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Abstract: This study deals with the characterization of Lesno Brdo 
limestone, widely used in the construction of Slovenian historical 
monuments as well as modern buildings. Samples of this limestone 
were subjected to a detailed investigation, using a number of differ-
ent techniques: optical microscopy, scanning electron microscopy 
with EDS, X-ray powder diffraction, analysis by ICP-ES, porosity 
accessible to water under vacuum, capillary absorption, mercury 
intrusion porosimetry, gas sorption and ultrasonic velocity meas-
urements. The object of these tests was to determine the minera-
logical and microstructural parameters which affect the durability 
of the investigated stone, whose main mineral component is calcite, 
although quartz, dolomite and phyllosilicates are also present. Very 
low values of porosity were measured, as well as slow capillary 
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kinetics. Pore size distribution was found to be variable, and anisot-
ropy high. The deterioration of the limestone on two monuments, 
one of which had been exposed to an outdoor environment, and the 
other to an indoor environment, was studied. The results indicated 
that the precipitation of soluble salts had significantly contributed 
to the severe observed deterioration of the limestone.

Izvleček: Prispevek obravnava lesnobrdski apnenec, ki je bil široko upo-
rabljen pri gradnji številnih objektov kulturne dediščine in prav tako 
pri gradnji modernih objektov. Vzorci apnenca so bili preiskani z 
optično mikroskopijo, elektronsko mikroskopijo z EDS, rentgen-
sko praškovno difrakcijo in ICP-ES. Med fizikalno-mehanskimi 
lastnostmi so bile merjene poroznost, vpijanje vode, plinska ad-
sorpcija in  prehod vzdolžnih ultrazvočnih valov. Z naštetimi mer-
itvami smo želeli ugotoviti, kateri mineraloški in mikrostrukturni 
parametri vplivajo na obstojnost apnenca. Apnenec poleg kalcita 
sestavljajo še dolomit, kremen in filosilikati. Rezultati so pokazali, 
da ima apnenec zelo nizko poroznost in kinetiko kapilarnega dviga.  
Nadalje je bil predmet preiskave ugotavljanje propadanja apnencev 
na objektih kulturne dediščine. Ugotovljeno je bilo, da je kristal-
izacija v vodi topnih soli eden izmed glavnih vzrokov propadanja.
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Kjučne besede: apnenec, obstojnost, propadanje, topne soli, kulturna 
dediščina

IntroductIon 

The severity of stone deterioration de-
pends on complex interactions between 
a number of environmental and intrin-
sic properties, as well as on the dura-
tion of exposure. In terms of mineralo-
gy and structure, stone is an extremely 
complex material - a complexity that is 
reflected in its weathering response to 
the natural and the built environment.
[1] Proper knowledge of the properties 

of stone and an understanding of de-
terioration factors and processes are 
necessary for successful maintenance, 
protection and suitable conservation-
restoration interventions. 

Since prehistoric times, limestone has 
been one of the most common types of 
building stone, with continued appli-
cations in present building works and 
in conservation practice as a replace-
ment material for the reconstruction 
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of monuments. Although limestone 
consists mainly of calcite, it can show 
significant variations in its minor min-
eral composition, as well as in its struc-
ture and texture, resulting in complex 
and contrasting weathering behaviour. 
Many sedimentary rocks contain clay 
that can cause swelling when the stone 
is exposed to moisture, resulting in 
damage to monuments.[2, 3] Among the 
parameters which influence stone dete-
rioration, moisture and the movement 
of water through the pore network are 
very important. Damage due to the 
soluble salt crystallization is consid-
ered to be a common risk, which plays 
a major role in the decay of limestone. 
Such salts are known to cause damage 
to porous materials through a variety 
of mechanisms, such as the production 
of physical stress resulting from their 
crystallization in the pores, differential 
thermal expansion, hydration pressure 
and enhanced wet/dry cycling caused 
by deliquescent salts.[4, 5] The proper-
ties, behaviour and decay of limestones 
have been profusely studied over the 
last decade by means of different ap-
proaches, especially focusing on their 
characterization as building materials 
with respect to estimates of durabil-
ity[6–11] and to the assessment of lime-
stone decay on monuments.[12–17]. How-
ever, whereas these studies have been 
mainly concerned with porous lime-
stones, detailed studies of the proper-
ties of compact limestones are still 
rare.[18–22]

