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Abstract: Most buildings of architectural heritage in Paris and its surroundings are built with Lutetian
limestone. Several historic buildings of the ‘Vexin Normand’ region show Lutetian lime- stone in the
upper parts of their walls, while the lower parts are built with a chalk known as ‘Pierre de Vernon’.
The ‘Pierre de Vernon’ appears up to the first metre, although in exceptional cases it can reach the
middle height of a building. Commonly, chalks exhibit low durability due to their high porosity.
However, ‘Pierre de Vernon’ is supposed to have greater durability than other chalks because of its
historic use for basement construction.

The objective of this research was to understand the use of the ‘Pierre de Vernon’ in the lower part
of the constructions. A petrophysical characterization of Vernon chalk and Lutetian limestone was
carried out, focusing mainly on the differences in porosity and water uptake. Salt crystalliza- tion
tests were done to contrast their response to decay. Colour and roughness measurements and
scanning electron microscope observations were performed.

Results show that the different porous networks of these two limestones lead to a high contrast in
their hydric properties and responses to decay, and the use of Vernon chalk in the lower sections of
buildings has been found to be appropriate.

Several kinds of stone have commonly been used for the construction of historical monuments. The
choice of these stones depended not only on socio- economic conditions such as location of the
monu- ments and stone quarries, transport facilities and possible funding changes during
construction, but also on the characteristics of these stones such as their porous networks and water
transfer and mech- anical properties. Furthermore, one variety of stone may have been used for
statues and more elaborate parts of the fac,ades, while other varieties may have been mainly used in
massive walls. The choice would have depended on the ease with which a stone could be sculpted
and on its durability.

Most buildings of architectural heritage in Paris and its surroundings are built with Lutetian lime-
stone, also known as ‘Pierre de Paris’. This stone has been used for construction since the Roman
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period. Most of the monuments in Normandy are built with a white Cretaceous chalk with flint
nodules known as ‘Pierre de Vernon’ (Noe"l 1970) or Vernon chalk. Some constructions, such as
Rouen Cathedral and several historic buildings of the ‘Vexin Normand’ region have the characteristic
feature of combining these two calcareous stones: Lutetian limestone

and Vernon chalk. These monuments show a distri- bution of the two stones (Blanc 1990): Lutetian
limestone is located in the upper part of the walls, while the lower part, from one to several metres
in height, has been built with Cretaceous chalk (Fig. 1). Although most Cretaceous chalks might
be too porous and friable to be used as building stone, Vernon chalk seems to be sufficiently dura-
ble for use in some monuments (Perrier 1993). However, petrophysical studies concerning this
building stone are too scarce to confirm its strength and durability. Therefore, the authors assume
that Vernon chalk is less permeable than Lutetian limestone and that it could be used in the lower
parts of monuments in order to avoid capillary rise.

The objective of this research is to understand, explain and corroborate our hypothesis about the
localized use of Vernon chalk. In order to do this, a petrophysical characterization was carried out,
focusing on the pore-related differences of both stones. Porosity and hydric properties were
measured. Durability was estimated by salt crystallization tests on both types of stone to contrast
their response to decay. Na2SO4 was chosen since it is one of the most damaging salts that often
appear in stones exposed outdoors. Its effects are well studied in terms of both subflorescence
(Winkler & Singer 1972; Rodriguez-Navarro & Doehne 1999; Flatt 2002) and efflorescence (Arnold
1976; Rodriguez-Navarro et al. 2000; Angeli et al. 2010; Va'zquez et al. 2013). NaCl is a common
salt found in building stones exposed close to marine environments (Takiyama et al. 1998; Rodriguez-
Navarro & Doehne 1999; Gomez-Heras & Fort 2007). Finally, the SO2 exposure test was
performed because it gives information about the adsorption capacity of rocks. Retention capacity of
pollutants was one of the presupposed differences between the two stone types. This may lead to
the formation of crusts with different morphology and composition (Vazquez & Alonso 2010;
Vazquez et al. 2010; Dewanckele et al. 2012, 2013).

