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Abstract: Soluble salts are compounds found inside ornamental rocks and building stones exposed
to atmospheric agents in environments rich in alkaline metal ions, such as sodium and potassium.
The damage induced by their crystallization in those materials, used to build monuments and
architectural structures of great importance, is an unsolved problem. Sodium sulfate is one of the
most common and harmful salt found in these constructions. In this work, we studied the resistance
through time to the wet-drying cycles of some natural stones (calcarenites, marbles, and sandstones)
that have been utilized in the historical architecture in Italy. Samples were freshly cut and thermally
aged to simulate increasing decay. Induced porosity in the thermally degraded samples was high in
calcarenites, medium in marbles, and low in sandstones. Specimens subjected to artificial thermal
aging lost a major percentage of mass compared to the non-weathered ones, when affected by the
crystallization of soluble salts. With this study, we have observed that samples subjected to different
wetting and drying cycles degrade faster due to the action of soluble salts, compared to samples that
are not subjected to these cycles.
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1. Introduction

The effect of soluble salts has been known for centuries and has been widely stud-
ied [1–16] on porous building stones [17–19] and, in particular, on granitoids [20,21],
limestones [22–24], sandstones [25,26], and travertines [27]. Different test methods have
been used to explain and evaluate the crystallization process that damage rocks and, more
generally, porous building materials [28]. It is of fundamental importance to understand the
salt resistance of a stone in order to choose the best material to be employed for a building
or a monument and to develop new methods for the mitigation of its decay. Studies on
soluble-salt crystallization show that there is still no solid theoretical basis for or universally
accepted test method on this topic [29,30].

In laboratory studies, salt-induced decay is made by either partial immersion [31] or
full immersion [21,32–34] in the saturated solutions of one or more mixed salts, followed
by oven or air drying. Soluble-salt crystals are then usually analyzed by several character-
ization techniques, such as visual inspection, X-ray-powder diffraction [35], optical [25],
Raman [36] and scanning-electron microscopy [37], simultaneous thermogravimetry, and
differential scanning calorimetry [38]. The influence of physical properties of rocks on
salt crystallization was also evaluated by means of a thorough rock characterization and a
statistical analysis [18].

Salt crystallization can appear in two different forms [39]. The first one occurs as
efflorescence, when it crystallizes on the surface of the object. It represents a conservative

Heritage 2022, 5, 1449–1461. https://doi.org/10.3390/heritage5030076 https://www.mdpi.com/journal/heritage

https://doi.org/10.3390/heritage5030076
https://doi.org/10.3390/heritage5030076
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/heritage
https://www.mdpi.com
https://orcid.org/0000-0001-9204-4462
https://orcid.org/0000-0003-3641-8815
https://orcid.org/0000-0002-5657-6610
https://orcid.org/0000-0002-6645-4924
https://doi.org/10.3390/heritage5030076
https://www.mdpi.com/journal/heritage
https://www.mdpi.com/article/10.3390/heritage5030076?type=check_update&version=2


Heritage 2022, 5 1450

problem, because it can alter the color and deteriorate the surface of the rock or other
building material. The other form is sub-efflorescence, which occurs when the crystalliza-
tion of salts is within the pore structure near the surface of the material [19,40]. In this
case, salts expanding their volumes or changing their shape can cause pressure and stress
to the outermost layers of the rocks and generate forms of decay, such as cracking and
disintegration [31].

Building stones are prone to decay due to their specific characteristics. Soluble salts
degrade materials with different rates depending on the crystallization conditions that occur
when the environment’s relative humidity is lower than that of the salt equilibrium [2,41].
Water can transport ions inside the walls through both capillarity from the humid soil or
atmospheric precipitation [42].

