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Abstract: In this paper, the advances in the use of optical and electronic microscope for study of the
minero-petrographic and microchemical features of lime binders of ancient mortars are discussed for
various case studies. Mortars belonging to several historic periods and with different functions in
building structures and archaeological sites were selected in order to verify the complementarity of
optical and electronic microscope analyses applied to these artificial materials. The data obtained with
the application of optical and microscope analyses were able to provide detailed and more precise
information on the composition, structure, and texture of lime binders, highlighting the features of air
hardening calcitic lime binder, air hardening magnesian lime binder, natural hydraulic lime binder,
and air hardening binders with materials providing hydraulic characteristics added. Furthermore, a
complete analysis and classification of the lime lumps was determined.
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1. Introduction

Mortars, one of the oldest building materials, perform an essential function in archi-
tecture, namely that of binding together loose materials and thus allowing the production
of any type of building structure.

The choice of raw materials (limestone, marly limestone, gypsum, and so on) for
the manufacture of binders and the selection of aggregates (i.e., sand), additives, and
admixtures able to confer specific properties for each construction purpose is the result of
considerable technological knowledge.

The use of mortars has progressed, differing in an extraordinary way over time: from
the ceilings of the tombs of pre-dynastic Egypt to the opus caementicium that distinguishes
Roman architecture; from the succession of layers, necessary for the drafting of a mural
painting, to those for the laying of a floor of stone slabs or mosaic tiles; and from the stucco
ornaments of the Baroque and Rococo to the Portland cement of the “artificial stones” of
Liberty, up to the reinforced concrete [1,2].

The information contained in the mortars allows to recognize the ancient “recipes”
identifying the main constituents such as the aggregate and binder; the latter being the
ingredient that has the function to give “cohesion” to the paste, hardening it. In this sense, it
is the main factor that can contribute to the performances and durability of these materials.

Archaeological studies [3-5] have revealed that the first binder used by man was clay,
which, although widely used and widespread over the centuries, nevertheless remained
unsuitable for realizing more solid constructions or support surfaces for decorations or mu-
ral paintings. Empirical experience made it possible to discover binders with significantly
better performances thanks to the accidental burning, at high temperatures, of different
types of carbonate and chalky rocks. The difference among the various binders is based
on the capability, once mixed with water, to harden in the air or in a humid environment.
Hence the subdivision into air binders and hydraulic binders. The cohesive action develops
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through the setting reaction, which is different depending on the type of binder. Below, the
main inorganic binders analyzed in this paper are summarized:

- air hardening calcitic lime (lime putty, hydrated lime in powder) obtained by burning
pure limestones at temperatures of 800-950 °C—it sets by carbonation in the air of
calcium hydroxide with the formation of calcite;

- air hardening magnesian lime (lime putty) obtained by burning dolomitic limestone
or dolomite at temperatures of 800-950 °C—it sets by carbonation of the calcium
hydroxide and by partial carbonation of magnesium hydroxide with formation of
hydromagnesite;

- air hardening calcitic lime with materials providing hydraulic characteristics added,
namely compounds based on active silica and alumina (i.e., in the amorphous state).
They set even in conditions of high humidity partly by carbonation of calcium hydrox-
ide and partly by reaction of calcium hydroxide with the hydraulic components and
formation of hydrated calcium silicates and hydrated calcium aluminates. Among
these compounds, we remember pozzolana, crushed bricks, ground ceramic products,
diatomaceous earth, metakaolin, and blast furnace slags;

- historical natural hydraulic limes, obtained with traditional manufacturing, burning
weakly marly limestone (content of clay between 6.5-20%) [6,7] or siliceous limestone,
at temperatures of 800-950 °C—they set even in conditions of high humidity, partly
for the carbonation of calcium hydroxide and partly for the formation of hydrated
calcium silicates and aluminates.

Among the types of binders, modern hydraulic binders (natural cement, Portland
cement, and so on) should also be mentioned, first produced in the mid-19th century, as
well as ancient gypsum binders, which, however, will not be treated in this work, as it is
restricted only to lime mortars [8].

Historical Background on the Study of Mortars

Mortars can be compared to “lithic” materials, like, for example, sandstones, as they
derive from stone materials, resembling them and behaving as such. In fact, they are
composed of a binder fraction, an aggregate, and possible additives/admixtures. It is thus
clear that only an adequate characterization (petrographic, mineralogical, chemical, and
physico-mechanical) provides information on the nature of these “ingredients”, allowing
a correct classification of the mortars themselves. However, until the early 1980s, the
study of historical mortars was mainly based on traditional wet chemical analyses [9-12].
The data obtained with this type of investigation provided extremely partial information,
as in the case when the binder and the aggregate have the same chemical nature (i.e.,
carbonate aggregate). Considering this, it was clear that a correct study had to examine
the petrographic and mineralogical characteristics through a thin section study under a
polarizing optical microscope, as if the mortars were a completely natural compound similar
to a rock [8,13-16]. Specifically, the choice of the most appropriate analytical techniques
essentially depends on the questions to be answered as well as on the amount of material
available [17-20].

