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Abstract
Biodeterioration of monumental complexes is in large part due to the proliferation of various microorganisms that attack 
the physical–chemical structures of support materials. Various conservation and restoration interventions use commercial 
biocides of synthetic origin, which exhibit some human and environmental toxicity and sometimes side effects on support 
materials. The main objective of this work is the assessment of new biocides obtained from endemic Mediterranean plants, 
to be used in the preservation of cultural heritage with the goal of contributing to the sustainable use of ecosystems and to 
the development of Mediterranean local communities. The biocidal potential of essential oils (EOs) and solvent extracts 
(SEs) (ethanol and n-hexane) obtained from four plants were evaluated: Thymus mastichina (Tm), Mentha pulegium (Mp), 
Foeniculum vulgare (Fv), and Lavandula viridis (Lv). Microorganisms collected at an emblematic site of Portuguese cul-
tural heritage, the ruins of the Roman city of Conímbriga, were used to evaluate the biocidal activity of the EOs and SEs. It 
can be concluded that (i) SEs did not exhibit fungicidal nor bactericidal activity, except for one fungus specie; (ii) biocidal 
activity of EOs depends on the microorganism specie. The EOs showed a relative average biocidal activity (when compared 
to the commercial biocide Biotin T (1% v/v)) of 64%, 32%, 30%, and 25% for Mp, Fv, Lv, and Tm. On carbonate rocks, the 
application of Fv and Mp EOs up to 3 layers do not promote significant color/tonality changes in the surface of the rock. 
And the application of three layers of Lv and four layers of Fv, Mp, and Lv OEs only promote the occurrence of blurs or 
stains (variation of tonality) on rocks that presents very low porosity. It can also be noted that the EO of Mp has the broadest 
spectrum of activity. The results allow considering the use of Mp, Fv, Lv, and Tm EOs as valid alternatives to commercial 
biocides, providing a prospective application in the field of green conservation of building heritage.

Keywords  Biodeterioration · Built heritage · Color surface · Colorimetry · Essential oils · Green biocides · Mediterranean 
plants · Sustainable conservation and restoration

Introduction

The biodeterioration of cultural built heritage is in large part 
due to the proliferation of various microorganisms, often in 
symbiotic association, that excrete biotic compounds that 
attack the physical–chemical structures of support materials, 
such as organic acids (Warscheid and Braams 2000; Allsopp 
2011; Sterflinger and Piñar 2013; Mateus et al. 2013; Meng 
et al. 2017; Municchia et al. 2018; Pina 2021).

This structural degradation is directly linked to climatic 
and environmental conditions, such as temperature, humid-
ity, pollution, and solar exposition (Municchia et al. 2018, 
Pina 2021, Warscheid and Braams 2000). The Mediterranean 
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climate is characterized by hot, dry summers, and mild wet 
winters (Lionello et al. 2006). The combination of high 
temperatures and high humidity in the summer months can 
create an ideal environment for the proliferation of microor-
ganisms on outdoor surfaces, including the facades of built 
heritage (Pina 2021). Microorganisms, such as bacteria, 
fungi, and algae, can thrive on outdoor surfaces when they 
have access to moisture, nutrients, and a suitable tempera-
ture range. These microorganisms can cause deterioration of 
building materials and can also contribute to the formation 
of biofilms, which can affect the appearance and function of 
the buildings. In a protective and forestalling action, various 
conservation and restoration interventions aim to minimize 
this degradation of the support materials. In those interven-
tions, different compounds of synthetic origin which exhibit 
some human and environmental toxicity are traditionally 
used, occasionally causing adverse effects on treated mate-
rial (Warscheid and Braams 2000, Ashraf et al. 2014, Silva 
et al. 2016, Varnai et al. 2010, Fidanza and Caneva 2019).

Natural resource exploitation awareness and side effects 
of traditional commercial biocides led to the need for natu-
ral compounds with biocidal activity. Biocides with a wide 
spectrum of activity and low cost, favoring natural materials 
derived from plants which are generally considered easier 
to handle, more stable and less environmentally toxic, are 
currently preferred (Silva et al. 2016; Kakakhel et al. 2019).

