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ABSTRACT 

The blackening of monuments in historic cities due to air pollution is common. In 

historic urban centres, pollution from traffic negatively affects the preservation 

of monuments and results in the appearance of black crusts and/or deposits. The 

cleaning procedures for restoring or rehabilitating these building to remove these 

deposits are expensive and require continuous effort. Thus, it is necessary to 

monitor and control the effects of traffic on buildings. The objective of this study 

was to develop a new analytical methodology to assess and evaluate the 

continued risk of traffic pollution due to the circulation of vehicles near 

monument facades. This methodology combines geographic information systems 

(GIS) and digital image analysis (DIA) to evaluate the effect of traffic on the 

facades of stone buildings, which will enable more informed decisions regarding 

the reorganisation of traffic and the pedestrianisation of streets near 

monuments. 

Keywords: pollution, blackening, traffic, georeferenced system, digital image 

analysis, monuments. 

1. Introduction. 

The current developmental model of society has resulted in large cities with 

increasing numbers of vehicles and industrial zones. Due to air pollution, many 

monuments and historic buildings have begun to deteriorate [1-2]. 

Motor vehicles are the largest source of air pollution in urban areas. Carbon 

monoxide (CO) is the most common pollutant emitted by vehicles. Vehicles are 
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also a significant source of particulate emissions, NOx, and SO2. The negative 

effects of air pollution on the building materials of monuments are well-known; 

particles may accumulate on the building surface, affecting its outward aspect, in 

addition to chemical reactions of pollutants with building materials [3]. Deposits 

and crusts on buildings are basically generated by two phenomena: dry and wet 

deposition. In dry deposition, pollutants adhere directly to the stone surface. In 

wet deposition, blackening is produced by oxidation in the presence of gas or 

solid catalysers, such as SO2 and NOx, resulting in the formation of different acids 

(principally H2SO4 and HNO3) that begin to dissolve the stone surface. This 

phenomenon occurs extensively with materials composed of carbonates, such as 

marble, limestone, and calcarenite. Several investigations have been completed 

on the impact of air pollution on cultural heritage [4-6] and the appearance of 

mechanical damage [7] or black crust due to traffic and atmospheric SO2 [8-9]. 

These studies demonstrate that walls directly exposed to traffic have higher 

concentrations of sulphate, nitrate, and organic carbon.  

The damage layers in blackening and black crust [6] are a record of the 

environmental changes over time, and some differences in thickness exist [10] 

from different exposures to vehicular traffic. 

Black crusts generated by pollution should be periodically removed from 

buildings using lasers, superficial cleaning, pressure washing, or chemical 

products, which may tangibly or intangibly damage these sites of historical 

significance. The expense associated with these restoration projects varies based 
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on the costs of amortization of the instrumentation, consumable products 

required for cleaning, and operation time [11]. The costs are already high and 

must be incurred periodically in cities due to increases in pollution.  

For these reasons, European legislation has been concerned with the effects of 

air quality on populations, ecosystems and, more recently, cultural heritage. 

Regarding risk assessment and the vulnerability of historical buildings to 

pollution, the basic texts of the Council of Europe [12] explicitly address physical 

deterioration due to pollution and refer to risks as the damages or foreseeable 

losses of cultural heritage that are caused by deterioration and accentuated by 

pollution and poor preservation. As in many developed countries, legislation in 

Spain addresses the exposure of historical buildings to pollutants as one of the 

factors guiding the establishment of air quality objectives and alert thresholds 

[13]. However, analysis of the actual risk of pollution in the environment and 

evaluation of the damages to historical buildings are rare. 

In the cities and historical centres of Spain, local governments have jurisdiction in 

measures relating to urban traffic and are included in air quality improvement 

plans under Decree 239/2011 [14], by which the quality of atmospheric air is 

regulated. In this decree, a classification of traffic levels as a function of number 

of vehicles is found. A high volume of traffic represents more than 10,000 

vehicles/day, medium volume represents between 3,000 and 10,000 

vehicles/day, and low volume represents between 500 and 3,000 vehicles/day. 

The aforementioned decree is also connected to the guidelines established in 
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Directive 2008/50/CE [15] to promote better environmental air quality and a 

cleaner atmosphere for Europe. 

One of the guidelines for action in the National Plan of Climate Change 

Adaptation (Plan Nacional de Adaptación al Cambio Climático) [16] contemplates 

the evaluation of the potential impacts of climate change on cultural heritage 

(tangible or intangible) and its repercussions for tourism. However, no defined 

methodology exists for analysing the effects of air pollution on historical centres 

or on sites destined for preservation. For this reason, a new methodology is 

proposed in this article to combine geographic information systems (GIS) and 

digital image analysis (DIA) at the street level, considering sources of pollution, 

the flow of traffic, and the dispersion of pollutants, as well as the geographical 

location of monuments in the historical centre. 

