Environ Geol (2007) 52:269-281
DOI 10.1007/s00254-006-0476-x

ORIGINAL ARTICLE

The role of saline solution properties on porous limestone salt
weathering by magnesium and sodium sulfates

E. Ruiz-Agudo * F. Mees - P. Jacobs -
C. Rodriguez-Navarro

Received: 16 June 2006/ Accepted: 16 August 2006/ Published online: 13 September 2006

© Springer-Verlag 2006

Abstract Saline solution properties, viscosity in par-
ticular, are shown to be critical in salt weathering
associated with sodium and magnesium sulfate crys-
tallization in porous limestone. The crystallization of
sodium and magnesium sulfate within a porous lime-
stone has been studied at a macro- and microscale
using different techniques, including mercury intrusion
porosimetry, environmental scanning microscopy and
X-ray computed tomography. Such analysis enabled
the visualization of the crystallization process in situ,
and at high magnification, yielding critical information
as to where and how salts crystallize. Sodium sulfate
decahydrate (mirabilite) tends to crystallize in large
pores as euhedral micron-sized crystals formed at low
supersaturation near to the surface of the stone. In
contrast, magnesium sulfate heptahydrate (epsomite)
tends to precipitate as anhedral wax-like aggregates
formed at high supersaturation and distributed homo-
geneously throughout the stone pore system filling
large and small pores. While the former crystallization
behavior resulted in scale formation, the latter led to
crack development throughout the bulk stone. Ulti-
mately, the contrasting weathering behavior of the two
sulfates is explained by considering differences in flow
dynamics of solutions within porous materials that are
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mainly connected with the higher viscosity of magne-
sium sulfate saturated solution (7.27 cP) when com-
pared with sodium sulfate saturated solution (1.83 cP).
On the basis of such results, new ways to tackle salt
weathering, particularly in the field of cultural heritage
conservation, are discussed.
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Introduction

The crystallization of soluble salts in porous materials
is one of the major causes of rock decay in nature
(Evans 1970; Winkler and Singer 1972), and weath-
ering of stone buildings and other engineering
structures (Winkler 1994; Goudie and Viles 1997;
Rodriguez-Navarro and Doehne 1999a). Salt weath-
ering appears to be an ubiquitous phenomenon,
affecting many rock types and man-made materials
(e.g., bricks, mortars and concrete) all around the
world: from cold deserts in Antarctica, to hot deserts in
Africa, to coastal areas, to urban environments (Evans
1970; Goudie and Viles 1997; Rodriguez-Navarro and
Doehne 1999a). Moreover, salt weathering has been
suggested to be an universal phenomenon, contributing
to the modeling of some aspect of Martian landscapes
and rocks (Malin 1974; Rodriguez-Navarro 1998).
When water accesses the pore network of a stone, it
may carry various salts in solution. Several mechanisms
can subsequently cause crystal growth. For example,
cooling during nighttime can cause crystallization
of salts whose solubility increases with temperature
(Thaulow and Sahu 2004). Most commonly, evaporation
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may induce salt crystallization (Coussy 2006). When
this happens, highly concentrated saline solutions may
yield large volume of precipitates (Goudie and Viles
1997). A number of mechanisms have been proposed
to explain the damage caused by soluble salts to porous
materials. Proposed salt damage mechanisms include
generation of crystallization pressure, hydration pres-
sure, thermal expansion, osmotic pressure and chemi-
cal weathering (Rodriguez-Navarro and Doehne
1999a). Besides hydration pressure, which appears to
be a non-existing phenomenon (it just seems to be
crystallization pressure due to formation of an hy-
drated phase following dissolution of an anhydrous
one: Rodriguez-Navarro et al. 2000a; Flatt 2002;
Thaulow and Sahu 2004), all other mechanisms may to
some degree contribute to the overall damage process.
However, crystallization pressure appears to be the
most relevant (Rodriguez-Navarro et al. 2000a;
Scherer 1999, 2004; Flatt 2002; Steiger 2005a, b; Coussy
2006). The growth of a crystal in a confined space
(pore) can exert a pressure sufficient to exceed the
rupture modulus of most ornamental materials,
including natural stone, mortars and bricks, causing
their breakage (Winkler and Singer 1972; La Iglesia
et al. 1997). It is generally accepted that the damage to
porous stones arises from repeated cycles of crystalli-
zation/dissolution of soluble salts within the porous
matrix of the stone (Coussy 2006). These processes can
alter both the porosity and the pore size distribution of
the stones, changing also their mechanical properties
(compression strength, sclerometric resistance, mi-
crohardness) (Dei et al. 1999).

