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Abstract

Salt weathering can cause substantial deterioration of natural rocks, building stones, masonry materials, monuments,
and engineering structures. Nearly two centuries of salt weathering studies, both theoretically and empirically, have
manifested its power as well as its complexity. This paper attempts to unite the kinds of literature assess the various
theories in the light of the combined information. The theoretical approaches concerning the most cited mechanisms
of salt weathering such as crystallization, hydration and thermal expansion of crystalline salts are thoroughly reviewed.
It is understood that there is no universally acceptable hard and sound theoretical information on this topic yet. More
precise theories should be developed to elucidate the complications of the mechanisms of salt weathering as well as
to interpret the results of empirical studies.
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1 Introduction
Salt weathering has been implicated as a cause of rock
disintegration since the time of Herodotus, and system-
atic investigations of salt weathering have been per-
formed over at least 200 years (e.g., Thury 1828; Miller
1841; Luquer 1895; Cooke 1979; Goudie and Viles 1997;
Williams and Robinson 2001; Doehne 2002; Tsui et al.
2003; Van Grieken 2003; Coussy 2006; Espinosa-Marzal
and Scherer 2010; Shahidzadeh-Bonn et al. 2010; Flatt
et al. 2017). In the nineteenth and twentieth centuries,
the great German desert geomorphologists (e.g., Penck
1891; Passarge 1904; Mortensen 1933) and various
French geomorphologists (e.g., Birot 1954; Pedro 1957a,
1957b; Tricart 1960) greatly extended our knowledge of
salt weathering. Since the middle of the twentieth cen-
tury, the majority of research work has been done in
Europe (e.g., Goudie et al. 1970; Kwaad 1970; Theoulakis
& Moropoulou 1997; Williams and Robinson 1981;
Coussy 2006; Espinosa-Marzal and Scherer 2010; Flatt
et al. 2017). Further interest in the field was sparked by

the exploration of theories behind salt weathering (Cor-
rens 1949; Weyl 1959; Wellman and Wilson 1965).
Many field and laboratory studies over the last few de-

cades have also shown weathering of salt, regardless of
the mechanisms involved (Evans 1970; Mustoe 1982,
1983; Pye and Sperling 1983; Goudie 1985; Rögner 1986;
Trenhaile 1987; Yatsu 1988; Matsukura and Kanai 1988;
Cooke et al. 1993; Thaulow & Sahu 2004; McGreevy
1996; McGreevy & Smith 1982; Goudie 1986, 1993,
1999; Goudie and Viles 1997; Robinson & Williams
1996, 1982, 2000; Williams & Robinson 1998). It is a
highly destructive process that is particularly important
in rock decay in a wide range of environments including
Mars (Malin 1974). Types of decay due to salt weather-
ing are shown as Fig. 1. These are supposed to be
reflected by salt weathering processes. Furthermore, salt
weathering plays a role in the development of many geo-
morphologic features, such as alveoles and honeycombs
(Mustoe 1982), tafoni and cavernous weathering (Bradly
et al. 1978), and pedestal rocks (Chapman 1980) (Fig. 2).
This type of weathering is also an important contributor
to the production of rock meals and debris, especially in
arid regions (Beaumont 1968; Goudie 1977, 1983; Gou-
die et al. 1979, 1984, 1997; Goudie and Day 1980; Gou-
die & Cooke 1984; Goudie & Watson 1984; Punuru
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et al. 1990; Goudie & Viles 1995), coastal areas (Motters-
head 1989; Cardelle et al. 2003), and Antarctica (Prebble
1967). Salt weathering may be a common planetary
phenomenon and could be responsible for some aspects
of the Martian landscape (Malin 1974; Clark and Van
Hart 1981; Clark 1998).
Salt weathering of building stones is a primary

cause of the loss of historic architecture (Evans 1970;
Winkler 1973; Amoroso and Fassina 1984; Smith and

McGreevy 1988; Winkler 1994; Cooke 1994; Price
1996; Cooke and Gibbs 1993; Gomez-Heras & Fort
2007) and many structures in archeological sites have
been damaged by this process (Lucas 1925; Winkler
1975; Goudie 1977). Salt also has a major impact on
civil engineering because it damages roads, highways, run-
ways, dams, and building foundations (Netterberg and
Loudon 1980; Sayward 1984; Obika et al. 1989; Door-
nkamp and Ibrahim 1990; Goudie and Viles 1997). In hot,

Fig. 1 Patterns of disintegration due to weathering. a Cracking and disintegration, b crumbling, c scaling, d surface pitting, e thick scaling, f
delamination, g cracking, and h expansive dilatation patterns. Scale bar shows 10mm
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arid areas, such as the Middle East, the full significance of
salt weathering as an engineering hazard became evident
after the construction boom of the 1970s and 1980s
(Doornkamp and Ibrahim 1990).
Despite nearly two centuries of research and observa-

tion, there is still no definitive way to overcome salt
weathering. As a result of intensive reviews and text-
books around every decades such by Evans (1970),
Winkler (1994), Goudie and Viles (1997), Doehne and
Price (2010), and Siegesmund and Snethlage (2014),
these studies have been able to be introduced, catego-
rized or organized as focusing to theory, mechanisms,
experimental methods, research tools, and so on. The
present paper also reviews many studies even though
not enough, to summarize the research history of salt
weathering, including the subsequent research results. In
orderthe construction boom of the 1970s to find a
breakthrough to conquer the deterioration of stone and
related materials for future issues, this review is expected
to help a little in solving future problems.

2 Substances involved in salt weathering
2.1 Moisture
A crucial factor affecting the effectiveness of salt weath-
ering is the presence of moisture and its movement.
Moisture can either provide a source of salt or mobilize
and deposit salt in pores and cracks because only salts

dissolved in water can enter and move through porous
bodies. Although moisture itself may also substantially
diminish the mechanical resistance of some rocks and
stones, its distribution in the porous material determines
the area where deterioration occurs. This area corre-
sponds to the zone of maximum moisture content
(Snethlage and Wendler 1997) and refers not only to the
damage at the base of a wall with rising damp, as de-
scribed by Arnold (1982), but also to the formation of
gypsum veils at the top of the rising damp area, as dis-
cussed by Zehnder (1993, 1996).
The main moisture sources that merit consideration

are dew, fog, rain, and groundwater. In some desert
areas, dewfall enhances the salt weathering processes
and fog water is of special importance in coastal deserts.
Of all these sources, groundwater may be the most im-
portant. Ground moisture comes from rain splashing
against the base of a building and from groundwater ris-
ing by capillary suction. Both types of moisture may
contain more ions than (Meredith & Donald 1995) sur-
face water because they can contain salts from streets
and sidewalks or from the slow circulation of under-
saturated groundwater between the mineral particles of
soils. As the groundwater moves through the stone, the
salts may crystallize and effloresce near or on the stone
surface. If those salts are soluble, they are dissolved
again and infiltrate the ground. Therefore, groundwater
is also a major source of salts in suitable topographic sit-
uations (e.g., sabkhas zones of the Middle East), and the
presence of high groundwater levels is a prime determin-
ant of the efficacy of salt weathering of engineering
structures. Cooke et al. (1982) reported that aggressive
soil conditions constituting an engineering hazard were
produced when saline groundwater was drawn upward
through the soil to produce a capillary fringe that either
reached the ground surface or was sufficiently close to it
to affect foundations.
Water can enter a porous material either as a vapor or

liquid. In the vapor state, the main mechanisms by
which water can penetrate a porous material are conden-
sation and hygroscopicity. Condensation is categorized as
surface condensation and capillary condensation (micro-
condensation) in pores, which are well-understood, dis-
tinct processes (Cammuffo 1988). Adsorption of moisture
or surface condensation occurs in warm humid air when
moisture meets a cooler surface or by cooling of the air.
Moisture also adsorbs readily to capillary walls in an
oriented manner owing to the electrostatic attraction in
capillaries 0.1 μm or smaller, which can cause stone decay
by moisture expansion.
Salts can also absorb moisture, especially when the

ambient relative humidity becomes higher than their
equilibrium relative humidity (ERH). Under high-
humidity conditions, salts may be hygroscopic or

Fig. 2 Example of a honeycomb structure at Giza, Egypt
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deliquescent. Hygroscopic salts absorb moisture from the
air, but not enough to form a solution, whereas deliques-
cent salts absorb sufficient moisture to form a solution.
Because concentrated salt solutions have a lower vapor

pressure than does pure water, they have a higher ten-
dency to condense water vapor from the environment to
equalize the activity of water in the solution with that in
the vapor phase to reach equilibrium. This process has
also been called classical osmosis, particularly in German
texts (Weber 1984).
In the liquid state, water movement can occur via capil-

larity and infiltration mechanisms. The capillarity mech-
anism arises from the attraction of the water and the
capillary material, as well as the surface tension of the li-
quid, whereas the infiltration mechanism requires hydro-
static pressure and depends on the permeability of the
material (Vos 1976; Amoroso and Fassina 1984; Weber
1984; Massari and Massari 1993). The rise of ground
moisture by the capillarity mechanism can lead to slow,
progressive salt impregnation (Fig. 3). This upward move-
ment of capillary water through surface and near-surface
materials is sometimes called evaporative pumping and is
the product of high surface temperatures.
The height of the capillary rise, that is, the thickness of