GIS is a tool used in different fields, such as in architectural inventories of 

rammed earth construction projects, which include the historical context, 

topographical data, and architectural characteristics and details of buildings [17], 

studies of rural construction projects [18], hazard evaluations [19] integrated 

with satellite remote sensing systems to assess flood risks [20-22], and in 

combination with RAMAN and SEM-EDX to study the pollutants on walls [23]. 

DIA may be combined with other techniques or used on its own, and it 

represents a useful methodology for the identification of different types of 

materials [24-26], weathering forms [27], signs, and drawings [28-30] or lichens, 

as well as for the analysis of the effectiveness of biocides [31] or the study of 
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black crusts that have formed on buildings [32-33]. As a complement to other 

techniques, DIA is a non-destructive technique that also serves to evaluate salt 

damp on walls [34-35] and provides detailed materials mapping for the 

evaluation of the compatibility of conservation interventions [36]. In combination 

with remote sensing techniques, DIA of mural paintings allows for an 

understanding of the interactions of the different elements in a system that has 

diverse spatial positions [37]. Thus, this method is extensive and has several 

applications, and its results may guide decisions concerning the rehabilitation, 

cleaning, and consolidation of historical buildings. For these reasons, this method 

was selected to quantify damage to stone facades due to air pollution. 

2. Methods 

2.1. Study area 

To demonstrate the application of the methodology, the city of Seville in the 

southern Spain was selected. The study area is approximately 3.7 km2, and 13 

facades of the most emblematic and ancient monuments were considered (Table 

1). These parishes were built in the Gothic-Mudejar, Renaissance, and Baroque 

styles between the XIIIth and XVIIIth century.  

Table 1. Individual buildings chosen for study in the historic centre of Seville and the district of Triana, along 

with code, periods of construction, architectural style, number of samples taken and number of facades 

studied by digital image analysis. Note: The churches with digital image analysis studies are shaded. 

Church 

(Code) 

Period of 

Construction 

Architectural 

Style 

No. of 

samples  

No. facades 

Digital Image 

Analysis 

Façade 

Orientation 

La Anunciación 

(ANUN) 

16th Century (1565-

1579) 

Renaissance 11 1 North 
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La Magdalena 

(MAG) 

17th-18th Century 

(1691-1709) 

Baroque 11 1 South-East 

Omnium 

Sanctorum (OS) 

13th Century (1250-

1399) 

Gothic-Mudejar 14 3 North 

West 

South 

 

San Esteban 

(SES) 

14th-15th Century 

(1349-1414) 

Gothic-Mudejar 8 Not enough 

distance to 

take a 

complete  

photo 

 

San Gil (SGI) 14th Century (1300-

1399) 

Gothic-Mudejar 6 Recently 

restored 

 

San Ildefonso 

(SIL) 

18th-19th Century 

(1794-1841) 

Neoclassical 8 No stone in 

the facade 

 

San Isidoro 

(SISI) 

14th Century (1345-

1354) 

Gothic-Mudejar 5 Recently 

restored 

 

San José (SJO) 18th Century Baroque 4 Not enough 

distance to 

take a 

complete  

photo 

 

San Juan de la 

Palma (SJP) 

15th Century (1400-

1499) 

Gothic-Mudejar 7 Not enough 

distance to 

take a 

complete  

photo 

 

San Julián 

(SJU) 

14th-15th Century7 

(1300-1407) 

Gothic-Mudejar 4 1 West 

San Lorenzo 

(SLO) 

14th Century (1300-

1399) 

Gothic-Mudejar 4 2 North 

South 

San Marcos 

(SMARC) 

14th Century (1345-

1354) 

Gothic-Mudejar 9 Not enough 

distance to 

take a 

complete  

photo 

 

San Martín 

(SMTIN) 

15th Century (1400-

1432) 

Gothic-Mudejar 7 1 West 

San Nicolás 

(SNIC) 

18th Century (1758-

1799) 

Baroque 11 1 South 

San Pedro 

(SPE) 

15th Century (1440-

1499) 

Gothic-Mudejar 10 1 South 

Santa Ana 

(Triana) (STA) 

13th-14th Century 

(1285-1350) 

Gothic-Mudejar 5 Recently 

restored 

 

Santa Catalina 14th Century (1350- Gothic-Mudejar 12 1 West 
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(STCA) 1399) 

Santa Cruz 

(STCR) 

17th-18th Century 

(1665-1728) 

Baroque 14 1 North-West 

Santa Inés 

(STIN) 

14th Century (1374) Gothic-Mudejar 7 Recently 

restored 

 

Santa Isabel 

(STIS) 

17th Century (1602-

1699) 

Baroque 4 1 South 

Santa Marina 

(STMA) 

14th Century (1356) Gothic-Mudejar 11 1 West 

Santa María la 

Blanca (STMB) 

17th Century (1650-

1665) 

Baroque 6 Recently 

restored 

 

San Román 

(SRO) 

14th Century (1356-

1399) 

Gothic-Mudejar 2 Recently 

restored 

 

San Vicente 

(SVI) 

14th-16th Century 

(1300-1599). 

