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Abstract
An experimental chamber (CIME2) has been specially designed to simulate wet atmospheric deposition on limestones used in
Paris cultural heritage. This instrument is a complementary tool to CIME, a previously developed chamber dedicated to the
simulation of dry atmospheric deposition on monuments and artifacts. The aim of this paper is to describe CIME2 and charac-
terize the wet deposits produced inside it. Mist (fog), drizzle, and rainfall are differentiated in order to document their ability to
saturate the limestonesmost currently used in Paris monuments: The Saint-Maximin’s limestone, the Liais of Saint-Maximin, and
the Chauvigny’s limestone are tested. The comparison between normalized and environmental petrophysical data shows that in
the wet deposition simulations, limestones are not systematically water-saturated. Moreover, the realistic experimental conditions
chosen favor a more rapid evaporation of the stone water. The quantification of the non-saturation state is a first step that has to be
taken into account to improve the geochemical models used to predict the alteration.
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Introduction

Among the various weathering factors affecting the cultural
heritage materials, water plays a prominent role. In vapor or

liquid phase, water is involved in immission processes such as
dry and wet atmospheric deposition, respectively. For carbon-
ate stones, the reviews of Livingston (1992), Smith and Viles
(2006), and Livingston (2016) identified three main water-
dependent weathering mechanisms: dry deposition, karst ef-
fect, and acid rain.

Dry deposition is the result of reactions involving gaseous
pollutants such as SO2, NO2, particulate matter, water vapor,
and the carbonate (i.e., limestone, marble, travertine…) sub-
strate. Indeed, water vapor favors the reactivity of gaseous
pollutants with the stone’s surface, leading to an enrichment
in sulfur or nitrogen of the deposits appearing on the surface
and in the subsurface of the stone. Dry deposition was rec-
ognized as the main factor responsible for the development
of gypseous black crusts in the parts of the monuments not
directly exposed to the rain (Sabbioni 2003; Bonazza and
Sabbioni 2016). Moreover, even in absence of pollutant, a
relative humidity (RH) higher than 75% enhances the ad-
sorption of water on the surface and capillary condensation
in the subsurface of minerals (Fripiat et al. 1971) and stone
materials (Rousset 2001). In the case of fog or mist event
associated with larger (> 95%) RH, a surface condensation
occurs on materials whose surface in colder than the air
(Camuffo 2016).

Highlights • An experimental chamber designed for studying wet
deposition on cultural heritage materials is described and characterized.
• Petrophysical measurements are performed in simulated Parisian
environment.
• Rainfall, drizzle, and mist deposits are differentiated to evaluate their
ability to saturate different porous networks.
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Conversely, the karst effect and acid rain processes belong
to the Bwet deposition^ category. Due to their large surface
tension, droplets run off along the building surface and carry
away the elements dissolved from the material. This leads to a
loss of matter that can be quantified in terms of surface reces-
sion rate, surface lowering, or erosion (Inkpen et al. 2012;
Steiger 2016). The karstification or karst effect corresponds
to limestone dissolution and leaching by rain water droplets
having a pH between 5 and 7 because they are in equilibrium
with the usual CO2 atmospheric concentrations. Karstification
is a phenomenon known to have been active over geological
time-scales (Plummer and Wigley 1976; Buhmann and
Dreybrodt 1985). At the shorter historical time-scales relevant
for the study of the alteration of calcareous monuments, dis-
solution features and microkarstification are also observable
on the areas of the object or structure well exposed to the water
runoff (Icomos 2008). Acid rain phenomenon has been docu-
mented since the nineteenth century and its transboundary
effects have been demonstrated in the late 1960s (Le
Moullec and Mezdour 2011). Acid rains have a pH lower than
5.6, because of the additional dissolution of gaseous pollutants
such as SO2, NO2, and NH3 in the rain droplets. This low pH
makes it particularly active on limestone monuments as it
enhances dissolution of the substrate. Therefore, acid rain
has been considered for a long time as being the main wet
deposition alteration factor. However, it was recently shown
that because of the progressive decline of atmospheric acidic
pollutants, the karst effect will become the dominant alteration
factor in the next future (Bonazza et al. 2009). This is con-
firmed by the recent decreasing impact of air pollution on the
Paris limestone (Lefèvre et al. 2016) and a recent analysis of
the Paris rains showing that their mean and median pH are 6.1
and 6.5, respectively (Beysens et al. 2017).