Although salts (i.e., sodium sulfate) were used early
in the nineteenth century to test stone soundness to-
wards freezing water (de Thury 1828), experimental
evidence that growing crystals can exert pressure was
first provided 150 years ago (Steiger 2005a). Using
NMR, Rijniers et al. (2005) recently proved that salts
can exert pressure inside pores. Since the early reports
on the pressure generated by growing crystals, several
authors have proposed models and equations that al-
low the evaluation of the crystallization pressure ex-
erted by a crystal when it grows in a pore (e.g.,
Benavente et al. 1999; Scherer 1999; Steiger 2005a, b;
Coussy 2006). Two different approaches have been
traditionally considered. First, Correns (1949) related
crystallization pressure to the degree of supersatura-
tion in a solution. Weyl (1959) developed a general
model for salt damage, considering Correns’ equation
as a special case. Weyl proposed that growth at a
stressed crystal face requires the presence of a super-
saturated solution film between the crystal face and its
constraint. The so-called force of crystallization is a
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consequence of the deposition of matter on the grow-
ing crystal surface, at the crystal-pore wall interface.
Subsequent modifications of Correns equation were
developed, for instance by Xie and Beaudoin (1992),
Benavente et al. (1999) and Scherer (1999). On the
other hand, Everett (1961) related the crystallization
pressure to the properties of curved interfaces between
the crystal and the solution. Wellman and Wilson
(1965), following Everett’s work, developed a ther-
modynamic model for calculating the crystallization
pressure of a salt, according to which salt crystalli-
zation would take place initially in larger pores
with solution being supplied from the smaller capil-
laries. Recently, Scherer (2004), Steiger (2005a, b) and
Coussy (2006) independently derived equations for the
calculation of crystallization pressure considering both
the degree of supersaturation of the solution and the
effect of the curvature of the crystal-liquid interface.
Furthermore, Coussy (2006) quantitatively addressed
the important case of drying-induced salt crystalliza-
tion in porous stones. Despite these efforts, the pro-
cesses and pathways of salt damage are still poorly
understood. Indeed, these seemingly well-accepted salt
damage models do not explain many observed phe-
nomena. For example, it has not been determined why
some salts are more damaging than others. Calcula-
tions of salt crystallization pressure of many common
salts (e.g., chlorides, sulfates and nitrates) (Winkler
and Singer 1972) show that all of them could cause
damage to even the strongest materials. In fact, the
calculated crystallization pressure values were orders
of magnitude higher than rupture modulus of most
common building materials. However, there is over-
whelming experimental evidence showing that, under
equal experimental conditions (porous substratum,
environmental conditions, initial salt concentration),
some salts are extremely damaging (e.g. sodium sulfate
and magnesium sulfate) while others are not (e.g.,
sodium chloride) (Goudie et al. 1997; Rodriguez-
Navarro and Doehne 1999a). On the other hand, there
is little agreement on the relative merits of each of the
different parameters that contribute to or control salt
weathering (stone properties, environmental condi-
tions, and saline solution properties). The study of each
parameter in isolation is a simplified way to obtain
useful information concerning the knowledge of the
key parameters controlling salt weathering.
Considering the importance of this decay mecha-
nism, not only from a geomorphologic point of view,
but also from a cultural and economic standpoint, it is
essential to know the mechanisms of damage and the
parameters controlling the process of salt weathering as
a first step to design methods to mitigate this problem in
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the fields of civil engineering and cultural heritage
conservation. Here, differences in crystallization
behavior and damage pattern of sodium and magne-
sium sulfates have been studied. These two salts are
extensively found in both decayed cement structures
and porous building stones (Goudie and Viles 1997,
Rodriguez-Navarro and Doehne 1999a; Rodriguez-
Navarro et al. 2000a). Both are highly damaging and
show completely different crystallization pattern, as
will be shown below; however, their damage mecha-
nism has not yet been clarified. This study reveals some
key parameters which control various aspects of salt
damage of porous stone, such as where crystallization
occurs and in what kind of pores. The results of this
study may help elucidate why sodium and magnesium
sulfates are so damaging and display such a contrasting
weathering behavior, which is critical to designing
possible solutions to reduce their damage.

Materials and methods
Studied salts

The Na,SO4~H,O system includes two stable phases:
thenardite (Na,SO,), the anhydrous phase that, in
equilibrium, precipitates directly from solution at
temperature (7) above 32.4°C, and mirabilite (Na,.
SO410H,0), the stable phase below this 7. The solu-
bility of thenardite and mirabilite decreases with
increasing and decreasing T, respectively. Mirabilite
dehydrates to thenardite at relative humidity (RH)
below 71% (20°C). Na,SO410H,O belongs to the
monoclinic crystal system with space group P2,/c.
Mirabilite consists of chains of Na* ions coordinated by
bridging water molecules, extending parallel to c-axis.
Anions form linear chains. Adjacent SOj ions are
bridged by two water molecules not involved in the
cation chains (Levy and Lisensky 1978). Five poly-
morphs of anhydrous sodium sulfate (I, II, IIL, IV and
V) have been identified (Naruse et al. 1987). Sodium
sulfate heptahydrate (Na,SO47H,0) has been de-
scribed as precipitating at 7 below the mirabilite/the-
nardite transition point. However, this phase is
metastable and has not been clearly identified in nature.

