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Abstract: This work presents the methodological approach followed for the study of the interaction
of natural stone monuments with the local microclimate (exposure to RH, temperature alterations,
wind, marine aerosol). This was implemented with the documentation of the associated weathering
phenomena and the study of historic climate data of the area. The paper is focused on the main
weathering mechanisms of the marly limestone at the Hellenistic theater of Zea in Piraeus, Greece.
Based on the weathering phenomena identified, the development of the appropriate mitigation
strategy was based on the physical, chemical and mechanical characterization of the natural stones,
along with the evaluation of different conservation treatments, considering the characteristics of
the coastal environment. Considering the mineralogy of marly limestones, silane-based materials
were selected for providing both consolidation and water repellency effects. The evaluation of
the conservation treatments was based on the modification of microstructural and water-related
properties of natural stone samples, along with their consequent effect on their durability against
accelerated aging tests. The results indicated that the design of migration actions proved to be
multivariable parameter, depending on the intrinsic stone properties, the environmental parameters
and the conservation efficacy of the treatments.

Keywords: climate change; archaeological sites; stone monuments; historic climate data; mitigation;
stone conservation; weathering phenomena; mineralogy; marly limestones

1. Introduction

The conservation planning and interventions of architectural and archaeological her-
itage are multilevel processes because they involve the study of the intrinsic characteristics
of porous building materials; the structural analysis of the assets, including safety as-
pects; the interaction of materials with the surrounding environment; the identification of
the main weathering mechanisms; and the preservation of structures with historical and
cultural significance [1–7].

Natural stones have been widely used as building material for the construction of
monuments, roof or paving and ornaments and sculptures [8–10]. According to the relevant
literature [8,9,11], some of the most widely used natural stones are limestone, sandstone,
marble, basalt, granite, slatestone, tuff, flint/cherts and obsidian.

The primary degradation mechanism detected in porous building materials are chemi-
cal dissolution and salt crystallization [12–14]. This is attributed to the initiation of chemical
processes (controlled by active reactions) and the presence of water, resulting in modifica-
tions of both the surface characteristics and the internal cohesion of the natural stone [1,15].
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The main factors that affect the weathering mechanisms are: the intrinsic properties
and conservation state of the building material, climate change [16–18], the environmen-
tal parameters of the outdoor environment [19], the presence of unusual environmental
episodes or natural disasters [20], the presence of anthropogenic pollutants [21] and human
actions [22]. Furthermore, the hindrance of the weathering processes highly depends on the
geographical and topographical traits of the archaeological contexts and the architectural
characteristics of the stone monuments. Thus, the promotion of the sustainability of a stone
monument depends on both the conservation state and the response of the historical struc-
ture as a whole [6,23,24]. In coastal archaeological sites, the main weathering mechanisms
are initiated by the deposition and crystallization of soluble salts [25–27], caused by the
transportation of marine aerosols [4,28–30]. The deposition and crystallization of various
salts due to marine spray erosion and wind action lead to the activation of superficial decay
phenomena, such as alveolization and development of crusts and efflorescence [25], or
to the capillary rise of salt-enriched water, initiating the presence of internal mechanical
stresses inside the porous substrate [27,31–36]. The crystallization pressure of the newly
formed crystals disorders the microstructure of porous building materials, creates several
micro-cracks and surface exfoliation. The crystallization pressure, and thus the damage
associated, depends on (a) the porous network of the stone and (b) the degree of super-
saturation of the solution, as well as (c) the salts volume upon crystallization [26,37–39].
The latter is strongly related to the environmental conditions (RH%, T ◦C) [40] and in-
dicates the significant role of micro-climate on the evolution and aggressiveness of the
weathering process.