Geology of the two building materials

Lutetian limestone is a very thick formation c. 30 m high with different levels that also have
differ- ent physical properties (Fronteau et al. 2010). The complete stratigraphy can be
observed in Figure 2 (after Gely 2009). Only some of the strata can be used as building stone.
Samples for this research were selected at the most exploited level i.e. the middle Lutetian. They
were quarried and sawed in St Maximin (Rocamat enterprise).

Different commercial designations such as ‘Pierre de St Leu’, ‘Pierre fine’, ‘liais’ and ‘Pierre franche’
are found in this region. These designations are seen as corresponding to different ages and sedi-
mentation environments. The samples used in the present study correspond to the ‘Pierre fine’,
which is most similar to the stone used in Vexin monuments.
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Fig. 1. Facade of Notre Dame de Vetheuil church. The lowest rows of blocks are in Vernon chalk (VC)
and the upper rows are in Lutetian limestone (LL).

Vernon stone is a hard white Santonian chalk, probably equivalent to the Newhaven Formation in
Great Britain. Vernon quarries exploit two different chalks: ‘Banc Franc’ and ‘Gros lien’ (Fig. 3; Blanc
1990; Baboux 1997). The selected samples corre- spond to the ‘Gros lien’ quarried in the Travaux
d’entretien et de restauration de monuments historiques (TERH) enterprise in Vernon. This stone is
used for restoration due to its similarity with those used for the monuments.

Methodology carried out for the comparison
Physical properties

In addition to a petrographic study, different tests were carried out in order to characterize phys-
ical properties such as porosity, distribution of the porous space, and the hydric and elastic
properties of the two limestones.

The total open porosity was measured using the European standard EN 1936 (CEN 2006) as a
reference to the method of triple weighing. The distribution of pore-size access was obtained by
mercury injection porosimetry (MIP). Three hydric tests were carried out on the two types of lime-
stone: water absorption capacity using EN13755 (CEN 2008); capillary uptake following EN 1925
(CEN1999); and evaporation by weighing pris- matic samples at regular intervals. The P-wave vel-
ocity was measured using a numerical oscilloscope (Handyscope HS3). The experimental device for
measurements included a pulse generator from Physical Acoustics Corporation. Transducers had a
frequency of 1 MHz.
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Fig. 2. Lithostratigraphic column of the Lutetian limestone Formation in the Paris area, after Gely
(2009).
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Fig. 3. Schematic distribution of chalk levels used as building stone (the chalk is from the Vernon
area quarries), after Blanc (1990) and Baboux (1997).

Durability

Ageing tests were carried out to compare the differ- ent responses of the two stones to decay. The
tests measured resistance to salt crystallization and the effects of exposition to a strong acid
atmosphere. The dimensions of the slabs differed depending on the stone and the test. Lutetian
limestone speci- mens had been prepared previously with a surface big enough to be exposed and
measured. As men- tioned before, Vernon chalk is quarried only for res- toration purposes, so the
dimensions of the blocks are limited. Besides, due to the presence of silex nodules, i.e. flints, the
heterogeneity of this stone limits the sample dimensions. However, the authors prepared all the
slabs to be large enough for their surface properties to be measured in a representative way. All the
slabs had a sawed finish.

Salt crystallization test. Six slabs of each stone type were tested. Slabs of Lutetian limestone, dimen-
sions 7 x 7 x 1.5 cm, and of Vernon chalk, dimensions 7 x 4 x 1.5 cm, were placed in a receptacle with
a film of saline solution that rose by capillarity through the porous network. This procedure, carried
out under laboratory conditions, closely simulated the real process. The duration of the test was 30
days. Two types of salts were used, NaCl and Na2S04, both at 14 wt%. The standard crystallization
test indicates a concentration of 14 wt% Na2S04, which is much higher than the concentration
found in a natural environment. There is no standard for NaCl crystallization. However, it is well
known that the damage produced by this salt is much less than by Na2SOA4. For this reason the
authors decided to use the same concentration for both tests, independently of the initial saturation
of the solution. The tests were carried out under labora- tory conditions (20 8C and 50% relative
humidity) in order to achieve a low evaporation rate and allow the salts to migrate towards the
surface. This triggered an initial crystallization of mirabilite as efflorescence, which may dehydrate to
thenardite.
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Exposure to polluted atmosphere. Standard EN-13919 (CEN 2002) was taken as reference con-
ceived for the use of H2SO3 plus H20 in order to obtain a SO2-rich atmosphere and to allow
the formation of a gypsum crust. As in the salt crystallization test, six slabs of each stone type were
assessed. Slab dimensions were 4 x 4 x 1.5 cm for Lutetian limestone and 7 x 4 x 1.5 cm for Vernon
chalk. Previously, the slabs had been saturated with water at atmospheric pressure. The slabs
were placed in a container on a support, 2 cm over a film of solution so as to avoid direct contact
between the surfaces and the solution. The acid sol- ution was made with 50 ml of H2SO3 and 15 ml
of H20 for a 5 | receptacle; the latter was hermetically sealed and a polluted atmosphere was
created. The stones were kept in this environment for 21 days.

