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The attack of acid infiltration water over a historical building was thoroughly studied by a combination of 

ion chromatography, chemometric and thermodynamic chemical modelling. The treatment of the 

quantitative data pointed out to the formation and damage mechanisms of degradation compounds (salts 10 

of nitrates, sulphates and chlorides). Apart from that, the values of soluble salts content were evaluated by 

comparison with current guides, in order to advise the required actions of restoration. Besides, the results 

revealed that the salts followed the Arnold and Zehnder´s model distribution, by capillarity effect. Using 

this multianalytical methodology, the principal mechanisms of decay were established. 

INTRODUCTION AND OBJECTIVES 15 

The Built Heritage characterizes a society due to its intrinsic 

value, as an intangible asset. However, the way in which it is 

preserved could make it a tangible good, as its regeneration and 

sustainability could generate in return economic benefits in all 

areas of the society.  20 

During the last decade, the scientific and technical community 

made significant efforts to preserve the Built Heritage. 

Nevertheless, the building materials degradation is a natural and 

irreversible process and before carrying out its maintenance, 

preservation or revitalization, the causes of deterioration have to 25 

be understood. In the same sense, to assure a successful 

corrective action a deep knowledge of building materials and 

mechanisms of decay presented is required. 

The process of stone decay occurs in different ways. Sometimes 

it can be gradual, leaving a firm surface. Other times, it can lose 30 

its integrity and disintegrate. Even when the material appears to 

be in perfect conditions, it could have lost its cohesion beneath 

the surface. 

Actually, one of the most harmful effects over construction 

materials that can be overlooked is caused by soluble salts 1-4. In 35 

the case of buildings located in urban areas, with low levels of air 

pollution, the most common source of soluble salts is the entrance 

of runoff and/or subsoil water 5-7. Its action over building 

materials can undergo rapid processes such us leaching, transport, 

accumulation, concentration of solutes, precipitation and local 40 

concentration of complex systems of saline solutions, which are 

transported by capillarity ascension and, ultimately, can 

precipitate 8-9. 

The most damaging salts for building materials are often highly 

soluble and are easily transported through the porous material by 45 

water. In this way, the content inherent to the material can be 

altered by ions present in water such us nitrates, sulfates and 

chlorides. At this point, the salts crystallize from a supersaturated 

solution and their growth within porous materials produces 

continues local pressures, increasing the size of the empty spaces. 50 

Once the critical stress is reached, it is able to overcome the 

tensile strength of the material. 

 Furthermore, some salts can take or release hydration water or 

suffer structural changes, developing new pressures in the pores, 

which could cause fracture of the material 9-11. 55 

In addition to this, it should be highlighted that the strength of the 

material depends on a range of variables such as the type of salt 

to be formed, its properties (solubility changes, thermal 

expansion coefficient...), its concentration, the degree of 

supersaturation attained and the petrographic characteristics of 60 

the stone (type, distribution voids, water absorption capacity and 

so on) 12-13. Hence, the final deterioration is the result of a really 

complex mechanism and for that reason, before considering any 

conservation intervention, we have to know the kind of 

deterioration present. 65 

In this work, we present an analytical methodology to evaluate 

the real conservation state of materials composing a famous 

historical Palace House. To achieve this aim the study was 

carried out in two phases. In a previous work, the molecular 

composition of degradation products in building materials of the 70 

Palace House were identified through the application of in situ 

analysis by spectroscopic techniques. Then, once confirmed the 

nature of the soluble salt affection of the building by non 

destructive methods, in this second phase a multidisciplinary 

approach was adopted to study the amount and distribution of 75 

those affections. Thus, the objective was to find out the origin 

and mechanism of salt formations, as well as the severity of the 

damage caused in the different materials of the Palace, as the 
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effectiveness of treatments of conservation, both preventive and 

active, will depend on them. 

