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Abstract
The building stones are affected by pollution. Since 1980s, the actions to reduce the greenhouse gas emissions led to the 
inversion of the  SO2/NOx proportions in the atmosphere. This study aims at estimating the effects of nitrogen and sulfur 
compounds on stones by assessing the changes of three building limestones and one reconstituted stone submitted to acid 
attacks. Two of these stones were already contaminated with sulfates, while the two others were fresh quarried. Two differ-
ent types of accelerated aging tests were used: (1) the exposition to two mixed acid and saturated atmospheres  (HNO3 and 
 H2SO3) to simulate the ancient and current pollutants ratio and (2) the immersion in a mixed acid solution  (HNO3 and  H2SO4) 
and in rainwater (pH 5 and 5.9), with and without agitation to simulate stagnant water and storm runoff water. Macroscopic, 
binocular and SEM observations, variations of color, weight, porosity, salt content and dissolved calcium were assessed 
over time. The sulfur amount influences the esthetic alterations such as color changes due to the salt precipitation and the 
oxidation of metallic compounds. During the immersion tests, the dissolution in the acid solution was more efficient than in 
the rainwater, due to the combination of the acidity and the karst effects. In the mixed acid atmospheres, the behavior of the 
porous network depends on the pore size distribution while in the immersion tests it is the open porosity. The high initial 
sulfur content of the contaminated stones increases the dissolution rate and limits the crystallization.
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Introduction

Historically, the architecture of the religious edifices, cas-
tles and other magnificent buildings is the expression of the 
high-ranking dignitary power, explaining the willingness of 
their designers to use materials of excellence such as stone. 
However, over time and over environmental changes, the 
stone is altered, losing its original appearance and even its 
structural stability.

From the first published studies on cultural heritage con-
servation, the stone decay appeared clearly as depending on 
the type of stone and on the type of environment (Ansted 
1860; Kuhlman 1863). More precisely, the alteration pro-
cesses depend on the material characteristics like chemical 
composition, porosity and texture (Grossi et al. 1995; Mas-
sey 1999; Vazquez and Alonso 2015). Thereby, carbonate 
stones such as limestones, marbles and some sandstones are 
highly reactive to acid environments caused by pollution 
(Reddy 1988; Ross et al. 1989).

The urban environment is particularly aggressive for the 
building limestones compared to rural environment due to 
anthropogenic activities such as transports, industrial emis-
sions and heating. That leads to higher concentrations of 
 SO2 and  NOx compared to rural environment and entails 
esthetical decay as yellowing, soiling or black crusts (Grossi 
et al. 2007; Török et al. 2011) and physical degradation as 
material loss and cracks (Dolske 1995; Graue et al. 2013). 
Those alterations are the results of the interaction between 
the stone components and two decay agents: atmospheric 
pollutants and acid rain.

This article is part of a Topical Collection in Environmental 
Earth Sciences on “Stone in the Architectural Heritage: from 
quarry to monuments—environment, exploitation, properties and 
durability”, guest edited by Siegfried Siegesmund, Luís Sousa, and 
Rubén Alfonso López-Doncel.

 * S. Gibeaux 
 soizic.gibeaux@univ-reims.fr

1 Groupe d’Etudes sur les Géomatériaux et les 
Environnements Naturels, Anthropiques et Archéologiques 
(GEGENAA, EA 3795, Université de Reims Champagne-
Ardenne, 2, Esplanade Roland Garros, 51100 Reims, France

http://orcid.org/0000-0002-5833-3604
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-018-7467-6&domain=pdf


 Environmental Earth Sciences (2018) 77:327

1 3

327 Page 2 of 19

In the sheltered zones, the stone is wet but protected from 
leaching and the dry deposition of gaseous pollutants on 
the surface is favored. In the presence of water, the atmos-
pheric  SO2 is oxidized in  SO3 and formed sulfuric acid in 
the moisture film. The substitution reaction of carbonates by 
sulfates results in salt crystallization (Török and Rozgonyi 
2004; Charola et al. 2007; Grossi et al. 2007; Monna et al. 
2008). The produced salt, mainly gypsum, tends to remain 
on the stone surface leading to crusts formation (Bai et al. 
2003; Charola et al. 2007).

Nitrogen oxides  (NOx) are known mainly as catalysts 
for  SO2 oxidation (Massey 1999; Bai et al. 2006) than for 
nitrate crystallization because the oxidation of  SO2 is faster 
than that of  NO2 (Haneef et al. 1992). However, nitrates are 
soluble salts and some studies highlighted that when crystal-
lization occurs nitrates may migrate inside the stone (Grossi 
et al. 1995; Camaiti et al. 2007; Vazquez et al. 2016). In 
urban environment, the black carbon particles (soot and fly 
ash) and the other pollutants emitted during fuel combus-
tion processes agglomerate in the roughness of the gypsum 
crusts making particularly anesthetic decays on the stone 
surface such as yellowing, blackening and even black crusts 
(Rodriguez-Navarro and Sebastian 1996; Simao et al. 2006; 
Monna et al. 2008).

On the exposed zones, the wet deposition of acid rainwa-
ter affects the stone by leaching that leads to the dissolution 
of the carbonate components that influence the roughness, 
the texture and even the chemical composition of its surface 
(Reddy 1988; Eyssautier-Chuine et al. 2016). The rain is 
naturally acid, due to the solubility of the atmospheric  CO2 
that makes its pH stable around 5.6. Thus, the variation of 
the rain acidity level depends on anthropogenic acid concen-
tration which is mainly represented by the sulfuric and the 
nitric acids, products of  SO2 and  NOx oxidation, respectively 
(Lipfert 1989; Bonazza et al. 2009; Reddy 1988). Moreo-
ver, when precipitations come in contact with the stone, 
the runoff catalyzes the reaction between acids and calcite 
chemically considering the principle of the Collision Theory 
(Huber and Reid 1926; Shah et al. 2012) and mechanically 
by causing particles detachment (Camuffo 1995; Eyssautier-
Chuine et al. 2016).

Since 1980s, the composition of the urban atmosphere 
has changed in Europe, particularly because the industrial 
manufacturers created filters to limit some pollutant emis-
sions to respect the new limitations. Therefore, the industrial 
 SO2 emissions decreased highly while the nitrogen com-
pounds coming from the traffic emissions increased. The 
emission ratio between  SO2 and  NOx reversed from  SO2/
NOx = 4/1 before 1980 to  SO2/NOx = 1/3 nowadays (Massey 
1999; CITEPA 2015).