Two lithotypes of a compact limestone 
from the Lesno Brdo quarry, which is 
located approximately 10 km west of 
Ljubljana, were selected for a detailed 
study of their properties and deteriora-
tion phenomena. This limestone, known 
as Lesno Brdo limestone, is character-
ized by various colours: red, pink, and 
all possible nuances from light to dark 
grey. It has been frequently employed 
in the construction of Slovenian his-
torical monuments,[23, 24, 25] as well as 
in modern buildings. These colours 
are sometimes shot through each other, 
whereas they are sometimes clearly 
separated.[23, 24] The dark grey lithotype 
was selected because, in recent years, 
due to the geological conditions, it has 
become easier to extract and therefore 
more popular for use in the construc-
tion of modern buildings. The light red 
lithotype was selected not only because 
it is very decorative, and for this rea-
son was frequently used in historical 
buildings and monuments, but also be-
cause in past centuries it was the lead-
ing lithotype from this quarry. It is still 
available today, in smaller quantities, 
and is used, for example, in contempo-
rary buildings as cladding and flooring, 
or as replacement material in works for 
the conservation and restoration of his-
torical monuments.

Thus, the two main aims of the investi-
gation were: firstly, to characterize the 
light red and dark grey lithotypes of the 
Lesno Brdo limestone from the min-
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eralogical, chemical and petrophysical 
points of view, and to assess the dif-
ferences between the lithotypes with 
respect to their durability, and, sec-
ondly, to characterize the deterioration 
patterns of two historical monuments, 
made mainly using the red lithotype, 
one of which had been exposed to an 
outdoor environment, and the other to 
an indoor environment.

materIals and methods 

Materials
Limestone was sampled in the local ac-
tive quarry of Lesno Brdo near Ljublja-
na (Central Slovenia). Two lithotypes 
of Triassic reef limestone were selected 
for this study: the dark grey lithotype 
(these samples were labelled: SLB) 
and the light red lithotype (these sam-
ples were labelled: PLB). 

Additionally, as a part of a broader 
conservation - restoration projects, 
sampling was also carried out on two 
baroque monuments, located in the old 
part of the city of Ljubljana, Slovenia: 
the Fountain of the Three Carniolian 
Rivers, commonly known as Robba’s 
Fountain, which is shown in Figure 
1a (the samples from this monument 
were designated: RO), which was con-
structed between 1743 and 1751, and 
one of the side altars in the Church of 
St. James, in the Chapel of St. Francis 
Xavier, which is shown in Figure 1b 

(the samples from this monument were 
designated: JAL), and was constructed 
between 1709 and 1722. The elements 
of the fountain consist of four differ-
ent types of natural stone. The architec-
tural part of the monument consists of 
two different types of Slovenian lime-
stone and a conglomerate, whereas the 
three statues are sculpted out of Car-
rara marble. The light red lithotype of 
Lesno Brdo limestone was used for the 
construction of this monument’s ob-
elisk. The side altar in the Chapel of St. 
James’ Church is made of 18 different 
types of natural stone, whereas both of 
the above-mentioned lithotypes of Les-
no Brdo limestone were used for the 
construction of some of the lower parts 
of the altar. A total of 15 samples from 
the two considered monuments were 
carefully collected, paying special at-
tention to the sampling the different 
textures of the weathering forms, and 
the degree of damage. Detailed infor-
mation about the fresh and weathered 
samples is provided in Table 1.

Analytical methods
Polished thin sections of six samples 
of the limestone from the quarry (three 
per lithotype) were studied by optical 
microscopy, using an Olympus BX-60 
equipped with a digital camera (Olym-
pus JVC3-CCD). 

The samples of both unweathered and 
weathered limestone were examined 
by a Scanning Electron Microscope 
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Figure 1. Selected monuments and weathering forms of Lesno Brdo 
limestone. (a) Fountain of the Three Carniolian Rivers - the obelisk is 
made of Lesno Brdo limestone, and the statues of Carrara marble. (b) 
Side altar of the Church of St. James. Some of the stone elements of the 
lower parts are made of Lesno Brdo limestone. (c) The black crusts are 
compact aggregates of salt minerals, occurring on the surface on shel-
tered areas. The Figure shows a detail of the obelisk of the Fountain. 
(d) Fluffy efflorescence, appearing as very loosely coherent aggregates 
of acicular and long hair-like crystals. The Figure shows a detail of the 
lower part of the altar. The width of the image is about 10 cm.
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(JEOL 5600 LV), using electron back-
scattering. Some particular areas of the 
samples were analyzed for chemical 
composition using an Energy Disper-
sive X-ray Spectrometer (EDS). The 
excitation voltage was 20 kV, and the 
pressure was between 10 Pa and 20 Pa.