In the above context, this work quantifies the occurrence of past salt crystallization
events, based on historic data retrieved from local weather stations, in order to quantify
soluble salts risks and understand the importance of this factor on the weathering phe-
nomena that occurred at the stone material of the Hellenistic theater of Zea (200 B.C.).
The archaeological site is located about 600 m north at Piraeus peninsula, about 500m
east of Piraeus harbor and 100 m west of Zea harbor (Figure 1). The environment can
be characterized as Csb (Köppen–Geiger climate classification) Mediterranean climate.
The geological profile of the Piraeus peninsula includes formations from the Cenozonic
era, such as deposits from the epochs of Pliocene, Pleistocene and Holocene river [41,42].
The three main lithic classes present include: (a) the Marls of Piraeus, including marly
sandstones and limestones, conglomerates and marls with distinct inner layers of silicatic
formations (clays, sands and siltstones), (b) the Cretaceous limestones and (c) the Holocene
deposits (Figure 1).
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Figure 1. Location and geological map of Piraeus. The red area consists of formations attributed to
the Neogene Period (Pliocene and Pleistocene epochs) of the Cenozonic era [41].

Considering the elevated occurrence of seasonal salt crystallization events that follow
the same trend historically, a further aim of this work is to evaluate the effectiveness of
different conservation treatments as a potential adaptation measure for minimizing the
aggressiveness of weathering mechanisms in the next years. Four different types of silane-
based materials were studied for this purpose, aiming to examine both their consolidation
and water repellency effects. The evaluation of the conservation treatments was based on
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the modification of microstructural and water-related properties of natural stone samples,
along with their consequent effect on their durability against accelerated aging tests.

The main aim is to contribute towards the determination of the parameters directly
affecting the development of a mitigation strategy against the weathering phenomena
and the design of a restoration plan of action regarding architectural lithic monuments
of coastal archaeological contexts. The present study aspires to determine, monitor and
predict the durability of Marl of Piraeus in relation with their physicochemical, petrological
and micro-structural properties and the characteristics of the local microclimate. It is
anticipated that the interpretation of the results could lead to the future design of an
appropriate conservation plan of the stone material and mitigation action towards the
weathering phenomena.

2. Materials and Methods
2.1. Seasonal Quantification of Salt Transition Events

In order to study the impact of weather conditions on the monument, we have calcu-
lated the number of events that favor the crystallization of salts. Consequently, validated
data on a daily basis were derived from the meteorological station operated by the Hel-
lenic National Meteorological Service (HNMS), named “Athens-Hellinikon” for the period
1980–2004. The meteorological station is located close to the coast of Saronikos Gulf, which
is nearest to the point of interest. The variables extracted are the minimum and maximum
values of daily relative humidity (minRH, maxRH), and they were used for the calculation
of the number of salt transition events. The minimum and maximum values of daily relative
humidity (minRH, maxRH) directly affect the crystallization of halite, which is the focal
point of this study. An event of crystallization of halite occurs when min. RH (%) is lower
than 75.3% and maxRH higher than 75.3% [2]. Accordingly, we have obtained the number
of salt transition events on a seasonal basis. In this manner, the season that yields a higher
risk for the surface of monuments can be revealed.

2.2. Stone Samples and Conservation Materials

Seven types of marly limestone stone samples were selected and collected from the
different architectural parts of the theater for the implementation of laboratory-scale ex-
periments representative of the geological surface formations of the natural stones used
in the Hellenistic theater of Zea, according to historical evidence [25]. The selection of
the natural stone samples was based on the appearance of similar weathering profiles,
followed by petrographic examination, mineralogical analysis and mechanical properties.
Cubic (40 × 40 × 40 mm) and prismatic (40 × 40 × 160 mm) specimens were prepared
from larger natural stone fragments.

2.3. Conservation Products-Application Procedure

Four different types of silane-based materials were selected, divided into: (a) ethyl-
silicate-based consolidants (Wacker BS OH-100, a tetraethyl-orthosilicate (TEOS) consol-
idant with an active content ~100 % (BS OH-100) and Remmers KS 300HV, a tetra-ethyl
silicate (TEOS) with active content ~95 % (KS 300HV)) and (b) water repellents (Remmers
Funcosil SL, an alkyl-alkoxy silane solution of active content ~7 % (Funcosil SL) and Wacker
SILRES BS 1001, a silane-siloxane mixture of a solventless emulsion, with active content
~10 %, diluted to 1:4 in de-ionized water (BS 1001). The action of the silane-based materials
is based on the formation and deposition of the amorphous silica gel, through the hydroly-
sis of silanes by water (for the formation of the intermediate chemical compound, silanols
(–Si–OH)) and their condensation, resulting in the formation of silica gel, which attributes
the required strength to the stone [43–47].

