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Abstract

Aerial mortars and plasters have been widely used in construction throughout history and their
compatibility with historic mortars and plasters has led to their recent re-adoption. This paper reviews
the prominent features of aerial mortars and plasters, their main characteristics and the various
characterization methods using both traditional and advanced technology. Several techniques are
used in physical, mechanical, petrographic, mineralogical, and chemical characterization. A detailed
explanation of microscopic characterization techniques is provided, indicating the information that can
be obtained with each. Scientific advances in dating and provenance studies are also described.
Keywords: air-lime, physical-hydric-mechanical properties, petrographic, mineralogical, chemical,

microscopic, isotopic characterization, dating methods
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This Topical Collection (TC) covers several topics in the field of study, in which ancient architecture, art
history, archaeology and material analyses intersect. The chosen perspective is that of a
multidisciplinary scenario, capable of combining, integrating and solving the research issues raised by
the study of mortars, plasters and pigments.

The first group of contributions explains how mortars have been made and used through the ages
(Arizzi and Cultrone 2021, Lancaster 2021, Vitti 2021 and this paper). An insight into their production,
transport and on-site organisation is further provided by DelLaine (2021).

The second group of contributions is focused on pigments, starting from a philological essay on
terminology (Becker 2021). Three archaeological reviews on prehistoric (Domingo Sanz and Chieli
2021), Roman (Salvadori and Sbrolli 2021) and Medieval (Murat 2021) wall paintings clarify the
archaeological framework. A series of archaeometric reviews illustrate the state of the art of the
studies carried out on Fe-based red, yellow and brown ochres (Mastrotheodoros et al.
forthcoming), Cu-based greens and blues (Svarcova et al. 2021), as-based yellows and reds (Gliozzo
and Burgio 2021), lead-based whites, reds, yellows and oranges (Gliozzo and lonescu 2021), Hg-based
red and white (Gliozzo 2021) and organic pigments (Aceto 2021). An overview of the use of inks,
pigments and dyes in manuscripts (Burgio 2021) and on glass-based pigments (Cavallo and Riccardi
forthcoming) is also presented. Furthermore, two papers on cosmetic (Pérez Arantegui 2021) and
medicinal pigments (Knapp et al. 2021) provide insights into the variety and different uses of these
materials.

Finally, several issues concerning the degradation and conservation of built heritage are addressed

from practical and technical standpoints (La Russa and Ruffolo 2021, Caroselli and Ruffolo 2021).

1 INTRODUCTION

1.1 History and use

Lime has been used for thousands of years as the binder in bedding, pointing and rendering mortars,
internal plaster, foundations, floors, wall infills and decorative elements (Elsen 2006). The first artificial
binders used by mankind were lime-based and gypsum-based plasters, which were employed widely
in the Middle East in the 7 and 8" millennia BC (Furlan and Bissegger 1975; Bensted 1997; Schmidt et
al 2011). Proof of the early use of lime is found in the plaster used to cover the walls and floors of
GObekli Tepe in south-east Turkey (Hurd et al 2011; Artioli et al 2019). Lime mortar, however, was not

widely utilized until it was adopted by Greek and Roman builders and stonemasons in the 1
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millennium BC (Blezard 1998). The most important reference to lime mortar comes from Vitruvius's
De Architectura, written around 25 BC (Lancaster 2021). The main functions of aerial lime mortars were
as bonding for stones and bricks, as a render for protection and decoration (plaster) and as a
substratum layer for wall paintings, floors and mosaics (Borges et al 2014) (Figure 1a-b).

Lime can be considered, up to the arrival of natural and Portland cements in the late 18" and early 19"
centuries, respectively, the longest-lasting binder in the history of construction (Figure 1c-d). Today,

aerial lime is primarily used for repairs and is only employed in construction on a very small scale

(Carran et al 2012, Varas et al 2005, 2007).

Figure 1. Examples of aerial lime mortars/plasters in ancient and historic buildings in Spain. a) Wall
built with mortar and limestone pebbles (> 10 cm size) in the Roman city of Complutum, Madrid; b)
Part of a channel from the San Ldzaro Roman aqueduct, Mérida; the base was built with aerial mortar
and limestone pebbles, with several layers of aerial and hydraulic rendering mortars; c) Various layers
of rendering mortars applied on a wall in the Monastery of Santa Maria la Real in Pelayos de la Presa,
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Madrid, built in the 17th century; d) Detail of bedding mortar in brick masonry at the Cistercian
monastery of San Bernardo in Alcala de Henares, Madrid, built between the 17" and 18™ centuries.