The main aim of the work is the evaluation and the appli-
cation for new natural materials from Mediterranean plants 
that can be used as biocides in the preservation of cultural 

built heritage. Microorganisms collected from the ruins of 
the House attributed to Cantaber (HC) in the Roman city 
of Conímbriga were used to evaluate the biocidal activity. 
The HC (Fig. 1a) is the largest urban residence known in 
Conímbriga and is on par with the largest houses known in 
the west of the Roman Empire (3260 m2) (Correia 2020). 
The construction of this great residence took place in the 
Flavian period, in the last quarter of the I c. AD, occupy-
ing an insula that remained until then almost unoccupied, 
despite being centrally positioned in the urbanism of the 
Lusitanian city. The excavations of Conímbriga in 1930 
began precisely in the area of the HC, and were followed by 
various restorations, carried out by the General Directorate 
of National Buildings and Monuments (Correia 2001). The 
mosaic floors of the HC have been, to a large extent, subject 
to lifting and consolidation in cement reinforced with iron 
bars. These actions took place between the end of the seven-
ties and the beginning of the eighties of the last century. The 
C68 mosaic shows a composition with white, black, and red 
bands that delimit squares divided diagonally into alternat-
ing white and black triangles (Fig. 1b, c). All tesserae are 
made of limestone except for part of the red lines, which are 
made of ceramic. For the treatment of mosaics, quaternary 
ammonium-based biocides are periodically applied in stages 
to mitigate and/or eliminate the biofilms on their surface, 
followed by brushing and washing the tessellates with a neu-
tral surfactant.

The application of untested substances on the surface 
of stones in cultural heritage always has a latent concern 

Fig. 1   Photos of the House of Cantaber in the ruins of Roman city of Conímbriga (Portugal): a overview; b detail of the C68 mosaic; c plant
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to the potential modification on the color/tonality of the 
stone surface. The colorimetry of the surface can be used 
to evaluate this potential color modification, as reported 
by Prieto et al. (2010) on granites, and by Fort et al. (2000) 
and Gabriele et al. (2021) on limestones from monuments.

A secondary goal of this work is related with the appli-
cation of essential oils in modifying the color/tonality of 
the surface of carbonate rocks common and largely used in 
the build heritage presented on all the ruins of the Roman 
city of Conímbriga.

Materials and methods

Microorganism collection and characterization

The microorganisms used in the biocidal evaluation of the 
essential oils (EOs) and solvent extracts (SEs) were col-
lected by swabbing (Verdier et al. 2014) from pigmented 
biofilms formed on the C68 mosaic of the HC (Correia 
2001). The samples were collected from different locations 
selected by visual inspection of the pigmented areas. The 
swabs were immersed in 9 ml of sterile Ringer’s solution 
vortexed for 1 min and kept sealed at 4 °C for later usage.

Two media were used for isolation and subculture of 
heterotrophic microorganisms: Tryptic Soy Agar (TSA) 
(HiMedia) as a specific medium for bacteria; Potato Dex-
trose Agar (PDA) (HiMedia) supplemented with chlo-
rtetracycline for the growth of fungi. Autotrophic organ-
isms were selected with BG-11 medium agar (Stanier and 
Cohen-Bazire 1997).

The microorganisms cultivable in the laboratory were 
identified by molecular biology techniques. Fungal colo-
nies DNA extraction was performed with the REDEx-
tract-N-Amp Plant PCR Kit (Sigma-Aldrich). ITS-rDNA 
region was amplified with the universal fungal primers 
ITS1-F/ITS4 (White et al. 1990; Gardes and Bruns 1993) 
and sequenced as a contracted service at STAB Vida 
(Caparica, Portugal). DNA sequences were processed with 
Geneious® R11.0.02 software and molecular similarity 
comparisons were obtained using the NCBI’s BLAST, 
with the option Standard nucleotide BLASTn of BLAST 
2.6 (Altschul et al. 1997).

DNA extraction from bacterial colonies was performed 
with the DNeasy® Blood & Tissue Kit (Qiagen). The 16S 
rRNA gene was amplified with bacterial-specific primers 
27F and 1525R (Rainey et al. 1996) and sequenced using 
the primers 519R, 803F, and 357F (Turner et al. 1999) as a 
contracted service at STAB Vida (Caparica, Portugal). The 
complete sequences were submitted to the NCBI’s BLAST 
with the option BLASTn of BLAST 2.6 for homology com-
parison (Altschul et al. 1997).

Essential oils and solvent extract preparation

Biocidal activity of the EOs and SEs (ethanol and n-hexane) 
from the Portuguese endogenous plants Thymus mastichina 
(Tm), Mentha pulegium (Mp), Foeniculum vulgare (Fv), and 
Lavandula viridis (Lv) were evaluated.