There are at least three distinct sectors that require a different study approach: (a)
conservation of historical monuments, (b) the archaeological sector, and (c) the research sec-
tor [7,21]. In the context of conservation, information on the composition of ancient mortars
with the purpose of understanding the decay phenomena and to formulate restoration mor-
tars compatible with the materials and environmental conditions present is required [22-24].
The archaeological sector is mainly interested in the dating of the masonries, origin of raw
materials, technologies for the realization of the mixtures, and contribution to the knowl-
edge of the construction phases. The data obtained must also make it possible to obtain
information on the socio-economic conditions existing at the time of manufacturing [25-29].
The research sector is mainly aimed at understanding the factors that have contributed to
the particular durability of a mortar, with the aim of developing new types of binders and
mortars [30-36].
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The aim of this paper is to prove and highlight the advantages in the complementary
use of optical and electronic microscope for a minero-petrographic and morphological and
microchemical characterization of lime binders of ancient mortars. Mortars, belonging
to several periods, with different functions in historic buildings and archaeological sites,
were selected as case studies. The characterization of binders, carried out by means of
optical and electronic microscope, provides information on their composition, structure,
and texture, being able to distinguish among the use of air hardening calcitic lime binder,
air hardening magnesium lime binder, natural hydraulic lime binder, and air hardening
binders with materials providing hydraulic characteristics added. Furthermore, a detailed
analysis and classification of the lime lumps is presented, as well as components that can
provide information on the binder and mixture production process and are also able to
indicate which kind of carbonate stone was used to produce the lime.

The different characteristics of mortars, in terms of raw materials and technologies
used for the preparation of mixture and application in the masonries, can then provide
important information on material culture.

2. Materials and Methods

In Table 1, a brief description (function, localization age, and type) of the mortars and
performed analyses is reported.

The minero-petrographic observations were carried out on the thin sections (30 um)
of samples by means of a PLM ZEISS Axio Scope Al microscope (Carl Zeiss, Jena, Ger-
many), with video camera, resolution of 5 megapixels, and image analysis software Axio
Vision (V1).

The minero-petrographic study of the mortars through polarized light microscope
(PLM) allows to highlight the following aspects of the binder:

- the mineralogical composition;

- the birefringence color;

- the texture (micritic, microsparitic, sparitic recrystallizations);
- the structure (homogeneous, presence of patches, and so on);
- interactions with the aggregate (e.g., reaction edges);

- the presence of neoformation phases;

- the aspect of macropores;

- the presence of lumps.

The presence of the lumps that macroscopically show a whitish color and often a low
consistency [8,37,38], indicate a production of the lime according to a traditional technology,
involving the slaking of the quicklime clods with excess water in order to obtain a white
paste (lime putty). The characterization of lumps through optical and electronic microscope
can help in the classification of the binders, in the identification of carbonate stone used for
the production of lime, and in the identification of some “defects” in the manufacturing
technologies [39].

Morphological and semi-quantitative microchemical analyses were obtained by means
of an SEM EDS electronic microscope (ZEISS EVO MA 15) (Carl Zeiss, Jena, Germany) with
W filament equipped with an analytical system in the dispersion of energy EDS/SDD, Ox-
ford Ultimax 40 (40 mm? with resolution 127 eV @5.9 keV) (Oxford Instruments, Abingdon,
UK) with Aztec 5.0 SP1 software.

The measurements were performed on carbon metallized thin sections of the samples
on binder and lumps with the following operating conditions: an acceleration potential
of 15 kV, 500 pA beam current, working distance comprised between 9 and 8.5 mm; 20 s
live time as acquisition rate useful to archive at least 600,000 cts, on Co standard, and
process time 4 for point analyses; and 500 us pixel dwell time for maps acquisition with
1024 x 768 pixel resolution.

The software used for the microanalysis was an Aztec 5.0 SP1 software that employs
the XPP matrix correction scheme developed by Pouchou and Pichoir in 1991 [40]. This
is a Phi-Rho-Z approach that uses exponentials to describe the shape of the ¢ (pz) curve.
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XPP matrix correction was chosen because of its favorable performance in situations of
severe absorption such as the analysis of light elements in a heavy matrix. The procedure is
a “standard-less” quantitative analysis that employs pre-acquired standard materials for
calculations. The monitoring of constant analytical conditions (i.e., filament emission) is
archived with repeated analyses of a Co metallic standard.

The SEM EDS morphological and chemical study allowed to highlight and characterize
the typology of binder and the kind of lumps.

Table 1. Description of the mortars and performed analyses.

Localisation/Age Function Type Analyses Carried Out
1. Dome of the Florence Cathedral .
(15th century) Bedding mortar PLM/SEM
2. San Martino Fortress, .
Mugello-Florence (16th century) Bedding mortar PLM/SEM
3. Bridge in the St. Baume massif, .
Provence-France (18th century) Bedding mortar PLM/SEM
4. Bridge in the St Baume massif, .