Evaluation of changes. The response to the different tests was assessed by macroscopic and
microscopic observation. In addition, measurements of colour and roughness of the surface were
carried out.

Macroscopic photographs were taken daily to record the slabs’ evolution. A scanning electron
microscope (SEM) LEICA S430i was used to take detailed images of the surface at the end of the test.

Colour was measured and quantified with a Konika MINOLTA CM-3600d spectrometer using the
illuminant D65, beam of diffuse light of 25.4 mm diameter, 28 viewing angle geometry, and
with specular component included. Three aver- aged measurements were done in the centre of the
slabs. Data were expressed following the CIE L*a* b* and CIE L* C* h* systems in the standard EN ISO
105-J03 (CEN 2009). DE* was introduced as the total colour change, to compare the variations before
and after the tests as follows:

AE* = VAL*? + Aa*2 + Ab*2

Statistical analyses were carried out on the results in order to assess the significance of the variations
before and after the cycles.

Surface roughness was measured using a 3D laser-scanning technique. The main component of
the 3D laser-digitizing system used in the present study was a laser sensor (ESP3). The laser was
attached to a coordinated measuring machine (CMM), which moved the scanner along seven axes.
The laser sensor projected a light strip 200 mm wide on to the surface of the object; this defined a
‘laser plane’. The scanners’ digital cameras benefited from a true (non-interpolated) resolution of
over 1000 points per strip, providing optimum resolution for scanning freeform surfaces and features
efficiently. The scanner had an accuracy of 16 mm. An electronic control unit connected the laser
sensor, the machine controller for the CMM and a computer, and processed the signal in real
time. A computer program controlled the equipment and processed the generated data to be
used for further calculations.

The collected data consisted of 3D non-ordered coordinates, which were stored as ASCII and later
handled with SURFERw. The measured points were treated to obtain a regular grid. The interpolation
method used was ‘krigging’ due to the huge quantity of data. The selected spacing between the
two closest points in the grid was 50 mm. The grid had 681 x 681 profiles and a length of 34 x 34
mm.
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This was the maximum area that could be selected after studying each surface individually. The
number of data points was c. 465 000.

Amplitude surface roughness parameters were calculated following the standard EN ISO 25178 (CEN
2012). The amplitude parameters took into account the vertical characteristics of the surface
deviations in relation to an average plane. In this study, calculation of the following parameters was
carried out from the points of the grid area and their absolute distance to an average plane:

(1) Sa (arithmetical mean deviation of the surface): it corresponds to the arithmetical mean
of the absolute values of the surface deviations from the mean plane and represents the average
roughness for each surface.

(2) Sp (maximum area peak height): it corre- sponds to the maximum value of the surface
deviations from the mean plane.

(3) Sv (maximum area valley depth): it is the absolute value of the minimum value of the surface
deviations from the mean plane.

(4) Smax (maximum height of the area): this is the sum of the highest and the lowest points from
the mean plane.

(5) S10 (ten-point height): it corresponds to the different heights between the mean elevations
of the five highest peaks and the five deepest valleys of the surface in relation to the mean plane.
This parameter is more sensitive to occasional high peaks or deep valleys.

