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1. Summary

Why is sodium sulfate so damaging to porous building materials? This question has
remained unanswered for at least 170 years, since sodium sulfate began to be used to
test the relative durability of different stones (de Thury 1828; Luquer 1895). Two
important areas of recent research on this topic are 1) the non-equilibrium crystallization
of thenardite (Na2SO4) and 2) the generation of high supersaturation ratios and rapid
mirabilite (Na2SO4•10H2O) crystallization by placing a saturated solution of sodium
sulfate in contact with fine-grained thenardite crystals.

Two sets of experiments were performed to test the role of these processes:  1) macro
experiments of "rising damp" crystallization of sodium sulfate in limestone blocks under
conditions of high and low air exchange rate. In an attempt to determine the phase
causing the important initial damage, spall fragments resulting from the high air
exchange rate samples were studied by ESEM for crystal type, morphology and
distribution of salt adjacent to conchoidal fractures in the calcite substrate. 2) Dynamic
ESEM crystallization experiments with sodium sulfate solutions undertaken to examine
the hypothesis that dissolution of thenardite in a sodium sulfate solution should be
followed by rapid mirabilite precipitation.

Some authors have suggested that the decay of stone from sodium sulfate occurs
primarily through the crystallization of mirabilite from a supersaturated solution. Based
on our "rising damp" experiments of contour scaling dynamics, this does not appear to
be the case where high air exchange leads to a concentration of damage just below the
surface. Instead, the non-equilibrium crystallization of small thenardite crystals appears
to be responsible for the damage.

Dynamic ESEM experiments with sodium sulfate confirm the rapid precipitation of
euhedral mirabilite after dissolution of fine-grained thenardite in a sodium sulfate
solution. This suggests that the damage caused in the standardized laboratory salt
crystallization test is due to a different damage mechanism than is typically observed in
decay of stone in the field.
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2. Introduction

The crystallization of soluble salts in porous building materials is a widespread
weathering process that results in damage to important architecture, monuments and
archaeological sites (Arnold & Zehnder 1991; Goudie & Viles 1997). Salt weathering by
thenardite (Na2SO4) and mirabilite (Na2SO4•10H2O) is especially destructive, yet is still
not fully understood (Price 1978; Charola & Weber 1992; McMahon, Sandberg et al.
1992; Doehne 1994; Grossi, Esbert et al. 1997; Rodriguez-Navarro, Doehne et al. 2000).

The complexity of the salt weathering system can be reduced by focusing on the
moment, type and extent of damage that takes place (Fig. 1). There appear to be three
general kinetic pathways that result in enhanced damage due to salt crystallization:  1)
rapid drying, 2) rapid cooling (for salts with a variation in solubility with temperature), and
3) contact between saturated salt solutions and pre-existing fine-grained salts, especially
in the case of thenardite. Previous work has shown that airflow (drying rate) also
appears to have a significant role in salt weathering (Doehne & Rodríguez-Navarro
1996; Rodriguez-Navarro, Doehne et al. 1999).

Flatt (2002b) has recently proposed that an important decay pathway for sodium sulfate
is the dissolution of thenardite in a saturated sodium sulfate solution, resulting in
damage from the rapid growth of mirabilite. This decay path is what is expected in the
standard RILEM (1980) and ASTM (1997) salt crystallization tests. Here we present new
experimental data that further addresses these questions, helps explain why sodium
sulfate is so damaging and also shows how changes in airflow can substantially reduce
salt damage in laboratory experiments.

3. Testing Building Materials with Sodium Sulfate

The standard salt crystallization tests (ASTM and RILEM) for building materials, where
sample blocks are repeatedly immersed in saturated solutions of sodium sulfate and
then dried, are widely used to estimate resistance to frost damage and relative durability
of stones (Price 1978; Marschner 1979). Price (1978) found that the degree of damage
caused by the sodium sulfate crystallization test was "…strongly dependant upon
solution concentration, solution temperature and rate of drying." There has been some
controversy over the applicability of the tests, given the severity of the test and the
sometimes inconsistent results (Sheftick 1989; Hunt 1994). Recent research has
addressed this problem from two directions:  examining the way the test actually
operates (Rodriguez-Navarro, Doehne et al. 2000) and proposing new standard test
methods which more closely simulate typical conditions (Benavente, Ordóñez et al.
2001). The assumption of many researchers has been that the damage from this test
occurred due to the hydration of sodium sulfate. More recent work suggests that direct
crystallization of thenardite may occur at lower RH conditions during drying (Rodriguez-
Navarro, Doehne et al. 2000) in addition to rapid mirabilite crystallization during wetting
(Doehne, Selwitz et al. 2001; Flatt 2002b). Goudie (1999) found that salt crystallization
tests of limestone were poor predictors of frost resistance. Efforts to discover parameters
that correlate with relative building stone durability continue, with emphasis on those that
can be measured more easily than salt crystallization resistance (Moh'd, Howarth et al.
1996; Ordonez, Fort et al. 1997; Nicholson 2001).
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4. Materials and Methods