All treatments were carried out by capillary absorption, as a time-controlled [48] and
easily reproducible laboratory-scale procedure [49] (Figure 2). All stone specimens were
previously washed with deionized water, left to dry until constant weight at 40 ± 5 ◦C,
and then kept under laboratory conditions for 2 h. Each side of the cubic stone specimens
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was placed in direct contact with the material for 30 min, in order to ensure penetration by
capillary forces [48]. Upon completion of the above procedure, all specimens were stored in
a ventilated box under controlled laboratory conditions (T = 22 ◦C ± 2 ◦C, RH = 65–70%).
The curation time was estimated at 8 weeks, according to previous studies concerning the
completion of the polymerization reaction [50].
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Figure 2. Representative stone specimens used in this work indicating the treatment of stone speci-
mens via capillary absorption.

2.4. Physicochemical Characterization

The microstructural characterization of all natural stone specimens was carried out
through petrographic examination and surface morphology. The petrographic exami-
nation was implemented under the petrographic microscope with corresponding thin
sections in crossed Nichols, for the determination of fabric and microstructure and mi-
crostructural/morphological. The freshly fractured surfaces were examined with the use
of a Scanning Electron Microscope coupled with an Energy Dispersive X-ray analyzer
(SEM/EDX) (Fei, Eindhoven, Netherlands). The fractured stone samples were deposited on
SEM-holders and were carbon-coated prior to the examination. SEM images were collected
in a FEI Quanta Inspect instrument operated at 25 kV.

The mineralogical characterization of the stone samples was implemented by y X-
ray powder diffraction (XRD), in a Siemens D-500 diffractometer, using Cu-Kα radiation
(λ = 1.5406 Å) (Siemens, Zug, Switzerland)). The diffractograms were collected in the
range of 5–55◦ 2θ scale, with a step of 0.03◦/3 s. Moreover, the water-transport-related
properties of water absorption and the capillary absorption coefficient of cubic stone
samples (40 × 40 × 40 mm) were calculated according to EN 1925:1999.

The conductivity measurements were implemented with the use of an electrical con-
ductivity meter. Two grams of the specimens were grounded and dissolved in 100 mL of
de-ionized water. After the stirring of the solution for 10 min and the precipitation of the
solid material, the conductivity of the aqueous solution was estimated.

2.5. Accelerating Aging Test

Aiming to determine the durability of different stone samples against salt crystal-
lization, both reference and treated stone specimens from each category were subjected
to continuous crystallization cycles with sodium chloride (NaCl). The specimens were
dried at 55 ± 5 ◦C until constant mass and then immersed in an aqueous solution of NaCl
(14% w/v) for 2 h. The selection of the single salt NaCl was based on the identification
of NaCl as the primary degradation agent at the archaeological site. Both treated and
reference stone specimens were removed from the salts solution and left to dry at 60 ± 5 ◦C
for 22 h [51]. Each of the stone specimens were weighed before each of the 31 soaking
cycles in the fresh sodium chlorite solution, for the estimation of their weight difference
(∆W%).

3. Results
3.1. Identification of Weathering Phenomena

The in situ survey of the site underlined the severe effects of soluble salts on the
weathering processes of marly limestone. The main deterioration patterns identified were
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divided into four categories [1,52]: (i) sea salt deposits and crusts (n.1 in Figure 3a), efflores-
cence and sub-fluorescence (n.2 in Figure 3b); (ii) differential erosion (n.3 in Figure 3c) and
alveolization (honeycombs) (n.4 in Figure 3d); (iii) exfoliations (n.5 in Figure 3e), cracks
induced from clay swelling (n.6 in Figure 3f), spalling and splitting (n.7 in Figure 3g); and
(iv) biological and colonization (n.8 in Figure 3h). The seven stone samples presented
variable cohesion per layer, an intense network of visible and invisible cracks, and an
increased amount of soluble salts (NaCl) in the layers close to the surface (1–2 cm).
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Figure 3. In situ identification of weathering phenomena: (i) sea-salt deposits and crusts (a), ef-
florescence and sub-fluorescence (b); (ii) differential erosion (c) and alveolization (honeycombs)
(d); (iii) exfoliations (e), cracks induced from clay swelling (f), spalling and splitting (g); and (iv)
biological and colonization (h).

