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A B S T R A C T

The binder of the ancient natural hydraulic mortar is obtained by firing marly or siliceous limestone, which is 
naturally rich in clay minerals or silica. The setting and hardening process of these mortars is complex, as is their 
composition, which varies depending on the raw materials, the environment of preservation, and the age of the 
material. Natural hydraulic mortars from important religious and historic buildings in Florence (i.e. Giotto’s Bell 
Tower, Medici Riccardi Palace and Trebbio Castle) were characterized using conventional techniques (SEM-EDS, 
TGA, XRPD and ATR-FTIR). In-depth analyses of the binder were performed on the same sample portions through 
precise sample preparation and the high spatial resolution of advanced techniques, producing high-quality 
chemical and mineralogical maps. Micro-X-ray powder Diffraction at the European Synchrotron Radiation Fa
cility (SR-μXRPD) and Fourier transform infrared microspectroscopic technique (FPA-FTIR) allow the determi
nation of the distribution and stability of calcium carbonate polymorphs (calcite, aragonite, vaterite) as well as 
crystalline and amorphous calcium aluminum silicate in the binder of ancient mortars. These results are of 
fundamental importance for the understanding of ancient production technologies and the chemical trans
formations that can give these ancient materials their hydraulic behavior.

For the first time, SR-μXRPD and FPA-FTIR have been used to study ancient natural hydraulic mortars, 
demonstrating the complementarity of these high-resolution techniques for mapping compounds in the historic 
binders.

1. Introduction

Mortars are heterogeneous materials consisting of binders, aggre
gates and possible organic/inorganic additives. They have been used for 
various purposes since antiquity until today, e.g. as bedding for stone 
and bricks, as plaster for walls, as filling material for masonries [1]. 
Excluding clays and gypsum, air hardening (or aerial) and hydraulic 
limes are the most historically diffused types of binder. In aerial mortars 
the Ca(OH)2, formed by slaking of CaO, produced by burning almost 
pure calcium carbonate rocks, reacts with the CO2 present in the air, 
forming a cohesive material, named anthropogenic calcite. Historically, 
calcium and magnesium lime binders are used, depending on the 
composition of the limestone selected for lime production. Hydraulic 
mortars, on the other hand, set and harden under special conditions, 
such as high humidity or even under water. Ancient hydraulic mortars 
were made using natural hydraulic lime binders (so-called natural 

hydraulic mortar) or mixing air hardening binders with pozzolanic 
materials (i.e. pozzolana mortar). The modern hydraulic binders (hy
draulic lime, formulated lime, cement) are produced industrially at 
higher temperatures and with specific raw materials. Setting takes place 
through a hydration reaction between water, calcium silicates and cal
cium aluminates [2–5]. Historical hydraulic mortars were obtained by 
firing marly/siliceous limestones to obtain a natural hydraulic binder or 
by addition of hydraulic components (volcanic ash, pozzolanic mate
rials, forging scoriae, crushed ceramics) to air-hardening to obtain a 
“pozzolanic” binder. The hardening process consists of the carbonation 
of calcium hydroxide and the hydration of calcium silicates and calcium 
aluminates. While pozzolanic mortars were widely used in the Roman 
period [5,6], natural hydraulic mortars were less common until the XIX 
and early XX centuries, when a special type of hydraulic binder was 
developed that fired impure, clayey limestones for the production of 
so-called ’’Roman cements’’ [7,8]. In Tuscany (Italy), a natural 
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hydraulic lime binder obtained by burning a marly limestone known as 
Pietra Alberese (Monte Morello Formation) has been used since the 
Middle Ages [9,10]. Numerous analytical techniques are used to eval
uate the composition of each of these components and to analyse the 
new phases that develop during the setting and hardening of historical 
hydraulic mortars [11–14].

Our research focuses on analysing the binder of natural hydraulic 
mortars obtained by firing marly limestone, which is naturally rich in 
clay minerals. After setting, the phases of non-hydrated clinker, calcite, 
calcium-modified silica gel and aluminum oxide stabilize (resulting 
from the presence of non-hydrated clinker, calcium silicate hydrates 
CSH, calcium silico-aluminate hydrates CASH, and calcium aluminate 
hydrates CAH) [2,15,16] in natural hydraulic binders. In addition to 
calcite, aragonite and vaterite are also commonly found. The carbon
ation of Ca(OH)2 has as its first step the transformation into amorphous 
calcium carbonate (ACC), then it is transformed into aragonite (arg), 
vaterite (vtr) or calcite (cal) [17–19]. This transformation usually pro
ceeds sequentially ACC-arg-vtr-cal without external influences. The ACC 
is unstable and crystallizes into CaCO3 (arg, vtr or cal), with calcite 
being the most stable form [20,21].

The basic factors affecting the crystallization of CaCO3 polymorphs 
are temperature, pH, chemical binder composition. There are many 
hypotheses about their formation. In Black et al. [22], it is shown that 
CSH and CAH phases form imperfect or very fine crystals, favouring the 
formation of vaterite and aragonite. However, in other studies [7], it has 
been shown that both vaterite and aragonite are precursors during the 
carbonation of portlandite (Ca(OH)2, CH). One possible factor that fa
vors the crystallization of metastable polymorphs is the mortar matu
ration conditions in a low CO2 environment [23]. According to some 
authors, the formation of aragonite and vaterite can be promoted by the 
addition of an organic compound during mortar mixing [24,25]. The 
presence of Ca(OH)2 ensures a pH > 12 in fresh mortar, and thus 
favourable conditions for carbonate crystallization in the form of calcite. 
After carbonation, a decrease in the pH of the environment is observed, 
an optimal condition for the formation of vaterite and aragonite [26]. In 
Seymour et al. [6], it is mentioned that vaterite is formed in pozzolanic 
mortars by the modification of CASH. In the post-pozzolanic process, the 
unreacted ceramic fragments continue to dissolve over time, leading to 
the formation of CASH and vaterite.