Laboratory tests in corrosion chamber are the go-to meth-
odology to ensure an accelerated degradation of materials.
Two different—more or less drastic—approaches can be used:

– The first one consists in increasing dramatically the ag-
gressiveness of the environment in the chambers. This
can be done either by replacing of the gaseous by liquid
acid attacks (Dewanckele et al. 2014) or by increasing the
pollutant concentrations by several orders of magnitude
(e.g., from ppb to ppm) (Tétreault et al. 2013);

– The second approach consists in simulating more realistic
environmental conditions (Ausset et al. 1996). This ap-
proach was chosen to document and understand the initial
stages of the microstructural alteration of carbonate rocks
by dry atmospheric deposition (Unterwurzacher and
Mirwald 2008; Franzoni and Sassoni 2011) or to study
the specific impacts of runoff and stagnant water on
bronzes (Bernardi et al. 2009; Chiavari et al. 2010). The
CIME chamber (Chabas et al. 2015) was designed and
characterized adopting this second approach. To complete

the dry atmospheric deposition (gas + particles) simula-
tions of CIME, the CIME2 chamber was developed to
allow reproducing wet atmospheric deposition.

The aim of this paper is to provide an in-depth characteri-
zation of CIME2 and of the precipitations that can be
reproduced in it: (1) classical precipitations such as rain and
drizzle and (2) Boccult^ precipitations (mist). The tests are
performed on three limestones used in Paris monuments.
These limestones are first studied by a normative petrophysical
characterization then by simulation of rain, drizzle, and mist.
The final objective is to quantify the saturation or unsaturation
levels of these limestones when submitted to realistic rain,
drizzle, or mist events, considering that they are in façade,
which means that they are not subject to the action of capillary
rise from the ground.

Materials and methods

Sample origins

Stones representative of the Parisian historical heritage were
selected: the BSaint-Maximin roche fine^ (SM), the BLiais of
Saint-Maximin^ (LSM), and the BChauvigny^ (CH). All of
these samples are marine limestones mainly composed of cal-
cite (97%).

In detail, SM comes from the fine stone bench of Saint-
Maximin quarry (Ouachée et Corpechot, Oise, France). This
stone belongs to the Middle Lutetian (about 45 Ma ago,
Cenozoic) and is formed during a sedimentation process oc-
curring in warm and shallow water. Scarcely employed in the
Roman Age (Thermes of Cluny, Paris), SM is essentially used
since the nineteenth century thanks to the development of rail
transportation. Nowadays, SM is often used for restoration
works in elevated parts and cornices (e.g., Louvre Palace,
Royal Palace, Invalides, Panthéon, and Versailles castle).

LSM limestone comes from the same quarry; it is also
formed more recently (Upper Lutetian, about 43Ma ago) than
the SM. This stone possesses a wackestone structure and can
be found in a layer thickness ranging from 30 to 50 cm (Merle
2008). Denser than the SM, LSM is generally considered as
the nobler level of Lutetian limestone and is used and sculpted
in vertical bed (e.g., Notre Dame Cathedral portal in Liais of
Paris). Moreover, its hardness makes it an ideal stone to be
used as steps for historical monument (e.g., Church of Notre
Dame des Blancs Manteaux).

CH belongs to the Bathonien stage (around 165 Ma ago,
Middle Jurassic period). This limestone shows a grainstone
structure characteristic of a warm climate and a shallow (<
3 m) carbonate platform and a high energy paleo-environ-
ment, similar to the sedimentation occurring nowadays in
the Bahamas. It has been used in Paris in sculpture (e.g.,
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Trocadero column, bas relief of the façade of the Porte Dorée
Palace), on structural or sculptured parts (e.g., Alexandre III
Bridge), or in the elevated parts of monuments (e.g., Orsay
Museum).

Petrography and pore space characterization

The petrographic characterization of the limestone was per-
formed on thin sections observed under a polarized light mi-
croscope (Leica Leitz Laborlux 12POLS) used in transmission
mode and connected to a CCD camera managed by an image
processing system (Histolab, Microvision®). The micro-
facies were identified using the carbonated stone classifica-
tions of Folk (1959) and Dunham (1962).

The pore space was observed on thin section of rock pre-
liminary impregnated with two colored resins, according to
the procedure described by Zinszner and Meynot (1982) and
Pellerin and Zinszner (2007). Acting as a wet fluid, the red
epoxy resin filled the free porosity of the stone sample by
capillary imbibition at atmospheric pressure (under diphasic
conditions). After polymerization of the red resin, the trapped
porosity, non-accessible by water and occupied by air (non-
wetting fluid), was filled manually with blue epoxy resin
spreading on the cut surface.

