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Abstract

Biofilms developed on historical heritage buildings are made of various microbial communities settled
and anchored in a substrate. They provide a good medium to the development of macroscopic vegetation
which causes irreversible and physical damage to stone structure. Infrared thermography (IRT)
measurements have been performed in laboratory scale to investigate the applicability of this non-
destructive technique to an early detection of microbial biofilms on stone surface. Detecting biofilms
before stone soiling is important in Cultural Heritage conservation to avoid both irreversible damage
and building restoration costs.

Active IRT was set up on a French limestone used in many French buildings and monuments. Samples
were collected after six-months of exposure in an outdoor biofouling test during which they were
colonized by microbial biofilms. They have been compared with controls with no biofilm. Experimental
set-up has been carried out in dry and damp conditions to simulate different climatic conditions. First
results displayed a different thermal response: stone surfaces with biofilm reached higher temperatures
and they cooled down faster than row stones. Biofilm entailed a change of the stone thermal behaviour
similar to a monolayer. IRT detected biofilm with a better efficiency in dry than in damp condition.
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Introduction

Natural stone has been used for its durability to raise buildings throughout the ages. Its longlasting
renown has been disputed since the 20" century. The industrial revolution generated environmental
pollution which did not exist previously and hastened the ageing and the degradation of buildings and
monuments. Public authorities have become aware of Cultural Heritage weakness through the
environmental changes. In temperate climates, colonisation of buildings by micro-organisms (called
biocolonisation) contributes to their degradation and is a considerable problem for their maintenance. It
is firstly a driving factor for the aesthetic aspect of building walls (Tran et al., 2014; Pozo-Antonio et
al., 2017; Santunione et al., 2019). Microbial communities composing biofilms spread thanks to nutritive
elements found in the components of stone, and favour the anchorage of other micro-organisms such as
fungi, algae, moss and lichen (McNamara & Mitchell, 2005; Warscheid & Braams, 2000). Over time,
biofilms induce an undesired change of stone properties through biochemical action made by the cell’s
metabolism, which causes a mineral dissolution (Li et al., 2008). Moreover, such a mechanical damage
plays a significant role in this irreversible weathering caused by the lichen hyphae penetration,
weakening the stone until it breaks (Ahmed & Holmstrém, 2015; Nuhoglu et al., 2006; Papida et al.,
2000; Pinheiro et al., 2018). Consequently, restoration may induce significant costs due to cleaning and
changing building materials to avoid definitive losses of heritage.

In this respect, the early biofilm growth on stone walls must be taken into account to limit financial
damages; The colour measurement is a usual non-destructive technique employed in building
restoration. This method assesses the biological growth spread on stone - which has different colours -
and consequently the weathering of building walls. (Grossi et al., 2007; Borderie et al., 2014; Eyssautier-
Chuine et al., 2014). Other factors inducing colour variations are not induced by micro-organisms, such
as moisture, urban pollution and the natural ageing of the stone patina. Accordingly, an earlier detection
of biocolonisation should be more profitable than a visual one.

In this study, infrared thermography (IRT) has been investigated in first assays in order to assess the
sensitivity of this non-destructive technique to track down the biocolonization earlier than colourimetry.
It is an evaluation tool commonly used in monitoring and maintenance of buildings and works of art
studies. The substrates surface and subsurface are tested by analysis of thermal emissions. It is a
powerful technique for art analysis thanks to its non-contact imaging application and its earliness to
detect many flaws before visual detection (Bodnar et al., 2012; Gavrilov et al., 2014; Mouhoubi, 2016).
This military-origin technique (detection of missile launches, 1960s) has been developed in the field of
civil research in the 1980s due to more affordable camera prices (Carlomagno & de Luca, 1987;
Maldague, 2001; Vavilov & Maldague, 1992) and has since led to successful developments in many
fields (engineering, medicine, industry). The applicability of IRT in Cultural Heritage investigates a
wide range of issues such as tracking cracks in paintings, diagnostics of buildings damage by moisture
and performance of treatments for consolidation on porous stones and restoration of masonries
(Avdelidis & Moropoulou, 2004; Moropoulou et al., 2013). IRT has already been applied to measure
the heat released by lichens on outer walls and in soils (Garty, 1990; Kluge et al., 2013).