In this framework, the identification of composition and distribution 
of these compounds in ancient hydraulic natural binders can shed light 
on their formation process. To better understand the processes and 
phases involved, it is crucial to use analytical techniques with high 
lateral resolution that are able to distinguish between amorphous and 
crystalline phases.

Fourier Transform Infrared spectroscopy (FTIR) allows the detection 
of the molecular composition of both amorphous and crystalline mate
rials. In recent decades, advancements in solid-state array detectors have 
revolutionized molecular spectroscopy enabling chemical imaging, with 
the development of instruments equipped with Focal Plane Array (FPA) 
detectors which provide the highest sensitivity and spatial resolution in 
molecular imaging to be achieved in a short time. Chemical imaging 
generates a chemical map of the sample or system under investigation, 
containing spectral information and displaying the chemical distribu
tion of components. The ability of FPA-FTIR microscopy to generate 
highly spatially resolved maps has been exploited in fields, such as 
biochemistry, biomedicine and earth sciences [27,28]. Moreover, its 
application in Heritage Science is attracting growing interest, as re
flected in the increasing number of studies in the literature. While 
FPA-FTIR is used in ATR mode for chemical imaging of multi-layered 
painted artworks [29–31], its potential for analyzing heterogeneous 
materials, such as mortars, makes it particularly valuable for under
standing complex historical materials and their composition. This 
approach allows for the identification of the chemical distribution across 
different areas of a sample, including portions of the binder or lumps.

At the same time, access to synchrotron radiation facilities for the 

study of ancient materials has increased in recent years. X-ray based 
techniques such as X-ray fluorescence (SR-μXRF), X-ray powder 
diffraction (XRPD), and X-ray absorption spectroscopy (SR-XAS) offer 
the advantage of high sensitivity, sub-micron resolution and mapping 
capabilities, making them powerful tools for investigating elements and 
mineralogical phases in heterogeneous and multilayered materials 
[32–35]. In this context, we exploit high-resolution micro-X-ray powder 
diffraction at the European Synchrotron Radiation Facility (SR-μXRPD) 
to generate spatially resolved crystalline phase maps of ancient mortars.

For the first time, this study explored the possibility to map the 
distribution of amorphous and crystalline phases in the same areas of 
ancient natural hydraulic mortars by combining high-resolution SR- 
μXRPD and FPA-FTIR techniques.

After a preliminary characterization with traditional X-ray powder 
diffraction (XRPD) and Attenuated Total Reflectance-Fourier Transform 
Infrared Spectroscopy (ATR-FTIR), mortar samples from historical 
buildings in Florence (Italy) [13,36] were analysed with SR-μXRPD and 
FPA-FTIR to map the phases of non-hydrated clinker, calcium carbonate 
polymorphs and calcium-modified silica gel in binder and lumps. Lumps 
can be referred to unmixed portions of binder.

The SR-μXRPD analysis conducted at beamline ID13 within the 
framework of the “Historical Materials BAG: A New Facilitated Access to 
Synchrotron X-ray Diffraction Analyses for Cultural Heritage Materials 
at the European Synchrotron Radiation Facility (ESRF)” [32] allowed us 
to distinguish different chemical species, based on their distinct 
diffraction patterns. Additionally, it enabled precise mapping of crys
talline compounds with high spatial resolution over large areas of thin 
sections. In the same areas, chemical imaging with FPA-FTIR technique 
was performed for the detection of both crystalline and amorphous 
phases, exploiting the reflectance mode.

2. Materials and methods

Mortars belonging to religious and historic buildings in Florence 
were investigated (Table 1). They consist of a natural hydraulic binder 
mixed with silicate and carbonate sand. The weak hydraulic character
istics are due to the use of a marly limestone for the production of 
binder, as demonstrated in previous papers [36,37]. The firing of this 
marly limestone determines formation of carbonate polymorphs as 
calcite, aragonite and vaterite and the development of CASH phases [7].

2.1. Sample selection and preliminary characterization

From three thoroughly investigated case studies, mortar samples 
with natural hydraulic binder were collected and analysed.

The binder and lump area of the historical mortar samples were 
identified with the aid of the stereomicroscope (Fig. 1a–c). Before cut
ting, a small amount of powder (labeled as Pn) was taken from the 
mortar samples to perform ATR-FTIR and XRPD analysis (Table 1).

Table 1 
Summary of analysed mortar samples from historical Florentine buildings, 
including sample descriptions, hydraulicity behavior (HI index), and the specific 
samples Pn (powder) and Sn (thin section) selected for preliminary 
characterization.

ID Description of sample HI index Analysed fractions

A In-fill mortar from foundation of Giotto’s 
Bell Tower

0.18 ±
0.07

P1, P2, P3 and P4, 
S1, S2

B Bedding mortar from external wall of 
Trebbio Castle Tower

0.19 ±
0.08

P1, P2 and S1, S2

C Nucleus mortar from internal masonry of 
Medici Riccardi Palace

n.d. P1, and S1, S2

The average HI index was obtained via SEM-EDS and TGA analyses in previous 
studies (for details on samples characterization [36,37]. SEM-EDS analysis of the 
binder and lime lumps revealed that the maximum MgO content is 1.4 % wt for 
Case A, 0.4 % wt for Case B, and 1.3 % wt for Case C.
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A Philips X’Pert PRO X-ray powder diffractometer (XRPD) with a Cu 
anticathode (wavelength λ = 1.54 Å) was used to analyse powders. The 
instrument operated at a current intensity of 30 mA and a voltage of 40 
kV. The 2θ range explored was between 3 and 70◦ with a step size of 
0.02◦. The X’Pert HighScore program and the ICCD database were uti
lised to identify the crystalline phases.

