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Abstract 

Our ancient buildings are subject to a range of decay processes which endanger the future of architectural 

heritage in many historic cities all over the world, the ageing process is accelerating nowadays. Most 

monuments and buildings in Morocco are constructed of the local calcareous stones. Today, these stones 

show considerable damage in many monuments, particularly through alveolar weathering, which is 

frequently very intense.  

Owing to the marine and urban environment, salt crystallization in the stone’s pore spaces has been 

recognized as the main weathering process responsible for the deterioration of the country’s monuments. 

Salts crystallization causes major physical damage to natural building stones. The damaging effect of 

these processes can be traced back to physically induced stress inside of the stone while crystallizing. The 

increasing scientific research done during the past century has shown that there are numerous parameters 

that have an influence on the weathering resulting from these processes. However, the working 

mechanisms of the stress development within the stone and its material dependency are still subject to 

discussion. A method largely used for understanding the mechanics of natural deterioration is to observe 

stone behaviour in the laboratory by subjecting them to various imbibition- drying cycles (Benavente et 

al. 2001; Nicholson 2001; Thua Tri et al. 2006; Ruiz-Agudo et al. 2007). 

This paper gives an overview of stones salt weathering in four Moroccan historical monuments. Despite 

the relatively small number of cycles, our results show that there are aggressive forms of salt 

crystallization which affected the weathered samples. 

Keywords: Weathering simulation, salts crystallization tests, calcium carbonate stone, historical 

monuments, morocco. 
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Résumé 

Nos anciens bâtiments sont soumis à une série de processus de dégradation qui mettent en danger l'avenir 

du patrimoine architectural dans de nombreuses villes historiques partout dans le monde, le processus de 

vieillissement s'accélère de nos jours. La plupart des monuments et des bâtiments au Maroc sont 

construits en pierres calcaires locales. Aujourd'hui, ces pierres montrent des dégâts considérables dans de 

nombreux monuments, notamment par l'altération alvéolaire, qui est fréquemment très intense. 

En raison de l'environnement marin et urbain, la cristallisation des sels dans les espaces poreux de la 

pierre a été reconnue comme le principal processus atmosphérique responsable de la détérioration des 

monuments du pays. La cristallisation des sels cause de graves dommages physiques aux pierres de 

constructions naturelles. L'effet dommageable de ces processus peut être remonté aux contraintes 

physiquement induites à l'intérieur de la pierre tout en cristallisant. L'accroissement de la recherche 

scientifique effectuée au cours du dernier siècle a montré qu'il existe de nombreux paramètres qui ont une 

influence sur l'altération résultant de ces processus. Cependant, les mécanismes de fonctionnement des 

contraintes au sein de la pierre et de sa dépendance matérielle restent objet de discussions. Une méthode 

largement utilisée pour comprendre les mécanismes de dégradation naturelle est d'observer le 

comportement de pierres dans le laboratoire en les soumettant à divers cycles d’imbibition-séchage 

(Benavente et al. 2001; Nicholson 2001; Thua Tri et al. 2006; Ruiz-Agudo et al. 2007).  

Ce papier donne un aperçu sur l’altération des pierres par les sels dans quatre Marocains monuments 

historiques. Malgré le nombre relativement faible de cycles, nos résultats montrent qu'il existe des formes 

agressives de la cristallisation des sels qui ont affecté les échantillons testés. 

Mots-clés: simulation de l’altération, essais de cristallisation de sels, pierre en carbonate de calcium, 

monuments historiques, Maroc. 

INTRODUCTION 

As a result of increasing population and intensive development of industry during the last centuries, world 

has faced to several climatic changes and the augmented air pollution in the cities. Air pollution affects 

human life in various ways. One of the domains of these environmental conditions is buildings, and 

amongst them, a major and important group is the historical buildings and monuments. This cultural 

heritage represents a country’s national identity, pride and maintains and enriches that country’s culture. 

Conservation of the monuments remained from our ancestors is receiving growing attention and 

becoming a focus of research in many fields (Hosono et al. 2006; Liu and Zhang 2007; Ocak et al. 2009). 

Our ancient buildings are subject to a range of decay processes which endanger the future of architectural 

heritage in many historic cities all over the world, the ageing process is accelerating nowadays. 