Some laboratory studies, Haneef et  al. (1992, 1993) 
and Vazquez et al. (2016), have investigated the effects of 
mixed acid atmosphere on carbonate stones by the use of 

accelerated aging test. The chemical reactions during pol-
lutant exposure produce color changes of the stone surface. 
However, the intensity of the color variation depends mainly 
on the initial stone color (Vazquez et al. 2016). Both studies 
also revealed that alterations appear faster with mixed acids 
than with a single component and that nitrates were system-
atically detected in depth within stone during a pure  NO2 
and mixed  HNO3/H2SO3 atmosphere exposures.

Eyssautier-Chuine et al. (2016) simulated the effects of 
rain with pure solutions of sulfuric and nitric acids, in agi-
tated and stationary conditions on limestones. The produced 
dissolution entailed a weight loss and the increase in the 
 Ca2+ concentration in the runoff water such as noticed in 
previous studies (Tecer 1999; Franzoni and Sassoni 2011). 
The changes of intrinsic stone properties such as color, 
chemical composition and porosity give more relevant infor-
mation for the decay degree assessment. Indeed, Eyssautier-
Chuine et al. (2016) reported that color changes is related to 
iron oxidation of stone content and is more evident in nitric 
solution than in sulfuric solution and that the dissolution rate 
and gypsum precipitation depend on the initial total porosity, 
pore size distribution and pores connectivity.

The main aim of this study was to analyze and compare 
the reactivity of four building stones submitted to mixed 
acid by exposure to atmospheres and by immersion in an 
acid solution and in rainwater. The research strategy was to 
provide textural (visual observations, SEM, colorimetry), 
petrographic (Hg porosimetry) and chemical (EDS, ion 
chromatography, ICP-AES) analysis to assess qualitative 
and quantitative changes. The weathering kinetics were esti-
mated by the weight changes, the measurement of sulfates 
and nitrates contents throughout the mixed acid exposure 
tests, and dissolved calcium during the immersion tests. The 
selected stones were three natural limestones and one artifi-
cial stone. Two natural stones were fresh quarried while the 
remaining limestone and the artificial stone were recovered 
from discarded blocks during a church restoration.

Material

This study investigated the behavior of four building stones 
used in the north of France and in Belgium. Two of them, 
the Courville limestone (Cv) and the Bajocian limestone 
(Bj), are extensively used in construction and were fresh 
quarried for this study. The two other studied stones, the 
Savonnières limestone (Sv) and the reconstituted stone 
(Rs), are widely used in heritage buildings and commonly 
used as replacement of original stones during restorations 
(Fronteau 2000). These two stones were defined as contami-
nated because the Sv samples stemmed from altered blocks 
removed from Reims monuments during restoration, and the 
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Rs is man-made and initially S-rich due to its fabrication 
(Thomachot-Schneider et al. 2011).

Fresh stones

Courville limestone (Cv)

The Courville limestone (Cv), exhibited a beige color 
(Fig. 1a) and fossil compounds such as Mollusca shells, 
miliolids and dasycladales (Fig. 1b), comes from the last 
stone quarry of the Marne department, and it is the most 
famous middle Lutetian building stone used for monument 
construction and restorations such as the Reims Cathe-
dral (Fronteau et al. 2010). Its texture is matrix-supported, 
with partly recrystallized micritic matrix (microsparite) 
and secondary spar cement in the moldic macropores or in 
some intragranular fossil porosity (Fig. 1c). This limestone 

shows an open porosity of around 20%. The mercury injec-
tion curve reveals a unimodal distribution of the pore size 
(Fig. 1d) that highlights one type of porosity mainly local-
ized in the intergranular matrix. The Cv stone has a porous 
network with access radii relatively small, less than 0.1 µm 
focused around a single modal peak at 0.1 µm.

Bajocian limestone (Bj)

The Bajocian building stone (Bj) is an oolitic to bioclas-
tic limestone (Fronteau 2000) from the French Ardennes 
and the south of Belgium and which is used in most of the 
constructions of this area. Its color is mainly russet due 
to iron oxide deposits visible in the porosity and over the 
stone surface (Fig. 1e, f). The stone is composed of calcitic 
debris as shell fragments, numerous echinoderm ossicles 
surrounded by a syntaxic cement, and Foraminifera. The 

Fig. 1  Characteristics of the Courville a–d, the Bajocian e–h, the 
Savonnieres i–l limestones and the Orval reconstituted stone m–p 
before the tests. Photographs (a, e, i, m) and blue-colored thin sec-

tions in plane polarized light (b, f, j, n), incremental mercury intru-
sion versus pore size (c, g, k, o) and metals content (d, h, l, p)
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studied samples show numerous ooids surrounded by dia-
genetic cements, composed by calcite spar within the inter-
stitial spaces (Fig. 1f, g). Its total porosity of around 20% 
shows a bimodality of the pore size distribution allocated 
to a low intergranular porosity and a secondary molding 
intragranular porosity (Fig. 1h). Bj is constituted at 90% by 
a ranging of pore size higher than 0.1 µm with two peaks at 
2 and 0.3 µm.

Contaminated stones

Savonnières limestone (Sv)

The Savonnières (Sv) is a beige oolitic vacuolar limestone 
(Fig. 1i, j) extracted from the eastern part of France, for the 
construction of buildings from the XIX to XX centuries and 
is well-known to be used in current restorations in Europe 
(Dewanckele et al. 2014; Laycock et al. 2008). The ooliths 
in majority and some bivalve shells are surrounded by a 
sparitic cement filling partially the large and open intergran-
ular porosity (Fig. 1j, k; Fronteau 2000; Eyssautier-Chuine 
et al. 2016). Its porous network is located inside the oolith 
nuclei and in-between the cement, and the micropores are 
in the oolith cortex making a bimodal pore size distribution 
and conferring to the stone a high open porosity with val-
ues around 30% (Fig. 1l; Dewanckele 2013; Fronteau 2000). 
Sv exhibits more than 50% of pore access radii superior to 
0.1 µm comprising two peaks at 5 and 0.1 µm, and 30% of 
the intermediate range (1–0.1 µm).