(6) SSk (skewness): it is the third central moment of profile amplitude probability density func- tion,
measured over the assessment length. It measures the symmetry of the area about the mean plane.
This parameter is highly influ- enced by isolated (occasional) deep peaks or high valleys.
Asymmetrical height distribu- tion has zero skewness. Surfaces with eroded peaks and deep valleys
have negative skew- ness, while filled valleys and high peaks have positive skewness.

(7) SKu (kurtosis): it corresponds to the fourth central moment of area amplitude probability
density function, measured over the assess- ment length. It describes the sharpness of the
probability density of the area. If Ku, 3 the distribution curve is called platykurtic which means few
high peaks and low valleys. However, if Ku . 3 the distribution curve is called leptokurtic, with many
high peaks and deep valleys.

Differences in petrography

Lutetian limestone is a detritic limestone mainly formed by accumulation of calcite grains and fora-
minifers of the milioles family (Moreau 2008). This stone has a rough aspect and a light yellowish
colour with brownish spots corresponding to ferru- ginous oxides. Macroscopically, numerous small
pores can be observed (Noe”l 1970) (Fig. 4a).

Vernon chalk is a white stone that shows small black points of manganese oxide as well as some
small flint nodules less than 10 cm diameter in the layer used for building. These nodules can be
much larger in other stratigraphic levels of the Santonian

chalk. The white colour comes from the small content of clay minerals. This stone has suffered a
complex diagenetic history through a dolomitization/dedolomitization process. Signals of this process
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are empty rhombohedra on the samples that correspond to precipitation, and later dissol- ution,
of dolomite (Fig. 4b). This process is respon- sible for the hardness of the Vernon chalk. A complete
study of this chalk can be found in Lasseur (2007).

The microstructure of these two rocks is very different despite them both having a unimodal pore
distribution. Lutetian limestone has a detritic structure with ellipsoid grains of c. 100 mm diam- eter
(Fig. 4a). Vernon chalk is mainly a crystalline rock (Fig. 4b). Pores in Lutetian limestone samples are
located mainly inside the micritic matrix sur- rounding grains or forming fossils. In Vernon chalk,
pores correspond mainly to casts of rhombohedral dolomite crystals but they have access ratios
of c. 0.5 mm. This different microstructure controls the pore-size distribution. Pores in Lutetian lime-
stone, excepting macropores undetectable by mer- cury porosimetry, are bigger (,20 mm) than pores
in Vernon chalk (,1 mm) (Fig. 5). Lutetian lime- stone shows two types of fossils, i.e. milioles and
Nummulites. No fossils were observed in Vernon chalk.
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Fig. 4. Images of (a) Lutetian limestone and (b) Vernon chalk, using a magnifying glass (labelled 1)
and SEM (labelled 2 & 3).
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Fig. 5. Pore access distribution obtained by mercury injection porosimetry of Lutetian limestone and
Vernon chalk.

Differences in physical properties

Table 1 shows the main values of the physical prop- erties of both stone types. For total open
porosity, the Lutetian limestone had the highest values (c. 40%) whilst theVernon chalk had the
lowest (c. 25%). These porosity values are similar to those obtained by Angeli et al. (2006, 2007) and
Dessandier (2000) with values of 36.1% and 35% respectively for Lutetian limestone, and by Moreau
(2008) with 24% for Vernon chalk. These two limestones showed a different frequency of pore access
radii distribution (Fig. 5). In the Lutetian limestone, the pore access radii range mainly between 1
and 20 mm with a modal peak at 16 mm. These results are consistent with Dessandier (2000) who
found a modal peak at 18 mm. The measurements of Vernon chalk gave values of pore access radii
between 0.1 and 1 mm with a peak at 0.6 mm. This prevalence of bigger pores in the Lutetian
limestone compared with the Vernon chalk was also reflected in their hydric and dynamic
behaviour (Denecker et al. 2013). As can be observed in Figure 6, after three weeks the Lutetian
limestone free water absorption capacity, consistent with the value obtained by Denecker (2014),
was higher (with 18% water content) than that of the Vernon stone (6.6%). However, by that time
neither stone had reached stabilization and they both continued gaining weight. The Lutetian
limestone absorbed more than 70% of the total water content during the first 4 min (corresponding
to a total water content of c. 13%), while the Vernon chalk needed c. 2h toreach a linear and
slow water uptake and only reached 45% of its total saturation (corresponding to a total water
content of c. 3%). After these times (4 min and 2 h respectively), the weight-gain trend was the same
for both stones as demonstrated by the parallelism between the line graphs (Fig. 6). After three
weeks, the Lutetian limestone reached 85% saturation against only 60% in the case of the Vernon
chalk. If compared with mercury porosimetry graphs, this faster absorption in the Lutetian limestone
can be explained by the majority of pores ranging between c. 1 and 20 mm. Pore access radii in the
Vernon chalk was placed c. 0.6 mm and consequently the water absorption was slower than in the
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Lutetian limestone. After 2 h both curves were linear and parallel, which meant that smaller pores of
similar size were being filled in both stones. Regarding desorption, the Lutetian limestone
evaporated 25% of its water content after one day and 40% after two days while for the same time
the Vernon chalk lost c. 35% and 60% of its water respectively. After one week both stones were
almost dry.