Destructive factors in historical monuments can be categorized as follows: natural, physical, chemical, 

vegetable, biological-microbiological, inherent-internal and social factors. 
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Since prehistoric times, stone is known as the most durable building material, remaining as a common 

base construction material today. Carbonate-containing stones, such as marble, limestone and calcareous 

sandstone, are among the lithotypes most widely used in historical architecture and since carbonate 

minerals, such as calcite and dolomite, are the most soluble fractions usually contained in building stones 

(Winkler 1997), literature on stone damage have mainly focused on carbonate stones. As well as present 

day constructions, the calcarenitic stones (consists almost entirely of calcite, the most stable polymorph of 

calcium carbonate CaCO3) have largely been used, with continued applications in present building works 

and in conservation practice as a replacement material for the reconstruction of monuments. This 

carbonate stone tends to be highly porous, usually about 15-20% (or even as much as 45%) for the most. 

Chemical characteristics and physical properties of these stones strictly depends on their formation 

processes. The major and minor characteristics of the stones are later altered by secondary processes, 

namely “weathering”, this deteriorative process are due to air pollution in historical buildings. The 

relationship between air pollution and stone decay is complex. The decay of building stones “weathering” 

is often compared to the effects of an illness-most commonly a cancer-undermining the health of a 

building and eventually leading to its demise (Malaga-Starzee et al. 2000). 

The environmental pollution problems are the major deleterious factors may control and cause a 

substantial increase in stone degradation (aesthetic and material damage) used in historical building and 

monuments. The impact of these factors is very different all over the world depending on the region 

location and climatic conditions. The effect and decay rate of the stone also vary significantly with the 

composition of building materials (Karbuz and pasamethouglu 1992), as well as on the duration of 

exposure associated with water absorption phenomena. In urban areas, building materials and stone 

monuments situated in the open air are very vulnerable to the action of atmospheric pollutants 

(Brimblecombe 2003; Bonazza et al. 2005), the major are acidic particulates and marine aerosols. 

For keeping this inheritance alive, one needs to determine the effects of these environmental conditions. 

The danger to cultural heritage from air pollution comes from several main sources such as, increasing 

corrosion induced by gases from the atmosphere soiling of light-colored stones surfaces due to black 

particles and crystallization of soluble and insoluble salts inside the porous network that eventually leads 

to stones disaggregation and surface recession. Moreover, surface recession can be also enhanced by the 

occurrence of sulfates and nitrates as a consequence of the rain effect. 

It has been known for a long time that salt attacks lead to the deterioration of porous building stones, salt 

weathering is one of the principal causes of deterioration of stonework used in architectural heritage all 

over the world. Two main research fields of salt weathering can be distinguished (Charola 2000; Doehne 

2002), one of them deals with the crystallization mechanisms of salt, the other one focuses on their 

deterioration mechanisms. Salt-induced damage is considered to be accelerated drastically in coastal and 

marine environments (Cardell et al. 2003). To the most part, the salt crystallization mechanisms are 

influenced by the properties of the salt solution, the properties of the growing salts, the climatic 
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conditions, and the properties of the substrate. The cause for salt formation in porous stones is the existing 

of unbounded elements. This loading takes place due to chemical alteration of existing solid phases or due 

to external supply. About 50 salt types commonly appear on buildings, characteristically, the salt types 

have very different physical and chemical properties. Of particular importance is the formation of the 

hydrate phases of several salts. A further important property is the hygroscopic behaviour of salts, this 

property of salts can lead to the dissolution of salts (Fitzner 1969). 

During the weathering processes, dissolved CO2, SO2, SO3, Cl, NO, NO2 are the most effective 

corrodents for the buildings and monumental stones. Clay minerals, such as kaolinite, gypsum and 

chlorite are the main product of alteration.  Historically, SO2 was the most deleterious pollutant for stone 

monuments in the open air and the deposition of this pollutant is the major cause of sulfate enrichment in 

calcareous building stones. The presence of high levels of SO2 in the air promotes the formation of 

calcium sulfates or gypsum (CaSO4). On the other hand, Halite NaCl is one of the most frequently found 

salts that damage the historical monuments (Behlen et al. 1997). These salts can be observed directly as 

efflorescence and appear and disappear periodically according the presence or absence of moisture 

sources (Arnold 1976). Pressures created by crystallization of salts in pores weaken the material until its 

mechanical strength is overcome and damage occurs. 