The EOs were provided by the company Dalenguadiana, 
located in the Guadiana Valley Natural Park (Corte Sines, 
Mértola, Portugal). The EOs were produced in organically 
by hand-harvesting the plants and then by hydro-distilling 
in a Clavenger-type apparatus. The EOs composition was 
previously characterized through gas chromatography-mass 
spectrometry (Baptista et al. 2022). Other plant extracts, 
behind the essential oils, were obtained by solid–liquid 
extraction using the solvents ethanol and n-hexane and a 
Soxhlet-type apparatus, namely SEs.

Assessment of antimicrobial activity

The evaluations of biocidal activity were performed by 
the agar disk-diffusion method. A volume of 200 μl of the 
microorganism’s suspension was smeared onto agar Petri 
dishes (10 cm diameter). Then, 0.6 cm filter paper disks 
(Macherey–Nagel) containing the tested EOs and SEs (20% 
v/v, emulsified with a solution of SDS 0.2%) were placed on 
the agar surface. The Petri dishes were incubated at 22 °C 
for 5 to 7 days, after which the diameters of growth inhibi-
tion zones were measured. The commercial biocide Biotin 
T (1% v/v) from CTS SRL (Altavilla Vicentina, Vicenza, 
Italia) was selected as positive control. A solution of DNS 
(0.2% m/v) in deionized water was used as a negative con-
trol for EOs assays. Aqueous solutions of DNS (0.2% m/v) 
and n-hexane or ethanol (20% v/v) were used as negative 
controls, for the trials with solvent extracts of ethanol and 
n-hexane, respectively.

Evaluate of physical properties and potential color 
change of materials

Two types of carbonate rocks, a limestone from middle 
Jurassic (referred as MMC1) and a lacustrine calcareous 
tuff from Quaternary (referred as MMC2), both of local ori-
gin (Alarcão and Etienne 1977), were collected from the 
HC site. They were tested to evaluate physical properties 
and the potential color change with the addition of Fv, Mp, 
and Lv EOs. The rocks were cut on a saw disc to obtain 
four test samples with approximately 7 × 7 × 2 cm3 for the 
colorimetric analysis and six test samples with cubic shape 
(edge of 5 cm) for the physical analysis (water absorption at 
atmospheric pressure, open porosity, and apparent density). 
The surface of the probes was not subjected to any finishing. 
The samples for the colorimetric analysis were previously 
brushed, boiled in tapped water for two hours (to remove 
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most of the organic matter) and dried at 100 ± 5 °C in a 
stove. The samples for the physical analysis were brushed 
with tapped water and dried at 70 ± 5 °C in a stove.

Colorimetric measurements were performed with a port-
able spectrometer Datacolor Check 3 (Lawrenceville, NJ, 
USA), with d/8º measuring geometry, 2 nm wavelength 
resolution, 10 nm effective bandwidth and spectral range 
from 360 to 700 nm (UV included). D65 CIE standard 
daylight illuminant (ISO 11664–2:2007), 10º CIE standard 
colorimetric observer (ISO/CIE 11664–1:2019), no gloss 
compensation, specular component excluded and small area 
view aperture size (10.0 mm illuminated–6.5 mm meas-
ured) were selected.

The laboratorial conditions for the colorimetric evalua-
tion were temperature at 25 ± 5 °C and relative humidity at 
28 ± 5%. The color tests were obtained by the average of five 
measurements at arbitrary locations on the surface of the sam-
ples (EN 15886:2010) and each measurement from the aver-
age of 3 flashes. The chromatic parameters were expressed in 
CIELAB (L*, a*, and b*) color space as defined on ISO/CIE 
11664–4:2019 standard. For color analysis, it was calculated 
the total color differences ΔE*ab (or ΔE*76) according to EN 
15886:2010. The chromatic parameters were evaluated before 
and after the EOs and Biotin T application on the surface of the 
test probes. The Biotin T was used as substance control for the 
comparison with the studied EOs. The surface of the probes 
was subdivided in four quadrants: the first was brushed with 
Biotin T; the second with Fv EO; the third with Mp EO; and 
the last with Lv EO. The EOs and Biotin T were applied once 
a week, during 4 weeks: one layer on the first week; two layers 
on the second week; three layers on the third week; and four 
layers on the fourth week. The increased number of layers on 
the surface of the test probe is equivalent to an increasing con-
centration of the EOs and Biotin T, after each application. The 
L*a*b* chromatic parameters express: L*, as lightness, with a 
lower limit of 0 (black) and an upper limit of 100 (white); a* is 
red (if a* > 0) or green (if a* < 0); and b* is blue (if b* < 0) or 
yellow (if b* > 0). ΔL*, Δa*, and Δb* calculate the difference 
of L*a*b* parameters before and after de application of EOs 
and Biotin T. And “delta E*ab” (ΔE*ab) quantify the total 
color difference before and after the application of EOs and 
Biotin T, according to the formula:

Based on uniform color patches, some authors tried to cor-
relate a ∆E*ab value to a Just Noticeable Difference (JND), 
to define a threshold detectable (perceived) by the human eye. 
Mahy et al. (1994) proposed a ∆E*ab = 2.3 to a JND, that we 
will take into consideration in the chromatic study.

The apparent density and open porosity were carried out 
according to NP EN 1936 (2008) and the water absorption 
at atmospheric pressure was accomplished to NP EN 13755 
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(2008). A threshold value of 10% for the coefficient of vari-
ation calculated for the set of probes was defined.

Results and discussion

Microorganism characterization

A total of five filamentous fungi species (Aspergillus versi-
color, F1; Roussoella sp., F2; Cladosporium cladosporioides, 
F3; Stagonosporopsis sp., F4; Paraconiothyrium variabile, 
F5), two yeasts species (Cystobasidium minutum, Y1; Vish-
niacozyma globospora, Y2) and two bacterial genera (Pseu-
domonas, B1; Micobacterium, B2) were isolated from the 
samples collected at the HC. No autotrophic microorganisms 
cultivable in the laboratory were detected. The samples col-
lected showed a low level of microbial contamination, prob-
ably due to the periodic application of biocide as mentioned 
above. The results of the disk diffusion test are “qualitative,” 
in that a category of susceptibility is derived from the test 
(Palla et al. 2020; Balouiri et al. 2016). Thus, the diameter of 
the inhibition halos (IH) was used as a measure of the anti-
microbial action (resistant (R) < 0.6 cm (diameter of Mach-
erey–Nagel paper disks); 0.6 cm < sensible (S) < 10 cm; very 
sensible (VS) > 10 cm (diameter of Petri dish). Figure 2 shows 
examples of the growth-inhibition halos.

Aspergillus versicolor, Roussoella sp., Cladosporium cla-
dosporioides, Stagonosporopsis sp., and Paraconiothyrium 
variabile are fungi that can be found on outdoor surfaces, 
including the facades of built heritage. Aspergillus versi-
color had already been reported on limestone wall monu-
ments in central Portugal (Trovão et al. 2019; Paiva et al. 
2022), may play an important role in stone decay, and are 
usually associated with biodeterioration of cultural heritage 
(Pyzik et al. 2021). Bacteria belonging to the genera Pseu-
domonas and Mycobacterium were also recognized as bio-
deteriogenus of stone and wall paintings (Pyzik et al. 2021). 
Cystobasidium minutum is a species of fungi widespread 
in temperate regions of the world and is commonly found 
growing on decaying wood in moist habitats. Vishniacozyma 
globospora is a species of yeast found in soil, water, and 
decaying organic matter.

Assessment of antimicrobial activity

Table 1 and Fig. 3 show the results obtained for the antimi-
crobial activity of the evaluated EOs. The IH of the negative 
controls were lower than 0.6 cm (diameter of filter paper 
disks). SEs, n-hexane and ethanol, did not exhibit fungi-
cidal nor bactericidal activity (IH < 0.6 cm), except for the 
fungi F2, which presents inhibition halos of 1.97 ± 0.37 cm, 
1.90 ± 0.33 cm, and 1.29 ± 0.42 cm for the n-hexane extracts 
respectively of Tm, Fv, and Lv, and is resistant to Mp.
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The biocidal activity of EOs depends on the plant type 
and microorganism species. The commercial biocide Bio-
tin T was more effective than the EOs. This result is not 
unexpected due to the high toxicity of the active compo-
nents of Biotin T (n-octyl-isothiazolinone and a quaternary 
ammonium salt). Natural biocides are intended to be a 

compromise that allows the control of the biodeterioration 
of cultural heritage while being more ecological and envi-
ronmentally friendly.