Provence-France (18th century) Bedding mortar PLM/SEM
5. Genoa city walls (14th century) Bedding mortar PLM/SEM
6. Core of a pillar, Augusto bridge, 1

Narni-Terni (1st century BC) Filling mortar PLM/SEM
7. Wall set against the cella, Sanctuary
of Apollo,
Building A in Hierapolis
archaeological site, Denizli (Turkey), Bedding mortar PLM/SEM
Proto-Byzantine age

8. Camponeschi Palace L’Aquila .

(18th century) Bedding mortar PLM/SEM

9. Roman tank in Carsulee Terni .

(Ist century AD) Bedding mortar PLM/SEM
10. Masonry mortar of Del Trebbio
Castle Mugello-Florence Bedding mortar PLM/SEM
(15th century)
11. Davanzati Palace Florence .
(14th century) Bedding mortar PLM/SEM
12. Florentine county house of the .
19¢h century Bedding mortar-lump PLM
13. Luni Roman theatre .
(Ist century AD) Bedding mortar-lump PLM
14. Ambulatio of Torraccia di Chiusi
archaeological site (second half of Bedding mortar-lump PLM
4th century AD)
15. San Francesco Church (Pisa) .
13-17th century Bedding mortar-lump PLM
16. San Francesco Church (Pisa) .
13-17th century Bedding mortar-lump
17. Roman aqueduct, Quarto, .
Florence (1st-2th century AD) Bedding mortar PLM/SEM
18. Roman findings, Spello, Umbria Bedding mortar PLM /SEM

(1st century AD)

3. Results and Discussion
3.1. Air Hardening Calcitic Lime

As previously reported, the air hardening calcitic lime is obtained by burning pure
limestones. The variables influencing the microscopic characteristics of the binder are

numerous: type of limestone, production procedures, as well as dissolution and recrystal-
lization processes occurring over time. In the preparation of an air hardening calcitic lime,
different types of limestones can be used: more or less pure micritic limestones (with clay
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and silica impurities, iron oxides and so on), crystalline carbonates (marbles, travertines),
and organogenic limestones. During burning, the presence of impurities acts as a catalyst
for the dissociation of calcium carbonate, which is then obtained at a lower temperature.
This allows to have small calcium oxide crystals and, as a consequence, small crystals of
calcium hydroxide during slaking. These crystals can carbonate quickly, determining a
micritic texture of the binder. The burning of pure non-porous crystalline limestones, such
as marble, occurs with the formation of coarser calcium oxide crystals. This, after hydration,
gives rise to large hydroxide crystals, determining slower carbonation and a final texture
of the binder that tends to be microsparitic. Furthermore, concerning the production pro-
cess, a high burning temperature (above 1000 °C) causes sintering processes of calcium
oxide with the formation of large crystals and a final microsparitic binder texture. Even
over time, the exposure of the masonry to atmospheric agents can cause dissolution and
re-precipitation phenomena in the mortar binder, which can sometimes cause its complete
recrystallization [7,41,42].

The combined use of optical and electronic microscope allowed us to identify the
texture of an air hardening calcitic lime, the type of burned limestone, the manufacturing
technologies, and the possible dissolution/recrystallization phenomena.

Figure 1a,b refer to a mortar taken from the core of the masonry of the dome of the
Florence Cathedral (15th century). The typical features of this type of binder are as follows:
homogeneous appearance and micritic texture consisting of calcite crystals with dimensions
of less than 10 um. The color in cross polarized light is light brown and is a function of the
interference color of the calcite, which is of the third order (birefringence = 0.154-0.1740)
(Figure 1a). The micritic aspect of binder is also confirmed by high magnification image
using an SEM microscope (Figure 1b). It is a mortar made of an air hardening calcitic lime
binder obtained by burning a micritic limestone with clay impurities <6.5%, as suggested
by remains in a thin section of under-burnt rock fragments of Pietra Alberese, the limestone
used in the Florentine territory for the production of lime [43].

Figure 1. Microphotographs of air hardening calcitic lime binder: (a) micritic texture under PLM, xpl,
and (b) SEM image at high magnification (dome of the Florence Cathedral (15th century)); (c) sparitic
texture under PLM, xpl, and (d) SEM image at high magnification (Medici Fortress of San Martino in
San Piero a Sieve (Mugello, Tuscany, 16th century). The length of the bar in the SEM images is 20 um.
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Figure 1c refers to a mortar taken from the core of the masonry of the Medici Fortress
of San Martino in San Piero a Sieve (Mugello, Tuscany 16th century). This binder was also
produced by burning a micritic limestone with small clay impurities (Pietra Alberese), but
the original micritic structure is completely transformed into sparite for dissolution and
slow crystallization phenomena, probably owing to the particular environmental conditions
(RH%) in which these wall structures were found. The sparitic aspect of some area of binder
is evident in the high magnification image using an SEM microscope (Figure 1d).

3.2. Air Hardening Magnesian Lime

This type of lime, obtained by burning dolomitic limestone or dolomite, is charac-
terized by non-homogeneity owing to segregation phenomena of the magnesium phases.
Indeed, magnesium hydroxide (brucite), owing to the lower carbonation rate compared
with calcium hydroxide, is concentrated in patches located in the areas of the mortar where
water stagnates, providing characteristic almost similar to a hydraulic mortar. Moreover,
residual phases of magnesium hydroxide remain non-carbonated [7,8]. The coupling of
observation of thin sections under PLM and morphological and micro-chemical analyses
with SEM EDS allows the identification of these segregation phenomena inside the binder
and a semi-quantitative analysis of the new developed mineralogical phases. Figure 2a
shows the microscopic aspect of the bedding mortar of a small bridge located in a rural area
of the Sainte Baume massif in Provence (18th century). The binder has a micritic texture
free from impurities. The diagnostic feature that allows us to recognize that this binder
was obtained by burning dolomitic or magnesium carbonate rocks is the sporadic presence
of subspherical elements with an opaque appearance and size less than 100 um. The SEM
EDS maps (Figure 2b,c) of Ca and Mg show clearly the segregation of the two phases; Mg
phases are more concentrated in the subspherical elements, testifying their origin from
unmixing remains of Ca and Mg phases. The subspherical elements contain MgO ranging
from 84.50 to 51.90 %, CaO from 13.23 to 46.48, Al,O3 from 4.29 to 1.62, and Fe,O3 from
0.35 to 0.87 (see Table 2).

