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Abstract:

The general form of degradation of tuffeau is the progressive spalling of the surface of the stone. Over time, thick plates
(one- to three-centimetres thick) form gradually on the surface of the stone. Once the plate drops, the resulting stone
surface turns into powder. At the Castle of Chambord, mineralogical analysis of the degraded stone, throughout its
depth, shows the presence of gypsum (CaS04.2H20) located mainly within a crack network parallel to the surface. The
objective of this research is to study different hypotheses of gypsum formation to improve the understanding of the
damaging process of spalling.

Fresh stones were subjected to artificial ageing in the laboratory through imbibition/drying tests, to study the resulting
distribution of gypsum as a function of several parameters: the source of gypsum, initial stone cracking, drying
conditions, and analysis after different measurement sequences. Tested samples were analysed at different stages of
ageing by using X-ray diffraction and ion chromatography to localise and quantify the amount of gypsum throughout
the depth. Results indicate that gaseous SO2 can lead to a distribution of gypsum very similar to that observed in stones
subjected to spalling in situ at the Castle of Chambord.
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1. Introduction

White tuffeau is a stone commonly used as a building material, for example, in the construction of the Castle of
Chambord, as well as most of the built cultural heritage of the Loire Valley, France. This stone is a soft, porous and very
fine grained siliceous limestone with a small amount of clayey minerals, and the most widespread and damaging form
of stone degradation is spalling (Beck et al. 2003; Beck and Al-Mukhtar 2005). Over time, thick plates one- to three-
centimetres thick gradually form on the surface of the stone. The plate eventually drops and the resulting stone surface
turns into powder (Fig. 1). Typically, this degradation affects vertical walls and it is often initiated at the corners of
pilasters, the framing of windows and stonework joints (Jeannette 1992). Spalling is not associated with the orientation
of the stone on the building: examples were observed in any direction in space, and on higher or lower parts of the
facade. It is a very destructive degradation and, for example, in the east tower of the castle of Chambord, it affects
around 5% of the walls (Janvier-Badosa et al. 2013a).



Figure 1. Examples of stone spalling at the Castle of Chambord

In the current state of knowledge concerning tuffeau spalling, it is not yet possible to determine the parameters
governing the formation of the plaque, because no proposed hypothesis has ever been validated experimentally.
Rautureau (2001) and Brunet-Imbault (1999) stated that the dissolution of calcite from the stone and its subsequent
crystallisation at the surface would generate a hardened and waterproofed layer promoting water movement parallel
to the surface, thus increasing the local dissolution of calcite and the weakening of the stone matrix. Berthonneau et al.
(2012), Gutiérrez et al. (2012), Colas et al. (2011) and Benavente et al. (2008) argued that the daily thermal and
hydraulic cycles generate restrained differential dilations between the core and the surface, which would initiate and
propagate microcracks in the stone, specifically in the presence of potentially swelling clay minerals. Finally, Jeannette
(1992) and Cautru (1976) claimed that gypsum could crystallise and accumulate in the drawdown area of water
movements, generating heterogeneities in the stone’s physical properties with the local crystallisation pressure leading
to progressive stone cracking. This latter hypothesis is supported by recent analyses on samples cored from different
parts of the Castle of Chambord subjected to spalling, revealing that the content of gypsum is found systematically to
be around 1.5% in weight (Janvier-Badosa et al. 2013b). This content is found to increase from the surface to the first
crack at a depth of approximately 1 cm and then it decreases progressively with depth. Moreover, other samples, cored
in stones without apparent damage, showed the presence of gypsum at 1 cm depth in areas that were direct extensions
of cracks.

Different sources of gypsum can be considered to explain the systematic presence of gypsum in stones that have
been subjected to spalling: atmospheric pollution due to industry and transportation (vehicle emissions), natural
sources (oceanic and volcanic activity), biological colonisation due to the production of sulphur by biological organisms
(Saiz-Jimenez 1997; Warscheid and Braams 2000), and finally, the mortars and plasters used in construction are
sometimes held responsible for gypsum formation (Rolland 1999; Kloppmann et al. 2011).