The most common soluble salts that occurs in monuments and building materials
are carbonates, sulfates, chlorides, nitrates, and oxalates of sodium, potassium, calcium,
magnesium, and ammonia [2]. Chlorides, for example, could come from the sea, and they
are transported by the dominant winds, in some cases up to 100 km from the coast [24],
where they can cause formations of other more-destructive compounds with ions located
in rocks. Sodium sulfate can be generated by air pollution, which brings sulfate ions into
the solution, while sodium comes from alkaline minerals or concrete materials. Sodium
sulfate usually comes in two different forms: thénardite (Na2SO4), which is an anhydrous
phase, and mirabilite (Na2SO4·10H2O), which is a decahydrate mineral phase. Mirabilite
has a lower solubility than the anhydrous form [43], which could make us think of a
lower probability of crystallization and decay, but when the salt reaches the conditions
of crystallizations (at 20 ◦C its equilibrium relative humidity is 95.6% [44]), it increases
in volume up to 400% [12], causing stress in the pores [2,10,39]. Therefore, it is used as
a reference, and it is suitable for laboratory studies [44]. Soluble salts are particularly
dangerous in rocks characterized by high open porosity because they can penetrate easily
into the open-pore-network structure and cause esthetic and structural damage, but there
are also possible hazards to less open-porous building materials.

This work studied the effects of sodium-sulfate crystallization in three different litholo-
gies: marbles, calcarenites, and sandstones. These rocks have been chosen for their dif-
ferent porosity and because they are widely used in Italian historical architecture [45–47].
In particular, the purpose of this work was to observe and evaluate the durability of these
lithologies under the attack of sodium-sulfate solutions on fresh and thermally degraded
samples, obtained by experimentally creating different stages of decay and studying the
behavior of those lithologies under soluble-salt attack, after their porosity has been in-
creased. This study has allowed us to understand that one of the factors that accelerates
the degradation of the rock due to the presence of soluble salts is the coexistence of thermal
degradation, which acts as a catalyst for the degradation induced by the soluble salts, up to
the extreme consequence of the destruction of the rock.

2. Materials and Methods

Six samples of Italian natural stones were studied: two white marbles from Apuan
Alps in Tuscany (MMS and MD samples), two calcarenites from Matera in Basilicata (MPS
and MAS samples), and two Macigno sandstones from Matraia, a small village in Lucca
province, again in Tuscany (AF and AG samples) (Figure 1).

Chemical compositions of the analyzed samples (Na2O, MgO, Al2O3, SiO2, P2O5,
K2O, CaO, TiO2, MnO, Fe2O3) were obtained by X-ray-fluorescence analysis (XRF) ac-
cording to calibration and matrix correction suggested by Franzini et al. [48] and with
operative conditions, detection limits, reproducibility, and measurement accuracies re-
ported in Lezzerini et al. [49,50]. Loss on ignition (LOI) was determined as mass loss in the
temperature range 20–950 ◦C.

Petrographic analyses were performed by polarized-light microscopy on thin sections
(Zeiss Axioplan microscope).
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Figure 1. From left to right, Apuan Alps’ white marbles (top, MMS; bottom, MD), Matera’s 
calcarenites (top, MPS; bottom, MAS), and Matraia’s sandstones (top, AF; bottom, AG). Cubic 
specimens are 5 cm per side. 

Chemical compositions of the analyzed samples (Na2O, MgO, Al2O3, SiO2, P2O5, K2O, 
CaO, TiO2, MnO, Fe2O3) were obtained by X-ray-fluorescence analysis (XRF) according to 
calibration and matrix correction suggested by Franzini et al. [48] and with operative 
conditions, detection limits, reproducibility, and measurement accuracies reported in 
Lezzerini et al. [49,50]. Loss on ignition (LOI) was determined as mass loss in the 
temperature range 20–950 °C.  

Petrographic analyses were performed by polarized-light microscopy on thin 
sections (Zeiss Axioplan microscope). 

Qualitative mineralogical compositions of the samples were obtained by X-ray-
powder diffraction (XRPD) produced by Bruker (D2), using Bragg–Brentano geometry 
and Ni-filtered CuKα radiation, obtained at 40 kV and 20 mA.  

Absolute density was obtained by water-pycnometer method on 10 g of fine powder 
previously dried at dried in oven at 70 ± 5 °C for at least 24 h. The volume of each specimen 
was measured by using a hydrostatic balance [51], and the apparent density was 
determined in accordance with the EN 1015-10: 1999 [52]. 