the capillary fringe, depends on the soil temperature gradi-
ent and the nature of the soil, and it is normally less than a
meter in clean gravel, although it is up to 10m in clay.
Cooke et al. (1982) suggested that the capillary rise
under desert conditions is normally no more than 2–
3 m, and rarely, if ever, exceeds 4 m. In some build-
ings, the thickness of the capillary zone may be ex-
ceptionally and unexpectedly high, sometimes
exceeding 6 m (Cooke 1994). The maximum height of
the capillary rise is often marked by a white rim of
efflorescence with a dark wet outer rim that remains
wet owing to the effect of hygroscopic salts. The
moisture can be retained, especially in fine-grained
masonry, stone, concrete, and mortar. Other compli-
cations may arise, with the surface concealment of ca-
pillaries by lichens and mosses, which retain moisture
and do not permit evaporation from the open ends of
the channels, keeping the wall wet.
Alves et al. (2011, 2013) investigated the pore network

of several types of stone in laboratory experiments and
found that durability is controlled by porosity. The order
of porosity values from high to low, of limestones, mar-
bles, and granites matched that of durability. These ex-
periments also showed that in addition to porosity,
further analysis of pore size distribution and specific sur-
face area is important for understanding the pore net-
work of building stones. Benavente (2011) summarizes
the importance of measuring the pore size distribution
in building stone deterioration. The main processes are
categorized in the order of pore size (Fig. 3). De Kock

et al. (2017) investigated sandstone in Belgian heritage
and highlighted the importance of pore size based on
their measurement of rock properties. Capillary pores
adsorb and desorb water according to the relative hu-
midity (RH). This water adsorption interferes with water
vapor diffusion and affects critical water content. Stones
with a high number of capillary pores are more prone to
adsorbing moisture and are difficult to dry out com-
pletely. Finally, the connectivity between all the different
pores and pore sizes defines the overall effect of water.
These studies demonstrate that it is important to under-

stand how water moves inside a porous material. If it moves
as a liquid, it can transport salts, whereas if it moves as a
vapor, it may be retained through hygroscopicity. Liquid
water is governed by a capillarity mechanism and water
vapor is governed by a diffusion mechanism. The transition
point between these two mechanisms defines the critical
moisture content, Ψc, of a porous material. This parameter
is constant for each material and depends mainly on poros-
ity and pore size distribution (Snethlage and Wendler
1997). The actual distribution of moisture in stone depends
on porosity, pore size distribution, and environmental con-
ditions. As Snethlage and Wendler (1997) discuss, the max-
imum of moisture content resulting from wet-dry cycling is
closer to the surface in denser stones, and deeper and
broader in coarse, porous materials.

2.2 Sources of salts
Salts can originate from various sources (Price 1996).
Solutions of ions, from which two or more destructive
salts may crystallize on or in rock surfaces, may originate
from the following sources: from the rock and be drawn
to the surface by evaporation, from overlying beds and
run down the face of the rock, and from the atmosphere
as airborne materials, such as sea spray, sea splash, aero-
sol, or the reworking of other deposits, and be deposited
directly on the rock surface. Several salts may crystallize
depending on the composition of the solution and on
the environmental conditions.
Important sources of salts include atmospheric pollu-

tion, groundwater, seawater, rainwater, rock salts and
deicing salts, building materials, organic/biological me-
tabolism, and inappropriate treatments with incompat-
ible conservation products. The salts that form depend
on the ions present, their relative abundance, and envir-
onmental conditions that favor evapotranspiration, such
as temperature and RH.
Gaseous pollutants, such as sulfur dioxide and nitrogen

oxides, and acids, such as sulfuric, nitric, and hydrochloric
acid, all contribute to salt weathering. Particulates or aero-
sols, such as carbonaceous spheres, and oxidants, such as
ozone produced by photochemical reactions, may act as
important catalysts. For example, sulfur dioxide reacts with
dust and other particles and with reactive materials,
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including many building stones, to form gypsum (Cam-
muffo et al. 1983). An important part of this process is the
oxidation of sulfur dioxide, either in the gas phase or in
moisture films on building stones. This oxidation is assisted
by atmospheric oxidants, such as ozone and hydrogen per-
oxide, as well as by catalysts, such as soot or black carbon
and smoke. Sulfates can attack carbonate rocks through
dissolution by sulfuric or sulfurous acid and by converting
calcium and magnesium carbonates to more soluble sul-
fates or sulfites. The sulfate attack on silicate rocks, in con-
trast, is not easily measured. Leaching of alkali metals and
iron may occur, which often forms black crusts on the
stone surface, causing discoloration. Török et al. (2011) in-
vestigated the effect of the environment on the formation
of these crusts in urban and rural areas and Farkas et al.
(2018) studied the crusts in different countries. Gibeaux
et al. (2018) determined the pollution rates from the speed
of color change measured by fixed-point observations.
Efficient automotive combustion is an important contribu-

tor of nitrogen oxides, which are readily converted to corro-
sive nitric acid in the presence of oxidants. Although it is
also a strong acid, nitric acid is less damaging to carbonate
rock than sulfuric acid and sulfates due to the greater reactiv-
ity of sulfates with stone. Hydrochloric acid, which readily
dissolves carbonate rock, is an important pollutant source of
chloride ions, in addition to sea spray and desert dust in
many areas. Coal combustion is the major non-natural
source of hydrochloric acid. All these atmospheric pollutants,
after undergoing emission (from natural and anthropogenic
sources), transmission (over short or long distances), immis-
sion (reaching certain local environments), and deposition
(on dry and wet surfaces with variable reactivities), can cause
devastating salt weathering hazards.
Groundwater is an ample source of salts because the

waters in soil are dilute salt solutions. The solutions
contain chloride, sulfate, nitrate, carbonate, magnesium,
calcium, sodium, potassium, ammonium, and occasion-
ally rare earth elements. Organic pollutants can produce
phosphates and nitrates. Compared with normal soil so-
lutions, those near housing and other sites used by
humans are enriched in nitrate and chloride. Nitrate is

Fig. 3 Model of the disruption process by crystallizing salts
(modified after Zehnder and Arnold 1989). a Saline solution
evaporates first from large pores, and then smaller pores, which
makes salts growing in large pores form aggregates or granular
crusts. b Cohesion or strength of the host material is reduced by
disruption along cracks caused by the crystallization pressure of
clustered aggregates growing on pore walls. c Crystallization
concentrated in cracks continues isometrically when the crystals are
covered by solution film, which produces columnar crystals when
evaporation dominates. d Columnar crystal growth thins out as the
cracks open, forming whisker-like crystals when their growing tips
are in contact with solution, and the crystal lift debris or fragments
produced by disruption of the host material
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produced by microorganisms from organic waste and chlo-
rides come from the use of deicing salts (NaCl and CaCl2)
(Gomez-Heras et al. 2004). The salts rising from the
groundwater readily join salts leached from lime mortar, ce-
ment, concrete, plaster, and deicing salts from the streets.
Sea salt in the atmosphere is the greatest contributor of

salts. Sea spray from ocean waves is a salt spray that con-
tains a high concentration of mineral salts, particularly
chloride ions, and is supplied to rock, masonry, and mate-
rials up to 300miles from coastal waters (Wellman and
Wilson 1965). Bursting bubbles of seawater form water
droplets of aerosol size, and a further reduction in size is
caused by the evaporation of the water droplets. NaCl, the
most common salt in the oceans, is carried as fine spray
and settles on the ground or on the top of buildings, from
where it moves upward and downward. NaCl, as well as
some Mg and Ca salts, can form white rims. A high salt
content can accumulate over time through the deposition
of salt spray. High winds blowing over salt lakes can also
supply large quantities of NaCl to nearby areas.
Rainfall is the source of the high chloride content of

groundwater and salt lakes in coastal regions. Rainfall
chemistry varies with distance from the sea and in in-
land situations the importance of chloride is reduced
relative to sulfates, nitrates, and carbonates. However,
near coasts, sea salt is a major factor controlling rain-
water chemistry. Fog water can also account for the de-
position of a substantial amount of some ions, which
provide a source of salts on rock surfaces.
Most rocks have a primary content of salt or of chemical

elements that can form salts after they have been released
from the crystal lattice of rock-forming minerals by chem-
ical weathering. Rocks contain salts as their constituents or
as entrapped materials in their pores. Chlorides, sulfates, ni-
trates, carbonates, and oxides of iron are the most common
constituents. Sulfates are common after natural weathering
of pyrite. Calcium is dissolved from carbonate rocks and
tends to form calcium sulfate (gypsum) in polluted air. Sul-
fates of calcium, sodium, and magnesium are most com-
mon among soluble salts in rock (Linnow et al. 2006;
Mamillian 1993). Some bedrock contains old evaporitic
beds as connate salts trapped in the sediment or rock at the
time of deposition. Leaching may transfer these evaporites
to modern evaporite basins in which they may reproduce
soluble salts. Some shale also contains appreciable quan-
tities of salts; for instance, colliery shale waste is a source of
sulfates and may contain 1–5% soluble salt, whereas pyretic
shales are especially prone to producing gypsum.
Salt attack from deicing salts scattered on drives and

sidewalks during winter to remove ice has caused more
damage to adjacent stone than any other source by add-
ing salts to the environment (Winkler and Singer 1972).
Deicing salts are introduced to walls by water and also
by wind in very cold weather. The saline solutions of