In addition, a FTIR ALPHA Bruker was used with an ATR system. The 
spectra obtained from the analysis of the powdered sample were ac
quired and processed using OPUS 7.2 software (Bruker Optics GmbH, 
Ettlingen, Germany) and Spectragryph 1.2.15 (SpectraGryph; Optical 
spectroscopy software; www.effemm2.de/spectragryph), respectively. 
The acquisition was carried out in the spectral range between 4000 and 
400 cm− 1, with a resolution of 4 cm− 1 for 24 scans.

2.2. Sample preparation and advanced techniques

Polished thin sections of the analysed historical mortar samples with 
a thickness of 50 μm [38], mounted on a polycarbonate base, were 
prepared and labeled as Sn (Table 1).

The same areas in the thin sections were analysed using advanced 
techniques (SR-μXRPD mapping and FPA-FTIR mapping). The advan
tages of the chosen sample preparation method for each technique are 
described in detail below.

SR-μXRPD mapping was performed at the SR-μXRPD branch of the 
ID13 beamline of the European Synchrotron Radiation Facility (ESRF, 
Grenoble) thanks to the BAG Historical Materials (proposal HG-172) 
[32]. The sample preparation method used for SR-μXRPD mapping of
fers significant advantages as it minimizes the interference from the 
support material during diffraction analysis. By polishing the thin sec
tions to 50 μm thickness and mounting them on a polycarbonate sup
port, contributions from the support to the diffraction signal were 
effectively avoided.

This approach also enables a detailed spatial resolution of the crys
talline phases within the heterogeneous matrix, and thus the differen
tiation of finer minerals. In addition, the preparation preserved the 
integrity of the porous structure and ensured that the inherent hetero
geneity of the mortar was preserved and could be effectively analysed.

To perform raster scan maps, a beam size of approximately 2 × 2 μm 
was used with a step size of 1 μm in x and y directions, with an acqui
sition time per point of 10 ms at 13.0 keV and a flux of 2.0 × 1011 ph s− 1 

(at I = 34 mA electron beam current). The two-dimensional diffraction 
patterns collected in transmission have been azimuthally integrated 
using dedicated Jupyter notebooks, based on the PyFAI software pack
age13 and were then analysed with PyMCA software by the BLISS (Beam 
Line Instrumentation Software Support) group of the ESRF. This soft
ware can be downloaded for free and facilitates the interactive and batch 
processing of large data sets, making it particularly well-suited to X-ray 
imaging. The identification of the crystalline compounds was performed 
with the ICCD database.

FPA-FTIR analyses were performed on the same areas using a Bruker 
LUMOS II FTIR microscope (Bruker Optics GmbH, Ettlingen, Germany) 
equipped with a liquid-N2 cooled 32x32 element Focal Plane Array 
(FPA) detector. The measurement acquisition modes with FPA-FTIR 
include external reflection, ATR, and transmission. The choice of 
acquisition mode depends on the type of sample, nature and quantity of 
available samples, and research questions [31]. The transmission mode 
is unsuitable on thin sections, due to the presence of polycarbonate 
support which would be detected, making the spectrum rather complex 
and possibly hiding bands of interest. As far as external reflection is 
concerned, the roughness and porosity of the mortar samples may cause 
uninterpretable distortions in the spectrum, even in cross section. On the 
other hand, the samples under investigation contain aggregate portions 
with hardness comparable to that of the germanium instrument crystal 
[39], making ATR mode not recommended. Taking these critical issues 

Fig. 1. Stereomicroscope images of historical mortar samples showing binder and lump areas selected for analysis: a) Case A: Giotto’s Bell Tower; b) Case B: Trebbio 
Castle; c) Case C: Medici Riccardi Palace. Optical microscope images (4–10 × magnification) of the thin sections: d) Case A: Giotto’s Bell Tower, lump area; e) Case B: 
Trebbio Castle, lump and binder areas; f) Case C: Medici Riccardi Palace, lump and binder areas. Yellow squares in all the images refer to SR-μXRPD measurements, 
while blue squares refer to FPA-FTIR analyses. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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into account, we chose to adopt the external reflection mode, ensuring 
the use of highly polished thin sections. Indeed, polishing improves FTIR 
reflection by enhancing specular reflection and reducing scattering, 
leading to higher signal quality and more accurate identification of 
absorption features. This approach is essential for obtaining high reso
lution, high quality chemical images, particularly when dealing with the 
irregular and porous surfaces characteristic of mortars.

FPA-FTIR images were acquired in reflection mode within a 
4000–750 cm− 1 spectral region, each as a single FTIR image (1024 
spectra) covering a sampling area of ca. 150 × 150 μm2, with resolution 
4 cm− 1 and 128 scans. In reflection mode, a single spectrum in each FTIR 
image represents molecular information acquired from ca. 5 × 5 μm2 

area on the sample plane. Background measurements were taken prior 
to sample spectral images, on a gold mirror. The collected FTIR spectra 
were processed using OPUS 8.2 software (Bruker Optik GmbH, Ettlin
gen, Germany). Fig. 1d–f shows the SR-μXRPD and FPA-FTIR investi
gated areas.

3. Results

3.1. Preliminary results using XRPD and ATR-FTIR

XRPD analysis (Table 2) of the powders taken from the samples 
before the preparation of the thin section revealed the presence of: 
aragonite (d 3.39 Å - 26.23◦ 2θ, PDF 41–1475), calcite (d 3.04 Å - 29.40◦

2θ, PDF 5–586), vaterite (d 2.73 Å - 32.78◦ 2θ, PDF 33–26), CASH/CAH 
(identify as: d 6.25 Å - 14.16◦ 2θ and d 7.58 Å - 11.65◦ 2θ [40]), por
tlandite (d 2.63 Å - 34.09◦ 2θ, PDF 44–1481). The presence of quartz (d 
3.34 Å - 26.65◦ 2θ) refers to contamination from aggregate.