To study the degradations involving sulphur, for example, in the case of urban pollution, cycles of artificial ageing
are commonly performed in the laboratory (Torok et al. 2011). The work of Grossi et al. (2003) and Gomez-Heras et al.
(2008) focused on visual effects such as chromatic changes, whereas other researchers have studied gypsum surface
coatings in terms of the kinetics of sulphate deposition and adsorption and of gypsum formation (Ausset et al. 1996;
Grossi and Murray 1999; Bai et al. 2006; Sanjurjo Sanchez et al. 2011). Laboratory tests consist of exposing stone
samples continuously to realistic or non-realistic levels of gaseous SO in climatic chambers. Catalyst accelerators
(particles, nitrogen oxides) are sometimes added to the mix (Haneef et al. 1993; Ausset et al. 1996). Only a few ageing
protocols have involved gypsum solution (Pauly 1990; Prick 1996) and none has used solutions of sulphuric acid. Each
time, the results led to the same conclusion; irrespective of the source of pollution, its concentration and the
transmission protocol, gypsum is only ever found on the surface of the stone in a layer less than 2 mm thick.

This paper presents an original experimental campaign that includes artificial ageing to simulate in the laboratory
the distribution of gypsum observed in samples subjected to spalling. The objective is to determine the most probable
mechanism for the formation and penetration of gypsum in degraded stones, and to propose the consecutive
sequences constituting the process of spalling, taking into account the source of the gypsum and its transport through
the stone.



2. Experimental work

Artificial ageing tests using partial imbibition / drying cycles at 20 °C were performed on samples extracted from the
Usseau quarry (Vienne, France), whose phisico-chemical properties are in the middle range of those of the tuffeau in
Chambord. Samples were cylinders of 2.5 cm diameter and 3 cm length. This size makes it possible to optimize the time
necessary for the drying stage, and this volume is sufficient to be representative of the material which is a fine-grained
limestone (grain size does not exceed 0.2 mm). Partial imbibition was obtained by capillary rise until half the height of
the sample was reached. The capillary rise was obtained by placing the sample on a grid in contact with the solution
such that only one face (i.e., the base of the cylinder) was in contact with the water, to simulate in situ imbibition due
to water, the amplitude of which was of the order of 2 cm (Beck and Al-Mukhtar 2010). The imbibition was done
parallel to the bedding plane to reproduce what actually happens when rainwater percolates through stone, typical of
that used in a monument.

2.1. First parameter: origin of gypsum

To simulate different origins of gypsum, the chosen concentrations were high and non-realistic to accelerate the
kinetics of the mechanisms involved. The chosen protocols aimed to reproduce three different forms of deposits, as
described in the literature, either by wet or by dry process.

- Deposit of gypsum particles due to rainfall or runoff (wet deposit). The gypsum uptake consists of capillary rise by
using a solution of water with gypsum in excess. The temperature of the solution was set at 40 °C to increase gypsum
solubility (2.1 g/L). A temperature higher than this decreases the solubility (Charola et al. 2007). This saturated solution
avoids any dissolution of gypsum during the cycles.

- Atmospheric pollution by acidic rain (wet deposit). The addition of sulphuric acid was provided by capillary rise by
using a solution of H2SO4 at pH = 2. This value of pH is an optimal value below which the efficiency of the chemical
reaction decreases, while the dissolution of calcite and gypsum formation is maximal (Charola et al. 2007).

- Atmospheric pollution by sulphur dioxide (dry deposit). SO2 injection was made by using dry gas in a vacuum-dried
sample. The pore volume of the sample was saturated by gaseous SO2 before being submitted to the partial capillary
rise of distilled water.

2.2. Second parameter: pre-existing cracks in the stone

To establish and understand the relationship between the occurrence of gypsum and pre-existing cracks, several
cases were studied. Samples were prepared in three different ways to reproduce the three possible in situ situations, as
shown in Figs. 2 and 3.

e Cracks parallel to the surface submitted to imbibition (1). Located at 1 cm depth, these cracks aimed to simulate
the hypothesis of the existence of spalling-related cracks prior to the formation of gypsum, to verify whether such
cracks could promote the observed distribution of gypsum.

e Cracks perpendicular to the surface submitted to imbibition (2). This case simulated some observed cracks, for
example, on the corner of pilasters, which offer direct access for the transmission of pollutants.

e Undamaged specimen (3). This reference state was tested to study how gypsum propagates without any pre-
existing network of cracks.

