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Influence of temperature on
crystallisation and dissolution of salts and
salt mixtures in built environment
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Salt weathering significantly degrades building materials, necessitating a thorough understanding of
influencing factors. While prior research has focused on relative humidity (RH), temperature effects on
salt crystallisation and dissolution remain less explored. This study examines selected single salts and
mixtures, using the ECOS/RUSALT thermodynamic model to assess equilibrium behaviour across
temperatures from 1 °C to 50 °C and RH values from 15% to 98%. Results show that crystallisation
and dissolution RH generally decrease with rising temperature. Single salts exhibit monotonic
changes, whereas mixtures behave variably. Calcium-rich mixtures have lower mutual crystallisation
and dissolution RH than sulfate-rich ones, with further reductions in magnesium-containing mixtures.
Lower temperatures promote the formation of more output salts. Model limitations are acknowledged
to explain discrepancies between predictions and real-world observations. These findings enhance
understanding of salt behaviour under climatic variations, aiding strategies to mitigate salt damage in
building materials.

The cumulative impact of salt mixtures on architectural heritage is unde-
niable, as evidenced by the wide range of damage observed1. The loss of
structural integrity, surface deterioration, and erosion of intricate archi-
tectural details paint a grim picture of the consequences of salt-induced
deterioration2,3. The loss of original architectural details is a distressing
consequence of salt-induced deterioration. Intricate carvings, mouldings,
and ornate features that define the historical character of buildings can be
eroded by the corrosive action of salts. Salt solutions can enter the smallest
crevices, expanding upon recrystallisation and gradually wearing away
delicate elements that once showcased the artistry of craftsmen4,5.

Salt mixtures significantly contribute to the degradation of various
construction materials in heritage and architectural contexts, for example,
affecting stone structures in coastal areas where salt deposition (with over
85% of the composition being NaCl) occurs primarily through the
deposition of marine aerosols6. Additionally, salt efflorescence, resulting
from moisture-carrying salts migrating to surfaces during evaporation,
impacts materials such as bricks and mortar7,8, even unavoidably affecting
contemporary buildings9. Furthermore, the “salt attack" poses a significant
threat to concrete structures in regions with saline soils, where salts
migrating through materials compromise structural integrity, leading to
microcracks and corrosion10,11. There are also other important sources of
salts except sea salt. For example, salts from the ground transported with

rising damp are not a problem of cement structures in saline soils but are
frequently found in old buildings2,12. Also, air pollutionwith pollutants such
as sulfur dioxide and nitrogen oxides is an important source leading to salt
accumulation when reacting with the materials such as stone and brick13.

To mitigate these effects and ensure the preservation of architectural
heritage, a holistic understanding of salt mixture behaviour, coupled with
innovative conservation strategies, is imperative. The recent cases high-
lighted underscore the urgency of implementing proactive conservation
strategies14,15. By integrating monitoring, preventive measures, and inno-
vative restoration techniques, architectural heritage can be safeguarded for
the enrichment of future generations. The urgency of addressing salt-related
challenges becomes apparent when considering themonumental loss of the
world’s architectural legacy caused by these pervasive mixtures.

Other studies focus on the variation of RH at a fixed temperature,
but in reality, a combination of RH and temperature fluctuations is
relevant. It is true that temperature has been of less concern, but often
with some salts, the effect is large so cannot be neglected16. The aim of
this study is to identify and understand the crystallisation and dis-
solution behaviour of common salt mixtures found in the built envir-
onment under various climatic conditions. Specific focuses include
exploring the effect of temperature on crystallisation behaviour, and
comparing behaviour of single salts and mixtures.
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Methods
Data preparation
Four frequently occurring mixtures, as identified by Godts et al.17, were
selected to investigate salt mixture behaviour. These mixtures include
sodium (Na+), potassium (K+), nitrate (NO3

−), chloride (Cl−), and calcium
(Ca2+)) or sulfate (SO4

2−)), andmay include or excludemagnesium (Mg2+).
The ion mixtures were identified through ion chromatography analysis of
11,412 drill samples conducted by theMonuments Laboratory of the Royal
Institute for Cultural Heritage (KIK-IRPA)18. These samples originated
from 338 different monuments, archaeological sites, mural paintings, and
sculptures, mostly located in Belgium and primarily constructed between
the 10th and 20th centuries. The associated building materials included
traditional brick, lime-basedmortar, natural stone, cement, and plaster. The
salt compositions were compiled using ion data expressed asmole fractions
to derive mean ion values, which facilitated the comparison between mix-
tureswith different totalmoles (Table 1). From thesemixtures, ten common
saltswere selected to compare their crystallisationanddissolutionbehaviour
within the mixtures.

For salt mixtures, they were classified into two types of mixture com-
positions commonly found in the built environment according to the cri-
teria outlined by Godts et al.18:
• Type 1 (T1): A sulfate−rich mixture that includes an excess of sulfate

ions, with respect to gypsum removal. Themost important ions of this
mixture type (median) derived from the dataset in order of magnitude
are SO4

2−, Na+, K+, NO3
−, Cl−, and Mg2+. Two T1 mixtures, T1v and

T1vi, were studied,where v and vi representmixtureswith 5 and 6 ions,
respectively.

• Type 2 (T2): A calcium-richmixture that includes an excess of calcium
ions, with respect to gypsum removal. Themost important ions of this
mixture type (median) derived from the dataset in order of magnitude
are NO3

−, Ca2+, Cl−, Na+, K+, and Mg2+. Two T2 mixtures, T2v and
T2vi, were studied,where v and vi representmixtureswith 5 and 6 ions,
respectively.

ECOS/RUNSALT and the follow-up calculation
The values in Table 1 were used as direct input for a graphical user interface
software RUNSALT based on a chemical equilibrium model ECOS
(Environmental Control of Salts) originally from the molality-based ther-
modynamic approach of the ion interactionmodel of Pitzer, as described in
Price et al.19. Each single salt has its specific deliquescence relative humidity

(DRH) at a certain temperature and dissolves in the solution when the
surrounding RH is higher than its DRH. Conversely, crystallisation occurs
when the surrounding RH is lower than its DRH20. However, salt mixtures
instead of single salts are present in reality. The Pitzer’s thermodynamic
model21 is one of the most widely usedmodels to understand the behaviour
of mixed salt solutions and their effect on each other’s solubility. The
extended use of this model includes determining the environmental con-
ditions needed to decrease salt damage in porous materials and was docu-
mented in different published works22. ECOS/RUNSALT predicts the
behaviour of salt mixtures under varying environmental conditions such as
RH and temperature.