Gothic-Mudejar 8 1 South 

El Salvador 

(SALV) 

17th-18th Century 

(1674-1712) 

Baroque 2 Recently 

restored 

 

San Andrés 

(SAND) 

14th Century (1300-

1399) 

Gothic-Mudejar 2 Recently 

restored 

 

Santiago 

(SANT) 

14th-18th Century  Gothic-Mudejar 3 No stone in 

the facade 

 

San Bartolomé 

(SBAR) 

18th Century (1780-

1796) 

Neoclassical 2 Not enough 

distance to 

take a 

complete  

photo 

 

Sagrario (SAG) 

(Catedral) 

17th Century (1618-

1622) 

Baroque 6 1 West 

La O (Triana) 

(O) 

17th-18th Century 

(1697-1702) 

Baroque 2 Recently 

restored 

 

 

2.2. Study of weathering forms on the facades of monuments 

The weathering forms were studied to establish the effects of pollution on the 

facades of monuments using the visual inspection, following ICOMOS-ISCS [38]. 

Otherwise, samples of black crusts and deposits were taken from the facades of 

the buildings at different heights (Table 1). The sampling followed the 

recommendations of the technical commission CNR-ICR NORMAL 3/80 [39].  
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To characterise the black crusts and deposits on church facades, the following 

techniques were used: 

a) The black crusts and/or deposits of samples were described with the 

aid of a ZARBECO 2000 magnifying lens. The front and back surfaces of 

the samples were viewed under visible, ultraviolet, and infrared light. A 

cut perpendicular to the surface was viewed with a KYOWA transmitted 

light petrographic microscope attached to a digital camera, a Leica 5400 

LV optical microscope attached to a digital camera, and a JEOL JSM‐5400 

scanning electron microscope with energy dispersive x-ray spectroscopy 

(SEM-EDX). 

b) The building materials and the content of newly formed crusts and 

deposits were characterised using x-ray diffraction with a Bruker model 

D8C system and x-ray fluorescence using PANalytical Axios and Epsilon 5 

spectrometers. 

c) For samples from facades with different degrees of alteration, the rate 

of blackening and the thickness of the crusts and/or deposits was 

evaluated with a ZARBECO 2000 magnifying lens, and the digital analysis 

of images was completed for a 4 mm2 surface area. 

2.3. Using a Geographic Information System (GIS) to build a map of pollution 

ArcGIS was employed to evaluate the traffic of vehicles on all streets in the 

centre of Seville (Spain). 

Air pollution data were provided by the Environmental Information Network of 
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the Council of Andalucia (Red de información Ambiental de la Junta de Andalucía; 

REDIAM) was consulted [40] for measurement stations at different points in the 

city, including the historic centre, La Ranilla, Príncipes, Torneo, and Santa Clara 

(figure 1). The only stations located inside the historical district were located on 

the streets of Pajaritos and Torneo; these have low and very high levels of traffic, 

respectively. 

 

Figure 1. Location of churches studied and measurment stations in Seville (Spain). 

Four atmospheric pollutants and their potential effects on the historical buildings 

of the city were analysed for 1999–2015: sulphur dioxide (SO2), suspended 

particulate matter with a diameter ≤ 10 μm (PM10), carbon monoxide (CO), and 
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nitrogen oxide (NOx). 

In addition, potential point sources of pollution, such as circulating traffic and 

industry, were analysed, as was street width, which could affect the dispersion of 

pollutants from traffic. Table 2 provides details on the criteria used to classify 

risk; each historic building was assigned a value of 1 to 5 from least to most 

hazardous, as a function of the average daily level of traffic and the street width. 

The General Urban Plan of Seville (Plan General de Ordenación Urbanística de 

Seville; PGOU) [41] revealed that the average daily levels of traffic (vehicles/day) 

for the main circulation routes of the historic centre are between 40,000 and 

120,000 vehicles/day in the southern zone and between 25,000 and 40,000 

vehicles/day along the main northern road. The level of traffic on the entrance 

and exit ways to the city varies from 0 to 8,000 vehicles/day. According to Decree 

239/2011, the traffic level is considered high for the entire loop if it surpasses 

10,000 vehicles/day, and for routes accessing the historical centre, between 

3,000 and 10,000 vehicles/day. 

During business days, the traffic on the access roads to the historic centre, the 

streets Aguilas and Puerta de la Barqueta, surpasses 800 vehicles/hour. The exit 

ways, the streets San Luis and Santa Maria la Blanca, have an approximate 

volume of 400 vehicles/hour [42]. These data were used to assess the hazard to 

nearby historic monuments due to circulating traffic.  

The street width also influences the appearance of black crusts [43]; for streets 

with a width of less than 5 m, the hazard factor was increased by 1 unit. This 
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analysis was performed using data from the Virtual Land Registry Office (Oficina 

Virtual del Catastro) [44], which were provided in a geographic information 

system, to calculate the distance between blocks. 