On the other hand, the only naturally occurring
members of the MgSO,nH,O series on Earth are
epsomite (MgSO4,7H,0, 51 wt% water), hexahy-
drite (MgSO46H,0, 47 wt% water) and kieserite
(MgSO4H,0, 13 wt% water). In aqueous systems,
epsomite is stable at 7 below 48.4°C, hexahydrite is
stable in the T range 48.4-68°C, and kieserite is stable
at T > 68°C (Robson 1927). All of these salts consist of

SO, tetrahedra and Mg(O,H,0)¢ octahedra; some in-
clude extra-polyhedral water (water that is not in
octahedral coordination with Mg). Epsomite trans-
forms readily to hexahydrite by loss of extra-polyhe-
dral water; this transition is reversible and occurs at
50-55% RH at 298 K and at lower T as the activity of
water diminishes (Vaniman et al. 2004). MgSO,47H,O
belongs to the orthorhombic crystal system with space
group P2,2,2; (Ramalingom et al. 2003).

Occurrences of magnesium and sodium sulfate salts
in nature are quite common and distributed worldwide
(Braitsch 1971; Goudie and Cooke 1984). Examples of
their decay effects on geologic settings and ornamental
materials used in the built and sculptural heritage are
numerous (see review by Goudie and Viles 1997). Both
salts are commonly used in accelerated decay testing of
stone because their crystallization is highly damaging
(ASTM 1997; Rodriguez-Navarro and Doehne 1999a).
In fact, both salts typically rank as the most effective
salts in salt weathering experiments (Goudie 1986,
1993).

Stone characterization

The damaging effects of sodium and magnesium sul-
fates crystallization within a natural porous medium
were studied using a porous biomicritic limestone
(calcarenite). A porous limestone was selected as
model material for salt crystallization tests because
such stone type is commonly used in the sculptural and
architectural heritage and is highly affected by salt
weathering (Rodriguez-Navarro and Doehne 1999a).
The calcarenite was quarried in the Santa Pudia area
(15 km SW from Granada, Spain). It is buff colored,
quite porous and easy to quarry and carve. These
characteristics led to its extensive use in the Andalu-
sian’s architectural and sculptural heritage (Rodriguez-
Navarro 1994).

Porosity and pore size distribution of the calcarenite
were determined by mercury intrusion porosimetry
(MIP, Micromeritics Autoscan 6500), using stone
blocks (ca. 2 cm?®) that were dried overnight in an oven
(110°C). The Washburn equation relates the applied
pressure, P, to the radius, r, of cylindrical pores in-
truded with mercury: P = -2y cos 0/r, where y is the Hg
surface tension (0.480 N/m), and 6 is the Hg-solid
contact angle. An advancing contact angle of 130° was
selected as an average value for both stone (calcite)
and salts because it is typical for most solids (Kaneuji
et al. 1980; Good and Mikhail 1981; Lowell and Shields
1983; Katz and Thompson 1987). No attempt was made
to measure Hg-stone and Hg-salt contact angles be-
cause the errors associated with such measurements
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(Moscou and Lub 1981), plus the variations in contact
angle associated with decreasing pore size and non-
cylindrical pore geometry render such measurements
useless in most cases (Good and Mikhail 1981).

Small oven-dried stone samples (~0.25 g) were used
to obtain N, sorption isotherms at 77 K on a Mi-
cromeritics Tristar 3000 under continuous adsorption
conditions. Prior to measurement, samples were heated
at 200°C for 2 h and outgassed to 10~ Torr using a
Micromeritics Flowprep. BET analysis was used to
determine the total specific surface area, while the BJH
method was used to obtain pore size distribution curves
(Gregg and Sing 1982).

Macroscale salt crystallization experiments

Saturated salt solutions were prepared from crystalline
solid (Panreac, analytical grade) using deionized water,
followed by filtering and heating to eliminate any
undissolved salt crystals. Salt crystallization tests were
carried out in a controlled environment (20 + 2°C, and
45 + 5% RH). The solutions were let to flow-through,
evaporate and crystallize in the porous stone (see
Rodriguez-Navarro et al. (2002) for details on the
laboratory set-up). The solution evaporation rate was
measured by continuous weighing of the stone-solu-
tion-beaker system. Salt crystals grown within the
stone, as well as on its surface (efflorescence) were
collected after crystallization experiments and exam-
ined by powder X-ray diffraction (XRD; Philips PW
1710 diffractometer) and environmental scanning
microscopy (ESEM; Philips Quanta 400) with no prior
treatment (i.e., no grinding) in order to infer their
growth morphology.

