.41°, calcite, magnesium ((Mg0.06 Ca0.94) (CO3)) at 2-theta = 29.69° and 40.75°, and dolomite (Ca, Mg (CO3)2) at 2-theta = 30.03°.



In addition to the nature of the impact materials, their internal composition, particularly the proportion of gypsum and sand additives in the mortar, is another crucial factor that controls the level of cracking, loss, and damage [78]. Weathered gypsum samples and soil were investigated by SEM pictures, which presented that the physical structure of the sample had seriously collapsed due to the serious effect of crystalline salts, the impact of groundwater rising, and associated salinity issues (Figure 12a–c). Figure 12a–c shows the disintegration due to salt weathering of the internal structures of the plaster and soil samples. Furthermore, the morphology and microstructure of the mineral constituents in the three stucco samples were recorded before and after the application of potassium sulphate. The deterioration was detected on gypsum samples taken from Muqarnas inside the dome.



Several studies on the historical gypsum of some ancient Egyptian tombs in Aswan, Luxor, and Siwa Oasis indicate that gypsum turns into anhydrite, and the approximate percentage of its results ranged between 24% and 97%. [79,80,81]. The disappearance of the gypsum phase and the appearance of the anhydrite and basanite phases were also observed by analyzing the gypsum samples by X-ray diffraction after exposure to fire [82]. The results of our study using X-ray diffraction and scanning electron microscopy of the samples showed the gypsum of the Muqarnas and the plaster layers on the walls of the Fatimid tombs. It is clear that the crystals of the gypsum samples have broken and turned into anhydrite, and the gypsum crystals from the Muqarnas collapsed. The gypsum crystal structure was broken down to reveal anhydrite and quartz, and the samples appeared in the form of a needle and the accumulation of crystallized salts. The percentage of anhydrite was about 22% in some samples, and in most of the samples, it turned out that gypsum became trace minerals in the samples under study. This is due to the damaging factors that these domes are exposed to.



Groundwater is loaded with dissolved salt ions that cause damage to archaeological building materials as the water rises to the top, carrying with it salts of Cl, NO3, SO4, Mg, Ca, K, and Na, and those ions contained in the water are harmful to the building. When analyzing samples of water from the bottom of the cemetery, the sample showed that the pH was 7 at a temperature of 25 °C, and we found the presence of phosphorous, iron, and magnesium elements in high concentrations, which cause many damages and necessitates the need for immediate protective action.



The analysis results of the water sample taken from the bottom of the cemetery showed the presence of the following elements and their concentration as follows: phosphorus (P) 5.386, iron (Fe) 0.123, manganese (Mn) 0.181, copper (Cu) 0.075, zinc (Zn) 0.056, cadmium (Cd) 0.001, lead (Pb) 0.078, nickel (Ni) 0.026. (see Figure 13, Figure 14 and Figure 15 and Table 7).



In addition to the decomposition observed in gypsum crystals and the loss of binding materials, we detected an increase in pore size, cracks, and destruction in the internal structure as a result of the internal stresses between the mineral crystals, due to the re-crystallization of salt within the pores. The results revealed that calcium (Ca), silicon (Si), carbon (C), and oxygen (O) make up the majority of their composition. (see Figure 13 and Figure 14 and Table 8).



The outcomes of CT scanning support the case for this technology in the identification (Figure 15), documentation, and conservation of our built heritage. The following findings from our investigation are particularly noteworthy: the plaster and wall samples had some porosity content, corresponding to a loss of a part of composite minerals. The domes need to be quickly conserved and consolidated because they are in bad condition. According to the results obtained from CT images, the majority of CT images show the detachment of the paint layer from the ground layer due to temperature and relative humidity variations, mechanical stresses, and the different physio-chemical properties of the sample due to the difference in sample minerals. Figure 15 shows the CT scan method assisted in the investigation surface image detail. Such cases appear in a large group of buildings in the Arabian Peninsula, such as the buildings of the residential area in Miqat Al-Juhfa in Saudi Arabia [6,83].



Typically, extreme humidity levels in the environment have a significant role in the deterioration and loss of plaster [84]. The Aswan region has a dry and low-humidity climate, which contributed to the steadfastness and longevity of such domes. Over time, all these activities may cause slow and significant changes, including the pattern of stresses in the structural elements due to the effects of moisture, salt weathering, plaster cracking, salt stains, the loss of mortar, the absence of decorative gypsum elements, the fall of the ceiling, and subsequently, the complete collapse of the building (Figure 8).