A review of the pertinent literature indicates the need for a greater understanding of the impact of salt 

crystallization on stone decay rates. Most previous and current research has focused on the: Physic-

chemical conditions of salt precipitation, Mechanical action of salt crystallization, Hydration and mineral 

conversions, Resistance of different types of building stones to salt weathering, The relevance of pore 

structure “porosity and pore size distrubition”, Different durability estimators (Gomez-heras 2007; 

Rodriguez-navarro and Doehne 1999; Elgohary 2008; Gauri and Bandyopadhyay 1999; Lubelli et al. 

2007; Beck et al.  2003; Wessman 1997; Mphil 2003; Charola et al. 2007; Bonazza et al.  2009; Thaulow 

and Sahu 2004; Ruedrich et al. 2005; Elgohary 2000/2001; Nicholson 2001; Colon et al. 2004; Andriani 

and Walsh 2003; He et al. 2002; Benevente et al. 2004; Delalieux et al. 2002; Siegsmund et al. 2000; 

Zeisig et al. 2002; Ondrasina et al. 2002; Weiss et al. 2004; Mikhailov et al. 2004; Giavarini et al. 2008). 

Morocco (North Africa) has many historical buildings used as Kasbahs, city walls, gates, fortifications, 

mosques and “madrassa” (Islamic theological schools), belonging to Islamic civilization, Portuguese and 

Spanish colonization. Despite conservation measures carried out in the past, nowadays, many of these 

historical monuments are under catastrophic state of abandonment. The main cause is salt crystallization 

gypsum and halite (sulfates and chlorides), which produces microstructural modifications within the 

stone, generating matrix dissolution, with consequent increased porosity and sometimes disaggregation. 

There is, however, a poor understanding of many decay processes, which in turn prevents appropriate 

conservation strategies from being adopted. Remarkably few Moroccan research studies have been 

focusing on the characterization of stones and their weathering products (Zaouia et al. 2005; Azeroual et 

al. 2007; Lazzarini et al. 2007; Benzzi et al. 2008; Asebriy et al. 2009; Samaouali et al. 2010). 
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For the sake of preserving the originality of these Moroccan historical monuments and buildings, it is 

very important to understand the basic parameters of these monumental stones, especially their response 

to salt weathering which related to the environmental pollution as this phenomenon often tie to the salt 

crystallization.  This research aims at studying the synergetic “chemical effects” of different types of salts 

and their aggressive mechanisms on the acceleration of weathering processes affecting monumental 

stones in many historical sites in Morocco. In the light of these considerations, the objectives of this 

investigation were to observe the stones behaviour (textural and mineralogical modifications) in the 

laboratory by subjecting them to various agents of deterioration and carry out imbibitions-drying 

accelerated tests, in order to assess their durability and to assess the differences between them. These 

weathering tests cycles were applied with water and salts solutions of sodium sulphate Na2SO4, sulfuric 

acid H2SO4 and sodium chloride NaCl. 

STUDY AREAS 

Historical background and location 

In this paper, interest focuses on the stone weathering of some historical monuments and old cities in 

Morocco, especially those settings in industrial and urban coastal areas. These monuments belong to 

Islamic civilization, Portuguese and Spanish colonization and are built with local calcareous stones 

(Figure 1, Table 1). Despite conservation measures carried out in the past, many of these Moroccan 

monumental buildings are still undergoing severe degradation. The commonest forms are alveolization, 

differential disaggregation, efflorescence, decohesion, exfoliation and detachment (Figure 2).   

 
Fig.1 Map of Morocco with location of study sites mentioned in this paper. 

Table 1 lists of the Kasbahs/sites studied, with their historical details. 
Building(s)  Built  Situation  Location 
Kasbah of Mehdiya  5th, 900, 1515, 1614 and 1795   Rural (overlooking the sea)  Kenitra 
Kasbah of Oudayas  17th Century  City center (overlooking the sea)  Rabat 
Old Medina  3th, 11th, 14th, 15th, 16th Centuries  Town center (overlooking the sea)  Azemmour 
Portuguese City  1514 and 18th Century  City center (overlooking the sea)  El Jadida 
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Fig.2 a) alveolisation, Kasbah of Mehdiya b) detachment, Portuguese City c) black crusts, Kasbah of 

Mehdiya. 