1.2 Terminology

To avoid any terminological confusion, in this paper, and in accordance with EN 16572 (2015);

(a) the term aggregate indicates natural sediments and/or crushed rock fragments, or other man-
made/artificial materials, comprising a wide range of particle sizes and employed in mortar on the
one hand to provide strength and mechanical stability and durability and, on the other, to increase

workability. Regarding their grain size, they can be fine (e.g. sand, 0.063 mm to < 4 mm) or coarse

(e.g. gravel, >4 mm);

(b) the term binder indicates the binding medium that, after hardening, holds the aggregate particles

together. It can be defined as a material with adhesive and cohesive properties capable of binding

aggregates into a coherent mass;

(b1) the term lime refers to a material composed of oxides (quicklime) or hydroxides (hydrated

or slaked lime) of calcium or of calcium and magnesium used as a binder.

(b2) the term aerial lime indicates a non-hydraulic lime that, when it hardens due to the

reaction with atmospheric carbon dioxide in the presence of humidity, transforms into a

carbonate.

(b3) quicklime is the product of calcination of limestone (at approximately 900 °C) and is

composed mainly of calcium oxides (CaO) or of calcium oxides combined with magnesium

oxides (MgO).

(b4) slaked lime is the viscous paste produced by hydrating quicklime (lime putty). Hydrated
lime refers to the solid powder produced by the same hydration reaction after dry-slaking
quicklime with just enough water to convert it. The composition may differ depending on the
mineralogical composition of the quicklime. If the quicklime is calcitic (Ca0), calcium hydroxide
(Ca(OH),) — the mineralogical name of which is portlandite — is produced. Dolomitic limes,
which are rich in magnesium, produce Mg(OH), in addition to Ca(OH).. The mineralogical name

of Mg(OH),is brucite and it is obtained by hydrating (or slaking) dolomitic quicklime (CaO and

MgO) with water to produce a paste or powder.

(c) the term mortar indicates the hardened mixture of a viscous inorganic binder and aggregate.
(d) the term plaster indicates a coating composed of one or more layers of mortar applied in order of
execution and used on the internal surface of masonry; render (or rendering) refers to a coating

composed of one or more layers of mortar applied in order of execution and used on the external

surface of masonry to serve as a protective or surface finish.
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(e) the term additive refers to a constituent usually added in small quantities to a mix to bind or modify
its manufacture or properties (e.g. air-entraining agents and setting accelerators); while the term
admixture indicates a substance other than binder, aggregate or water added to the mix in quantities
of at least 1% by weight to alter its properties (e.g. pigments, fibrous substances);

(f) setting is the process by which a mortar changes from a plastic, workable state to a stiffer, non-
workable state; hardening is the resistance acquired during and after the initial setting of the mortar;
and curing is the process by which mortars acquire strength due to carbonation, and when the process
is controlled by environmental conditions.

All the materials mentioned above have been processed and used as building materials to enhance
masonry’s structural properties, diminish water contact, provide hygienic-sanitary protection
(limewash) during the epidemiological episodes that have affected human beings throughout history,
protect adjacent elements from direct exposure to weathering and to prepare the support for pictorial
decorations (Ergeng et al 2018a).

Mortars and plasters can be either aerial or hydraulic, depending on the type of binder used. While
hydraulic lime binders are produced using either impure carbonate or pure carbonate mixed with clays,
aerial lime binders are produced from pure carbonate (containing < 5% silicates) (EN 16572, 2015).
The lime cycle starts with calcination of limestone (CaCQs), resulting in its decomposition to CaO.
Slaking then leads to calcium hydroxide (Ca(OH),; portlandite) formation and, with the final
carbonation process, the cycle ends with CaCOs. For a better understanding of binders and their
production process, as well as of the lime cycle, see Lancaster (2021, in this TC). Dolomitic lime has a
different cycle to calcitic lime. When dolostone (calcium and magnesium carbonate, CaMg(COs),) is
burnt, two-step decomposition occurs: firstly, dolomite decomposes into magnesium oxide (MgO,
namely periclase), calcium carbonate (CaCOs;, calcite) and calcium dioxide (CO3); and secondly, calcium
carbonate decomposes into calcium oxide (CaO, quicklime) and calcium dioxide. In addition to
producing calcium hydroxide (Ca(OH),, portlandite), the slaking process results in the formation of
magnesium hydroxide (Mg(OH),, brucite), which is much more stable than portlandite, causing slow
carbonation that may be only partial. Therefore, the dolomitic lime cycle is not a full cycle like that

typical of lime (calcitic) (Beruto et al 2003; Ponce Antén et al 2018).