Through the previous study, it became obvious that prior to any restoration attempts, it is crucial to analyze the different components and evaluate the condition of their deterioration and damage. Most of the domes need preservation and restoration, whereas the southern cemetery on the whole is a site of neglect. It is obvious that the restoration of more than fifty domes and several hundred tombs will be exceptionally difficult, require significant effort, and cost a substantial amount of money. According to our study, the majority of the domes exhibit similar indications of deterioration, including vertical cracks and structural weakness. Nanomaterials can be added to the damaged region to strengthen and fix the gypsum remains, and comprehensive restoration work can be carried out on the entire archaeological site. The damaging influences do not only distort the plaster but also might cause the permanent loss of the domes with carelessness in treatment and restoration [85]. Some of the domes were covered with one layer of clay and the others with plaster. On dome No. 114, which is similar to No. 113, almost identical restoration work was carried out. (Figure 8e,f) These works were carried out in cooperation with foreign missions in previous years. The treated domes received a new layer of clay, and one of the lime plasters was an external plaster on the domes in some parts still in place.



To that end, this study provides the decision-makers with current and up-to-date information on the deterioration of archaeological sites in Aswan caused by natural and human forces in a remote sensing and GIS framework. Our recommendations are not limited to officials in Egypt; officials in Saudi Arabia are also included, especially when dealing with cases of similar sites. CT scanning as NDT, the result obtained from CT images, and different analyses by XRD and EDX results showed the major composition of the dome.





5. Conclusions


Aswan city definitely symbolizes a magnificent site of tourism in the land of the Nile Valley due to well-preserved ancient structures, including temples and archaeological sites. The Fatimid cemetery is among these ruins. Despite the availability of funded research, archaeologists and structural engineers still view the conservation and strengthening of historic buildings as their greatest challenges, particularly for earthen mud-brick dome structures.



The archaeological domes are susceptible to falling due to the attack of weathering processes and several deterioration factors. Deterioration mechanisms are complicated because they are influenced by a variety of factors (physical, chemical, and biological). These factors, while continuing, cause the absolute loss of the gypsum decoration. To assess the deterioration affecting the gypsum in domes and determine their rates, various samples were collected from deteriorated gypsum, Muqarnas, and plaster on dome walls, as well as soil and soil water, to investigate the use of various techniques.



The research goals have been achieved through the following steps: (A) evaluation of the building materials, including the integrated morphological, mineralogical and physicochemical testing; (B) estimations of relevant factors affecting these building materials; (C) integrated vulnerability assessments of the Fatimid cemetery geo-environmental conditions; (D) determination of weathering forms and changes in domes, especially on decorative plaster, gypsum plaster layer, and stucco. The multitemporal changes in LULC displayed that the haphazard developments in Aswan city—ignoring the environmental characteristics in urban expansion—increased the wetlands associated with scanty plants that altered the natural conditions of the Fatimid tombs. The results obtained with the screening techniques (SEM-EDX and XRD) concluded that the plaster in the dome consists of layers on the mud-bricks. The results of the study also indicate the influence of damage factors on the domes, and they appear clearly in the fall and collapse of many parts of the domes. One of the most dangerous decomposition factors is wet soil. This effect appeared in several forms of weakness, cracks shrinkage, wrinkling and falling decorations from the layer clearly observed. Through this study, we find that the gypsum plaster is completely lost and damaged, and this justifies the fact that the XRD data never detected gypsum, or only in the trace.



