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Abstract: The present work reviews studies with information on the effects of water by itself on
stones of the built environment both to assess the impact of this substance and to discuss possible
implications for conservation. The analysis concerns empirical results from previous publications
dealing with the effects, on several rock types, of freeze–thaw, wetting, erosion by running water and
substances resulting from the water–stone interaction. Laboratory studies have shown that water
freezing can cause physical damage even in low porosity rocks. As far as we know, this is the first
review that considers comparative laboratory studies of freeze–thaw and salt crystallization on the
same rock specimens, and these point to lower erosive effects than salt weathering, as freeze–thaw
can provoke catastrophic cracking. Wetting has shown strong damaging effects on some fine-grained
clastic rocks. Erosive features have been reported for rain exposition and for some fountain settings
albeit, in these field studies, it could be difficult to assess the contribution of pollutants transported
by water (this assessment could have meaningful implications for stone conservation, especially in
fountain settings). Water also interacts with stone constituents, namely sulfides and soluble salts,
releasing substances that could impact those stones. Sulfides are a relatively frequent issue for slates
and granites, and our observations suggest that for this last rock type, this issue is mostly associated
with the presence of enclaves and, hence, avoiding the surface exposition of such enclaves could
solve the problem.

Keywords: laboratory testing; stone decay; freeze–thaw; wetting-drying; fountains; oxidation stains

1. Introduction

Water is an important weathering agent in the Earth’s crust, both at the surface and
underground. Materials in the built environment are also exposed to the changing effects
of water and this fluid is an important medium for the transport and alteration effects
of other agents such as salts, biological agents and other diverse substances that can be
deposited from water.

Our focus in this review will be on the effects of water by itself on natural stone, i.e.,
rock materials used in the built environment, giving special highlight to the different rock
types used in testing. It is our contention that this kind of research will have at least two
lines of interest for geoscientists: (a) in a more fundamental perspective, concerning the
effects of this geological agent (water) on geological substances placed in a new context
(the built environment); (b) in a more applied perspective, the assessment of the effects
of pure water from those of water as a carrier of other agents can be relevant for the
conservation strategies of built structures. The review will also include comparative
studies considering both freeze–thaw and salt crystallization, which are considered two
of the main erosive processes in the built environment. As far as we know, this is the first
review considering these several perspectives related to the action of water on natural
stone in the built environment.
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The effects considered will encompass the effects of freeze–thaw, wetting-drying, and
erosion by flowing water, and we will close our review considering the contribution of
the interaction of water with stone constituents to generate pollutants that can affect the
source-stone itself or those nearby. As is tradition in this cross disciplinary field of study,
we attempt to use easy to understand and descriptive terms. Nonetheless, the interested
reader could find further information on the terminology of stone decay features in a freely
available ICOMOS glossary [1]. Readers could also find some further information on the
basics of the processes considered in generalist works concerning stone decay such as the
classic work by Winkler [2] and the more recent work on stone decay by Siegesmund and
Snethlage [3].

2. Freeze–Thaw

Water freezing in pores has been frequently considered to have an important impact
on stone decay, and its disruptive effects have been proposed for diverse types of rocks.
A recent review of the involved mechanisms can be found in Deprez et al. [4], who also
discuss the different field and laboratory techniques for assessment of the effects of this
process. We will focus our review on studies that report observations of actual disruption
in the specimens. There are several studies that propose equations attempting to relate
the evolution of physical properties with freeze–thaw cycles and a summary of several of
them can be found in the very recent publication of Jamshidi [5]. The alterations caused by
freeze–thaw cycles on the rocks physical properties could also affect the performance of
these materials in more demanding situations such as pavements, as is illustrated by the
study by Özvan and Direk [6], where some pyroclastic rock types collapse in abrasion tests
after freeze–thaw aging.

The total disintegration from freeze–thaw cycles has been observed in the study by
Erguler and Shakoor [7] in specimens of clay-rich rocks such as claystones, mudrocks,
siltstones and shales, albeit with wide variations of effects among the specimens in the
last three types (some specimens of these rocks showed little degradation). The study of
17 rock types (mostly limestones but also a couple of sandstones, a marble, and a gabbro)
by Ingham [8] found results that went from the absence of change even at the microscopic
scale (in the marble and one of the sandstones) and some microscopic cracks (in gabbro and
some limestones) to severe cracking and even complete disintegration for some limestones.
This author highlighted that the patterns of breakdown did not resemble those usually
observed in buildings and that some porous limestones, which presented good durability
in the field, showed worse results than less durable ones, concluding that the conditions of
the accelerated test did not reflect the field conditions.