Ca u‘l Mg Kal,2

250um ! ™ 250um

Figure 2. Microphotographs of subspherical elements in an air hardening magnesian lime coming
from a bedding mortar of a small bridge located in a rural area of the Sainte Baume massif in Provence
(18th century) (a) under PLM, xpl, (b) SEM EDS map of Ca, and (c¢) SEM EDS map of Mg.

Table 2. Microchemical spot analyses (SB1-SB7) of subspherical elements in the binder of Figure 2.

Oxides

0, SB1 SB2 SB3 SB4 SB5 SB6 SB7
Na,O bdl bdl bdl bdl bdl bdl bdl
MgO 59.53 77.71 76.72 59.85 84.5 51.9 74.01
AlLOs 2.69 2.77 2.65 429 2.30 1.62 2.56
SiO, bdl bdl bdl bdl bdl bdl bdl
SO; bdl bdl bdl bdl bdl bdl bdl
CaO 37.16 19.52 20.36 34.83 13.23 46.48 23.43
Fe,0; 0.35 bdl 0.87 0.8 bdl bdl bdl
NiO bdl bdl bdl bdl bdl bdl bdl

bdl: below detection limit.
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In Figure 3a, always referable to the mortar of the small Provencal bridge of Sainte
Baume massif, crystallizations of hydromagnesite are visible, identified in PLM by the
radiated fibrous structure and by the first-order grey interference color, concentrated in the
porosity and area of preferential stagnation of the mixing water. The microchemical map
(SEM EDS) of the fibrous needles in a radial shape shows a high Mg content, confirming
the presence of hydromagnesite (Figure 3b).

Mg Kal,2

Figure 3. Microphotographs of hydromagnesite crystals in an air hardening magnesian binder of a
bedding mortar belonging to a small bridge located in a rural area of the Sainte Baume massif in
Provence (18th century) under (a) PLM, xpl, and (b) a particular SEM EDS map of Mg.

Figure 4a refers to a mortar of the core of the masonry of a bastion of the 14th century
city walls of Genoa, which macroscopically shows a particularly white binder and very
strong cohesion. A micritic-textured binder is observed with PLM in which newly formed
crystals with dimensions of about 40 um and high birefringence color are homogeneously
diffused, as well as darker areas in the binder. The microchemical analysis highlighted
that the area with high birefringence color in PLM is enriched in Ca, while the darker
thickenings are enriched in Mg (Figure 4b). The MgO amount ranges from 9.80% to 43.16%,
showing a strong variability of composition of binder (see Table 3). Therefore, the chemical
data and petrographic observations confirm a segregation of Ca and Mg during the setting
of the binder.

Figure 4. Microphotographs of high birefringence and dark areas in the binder of an air hardening
magnesian lime belonging to a mortar of the core of the masonry of a bastion of the 14th century city
walls of Genoa under (a) PLM, xpl, and (b) SEM EDS layered map of K, Ca, Mg, and Si.
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Table 3. Microchemical spot analyses (GP1-GP7) of high birefringence and dark areas of air hardening
magnesian lime of Figure 4.

Oxides

o GP1 GP2 GP3 GP4 GP5 GP6 GP7
Na,O 0.38 0.23 0.07 bdl 0.25 0.38 0.37
MgO 26.89 9.80 12.67 37.62 43.16 37.7 40.38
Al,O5 1.15 0.26 0.19 1.30 8.70 1.03 7.65

5i0, 19.56 6.70 5.67 23.83 23.42 23.07 22.67
503 0.45 0.07 0.16 0.37 bdl 0.44 0.82
CaO 50.83 82.62 80.88 36.81 24.11 37.39 26.74
Fe, O3 0.75 0.11 0.12 0.07 0.35 bdl 1.19
NiO bdl 0.23 0.24 bdl bdl bdl 0.18

bdl: below detection limit.

3.3. Air Hardening Calcitic Lime with Materials Providing Hydraulic Characteristics

The materials with pozzolanic behavior are numerous and recognizable under the
optical microscope in transmitted light (PLM). Some are deliberately added, such as tuff,
pumice, volcanic ash, crushed bricks, diatomaceous earth (diatomite), forging slag, foundry
slag, fired kaolin, fired clay, and so on, whereas others are randomly present in the aggre-
gate [44-46]. Among the latter, the most reactive is microcrystalline silica (flint), as can be
observed in the mortar of the core of the pillar of the Augusto bridge near Narni (27 BC),
where a reaction rim is clearly visible (Figure 5a,b) [41]. The microchemical analysis shows
in detail the composition of the rim, confirming the presence of an amount of Si higher
than 50%. In Table 4, the microchemical analyses performed on the reaction rim in the
area (spectrum 1), in spots (spectrum 3, 4, 5), and in the binder (spectrum 6) are reported
(for the position, see Figure 5¢). The HI index, calculated as (SiO; + Al,O3 + Fe;O3)/(CaO
+ MgO) [7], ranges from 1.6 to 0.81, confirming the very high hydraulicity of the mortar,
responsible for the strong durability of this material.