Subsoil water and soluble salts are common deterioration factors in the case study. The subsoil water level is very high and can be observed inside the soil and on floors and walls, while some samples contain sodium chloride, which has an adverse effect on gypsum. The present study indicates the dependence of the mechanical properties on the physicochemical and mineralogical properties of the studied construction materials. Modeling the properties indicates a correlation between the different parameters. Consequently, a well-focused strengthening and retrofitting program is necessary.
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Figure 1. The location of the area under study. (a) Satellite image of Egypt showing the location of Aswan governorate and study area (red polygon) in the south of Egypt, and (b) Aswan city (Landsat 8 (RGB 753)) with the main cities and infrastructures, as well the location of Fatimid tombs shown by a red polygon. 
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Figure 2. Field observation showing some photos of the degradation in the Fatimid site caused by soil water conditions and haphazard human activities during fieldwork: (a) soil sampling from the ground and affected structure; (b) collecting samples from the perched soil water; (c) cracks on the structure and falling off some parts of the gypsum plasters at the entrance of the dome; (d–f) the layers of mortar and Muqarnas have permanently fallen off from the inside and outside walls of the tomb, with the loss of the decorative strip above the entrance; (g) a large number of scanty plants with shallow soil water levels near the graves; (h,i) the outbreak of fire accidents in the sparse vegetation areas more than once, which is always a threat to the graves; and (j–l) the illegal burial and religious rites in the Fatimid archaeological area. 
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Figure 3. Geological map of Aswan city (modified after [51]). 
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Figure 4. Location map of the Fatimid cemetery area showing the places of some collected samples (denoted on the image with a blue label), describing: (a,b) soil and old plaster samples from the ground and affected structure, (c) collecting samples from the old and new plasters, and (d) sampling from the perched soil water. 
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Figure 5. The geomorphological maps, with the location of the Fatimid tombs area (purple red polygon) in the northern part: (a) elevation, (b) slope angle, (c) main stream channels with order value, and (d) stream density of the study area. 
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Figure 6. Land use/land cover (LULC) changes in Aswan city during the period 1986–2021: (a) LULC map1986, (b) LULC map 2010, (c) LULC map 2014, and (d) LULC map 2021. 






Figure 6. Land use/land cover (LULC) changes in Aswan city during the period 1986–2021: (a) LULC map1986, (b) LULC map 2010, (c) LULC map 2014, and (d) LULC map 2021.



[image: Buildings 12 02175 g006]







[image: Buildings 12 02175 g007 550] 





Figure 7. Groundwater distribution maps showing: (a) depth to water level below ground surface in meters, (b) chloride content, (c) sulfate content, (d) total dissolved salts (TDS) content, and (e) hydrogen ions concentrations (pH), (f) bicarbonate (HCO3) concentration, and (g) nitrate (NO3) concentration. 
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Figure 8. Showing some photos of the shape and deterioration in the Fatimid dome: (a) shows the presence of eight opposite sides of the dome from the outside, and shows what is known as the horns; (b) we find that the domes are distinguished by the presence of eight opposite sides of the dome from the outside, and it was constructed in several different shapes, including the inverted pyramidal triangle, the flat triangular slab, and the spherical triangle; (c) the domes are either on circular or square projections, and in the case of the square projection, it is necessary to convert it into a circle, erecting spherical triangles in the corners, or bends are made in the corners in the transition area with Muqarnas; also, cracks can be seen on the structure and some parts are falling off; (d) the layers of mortar and Muqarnas have fallen off from the inside and outside walls, with the loss of the decorative strip above the entrance; (e) shows one of the domes that was completely restored according to a project several years ago, demonstrating its architectural design and that it was a dome on a square site; (f) explains that only some parts of some of the domes in the cemetery were restored several years ago, and a full layer of mortar was laid; (g) shows the continuity of ground water and plants that are densely located behind the domes; (h) the leakage of waste water appears from houses located behind these domes as a result of the urban population encroachment and the buildings adjacent to the archaeological cemeteries area. 
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Figure 9. XRD analysis pattern of the old plaster for one of the deteriorated Fatimid tombs. 
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Figure 10. XRD analysis pattern of the new plaster in Fatimid tombs. 
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Figure 11. XRD results for the soil in Fatimid graves. 
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Figure 12. Showing a scanning electron microscope (SEM) image: (a) 1, 2, and 3 images for a sample from a modern gypsum layer as a new plaster that shows the crystallization of salts between and on the components of the plaster, (b) 1, 2, and 3 images for a sample from old plaster: It is clearly observed the physical damage from the loss of the connecting substance between the plaster grains and the crystallization of salts between the mineral components, in addition to the presence of weakness and collapse in the crystals. (c) 1, 2, 3 images for a sample from soil in the Fatimid graves reveals the swelling and shrinkage of soil components, and also the separation and deterioration of compounds; all these combined factors damage the walls and decoration of monumental domes. 
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Figure 13. EDX spectra results of the elongated crystals show the appearance of (K), (S), and (O) elements that may indicate the existence of potassium sulphate salt from gypsum Muqarnas. 
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Figure 14. Scanning electron micrograph results for the plasters on Muqarnas in Fatimid graves showing: (a) the efflorescence spots of the elongated crystals which were detected on the gypsum plasters, (b) the level of damage of gypsum crystals from the Muqarnas, and (c) the destruction and fragmentation of the gypsum crystal structure. 
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Figure 15. Three-dimensional CT images showing the plaster morphological features from different angles and CT sections showing the smooth surface and the major component of gypsum for the plaster. 
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Table 1. List of datasets used in this work.
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Data Type