For this purpose, the quantification of soluble salts was carried 

out by ion chromatography, and subsequently, a chemometric 

analysis of ion content of the materials was also performed. 5 

Finally, to clarify the manner in which the salts can damage the 

walls, thermodynamic models of the different chemical processes 

that take place in the building were assessed. 

EXPERIMENTAL 

 LOCATION OF THE BUILDING 10 

The Palace is situated in the village of Azpeitia (Gipuzkoa, 

Basque Country, North of Spain), along the Urola river and, 

under the limestone Izarraitz massif. Given its proximity to the 

coast, it has an Atlantic climate with an Oceanic trend (Cfb 

according to the Köppen-Geiger classification) (Fig. 1). The 15 

main economical activities of the town are linked to the 

primary sector especially, agriculture and livestock. The 

reports of chemical quality of the Urola water have good 

levels, although historically, the high rural activity was a 

problem, causing moderate pollution and certain levels of 20 

eutrophy (Grade II and level 69, according to the Iberian Water 

BioMonitoring Procediment, IBMWP) 14-15. 

 
Fig.1 (a) Geographic location of the studied historical building 

(Basozabal Palace House, Azpeitia, Basque Country, North of Spain), (b) 25 

Architectural drawings corresponding to plan and section of the building, 

where selected sampling areas are indicated on the right hand side. 

DESCRIPTION OF THE BUILDING 

The building is distributed into ground floor, mezzanine and two 

upper floors plus an undercover (Fig.1).  30 

The distribution in the ground floor consists of the following: a 

central courtyard, substantially square with a stairway attached, 

which allows access to the upper floors. The courtyard is 

supported on octagonal stone columns of gothic bases and they 

form a perimeter corridor that allows the passage to the different 35 

rooms (Fig. 1).  

In 1990 a restoration project was started to use the building as an 

exhibitions hall but, few years later, the works were suspended 

and its conservation state is getting worse very rapidly. Only 

facades, stairway and skylight were rehabilitated. 40 

It is mainly constructed with glauconitic subarkose sandstone and 

limestone slabs from Igueldo quarry (Donostia, North of Spain) 

over a concrete base. Sandstones are found in all rooms whereas 

the limestone is only present in the main facade and in the first 

room. Nevertheless, in the latter, the ashlars are very small, being 45 

sand joint mortar the predominant material. Besides, Portland 

cement mortar was incorporated in stairway, windows and sills 

during the restoration. 

 PRELIMINARY NON-DESTRUCTIVE ANALYSIS 

In order to confirm the affection and to justify the sampling of the 50 

historical palace, with high cultural relevance, and non 

destructive in-situ analysis was carried out. 

In this way, characteristics and composition of the original 

material as well as present decaying compounds were identified 

using mainly Raman spectroscopy. The results, of the stone, 55 

corroborated by bibliographic studies 16-18, showed that the 

detrital components of the sandstone are mostly cemented by 

carbonate, mainly of sodium and calcium. Besides, the stone 

contains an important amount of quartz (SiO2), potassium 

feldspar (KAlSi3O8) and iron oxides. The limestone, mainly 60 

composed by calcite (CaCO3), contains approximately a 20% of 

potassium feldspar and carbon. To complete, the sand mortar was 

composed mainly of calcite, quartz and as minor compound by 

potassium feldspar 19. 

As degradation compounds, a variety of carbonated efflorescence 65 

salts were detected such us natrite (Na2CO3), termonatrite 

(Na2CO3·H2O), natron (Na2CO3·10H2O), trona 

(Na3(HCO3)(CO3)·2H2O) and gaylussite (Na2Ca(CO3)2·5H2O), 

which indicate a transformation of original compounds of 

sandstone by influence of water. Gypsum (CaSO4·2H2O) and 70 

nitratine (NaNO3) were identified as decaying compounds of 

sandstone, whereas niter (KNO3) and thenardite (Na2SO4) were 

the most abundant in mortars. According to the results, the 

existence of these compounds appeared to be related to the 

presence of infiltration waters, which could increase the salt 75 

content of the building materials as well as, encourage their 

dissolution19 by the incorporation of new compounds ground 

leachate or dragged from other materials. 