For the first set of "rising damp" experiments, a capillarity setup (Fig. 2) similar to that
described by Rodríguez-Navarro and Doehne (1999b) was used. Typically, a tared 800
ml crystallization dish was placed on a balance and the salt, water, limestone column,
and wax were added and weighed sequentially. In each experiment, enough water was
added to provide 400 g of sodium sulfate solution (5, 15 and 20% concentration). All the
concentrations are given on a weight basis. Solution flow rates and general
efflorescence/subflorescence behavior for these experiments has been reported
separately (Selwitz & Doehne 2002). Bath limestone was used for experiments based on
its known vulnerability to salt decay and abundant fine pores (Fig. 3). The 3 x 3 x 25 cm
stone column of limestone was placed to stand upright in the center of the dish. Molten
household paraffin wax was added to hold the column and seal the system so that water
is lost only by passage up through the column. The starting weight of the setup was
taken just after the wax was poured. When the components in the experiment were in
place, the arrangement was either put on a bench in a well-ventilated laboratory
maintained at a relative humidity of ~43% or placed in a large draft-free plastic box that
was not hermetically sealed (high humidity, low airflow). The solution wicks up through
the limestone column and water is lost by evaporation from the surfaces. Depending on
the storage conditions and exposure time, varying patterns of salt emergence and stone
damage occur. Draftiness in the laboratory can effect flow-through rates in the capillarity
setups (Selwitz & Doehne 2002). The studies to examine high airflow conditions were
done in a well-ventilated room that had an air exchange rate that varied between 6 and
12 changes per hour (average of 10). Samples were documented with still photography
before and after the evaporation of the salt solution (about 3 weeks in the case of the
high airflow samples). One experiment (20%, high air flow) was also documented using
time-lapse video according to the method described previously (Rodriguez-Navarro &
Doehne 1999b).

From the deteriorated stone surface of the high airflow setup, spall samples that were
about to fall were removed to maintain orientation and ensure observation of the inner
surface where the break was propagated. The samples examined at 1 Torr water vapor
pressure in a field emission Environmental SEM (FEI XL30 ESEM FEG)(Doehne 1997).
These conditions prevent hydration of thenardite and would cause a slow, observable
dehydration of mirabilite into a "fluffy" matrix that would pseudomorphically resemble the
original mirabilite crystals (Doehne 1994; Rodriguez-Navarro, Doehne et al. 2000). In
combination with ESEM/EDS analysis, this preparation method allows the identification
of the type of crystal present on the limestone spall surfaces. Samples that were found
to contain only thenardite were then lightly coated with Pd to reduce beam penetration to
better resolve crystals on the 30-500 nm scale.

In the second set of experiments, the behavior of sodium sulfate was documented in the
Environmental SEM (ESEM) using saturated solutions of sodium sulfate both alone and
in contact with small fragments of Bath limestone. A peltier stage was used in the ESEM
to cool the salt solutions to 2°C. The ESEM imaging conditions used were 20 KeV with a
water vapor concentration varying from 2-5 Torr. The relative humidity in the ESEM was
cycled in order to move through the sodium sulfate stability field from solution, to
mirabilite crystallization, and then to dehydration of thenardite (Fig. 4 & 5). Then water
was condensed on the thenardite matrix to simulate re-wetting of stone. Rapid mirabilite
crystallization was generally observed after this re-wetting of the fine thenardite crystals.
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5. Results