The method for quantifying the damage created by salt crystallization is described 
by the EN 12370:2020 [53]. It consists of subsequent cycles of wetting and drying, repeated 
a maximum of 15 times, where the specimens are completely immersed into a saturated 
solution of Na2SO4⸳ 10H2O for two hours and dried in oven at 105 ± 5 °C for at least 16 h. 
To limit the influence of the increase in mass due to the external crystallization of salts, 
before drying each specimen was washed and cleaned (paying attention to not damage it) 
with a soft paint brush. 

At the end of all the cycles, the percentage of relative-mass difference can be 
calculated using the following formula:  

∆M = (Mf − Mi) × 100/Mi (1)

where Mf is the final mass of the specimen containing sub-efflorescences, and Mi is the 
dried mass that the specimen had before the cycles. The EN 12370:2020 [53] suggests 
removing the specimen that lost at least 25% of its initial mass and to record the number 
of cycles it underwent.  

It is worth noting that the applicability of EN 12370:2020 [53] is recommended for 
rocks with porosity higher than 5%, and, among our samples, only calcarenites meet this 
requirement. However, we thought that it could have been interesting to apply this 
method also to marbles and sandstones, which have very low porosity. Moreover, 

Figure 1. From left to right, Apuan Alps’ white marbles (top, MMS; bottom, MD), Matera’s calcaren-
ites (top, MPS; bottom, MAS), and Matraia’s sandstones (top, AF; bottom, AG). Cubic specimens are
5 cm per side.

Qualitative mineralogical compositions of the samples were obtained by X-ray-powder
diffraction (XRPD) produced by Bruker (D2), using Bragg–Brentano geometry and Ni-
filtered CuKα radiation, obtained at 40 kV and 20 mA.

Absolute density was obtained by water-pycnometer method on 10 g of fine powder
previously dried at dried in oven at 70 ± 5 ◦C for at least 24 h. The volume of each
specimen was measured by using a hydrostatic balance [51], and the apparent density was
determined in accordance with the EN 1015-10: 1999 [52].

The method for quantifying the damage created by salt crystallization is described by
the EN 12370:2020 [53]. It consists of subsequent cycles of wetting and drying, repeated
a maximum of 15 times, where the specimens are completely immersed into a saturated
solution of Na2SO4·10H2O for two hours and dried in oven at 105 ± 5 ◦C for at least 16 h.
To limit the influence of the increase in mass due to the external crystallization of salts,
before drying each specimen was washed and cleaned (paying attention to not damage it)
with a soft paint brush.

At the end of all the cycles, the percentage of relative-mass difference can be calculated
using the following formula:

∆M = (Mf − Mi) × 100/Mi (1)

where Mf is the final mass of the specimen containing sub-efflorescences, and Mi is the
dried mass that the specimen had before the cycles. The EN 12370:2020 [53] suggests
removing the specimen that lost at least 25% of its initial mass and to record the number of
cycles it underwent.

It is worth noting that the applicability of EN 12370:2020 [53] is recommended for
rocks with porosity higher than 5%, and, among our samples, only calcarenites meet
this requirement. However, we thought that it could have been interesting to apply this
method also to marbles and sandstones, which have very low porosity. Moreover, thermally
degraded samples at 200 ◦C, 350 ◦C, and 500 ◦C have been analyzed. Artificial thermal
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degradation was induced to obtain six samples for each temperature at higher porosity
grade, a condition that in nature would take many years of exposure to the weathering
processes. We weighted the specimens at the end of every cycle, with a scale accurate up
to the third decimal in grams, so we could appreciate the course of decay. For the stones
that have not been subjected to thermal degradation, we went over the number of cycles
suggested by EN 12370:2020 [53], reaching the arbitrary limit of 50 cycles. Regarding the
thermally degraded stones, we adopted the limit of 15 cycles as suggested by the norm,
because the specimens had less resistance to the salts, and we could immediately compare
the behavior of the stones. After 15 cycles, the water absorption by total immersion at
atmospheric pressure was determined according to EN 13755:2008 [54].