Cracks were made by fracturing the samples (with chisel and hammer). To ensure the preferential direction of the
crack, a notch 1 mm deep was made with a saw. The aim is to obtain a fresh fracture, and not a sawn surface. The two
fragments were then reassembled and held together firmly and permanently with nylon wire.
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Figure 2. Schematic representations and photographs of the three types of initial sample cracking

2.3. Third parameter: drying conditions

Drying was performed in an oven at 40 °C to avoid any conversion of the gypsum (CaS04.2H0) into bassanite
(CaS0a4.%:H20), because higher temperatures progressively promote this conversion (Charola et al. 2007). The sample
was considered dry when the weight was constant. Different conditions of sample insulation were tested to study its
effect on the accumulation of gypsum near the surface submitted to imbibition. Insulation operated during drying only
and it was removed during imbibition. The three tested conditions are summarised in Fig. 3.

e  Without insulation (1). Evaporation can progress in all directions, as observed on corner stones or sculptures.

e Insulation covering all the faces but not the surface submitted to imbibition (2). These boundary conditions
promote a unidirectional propagation of water movements to simulate the situation typical of stones in walls
with drying towards the outdoor side.

e Insulation covering all the faces but not the surface opposed to imbibition (3). This variant of the second case
aimed to reproduce a drying of the stone walls towards the indoor side. This situation is assumed possible
because tuffeau is very permeable.

2.4, Experimental protocol and measurement sequence

Fig. 3 summarises the experimental plan and the range of variation of the different parameters studied. To assess
the distribution of gypsum with depth, crystallographic and chemical analyses were performed at different steps in the
artificial ageing.

e A set of samples was analysed at the end of the first imbibition. For this first analysis, the sample was not oven-
dried but frozen in liquid nitrogen and then lyophilised. The objective was to observe the gypsum distribution just
after the first sulphur-related uptake and before any drying occurs.

e Another set of samples was analysed just at the end of cycle one with drying included, to determine the effect of
drying in comparison with the first set.



e Athird set of samples was analysed after 10 cycles of sulphur-related uptake to study the accumulation of gypsum.

e  Finally, a set of samples was analysed after being submitted to the first sulphur-related uptake and then nine cycles
of imbibition/drying using distilled water exclusively, to study the “tide” effect due to successive drawdown.

Once the four different protocols had been applied, cylindrical samples were split according to a longitudinal plane
passing through the diameter and then powder samples were collected at various depths.
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Figure 3. Summary of the experimental plan

X-ray diffraction (XRD) was used to characterise the different crystalline phases and more specifically, to detect the
presence of gypsum. The measurement was performed from a 26 angle of 4° up to 60° with a step time of 0.025° every
6 seconds. Diffractograms were obtained with the Ka ray of Copper (Acu = 1.5406 A). Qualitative XRD analyses were
complemented by ion chromatography to quantify the sulphate concentration. For this objective, samples were
prepared according to the Normal, 1983. This standard states that samples must be ground and then solubilised in
deionised water with a concentration of 1 g of sample for 100 mL of water and then shaken for 72 hours. After filtration
of the resulting solution in a 45-um membrane, the cations (Na*, Ca**, Mg?*, K*) and anions (CI', SO4%> and NO3’) were
quantified.

3. Results
3.1. Gypsum detection

All samples analysed by XRD showed the usual minerals that can be observed in tuffeau (calcite, quartz, opal-CT and
glauconite). For all protocols of sulphur-related uptake, the presence of gypsum was always observed, as shown in Fig.
4. The X-ray diffractograms highlight that the sulphur was found only in the form of gypsum, because neither bassanite
nor anhydrite were observed. Hence, all the sulphates quantified by ion chromatography were attributed to gypsum. To
simplify the display of the results, only the XRD quantification of gypsum is presented.
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Figure 4. X-ray diffractogram on powder for the three types of sulphur-related uptake

3.2 Effect of gypsum solution

Table 1 presents the results of the ion chromatography analysis made on samples subjected to the partial imbibition
(1.5 cm) of the saturated gypsum solution. In this first protocol of sulphur-related uptake, the accumulation of gypsum
was found almost exclusively on the surface. After 10 cycles involving gypsum solution, the concentrations reached 4%
by weight at the surface and less than 0.5% in the core.