The study by Martínez-Martínez et al. [9] reported specimen breaking and erosion
in porous limestones while less porous limestones and a marble did not show visual
deterioration. Lubera [10] studied six rock types (a fine-grained conglomerate, a dolostone
breccia, a limestone, a sandstone, an amphibolite and two granites); the higher mass
loss occurred in specimens of the dolostone breccia (around 6%) and the fine-grained
conglomerate (around 4%) but other specimens of these rock types showed mass loss below
0.3% (for the other rock types, the higher mass loss was around 0.5% for a limestone).
Korneeva et al. [11] found cracking of limestones specimens that were significant enough
to stop the tests.

Rusin and Świercz [12] discuss the relationship between the effects of freeze conditions
and water absorption. These authors noted degradation effects in gneiss, some limestones,
some dolostones and two of the igneous rocks (a basalt and a diabase), while for other
limestones, dolostones and igneous rocks (another diabase and a microgranite), mass
variation and visual decay were minimal (in some cases, mass increase was observed).

There are studies of highly porous rocks with high values of water absorption showing
low mass loss (below 1.4%) in freeze–thaw tests, as in the study of pyroclastic rocks by
Koralay and Çelik [13]. However, these authors also report that some specimens suffered
cracking and disintegration during the freeze–thaw tests. In another study in pyroclastic
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rocks (tuffs), it was reported a mass loss of 5.55%, although the authors did not find visual
evidence of damage on the surface of the specimens (Iucolano et al. [14]).

Usually, low porosity rocks like granite and marble are considered resistant to
freeze–thaw. Nonetheless, in the study of Freire-Lista et al. [15], slight erosion and an in-
crease in microcracks were observed in granites (highest porosity value = 1.7%). Tests with
marble found mass loss that depended on the freezing temperature used (Luo et al. [16]).
The mass loss results were presented in grams and were below 0.30 g, which for marble
specimens with 50 mm diameter and 100 mm height would correspond to clearly below
0.5%. The more porous weathered varieties of granite (which, nonetheless, are usable as
building stones) can show significant erosive effects under freeze–thaw as shown in the
study by Martins et al. [17] in granites with porosities that are not higher than 4.6% (but
these authors do not mention prominent cracks in the specimens). The study of Fahey [18]
found that schists showed high resistance to freeze–thaw, but there was production of some
measurable amount of debris. Lubera [10] refers to a study from 1987 by Evin indicating a
little scale detachment and some sanding in a schist.

Some authors have proposed relationships between the effects of freeze–thaw and
other characteristics of the pore space. The review by Deprez et al. [4] highlights unimodal
and focused pore size distribution, which will improve frost resistance, the occurrence
of small size pores, which will enhance freeze–thaw weathering and the presence of ink-
bottle pore structures where large pores, draining water from smaller pores will reduce
the impact of pressures arising from ice formation. The following recent examples also
illustrate the relations between the characteristics of pore features and the impact of
freeze–thaw processes. While their main focus was on the importance of porosity, Martínez-
Martínez et al. [9] also discuss the impact of the presence of small pores in the affected
rock types, as these small pores will increase the effectiveness of stresses due to freeze
processes. In a study with two limestones and two volcanic rocks (a lavic and a pyroclastic),
Uğur and Toklu [19] refer that the volcanic rocks presented more marked changes, with
cracks that caused texture disintegration but did not lead to the specimens’ rupture. These
authors relate the higher susceptibility of these rocks to existing microcracks and pore
space characteristics (open porosity and interconnected pores), with higher resistance
for rocks with higher variation in pore size (this study also found chromatic changes in
the volcanic rocks and in one of the limestones). The deleterious effects of micropores
have been indicated for limestones (Fogue-Djombou et al. [20]) and tuffs (Germinario and
Török [21]); although, in the latter case, the authors considered that porosity and strength
variations had a bigger impact. Other authors have considered the convergent effects of
several factors related to pore space and strength in lavic rocks (Dursun and Topal [22])
and limestones (Hashemi et al. [23]).