Si Kal

Figure 5. Microphotographs of reaction rim of microcrystalline silica (flint) in the mortar of the core
of the pillar of the Augusto bridge near Narni (27 BC) under (a) PLM, xpl, and (b) EDS map of Si and
and (c) BS image with reported areas and spots analyzed with EDS (for results, see Table 4).

Table 4. Microchemical analyses of reaction rim portions and binder of Narni sample.

Ox‘,lA)des Spectrum 1 Spectrum 3 Spectrum 4 Spectrum 5 Spectrum 6
Na,O 2.13 1.25 1.28 122 1.50
MgO bdl bdl bdl bdl 0.59
Al,O3 4.88 391 3.15 2.58 2.38
5i0, 52.34 52.96 55.67 40.90 42.92
SO3 bdl 0.78 bdl bdl bdl
KO 1.40 0.85 0.72 0.83 0.72
CaO 36.49 39.48 38.24 53.57 50.69
Fe, O3 1.07 bdl bdl bdl bdl

bdl: below detection limit.
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Nevertheless, reaction rims have also been observed in the presence of shale and
arenaceous fragments containing shale [47-49]. This can be explained because clay minerals
can contain amorphous SiO, and Al,O3; (owing to the thermal activation during diagenesis
and metamorphism).

According to St. John et al. (1998) [50], from the chemical point of view, the reactive
constituents present in the hydraulic additions are substantially of three types: amorphous
silica, amorphous silico-aluminates, and aluminum silicates altered to zeolitic structure.
Hence, different types of pozzolanic behavior materials develop the same type of CSH (cal-
cium silicate hydrate). Charola and Henrique (1999) [51] cite prehnite, gehlenite, diopside,
analcime, leucite, and melilite as newly formed minerals produced in the lime—pozzolan
reaction. It must be said that the most common hydraulic compounds such as pozzolan
and crushed brick or cluster of fired clay, unintentionally found in the mixture, normally
develop reaction rims on the side of the carbonate binder. However, the grain size of these
component splays a fundamental role; this is the case of the bedding mortars of the wall
set against the cella in Building A of Sanctuary of Apollo, in Hierapolis archaeological
site (Denizli—Turkey) (Proto-Byzantine age) [52]. The large dimensions of the crushed
bricks (Figure 6a), as evidenced in PLM observation, prevented the development of high
hydraulicity. In Figure 6b, the layered maps of Ca, Si, Al, and Mg show a lower amount of Si
and Al in the rim developed between crushed brick and binder. The relative microchemical
analyses are reported in Table 5 and the calculated HI for the rim areas ranges from 0.25 to
0.30, evidencing a medium hydraulicity value.

Figure 6. Microphotographs of crushed brick in a bedding mortar of the wall set against the cella in
Building A of Sanctuary of Apollo, in Hierapolis archaeological site, Denizli (Turkey), Proto-Byzantine
age under (a) PLM; xpl; and (b) EDS layered map of Ca, Si, Al, and Mg (Ca: yellow; Si: purple; Al:
orange; Mg: light blue).

Another case study concerns the bedding mortars of Camponeschi Palace (18th cen-
tury) in L’Aquila [53], showing sub-rounded “clusters of red clay” of millimetric grain size,
dispersed in a calcitic-magnesian lime (Figure 7a); a rim seems to be present around the
cluster of clay, not confirmed by the microchemical analysis (SEM EDS), which shows a too
variable amount of Ca, Al, and Si around the hypothetical “rim” (Figure 7b—d). This evi-
dence suggests that a reaction did not occur, but the cluster of clay is simply disaggregated
within the binder (Table 5), confirming the bad manufacturing technique and poor state of
conservation of the mortar [53] (Figure 7a).
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Al Kal Si Kal

f 500um ! L 500um !

Figure 7. Microphotographs of a sub-rounded cluster of red clay in a bedding mortar of Camponeschi
Palace (18th century) in L’ Aquila under (a) PLM, xpl, and (b) EDS SEM map of Ca; (c¢) EDS SEM map
of Al; and (d) EDS SEM map of Si.

Table 5. Microchemical spot analyses of rim portions of binder of Hierapolis and L’ Aquila samples.

Oxides Hierapolis Hierapolis L'Aquila L'Aquila L'Aquila
% Rim 1 Rim 2 Rim 1 Rim 2 Rim 3
NayO 0.54 bdl bdl bdl bdl
MgO 2.07 3.79 12.41 1.06 22.10
Al O3 4.70 5.35 11.32 0.47 10.46
510, 13.20 13.94 18.39 bdl 34.88
SO; 1.49 1.16 bdl 0.47 bdl
K0 1.10 bdl 0.55 bdl 0.66
CaO 7494 7217 55.60 98.47 26.76
FepyOs 1.73 3.58 1.33 bdl 4.55

bdl: below detection limit.

According to the literature data [7,48], if reaction rims did not develop, hydraulic
phases dispersed in the binder can nevertheless still be observed both as veins and as pore
filling. This can be explained by a dissolution of silica and alumina dispersed in the binder
and subsequent reaction with Ca hydroxide.