Table 1. Physical properties of Lutetian limestone and Vernon chalk (n%6 for both stones)

Porosity ~ Water saturation Capillarity coefficient Modal pore radius ~ P-wave velocity
(%) (%) (gm ?s'/?) (pm) (ms™")
Lutetien 40 + 3 18.0 £ 0.5 1215 +£ 120 16 2320 £+ 100
Vernon 24 +3 6.6 + 1.0 40 +£ 10 0.6 4380 + 130
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Fig. 6. Water absorption and desorption curves of the two limestones. Wt, water absorption in
percentages in relation to time.

The Lutetian limestone had a higher capillarity coefficient than the Vernon chalk, at c. 1200 g m22
s21/2 against 40 g m22 s21/2. The Lutetian limestone reached stabilization after 15 min of cap-
illary uptake while the Vernon chalk needed more than 8 h. Specimens were prisms of area 5cm2
and height 15cm. Water penetration reached 15 cm in the Lutetian limestone after 15 min
while in the case of the Vernon chalk the maximum height after 8 h was c. 2 cm. These results
agree with those obtained by Angeli (2007) for Lutetian limestone with a coefficient of 1100 g m22
s21/2 and by Moreau (2008) for Vernon chalk with a value of 90 g m22 s21/2.

There was an inverse relationship between the P-wave propagation velocities and the samples’
porosity. The high porosity of the Lutetian lime- stone was associated with a low P-wave velocity
(2300 m s21) whereas the low porosity of the Ver- non chalk was linked with a high P-wave velocity
(around 4400 m s21). The P-wave velocity of calcite was c. 6300 m s21 (Carmichel 1989), and the
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corre- lation between porosity and the decrease in P-wave velocity was almost linear. The Lutetian
limestone P-wave velocity was slightly lower than the velocity expected from the linear correlation
because of impurities in its composition and the big pore size that may interfere negatively in wave
propagation. P-wave velocity values for Lutetian limestone are consistent with those obtained by
Denecker (2014), with values c. 2540 m s21.

Differences in durability

Table 2 shows colour parameter values of the sound stones and absolute values of their variation
after each test. The statistical significance of the change was obtained by the Mann Whitney U test
and is also detailed in the table. Both stones showed high lightness with values above 75 and a slight
trend to red with values of a* between 1 and 4. The main difference lay in yellow parameter b*, with
values c. 20 in the Lutetian limestone and c. 8 in the Vernon chalk.