The effects of freeze–thaw can be related to other textural features (besides the charac-
teristics of the pore space). Examples in limestones regarding the cracking and breaking
along stylolites are presented by Heidari et al. [24,25], Fogue-Djombou et al. [20] and
Torabi-Kaveh et al. [26]. Other examples include the effects of a wider distribution of clay
minerals that can contribute to some lamination in limestones (Heidari et al. [27]), grain
size variations in tuffs (Germinario and Török [21]), the contacts between grains in marbles
(Mahmutoğlu [28]), sandstones (Sun et al. [29]) and volcanic rocks (Uğur and Toklu [19]),
and between grains and cement in sandstones and limestones, with references to a potential
higher durability for sparry cemented limestones (Montiel-Zafra et al. [30]).

An additional point of interest concerns the comparison of the effects of the action
of water by freeze–thaw cycles with the impact of salt crystallization. This comparison is
presented in Table 1 for sedimentary rocks and in Table 2 for volcanic rocks (most of them
concern pyroclastic rocks). In the majority of cases, salt crystallization caused a higher
erosive impact. Nonetheless, there are several results showing the impact of freeze–thaw,
including instances where freeze–thaw caused catastrophic impact (with the breakage of
the specimens).
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Table 1. Analysis of comparative studies of salt crystallization (sodium sulfate unless indications otherwise) and freeze–thaw
on sedimentary rocks.

Reference Rock Type Comparison

Cárdenes et al. [31]
Dolostone,
limestone,
sandstone

Freeze–thaw—straight fractures; salt crystallization—disaggregation.
Results of an alteration index based on visual assessment of effects

were generally similar or higher for freeze–thaw, but for three
carbonate rocks, salt crystallization

caused higher decay than freeze–thaw.

DiBenedetto et al. [32] Limestone Higher salt mass loss with salt
crystallization (73%) than freeze–thaw (6%).

Ghobadi and Babazadeh [33] Sandstone
Higher mass loss for salt crystallization (up to almost 50% but some

specimens were destroyed before the 15th cycle) than for freeze–thaw
(up to 4% but some of these specimens broke before the 30th cycle).

Molina et al. [34] Sandstone Mass gain in freeze–thaw and mass loss with salt crystallization
(up to slightly over 40%).

Heidari et al. [25] Limestone

Development of microcracks and fractures along stylolites in
freeze–thaw. No mass loss assessment for freeze–thaw. Minor mass

loss (up to 0.6%) for sodium sulfate with clear erosion and negligible
for magnesium sulfate (up to 0.03%).

Benavente et al. [35] Limestone
Some erosive effects and fractures for both but mass loss achieved
higher values with salt crystallization (up to 2.4%) than with freeze

tests (up to 1.7%).

Scrivano et al. [36] Limestone
Under freeze–thaw, some blocks broke and had irregular mass

variation but higher variation around 5%. Mass loss for salt
crystallization around 30–35%.

Shekofteh et al. [37] Limestone Higher mass loss in salt crystallization tests (around 20%) than in
freeze–thaw tests (lower than 3%).

Torabi-Kaveh et al. [26] Limestone

Specimen broke under freeze–thaw (this was not observed in salt
crystallization tests). No mass loss assessment for freeze–thaw.

Negligible mass loss for salt crystallization tests with either magnesium
sulfate or sodium sulfate (up to 0.1%).

Karakaş et al. [38] Limestone Mass loss under freeze–thaw was much higher than with calcium
chloride or sodium sulfate but even so very low (0.1%).

Table 2. Analysis of comparative studies of freeze–thaw tests and salt crystallization tests (sodium sulfate unless indications
otherwise) on volcanic rocks.

Reference Rock Type Comparison

DiBenedetto et al. [32] Pyroclastic rocks. Disintegration with salt crystallization (at 9th cycle) and breaking along
cracks for freeze–thaw (at 20th cycle).

Bozdağ et al. [39] Pyroclastic rocks
Specimen breaking for freeze–thaw and for salt crystallization (generally

higher erosion for salt crystallization, which achieved
considerable breakage of the specimens).

Dursun and Topal [22] Lavic rocks

Freeze–thaw: spalling and flaking at the edges for the massive type;
granular surface for the vesicular type.