Normally, the materials providing hydraulic characteristics are easily recognizable
under the optical microscope and, if added finely ground, they can give rise to particular
structures of the binder, as in the case of diatomaceous earth, which develops optical
characteristics similar to those of microcrystalline silica, namely a micritic texture with grey
of the first order interference colors. This optical feature can be observed in the PLM image
of an area of unmixed binder of a waterproofing mortar of a Roman tank in Carsule (Terni,
Italy, 1st century AD) (Figure 8a). In this case, the microchemical analysis (Figure 8b) shows
high values of Si (an average around the 50%) widely spread in this portion of binder
(Table 6), confirming the addition of microcrystalline silica of diatomaceous earth able to
provide hydraulicity (HI range from 2.04 to 0.58).
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Figure 8. Microphotographs of binder of a waterproofing mortar of a Roman tank in Carsulz (Terni,
Italy, 1st century AD); (a) under PLM, xpl, and (b) SEM EDS layered map of Mg, Al, Ca, and Si (Mg;:
light blue; Al: orange; Ca: yellow; Si: pink).

Table 6. Microchemical spot analyses of unmixed binder of a mortar coming a waterproofing mortar
of a Roman tank in Carsule (Terni, Italy, 1st century AD).

Oxo}:l es Carsulae 1 Carsulae 2 Carsulae 3 Carsulae 4 Carsulae 5
Na,O bdl 0.46 bdl bdl bdl
MgO bdl 0.44 bdl bdl bdl
AlLOs 7.11 477 3.57 5.55 4.85
SiO, 59.06 40.13 33.10 44.44 36.95
CaO 32.57 53.79 62.93 49.14 57.68

bdl: below detection limit.

3.4. Historical Natural Hydraulic Lime

As mentioned above, natural hydraulic binders are obtained by burning at tempera-
tures of about 800—950 °C marly limestones, or siliceous limestones, setting and hardening
both through carbonation of calcium hydroxide and through hydration of calcium silicates
and calcium aluminates (CA, CS, C2S, and C3A) [7,8,54]. The evidence of the hydraulicity
of a natural hydraulic binder is given by the presence of small dark inclusions that can be
easily recognized. These inclusions could be referred to as non-hydrated relicts of belite
(C2S). Belite is represented by dark brown crystals, medium-high relief, shaded contours,
and subidiomorphic habitus. Such inclusions are visible in Figure 9a,b, which refer to bed-
ding mortars of the Trebbio castle tower, located in Mugello, near Florence (15th century)
and of Palazzo Davanzati (14th century, Florence) (Figure 10a,b). Previous studies [7,43]
revealed that the binder of these mortars was obtained by burning a marly variety of Pietra
Alberese, which contains an amount of clay minerals between 6.5 and 20%, which allowed
to obtain a hydraulic lime traditionally called “strong lime”. A great variability in the
amount of SiO; and CaO was identified when analysing these areas, after identification in
SEM EDS maps. Figure 9c—e refer to the SEM EDS map of Ca, Si, and Al for the binder of
mortar of the Trebbio castle tower, and Figure 10c—e to Palazzo Davanzati.

For the mortar coming from Trebbio castle tower, three different binder compositional
ranges were identified in the SEM EDS maps, corresponding to areas with different grey
tones in BS observation:

1.  The first one (spots analyses 1-5, light grey) with a composition 70.04% < CaO <
78.55%; 16.15% < SiO, < 24.38%; 0.72% < Al,O3 < 1.32% (Table 7);

2. The second one (spot analyses 6-8, dark grey) with 10.86% < CaO < 25.91%; 50.18% <
SiO; < 54.81%; 6.01% < Al,O3 < 11.02% (Table 7);
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3. The third one (spot analyses 9-13, grey) with 44.69% < CaO < 64.5%; 19.88% < SiO, <
36.35%; 2.3%; 2.3% < Al,O3 < 10.52% (Table 8).

Similar results were obtained for the mortar of Palazzo Davanzati where the dark grey
areas (spot analyses 1-3) showed a high amount of SiO, and Al,O3; with respect to the light
grey areas (spot 4-7) (see Table 9).

This microchemical variability can be produced by segregation phenomena between
the clayey and calcitic portion of the marly limestone during the slaking of the quick lime,
aging, and subsequent realization of the mortar mix.

Electron Image 1
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100um

Figure 9. Microphotographs of small dark inclusions in the binder of a bedding mortar of the Trebbio

100um 100um

castle tower, located in Mugello, near Florence (15th century); (a) under PLM, xpl; (b) BS image of a
particular of this binder portion in which areas with different grey tones can be observed; (c) SEM
EDS map of Ca; (d) SEM EDS map of Si; and (e) SEM EDS map of Al

Electron Image 6
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Figure 10. Microphotographs of small dark inclusions in the binder of a bedding mortar of the
Palazzo Davanzati (Florence, 14th century); (a) under PLM, xpl; (b) BS image of a particular of this
binder portion in which areas with different grey tones can be observed; (¢) SEM EDS map of Ca;
(d) SEM EDS map of Si; and (e) SEM EDS map of Al
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Table 7. Microchemical spot analyses (spot 1-8) of binder areas of bedding mortars from the Trebbio
castle tower (Mugello, Florence).