Climatology 

Located along the Atlantic Ocean, with a Mediterranean climate character, the studied region has a mild 

temperate climate, shifting from cool in winter to warm days in the summer months. Characterized by the 

alternation of a wet season from October to April which the average temperatures reaches 14ºC and a hot 

dry season from May to September which the average temperatures reaches 24ºC. The mean air 

temperature varies between 16.3ºC (with mean minimum of 10.0ºC and mean maximum of 23.8ºC) at 

Kenitra, 16.3ºC (with mean minimum of 10.0ºC and mean maximum of 23.8ºC) at Rabat and 20.2ºC 

(with mean minimum of 14.5ºC and mean maximum of 25.8ºC) at El Jadida. The opening of the region 

on the Atlantic Ocean earned him abundant precipitations that are around an average of 450mm per year 

in recent 30 years, with 450mm per year at Kenitra, 450mm at Rabat and 450mm at El Jadida. 

Pluviometry is concentrated between October 15 and April 15 at 90%, the predominant winds come from 

the north-west (Marocmeteo 2012). 

MATERIALS AND METHODS 

Materials and sampling conditions 

The four natural stones investigated are all constructed by the plioquaternary calcarenite that constitutes 

the basement of the whole region. A few kilometers from the studied historical monuments, quarries still 

provide this ornamental rock widely used by stone craftsmen. It is characterized by variable and high 

porosity (18–47%) and thus an elevated permeability, and generally bad geotechnical quality (Ben 

Boughaba 2001). Its chemical composition is very rich in calcium carbonates and its rough surface allows 

a high receptivity to the atmospheric gaseous pollutants and to hydrous marine sprays charged with 

various salts. 

Several samples of stones required for laboratory tests and investigations were taken from the external 

walls of sited monuments and were selected from a homogenous mass. These samples were prepared as 

cubic forms, their sizes were accepted as 50x50x50±1mm (Table 2). 

Table 2 Origin and appearance of the sampled stones. 
Sample  Origin  Colour  
CM  Kasbah of El Mehdiya  light brown 
CO  Kasbah of Oudayas  light brown 
CA  Old Medina of Azemmour  light brown 
CP  Portuguese City of El Jadida  light brown 
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Artificial weathering tests (imbibitions-drying cycles) 

a) salt absorption test: 

Sodium sulphate is a frequent masonry salt and can be considered as extremely destructive (Doehne 1994; 

Rodriguez-Navarro et al. 2000). From the sodium sulphate solution, two crystal phases can develop. The 

water free-phase, thenardite (Na2SO4), and the hydrate phase, mirabilite (Na2SO4,10H2O).  

This simple experiment illustrates how soluble salts are transported by water and how they damage 

porous materials. Water soluble salts can originate from the soil, the air, or from the materials themselves. 

They are transported inside the materials by water capillarity or by other means. When water evaporates, 

the salts come toward the surface of the material and crystallize on the surface or close to it. These salts, 

in crystallized form, cause breaking and spalling for the surface. At the end of this experiment, the 

solution absorption capacity of the natural stones studied was determined, using the following equation: 

% = (M1-M0)/M0 x 100 

With, %: solution absorption capacity, M0 : initial weight of the sample (g), M1: final weight of the 

simple (g). 

b) Sulfates deposits simulation: 

The reaction of sulphur dioxide SO2 with calcareous surfaces is well known to form gypsum and black 

crusts by the dissolution of carbonated cement which transforms calcium carbonates CaCO3 into calcium 

sulfates CaSO4. This reaction of sulphation is the most important phenomenon and produces a gypsum 

layer on the stone surface (Zehnder 1993; Amoroso and Fassina 1983; Borgwardt 1970; Hoke and 

Turcotte 2002; Del Monte and Furlan 1995). The greater solubility and higher porosity of calcium 

sulphate CaSO4 with respect to calcium carbonate are responsible for water infiltration and 

recrystallization phenomena, sulphation and corrosion processes can continue due to the presence of 

micro-cracks on the crust surface. 

c) Chlorites deposits simulation: 

Halite as soluble salt constitutes the more important indicator of stone weathering. The direct exposition 

to marine sprays led to fixing of marine sodium chlorides on the rough surface of calcarenite and their 

transportation through the pores to various depths according to the rate of stone humidity. The deposition 

of halite beyond the surface and the pressure due to its crystallization force generated some disorders in 

the stone structure, and so its decay (Auger 1988).  

Experimental procedures 

The salt crystallization tests attempts to reproduce the effect of salt crystallization occurring under natural 

environmental conditions. The tests were performed by immersion according to the principal of 

capillarity and were carried out using various water-salts solutions (Figure 3). 