SAMPLING CAMPAIGN 

The sampling campaign was performed during the month of 80 

February, in accordance to the visual inspection and a preexisting 

in-situ spectroscopic study taken place previously, following the 

Italian guidelines (Normal 3/80) 19-20. The visual inspection 

allowed the identification of several types of efflorescences, 

subefflorescences, scalings, flaking and disaggregations as the 85 

main affections of the materials in the ground floor wall, which 

was not restored. Besides, the apparent presence of front salts, up 

to 1.7 m in height, was observed along the inner wall of the first 

room (Fig. 2). In this manner, eleven sandstone and mortar 

samples of the internal walls were gathered, in sufficient amount 90 

for analysis of soluble salts, at different range of heights; low 

(from 0 to 0.2 m), medium and high (0.8 and 1.7 m, respectively) 

(Table 1). 
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Fig. 2 Photographs of the deterioration observed in the Palace House; (a) 

Details of flaking over sandstone of the central courtyard, (b) Sandstone 

structural column details of the central courtyard, (c) Enlargement of the 

salts front with an important material loss, in the first instance, (d) Details 5 

of efflorescences and subeflorescences over sandstone of the central 

courtyard.  

The samples were collected, trying to damage as little as possible 

the material, using a chisel and their size was 25x25 mm and 1-3 

mm of thickness, approximately.  10 

Prior to the quantitative analysis, the visible efflorescences of the 

samples were removed in order to quantify the real content of the 

building materials. Moreover, the removed soluble salts were 

analyzed too (EM1, EM2, and EM5 samples). 

Table 1 Building material samples collected in the Palace House studied. 15 

The kind of material, height on the wall and zone of the building is 

indicated. 

Sample Material Height  Zone 

 

SM1 

 

Sandstone 

 

Medium 

 

Courtyard 

EM1 Subefflorescence Medium Courtyard 

SM2 Sandstone Low Courtyard 

EM2 Efflorescence Medium Courtyard 

SM3 Sandstone Medium Courtyard 

SM4 Sandstone Medium First room 

MM5 Mortar High First room 

EM5 Efflorescence High First room 

MM6 Mortar Low First room 

MM7 Mortar Low First room 

SM8 Mortar Medium First room 

MM9 Mortar Low Corridor 

MM10 Mortar Low Courtyard 

MM11 Mortar Low First room 
 

INSTRUMENTS AND METHODS 

The methodology selected to carry out the study was performed 

in two steps. Firstly, to extract the soluble salts of the different 20 

building materials, selected samples were milled using agate 

mortar and were subsequently sieved at 0.1 mm in order to 

facilitate the extraction.  Then, samples were treated in triplicate 

following an ultrasound assisted extraction method 21, as effective 

alternative to the standard EN 16455/2014. The extraction was 25 

performed in an ultrasound bath, for 120 min using 100 mL of 

deionised water and 0.1 g of sample by replica. The 

quantification of content was carried out by a Dionex ICS 2500 

suppressed ion chromatography (IC) with a conductivity detector 

ED50. For the separation of anions, an IonPac AS23 (4x250 mm) 30 

column and IonPac AG23 (4x50 mm) precolumn were used. As 

mobile phase, solutions of 4.5 mM Na2CO3/0.8 mM NaHCO3 

were selected. The conditions of suppression current and flow 

applied were 25 mA and 1mL/min, respectively. The 

quantification of cations was conducted by an IonPac CS12A 35 

(4x250 mm) column and IonPac CG-12A (4x50 mm) precolumn 

from Vertex. As mobile phase, a solution of 20 mM CH4SO3 was 

selected. The suppression current and flow applied were 50mA 

and 1mL/min, respectively. The data processing was performed 

by means of the program Chromaleon Version 6.60-SPla 40 

software Dionex Corporation (Sunnyvaley, CA, USA). 