Oxides

o Spot1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 Spot 8
Na,O 0.57 0.47 0.88 0.62 0.28 1.08 1.17 0.71
MgO 0.49 0.72 0.75 0.67 0.41 10.9 3.28 0.8
AlL,O3 0.72 1.04 1.1 1.32 0.98 11.02 6.01 7.28
SiO, 16.15 18.06 21.47 20.73 24.38 53.01 54.81 50.18
P,05 bdl bdl bdl bdl bdl bdl bdl 9.41

SO3 0.68 0.25 0.68 0.52 0.42 1.2 0.38 1.55
K,O bdl bdl bdl bdl bdl bdl 0.69 0.72
CaO 78.55 76.42 72.17 72.29 70.04 10.86 2591 24.03
Fe, O3 0.48 0.35 0.27 0.72 0.46 2.97 1.16 0.67
NiO bdl bdl 0.24 bdl 0.07 bdl 0.32 2.64
bdl: below detection limit.
Table 8. Microchemical spot analyses (spot 9-13) of binder areas of bedding mortars from the Trebbio
castle tower (Mugello, Florence).
Oxo;:les Spot 9 Spot 10 Spot 11 Spot 12 Spot 13
Na,O 0.39 1.09 0.62 0.49 0.69
MgO 1.89 1.81 0.56 0.94 1.75
Al O3 5.1 3.83 6.8 10.52 2.3
Si0, 2191 28.99 19.88 36.35 319
P,0s5 bdl bdl bdl 2.38 bdl
SO; 0.4 0.45 8.02 0.68 0.25
K,O bdl bdl bdl 0.61 bdl
CaO 64.5 53.48 46.55 44.69 59.2
FepOs 4.67 6.22 0.71 2.19 0.63
NiO bdl 1.47 0.24 bdl bdl
bdl: below detection limit.
Table 9. Microchemical spot analyses of binder areas of from bedding mortar of Palazzo Davanzati
(Florence).
Oxides
o Spot1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7
Na,O 1.52 0.56 0.97 0.45 0.69 0.8 0.27
MgO 1.60 0.43 1.02 0.82 0.81 0.94 0.43
Al O3 23.31 3.98 18.82 0.95 0.64 0.74 0.34
Si0, 42.8 38.89 41.53 8.43 7.69 9.63 5.40
P,0s5 1.01 1.06 0.39 0.75 0.58 0.52 bdl

SO3 bdl bdl bdl bdl bdl bdl 0.51

K,O 1.42 0.51 1.14 0.31 bdl bdl bdl

CaO 23.9 51.2 30.8 87.16 88.63 86.17 92.97
Fe;O3 2.58 2.41 3.17 0.77 0.05 0.49 0.08

NiO 0.23 bdl 0.77 0.09 bdl 0.26 bdl

bdl: below detection limit.

3.5. Lumps

In the study of historical mortars, it is important to assess the presence of fragments
that macroscopically show a whitish color and sometimes an inconsistent appearance,
generically defined as lumps [37,55]. These fragments suggest that the lime was produced
according to the traditional technology of the “fusion” method: the quick lime clods are
slaked in a tank with abundant water and the white paste obtained (lime putty) is drained
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through a grating (that holds the biggest under-burnt fragments) in a pit/container where
it is subjected to aging.

The observation in the thin section of lumps under PLM is fundamental in order to
recognize their nature, according to the following types, and furthermore allows to obtain
information about the stone used for the production of lime and suggestions regarding
which phase of the manufacturing technologies was made with scarce care:

remnant of under-burnt fragments of the stone used for the production of lime;
remnant of over-burnt fragments of the stone used for the production of lime;
unmixed binder carbonated before mixing;

unmixed binder in the mixture;

“ghosts” of stone used for the production of lime, portions of carbonated binder with
the structure of the original lime stone;

6.  over-burnt lime stone fragments hydrated and carbonated after setting.

G LN

Type 1 can be referred to as a low burning temperature or non-uniform heat in the
kiln or too big limestone fragments; type 2 may be owing to a high burning temperature
or non-uniform heat in the kiln or inadequate grain size; and type 3 may be owing to the
presence of carbonated crust over the lime putty tank. The presence of unmixed binder
in the mixture (type 4) may be due to little care in the mixing process, while type 5 may
be owing to inadequate burning with subsequent carbonation, and type 6 may be owing
to overburnt lime stone fragments hydrated and carbonated after setting. The study of
remnant of under-burnt fragments, as reported by numerous authors [47,56-59], allows
to recognize the type of carbonate rock burnt in the kiln; an example is the under-burnt
fragments of marly limestone (Pietra Alberese) present in a mortar of a Florentine county
house of the 19th century (Figure 11a), the under-burnt marble fragments such as in the
bedding mortars of the Roman theatre of Luni (1st century AD) (Figure 11c), and travertine
of bedding mortar of Ambulatio of Torraccia di Chiusi archaeological site (second half
of 4th century AD) (Figure 11d). The identification of unmixed binder in the mixture
(Figure 11e) can also be very useful for dating mortars with the radiocarbon method, as
it allows to avoid the procedure of separation of binder from aggregate [29,60-63]. The
presence of burnt limestone fragments hydrated and carbonated after setting (Figure 11f)
(in Italy, named bottaccioli and calcinaroli) can give information about the risk of decay of
mortars and plasters that contains them, because they can cause physico-mechanical stress
in the masonry.