Salt crystallization (magnesium sulfate): flaking and chipping off along
specimens’ edges, which are smoothed off, surface cavities and breakage
along rock structural discontinuities in the massive type; flaking, spongy

appearance and total disintegrated for the vesicular type.

Germinario and Török [21] Pyroclastic rocks

Freeze–thaw tests were stopped after 8 cycles due to physical degradation
for two types (but mass loss < 5%) while the other two types did not show
major changes after 90 cycles. Mass loss was higher (for any type) with salt

crystallization tests.

Çelik and Sert [40] Lavic rock Low mass loss in each case (below 1.0%) but results for sodium sulfate
were around 8 times higher.

Another kind of comparative study consists of performing freeze–thaw cycles after
imbibition with solutions with different compositions, where imbibition with water will
correspond to the basic freeze–thaw tests while the others represent the contribution,
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furthermore, of the presence of other pollutants in solution. These studies could represent
field situations where freeze–thaw cycles affect stones already contaminated by those other
pollutants. The results of the few studies using this comparative approach that we were
able to find are reviewed in Table 3 and they seem to point to a higher impact caused by
the presence of salts (in comparison with pure water). We can include in this kind of test
the performing of freeze–thaw tests in rock specimens coupled with cements (as it will
be expected that the cement contributes with salt pollution) as in the study developed by
Török and Szemerey-Kiss [41] using specimens of two limestones coupled with different
types of cement. Results show significant erosive features in one of the limestone types, but
there seem to be variable erosive features in the limestones for different types of coupled
cement (which can be seen as reinforcing the idea of the different salt contributions of
the cement).

Table 3. Analysis of comparative studies of freeze–thaw tests with water and other solutions.

Reference Rock Type Other Solutions Comparison

Williams and
Robinson [42] Sandstone

Ammonium alum, aluminim alum,
calcium sulfate, potassium alum, sodium
chloride, a mixture of ammonium alum

and ammonium alum, mixtures of
calcium sulfate with each of the alum
salts and also ammonium potassium

alum, a mixture of calcium sulfate and
sodium chloride.

Most salt solutions caused a higher mass loss
(highest value for sodium chloride that achieved
around 94%) than pure water (mean mass loss of

around 3.6%) but calcium sulfate caused a
similar mean mass loss and some salt solutions

(aluminim alum and a mixture of aluminim
alum with calcium sulfate) achieved less mass

loss than the tests with water.

Zhang et al. [43] Sandstone Sodium chloride, sodium hydroxide,
sulphuric acid.

Higher mass loss using solutions of sodium
hydroxide (around 7%) and sodium chloride

(4%) than with sulphuric acid (almost 1%) and
water (which caused almost no variation).

Sun et al. [29] Sandstone Magnesium sulfate (with two
concentrations).

All specimens showed mass loss and increasing
roughness but those with magnesium sulfate

suffered higher variations (but mass loss was not
higher than 2.4%).

3. Wetting

Moisture variations (due to wetting–drying) have been indicated as a potential al-
teration agent of natural stone. There is the obvious chromatic effect (wetter materials
are darker), but physical disruption with consequent erosion has also been ascribed to
wetting–drying cycles. Several publications have attempted to relate the evolution of rocks’
properties to wetting–drying cycles, and a recent review can be found in Zhang et al. [44].