 

Table 2. Classification of streets according to traffic level and street width. 

Criteria Hazard 

Intensity 

+/
- 

1 2 3 4 5 

Very low Low Moderate High Very high 

1 Traffic roads  - Pedestrian Others 
Roads with 

public 
transport 

Access to the 
historic centre 
and exit ways  

Loop 

2 
Street width 

 < 5m 
- 

+1 level in 
traffic roads 

+1 level in 
traffic roads 

+1 level in 
traffic roads 

+1 level in 
traffic roads 

 

 

2.4. Digital image analysis 

Maps created with computer aided design (CAD) from previous studies of the 

facades of the Santa Cruz and Omnium Sanctorum churches [45-46] demonstrate 

the relationship between the extension of black crusts/deposits and traffic 

intensity; however, this technique could not easily evaluate the thickness of the 

deposits or the degree of blackening of the facades. The DIA methodology was 

developed by [47] based on the examples of [34-35] to study the thickness of the 

weathering forms on walls, following a series of logical operations to segment 

and separate images by sets of pixels.  

The methodology detailed below was performed with colour images of 13 church 

facades in the historical centre of Seville (Table 1). First, the colour images were 

converted to black and white. Then, a histogram of the distribution of grey levels 

for each image was obtained, where different levels represented the main 
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alteration typologies present on the facades.  

a) Level segmentation and quantification of images 

To create a map of damage and to establish the different levels of stone 

alteration, the image was segmented at several levels. For this, a comprehensive 

spectral survey was performed for each image to identify the range of grey levels, 

which corresponded to different alteration typologies. With upper and lower 

thresholds of zero and 255, respectively, four cut-offs were established, enabling 

the image to be classified into one of five categories. In this way, the multi-valued 

images were processed, and well-preserved stone could be distinguished from 

altered stone, whether uncovered or covered by black crusts of varying 

thicknesses.  

To improve visualisation, a colour palette with five colours was created; 

three colours were assigned to stone with a distinct thickness of black deposits, 

ordered from greater to lesser thickness (blue, green and yellow). One colour 

was assigned to stone without deposits (white), and the colour red indicates a 

loss of the material or building works. Finally, the colour black represents areas 

that are not stone, such as doors and windows.  

b) Binarisation and quantification of images 

The spectral surveys of the images may also be classified by the threshold or 

binarisation technique into two distinct categories: 1) areas of stone and 2) areas 

with material loss and/or alveolization. This technique is used to distinguish 

chromatic alterations or discolourations from the rest of the stone. 
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An algorithm was used to segment the image into two groups, by converting the 

256 grey levels of the image into only two populations. A threshold was 

calculated for the histogram for the number of thresholds, n = 1, with the 

number of populations expressed by n + 1 = 2. The grey level for each threshold 

varied by image. In the resulting binary image, pixels with higher levels of grey 

were assigned a value of 1, corresponding to the loss of material or chromatic 

alterations, and the remaining pixels with grey levels less than the threshold 

were assigned a value of 0, separating the rest of the structure. 

Once this new categorisation was obtained, the digitalised image was 

superimposed on the image of the previous section (Section a). 

Then, the percentages of the distinct populations obtained in the images of each 

facade were calculated, first subtracting the pixels corresponding to the black 

palette of the superimposed image to exclude areas that do not represent stone. 

 

3. Results and discussion 

3.1 Study of weathering forms on the facades of monuments 

The predominant materials used in the thirty facades of the monuments studied 

in Seville were bricks, calcarenites, limestones, mortars, and marbles [43, 48]. 

The most common weathering forms on the buildings of the study were missing 

parts, colouration, discolouration, moist area, soiling, efflorescence, black crust, 

cracking, fracturing, sanding, detachment, biological colonisation, plants, and 

building works. 
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Figure 2 shows the analysis of the thirteen weathering forms more frequently 

taking into account traffic roads criteria (table 2). 

In Figure 2, a direct relationship is observed between the level of traffic and the 

weathering form by black deposits. Streets with very high levels of traffic were 

excluded because no monuments were found on these roadways. For streets 

with high or medium levels of motorised vehicle traffic, deposits are present on 

94 and 62 % of the facades, respectively, whereas for facades on streets with low 

vehicle transit, the presence of deposits decreases considerably (< 45 %). 

Approximately 60 % of monuments on streets with medium levels of traffic 

exhibited deposits, which is relatively higher than what would be expected, likely 

due to the influence of narrow streets because vehicles circulate in closer vicinity 

to the facades; however, the incidence of deposits may also depend on the time 

since the last restoration.  

Black crusts are plainly visible and may be observed more easily on streets with a 

high density of circulating traffic and on narrow streets where traffic circulates in 

closer proximity to the facades. 
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Figure 2. Frequency of weathering forms at the studied churches according to level of traffic. 