The mineral composition of both 
the unweathered limestone and the 
weathering products was determined 
by X-ray powder diffraction, using a 
Philips PW3710 X-ray diffractometer 
equipped with Cu Kα radiation, and a 
secondary graphite monochromator. 

The samples were milled in an agate 
mortar to a particle size of less than 50 
μm. The data were collected at 40 kV 
and a current of 30 mA, in the range 
from 2θ = (2 to 70)°. Afterwards, each 
sample of limestone was treated in or-
der to extract its acid-insoluble resi-
due. About 400 mg of each sample 
was crushed and dissolved in 20 mL 
of dilute HCl (1:10)[21]. The residue 
was then washed with distilled water 
in order to remove all traces of HCl. 
The acid-insoluble fraction was then 
analyzed using X-ray powder diffrac-
tion.

Table 1. Summary of the investigated samples, showing the related weathering forms 
and mineralogy as determined by X-ray powder diffraction and SEM-EDS

Unweathered samples    

Limestone Location Investigated samples Primary mineralogy

Dark grey lithotype Lesno Brdo quarry SLBa, SLBb, SLBc calcite, dolomite, quartz, 
clinochlore, muscovite/illite

Light red lithotype Lesno Brdo quarry PLBa, PLBb, PLBc calcite, dolomite, quartz, 
clinochlore, muscovite/illite

Samples from monuments    

Weathering type Location Investigated samples Weathering products

black crust fountain RO94, RO95, RO97, 
RO98, RO99, RO100 gypsum

flaking fountain RO94, RO95, RO97, 
RO98, RO99 gypsum

white crust altar JAL173, JAL175, 
JAL176 gypsum

flaking altar JAL173, JAL182 gypsum

subflorescence altar JAL173, JAL182 gypsum

crumbling altar JAL177, JAL184 gypsum

efflorescence altar JAL174, JAL180, 
JAL181

gypsum, nitre, hexahydrite, 
pentahydrite
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All the samples of the unweathered 
limestone were analyzed for their ma-
jor chemical composition in an accred-
ited commercial Canadian laboratory 
(Acme Analytical Laboratories, Van-
couver, B.C., Canada), using different 
analytical methods. According to the re-
sults of the reports, SiO2, Al2O3, Fe2O3, 
MgO, CaO, Na2O, K2O, TiO2 and P2O5 
were measured after fusion with a mix-
ture of lithium metaborate/tetraborate 
and dissolution in nitric acid by induc-
tively coupled plasma emission spec-
troscopy (ICP-ES). The total carbon 
content was obtained by combustion in 
an oxygen current (LECO method) and 
the CO2 and volatile contents by preci-
sion scale weighing after calcination at 
1100 °C (LOI). The accuracy and pre-
cision of the sample analyses were as-
sessed by using the reference material 
CCRMR SO-18 CSC.

The total porosity (Nt) of the samples 
of unweathered limestone (three sam-
ples of (50 × 50 × 50) mm per litho-
type) was measured by water uptake 
under a vacuum, according to the 
RILEM recommendations - RILEM 
I.1 Norm.[26] The water absorption co-
efficient (A/(g m–2 s–1/2) was measured 
according to the RILEM II.6 Norm.[26]

The pore systems of the samples of un-
weathered limestone (three samples per 
lithotype) were further characterized by 
means of mercury intrusion porosime-
try (MIP) and gas sorption isotherms. 

Small blocks, of size approximately 2 
cm3, were dried in an oven for 24 h at 
60 ºC, and analyzed on a Micromeritics 
Autopore III model 9410 porosimeter. 
Adsorption and desorption isotherms 
of argon were obtained at –196 ºC on 
a Micromeritics Tristar 3000 Analyzer. 
In rock materials several fluids can be 
applied as adsorbates the most com-
monly used being nitrogen. However, 
in samples with a surface area of less 
than 5 m2 g–1, argon adsorption meas-
urements are more accurate than when 
using nitrogen, which usually yield ex-
cessively high values.[27] Prior to meas-
urement, samples were heated at 250 °C 
for 8 h, and outgassed to 1.33 × 10–3 
mbar using Micromeritics Flowprep 
equipment. Gas adsorption analysis 
in the relative pressure range of 0.05 
to 0.3 was used to determine the total 
specific area – BET surface area of the 
samples.[28, 29] The BJH method was 
used to obtain pore size distribution 
curves, the pore volume and the mean 
pore size of the rock samples.[30]