In the second step, the obtained quantitative data were analysed 

through a chemometric model. In this manner, The 

Unscrambler® Version 9.2 software CAMO Process AS (Oslo, 

Norway) was used to identify correlations between quantified 45 

cations and anions. For this purpose, the quantitative data were 

introduced in units of equivalents/kg, since otherwise there would 

be no way to take into account the charge of each ion when 

combined with others. Therefore, the equivalents for each anion 

and cation were calculated according to the following formules, 50 

where (M) and (N) are the equivalents number of anions and 

cations, and (m) and (n) their respective valences: 

 

��������	
���
 � �	�	��
	����	����
� 

��������	
���
 � �	�	��
	�����	����
� 

 

Furthermore, to explain the formation of the most important 55 

decay compounds, thermodynamic models were assessed using 

chemical equilibrium diagrams and information on stability 

constants included in the free academic programs HYDRA 22 

(Hydrochemical Equilibrium-Constant) and Medusa 23 (Make 

Equilibrium Diagrams Using Sophisticated Algorithms Version 60 

15, software Royal Institute of Technology ( Stockholm, 

Sweden). 

RESULTS AND DISCUSSION 

QUANTIFICATION OF SOLUBLE SALTS BY ION 
CHROMATOGRAPHY  65 

Thanks to suppressed ion cromatography, soluble fluoride, 

sulphate, nitrite, nitrate, chloride, calcium, sodium, potassium and 

magnesium concentration were quantified (Table 2).  To know if 

the salt removal is necessary, the total soluble content of the 

samples was calculated (Table 3) in accordance with the UNI 70 

guide and the guide of Salt Attack and Rising Damp 24-25. Apart 

from that, the percentage of sulphate, chloride and nitrate of the 

samples were calculated separately (Table 3) to classify the 

severity of the damage presented, according to a guide issued by 

Fraunhofer-IRB 26. 75 

According to the results summarized in Table 2 and 3, a high 

soluble salt content of the materials was revealed. The samples 

collected in the courtyard showed as major compounds nitrates 

and sulphates whereas nitrates were the predominant compounds 

in the first room. Following the classification of salts levels that 80 

are considered potentially hazardous for porous materials 26, only 

samples MM6 and MM7 showed low or medium levels for these 

compounds.
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Table 2 Concentration values in mg Kg-1 and method repeatabilities, in RSD %, obtained by ion chromatography. 

Sample Na+ K+ NH4
+ Mg2+ Ca +2 Cl- NO3

- SO4
-2 

SM1 4.10 x 10+3 4.10 x 10+3 <QL < DL 1.30 x 10+4 3.40 x 10+3 1.60 x 10+4 1.80 x 10+4 

EM1 2.20 x 10+5 4.30 x 10+3 <DL < DL 1.70 x 10+3 2.80 x 10+3 5.90 x 10+3 1.60 x 10+3 

SM2 2.10 x 10+3 1.10 x 10+3 <QL < DL 4.40 x 10+3 2.40 x 10+3 6.60 x 10+3 5.70 x 10+3 

EM2 2.80 x 10+5 1.0 x 10+3 < DL < DL 4.30 x 10+2 2.40 x 10+2 1.50 x 10+3 5.90 x 10+2 

SM3 4.40 x 10+3 9.60 x 10+2 < DL < DL 9.70 x 10+4 6.40 x 10+3 8.0 x 10+3 2.40 x 10+5 

SM4 4.90 x 10+3 1.10 x 10+3 <QL 1.80 x 10+2 2.80 x 10+3 7.10 x 10+3 7.90 x 10+3 8.20 x 10+2 

MM5 3.20 x 10+3 4.70 x 10+3 <QL < DL 1.10 x 10+4 4.30 x 10+3 2.20 x 10+4 5.10 x 10+3 