 

The mineralogical characterisation by x-ray diffraction of the deposits and black 

crust samples from the studied buildings revealed the presence of gypsum 

(CaSO4.2H2O) in 40 of the samples. This sulphate was mostly discovered as part 

of black crusts but was also found sporadically (< 2 %) due to the disintegration of 

surrounding mortar or other repairs associated with the deposits.  

The chemical analysis of crusts and deposits was also assessed by x-ray 

fluorescence (XRF; Figure 3). Calcium oxide (CaO) was found at high 

concentrations by XRF and formed a major component in 75 % of the samples; 

this compound is associated with calcite in rocks and mortars. The silicon content 

varied by sample, according to the nature of the construction material, with 

higher values corresponding to mortars. The CaO content associated with losses 
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due to calcination implies that the majority of samples have a high level of 

calcium, which is in agreement with the XRF results from construction materials. 

This predominant chemical-mineralogical composition of the building materials 

of the architectural heritage of Seville implies high vulnerability to air 

contaminated with sulphur and nitrogen oxides under the local meteorological 

conditions [49]. In this case, calcite also tends to react easily with atmospheric 

sulphur oxides to form gypsum on the building surface, generating a black crust. 

Of the 90 samples of crusts and deposits analysed by XRF, more than 80 % had 

SO2 content above 1 % (Figure 3), which is considered to be a high level of 

sulphur because the samples analysed from the quarry do not contain this 

component at all or it appears in quantities of less than 0.05 %. This percentage 

of samples with SO2 confirms the formation of gypsum (CaSO4.2H2O) to be a 

consequence of the reaction of the calcium carbonates of the facade materials 

with polluting sulphur gases in the environment. In 75 % of the samples, this 

alteration is associated with a sulphur oxide content greater than 1 % W/W, 

whereas the remaining portion is due to the alteration of joints, repositioning of 

mortars or the capillary ascension of moisture.  
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Figure 3. Chemical composition analysis of crusts and deposits determined via x-ray in 
comparison with samples of quarries. (Percentage %W/W). Note: PC corresponds with loss due to 

calcination.  

 

According to Bromblet and Verges-Belmin [50], to perform a more detailed 

analysis of the processes surrounding the formation of crusts and deposits, their 

microtexture must be identified. For this reason, a petrographic study of thin 

films taken perpendicular to the surface material was performed using a scanning 

electronic microscope with energy dispersive spectroscopy (SEM-EDX), in which 

the stratigraphy of the deposits and crusts were prepared and embedded in 

methacrylate.  

Of the 44 thin films studied, deposits and/or black crusts were observed in 

samples from the churches of San José, Santa Catalina, San Pedro, Santa Cruz, 

San Nicolás, Omnium Sanctorum, Santa María La Blanca, and Sagrario 
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(Cathedral). The second facade of the San José church faces a street classified as 

very high risk due to the circulation of traffic because it is located on the exit way 

of the historic centre, with a street width of less than 5 m. Santa Catalina, San 

Pedro, Santa Cruz, Omnium Sanctorum and Santa María la Blanca are considered 

at risk due to high levels of traffic as they are located on the exit or entry ways to 

the centre, although their corresponding streets are wider than 5 m. San Nicolás 

is located on a street with a medium level of traffic, whereas Sagrario (Cathedral) 

is situated near streets with low or very low levels of traffic. The streets 

surrounding Sagrario (Cathedral) previously formed part of the main entrance 

ways to the city centre for public and private traffic, until the traffic 

reorganisation of 2009, when street traffic in this area was modified to 

pedestrian-only.  

Crust and deposit sections perpendicular to the studied surface were analysed 

using a scanning electron microscope coupled with energy dispersive 

spectroscopy [43]; more than 120 samples were considered, of which 80 % 

contained sulphur and calcium, indicating chemical reactions with sulphur oxides 

from the atmosphere. The crust layers varied in thickness from 20–1000 μm. 

Figure 4 shows the image of the black crust found on the Santa Cruz church, in 

which sulphur and calcium were detected in the exterior layer by SEM-EDX 

(Figures 4B and D). Above the layer of gypsum, particles and compounds that 

generate the black colour of the crust accumulate (Figure 4A shows the cross-

section, and Figure C shows the parallel cut). 
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Based on the degree of alteration, crusts may be classified as fine, intermediate 

or high thickness using DIA (Figure 5). The histograms of the digital images shift 

as a function of the degree of alteration. In Figure 5, several samples from the 

Santa Catalina church with varying levels of crust may be observed. In Figure 5A, 

the histogram shits towards the right, indicating higher levels of white and fewer 

deposits, and when the surface is covered with intermediate levels of crust 

(Figure 5B), the histogram is centred. Finally, for the most altered samples with 

the highest levels of deposits (Figure 5C), the histogram is shifted to the left. This 

displacement of the histogram values obtained by DIA allows us to view the 

different stages of the formation of black crusts and/or deposits, from beginning 

to advanced.  
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Figure 4. A) Stratigraphy of sample from Santa Cruz church viewed with an optical 
microscope; black and brown deposits are visible, with a thickness range of 150–300 μm. 
B and D) Scanning electron microscope image coupled with energy dispersive 
spectroscopy; visible layers of sulphur and calcium are detected on the surface. C) 
Magnified images under visible and ultraviolet light of the front and back of a crust 
sample (scale = 1 mm); the extent of blackening may be observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Magnified images of deposits and black crusts of samples from Santa Catalina. The first 
column shows samples at a scale of 1 mm, and the second column shows a 2 x 2 mm magnified 
sample. The right column shows the histogram of the area from DIA. A) Sample of fine deposits, 

or the early stages of deposition. B) Sample with an intermediate level of deposits. C) Sample 
with extensive deposits. 