This work analysed thermal responses of biocolonised stones after stimulation by a heating pulse (active
IRT). Natural stone samples have been previously exposed six months in a garden where biofilms grew,
then compared to non-exposed samples. The experiment has been set up in a laboratory condition in
order to avoid external artefacts and to optimize the protocol. Thermal responses have been monitored
on dry and damp stones to come closer to natural weather conditions. Beside, water is a significant
parameter for the biofilm growth and changes the thermal behaviour of building materials (Barreira &
Almeida, 2015; Moropoulou et al., 2018).

Short overview on scientifical techniques of biodeterioration study on monuments

The biodeterioration of buildings was more seriously considered in Europe since the eighties due to
lower air pollution imposed by environmental rules, decreasing sulphur concentration and therefore
favouring deposition of organic compounds (Grossi & Brimblecombe, 2008). A large range of
techniques are used to identify microbial species and analyse their physiological activity on stone to
better understand the process leading to the stone weathering. Biofilms on stone are composed of
biological microcolonies embedded in an organic polymer matrix, they also hold various microbial
species which have physiological activities (Di Martino, 2016). Many techniques are used to quantify
and describe them and to understand their function on the weathering process of stone (Hirsch et al.,
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1995; Mihajlovski et al., 2014). Destructive techniques of collecting contaminated stone samples are
used in situ by detaching, crushing and drilling, while non-destructive techniques collect biofilms by
scraping, swab using and cutting. Biofilms are observed by diverse microbiological analyses, such as
scanning electron microscopy (SEM), wet-mode environmental scanning electron microscopy (ESEM)
and transmission electron microscopy (TEM). Morphological information of biofilm are provided as
well as its interaction with the stone surface. Molecular techniques like high-throughput genetic analysis
(16S rRNA and 18S rDNA gene sequencing, metagenome analysis) are currently used to study the
phylogenetic diversity of the microbial communities. Technological advances contributed to the
development of several in-site microscopy techniques to study biofilm-stone relationship using a SEM
in back-scattered mode (SEM-BSE), low-temperature SEM (LTSEM) and confocal scanning laser
microscopy (CSLM) (De los Rios & Ascaso, 2005). Nonetheless, these microscopic techniques require
expensive devices and a considerable experience which local authorities and restorers cannot apply on
all the built heritage. Consequently, colourimetry is a common and rapid technique used on site to
monitor changes of stone surface appearance due to the expanding biological colonisation of walls
(Cutler et al., 2013; Gambino et al., 2019) and to evaluate the efficiency of biocide treatments ( Becerra
et al., 2020; Goffredo et al., 2017). Nevertheless, colourimetry provides a limited expertise to detect
biofilm growth since colour variations of built heritage can be induced by many factors independent of
biocolonization.

Materials and methods

Substrate and biofouling test

Savonnieres stone has been chosen for its renown and its wide use in major buildings and monuments
in Northern France and Western Europe from the antiquity to 19" - 20" centuries, as well as part of
monument restorations. It is a clear grey limestone made of oolit vacuolar grains and shell debris (Figure
1) and dated from Lower Tithonian (150 My). The texture is grain-supported and composed of
intragranular moulding macropores by dissolution of oolit nuclei. Savonnieres stone is still mined in the
two last quarries in the vicinity of Saint Dizier city in the East of France. Its petrophysical properties
have been conducted, for the evaluation of the water transfer inside the stone which is a significant
parameter for the micro-organisms growth.

The porosity characterization has been carried out by the mercury (Hg) intrusion porosimeter
(Micromeritics Autopore 1V 9500): pressure reached 247 MPa and pore radii sizes were 0.003-178 um.
Savionnieres stone has a high porosity (40.4 %) and is composed of more than 58 % of pores of large
size access radii (> 1 um) located inside the grain, 29 % of pores in the medium size range radii (1-
0.1 um) and finally 13 % of pores in the small range radii (0.1-0.01 um) located between grains as a
partial cementation of the stone. The capillary coefficient has been assessed by the capillary absorption
test (European Commitee for Standardization, 2010). The stone has a high coefficient of 38.1 g.m2.s2,
suggesting a fast water absorption due to a good connection between pores (Table 1).