TheRUNSALTprogrammeallowsusers to simply input the cationand
anion content with the environmental parameters in the window interface
anduse the single-click functionality to generate the results of salt behaviour.
In this study, the output of all samples was produced to identify common
solids as a percentage. For each sample, sixteen iterations were run to
achieve a resolution of 0.1% RH, thus for each 5% interval (since the data
results were automatically and systematically computed for 50 datapoints
within a chosen interval) between 15% and 98% RH (removing duplicates),
for every integer of temperature from 1 °C to 50 °C. Under a resolution of
0.1% RH, the thermodynamically calculated RH points of interest could be
computed more accurately. Moreover, a narrower range of the RH interval
could clarify certain artefacts and uncertainties in the data23.

ECOS/RUNSALT produces a visual output, from which the plot data
in textual format was exported for furthermodifications. The crystallisation
behaviour of the sample is presented with the specified RH range on the
x-axis and the amount of substance (mol) on the y-axis. The values gen-
erated in the y-axis array are stacked, which means that the amount of the
first salt is subtracted from the second to obtain the absolute value of
each salt.

The above analysis procedure was executed automatically by R to
simulatemouse clicks and keyboard input actions24. Initially, it retrieved the
composition of the salt solution from an external file, similar to the format
illustrated in Table 1, and inputted the parameters into RUNSALT for each
salt sample. Subsequently, the primary loop iterated through every 5%-
interval of RH, ranging from 15% to 98%, and across each degree Celsius
from 1 °C to 50 °C, generating a list of substance amounts which were then
stored in individual text files. These text files corresponding to the same
sample were then consolidated into a single .CSV file, with columns
representing temperature, RH, and substance amounts for each output salt.
Lastly, the absolute values of substance amounts were computed from the
stacked data.

As has been discussed elsewhere, the limitations of the ECOS/RUN-
SALT programme are known23, but it remains an essential tool. Without
employing thermodynamic modelling, the experimental work necessary to
explore the complete range of environmental conditions (a full expansion of
15% ≤ RH ≤ 98% and 1 °C ≤ T ≤ 50 °C) would have been impractical. The
limitations of the ECOS/RUNSALT model particularly pertain to the
accuracy of the results for certain hydrate salts and issues created by the
output resolution. The interpretation of the model output and corre-
sponding chemical phenomena acknowledges these issues and corrects for
them when possible, supplementing with references to the literature when
possible to substantiate the findings.

Mutual crystallisation and dissolution RH
The procedures commonly adopted in the literature to describe and detect
the crystallisation process of mixed salt systems are shown as follows23:
1. To find the mutual crystallisation and dissolution RH, the appearance

of a solid is considered from a more humid environment (upper limit
of RH 98%) to a dry environment (lower limit of RH 15%). The solid
crystallises when its amount of substance appears in the plot data (i.e.
its value greater than 0). The corresponding RH is defined as the point
of the first mutual crystallisation RH. The solution at this point is
saturated with respect to that specific solid. As the crystallisation of the
first solid takes place, remaining ions can still be present in the solution

Table 1 | Composition (presented asmole fractions) of the salt
mixtures and single salts

Name Cl− NO3
− SO4

2− Na+ K+ Ca2+ Mg2+

Single salt:

KNO3 0 1/2 0 0 1/2 0 0

NaCl 1/2 0 0 1/2 0 0 0

Na2SO4 0 0 1/3 2/3 0 0 0

MgSO4 0 0 1/2 0 0 0 1/2

NaNO3 0 1/2 0 1/2 0 0 0

K2SO4 0 0 1/3 0 2/3 0 0

KCl 1/2 0 0 0 1/2 0 0

Ca(NO3)2 0 2/3 0 0 0 1/3 0

Mg(NO3)2 0 2/3 0 0 0 0 1/3

CaSO4 0 0 1/2 0 0 1/2 0

Salt mixture:

T1v 1/7 1/7 1/7 2/7 2/7 0 0

T1vi 1/6 1/6 1/6 1/6 1/6 0 1/6

T2v 2/7 2/7 0 1/7 1/7 1/7 0

T2vi 3/10 3/10 0 1/10 1/10 1/10 1/10
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and are getting more concentrated until the second and more solids
start to crystallise. Similarly, that point of RH is regarded as themutual
crystallisation RH of that solid. Therefore, each solid has its own
mutual crystallisation RH.

2. As the condition gets dryer, the solid amount can increase over a RH
range. If the amount remains unchanged before a certain RH, that
point is considered as the mutual dissolution RH, which is the start of
dissolution when coming from a dry to a humid environment.

3. The mutual crystallisation and dissolution RH points for each integer
of temperature from 1 °C to 50 °C are determined for each solid from
the RUNSALT outputs. The RH ranges are compared to the RH
equilibriumof the individual solids toobtain the rangeof crystallisation
and dissolution RH points of salts in a mixture over the range of
temperature.

The term ‘mutual’ is included above since the behaviour of each solid
output is affected by the mixture composition. For single salts, there is only
one value usually known as DRH. Additionally, salt transitions in the salt
mixtures, including phase change (hydration and dehydration), decom-
position, and formation (addition) of solids under both wetting and drying
conditions, are not explained in detail in this study.

Graphical illustration
Graphs of (mutual) crystallisation RH and (mutual) dissolution RH with
RHon y-axis and temperature on x-axis for each single salt and saltmixture
were plotted to illustrate changes in RH across different temperatures. All
the output solids that appeared during the crystallisation process in a single
salt or salt mixture were presented on the same graph to display any
interaction among them. For comparison between single salts and salt
mixtures, the common output salts from both salt mixtures and single salts
were put in a single graph to illustrate the behaviour differences
among them.