 

3.2. Pollution hazard map created using GIS 

The city of Seville, located in a small depression of the Guadalquivir Valley, is 

surrounded by several landforms (Aljarafe to the west and Alcores to the east), 



 22/40 

and the Guadalquivir River crosses the city from north to south; this basin is 

characterised by the phenomenon of thermal inversion, which causes diffusion 

and dispersal of emitted air to be difficult [51]. In Seville, industrial 

anthropogenic emissions are quite low, with the main pollution source being 

vehicular traffic [52-53]. 

Of the chemical pollutants present in the atmosphere of Seville, five have been 

studied using REDIAM data [40] to relate their presence with the circulation of 

traffic or with damages to historical buildings. Table 3 shows the annual averages 

of the air pollutants, including nitrogen oxides (NOX), sulphur dioxide (SO2), 

ozone (O3), particulate matter ≤ 10 µm (PM10), and carbon monoxide (CO). 
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Table 3. Pollution data of CO, NOx, O3, PM10, SO2 (μg/m³). Measurment stations of Bermejales, Centro, Principes, Ranilla, Santa Clara y Torneo.Data from REDIAM [40]. 

    μg/m³  1999 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

B
E

R
M

E
J
A

L
E

S
 

 

CO                         457,58 460,22 373,88 662,78 

NOX                         41,42 39,41 45,22 53,29 

O3                         51,40 56,82 54,90 54,11 

PM10                         32,66 28,03 23,81 35,04 

SO2                         5,03 4,90 5,15 5,10 

C
E

N
T

R
O

 

 

CO       333,55     413,81 463,80 506,84 476,54 516,70 744,51 721,40 685,20 474,90 483,00 

NOX           53,57 40,59 38,14 34,09 35,47 39,88 36,91 33,00 32,80 29,50 37,00 

O3         45,79 49,86 50,14 50,84 52,67 53,89 55,61 55,68 52,20 57,40 55,90 54,00 

SO2       3,60 6,71 4,08 1,62 1,96 3,56 2,27 2,63 3,11 2,70 3,10 3,10 3,00 

PM10       33,81                         

P
R

IN
C

IP
E

S
 

 

CO 1016,57 996,35   955,19 1201,13 868,41 619,63 601,88 534,76 481,47 428,97 413,83 415,34 389,28 341,64 472,54 

NOX 73,48 72,48   62,87 57,82 75,67 63,20 64,88 63,21   42,21 53,53 48,00 42,46 39,08 45,85 

PM10 41,31 38,50   33,62 35,27           30,61 31,46 28,95 25,26 26,10 30,41 

SO2 7,06 7,53   6,95 8,53 12,27 6,20 6,16 7,88 5,20 5,80 6,22 5,20 6,20 7,63 9,32 

R
A

N
IL

L
A

 

 

CO 1666,20 1360,14 1259,88 1122,39 1032,37 1043,25 711,28 695,29 644,25 613,77 650,77 270,25 217,24 159,96 152,60 176,66 

NOX       88,76 94,43 89,95 91,55 93,68 79,25 69,94 62,12 76,29 71,62 56,39 51,44 64,00 

O3 41,88 40,37                             

PM10 56,11 46,85   32,89 35,50 37,50                     

SO2 10,07 8,66 9,40 6,87 7,31 7,62 6,25 5,86 7,58 5,52 4,12 5,54 5,56 5,61 6,66 6,09 

S
A

N
T

A
 

C
L

A
R

A
 

 

CO 776,98 847,11 903,06 555,51     274,09 332,35 417,65 379,49 317,30 434,24 362,69 221,01 236,23 475,92 

NOX             49,44 51,63 54,86 47,47 41,44 39,61 36,23 36,01 33,76 37,83 

O3         50,87 56,42 58,46 54,35 56,04 55,63 57,39 51,03 49,85 55,86 52,41 54,69 

PM10 32,36 42,37 41,28 26,47 25,22 35,82 45,71 49,86 39,96 35,88 25,36 25,32 25,31 23,06 20,86 27,67 

T
O

R
N

E
O

 

 

CO                         471,68 401,42 477,10 294,74 

NOX                         78,67 67,67 76,88 84,55 

O3                         39,13 46,44 40,09 41,09 

PM10       23,21 25,10 30,08 27,11 35,67 29,78 22,44 22,47 35,47 28,57 30,27 28,48 37,70 

SO2                         3,67 3,36 3,29 3,24 
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The pollutants recorded at different measurement stations in Seville increased 

annually during the 1999–2015 period. The Centro and Torneo stations are closer 

to the historic centre, as shown in Figure 1.  

