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Abstract 

The use of stone materials in cultural heritage and architecture represents a practice that has its roots in ancient times.  

Stone Buildings, depending on the construction materials and their location in the urban context, are particularly 

vulnerable to weathering phenomena. These can be often accelerated by changes in environmental conditions linked 

mostly to the anthropic activities. 

In this way, the present work is addressed on the minero-petrographic and geochemical characterization of samples 

taken from the built historical heritage in Cairo (Egypt), related to seven monumental areas. These sites have been 

chosen based on their historical importance, type of material, state of preservation and position in the Cairo context.  

The construction materials used and their degradation products were studied comparing the results obtained by means 

of different analytical techniques such as polarized light Optical Microscopy (POM), Ion chromatography (IC), Fourier 

Transform Infrared Spectroscopy (FT-IR) along with the carbonaceous fraction, detected by using the 

Thermogravimetry (TG). 
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Introduction 

Conservation of built cultural heritage requires a good understanding of different decay phenomena of stones materials 

related to textural features and environmental conditions. Stone damage of monuments is an irreversible loss of cultural 

heritage, so that the scientific community enhanced the efforts towards their conservation all over the world (Fitzner et 

al. 2000). Natural processes, such as weathering and thermal stress, and anthropic processes, including pollution, 

vandalism and unsuitable restoration can determine an increasing of the degradation and alteration phenomena. In this 

scenario, carbonate sedimentary stones, mostly limestones, but also dolostones, constitute a highly representative group 

of materials in built heritage objects (Delgado Rodrigues and Ferreira Pinto 2019). The main degradation agents which 

easily may affect limestone can be summarized as: soluble salts and black crusts. Salt crystallization is one of the most 

common decay processes affecting stone building materials. It generates pressure variation, depending on the size and 

type of the rock pore. Their presence can be detected by a sugary white coating (efflorescence) on the surfaces and, 

once they crystallize, salt crystals within the rock (subefflorescence) can promote further decay (Monte 1991; Pires et 
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al. 2010). Black crusts represent one of the most common types of patina in areas protected against direct rainfall or 

water runoff in urban environments (Araoz 2008). The formation of black crusts occurs mainly on carbonate stones, 

whose interactions with an SO2-enriched atmosphere lead to the transformation of calcite (CaCO3) into gypsum 

(CaSO4*2H2O). For this reason, the conservation of the building stone heritage needs that a reliable analytical approach 

is applied, in order to define the relation between the intrinsic properties of the stones and the development of these 

processes. Ancient Egypt was regarded as the ‘‘state out of stone”, because stone was the most important raw material 

used during the different periods of Pharaonic Egypt as well as Greco- Roman and Arab times (Klemm and Klemm 

2001). In particular, archaeological buildings in Cairo are constituted by limestone and these materials suffer from 

different deterioration and alteration phenomena such as black crust formation, chemical alterations, salts 

crystallization, disintegration, pitting, cracks, erosion etc. (Davidson et al. 2000). 

The focus of this work is to perform a complete characterization of stone materials from different building heritage 

located in Historic Cairo. In particular, a diagnostic approach was applied in order to investigate the decay process 

involved in this case study and to define the effective state of conservation of the materials analyzed. For this purpose, 

specimens from different built heritage, were undergone a complete diagnostic protocol, precisely: petrographic 

analyses, ion chromatographic analyses, Infrared spectroscopic analyses and carbonaceous fraction analysis. The results 

achieved have allowed to characterize the stone decay and the main causes of the degradation processes. 

 

Materials and Methods 

Historic Cairo covers an area of ~30 km squared, is located in the city center and holds a large number of Islamic 

architecture (i.e. mosques, madrasas, hammams and fountains). It was founded in the 10th century by the Fatimid 

Caliphs (Anoniou 1999, Williams 2004) and became UNESCO Heritage in 1979.  

Tertiary porous limestones coming from the local quarries of Mokattam and Helwan areas, have been used for 

construction of monuments in Cairo since Pharaonic times until today (Fitzner et al. 2002; Aly et al. 2015, 2018). 