Observations of contour scaling dynamics in the first set of experiments show that
damage appears to be an episodic process based on transient stress and loss of surface
material (repeated millimeter-scale spalling) under conditions of high air flow (Fig. 6-8).
Control and low airflow samples show a different pattern (Fig. 9 & 10). For the high air
flow samples showing extensive damage, the sudden initial fracture of a surface spall or
scale is often followed by a more gradual lifting of the flake over several days by further
pushing by salt growth until the spall falls off (Fig. 11-14). Inner spall surfaces are
characterized by concentrations of anhedral microcrystalline thenardite (Fig. 15-17), with
the size of the salt crystals increasing somewhat with distance from the stone surface
(Fig. 23 & 24). Image analysis of spall surfaces by ESEM consistently finds very small
crystals (<1 µm) of thenardite (Na2SO4) adjacent to conchoidal fractures in the calcite
matrix (Fig. 16). Bladed, type III thenardite (Rodriguez-Navarro, Doehne et al. 2000) is
observed in some areas (Fig. 21 & 22), but appears to be less common adjacent to
fracture surfaces than fine anhedral thenardite. The "bacterial" appearance of the
thenardite crystals is consistent with their being precipitated rapidly at high
supersaturation ratios (Sunagawa 1981). It should be clear that the thenardite crystals
observed on the spall fragment surfaces have not resulted from the dehydration of
mirabilite crystals, based on their morphology (compact, not "fluffy") and lack of
pseudomorphic appearance. Examples of the characteristic dehydrated appearance of
thenardite derived from mirabilite can be seen in Rodriguez-Navarro, Doehne and others
(2000).

The geometry of the crystallization and stone surface loss appears to be controlled by
the environmental conditions of the experiments (~43% RH and 10 air exchanges per
hour). The high airflow supports crystallization under the surface of the stone, compared
to substantial efflorescence for the samples under conditions of low air exchange rate.
This work provides additional confirmation of the drying rate as a key parameter in salt
weathering, as well as suggesting that changing the location of crystallization by
modifying the drying rate may help reduce damage from sodium sulfate. The fact that
thenardite is the crystal form observed, rather than the expected mirabilite suggests that
greater consideration needs to be paid to the non-equilibrium behavior of salts in order
to better understand and mitigate damage. Mirabilite does not readily crystallize in the
absence of a seed crystal (Arnold, personal communication). This behavior typically
leads to either high supersaturations before mirabilite crystallization occurs, or the direct
crystallization of thenardite. The important step of oven-drying samples as part of the
standard sodium sulfate crystallization test ensures the elimination of any potential
mirabilite seed crystals.

Dynamic ESEM experiments with sodium sulfate confirm the rapid precipitation of
euhedral mirabilite after dissolution of fine-grained thenardite in a sodium sulfate solution
(Fig. 25 & 26). Digital video of these dynamic experiments is available from the authors.
The results suggest that the presence of a pre-existing fine-grained salt matrix is an
important element in explaining the severe damage resulting from the standard ASTM
and RILEM salt crystallization tests (Fig. 27). Results from dynamic ESEM experiments
also show that rapid hydration of thenardite may occur in the absence of liquid water
when the crystal size is small (<10 µm). The rate of hydration may be related in part to
the lower pressure in the ESEM. More rapid drying kinetics than typically seen at
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atmospheric pressure have been observed in drying leather in the ESEM (Tuckermann,
Mertig et al. 2001). Humidity-controlled XRD of the thenardite/mirabilite transition has
been explored by Steiger and others (2000b), and show that the hydration of mirabilite
from thenardite in the absence of liquid water appears to take place as a gradual
transition.

Why is sodium sulfate so damaging to porous materials? Results from laboratory
crystallization experiments in stone with sodium sulfate provide information that confirms
the importance of the direct precipitation of thenardite in contour scaling damage to
limestone. The rapid crystallization of mirabilite after dissolution of thenardite is also
confirmed in ESEM experiments. The direct precipitation of thenardite below 32.4 °C
may cause more damage than mirabilite crystallization, since using the Correns (1949)
equation it has been determined that thenardite has a much higher crystallization
pressure at the same supersaturation ratio (Winkler & Singer 1972). The fact that the
vast majority of thenardite crystals on the calcite spall surface appear to be well-adhered
suggests that the dissolution of calcite under pressure and the embedding of thenardite
may have taken place during the transient stress of confined crystal growth. It may be
possible to section these crystals to determine the attachment geometry in future work.

6. Discussion

Sodium sulfate is widely recognized as one of the most damaging salts to porous
materials. The sodium sulfate system consists of sodium sulfate decahydrate – mirabilite
(Na2SO4•10H20) and sodium sulfate (anhydrous) — or thenardite (Na2SO4). Previous
theoretical and experimental work suggests a number of ways damage can occur,
including crystallization and hydration. Hydration has been observed to take place
through dissolution and reprecipitation, and can be considered a special case of
crystallization (Doehne 1994; Flatt 2002a).