The same powders were analysed on FTIR. In the FTIR spectra (in 
Fig. 2, an example of A_P1-3 samples), a strong and broad band is 
evident around 1450 cm− 1 with an extended shape, attributed to the 
overlap of the main asymmetric ν3(CO3) vibrations at 1420 cm− 1 for 
calcite, at 1475 cm− 1 for aragonite, at 1490 cm− 1 for vaterite; the band 
at 874 cm− 1 typical of asymmetric ν2(CO3) vibrations in calcite and 
vaterite is also visible, as well as the band at 856 cm− 1 related to 
aragonite [41,42]. Finally, the vibration at 712 cm− 1 is present, char
acteristic of both calcite and aragonite, which also exhibits the adjacent 
peak at 700 cm− 1.

Moreover, the presence of silicates is evident from the poorly 
resolved peak at 1041 cm− 1 [43,44]. Neither the weak vibrations of 
vaterite at 1085 cm− 1 and 1070 cm− 1, nor the stronger ones at 970 cm− 1 

are identifiable due to the interference of silicates. These compounds 
belong to amorphous phases of natural hydraulic binder [45] which 
produce broad and intense peaks that conceal the characteristic vibra
tions of vaterite. ATR-FTIR analysis does not detect the presence of 
organic phases. The co-presence of polymorphs of calcium carbonate 
and silicate bands makes it difficult to distinguish the characteristic 
bands of vaterite (since the peak at 744 cm− 1 is absent), while distinctive 
peaks can be observed for calcite and aragonite. However, the charac
teristic peaks of vaterite are shown in Fig. 2.

3.2. Advanced technique results

The mapping performed with ID13 allowed the evaluation of the 
distribution of crystalline calcium carbonate polymorphs and CASH 
phases. From the SR-μXRPD results, the main peaks of the mineralogical 
phases under investigation are clearly distinguishable, as previously 
highlighted in the XRPD analysis section. The high resolution of SR- 
μXRPD allows us to assess the presence of crystalline CASH phases, 
enabling a more in-depth analysis of the constituent mineralogical 
phases.

The distribution of calcite, aragonite and silicate phases (quartz, 
amorphous silicates and calcium silicate) was also well determined with 
FPA-FTIR.

The spatial distribution of carbonate and silicate components was 
highlighted with chemical imaging using FPA-FTIR, exploiting the most 
characteristic bands for each compound. 

- Case A: Giotto’s Bell Tower

The spatial distribution of components on enriched-portion of binder 
(lump in Fig. 3a) was highlighted with chemical imaging using FPA- 
FTIR, exploiting the most characteristic bands mentioned above: 860 
cm− 1 for aragonite, 878 cm− 1 for calcite/vaterite, and about 1000 cm− 1 

for silicate (spectra analysis point in Fig. 3).
The FPA-FTIR map shows the distribution of aragonite (867–844 

cm− 1), calcite/vaterite (884–867 cm− 1) and silicates (1147–974 cm− 1) 
(Fig. 3a).

Based on the analysed bands, the identified silicate is not quartz 
associated with the aggregate, but neoformed silicates related to natural 
hydraulic binder [23,36,45].

An important result is that no aragonite is found in areas where 
calcite/vaterite occurs and vice versa; only in the transition zones are 
both compounds observed. The region studied to create the map does 
not allow vaterite to be distinguished from calcite. Silicates are wide
spread and concentrated in areas where significant amounts of calcite/ 
vaterite are present. Furthermore, FPA-FTIR analysis does not detect the 
presence of organic phases, as is the case with ATR-FTIR.

The SR-μXRPD maps of the sample are shown in Fig. 3b. The CaCO3 
polymorphs: aragonite, calcite and vaterite were identified with CASH.

The CASH phase can be identified as gismondine structure (d 2.71 Å - 
33.03◦ 2θ, d 4.25 Å - 20.88◦ 2θ, d 3.19 Å - 27.95◦ 2θ; PDF 39–1373). This 
phase has been observed in cementitious materials, such as stratlingite 
or kaoite [46,47].

It is worth noting that the distribution of aragonite, calcite and sili
cate phases is similar to that found by FPA-FTIR analyses, confirming the 
complementarity of the two techniques. Vaterite is concentrated in the 
central area, identified with FPA-FTIR in the range 884–867 cm− 1. 
Compared to FPA-FTIR, the SR-μXRPD technique makes it possible to 
distinguish areas consisting of vaterite and calcite. The point where the 
vaterite content is higher corresponds to a higher amount of CASH and is 
surrounded by calcite and aragonite. The CASH phase is more diffuse 
and follows the distribution of silicate detected in the FPA-FTIR. Ana
lysing IR vibrations of silicates, peak broadening may indicate a lower 
internal order of the material [44,48]. Given the presence of gismon
dines in SR-μXRPD, one can assume the presence of both amorphous and 
crystalline silicates. 

- Case B: Trebbio Castle

FPA-FTIR chemical imaging and the spectra collected to perform 
imaging are reported in Fig. 4a (calcite, aragonite and silicates and 
respectively bands). The FPA-FTIR map shows the distribution of 
aragonite (867–844 cm− 1), calcite (884–867 cm− 1) and silicate phases 
(1147–974 cm− 1), and quartz (819-761 cm− 1) in the lump and binder 
areas.

Aragonite is widely distributed in the map in both lump and binder. 

Table 2 
XRPD results of binder-rich portions.