Additionally, several buildings were reconstructed many times partially or completely over the centuries. 

In this study, eighteen limestone samples, including their degradation products, were taken from the main facades and 

walls of seven monumental sites such as Salah El-Din Citadel, Tower of Bab Al Azab, Al Manial Palace, Northern 

Mamluk cemetery (Fig. 1).  

Table 1 reports the examined samples and a short description about e.g. typology, period of construction, position and 

height.  

Suitable stainless steel tools, such as lancets and small chisels, were employed on representative portion of material, in 

relation to the different macroscopic degradation forms observed, mainly efflorescence, soiling and black crusts.  
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Table 1 List and information about the samples collected in Historic Cairo, constituted by degradation layer (DL) and stone substrate 

(LS: limestone substrate; QS: quartzarenite substrate). The Coordinates in WGS84 system were acquired from Google Earth 

Site 1 - Salah El-Din Citadel (1176 – 1183 AD) 

Sample ID Location Description Position Height of sampling WGS84 Coordinates 

4 
North-Western outer 

wall 
DL + LS Vertical Surface 250 cm 

30.03043, 31.25791 

6 
North-Western outer 

wall 
DL + LS Vertical Surface 35 cm 

Site 2 - Tower of Bab Al Azab (1754 AD) 

Sample ID Location Description Position Height of sampling WGS84 Coordinates 

5 Western wall DL + LS Vertical Surface 25 cm 
30.03106, 31.25816 

7 Western wall DL + LS Vertical Surface 155 cm 

Site 3 - Al Manial Palace (1899 AD) 

Sample ID Location Description Position Height of sampling WGS84 Coordinates 

8 Northern wall DL + QS Vertical Surface 45 cm 

30.02744, 31.22897 9 Northern wall DL + LS Vertical Surface 20 cm 

10 Northern wall DL + LS Vertical Surface 30 cm 

Site 4 - Northern Mamluk cemetery (13th-15th centuries AD) 

Sample ID Location Description Position Height of sampling WGS84 Coordinates 

17 
Sultan Faraj ibn Barquq 

Mosque 
DL + LS 

Main Facade 

Vertical Surface 
20 cm 

30.04919, 31.27876 

18 
Sultan Faraj ibn Barquq 

Mosque 
DL + LS 

Main Facade 
Vertical Surface 

200 cm 

Site 5 - Qaitbay Mosque 

Sample ID Location Description Position Height of sampling WGS84 Coordinates 

A Qaitbay Mosque DL + LS 
Main Facade 

Vertical Surface 
90 cm 

30.04388, 31.27499 C Qaitbay Mosque DL + LS 
Main Facade 

Vertical Surface 
200 cm 

D Qaitbay Mosque DL + LS 
Main Facade 

Vertical Surface 
50 cm 

Site 6 - Al Silhdar Mosque 

Sample ID Location Description Position Height of sampling WGS84 Coordinates 

F Al Silhdar Mosque DL + LS 
Main Facade 

Vertical Surface 
100 cm 

30.05249, 31.26187 

G Al Silhdar Mosque DL + LS 
Main Facade 

Vertical Surface 
50 cm 

Site 7 - Qansuh Al-Ghuri Mausoleum 

Sample ID Location Description Position Height of sampling WGS84 Coordinates 

I 
Qansuh Al-Ghuri 

Mausoleum 
DL + LS 

Main Facade 
Vertical Surface 

90 cm 30.04565, 31.26088 

 

A complete characterization of stone materials and degradation products was obtained by the means of the following 

analytical techniques. 

Petrographic analysis was performed in order to define: the main textural features of the substrate; the composition of 

the superficial layers; the state of conservation of the substrate. For this purpose, polarized optical microscopy (POM), 

with a Zeiss Axiolab microscope (equipped with a digital camera to capture images), on polished thin sections and 

stratigraphic sections was carried out. 

Ion chromatography (IC) was used to quantify main anions and cations present on the superficial layers. Each sample 

was undergone the following protocol: 2 mg of powder was placed in a test tube and treated with 10 mL of MilliQ 

water. The solutions were sonicated for 1 h, then centrifuged for 30 min and analyzed by mean a HPLC (DIONEX DX 
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120). For each sample were determined cationic (Na+, K+, Ca2+, Mg2+ and NH4
+) and anionic (NO3−, SO4

2−, Cl−) 

species. 

