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Abstract

The fundamental behavior of sodium sulfate crystallization and induced decay in concrete and other building materials is still poorly
understood, resulting in some misinterpretation and controversy. We experimentally show that under real world conditions, both thenardite
(Na,SO,) and mirabilite (Na,SO4-10H,0) precipitate directly from a saturated sodium sulfate solution at room temperature (20°C). With
decreasing relative humidity (RH) and increasing evaporation rate, the relative proportion of thenardite increases, with thenardite being the
most abundant phase when precipitation occurs at low RH in a porous material. However, thenardite is not expected to crystallize from a
solution at 7<32.4°C under equilibrium conditions. Non-equilibrium crystallization of thenardite at temperatures below 32.4°C occurs due
to heterogeneous nucleation on a defect-rich support (i.e., most porous materials). Anhydrous sodium sulfate precipitation is promoted in
micropores due to water activity reduction. Fast evaporation (due to low RH conditions) and the high degree of solution supersaturation
reached in micropores before thenardite precipitation result in high crystallization pressure generation and greater damage to porous materials
than mirabilite, which crystallizes at lower supersaturation ratios and generally as efflorescence. Data from the environmental scanning
electron microscope (ESEM) show no hydration phenomena following wetting of thenardite; instead, thenardite dissolution occurs, followed
by thenardite plus mirabilite crystallization upon drying. These results offer new insight into how damage is caused by sodium sulfate in
natural geological, archacological, construction and engineering contexts. They also help explain some of the controversial results of various
commonly used sodium sulfate crystallization tests. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The crystallization of soluble salts in porous construction
materials has been recognized as an important weathering
process contributing to the decay of masonry, cement, and
mortar in a range of environments [1,2]. In modern build-
ings, highways, and civil engineering works, salt weathering
has been connected, in many cases, to the crystallization of
soluble salts (e.g. sodium and calcium sulfates) released
from Portland cement [3]. Among those salts, sodium
sulfate has been found to be particularly damaging [4—6].
This latter salt is responsible for significant damage to
porous building materials which are apparently caused by
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the generation of high crystallization and hydration pres-
sures [7—9]. Its destructive nature has made it the salt of
choice to perform accelerated decay tests for estimating the
durability of building materials (e.g. ASTM aggregate
sound test [10], RILEM PEM/25 [11-13]).

However, the significance and the accuracy of sodium
sulfate crystallization tests have been questioned [14,15].
Price [12] reported inconsistent results when comparing
sodium sulfate crystallization test data from various labora-
tories using the same standard and materials. The contro-
versy surrounding the various sodium sulfate crystallization
tests has resulted in some researchers discouraging its use
[15]. This situation seems to be exacerbated by a lack of a
fundamental understanding of the sodium sulfate system
and the crystallization of its various phases under real
world conditions.

The Na,SO4—H,O system (Fig. la and b) includes two
stable phases [16—18]. Thenardite (Na,SO,) is the anhy-
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Fig. 1. The system, Na,SO4—H,0. (a) Temperature vs. concentration diagram (M =mirabilite; T =thenardite; 1=solubility curve for Na,SO,410H,0;
2 =solubility curve for Na,SO,4-7H,0; 3 =solubility curve for Na,SO,4; 4=Na,SO4/Na,SO4-10H,O boundary). (b) P/T phase diagram for the system,

Na,S04—H,0. Data sources: Refs. [16,19,20].

drous phase and is reported to precipitate directly from
solution at temperatures above 32.4°C [19,21]. Below this
temperature, the stable phase is mirabilite (Na,SOy4-10H,0),
which rapidly dehydrates at relative humidity (RH) below
71% (20°C) to form thenardite [21,22]. Thenardite will
rehydrate to mirabilite if the humidity rises over 71%.
Sodium sulfate heptahydrate (Na,SO,4-7H,0) has been
described as precipitating at temperatures below the mir-
abilite—thenardite transition point. However, this phase is
metastable and has not been clearly identified in nature [17].
Sodium sulfate also undergoes various polymorphic transi-
tions with temperature. At least five polymorphs of sodium
sulfate (I, II, III, IV, and V) have been identified [23,24]. At
room temperature (20°C), phase V is reported to be stable,
while phase III is metastable at this condition [23]. Phases |
and II are high-temperature polymorphs (>270°C and
>225°C, respectively); however, phase II is reported to
have a narrow stability zone [24]. Phase IV is considered
to be metastable and its phase relation and structure have yet
to be well established [24].