NaCl, and more recently CaCl2, disaggregate and flake
porous and semiporous stone and concrete on walls by
crystallization pressure, leading to crumbling and spal-
ling. The presence of these salts also increases chemical
dissolution attack. CaCl2 is now more frequently used as
it is more environmentally friendly, replacing persistent
Na ions with Ca ions that are readily absorbed by plants.
Salts may come from Portland cement (Fassina 1994),

which may contain up to 1% soluble alkalis. The ions
leached out may form efflorescences of alkali carbonate
salts, including trona (Charola and Lewin 1979).
Under some conditions, salts and acids may be produced

biologically by a range of microorganisms through bio-
chemical processes. Soils around areas of human activity
are enriched in chlorides and nitrates because humans and
animals deposit excrement and urine, which contain appre-
ciable quantities of chlorides and nitrates, and microorgan-
isms produce nitrates from excrement and waste (e.g.,
Hosono et al. 2006; La Russa et al. 2017; Přikryl et al. 2017;
and Lubelli et al. 2018). Although nitrates originate from
biological metabolism, there is no known biogenic source
for the chlorides being concentrated in similar quantities in
the same rising moisture zone. In addition, bacteria can
oxidize ammonia to produce nitrate salts, whereas lichens
living on calcareous rocks may secrete oxalic acid, which
reacts with calcite to form calcium oxalate salts.
The use of incompatible materials for restoration and

preservation can produce salts. The materials that cause salt
weathering include acids, alkaline solutions, ionogenic ten-
sides, Portland cement, waterglass products, and siliconates.
Acids neutralized with alkaline solutions and vice versa pro-
duce salts. However, the most important deterioration is
caused by salts from waterglass products and Portland ce-
ment (Zehender and Arnold 1989). Some stone chemical
treatment, such as consolidants and sealants, release alkali
metals during curing, especially sodium and potassium
waterglasses. Sodium and potassium cations combine with
sulfate, carbonate, and other anions to join the soluble salts
traveling through the masonry. Because the salt types and
moisture sources that aid salt weathering differ greatly, con-
sidering the diversity of salts and moisture sources can sug-
gest under which environmental conditions salts are
particularly effective weathering agents.

2.3 Mechanisms of salt weathering
The presence of soluble salts in porous materials is only
harmful when there are changes in environmental condi-
tions leading to crystallization-dissolution cycles. The prob-
lem is in explaining why and how salt damage occurs. The
earliest hypothesis (Correns 1926; Correns and Steinborn
1939; Correns 1949) suggested that crystallization pressure
was responsible for weathering via hydrostatic crystallization
pressure and linear crystal growth pressure. Ten years later,
their theory was completed by Weyl (1959) and Wellman

Oguchi and Yu Progress in Earth and Planetary Science            (2021) 8:32 Page 6 of 23



and Wilson (1965) developed a thermodynamic model to
calculate the crystallization pressure. The hydration pressure
was first suggested by Mortensen (1933) and verified more
recently (e.g., Kwaad 1970). There are other proposed
mechanisms, and the interim model contributes to
the understanding of the degradation of porous mate-
rials by salt. However, most models have not yet been
verified by the laws of physics, chemistry, or physical
chemistry (thermodynamics). Several equations of the
theories are summarized in Table 1.

2.4 Crystal growth pressure
Crystallization of salt from supersaturated solutions can
destroy rocks and other porous materials. This salt crystal
growth is the most dangerous of the salt weathering pro-
cesses, as it generally exerts a wedging force as the salt solu-
tion in rock pores and cracks crystallize (Steiger 2005a,
2005b; Genkinger & Putnis 2007; Ruiz-Agudo et al. 2012;
Scherer 2004, 1999, 2006). Because the tensile strength of
rocks is in the range of one third to one tenth of their com-
pressive strength, the pressure caused by crystallization and
hydration of salts exceeds that of most rocks and concrete
(Knacke and Erdberg 1975). This pressure is called
crystallization pressure or crystal growth pressure and
causes salt weathering in rocks, monuments, buildings, and
other structures. The pressure is caused by the volume of
the salt increasing against the confining force of the rock.
Early knowledge of salt weathering suggested that the

mechanism of rock collapse was the total volume expansion
of the salt-solvent system due to the crystallization of the
supersaturated solution. This hydrostatic crystallization
pressure occurs when the supersaturated solution occupies
a smaller volume than the precipitated crystals and the re-
sidual saturated solution (Correns 1926). This pressure is
directly proportional to the supersaturation ratio. However,
as the pressure increases, according to Le Chatelier’s
principle, the solubility of the salt also increases,
thereby reducing the supersaturation ratio. Therefore,
this type of mechanism cannot account for the ob-
served deterioration of porous stones by salts (Kwaad
1970; Duttlinger and Knöfel 1993).
Taber (1929, 1930; cited in Evans 1970) argued that

water freezing or supercooling is similar to the
crystallization of solutes in unsaturated materials. Freez-
ing depends on intermolecular attraction rather than
volume expansion, and molecules in solution reach the
point of attachment to the growing crystal by osmotic
pressure. However, this similarity is limited to salt
crystallization involving salt and solvent. This is primar-
ily because only salts, which are a relatively small pro-
portion of the system, are converted to the solid phase,
and secondly, crystallization of the salts involves a
smaller volume expansion (Correns and Steinborn
1939). In contrast, as the water cools, freezing may begin

from the top surface and the entire system eventually so-
lidifies, thus creating pressure in the closed gap.
The crystallization of the salt by cooling can likewise

apply pressure by the change in volume, but because the
system is necessarily open, when salt crystallization by
evaporation occurs, the pressure cannot be applied by the
total volume change. That is, the holes must be large
enough to allow easy communication with the atmosphere,
and there must be a net loss of water content by evapor-
ation. Furthermore, once the gap widens, it is almost im-
possible to cause rock disaggregation, as the entire volume
change cannot exert any further destructive force.
Thompson (1862) pointed out that rock collapse is not

caused by an expansion of the total volume, but by the
growth of crystals in contact with a liquid that tends to de-
posit the same crystalline material on the solid, until the
void space in which they are contained is filled. Cobb et al.
(1990) also argued that the damage caused by the
crystallization of sodium sulfate must be due to unknown
crystallization forces, not volume expansion. Furthermore,
Detsch (1914) showed that porous tiles and bricks can be
destroyed as Na2SO3·5H2O crystallizes with decreasing
volume. Thus, the crystallization of the salt is not related
to the volume expansion of the salt-solvent system but is
related to crystal growth. So far, there have been few stud-
ies measuring crystal growth pressure.
Andree (1912) reviewed thoroughly on the subject and

favored the views of Becker and Day (1916). Nonetheless,
some researchers (e.g., Schbnikov 1935; Arakelyan 1987)
failed to take into account the tendency of crystals grow-
ing against pressure to have concave undersurfaces, with
the weight supported by a narrow rim and thus underesti-
mated the crystallization pressure drastically by overesti-
mating the area of contact between crystal and pore wall.
Becker and Day (1916) observed that if the solution was

sufficiently saturated, the crystal could grow at points which
were under pressure though stressed crystal growth was
slower than the growth of unstressed crystals. The crystals
not only grew on the top and sides but also grew a rim
around the edges (but not below the central portion of the
original crystal) of the bottom which lifted the growing crys-
tals from its support. This lifting took place even if a substan-
tial weight (0.7 g) was placed on the crystal but the rate of
lifting was decreased by a factor of 25 over that of a crystal
stressed only by its own weight. Becker and Day (1916) also
remarked that the lifting force cannot be due to, as Bruhns
and Mecklenburg (1913) suggested, capillarity, which would
invoke surface tension pulling the crystal downward.
Taber (1916) confirmed that crystallizing alum, CuSO4

and K2SO4 could be able to lift glass plates several mm
and the crystals exert a linear force regardless of which
crystal face they rested on. The new growth was outward
and downward, the original crystal sat at the top of a
terraced hollow the depth of which equaled the height of
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the lifting observed. He also came to similar conclusion
with Becker and Day that growth of loaded crystals was
naturally slower than that of unloaded crystals. However,
the growth of the former could be increased by raising
the level of supersaturation.
Mosebach (1951) measured pressures in excess of 47

atmospheres by growing copper sulfate (CuSO4.5H20)
crystals. The author also showed that different crystal
faces have different abilities to grow against pressure;
the (010) face of potassium chromate (K2Cr2O7) could
grow against a pressure more than twice the limit for
the (001). Correns (1949) also found that certain faces of
the alum crystal did not show any growth while others
grew against pressures up to 42 atmospheres. An un-
solved paradox is that surfaces parallel to the direction
of pressure, with free access to the solution, ceased to
grow at pressures much lower than for surfaces normal
to the pressure.

