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Abstract. The Lisbon "Calçada" sidewalks have a traditional style made of small flat and irregular 
cobblestones, representing magnificent mosaics. This work presents the characterization and 
identification of the mineralogical phases of sidewalk stones, originating from Lisbon, Portugal. 
Samples referenced MEKPBL (white) and MEKPNL (grey-black) were studied by means of 
Raman spectroscopy, ATR-FTIR and XRD. All Raman spectra show a strong band around 1089 
cm-1 which can be attributed to the v1-symmetric stretching mode of (CO3)2-, indicating that calcite 
is the main crystal phase in both samples. All Raman spectra of MEKPNL show also graphite 
fingerprints localized around 1329 cm-1 and 1607 cm-1, which are characteristic respectively of the 
D and G peaks of the carbonaceous material. These carbonaceous materials are the substance 
responsible of the grey-black color to these stones. Furthermore, the Raman spectra of the 
MEKPNL sample show also a weak Raman band located at 460 cm-1 which can be attributed to 
the symmetrical stretching of Si-O-Si, characteristic of the α-quartz. Furthermore, ATR-FTIR and 
XRD analyses supported the Raman results. 
Introduction 
Since antiquity, stone's mechanical and thermal properties have allowed it to be used for many 
applications [1, 2], particularly in funerary art as structural elements in buildings and architectural 
monuments, as well as in the paving and ornamentation of sidewalks and roads [2, 3]. Therefore, 
in the 19th century, a traditional flooring style that is part of Portugal's cultural heritage, called 
"calçada portuguesa", was introduced to most of the pavements in Portugal regions. It consists of 
small, flat stones arranged irregularly to form patterns or images, creating a mosaic-like 
appearance [2-5]. These stones come from various quarries, with some found in Portuguese regions 
such as Estremoz, Borba, and Vila Viçosa, while others are found in different countries, such as 
Italy, Greece and Spain [2]. Furthermore, this style of pavement can also be found in cities 
worldwide, from Olivenza (under Spanish colonial era), to former Portuguese colonies like Goa in 
India, and even the countries influenced by Portuguese culture, such as Brazil and Mozambique 
[3]. 

The investigation of the mineralogical composition of decorative stones, even those used in 
paving, requires the integration of multiple analysis techniques. Their correlation can provide 
crucial knowledge about these materials and manufacturing techniques, as well as solve problems 
related to their conservation/restoration of historical monuments, sculptures and architectural 
structures, including floor pavements. In this context, we find that Raman spectroscopy, ATR-
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FTIR (Attenuated total reflectance-Fourier transform infrared) spectroscopy and XRD (Powder X-
ray diffraction) analysis, are widely used techniques to identify the crystalline phases of 
ornamental stones [6, 7]. Additionally, Raman spectroscopy has been applied as a tool for 
examining the phases of different types of carbonaceous matter present in rocks and stones, such 
as kerogen, amorphous carbon, carbon, solid bitumens as well as graphite [8]. 

Hence, the work here aims to characterize and identify the mineralogical composition of two 
decorative stones coming from Lisbon; they are used to ornament the pavements of Calçada. The 
analysis was carried out using a combination of structural techniques including Raman 
spectroscopy, ATR-FTIR spectroscopy and XRD. 
Materials and Methods 
Materials 
Two natural stones of almost identical size, originating from Lisbon, Portugal; they are the subject 
of a study using a multi-technique approach. These samples stones are referenced in LASMAR 
laboratory as MEKPNL and MEKPBL. The color of MEKPBL is white, while MEKPNL varies 
from grey to black. The stone samples were manually crushed using an agate mortar and pestle. 
The obtained powders were used for Raman and XRD analysis. For ATR-FTIR analysis, the 
powders were sieved to a grain size of ≤ 50 µm. Photos and a brief description of the stones studied 
are given in Table 1. 

 
Table 1: Samples codes, photos, color and their origin. 

Sample  Photo Color Origin 

MEKPBL 

 

White Lisbon, Portugal 

MEKPNL 

 

Gray-black Lisbon, Portugal 

 
This type of stones has many heritage uses, particularly for paving the Portuguese Calçada. 

Fig.1 shows a particular section of the Lisbon pavement, made from small flat stones (white and 
black) arranged in traditional mosaic patterns. 
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Fig. 1: Center of Lisbon and particular sections of Calçada pavement in Lisbon. 