ID sample Vtr Cal Arg Other

A_P1 ++ ++ – CASH/CAH (++)
A_P2 +++ ++ ++ –
A_P3 +++ ++ ++ –
A_P4 + ++ – –
B_P1 – ++ + –
B_P2 – ++ * Quartz (*)
C_P1 * + * Portlandite (++), CASH/CAH (*)
C_P2 – ++ + Portlandite (+), quartz (*)

Vtr: vaterite; Cal: calcite; Arg: aragonite; CASH: calcium silico-aluminate hy
drates; CAH: calcium aluminate hydrates [19]. +++: very abundant; ++: 
abundant; +: present; *: traces; -: below detection limit.
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Calcite is present in the intermediate zone between binder and lump, 
correspondingly in areas with low aragonite content. In the areas where 
both phases (Arg and Cal) are present, the presence of silicates is also 
evident (pink and black spectra, Fig. 4a). No silicate bands are observed 
in the calcite-rich zone (green spectrum, Fig. 4a).

Silicates are quite present and concentrated in the binder zone. The 
presence of quartz (the most characteristic bands in the range 819–761 
cm− 1, red spectrum in Fig. 4a) can be referred to the mortar aggregate.

Compared to the previous sample, the intensities of the peaks are 
lower and less well resolved; this is probably due to the higher porosity 
of the sample.

The SR-μXRPD maps of the binder and the lump are shown in Fig. 4b. 
Aragonite and calcite were identified and mapped, while vaterite is not 
present.

The SR-μXRPD results are consistent with the FPA-FTIR results and 
show a higher concentration of calcite in the same area highlighted in 
the FPA-FTIR maps. Aragonite is less strongly represented. No crystal
line silicate phases attributable to CASH or CAH compounds are 
observed. So, the silicate phases identified in FPA-FTIR are partially 
composed of amorphous phases. 

- Case C: Medici Riccardi Palace

FPA-FTIR chemical imaging and the spectra collected to perform 
imaging are reported in Fig. 5a (calcite, aragonite and silicates and its 
respective bands, including quartz). The FPA-FTIR map shows the dis
tribution of aragonite, calcite, silicates, and quartz in the lump and 
binder areas.

Aragonite is rare on the map both in lumps and in the binder, while 
calcite seems to be widespread. In general, aragonite occurs together 
with calcite in most areas. This is confirmed by the pink and blue spectra 
(Fig. 5a), in which the two polymorphic phases of CaCO3 are found 
together with silicates. No other bands are observed in the calcite-rich 
zones (green spectrum, Fig. 5a).

Silicates are mainly found in the lump and associated with the 
presence of aragonite. In the silicate region, in addition to the typical 
band at 1035 cm− 1, bands at 903 and 965 cm− 1 were also observed. 
These bands are due to the vibrations of chain silicates and reflect a 
structural configuration with asymmetrically bonded oxygen atoms 
between silicon tetrahedra [49]. In mortars, this band may indicate the 
presence of chain silicates or chemical modifications with bridging and 
non-bridging oxygen compounds during hydration and curing. Chain 

silicates are mainly observed in the lump region [50].
Analysis of the silicate spectra also reveals the presence of quartz due 

to impurities from aggregate.
Fig. 5b shows the SR-μXRPD maps of a small area between the lump 

and the binder. Aragonite, calcite, vaterite, portlandite and CASH/CAH 
are identified and mapped. Calcite is diffuse in both the binder and the 
lump, while aragonite is more concentrated in the edge of the lump and 
less widespread in the binder. The coexistence of calcite and aragonite is 
observed in several areas, which is consistent with the results of the FPA- 
FTIR analysis. Portlandite is widespread, which is more abundant in the 
lump area, but cannot be detected in the chemical analysis. The 
diffraction peak observed at 32.17◦ 2θ could be primarily due to the 
presence of hydrocalumite (Ca4Al2(OH)12Cl–6H2O), a common sec
ondary phase in historical mortars. Hydrocalumite exhibits a strong 
reflection near this angular position, which agrees well with the con
ventional experimental data. Alternatively, other CASH or not hydrated 
phases (CAS) may also contribute to the observed peak. Gehlenite 
(Ca2Al2SiO7) in particular shows a reflection around 32.3◦ 2θ, and its 
formation is plausible given the marly nature of the original limestone 
and the firing conditions typical of historic lime production. Based on 
this peak, the CASH/CAH/CAS map was identified.

Analysing IR vibrations of silicates, given the presence of silicate 
phases in SR-μXRPD, the distribution is similar and one can assume the 
presence of both amorphous and crystalline silicates.

4. Discussion

The presence of metastable CaCO3 polymorphs and hydraulic cal
cium silicate–aluminate phases in ancient mortars can be interpreted in 
terms of the complex variables that control the production of natural 
hydraulic lime (NHL). Starting from the same marly/siliceous limestone, 
with similar chemical and mineralogical composition and textural fea
tures, used for the production of natural hydraulic lime the presence of 
both metastable CaCO3 polymorphs and hydraulic calcium silicate
–aluminate phases can be determined at different stages of mortar 
production: during calcination of the limestone, slaking of quicklime, 
and subsequent setting and hardening of the binder. Each step in
troduces specific variables that strongly influence the compounds 
eventually preserved in archaeological mortars [51,52].

During calcination, the decomposition of calcite and the formation of 
reactive silicate and calcium aluminate phases depend on maximum kiln 
temperature, residence time, and the partial pressure of CO2 [53]. 

Fig. 2. ATR-FTIR analyses of A_P1, 2 and 3 samples. Calcite (cal), vaterite (vtr), aragonite (arg), and silicate (slc) are observed in the pink and black spectrum. 
Calcite, silicate and/or vaterite present in orange spectra. A guide to the peak positions is depicted in the spectrum above. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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Heterogeneous temperature distributions within traditional kilns may 
lead to incomplete decomposition of calcite in low-temperature zones 
(600–900 ◦C) [54], while localized hot spots promote the formation of 
high-temperature silicate and calcium aluminate phases. These factors 
not only determine the assemblage of Ca-silicates and aluminates, but 

also influence the long-term setting behavior of NHL mortars and their 
mechanical performance [9,10,13,14,55].