Reconstituted stone (Rs)

The reconstituted stone (Rs), crafted during the last res-
toration of Orval Abbey between 1932 and 1948 (Thom-
achot-Schneider et al. 2011, 2016), has beige tones close 
to Bajocian colors (Fig. 1m). This synthetic material has 
a varied composition of limestone debris and sand bonded 
by a Portland cement which contains calcic lime and iron 
oxides (Fig. 1n) making it initially rich in silica and sul-
fur. The macroporosity of the Rs stone corresponds to the 

air bubbles produced by the degassing during manufacture 
(Fig. 1n). The porous network is bimodal, with micropores 
located within the calcareous lithoclasts and the intermedi-
ate size pores in the matrix (Fig. 1o) and an open porosity 
of 23%. Rs has the highest proportion of micropores with 
94% of pore access radii lower than 1 µm distributed in two 
peaks at 0.3 and 0.07 µm.

Methodology

Aging tests

In this study, the stones were submitted to two different 
enclosure conditions: (1) to reproduce the atmospheric acid 
deposition, the samples were exposed to the gases produced 
by two mixed acid and volatile solutions, and (2) to simulate 
the acid rain action, the stones were immersed in an acid 
solution with and without agitation.

Mixed acid atmosphere exposure

The acid deposition processes were assessed through 
accelerated aging tests based on the standard UNE-EN 
13919:2003 procedures (CEN 2002). The acid atmospheres 
were produced by the volatility of two solutions mixing 
nitric and sulfurous acids with different concentrations as 
detailed in Table 1. 

The first solution, designated as S > N, was constituted 
by mixing 14.4 mL of distilled water with 50 mL of  H2SO3 
(6% w/v) and 0.6 mL of  HNO3 (69% w/w). The final S > N 
mixture was composed by 5.6  10−1 mol L−1 of  H2SO3 and 
1.4  10−1 mol L−1 of  HNO3 to reflect the past  SO2/NOx ratio 
around 4/1.

The second solution, designated as S < N, was constituted 
by mixing 48 mL of distilled water with 15 mL of  H2SO3 
(6% w/v) and 2 mL of  HNO3 (69% w/w). The final S < N 
mixture was composed by 1.9  10−1 mol L−1 of  H2SO3 and 
5.8  10−1 mol L−1 of  HNO3 to simulate the current pollution 
ratio around 1/3.

Table 1  H2SOx and 
 HNO3 concentrations and 
characteristics of the aging tests 
solutions with x = 3 for acid 
atmosphere test and x = 4 for 
acid immersion test

The stock solution for nitric acid was  Panreac® 69% w/w 1.42 kg L−1, and for sulfurous acid  Panreac® 6% 
w/v

Solution name [H2SOx] (mol L−1) [HNO3] (mol L−1) Ratio  H2SOx/
HNO3

pH Agitation

S > N 5.6  10−1 1.4  10−1 4/1 – –
S < N 1.9  10−1 5.8  10−1 1/3 – –
SNAI 2  10−6 6  10−6 1/3 5 ± 0.1 Active
SNPI 2  10−6 6  10−6 1/3 5 ± 0.1 Passive
NRAI – – – 5.92 ± 0.1 Active
NRPI – – – 5.92 ± 0.1 Passive
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A volume of 65 mL of one solution was poured into the 
bottom of a container of 5 L to create an acid saturated 
atmosphere. One container was used for each type of stone 
with each of the solutions. Before testing, the samples were 
saturated in distilled water during 48 h. The slabs were put 
on a plastic structure keeping them out of contact with the 
solution (Fig. 2) and were exposed to the acid atmospheres 
during 28 days.

Immersion in acid solution

The effects of acid rain were determined by means of two 
solutions, an artificial acid mixture and a natural rainwater. 
The acid solution at pH 5 was carried out by mixing 600 mL 
of nitric acid  (10−5 mol L−1) with 400 mL of sulfuric acid 
(5.10−6 mol L−1). The rainwater, at an initially pH at 5.92, 
was collected in a rural area during the winter period with-
out pulverization of fertilizer and biocides. The nomencla-
ture and the composition of the solutions are summarized 
in Table 1.

For each solution, two tests were performed. The first one 
was an immersion of the samples in the solution (passive 
immersion). This test assessed the karst effect by dissolu-
tion of the selected stones due to a simple contact with an 
acidic solution. The second test was an immersion of the 
samples into the solution placed in a mechanical shaker to 
simulate storm rain or running off water (active immersion) 
(Eyssautier-Chuine et al. 2016).

For each test, three slabs of each stone type were used. 
The triplicates were placed in a closed container of 4 l vol-
ume. Every container was fitted with dots of silicon and 
plastic foam to prevent contact or collision between samples, 
and rubbing with the bottom of the container (Fig. 2).

The experimentations were conducted for 32 days includ-
ing five cycles of immersion and following drying phases. 

The first cycle went on for 24 h of immersion before drying. 
The following four cycles involved 4 days of continuous 
immersion before drying. The drift of the pH solution due 
to the reaction between carbonate stones and the acidic solu-
tions implied a readjustment of pH twice a day until reaching 
again the initially fixed pH 5. The rainwater was renewed 
before each cycle. The drying phase was similar for all the 
cycles and carried out for 64 h in an oven at 45 °C.

Analytical methods

The type, amplitude and kinetic of the stone weathering 
were assessed on the samples by macroscopic and micro-
scopic observations, weight evolutions, color and porosity 
changes. The chemical variations over time were evaluated 
by the quantification of the calcium content in solutions, and 
the sulfates and nitrates concentrations in stone samples.

Those analyses were performed on all the sound samples 
and at different time of the tests as detailed in Table 2.

Macroscopic evaluation

The images of the upper face samples were taken with a 
Nikon Coolpix 4500 and observed with a 60× binocular 
magnifier on the Olympus SZH-ILLB.

Colorimetry

Color was measured with a Konica Minolta CR-400 color-
imeter using the D65 illuminant and a 8-mm target diameter.

The measurements were expressed following the CIE L* a* 
b* and CIE L* C*h* systems (EN ISO 105-J03: 1997). The 
L* parameter is lightness and registers values from 0 (black) to 
100 (white). The a* and b* parameters are Cartesian chromatic 
parameters. They vary from -60 to 60, a* from green to red, 

Fig. 2  Setting up of the acid immersion (a) and atmosphere (c) tests with their schematizing and characteristics (b)



 Environmental Earth Sciences (2018) 77:327

1 3

327 Page 6 of 19

and b* from blue to yellow. The C* parameter is chroma or 
saturation. The higher the chroma is, the more vivid the colors 
are. For our device, values went from 0 to 60. The h* param-
eter is the hue (i.e., the tone of the stone) with values from 0 
to 360° in the chromatic sphere. Thus, both depend on a* and 
b*. The ∆E* value is introduced as the total color change to 
compare the variations before and after the tests as follows:

A ∆E* value higher than 3 is considered as a visual change. 
The average of each parameter was calculated from 40 points 
measured on each slab surface, calculated previously as the 
minimum of measurement necessary to obtain a representative 
average for all the stones (Vazquez et al. 2013).