Mp showed a biocidal activity against fungi F2, F3, 
and F5 close to Biotin T and higher to Biotin T against 
fungus F4. Mp EO proved to be the most effective, 

Fig. 2   Inhibitory halo of growth for antimicrobial activity against a Y2 and b B2

Table 1   Median values of antimicrobial activity of the EOs (20% v/v) emulsified in aqueous solution. (R) corresponds to inhibition 
halos < 0.6 cm (disks diameter) and very sensible (VS) corresponds to complete growth inhibition

Relative average IH when compared to the Biotin T, excluding R and VS species: (1)Fungus (including yeasts), (2)bacteria, and (3)all microorganisms

Plant EOs Diameter of inhibition zone (cm) ± 95% confidence interval

F1 F2 F3 F4 F5 Y1 Y2 B1 B2 F(1) B(2) All(3)

Thymus mastichina 1.5 ± 0.4 2.3 ± 0.4 1.8 ± 0.6 R R 0.8 ± 0.1 1.1 ± 0.1 R 1.0 ± 0.1 0.23 0.32 0.25
Mentha pulegium 1.9 ± 0.4 6.7 ± 0.3 6.1 ± 0.5 R 4.0 ± 0.5 VS 2.1 ± 0.5 R 1.4 ± 0.2 0.68 0.46 0.64
Foeniculum vulgare 2.0 ± 0.4 3.2 ± 0.8 3.2 ± 1.1 R R 0.8 ± 0.1 1.5 ± 0.1 R R 0.32 R 0.32
Lavandula viridis 2.2 ± 0.4 2.1 ± 0.3 2.8 ± 1.2 R R 0.8 ± 0.0 1.7 ± 0.1 R 1.0 ± 0.1 0.29 0.34 0.30
Biotin T (control) 9.2 ± 0.5 6.9 ± 0.5 7.3 ± 0.3 4.3 ± 0.3 4.2 ± 0.1 3.5 ± 0.2 5.3 ± 0.1 1.1 ± 0.1 3.1 ± 0.1 - - -

Fig. 3   Median values of 
antimicrobial activity. Resistant 
(R) corresponds to inhibition 
halos < 0.6 cm and very sensible 
(VS) corresponds to inhibition 
halos > 10 cm
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showing an inhibitory effect of 68% and 46% against 
fungi and bacteria, respectively. It can also be noted that 
the EO of Mp has the broadest spectrum of activity. In 
the literature, a low efficacy for Menta piperita against 
fungus of genera Alternia, Aspergillus, Cladosporium, 
Penicillium, and Rhizopus is reported (Levinskaitė and 
Paškevičius 2013). On the other hand, moderate antifun-
gal activity was reported by Sakr et al. (2012) for Mentha 
spicata against fungi of genera Candida, Saccharomyces, 
and Lodderomyces.

The EOs did not show biocidal activity against F4 and 
B1 and only the Mp EOs showed biocidal activity against 
F5. Even Biotin T shows a low biocidal activity against B1.

Despite the importance of bacterial species in the 
biodeterioration of cultural heritage, very few studies 
address the use of EOs against bacterial species isolated 
from supporting materials of artworks and architectural 
heritage (Fidanza and Caneva 2019). The effectiveness 
of EOs reported in the literature is markedly variable, 
and this can be ascribed to the variability in the method-
ologies of testing (Fidanza and Caneva 2019; Palla et al. 
2020; Veneranda et al. 2018).

Evaluation of physical properties and surface color 
change of carbonate rocks

Concerning the chromatic surface evaluation, MMC1 and 
MMC2 samples, and respective test probes, before the appli-
cation of the EOs and Biotin T are shown in Fig. 4a. The 
impact of the three EOs that revealed the highest biocidal 
effect (Foeniculum vulgare, Mentha pulegium, and Lavan-
dula viridis) was studied, as reported in previous section.

The application of Fv, Mp, and Lv EOs on the surface of 
MMC1 probes up to three layers (except for Lv EO), and on 
the surface of MMC2 probes up to four layers do not promote 
perceptible color variations. This fact is corroborated by the 
calculated ∆E*ab that presents values < 2.3 (Table 2). By other 
hand, the application of three layers of Lv EO and four layers 

of the EOs promote perceived changes on the color/tonality 
surface of the MMC1 probes (Fig. 4b). The application of Lv 
EO promotes the occurrence of a blur and a stain after the 
three (∆E*ab = 5.1) and four layers (∆E*ab = 9.4), respec-
tively, evidenced by a pronounced decreasing of the lightness 
(∆L* =  − 4.8 and − 9.3, respectively). The same trend occurs 
(development of a stain) after applying four layers of Fv and 
Mp EOs (∆E*ab = 2.3 and 3.4, respectively), expressed also 
by a lightness decrease (∆L* =  − 2.2 and − 3.3, respectively).