Ultrasonic velocity measurements 
(USV) were applied in order to dem-
onstrate the homogeneity of the lime-
stone. These measurements were per-
formed using an AU 2000 Ultrasonic 
Tester (CEBTP), with transmission 
frequency of 60 kHz. The pulse propa-
gation velocity was measured on dry 
test samples (three samples per litho-
type, of size: (50 × 50 × 50) mm). 
Three measurements were performed 
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in each of the three orthogonal direc-
tions. Additionally, the total structural 
anisotropy coefficient ΔM/% and the 
relative anisotropy coefficient Δm/% of 
the stone material were obtained from 
the mathematical relations between the 
ultrasonic propagation velocities, fol-
lowing the equations of Guydader and 
Denis.[31]

results and dIscussIon 

Characterization of samples from 
the quarry
Mineral and chemical composition
Petrographical analysis indicated that 
the limestone is very heterogeneous, 
being classified as mainly micritic with 
a transition to microsparitic (Figures 2a 
and 2b). Intraclasts, pellets and frag-
ments of fossils (mainly red algae and 
shells) are present in both lithotypes. 
The light red lithotype is slightly more 
heterogeneous, due to the presence of 
numerous veins and styloliths. The sty-
loliths are filled either with phyllosili-
cates (minerals of the chlorite and mica 
groups) and iron oxides/hydroxides or 
dolomite. Calcite occurs mainly as mic-
rite, but also as sparitic crystals in veins, 
and as fragments of shells. Some parts 
of both lithotypes consist of coarse-
grained dolomite crystals with sizes up 
to 2 mm, which are sometimes partly 
or completely replaced by calcite. Iron 
oxides/hydroxides occur in the calcitic 
rims of the coarse-grained dolomite. 

These could be clearly observed by 
SEM-EDS (Figure 2c), which revealed 
that the rims of the coarse-grained crys-
tals of dolomite are partially replaced by 
calcite. The iron oxides/hydroxides oc-
cur macroscopically as a brown colour, 
enclosing the dolomite. The intergranu-
lar spaces of the coarse-grained dolo-
mite and calcite are mainly filled with 
phyllosilicates, as was proved by SEM-
EDS analysis (Figure 2c). According to 
the results of EDS, the chemical compo-
sition of the material in the intergranu-
lar spaces consists of K-rich alumosili-
cates, which are assumed to be sericite 
(fine grained muscovite). In some veins 
the intergrowing of sericite with clino-
chlore can be observed, as can be seen 
in Figure 2d. Homogenously distribut-
ed, single grains of ilmenite and apatite 
commonly occur in veins of phyllosili-
cates. Quartz occurs as autogenous or as 
terrigenous grains. It can also occur in 
veins, as polycrystallinic quartz. SEM-
EDS analysis of the limestone samples 
also confirmed the occurrence of quartz 
grains, which are homogeneously dis-
tributed over the sample.

The results of the X-ray powder dif-
fraction analysis (Table 1) of the bulk 
limestone indicate that calcite, as well 
as dolomite and quartz, are present in 
all the samples. Phyllosilicates such as 
clinochlore and muscovite/illite were 
detected in all three samples of the light 
red lithotype, but only in one sample of 
the dark grey lithotype (SLBa). X-ray 
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Figure 2. Microimages of Lesno Brdo limestone. (a) The dark grey lithotype. 
The image shows coarse-grained dolomite, surrounded by sparitic and micrite 
calcite. Transmitted light, parallel polars. (b) The light red lithotype. The im-
age shows a very heterogeneous structure, with brownish veins of Fe oxides/
hydroxides and clay. Transmitted light, parallel polars. (c) An SEM-BSE im-
age of an intergranular space, filled with sericite. Fe oxides/hydroxides are 
present in the calcitic rims of the coarse-grained dolomite. (d) The SEM-BSE 
image show the intergrowing of sericite (brighter areas) with clinochlore 
(darker areas). The small bright areas indicate the presence of ilmenite. 