Weight changes

The weight of the stone samples was measured by an analytical 
balance Mettler Toledo with a sensitivity of 1 mg. The per-
centage of the weight variation was calculated with respect to 
the initial weight at the end of the acid atmosphere tests, and 
regularly at the end of each cycle of the immersion tests.

The surface recession has been estimated for each stone 
type according to the following equation based on the method 
used in Grossi et al. (1995):

(1)ΔE∗ = [(ΔL∗)2 + (Δa∗)2 + (Δb∗)2]
1∕2

(2)C
∗ =

√

(a∗2 + b
∗2)

(3)h
∗ = arctan(b∗∕a∗)

R =
ΔW × 10

4

A × d × [CaCO
3
]

With R the recessed surface in µm, ΔW the difference 
between the weight at the end of the test and the initial 
weight in g, A the total sample surface equal to 70 cm2, d 
the calcite density equal to 2.71 g cm−3 (Reeder 1983) and 
 [CaCO3] the calcite content specific to each stone based on 
the data of Eyssautier-Chuine et al. (2016).

Mercury intrusion porosimetry

Porosity characterization was obtained using an Hg intru-
sion porosimeter (MIP) Micromeritics Autopore IV 9500, 
reaching a 230 MPa pressure and measuring pore radii sizes 
from 0.002 to 180 µm. The porosity was measured on the 
fresh stones and on the triplicates of each stone type of 
size 1 × 1 × 2 cm at the end of the atmosphere test. After 
the immersion test, one specimen of each altered stone type 
was cut in dry condition to obtain smaller sample with opti-
mal dimensions for this measurement. The reason of not 
having a previous cut adapted sample is the aggressivity 
of the immersion test that could disintegrate completely 
some stone types. Parameters calculated from Hg porosity 
were the mean pore access radius (Rm), the modal peaks 
and the percentage of pores in four different pore access 
radius ranges: large (> 1 µm), medium (1–0.1 µm), and small 
(< 0.1 µm).

Scanning electron microscopy

The SEM Hitachi TM-1000 Table Top coupled to a Swifted-
TM Energy-Dispersive X-Ray (EDX) was used to acquire 
high-quality images of precipitation crystals or dissolution 
details in the back-scattered electron mode and 15 kV accel-
erating voltage.

Table 2  Sample dimensions depending on the performed analysis

Sample dimension Analysis method Analysis frequency

Acid atmosphere test Immersion test

Macroscopic and microscopic 
evaluations

At the end of the experiment

Colorimetry
Weight At the end of the experiment After 4, 11, 18, 25 and 32 days

1x1x2cm

Hg porosimetry At the end of the experiment

SEM–EDX After 2, 5, 8, 14, 22 and 28 days At the end of the experiment

Ion chromatography One per day
Solution ICP-AES – After 4, 11, 18, 25 and 32 days
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Sulfates and nitrates concentration (ion chromatography)

To determine the salt content in stones, the samples were 
powdered, brought into solution in 1 mL of ultrapure water, 
agitated during 12 h and centrifuged at 13,400 rpm during 
10 min. The liquid phase was collected, and the process was 
repeated once to dissolve all the anions.

The quantity of nitrates NO−
3
 and sulfates SO2−

4
 was meas-

ured by ion chromatography with a Dionex ICS 2000 liquid 
chromatograph fitted out a pump, an eluent generator (EGC 
III) with potassium hydroxide (KOH) cartridge, an AS50 
injector and a DS6 conductivity cell. The separation of anions 
was performed on a 2-mm Dionex IonPac AS17 column cou-
pled to a 2-mm Dionex ASRS 300 suppressor.

Instrument control and data acquisition were performed 
using  Chromeleon® software. The obtained curve over time, 
started at time t = 0, was smoothed by using the simple expo-
nential operation (Gardner 2006) following this sequence:

where C is the measured concentration, Y the predicted con-
centration and α the smoothing factor with α = 0.25.

RUNSALT simulations were carried out to predict the 
chemical compositions of the salts produced during the test 
in function of the relative humidity. RUNSALT is a graphical 
user interface to the ECOS thermodynamic model for the pre-
diction of the behavior of salt mixtures under changing climate 
conditions (Price 2000, Bionda 2005). The amount of  Ca2+ 
present in the building stones was considered in excess, and 
the sulfate and nitrate molar amount were chosen according to 
the past and current  SO2/NOx ratio and the solution concentra-
tions as following:

• For  t he  S  > N tes t ,  SO
2−
4

= 3.6 ⋅ 10
−2  mol , 

NO
−
3
= 9.1 ⋅ 10

−3 mol,  Ca2+ = 4.1  10−2 mol
• For  t he  S  < N tes t ,  SO

2−
4

= 1.3 ⋅ 10
−2  mol , 

NO
−
3
= 3.9 ⋅ 10

−2 mol,  Ca2+ = 3.3  10−2 mol

Dissolved Ca concentrations (ICP‑AES)

The concentrations of Ca were measured in acid solutions 
of each cycle by inductively coupled plasma–atomic emis-
sion spectrometry (ICP-AES, Iris Advantage, Thermo Fisher 
Scientific). The analysis of Ca was conducted at wavelength 
of 184.006 through three measurements of 10 mL of each 
solution.

{

Y
0
= C

0

Y
t
= �C

t
+ (1 − �)C

t−1

Results

Visual observations

Atmosphere tests

The both types of weathering tests led to naked-eye detect-
able changes, notably color differences, salt precipitations 
and dissolution patterns that depended both on the type of 
stone and test.

Concerning the acid atmosphere exposure, the macro-
scopic observations showed a yellowing of every stone with 
the two concentrations. Specific features were observed for 
the S < N test such as a located blackening of Bj and Rs and 
white spots on the Cv sample (Fig. 3). After 28 days, all the 
stone surfaces were covered by a salt crust independently of 
the acid proportion. The binocular magnifier observations 
showed a smooth crust on Cv with the presence of white 
spots looking like rhombic gypsum after the S < N test. For 
the other samples, the intuitive crystals’ shape was visible 
especially inside ooids on Sv and Bj (Fig. 4).