EM5 1.50 x 10+2 3.80 x 10+5 < DL < DL 6.30 x 10+2 < DL 8.10 x 10+5 1.20 x 10+3 

MM6 2.50 x 10+5 4.20 x 10+3 < DL < DL 5.0 x 10+2 1.30 x 10+3 2.40 x 10+3 3.60 x 10+3 

MM7 2.10 x 10+5 5.90 x 10+2 < DL < DL 9.10 x 10+2 1.30 x 10+3 2.70 x 10+3 2.0 x 10+3 

SM8 7.50 x 10+3 2.0 x 10+3 <QL < DL 5.50 x 10+3 1.0 x 10+4 1.20 x 10+4 2.40 x 10+3 

MM9 4.90 x 10+2 6.10 x 10+2 <QL 1.50 x 10+2 1.60 x 10+3 4.70 x 10+2 6.10 x 10+2 6.0 x 10+3 

MM10 9.50 x 10+3 1.20 x 10+4 <QL 2.27 x 10+2 1.70 x 10+4 1.20 x 10+4 3.30 x 10+4 1.90 x 10+4 

MM11 4.10 x 10+3 2.90 x 10+3 <QL 3.50 x 10+2 3.24 x 10+4 6.50 x 10+3 2.80 x 10+4 4.0 x 10+4 

RSD (%) 2 7 -- 4 4 2 4 3 

DLa 1.5 x 10-1 1.5 x 10-1 3.2 x 10-1 2.2 x 10-1 1.5 x 10-1 2.3 x 10-1 2.6 x 10-2 1.20 

QLb 4.8 x 10-1 4.7 x 10-1 1.70 7.4 x 10-1 4.7 x 10-1 5.20 1.3 x 10-1 3.50 
 

a DL limit of detection, bQL limit quantification

The remaining samples showed severe levels, reaching Extreme 

Grade (IV) in most cases, which indicate high destruction and 

hygroscopic moisture. 5 

In samples visibly affected by salts (Fig. 2a, 2b) the total content 

of salt shows percentages above 35%. However, values less than 

35% were found in samples that apparently did not showed 

efflorescences or visible damage, exceeding the limit of 10% 

considered as gravely polluted according to the UNI standard 24. 10 

These high percentages, similar to values observed in Venice 24, 

could be caused by dissolution of the main component, in this 

case calcite. An acid pH is required for this to happen, which in 

this case is easily reachable by the acid infiltration water of the 

area, whose pH values were between 5.7 and 6.4 during the 15 

samplings carried out. 

 In addition, it is noteworthy to mention that, samples of mortar, 

MM10 and MM11, showed more than 10% of salt content. These 

sampling points correspond to the bases of the walls without 

damage. However, the top of the wall showed efflorescences, a 20 

front of salts and loss of material (Fig 2c). These samples had, as 

shown in Table 2 and 3, a high content of nitrate. This salt 

increased in concentration with the distance to the adjacent river 

facade; given its distribution and high solubility and mobility, the 

fact that is found at such low points, suggests saline infiltration 25 

water as its main source.   

According to the data registered about the water of this region, 

during the last years, high concentrations of ammonium are 

observed (Fig.3), probably derived from industry and agricultural 

activities14. Therefore, the ground water that could infiltrate in the 30 

building constructed close to the water table is probably rich in 

nitrates as consequence of the rural activity. Besides, its salt 

content could be increased by ground leachate or even by dragged 

from other building materials. 

Then, the acid content of the infiltration water, in addition to 35 

nitrate anions, can react with the original composition of mortars  

 
Fig.3 Historic values of ammonium, Chemical and Biochemical oxygen 

demand (COD and BOD5, respectively) observed in the Urola River. 

Information extracted from the report of Gipuzkoa County Council, 40 

Department for Sustainable Development, Directorate General of 

Hydraulic Works 14. 
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giving rise to the decay compounds 25-27. The simultaneous 

presence of ammonium and nitrates, in the same samples (Table 

2), suggests that the ammonium nitrate, highly soluble, has not 

reacted totally. Therefore, it seems that there is a reservoir of this 

compound coming from the subsoil. Over the years, the walls 5 

could have been feeding constantly with salt-bearing moisture, 

increasing the rising damp caused by capillary action.  