Characterization methods      
Micro-Raman spectroscopy 
Raman spectra were carried out using the Renishaw RM 1000 confocal spectrometer. It’s equipped 
with an (He-Ne) laser excitation source operating at 632.8 nm, an electrically cooled CCD detector 
and a DMLM confocal microscope with different objectives (10x, 20x, 50x and 100x). The spectra 
were recorded in the wavenumber range of 100 - 2000 cm-1 with a resolution less than of 2 cm-1. 
Calibration was performed using the 520 cm-1 Raman line of a silicon wafer. Repeated acquisition 
using the highest magnification was accumulated to improve the signal to noise ratio. The Laser 
power was set between 10 and 50 mW in order to avoid degradation and decomposition of sample. 
Data were collected and plotted using the WIRE 3.4 software.  
 
ATR-FTIR spectroscopy 
Infrared spectra were obtained from powdered samples using an Alpha-Bruker spectrometer 
equipped with an ATR accessory equipped with a diamond crystal. The spectra were recorded in 
the wavenumber range from 400 to 4000 cm⁻1 with a spectral resolution of 4 cm⁻1. 
 
X-ray Diffraction (XRD) 
The stone samples were characterized in powder form through X-ray diffraction at room 
temperature. This analysis was carried out using an ADVANCE D8 X-ray diffractometer, 
available at the Innovation and Technology Transfer Centre (CITT) of Moulay Ismaïl University, 
Morocco. It’s equipped with Cu-Kβ radiation (wavelength of 1.5418 Å with 40 mA and 45 kV). 
The diffraction patterns were performed in the 2θ range of 5° - 80° with a step of 2° per minute. 
In addition, the various Bragg reflections are indexed using the RUFF database and the ICDD 
PDF-4 files [9, 10].    
Results and discussion 
Micro-Raman analyses 
Fig. 2 presents the Raman spectra of the MEKPBL and MEKPNL samples, recorded in 150-2000 
cm-1 range. It’s evident from the spectra that both stones exhibit characteristic bands around 160, 
286, 717 and 1089 cm-1. The stronger band at 1089 cm-1 is attributed to the   ν1-symmetric 
stretching mode of CO3

2- ionic group. The band at 717 cm-1 is assigned to the ν4- symmetric 
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bending mode of CO3
2-. The two bands at 160 and 286 cm-1 are related to the external vibrations, 

the relative translation between the CO3
2- group and the Ca2+ cation (Ca2+, CO3

2-)). These bands 
are the characteristics of the calcite (CaCO3), which means that both samples can be classified as 
limestones composed mainly of calcite (CaCO3) [1, 11-13].  

The typical Raman bands of calcite (CaCO3) observed in the studied limestones are consistent 
with those reported by S. Gunasekaran et al. (2006) of a natural limestone sourced from India, 
which is characterized at room temperature through FT-Raman spectroscopy, FTIR spectroscopy 
and XRD [12]. According to their Raman results, the external vibration modes (T (Ca2+, CO3

2-)) 
were observed at 162 and 288 cm-1. The symmetric bending mode (ν2 (CO3

2-)) at 716 cm-1, while 
the symmetric stretching mode ν1 (CO3

2-) at 1092 cm-1. 
An additional wide band is observed in both stones at 460 cm-1, which can be assigned to the 

symmetrical stretching mode of Si-O-Si; it’s the characteristic of α-quartz (SiO2) [14- 16]. 
 

 
Fig. 2: Raman spectra of MEKPNL and MEKPBL samples. 

The Raman spectrum of MEKPNL stone exhibits also two supplementary bands located around 
1329 cm-1 and 1607 cm-1; which are the fingerprints of the graphite (C) [1, 8, 17]. The first one at 
1329 cm-1 is attributed to the D band, linked to disordered carbon or defective graphitic structures. 
Whereas those at 1607 cm-1 can be assigned to G band, the first-order Raman band of graphitic 
matter [8, 17, 21]. We can notice that graphite is the responsible element for the gray-black color 
of MEKPNL [1, 8, 17].  

The Raman signals corresponding to graphite(C), detected in the MEKPNL spectrum are 
similar to those reported in the works of Raneri S. et al. (2020) [17]. The mentioned study focused 
on the characterization of three decorative black limestones from Tolfa region in Italy using Raman 
spectrometry. Consequently, the Raman band positions of these three black limestones were 
observed as follows: 1345, 1339 and 1334 cm-1 for the D bands and 1607, 1607 and 1609 cm-1 for 
the G bands, respectively. 
 
ATR-FTIR analyses 
ATR-FTIR spectra recorded in the 400-4000 cm-1 range of the MEKPBL and MEKPNL stones 
are illustrated in Fig. 3; they showed absorption bands at 711, 872, 1401 and 1794 cm-1. The two 
strongest bands at 1401 cm-1 and 872 cm-1 are attributed to the asymmetric stretching (ν3) and 
bending (ν2) modes of the CO3

2- ionic group, respectively. The band at 711 cm-1 is attributed to 
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the ν4-asymmetric bending of the CO3
2- group. The weak line at 1794 cm-1 is assigned to the 

combined modes (ν1 + ν4) [12, 13]. These bands are characteristic of calcite (CaCO3). 
 