Porosity quantification and pore access radii
distribution

The porosity was quantified by the measurements of two pa-
rameters: the water total porosity Nt (%) and the mercury
porosity NHg (%). According to the AFNOR B10-615 stan-
dard procedure (2007), the samples were dried at 60 °C until
they reached a stable mass (md). They were then degassed
during 24 h in an airtight enclosure before being progressively
saturated, from their bottom, with a degassed and deionized
water under a dynamic vacuum. The total porosity (Nt) is
given by the expression Nt = [(m1 − md) / (m1 − m2)] × 100,
where m1 is the mass of the sample totally saturated with a
degassed and distilled water and m2 is the mass of the under-
water sample. NHg is obtained applying the Standard ASTM
D4404-10 procedure (2010) by mercury-injection
porosimetry. The mercury porosimetry determines the pore
access radii (R) distribution in terms of mercury pressure-
volume (V) injected inside the porous network. The distribu-
tion curve (dV/dlogR) is calculated from 200 μm
(0.0037 MPa) to 0.0036 μm (206 MPa). The apparatus used
is a Micromeritics AutoPore IV 9500 V1.09 porosimeter.

Water transfer (capillarity and evaporation)

The water capillary imbibition is measured using the
Bclassical^ and the Benvironmental^ approaches. The classical
or Bnormative^ approach follows the standard AFNOR B10-

613 method (AFNOR 1999). In this case, cylindrical samples
(Ø ~ 4 cm, L ~ 5.5 cm) are placed vertically, on a grid, in
contact of a small layer of deionized water (5 mm) that fills
the bottom of a closed chamber. The capillary suction pro-
vokes a water uptake of the samples which are regularly
weighed.

The environmental one is a new and complementary ap-
proach, specially developed in order to make a characteriza-
tion of samples submitted to realistic wet deposition event far
from capillary rises. It consists in the direct measurement of
the water uptake during the experiments performed in the
CIME2 chamber. Samples (5 cm × 5 cm × 7 cm) are wrapped
in a Teflon film with the exception of the front face (5 cm ×
5 cm) which receives the spray simulating a driven rain or a
driven drizzle event.

For the two approaches, according to Washburn’s equa-
tions derived from Poiseuille’s law and capillary pressure,
the pore water volume (wetting phase) and consequently, the
pore water mass is proportional to the square root of time.
Usually, authors (David et al. 1993; Hammecker and
Jeannette 1994) plot the mass increase relative to the contact
surface area δW/S (g cm−2) to the square root of time. The
capillary imbibition coefficient A (g cm−2 h1/2) that expresses
the mass increase rate by capillary imbibition corresponds to
the slope of the first linear part of the curve of the mass in-
crease versus the square root of time. The second part of the
curve, with a lower slope, corresponds to the progressive in-
vasion by water of the remaining macro-mesoporosity occu-
pied by the air. The air diffuses through the water with slower
kinetics according to the Fick’s law.

The samples saturated by capillary water were then ex-
posed to drying conditions. Here again, two ways are ex-
plored: the normative and the environmental. The normative
approach consisted in enveloping the water-saturated stone
cylinder in a Teflon film but leaving the summit face free.
The sample was then submitted to a drying by exposition in
a chamber where the relative humidity of 33% is controlled by
a supersaturated solution of MgCl2. Sample is regularly
weighted and the evaporation curve expressed as the evolution
of δW/S (g cm−2) versus time according to the Rousset-
Tournier et al. (2003) and Turmel et al. (2014) protocol.

The environmental approach consists in the exposure of the
sample in the CIME2 chamber where a dry air zero circulation
simulates the wind conditions under which the stones exposed
in Paris town can be submitted (see BCIME2 wet deposition
chamber^ section).

Generally, a classical evaporation curve includes three
stages. During the first, the capillary water supply is sufficient
to ensure a hydraulic continuity in the porous network to the
surface submitted to evaporation (drying surface). The surface
submitted to evaporation remains wet during all this stage of
drying, while the water flow through the top surface is con-
stant. During the second stage (intermediate stage), the water
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flow decreases progressively; the water which leaves the top
surface by evaporation is not totally replaced with water from
inside the sample by capillary transfer, and then the top sur-
face of the sample is partly wet. The third and last stage cor-
responds to another stage of drying with constant flow but
much lower than the first one. The top surface of the sample
is then dry and evaporation occurs from inside the stone to the
drying surface by diffusion of water vapor within the porous
network. Two parameters calculated at the end of the first
stage (the critical hydric saturation Sc and the corresponding
duration TSc) are characteristics of the sample submitted to a
drying under controlled conditions.