3. Results and Discussion
3.1. Chemical, Mineralogical, Petrographic Characteristics, and Physical Properties

The analyzed samples are carbonate rocks (MAS, MPS, MMS, and MD samples) and
silico-aluminate rocks (AF and AG samples), with high contents of CaO and LOI and of
SiO2 and Al2O3, respectively. From the chemical point of view, the carbonate rocks are
similar, even though the calcarenites (MAS and MPS samples) show the presence of a
little more Al2O3, SiO2, and Fe2O3 compared to the marbles (MMS and MD samples). In
addition, the marble samples are characterized by a higher content of LOI, CaO, and MgO
than the calcarenite. The silico-clastic rocks (AF and AG samples) show no substantial
differences in chemical composition, except for a slightly higher content of SiO2 in the AF
sample than the AG sample, probably due to the major texture maturity. The chemical
analyses of the samples (Table 1) are in agreement with those reported in the scientific
literature for the same lithologies [45–47].

Table 1. Chemical composition of the analysed samples (wt.%).

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI

MAS 1.99 0.03 0.32 0.75 0.03 0.30 53.80 <0.01 0.01 0.24 42.53
MPS 0.67 0.02 0.02 0.69 0.03 0.19 54.88 <0.01 <0.01 0.24 43.26
MMS 0.14 <0.01 0.06 0.02 0.01 0.63 55.02 <0.01 0.01 0.30 43.81
MD 0.09 <0.01 0.05 0.01 0.01 0.76 54.94 <0.01 <0.01 0.27 43.87
AG 63.63 0.42 13.38 3.89 0.05 5.81 3.67 2.16 2.57 0.12 4.30
AF 66.46 0.48 12.10 3.74 0.06 3.52 3.91 2.44 2.34 0.14 4.81

LOI = loss on ignition at 950 ◦C; Fe2O3 = total iron expressed as Fe2O3. MAS and MPS = calcarenites (Matera,
Basilicata, Italy); MMS and MD = white marbles (Apuan Appennines, Tuscany, Italy): AF and AG = Macigno
sandstones (Matraia, Lucca, Tuscany, Italy).

The marble MMS sample is made up of calcite, with pyrite as an accessory mineral
(Figure 2). It is characterized by a granoblastic texture, grains boundaries from straight
to curved, and a maximum grain size of about 600 µm. The marble MD sample is also
made up of calcite, and pyrite and quartz are the main accessory minerals [55], with calcite
appearing in crystals of 50 µm in size. The MD sample is a granoblastic marble, with
a maximum grain size a little smaller than that of the MMS sample (550 µm). Its grain
boundaries are from curved to lobated, rarely straight.

The two samples of calcarenites (MPS and MAS) have approximately the same miner-
alogical composition, with calcite as the main mineralogical phase and a small amount of
quartz, feldspars, and phyllosilicates [46,56]. However, there are substantial differences in
the petrographic features [57]. Calcarenite MPS is a bioclastic rock, with moderate sorting,
fine to very fine grain-size, and a local micritic matrix. Its bioclasts include mollusk, echino-
derm plates and spines, bryozoans, red algae, benthic and planktonic foraminifera, corals,
and green algae [46,56], while calcarenite MAS is a lithoclastic echinoid-rich grainstone. It
consists of well-sorted and rounded grains, with a medium-to-fine grain size. Its grains
consist of brown, homogeneous, rounded limestone clasts, sometimes with rudists or
foraminifera fragments, occasionally with rims of reddish to dark oxides and hydroxides,
and bio-erosion traces.