 
Fig. 3: ATR-FTIR spectra of MEKPNL and MEKPBL samples. 

In addition, the spectrum of MEKPNL displays bands located at 467, 966, 1002 cm-1 and 1080 
cm-1, characteristic of the α-quartz (SiO2) [14, 18, 19]. The band at 467 cm-1 is attributed to the 
asymmetric bending vibrations mode of Si-O-Si groups [18-20]. The both bands that are appear at 
1002 and 1080 cm-1 are assigned to the asymmetric stretching mode of Si-O groups [18, 20], while 
the band at 966 cm-1 is attributed to the bending vibration of Si-O-(H-H2O) [20]. 

The assignment of Raman and infrared bands for the two stones studied are given in Table 2, 
besides the identification of the mineralogical phases achieved through Raman and ATR-FTIR 
spectroscopy. 
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Table 2: Bands assignment and mineralogical compositions of Raman and ATR-FTIR analyses 
of MEKPBL and MEKPNL stones. 

Sample 
Band positions (cm-1) 

Assignment Mineralogical 
composition Raman Infrared 

MEKPBL 

160-286 ― T (Ca2+, CO3
2-) 

Calcite (CaCO3) 

717 711 ν4-(CO3
2-) 

― 872 ν2-(CO3
2-) 

1089 ― ν1 (CO3
2-) 

― 1401 ν3 (CO3
2-) 

― 1794 ν1+ ν4 
460 ― Symmetric stretching of Si-O-Si α- quartz (SiO2) 

MEKPNL 

160-286 ― T (Ca2+, CO3
2-) 

Calcite (CaCO3) 

717 711 ν4-(CO3
2-) 

― 872 ν2-(CO3
2-) 

1089 ― ν1 (CO3
2-) 

― 1401 ν3 (CO3
2-) 

― 1794 ν1+ ν4 
460 ― Symmetric stretching of Si-O-Si 

α- quartz (SiO2) 
― 467 Asymmetric bending of Si-O-Si 
― 966 bending of   Si-O-(H-H2O) 
― 1002-1080 Asymmetric stretching of Si-O-

Si 
1329 ― D band Graphite (C) 1607 ― G band 

 
X-ray diffraction analyses 
Fig. 4 presents the X-ray Diffraction patterns of the studied stones. As shown, both MEKPNL and 
MEKPBL samples exhibit a predominant line located at 2θ = 29.4°, attributed to calcite (CaCO3), 
along with other peaks clearly observed and related to same component. MEKPBL and MEKPNL 
are calcitic stones. In addition, a weak line is observed in the MEKPBL sample at 2θ = 26.65°, that 
may correspond to α-quartz (SiO2). The diffraction lines attributed to calcite and quartz are in good 
agreement with those reported in other works [1, 12, 21]. 
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Fig. 4: XRD patterns of MEKPBL and MEKPNL samples. [C-calcite, Q- α-quartz] 
 

The identification of the mineralogical compositions of the two studied stones MEKPBL and 
MEKPNL, through Raman spectroscopy, ATR-FTIR spectroscopy and XRD analysis are 
combined and summarized in Table 3. 

 
Table 3: Mineralogical compositions of MEKPBL and MEKPNL stones. 

Sample code Origin Main Phase Other Phases 
MEKPNL Lisbon, Portugal Calcite (CaCO3) α-quartz (SiO2), Graphite (C) 
MEKPBL Lisbon, Portugal Calcite (CaCO3) α-quartz (SiO2) 

 
The predominance of calcite (CaCO3) indicates that the stones are limestone-based, which can 

have important implications durability and strength of the pavement [22, 23]. The presence of α-
quartz (SiO2) increases their impact resistance and strength [22, 23]. Additionally, the detection of 
graphite (C) through Raman spectroscopy suggests potential contributions to the mechanical 
properties [24, 25]. 
Conclusion 
This study is part of an extensive study of two ornamental paving stones, originating from Lisbon, 
Portugal. The main objective is to determine the physical and chemical properties of these 
materials, where we characterize them through of multi-analytical techniques such as XRF, XRD, 
FORS, Raman spectroscopy, ATR-FTIR spectroscopy, EPR, and others methods can be applied. 

The primary study, our focus was to characterize them in order to identify their mineralogical 
compositions. We used a combination of three structural spectroscopic techniques, including 
Raman spectroscopy, ATR-FTIR and XRD. This correlation shows that the calcite (CaCO3) is the 
main mineralogical phase in the two identified limestones, with the presence of the α-quartz (SiO2) 
in low content. Furthermore, micro-Raman spectroscopy show their ability to identify the graphitic 
nature of the MEKPNL stone, which is the responsible for its gray-black color. 
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