Results
Single salt
Theoutput solids fall into one of three categories: (1) identical to the original
salt, (2) a hydrated form of the original salt, whose molecular formula is
presented with the suffix “ • nH2O”, where n is the number of water
molecules, or (3) the original salt and its hydrated forms, with only one solid
appearing under varying RH conditions.

In the first group of five single salts, KNO3, NaCl, NaNO3 and KCl
remain anhydrous, while Mg(NO3)2 forms as nitromagnesite (Mg(NO3)2 ⋅
6H2O). The critical crystallisation RH (also known as DRH) decreases
steadily with temperature for all five salts (Fig. 1). An attempt was made to
model the relationship between RH (as response variable) and temperature
(as explanatory variable) by fitting a quadratic equation to the data for each
single salt. The changes in percentage (and range, i.e.maximum-minimum
of crystallisation RH within 1 °C and 50 °C, shown in the bracket) of
crystallisation RH from 1 °C to 50 °C are−11.9% (11.5) for KNO3,−1.3%
(1) for NaCl,−12.9% (10.2) for NaNO3,−8.5% (7.5) for KCl, and−23.1%
(14) for nitromagnesite, respectively.As expected25, the effectof temperature
on the crystallisationRHofNaCl is nearlynegligible as the criticalRHvalues
werewithin anarrowrange around75%.Most of themstart tocrystallise at a
higher value of RH of approximately 70% or above while nitromagnesite
crystallises at a relatively drier level of 60% or below, but not less than 45%.
The findings are consistent with literature data as given in Steiger et al.26,
Steiger27.

Another group of five single salts, Na2SO4, MgSO4, K2SO4, Ca(NO3)2
and CaSO4, include hydrate phases in the outputs under the investigated
conditions. Their crystallisation behaviour ismore complex as the change of
crystallisation RH is no longer a quadratic relationship with temperature
since different hydrates appear under different RH or temperature. The
hydrates tend to appear at lower temperatures. For example, mirabilite
(Na2SO4 ⋅ 10H2O) (Fig. 2a) appears at 32 °C or below as it is not stable at
higher temperatures28. The critical RH value of crystallisation of mirabilite

Fig. 1 | Critical RH values of crystallisation of five
single salts with only one solid output from 1 °C to
50 °C and RH 15% to 98%, fitted with quadratic
regression equation with all R2 (coefficient of
determination) greater than 0.99. The values of
crystallisation RH at 1 °C and 50 °C are displayed at
the beginning and the end of the line.

Fig. 2 |Crystallisation of (a) Na2SO4 and (b) CaSO4 from 1 °C to 50 °C and RH 15% to 98%. The colour shaded area represents the RH range of the solid form of the salts. The
upper edge of the colour shaded area is regarded as the critical RH values of crystallisation.
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decreases from98%(theupper limit of this study’sRHrange) to87.9%when
the temperature rises from 1 °C to 32 °C. On the other hand, the transition
RH of mirabilite to thenardite (Na2SO4) increases significantly from 61.8%
to 87.2% in this temperature range. Thenardite is then substituted for
mirabilite and the critical RH value of crystallisation continues to rise
slightly from 87.5% to 88.6% until 50 °C. The case for CaSO4 (Fig. 2b) is
similar as gypsum (CaSO4 ⋅ 2H2O) appears at 43 °C or below and transits to
CaSO4 at lower RH.

In the cases of MgSO4, K2SO4 and Ca(NO3)2, Godts et al.
23 has iden-

tified some discrepancies between the ECOS/RUNSALT outputs and the
findings of some present studies.

For K2SO4 (Fig. 3a), the ECOS/RUNSALT output shows that its
monohydrate K2SO4 ⋅H2O appears between 5 °C and 40 °C. Nevertheless,
Archer and Kirklin29 suggests that the monohydrate phase does not occur
below9 °C, and is also less likely to happen at higher temperatures if stable at
all. Moreover, the crystallisation RH should decrease with decreasing
temperature but the ECOS/RUNSALT output shows the opposite at lower
temperatures, with a reducing amount of monohydrate. Therefore, the
crystallisation RH of arcanite should substitute the area of monohydrate
beyond 9 °C and be revised to between 98% and 96.9% from 9 °C to 40 °C.

For Ca(NO3)2 (Fig. 3b), the ECOS/RUNSALT output shows that
nitrocalcite Ca(NO3)2 ⋅ 4H2O only appears at 31 °C or below. Its critical RH
value of crystallisation decreases gradually from 61.6% to 44.8% as the
temperature rises from 1 °C to 31 °C. At the same time, the transition RHof
nitrocalcite to Ca(NO3)2 increases quite linearly from 27.2% to 44.4%. Then
the critical RHvalue of crystallisation ofCa(NO3)2 keeps rising slightly from
44.7% to 46.6% starting from 32 °C until the end. However, Steiger et al.2

suggested nitrocalcite is stable up to 42.7 °C. The corrected crystallisation
RH values of nitrocalcite from 0 °C to 42.7 °C (solid line in Fig. 3b) and
Ca(NO3)2 ⋅ 3H2O from42.7 °C to 50 °C (dotted line in Fig. 3b) are shown in
the figure. The salt system includes further hydrates neglected in ECOS/
RUNSALT. As the lower hydrates are stable at relatively low RH, their
formation under ambient climatic conditions is unlikely and the kinetically
hindered crystallisation of nitrocalcite from solution can lead to high

supersaturations20. More investigation is needed to find out the in-pore
effects here under realistic climatic conditions23.