3.2. Seasonal Quantification of Salt Transition Events

Figure 4 indicated a sinusoidal variation of the total number of annual crystallization
events that maintains a very high risk. The higher risk of the occurrence of crystallization
events was attributed to the characteristics of the microclimate, specifically the variations of
RH and temperature with a constant and repeatable rate. Specifically, according to Figure 4,
the number of crystallizations of halite events per season was lower during summer in the
area, compared to the higher values detected during spring and winter. The low values of
halite crystallization events during the summer period were attributed to the higher values
of temperature and relatively low values of RH. On the contrary, the increased values of
events during spring were attributed to the increase in the temperature and the variations
of RH values. Likewise, the increased values during the winter season were attributed to
the higher levels of RH in the area of interest. An inter-annual variation due to climate
variability could also be concluded, with some years presenting a higher number of events
causing the crystallization of halite.
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HNMS station data, in the period 1980–2004. Black squares indicate winter (DJF) values, green circles
spring (MAM), grey triangles summer (JJA) and red diamonds autumn (SON).

3.3. Mineralogical and Microstructural Characterization

The mineralogical, petrographic and microstructural examination revealed that all
seven samples belong to the same type of rock formation, the so-called Marl of Piraeus. The
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mineralogical analysis (XRD) of the reference samples highlighted the presence of calcite
(C: CaCO3) as the main mineralogical phase, along with the minor phases of dolomite
(D: CaMg(CO3)2), quartz (Q: SiO2), albite (A: NaAlSi3O) and the clay minerals illite
(I: (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]), and kaolinite/montmorillonite (K/M:
Al2Si2O5(OH)4/(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2•nH2O) are also detected (Figure 5). The
presence of clay minerals in the case of S_05 and S_06 can also be detected macroscopically
due to the presence of yellowish veins that come across the bedding layers of the stones.
This yellowish hue (Figure 6) is attributed to the presence of iron oxides [26].
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Figure 5. X-ray diffraction patterns of the seven untreated natural stone samples, indicating
the presence of calcite (C), dolomite (D), quartz (Q), albite (A), illite (I), kaolinite/montmorillonite
(K/M) and halite (H).

The seven stone samples are characterized as calcareous sediments, with an increased
amount of clay content (15%) and a mesoporous structure with low connectivity. The
micritic matrix of all seven samples is characterized by the presence of microfossils (ooids)
and veins that come across the mass of the stone and are filled with secondary deposited
sparritic calcite (Figure 6 SEM microphotographs). The stone samples can be categorized
as fossiliferous biomicrite marls.

Specifically, S_01 was a whitish marly limestone with coherent micritic structure, rich
in ooids, with intergranural and vuggy porosity. S_02 was a pale yellow marly limestone
with coherent micritic structure, characterized by the presence of intergranural and vuggy
porosity, along with moldic porosity (secondary porosity). It was characterized by the
presence of salts on the superficial layers and by the presence of cracks. S_03 was a yellowish
marly limestone with micritic structure, presenting intrafossil pores (intragranural porosity)
and moldic porosity, in addition to intergranural and vuggy porosity. Calcite veins were also
detected and attributed to the presence of the phenomena of differential erosion. S_04 was
a pale yellow marly limestone with coherent micritic structure, presenting intrafossil pores
(intragranural porosity), in addition to intergranural and vuggy porosity. The matrix of S_03
and S_04 was characterized by the enhanced presence of ooids and benthic foraminifera.
S_05 and S_06 were whitish marly limestones with coherent micritic structure, characterized
macroscopically by the presence of extended yellowish layers composed of clay minerals
that were previously identified. Both stones presented vuggy and moldic porosity. The
stone matrix presented large areas of colour alterations. S_07 was a pale yellow marly
limestone with coherent micritic structure, presenting intrafossil pores (intragranural
porosity), in addition to intergranural and vuggy porosity (Figure 6). The matrix was
characterized by the enhanced presence of ooids and benthic foraminifera [53,54].
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Figure 6. Microstructural and petrographic characteristics of representative samples from the seven
untreated stone samples in (a) S_04 and S_05 in stereomicroscope (scale bar at 2 mm and 1 mm),
(b) S_02 and S_07 in SEM microscope (BSE) (scale bar at 1 mm) and (c) S_04 and S_05 in optical
microscope (XPL) (scale bar at 200 µm).