The samples were firstly washed and dried until their mass stabilized. Samples were divided into 3 

categories and were subjected to wetting–drying cycles. Each category contains four samples, in addition 
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to another untreated samples used as a reference category. These categories were submitted to 3 

accelerated weathering test cycles, the elements of each cycle are given in Table 3. Here, the test was 

continued to several cycles to monitor any progressive decay.  

 
Fig.3 Experimental apparatus for decomposition of salts on macroscale. 

Table 3 Basic research cycle. 
Research cycle category  Element  Notes 
Pre-conditioning  Wash  Distillated water 
    Dry  24 h at 105°C 
1  salt absorption test  Weigh  M0(g) 
    Imbibition  3 weeks at 10% Na2SO4 solution 
    Drying  24 h at 105°C 
    Weigh  M1(g) 
2  Sulfates deposits simulation  Imbibition  24h at 10% H2SO4 solution 
    Wash  hot water 
    Drying  2h at 50-60°C 
    Cycle per day  1 
3  Chlorites deposits simulation  Imbibition  2h at 10% NaCl solution 
    Drying  2h at 50-60°C 
    cool  19h at r.t 
    Cycle per day  1 

Analytical techniques  

Samples surfaces were observed after each cycle and most of them were documented with pictures. The 

properties of the stones were determined in the end of cycles. They are compared with the properties of 

the fresh (untreated) samples. For the various samples, differences of salt distribution (efflorescence or 

subflorescence), damage forms, and material behavior are observable during the salt crystallization, 

macroscopic color change and changes on the samples surfaces were examined with photographic 

techniques. After visually inspecting, the physical proprieties analysis was carried out using water 

saturation technique. 

The characterisation of the mineral composition has been determined by X-ray diffraction (XRD). In 

addition, the structural and textural modifications that arise in the limestones due to the influence of 

imbibitions characteristics of drying cycles are qualitatively determined using images obtained by 

Scanning Electron Microscope (SEM) and quantitatively with Transmission Electron Microscope 

TEM/EDX. Together these methods give accurate information about the compounds and their proportions 

in the samples. This information helps the interpretation of the XRD results. 
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RESULTS AND DISCUSSION 

Tables and Figures following after, display the changes and damage characteristics due to the laboratory 

salt solutions exposed samples, the results obtained for each of the test categories and the parameters 

selected to assess the degree of decay after the durability tests.  

Salts absorption 

Photos of samples stored in 10% of the sodium sulfate Na2SO4 solution (test category 1) for 22 days are 

presented in Figures 4. From appearance, the samples showed the first signs of salt efflorescence, 

absorption and clear evidence of sulfate attack after one week of exposure. Progressively, expansion took 

place on the surface of the samples. The changes in weight were at a maximum (an increase) after the 

second week, which means that the samples retained a large amount of the Na2SO4. The mass content of 

all samples is given in the Table 4. 

Table 4 Results of capillary suction of Na2SO4 solution, test category 1. 
sample  M0(g)  M1(g)  Quantity of salt absorbed (g) 
CM  236,82  244  7,18 
CO  191,1  197  5,9 
CA  229,12  235  5,88 
CP  237,04  244  6,96 

The quantity of salts absorbed range between 5,9g (sample CO) and 7,18g (sample CM) with an average 

of 6,48g for the all simples. The percentage of salt content after capillary absorption range between 2,6% 

(sample CA) and 3,0% (sample CM), the average is 2.9% for all samples. For capillary suction of Na2SO4 

solution, there is no significant difference in the quantity of salts absorbed between the studied stones. 

Salts deposits simulation 

a) Physical properties evolution 

After completing the experiments, the treated and untreated samples were again subjected to the physical 

properties measurement. The effect assessed by measuring the change in density and porosity values 

before and after the experiments. The results are given in Table 5. 

Results show that the values of the density vary between 1,65 and 1,84 g/cm3  for the samples in the test 

category 2 and between 1,54 and 1,84 g/cm3  for the samples in the test category 3, with an average value 

of 1,7 g/cm3  and a standard deviation (decrease) of 1,16% for all samples after the both test categories. 

Meanwhile, the porosity varies between 31 and 41% for the samples in the test category 2 and between 32 

and 41% for the samples in the test category 3, with an average porosity of 36% and a standard deviation 

(increase) of 20%, for the samples in the test category 2, and with an average porosity of 37% and a 

standard deviation (increase) of 23%, for the samples in the test category 3. 