Salt damage theory suggests that the limiting factor in causing damage is the need to
sustain a solution in situ with a high supersaturation ratio (Rodriguez-Navarro & Doehne
1999a). This is generally difficult in many porous materials since their naturally rough
surfaces tend to enhance crystallization once saturation is reached. Several authors
have asked the question:  how do you maintain such a high supersaturation ratio for a
solution in a porous material with abundant nucleation sites? (C. Price in Goudie & Viles
1997; Doehne 2002). NaCl for example, has been observed to readily crystallize and not
reach high supersaturation ratios before crystallizing in porous materials (Rodriguez-
Navarro & Doehne 1999a; Hees & Lubelli 2002).

In addition to rapid drying, rapid cooling is also an important way to obtain a high
supersaturation ratio in the sodium sulfate system (Figs. 4, 5, 27). Our in situ
observations suggest that the process of cyclic dehydration followed by contact with a
saturated solution of sodium sulfate can also result in rapid crystal growth and potential
damage to porous materials.

While equilibrium thermodynamics is essential tool in understanding salt crystallization
(Price 2000; Scherer 2000; Steiger, Beyer et al. 2000a), we argue here based on
accumulated field observations and laboratory experiments that in some circumstances
salt weathering appears to be a non-equilibrium process that involves the rapid growth of
small confined crystals in fine pores (often poorly formed), resulting in transient tensile
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stress and crack propagation. Kinetic factors appear to play a critical role in the
generation of conditions that result in damage. Large, well-formed crystals associated
with salt weathering may typically occur after the initial damage, during recrystallization
and extrusion of efflorescence (Arnold & Zehnder 1991; Scherer 2002). It is hoped that
the results discussed in this work will help aid in the understanding of these complex
processes so that a better model of how they actually take place on the nanometer to
millimeter scale can be developed. A more complete picture of the decay mechanism is
clearly a useful step in the development of more effective damage mitigation strategies.

Mitigation methods such as limiting the rapid cooling or rapid drying of porous, salt-laden
stone through the use of shelters and removal of existing salts were possible should
reduce the damage potential of sodium sulfate. Wetting a stone containing abundant,
fine-grained thenardite in order to desalinate it should be done with care, since if the
solution becomes concentrated in some microporous areas due to incomplete wetting,
crystallization of mirabilite and damage may result.

7. Conclusions

The experiments performed here show that draft-free, high humidity environments
enhance efflorescence and substantially reduce damage. This is consistent with a model
of salt decay that assumes that the location of crystallization and the supersaturation
ratio reached can be manipulated to reduce damage. Experimental evidence further
supports the non-equilibrium crystallization of thenardite (Na2SO4) as a major cause of
damage. The postulated rapid precipitation of euhedral mirabilite after dissolution of fine-
grained thenardite in a sodium sulfate solution is also confirmed by dynamic ESEM
experiments with sodium sulfate. This suggests that the damage caused in the
standardized laboratory salt crystallization test (mirabilite crystallization) is due to a
different damage mechanism than is typically observed in decay of stone in the field
(thenardite crystallization).
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Substrate Properties
Surface Area, Porosity, Pore Size 
Distribution, Permeability, Internal Surface 
Roughness, Adsorption, Surface Energy, 
Crystal Defects - type and density, Pore 
Shape, Tensile Strength, Wet Strength, 
Substrate surface relation to evaporative 
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Sustainable degree of supersaturation 
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Crystal Type and Morphology
Hydration States, Stability Range
Density
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Environmental Properties
Wind velocity and direction
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Boundary layer
Evaporative Cooling
Temperature
Humidity (macro and micro)
Support moisture content

Figure 1. Diagram of properties, factors and behaviours in the salt crystallization process.
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Solution Transport Rates
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 Pore size distribution (more small pores = more damage)

Key to Damage
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Scaling
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Figure 2. Experimental Setup for
Crystallization Experiments

Limestone Column
(3 x 3 x 25 cm)

Salt Solution (400 ml)

Paraffin Wax Crystallization Dish

12 cm

(Humidity is constant and fluid flows upward from base of stone)

Figure 3. Pore size distribution of Monks Park oolitic limestone and Texas Crème limestone. Note
abundance of micropores in the Monks Park stone.