Stone samples were collected after salt crystalliza-
tion tests and dried overnight in an oven (110°C) prior
to MIP analysis. Small stone pieces with sulfate sub-
florescence were collected from the stone slabs sub-
mitted to salt crystallization test and analyzed on an
ESEM. Sulfate crystals distribution within the stone
pore system was inferred by means of MIP analysis.
Note that a small change in Hg contact angle should
occur once the salts fill the limestone pores. However,
the effects of such a change on MIP porosity and pore
size distribution results are expected to be negligible.

Further analyses of salt distribution patterns within
the stone pore system were done by means of polarized
light microcopy and X-ray computed tomography
(X-ray CT). X-ray CT is one of the few non-destructive
techniques that are able to provide spatially resolved
analytical information from the interior of opaque ob-
jects. For the petrographical study, thin sections were
prepared after impregnation of the samples with a cold-
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setting polyester resin, avoiding contact with water at all
stages. X-ray CT analyses were performed with a Sky-
scan 1072 scanner, which is a cone-beam system with a
microfocus X-ray source. The scanner was operated
using a 80 kV accelerating potential, a 0.45° rotation
step between successive exposure positions, and
averaging of four radiographs for each position. This
technique allows the reconstruction of sets of parallel
cross-sections, perpendicular to the axis of rotation
within the scanner, which show distribution patterns of
materials with different X-ray attenuation values,
determined by density and chemical composition.

In situ ESEM microscale salt crystallization
experiments

Since both Na- and Mg-sulfate can occur as hydrated
phases, their study using conventional scanning elec-
tron microscope (SEM) is not feasible. In contrast,
ESEM enables the observation of the different phases
of hydrated salts at high magnification and without
changing their hydration state, morphology and/or
habit (Rodriguez-Navarro and Doehne 1999b). Fur-
thermore, it allows high magnification, real-time
observations of changes underwent upon crystalliza-
tion and/or hydration/dehydration events. In other
words, it enables the dynamic study of the crystalliza-
tion process, a fact which has made this new technique
relevant in building materials conservation, because it
facilitates a correct analysis of the damage and
weathering process caused by salts (Rodriguez-Navar-
ro and Doehne 1999b). Thus, habit and size distribu-
tion of sulfate crystals, as well as microtextural and
morphological modifications of the salts when they
dissolve and recrystallize, were studied using an
ESEM. Condensation and evaporation of water on salt
samples were achieved by modifying 7' (Peltier stage)
and gas pressure (water vapor) inside the ESEM
chamber (6.5-3.5 Torr; 2-8°C; RH~32-94%), follow-
ing the methodology outlined by Rodriguez-Navarro
and Doehne (1999b). Time-lapse digital images were
recorded on-line. Sodium and magnesium sulfate-laden
limestone samples were submitted to condensation/
evaporation cycles in the ESEM.

Results and discussion

Stone pore system and susceptibility to salt
weathering

The stone selected for the study is well known to be
susceptible to salt weathering (Rodriguez-Navarro
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1994). The calcarenite overall porosity, determined by
MIP, is 32.2%, with a mean pore radius of 13.5 pm.
Calcarenite pore size distribution graphs (Fig. 1) show
abundant macropores, with a maximum at ca. 30 pm.
Smaller pores are also detected with secondary maxi-
mum at ca. 0.1 pm. The calcarenite shows a low specific
surface area (0.815 m?/g). The nitrogen absorption
isotherm (Fig. 2a) is typical of non-microporous solids
(Gregg and Sing 1982). The BJH plot (Fig. 2b) shows
the presence of a significant amount of meso- and
macropores (pore radius > 50 nm). Hydric properties
are summarized in Table 1 (from Rodriguez-Navarro
1994).

Porosity and pore size distribution are key factors
controlling the uptake and transport of fluids within a
stone (Rodriguez-Navarro and Doehne 1999a). Stones
such as the studied calcarenite with a high proportion
of mesopores connected to large pores are very sus-
ceptible to salt weathering (Schaffer 1932; Benavente
et al. 2004). The mesopores result in larger surface area
for evaporation and slower solution transport, thus
increasing the chances that high supersaturation ratios
are reached below the stone surface resulting in det-
rimental subflorescence growth. In stones with larger
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Fig. 1 Mercury intrusion porosimetry plots before and after salt
crystallization in limestone pores: a sodium sulfate and b
magnesium sulfate. Shadowed areas show pores filled with salts

pores, capillary rise is limited, surface area is lower,
and solutions readily reach the stone surface where
evaporation occurs, thus resulting in nearly harmless
efflorescence growth (Rodriguez-Navarro et al. 2002).
Hydric properties (Table 1) show that the calcarenite
rapidly absorbs water, but dries slowly. Thus, salt
solution will be taken up fast, but will remain within
the stone pore system for enough time to precipitate as
harmful subflorescence. Such behavior seems to con-
tribute to the overall susceptibility of this stone to-
wards salt weathering, as will be shown below.