While many studies have investigated the crystallization
and hydration of sodium sulfate, our understanding of the
damage mechanism as well as the dynamics of this process
is incomplete [25]. Many authors have ascribed the damage
caused by this salt to the volume change and hydration
pressure generated when thenardite is transformed to mir-
abilite [7,8,13,26]. On the other hand, several workers have
shown that damage due to crystallization pressure appears to
be more important than damage due to hydration pressure
[27-29]. Nevertheless, at temperatures below 32.4°C, the
damage due to crystallization pressure has always been
attributed to the precipitation of mirabilite [7,8,12,13,26,27,
30]. In summary, there are contradictory data and interpreta-
tions as to why and how sodium sulfate causes damage to
porous materials.

This paper is aimed to further our understanding of the
crystallization and growth of sodium sulfate at room tem-
perature (20°C) through a series of experiments under
various RH conditions and on a range of supports. The
results reveal some unexpected behaviors which help to
explain reported inconsistencies in tests with sodium sulfate.

2. Materials and methods

A saturated solution of sodium sulfate (Baker, reagent
grade) was prepared. The crystallization of sodium sulfate
phases was observed by means of optical microscopy (Leitz,
Laborlux 12 Pol), letting a solution drop evaporate on a
glass slide in an environmentally controlled chamber at
various RH conditions (12%, 30%, 40%, 50%, 60%). The
temperature was kept constant at 20+ 1°C. In order to
confirm that no temperature variation took place during
the crystallization of the salts (due to the illumination
system of the microscope or the heat of crystallization),
the temperature was monitored continuously by using a
thermocouple adhered to the bottom of the glass thin
section, just beneath the drop. The precipitated phases were
analyzed using X-ray diffraction (XRD, Siemens D-5000).
In situ experiments on crystallization of sodium sulfate from
a solution drop were also performed in the XRD chamber at
controlled temperature and RH (20°C and 40% RH).

High-magnification in situ analysis of the dynamics of
sodium sulfate crystallization was performed using an
environmental scanning electron microscope (ESEM, Elec-
troScan model E-3). Condensation and evaporation of water
on a salt sample were obtained by modifying the tempera-
ture and pressure inside the ESEM chamber, according to
the methodology described by Doehne and Stulik [32] and
Messier and Vitale [33]. Images were recorded digitally. The
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ESEM was also used to observe crystals precipitated on a
glass slide at various RH conditions.

Sodium sulfate crystals on spall surfaces taken from
porous material blocks (oolitic limestone from Monks Park,
UK) deteriorated by partial immersion in sodium sulfate
solutions (modified RILEM/PEN25 test) were also studied
for comparative purposes using the ESEM (for details, see
Refs. [34-36)).

3. Results

At RH values >40%, precipitation of sodium sulfate
upon evaporation of a solution drop placed onto a glass slide
resulted initially in the crystallization of prismatic, elon-
gated mirabilite crystals, followed by their dehydration and
transformation into microscopic thenardite crystals which
were not identifiable by optical microscopy. Note that all
experiments were performed at an RH less than 71%. At RH
values <40%, at the drop edge or other random location
within the drop, small amounts of idiomorphic thenardite
crystals precipitated directly from the solution. Fig. 2a
illustrates the morphology of these crystals. Thenardite
tended to grow as tiny, elongated needles (phase III)
grouped as dendrites. At different points within the dendritic
thenardite aggregates, other large, bulky thenardite crystals
were formed (bipyramidal prism of phase V). In a few cases,
crystallization experiments performed at very low RH con-
ditions (below 15%) resulted mostly in prismatic or thom-
bohedric bulky aggregates of phase V thenardite crystals
with a small amount of phase III aggregates, and no trace of
mirabilite (Fig. 2b).

The XRD analyses of the products formed following the
evaporation of saturated sodium sulfate solution drops
placed on a glass slide within the XRD chamber, at
controlled temperature and RH (20°C and 40%, respec-
tively), resulted in either simultaneous precipitation of
mirabilite plus thenardite, or precipitation of thenardite
alone. In the latter case, both phases III and V were
identified (Fig. 3).