Table 3 shows the roughness parameters of the sound stones and their variation after the
weathering tests expressed in percentages. In this article, the authors consider a variation of
between 25% and 50% as ‘slight’, and higher than 50% as signifi- cant. Besides allowing for
thresholds of change to be established, the expression of the results as per- centages allowed the
parameter changes to be com- pared with very different initial values. When the two sound stones
were compared, the Lutetian lime- stone showed higher values of roughness parame- ters than the
Vernon chalk, mainly due to grain size, porosity and cementation. Average roughness was c. 40 mm
in the Lutetian limestone and 32 mm in the Vernon chalk which implied a 25% differ- ence. In both
stones, Sp was lower than Sv which can be explained by the sawed finish. Pores are the valleys
measured in Sv. The difference in all the par- ameters was related to the maximum roughness (Sp, Sv,
$10, Smax) which was c. 65 — 70% higher in the Lutetian limestone than in the Vernon chalk. Both
sound stones presented a leptokurtic distribution, with Su values greater than 3. This distribution
had a low and wide peak around the mean and thin tails, which means that the extreme values of
peaks and valleys were more important than the average deviations. Skewness was negative and
similar in both sound stones, which makes the valleys more significant than the peaks. This agrees
with the values found in Sp and Sv and is explained by the saw finish of the stones.
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Table 2. Variation in colour parameters

L* a* b* C* h* AE*

Lutetien

Na,SO, Pre 75.19 3.04 20.46 20.69 81.63 13.17
Post (A) 8.14%* —1.35* —10.27* —10.36%* -1.04

NaCl Pre 74.52 3.30 20.84 21.10 81 0.80
Post (A) —0.51 -0.02 —-0.62 —-0.61 —-0.18

SO, Pre 74.28 3.44 21.19 21.47 80.76 0.92
Post (A) —-0.35 0.14 0.84 0.84 0.00

Vernon

Na,SOy4 Pre 76.35 1.60 8.30 8.45 79.19 6.52
Post (A) 5.72% —0.66* —3.06* =3:13% 0.49

NaCl Pre 77.03 1.42 8.33 8.46 80.11 2.93
Post (A) —2.66* 0.29% 1.19 1.22 —-0.35

SO, Pre 75.86 1.64 8.44 8.60 79.00 4.07
Post (A) —3.56* 0.13 1.97 1.96 1.44%

Colour parameters of sound stones before salt weathering tests (Pre) and their variations in absolute values after the tests (Post (A); n = 18,
i.e. six slabs with three measurements in each slab. Parameters are: L*: Lightness; a*: chromatic parameter from green to red; b*: chro-
matic parameter from blue to yellow; C*: chroma; h*: hue; AE*: total colour change.

*Statistically significant

Na2S04 crystallization test

Colour. After the test, both stones exhibited the same trend. Lightness increased visibly in the sam-
ples (Fig 7) while a* and b* decreased. Conse- quently, C* decreased as well, which led to a loss in
the colour intensity. This was due to the fact that although slab cleaning was done with a soft brush,
the salt remained on the surface, giving the stones a whitish aspect. DE* was 13.2 in the Lute- tian
limestone and 6.5 in the Vernon chalk. In both cases the total colour variation was consider- ably
greater than 3 (the limit of visible change), and this change was corroborated by the visual
appearance.

Table 3. Variation in roughness parameters

Sa Sq Sp Sv S0 Smax SKu SSk
Lutetian
Pre (pum) 41 52 156 342 246 499 4.01 —-0.72
Na,SOy (%) T4 72 117# 25 54% 54% —13 0
NaCl (%) 28 29 29 17 22 21 -8 —48
SO (%) 80* 75% 79% 21 40 39 —-30 —91
Vernon
Pre (pum) 32 40 92 209 148 300 3.72 —-0.84
Na;SO0y (%) 18 20 04 13 36 38 3 -7
NaCl (%) 67* 61* 93* -10 22 22 —41 -90
SO, (%) 38 37 64% 33 43 42 -6 -15

Surface roughness parameters of the sound stone: values before salt weathering tests (Pre) and their variations (%) after the tests. Kurtosis
(SKu) and Skewness (SSk) are dimensionless.
*Variations >50% are considered as ‘significant’; variations between 25% and 50% are considered as ‘slightly significant’
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EFFLORESCENCES AFTER SOFT BRUSHING
Na,SO,

Fig. 7. Visual appearance of slabs of Lutetian limestone (LL) and Vernon chalk (VC) after the salt
weathering tests, and after initial soft brushing. Some crusts can be observed; these were only
removed if this was possible with no effort.
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Roughness. In general, the Lutetian limestone exhibited greater variation than the Vernon chalk. Sa

increased by c. 75% in the Lutetian limestone against 20% in the Vernon chalk, and the latter result

can be negligible. In both cases, maximum peaks doubled their initial height, while valleys remained
almost unchangeable or slightly deeper.