Gypsum concentration by weight
surface 1-cm depth 2-cm depth 3-cm depth
Lyophilisation 0.5% <0.1% <0.1% <0.1%
1 cycle 0.5% <0.1% <0.1% <0.1%
10 cycles 3.9% 0.1% 0.2% 0.5%
Tidal effect 0.3% <0.1% <0.1% <0.1%

Table 1. Gypsum concentration (by weight) in samples not insulated, initially undamaged and subjected to the protocol
involving saturated gypsum solution.

Samples that were lyophilised just after the first partial imbibition and samples that were subjected to the partial
imbibition and subsequent drying showed the same concentrations; around 0.5% by weight on the surface and less
than 0.1% in the core. Analysis on lyophilised samples proved that even without drying (causing liquid water transport
to the evaporating surface), gypsum is always located on the imbibition surface. Moreover, promoting tidal phenomena
did not change the gypsum distribution because the concentrations were still the same after adding nine cycles of
imbibition / drying of distilled water.

Hence, samples subjected to 1 cycle of gypsum solution (lyophilised after imbibition; cycle 1; cycle 1 + tidal effect)
and samples subjected to 10 cycles presented the same shape of distribution with a higher content for 10 cycles. This
accumulation is the consequence of the increased uptake in gypsum solution. In the literature, artificial ageing tests
using saturated gypsum solution applied on tuffeau proposed the same conclusion; the surface concentration (less than
1 mm depth) increases with the cycles but no gypsum can be observed in the core, even after more than 100 cycles
(Pauly 1990; Prick 1996).

Concerning the other studied parameters, illustrated on figure 5, no significant change was observed because of the
different types of drying conditions or initial cracking. In all cases, the amounts of gypsum were very similar to those
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presented in Table 1. For this ageing involving saturated gypsum solution, the drying conditions and initial cracking did
not affect the resulting distribution of the gypsum.
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Figure 5. Schematic representation of the gypsum concentration (by weight) in samples subjected to the 10 cycles
protocol involving saturated gypsum solution: influence of insulation and cracks

3.3. Effect of H2SOa4 solution

Table 2 presents the results of ion chromatography analysis made on samples subjected to the partial imbibition
(1.5 cm) of H2S04 solution at pH = 2. The overall aspect of the gypsum distribution corresponds to the ageing involving
saturated gypsum solution, i.e., the gypsum was observed only at the surface subjected to imbibition. However, the
concentration was much higher in the case of the H,SO4 solution.

Gypsum concentration by weight
surface 1-cm depth 2-cm depth 3-cm depth
Lyophilisation 19.6 % 0.4% <0.1% 0.1 %
1 cycle 21.3% 0.5% 0.1 % 0.2 %
10 cycles 254 % 1.1 % 0.4 % 1.2 %
Tidal effect 18.8 % 0.3 % <0.1% 0.1 %

Table 2. Gypsum concentration (by weight) in samples not insulated, initially undamaged and subjected to the protocol
involving H2S04 solution.

With regard to the lyophilised sample, the sample submitted to 1 cycle and the sample submitted to one cycle plus
the tidal effect, the conclusions are similar to the case of saturated gypsum solution. Hence, we can conclude that
gypsum formed during imbibition and that it was not moved during the drying or any further imbibition.

For samples subjected to 10 cycles of partial imbibition of H2SO4 solution and drying, the gypsum concentration
reached 25% at the surface but only 1% in the core. The action of H2SO4 resulted in the creation of a highly gypseous
crust at the surface with little effect at depth. The very high concentration observed just after the first cycle (around
20%) suggests that most of the gypsum formed during the first cycle. Because the calcite located at the surface had
reacted completely with the sulphates, only a very limited amount of gypsum was formed during further cycles.



This phenomenon of a gypseous crust is well known in the literature. For example, it occurs when samples are
exposed to gaseous SOz under wet conditions, resulting in the generation of H2SO4 solution at the surface of the tested
stone (Ausset et al. 1996; Bai et al. 2006). As already stated in the introduction, literature tests confirm that irrespective
of the duration of the exposure procedure or the number of cycles, gypsum accumulation is only found at the surface
under ageing involving H2S04 solution.