The scenario of MgSO4 hydrates is more complicated (Fig. 4). Four
hydrates, epsomite (MgSO4 ⋅ 7H2O), hexahydrite (MgSO4 ⋅ 6H2O), star-
keyite (MgSO4 ⋅ 4H2O), and kieserite (MgSO4 ⋅ 1H2O) are predicted in the
temperature range of 1 °C to 50 °C. Nonetheless, there is a known error for
MgSO4 hydrates present in ECOS/RUNSALT. According to the experi-
mental results and improved thermodynamic calculations in Steiger et al.30,
some key deviations specifically concerning starkeyite were determined. It
shows that the values used in ECOS/RUNSALT for this phase are incorrect
within the above-mentioned temperature range. The only stable phases are
kieserite, hexahydrite and epsomite. Also, kieserite is kinetically hindered,
thus often resulting in starkeyite as detected in reality. The corrected figures
are shown by the dotted line regions in Fig. 4. The corrected crystallisation
RH of epsomite decreases linearly from 94.4% to 83.4% from 1 °C to 48 °C.
The transitionRHof hexahydrite to kieserite increases from36.7% to 64.8%
from 1 °C to 50 °C. Hexahydrite only appears at higher temperatures. The
corrected transition RH of epsomite to hexahydrite starts at 46.9% and
increases to 83.2% from 20.3 °C to 48 °C. In addition to the described issues
above, it is important to note that certain phases can be metastable and
kinetically hindered30, while ECOS/RUNSALT is thermodynamics.

Salt mixtures
The solids formedwithin the range of RHof 15% and 98% and temperature
of 1 °C and 50 °C are summarized in Table 2 for salt mixtures. Different
double salts and hydrated salts are found in the salt mixtures, with the
possibility of more than one solid present at one time. Halite (NaCl) and
nitre (KNO3) are the common salts found in all four salt mixtures. The total
number of solids formed are 5, 6, 7, and 11 in mixtures T2v, T1v, T2vi and
T1vi across the full temperature and RH ranges, respectively. According to
the phase rule, a maximum of four and five solids can coexist at a given
temperature and RH within the five- and six-ion mixtures.

Table 2 shows the output salts that appear in the mixtures within the
climate conditions of this study. The salts formed in type 1 (sulfate-rich)

Fig. 3 | Crystallisation of (a) K2SO4 and (b) Ca(NO3)2 from 1 °C to 50 °C and RH 15% to 98% computed by ECOS/RUNSALT. The colour shaded area represents the RH
range of the solid form of the salts. The upper edge of the colour shaded area is regarded as the critical RH values of crystallisation.

Fig. 4 | Crystallisation of MgSO4 from 1 °C to 50 °C
and RH 15% to 98% computed by ECOS/RUN-
SALT. The colour shaded area represents the RH
range of the solid form of the salts. The upper edge of
the colour shaded area is regarded as the critical RH
values of crystallisation. The dotted line represents
the corrected crystallisation RH suggested by Steiger
et al.30.
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mixturesare typicallymorehydratedand less hygroscopic. In contrast, those
in type 2 (calcium-rich) mixtures tend to be more hygroscopic by nature
with the presence ofmore nitrate and chloride ions together with calcium18.
Magnesium appears in both mixture types but is seen less frequently. The
ions with higher concentration in the mixture will considerably affect the
mutual crystallisation and dissolution RH. The results validate the rank of
the most important ions that occur in the built environment2.

Figure 5 gives an overall view of all four salt mixtures. The first mutual
crystallisation RH values (solid lines) of all of them decrease with increasing
temperature.The trendsare 94.8% to89.6% formixtureT1v, 85.6% to71.0%
for mixture T1vi, 81.4% to 56.3% for mixture T2v, and 75.2% to 51.0% for
mixture T2vi, respectively. Type 1 mixtures always have a higher RH than

type 2 mixtures at the same temperature level. Within the same type, the
mixtures with magnesium ions (T1vi and T2vi) have a lower RH than
mixtures without magnesium ions. In type 2 mixtures, there are turning
points at 13 °C and 14 °C for mixtures T2vi and T2v, respectively. From
these temperatures onwards, the RH value decreases very slowly. For
mixtureT1vi, a turning point is also found at 37 °C,whilemixtureT1v keeps
decreasing steadily along the temperature.

The trends of mutual dissolution RH (dotted lines in Fig. 5) across the
full temperature are 70.0% to 53.3% for mixture T1v, 67.7% to 44.6% for
mixture T1vi, 32.5% to 29.8% for mixture T2v, and 31.1% to 21.5% for
mixture T2vi, respectively. Similarly to mutual crystallisation, type 1 mix-
tures have amuch higherRHofmutual dissolution than type 2mixtures for
all the temperatures. However, mixture T2v shows a slight upward trend
during 7 °C and 26 °C while other mixtures go down monotonically.
Compared to the amplitude of the changes along the temperature, type 2
mixtures changemore steadily than type 1mixtures, especiallymixtureT1vi
has a steep drop after 46 °C.

Type 1 mixtures
Mixture T1v. Figure 6 shows the change of crystallisation and dis-
solution RH of the solids formed along the temperature inmixture T1v.
More solids are formed at the very low temperatures than the higher
temperatures. Starting from a more humid environment, mirabilite is
the first solid to crystallise, followed by aphthitalite between 1 °C and
3 °C. Aphthitalite becomes the first solid to crystallise starting from
4 °C.When RH goes further down, nitre crystallises.When RH is under
70%, halite crystallises. Halite is formed earlier than nitre when drying
starting from 14 °C. Darapskite and thenardite are identified as the
products of some solid state reactions occurring in a range of moderate
RH (i.e. around 40% and 70%). Their behaviour are beyond the scope of
this study.

Mirabilite is present only between 1 °C and 7 °C. Its crystallisation RH
drops from a very humid level of 94.8% to 89.3% in the said temperature
range. At 5 °C, it is absent in the range of RH 68.2% and 71.8% inclusively,
but it is believed to be an artefact. This temperature is also the turning point
of its dissolutionRHas it gradually decreases from70.0% to 68.8%when the
temperature rises from1 °C to 4 °C, then jumps up to 78.1% at 5 °C and goes
up further to 86.7% and 86.2% at 6 °C and 7 °C, respectively. These sudden
change is also believed to be an artefact. In summary, mirabilite appears in
the very humid and low temperature conditions.