CIME2 wet deposition chamber

The CIME2 chamber has been designed to simulate the de-
position of different precipitations. This chamber (Fig. 1a) is
a transparent and waterproof Plexiglas box of 100 l (45-cm
length, 53-cm height, and 48-cm depth). An inclined bottom-
plane equipped with an exit point allows to carry away the
excess water (condensation or runoff) during the wet depo-
sition simulation. Several inlets and outlets allow the con-
nection of a water supply or a drying system. For the simu-
lation of rain event, a flat fan nozzle (jet angle 80°) supplied
in water by a solenoid pump (flow of 45 to 100 ml min−1)
connected with a suction strainer immersed in deionized wa-
ter at pH 6.1 delivers water droplets onto the sample
(Fig. 1b). Sequential pulverizations are controlled by a timer.
The simulation of mist or fog is generated by atomization of
deionized water using a collision-type atomizer (AGK2000,
Palas®), working at a pressure of 1.2 bar (Fig. 1c). To sim-
ulate evaporation or desorption, a drying system is used to
decrease the relative humidity inside the chamber. The dry-
ing system (Fig. 1d) is a compressed air source which is
dried (silica-gel column), decontaminated (active charcoal
filter), and filtered (particles filter) to deliver a clean air (air
zero).

During the experiment, the monitoring of environmental
conditions (temperature and relative humidity) was performed
using a Delta Ohm Hygrotransmitter HD9817T.3. The mea-
surements of the sample’s mass gain or loss during the
humidification/drying cycles are provided by a sample hold-
ing device (Fig. 1e) placed underneath the balance base
(Sartorius ED6202S-CW, weighing range 0.5–6200 g, accu-
racy 0.01 g) and suspending the sample at halfway up inside
the chamber. Temperature, relative humidity, and mass values
are monitored in real time using a Labview visualization sys-
tem (Fig. 1f). The monitoring of the temporal evolution of the
gain or loss of mass of the samples makes it possible to carry
out petrophysical measurements in environmental conditions
very close to those limestones of the built heritage of Paris
town are exposed to.

Rain and drizzle characterization

The spray used to simulate rain and drizzle events was char-
acterized by a Phase Doppler Interferometer (PDI, Artium
technologies Inc., LaVision). This PDI system performs a
real-time and non-intrusive measurement of the individual
droplets forming the spray (drop size ranging from 0.3 to
8000 μm). The geometrical position of the lasers ranges from
− 200 mm to the left to + 200 mm to the right, with the center
of the spray at position 0 mm. The laser measurements are
performed at a 250-mm distance from the spray nozzle, which
corresponds to the distance to the stone sample exposed inside
CIME2. The droplets size and velocity distributions were de-
termined every 10 mm, and from left to right within the spray.
For the acquisition, the PMT gain (photomultiplier tube)
ranged from 400 to 600 V, with a slit aperture varying between
200 and 1000 μm, a bin width of 1 to 2 μm, and a data
acquisition frequency ranged of 10–560 Hz. The Sauter
Mean Diameter (D32, μm) classically used to characterize a
spray was used to study the size distribution of the droplets
and to qualify the wet deposition (drizzle or rain).

Mist characterization

To characterize the environment of CIME2 during the simu-
lation of a mist event, a Mini Wide Range Aerosol
Spectrometer Mini-WRAS 1371 (GRIMM®) was used to
measure airborne particles generated by an atomizer
(BCIME2 wet deposition chamber^ section). By combining
a stepping mode operated electrode with a Faraday cup elec-
trometer and an optical aerosol spectrometer, the Mini-
WRAS instrument gives an aerosol size distribution corre-
sponding to electrical mobility diameter measurements (10
channels from 10 to 200 nm) and to the scattering light diam-
eter measurements (31 channels from 0.2 to 35 μm). Every

Fig. 1 General view of the CIME2 alteration chamber dedicated to wet
deposition simulation
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minute, a pump working at a constant flow of 1.2 l min−1

collects samples of the airborne particles, which are classified
in 41 size channels. In parallel, the temperature and relative
humidity are monitored within the chamber.

Results and discussion

Petrophysical characterization of the three limestones

Thin section observation

The Saint-Maximin Broche fine^ (SM) limestone is a
biosparite according to Folk’s classification (1959) and has a
grainstone structure according to Dunham’s classification
(1962). This rock is mainly composed of benthic foraminifer
tests such as milioles (Fig. 2, SM). The petrographic and
petrophysical characterization of SM has already been report-
ed on similar samples in a previous paper (Saheb et al. 2016).

The Liais of Saint-Maximin (LSM) is a bioclastic lime-
stone showing a packstone structure (Fig. 2, LSM).
Foraminifer’s tests mainly consist of milioles (larger than
those of SM) and rare alveolines. Mollusca fragments are
observed in places in the rock as well as some intraclasts
and pellets. Angular detrital quartz grains are more abundant
than in SM. These allochems are essentially bonded by
micritic matrix bordered by a cement composed of
microsparite crystals.