Fourier Transform Infrared Spectroscopy (FT-IR) measurements were carried out to determine the mineralogical phases 

belong to the examined superficial layers. Analyses were performed through a Perkin Elmer Spectrum 100 

spectrophotometer equipped with an ATR (attenuated total reflectance) accessory. 

As regards the carbonaceous fraction, OC (organic carbon), EC (elemental carbon) and CC (carbonatic carbon) have 

been quantified. The TGA (Thermo-Gravimetric Analysis) instrument was used to quantify the carbon fraction. The 

analyzes were carried out with a Mettler Toledo TGA/DSC 3  instrument that allows simultaneous TG and DSC 

analyzes, in a range between 30-800°C, increasing the temperature with a speed of 20°C/minute in two different 

atmospheres, inert and oxidizing. Calculations were carried out for the determination of the carbonaceous fractions 

present in the crusts, through the study of standards following the procedure described in La Russa et al. (2017). The 

analyzed samples were previously pulverized through the use of an agate mortar, carefully dividing the black crust and 

the substrate through the use of a scalpel. 

 

 

Fig.  1 Road map of Historic Cairo (Source Google maps modified). The blue icons and the photographs associated indicate the 

location of the sampled monuments. Site 1: Outer walls of Salah El-Din Citadel; Site 2: Tower of Bab Al Azab; Site 3: Al Manial 

Palace. Northern Mamluk cemetery area: Site 4: Sultan Faraj ibn Barquq Mosque (Image Credits: Discover Islamic Art - MWNF); 

Site 5: Qaitbay Mosque (Image Credits: Discover Islamic Art - MWNF); Site 6: Al Silhdar Mosque (Image Credits: Archive ARCE- 

American Research Center in Egypt); Site 7: Qansuh Al-Ghuri Mausoleum (Image Credits: Archnet.org) 

 

Results and discussions 

Petrographic Analysis  

Petrographic observations on thin sections revealed some remarkable variations regard to the adherence, thickness and 

morphology of the superficial layers on the substrate of the specimens and then on their state of conservation. Samples, 

4, 6 were taken at different heights along the western external walls of the Salah El-Din Citadel (Site 1) and show 

different features both regard to the substrate and to the crust.  

On the basis of textural features, Sample 4 can be classified such as biomicrite (Folk 1959) or mudstone (Dunham 

1962) (Fig. 2a). The superficial layer, constituted by gypsum, shows an uniform thickness (about 50 μm) a good 

adherence, an irregular external morphology, brown color and carbonaceous particles (Fig. 2a). This latter ones show a 

sub-spherical shape and averagely 30 μm in size. Regarding the state of conservation, the analyzed sample seems to be 

poor degraded. 
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Sample 6 is an intrasparite (Folk 1959) or a packstone (Dunham 1962), where some quartz crystals and bioclasts are 

present. The superficial layer consists mainly of gypsum, is grayish in color, with a homogeneous thickness (about 100 

μm), irregular external morphology and contains sub-spherical carbonaceous particles. The degradation degree is 

suggested by microfractures along the contact between substrate and superficial layer, visible only in some portions. 

Samples 5 and 7 come from the tower of Bab Al Azab (Site 2). 

Sample 5 is a pelmicrite (Folk 1959) and a mudstone (Dunham 1962) with common quartz crystals. The superficial 

layer shows a variable thickness of around 200 μm, divided into two levels, both of about 100 μm (Fig. 2b). The 

outermost one is darker in color, shows an irregular morphology, and a compact aspect. The innermost one is reddish in 

color, with different microfractures (Fig. 2b). The substrate is in a good state of conservation. 