Macroscale salt crystallization tests: sodium sulfate

Crystallization of Na-sulfate reduces the stone porosity
(29.5%) and mean pore radius (3.1 pm). Deposition of
Na-sulfate crystals takes place within the bigger pores
of the stone (Fig. 1a), close to the surface, forming thin
(few millimeters) stone surface layers that lift up suc-
cessively (Fig. 3a, b). Salts tend to fall along with sur-
face layer as damage progresses, as has been also
shown by Rodriguez-Navarro and Doehne (1999a).
This explains why the porosity is only reduced by a few
percent (i.e., little salt remains in the pores of the
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Fig. 2 N, sorption isotherms (a) and BJH pore size distribution
(b) of Santa Pudia’s limestone (calcarenite)
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Table 1 Hydric characteristics of Santa Pudia’s limestone (from Rodriguez-Navarro 1994)

W(t)max (%) W(t)abs (%) Im (%)

Vabs (%/h'?)

Vdes (%/hllz) Vcapa (Cm/hllz) Csuc, (g/cm2 h1/2)

Limestone 19.14 14.70

23.17 6.39

371 12.9 2.75

W(f)max maximum water content (saturation), W(f),»s maximum water content (absorption), I, microporosity index, Vs absorption
velocity, Vaes desorption velocity, Vi, capillary suction velocity, Cgyc. capillary suction coefficient

damaged stone). Note that mirabilite dehydration and
formation of porous aggregates of thenardite upon
oven-drying of the salt-laden stone sample may explain
the formation of the smaller pores shown in Fig. 1a.

In thin sections, Na-sulfates are recognized as dark
microcrystalline aggregates with variable density
(Fig. 4). They form complete or partial infillings of
pores along the sides of the samples, extending up to
3 mm below the surface. Aggregates of this type are
unlikely to have caused salt damage by exerting pres-
sure during crystallization. However, they could be
non-pseudomorphic dehydration products of a mira-
bilite precursor with a different texture (i.e., larger
crystals filling the pores), able to exert pressure against
the pore walls. Note that some infillings show cracks
parallel to the surface, indicative of a decrease in vol-
ume at some stage. The variable low density and small
crystal size of the Na-sulfate aggregates, together with
the heterogeneity of the calcarenite substrate, makes it
difficult to document their distribution by X-ray CT
analysis.

These observations are consistent with synchrotron
radiation energy-dispersive X-ray diffraction analysis
of Na-sulfate crystals precipitated within porous oolitic
limestone. Such analysis shows that Na-sulfate typically

Fig. 3 Sulfate damage in
limestone slabs: a before
crystallization tests; b after
sodium sulfate crystallization
and c after magnesium sulfate
crystallization
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concentrate in a narrow zone underneath the stone
skin, approximately 2.6 mm in length, thus resulting in
stone damage by means of surface layers scaling (lo-
annou et al. 2005). Very little salt (ca. 1% by vol. of
thenardite) is detected in such case. La Iglesia et al.
(1997) and Rodriguez-Navarro and Doehne (1999a)
report similar sodium sulfate-induced weathering pat-
tern in concrete, dolostone and oolitic limestone. It
thus appears that Na-sulfate crystallization (and dam-
age) concentrates a few millimeters underneath the
stone skin regardless of substrate type. Nonetheless, it
is not clear (yet) which phase (mirabilite or thenardite)
is responsible for the damage.

Environmental scanning microscopy observation of
salt crystals developed in stone slabs show porous
aggregates of submicrometer sized thenardite crystals
filling large pores (Fig. 5a). Thenardite was identified
because it suffered no further dehydration upon ESEM
observation at low pressure. Although the typical
sponge-like porous structure retaining mirabilite bulk
shape (Rodriguez-Navarro and Doehne 1999b) was not
observed, it is presumed that the thenardite aggregates
formed after mirabilite dehydration. Note, however,
that heterogeneous nucleation of Na,SO,4 over calcite
minerals in a limestone pore may induce thenardite
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Fig. 4 Optical microscopy photomicrograph of sodium sulfate
crystal aggregates (dark masses: Na-sulfate) within calcarenite
(Cc: calcite crystals and microfossils) subjected to macroscale salt
crystallization test

precipitation and growth at temperatures below 32.4°C
(Rodriguez-Navarro et al. 2000a). Thus, the eventual
crystallization of thenardite directly from solution is
not ruled out.