The variation in the peak-valley distribution, defined by kurtosis and skewness, had no significant, or
very slight, variation.

Macroscopic and microscopic observations. At the macroscopic scale, efflorescences were
remarkable on both stones, starting from the tops of the slabs and growing in all directions.
Macroscopic obser- vation after the test revealed a whitening of both stones, without visible
mechanical damage. After soft brushing, salt on the surface remained more homogeneously
distributed on the Lutetian lime- stone than on the Vernon chalk. In the latter case, when salts were
removed, a thin crust remained in contact with the stone. This crust was easily detached without any
damage to the stone being visible with the naked eye. No other mechanical changes were noticeable
by eye in either stone.

At the microscopic scale, thenardite formed a quite uniform layer of small crystals (,5 mm) that
covered the grain walls on the Lutetian limestone. On the external surface, this layer of small crystals
completely coated the sample surface and sealed the pores (Fig. 8a); this has also been observed by
Angeli et al. (2007) for Lutetian limestone where salts partially obstructed the pore openings and
cov- ered the calcite grains. On the Vernon chalk, the surface and the subsurface were partially
coated with large crystals of thenardite (.50 mm) giving the appearance of a ‘glaze’ that filled the
squared pores (Fig. 4b: image 2).

NaCl crystallization test

Colour. At the end of this test, no significant vari- ation in the Lutetian limestone was observed. DE*
was 0.8 which meant a non-visible change. The Ver- non chalk exhibited a slight but significant
decrease of lightness and increase of a*. The variation of hue and chroma was not significant, which
means that the colour tone and intensity remained almost intact. DE was close to 3, this being the
threshold of visual perception of change.

Roughness. The Lutetian limestone exhibited a general increase of all parameters. The Vernon
chalk increased its average roughness and number of peaks. Kurtosis of the Lutetian limestone did
not change significantly. Vernon chalk suffered a decrease of almost 50% at which point the distri-
bution became platykurtic, implying the disappearance of high peaks and deep valleys, leading to a
uniform distribution of peaks and valleys. Skewness increased in the Lutetian limestone, defining a
diminution of valley depths. This was due to the fact that NaCl crystallized into the pores, making it
difficult to remove by soft brushing alone. In the Vernon chalk, skewness reached values close to zero
implying that the distribution of peaks and valleys around the mean plane had equilibrated. The
parameters related to maximal roughness (S10 and Smax) increased in both stones by c. 20%. The
Lutetian limestone exhibited a similar variation of Sp and Sv, while variations in the Vernon chalk
were characterized by a strong increase in Sp with a redistribution of the mean plane.
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Fig. 8. SEM images of the surfaces of both stones after (a) Na2S04, (b) NaCl and (c) SO2 tests.

Macroscopic and microscopic observations. Macro- scopically, thin crusts were formed around the
slabs. Similarly to the Na2S0O4 test, these crusts were easily removed in most of the slabs without
dama- ging the stones. Neither strong colour change nor mechanical damage was observed.
Nevertheless, a homogeneous glossy layer covered the whole sur- face, produced, presumably, by
small salt crystals.

Microscopically, on the Lutetian limestone, halite crystals were larger than thenardite crystals. These
crystals grew up inside the pores, being easy to identify under a magnifying glass. On the external
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surface of the weathered samples, NaCl crystallized uniformly giving a ‘sugar’ gloss aspect to the
samples.

Just as in the Na2S04 tests, the surface of the Vernon chalk was partially coated with crystals of NaCl.
Halite crystals were smaller (c. 10 mm) and thinner than in the Lutetian limestone (Fig. 8b). Halite
crystals a few millimetres under the surface were rare. Their appearance and the salt distribu- tion
on the surface of porous media were different for the two stones. According to Veran-Tissoires et al.
(2012) and Eloukabi et al. (2013), this could be due to the spatial variation of drying flow and/ or to
the structural heterogeneities of porous materials.