2.5 Influential theories, criticisms, and arguments
The following three theoretical analyses are most influ-
ential and cited in the history of salt weathering re-
search. The first is an early theoretical analysis of linear
crystal growth pressure developed by Correns and Stein-
born (1939). Correns (1949) analyzed the salt-solution-
rock three-phase system based on the experimental ob-
servations of Taber (1916). For a thin supersaturated so-
lution membrane, it is assumed that salt crystals in the
confined pore space can grow while the film is main-
tained at the pore wall interface according to

Pc ¼ RT=V cð Þ ln C=Csð Þ ð1Þ

where Pc is the pressure applied by crystal growth (atm),
R is the gas constant of the ideal gas law (8.3145 J mol−1

K−1), T is the temperature (K), Vc is the molecular
weight of the solid salt (cm3mol−1), C is the actual con-
centration of the solute during crystallization, and Cs is
the saturation concentration of the solute. Much less re-
search has been done on this theory after this formula
was proposed (Wellman and Wilson 1965). Buckley
(1951) also contributed a useful review of crystal growth
pressure and recognized the existence of crystal growth
potential.
The magnitude of the salt crystallization pressure is

proportional to the degree of supersaturation of the salt
solution. That is, it depends on the supersaturation ratio,
C/Cs; the higher the degree of supersaturation, the
higher the pressure of the salt crystals, with limited
space, to a lesser extent, and able to withstand tempera-
tures inversely proportional to the molar volume of the
salt present. This pressure depends on the type of salt
and its hydrate. Due to the inverse relationship between
crystal growth pressure and molar volume, salt hydrates

exert lower crystallization pressures than anhydrous salts
(Sperling and Cooke 1985).
Winkler and Singer (1972) and Winkler (1975) used

the Correns equation to calculate the crystallization
pressure of common salts at temperatures of 0 and 50 °C
as the supersaturation ratio increased to 2, 10 and 50. At
C/Cs = 10, rock salt can exert maximum crystallization
pressure of 2190 atm. Rock salt crystals are mainly
present in areas where high concentration ratios are
caused by continuous evaporation, and transport of salt
upwards can concentrate an almost unlimited amount of
salt near the edge. A comprehensive review and discus-
sion of crystal growth under these conditions was
presented.
Duttlinger and Knöfel (1993) pointed out that the Cor-

rens equation is applicable only at low supersaturation
ratios. That is, if the oversaturation value exceeds 1.3, it
deviates substantially from the theoretical value. They
also showed that the crystallization pressure, frequently
cited by Winkler (1975), was calculated from a highly
unlikely supersaturation ratio in stone pore systems, and
Amoroso and Fassina (1984) also discussed this topic.
Cooke and Gibbs 1993demonstrated that Pc in the Cor-
rens equation is not necessarily the pressure exerted by
crystal growth. They explain it as follows: “If supersatur-
ation occurs in an unconstrained situation,
crystallization will occur but no pressure will be applied.
When the crystal begins to grow in a confined space in a
porous solid, the volume change will make the solid
elastically elastic. Stress builds up as it begins to deform,
which increases as the deformation increases until it is
relieved by plastic deformation (of ductile solids), crack-
ing (of brittle solids such as stones), or the value of Pc.
The issue with the Correns equation is that in the case
of supersaturation, which can easily occur, Pc is very
large and is probably not achieved before reaching the
critical stress of internal cracks in porous stones. The in-
ternal stresses developed at the onset of cracking will
then be directly proportional to the amount of
crystallization that has taken place, the crystal molar vol-
ume Vc and the elastic moduli of the stone. It follows
that the theoretical crystallization pressures Pc for vari-
ous salts do not necessarily rank them in order of pro-
pensity for causing damage. So long as they all exceed
the stresses required to cause internal cracking, the crys-
tal characteristic that should be an indicator of damage
propensity is the crystallization volume, Vc. This accords
with empirical observation.”
Price (1978) also remarked that “How realistic is it to

think that one can get significant degrees of supersatur-
ation in a dirty piece of stone, with any number of pos-
sible nucleation sites? For example, won’t the receding
front of solution leave behind a supply of unstressed
crystals that can act as nuclei?”
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Weyl (1959) is more sophisticated in including Correns’
model for binary systems (mineral-solution-mineral) by
considering that crystals can be grown by displacing solid
constraints. In the proposed model, crystal growth exerts
crystallization force against the restraint. Weyl’s (1959) ex-
ternal stress causes crystals to dissolve. Pressure dissol-
ution phenomena and crystallization forces are the result
of the removal or deposition of mineral matter in the con-
tact zone between mineral particles.
In the theory, under pressure dissolution and

crystallization pressures, adjacent grains are separated by
a film of solvent in which diffusion takes place up to an
effective normal stress (σ = total normal stress − hydro-
static pressure). It is assumed that the pressures between
grains will be very high. Weyl (1959) and Tada et al.
(1987) found that the thickness of this solvent film must
be of the order of a few molecules or a few nanometers
for the diffusion of the solute to the deposition site to
grow the stressed crystals. These solvent films are char-
acterized by a diffusion constant, D, and thickness, h,
which may depend on the effective normal stress, σ,
across the film. h decreases exponentially with σ,
whereas D does not change substantially throughout the
film and the solute concentration is a linear function of
the effective normal stress across the film.
As the normal stress exceeds the hydrostatic pressure,

the solution film must be able to bear shear stress, and
therefore cannot act mechanically as a liquid. To be ac-
tive in solution or in precipitation, the solute ions must
be able to diffuse into the film. The rate of diffusion
through this film does not have to be as fast as in free
solution, but it must be much faster than solid diffusion
through adjacent mineral particles. Not all researchers
define the solution film between crystals and pore walls
supported by capillary forces as required for crystal
growth and the resulting crystal growth pressure. Some
researchers believe that close contact with the crystal
wall is necessary (e.g., Weyl 1959).
Weyl (1959) provides different expressions to elucidate

the processes of pressure solution and crystallization
force. The contact surface across which the stress is
transmitted is assumed to be a flat, circular plane and
the change in effective normal stress σ with distance
x (dσ/dx) is calculated from its center. If dσ/dx is
negative, that is, the effective normal stress increases
inward toward the center of the area of contact, sol-
ute diffusion is outward to the less stressed areas and
solute is removed from the zone of contact and hence
pressure solution occurs. If dσ/dx is positive, that is,
the effective normal stress increases outward, inward
diffusion may lead to continued deposition of solute
from the solution film on the growing crystal surface
at the contact area, and thus crystallization force is
exerted against the stress.

If the average effective normal stress, σavg, at the mar-
gin of the zone of contact is positive (inward diffusion)
and at the center is negative (outward diffusion), crystal
growth takes place around the periphery and the crystal
forms a hollow center, as in the experiments of Becker
and Day (1916) and Taber (1916). As the average effect-
ive normal stress is increased, the rate of crystal growth
decreases inversely to the stress and the radius of the
hollow center shrinks until it disappears.
As the average effective normal stress increases fur-

ther, the rate of crystal growth continues to decrease
until the stress across the film is constant; hence, there
are no more concentration gradients, and thus no diffu-
sive transfer. Further increases in average effective nor-
mal stress changes the direction of solute diffusion, and
pressure solution occurs at an increasing rate with the
average effective normal stress until the film disappears
and solution ceases. Therefore, Weyl’s phenomeno-
logical theory could qualitatively confirm and elucidate
the experimental results of Becker and Day (1916), who
observed that alum crystals grew faster under low pres-
sure than under high pressure.
Weyl’s model is directly applicable to a three-

component system (crystal-solution-rock) in which the
relatively insoluble rock mineral differs from the solute,
which crystallizes out. Weyl demonstrates that if the so-
lution is supersaturated, precipitation in the area of con-
tact between the crystal and the pore wall will occur as
long as the ratio of the supersaturation, Δc, to the stress
coefficient of solubility, b, is greater than the average ef-
fective normal stress, σavg, between the crystal and the
pore wall. Hence, the force of crystallization occurs via
crystal growth. A transition point will occur when the
average effective normal stress becomes equal to the ra-
tio of the supersaturation to the stress coefficient of
solubility, and no more diffusion will occur at this point.
After this transition, Weyl’s mechanism indicates that
crystallization will stop and pressure solution will take
over if the average effective normal stress across the so-
lution film exceeds the ratio of the supersaturation to
the stress coefficient of solubility.
In deriving the theory, Weyl assumes that the minerals

have a positive stress coefficient of solubility, that is, the
minerals are more soluble under stress than without
stress. If solubility increases with stress, crystallization
can only occur at points of increased stress if the exter-
nal solution is supersaturated. Therefore, minerals with
smaller but positive fractional pressure coefficients of
solubility can grow against higher stresses, or with lower
supersaturation. Weyl gives the following practical ex-
ample. Calcite has a fractional change of solubility with
hydrostatic pressure of approximately 10−3 per atm
(Owen and Brinkley 1941); therefore, at 1% supersatur-
ation, calcite should crystallize against an effective
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normal stress of 10 atm. This is of the same order as the
tensile strength of rock. If its supersaturation is higher, it
will crystallize against a proportionately higher stress.
Although this assumption is valid for calcite and

quartz, if a mineral has a negative pressure coefficient of
solubility, the force of crystallization increases at points
of stress and decreases solubility. Under this unstable
system, needles would grow in the direction of max-
imum principal stress. However, all common natural
salts crystallize with an increase in system volume and
thus have positive pressure coefficients of solubility.
Weyl’s model even shows that if supersaturation is suf-

ficient, crystals can exert great pressure, without neces-
sarily filling pores. This has also been experimentally
verified by Becker and Day (1916) and Taber (1916).
Even if crystals grow down capillaries, they can continue
to grow in the pores that they fill. The pressure they
exert is controlled by the local supersaturation, rather
than by the size of capillaries.
In fact, Weyl considers Correns’ model as an excep-

tional case. Although the surface tension, which indi-
cates only whether the interstitial film exists, is
necessary, it is only one of the conditions necessary for
crystallization. It neither accounts for the continuance of
lifting by crystallization from the film nor considers
pressure solution by the film.
According to Evans (1970), Weyl’s model is the only

acceptable explanation for the observed force of
crystallization (salt damage) and has been accepted as
being more realistic and preferable to other approaches.
Nevertheless, Yatsu (1988) felt Weyl’s model was not en-
tirely convincing because it assumes that the concentra-
tion of solute in the interstitial film is a linear function
of the effective normal stress across the film, and the
validity of this assumption has not been verified. In
addition, Yatsu criticized the facts that no values were
proposed for the stress coefficient of solubility, and that
Weyl’s model did not consider the potential energy dur-
ing the crystallization from solution. However, data from
Tada et al. (1987), Maliva and Siever (1988), and Dewers
and Ortoleva (1990) validated Weyl’s model and its abil-
ity to explain various natural phenomena.
The presence of a clay film in the solution film border-