The free porosity is mainly placed at the borders of rounded
or elongated macropores which can reach a length of several
mm. Some free microporous zones are present in micrite
grains (intraclasts, peloids, test lodges…). The trapped poros-
ity, ubiquitous, is located in the center of the macropores, in
the fossil chambers and between the sparite crystals of the
cement.

The Chauvigny (CH) limestone is mainly made of isolated
or composite ooliths (Fig. 2, CH). The edges of the ooliths are
often underlined by a thin border of sparite crystals. Rare
bioclasts (mollusk, corals) are locally present. The cement is
mostly sparitic with some crystals that reach millimetric size.

The free porosity consists of intergranular macropores and
isolated intragranular micropores placed in ooliths and
micritized bioclasts. The trapped porosity is often placed in
the middle of the large area of free porosity in large intergran-
ular pore spaces and forms round zones of several hundred of
micrometers. It occupied also some small zones (tens of mi-
crometers) within bioclasts or sparite cement areas.

Porosity and pore access radii distribution

The quantification of the water porosity (Fig. 2) shows that
SM has the highest porosity (~ 32%) followed by LSM (~
27%) and CH (~ 16%). These percentages are coherent with

mercury porosity measurements (Fig. 3). The pore access radii
distribution (Fig. 3) is bimodal for SM (18 μm; 0.15 μm) and
CH (85 μm; 0.2 μm). These two modes allow the filling of
intergranular and intragranular free porosity organized inmac-
ro and micropores. However, for SM, the principal access
radii is macroporous (18 μm). For CH, the two modes have

Fig. 2 Thin sections of Saint-Maximin (SM), Liais of Saint-Maximin
(LSM), and Chauvigny (CH) limestones embedded with twin colored
resin showing the free (red) and the trapped (blue) porosity (polarized
and non-analyzed light)
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the same ability of free porosity filling. On the contrary, LSM
shows a very poorly sorted pore size distribution ranging from
100 to 0.02 μm. The filling of the LSM’s free porosity (macro
and micropores) is thus provided by any size of access radii.

Normative capillary imbibition (AFNOR B10-613 1999)

The standardized capillary imbibition experiments (Fig. 4)
show mass increase per unit of surface area versus square root
of time curve organized into two linear phases. For all these
three limestones, the linearity of these two phases and the
coincidence between the arrival time of the capillary fringe
at the top of the test sample (δL) and the filling time of the
free porosity (A slope) allows to consider unimodal their pore
network, in which the distribution of the pores is quite homo-
geneous. The capillary imbibition coefficients (A) are on av-
erage 3.772 ± 0.19 g cm−2 h1/2 for SM, 0.525 ± 0.16 g cm−2 h1/
2 for LSM, and 0.172 ± 0.03 g cm−2 h1/2 for CH, respectively.
These coefficients are consistent with the order of the percent-
age of porosity measured by water and mercury injection.
Moreover, initial values reflect the discrepancy in capillary
water uptake with higher value for SM, then LSM, and finally
CH.

Normative evaporation (Rilem II5 norm, 1980)

The evaporation curves of the three limestones (Fig. 5) are
organized into three typical stages: rapid desaturation with
constant flow, desaturation with decreasing flow, and slow
desaturation at constant flow. For the first phase of
desaturation, the comparison of the coefficient shows differ-
ences in the flow. Indeed, the constant is similar for LSM
(− 0.009 ± 0.0004 g cm−2 h) and CH (− 0.009 ±

0.0003 g cm−2 h) but the SM coefficient is slightly different
with a value of − 0.007 ± 0.0003 g cm−2 h, implying a slower
desaturation for this stone. The critical water saturation values
(Sc) expressed in percentage are respectively 28 ± 6% for SM,
38 ± 3% for LSM, and 39 ± 1% for CH. These percentages
indicate that a major part of the evaporation occurs inside
the three stone. The water saturation times (TSc) are 229 ±
5 h for the SM, 95 ± 2 h for the LSM, and 58 ± 3 h for CH. The
complete desaturation is obtained after nearly 500 h for CH
and 948 h for LSM. For SM, the complete desaturation time
can require up to 5 months showing that in-depth evaporation
takes a very long time for such stone.