Heritage 2022, 5 1453

Sandstones AF and AG are arkosic arenites and are mainly composed of quartz, plagio-
clase, and K-feldspar, with the remaining portion of the sample made up of phyllosilicates
such as mica and chlorites [47,58]. The accessory minerals are zircon, garnet, apatite, epi-
dote, pyrite, and spinels. A fine-grained silicatic matrix is present. There are also sporadic
fragments of carbonates, mainly calcite. AF is a fine-grained rock, while AG is a coarse
one; both rocks are moderately sorted and characterized by angular to sub-angular detrital
grains, grey to bluish-grey in color.
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Figure 2. X-ray-diffraction patterns of the analyzed samples (AF and AG = Macigno sandstone from 
Matraia; MAS and MPS = calcarenite from Matera; MD and MMS = marbles from Apuan Alps). Arg 
= aragonite; Cal = calcite; Chl = chlorite; Kfl = K-feldspar; Ill = illite; Pl = plagioclase; Qtz = quartz. 
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Physical properties of the analyzed stones, fresh and thermally degraded, are re-
ported in Table 2. By examining the data of Table 2, it is possible to notice that the calcar-
enites’ porosity (P) increases with the heating and, consequently, their apparent density 
decreases. The porosity increases with thermal decay, and some samples met the require-
ments of the application of EN 12370 for the determination of resistance to salt crystalli-
zation (open porosity > 5% by vol.). Calcarenites have a high porosity level, starting from 
the fresh specimens, which increases when the specimens are heated. Fresh marble MMS 
has a very low porosity, making it not suitable for the application of the norm (EN 12370). 
On the contrary, the marble specimens that underwent 500 °C decay reached the mini-
mum porosity level expected by the norm. However, the effect of salt crystallization on 
the MMS marble specimens’ mass is very high, even in the 200 °C and 350 °C specimens, 
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Figure 2. X-ray-diffraction patterns of the analyzed samples (AF and AG = Macigno sandstone from
Matraia; MAS and MPS = calcarenite from Matera; MD and MMS = marbles from Apuan Alps).
Arg = aragonite; Cal = calcite; Chl = chlorite; Kfl = K-feldspar; Ill = illite; Pl = plagioclase; Qtz = quartz.

Physical properties of the analyzed stones, fresh and thermally degraded, are reported
in Table 2. By examining the data of Table 2, it is possible to notice that the calcarenites’
porosity (P) increases with the heating and, consequently, their apparent density decreases.
The porosity increases with thermal decay, and some samples met the requirements of
the application of EN 12370 for the determination of resistance to salt crystallization
(open porosity > 5% by vol.). Calcarenites have a high porosity level, starting from the
fresh specimens, which increases when the specimens are heated. Fresh marble MMS has a
very low porosity, making it not suitable for the application of the norm (EN 12370). On the
contrary, the marble specimens that underwent 500 ◦C decay reached the minimum porosity
level expected by the norm. However, the effect of salt crystallization on the MMS marble
specimens’ mass is very high, even in the 200 ◦C and 350 ◦C specimens, but with different
intensity. Marble MMS is, for its textural characteristics, more fragile and vulnerable to
thermal decay that causes the expansion of grains and generates more porosity than in
marble MD [59]. Sandstones do not develop a high porosity level, following a trend very
similar to MD marble.
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Table 2. Mean physical properties of analyzed samples (six specimens for each thermal treatment).
γd is the apparent density; Abw and Abv are the water-absorption values expressed as weight and
volume percent; P is the porosity.

Sample Thermal
Treatment (◦C)

γd (g/cm3) Abw (wt.%) Abv (vol. %) P (vol. %)
Mean Dev.st. Mean Dev.st. Mean Dev.st. Mean Dev.st.

MAS 60 1.550 0.032 21.58 1.87 33.44 2.72 42.58 1.17
200 1.551 0.031 24.08 0.49 37.34 0.88 42.56 1.13
350 1.548 0.021 26.87 0.90 41.59 0.82 42.67 0.78
500 1.513 0.016 27.43 0.50 41.50 0.56 43.97 0.60

MPS 60 1.535 0.055 20.65 3.44 31.65 5.15 43.16 2.05
200 1.545 0.103 21.90 3.51 33.59 3.38 42.79 3.81
350 1.509 0.011 28.56 0.78 43.10 0.87 44.10 0.41
500 1.483 0.009 29.18 0.23 43.29 0.46 45.06 0.32