ing the two crystal grains increases the force of
crystallization. The clay film consists of a series of plate-
lets with associated water films. These water films pro-
vide substantially increased rates of solute diffusion,
which increase the rate of crystallization (Weyl 1959).
Wellman and Wilson (1965), who were inspired by the

works of Everett (1961) and Lewis and Randall (1961),
developed a thermodynamic model for calculating the
crystallization pressure in a porous solid with large pores
and small pores in contact with each other. Thermo-
dynamically, there is chemical free energy associated

with the surface of a crystal and because this free energy
increases with its surface area, the area of its interfaces
should be minimized to minimize the free energy of the
crystal. Hence, in a system containing crystals in equilib-
rium with a saturated solution, larger crystals will grow
at the expense of smaller crystals because smaller crys-
tals have a higher free energy per unit mass than larger
crystals owing to the higher surface-volume ratio for
smaller crystals.
The work that must be done by crystal growth on one

face of a crystal is equal to the pressure difference (atm)
between the solid and liquid (Pl − Ps) multiplied by the
increase in crystal volume, dV (cm3). This work must
equal the work required to extend the surface, σdA,
where σ is the interfacial tension between the solution
and the growing crystal (dyne cm−2), and dA is the in-
crease in crystal surface area (cm2). Because σ is inde-
pendent of V, the equation developed by Wellman and
Wilson (1965) to calculate the pressure built up in this
way is

Pl − Ps ¼ σdA=dV ð2Þ

They inferred that crystallization induced by evapor-
ation or a temperature change occurs in the larger pores
initially, as supported by observations of Zehnder and
Arnold (1989). The larger crystals in these large pores
will grow at the expense of small crystals in the small
pores, which supply solution to the large pores (Fig. 2).
When the larger pores are completely filled, the crystals
in these pores do not grow out into the smaller pores
because this (Pl − Ps = σ dA/dV for the crystals to grow
down the capillary pores) requires a large increase in
interfacial surface area relative to the small increase in
volume, which would increase the chemical potential
(free energy per mole or per gram of material) of the
crystal extensions hugely.
Thus, the crystals continue to grow until they exert a

pressure against the pore walls, which raises their chem-
ical potential to that of the crystal extensions in unfilled
pores, and this eventually disrupts the rock. Even when
crystals form suddenly in all the pores, that is, there are
larger crystals in larger pores and smaller crystals in tiny
pores, the smaller crystals dissolve to decrease the free
energy of the system and the ions are transferred to the
larger crystals. Thus, the larger crystals continue grow-
ing until they exert the crystallization pressure on the
pore wall.
Wellman and Wilson (1965) state that whether disin-

tegration occurs depends on the smallness of the small
pores (the smaller the pores, the greater the pressure the
crystals can exert) and the value of σ compared with the
mechanical strength of the porous material. If the sur-
face tension, σ, of the salt multiplied by dA/dV of the
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micropores is greater than the mechanical strength of
the rock, the large pores will be enlarged.
Wellman and Wilson (1965) proposed that the excess

pressure caused by crystallization in a large pore, ΔP
(dyne cm−2), derived from the modified Laplace equa-
tion, is equal to

ΔP ¼ 2σ 1=r − 1=Rð Þ ð3Þ
where σ is the surface tension (dyne/cm) and R is the ra-
dius of the large pore (cm) connected by a capillary of
radius r (cm). Thus, when the excess pressure exceeds
the tensile strength of the rock, the material will frac-
ture. The model predicts that crystallization will origin-
ate in larger pores, and for porous materials of equal
mechanical strength, materials with large pores sepa-
rated by areas of micropores will be most susceptible to
disruption by salt crystallization (cf. Honeyborne and
Harris 1958).
The Wellman and Wilson model is based on the the-

oretical freezing model developed by Everett (1961), who
established that freezing results in the generation of ca-
pillary pressure by a solid growing at the expense of a li-
quid in a capillary. The thermodynamic background for
this theory, according to Evans (1970), is valid only for
fluid, such as gas-liquid and liquid-liquid interactions,
and its extrapolation to solid-liquid interactions, though
widely accepted, has not yet been validated. Evans
(1970) criticized that Pl − Ps may be very large and yet
causes pressure solution of the crystal so that the rock
cannot be forced apart. Tiller (1991) also stated that the
capillary pressure, which is valid for liquids, is a fictitious
quantity when applied to solids.
Rodriguez-Navarro and Doehne (1999) argued that

their experimental observations conflict with Wellman
and Wilson’s (1965) model but that they agreed with the
original model for the generation of crystallization pres-
sure proposed by Correns (1949) and completed by
Weyl (1959). They reasoned that the Wellman and
Wilson model does not include the capillary (suction)
pressure P (atm), which is, according to the Laplace and
Washburn equation, inversely proportional to the pore
radius,

P ¼ 2σ cosθ=r ð4Þ
where σ is the interfacial tension and θ is the contact
angle of the meniscus at the pore wall of radius r (cm).
This means that as evaporation progresses, the saturated
solution is suctioned from the larger pores toward the
smaller pores, where it is concentrated. Thus, once crit-
ical supersaturation is reached, crystallization occurs in
the smaller pores, not in the larger ones. The larger
pores act as reservoirs supplying solution to the smaller
ones where high supersaturation ratios can be reached.

They refer to Tiller’s (1991) observation that heteroge-
neous nucleation of a crystal occurs in the smallest
pores, where the solution is withdrawn and eventually
reaches high supersaturation ratios, thereby generating
high crystallization pressures, according to Correns
(1949).
However, the Wellman and Wilson model appears to

be well accepted by many other researchers, such as
Fitzner and Snethlage (1982), Zehnder and Arnold
(1989), Rossi-Manaresi and Tucci (1991). Fitzner and
Snethlage (1982) developed an equation that considers
the crystallization pressures more explicitly in relation to
porous materials. Following the work of Everett (1961),
they approach the theoretical problem of crystallization
pressures in porous media in terms of an analogy with
the thermodynamics of freezing of solutions in porous
materials.
Fitzner and Snethlage (1982) expressed the crystallization

pressure as

P ¼ 2σ 1=rRð Þ ð5Þ

where P is the crystallization pressure, σ is the ionic
interfacial tension of the salt solution, r is the radius of
the small pores, and R is the radius of the large pores.
According to this theoretical approach, crystallization

occurs first in large pores and only moves into small
pores once the larger ones are full. Until that point the
small pores act as supply reservoirs for salt solutions.
Thus, stones with a high volume of large pores and a
higher volume of smaller pores are particularly sensitive
to salt weathering and frost weathering.
Fitzner and Snethlage (1982) used their equation to

calculate crystallization pressures for four German sand-
stones whose pore size distribution had been measured.
The results showed that the pressure should increase
uniformly with decreasing pore size, in contrast to differ-
ences in the actual behavior of the stones. Using pore
geometry models, they developed multiplying factors V1

and V2 to correct the calculated crystallization pressures.
The factor that gave the best results compared with the
experimental crystallization results was

V 2 ¼ V r=ΣVR ð6Þ

where Vr is the volume of pores of radius r and VR is
the volume of pores of radius R. This factor does not
have any thermodynamic significance, but it increases
the importance of smaller pores. This approach could be
useful in estimating the durability of a stone if the pore
size distribution is known.
A similar approach was used by Rossi-Manaresi and

Tucci (1991) to calculate the resistance to salt deterior-
ation of three biocalcarenites, tuff, marble, and
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sandstone. Interestingly, they used the first correction
factor, V1, which is expressed as

V 1 ¼ V r=VR ð7Þ

In the case of the German sandstones, V1 did not
match the experimental results. Rossi-Manaresi and
Tucci (1991) did not compare the calculated values with
the experimental results. Their calculations used changes
of pore size distribution in different samples of the same
material, such as the surface vs. interior. For example,
the surface crust of sandstone had a higher number of
smaller pores, and hence the higher crystallization pres-
sures should lead to its flaking. The heterogeneity in
pore size distribution of the calcarenites was predicted
to produce an alveolar deterioration pattern. Finally,
marble, which had few small pores, was predicted to be
resistant to salt crystallization.
Aside from some controversy, crystallization generally

continues even to considerable limiting forces. The crys-
tal growth pressure in the pores causes local tension,
which tends to crack the pores and propagate them by
tensile failure. To allow the salt to crystallize, the solu-
tion film must be maintained at the salt-rock interface.
The surface tension between the salt and the rock must
be exceeded. Crystallization can continue from this
membrane only if the solute diffuses in, which requires
that the effective normal stress be reduced inward to-
ward the center of the contact area. Because the solubil-
ity of the salt increases with pressure, crystallization can
occur up to the pressure at the pressure rise point only
if the solution retains its degree of supersaturation.
Small supersaturations easily achieved by rapid evapor-
ation or cooling can result in a wedging force of
crystallization that exceeds the tensile strength of rocks,
stones, and other porous building materials. However,
for complete crystallization from a rock penetrating so-
lution, several days of rainfall or strong evaporation
without spray are required. Because evaporation gener-
ally occurs during heating, crystallization can increase
thermal stress by exacerbating space problems.
Salt weathering research also focuses on pore structure

and porous networks from various perspectives (Fitzner
1988; Angeli et al. 2008; Benavente et al. 2001, 2004b,
2007; Gomez-Heras & Fort 2007; Yu & Oguchi 2013;
Kozlowski et al. 1990). Cardenes et al. (2013),
Thomachot-Schneider et al. (2018), and Török and
Szemerey-Kiss (2019) examined the relationship between
freeze-thaw and salt crystallization. Raneri et al. (2015)
used micro X-ray computed tomography (μXCT) to
understand the pore structure. Owing to advances in com-
puting, μXCT is an important technique for rock weather-
ing studies, although in the 1990s, it was impossible to
distinguish pores in rocks due to poor resolution. Schiro

et al. (2012) investigated the orientation of crystal propa-
gation in the crystallization of MgSO4 and discussed the
crystal growth that occurs inside the gap in detail. With
these recent advances, a revised version of Winkler’s the-
ory has been published (Winkler 1994; Steiger et al. 2014).