In the slaking process, additional transformations take place. The 
reactivity of CaO with water is affected by raw material features 
(composition, particle size, porosity) [16,56–58], calcination 

Fig. 3. Analysis of lump with FPA-FTIR and SR-μXRPD. a) FPA-FTIR: Investigated area using OM (ROI ~450 × 600 μm2), point analysis, and absorbance spectra. 
Chemical distribution maps: aragonite (867–844 cm− 1), calcite/vaterite (884–867 cm− 1), silicate (1147–974 cm− 1). b) SR-μXRPD: Investigated area using OM (ROI 
~400 × 360 μm2) and distribution maps: Arg, cal, vtr, and CASH. Maps presented in a colourmap ranging from low to high values of relative intensity: from black to 
white in FPA-FTIR maps and from blue to red in SR-μXRPD maps. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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conditions, storage time, the method of slaking and agitation, and the 
composition of slaking water [57]. Potgieter et al. [58] demonstrated 
that air exposure prior to slaking reduces quicklime reactivity due to the 
formation of superficial Ca(OH)2 and/or CaCO3 layers. Mineralogical 
analyses further show that slaking reduces the abundance of primary 
hydraulic phases relative to calcined precursors, while promoting the 
formation of hydrated calcium aluminates (hydrogarnet, Ca-AFm) and 
increasing the amorphous fraction, likely linked to poorly ordered CSH 
[16,57–59]. Exposure to CO2 during slaking additionally explains the 
partial carbonation of portlandite into calcite and aragonite, the latter 
favored by the high temperatures reached in this process. Such evidence 
confirms that the coexistence of carbonates and CASH phases may 
originate already during slaking, influencing the subsequent stabiliza
tion of metastable polymorphs.

Finally, during setting and hardening processes, laboratory- 
produced NHLs typically exhibit calcite, portlandite (ordered and 
disordered), crystalline calcium silicates (C2S, belite and C3S, alite), 
calcium aluminates (C3A, Celite), quartz, and amorphous phases [16]. In 
contrast, archaeological mortars display a broader mineral assemblage, 

including persistent aragonite and vaterite, whose stabilization appears 
related to curing conditions, CO2 availability, and the coexistence of 
silicate–aluminate phases [57,60]. Moreover, clinker-derived phases 
such as C3A and C4AF (felite or ferrite) may hydrate into AFm com
pounds (hydrocalumite, carboaluminates, hydrotalcite) [5,16], further 
diversifying the mineralogical record of ancient binders.

With regard to CaCO3 polymorphs, laboratory studies indicate that 
calcite is the dominant stable phase, but aragonite and vaterite can oc
casionally be detected in NHLs, their persistence being mainly depen
dent on carbonation conditions [57]. For instance, Parra-Fernández 
et al. [16] did not detect vaterite in the mineralogical composition of ten 
calcined NHL samples, while aragonite is detected, whereas such poly
morphs were identified in the specimens analysed by Cantisani et al. [7]. 
These discrepancies highlight the role of production conditions and 
carbonation environment in stabilizing metastable phases.

Given these complex variables, we explored the composition and 
spatial distribution of historic natural hydraulic mortars in selected 
religious and historic buildings in Florence.

In Case A (Giotto’s Bell Tower), calcite, aragonite, vaterite, and 

Fig. 4. Analysis of lump and binder with FPA-FTIR and SR-μXRPD. a) FPA-FTIR: Investigated area using OM (ROI ~450 × 600 μm2), point analysis, and absorbance 
spectra. Chemical distribution maps: aragonite (867–844 cm− 1), calcite (884–867 cm− 1), silicate (1147–974 cm− 1) and quartz (819-761 cm− 1). b) SR-μXRPD: 
Investigated area using OM (ROI ~300 × 280 μm2) and distribution maps: arg and cal.
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Fig. 5. Analysis of lump and binder with FPA-FTIR and SR-μXRPD. a) FPA-FTIR: Investigated area using OM (ROI ~1200 × 600 μm2), point analysis, and absorbance 
spectra. Chemical distribution maps: aragonite (862–845 cm− 1), calcite/vaterite (879–863 cm− 1), silicate (1147–988 cm− 1) and quartz (814-766 cm− 1). b) SR- 
μXRPD: Investigated area using OM (ROI ~500 × 400 μm2) and distribution maps: arg, cal, vtr, CASH/CAH/CAS, and portlandite (CH).
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CASH phases were identified. The CASH phases were detected through 
SR-μXRPD analysis, which revealed the presence of gismondine. Gis
mondine, a hydrated calcium aluminate belonging to the AFm family, 
consistent with the hydration of C3A and C4AF in NHLs [60,61].

Amorphous and crystalline silicates were identified using FPA-FTIR. 
These phases were observed to be located in the same regions, partic
ularly in association with vaterite. Relative distribution may indicate 
that silicates are the phases that stabilize vaterite and aragonite and slow 
the kinetics of conversion to calcite [17,18,21]. Vaterite is present in a 
concentrated area, the point where it is higher corresponds to a higher 
amount of CASH and is surrounded by calcite. The presence of CASH 
could be a factor that maintains the presence of vaterite as a stable 
phase. Aragonite is present along with CASH and is absent where the 
calcite and vaterite are mapped. This confirms the transformation 
sequence ACC-arg-vtr-cal [18,20].