Table 2. Bulk chemical composition of the limestone samples, determined by ICP-ES. 
All the oxides, as well as the loss on ignition - LOI and the total carbon - TOT/C, are 
given in mass fractions w/%

Samples SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 LOI TOT/C

SLBa 2.41 1.50 0.24 1.26 53.71 0.04 0.36 0.05 0.02 35.2 12.12
SLBb 0.92 0.35 0.05 0.59 56.27 0.02 0.08 0.01 <0.01 35.5 12.06
SLBc 0.91 0.45 0.11 3.64 50.88 0.04 0.10 0.01 <0.01 43.8 12.39
PLBa 5.73 3.41 0.79 0.90 52.47 0.06 0.80 0.10 0.02 35.7 10.92
PLBb 5.31 3.32 0.45 1.70 62.63 0.14 0.64 0.11 0.02 35.6 10.95
PLBc 2.96 1.54 0.53 2.96 51.62 0.02 0.33 0.04 0.01 36.2 12.01
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powder diffraction analysis of the acid-
insoluble residue likewise revealed the 
presence of quartz, muscovite/illite and 
clinochlore, as minor components. All 
samples of the light red lithotype con-
sisted of muscovite/illite, clinochlore 
and quartz, whereas the acid-insoluble 
residue in the dark grey lithotype rep-
resents quartz, and only in one sample 
muscovite/illite and clinochlore. Due to 
the small quantities of ilmenite and apa-
tite, it was not possible to detect these 
minerals using this method.

The results of bulk chemical analyses of 
all of the investigated samples are given 
in Table 2. They reveal high heterogene-
ity in the chemical and thus also min-
eralogical composition of the samples. 
In all the samples CaO is invariably the 
main chemical component, indicating 
that the limestone is mainly composed 
of calcite. The light red lithotype of 
limestone has a higher content of SiO2, 
Al2O3, Fe2O3 and K2O, thus reflecting the 
presence of phyllosilicates and quartz. 
K2O indicates the presence of musco-
vite/illite, whereas the high fraction of 
the MgO component indicates the pres-
ence of dolomite and clinochlore. High 
contents of Fe2O3 indicate the presence 
of clinochlore and iron oxides/hydrox-
ides in the veins. The contents of TiO2 
and P2O5 are higher in the samples of 
the light red lithotype, which can be at-
tributed to the presence of ilmenite and 
apatite in sericite and clinochlore-rich 
veins. 

Physical and mechanical properties
As water plays a fundamental role in 
stone deterioration, the properties of the 
stone structure and water transfer were 
measured. It is well known that water is 
one of the most important deterioration 
agents, and also facilitates the damag-
ing action of other agents, such as salts. 
The petrophysical characteristics of 
the limestone are shown in Table 3. All 
the samples have low porosity, which 
is less than 1 % by mass, determined 
by the water vacuum method. The co-
efficient of capillarity is rather low, 
too. The average values were (0.24 ± 
0.03) g m–2 s–0.5 for the light red litho-
type, and (0.09 ± 0.05) g m–2 s–0.5 for the 
dark grey lithotype. The obtained values 
are of the same order of magnitude as 
for some other limestones.[18] The light 
red limestone exhibited slighter higher 
values of porosity, which is also reflect-
ed in the high water absorption coeffi-
cient. This behaviour may be explained 
by the presence of veins filled with clay 
minerals, which are more abundant in 
the light red lithotype.

Pore size distribution is important for 
understanding the movement of flu-
ids inside the pore structure. It is well-
known that different pore size can re-
sult in different behaviours relative to 
water.[17] Pores are classified into three 
types,[32] as follows: a) pores smaller 
than 0.1 μm, in which capillary conden-
sation takes place; b) pores in the size 
range from 0.1 μm to 5.0 μm, in which 
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When considering damage due to salt 
crystallization, the critical pore radius 
where the crystallization pressure is ef-
fective ranges below 0.05 μm.[33] The 
gas-physisorption method is thus suit-
able for investigation of this range of 
pore radii. Scherer[34] established that 
the maximum pressure that salt crystal-
lization can achieve is highly depend-
ent on the size of the pores, predicting 
that most of the damage occurs when 
salt-rich fluids migrate from pores of 
larger size to pores of smaller size, in 
the range between 4 nm and 50 nm. 
Pore size distribution thus controls the 

water transport mechanism is capillary 
suction and c) pores larger than 5.0 μm, 
the range of pores allowing free water 
to penetrate the porous material. The 
pore volume and pore size distribution 
between 0.003 μm and 100 µm (radius) 
were measured by mercury intrusion 
porosimetry. The results of two studied 
lithotypes are shown in Table 3. The 
light red lithotype of limestone is more 
porous than the dark grey lithotype, with 
open porosity values of (2.49 ± 0.97) % 
vs. (1.60 ± 0.76) % respectively, even 
though the bulk density of both litho-
types is almost the same. 