Table 2 | Output salts of 4 salt mixtures within RH 15% to 98%
and 1 °C to 50 °C

Output salt Mineral name T1v T1vi T2v T2vi

NaCl Halite ✓ ✓ ✓ ✓

KNO3 Nitre ✓ ✓ ✓ ✓

Na2SO4 Thenardite ✓

Na2SO4 ⋅ 3K2SO4 Aphthitalite ✓ ✓

NaNO3 ⋅ Na2SO4 ⋅ H2O Darapskite ✓

Na2SO4 ⋅ 10H2O Mirabilite ✓ ✓

KCl Sylvite ✓ ✓

MgSO4 ⋅ 1H2O Kieserite ✓

MgSO4 ⋅ 4H2O Starkeyite ✓

MgSO4 ⋅ 6H2O Hexahydrite ✓

K2SO4 ⋅MgSO4 ⋅ 4H2O Leonite ✓

K2SO4 ⋅MgSO4 ⋅ 6H2O Picromerite ✓

Na2SO4 ⋅ MgSO4 ⋅ 4H2O Bloedite ✓

Ca(NO3)2 – ✓ ✓

Ca(NO3)2 ⋅ 4H2O Nitrocalcite ✓ ✓

Mg(NO3)2 ⋅ 6H2O Nitromagnesite ✓

KCl ⋅ MgCl2 ⋅ 6H2O Carnallite ✓

MgCa(NO3)4 ⋅ 10H2O – ✓

Fig. 5 | Critical RH value of first mutual crystallisation (solid lines) and mutual dissolution (dotted lines) of (a) type 1 and (b) type 2 mixtures from 1 °C to 50 °C and RH
15% to 98%.
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The crystallisationRHofnitre drops significantly from87.0%at 1 °C to
67.4% at 13 °C, then goes down steadily to 55.5% until 50 °C.Moreover, the
crystallisation RHvalues of both halite and aphthitalite decrease very slowly
from 70.0% to approximately 67.0%, and 93.9% to 89.6% in the full tem-
perature range, respectively. The paths of dissolution RH of nitre and halite
are the same. Both start from 70.0% at 1 °C and then decrease to 53.3% until
50 °C. Furthermore, the path of dissolution RH of aphthitalite is close to
them and has only 0.1 to 0.2 percent point difference from them. In sum-
mary, halite has the same crystallisation and dissolution RH at very low
temperatures (1 °C to 4 °C). Nitre has crystallisation RH close to dissolution
RH starting from 13 °C, with approximately a 2 percent point difference.

Mixture T1vi. Figure 7 shows the change of crystallisation and dissolution
RH of the solids formed along the temperature in mixture T1vi. Beginning
from amore humid environment, picromerite is the first solid to crystallise,
followed by hexahydrite. When RH goes further down, picromerite
decomposes and nitre is formed. Some solids are only formed at very low
temperatures. For example, aphthitalite and mirabilite only appear at 1 °C.
The crystallisation and dissolutionRHare 68.2% and 67.8% for aphthitalite,
and 79.2% and 74.9% formirabilite, respectively. Then, halite is formed in a
further dryer condition. After that, MgSO4 ⋅ nH2O is identified as the
product of some solid-state reactions occurred (see section 3.1).

Complex interactions among the output salts happen when the tem-
perature increases. The appearance order of the output salts changes when
drying as shown below:

• Starting from 12 °C, bloedite appears and crystallises before the for-
mation of halite.

• Starting from 18 °C, bloedite crystallises earlier than nitre.
• Starting from 27 °C, bloedite crystallises earlier than MgSO4 ⋅ nH2O.
• Starting from 37 °C, bloedite crystallises earlier than picromerite.
• Starting from 38 °C, halite crystallises earlier than nitre. Also, picro-

merite stops to form.
• Starting from 44 °C, sylvite appears and crystallises before the forma-

tion of nitre.
• Starting from 49 °C, halite crystallises earlier than MgSO4 ⋅ nH2O.

The path of crystallisation RH of bloedite is different from the
other output salts. It starts from 64.9% at 12 °C, goes up to a maximum
of 71.8% at 36 °C, and eventually ends at 71.0% at 50 °C. For dis-
solution RH, most output salts have a very similar path. Halite, nitre
andMgSO4 ⋅ nH2O have the same path from 67.7% to 44.6% across the
full temperature. Sylvite has a similar path from 54.7% to 45.2%
between 44 °C and 50 °C. Bloedite has a similar path during 12 °C and
37 °C but decreases at a slower rate from 57.5% at 38 °C to 56.8% at
50 °C. However, the dissolution RH of K2SO4 ⋅MgSO4 ⋅ nH2O (leonite
/ picromerite) is different from them. It shows an overall downward
trend but fluctuats along the temperature. But the fluctuation is con-
sidered as an artefact and is being smoothed in Fig. 7. During 1 °C and
17 °C, its path is close to the crystallisation RH of nitre. After that, it
falls and reaches 56.4% at 50 °C.

Fig. 6 |Critical RH value of (a) crystallisation and (b) dissolution of the solids formed inmixture T1v from 1 °C to 50 °C andRH15% to 98%. The top boundary for all lines on
the left is first mutual crystallisation RH while the bottom boundary for all lines on the right is mutual dissolution RH.

Fig. 7 |Critical RHvalue of (a) crystallisation and (b) dissolution of the solids formed inmixture T1vi from1 °C to 50 °C andRH15% to 98%. The top boundary for all lines on
the left is first mutual crystallisation RH while the bottom boundary for all lines on the right is mutual dissolution RH.
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Type 2 mixtures. Both Ca(NO3)2 and nitre are seen in the output solids
of type 2 mixture. However, the system with Ca(NO3)2 and nitre are not
calculated correctly due to missing Ca(NO3)2 phases and the wrong
phase of Ca(NO3)2 in most calculations, mostly the anhydrous salt. The
model also uses a not proven solid MgCa(NO3)4 ⋅ 10H2O to handle this
issue with extreme high concentrations of the solution. Ca(NO3)2 is also
known to formdouble salts withKNO3, i.e. Ca(NO3)2 ⋅KNO3 ⋅ 3H2O and
5Ca(NO3)2 ⋅ KNO3 ⋅ 10H2O when above 33 °C31.

Mixture T2v. Figure 8 shows the change of crystallisation and dissolution
RH of the solids formed along the temperature in mixture T2v. Starting
from a more humid environment, nitre is the first solid to crystallise, fol-
lowedbyhalite. Thennitre decomposes in anarrow range ofRHwithin 30%
and 37% in a dry condition, while sylvite crystallises at the same time. Next,
nitrocalcite is formed when nitre disappears in a further dryer condition.
Finally, Ca(NO3)2 is formed and replaces nitrocalcite in a further dryer
condition. Nitrocalcite does not appear starting from 7 °C. Halite becomes
the first solid to crystallise, instead of nitre starting from 14 °C. Nitre only
crystallises until 27 °C.