In Case B (Trebbio Castle), the distribution of calcite, aragonite, and 
silicate phases was mapped. The distribution of calcite and aragonite is 
similar for both advanced techniques. Crystalline CASH or CAH phases 
were not identified through SR-μXRPD analysis but silicate phases were 
detected by FPA-FTIR. This indicates the presence of amorphous sili
cates. The absence of crystalline CASH/CAH suggests that hydration 
reactions were incomplete or dominated by amorphous silicates, 
consistent with literature on NHLs, where amorphous hydrates influence 
CaCO3 polymorph stability and mortar mechanical properties [23,57]. It 
was observed that aragonite is generally absent in calcite-rich regions, 
and is mainly associated with the presence of amorphous silicates, 
concentrated in areas where calcite is less abundant.

In Case C (Medici Riccardi Palace), calcite, aragonite, vaterite, sili
cate phases were observed. Additionally, the detection of portlandite in 
SR-μXRPD analyses suggests that the carbonation process remains 
incomplete in certain areas. The CASH/CAH/CAS phases were detected 
through SR-μXRPD analysis, which results compatible with hydro
calumite and gehlenite peaks. Even in this case, the presence of vaterite 
corresponds to a higher amount of CASH and is surrounded by calcite 
and aragonite.

These findings are consistent with the expected hydration pathway 
of natural hydraulic binders: hydrocalumite represents a typical AFm 
phase from C3A hydration in the presence of carbonate, while gehlenite 
(C2AS) reflects high-temperature hydraulic phases [2,16,60,61]. Their 
coexistence with vaterite again highlights the stabilizing role of hy
drated silicate–aluminate phases [60–62].

Another favourable factor for the crystallization of metastable 
polymorphs is the curing conditions of the mortar. The persistent pres
ence of aragonite and vaterite may be related to the low CO2 content, 
related also to environmental parameters [51,52]. CaCO3 polymorphs 
can coexist in natural hydraulic mortar lumps and binder [2,7,16]. The 
final result of carbonation is calcite; however, aragonite and vaterite 
may also form and can be detected long after carbonation is complete. 
The reasons for finding these phases are complex. In this study, it was 
demonstrated that the presence of silicates can slow down the kinetic 
transformation process of calcium carbonate polymorphs.

The presence of portlandite is more common in mortar from core 
masonry (nucleus) sampled at greater depth in the walls.

The correlation between polymorph distribution, curing parameters, 
and the effects of trace elements provides a valuable interpretative key 
for both conservation and the design of compatible mortars. In partic
ular, Mg, Fe, and Al can play a role in stabilizing metastable phases: Mg 
can hinder calcite growth and promote aragonite nucleation or ACC 
persistence, while Fe and Al favor the formation of ferric or aluminate 
hydrates that can interact with carbonate polymorphs [63]. These ef
fects are especially evident in samples derived from marly raw materials, 
where MgO may also lead to the formation of magnesium silicate hy
drates (MSH), recently investigated for their durability properties.

SEM-EDS analyses of the binder and lime lumps in our samples 
revealed a maximum MgO content of 1.4 wt% (see Table 1). Such low 
values fall below the thresholds reported in the literature as affecting the 

stability of CaCO3 polymorphs or promoting the formation of magne
sium silicate hydrates (MSH) [63,64]. Therefore, magnesium can be 
excluded as a controlling factor in our case studies.

These observations highlight the complexity of the chemical and 
mineralogical transformations involved and the importance of advanced 
analytical methods in their interpretation. Similarly, the microtexture 
and particle size, and their aggregation influence the persistence of 
certain phases in the mortar composition. Although particle sizes have 
been described in the literature [16], they can be variable and depend on 
preceding production processes [65].

The integration of these processes—calcination, slaking, and hard
ening—offers a comprehensive interpretative framework for explaining 
the variability of CaCO3 polymorph distribution and the occurrence of 
amorphous and crystalline CASH/CAH phases in archaeological 
mortars.

This explains the differences between archaeological samples and 
laboratory/commercial samples, which undergo more homogeneous 
mixture production. When comparing our archaeological samples with 
the laboratory-produced NHLs described by Parra-Fernández et al. [16], 
clear differences emerge: the ancient mortars exhibit a broader poly
morph assemblage, including metastable phases such as vaterite that are 
absent or short-lived in laboratory mortars. Moreover, our SR-μXRPD 
maps show the coexistence of hydraulic phases (CSH/CASH) and car
bonates in the same micro-domains, suggesting simultaneous carbo
nation–hydration processes, whose development is difficult to ascertain. 
This points to a more complex reaction pathway in archaeological ma
terials, likely influenced by variable kiln conditions, heterogeneous raw 
material chemistry, and fluctuating exposure to CO2 and moisture over 
centuries.

5. Conclusion

To investigate the distribution of calcium carbonate polymorphs and 
the amorphous and crystalline silicate phases commonly found in hy
draulic mortars, samples of historical Florentine mortars, traditionally 
produced with natural hydraulic binders, were selected and analysed.

A preliminary characterization of the mortar samples was per
formed: powders were collected and analysed using conventional tech
niques such as XRPD and ATR-FTIR. However, powder analyses alone 
are insufficient to fully understand the presence and distribution of 
different carbonate phases as well as crystalline and amorphous silicates 
within the same sample, due to the need for high lateral resolution. For 
this study, natural hydraulic mortars collected from Giotto’s Bell Tower 
(Case A), Trebbio Castle (Case B) and Medici Riccardi Palace (Case C) in 
Florence were analysed through advanced techniques.

The same sample areas were analysed in thin sections with benchtop 
FPA-FTIR and at the European Synchrotron Radiation Facility (ESRF), 
with X-ray powder diffraction (SR-μXRPD) at the ID13 beamline, 
enabling 2D high lateral resolution mapping. These analyses allowed us 
to distinguish different chemical and mineralogical species based on 
their distinct spectral and diffraction patterns and to generate high- 
spatial-resolution maps of either crystalline (SR-μXRPD) or amor
phous/crystalline (FPA-FTIR) compounds.