Table 3. Physical and mechanical properties of the limestone. The pore system charac-
teristics were determined by the water vacuum method, water absorption, Hg porosim-
etry and Ar sorption. Average values of ultrasound velocities, measured in three orthog-
onal directions (V1, V2, V3), structural anisotropy (ΔM) and relative anisotropy (Δm).

Method of investigation SLB PLB
Porosity accessible to water (%) 0.18 ± 0.04 0.25 ± 0.03

Coefficient of capillarity (g m–2 s–0,5) 0.16 ± 0.03 0.24 ± 0.03

Hg porosimetry
Open porosity (%)  1.60 ± 0.76 2.49 ± 0.97
Apparent density (g cm–3) 2.74 ± 0.01 2.76 ± 0.01
Bulk density (g cm–3) 2.69 ± 0.03 2.68 ± 0.03

Ar adsorption   
Surface area (m2/g) 0.0979 ± 0.0056 0.3787 ± 0.0668
Total pore volume (cm3/g) 0.00011 ± 0.00001 0.00034 ± 0.00010
Average pore diameter (nm) 2.093 ± 0.021 2.114 ± 0.002

Ultrasound velocity measurements
V1/(km/s) 5.20 ± 0.17 4.95 ± 0.25
V2/(km/s) 5.04 ± 0.09 4.76 ± 0.22
V3/(km/s) 4.94 ± 0.14 4.41 ± 0.03
DM/% 3.50 ± 1.44 9.06 ± 3.72
Dm/% 3.10 ± 2.25 7.99 ± 3.85
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crystallization pressure. Table 3 shows 
that the light red lithotype has, in gen-
eral, a higher BET surface area, as well 
as a higher average pore size, than the 
dark grey lithotype. The differences in 
pore size distribution between the two 
lithotypes can be seen in Figure 3a. 
The volume of pores accessible to gas 
is larger and much more variable in the 
case of the light red lithotype. Similarly 
to previous results, the higher BET sur-
face area in the light red lithotype is the 
result of the presence of discontinuities 
filled with clay minerals. Furthermore, 

the Ar-physisorption isotherm is steep-
er, and indicates a more complex and 
variable pore system in the case of the 
samples of the light red lithotype (see 
Figure 3b). To the contrary, the samples 
of the dark grey lithotype are very ho-
mogeneous in terms of their pore size 
distribution (Figure 3a), as well as the 
complexity of the pore system network 
(Figure 3b). All studied samples have 
a physisorption isotherm of type II, 
which is characteristic for non-porous 
or macroporous materials,[27] which 
is confirmed by the very low surface 

Figure 3. Results of BET measurements. (a) The volume of pores accessi-
ble to BET is significant higher for the light red lithotype than for the dark 
grey lithotype. (b) The Ar-physisorption isotherms for both lithotypes.
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area in both lithotypes (Table 3). Fur-
thermore, in the case of the samples 
of the light red lithotype, a H3 type of 
hysteresis loop can be recognised, with 
non-limited adsorption at high relative 
pressures and with forced closure of the 
hysteresis loop in the desorption branch 
around relative pressure of 0.4. Such a 
type of hysteresis loop is characteristic 
for materials with slit-shaped pores.[35]

Ultrasonic measurements can be used 
indirectly to define textural properties 
and, therefore, also physical-mechan-
ical properties.[32] The results of the 
ultrasonic velocity measurements are 
listed in Table 3. Samples of the dark 
grey lithotype revealed faster ultrason-
ic wave propagation, indicating greater 
compactness and higher mechanical re-
sistance when compared with the light 
red lithotype. Furthermore, the total 
structural anisotropy (ΔM) and relative 
structural anisotropy (Δm) are lower 
in the case of the dark grey lithotype, 
suggesting its higher compactness. On 
the contrary, the anisotropy is higher 
in case of the light red lithotype, as it 
is more heterogenous due to the more 
frequent appearance of discontinui-
ties. An increase in the anisotropy of 
the samples is observed in case of the 
occurrence of bigger piles or veins of 
coarse-grained dolomite, calcitic veins, 
fissures and styllolithes in the samples. 
The values are in accordance with the 
obtained values of the porosity, as po-
rosity decreases exponentially with 

velocity. Water transfer properties are 
directly linked to the pore network. 
The higher porosity and the high imbi-
bition coefficient in the light red litho-
type imply that water moves easily, and 
that the water transfer induces various 
physical-chemical reactions that even-
tually lead to deterioration of investi-
gated limestone. 