There are several examples of laboratory studies on the effects of wetting–drying
and, perhaps, the type of natural stone that has been more studied in this regard has
been sandstone. The deleterious effects of wetting–drying have been associated with the
presence of clay minerals (Jiménez-González et al. [45]; Tiennot et al. [46]), and with varia-
tions of physical properties, micro-crack patterns and surface roughness (Zhou et al. [47];
Tiennot et al. [46]). Sumner and Loubser [48], in a study with sandstones, found mass
loss, as granular particles, around three times higher than the control specimen (used to
assess the error of mass measurement). According to Zhou et al. [47], wetting–drying
affected the cement between grains in sandstones. The effect of clays under wet-dry
cycles might be enhanced by the presence of soluble salts such as sodium chloride, ac-
cording to a study by Sebastián et al. [49] based on swelling behavior of the specimens
(and field observations). Decay due to moisture variations has also been linked with the
relation between water and the pore system, according to laboratory swelling studies
(Ruedrich et al. [50]). An et al. [51] observed increasing roughness (albeit at the micromet-
ric scale) and microcracking that the authors attributed to feldspar hydrolysis, clay swelling
and mineral dissolution.
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However, the effects of wetting–drying have also been mentioned for other rock types.
Hall and Hall [52] mention the loss of splinters from sandstones and a dolerite, with
one of the sandstones achieving a mass loss around 5%. According to Trenhaile [53], the
downwearing of specimen surface was higher in an argillite, followed by a sandstone
(between around an eighth and less than half of the argillite reduction) and a basalt (which
was almost negligible; between around a tenth and around half of the reduction observed
in the sandstone). The concentration of clay minerals in stylolites of limestones has been
proposed to explain cracking along these features (besides changes in physical properties)
under wetting-dry tests (Aly et al. [54]). Studies on schists have observed a slight mass loss
(Mottershead [55]) and fracturing and splitting (Wells et al. [56]). Swelling and strength
decrease have been related to the presence of clay minerals for limestones (Aly et al. [57])
and for tuffs (Pötzl et al. [58]), a process also reported for other igneous rocks such as
kersantite, affecting cracking patterns (Tiennot et al. [59]). Also in tuffs, the effects of
wetting–drying were ascribed to the interaction between water and pore characteristics
and zeolites (Lubelli et al. [60]). In another study with tuffs, which were subject to cycles
simulating sunlight and condensation, a mass loss of 1.5% was found (Iucolano et al. [14]).
Tests with two basalt types reported mass loss up to 1% (Dursun and Topal [22]). Noor-E-
Khuda and Albermani [61] performed wetting–drying tests with tap water on two gabbroic
rocks and a granite that showed very slight mass loss (around 0.1%) for one of the gabbroic
rocks and mass gains in the other rock types studied (the mass gain results could reflect
added mass from the tapwater, a situation that could also affect the results of the rock
showing mass loss). According to Pozo-Antonio and Alonso-Villar [62], a slight mass loss
was observed for two granite types (0.25% for one type and 0.1% for the other) as well as
a reduction in surface lightness (L* parameter from CIELAB). There is even a study on a
peculiar rock resulting from debris from a meteoritic impact on the decrease in strength on
the wet state, which implied higher susceptibility (Heap et al. [63]).

Extreme results have been obtained under wet-drying cycles for fine-grained clastic
rocks. Erguler and Shakoor [7] report intense degradation by wetting–drying cycles on
claystones, mudrocks, siltstones and shales (albeit in the last three types some specimens
were little affected). Studies with mudstones have shown intense degradation (Hu et al. [64];
Sakai and Nakano [65]; Zeng Ling et al. [66]).

An example of significative mass redistribution was observed by Beck and Al-Mukhtar [67]
with the formation by wetting–drying cycles of a calcite patine in limestone. Tests with
alabaster (gypsum-rich material) performed by Bustamante et al. [68] attained a mass loss
slightly below 14% in conditions of immersion and shaking, using water with “natural” pH
(i.e., the pH of water in equilibrium with atmospheric CO2 without human contributions;
pH = 5.6), which was prepared by mixing tap water (pH around 7) and distilled water
(pH = 4.5). Visual observations in this last study showed some noticeable dissolution with
clay-filled fissures developing a positive relief. The development of fractures on siltstones
was observed in wetting–drying tests, mostly at the surface in the beginning and henceforth
propagating to the rest of the specimen (vertically and horizontally) with further cycles,
developing a fracture network (Zeng et al. [69]).

We will also include here information from studies of rock immersion such as the
jar slake test, which does not involve mechanical abrasion (given that our focus here is
on the behavior of stone). These studies have shown the degradation effect of immersing
in water specimens of shales (Vallejo et al. [70]; Santi [71]; Santi and Higgins [72]), with
Vallejo et al. [70] linking the effect to pore size distribution. Linked to our discussion above
concerning wetting-drying, a study with several clay-rich types (shales and a marl) obtained
results suggesting that air drying time before immersion lead to increasing degradation
(Youn and Tonon [73]). Similar results have been reported for mudrocks (Venter [74])
and siltstones (Phien-Wej et al. [75]). This kind of test (by immersion in water) has been
used in the specific context of cultural heritage, as in the study of the Taya caves in Japan,
showing that the siltstone material could suffer total disintegration by immersion in water
(Germinario et al. [76]).
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4. Erosion by Flowing Water