The ESEM analysis of crystals precipitated on glass
slides, as well as those precipitated in situ, within the ESEM
chamber at controlled temperature and pressure offered a
new, high magnification picture of this crystallization pro-
cess. Fig. 4a shows the morphology of the thenardite
aggregates precipitated at controlled RH and temperature
on glass slides. None of these morphologies corresponds to
the thenardite crystals observed after dehydration of mir-
abilite (Fig. 4b and c). In most experiments (15°C and
~25% RH, as typical environmental conditions in the
ESEM chamber), the precipitation of sodium sulfate in the
ESEM resulted in the direct formation of mirabilite, fol-
lowed by dehydration and crystallization of thenardite
crystals which pseudomorphically replace the mirabilite
with masses of micron-sized crystals (Fig. 4c). Precipitation
of thenardite crystals was observed in isolated areas of the
ESEM samples, such as fractures and rough portions of the
aluminum sample holder (Fig. 4d). These crystals were
identified as thenardite because no dehydration following
precipitation took place.

The crystallization of thenardite took place in the ESEM
chamber following dissolution of thenardite crystals at 15°C
and 10 Torr of pressure, corresponding to a RH value of
~ 80% [33], followed by precipitation of sodium sulfate
(both mirabilite and thenardite phases) when the pressure at
the ESEM chamber was reduced to 3 Torr at 15°C, corre-
sponding to ~25% RH. A few seconds after crystallization,
mirabilite dehydration occurred. No hydration was observed
when thenardite crystals were in contact with the solution.
Instead, dissolution of thenardite occurred, followed by
precipitation of mirabilite and thenardite.

A number of earlier experiments on salt crystallization
were performed by partially immersing a porous limestone
block in 300 cm? saturated sodium sulfate solution placed in
a glass beaker and sealed with melted paraffin wax. Capillary
rise of the solution through the stone pore system took place,
followed by solution evaporation and salt crystallization at
constant temperature (20°C). Environmental conditions (RH
and temperature), salt crystal morphologies, and stone
damage evolution were monitored continuously by means

Fig. 2. Micrograph of thenardite crystals. (a) Precipitated at 20°C and low RH conditions (>40%); the needles are phase III and the prisms are phase V crystals
[37]. (b) Large phase V bipyramidal prisms precipitated at 20°C and 13% RH. Small amounts of phase III needles are also present.
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Fig. 3. The XRD pattern of thenardite (phases III and V) precipitated directly from solution at 20°C and RH <40%.

of time lapse video microscopy [35]. Massive formation of
mirabilite whisker-like crystals on the surface of the stone
occurred at RH values above 60% [35,36]. These conditions
were characterized by reduced damage, the stone block total
weight loss being 7.1 wt.%. However, at RH values of

~ 40%, negligible mirabilite efflorescence was observed and

progressive millimeter-scale surface spalling resulted in
substantial stone surface recession and 21.4 wt.% total
weight loss [36]. ESEM analysis of scales that fell off the
decayed stone faces in the experiment performed at 40% RH
revealed the presence of a large number of micron- to
submicron-sized thenardite crystals (Fig. 5). It is unlikely
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Fig. 4. Sodium sulfate ESEM micrographs. (a) Thenardite crystals precipitated on glass slides. (b) Thenardite aggregates formed after dehydration of pre-
existing mirabilite crystals (ESEM dynamic study). (c) Detail of thenardite crystals formed after dehydration of mirabilite. (d) Thenardite crystals precipitated
directly from solution on the Al sample holder in the ESEM.
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Fig. 5. Thenardite on the underside of a decayed limestone spall fragment.
Note the similarity of these crystals with the thenardite crystals precipitated
in the ESEM chamber (Fig. 4d).

that these crystals formed by dehydration of previously
precipitated mirabilite crystals since textural evidence of this
process is normally preserved (i.e., polycrystalline thenardite
aggregates after mirabilite). These small, anhedral crystals
similar in shape and dimensions to the thenardite crystals are
observed directly precipitating in the ESEM (Fig. 4d).
Thenardite on the limestone spall fragments is typically
present in planar micropores (pores with radius <1 pm)
adjacent to fractured calcite crystals (Fig. 5). No mirabilite
crystals were observed in the latter samples.