Figure 6 illustrates the other case of insulation and cracking. In the case of samples whose initial cracking was
perpendicular to the surface, subjected to imbibition, the gypsum accumulation was very high on the rims of the crack
(around 22%), which was similar to the concentration at the surface. This direction of cracking promoted rising damp
through the crack, resulting in exposure of the rims of the crack to the H2SO4 solution almost as quickly as that for the
surface subjected to imbibition.

In contrast, the cracking parallel to the surface did not promote any accumulation of gypsum in the crack and the
gypsum concentration was equal to that of the case of the initially undamaged samples (around 1%). Similarly, sample
insulation during drying did not change the gypsum distribution because the resulting concentrations were found to be
similar to those of the non-insulated samples.
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Figure 6. Schematic representation of the gypsum concentration (by weight) in samples subjected to the 10 cycles
protocol involving H2S0a4 solution: influence of insulation and cracks

3.4. Effect of gaseous SO2

Table 3 presents the results of the ion chromatography analysis made on samples subjected to the injection of
gaseous SOz under dry conditions, followed by partial imbibition (1.5 cm) of distilled water and then drying. Once again,
the lyophilised samples, the samples submitted to one cycle and the samples submitted to tidal effects showed the
same distribution of gypsum. Samples subjected to 10 cycles presented a similar overall trend but with much higher
concentrations.



Gypsum concentration by weight
surface 1-cm depth 2-cm depth 3-cm depth
Lyophilisation 0.1% 0.6 % 0.9 % 0.5 %
1 cycle 0.2 % 0.8 % 1% 0.5 %
10 cycles 28% 4% 12.7 % 4.1 %
Tidal effect 0.2% 0.5 % 1% 0.4 %

Table 3. Gypsum concentration (by weight) in samples not insulated, initially undamaged and subjected to the protocol
involving injection of gaseous SO,.

However, the distribution resulting from the injection of SO2 was very different from that resulting from gypsum
solution or H2S0a4 solution. The surface concentration, although significant (about 3%), was much lower compared with
the core concentration (between 4% and 12%). It is interesting to emphasise that the concentration is highest in the
zone corresponding to the limit of capillary water movements, at around 2 cm depth. The water supply by capillarity is
stopped when the imbibition front reached 1.5 cm depth, and then it continues to migrate until reaching 2 cm depth. In
addition, a significant concentration of gypsum (almost 4%) was found on the face opposite to imbibition. This latter
finding demonstrates that even if the capillary front has not reached a zone, the smallest pores of this zone can contain
sufficient liquid water due to vapour movement and then condensation, to allow gypsum formation with previously
adsorbed SOx.

Figure 7 shows that the conditions of insulation during drying did not have any effect on the concentration of
gypsum measured in the core, whereas surface concentrations did seem to be affected. In the case of non-insulated
samples, gypsum concentrations were quite similar whether they were measured on the surface submitted to
imbibition or on the opposite surface. Conversely, insulated samples always showed higher gypsum concentrations on
the surface not affected directly by drying. Concerning the importance or not of the pre-existing cracks, in the
characterization of in situ samples on the castle of Chambord, it was shown that the gypsum content was higher in the
crack (Janvier-Badosa et al. 2013b). Questions arising from this are: what took place first, gypsum formation or
cracking? Does the presence of a crack cause the preferential accumulation of gypsum in this place? According to our
tests, it would seem not.
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4, Discussion
4.1. Comparison between in situ actual ageing and laboratory artificial ageing

For both protocols involving wet deposit (i.e., saturated gypsum and H>SOs solution), the maximum gypsum
accumulation was found at the surface submitted to imbibition; a dramatic decrease in concentration was observed in
the core. The only exception to this was limited to those samples exposed to H»SOs4 with an initial cracking
perpendicular to the surface, submitted to the imbibition. In this particular situation, the crack allowed direct access for
rising damp of H2SO4 solution, resulting in gypsum formation on the rims of the crack, as if it were a surface of
imbibition. For the protocol involving dry deposit (injection of gaseous SO2), the opposite was observed; the highest
concentration was measured in the core zone, corresponding to the limit of capillary water movements and only a small
amount of gypsum accumulation was observed at the surface.