In practice, the height to which water will rise in the wall is 

limited by the rate of evaporation of water from the wall surfaces 

(related to the masonry materials, surface coatings, climate and so 10 

on) 25. Besides, salt zoning along the wall is the result of 

fractionating the solution, which depends on the nature of the salt 

(mobility, solubility, etc...) as well as the above variables. To 

examine and illustrate the distribution of salt with respect to 

height in the case under study, the mean values for the ions 15 

quantified are shown in Figure 4. A progressive distribution of 

salt zones was observed. From the first moment, in the rise of 

water through the wall, the solution starts to evaporate. However, 

at ground level, the evaporation rate is not enough to effectively 

concentrate the solution. By contrast, in low and middle areas, the 20 

evaporation rate sufficiently exceeds the supply rate of the 

solution, so that the concentration increases to saturate the less 

soluble salts, mainly calcium sulphates and sodium carbonates, as 

Raman spectroscopy also indicated. Once precipitated less 

soluble salts, the most soluble are available in the solution. Then, 25 

to observe efflorescences at highest areas, high values of 

evaporation rates and mobility are required. In this way, chlorides 

are located predominantly in the middle region of the wall, and 

sodium and potassium nitrates at the top. Thus, in low areas, less 

soluble and mobile salts could be found; in contrast, more soluble 30 

and mobile salts migrate towards higher areas. Nevertheless, the 

amounts of efflorescences observed can be relatively minor, even 

remain unnoticed, since the precipitation of deliquescent salts 

depend on the absorption of water from the atmosphere and, they 

could be condensed, favouring or not its redissolution, as is the 35 

case of sodium carbonate. Although, the vertical distribution of 

salts observed is approximate to Arnold and Zehnder´s model 
5,8,28, the salt distribution model can be slightly altered as the acid 

infiltrated water can increase the concentration of salts by drag 

from the adjacent original materials29-30.  40 

Table 3 Values of soluble salt content of the samples (referred to sample 

weight) obtained by ion chromatography. 

Wt % SO4
2-  Cl- NO3

- Total saltsa 

SM1 1.8 0.34 1.6 6.9 

SM2 0.57 0.24 0.66 2.5 

SM3 23.9 0.64 0.80 35.7 

SM4 0.08 0.71 0.79 2.8 

MM5 0.51 0.43 2.2 6.33 

MM6 0.36 0.13 0.24 69.7 

MM7 0.20 0.13 0.27 58.2 

SM8 0.24 1.0 1.2 4.7 

MM9 0.60 0.05 0.06 1.0 

MM10 1.9 1.20 3.3 12.2 

MM11 4.0 0.65 2.8 14.0 
 

a Taking into account bicarbonate content. 

Besides, the presence of front salts, located in areas affected by 

moisture of capillary ascension, under the influence of mortars, 45 

seem to point to the idea that its origin is in the saline content of 

infiltration acid water, which supports the hypothesis again.  

 
Fig.4 Average of ion content determined by ion chromatography at 

different heights in the walls at the test site. 50 

PRINCIPAL COMPONENT ANAYLISIS OF THE IC 
RESULTS 

The multivariate analysis of the data was used to obtain further 

information on the correlation of quantitative analysis. For that 

purpose, milliequivalents of carbonate were estimated following 55 

the equation: 

 

Σ (meq cations) – Σ (meq anions) = meq (carbonate) 

 

Complementary to that estimation, the carbonate content of the 60 

samples was correctly checked by an automated system for 

potentiometric titrations 31 and the Unscrambler results were 

complemented by correlation analysis of excel software.                     

The obtained Principal Component Analysis (PCA) explained 

87% of the variance, using 3 PCAs to simplify the system. As can 65 

be seen in Figure 5, some salts formation is suggested with the 

grouping of three clusters; sodium and carbonate, potassium and 

nitrate and magnesium and chloride.  