For the test category 2, the sample CM showed the greatest increase in porosity (42%) and the sample CA 

showed the greatest decrease in density (10,11%). Furthermore, for the test category 3, the sample CM 
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showed the greatest increase in porosity (54%) and the sample CP showed the greatest decrease in density 

(6%). It can be seen that there is a general increase in the porosity of the experimentally weathered 

samples of about 20%. In the other hand, the results show that the decay process of these samples, 

involved only a density decrease generally of about 1%. These investigated samples revealed not good 

weathering resistivity, especially sample CM. However, in the short time available for experimental 

weathering, were very small or, in the case of the sample CP, the porosity and density was unchanged. 

Table 5 Porosity and density of the carbonate stone samples before and after the experiment of ageing 
acceleration. 

  Density (g/cm3)  Porosity (%) 
Sample  reference 

category 
 Test 

category 2 
 Test 

category 3 
 reference 

category 
 Test 

category 2 
 Test 

category 3 
CM  1,74  1,65  1,84  26%  37%  40% 
CO  1,58  1,84  1,54  34%  41%  32% 
CA  1,78  1,60  1,74  27%  33%  41% 
CP  1,77  1,77  1,67  33%  34%  34% 

b) Macroscopic inspection 

Visual inspection of the samples showed that the main surface changes occurred after the first cycles for 

all investigated stone types in both test categories (Figures 4). The test category 2 with H2SO4 

demonstrated that the simples showed a slight granular disintegration at the edges and the surfaces 

already after the second cycle. After the fifth cycle and again after the 10th cycle, an obvious scaling 

effect occurred, and white precipitates in crusts are easily being found. A total of 15 cycles were 

performed, although after no further macroscopic changes occurred.  

For reaction with 10% NaCl solution (test category 3), the most obvious feature, were surface staining or 

darkening, and also showed, a very slight granular disintegration at the edges also after the second 

weathering cycle. In the presence of runoff water the sample surfaces appeared smoothed, almost 

polished, as well as stained. NaCl crystals formed after samples drying, appears as efflorescence, 

covering about one half of the surface. After cycle 15, surface changes were slight and there was no 

increase of the areas affected by efflorescence. The only noticeable change is a thickening of the NaCl 

crystals cover in the samples. Thus, the damage caused by sodium chloride was only slight when 

compared to the effects of H2SO4. 

c) Microstructural inspection 

To assess the mineralogical changes due to experimental weathering, XRD scans were run on the treated 

and untreated samples. The results are presented in Figure 5, and summarized in Table 6. The X-ray 

analysis of the untreated samples indicated that calcite and little quartz are the main non-clay minerals 

recorded in all samples. Whereas, some clay minerals are revealed in the treated samples. 

For the test category 2, the X-ray diffractograms of the all samples indicates the change in the mineral 

composition, and shows the obvious presence of crystallized Gypsum Ca(SO4)(H2O)2,  in addition to the 

principal minerals. Gypsum was investigated by its main peaks, occurring at d-values (Table 7). On the 
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other hand, X-ray diffraction pattern indicates for the test category 3, the change in the principal mineral 

composition due to the crystallization of halite NaCl. This last, was investigated by its main peaks, 

occurring at d-values (Table 7). 

 
Fig.4 Damage phenomena and damage progress during salt crystallization tests: initial and weathering 

state after a certain number of loading cycles 

 
Fig.5 X-ray diffractograms (Kasbah of Mehdiya) 
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Table 6 Mineral composition of the tested natural stones analyzed by XRD.  
    Mineral composition (%)  Salts minerals (%) 
Category  Sample  Calcite1   Quartz2   Dolomite3  Gypsum4  Halite5 
Reference   CM  63  33       

 CO  53  47       
 CA  93  7       
 CP  70  20  10     

2  CM  53  19    28   
 CO    25    75   
 CA  45  20    30  5 
 CP  55  5    40   

3  CM  70  20      7 
 CO  57  37      6 
 CA  55  32      13 
 CP  71  6  10    13 

1Ca(CO3); 2SiO2; 3CaMg(CO3)2; 4Ca(SO4)(H2O)2; 5NaCl 

Table 7 minerals phases with d-values. 
  CM  CO  CA  CP 
Test category  d-spacing 

[Å] 
 Rel. Int. 

[%] 
 d-spacing 

[Å] 
 Rel. Int. 

[%] 
 d-spacing 

[Å] 
 Rel. Int. 

[%] 
 d-spacing 

[Å] 
 Rel. Int. 