Sample 7 is a biosparite according to Folk (1959) and a packstone in Dunham (1962). The allochem component is 

mainly formed of quartz, opaque minerals, probably iron oxides, and also bioclasts such Gastropods. The superficial 

layer is discontinuous, the thickness is variable, reaching 100 μm in some portions. The layer shows good adherence to 

the substrate, a rather regular external morphology and a color ranging from brownish to black. It contains 

microcrystalline gypsum, quartz, iron oxides and sub-spherical carbonaceous particles 10-50 μm sized. The 

conservation degree of the substrate is fair with occasional phenomena of secondary dissolution of some bioclasts.  

The samples 8, 9 and 10 were taken from Al Manial Palace (Site 3). 

Specimen 8 is a quartzarenite, on its surface it is clear the presence of a discontinuous deposit, brown in color, with a 

variable thickness, the maximum is of 100 μm. The substrate shows a good state of conservation. 

Sample 9 is a biosparite (Folk 1959) or a wackestone (Dunham 1962).  The allochem fraction consists mainly of quartz, 

iron oxides and also bioclasts such as Macroforaminifera and Gastropods. The superficial layer is discontinuous, well 

adhered to the substrate, brownish in color with a variable thickness, reaching 100 μm only in some points. The external 

morphology is irregular and the profile is jagged. Microcrystalline gypsum, quartz, iron oxides and subspherical 

carbonaceous particles were identified in the layer. 

Sample 10 is a biomicrite (Folk 1959), with abundant bioclasts (> 10%) mainly represented by foraminifera; 

additionally, it is classifiable as packstone according to Dunham (1962). The alteration layer is not well adhered to the 

substrate, has a thickness ranging between 100 and 500 μm, dark in color and jagged outer edge (Fig. 2c). Inside it, 

there are spherical carbonaceous particles and rare gypsum crystals. 

Samples 17, 18 are related to the Sultan Faraj ibn Barquq Mosque (Site 4).  

Sample 17 is a biosparite (Folk 1959) or wackestone (Dunham 1962). The alteration layer is present only in some areas 

with a thickness ranging from 10 to 50 μm, it is constituted by gypsum and common subspherical carbonaceous 

particles of about 10-20 μm in diameter.  

Sample 18 is a biomicrite (Folk 1959) or a wackestone (Dunham 1962). The allochems are constituted by quartz, 

opaque minerals such as iron oxides, calcareous rock fragments and fossiliferous fragments (Fig. 2d). The superficial 

layer shows a dendritic morphology, color varying from greyish to brownish, it is separated by a fracture from the 

substrate (Fig. 2d).  The thickness ranges from 200 μm to 400 μm. The layer includes microcrystalline gypsum, quartz, 

iron oxides and subspherical carbonaceous particles 30-50 μm sized. 

Both substrates show a good state of conservation. 

The samples A-C-D come from the Qaitbay Mosque (Site 5). 

Sample A is an intramicrite (Folk 1959) or a wackestone (Dunham 1962). The superficial layer has a thickness of about 

200 μm, is firmly attached to the substrate and shows a rather regular outer profile. Three levels are distinguishable: the 

outer layer has a dark brown color and a thin thickness, it does not exceed 50 μm; the intermediate layer has a grayish 
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color, with a variable thickness of around 100 μm and is particularly rich in carbonaceous particles; the innermost layer, 

at the interface with the substrate, is brownish and shows a variable thickness, from 20 to 50 μm.  

Sample C is a biomicrite (Folk 1959) or a mudstone according to Dunham classification (Dunham 1962). The 

allochems consist of iron oxides and fossils, in particular Macroforaminifers such as Nummulites. The superficial layer 

is rather discontinuous, dark brown in color, approximately 100 μm thick and well adherent to the substrate. Rare 

gypsum crystals iron oxides and carbonaceous particles were identified. 

Sample D is a biomicrite (Folk 1959) with particularly abundant foraminifera, a wackestone according to Dunham's 

classification system (Dunham 1962). The superficial layer is brownish-gray, quite thin (about 50 μm and not more than 

100 μm) and not regularly present on the substrate (Fig. 2e). Microcrystalline gypsum is the main component followed 

by few carbonaceous particles and iron oxides. Overall, the degree of conservation of the substrate in all the samples is 

rather good. 