Sodium was extremely correlated with carbonated content (r = 

0.999) indicating their common precedence from degradation of 70 

the original composition of sandstones. Efflorescence samples 

EM1 and EM2 were also close to that cluster.  This fact is 

supported with the identification of several carbonated 

efflorescences in the previous spectroscopic study. These results, 

together with the entry of acid waters previously shown, 75 

demonstrate the damage in the ashlars by loss of original 

material. In addition to its dissolution and migration, its effect is 

increased by the equilibrium of hydration of sodium carbonate, 
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which is present in its mono and decahydrated form. As a result, 

the pressure in the network of pores is increased by the change of 

volume produced during hydration/dehydration cycles. In fact, 

natron, the decahydrated form, is ranked as the third most 

aggressive salt for building materials and, in this case, it is 5 

suggested as the main cause of the disintegration and flaking of 

sandstone 32. 

 

 
Fig.5 PCAs carried out by Unscrambler . a) Representation of PC1 vs 10 

PCA2 of the results obtained by ion chromatographic b) PC1 vs PCA3. 

Representation of groups formed according to the main three principal 

components are highlighted: carbonate, nitrates, sulphates and chloride. 

Moreover, sodium shows a low negative correlation with chloride 

(r = -0.470), which could indicate that the source of chloride is 15 

not original, confirming, as with its observed levels (Fig 4), it 

comes with the infiltration water and its passage through the 

ground. 

Potassium is only correlated with nitrate (r = 0.999) and, the 

proximity of EM5 (Fig 5), efflorescence of the front salt, 20 

indicates its main composition. The origin of potassium could be 

related to two different sources, salt content of the infiltration 

water and/or it could correspond to an original compound of 

mortar and limestone. Therefore, this formation mechanism will 

be studied later in depth. 25 

Apart from that, calcium highly correlates with sulphates (r = 

0.981). The formation of calcium sulphates in carbonated 

materials is a known process. Its formation needs an acid medium 

to dissolve the original calcite and a sulphate input, which, in this 

case, could be explained by the action of acid waters over original 30 

carbonate, increased by sulphate additives of new mortars and 

water ion content 29,33-34. 

Finally, magnesium is correlated with chlorides, in a lesser 

extent. Although, in principle this salt is not considered very 

harmful, studies have demonstrated that the presence of chlorides 35 

in solution could encourage dissolution of calcite as well as 

transformation of the iron oxides 35-37. 

The results are quite interesting because the formation of 

magnesium chloride was not previously detected by Raman 

spectroscopy in the previous non-destructive screening due to its 40 

ionic bond. Besides, others salts such us sodium nitrate and 

sodium sulphate, which were detected during the screening phase, 

were not predicted by the chemometric study. This fact is 

probably due to the great amount of carbonate salts, which could 

make them unnoticeable, and/or the sampling was performed in a 45 

rainier season. Then, changes in weather conditions could have 

caused its dissolution. 

THERMODYNAMIC MODELLING:  MECHANISM OF 
POTASSIUM METASOMATISM AND NITER 
FORMATION 50 

Thermodynamic chemical modelling was focused on the better 

understanding of the chemical reactions involved in the formation 

of the salt front of nitrates. Since, the formation of calcium 

sulphate has been widely studied 38-39.  

Niter formation by action of infiltration water over the limestone 55 

wall was predicted with the help of MEDUSA software and the 

calculations were carried out using the HYDRA database (Fig 6). 

  

 
 60 

Fig.6 Medusa software chemical prediction of niter formation. Attack 

mechanism of acid waters over limestone slabs, composed by potassium 

feldspar and ammonium. Input concentration corresponds to the 

composition of each material and the historic analyses of water. 