The crystallisation RH of halite drops slowly from 62.7% to 56.3%
throughout the whole temperature range of this study. That of sylvite
increases from 35.0% at 1 °C and reaches the highest level of 42.9% at 28 °C,
then goes down to 29.8% at 50 °C. For Ca(NO3)2 ⋅ 4H2O (nitrocalcite), its
crystallisation RH decreases slightly from 32.5% to 30.3% between 1 °C and
7 °C. Then it goes up to the highest value of 31.8% at 26 °C and falls to 29.8%
at 50 °C.

The dissolution RH values of halite, sylvite and nitrocalcite follow a
coherent path, which coincides with the crystallisation RH of nitrocalcite.
Fornitre, its dissolutionRH increases from35.1% to 42.9% in its existence of
temperature between 1 °C and 27 °C, which is very close to the trajectory of
the crystallisation RH of sylvite in the same temperature range.

Mixture T2vi. Figure 9 shows the change of crystallisation and dissolution
RH of the solids formed along the temperature in mixture T2vi. Beginning
from a more humid environment, nitre is the first solid to crystallise, fol-
lowed by halite. When RH drops below 40%, nitre dissolves in a drying
condition, while carnallite crystallises at the same time. Next, nitrocalcite is
formed in a further dryer condition.WhenRH is further down to near 30%,
MgCa(NO3)4 ⋅ 10H2O is formed. After that, Ca(NO3)2 is formed and
replaces nitrocalcite in a further dryer condition. Finally, nitromagnesite is
formed and replaces MgCa(NO3)4 ⋅ 10H2O in a further dryer condition.
Some complex interactions among the output salts happen when the tem-
perature increases as follows:
• Starting from 3 °C, nitre is absent within a narrow range of dry con-

ditions around 30%, i.e. absent between 30.1% and 31.9% at 3 °C. The

gap becomes wider with increasing temperature. (Grey region of the
left figure in Fig. 9) Nitre reappears in the dryer condition.

• Starting from 6 °C, nitrocalcite stops to form.
• Starting from 11 °C, MgCa(NO3)4 ⋅ 10H2O stops to form.
• Starting from 13 °C, halite becomes the first solid to crystallise, instead

of nitre.
• During 41 °C and 50 °C, the solid amount of all output salts is unsteady

between their owndissolutionRHand 28%, especially nitre appears on
and off in this range.
The crystallisationRHvalues ofmost output saltsdonot vary toomuch

throughout the whole temperature range of this study. Halite, carnallite,
nitrocalcite, and nitromagnesite decrease moderately from 55.3% to 51.0%,
38.8% to 30.6%, 32.6% to 29.2%, and 31.1% to 21.5%, respectively. For
dissolution RH, they almost have the same path from 31.1% at 1 °C des-
cending to 21.5% at 50 °C, with a very minor RH difference of less than 0.5
percent points at several low temperature levels.

Thebehaviour of nitre is complicated andbelieved tobe an artefact of the
ECOS/RUNSALTcalculations. The results showsnitre disappears in themid-
rangeofRH.The crystallisationRHofnitre drops from75.2%at 1 °C to53.3%
at 13 °C. Then it continues to fall at a lower rate to 32.5% at 50 °C. Its
dissolution RHdecreases from 31.1% at 1 °C to 30.7% at 2 °C. Then it rises up
to 39.0% at 3 °C but goes down again to 30.7% at 50 °C, which is similar to the
path of crystallisation RH of carnallite. During 3 °C and 50 °C, its re-
crystallisationRHstarts from30.1%andendsat 25.0%. Its re-dissolutionRHis
roughly the same as the re-crystallisation RH. In the unstable section between
41 °C and 50 °C, there is a very narrow range between RH26% and 28%of its
appearance. All these on and off dissolution and crystallisation are inherent to
the solutionproperties as the concentration increases, nitre dissolves againdue
to its solubility influenced by the surrounding ion concentration.

Comparison between single salts and salt mixtures
Halite and nitre involve in the single salt samples and appear in all four
mixtures, while sylvite involves in the single salt sample and mixtures T1vi
and T2v, respectively (Fig. 10). The crystallisation RH inmixtures is always
lower than that of single salts. For halite, themixtures withmagnesium ions
(T1vi and T2vi) have a much lower RH range than those without (T1v and
T2v) in both type 1 and type 2 mixtures, respectively. All of them show an
overall decline in RH along the temperature. The dissolution RH is much
higher in type 1 mixtures than in type 2s. They all show a downward trend
along the temperature.

For nitre, both crystallisation and dissolution RH show a downward
trend along the temperature in type 1mixtures. Higher RHvalue inmixture
with magnesium ions is observed except the temperature between 7 °C and
16 °C in crystallisation. In type 2 mixtures, nitre only crystallises in lower
temperature up to 27 °C in mixture T2v (without magnesium ions).

Fig. 8 |Critical RH value of (a) crystallisation and (b) dissolution of the solids formed inmixture T2v from 1 °C to 50 °C andRH15% to 98%. The top boundary for all lines on
the left is first mutual crystallisation RH while the bottom boundary for all lines on the right is mutual dissolution RH.
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Moreover, it reappears indryer conditionbetween3 °Cand50 °C inmixture
T2vi, as discussed in the previous section. Their crystallisation RH values
(first appearance formixture T2vi) show a downward trendwith increasing
temperature. However, dissolution RH of mixture T2v goes up along the
temperature range, while that ofmixture T2vi (first dissolution) rises a bit in
the very low temperature then drops steadily.

For sylvite, it only crystallises in high temperature between 44 °C and
50 °C in mixture T1vi. Both crystallisation and dissolution RH show a
downward trend with increasing temperature. The crystallisation and dis-
solution RH of mixture T2v are the lowest. Furthermore, its crystallisation
RH goes up in the low temperatures and then goes down in the high
temperatures. Its dissolution RH fluctuates in a small amplitude along the
temperature.