Immersion tests

After the immersion tests, all the stones darkened except 
Cv that lightened in the SNPI and the NRAI. The yellow-
ing was evident to the naked eye on all the stones for the 
SNAI test (Fig. 3).

The observations with binocular magnifier detailed the 
esthetic alterations due to acid immersion affecting the stone 
components, such as discoloration and erosion (Fig. 4). The 
rainwater did not produce notable changes on the stones. The 
stirring did not result in different weathering compared to 
the motionless solution, though the iron oxidation occurring 
on each stone as well as the dissolution patterns were more 
intense in active than in passive condition.

On Cv, the oxidation of the Fe-containing calcitic cements 
which was identified as russet tones started after the second 
cycle of immersion/drying in the acid solutions. At the end 
of the active immersion test, the color changes affected the 
Foraminifera (Fig. 4). The ooids of the Bj samples were 
the first concerned by the oxidation. Later, after the second 
cycle, the russet color of the components and the cement 
was intensified and spread through the whole surface. The 
cement of Sv did not seem affected until the end of the test 
contrary to the ooliths whose cortex was oxidized and par-
tially dissolved producing an increase in the surface rough-
ness. The effects of the acid contact with Rs surface were 
clearly and progressively visible. The lithoclasts showed 
preferential dissolution and the russet oxidation affected 
the components more than the matrix at the end of the tests.
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Fig. 3  Photographs of entire stone samples before and after the 
mixed acid exposure tests (S > N mixed acid atmosphere with a ratio 
S:N = 4:1, S < N mixed acid atmosphere with a ratio S:N = 1:3) and 
the immersion weathering tests (SNAI sulfuric and nitric active 

immersion, SNPI sulfuric and nitric passive immersion, NRAI natu-
ral rainwater active immersion and NRPI natural rainwater passive 
immersion)
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Colorimetry

The initial chromatic parameters of each stone are detailed 
in Table 3.

Atmosphere tests

All the acid atmosphere exposure led to naked-eye detecta-
ble color changes, confirmed by ΔE* > 3. In general, these 
variations resulted from a decrease in the lightness of the 
stone surface (ΔL* < 0), a variable evolution of the chroma 
and an opposite behavior of the hue, with Cv and Sv that 
changed evidently their tone against Bj and Rs that kept 

their tone intact (Fig. 5). Regarding the type of test, in gen-
eral S > N led to higher or similar changes than S < N, with 
the exception of chroma parameter for Bj stone, which 
showed contrary trend. At the end of the exposures, Cv 
underwent the most important color variations with high 
delta values for all the parameters.

Immersion tests

In most of the cases, immersion test produced a visible 
total color change on the studied stones (ΔE* > 3). In this 
case, the trends were a slight variation in lightness and 
chroma, more evident in Cv and Rs, and hue that behaved 
similarly to acid atmosphere exposure, with great changes 
in Cv and Sv for all the test while Bj and Rs remained 
unchanged. In general, active immersion led to higher or 
similar changes than passive, with remarkably high values 
in Bj and Sv for L* and C*. The differences between the 
immersion in an acid solution and the natural rainwater 
were negligible, with sometimes even higher differences 
measured after natural rainwater test.

Fig. 4  Details of stones before (fresh samples) and after the acid atmosphere (S > N and S < N) and the acid immersion (SNAI and SNPI) tests

Table 3  Ranges of the chromatic values for the fresh samples

Stone L* C* h*
Min–Max Min–Max Min–Max

Cv 75.6–81.8 14.6–19.4 95.2–100.8
Bj 66.8–73.7 19.4–29.2 74.8–79.6
Sv 72.4–78.2 16.1–20.7 91.8–96.8
Rs 66.9–74.4 16.7–23.4 77.3–79.9
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Weight changes

After the exposure to acid atmospheres, the gain of weight 
was evident while, the stones tended to lost matter after 
the immersion tests.

Atmosphere tests

The weight increased for the both tests, but the gain was 
higher in the S > N test with between 0.6% and 1.2% 
(Fig. 6a). For S > N concentration, Sv and Rs showed the 
highest weight gain (> 1%) while Cv and Bj experimented 
less changes (≈ 0.6%). For S < N concentration, the weight 
gain was less significant, with the lowest values for Rs 
(0.2%).

Immersion tests

For all the samples and tests, the weight decreased over 
time and stabilized slightly thereafter. The samples 
immersed in the acid solutions exhibited higher surface 
recession than in natural rainwater. In the mixed acid 

solution, all the stones showed a material loss more notice-
able in active than in passive immersion (Fig. 6b).

After the immersion in natural rainwater, the material 
losses were negligible for Cv and Bj (< 5 µm) while Sv and 
Rs showed values up to 40 µm (Fig. 6b). Only Rs revealed 
differences between the results of active and passive immer-
sion (ΔR = 10 µm).

After the immersion in acid and active immersion, Cv and 
Bj had the lowest and comparable surface recession values 
(≈ 30 µm) while Sv and Rs had the highest loss (≈ 75 µm).

Pore access radii

The open porosity values and the evolution of the pore 
size distribution obtained by Hg intrusion porosimetry are 
exposed in Table 4 and Fig. 7.  

Atmosphere tests

The open porosity did not vary after the exposure of all the 
stone types to the S > N atmosphere (Table 4). However, for 
the S < N test, open porosity increased notably in Bj up to 
5% but less in Sv up to 1.9%, while it decreased in Cv around 
1.5%. The change was insignificant for Rs.

Fig. 5  Variations of chromatic parameters before and after the weathering tests
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The pore access radii distribution showed different evolu-
tions depending on the stone and the test. Cv and Rs exhib-
ited evident variations for both concentrations (Table 4, 
Fig. 7). For Cv, the access radii of the existent pores widened 
for the S > N while for the S < N the proportion of modal 
pores increased (Fig. 7a). For Rs, the pore access radii com-
prised between 0.4 and 2 µm narrowed after both tests and 
those between 0.2 and 0.4 µm closed (Fig. 7d).

For Bj and Sv, the differences in the pore size distribu-
tion were more evident, with similar behaviors for pore radii 
> 1 µm (decrease for S > N and increase for S < N) and the 
contrary for the other intervals. Bj showed an increase of 
1–0.1 µm range and a decrease of the < 0.1 µm range, with 
higher difference in S < N test (Fig. 7b). Sv porosity experi-
mented an augmentation in 1–0.1 µm range for both tests 
(Fig. 7c).