These experimental results suggest that most of the
damage to the limestone in the salt crystallization experiment
carried out at 40% RH conditions was due to the crystal-
lization of thenardite at temperatures below 32.4°C (the
mirabilite—thenardite transition point) and at low RH. In
these conditions, the solution evaporation rate was 7.5 cm’/
day, while at 60% RH it was only 5.6 cm®/day. The higher
evaporation rate conditions resulted in the crystallization of
subfluorescence (i.c., crystals formed inside the stone pores).
In these conditions, the evaporation front was located some
distance (typically at 1-3 mm) from the stone surface, and
up to 3-mm-thick scales were formed. At low evaporation
rate conditions, the solution evaporation front was normally
located at the stone surface, resulting in mirabilite efflores-
cence (i.e., whiskers) growth and reduced damage.

4. Discussion

Researchers have routinely used sodium sulfate solutions
to develop accelerated decay tests to simulate or reproduce
decay conditions and damage to natural stone, concrete, or
other building materials in a wide variety of environments
[26—-29,31,38—41]. Sodium sulfate is typically selected for
two reasons: first, it is very common in a wide range of
locations and environments [30], and second, it is extremely
destructive [7,27,30,42—44]. Cooke [30] concluded that
sodium sulfate is so damaging mainly because it undergoes
a high degree of volume change when hydrated. However,

even in experiments were hydration did not take place, the
resulting damage was impressive [27,29,34—36]. According
to data from Winkler and Wilhelm [8], the precipitation of
the anhydrous phase, thenardite, could generate larger
crystallization pressures and thus more damage than the
crystallization of mirabilite. This assumption was confirmed
experimentally by Sperling and Cooke [27]. They observed
that at low humidity conditions (i.e., fast evaporation) and
temperatures leading to thenardite crystallization, damage
was always more significant (in a range of stone types) than
at conditions leading to mirabilite crystallization [27]. None-
theless, Winkler and Singer [9] as well as Sperling and
Cooke [27], in agreement with data established at the
beginning of the century for the Na,SO4,—H,O system
[18], reported that thenardite will only precipitate at tem-
peratures above 32.4°C. Our experimental results indicate
the contrary: under normal (i.e., non-equilibrium) condi-
tions, thenardite precipitates directly from solution (at low
RH; i.e., high evaporation rate conditions) and creates
significant damage at lower temperatures (20°C). Addition-
ally, ESEM data show that upon wetting, thenardite does not
hydrate to form mirabilite. Instead, thenardite is dissolved,
followed by mirabilite as well as thenardite crystallization.
Thus, it seems that part of the damage attributed in the
literature to crystallization pressure of mirabilite may, in
fact, have been caused by crystallization pressure of the-
nardite. On the other hand, our experimental results indicate
that most of the damage attributed to the hydration pressure
of mirabilite may, in fact, corresponds to crystallization
pressure of mirabilite (crystallizing alone or together with
thenardite). This implies that careful attention should be
paid to identify which phase is crystallizing when salt
crystallization tests are performed.

It seems that heterogeneous nucleation of thenardite over
a defect (roughness, dust, crystals surface defects, fractures,
scratches, etc.) on a glass slide, on an aluminum sample
holder, or over calcite minerals in a limestone pore, is one of
the main factors controlling or inducing thenardite precipi-
tation and growth at temperatures below 32.4°C. In fact, in
natural systems, far-from-equilibrium, heterogeneous
nucleation on impurities, micropores, fractures, or crystal
defects is thermodynamically more stable and plausible than
homogeneous nucleation [45]. Many of the substrates where
damage due to sodium sulfate is found have high internal
surface areas. Moreover, materials with a large fraction of
micropores (large surface area) have long been noted as
being more susceptible to sodium sulfate damage than
macroporous materials [42].

According to Tardy and Nahon [46], the water activity,
ap,0, in a pore is related to the pore radius, 7, by the
following equation (Eq. (1)):

—9.21 x 1074

5 (1)

IOgCIHzo =

The inverse relation between the water activity and the pore
radius implies that in small pores or capillaries, formation of
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anhydrous phases will be promoted [47], while hydrated
phases will form in the larger pores. This explains why on
smooth glass slides small amounts of thenardite precipitate
directly from the solution, and in the case of the ESEM
experiments these crystals tended to be located in small
pores or fractures on the aluminum sample holder. However,
thenardite massively formed in the micropores of the oolitic
limestone (~0.25 pm average pore radius, according to
Ref. [36]) where significant damage occurred.