Discussion
This study highlights significant findings regarding salt mixture behaviour
at varying temperatures, an aspect often neglected in most studies. By
leveraging the ECOS/RUNSALTmodel, this study is able to explore a wide
range of environmental conditions, including factorial outputs for multiple
combinations of temperature and RH, which would be impractical to
achieve through experimental settings alone. This allows to systematically
assess the interplay between temperature and RH on both single salts and
mixtures, providing insights that are critical for understanding salt crys-
tallisation and dissolution behaviour. The general trends of decreasing cri-
tical RH with increasing temperature is seen and the decreasing rate is
different for different salts and mixture compositions. However, some
observations highlight the inadequacies of ECOS/RUNSALT and aspects

Fig. 9 |Critical RHvalue of (a) crystallisation and (b) dissolution of the solids formed inmixture T2vi from1 °C to 50 °C andRH15% to 98%. The top boundary for all lines on
the left is first mutual crystallisation RH while the bottom boundary for all lines on the right is mutual dissolution RH.

Fig. 10 | The comparison of critical RH value of
crystallisation (left) and dissolution (right) of the
solids formed in single salt samples and saltmixtures
from 1 °C to 50 °C and RH 15% to 98%.
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that shouldbe carefully checked.Moreover, this studyoffers insights into the
significant influence of temperature and enhances comprehension of the
formation of double salts, although some double salts with nitrates or sul-
fates of potassium and calcium are not included in the model. These results
could still guide future research initiatives, develop a solid foundation for
heritage conservation and management plans aimed at preventing the
potential damages caused by salts under changing climatic conditions, and
facilitate refinement and validation of theoretical models to advance ana-
lytical methodologies.

Inprevious studies, saltweatheringhas primarily been estimatedby the
individual action of a single salt composition, mainly focusing on RH. The
presented analysis takes into account that the crystallisation and dissolution
behaviour of the salt mixtures depend on environmental conditions and
different ion concentrations. Type 1 mixtures include more hydrating and
double salts which would cause visible efflorescence and sub/crypto-flor-
escencewith severe powdering,material disintegration and/or delamination
under a certain rangeofRHfluctuations.On theother hand, type 2mixtures
aremore likely to result inmoisture stains and/or surface powdering caused
by a relatively lower RH range where cycles become possible. The value of
RH is even lower with increasing temperature. Godts et al.17 identified 14
common salts that occur most frequently in these two common mixture
types and discussed their behaviour. Solids in type 1, excluding kieserite,
show a mutual crystallization median RH greater than 60%, while they
remain below this value for solids in type 2. The median trends of all solids
betweenmutual dissolution RH andmutual crystallization RH are 61% and
72% for type 1, and 28%and 46% for type 2, respectively. It is also important
to consider these for each individual solid in the given mixture separately,
when the phase transitions shown for sodium and magnesium sulfate can
exist as either the specific phase given or a phase transition can occur in the
mixture. The modelling of carbonates in these complex mixtures is still a
work in progress, however, mixtures containing an important content of
carbonates related to an excess of sodium or potassium fall within 3% of
7946 samples identified as type 1.Moreover, for estimating and quantifying
the damage risk for saltmixtures under changing climate conditions, further
investigation is needed for certain hydrating salts and double salt phases as
the presence of other salts or different porous materials could affect their
formation and deterioration processes32,33.

The proposed methodology uses ECOS/RUNSALTmodel to simulate
temperature and RH for selected single salts and salt mixtures, which are
chosen from the large open-source database of soluble salt mixtures in the
various built environments over centuries. ECOS/RUNSALT is currently
the only widely usedmodel with themost relevant salt phases found in built
heritage. Not many studies focused on the temperature effect on the salt
behaviour using ECOS/RUNSALT since the RH effect is more dominant in
such behaviour. In real environments, temperature changes often alter RH,
which in turn affects salt crystallisation and dissolution. Since both tem-
perature and RH strongly influence salt behaviour, their effects become
intertwined,making it hard to pinpoint temperature’s contribution without
accounting for RHvariations.Menéndez34,35 used a 3D representation of the
salt volume as a function of temperature and RH for the selected salt mix-
ture. These papers concluded that most salt damage (defined as the salt
volume change) take place when temperature and RH are low. However,
this result is limited to a particular salt mixture only as the study was based
on amortar sample (0.1 g) of the “Préfecture de Police” building in Paris. In
contrast, although this analysis primarily draws on a large sample dataset
fromBelgium, the findings are generalisable beyond this limited geographic
scope. The dataset’s focus onBelgian heritage sites does not limit its broader
applicability, as the ions detected are representative of those found in stone
materials globally17, with the substitution of bicarbonates for nitrate (due to
anthropogenic sources), reflecting common sources such as groundwater,
atmospheric deposition, and pollution. While regional geological contexts
(e.g. areas with elevated magnesium levels) and climatic conditions can
influence the kinetics of salt decay, the primary ionic contributors and their
role in salt weathering are consistent across diverse environments. This
global relevance is further supported by similarities in groundwater ion

profiles worldwide, indicating that the findings can be extrapolated with
consideration of local climatic andmaterial-specific factors. Further, if there
is significant local variation in salt mixture compositions, this work
underscores the importance of considering the influence of temperature on
their equilibrium behaviour. Finally, the range of conditions studied (a full
expansion of 15% ≤ RH ≤ 98% and 1 °C ≤ T ≤ 50 °C) represents a much
wider variation of environmental conditions than are typically expected in
Belgium alone. These results can thus be extrapolated to hotter and drier
climates. There is further research needed to understand the influence of
temperature in sub-zero conditions,whichcannot accurately bemodelled in
ECOS/RUNSALT. Nevertheless, the results in this study are coherent with
those in the previous studies, i.e. the temperature effect does exist, especially
at low temperatures. Moreover, this effect behaves differently in different
salt mixtures. Therefore, ions in the mixtures also play an important role in
the behaviour.