The estimated values of open porosity, the coefficient of capillary water absorption
and mechanical properties vary significantly due to the differentiations attributed to the
stratification of the natural stones (Table 1). S_05 and S_07 presented increased values of
open porosity (37.9% and 29.7%, respectively), whereas S_02 and S_03 presented increased
values of the coefficient of capillary water absorption (0.11 kg/m2 s0.5 and 0.12 kg/m2s0.5,
respectively). As far as the mechanical properties are concerned, S_01 presented the highest
values, whereas S_07 presented a significant lack of flexural strength. The total conductivity
measurements of the untreated stone samples vary from 350–4500 µS/cm, indicating the
presence of soluble salts, specifically halite (H: NaCl), which was also detected in the
mineralogical analysis (Figure 5).

3.4. Evaluation of Conservation Treatments

The microstructural characteristics of both untreated and treated stone specimens
were examined with the use of SEM (Figure 7). The two representative microphotographs
of the untreated stone samples indicated sparritic and micritic calcite crystals (n.9 and
n.10, respectively, in Figure 7a) and the presence of clay minerals (n.11 in Figure 7b).
Upon the completion of the polymerization reaction after the time period of eight weeks,
the comparative evaluation of the deposition and formation of the end-products of the
polymerization reaction underlined that, in all cases, the deposited material was distributed
rather unevenly on the grains and inside the pores of the material. The resulting product
of the polymerization reaction of the two consolidants OH-100 (Figure 7c) and KS 300HV
(Figure 7e) was a dense thick silica gel that proved to cover the surface of grains and
partially fill the pores, forming small “connections” between them (n.12 in Figure 7e). The
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silica gel was characterized in both cases by the occurrence of cracks along the newly formed
material, generated by the high capillary pressure from the gel network during drying (n.13
in Figure 7c,e) [55]. In the case of the two water repellents Funcosil SL (Figure 7d) and BS
1001 (Figure 7f), material was deposited on and in-between the grains and the pores of the
porous substrate forming a non-continuous hydrophobic film (n.12), characterized by the
presence of cracks (n.13).

Table 1. Physical and mechanical properties of all seven natural stone samples of the marly limestone
of the Hellenistic theater of Zea.

Samples Open
Porosity %

Mean Pore
Radius (µm)

Mode Pore
Radius (µm)

High
Pressure

Low
Pressure

High
Pressure

Low
Pressure

S_01 19.5 0.03 0.03 0.002 -

S_02 22.2 0.04 50.35 0.02 5.35

S_03 22.7 0.09 23.35 0.024 5.36

S_04 25.6 0.05 14.63 0.003 5.35

S_05 37.9 0.08 57.75 0.011 7.078

S_06 22.2 0.08 47.11 0.015 6.313

S_07 29.7 0.03 13.58 0.002 5.340

Samples
Capillary Water Absorption

Coefficient (Acap)
(kg/m2 s0.5)

Conductivity
(mS/cm)

3 Point
Bending
Strength

(Mpa)

Compressive
Strength

(MPa)