 65 
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According to the discussion of the results, its origin appears to be 

related to the acid infiltration water action over limestone and 

mortar materials. Therefore, as source of potassium, the 

hydrolysis of the aluminum silicate was studied first (Fig 6a). The 

mass fraction diagram of potassium shows that its hydrolysis 5 

starts at pH values lower than 8, which are easily reached by 

common infiltration waters. In addition, given the presence of a 

high concentration of ammonium in the waters of this region, the 

release of potassium is evident (Fig 4).  

Subsequently, the action of acid infiltration water content over 10 

the feldspar was studied (Fig 6b). Potassium nitrate formation is 

predicted at pH values higher than 8. These facts suggest the need 

for its formation in two steps. Firstly, thanks to the low pH of the 

infiltration waters, leaching of potassium from limestone occurs. 

It is in the second step, as the calcareous material react 15 

(increasing pH) and the drying of materials takes place, when the 

saturated solution of niter precipitate. Therefore, its formation 

could be explained by the acid water attack over the original 

potassium feldspar of limestone and joint mortars. The hydrolysis 

and the formation of niter seem to follow the reactions 1, 2 and 3.  20 

−+
+++⇔+ OHKOHSiOHOAlSiOHOKAlSi 22)(4)(11 44522283         (1) 

 ++
+⇔++ KOHOAlSiOHHOHOKAlSi 452222103 )(5.15.1)(    (2)                                                                                         

 33 KNONOK ⇔+
−+   (3) 

Therefore, once the acid water reaches mortar of the wall base, 

the water content ascends the wall by capillarity effect, 25 

hydrolyzing the original compound. The soluble salt reaches the 

surface and finds a barrier in the limestone, where they crystallize 

as efflorescences, in joints and surfaces, forming a front of salts, 

in which niter is the main compound by its high solubility and 

mobility. 30 

However, although the content of potassium derived from 

feldspar alteration is particularly high in this kind of materials, 

and some extra amount from the subsoil is necessary, its presence 

is probably due to agricultural work in the area too.  

CONCLUSIONS  35 

According to the results, the analytical methodology used allows 

determining the main source of degradation as acid water 

infiltration from the ground as well as its effect over the original 

materials. In addition, formation mechanisms of degradation 

compounds were explained applying chemometric and 40 

thermodynamics modelling software. In this manner, the applied 

methodology points out the importance of understanding the 

chemistry behind the damage caused by salt weathering over the 

building materials, as it not only indicates the formation of 

harmful salts within the materials, but rather it gives an idea of 45 

the extent of infiltration water migration in porous systems of 

masonry materials. 

It should be noted that, areas that did not seem visibly affected by 

soluble salts showed high percentages of soluble salts, evidencing 

that, in any case, this kind of analytical study is needed not to 50 

overlook one of the most harmful pathologies of historic 

buildings. Likewise, quantitative analysis allowed classifying the 

degree of the pathology, suggesting necessary desalination 

process after avoiding or reducing the entrance of water. 

Moreover, given the loss of material suffered by the 55 

transformation of the original compounds and since, some parts 

such us columns have structural functions, the evaluation about 

residual hardness of the stones and mortars are suggested to help 

the conservators to identify a time limit before of a severe 

damage be caused in the structure. Taking into account the 60 

soluble salts values obtained, the consolidation and reinforcement 

works of the structures are urgent to assure the maintenance of 

the Palace house. 

Finally, as the methodologies based on Raman cannot detect ionic 

bonds, they must be complemented with other analytical 65 

techniques for the detection chlorides, as this compound plays an 

important role as a catalyst of degradation reactions. Apart from 

that, the mechanism of niter formation from pH higher than 8 

evidence, one more time, the necessity of quantitative analyses to 

detect its present in humid conditions, as it could be not saturated. 70 

Similarly, spectroscopy techniques are really useful to detect 

damage by hydration and dehydration cycles, as well as by other 

harmful compounds, as thenardite in this case, as their minor 

presences could go unnoticed by chemometric studies. Thereby, a 

combination of both methodologies is really advised to perceive 75 

other important sources of degradation, like the effect of additives 

in materials incorporated into the building during restoration 

process. 
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