The results presented emphasise the importance of considering the
influence of temperature on critical RH values for crystallisation and dis-
solution processes. It is not by chance that the critical value often considered
in preventive conservation advice is that for NaCl present as a single salt
(approximately RH75%, see Fig. 1): this value is very stable across the range
of ambient temperatures, thus neglecting the need to consider the influence
of temperature. However, the influence of temperature is significant in
almost every realistic case of salt mixtures found in the built environment.
Thus, preventive conservation advice developed from models such as
ECOS/RUNSALT, or experimentally derived, should consider the influence
of temperature. The potential increased risks of not doing so are significant.
For example, for sulphate-rich (Type 1) mixtures, at 20 °C have critical
values betweenRHof 60%and65%.On this evaluation, a dehumidifiermay
be advised to turn on when the RH is greater than 65% independent of
temperature. However, lower temperatures (<10 °C) are often found in
unconditioned internal environments such as tombs, crypts, and in some
cases historic houses. At these conditions, the critical RH values are higher
for these mixture types, approximately 67% to 70%. Thus, the introduction
of this dehumidification unit operating at the specified parameters could
introduce several opportunities for dissolution processes to occur, parti-
cularly in colder periods when humidities also tend to be higher. Best
practice would be to ensure that any preventive conservation advice given
for themanagement of salt-related risks considers equilibrium behaviour at
several temperatures, representative of the range of expected ambient
conditions accounting also for seasonal variation.

The ECOS/RUNSALT model, as recently discussed by Godts et al.23,
operates within a framework that offers numerous advantages, though
certain aspects are not included due to the model’s inherent focus. For
example, kinetics is not considered, as thermodynamic calculations logically
exclude kinetic factors since they represent distinct processes. However, it is
important to note that kinetics can significantly influence crystal growth. In
real-world scenarios, kinetic barriers may lead to delayed crystallisation,
metastable phase formation, or supersaturation. Additionally, the model
may not account for the extremely high concentrations that can occur in
hygroscopic mixtures, such as calcium-rich (type 2) mixtures, at very low
RH. Furthermore, while ECOS/RUNSALT includes many common salts,
certain solid phases that could play a crucial role in crystallisation and
deterioration processes are currently not included in its database. For
instance, soluble carbonate salts are absent from the model, which can be a
limitation in specific cases12,36–41.Menéndez34 pointed out that carbonate and
bicarbonate anions are important in the degradation of calcareous stones,
mortars, and other artificial cement materials. This issue was further dis-
cussed in studies focusing on mixed salt systems in the built environment,
where mixtures containing carbonates were identified, albeit in a small
percentage of samples18.

Similarly, gypsum (CaSO4 ⋅ 2H2O) is excluded from the model,
meaning that double salts containing calciumsulfate arenot accounted for42.
This exclusion requires users tomanually correct iondata for thepresenceof
gypsum when using ECOS/RUNSALT. The model is not currently capable
of systematically integrating the presence of equimolar amounts of calcium

https://doi.org/10.1038/s40494-025-01659-1 Article

npj Heritage Science |          (2025) 13:123 9

www.nature.com/npjheritagesci


and sulfate ions. In rare cases where gypsum is included, significant changes
in phase transitions can occur, such as the replacement of darapskite
(NaNO3 ⋅Na2SO4 ⋅H2O) with complex gypsum double salts like glauberite
(Na2SO4 ⋅CaSO4) and gorgeyite (K2SO4 ⋅ 5CaSO4 ⋅H2O). The solubility of
gypsum can increase up to four times when mixed with sodium chloride,
potentially leading to extensive damage43–46. Gypsum is one of the most
ubiquitous compounds found both in nature and on buildings and sculp-
tures and has been detected in almost all samples fromBelgianmonuments,
archaeological sites, and sculptures47. Furthermore, some special salts
formed by specific ions are not included in ECOS/RUNSALT due to their
rarity or lack of data at the time themodel was parameterized. For example,
humberstonite, as mentioned by Benavente et al.48, is not considered in the
model. Despite these exclusions, ECOS/RUNSALT remains a valuable tool
for predicting salt crystallisation processes in porous materials. Its focus on
thermodynamically stable phases allows for accurate predictions under a
wide range of environmental conditions, and ongoing updates aim to
incorporate additional salts as new data become available.

As it was shown, for some salt systems that include different
hydrates like themagnesium sulfate system and Ca(NO3)2 system, ECOS
calculations do not predict the correct phase but it has already been
addressed in this study. While it is acknowledged that the ECOS/
RUNSALT outputsmay be susceptible to incorrect interpretations due to
inherent limitations, they can still be considered reliable provided the
user is cognizant of these limitations. In practical conservation scenarios,
conservation strategies based solely on ECOS/RUNSALT resultsmay not
adequately account for slower or intermittent salt damage processes to
address the full range of damage mechanisms, if excluding kinetics or
certain salt phases. However, these limitations often do not significantly
impact the final decisions aimed at preventing decay over time in the
given climatic conditions. Therefore, it is important to examine other
possible factors that can cause deviations from the modelled crystal-
lisation behaviour, such as salt kinetics, thermal expansion, in-pore
situations, and chemical alteration. Furthermore, running sensitivity
analyses to simulate across a range of input conditions, such as slight
variations in ion composition or temperature intervals, can help identify
robust patterns and assess the impact of potential uncertainties. This
study acknowledges the reliance on the ECOS/RUNSALT model for
theoretical predictions. Incorporating future experimental designs
would greatly enhance the robustness of the results. Proposing experi-
ments to validate the impact of temperature onmixed salt crystallization,
such as the influence of varying temperature gradients on specific salt
mixtures, would provide empirical support and continue in line with
changing temperatures in the future to further increase the validity of this
theoretical study. Godts et al.49 carried out experimental work with
changing RH to confirm the phases predicted from ECOS/RUNSALT
using micro-Raman spectroscopy, X-ray diffraction (XRD), and ele-
mental mapping via energy-dispersive X-ray spectroscopy (EDX). Their
findings showed a strong correlation between phase transition kinetics
and RH change rates under different scenarios of RH changes, proving
the accuracy of the model, but also revealing the need for kinetic con-
siderations in future models and risk assessments as significant devia-
tions mainly due to kinetic factors, such as supersaturation.

Data availability
No datasets were generated or analysed during the current study.
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