S_01 0.02 3.5 12 62.1

S_02 0.09 4.4 1.8 32.8

S_03 0.11 1.5 5.5 29

S_04 0.13 0.8 4 18.9

S_05 0.07 0.4 - 5.7

S_06 0.07 0.8 3.8 14.6

S_07 0.04 - 5.4 46.5

The comparison of the open porosity between untreated and treated stone specimens
proved the evident reduction of the open porosity due to the material deposited after
the treatments in the cases of S_01, S_05, S_06 and S_07 (Figure 8a), whereas in the cases
of S_02, S_03 and S_04, a slight reduction of the open porosity was detected (Figure 8a).
Specifically, in S_01, the open porosity was varied in the range of 7.3% to 14.9%, compared
to the initial values of 19.5%. In S_05, the open porosity was reduced from 37.9% to a range
from 12.7% to 23.0%; in S_06, the open porosity was reduced from 22.2% to a range from
11.5% to 17.3%; and in S_07, the open porosity was reduced from 29.7% to a range from
4.5% to 12.9% (Figure 8a). In the case of the coefficient of water absorption by capillary
Acap, the application of the two water repellents had a significant effect on the evident
reduction of the Acap in all seven stones, causing the restraint of the estimated values of the
treated stone sample at the range from 0.001 to 0.01 kg/m2s0.5 in all seven natural stones
(Figure 8b).

3.5. Durability against Salt Weathering

The comparison of durability performance between untreated stone samples against
salts weathering (Figure 9a) highlighted the low resistance of the stone samples S_05
and S_06, which was evident from the continuous weight loss and the consequent fast
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degradation rate that led to their collapse during the 5th and 6th cycle, respectively. In
contrast, the performance of S_01, S_02 and S_07 was characterized by a slow degradation
rate because they presented an initial weight gain due to the accumulation of NaCl, which
was gradually altered to slight weight loss and collapse at the final cycle.
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at 40 µm); (b) presence of alumino-silicatic minerals (scale bar at 30 µm); (c) treated stone sample
with BS OH-100 (scale bar at 10 µm); (d) treated stone sample with Funcosil SL (scale bar at 20 µm);
(e) treated stone sample with KS 300HV (scale bar at 20 µm) and (f) treated stone sample with BS
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The comparison of durability performance between untreated and treated stone sam-
ples highlighted that all four treatments resulted in the reduction of the degradation rate
due to salt weathering. All treated stones presented an initial weight gain due to accumu-
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lation of NaCl. Specifically, in the case of S_01 (Figure 9b), the untreated specimen was
the only one that presented a small weight loss after the 24th cycle, whereas the treated
stone specimen with KSE 300HV presented a continuous weight gain. In the cases of both
S_02 (Figure 9c) and S_03 (Figure 9d), both the untreated stone sample and that treated
with BS OH 100 presented gradual weight loss after the 10th and 20th cycle, respectively,
which led to material loss. In the case of S_04 (Figure 9e), the untreated specimen was
the only one that presented a gradual weight loss after the 10th cycle. In the case of S_05
(Figure 9f), the untreated stone sample, along with the stone samples that were treated with
the two consolidants BS OH 100 and KSE 300HV, presented an enhanced degradation rate
through the abrupt weight reduction and material collapse after the 5th cycle, whereas
only the treated stone specimen with FUNCOSIL SL presented an increased resistance
towards salt weathering when compared to the other four specimens from S_05. In the case
of S_06 (Figure 9g), the untreated stone sample collapsed at the 5th cycle, and that treated
with BS OH 100 and BS 100 presented a gradually weight loss after the 8th and 22th cycle,
respectively, which led to material loss and collapse. In the case of S_07 (Figure 9h), the
untreated specimen was the only one that presented a small weight loss after the 28th cycle.
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Salt weathering exhibited different patterns, such as efflorescence (Figure 10a,b), (n.14
in Figure 10b) and flaking (n.15 in Figure 10c), along with clay swelling phenomena (n.16
in Figure 10d).

Buildings 2023, 13, x FOR PEER REVIEW 14 of 19 
 

  
(a) (b) 

  
(c) (d) 

Figure 10. Microstructural and petrographic characteristics of the seven untreated stone samples in 

(a) salts attributed to occurrence of efflorescence on the stone surface (Stereomicroscope, scale bar 

at 1 mm); (b) deposition of NaCl crystallization causing eventually the appearance of cracking 

phenomena (SEM microphotographs, scale bar at 50 μm); (c) mechanical damage due to NaCl 

crystallization causing efflorescence (SEM microphotographs, scale bar at 50 μm) and (d) cracking 

of the stone specimen attributed to the synergetic effect of rich alumino-silicatic composition and 

accelerating ageing tests. 