The samples F and G come from the Al Silhdar Mosque (Site 6). 

Sample F is an intramicrite (Folk 1959) or mudstone (Dunham 1962), with quartz and plagioclase crystals inside 

(<10%). The superficial layer presents: a variable thickness of about 100 μm, a good adherence to the substrate ad an 

irregular dendritic morphology. Additionally, it can be divided in two different levels: the outer one shows a dark brown 

color, a thickness of approximately 70 μm and a good concentration of subspherical carbonaceous particles, 10-20 μm 

sized; the inner layer appears yellowish and thinner with a thickness of max 30 μm. The contact layer/substrate is rather 

continuous and sharp. The state of conservation is scarce because of different microfracture systems crossing the 

substrate. 

Sample G is a biomicrite (Folk 1959) or a wackestone in Dunham classification (Dunham 1962). The allochemical 

components are constituted by quartz, plagioclase, iron oxides and bioclasts. 

The superficial layer is present only partially on the substrate. The main composition is represented by microcrystalline 

gypsum, quartz, black and brown iron oxides, and subspherical carbonaceous particles 10-30 μm sized. The layer shows 

a brownish color, the average thickness is about 100 μm.  

Its adherence to the substrate is good in some points but discontinuous and irregular in others, where the layer pierces 

inside for max 50 μm by means of microfractures (Fig. 2f). For this reason, the state of conservation of the substrate is 

not considered good. 

The sample I was taken from the Qansuh Al-Ghuri Mausoleum (Site 7). It is classified such as a biomicrite (Folk 1959) 

or a mudstone (Dunham 1962). The bioclasts are mainly foraminifera; the superficial layer is thin, with a variable 

thickness between 100 and 200 μm, it shows a blackish color and a good adherence on the substrate (Fig. 2g). The main 

constituent is gypsum but there is also a low amount of quartz crystals. The state of conservation is fair since the layer 

can penetrate for about 50 μm in the substrate. 

Overall, most substrates are constituted by limestone except for a quartzarenite (Sample 8). The classification criteria of 

Folk (1959) and Dunham (1962) suggest a certain compositional and textural heterogeneity coherently with the rocks 

extracted in the local quarries. Mostly biomicrites were identified, followed by intramicrites and biosparites (Folk 

1959), mudstone, wackestone and finally packstone (Dunham 1962). The substrates inside, show a fair state of 

conservation with some cases of internal fracturing or secondary porosity, for example, relative to dissolution of 

bioclasts. Conversely, all of them are affected by a superficial layer of alteration, generally discontinuous in samples 7, 

8, 9, D, G, rather continuous in the others with an average thickness of 100 μm and reaching in some cases 400-500 μm 

(Samples 10 - 18). The contact layer/substrate is commonly linear and sharp, with a rare penetration of the layer inside 

by the means of some microfractures up to 50 μm (Samples F, G, I). 
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Fig.  2 Microphotographs in OM showing the main textural features of the limestones and the superficial layer associated. The red 

lines highlight the contact between the two components. A sample and relative image were selected for each study site. a) sample 4, 

site 1 (Crossed Polarized Light view - CPL). b) sample 5, site 2 (Plane Polarized Light view – PPL). c) sample 10, site 3 (CPL). d) 

sample 18, site 4 (CPL). e) sample D, site 5 (PPL). f) sample G, site 6 (CPL). g) sample I, site 7 (CPL) 
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Ion chromatography  

Several ionic species can be detected in building stones (Arnold 1983; Goudie and Viles 1995), in particular sulfates, 

chlorides and nitrates. In Fig. 3a, it has been reported the concentrations expressed in ppm of several cations and anions 

measured in black crusts samples. It is clear that calcium and sulfate ions are the most abundant species because the 

black crust is mainly made of gypsum, which has a solubility of about 2.5 g/l, and the preparation procedure of the 

sample for IC analysis leads to the complete dissolution of the gypsum. This statement is corroborated by ionic trend of 

calcium and sulfate ions shown in Fig. 4. Those trends, which report the ppm concentrations in each sample, show a 

superimposition of the curves revealing a strong correlation between calcium and sulfate. In Fig. 3b it has been reported 

the concentrations of analyzed ions excluding calcium and sulfate, it shows that sodium and chloride ions have the 

highest concentrations, suggesting the presence of sodium chloride especially in samples 17, 10 and 9. 