It seems that a high degree of supersaturation is a
prerequisite for thenardite precipitation at 20°C. Crystal-
lization experiments carried out onto a glass slide at high
RH resulted in slow solution evaporation and massive,
prismatic, equilibrium morphology mirabilite crystals. Equi-
librium morphologies of crystals are indicative of low
supersaturation ratios [36,48]. Decreasing RH and faster
evaporation conditions resulted in thenardite crystallization,
thenardite crystals either being equilibrium-shaped prisms
(phase V) or non-equilibrium needles (phase III). The latter
morphology corresponds to slightly higher supersaturation
ratios. In the aluminum sample holder in the ESEM chamber
where fast evaporation occurred, thenardite formed in pores
or fractures as crystals with far-from-equilibrium morphol-
ogies, indicative of higher supersaturation ratios [36,48]. In
our crystallization tests using a porous support, high RH
conditions resulted in slow evaporation and massive mir-
abilite whisker growth. Soluble salts whiskers are formed at
low supersaturation ratios [38]. On the other hand, low RH
conditions resulted in fast evaporation and thenardite
nucleation and growth as anhedral, needle-shaped or bow
tie aggregates. These morphologies correspond to crystals
formed at very high supersaturation ratios [48].

Crystallization of thenardite at high supersaturation ratios
resulted in significant damage to the porous stone. Accord-
ing to the formula for salt crystallization pressure developed
by Correns [49], the crystallization pressure, P, is directly
proportional to the supersaturation ratio (Eq. (2)):

P= 7 In o (2)
where V is the molar volume of solid salt, C is the
concentration of the saline solution, C, is the solution
saturation concentration at temperature 7, and R is the gas
constant. Winkler and Singer [9] calculated crystallization
pressures for mirabilite and thenardite and observed that for
the same supersaturation ratios, thenardite could generate
higher pressures than mirabilite (almost one order of
magnitude higher), thus being potentially more destructive
[27]. However, it is not known how much supersaturation
can be sustained before mirabilite or thenardite crystallizes
in a porous material. Therefore, the absolute crystallization
pressure of each salt in a real case scenario (i.e., in a stone or
concrete pore) is very difficult to evaluate (if not impossible).
By analyzing the crystal morphology and determining how
much it varies from the equilibrium shape, it is possible to
give a qualitative estimate of the supersaturation ratio during

nucleation. Hence, the crystallization pressure reached in a
pore can be estimated. Crystal morphology data point to
higher supersaturation ratios, and therefore higher crystal-
lization pressures in the case of thenardite if compared with
mirabilite. This is consistent with the observed damage to the
stone support submitted to sodium sulfate crystallization test.

The pore size of a building material is an important
parameter controlling the supersaturation reached before
crystallization starts. In pores of small radius (<1 pm),
the pressure in the solution filling the pore can differ
considerably from the corresponding pressure of the bulk
solution due to the Laplace effect of curvature [50]. This
pressure reduction results in increased supersaturation of the
solution filling the pore when the molar volume of the
condensed phase (solid) is greater than the molar volume of
the solute in solution, as it is the case of sodium sulfate.
When nucleation starts, the nucleation rate will be inversely
proportional to the pore radius. Therefore, in a porous
system, a solution of sodium sulfate will sustain super-
saturation ratios higher than the critical supersaturation ratio
it can sustain outside the pores, and when crystallization
starts, a large number of crystals will form. This is con-
sistent with the large amount of thenardite crystals with far-
from-equilibrium morphologies observed in the porous
stone with extensive damage. It also explains why far-
from-equilibrium thenardite crystal morphologies are more
common in the stone pores and cracks on the ESEM
aluminum sample holder than on the smooth surface of
the glass slide. Since thenardite tends to crystallize in small
pores at high supersaturation ratios, pressures enough to
overcome the tensile strength of the porous support
develop, resulting in building material breakdown. On the
other hand, mirabilite crystallization either in larger pores as
equilibrium-shaped crystals or on the surface of the porous
material as whiskers formed at low supersaturation condi-
tions [38] results in little damage.