4. Discussion 

The elaboration of the results from the in situ survey (Figure 3) and the seasonal 

quantification of halite crystallization events (Figure 4) highlighted soluble salts 

crystallization as the primary deterioration agent. The thermodynamics of halite’s energy 

equilibrium (and the consequent effect on the phenomena of 

dissolution/crystallization/hydration) are generally affected by environmental conditions 

[56,57]. The main environmental factor that has proven to have a direct effect on the 

realization of the crystallization process was the high values of RH during winter and 

spring. As crystallization is an evaporation driven process [57], the relative slow 

evaporation rate due to the microclimate of the monument could be connected to the 

presence of sub-fluorescence and scaling phenomena resulting from the crystallization of 

halite inside the porous substrate. Simultaneously, the decreased temperature values 

reported during the winter contribute to the increase of the supersaturation of the 

solution and, thus, the crystallization of halite. Overall, the combined action of RH and 

temperature fluctuations in the outdoor environment create a hygrothermal environment 

that promotes the presence of additional stresses to the stone materials [58–62]. 

The correlation between the local microclimate (specifically its seasonal and annual 

variations) and the weathering phenomena is the basis for the vulnerability assessment 

and for predicting and developing an adaptation plan against the effects of climate 

Figure 10. Microstructural and petrographic characteristics of the seven untreated stone samples
in (a) salts attributed to occurrence of efflorescence on the stone surface (Stereomicroscope, scale
bar at 1 mm); (b) deposition of NaCl crystallization causing eventually the appearance of cracking
phenomena (SEM microphotographs, scale bar at 50 µm); (c) mechanical damage due to NaCl
crystallization causing efflorescence (SEM microphotographs, scale bar at 50 µm) and (d) cracking
of the stone specimen attributed to the synergetic effect of rich alumino-silicatic composition and
accelerating ageing tests.

4. Discussion

The elaboration of the results from the in situ survey (Figure 3) and the seasonal quan-
tification of halite crystallization events (Figure 4) highlighted soluble salts crystallization
as the primary deterioration agent. The thermodynamics of halite’s energy equilibrium
(and the consequent effect on the phenomena of dissolution/crystallization/hydration) are
generally affected by environmental conditions [56,57]. The main environmental factor that
has proven to have a direct effect on the realization of the crystallization process was the
high values of RH during winter and spring. As crystallization is an evaporation driven
process [57], the relative slow evaporation rate due to the microclimate of the monument
could be connected to the presence of sub-fluorescence and scaling phenomena resulting
from the crystallization of halite inside the porous substrate. Simultaneously, the decreased
temperature values reported during the winter contribute to the increase of the supersatu-
ration of the solution and, thus, the crystallization of halite. Overall, the combined action
of RH and temperature fluctuations in the outdoor environment create a hygrothermal en-
vironment that promotes the presence of additional stresses to the stone materials [58–62].
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The correlation between the local microclimate (specifically its seasonal and annual varia-
tions) and the weathering phenomena is the basis for the vulnerability assessment and for
predicting and developing an adaptation plan against the effects of climate change, while
highlighting the need for prioritizing salt crystallization as one of the most common risk
factors for cultural heritage monuments in coastal archaeological contexts.

The elaboration of the results obtained through the petrographic, microstructural and
mineralogical examination of the seven untreated natural stone samples was in accordance
with the weathering phenomena that were identified during in situ inspection of the ar-
chaeological site. Specifically, the weathering phenomena were attributed to the synergistic
effect of water-related phenomena, such as the enhanced action of salt crystallization and
marine aerosol phenomena, along with the characteristics of the pore space of the marly
limestone and the presence of clay minerals.