Stones subjected to spalling at the Castle of Chambord that were cored and analysed, showed very little
concentration of gypsum at the surface and then increasing concentrations with depth, until the crack was reached
where the concentration was found to be maximal. Then, the concentration decreased progressively (Fig. 8) (Janvier-
Badosa et al. 2013b). By comparison with other in situ observations, the crack appeared located at the limit of capillary
water movement (Beck and Al-Mukhtar 2010). This gypsum distribution corresponds to the one obtained by the
protocol of dry deposit involving the injection of gaseous SO2 and then partial imbibition of water, as presented in Table
3.

Laboratory - Artificial degradation

In situ - Natural degradation Test SO, + H,0

Cracks

Gypsum Gypsum

surface
surface

Figure 8. Schematic representation of the gypsum distribution observed in in situ cored samples subjected to spalling
and samples submitted to dry deposit of gaseous SO in laboratory

4.2, Hypothesis concerning origin of gypsum

The systematic presence of gypsum in stones of the Castle of Chambord that have been subjected to spalling raises
the question about the source of gypsum. From the environmental point of view, natural sources (oceanic and volcanic
activity) can be neglected because the Castle of Chambord is geographically distant from any such sources. Moreover,
the production of sulphur by biological organisms (Saiz-Jimenez 1997; Warscheid and Braams 2000) is considered an
irrelevant hypothesis because high quantities of gypsum have been observed in walls with no biological colonisation.
Furthermore, no mortars and plaster joints used in construction have been observed in the outer walls of the Castle of
Chambord and the analysis of mortars of the masonry joints have shown no gypsum content in their compositions
(Janvier-Badosa 2012). However, even if the level of sulphur content found in today’s atmosphere is insufficient to
explain the observed gypsum content in the stone, past pollution can often be implicated in the degradation of built
cultural heritage (Brimblecombe and Grossi 2009). Pyrite, which is a sulphur-containing mineral and present locally in
tuffeau (Pauly 1990; Verges-Belmin et al. 2001), is not considered a sufficient source of sulphur to explain the
systematic formation of gypsum.

In the stone of the Castle of Chambord, the influence of air pollution concerning Blois cannot be neglected as
Chambord is located close to Blois (about 15 Km). Measurements at the Castle of Blois reach more than 20% by weight
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(Janvier-Badosa, 2012) and in Chambord stones the sulphate content is about 1.5% (Janvier-Badosa et al. 2013b). The
measured SOz levels nowadays are constant from one year to another, and less than 1 ug/m3. The latest measurements
carried out in 2007 indicated that gypsum contents in the atmosphere are negligible. In addition, statistical analyses of
the distribution of spalling on the facades of the castle as a function of the date of construction and restoration were
performed. This study shows that no stone restored from the early twentieth century exhibits spalling (Janvier-Badosa
et al., 2014). In addition, samples taken from healthy stones also restored from the early twentieth century show no
presence of gypsum in depth. This suggests that a source of gypsum existed in the past, prior to 1900. Finally, samples
were taken on the castle of Chambord sculptures that were removed in 1884 (Desbois, 1894). The sculptures were kept
inside the castle from that date on (thus protected from pollution). These samples show the presence of gypsum in
flaking at the surface of the stone, with concentrations of about 5%.

All the results and data collected during studies on Chambord castle point to the hypothesis of past air pollution as
the origin of gypsum in the stone of the castle. It would be possible to identify the exact provenance of gypsum by
analysing the sulphur isotope, as described in the work by Vallet et al. 2006 and Kloppmann et al. 2011.

4.3, Proposal of a mechanism of gypsum formation

As the last artificial ageing protocol relative to injection of gaseous SO at dry state seems the most probable source
of sulphates to simulate the in situ observations of stone subjected to spalling, a mechanism of gypsum formation
based on this protocol is proposed (Fig. 9). This mechanism builds on literature data (Charola et al. 2007) and on
conclusions from observations of artificially aged samples and samples of in situ weathered stones.

A three-step process is proposed to explain the formation of gypsum:
1) Gaseous SOz from air pollution enters the stone’s porous network in a dry state by diffusion.