Macroscale salt crystallization tests: magnesium
sulfate

Mg-sulfate shows a decay mechanism based on crack
propagation (Fig. 3c). Crystallization of Mg-sulfate
significantly reduces the stone porosity (24.2% ), but not
the mean pore radius (6.4 um). In contrast to Na-sul-
fate-laden stone, oven-drying does not seem to induce
the formation of small pores in this case (Fig. 1b). The
slow thermal dehydration of epsomite (Paulik et al.
1981) may explain this result. Epsomite precipitates
deep inside the limestone, filling large and small pores
(Fig. 1b), with crystals displaying two distinctive mor-
phologies (Fig. 5b): (a) wax-like aggregates covering
calcite grains and filling the smallest pores, and (b) large
euhedral bulky crystals present on the sample fracture-
surface. A similar crystallization pattern was observed
by Rodriguez-Navarro and Doehne (1999a) in the case
of halite formed within porous oolitic limestone. While
the wax-like aggregates show non-equilibrium mor-
phologies typical of crystals formed at a very high
supersaturation, the polyhedral bulky crystals are
formed at a lower supersaturation (Sunagawa 1981).
These two distinctive morphologies suggest that at least
two precipitation events have occurred.

Optical microscopy observations (Fig. 6) reveal that
Mg-sulfates are concentrated in bands below the sam-
ple surface (1.5 mm thick, top around 2.5 mm below
surface). They are composed of elongated crystals ori-
ented perpendicular to the sides of the band, which is a

Fig. 5 ESEM micrographs of sulfates grown in calcarenite slab
pores (macroscale experiments): a sodium sulfate and b
magnesium sulfate

texture that is compatible with widening of cracks by
crystal growth. On the basis of morphological and
optical characteristics, the Mg-sulfates are identified as
hexahydrite pseudomorphs after euhedral/subhedral
epsomite crystals. Hexahydrite of a similar type occurs
in pores above the main band (mainly 0-1 mm below
the surface) and locally up to 3 mm below that band,
both as elongated crystals with a random orientation
and as xenotopic intergrowths. In X-ray CT images,
massive coarse-grained Mg-sulfate occurrences are
easily recognized as nearly parallel bands with some
enclosed fragments of the calcarenite substrate (Fig. 7).
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Mg-sulfate

R

v
v L]

Fig. 6 Optical microscopy photomicrograph of magnesium
sulfate crystal aggregates (Mg-sulfate) within calcarenite (Cc:
calcite crystals and microfossils) subjected to macroscale salt
crystallization test

limestone

Fig. 7 X-ray CT image of magnesium sulfate crystals (Mg-
sulfate) within limestone (calcarenite) slab (equatorial section of
the stone block) subjected to macroscale crystallization test

Such Mg-sulfate bands are distributed throughout the
whole specimen. ESEM, optical microscopy and X-ray
CT observations suggest that Mg-sulfate damage

Fig. 8 ESEM microscale
crystallization test: sequence
of mirabilite crystallization
within calcarenite pores: a
saline solution filling
calcarenite pores; b mirabilite
crystals and ¢ thenardite
(from mirabilite
dehydration). Cc calcite; M
mirabilite
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occurred following the initial precipitation of wax-like
crystal aggregates formed at a high supersaturation.
Cracks developed during this first precipitation event.
Subsequently, a new crystallization event led to the
formation of larger crystals at a lower supersaturation
that deposited in wide bands on the rims of the already
formed cracks. The latter appears to have led to the
crack-widening process observed macroscopically on
the stone block surface (Fig. 3).

In summary, while Na-sulfate typically results in
localized damage associated with thin scales, and little
salt deposition within the stone pores (although no
significant efflorescence is detected), Mg-sulfate causes
significant fracturing, generally parallel, but also nor-
mal, to the stone surface. The latter salt forms a ‘“‘ce-
ment” which infills the stone pores, and somehow
prevents the collapse of the cracked slab. It is, how-
ever, unclear which phase is responsible for the ob-
served damage in the case of Na-sulfate. Neither is
fully clear how Mg-sulfate results in the observed
damage, since it appears that most thenardite/hexahy-
drite crystals filling stone cracks were deposited or
grew after the cracks were formed. The microscale
ESEM tests helped answering these questions (see
below).