Limestone deterioration
Weathering forms on monuments
Within the framework of broader con-
servation - restoration projects, in situ 
investigations of the monuments by 
means of monument mapping was 
pointed out several types of deterio-
ration phenomena. The studied lime-
stone deteriorates extensively when 
subjected to either an outdoor or an in-
door environment. A wide range of dif-
ferent weathering forms, documented 
according to the Fitzner classification 
[36] was observed. Crumbling, flaking 
and black crust are present on the lime-
stone parts of the outdoor monument, 
whereas flaking, subflorescence, crum-
bling, white crust and efflorescence are 
present on the indoor monument. Ex-
amples of weathering forms are shown 
in Figure 1c and Figure 1d. 

Weathering products and mechanisms
X-ray diffraction data (Table 1), sup-
ported by the results of SEM-EDS ex-
aminations, have shown that soluble 
salts are the main weathering products. 
Almost all weathering forms are re-
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lated to salt crystallization, as seen in 
Figure 3. 

The black crusts outdoor, as well the 
white crusts indoor, were composed 
of gypsum. The crusts are generally 
formed by less soluble salts, as gyp-
sum.[37] The black crusts consists of 
gypsum crystals up to 100 µm in size, 
which are oriented parallel to the sur-
face (Figures 4a, 4b and 4c). In some 
places individual calcite grains are en-
closed in the gypsum crystals. Ba-rich 
(Figure 4d) or Fe-rich aerosols have 
been documented between the gypsum 
crystals of the crust, pointing to the ef-
fect of air pollutants. The boundary be-
tween the gypsum and the limestone is 
extremely irregular, showing progres-
sive chemical dissolution of the calcite 
grains. Some of the white crusts occur-
ring under indoor conditions (Figure 
4e, with a thickness of 30 μm to 200 
μm) show several alternating layers 
of columnar crystals. This suggests 
rhythmic fluctuations in the solution 
supply. Moreover, the salt crystals of 
gypsum are oriented perpendicularly to 
the surface of the limestone. Although 
the origin and growth of the sulphated 
crusts have been widely studied in the 
past,[38–43] literature data are still not 
uniform either the crust formation is 
actually a deleterious process, as rain-
water arrives at the boundaries between 
the gypsum and the limestone where 
transformation of the calcite into gyp-
sum occurs or that gypsum formation 

result in passivation on the surface of 
limestone, which might prevent further 
deterioration. 

Salt crystallization under the surface 
(subflorescence) or within the pores 
resulted in disruption of the limestone 
(Figure 4f), expressed as flaking and 
crumbling of the limestone under both 
outdoor and indoor conditions. As the 
crystals exceed the size of the original 
pores, pressures strong enough to dis-
rupt the fabric are built up by the grow-
ing crystals. These flakes are about 
200 μm wide, and around 50 μm thick. 
The system of fissures is present 100 
μm to 150 μm beneath the surface, 
whereas the fissures are 20 μm to 30 
µm thick. Apparently, in some cases 
gypsum crystals nucleate in veins of 
clay minerals, as can be seen in Figure 
4g, which are more accessible to po-
rous flow. As salts concentrate in those 
parts which retain moisture longer, the 
swelling clay minerals enhance the 
salt-related breakdown. Moreover, the 
cyclic swelling and shrinking of clay 
contribute to the additional delamina-
tion of the limestone.[9, 44] Flaking of the 
limestone is not merely concentrated to 
the areas of clay-rich veins, as subflo-
rescence in limestone occurs when the 
capillary flux is slower than the evapo-
ration flux.[45] Water transfer is, due to 
the low porosity of the limestone, de-
creased, resulting in higher evapora-
tion from the limestone surface with 
regard to the velocity of the capillary 
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flux. Thus, this zone is mechanically 
stressed, leading to disrupture of the 
limestone. 

Efflorescences (Figures 4h and 4i) 
are composed of magnesium sulphate 
hydrates (hexahydrite, pentahydrite), 

gypsum and nitre, as proved by X-ray 
powder diffraction and SEM-EDS ob-
servations. Three different mineral as-
semblages have been observed in the 
efflorescences: (1) nitre and gypsum, 
(2) nitre, gypsum and magnesium 
sulphate hydrates, or (3) gypsum and 