Some examples of the erosive effects of running water can be mentioned. Winkler [2]
observed that columns of carbonate rocks (marble and limestones) often present patterns
according to exposition, with the side exposed to rain presenting marked erosion while on
the protected side the finishing is preserved. This is the symmetrical pattern of what would
be expected if the erosion features were related to salt crystallization since the sheltered
portion will promote salt crystallization. Bonazza et al. [77] present another study based
on the exposure of marbles and review several other studies, proposing that rain can
have an erosive effect, especially in low porosity carbonate rocks, even in the cases of low
pollution (hence mostly related to the effect of water). Some more recent examples include
the preferential leaching of magnesium from the structure of minerals in a serpentinite,
with discoloration and small scaling of these stones (Gulotta et al. [78]). Gulotta et al. [79]
present a case of marble erosion in exposed portions attributed to meteoric waters. A study
on sandstones pillars by Waragai and Hiki [80] related depth values for hollows in these
stone elements to rainfall.

Stones in fountains are in continuous contact with running water, which has been
related to erosion in fountains of carbonate rocks (Bello et al. [81]; Sarró et al. [82]; Sanjurjo-
Sánchez and Alves [83]), with observations of calcitic marbles being more affected than
dolomitic marbles (deAzcona Fraile et al. [84]) and dolostone showing higher resistance
than limestone (Freire-Lista and Fort [85]).

However, one must be aware of the limitations in the constraining of variables in-
volved in field studies. It will be difficult to assess whether the effects related are linked
only to the passage of water or are influenced by the presence of other pollutants in a
decisive way, by which we mean that the results observed will not develop in the presence
of water alone and in the absence of those other pollutants. In the effects of other pollutants,
we include agents such as soluble salts but also the presence of acidic or basic ions that
fundamentally change the pH or ionic force of the passing “waters”. For example, in a case
study of a fountain built with marbles, López de Azcona et al. [86] report on how the water
in the closed circuit, due to atmospheric pollutants, tends to increase its acidity with time
(as well as other chemical contents), which then impacts the stones.

There are other situations where erosive features are associated with water-rich envi-
ronments such as fountains but that present distribution patterns that do not seem related
to water flow. One such situation is illustrated in Figure 1, with several scales in a granitic
fountain in places located away from the water flow (the role of water will not be clear in
this case).
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first author by a former student. In the case of granites, the observations we have made 
show these limited stains associated with enclaves. Other minerals with iron have been 

Figure 1. Example of erosive features on granite stones in a water fountain of Braga (NW Portugal):
(a) general view showing the position of the eroded portions in relation to the water flow (to the left,
near the warning in Portuguese—“ÁGUA NÃO CONTROLADA”); (b) detail of the erosive features.
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5. Water as Releaser of Pollutants from Stones

As stated in the introduction, we do not focus here on water as a promoter of the action
of other agents. Nonetheless, we will consider situations where water releases pollutants
from the stone, which then contribute to the alteration of those stones or others.

The passing water can react with the rock constituents and promote the release
of substances that will be deposited further along (according to the water flowpaths).
A relatively recent example is the field study of a fountain by Ďoubal [87] linking the
dissolution of limestones by acid rain to the formation of gypsum in sandstones below
those limestones. However, as in the examples discussed above, the effects of the solutions
involved could be significantly related to the presence of other pollutants in water.

Sulfides are constituents that are particularly sensitive to oxidation, which can lead to
unseemly stains and sometimes be associated with local erosion (albeit it is unclear whether
the erosion resulted directly from the oxidation of sulfides or from the action of salts
resulting from it). We have observed the effects of sulfide oxidation in marbles, slates, and
granites (an example from the latter in a contemporary structure is presented in Figure 2),
but there are examples from other rock types such as limestones (Dreesen et al. [88]).
The presence of sulfides is one of the points explicitly addressed by standards about
technical specifications of slates (Cárdenes et al. [89]). According to a survey developed by
Cárdenes et al. [90], oxidation stains account for around 86% of the costs associated with
litigations related to slate pathologies for a company. Commercial reclamations related to
oxidation stains in the application of granite slabs have also been relayed to the first author
by a former student. In the case of granites, the observations we have made show these
limited stains associated with enclaves. Other minerals with iron have been mentioned as
sources for the development of stains and coatings such as kutnohorite (Zha et al. [91]) and
biotite and other iron-bearing minerals in trachytes (Germinario et al. [92]).
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Figure 2. Oxidation stain associated with the presence of iron sulfides in granite stones on the wall
of a contemporary structure: (a) general view showing several stains; (b) detail of one of the stains
showing the stain crossing the boundary between two stones.