Microscale crystallization tests: ESEM dynamic
experiments

Figure 8 shows a sequence ESEM photomicrographs
of the dynamic study of Na-sulfate deliquescence,
followed by mirabilite crystallization and dehydration.
Crystallization and growth of mirabilite within the
stone pores occurred following a pressure reduction
to 6.1 Torr. Damage to the stone due to crystalliza-
tion pressure buildup was observed at this stage
(Fig. 9). Upon reduction of the pressure down to
2.8 Torr, dehydration of mirabilite took place, and
thenardite was formed (Fig. 8c). Note that euhedral
mirabilite crystals tend to form within the larger pores
and dehydrate afterwards. First, this shows that cal-
carenite damage results from mirabilite crystallization
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Fig. 9 Detail of calcite grains in sodium sulfate-laden limestone
fragment showing granular disintegration/cracks (ESEM in situ
microscale experiments)

at relatively low supersaturation (i.e., forming euhe-
dral mirabilite crystals). Second, the growth within the
larger pores is consistent with MIP results and the
model proposed by Wellman and Wilson (1965).
Massive growth of Mg-sulfate (epsomite) was ob-
served when the ESEM chamber water vapor pressure
was reduced to 6.5 Torr (Fig. 10). Formation of a wax-
like salt aggregate blanketing the calcite grains and
filling (unlike Na-sulfate) both the smaller and larger
pores of the limestone substrate was observed. This salt
aggregate seems to be formed by sub-micrometer Mg-
sulfate crystals. Such morphology is similar to one of
the two observed in the macroscale experiments
(Fig. 5b), which was suggested to develop during a first
crystallization event. However, we observed no bulky
euhedral Mg-sulfate crystals. Formation of such crys-
tals is prevented here because only one crystallization
event took place in the ESEM chamber. It is suggested
that further (fresh) solution supply could result in the
(partial) dissolution of the wax-like precipitates, and
the formation of larger euhedral crystals that were

Fig. 10 Magnesium sulfate-
laden limestone fragment
(ESEM in situ experiments):
a during evaporation/
crystallization; b after
epsomite crystallization; ¢
detail of (b) showing anhedral
epsomite aggregates filling
small and big pores

observed filling the stone cracks in the macroscale
tests. Such crystallization behavior is fully consistent
with the successive imbibition-drying cycles suggested
by Coussy (2006). This author postulates that damage
to porous stone due to salt crystallization is an accu-
mulative process resulting from imbibition-drying cy-
cles. Once evaporation has resulted in sufficient
supersaturation for a salt to crystallize, further supply
of saline solution (undersaturated) will lead to the salt
crystals dissolution. The resulting solution will undergo
evaporation and supersaturation, followed by a second
crystallization event. At a given cycle, damage occurs;
however, further crystal growth can take place once
damage has occurred. This explains why large Mg-
crystals fill the cracks in the weathered calcarenite
slabs (macroscale tests).

The crystallization behavior of Mg-sulfate seems to
be connected with its ability to sustain a high super-
saturation. As the solution evaporates, it retracts to-
wards the smallest pores where capillary suction is
highest (Rodriguez-Navarro and Doehne 1999a). In
such small pores a high supersaturation can be sus-
tained due to the Laplace effect of curvature (Rodri-
guez-Navarro et al. 2000b). Crystallization of this salt
thus occurs at a very high supersaturation as shown by
the observed far-from-equilibrium crystal morpholog-
ies (Sunagawa 1981) and the high nucleation density
(i.e., very small crystals) (Mullin 1993). All in all, a
high crystallization pressure is developed according to
the Correns’ model (Correns 1949), leading to deep
cracking of the stone and the observed damage

(Fig. 3).

Role of solution properties on differential damage
behavior of sulfates

Our results (Mg-sulfate crystallization) appear to dis-
agree with the generally accepted Wellman and Wilson
(1965) theory for salt crystallization. According to this
theory, the crystal/saturated solution surface free en-
ergy is higher in smaller pores than in coarser ones
because of volume constraints. Thus salt crystallization
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is thermodynamically not favorable in small pores. This
is not what we have observed in the case of Mg-sulfate
crystallization. However, it has to be taken into ac-
count that ionic transport in porous materials is a
competition between salt advection to the evaporation
front, and ion diffusion (Pel et al. 2002). Drying rate is
the key parameter that controls the prevalence of one
mechanism or the other. If the drying is slow, diffusion
controls the process (Rijniers 2004). As water evapo-
rates in large pores, ions are transported to small pores
where the concentration is initially lower. Finally,
crystallization takes place in both large and small pores
at a very high supersaturation, thus leading to impor-
tant damage. This produces the damage pattern ob-
served in the case of Mg-sulfate. If the drying is very
fast, salt is transported by advection to the position
where evaporation takes place and salts precipitate,
that is to say, in large pores. This behavior seems to
predominate in the case of the sodium sulfate crystal-
lization tests reported here. Nonetheless, the possibil-
ity that Na-sulfate crystallization occurs in all pores
(large and small), causing transient stress in the small
pores (resulting in cracks) followed by transfer of salt
to the larger ones, cannot be ruled out.