2) During a wetting event, imbibition progresses into the stone and the previously absorbed SO is pushed to
greater depth until the imbibition stops.

3) During this period of low kinetics of water movement, the SO2 has sufficient time to dissolve into the water
front, form H2S04 and then precipitate directly into gypsum following dissolution of the calcite.

Thus, the resulting gypsum distribution is located preferentially at the limit of capillary water movement, which is
typically at about 2 cm depth in the case of outdoor walls built using tuffeau. With the drying conditions used for
testing, since gypsum has a low solubility and low mobility (Hammecker 1995), gypsum remains where it crystallized. It
moves very little during the movement of water caused by drying, unlike other soluble salts, such as NaCl or Na2S04
which can cause efflorescences (Hammecker 1995, Van et al. 2007).

Artificial ageing tests showed that even if the capillary imbibition is stopped when liquid water reaches 1.5 cm
depth, the capillary water front still progresses until 3 cm depth and gypsum can be found up to a depth of 3 cm where
no capillary water due to capillary rise is available. Similar observations were obtained from the analysis of samples
cored in the castle; they contain significant although low concentrations of gypsum beyond the imbibition limit (Janvier-
Badosa et al. 2013b). This means that capillary condensation associated with vapour transfer through the porous
network of the stone can provide sufficient liquid water to allow gypsum formation.
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Figure 9. Description of a mechanism that explains how gypsum forms by taking into account sulphur uptake by gaseous
SOz in a dry state

4.4, Proposal of a mechanism of spalling development

Based on the proposed mechanism of gypsum formation, a mechanism for the development of spalling is proposed,
in the case of fine and very porous calcareous stones such as tuffeau. Fig. 10 presents a chronology of spalling
development and specifies the different steps identified in the process from healthy stone until the plaque finally drops.
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Figure 10. Description of a mechanism that explains how plaque develops in tuffeau subjected to spalling

When a stone is subjected to spalling, two different phenomena are observed: a crack is found at 1 cm depth and
gypsum accumulates in this crack. Taken separately, the gypsum accumulation is likely the result of gaseous SO uptake
in a dry stone followed by water imbibition due to a rain event. Crack initiation could be caused by mechanical fatigue
stress due to thermal-hydraulic differential dilation between the surface and the core which can be amplified by the
presence of significant amounts of clayey minerals in tuffeau. These two phenomena are related to the depth of
penetration of rain water: gypsum accumulates on the capillary water front, and the crack is also formed at the capillary
water front. It is possible that these two phenomena are independent, and that they occur at the same time without
any temporal or cause and effect relationship. However, the question of the relative chronology and of the cause and
effect relationship between the two phenomena remains: did the gypsum accumulate before the crack appeared, or
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did it form afterwards? In the case of plaques sampled from the Castle of Chambord, gypsum was found systematically
in the cracks (Janvier-Badosa et al. 2013b). In some apparently healthy stones located near damaged ones, gypsum was
found at 1 cm depth, despite there being no visible crack. Moreover, artificial ageing tests showed that initial cracking
did not promote gypsum accumulation in the crack. These findings are in accordance with the conclusion that the
accumulation of gypsum is more probably prior to cracking. With regard to the cause and effect relationship, there is no
real evidence yet. However, two hypotheses can be put forward: (1) gypsum accumulation can contribute to generating
heterogeneities in the local material’ properties, increasing the stress induced by differential thermal-hydraulic dilation
between the surface and the core and (2) subsequent and numerous cycles of imbibition / drying can promote gypsum
localisation in the crack by Ostwald ripening, preventing the crack from closing during the cycles and promoting its
extension due to local concentration of stress at the crack tip.

The ultimate fall of the plaque could be caused by several external factors, such as freezing / thawing cycles, wind
action and any human intervention on the wall, such as the creation of openings or even vandalism.

5. Conclusion and perspectives

This study focused on providing some new data to improve our knowledge of spalling development and gypsum
formation in fine and very porous limestone by performing an original experimental campaign of artificial ageing.