Immersion tests

After the acid immersion tests, the variations of the open 
porosity were low and evolved in function of the stone and 
the test (Table 4). After the SNPI test, the porosity increased 
for all the stones while in the SNAI test, Cv and Rs porosity 
trended to decrease. Concerning the natural rain immersion, 
the agitation of the solution did not influence the variation 
of open porosity that increased for Sv and Rs and decreased 
for Cv and Bj.

Concerning the pore access radii evolution, Sv appeared 
less affected by the immersion tests with maximum variations 
in the SNPI solution resulting in a decrease in the larger pore 
access (> 1 µm) and an increase in the intermediate pore access 
(1–0.1 µm) (Table 4; Fig. 7g). Some trends were observed in 
relation to the solution composition, regardless of the stirring 

Fig. 6  Weight variations ΔW, expressed in percentage in respect to the initial weight, at the end of the atmosphere exposure tests (a) and calcu-
lated surface recession during the immersion tests (b)
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mode. In the natural rainwater, the pore size changes were 
negligible except for Cv and Rs in NRPI that both showed a 
loss of intermediate pores and a gain of small pores (Fig. 7e, 
h; Table 4). For the same open porosity values, in the mixed 
acid solutions the amount of the largest pores increased in Bj 
while the smallest decreased in Cv. The intermediate behaved 
contrarily, with a decrease in Bj and increase in Cv (Fig. 7e, f). 
The smallest range of pore size increased notably in Rs, unlike 
the intermediate pore radii suffered a diminution (Fig. 7b; 
Table 4).

SEM observations

Atmosphere tests

The SEM images obtained during the acid atmosphere tests 
showed the formation of salt crystals from the very first day 
to the end of the tests that confirmed and specified the salt 
habitus depending on the type of stone and test (Fig. 8). No 
evolution over time in the crystals shape or size was detected 
for each sample and test. During the S > N test, Cv and Bj 
surfaces displayed platy crystals, while on Sv and Rs, the 
crust was composed by a mix of cauliflower and needle-like 
crystals. For the S < N exposure, Bj and Sv exhibited arrow-
like crystals, Rs needle-like crystals and Cv rhombic-shaped 
crystals.

Immersion tests

After the acid immersions, the samples in contact with rain-
water did not displayed any dissolution feature on the SEM 
images, while the samples submitted to the acid solution 
showed different ones depending on the stone. The dissolu-
tion patterns in the latter were similar in the active (SNAI) 
and passive (SNPI) tests and affected mainly the fossils in 
Cv and Bj, the cortex of the ooliths in Sv and the calcareous 
components in Rs (Fig. 8). Neither sulfate nor nitrate crys-
tals were observed on SEM, but sulfur was detected by EDX 
with an amount comprised between 1 and 5%.

Chemical assessment

Sulfates and nitrates concentrations in stones

During the atmosphere tests, the amount of sulfates SO2−
4

 in 
the stones increased during the first days for both tests, fol-
lowed by a weak trend to augmentation or even stabilization 
except for Sv which showed no variation with time (Fig. 9). 
Sv and Rs were initially S-rich with concentrations in SO2−

4
 

of 4 and 2 mg g−1, respectively, versus negligible for the 
fresh stones.

During the S > N exposure, Rs, Cv and Bj showed similar 
kinetics despite the initial content the SO2−

4
 concentration 

with a maximal increase of 2.5 mg g−1 (Fig. 9a). For the 
S < N test, Bj and Rs kinetics were similar to those of S > N 
test and Cv showed lower final values than the other stones 
(Fig. 9b). The SO2−

4
 concentration remained constant for Sv 

through all the tests.
Nitrate formation differed to the sulfate one. A linear 

increase was observed only for Cv and Bj in the S > N test. 
The nitrate concentrations in the other stones and tests could 
be considered negligible in this study.

At 20 °C, Runsalt simulations indicated the possible 
crystallization of gypsum  CaSO4·2H2O at any humidity, and 

Table 4  Porosity parameters before and after the mixed acid weather-
ing tests (calculated from Hg porosimetry)

The initial state values are given with their standard deviation. The 
values in bold are outside the range of the natural variations of each 
stone porosity

Stone Test Porosity (%) Pore size distribution (%)

> 1 µm 1–0.1 µm < 0.1 µm

Cv Fresh 20.1 ± 3.3 4 ± 1 22 ± 10 74 ± 9
S > N 20.4 5 49 46
S < N 18.6 6 25 69
SNAI 20.1 5 35 60
SNPI 20.9 3 35 62
NRAI 19.4 3 26 71
NRPI 18.1 3 16 81

Bj Fresh 20.0 ± 1.0 47 ± 2 42 ± 1 11 ± 2
S > N 20.4 45 47 8
S < N 24.9 56 36 8
SNAI 23.1 55 36 9
SNPI 22.2 53 37 10
NRAI 19.4 44 46 10
NRPI 19.9 43 45 12

Sv Fresh 31.8 ± 0.6 58 ± 3 29 ± 3 13 ± 4
S > N 30.9 55 30 15
S < N 33.7 54 33 13
SNAI 33.5 55 30 15
SNPI 32.8 54 31 15
NRAI 34.7 58 27 15
NRPI 34.5 54 31 15

Rs Fresh 22.9 ± 1.6 6 ± 1 41 ± 4 53 ± 4
S > N 22.6 5 36 59
S < N 22.7 5 39 56
SNAI 22.6 3 30 67
SNPI 23.8 3 34 63
NRAI 24.5 6 47 47
NRPI 24.2 6 31 63
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nitrocalcite Ca(NO3)2 below 52% RH in the case of the two 
tests S > N and S < N.

Dissolved Ca concentration

The concentrations of  Ca2+ in the solutions due to stone 
dissolution increased with time for all the stone types dur-
ing all the used weathering methods (Fig. 10). Sv and Rs 
showed the highest  Ca2+ loss whatever the test. Clear dif-
ferences were likewise observed between acid and rainwater 
solutions, and between active and passive immersions. The 
final  Ca2+ concentrations were maximal in the mixed acid 
and agitated solution reaching around 600 mg L−1 for Sv 
and Rs, and 400 mg L−1 for Cv and Bj. The passive results 
were also grouped by contaminated and fresh stones, with 
500 mg L−1 for Sv and Rs, and 150 mg L−1 for Cv and Bj. In 
natural rainwater, Cv and Bj were hardly dissolved even in 
the agitated system. Sv behaved similarly than in the mixed 
acid solution, and Rs showed intermediate dissolution com-
pared to the rest of the stones.