In natural field conditions, periodic crystallization/dis-
solution and/or hydration/dehydration processes are typical
with alternating wetting/drying cycles due to rain or con-
densation. Sodium sulfate crystals in a porous material may
precipitate originally either as thenardite, or as mirabilite
plus thenardite mixtures, depending on the environmental
conditions and the porous system characteristics. Later on,
mirabilite may undergo dehydration, resulting in the forma-
tion of thenardite. As water accesses the system again,
thenardite may dissolve, forming a saturated solution fol-
lowing evaporation, and finally precipitating alone or
together with mirabilite. In any case, only crystallization
pressure (no hydration pressure) will be responsible for
building material damage.

5. Conclusions

From the results presented and discussed above, the
following conclusions can be drawn. (1) The system,
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Na,S04—H,0, as defined at the beginning of the century
(equilibrium conditions), is inconsistent with the actual
(real world) crystallization of thenardite from solution at
temperatures below 32.4°C (the thenardite—mirabilite tran-
sition point). We found that the classic definition of the
system, while being accurate for homogeneous (equili-
brium) crystallization, does not explain our results. In
natural, heterogeneous (non-equilibrium) systems, hetero-
geneous nucleation of thenardite is promoted at tempera-
tures below 32.4°C at low RH, fast solution evaporation,
and high supersaturation ratios. (2) Most sodium sulfate
crystallization tests attribute almost all damage to sodium
sulfate hydration within a porous material (hydration pres-
sure). Our experimental results suggest that this view
should be reconsidered. Our results show that only crystal-
lization pressure occurs. Furthermore, thenardite crystal-
lization may be responsible for much of the damage. Thus,
careful attention should be paid to identify which phenom-
enon (crystallization vs. hydration) and which phase are
responsible for the damage, and under which environmental
conditions the test is carried out. (3) In situ ESEM
observation of crystallization events is a useful tool for
the dynamic study of salt crystallization and growth. Using
an ESEM, micron-scale thenardite and mirabilite were
observed growing in situ at high magnification at tempera-
tures below 32.4°C (15°C and RH <30%). No mirabilite
hydration was observed. Instead, dissolution of pre-existing
thenardite crystals, followed by crystallization of mirabilite
plus thenardite, occurred. The classical attribution of
damage due to hydration of thenardite to form mirabilite
is not consistent with our results. (4) Non-equilibrium
thenardite morphologies developed in situ in the ESEM
under rapid crystallization conditions (high supersaturation)
are similar to those present on micropore surfaces (spall
samples) from deteriorated limestone where crystallization
of sodium sulfate took place at 20°C and low RH (<40%).
(5) Observed thenardite morphologies precipitated at 20°C
and low RH reflect high supersaturation ratios, which result
in high crystallization pressures and significant damage to
porous materials. (6) Heterogeneous nucleation of thenar-
dite appears to explain the formation of this phase at
temperatures below the transition point of mirabilite—the-
nardite. The reduction of the energy necessary for the
formation of stable thenardite nuclei seems to be large
enough to prevent the formation of mirabilite. For this to
occur, high supersaturation ratios appear to be a prerequi-
site (low RH and fast evaporation of the saline solution, or
rapid cooling). Additionally, a significant water activity
reduction in the smaller pores and capillaries of the porous
support induces the formation of non-hydrated phases
(thenardite). (7) The presence of very small pores (micro-
pores) in the tested oolitic limestone induces high super-
saturation ratios of the sodium sulfate solution before
crystallization occurs. High supersaturation ratios result in
high sodium sulfate crystallization pressure and significant
damage to the porous support. This effect may explain why

microporous materials are more susceptible to sodium
sulfate crystallization damage than macroporous ones.

Few data are currently available on the influence of the
support (rock, existing crystals, etc.) on soluble salt crystal-
lization and damage. The study and evaluation of the
supersaturation ratio reached by a saline solution before
heterogeneous nucleation and growth of sodium sulfate
crystals as well as other soluble salts occur in a pore, needs
to be encouraged to better understand this important process
with direct implications in the fields of crystal growth,
geomorphology, the conservation of cultural heritage, and
civil engineering.
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