[%] 
2 
(Gypsum 
peak list) 

 7.62865  39.89  7.63129  100.00  7.64128  51.56  7.63508  54.15 
 4.28596  33.69  4.28820  53.66  4.29113  45.21  4.28946  52.75 
 2.87489  12.60  3.80515  12.84  3.07313  31.97  2.87606  23.82 
 2.68537  7.93  3.19019  7.20  2.87828  19.01  2.68623  15.21 
 1.87668  7.50  3.06963  41.14  2.68687  14.23  2.49557  17.52 
     2.87554  18.02  2.49534  13.87  2.28459  14.86 
     2.68562  12.48  2.28341  19.33  2.09386  12.47 
         2.09241  13.69  1.91275  12.18 
         1.91118  14.70  1.87565  15.14 
         1.87447  14.77     

3  
(Halite peak 
list) 

 2.82496  20.65      2.82292  32.43  2.82442  54.34 
 1.99670  6.99      1.99582  12.54  1.99600  7.67 

By observation of the micromorphology, SEM enables to understand the deterioration mechanisms and 

gives more detail of the features of the stone surfaces. Salt is easily distinguishable by its well-defined 

cubic shape. Figure 6 presents SEM micrographs of fragments taken on the surface of the treated and 

untreated samples, various decay forms are visible.  

 
Fig.6 SEM photographs (Kasbah of Oudayas) 

Image shows the presence of altered calcite grains testifying to an unbalanced medium favorable to the 

dissolution which preferentially affects the calcite grains in particular on their edges. For the test category 

2, calcite grains, corroded by well dissolution development are visible on the images. Moreover, the 
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image shows the presence of a halite deposit, in the test category 3. This phenomenon involves the local 

development of a high porosity. 

TEM/EDX observations reveal noticeable morphological differences between the treated and untreated 

samples for the both test categories. The images (Figure 7) are extraordinarily clear and show how the 

exposed face of the test pieces is overrun with prismatic gypsum crystals for the test category 2 and halite 

crystals for the test category 3. 

 
Fig.7 Transmission electron micrographs of chemical weathering (Old Medina of Azemmour) 

These results are in perfect agreement with those obtained by the semi quantitative technique EDX which 

shows that clays mask even the calcite signal (Figure 8). Firstly, as regards element contents in the 

untreated samples, results shows that alls generally have close average contents. The analysis performed 

shows a remarkable decrease in the content of calcium (Table 8).  

 
Fig.8 EDX spectra of an area located on the surface of the treated and untreated samples (Portuguese City 

of El Jadida) 

Nevertheless, no remarkable variation of (Al, Si, Fe, Mg, K, P and O) contents was observed in the both 

test categories. Meanwhile, analysis carried out in the test category 2 shows a remarkable increase in the 

relative content of sulphur that can be connected to a gypsum precipitation, and a increase in the content 

of chloride and sodium in the test category 3 that can be connected to a halite crystallization. 
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SEM coupled to TEM/EDX and XRD analysis, of the various untreated and treated samples, show 

important modifications of the internal structure of treated samples. From these observations, one can 

note that the decay mechanism in these stones is schematized by an increasing clay concentration at the 

surface, accompanied by remarkable calcite dissolution. 

Table 8 Chemical composition on major and minor elements (weight %) of the tested natural stones 
analyzed by EDX  

Test category Sample Fe Na Mg Al Si P S Cl K Ca O 
Reference  CM 1.3 3.1 1.3 0.9 1.5 0.9 0.5 0.3 0.6 51.9 37.7 

CO 3.3 3.9 2.1 4.5 6.0 1.1 0.6 0.9 0.8 52.8 24.0 
CA 1.4 2.4 1.6 0.7 1.4 1.0 0.4 0.4 1.1 70.6 19.0 
CP 0.6 1.9 30.6 1.1 1.1 0.6 0.3 0.2 0.2 27.9 35.5 

2 CM 0.8 2.1 1.0 0.9 1.0 0.8 30.1 0.5 0.5 32.8 29.3 
CO 0.8 3.0 1.3 1.1 1.3 1.0 30.1 0.6 0.8 32.5 27.6 
CA 0.7 2.4 1.1 0.8 0.8 1.0 31.4 0.5 0.6 37.5 23.3 
CP 1.4 1.9 0.9 0.8 1.0 1.1 32.7 0.5 0.7 36.1 22.9 