When the rocks surfaces are the stone materials, in the sense that the cultural in-
formation is recorded on them, the circulation of water through the rock formations
can promote the genesis of agents with deleterious effects in the cultural information.
Some examples can be found concerning the genesis of soluble salts in caves in siltstones
(Germinario et al. [76]) and tuffs (Germinario and Oguchi [93]).

Sometimes the rocks are already enriched in soluble salts that are easily dissolved by
passing water, as in the studies (all in sandstones) of Zehnder in 1982 and Blauer in 1987
(cited by Arnold and Zehnder [94]) and of Heiss et al. [95]. Similar considerations are pre-
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sented by Wüst and Schlüchter [96], who discuss the contribution of salts present in marls
rocks that caused the deterioration processes of the walls of some Egyptian monuments.

6. Conclusions

The studies reviewed here have shown that water per se can have some significant
erosive effects, especially by freezing, which can cause some extensive breakage of stone
specimens. Nonetheless, compared with salt weathering, freeze–thaw is frequently re-
ported to produce lower mass loss, albeit the existing comparative studies are clearly biased
towards limestones, sandstones, and pyroclastic rocks.

The simple contact with water (wetting, including cyclical moisture variations by
wetting-drying) seems to cause lower damage, but some clastic rocks, especially finer-
grained ones, can experience major disaggregation.

There are also observations of noticeable erosive features associated with running
water such as rainwater and especially in fountains. However, in these observations
related to field studies, it is not clear whether the effects can be ascribed to water alone or
whether they are significantly promoted by the presence of other pollutants (namely those
affecting the pH of the solutions). These two situations will imply different approaches to
conservation, such as simply changing the water or to avoid the contact between water
and the stone surfaces.

The effects of water on stone decay also include the release of substances from the
stone that contribute to alteration features of this material (or others nearby). A particularly
frequent situation concerns oxidation stains related to the presence of iron sulfides due to
the widespread occurrence of these minerals (especially on slates and granites), which can
affect historical and contemporary applications.

In the case of granites, our observations suggest that this is mostly associated with
the presence of enclaves. This trend shows a potential path for solving the problem in
principle, i.e., avoiding the use of stone surfaces with enclaves (albeit we are not assessing
the economic cost involved in this option). Since the stains are essentially a surficial
phenomenon, on many occasions this issue could be avoided just by exposing the face of
the stone that does not present enclaves. The interaction between circulating water and
constituents of rock materials could also lead to the genesis of other decay agents such
as salts. This will be a particularly complex case in terms of conservation, as while water
circulation could feed salt contamination, the removal of the moisture source could affect
the erosive effects of the salts.
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traditional building stone from Uşak Region (SW Turkey). Arab. J. Geosci. 2019, 12, 732. [CrossRef]
14. Iucolano, F.; Colella, A.; Liguori, B.; Calcaterra, D. Suitability of silica nanoparticles for tuff consolidation. Constr. Build. Mater.

2019, 202, 73–81. [CrossRef]
15. Freire-Lista, D.; Fort, R.; Varas-Muriel, M. Freeze–thaw fracturing in building granites. Cold Reg. Sci. Technol. 2015, 113, 40–51.

[CrossRef]
16. Luo, X.; Zhou, S.; Huang, B.; Jiang, N.; Xiong, M. Effect of Freeze–Thaw Temperature and Number of Cycles on the Physical and

Mechanical Properties of Marble. Geotech. Geol. Eng. 2021, 39, 567–582. [CrossRef]
17. Martins, L.; Vasconcelos, G.; Lourenco, P.; Palha, C. Influence of the Freeze-Thaw Cycles on the Physical and Mechanical

Properties of Granites. J. Mater. Civ. Eng. 2016, 28, 04015201. [CrossRef]
18. Fahey, B.D. Frost action and hydration as rock weathering mechanisms on schist: A laboratory study. Earth Surf. Process. Landf.

1983, 8, 535–545. [CrossRef]
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