The study conducted using SR-μXRPD, FPA-FTIR and an appropriate 
sample preparation allowed for the in-depth evaluation of the distri
bution of CaCO3 polymorphs and their formation, which is essential for 
understanding ancient production technologies and chemical 
transformations.

The complementarity of high-resolution imaging techniques such as 
FPA-FTIR and SR-μXRPD proved necessary to give answers to the 
controversial aspects of the formation of vaterite, aragonite, calcite and 
silicate phases in various ancient mortar samples.

A combination of advanced techniques can be applied to ancient and 
laboratory-prepared mortars to address key questions. For instance, we 
can examine the spatial relationship between the various hydraulic 
phases and calcium carbonate polymorphs present in hydraulic binders, 
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such as a mixture of air-hardening lime and pozzolans, hydraulic lime, 
formulated lime, natural cement, Portland cement, and white cement. 
These techniques can also be used to investigate microstructural het
erogeneities within mortar texture, such as binder–aggregate rims.

Furthermore, understanding the mechanisms that have determined 
the durability of these materials can play an important role in the 
development of restoration materials and new sustainable mixtures.
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[15] Ö. Cizer, C. Rodriguez-Navarro, E. Ruiz-Agudo, J. Elsen, D. Van Gemert, K. Van 
Balen, Phase and morphology evolution of calcium carbonate precipitated by 
carbonation of hydrated lime, J. Mater. Sci. 47 (2012) 6151–6165, https://doi.org/ 
10.1007/s10853-012-6535-7.

[16] C. Parra-Fernández, A. Arizzi, M. Secco, G. Cultrone, The manufacture of natural 
hydraulic limes: influence of raw materials’ composition, calcination and slaking in 
the crystal-chemical properties of binders, Cement Concr. Res. 185 (2024) 107631, 
https://doi.org/10.1016/j.cemconres.2024.107631.

[17] T. Oghino, T. Suzuki, K. Sawada, The formation and transformation mechanism of 
calcium carbonate in water, Geochem. Cosmochim. Acta 51 (10) (1987) 
2757–2767, https://doi.org/10.1016/0016-7037(87)90155-4.

[18] J. Zhu, J. Ding, P. Zhang, W. Dong, X. Zhao, M. Camaiti, X. Li, In-situ growth 
synthesis of nanolime/kaolin nanocomposite for strongly consolidating highly 
porous dinosaur fossil, Constr. Build. Mater. 300 (2021) 124312, https://doi.org/ 
10.1016/j.conbuildmat.2021.124312.

[19] D.L. Whitney, B.W. Evans, Abbreviations for names of rock-forming minerals, Am. 
Mineral. 95 (1) (2010) 185–187, https://doi.org/10.2138/am.2010.3371.

[20] F. Liendo, M. Arduino, F.A. Deorsola, S. Bensaid, Factors controlling and 
influencing polymorphism, morphology and size of calcium carbonate synthesized 
through the carbonation route: a review, Powder Technol. 398 (2022) 117050, 
https://doi.org/10.1016/j.powtec.2021.117050.

[21] C. Rodriguez-Navarro, K. Kudłacz, Ö. Cizer, E. Ruiz-Agudo, Formation of 
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[25] L. Ventolà, M. Vendrell, P. Giraldez, L. Merino, Traditional organic additives 
improve lime mortars: new old materials for restoration and building natural stone 
fabrics, Constr. Build. Mater. 25 (2011) 3313–3318, https://doi.org/10.1016/j. 
conbuildmat.2011.03.020.

[26] D. Wang, C. Xiong, W. Li, J. Chang, Growth of calcium carbonate induced by 
accelerated carbonation of tricalcium silicate, ACS Sustainable Chem. Eng. 8 
(2020) 14718–14731, https://doi.org/10.1021/acssuschemeng.0c02260.

[27] P. Lasch, M. Boese, A. Pacifico, M. Diem, FT-IR spectroscopic investigations of 
single cells on the subcellular level, Vib. Spectrosc. 28 (2002) 147–157, https:// 
doi.org/10.1016/S0924-2031(01)00153-9.

[28] G. Della Ventura, F. Bellatreccia, A. Marcelli, et al., Application of micro-FTIR 
imaging in the Earth sciences, Anal. Bioanal. Chem. 397 (2010) 2039–2049, 
https://doi.org/10.1007/s00216-010-3811-8.

[29] S. Sotiropoulou, Z.E. Papliaka, L. Vaccari, Micro FTIR imaging for the investigation 
of deteriorated organic binders in wall painting stratigraphies of different 
techniques and periods, Microchem. J. 124 (2016) 559–567, https://doi.org/ 
10.1016/j.microc.2015.10.002.

[30] E. Possenti, C. Colombo, M. Realini, et al., Insight into the effects of moisture and 
layer build-up on the formation of lead soaps using micro-ATR-FTIR spectroscopic 
imaging of complex painted stratigraphies, Anal. Bioanal. Chem. 413 (2021) 
455–467, https://doi.org/10.1007/s00216-020-03016-6.

[31] G.-L. Liu, S.G. Kazarian, Recent advances and applications to cultural heritage 
using ATR-FTIR spectroscopy and ATR-FTIR spectroscopic imaging, Analyst 147 
(2022) 1777–1797, https://doi.org/10.1039/D2AN00005A.

[32] M. Cotte, V. Gonzalez, F. Vanmeert, L. Monico, C. Dejoie, M. Burghammer, 
L. Huder, W. de Nolf, S. Fisher, I. Fazlic, C. Chauffeton, G. Wallez, N. Jiménez, 
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