The SEM observation and analyses on the lumps can be a further confirmation of the
binder composition (in Figure 11b, the SEM EDS map of Ca and Si of a lump belonging
to an under-burnt marly limestone of Pietra Alberese fragment shows the presence of
well-preserved structures such as pure calcite veins).
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Figure 11. Microphotographs of different type of lumps: (Figure 1la,c—f, are under PLM, xpl)
(a) under-burnt fragment of marly limestone (Pietra Alberese) from a mortar of a Florentine county
house of (19th century); (b) SEM EDS layered map (Ca: yellow, Si: pink) of the same under-burnt
fragment of Pietra Alberese; (c) under-burnt marble fragment in the bedding mortar of the Roman
theatre of Luni (1st century AD); (d) under-burnt fragment of travertine from a bedding mortar of
Ambulatio of Torraccia di Chiusi archaeological site (second half of 4th century AD); (e) unmixed
binder in a mortar from San Francesco Church (Pisa) 13th—17th century; and (f) burnt limestone
fragment hydrated and carbonated after setting from San Francesco Church (Pisa) 13th-17th century.

3.6. PLM versus SEM Observations

In the observations of the thin sections under the microscope in polarized transmitted
light, the micritic/microsparitic binder may show different characteristics:
- second-order birefringence colors;

- opacity;
- of the first-order birefringence colors.
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To understand this evidence, the coupling of PLM with SEM EDS seems to be the
better solution. Indeed, sometimes, the problems can be due to the realization of the
thin sections for the PLM observations or to the presence of different constituents inside
the binders, and only the complementarity of these two analytical methodologies can be
decisive. The second-order birefringence color can be due to a greater section thickness,
while the opacity can be attributed to too thin thickness of section. The grey color of a
lime binder may depend on a too thin section, by the presence of micro-crystalline silica
(see Figure 8a,b) or by different porosity in the binder. The latter seems be the case of
mortars coming from a Roman aqueduct, in Quarto (Florence), and of a bedding mortar
from Spello (Figure 12a,b), in which the areas of binder with different birefringence colors
(grey) were not characterized by differences in microchemical composition, as evidenced
with SEM EDS analyses (Figure 12c), confirming the hypothesis that the grey color is due
to a different porosity.

Electron Image 15

Oxide % Spectrum 70 Spectrum 71
Na,0 0.71 0.63
MgO 0.36 0.27
AlLOy 0.13 bdl

Si0, 2:31 0.47
S0, 0.56 0.24
CaO 95.55 08.32
FeO 0.39 0.07
NiO bdl bdl

To0pm

Figure 12. Microphotographs of the binder of a bedding mortar of a Roman aqueduct (Quarto-
Florence) with grey areas; (a) under PLM, xpl; (b) particular of an area of binder of a bedding
mortar of Roman findings (Spello, Perugia, Italy) with different birefringence color under PLM,
xpl; and (c) BS SEM image of same area of (b) and micro chemical analyses of selected areas in the
previous image.

4. Conclusions

In this paper, the advances in the use of minero-petrographic observations combined
with SEM EDS analyses in the study of historical mortars and their binder are described.

As known PLM is a methodology able to furnish a large amount of information about
the different types of mortars through the characterization of binder, aggregate, porosity,
decay phenomena, and so on, together with a considerable cost-effectiveness of investi-
gation. The coupling of PLM analyses with SEM EDS technique, in the case of analyses
of binder, can provide further fundamental information on the texture, microstructure,
and composition.

In the case of air hardening lime mortars, PLM and SEM EDS analyses allow to recog-
nize the type of burned limestone (calcitic or dolomitic), the manufacturing technologies,
and the possible dissolution/recrystallization phenomena. For ancient mortars made of air
hardening calcitic lime with materials providing hydraulic characteristics, PLM observation
provide information about the materials (tuff, pumice, volcanic ash, crushed bricks, and
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so on) deliberately added to obtain hydraulicity, their distribution, the grain size, and the
shape of grains. The coupling with SEM EDS analyses allows to confirm the presence
of effective reaction between binder and the hydraulic materials, besides determining
the presence of finely ground material (i.e., microcrystalline silica) able to confer higher
hydraulicity to mortar. The microchemical analyses make possible to calculate the HI
of binders.

For historical natural hydraulic lime, obtained by burning at temperatures of about
800-950 °C marly limestones, or siliceous limestones, the PLM observation combined with
SEM EDS analyses provides information about the presence of small dark inclusions and
their composition, highlighting the great variability of the composition of these binders.

In the case of the presence of lumps, the PLM observation allows their classification, in
order to obtain suggestions about the stone used for the production of lime and regarding
which phase of the manufacturing technologies was made with scarce care. The coupling
with SEM EDS morphological and microchemical analyses gives further data on type of
lumps, on their origin, and on the composition of stone burnt for the production of lime.

In addition, the chemical data can help in understanding the reason for some birefrin-
gence color variations in the binders.

In conclusion, the different characteristics of mortars, in terms of raw materials and
technologies used for the preparation of mixture and application in the masonries, studied
through two classic, but equally fundamental methods of investigation (PLM and SEM
EDS), are able to provide precious knowledge on the history of material culture.

In addjition to their cultural significance, the ancient mortars, obtained with local raw
materials and traditional technologies, could provide inspiration to design compatible and
durable restoration mortars.
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