Discussion

The contact of limestones with rain and acidic polluted 
atmosphere led to chemical reactions between the stone 
components, specially calcite, and the sulfurous and nitric 
acids. The immersion of the samples in an acid solution and 
the exposure to an acid environment revealed esthetic and 
structural alterations depending on external factors such as 
the type and conditions of test, and on inherent stone char-
acteristics such as composition and porosity.

Weathering tests

Differences between acid tests (atmosphere‑immersion)

The main difference between acid tests was measured as 
weight changes, with a gain for acid atmosphere exposure 
due to gypsum precipitation, and a loss in acid immersion 
due to dissolution.

The precipitation of salts in the acid atmosphere expo-
sure occurred from the first day and remained stable until 
the end of the test as shown by SEM observations while 
during the immersion test, the salt precipitation occurred 
only during the four drying stages (Eyssautier-Chuine et al. 
2016). That explains that only in the atmosphere exposi-
tion test the precipitated salt was visible and up to 10 times 
higher than in the immersion test after being measured by 
ion chromatography.

The gypsum is the product of two successive reactions: 
(1) the dissolution of calcite by acids, called acidity effect 

(Lipfert 1989) and (2) the substitution of carbonate by sul-
fates as follows:

1. CaCO3(s) + H2SO4 = Ca2+ + SO4
2− + H2O + CO2

2. Ca2+ + SO4
2− = CaSO4(s)

In the case of the clean rainwater, the dissolution of 
calcite is due to the inherent acidity of the solution due to 
atmospheric carbon dioxide presence, called karst effect 
(Lipfert 1989; Webb et al. 1992).

The material loss affecting the immersed stones was con-
firmed by the decrease in weight and the calcium loss. The 
dissolution stage preceding the crystallization process dur-
ing the acid atmosphere tests was highlighted by the Hg 
porosimetry results showing the widening of the pore access 
radii (Tecer 1999; Vazquez et al. 2016).

Influence of the fluid chemical composition

To develop the atmospheric tests, the ratios  H2SO3/HNO3 
were chosen to represent the past and the current environ-
mental pollution ratio, respectively, S > N (4/1) and S < N 
(1/3). From any point of view, S > N appeared more aggres-
sive than S < N.

Macroscopically and regarding the SEM observations, 
even if salt crystals’ shape were different for each stone, the 
S > N test showed a better coverage of the surfaces. These 
results were also corroborated by a decrease in the lightness, 
a higher weight gain and ion chromatography results. The 
preexistent gypsum content in Sv limited its reactivity to the 
acid atmosphere. The presence of sodium sulfate in Rs did 
not prevent the precipitation of calcium sulfate. The nitro-
gen-based salts appeared only in non-contaminated stones 
(Cv and Bj) for the S > N test that indicated the relationship 
between nitrate precipitation and the sulfur content.

The total recession and the natural recession increased at 
higher porosities which is especially evident for the natural 
solution, in the case of very high porosity stones such as 
the Savonnieres limestone Sv (Table 5; Franzoni and Sas-
soni 2011). Regarding its low acidity and its origin, the rain-
water used during the immersion tests could be considered 
as “clean rain” and as the karst effect factor in the surface 
recession models (Lipfert 1989; Livingston 1992; Webb 
et al. 1992). As suggested by Cardell-Fernández et al. (2002) 
and Bonazza et al. (2009) and confirmed by the results of 
this study, the Lipfert model overestimated the karst effect 
which appeared as the dominant contributor in the dissolu-
tion of carbonate stones surface by the action of the rain-
water runoff on buildings. While the Livingston and Webb 
models underestimated the nitrate fraction implied in the 
dissolution (Cardell-Fernández et al. 2002). Those models 
could arise limited in terms on simulating the current and 
future atmospheric pollution. However Franzoni and Sassoni 
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(2011) showed that laboratory experiments are difficult to 
extrapolate to on-site recession and generally overestimated 
due to the complexity of the rain composition.

This material loss was due to the calcite dissolution which 
was systematically two to four times higher in the acid solu-
tion and that depended on the porous system. Bigger pores 
lead to higher dissolution that explains the higher values 
in Bj and Sv. The calculus of the surface recession takes 
into account the dissolved components that explained the 
highest surface recession of the contaminated stones due to 
their sulfate-rich composition, especially in Rs in which the 
sulfate is combined with sodium, more soluble than gypsum 
(Thomachot-Schneider et al. 2016).

Differences active–passive

In the acid solution, the samples appeared more affected 
by the active immersion, while in the rainwater, the differ-
ences between active and passive effects were less distinc-
tive. The weight loss and dissolved  Ca2+ concentrations 
were two times higher in the active acid immersion. The 
active immersion catalyzed the reaction between acids and 
calcite considering the principle of the Collision Theory. 
This states that to achieve a reaction, molecules in solution 
must collide, thus the more collisions the faster the reaction 
is. The movement of the solution intensifies the motion rate 
of the reactant molecules increasing the chances of collision 
and consequently the production rate and the velocity of 
the reaction (Huber and Reid 1926; Shah et al. 2012). The 
agitation also generated mechanical effects which led to an 
erosion by the particles detachment (Baedecker and Reddy 
1993; Camuffo 1995; Eyssautier-Chuine et al. 2016).

The rainwater solution was less acid with pH 5.9 than the 
acid solution with pH 5. The dissolution produced by this 
weak acidity needed more time to allow noticeable reactions 
for the sound stone and react preferentially on the previ-
ous gypsum in the contaminated stones. Indeed, even if the 
solution penetrated deeper in the porous network in active 
immersion (Eyssautier-Chuine et al. 2016), the chemical dis-
solution produced by the rainwater was comparable in active 
and in passive immersion. The only difference between both 
tests in the natural rainwater was the mechanical part of the 
erosion in active immersion that represented only a small 
fraction compared to the chemical dissolution of calcite as 
suggested by Bonazza et al. (2009).