A biofouling test has been set up with the aim of ageing stone samples with the micro-organisms growth
on them. It was located in Rheims city, more precisely inside the garden of Sacré Coeur secondary
school which had limited access to people and many trees favour the stimulation of biocolonisation on
stones. Samples (2 x 2 x 1 cm dimension) have been settled on a galvanized steel platform, 1 m above
the ground and 20° tilted to the SW to limit water stagnation and allow as much daylight on them as
possible. They were collected at six months of ageing and conditioned at room temperature. One batch
of three replicates was damped in a container with water on the bottom to insure saturation and a second
one has been kept dry for the IRT experiment. Other triplicates have been collected every two months
to cultivate bacteria on growth media in laboratory. Four bigger samples (10 x10 x 5 cm dimension)
have been exposed to measure the colour variation of stone surface.



Stone name Savonnieres

Classification (Dunham) Grainstone
Water absorption coefficient C1 (g.m?2.sY?) 38.1+4.4
Water porosity (%) 40420
Pores (%) > 1 um 58.0+3.0
1> pores (%) > 0.1 um 29.0+3.0
0.1 > pores (%) > 0.01 pm 13.0+4.0

Table 1: Description and characteristics of Savonnieres stone

with a microporosity inside oolit nuclei and a
microporosity in the spar cement between grains
(thin section and polarized light)

Detection of bacteria growth on stones

Samples from the outdoor ageing station have been cleaned up and immersed in a PBS (Phosphate
Buffered Saline) buffer solution. Then bacteria have been extracted from stones thanks to ultrasound
(40 kHz) for a duration of 5 minutes and cultivated for the ones having the ability to grow in nutrient
agar-agar plates. The growing bacteria cannot provide quantitative information of development on stone
since only 1% of micro-organisms is readily cultivated in vitro, with the majority of all bacteria
remaining ‘unculturable’ using standard methods (Vartoukian et al., 2010). Nevertheless, the cultivation
of bacteria provides a proof of their presence despite the lack of colour on stones.

In addition, the biological colonisation has been observed in environmental SEM (Hitachi TM-3030
plus Tabletop Microscope) in order to analyse the settlement according to the stone texture. Outdoor
samples were entirely introduced into the microscope chamber and were placed on a double-sided
adhesive carbon tape. The accelerating voltage for imaging was 15 kV at a working distance of 6 mm.
All images were acquired in the back-scattered electron mode.

Detection of biofilm by colourimetry

Colour measurements have been carried out on four samples of 10 x10 x 5 cm dimension from five to
twelve months of exposure. They have been performed with a Chroma Meter CR-400 from Konica-
Minolta with a light projection tube CR-A33c of 11 mm diameter (corresponding to the measurement
zone). Calibrations were performed with a white ceramic plate CR-A43. Values are given in the CIE-
L"a’b" colour space (European commitee for Standardization, 2008). Three dimensionless parameters
determine the colour location in colour space: L* indicates lightness; a” and b* are the chromaticity
coordinates. The global colour variation (AE) was calculated from the following formula:

AEsw = vAL? + Aa*? + Ab*? (1)
where AL", Aa” and Ab” were the differences between the measurements on stones before exposure and
after 5 to 12 months’ exposure. The average has been calculated from 25 measurements for each sample
surface.

Active IRT

Theoretical model of the flash pulse
The flash pulse is an experimental protocol used extensively in IRT (Jacger & Carslaw, 1959; Ozisik,
1993) thanks to its ease of use, and the direct access to the pulse response which is the key characteristic
of the material. Moreover, the theoretical model provides easy and short calculations. It uses a plane,
parallelepipedal, laterally semi-infinite (in x and y) and adiabatic (no convection on all faces) sample
with L thickness. It is excited on the front face, in X = L by a pulse of surface Dirac Q.3 (t) (Figure 2).
Initially the sample is in thermal equilibrium with the environment at 0 ° C temperature.