	
Data Products

	
Acquisition Date

	
Data Specification

	
Data Source






	
Ancillary Data

	
Land cover (LCs) types

	
2014

	
LCs information for the LULC classification and assessment

	
Field survey

and Google Earth pro




	
Soil sampling

	
2017–2018

	
Soil and subsoil water samples for validation

	
Field survey




	
Remote sensingdata

	
Landsat TM

	
31 June 1986

18 February 2010

	
Bands (Visible (B1, B2, B3), NIR (B4), SWIR1 (B5), SWIR2 (B6))

Spatial Resolution (30 m)

	
https://glovis.usgs.gov/app?fullscreen=1 (accessed on 17 April 2022)




	
Landsat OLI

	
29 February 2014

15 January 2021

	
Bands (Visible (B2, B3, B4), NIR (B5), SWIR1 (B6), SWIR2 (B7))

Spatial Resolution (30 m)




	
SRTM-DEM

	
27 June 2000

	
One scene of medium-resolution DEM (30 m)

	
https://search.asf.alaska.edu/#/?dataset=ALOS (accessed on 25 April 2022)




	
Boreholes data

	
Groundwater

Monitoring

	
2014

	
Groundwater data provide information for groundwater depth from surface and water salinity measurements

	
[31]
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Table 3. Descriptive properties of selected soil samples in Fatimid tombs.
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	Parameter
	Value





	pH at 25 °C
	7.12



	Electrical conductivity at 25 °C (EC-dS/m)
	9.2



	Grain size (%)
	



	Gravel
	0



	Sand
	87



	Silt
	13



	Clay
	0
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Table 4. The XRD analysis table of the old plaster.
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	Ref. Code
	Mineral Name
	Chemical Formula





	01-082-0511
	Quartz
	Si O2



	00-041-1480
	Albite, calcian
	(Na, Ca) Al (Si, Al)3 O8



	00-012-0251
	Zircon, metamict
	Zr Si O4



	00-033-0291
	Braunite
	Ca Mn14 + 3 SiO24
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Table 5. The identification minerals: analysis table of the new plaster.






Table 5. The identification minerals: analysis table of the new plaster.





	Ref. Code
	Mineral Name
	Chemical Formula





	01-089-1305
	Calcite, magnesium
	(Mg0.06 Ca0.94) (CO3)



	00-002-0459
	Quartz
	Si O2



	00-010-0393
	Albite
	Na (Si3 Al) O8



	00-038-1445
	Haigerachite
	(Fe0.84 Al0.16)3 KH14 (PO4)8 4 H2O



	00-002-0919
	Hematite
	Fe2O3
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Table 6. The identification minerals: analysis table of the soil.
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	Ref. Code
	Mineral Name
	Chemical Formula





	00-041-1480
	Albite, calcine
	(Na, Ca) Al (Si, Al)3 O8



	00-003-0444
	Quartz
	Si O2



	01-089-1305
	Calcite, magnesium
	(Mg0.06 Ca0.94) (CO3)



	00-005-0622
	Dolomite
	Ca Mg (CO3)2
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Table 7. The Physio-chemical characteristics of subsoil water sample in Fatimid tombs.
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(pH)

at 25 °C

	
Electrical Conductivity (EC)

dS/m/25 °C

	
Phosphorus

(P)

	
Iron

(Fe)

	
Manganese

(Mn)

	
Copper

(Cu)

	
Zinc

(Zn)

	
Cadmium

(Cd)

	
Lead

(Pb)

	
Nickel

(Ni)

	
TDS

	
Cl−1




	

	

	
mg/L






	
7.00

	
53.3

	
5.486

	
0.123

	
0.181

	
0.075

	
0.054

	
0.001

	
0.076

	
0.022

	
4800

	
1305
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Table 8. The identification minerals: analysis table of gypsum Muqarnas.
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	Element
	Weight%
	Atomic%
	Net Int.
	Error%





	O K
	61.25
	78.18
	79.59
	11.38



	S K
	16.27
	10.37
	134.24
	3.92



	CaK
	22.48
	11.45
	117.18
	3.91
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