Characterization of the rain

Precipitations formed within the spray were analyzed by PDI.
The scanning of the spray from its center towards its left and
right external parts reveals that the particle diameters are in the
10–320-μm range (Fig. 6). At the center of the spray (0-mm
position, black curve), the droplet number is relatively low
(2300) and their diameter centered on 102 ± 36 μm. On the left
side (dotted curves), in the strong part of the left jet found at
position − 120 mm (yellow), the number of counted droplets is
much larger and the size distribution clearly bimodal. The main
mode contains 13,415 droplets and is centered on a diameter of
114 ± 31 μm whereas the minor mode contains 2393 droplets
with an average diameter of 193 ± 23 μm. On the right side
(continuous curves), at position 90 mm (red) corresponding to
another strong jet, the drop distribution is also found to be bi-
modal, with 19,796 drops in the main mode centered on 111 ±
34 μm and 8196 drops in the second mode centered on 187 ±
28 μm. In the most external left and right parts of the spray, the
number of droplets decreases (1000 and 2600 drops,
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respectively) and tends to have a unimodal distribution centered
on a larger diameter: 192 ± 19 μm for the position − 180 mm
(black) and 184 ± 33 μm for the position 140 mm (green).

The velocity of the drops at different positions (left, center,
right) has also been measured and found to range from 0 to
12 m s−1 (Fig. 7). In the strongest parts of the spray, the dis-
tribution of the velocities contains two modes centered on 1.7
± 0.5 and 3.7 ± 0.9 m s−1 (for the – 120-mm position) and 2.0
± 0.5 and 4.7 ± 1.9 m s−1 (for the 90-mm position). Around the

center of the spray (between position 0 and 60 mm), the ve-
locity varies from 0.6 ± 2.2 to 0.7 ± 0.2 m s−1. On the most
external parts of the spray, the distribution of the velocity
tends to become mono-modal but with the highest standard
deviation: 1.5 ± 1.4 m s−1 and 3.5 ± 1.8 m s−1 at positions −
180 and 140 mm, respectively.

The classification of precipitations varies from one author
to another and depends on the measurement process and the
statistical analyses used. According to the MétéoFrance’s
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glossary (http://www.meteofrance.fr/publications/glossaire),
the size (diameter D) and the fall velocity (v) of the drops
are the parameters usually used to discriminate precipitations
such as drizzle or rain: droplets with D > 500 μm and v >
1 m s−1 are classified as rain and those with D < 500 μm and
v < 1 m s−1 as drizzle.

Adopting these definitions, the spray used in the CIME2
chamber simulates drizzle and rain according to the fall veloc-
ity. In terms of size, droplets produced are too small for a
typical rain but of good range for drizzle. Having in mind than
rain event is polydispersed, we decided to qualify as Bfine
rain^ the strongest parts of the spray (jets at positions − 120

and 90 mm). Conversely, the center and external parts of the
spray will be chosen for the simulation of drizzle-dominated
events. The orientation of the spray will determined the fine
rain or mist simulation.

Characterization of the mist

The recordings of the relative humidity (RH) show that the
transition between dry mist (RH < 60%) and humid mist
(RH > 60%) occurs after 17–20 min of atomization. The
highest RH obtained in the chamber throughout the experi-
ments was 97.3%. The Mini-WRAS was used to evaluate the
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size distribution of the mist droplets (Fig. 8). At t0, the particle
number concentration is very low (< 102 particles per cm3)
and their sizes range between 10 and 150 nm due to the flush-
ing of the CIME2 chamber by clean air. Between 0 and 25min
of atomization, the number of particles increases gradually up
to 3.104 particles per cm3. The particle size distribution ex-
tends up to 1500 nm. After 25 min, the fine particles coagulate
to form larger particles that reach 10 μm in diameter. Up to
three size modes centered around 40, 200, and 3000 nm glob-
ally appear. The measurements were stopped at 25 min be-
cause of the formation of droplets on the filter head of the
Mini-WRAS. The mist simulated in CIME2 is in good accor-
dance with the reality. Indeed, in the field, the fog particle size
distribution averages around 10 μm with larger drops diame-
ters going up to 50μm (Podzimek 1997; Hammer et al. 2014).
These operating conditions thus appear as optimum to main-
tain a veil of fog all around the sample for the duration of the
experiments.

CIME2 simulations of rain, drizzle, and drying event
on limestones

Rain and drizzle event

SM, LSM, and CH limestones were submitted to episodes of
fine rain and drizzle produced in the CIME2 chamber. In order
to simulate rainfall as a shower, the spray is oriented so that the
maximum drop production hits the limestone. The duration of
rain episodes is chosen with regard to the time of the real
meteorological events. According to MétéoFrance’s glossary,
a rain shower has a short life span ranging from a few minutes
to maximum 1 h time. The duration chosen for the rain exper-
iment is 30 min (0.71 h1/2) in order to have a time of imbibi-
tion that favors water transfer process change from liquid wa-
ter transfer by capillarity to water vapor diffusion if permitted
by the stone porous network.