2.6 Hydration
Some salt hydrates and anhydrates change easily at at-
mospheric temperature and RH. Hydration can occur
when the temperature is below the transition point of a
particular salt. At the transition point, a reversible
change occurs from anhydrous salt to hydrate, or lower
hydrate to higher hydrate. The salt can be repeatedly
hydrated and dehydrated in the pores as the amount of
hydration water increases or decreases.
The famous German geomorphologist Mortensen

(1933) first recognized the importance of salt hydration
as a factor in desert weathering. In his pioneering disserta-
tion, Mortensen challenged the then accepted view that
the damage observed in desert rocks was caused by frozen
water, a process similar to saltwater crystallization. In-
stead, he asserted that crystallization pressure does not
occur because the crystals deposited from saturated solu-
tion by evaporation occupy less volume than the original
solution. As the salt hydrates, the pressure decreases as
the volume increases. He proposed that rising solutions
caused by capillary action containing salts, such as
Na2SO4, Na2CO3, MgSO4, and CaSO4, have no or low
crystallization water during the daytime when the soil sur-
face temperature is high, causing surface formation of
crystals. When nighttime cooling to ambient environmen-
tal conditions occurs, these anhydrous salts or lower hy-
drates become more stable hydrates or achieve higher
hydration by absorbing water vapor from the atmosphere
to the crystal lattice. The volume expansion of the hy-
drated salt causes the hydration pressure on the pore wall.
To illustrate the point, Mortensen (1933) calculated

the hydration pressures of salts typically found in deserts
by the theoretically derived equation

P ¼ RT=V ln p1=p2ð Þ ð8Þ

where P is the hydration pressure (MPa or atm), T is the
absolute temperature (K), V is the molar volume of
water of crystallization (cm3 mol−1 or mL), R is the gas
constant, p1 is the vapor pressure of water at T (mmHg),
and p2 is the dissociation vapor pressure of the hydrate
at T (mmHg). According to this equation, salt hydration
pressure depends directly on the number of moles of
water gained by a salt during hydration, on temperature,
and on the ratio of the atmospheric vapor pressure to
the dissociation vapor pressure of the salt-hydrate. Fur-
thermore, the salt hydration pressure is inversely related
to the volumetric expansion of the salt on hydration.
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As with crystallization, the ambient environmental
conditions necessary for a salt to hydrate are complex.
Even at low temperatures, the atmospheric aqueous
vapor pressure must exceed the dissociation vapor pres-
sure of the salt-hydrate system for hydration to happen.
On the other hand, for a given atmospheric vapor pres-
sure, the temperature, which controls the dissociation
vapor pressure, should fall below a certain value for the
transition to occur. Therefore, high RH accompanied by
a fall in temperature are merely side effects, which do
not account the formation of hydrates. In short, in
addition to transition vapor pressures, some salts also
have a transition temperature above which only the an-
hydrous form or a lower hydrate is stable. The effect of
increasing external pressure on the dissociation vapor
pressure has been considered. Depending on the pres-
sure of the hydrate (Moore 1896), the formation of the
hydrate against the confinement force can only proceed
until the dissociation vapor pressure, which increases
with the generation of the expansion pressure, is equal
to the saturation vapor pressure of the free water.
Mortensen (1933) also observed that the transition

temperature of sodium sulfate is 32.4 °C in pure solution
and drops to 17.9 °C in a sodium chloride saturated en-
vironment. Below 32.4 °C, the stable form of the anhyd-
rous salt, Na2SO4, or the hydrate, Na2SO4·10H2O,
depends on the vapor pressure. Furthermore, for some
salts, the transfer may be rapid. At 39 °C, the transition
from thenardite to mirabilite is complete within 20min.
Hydration of Na2SO4 to its heptahydrate form at 31 °C
and of Na2CO3 to its decahydrate form at 32.4 °C shows
the presence of excess water (> 60%) Sodium sulfate
underwent a volume change of more than 300% during
hydration; however, at very low humidity, such as 30%,
hydration does not usually occur.
Mortensen's work is supported by Bonnell and Nottage

(1939). They developed simple, robust molds under com-
pression, changed the temperature, and measured volume
changes for different mixtures of hydrated salts (so-
dium sulfate and magnesium sulfate) and sand. They
revealed that anhydrous salts (or lower hydrates) can
be hydrated (or further hydrated) to moderately high
stress. Because these stresses far exceed the tensile
strength of conventional porous building materials,
when hydration occurs in the pores of such building
materials, the salt would probably exert sufficient
force during the hydration to causes the material to
collapse. Bonnell and Nottage (1939) did not adapt
unexpanded pores to the swelling expansion, and the
salt crystals expanded to moderately high stresses re-
gardless of whether they were completely constrained
in one direction. Some salt crystals continue to grow
even though the large pores in which the crystals can
grow without stress are not filled.

Cooke and Smalley (1968) suggest that in addition to
the crystal growth pressure, destructive stress can also
be caused by the dehydrated salt at high temperatures in
deserts. The presence of both anhydrite and gypsum in
deserts suggests that some interconversion may occur,
and the presence of other salts tends to promote the de-
hydration reaction.
Although Cooke and Smalley (1968) cite Detsch (1914),

when they partially filled test tubes with plaster of Paris
and water stucco, the test tube often broke due to appar-
ent volume expansion. When bassanite turns into plaster,
the volume increases by about 7%. They theoretically pre-
dicted a volume reduction of 7% during the curing of
pastes of CaSO4·1/2H2O and H2O, but in fact there was a
0.5% expansion. Thus, even partially dewatered salts are
expected to exert forces on the walls of pores when they
are hydrated. This effect damages construction materials
(Schaffer 1932).
Various forms of hydrated and anhydrous CaSO4 are

common in deserts, and the weathering mechanism of
hydration-dehydration proposed by Cooke and Smalley
(1968) is as follows: (1) Hydrated salts are deposited in
rock cracks. (2) Dewatering aids salts under high tem-
peratures in the desert, then subsequently rapid wetting
and hydration occurs, and consequently, the wall of the
fracture is stressed. However, according to Goudie and
Viles (1997), this mechanism is not fully understood. In
many cases, there should be room to expand again, as
the anhydrous salt may be formed initially from the salt
solution in the pore or from the hydrated salt.
Kwaad (1970) presents several conditions that must be

met to allow the rock to collapse due to salt hydration.
First, the process of hydration should be fast enough to
be achieved largely within about 12 h; otherwise, the
hydration cannot be caused by the daily change of
temperature. Second, to exert hydration pressure, the
hydrated salt should not be able to escape from the hole
where it exists. Third, the hydration pressure must ex-
ceed the tensile strength of the rock at the hydration
point.
Winker and Wilhelm (1970) suggested that crystallization

pressure against the pore walls is a one-off process, whereas
the hydration pressure affects the crystalline salts and may
change several times in a season or diurnal cycle. To calcu-
late the pressures theoretically produced by hydration,
Winkler and Wilhelm modified Mortensen’s equation as

P ¼ nRT= V h − V að Þ½ � � 2:3 log pw=p
0
wð Þ ð9Þ

where P is the hydration pressure (MPa or atm), n is the
number of moles of water gained during hydration to
the next highest hydrate, R is the gas constant, T is the
absolute temperature (K), Vh is the volume of hydrate
(cm3/gm mol of hydrated salt), Va is the volume of the
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original salt before hydration (cm3/gm mol), pw is the
vapor pressure of water at a given temperature (mmHg),
and p′w is the vapor pressure of the hydrated salt
(mmHg).
They calculated the hydration pressures of some im-

portant common salts (bassanite-gypsum, thenardite-
mirabilite, kieserite-hexahydrite, hexahydrite-epsomite,
thermonatrite-heptahydrite, and heptahydrite-natron) at
different temperatures and relative humidities by using
the data on the dissociation vapor pressures of the hy-
drates from Mortensen (1933) and other chemical con-
stants from Weast (1967). They observed that the
greatest hydration pressures (maximum of 2190 atm at
0 °C and 100% RH) occur when bassanite is converted to
gypsum. This is in excess of the crystallization pressure
of ice at − 22 °C and is in excess of the pressure required
to exceed the tensile strength of rocks.
Calcium sulfate hemihydrate (plaster of Paris), which

occurs in nature as bassanite, is a key raw material in
the building industry (Lager et al. 1984). Heating to
373–383 K produces a metastable anhydrite, which rehy-
drates rapidly under normal atmospheric conditions.
The hydration pressure of anhydrite to gypsum causes a
maximum pressure of 2800 atm (283.71MPa) at 0 °C
and 100% RH (Winkler 1975). The hydration of various
magnesium sulfates is less common (Foster and Hoover
1963) and exerts only low pressures. The hydration of
thenardite to mirabilite is fast and effective in salt weath-
ering. In general, low temperatures and high RHs produce
high hydration pressures, whereas high temperatures and
low RHs produce low pressures.
The hydration pressures calculated by Winkler and