Behavior of stones

Comparisons between fresh and initially contaminated 
stones

The presence of sulfates in the initially contaminated sam-
ples of Sv and Rs was confirmed by the ion chromatography 
results. Throughout the atmosphere tests, the quantity of the 
sulfur anions in Sv was constant, indicating that its initial 
calcium sulfate content limited the substitution reaction. The 
sodium sulfate present in Rs was dissolved due to the high 
RH of the test, and consequently calcium sulfate could pre-
cipitate. In both cases, the preexistent sulfate salts prevent 
the nitrate formation. Contrarily, the fresh stones, Cv and 
Bj, experimented an increase in sulfur and nitrogen concen-
tration due to the substitution with  Ca2+. In addition, both 
fresh stones showed similar gypsum crystallization shape 
on their surface.

During the immersion tests, the loss of material was 
highlighted by the weight and the calcium content in stones 
decreasing more than twice for Sv and Rs. The presence of 
gypsum before the first immersion cycle in these two stones 
explained their higher dissolution due to the elevated solu-
bility of sulfate salts compared to calcite (Camuffo 1995; 
Charola et al. 2007).

Influence of petrography

For all the tested stones, the first observation was the color 
change evidenced with naked eye and due to S deposition 
and metal elements oxidation. The samples showed a dark-
ening after the mixed acid exposure, while the hue decreased 
similarly for both atmosphere exposition and acid immer-
sion. Iron and manganese were detected in studied stones, 
with highest amount in Bj and Rs. The oxidized forms of 
Fe- and Mn-based compounds are darker than their reduced 
forms that explain the decrease in lightness (Völz et al. 
2000). In addition, the Fe oxidation entailed a decrease in 
the hue of Cv and Sv, confirmed by the reddening of their 
surfaces. The transparent crust of gypsum crystals covering 
the surface of the atmosphere exposed samples could create 
interferences in light reflection that modified slightly the 
chromatic parameters (Vazquez et al. 2016).

In general, the total porosity varied slightly in mixed 
atmospheres and led to the widening of the pore access 
radii. The anionic substitution reaction led to a dissolution 
stage of the calcite preceding the salt crystallization. Both 
processes entailed variations, i.e., widening and closing, 
of the pore size distribution. The dissolution/crystalliza-
tion process was noticed for all the stones within the two 
tests, independently of the S/N ratio. In Cv, the distribu-
tion was unimodal and the modifications affected the same 
pore size range, i.e., 0.1 µm of access radii, whereas the 

Fig. 7  Pore distribution before and at the end of the acid atmosphere 
exposures (S > N symbolized the ratio  [H2SO3]/[HNO3] = 4/1 and 
S < N symbolized  [H2SO3]/[HNO3] = 1/3) for Cv (a), Bj (b), Sv (c) 
and Rs (d). b Pore distribution before and at the end of the immersion 
tests (SNAI meant mixed acid in active immersion, NRAI for natural 
rain in active immersion, SNPI for mixed acid in passive immersion 
and NRAI for natural rain in passive immersion) for Cv (e), Bj (f), Sv 
(g) and Rs (h)

◂
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Fig. 8  SEM images of stone samples during the acid atmosphere and immersion tests

Fig. 9  Sulfates [SO2−
4
] (plain lines) and nitrates [NO−

3
] (dotted lines) content in stones during the S > N (blue lines) and S < N (red lines) expo-

sures for each type of stone
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bimodality of the pore size distribution induced a varia-
tion in the entire pore network distribution, with aperture 
or closing depending on the different pore access sizes for 
each stone type.

During the immersion tests, Sv was the most affected 
regarding the weight and Ca losses that were explained 
not only by a faster and greater dissolution in high porous 
stones (Sabbioni and Zappia 1992; Bonazza et al. 2009) 
but also by the initial gypsum presence. That explains the 
lower dissolution in Bj which showed also large pore radii 
access and confirms that this parameter does not dominate 
the dissolution process.

Conclusions

In this study, the behavior of four stones exposed to past and 
future pollutants ratio, and the effect of acid rain storms was 
assessed and compared. The stone weathering caused by the 
effects of gaseous deposition and acid rain was evaluated by 
the submission of calcareous samples of three natural stones 
and an artificial one to accelerated aging tests. In the first 
test, the stone specimens were exposed to gaseous phase of 
two mixed acid solutions with different S/N ratios, and in the 
second one, the slabs were immersed in one artificial acid 
solution and in natural rainwater, in still and agitated condi-
tions to simulate water stagnation and storms.

The SO2−
4
∕NO

x
 ratio plays a determining role in the 

alterations induced by the gaseous deposition. Higher the 
SO

2−
4

 amount is, more aggressive the weathering will be. 
The current pollution ratio (1:3) produces less intense color 
variations, mainly by the darkening of the stone surfaces 
due to compounds oxidation, and similar or lesser salt pre-
cipitation than in the past. After simulated rain tests, no salt 
crystallization was observed even if sulfates and nitrates 
were detected by ion chromatography. The material loss 
was mainly caused by the dissolution of calcite for all the 
stones and of the previous sulfates in the contaminated ones. 
The artificial acid solution was much more aggressive than 
the natural rainwater, suggesting that the acidity effect is 

Fig. 10  Ca2+ concentrations in the immersion test solutions over time

Table 5  Calculated surface recession in function of the solution in 
immersion test, karst and acidity fractions and calibrated open poros-
ity in function of calcite content [open porosity (%) multiplied by cal-
cite content (%) from Eyssautier-Chuine et al. 2016]

Natural 
rainwater 
(µm)

Acid 
solution 
(µm)

Karst 
effect 
(%)

Acidity 
effect 
(%)

Calibrated 
open porosity 
(%)

Cv 2 8 25 75 18.1
Bj 6 33 18 82 18.9
Sv 35 56 63 37 28.9
Rs 50 81 62 38 20.0
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greater than the karst effect. In the mixed acid atmospheres, 
the change of the porous network depended further on the 
pore size distribution. In the immersion tests, the dominant 
parameter was the open porosity.

The differences between active and passive immersion 
were evident only for the acid solution, in which the sam-
ples appeared more affected by the active one. In rainwa-
ter immersion, the chemical dissolution was low due to the 
higher pH. In addition, the mechanical effect of the agita-
tion represents a small part in the erosion process, and in 
this study it was insufficient to create differences between 
passive and active immersion. Thus, if natural rain acidity 
remains stable, the meteorological episodes such as strong 
storms will not induce a much higher stone deterioration.

In contaminated stones, the initial presence of sulfur com-
pounds limited the crystallization of sulfates and nitrates in 
the acid atmosphere tests that make them unconcerned by 
the new and future atmospheric pollution ratio. In addition, 
these already existent salts will be leached sooner, protect-
ing more the stone from dissolution decay than the fresh 
quarried ones.
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