The protocols of artificial ageing based on partial imbibition followed by drying involved several parameters: initial
cracking (parallel to the imbibed surface; perpendicular; no cracking), drying conditions (insulated but imbibed surface,
insulated but opposite surface, no insulation) and type of pollution (saturated gypsum solution; H2SO4 solution at pH =
2; injection of gaseous SO at dry state). Some samples were analysed prior to the first drying thanks to lyophilisation,
some others were analysed after the first cycle with drying included, others were submitted to 10 cycles and a final set
was submitted to 1 cycle followed by 9 cycles of partial imbibition of distilled water and drying (tidal test).

No significant differences were observed between the samples of lyophilisation, one cycle and one cycle followed by
the tidal test. Moreover, there was no effect observed attributable to drying conditions. Finally, applying 10 cycles
resulted in an increase of the concentrations of gypsum without changing the overall trend of the distribution. All these
first observations prove that gypsum, in this condition of imbibition and drying, precipitates quickly and that the
gypsum cannot be dissolved easily for any subsequent crystallisation and redistribution.

The two protocols involving a wet deposit (i.e., saturated gypsum solution and H2SOas solution) resulted in the
accumulation of gypsum at the surface submitted to imbibition with no significant precipitation deeper in the stone.
The protocol of ageing involving H2SO4 led to the highest concentration of gypsum, up to 25.4% by weight at the
surface after 10 cycles; the protocol involving saturated gypsum solution only reached 4% under the same conditions.

The only protocol that allowed the gypsum to precipitate significantly deep into the stone was the dry deposit of
gaseous SOy, followed by partial imbibition of distilled water. Following this protocol, up to 12.7% of gypsum was
observed at 2 cm depth after 10 cycles with much lower concentrations at the imbibed surface (2.8%). This latter
distribution corresponds to the distribution of gypsum observed in samples cored in the Castle of Chambord that have
been subjected to spalling.

The tests showed that the crack did not play any role in the preferential localization of gypsum. The only counter-
example was in the case of initial cracking perpendicular to the imbibed surface with the protocol of H2504 solution. In
this particular situation, the sulphuric acid solution entered directly into the crack by capillary rise, resulting in a massive
precipitation of gypsum on the rims of the crack (as if they were the imbibed surface) with no significant precipitation
of gypsum in the rest of the stone.

One of the main aims of this study was to prove that it is possible to precipitate a significant amount of gypsum in
the core of the stone and thus, simulate the distribution of gypsum observed on in situ samples subjected to spalling,
by using a dry deposit of SO2 followed by partial imbibition of water. Hence, atmospheric pollution is likely to be the
source of the sulphur that leads to the presence of gypsum in the core of the stone at the Castle of Chambord. In fact,
various observations, collected data and experimental results presented in this study converge toward the hypothesis
of atmospheric pollution as the origin of gypsum in the stone of the castle. However, while the source of this pollution
is difficult to determine, the date seems ancient, maybe before 1900.
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Based on this hypothesis of a gaseous pollution by SO2, a mechanism that explains how gypsum forms, by
considering sulphur uptake by gaseous SOz in a dry state, is proposed. When imbibition progresses into the stone, the
previously absorbed SO: is pushed to a greater depth until the imbibition stops. During this period of low kinetics of
water movement, the SO has sufficient time to dissolve into the water front, form H2SO4 and precipitate directly into
gypsum after dissolution of the calcite. Thus, the resulting distribution of gypsum is located preferentially at the limit of
capillary water movement, which is typically at about 2 cm depth in the case of outdoor walls built using tuffeau.

Finally, based on this mechanism of gypsum formation, a mechanism that explains how plaque develops in tuffeau
subjected to spalling is proposed. Firstly, two phenomena occur: cracking at about 2 cm depth and gypsum formation in
the same area. The gypsum formation is likely to be caused by the dry deposit of SO2, whereas the cracking could be
due to mechanical fatigue resulting from differential dilatation between the surface and the core of the stone. The
interactions between the two phenomena are not clearly demonstrated by this study. As a perspective of this work, it
would be interesting to carry out a large number of imbibition/drying cycles to highlight the mechanical fatigue stress of
materials, with expansion gauges. These tests could be coupled or not with gypsum pollution (gaseous SO2) to establish
the relationship between the two phenomena, and evaluate whether the gypsum could cause or accelerate cracking.
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