For the drizzle, the nozzle is oriented towards the fallout of
very soft and fine droplets. According to MétéoFrance’s glos-
sary, the drizzle never falls as a short rainfall but in a contin-
uous way that lasts often several hours. In consequence, the
duration retained for the drizzle event is 3 h (1.73 h1/2), here
also to ensure a significant capillary filling.

After a rainfall (continuous curves in Fig. 9), SM shows a
linear increase in two stages, first a fast increasing linear
stage (ASM 4.165 ± 0.21 g cm−2 h1/2), then a plateau phase
registering a much slower increase which tends to stabilize at
around 1.8 g cm−2. The plateau is relatively close to the one
reached in standardized measures (Fig. 4) performed on oth-
er similar samples. For LSM and CH limestones, after a short
period (0.3 h) of non-linear evolution, the filling regime
clearly follows a single linear stage (ALSM 0.663 ±
0.14 g cm−2 h1/2; ACH 0.399 ± 0.05 g cm−2 h1/2). The initial
irregular stage occurs in the first time of the imbibition when

the surface of the limestone is not yet entirely covered in
water. Once the hydraulic continuity between the moistened
surface and the subsurface is established, the water absorp-
tion follows a linear progression similar to standardized mea-
surements (Fig. 4) but with a slower rate. The short duration
of the rain events prevents a sufficient filling of the free
porosity for LSM and CH. In other words, the second stage
of filling of the macro-mesopores that needs air diffusion in
water to the outside of the sample is reached only in the case
of SM but not for LSM or CH. After 30 min of rainfall
simulations, we can conclude that 100% of the porous net-
work accessible by capillarity is reached for the SM lime-
stone only. If compared to standardized measurements,
about 70% of the pores are filled with water for LSM and
about 55% for CH. By extrapolating, a duration of 1 and
1.5 h of rain would be necessary to fill free porosity of
LSM and CH, respectively.

In the drizzle regime (dotted curves in Fig. 9), the filling of
the porous network is slowed down for the three stones. On
the scale of a 3-h event, an initial and irregular phase (0.8 ±
0.1 h1/2 for SM, 0.4 ± 0.1 h1/2 for LSM and CH) is followed by
a linear mass gain. The capillary coefficients of the linear
phase are weaker than those obtained after the rainfall event.
SM linear phase (free porosity filling) stops after nearly
1.25 h1/2 of event and the sample reaches the plateau phase
of filling the porous network by diffusion. The plateau phase
is observed at the same level than those of standardized mea-
surements (Fig. 4) and rain event (Fig. 9). LSM and CH reach
an important level of filling despite a capillary coefficient
lower that under rain regime due to the longtime and the con-
tinuous alimentation of water by drizzle. However, the phase
of porous network filling by diffusion is not achieved for LSM
and CH. After 3 h of drizzle, we can conclude that 100% of the
porous network accessible by capillarity is reached for the SM

Fig. 8 Size distribution of the mist particles produced by nebulization
inside the CIME2 chamber
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limestone only. For LSM and CH, the free porosity filling is
not completed.

Comparison between standard (0°) and realistic evaporation
under air flow (1°–2°Beaufort)

Air velocity measurements using a hot wire anemometer were
performed in the CIME2 chamber during air zero drying. At
the sample level, the air velocity measured oscillates between
0.485 and 2.1 m s−1. These values correspond to 1° (light air)
to 2° (light breeze) on the Beaufort’s scale. Statistics carried
out between 1971 and 2000 (MétéoFrance collectif) show that
the wind speed in Paris is mainly ranged between 1.5 and
4.5 m s−1 (69.4%) and between 0 and 1.5 m s−1 (10.9%).
The drying regime produced in CIME2 is therefore very real-
istic and reproduces rather well the Paris environmental
conditions.

Whatever the wet deposit (rainfall or drizzle), the evapora-
tion curves obtained during the realistic drying (Fig. 10) start
with a short non-linear phase that can be attributed to the
runoff of the last droplets present on the limestone surfaces.
After this stage, the three limestones show a mass loss which
reproduces the three steps described on the normalized curves
(Fig. 5). The drying curves obtained after the rainfall event
(Fig. 10, linear curves) show a linear phase of desaturation
with constant flow ending after 9 ± 0.25 h for SM, 3 ± 0.2 h
for LSM, and 1 ± 0.1 h for CH; a desaturation phase at de-
creasing flow; and a last phase of desaturation at constant flow
that starts at 16 ± 0.25 h for SM, 8 ± 0.2 h for LSM, and 5 ±
0.1 h for CH.