Chlorides based salts are the most common ones and can be produced from various sources such as, sea aerosol, 

impurities in mortars, concretes, natural stones and other building materials, emissions into the atmosphere of 

hydrochloric acid coming from different industrial activities. The high solubility makes the Chlorides highly damaging 

because they can migrate deeply and crystallize into stone materials producing intense subefflorescence and 

consequently micro-cracks and the destruction of the pore structure (Borrelli 1999; Fitzner et al. 2002).  

In particular Halite (NaCl) is the predominant salt species in the Egyptian soil and one of the most damaging (Fitzner et 

al. 2002; Khallaf 2011; Abdelmegeed et al. 2019). Its abundance in Historic Cairo buildings was due to the combination 

of surrounding deterioration factors, especially groundwater, sewage, and lack infrastructure system (Abdelmegeed et 

al. 2019). 

Nitrates were also found in all samples, with peaks in 6, 17, 18 and I. Their production is closely relative to the nitrogen 

pollutants present in the atmosphere and linked for example to the domestic and industrial fuel burnings (Khallaf 2011) 

or to the photochemical smog, commonly diffused in areas with high rates of pollution combined with long periods of 

solar radiation.  

The organic decomposition of nitrogen-products present in the soil or in the walls can induce the production of Nitrites. 

Their main source is attributable to the infiltration of sewage. In this regard, Fitzner et al. (2002) underline how the 

water table (ground water, subsoil water) has significantly risen during the last decades in Historic Cairo and in extreme 

cases has reached the ground floor of monuments. This situation accentuated the insufficiency or even the absence of 

sewage systems, causing an increase in water pollution.  

Nevertheless, the tendency for nitrites (NO2-) to oxidize to nitrates (NO3-) makes it difficult to find them in masonry 

(Borrelli 1999). 

 

Fig.  3 Ionic concentrations measured in samples: chart a) contains all considered ions, while in chart b) calcium and sulfate ions are 

excluded 
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Fig.  4 Concentrations trends in samples of sulfate and calcium ions 

 

FT-IR analysis 

Table 2 shows FT-IR data obtained on the analyzed samples. In particular, the main components detected are: gypsum, 

oxalate and calcite, typical black crusts compounds. Precisely, spectra show the characteristic absorption peaks of 

gypsum centered at 672, 1109, 1684, 3397 and 3533 cm−1, as well as the stretching and bending vibrations of the 

calcium carbonate, with peaks at 1405, 872 and 712 cm−1 can be certainly ascribable to the underlying substrate (Vahur 

et al. 2016). 

The presence in the analyzed samples of oxalate (with peaks at 1618, 1321 and 780 cm−1), according to the scientific 

literature could be related to restoration works carried out in the past or to the presence of biological activity (Barone at 

al. 2008; Belfiore at al. 2010, 2013; Gulotta et al. 2013). 

Finally, all samples are characterized by the presence of silicates (peaks centered between 1000–1030 cm−1.  

Some representative spectra are shown in Fig. 5 

 

 

Fig.  5 FT-IR spectra of representative crust of samples 5 and 9 
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Table 2 Mineralogical composition of the crusts collected in Cairo monuments by FT-IR (Gypsum; Calcite; Oxalates, and Silicate). 

Legend: + + + + +: > 50%; + + + +: 20-50%; + + +: 10-20%; +:1-10% 

 

 

Samples ID Gypsum Calcite Oxalates Silicates 

Site 1 
4 +++++ + + + 

6 ++++ + + + 

Site 2 
5 ++++ + + + 

7 ++++ ++ + + 

Site 3 

8 ++++ ++ + + 

9 ++++ ++ + + 

10 +++++ ++ + + 

Site 4 
17 +++++ + + + 

18 +++++ ++ + + 

Site 5 

A +++++ + + + 

C ++++ + + + 

D +++++ ++ + + 

Site 6 
F +++++ + + + 

G +++++ + + + 

Site 7 I +++++ ++ + + 

 