Strong acid atmosphere (SO2)

Colour. The parameter variations were not significant in the Lutetian limestone, and the variation of
total colour DE* was less than 1. In contrast, light- ness in the Vernon chalk decreased and there was
a noticeable increase of hue ending up in a changing tone of yellow typical of sulphur exposure
(Grossi et al. 2007; Vazquez & Alonso 2010).

These variations produced a total colour change of 4 units, i.e. the change was above the visible
threshold.

Roughness. Average roughness and maximum parameters increased in the Lutetian limestone.
Kurtosis decreased below 3, implying a transition to a platykurtic distribution, with a homogeneous
distribution of discontinuities around the mean plane. Skewness reached almost zero, which meant
that the distribution of the peaks and valleys became similar. The Vernon chalk showed a slight
increase in all the roughness parameters, which is more important in the maximum peak; changes in
kurtosis and skew- ness were not significant, which can be explained as an increase in roughness but
with a constant height distribution.

Macroscopic and microscopic observations. Macro- scopically, the Lutetian limestone exhibited
hardly any change, although even white spots were observed on the Vernon chalk.

Microscopically, on the external surface of the Lutetian limestone, circular particles of c. 100 mm
diameter were visible. Looking closer into the pores, particles of different shapes (e.g. radial, flower-
shaped) could be observed, all sized between 20 and 50 mm. Similar flower-shaped crystals were
observed on the Vernon chalk. These flat crystals were combined with 100 mm prismatic crystals
and 25 mm-diameter ball crystals (Fig. 8c).

Conclusions

Although chalk is generally supposed to be less resistant than other limestones, some constructions
of the Vexin region in France showed Vernon chalk in their basement walls and Lutetian
limestone starting at a height of 1 m. The petrography, phys- ical properties, especially hydric
properties, and durability of both types of stone were assessed in order to understand this choice.
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The most significant differences between these two limestones concerned their pore spaces and
water kinetics. Lutetian limestone showed almost double the porosity of Vernon chalk, as well as
pores thirty times bigger. For this reason, water absorp- tion is extremely fast in Lutetian limestone,
as pro- ved by free water absorption and capillary tests.

In relation to durability tests, salt efflorescences appeared earlier on the Lutetian limestone than on

the Vernon chalk. This is in agreement with their hydric properties and the higher capillary coeffi-
cient shown by the Lutetian limestone. Colour and roughness variations were assessed and the main
variations took place after Na2S04 crystallization and SO2 exposure. With Na2S0O4 crystallization
both stones turned a whitish colour because of thenardite that remained on the surfaces and within
the pores. Even after soft brushing, the Lutetian lime- stone showed the higher quantity of salt,
revealed not only by colour measurements and visual appearance, but also by an increase of average
and maximal roughness parameters. This salt coating led to an increase of roughness with the
appearance of more peaks and valleys on the surface, and consequently higher average roughness. In
the Vernon chalk, roughness variation was more evident from an increase in peak height but was less
evident from average parameters. NaCl crystallization formed a thin crust. After soft brushing, and
measuring only those parts where this crust was easily removed, only slight changes in colour and
roughness were observed in the Vernon chalk. However, this salt created a thin, transparent coating
on both stones, which gave the surface a glossy finish. After SO2 exposure, the Lutetian limestone
looked the same as the sound stone while the Vernon chalk exhibited white spots on its surface. The
typical decay pro- duced by SO2 exposure of yellowing was not identifiable in the Lutetian limestone
due to its orig- inal yellow-brownish colour. However, the Vernon chalk increased in hue after
exposure indicating the expected yellowing. Roughness varied in both stones, showing greater
changes in the Lutetian limestone.

The high porosity and water uptake of Lutetian limestone make it prone to salt crystallization and
consequently susceptible to considerable decay as a building stone. Hence, the Vernon chalk is better
for isolating walls from water coming up from the soil and avoiding massive salt crystallization. We
can suppose that this is the reason for the special distribution of the two stones in monuments.

The authors would like to thank the Rocamat Society and the TERH Monuments Historiques for
providing the samples used in this study, and Jean Badoux of the Cercle d’Etudes Vernonnais for
his help in the biblio- graphic research about the Vernon chalk.
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