Figure 4. Stability diagram (concentration vs. temperature) for the sodium sulfate system.
Saturation and supersaturation curves for the sodium sulfate-water system, including thenardite
(Na2SO4), mirabilite (Na2SO4•10H2O), and metastable heptahydrate (Na2SO4•7H2O). Diagram from
McMahon (1992), data from Gmelin. Note solubility dependance on temperature of mirabilite.

Figure 5. Stability diagram (RH vs. temperature) for the sodium sulfate system. Note strong
temperature and RH stability dependance for mirabilite. Crystallization of thenardite is expected
below line 1; crystallization of mirabilite is expected below line 2. Note thenardite is not expected
to precipitate below ~32.4°C. Mirabilite is expected to dehydrate to thenardite below line 3.



Figure 6. Bath limestone block after exposure
to 5% solution of sodium sulfate in high air
exchange environment (10x/hr) for two weeks.
Note substantial efflorescence.

Figure 7. Bath limestone block after exposure
to 20% solution of sodium sulfate in high air
exchange environment (10x/hr) for two weeks.
Note less efflorescence and greater damage
due to subsurface crystallization.

Figure 8. Bath limestone block after exposure
to 15% solution of sodium sulfate in high air
exchange environment (10x/hr) for four weeks.
Note extensive contour scaling.

Figure 9. Bath limestone block exposed to
water (control). Note no loss of stone surface.



Figure 10. Bath limestone block after exposure
to 20% solution of sodium sulfate in low air
exchange environment, 3 months. Note
extensive efflorescence of mirabilite.

Figure 11. Bath limestone after exposure to
20% solution of sodium sulfate in high air
exchange environment (10x/hr), 3 months.
Note contour scaling. Note scales at base.

Figure 12. Opposite side of Bath limestone
block after exposure to 20% solution of sodium
sulfate in high air exchange environment
(10x/hr). Note pile of scales at base of sample.

Figure 13. Surface detail of Bath limestone
block after exposure to 20% solution of sodium
sulfate. Note partially attached contour scales
(spall fragments).



Figure 14. Additional surface detail of Bath
limestone block after exposure to 20% solution
of sodium sulfate. Note partially attached
scales (spall fragments), white salt on
surfaces.



Figure 15. Electron micrograph of inner surface of millimeter-thick scale of Bath limestone (spall
fragment). Note large fracture through calcite microspar cement and adjacent micron-scale
anhedral thenardite crystals.

Figure 16. Close-up of inner surface of millimeter-thick scale (spall fragment). Note conchoidal
fracture features in calcite and adjacent anhedral thenardite crystals.



Figure 17. Electron micrograph of inner surface of millimeter-thick scale. Another example of
fracture through calcite. Note adjacent thenardite apparently on planar crystal boundary pore
space.

Figure 18. Fracture in calcite with adjacent thenardite. Note thenardite in fracture at top of image.



Figure 19. Close-up of thenardite crystals in and adjacent to fracture in calcite microspar. Note
anhedral shape of thenardite crystals.

Figure 20. High magnification secondary electron micrograph of surface of scale (spall fragment).
Note size distribution of thenardite crystals on calcite surface appears to range from 30 nm to 500
nm. Smallest features in field of view are about 30 nm in size.



Figure 21. Lower magnification electron micrograph of fracture surface in microsparitic area of
Bath limestone scale (spall fragment). Note sodium sulfate in three sizes:  submicron (center);
type III bladed crystals (see below); and larger 5-10 µm crystals (lower left).

Figure 22. Close-up of above area showing type III bladed crystals of thenardite as well as
anhedral submicron forms.



Figure 23. Electron micrograph of "transition area" showing change from submicron thenardite
(left) with larger thenardite further away from fracture surface. Hypothesis is that larger crystals
grew after smaller crystals and represent lifting of surface after initial damage.

Figure 24. Electron micrograph of larger, anhedral thenarditecrystals on calcite substrate located
one millimeter from the fracture area.



Figure 25. Rapid precipitation of mirabilite from solution in contact with fine-grained thenardite.
Note crystals are growing from right to left. The left side is still largely solution and the right is
largely crystals.

Figure 26. Rapid precipitation in ESEM of mirabilite from solution in contact with fine-grained
thenardite. Note crystals grew from right to left. A water film is in the final stages of evaportion
from the salt crystals.   



Figure 27. Influence of variation of soaking temperature of saturated salt soluion. Weight loss
(gain) from standard salt crystallization test for stone (RILEM, ASTM). Diagram from Price (1978).
Note much greater damage at lower temperatures.