Figure 2 : Sample subjected to a surface Dirac (Mouhoubi K., 2016)

The differential system to be solved is as the following (2):
0T 10T P(xt)

o2 aot A

ﬂ =0 en x=0, pour t>0 (2
X |,_o

a =0 enx=L, pour t>0

OxX x=L

T(x,0)=0

Where T is the temperature (K), tis time (s), X is a spatial coordinate (m), P(x, t) is the internal volumic
power depending on x and t (W/m?q), A is the thermal conductivity (W/m.K), L is the sample thickness
(m) and a is the thermal diffusivity (m?/s)

The resolution of this global system refers to Green’s formalism (Beck et al., 1992) which consists in
finding a solution to the previous homogeneous differential system and then in using function libraries
that take into account the geometrical configuration of the experiment. Calculations from the formula
(3) lead to the front surface temperature versus time:

< m2z2at

T(Lt)= Q 1+22exp[— 4 } A3)
,oCp L o L2

where Q is the total heating energy applied to the material (cal/cm?), Cpis the thermal capacity (J/kg

ma), p is the density (kg/ms3) and m is the serial order.

The study at the function limits leads to the simplified formula of the temperature field on the front
surface (4):

a.Q
b\/ﬁ (4)

where a is the absorptivity of the material (between 0 and 1), b is the thermal effusivity combining
density (p), thermal conductivity (k) and specific heat (c) such as: b =,/ pkc

T(t) =

From this formula and in the case of a homogeneous and semi-infinite material, the temperature
decreases progressively over time from the Log(T(t)) = % function which follows a -1/2 slope regression

line in a Log-Log graphical representation. In consequence, when the cooling kinetics is represented by
a noticeable slope break different than the -1/2 slope line, the material is not homogeneous and highlights
defaults inside it.

In an experiment, the flash method is set up to investigate a material subjected to a very short thermal
pulse (extended flash, few milliseconds), equivalent to a “Dirac” pulse. The material is heat-affected
and a part of energy is absorbed. The gain depended on the physical and chemical properties of the
material. After the pulse, the cooling of the material emits infrared radiation. A thermographic camera
records the thermal diffusivity on the material by the curve describing temperature versus time (Kylili



et al., 2014). This approach attempted to compare the thermal behaviour of a material as stone in both
conditions, at the early stage of the biofilm growth at the surface and without biofilm.

Experimental setting

In the experiment of biofilm detection, a ring lamp of 20 cm diameter emitted an optical flash releasing
3000 J for 5ms. The absorption of photons increased the temperature in the vicinity of the lighted area
comprising the sample surface. A bolometer camera (FLIR SC655) recorded the thermal effect as a
response of the light excitation in long wave infrared (8-12 um) with a temperature ranging from
- 40 - 150°C. The thermal response has been recorded for 5 s and the acquisition frequency was 50 Hz.
It started by a maximal temperature rise and a progressive decrease in the temperature due to the heat
diffusion into the material.

IR experiment has been carried out on batches of three stones, one batch is colonized by a natural biofilm
and compared to a control batch without biofilm which has not been aged and has been sterilized to not
induce bacteria (Figure 3). Moreover, two other batches with biofilm and control have been assessed in
the damp conditions too. Samples have been water-saturated in the interests of comparing thermal
signals as moisture is a parameter which occurs in outdoor conditions and alters substrate temperature
(Moropoulou et al., 2014; Zhang et al., 2018).

Thermographic camera

enen | (58 88 58

20cm

Samples

l_c:m_m_|

Figure 3: Schematic sketch of experimental setup with IR system

Results

Detection of biofilm on stones by laboratory culture and SEM observations

The bacterial culture on agar-agar medium showed that bacteria appeared from the three replicate
samples at two months’ exposure time and three different bacterial species have been visually noticed,
red, orange and beige. Bacteria continue to develop afterwards (Figure 4). Accordingly, at six months’
exposure time, micro-organisms have already colonized the stones.

Biofilms have been observed in environmental SEM, they revealed different species growing on the
stone surface showing dark grey patches of embedded cyanobacteria (indeterminate) in EPS
(extracellular polymeric substances). They are located firstly in the microporosity between microspar
crystals of calcite composing the matrix and on the nuclei of oolit grains that have not been dissolved.
The microbial development can be limited inside the grains by the oolitic cortex as a calcitic fringe
(Figure 5(a)). When the nuclei of grains have been dissolved creating big macropores, the stagnation
and the low evaporation of water inside them raised the biofilm development with algal filaments
(Figure 5b). Moreover, cyanobacteria could be observed in dark grey colour between stone crystals
being in light grey (Figure 5(c,d)). Accordingly, the texture and the pore network of the stone allowed
the spreading of biofilm thanks to a high porosity and well connected large pores which increased the
water flow into the stone, therefore a supply to micro-organisms.