3 CM 0.0 4.1 1.1 1.2 1.9 1.0 0.8 0.3 0.6 55.5 33.5 
CO 0.6 44.1 0.9 0.8 0.5 0.3 0.4 23.1 0.4 25.1 4.0 
CA 0.1 37.7 0.6 4.5 29.0 0.3 1.8 10.8 0.6 0.9 13.9 
CP 0.8 5.1 1.8 1.7 3.1 0.9 1.6 0.8 0.9 58.7 24.6 

CONCLUSIONS 

Salt crystallization, resulting in crust formation, efflorescences or subflorescences, is one of the main 

mechanisms responsible for the degradation of monumental carbonate stones. The presence of soluble 

salts in the building stones gradually induces textural and mineralogical modifications in the stones. This 

phenomenon in turn gradually degrades the stones. Salts can originate from various sources; halite (NaCl) 

and gypsum (CaSO4) are the most frequently found salts that damage the historical monuments. The salt 

is soluble, passing into solution when the stone is wet. On drying, the salt precipitates out of solution into 

crystals either on the surface, or within the pores of the stone. Crystallization within pore spaces can lead 

to dislodgement of individual grains (granular disintegration) or the development of scales and flakes of 

stone 

Salt-loading tests in the laboratory were carried out to verify the weathering susceptibility of the 

carbonate stones of four historical monuments in Morocco. For this purpose crystallization tests by means 

of thenardite (Na2SO4), halite (NaCl) and sulfuric acid (H2SO4) were carried out on a number of stone 

cubes (50x50x50mm). The samples were submitted to wetting and drying cycles, and the tests were 

discontinued after some cycles. Based on the experimental results obtained from this study, the following 

conclusions can be drawn: 

 For capillary suction of Na2SO4 solution, there is no significant difference in the quantity of salts 

absorbed between the altered and unaltered samples. The percentage of salt content average after 

capillary absorption is 2.9% for all samples; 

 A change in some physical parameter values, before and after the experiments was observable, for all 

investigated stone types. These results show that the decay process of these monument stones, involved 
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a porous volume increase of about 20% and only a density decrease of about 1%. These investigated 

samples revealed not good weathering resistivity; 

 From the visual observations, the results of the salts action show that the samples for all stone types 

submitted to the test categories 2 and 3 exhibited a slight granular disintegration at the edges and the 

surfaces already at the end of cycles. The samples show different efflorescence, the overall result was 

that the stone cubes behaved identically. This indicates that these samples were probably more 

homogeneous. But, the damage caused by NaCl was only slight when compared to the effects of H2SO4; 

 The X-ray analysis of the all samples indicates the change in the principal mineral composition. For the 

test category 2, results shows the obvious presence of crystallized Gypsum Ca(SO4)(H2O)2 and on the 

other hand, the crystallization of halite NaCl after the test category 3. 

 By observation of the micromorphology, SEM micrographs show the presence of altered calcite grains. 

For the test category 2, calcite grains, corroded by well dissolution development are visible. Moreover, 

the image shows the presence of a halite deposit, in the test category 3. TEM/EDX observations reveal 

noticeable morphological differences between the treated and untreated samples for the both test 

categories. The images are extraordinarily clear and show how the exposed face of the test pieces is 

overrun with prismatic gypsum crystals for the test category 2 and halite crystals for the test category 3.  

 The semi quantitative technique EDX shows a remarkable decrease in the content of calcium. 

Nevertheless, no remarkable variation of (Al, Si, Fe, Mg, K, P and O) contents was observed in the both 

test categories. Meanwhile, analysis carried out in the test category 2 shows a remarkable increase in the 

relative content of sulphur that can be connected to a gypsum precipitation, and a increase in the content 

of chloride and sodium in the test category 3 that can be connected to a halite crystallization. 

From these observations, one can note that the decay mechanism in these stones is schematized by an 

increasing clay concentration at the surface, accompanied by remarkable calcite dissolution. 

To obtain more information on the damage processes, further research is necessary to emulate the site 

loading and its relation to the stone proprieties. This is of particular importance because the conservation 

approach in Morocco has changed in recent years. In the past, the Moroccan carried out stone 

replacement because the required natural stone was to be found in great quantities and the stone-working 

skills still existed. Today, preservation by means of modern conservation methods is accepted and largely 

carried out. However, to attain an acceptable degree of preservation by this approach, knowledge of the 

weathering processes and the contamination paths is of fundamental importance. 
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