Ultimately, the physical properties of a saline solu-
tion (i.e., viscosity, density, surface tension and vapor
pressure) will control the dynamics of solution flow and
evaporation within the porous network of the stone
(since environmental conditions, as well as stone sup-
port—e.g., permeability—, were kept constant in our
tests), and therefore the dynamics of precipitation and
salt growth and the resulting damage to the porous
substrate. Flow is governed by Poseuille’s law, where
the driving force is capillary pressure (Lewin 1981).
The differential flow behavior of the two saline solu-
tions is mainly due to the differences in viscosity (Ta-
ble 2). Owing to its higher viscosity, capillary flow is
slower in the case of saturated Mg-sulfate solution
(compared with that of saturated Na-sulfate solution at
the RH and T of the experiment). As a consequence,
evaporation occurs faster than the replenishment of the
solution by capillary migration from the inside of the
stone, and precipitation takes place under the stone
surface. The drying-out of solution within a pore
opening at the surface occurs by diffusion of water

vapor through a layer of the porous solid, and is gov-
erned by Fick’s law. Once the solution reaches the
evaporation front it would be expected that the evap-
oration rate will be faster in the case of magnesium
sulfate, as its vapor pressure is higher (the evaporation
rate increases with vapor pressure). However, due to
the fact that the evaporation front is placed deeper in
the stone (compared with sodium sulfate) the rate of
water vapor diffusion and, finally, the effective evap-
oration rate, would be much lower (Fig. 11). Ulti-
mately, surface scale formation will dominate Na-
sulfate crystallization damage, while deep cracking will
occur upon Mg-sulfate crystallization. Figure 12 sche-
matically summarizes the differential damage behavior
of both salts.

Conclusions

Both sodium and magnesium sulfate are extremely
damaging salts, as has been observed in field and lab-
oratory tests. While the mechanism of salt weathering
by Na-sulfate consists in detaching of successive stone
layers, Mg-sulfate induces crack formation and prop-
agation within the bulk stone. Differences in damage
created by Na-sulfate and Mg-sulfate are mainly due to
differences in their crystallization pattern since we kept
constant the environment variables (RH and 7) and
the porous support (Santa Pudia’s calcarenite). The
physical properties of the salt solution, i.e. density,

—m— SODIUM SULFATE
—&—MAGNESIUM SULFATE

0 . . . . . x . .
0 20 40 60 80 100 120 140 160
t(h)

Fig. 11 Evaporation versus time curves for saline solutions in
limestone slabs (macroscale crystallization tests)

Table 2 Physical and chemical properties of salt solutions used in crystallization experiments (20°C)

Saturated Concentration Density Surface tension Viscosity Vapor pressure
solution (g anhyd./100 ml solution) (g/em?®) (mN/m) (cP) (kPa)
Na,SO4 19.4 1.15 75.45 1.834 2.175
MgSO4 335 1.29 77.35 7.270 2.781

Data from CRC Handbook of Chemistry and Physics (2005)
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Fig. 12 Schematic
comparison of salt damage
mechanisms associated with NaZSO‘.
sodium sulfate and Fast solution
magnesium sulfate transport
crystallization in porous
limestone — « i
Limestone slab —
) Layer detachment
Capillary front Parafin wax
/ Glass beaker
=
Saline __| _fTTfI_
solution MgSO, Salt
Slow solution crystals
transport |
L2e

surface tension, and, in particular, viscosity, have a
critical effect on the dynamics of solution flow and
evaporation within the stone, and therefore, on where
crystallization occurs and in what kind of pores, as well
as on the resulting damage to porous host materials.
High flow rates lead to crystallization inside the stone
(but close to the surface) in coarse pores. As a result of
low flow rates within the porous network, crystalliza-
tion takes place inside the stone in both small and big
pores. Crystallization taking place on stone surface as
efflorescence would avoid/minimize stone damage due
to salt crystallization. This can be achieved by acting
not only on the crystallization process, i.e., increasing
induction times by the addition of crystallization
inhibitors (Rodriguez-Navarro et al. 2002; Ruiz-Agudo
et al. 2000), but also in the solution transport process
within the stone (i.e., high flow rates), as they both play
a crucial role in salt damage. The use of compound,
such as surfactants, which influence salt crystallization
pattern by modifying transport/flow properties of sal-
ine solutions inside porous materials (Rodriguez-Nav-
arro et al. 2000b), may reduce salt damage in such
building materials. This proposed treatment could en-
hance the effect of other methods that act mainly
modifying the crystallization process (i.e., crystalliza-
tion inhibitors).

Finally, it is concluded that the combined use of
macroscale and in situ microscale salt crystallization
tests is highly effective in identifying critical parameters
controlling the differential damage behavior of salts.
The combined use of in situ as well as conventional

Crack Propagation

techniques to evaluate where and how salts crystallize
within porous materials is critical to properly interpret
salt weathering mechanisms. This is a crucial step to-
wards the design of new, effective conservation treat-
ment for salt-affected materials.
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