Carbonaceous fraction 

The carbonaceous material (total carbon, TC) is classified into elemental carbon (EC) (better known as black carbon 

(BC)), and organic carbon (OC). The analysis of these components is of great interest for the study of black crusts (La 

Russa et al. 2017). The CE fraction has a graphitic structure and represents a primary pollutant, directly emitted during 

the combustion processes. The OC fraction is composed of different classes of compounds (e.g. hydrocarbons, 

oxygenated) and may have a primary or secondary origin. The carbonaceous components are involved in some 

heterogeneous chemical reactions that occur in the atmosphere, acting with SO2, NO2, O3 and other gaseous 

components (Avino et al. 2000, 2002; Atkinson et al. 2003; Donahue et al. 2005); they are also responsible for some 

degradation processes, accelerating the corrosion phenomena of metals or the formation of black crusts (Barca et al. 

2014; Comite at al. 2012, 2017, 2019, 2020; La Russa et al. 2013, 2017, 2018; Ruffolo et al. 2015). In addition to EC 

and OC, the carbonaceous fraction (TC) of the black crusts also includes the CC (carbonatic carbon), coming from the 

stone substrate and oxalates (Ox), whose origin may depend on different factors as previously described in the FT-

IR/ATR study. 

Table 3 shows the carbon fraction detected in the analysed samples and the various ratios of OC/EC, EC/TC and 

OC/TC. 
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Table 3 TC (total carbon); OC (organic carbon); EC (elemental carbon); OX (oxalate), CC (carbonate carbon), Gy (gypsum) 

concentrations (wt%) for the analysed of degradation layers 

Monument Sample ID Height of sampling OC EC OX CC TC Gy 

Site 1 
4 2,50 m 1.33 1.50 0.11 3.66 6.60 22.97 

6 35 cm 1.20 2.73 0.13 3.12 7.18 26.44 

Site 2 
5 25 cm 1.19 2.89 0.34 3.03 7.45 6.01 

7 1,55 m 1.20 1.33 0.34 3.03 5.90 36.00 

Site 3 

8 45 cm 1.58 5.44 0.33 6.01 13.36 1.53 

9 20 cm 1.88 5.95 0.14 7.22 15.19 1.32 

10 30 cm 1.85 1.95 0.11 7.23 11.14 7.01 

Site 4 
17 20 cm 0.56 2.85 0.26 5.11 8.78 15.57 

18 2 m 0.86 1.15 0.12 3.15 5.28 30.99 

 

SITE 5 

A 90 cm 1.11 1.56 0.23 5.22 8.12 50.46 

C 2 m 0.36 0.99 0.22 3.99 5.56 36.57 

D 50 cm 1.15 2.65 0.12 2.45 6.37 1.50 

Site 6 
F 1 m 0.99 1.88 0.12 5.11 8.10 55.60 

G 50 cm 0.78 2.69 0.10 4.99 8.56 49.48 

Site 7 I 90 cm 0.99 2.45 0.18 6.78 10.40 12.45 

 

The samples show a variable content in TC (Table 3) ranging from a maximum of about 15 (for sample 9) to a 

minimum of about 5 (for sample 18). 

Different OX (oxalate) and CC (carbonatic carbon) values were observed for the different crust samples analyzed, as, 

coherently, already recognized in the IR analysis (La Russa et al. 2017, 2018) (Table 2). 

High CC values were detected for most of the samples (i.e. 8, 9, 10, 17, F and I), suggesting a possible greater 

susceptibility to substrate degradation over time (Comite et al. 2018; La Russa et al. 2017, 2018). Overall, the data show 

that all the samples have higher EC contents than OC. Specifically: a) the highest EC values (wt%) were detected in 

samples 8, 9 (approximately 6); b) intermediate values in samples 5, 6, 17, D and G (approximately 3) and c) the 

slightly lower values in samples 4, 7, 18, A, C, F and I (between about 2.5 and 1). 