Given the presence of gypsum (SO4Ca·2H20) in more than 80 % of the studied 

samples, potential sources of SO2 during the formation of black crusts were 

evaluated. Emissions data were considered from the Ranilla and Príncipes 

stations, areas with high levels of traffic, and Torneo, with a medium-high level 

of traffic, as well as the city centre, with low traffic. Levels of sulphur dioxide 

(SO2) in the city centre varied between 1.62 μg/m³ in 2006 and 6.71 μg/m³ in 

2004. Meanwhile, over the last four years, sulphur dioxide levels have remained 

essentially constant. At Torneo station, data are only available for the last four 

years; this area faces a street with a higher level of traffic than the city centre, 

and its levels of SO2 are consistently higher than those found on the street 

Pajaritos. The remaining stations in high traffic areas have high values of SO2, up 

to three times those of the city’s centre station, as observed at the Principes 

station; values two-fold higher are found at the Ranilla station. 

Pollutants such as NOx and CO are highly related to circulating traffic, although 

no clear relationship was observed with traffic levels. For PM10 in the city centre, 

data have also been reported as part of a monitoring network since 2003, and 

the levels are similar to those of other areas of the city. 

The contribution of the industrial sector to air pollution is low in Seville; 

industrial areas are few and located far from the historic centre. The low index of 
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industrial activities and the variation in the SO2 levels as a function of traffic 

circulation confirms that the main source of ambient sulphur in Seville stems 

from the operation of motor vehicles, in agreement with the findings by 

Fernández et al. [52-53]. Thus, circulating traffic is the main source of sulphur 

oxides that cause the formation of black crusts on buildings.  

The data in this study demonstrate potential differences in the relationship 

among levels of pollutants, levels of circulating street traffic, and the presence of 

black crusts and/or deposits found on samples of the studied church facades 

(Figure 2). Thus, the risk that historic buildings are exposed to the negative 

effects of pollution should be further evaluated using a method that can visually 

and geographically display possible point sources of pollution from traffic 

circulation, in addition to data on street width, which may affect the dispersion of 

pollutants.  

For this, a risk map was elaborated to visualize the risks to historical buildings 

stemming from pollution (Figure 6). 

This hazard map shows levels of vehicular traffic in Seville, according to the 

criteria established in the PGOU [41]. Roadways are classified based on the 

following levels of traffic: structural, the loop around the historic centre with 

high levels of traffic (hazard factor 5, red); medium (hazard factor 4, orange), 

characterising the entrance and exit ways of the historic centre; streets limited 

to public transportation (hazard factor 3, yellow); pedestrian streets with low 

traffic (hazard factor 1, dark green); and the remaining streets with limited 
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circulation, classified as low traffic (hazard factor 2, light green). This hazard map 

(Figure 6) suggests that facades facing streets with higher levels of traffic have a 

greater probability of developing black crusts and deposits.  

 

 

Figure 6. Pollution hazard map due to traffic in the historic centre of Seville (Spain) 

The loop, which has very high levels of traffic, is located relatively far from the 

most emblematic monuments of the city. Several of the studied church facades 

are located along the entrance and exit ways of the historic centre, which have 

high levels of traffic, and may continue to be affected, such as Santa Catalina, San 
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Pedro, Anunciación, San Vicente, Omnium Sanctorum, Salvador, San Isidoro, San 

Esteban, San Nicolás, San José, Santa María la Blanca, and la Magdalena. 

Meanwhile, the rest of the facades are located along circulation routes 

considered to have very low, low or medium hazard.  

The hazard map (Figure 6) may be further enhanced by including the effect of 

streets with widths ≤ 5 m between opposing facades. The close proximity of 

circulating traffic to facades accelerates their blackening and represents an 

increased hazard. In the modified hazard map below, street width less than 5 m 

represents an additional factor and increases risk by one unit. For example, the 

street San José as well as its extension, the street Santa María la Blanca (Figure 

7), are exit routes from the centre where San Jose church is located, which is on a 

street ≤ 5 m in width. Therefore, hazard increases from high to very high for that 

facade (Figure 7). This church has a facade sealed with stone that is visibly 

damaged due to the effects of black crusts/deposits.  

 

 

Figura 7. Detail of the traffic hazard map near the streets San José and Santa María la Blanca. 

 

Based on the environmental pollution data for the historic centre of Seville, the 
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concentration of ambient sulphur oxide (SO2) confirms the influence of 

circulating vehicles; areas with higher traffic have higher levels of these oxides. 

Additionally, the appearance of black crusts on the facades of monuments 

multiplies when they face a street with a high level of traffic, which is similar to 

the analysed cases from other cities [54-57]. 