Wilhelm (1970) have been quoted extensively in litera-
ture, although Evans (1970) pointed out that Winkler
and Wilhelm (1970) do not discuss the extent to which
the hydration pressures they have calculated can be real-
ized in nature. He also argues that although their data
show that the theoretical pressures increase with RH
and with decreasing temperature, these pressures (2190
atm for CaSO4) have not yet been observed experimen-
tally. Moreover, their calculated hydration pressures for
the bassanite-gypsum system (hemihydrate to dihydrate)
were shown to be inaccurate by Kirchner (1996), who
also calculated the hydration pressures associated with
the halite (NaCl) and hydrohalite (NaCl·2H2O) system.
In fact, Mortensen’s hypothesis of hydration pressure ap-
pears logical and was not strongly questioned for more
than 60 years because, as Duttlinger and Knöfel (1993)
highlight, there have been few attempts to validate the
hydration pressure theory experimentally under con-
trolled conditions and results have been inconclusive.
Duttlinger and Knöfel (1993), in their thorough ana-

lysis of Mortensen's hypothesis, derived Eq. (9) above
considering hydration as an osmotic process. When

Duttlinger and Knöfel (1993) rederived Eq. (9) from the
sources mentioned by Mortensen, they obtained a
slightly different equation that resulted in far smaller
calculated pressures. Because osmotic processes require
the presence of liquid water, Duttlinger and Knöfel con-
cluded that the formation rate of the hydrate, via dissol-
ution of the anhydrous salt and reprecipitation of the
hydrate (Snethlage and Wendler 1997), must be a key
factor. They suggested that the hydration rates of the in-
dividual salts could explain the observed differences in
the effectiveness of the various salts in salt weathering.
Recrystallization does not always occur from one crys-

tal lattice to another and may pass through the liquid
state. For instance, anhydrite completely dissolves before
it crystallizes as gypsum. The process is restricted to
crystallization. Thus, there is no hydration pressure for
the conversion of anhydrite to gypsum. Further studies
on the hydration-dehydration mechanism of sodium sul-
fate also showed that while the dehydration of mirabilite
proceeds via multiple dissolution steps ending in a poly-
crystalline mass of submicron particles, the hydration
rate of anhydrous thenardite is slowed due to the forma-
tion of a hydrated film on the crystal surface (Charola
and Weber 1992; Doehne 1994). That is, the hydration
of thenardite does not proceed via absorption of mois-
ture by a solid crystal but only by dissolution of that
crystal and reprecipitation from solution.
Although the processes of crystallization and hydration

have been recognized for many years, it is still difficult
to differentiate the mechanisms despite a sound basis of
theoretical understanding. However, it has long been
accepted that the combination of crystallization and hy-
dration appears to play an important role in salt weath-
ering. For instance, McIntyre & McTaggart (1979)
concluded that hydration was important because the
crystallization experiments showed that sodium sulfate
was more effective in salt weathering than non-
hydrating potassium sulfate. Winkler and Singer (1972)
reported that the rate and role of hydration of rapidly
hydrating MgSO4 inflicted 35% more damage than
Na2SO4 during crystallization cycles.
Nevertheless, in considering the individual mecha-

nisms, there have been many arguments relating to the
effectiveness and importance of crystallization and hy-
dration processes. Wilhelmy (1958) argued that although
the force of crystal growth is real, it is rarely important
in deserts because it involves crystallization from an
oversaturated solution. He preferred Mortensen’s mech-
anism of salt damage because repeated hydration alter-
nating with dehydration is more realistic as the rock is
alternately wetted and dried. However, Baker et al.
(1968) noted that granulation by salts also occurs in re-
gions of temperature and humidity where a transition
point cannot be reached and suggested that these
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phenomena are better explained by the pressure of crys-
tal growth.
Evans (1970) suggested that rocks may be shattered

not only by the hydration of the salts in the rocks, but
also by the initial process of crystallization. He con-
tended that the crystallization process is more firmly
based upon experiment and theory than the hydration
process. He also argued that hydration is probably im-
portant for carbonates and sulfates because rock disinte-
gration is often associated with gypsum. However, he
did not explain the larger number of cases where sodium
chloride, a non-hydratable salt, is the main salt associ-
ated with disintegrating rock. Moreover, Lewin (1982)
proved that nonhydratable sodium chloride can disinte-
grate sandstone samples by crystallization pressure
alone.
However, we note that sodium chloride can hydrate

under very cool conditions as hydrohalite (NaCl·1/
2H2O) and is stable at and below 0 °C (Johnston 1973).
In addition, halite forms a dihydrate (NaCl·2H20) at tem-
peratures below − 0.1 °C, and it has been suggested that
the effectiveness of sodium chloride as a weathering
agent at subzero temperatures may, in part at least, be
associated with the formation of this dihydrate (Williams
and Robinson 1981, 2001).
Although it is not easy to separate the relative powers of

hydration and crystallization (Sperling and Cooke 1980a),
many laboratory experiments have been performed to try
to determine whether the effectiveness of hydratable salts
as a deterioration agent arises from hydration or
crystallization pressure (Kwaad 1970; Chatterji et al. 1989;
Sperling and Cooke 1985, 1980a). It has been shown that
rock disintegration is possible by salt crystallization weath-
ering alone under nonhydratable conditions or without hy-
dration pressure. For example, Kwaad (1970) observed that
MgSO4 and Na2CO3, which can hydrate during the diurnal
temperature cycle, were less effective than Na2SO4, which
hydrated too slowly and did not absorb any water of
crystallization during the 12 h period of observation. He in-
ferred from his experimental observations that NaCl stayed
within the terms of the theory of crystal growth because
the amounts of debris produced in the hydration tests and
crystallization tests were similar. Kwaad (1970) also ac-
cepted the theory of crystal growth as valid for Na2SO4 be-
cause Na2SO4 exceeded the limits of Mortensen’s hydration
theory by being active even when no hydrate could occur
and because its hydration velocity was low. On the other
hand, other experimental work has established that hydra-
tion alone can be effective in rock disruption (Sperling and
Cooke 1980b). Therefore, the arguments continue and this
matter still needs to be scrutinized in further investigations.
Scherer (1995) claimed that the pressure exerted by

salt hydration is doubtful and the statements about the
hydration of crystals in most of the literature may be

misleading. Scherer argued that crystals cannot absorb
water and swell like a sponge because the crystal struc-
tures of the anhydrate and hydrated forms are entirely
different, and therefore the crystal must dissolve and
reprecipitate as the new phase. This is true for all crys-
tals; hence, it is unlikely that rock disruption is caused
by the hydration pressure of salt crystals. Rather, it is
probably caused by the crystallization pressure during
the growth of the new crystal phase.
Despite numerous experiments and observations of

the process of salt weathering due to the hydration of
various salts (Kwaad 1970; Steiger et al. 2008; Goudie
1977; Cooke 1979; Williams and Robinson 1981;
Hamilton & Hall 2008; Steiger & Asmussen 2008; Ster-
gonetch 2008), the nature of weathering processes by hy-
dration require further study. Experiments must be
conducted with greater precision to verify the theoretical
values of hydration pressure to evaluate accurately the
effectiveness of crystal growth pressures and hydration
pressures of various salts (Yatsu 1988).

2.7 Differential thermal expansion
A further mechanism whereby salt attack may disrupt
rock was proposed by Cooke and Smalley (1968).
Though they accept the effectiveness of crystallization
pressures, they argue that rock may also be disrupted by
stresses caused by hydration of certain salts in confined
spaces and stresses exerted by the thermal expansion of
many salts in confined spaces. Therefore, the principal
processes of salt weathering include crystal growth from
solution, volume expansion accompanying hydration,
and volumetric expansion of crystalline salts caused by
temperature change (Cooke and Smalley 1968).
If strong surface heating-cooling occurs, the expansion of

certain salts in the pores may be much greater than that of
the rock, leading to thermal disruption, because the salts
have higher coefficients of volumetric expansion than the
minerals in the rock, thereby creating pressures sufficient to
cause rock disintegration (Cooke and Smalley 1968). The ex-
tent to which salts expand when they are heated depends on
their thermal characteristics and the temperature ranges to
which they may be subjected. Hanus & Luis (1968) also pro-
posed the thermal expansion of crystalline salts.
Field and laboratory experiments have suggested that

the expansion and contraction of rock minerals as a re-
sult of daily temperature changes in deserts are inad-
equate by themselves to cause disintegration (Griggs
1936; Parkus 1959; Möller 1990). Griggs (1936) proved
that differential thermal expansion of rock minerals
alone cannot account for rock burst in deserts. For a
common desert salt like NaCl, a typical temperature
change of 54 °C can produce a volumetric expansion of
approximately 1%, which is considerably greater than
the expansion that would be expected in the
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surrounding rock. Halite, gypsum potassium chloride,
barium sulfate, and sodium nitrate are common desert
salts that have a greater expansion potential than rock
minerals. The volumetric expansions of sodium nitrate,
halite, and potassium chloride are more than three times
that of granite, and sodium nitrate is likely to be the
most effective of these salts (Cooke and Smalley 1968).
Many salts obscure this process of thermal expansion