MMS 60 2.715 0.001 0.09 0.01 0.25 0.02 0.35 0.05
200 2.698 0.001 0.32 0.01 0.85 0.01 1.00 0.05
350 2.661 0.011 0.78 0.04 2.07 0.09 2.34 0.40
500 2.562 0.003 2.30 0.02 5.89 0.04 5.98 0.12

MD 60 2.720 0.004 0.05 0.05 0.15 0.13 0.20 0.15
200 2.713 0.002 0.12 0.02 0.31 0.05 0.44 0.07
350 2.695 0.002 0.29 0.18 0.77 0.48 1.09 0.09
500 2.612 0.047 1.51 0.72 3.92 1.81 4.16 1.73

AG 60 2.684 0.004 0.17 0.02 0.47 0.05 0.59 0.13
200 2.682 0.001 0.21 0.02 0.55 0.05 0.66 0.02
350 2.677 0.005 0.29 0.02 0.78 0.06 0.88 0.11
500 2.634 0.011 0.74 0.10 1.93 0.27 2.43 0.42

AF 60 2.685 0.002 0.19 0.02 0.50 0.05 0.57 0.06
200 2.682 0.001 0.20 0.02 0.55 0.03 0.67 0.04
350 2.677 0.002 0.30 0.01 0.80 0.03 0.84 0.06
500 2.610 0.006 1.08 0.06 2.81 0.16 3.34 0.23

3.2. Soluble-Salt Crystallization

Fresh and thermally degraded specimens showed different percentage losses of mass.
Beginning with the fresh specimens, which went over the number of cycles suggested by the
norm, the result of soluble-salt-crystallization decay is remarkable for some lithologies and
quite near to zero for others (Figures 3–5). In Table 3, the average relative-mass percentages
at fifteen or more cycles are reported.
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Figure 3. Average relative-mass-percentage variation for fresh specimens of calcarenites. 

 
Figure 4. Average relative-mass-percentage variation for fresh specimens of marbles. 

 
Figure 5. Average relative-mass-percentage variation for fresh specimens of sandstones. 
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Figure 3. Average relative-mass-percentage variation for fresh specimens of calcarenites.
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Figure 4. Average relative-mass-percentage variation for fresh specimens of marbles. 

 
Figure 5. Average relative-mass-percentage variation for fresh specimens of sandstones. 

  

-60.0

-50.0

-40.0

-30.0

-20.0

-10.0

0.0

10.0

20.0

0 10 20 30 40

%
 o

f m
as

s v
ar

ia
tio

n

Number of cycles
MAS MPS

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

0 10 20 30 40

%
 o

f m
as

s v
ar

ia
tio

n

Number of cycles
MD MMS

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0 10 20 30 40

%
 o

f m
as

s v
ar

ia
tio

n

Number of cycles
AF AG

Figure 4. Average relative-mass-percentage variation for fresh specimens of marbles.
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Figure 5. Average relative-mass-percentage variation for fresh specimens of sandstones.

Table 3. Average relative-mass-percentage (%) difference (∆M) for fresh specimens at more than the
15th cycle.

Sample Number of Cycles
15 20 25 30 35 40

MAS −1 −4 −11 −12 −26 −30
MPS −5 −13 −26 −32 −44 −51
MMS <1 <1 <1 <1 −12 −32
MD <1 <1 <1 <1 <1 <1
AG <1 <1 <1 <1 <1 <1
AF <1 <1 <1 <1 <1 <1

At 15 cycles, there was no substantial difference between the marble (MMS and MD)
and sandstone (AF and AG) samples, while the two varieties of calcarenites (MAS and
MPS) were showing their lower resistance to a longer period of degradation. In calcarenites,
MPS loses more than 20% of its mass just after the 20th cycle, while MAS seems more
resistant, and ∆M starts to drop down at the 30th cycle (Figure 2). The MAS sample tends
to lose mass very slowly compared to MPS: the difference in mass loss between the 25th
and 30th cycles is only one percent. In the MPS sample, the loss is much more pronounced,
already starting from the 15th cycle, and the difference with the following cycles is very
marked, hovering around 10% between one cycle and another. MPS has already lost half of
its initial mass by the 40th cycle (Table 3).
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Once the salt-induced degradation begins, the curve of mass variation (Figure 3) will
be descending towards a point where even the salt absorption cannot compensate for the
mass loss, as in the early stages of decay.