As expected, the commercial and synthetic biocide Biotin 
T, during the colorimetric tests, do not promote any percepti-
ble color/tonality change on the surface of the stone probes, 
and all the ∆E*ab values are under 2.3.

The apparent density, open porosity and water absorp-
tion at atmospheric pressure were evaluated on the MMC1 
and MMC2 carbonate rocks (Table 3). When compared to 
MMC2, it is observed that MMC1 presents very low porosity 
(water absorption = 0.7% and open porosity = 1.5%) and con-
sequently high compaction (apparent density = 2640 kg/m3). 
This result could influence the tonality variation promoted 
by the application of EOs, as previously described. In fact, 
the perception (and equipment evaluation) of blurs or stains 
(variations of tonality) is observed only in the sample with 
very lower porosity, probably due to the “sorption” of the non-
volatile components of the EOs on the surface of the rock. 
Rocks with high porosity, as MMC2 sample, tend to dissimu-
late this alleged “sorption” inside the pores, and in this case, 
the changes in color/tonality are not perceptible by human 
eye and by the used test equipment. Further studies should be 
performed to confirm this preliminary interpretation.

Conclusions

For the microorganisms isolated from the samples collected on 
the floor mosaic ruins of the CH and for the tested conditions 
(20% of EOs, n-hexane or ethanol plant extracts, emulsified 
with a solution of SDS 0.2%), it can be concluded that ethanol 

Fig. 4   Chromatic test probes: 
a MMC1 and MMC2 samples 
before the application of EOs 
and Biotin T; b MMC1 sample 
after the application of three 
layers and four layers of EOs 
and Biotin T
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extracts for the four tested plants do not exhibit fungicidal nor 
bactericidal activity and n-hexane extracts only exhibit micro-
bial activity against the fungi F2. Biocidal activity of EOs 
depends on the plant type and microorganism species.

The EOs showed a relative average biocidal activity, when 
compared to the commercial biocide Biotin T, of 64%, 32%, 
30%, and 25% respectively for Mp, Fv, Lv, and Tm and for all 
microorganisms assayed; 68%, 32%, 29%, and 23% respec-
tively for Mp, Fv, Lv, and Tm, considering all fungi assayed; 
46%, 34%, and 32% for Mp, Lv, and Tm, respectively, con-
sidering the two bacteria assayed. It can also be noted that the 
EO of Mp has the highest and broadest spectrum of activity. 
The results allow considering the use of Mp, Fv, Lv, and Tm 
EOs as valid alternatives to commercial biocides, providing 
a prospective application in the field of green conservation of 
building heritage. Moreover, the use of these plants to produce 
natural biocides may provide a unique opportunity for local 
development and contributes to the sustainable use of ecosys-
tems, fighting desertification in the Mediterranean regions.

In general, with carbonate rocks, the application of Fv and 
Mp EOs in a lower quantity (up to 3 layers) do not promote sig-
nificant color/tonality changes in the surface of the rock. But the 
application of three layers of Lv and four layers (higher quantity) 
of Fv, Mp, and Lv OEs promotes the occurrence of blurs or stains 
in the surface of a carbonate rocks with very lower porosity.

The results allow considering the use of Mp, Fv, Lv, and 
Tm EOs as valid alternatives to commercial biocides, pro-
viding a prospective application in the field of green con-
servation of building heritage. Moreover, the use of these 
plants to produce natural biocides may provide a unique 
opportunity for local development and contributes to the 
sustainable use of ecosystems, fighting desertification in the 
Mediterranean regions.
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Table 3   Physical properties of the carbonate rock samples

*Due to macroscopic porosity, the apparent volume was calculated by 
cubature (according to NP EN 1936:2008)

Rock sample Water absorption at 
atmospheric pres-
sure (%)

Open porosity (%) Apparent 
density (kg/
m3)

MMC1 0.7 ± 0.1 1.5 ± 01 2640 ± 20
MMC2 9.1 ± 0.8 16.3 ± 16* 1960 ± 110*
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