Control Sample 1 Sample 2 Sample 3

Figure 4 : Bacterial growth in agar-agar plates from three stone
samples and control.

@ N B

30 pm

Figure 5: SEM images of microbial communities on Savonniéres stone. (a) Biofilm
anchored in the microporosity on an oolit nucleus. (b) Algae developed inside the
macroporosity. (¢) and (d) cyanobacteria growth inside a macropore.

Detection of biofilm on stones by colourimetry

At five months of exposure time, AE varied from 1.3 and 1.7. The low values indicated that stone colour
at five months of exposure was very close to the natural stone colour at the beginning of the experiment
(Figure 6). At six months of exposure, AE ranged between 0.9 and 1, the colour parameter did not detect
the biofilm growth on stones despite the previous results obtained from SEM observations and the
bacterial growth on medium which revealed the micro-organisms occurrence. AE were similar until
eight months of exposure time at least. Then at 11 months, AE increased significantly (from 1.9 to 5.2)
and the higher variability of data (from 0.6 to 1.3) showed an inhomogeneous colour on stones due to
the biocolonization. Finally, at twelve months, AE continue to increase even higher than previously
(from 4.2 to 7.9 with a standard deviation from 1.0 to 1.7) and evidenced the biological settlement on
samples.
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Figure 6 : Global variation AE represents the difference of colour between the stone surface before exposure and at

different months of exposure for four stone samples (SV1-SV2-SV3-SV4).

Detection of biofilm by IRT

The temperature of the stone surface has been measured from thermographs recorded by IR Explorer®
software. Temperature variations (AT) have been calculated between the temperature before the flash
pulse and the temperature after it. Considering the low deviation standards ranging from 0.01 to 0.07 K,
data from stones of each batch were homogeneous and AT have been averaged. Figure 7(a) reported the
average of AT versus time in dry condition. Maximum temperature reached 4.50 K for stones with
biofilm and 3.2 K for controls. Thus the maximum heating was higher on stone surfaces with biofilm
than on raw surfaces. At 0.20 s, both curves converge at 2.15 K, then AT from stones with biofilm were
lower than AT of controls until the end of the experiment. Moreover, calculation of the cooling time at
60 % from maximum temperature (T max) for each sample displayed a cooling time from 0.26 t0 0.34 s
for stones with biofilms and 0.80 to 1.06 s for control stones (Figure 7(b)). The cooling time of stone

surfaces was faster when they have a biofilm than without it.
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Figure 7: (a) Temperature variation (AT) over time after a flash pulse at the surface of dried stones without
biofilm (black color) and with biofilm (grey color). (b) Cooling time reached at 60 % of maximum temperature.

In damp condition, results displayed a maximum temperature reaching 2.80 K for stones with biofilm
and 2.50 K for controls. Thus, maximum heating was higher for stones with biofilm (Figure 8(a)). At
0.16 s, AT of both batches decreased at 1.90 K, then biofilm stones AT were lower.
The comparison of the cooling time at 60 % from T max disclosed a cooling between 0.66 s to 0.72 s
for stones with biofilm and 1.18 s to 1.53 s for control stones (Figure 8(b)). Consequently, the biofilm
at the stone surface hastened the cooling.
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Figure 8: (a) Temperature variation (AT) over time after a flash pulse at the surface of damped
stones without biofilm (black color) and with biofilm (grey color). (b) Cooling time reached at 60 % of
maximum temperature.

The cooling kinetics has been plotted in a Log-Log scale. Data before 0.10 s couldn’t be considered, the
non-linear line of the detection chain was an artefact due to a recording too close to the pulse phase. The
temperature decrease was linear for every stone through time. The slope of the regression line has been
compared to the -1/2 slope line of the 1/NTime function which is significant of a thermal response to a
homogeneous material. This -1/2 slope line is regarded as the reference.