The two different varieties of Apuan white show the most noticeable decay (Table 3
and Figure 3). The MMS marble exceeds 20% mass loss between the 35th and 40th cycles,
while the MD marble would not seem to suffer the phenomenon of degradation caused by
soluble salts at least until the 40th cycle.

In fact, MD marble is almost intact, with neither any evident difference of mass nor
any esthetic damage, meaning it is less prone to salt attack in natural conditions due to its
better petrologic features, as reported by Aquino et al. [59].

Fresh sandstone samples have no appreciable mass variation even at 40 cycles, so none
of the specimens suffer the crystallization of sodium sulfate, mainly because the solution
could not easily penetrate inside their very low porosity, due to the presence of expandible
minerals, just as has been reported by several authors [58–61]. Their curves (Figure 4) are
almost identical, describing a very weak degradation caused by the cycles.

3.3. Salt Crystallization in Degraded Stones

Loss of mass is remarkably high in both fresh and decayed calcarenites and in thermally
degraded marble MMS (statuario), while sandstones and marble MD (the fine-grained
variety) have very low variations (Figures 3–5), as also reported by Flatt [14] and Espinosa-
Marzal and Scherer [62]. Sodium sulfate crystallizes as sub-efflorescence inside the stone,
where the porosity allowed it: as we observed during our tests, the saturated solution
penetrated through the open-pore network and when the specimen dried, the salts were
deposited inside the open-porosity network, generating pressure with the consequent
failure of the specimen. Despite the low variation for fresh calcarenites, they were es-
thetically damaged even before they reached the last cycle, meaning that mass loss does
not always well represent the decay. This phenomenon can be explained, as pointed out
by Derluyn et al. [63] and Sato and Hattanji [64], by the actual stresses resulting from the
crystallization of the salt, which do not depend exclusively on the crystallization pressure,
correlating to the supersaturation, but on the abundance of salt crystals as well, which are
formed and on the position of these within the texture of the rock.

It is also interesting to display the trend of decay that these samples had during
subsequent cycles of wetting and drying, starting with the calcarenites (Figure 6).
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Figure 6. (a) Calcarenites MAS specimens show trend of increasing decay from salt crystallization
with rising temperatures. (b) Calcarenites MPS specimens thermally decayed at 200 ◦C and 350 ◦C
show similar trend of mass variation.

Marble behavior is clearly different depending on the microstructure [65]. Even if fresh
specimens have the same behavior, the heated ones demonstrate the quality difference of
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these two varieties in terms of thermal decay and resistance to the crystallization of soluble
salts. Marble MD that has a texture characterized by both lobate to curve boundaries and
smaller grain size is more resistant to thermal expansion and more resistant when salt
exert pressure on its outer layers. Marble MMS, instead, has coarse grain size, straight
boundaries, and triple point joints, which made it more sensitive to heating expansion and
salt crystallization (Figure 7).

Sandstones have had a very low modification, in terms of mass variation and thermal
degradation, but, on a small scale, they also show the decay process. In these samples,
the mass slowly decreases with increasing cycles, and, only in the thermally degraded
samples at high temperatures (350 ◦C and above all 500 ◦C), an increase in mass can be
clearly observed, which is followed by a rapid decrease between the 10th and 15th cycles
(Figure 8).

Heritage 2022, 5 1457 
 

 

   

(a) (b) 

Figure 6. (a) Calcarenites MAS specimens show trend of increasing decay from salt crystallization 
with rising temperatures. (b) Calcarenites MPS specimens thermally decayed at 200 °C and 350 °C 
show similar trend of mass variation. 