3.3. Digital image analysis of the extent of damage to facades  

The degree of blackening of the facades was examined using DIA to further 

evaluate the methods applied.  

The results of this applied methodology allow the identification of the 

weathering forms and the extent of alteration, including missing parts and the 

presence of crusts, deposits, or colouration and discolouration; the affected 

surfaces may then be separated from those without alterations or with repaired 

mortar. Surfaces with the presence of deposits and/or crusts may be grouped 

into three categories according to the extent and thickness of the deposits, in 

addition to the shift of the grayscale histogram (Figure 5). 

In Figure 8, the DIA of the facades of the churches Magdalena, Santa Marina, and 

San Martín is shown; these are located on streets with high, medium, and low 

levels of traffic, respectively. This analysis reveals the appearance of crusts 

and/or deposits (yellow, green, and blue colours) on 89 %, 74 %, and 64 % of the 

analysed surfaces. Over the course of time, all churches exhibit an overall 

blackening of more than 60 % of their facade as a consequence of the wet and 

dry deposition of pollutants and airborne particulates, including San Martín, 
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despite its location on a low-traffic street. This result may be due to the cleaning 

and restoration of the facades of Santa Marina and Magdalena in 1993 and 1991, 

respectively, whereas the facade of San Martín has not received these efforts. 

Thus, deposits have accumulated on its facade for a longer period of time. 

 

Figure 8. A Digital image analysis of the San Martin church facade. B Digital image analysis of the 
Santa Marina church facade. C Digital image análisis of the Magdalena church facade. Percentage 

of alteration on facade surface. 

 

The present analysis was applied to a total of 10 churches (13 facades). In Figure 

9, the quantification of the extent of alterations may be observed. Churches 

along roadways with high levels of traffic (San Pedro, Magdalena, Omnium 

Sanctorum facade 1, Santa Cruz, Santa Catalina, and Anunciación) have more 

than 80 % of their facades covered with crusts and deposits, whose thickness 

depends on the time since the most recent restoration, level of traffic, and street 

width. 
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Figure 9. Percentage of alteration on facade surface via digital image analysis. 

 

Facade 2 of Omnium Sanctorum and the Sagrario facade, before its cleaning, 

presented similarly high values of alteration despite being situated on streets 

with low traffic. In the case of Omnium Sanctorum, the time since the last 

restoration, as well as the presence of parking spaces near its entrance until 

2013, may be the possible causes. In the case of Sagrario, Constitución Avenue is 

currently pedestrianised, although it was previously one of the streets with the 

highest levels of traffic in the city centre and one of the main public 

transportation routes for buses. These results coincide with recent research 

performed by Ruffolo et al (2015) that showed that black crusts from the 

Cathedral of Seville are primarily due to vehicular traffic pollution, where the 

difference in thickness is due to different exposures to vehicular traffic. 

In this study of the city of Seville, several analytical methods were combined to 
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demonstrate that the most extensive and thickest black crusts on buildings are 

found on streets with higher levels of circulating traffic and on monuments 

where restorations have not been recent. The alterations to facade surfaces have 

been extensive because traffic control measures have not been effective or 

changed within the last 20 years, in spite of the negative effects of pollution. 

Regarding preventative measures for the preservation of historic centres, the 

necessity of introducing improved traffic control measures is clear, which would 

decrease vehicular access and, in the long-term, favour means of public 

transportation that do not emit particulate matter. For residents and for loading 

and unloading vehicles, positive reinforcement measures should be applied to 

minimise the risk of vehicular traffic.  

Furthermore, traffic reorganisation measures are low cost and applicable to any 

historic centre. The transit of vehicles that emit particulate and gas pollution 

should be minimised in historic centres; public transportation may be shifted 

towards tramway systems or the transformation of the fleet towards more 

efficient vehicles. 

DIA allows for the evaluation of the degree of blackening of facades and validates 

the direct relationship of this phenomenon with circulating traffic. This mode of 

analysis may also be applicable in other cities. 

In addition, DIA may be used to periodically evaluate the responsiveness of traffic 

control measures in light of the preservation status of cultural heritage. 
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4. CONCLUSIONES 

The integration of GIS and DIA to assess the effects of pollution due to traffic 

intensity is one analytical methodology that may be used to assess the risk to 

monuments in historic centres and to further evaluate street width and the 

higher potential risk of narrow streets, in addition to considering the negative 

effect of black crusts/deposits. This method may be employed as part of a 

periodic evaluation of the effects of pollution on the facades of monuments in 

historic centres.  

The results highlight the necessity of reorganising traffic and pedestrianising 

streets near the monuments of historic centres. These measures may be 

grounded in the results and methodology of this study. Thus, better decision 

making in traffic management may be based on the use of geographic 

information systems for analysis, in addition to more specific measures of 

preventative control to improve the preservation status of monuments, which 

may be assessed via DIA.  
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