Figure 4. Microimages of deterioration patterns of the studied limestone. 
(a) Dissolution of calcite crystals under the gypsum crust, outdoors. On 
samples taken outdoors the dissolution of sparitic crystals under the gyp-
sum crust is clearly evident. (b) Dissolution and disintegration of calcite 
crystals under the gypsum crust. Entrapped calcite grains in the crusts, 
outdoors. (c) Crystals of gypsum at the surface of the black crusts. d) A 
Ba-rich aerosol, entrapped between the gypsum crystals. (e) A white crust 
with gypsum crystals. (f) Gypsum filling the pores of the limestone leading 
to flaking of the limestone. (g) Gypsum crystallization in a vein of clay, 
which leads to flaking of the limestone, indoors. (h) Platy crystals of gyp-
sum and elongated crystals of magnesium sulphate hydrates, indoors. (i) 
Fibrous crystals of nitre and platy crystals of gypsum, outdoors.
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magnesium sulphate hydrates. Efflores-
cences appear as very loosely coherent 
aggregates of long hair-like needles and 
fibres (whisker growth), suggesting low 
supersaturation and a slightly humid to 
nearly dry surface substrate, where crys-
tals grow on a solution film into the air.
[46] Magnesium sulphates hydrates and 
nitre occur only on the surface of the 
limestone exposed to the indoor envi-
ronment, due to their high solubility, 
whereas in the case of outdoor condi-
tions they are not present. It has to be 
considered that the behaviour of multi 
component salt mixtures is extremely 
complex. It has been reported that, in 
normal outdoor environmental condi-
tions, most salt remains in solution, ex-
cept the rather insoluble gypsum that 
crystallizes out of the solution first.[4, 

47] With the exception of hexahydrite-
epsomite, transformations between the 
various species of the MgSO4×nH2O 
series involve more than the simple re-
moval of water: they require significant 
rearrangement of the crystal structure 
and the overcoming of activation energy 
barriers. Close to room temperature ep-
somite is the stable form in the presence 
of liquid water. Under dry conditions 
epsomite can dehydrate to form hexahy-
drite, and finally monohydrate kieserite.
[48] The salt species that grow in efflo-
rescences depend on the composition of 
the salt solution, on the properties of the 
substrate and on the environmental con-
ditions during growth.[49] As joint mor-
tars between the stone elements of the 

altar contain high quantities of soluble 
calcium and magnesium, are thus con-
sidered as potential source of these dam-
aging salts. The contribution of nitre is 
significant in the samples taken from the 
stone elements at the bottom of the altar. 
The presence of nitre in those parts of 
the stone where there is a high capillary 
rise can be attributed to the solutions 
containing alkali potassium and nitrate 
that are present in the ground[50] or, alter-
natively, to the result of weathering due 
to K-bearing phyllosilicates.

conclusIons 

The two lithotypes differ in their chemi-
cal composition and consequently in 
their mineralogy. Hence the other prop-
erties which are related to the mineral 
composition and their occurrence in the 
limestone also differ. The higher content 
of phyllosilicates is a remarkable feature 
of the light red lithotype. The porosity 
and values of the water transfer kinetics 
are very low for both lithotype, but they 
are slightly higher in the light red litho-
type. The volume of pores accessible to 
gas is higher and much more variable for 
the light red lithotype, too. Furthermore, 
the Ar-physisorption isotherm is steeper 
and indicates a more complex and vari-
able pore system of the light red litho-
type. There were measurable differences 
in the USV measurements between the 
two lithotypes, showing higher anisot-
ropy in the light red lithoytpe. 
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Limestone was found to be extensively 
deteriorated in both outdoor and indoor 
environments in the studied historical 
monuments, showing flaking, subflores-
cence, efflorescences, crumbling, and 
black and white crusts as deterioration 
phenomena. The results revealed that 
crystallization of soluble salts is the main 
weathering mechanism. Due to change-
able environmental conditions, the solu-
ble salts occurred in different varieties. 
Gypsum occurs as a compact crust, ef-
florescence and subflorescence, whereas 
magnesium sulphate hydrates and nitre 
crystallize only as efflorescence. Crys-
tallization of gypsum under the surface 
resulted in flaking of the limestone. Fur-
thermore, the presence of clay is also 
one of the main factors responsible for 
limestone deterioration, as a differential 
decay concentrated within the clay-rich 
planes resulting in the crumbling and 
formation of flakes. 

The results presented here show that 
Lesno Brdo limestone, although com-
pact, is relatively prone to deterioration. 
The presence of phyllosilicates indicates 
higher porosity and a higher imbibition 
coefficient than in the case of limestone 
not containing phyllosilicates, implying 
that, in the investigated limestone, wa-
ter can move relatively easily, inducing 
physical-chemical reactions leading to 
its deterioration. The observed condition 
of the investigated historical monuments 
indicates that the presence of salts can 
be deleterious even to compact stone.
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