The enhanced presence of capillary pores was connected with the increased values of
the coefficient of water absorption by capillarity Acap, indicating the rapid water uptake
of sufficient amounts of water inside the pore space and the consequent mobilization of
salts [63]. Moreover, the estimated size of meso-pores suggested that the natural stones are
susceptible to salt weathering because the pressure applied on the walls of the stones cannot
be reduced, as in the case of macro-pores [64]. The intense reduction of the coefficient of
water absorption by capillarity Acap in the case of the two water repellents FUNCOSIL
SL and BS 1001 contributed to the durability enhancement of the stone samples (Figure 7).
In the case of the two silicatic consolidants, BS OH 1000 and KSE 300HV, the enhanced
adhesion between the resulting product of the polymerization reaction and the silicatic
components of the stone led to the increase of the internal cohesion of the natural stones
through the reduction of the open porosity (Figures 7 and 8). The modification of the
microstructure of the treated stone specimens indicated that the future in situ application of
conservation treatments (both consolidation products and water repellents) should be done
homogeneously to avoid the presence of weathering phenomena induced on the untreated
part of the stone.

Furthermore, the presence of clay minerals of the smectite group (Figures 5 and 10) on
stone specimens S_05 and S_06 facilitated the swelling phenomenon due to the absorption
of water molecules and/or soluble salts that led to the expansion of the inter-layer, thus
initiating internal stresses and crack formation [65–67] and, therefore, the material collapse
at the early cycles of the salt weathering test.

Overall, all four conservation treatments result in the increase of stone resistance to salt
weathering (Figure 9), either by increasing the internal cohesion [68] with the partial filling
of the pores with silica gel through the application of the two consolidants BS OH 1000 and
KSE 300HV (Figure 7a), or through hydrophobization of the layers close to the stone surface
with the use of the two water-repellents FUNCOSIL SL and BS 1001 (Figure 7a,b). The
comparative evaluation of the durability of the treated samples (Figure 9) presented a
slight increase of weight loss in the case of BS OH 1000, which could be attributed to the
production of increased values of crystallization pressure [69]. Furthermore, in the case
of S_05 with increased clay content, the hydrophobization effect attributed to the water-
repellents FUNCOSIL SL and BS 1001, proved to present anti-swelling capacity, through the
reduction of the accessibility of water content inside the stone mass, without the presence
of the consequent phenomenon of the accumulation of salts on the surface of the stone.

5. Conclusions

The elaboration of the results revealed that the design of migration actions proved
to be multivariable parameters: the microstructural and mineralogical characterization of
the stone samples, the environmental parameters of local microclimate and the efficacy
(internal cohesion and partial hydrophobization). Specifically:

• Both in situ and laboratory examination of the archaeological weathered stone samples
of the Hellenistic theater of Zea highlighted water and soluble salts (NaCl) as the key
parameters for the vulnerability of marly limestone.
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• Past and current climate data indicated the continuous presence of an elevated number
of annual crystallization events that maintain a very high risk for the natural stones of
the Zea theater.

• The microstructural characteristics of the natural stone, such as the mesoporous
structure characterized by low porous connectivity, contribute to the enhancement of
the weathering phenomena, induced mainly by either the deposition of salts on the
superficial layers or the absorption and circulation of water of high salt content inside
the stone mass, enhanced by the microclimate conditions of the outdoor monument.
The presence of swelling clays proved to increase the susceptibility of the marly
limestone to water.

• In terms of adhesion, the two silane-based consolidants BS OH 100 and KSE 300HV
present sufficient adhesion with the silicatic stone components, whereas the two water
repellents FUNCOSIL SL and BS 1001 proved to form a non-continuous hydrophobic
film in-between grains and inside the pores. The consolidant KSE 300HV and the two
water repellents FUNCOSIL SL and BS 1001 proved to enhance the durability of the
stone against salt weathering and to reduce the open porosity of the stone samples,
improving the internal cohesion of the stone mass.

• Consolidation and hydrophobicity treatments proved to have a beneficial effect on the
durability against salts crystallization, while the consolidant KSE 300HV and the two
water repellents FUNCOSIL SL and BS 1001 exhibited the most promising results.
The results suggested that a future in situ application of the conservation treatments
should be implemented homogenously in order to avoid the presence of weathering
phenomena induced on the untreated part of the stones.
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