In dry condition, the controls slope of the regression line (-0.37) was lower than the reference
(Figure 9(a)), which meant that Savonnieres stone did not have a homogeneous material thermal
behaviour. Regarding stones with biofilm, the slope of their regression line (-0.48) was very close to the



reference (Figure 9(b)), they had therefore a thermal response which fit to a homogeneous material one.
The biofilm on the surface obviously changed the thermal behaviour of the stone.

In damp condition, the controls slope of the regression line was also lower (-0.40) but it tended towards
reference (Figure 9(c)). The cooling kinetics of stones with biofilm had a slope close to the reference as
well (-0.47) (Figure 9(d)). The water inside the stone therefore modified the thermal behaviour which
tended to a homogeneity of the material.
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Figure 9: Graphs describing temperature variations (AT) at the stone surface versus time after the flash pulse in Log-
Log scale for controls (a) and stones with biofilm (b) in dry condition and for controls (¢) and stones with biofilm (d) in
damp condition. Curves have been compared to the function (1/\Time) reflecting a homogeneous and semi-infinite
material (black line).

Discussion

IRT tests on the Savonnieres limestone displayed that after the light excitation, the Kinetics of heating
and cooling were modified when biofilm developed.

Considering the stones with biofilm, in both conditions, the maximum temperatures were higher and the
cooling was faster. Moreover, all the temperatures values were higher in dry condition for stones with
biofilm or not. The temperature evolution depends on several parameters as described in formula (4), it
is related to the absorptivity (o) which is a radiative property and defines the ability of the material to
absorb the energy flow. Considering o iimestone 1S 0.6 and o eay is 0.08 in the spectral bands of excitation
(visible range) (De Vriendt, 1998) and considering that Savonnieres stone is made of macropores
properties and has a high water porosity (40.4 %) (Table 1), water plays a significant role on the
absorptivity of the material and consequently on the heating of the surface. This confirmed previous
studies in which authors explained that areas affected by water present lower temperatures (Avdelidis
et al., 2003; Moropoulou et al., 2018). Biofilm modifies the stone absorptivity and the use of IRT
confirmed it.

For control samples in dry condition, the temperature versus time in Log-Log graph highlighted a
deviation from the reference. Savonnieres stone is not a thermally homogeneous material due to the
significant air amount in the porosity causing thermal discontinuities. Given that effusivity (b) is the
ability of a material to respond to a thermal disturbance, it is assessed that temperature is inversely
related to b (formula (4)). Dry limestone and a high air amount inside have different effusivities: b imestone
is 1509.0 J.KL.m2sY2 while b 4 is 5.4 J.K *.m 2.5 2 (Hladik, 1997). Air acted as a heat isolator and
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decreased the energy propagation into the stone which explained that dry stones were not thermally
homogeneous. Contrary to control stones, the regression line of stones with biofilm had a slope close to
the reference: their thermal behaviour became homogeneous thanks to biofilm. Indeed, biofilm settled
at the stone surface filled pores and therefore decreased air amount inside. Biofilm and limestone
effusivity seemed close to each other.

In damp condition, the control stones regression line deviated less from the reference than in dry
condition. b water is 1588 J.Kt.m2.s2 which is close t0 b iimestone. Water inside pores induced a thermal
behaviour closer to a homogeneous material than in dry condition. Moreover, biofilm favoured the
thermal homogeneity of the stone due to the moisture content inside it (Schmitt & Flemming, 1999).

Conclusion

The IRT is extensively used for building diagnostics with the concerns of the heat energy loss and the
cost savings. This study is the first lab experiment using IRT with the aim of defining this technique
ability to detect early stages of biofilms on stone before its visual staining. Analysis of temperature
displayed that the heating was higher on the stone surface with biofilm than without it in dry and damp
conditions. IRT detected thermal variations on stones due to the biofilm settlement. Variations were
most significant in dry condition: stones with biofilm had the highest heating and the fastest cooling
time. In addition, dry Savonnieres stones appeared not to be a homogeneous material due to air within
the significant open porosity. Biofilm filled partially pores which decreased discontinuities on the
surface and changed the stone response to a flash pulse. Such results encouraged to go further in the
study on various stones of different intrinsic properties to refine the involvement of biofilm on the
change of thermal response.
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