Marble behavior is clearly different depending on the microstructure [65]. Even if 
fresh specimens have the same behavior, the heated ones demonstrate the quality differ-
ence of these two varieties in terms of thermal decay and resistance to the crystallization 
of soluble salts. Marble MD that has a texture characterized by both lobate to curve bound-
aries and smaller grain size is more resistant to thermal expansion and more resistant 
when salt exert pressure on its outer layers. Marble MMS, instead, has coarse grain size, 
straight boundaries, and triple point joints, which made it more sensitive to heating ex-
pansion and salt crystallization (Figure 7). 

  

(a) (b) 

Figure 7. MMS marble (a) shows a remarkable variation of number of cycles and intensity of decay 
in relation to thermal degradation, while MD marble (b) seems to not suffer the effect of salts at the 
last 15 cycles. 

Sandstones have had a very low modification, in terms of mass variation and thermal 
degradation, but, on a small scale, they also show the decay process. In these samples, the 
mass slowly decreases with increasing cycles, and, only in the thermally degraded sam-
ples at high temperatures (350 °C and above all 500 °C), an increase in mass can be clearly 
observed, which is followed by a rapid decrease between the 10th and 15th cycles (Figure 
8). 

-20

-15

-10

-5

0

5

10

15

20

0 5 10 15

%
 o

f m
as

s v
ar

ia
tio

n

Number of cycles

MAS

Fresh 200 °C 350 °C 500 °C

-20

-15

-10

-5

0

5

10

15

20

0 5 10 15

%
 o

f m
as

s v
ar

ia
tio

n

Number of cycles

MPS

Fresh 200 °C 350 °C 500 °C

-3

-2

-1

0

1

2

3

0 5 10 15

%
 o

f m
as

s v
ar

ia
tio

n

Number of cycles

MMS

Fresh 200 °C 350 °C 500 °C

-3

-2

-1

0

1

2

3

0 5 10 15

%
 o

f m
as

s v
ar

ia
tio

n
Number of cycles

MD

Fresh 200 °C 350 °C 500 °C

Figure 7. MMS marble (a) shows a remarkable variation of number of cycles and intensity of decay
in relation to thermal degradation, while MD marble (b) seems to not suffer the effect of salts at the
last 15 cycles.
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Figure 8. Average mass-percentage variation of fine sandstone (a) characterized by higher rate of
weight loss in 500 ◦C heated specimens than coarse sandstone (b).

4. Conclusions

The results of the study show that calcarenites are subjected to decay by soluble salts
through the subsequent cycles of wetting and drying, losing an appreciable percentage of
mass and suffering a conspicuous amount of esthetic damage. It is also possible to affirm
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that the European norm (EN 12370:2020) prolonging the number of cycles can be useful for
evaluate the durability of low-porosity building materials such as marbles. In fact, it shows
that marble MMS is more vulnerable than the fine-grained marble MD, both in fresh and
thermally degraded specimens, due to the different petrologic characteristics and physical
properties such as high porosity (for MMS). Marble monuments of various Mediterranean
cities, which are exposed to atmospheric agents and thermal variation, are subjected to
various wetting and drying cycles that contribute to the degradation of the stone, up to the
loss of the finest details of the monuments [66].

Destructive effect of sodium sulfate crystallization is accentuated and accelerated by
thermal degradation. In fact, artificial decayed specimens lost more mass in less cycles
than the fresh ones. In environments where the overheating of the materials, due to the
direct sunlight exposition or other factors, is constant, the presence of sulfate ions in the
atmosphere should be carefully monitored as well as the dispersion of alkaline particles
which may have different origins.

Sandstones are not showing evident mass percentage loss in fresh and thermally
degraded specimens confirm their high resistance to soluble-salt crystallization. However,
decayed specimens show, at a relatively high number of cycles, a remarkable increment of
mass and a subsequential initial loss of matter, in contrast to the trend of the specimens
that belong to the same lithology, indicating the beginning of salt-crystallization decay. A
similar effect is visible also in the fine-grained-marble specimens. The new practices of
protecting and safeguarding built heritage, in the future, will have to consider not only the
presence of soluble salts, but also the insolation and heating that monuments and buildings
suffer, by adopting measures to mitigate these factors in order to preserve the heritage
for longer.
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