with crystallization and hydration, except for nonhydrat-
ing salts, such as halite, which do not usually exert
hydration pressure. The thermal expansion with
temperature increase from freezing to 60 °C is 0.5% for
halite, whereas it is less than 0.2% for granite. This dif-
ference appears small, yet the disruptive expansion of
salts can participate in rock decay. Therefore, if the rock
is granite or another rock with similar properties, the ef-
fect of temperature changes on salts precipitated from
solution in crevices and pores in these rocks near the
surface may be considerable. First, large internal stresses
are produced by crystallization, and then the combin-
ation of these internal stresses with the stresses caused
by salt expansion may cause fracturing. The cracking
produced by salt expansion in turn provides avenues for
the further penetration of saline solutions, and the
process may continue until the rock disintegrates (Cooke
and Smalley 1968).
Cooke et al. (1993) argue that empirical studies of cliff

weathering by Johannessen et al. (1982) support the ef-
fectiveness of the differential thermal expansion process.
They showed that in the mid-latitude coastal environ-
ment of Oregon, the rate of cliff weathering was at least
10 times faster on sunny south-facing cliffs than on
shaded north-facing cliffs. This contrast is attributed to
the thermal expansion of NaCl on heating in the spray
zone on the south-facing cliffs. The most important fac-
tor is probably the absolute range of temperature
differences.
Cooke (1979) deduced the relative effectiveness of the

three most cited salt weathering mechanisms as follows:
“Crystal growth seems to be most pronounced where
relatively saline solutions are rapidly evaporated, e.g.,
humid coastal deserts; hydration is probably most sig-
nificant where diurnal changes of temperature and rela-
tive humidity combine to cause hydration thresholds to
be crossed frequently; and thermal expansion of crystalline
salts should be greatest where diurnal temperature
changes are highest”. Evans (1970) remarked that it is ne-
cessary to test experimentally whether the greater differ-
ential expansions introduced by salts are adequate. He
argued that any such effect would be additive to that of
crystal growth, which produces its greatest pressures as
the rock dries because when all the solution has evapo-
rated, the dry rock surface heats rapidly. Goudie (1974)
maintained that the thermal expansion mechanism is

possible only theoretically and proved experimentally that
thermal expansion of salts is ineffective in rock disintegra-
tion along with insolation and wetting and drying pro-
cesses. In fact, the importance of pressures due to the
thermal expansion mechanism has not been investigated
in any detail, and much more work is required to verify
the existence and degree of effectiveness of this mechan-
ism (Goudie 1974; Obika et al. 1989).

2.8 Development of new theory from current research
Lubelli et al. (2018) stated that new analytical methods
and the categorization of degradation advanced. Cer-
tainly, as in Kamh et al. (2019), the categorization of the
degree of deterioration is shown as an example by using
formula previously proposed so far. In addition, research
on the subdivision of the weathered layer has been re-
ported due to advances in microanalysis technology
(Přikryl et al. 2017). Furthermore, although it is a special
environment like cave, there are also studies that investi-
gated the relationship with environmental changes using
isotopes (Gázquez et al. 2018).
Espinosa-Marzal and Scherer (2010) pointed out ra-

ther in detail the relationships between pore size and
crystallization stress generation. They elucidated that the
presence of small pores, equilibrium thermodynamics in-
dicates that crystallization pressure can result from the
curvature dependence of the solubility of a salt crystal,
whereas non-equilibrium conditions, high transient
stresses can occur even in larger pores.
Flatt 2002, 2003, Flatt & Scherer 2002, Flatt et al. 2006

carried out extensive works on crystallization mecha-
nisms. Flatt et al. (2017) summarized the formula for
crystallization pressure as a supplementary technical
paper. The idea of thermodynamics is introduced; firstly,
the phenomenon of dissolution was explained and then
it was replaced with the ion activity product. If stress is
not generated from the crystallization pressure, the ma-
terial will not break. There is a continuing movement to
seek as much rock properties as possible to determine
the stress generated.
There is also a study comparing the physical proper-

ties from accelerated experiments using salt solutions
(e.g., Qiang and Zhang 2019; Dassow et al. 2020). Such
properties of rocks are also examined by using sampled
rocks in fields as well (Germinario and Ákos 2019).
Rock property change is one of the comparing mea-

sures of rock durability. Although not from a viewpoint
of salt weathering but general weathering, Oguchi et al.
(1999) indicated that the mechanical strength declined
first among various properties which means that mech-
anical property is the most sensitive to weathering. Con-
sidering that mechanical strength is the most important
parameter for construction planning, it may be the most
important for targeting to prevent strength reduction. In
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other words, the structure will not collapse, if the
strength can be prevented from decreasing, even though
weathering or deterioration occur severely. From this
point of view, the ideas and applications of surface pro-
tective agents are increasing (e.g., Manohara et al. 2019).
Research on micro- to meso-scale landforms such as

honeycomb structure or taphoni has also derived from
salt weathering. These kinds of studies are increased not
only in geomorphological journals but also in material
science journals (e.g., Chen et al. 2019; Li et al. 2019).
It can be said that this kind of study was originally dealt

in geomorphology field but needs the sense of geochemis-
try or crystallography fields. Besides, review papers dealing
with influence of risks of recent disasters and environmen-
tal problems have been appeared as well (McCabe et al.
2013; Gomez-Heras and McCabe 2015; Menéndez 2018;
Bertolin 2019; Fusade et al. 2019). These multidisciplinary
studies are welcome, although it might be difficult for
many people to understand thoroughly. These multidis-
ciplinary studies are welcome, although it might be diffi-
cult for many people to understand thoroughly. This is
because it is necessary to deal with global warming and
the intensification of disasters, which are becoming more
serious year by year. Fluctuations in temperature and hu-
midity will affect the type of precipitated salt.
Doehne and Price (2010) implied that new challenges in

the future require materials for applied research, technol-
ogy transfer, and long-term maintenance concerning more
than 800 documents. Applied research and technology
transfer are good at engineering and civil engineering, and
their theory depends largely on the results of physics and
chemistry. The present paper agrees with their statement,
and the following viewpoints are dared to be added.
The change and alteration of a material can be considered

as water-rock reaction, in detail, a solid-solution or a solid-
gas reaction, in which the material is placed as a deciding
factor. Weathering and alteration of materials can be consid-
ered as water-rock reactions (WRI), in detail, solid-solution
reactions or solid-gas reactions. In these cases, material loca-
tion is one of controlling factors. If this concept applies to
the weathering of a stone building, material is stone, and the
location of the building represents environmental factors:
temperature, RH, etc. Thus, it is necessary to consider how
to suppress the reaction caused by the intrusion of water.
Regarding long-term weathering of durability, there is

an example concept from geomorphology proposed by
Suzuki (2002), called geomorphological equation: Q = f (S,
A, R, t), here, Q is geomorphic quantity; S, geomorphic
setting or initial landforms; A, geomorphic agent; R, resist-
ance of landform materials; and t, duration of the acting
agents. This concept simply means that landform changes
can be estimated from above parameters in which particu-
larly important parameters of material properties, time
and environment of the location.

Applying this equation to stone weathering, the equa-
tion, Qsw = f (Ssw, Asw, Rsw, tsw), will be expressed. Here,
Qsw regards as weathering degree such as the amount re-
moved or destroyed by weathering; Ssw is environmental
condition, i.e., temperature, humidity, atmospheric, and
pressure; Asw is salt crystallization pressure or hydration
pressure; Rsw is the resistance of rocks, not only rock
strength but also pore characteristics; and tsw is experi-
mental duration or observing time.
In the viewpoint of microscale, the reaction processes

may be divided by several steps. First, the surface reac-
tion process such as dissolution will occur in a very thin
layer. The dissolved chemical species will react with ion
in solution. Then, solution concentration reaches to the
solubility and excess saturation point of the compounds,
precipitation or crystallization will occur. The pressure
caused by the crystallization becomes higher than the
rock strength, especially tensile strength, the rock will
destroy. Thus, the parameters of Asw and Rsw in the
equation of Qsw = f (Ssw, Asw, Rsw, tsw) is considered to
have the own another equation. Furthermore, the ther-
modynamics express higher-level concept by itself of the
Asw parameter. By composing all such equations and pa-
rameters, a practical equation for salt weathering can be
proposed in the future.
Measures for estimating time tsw are also being consid-

ered, especially from an archeological or geoscientific
perspective to address long-term weathering and deteri-
oration problems, for example, estimating the rate of de-
velopment of a very thin weathered layer (altered layer)
on the surface of a rock (Oguchi 2004). The estimated
values are not high accuracy; however, it may be possible
to estimate a certain amount of time as the time that the
stone material was exposed to the environment for a
long time. Collecting such information is an important
approach to long-term problems. The recent studies
from geochemistry and geomorphology can provide a
breakthrough for this difficult estimation by using LA-
ICP-MS or cosmogenic exposure ages (e.g., Yokoyama
et al. 2018; Matsuoka et al. 2013).
By obtaining the rough theory relating to long-term

changes are from geomorphology and archeological
fields and by comparing to the fundamental theory from
material science and thermodynamics, it may apply to
more practical problems as a future perspective. Good
cooperation in all these research fields will lead to mean-
ingful conservation and utilization, even though it might
take a long time. In the next stage of salt weathering re-
search and reviews, it is somehow necessary to organize
and consider these kinds of concepts.

3 Concluding remarks—as a perspective
The concept of crystallization including crystallization
pressure as an important mechanism was first proposed
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in the early twentieth century. Many equations have
been proposed and to apply them correctly, it is neces-
sary to consider what type of salt weathering is observed.
Thus, it is important to select and to apply the models
proposed depending on the situation although it is ne-
cessary to consider the weathering environment as well
as the types and properties of salts and rocks in salt
weathering studies. A procedure to collect and rebuild
information on these peripheral fields will also be neces-
sary. Appropriate cooperation in all these research fields
will lead to meaningful conservation and utilization will
apply to more practical problems as a future perspective.
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