After drizzle (Fig. 10, dotted curves), SM shows an evap-
oration curve, which is overlaid (same desaturation coeffi-
cient) on that obtained after rain. This is linked with the total
filling of the SM capillary porous network during the two

simulated events. For LSM and CH, the time of the first phase
of evaporation at constant flow is longer for drizzle than for
rain. This is also linked with the higher amount of water that
soaked LSM and CH during the drizzle. It requires 4 ± 0.2 h
for LSM and 3 ± 0.1 h for CH for the evaporation that occurs
towards the limestone surface. The beginning of the in-depth
evaporation phase occurs also later, 14 h ± 0.1 h for LSM and
10 ± 0.1 h for CH. In comparison with the normalized data
(Fig. 5), the evaporation time under realistic conditions is
considerably shortened through air circulation (factor 25).

Simulation of mist events on limestones

Fog (mist) events were reproduced in the CIME2 chamber to
measure the amount of water adsorbed and identify, if possi-
ble, a capillary condensation phase occurrence. Two mist
events were firstly simulated in order to create an autumnal
morning (6 h) and then a winter foggy day (20 h) in Paris
according to local meteorological statistics (MétéoFrance
collectif 1971). After 6 and 20 h (Fig. 11), as expected, the
mass uptake regularly increases but stays weak for the three
limestones. This low amount of water fixation corresponds
theoretically to the filling of sites whose radius is less than
0.1 μm according to Kelvin’s law. No saturation phase is
reached whatever the limestone. Fog test lasting 7 days was
then conducted on the three limestones. This duration corre-
sponds to an exceptional fog event that can occur in winter in
Paris. During this longer period, LSM and CH show a similar
and gradual increase inwater fixation. It is interesting to notice
for SM a clear increase of water fixation after 48 ± 1 h follow-
ed by a weaker increase after 96 ± 1 h, which announces a
phase of saturation. The amount of water fixed by SM is in
the same range of order than that measured after 0.08 h during
the capillary test. In that case, we can consider that a

Fig. 9 Examples of environmental capillary imbibition curves of Saint-Maximin (SM), Liais of Saint-Maximin (LSM), and Chauvigny (CH) limestones
submitted to 30 min of rainfall (continuous curves) and 3 h of drizzle (dotted curves) inside the CIME2 chamber
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phenomenon of capillary condensation and a surface conden-
sation on the surface roughness have probably occurred on
SM. However, the RH (limited to 97.6 ± 0.5%) does not per-
mit a more important filling of the porosity.

Concluding remarks

The CIME2 experimental chamber has been specifically de-
veloped to simulate wet deposition on cultural heritage mate-
rials. Three limestones typically used in Paris monuments
have been tested. The operative conditions have been

optimized to reproduce rain-dominant, drizzle-dominant, and
mist deposition on limestone samples. Moreover, the wind
conditions of Paris have been simulated to quantify their in-
fluence of the kinetics on limestone drying. In parallel with
wet deposition or drying, a real-time measurement of lime-
stone mass gain or mass loss was achieved. The data acquired
allow documenting the limestones water imbibition and evap-
oration curves, in a way similar to that of the traditional
AFNOR & RILEM petrophysical standards but revisited and
improved in the sense that they are dimensioned to be much
closer to real environmental conditions of Paris. The compar-
ison of the standard method with the new environmental one

Fig. 10 Examples of environmental evaporation curves of Saint-Maximin (SM), Liais of Saint-Maximin (LSM), and Chauvigny (CH) limestones under
1°–2° Beaufort air circulation after 30 min of rainfall (continuous curves) and 3 h of drizzle (dotted curves) inside the CIME2 chamber
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shows that the former systematically overestimates the
amount of absorbable water by capillary imbibition but under-
estimates the kinetics of the evaporation. In addition, the wet
deposition simulation performed in CIME2 clearly evidences
a porous network unsaturation for microporous limestones of
Chauvigny and Liais of Saint-Maximin. The unsaturation
state is also favored by a more rapid drying in real condition
for the three limestones.

In the current context of global change, the climate models
predict that the frequency of extreme rain and wind events will
increase. This may influence the degree of limestone
unsaturation. An interesting way of supplementing the results
of this study could be in documenting better the site of water
migration and reactivity during this unsaturation phase using
isotope tracers such as 2H2O and 18O. This would allow a
better individualization of the zones of risk (erosion), passiv-
ation, or resumption of alteration in zones affected by water
transfer. The CIME2 chamber will be particularly well adapted
to explore this future axis of research, not only on limestones
but also on other materials of the cultural heritage. In the future,
the modeling of weathering phenomena will have to be im-
proved in order to take into account this particularity and the
resulting additional complexity of unsaturation, which is cur-
rently often disregarded in the geochemical models.
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