As is well known, the EC (or black carbon) represents the factor that determines the colouring of the black crust 

(Ghedini et al. 2006; Tidblad et al. 2012; Fermo et al. 2015), therefore a great amount within the degradation layer can 

affect greater damage on the monument's surface. On the fact, the dark colouring produces a different susceptibility to 

absorb solar radiation, causing a greater dilation of the altered stone material compared to the unaltered one. Besides, 

the difference linear expansion, due to the linear expansion coefficient of calcium sulphate (i.e. the main component of 

the crust) which is greater than that revealed in the carbonatic stone substrate, could lead to greater damage in the 

calcareous materials characterizing the studied monuments. 

Fig. 6 shows the values of OC (wt%) and EC (wt%) obtained in relation to the site and the sampling height. The 

histograms suggest how the values of the OC and EC components decrease as the sampling height increases, 

highlighting a good correlation between them. 

Data indicate that the lower surfaces of the studied monuments are more affected by the deposition processes compared 

to the higher ones; consequently, they may be affected by a greater exposure to the damage processes induced by 

pollution. A larger amount of the two carbon components OC and EC was observed in the samples 9 and 10 taken at 

about 20-30 cm from the walking surface; lower accumulations were instead observed mainly in samples taken between 
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200-250 cm in height. Moreover, it is also evident that there is no correlation between the values obtained at the same 

height in different sites. 

 

Fig.  6 OC and EC values (wt%) obtained in the different specimens in relation to the sampling height 

Generally, the formation of black crusts is conditioned by various factors, firstly the deposition surfaces, washouts and 

exposure to polluting sources. The identification of these latter ones, by the means of OC and EC concentrations, is 

crucial in the study area. In fact they should provide precious information about the main degradation processes 

affecting the surfaces examined.  

The scatter plots show the OC and EC concentrations for each sample taken at the different heights (sample 5, 6, 9, 10 

and 17, heights ranging from 20 to 35 cm). 

Strong correlations between OC and EC have been found for samples coming from low heights (R2 = 0.7917). This data 

indicates that the carbonaceous fraction detected on these surfaces originated mainly from common sources and also 

influenced by similar transport processes (Na et al. 2020). Conversely, the samples taken at higher heights (i.e. samples 

4, 7, 18, A, C, F and I, height between 90 and 250 cm), showed relatively poor correlations (R2 = 0.1385) which could 

indicate that the carbonaceous fraction on the surfaces has different origins (Na et al. 2020). 

 

 

Fig.  7 Scatter plots of OC and EC concentrations  for the samples 5,6,9,10, 17 taken at low heights 
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Conclusion 

Historic Cairo represents one of the most representative examples of Islamic architecture. Unfortunately, the built 

cultural heritage is affected by different and harmful degradation phenomena closely linked, firstly, to the intense 

environmental pollution and secondly to the intrinsic features of the stone materials used. Seven monumental sites were 

selected on the basis of their conservation state and eighteen samples of stone substrate with relative degradation 

products, mainly black crusts, were taken and analyzed by complementary analytical techniques. 

Results indicated that the black crusts are generally well adherent to the limestone substrates and present variable 

thickness, with no particular correlation with the site of provenance. The analyses suggested how the crusts are mainly 

composed of gypsum with lower content of calcite and oxalates. These latter ones could be related to past restoration 

works or to the decay produced by biological activity. The IC analyses underlined the great contribution of salts as 

degradation agents, namely chlorides, nitrates, and nitrites. They are produced mainly by anthropic activities such as 

industry and vehicular traffic and secondly by natural sources as sea spray. 

In addition, the determination of the carbonaceous fraction suggests the high incidence of the pollution in the 

degradation processes affecting the substrates analyzed. 

Overall, the methodological approach applied in this study, allowed to trace a base-mapping of the conservation state of 

the built heritage in Historic Cairo, defining both the main polluting sources and the development of the relative 

degradation products to investigate more deeply in the future. 

This will provide essential information to conceive effective conservation strategies and suitable restoration 

interventions based on appropriate cleaning procedures, consolidating and protective products capable of preserving the 

built Cultural Heritage of Historic Cairo over time. 
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