2  PRINCIPAL PROPERTIES OF AERIAL MORTARS AND PLASTERS

The best-known properties and behaviour of aerial lime mortars can be summarized as low

mechanical strength, high deformation capacity (plasticity), low elasticity modulus and high
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permeability to water (in the liquid and gaseous state) due to their high porosity compared to hydraulic
lime mortars (Arandigoyen and Alvarez 2007). These mortars are not a source of detrimental salts
themselves. Their long setting times and low strength, when compared to hydraulic lime mortars, as
well as the loss of know-how and expertise regarding their manufacture, led to a decrease in their use,
especially in Europe. To enhance the properties of these mortars, inorganic and organic additives were
frequently incorporated into the mix to improve their carbonation speed, mechanical strength and
waterproofing performance (Sickels 1981; Carran et al 2012; Ventola et al 2013; Veiga 2017). One of
the significant benefits of the manufacture of air-lime is its low environmental footprint in comparison
with hydraulic binders due to its high CO, sequestration capacity and the lower firing temperatures
reached in the kiln (less energy consumption), which makes it almost carbon-neutral and the most
environmentally friendly binder (Forster et al. 2020).

Other positive features of these mortars are their workability and plasticity (especially suited to
decorative finishes), which make them easy to apply and provide good adherence to the substrate

(Lawrence 2006; Veiga 2017).

3 HOW TO CHARACTERIZE AERIAL MORTARS AND PLASTERS

In the 19*" century (1865), Wallace conducted one of the first studies of ancient mortars. He analysed
samples of mortars and plasters from ancient buildings in Egypt, Greece, Italy and Cyprus ranging in
age from 1500 to 3000 years old.

Much progress has been made in establishing standardized methodologies for analysing and
characterizing historic mortars thanks to the creation, for instance, of the RILEM (International Union
of Laboratories and Experts in Construction Materials, Systems and Structures) in 1947. The RILEM
created several key technical committees, among them Technical Committee 167-COM:
Characterization of historic mortars with respect to their repair, as well as holding congresses (e.g.
Historic Mortar Conference) and issuing recommendations, reports and publications (Valek et al 2012;
Middendorf et al 2005).

More recently, the European Committee for Standardization has contributed significantly to this
progress, especially in the field of conservation of cultural heritage, by publishing standards regarding
terminology (EN 16572, 2015), the methodology for sampling (EN 16085, 2012), and different test
methods (EN 15801, 2009; EN 15803, 2009; EN 16302, 2013; EN 16322, 2013).

The latest European standard published (EN 17187:2020) establishes the methodology to be used to
characterize the mortars used in cultural heritage in order to define the petrographic, mineralogical,

chemical, physical and mechanical properties of these materials.
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Best practice for improving the quality of characterization of aerial lime mortars consists of integrating
all the information provided by multiple tests and analyses (Figure 2).

Sampling must be carried out in accordance with EN 16085 (2012), (Pizzo et al 2021, in this TC) for
more detailed information about mortar sampling. EN 17187 (2020) presents flow charts and tables
that facilitate selection of analytical methods for chemical, mineralogical, and petrographic

characterization of mortars.

[ Aerial mortars/plasters l: Aggregate W

717 ‘ Granulometry ‘ ‘ OSL‘

‘ Physical properties ‘ ‘
“ Mineralogical characterisation -XRD i

[ Chemical analyses ‘
Spectrophotometry ‘ ‘
‘ Microscopic techniques ‘ |
MIP | | XRF & EDS
cT ‘ Stereomicroscopy ‘ ‘ —
UPV \ POM | L0
e ‘ Vibrational Spectroscopy - FTIR
‘ Hydric properties ‘ POM-CL ‘
‘ Mechanical properties ‘ SEM-CL ‘ s
Water absorption ‘ . ———l Stable isotopes }‘

| SEM/EDS |
Capillary absorption ‘ Compressive & Flexural Strength ‘ —— ‘ g ‘

EM ‘ ‘ 13c &180 |

Water vapour
permeability

DRMS ‘

Hardness ‘

Figure 2. Chart showing characterization of aerial mortars/plasters, part of it adapted from EN
17187:2020 (CL: cathodoluminescence, CT: X-ray computed tomography, DRMS: drilling resistance
measuring system, DTA: differential thermal analysis, EDS: energy-dispersive X-ray microanalysis, FM:
fluorescence microscopy, FTIR: Fourier-transform infrared spectroscopy, MIP: mercury intrusion
porosimetry, OSL: optically stimulated luminescence, POM: polarized optical microscopy, SEM:
scanning electron microscopy, TGA: Thermogravimetric analysis, UPV: ultrasound pulse velocity, XRD:
X ray diffraction, XRF: X ray fluorescence).

Any study of these mortars should begin with detailed macroscopic observation (EN 17187:2020) aided
by a magnification loupe. Macroscopic study may provide information about the colour of the binder
and aggregate, the presence or absence of lime lumps (nature, colour, size and distribution), nature,

grain size, shape and distribution of the aggregate, existing porosity and its distribution, degree of



©CO~NOOOTA~AWNPE

cohesion/adhesion between the components, stratigraphy of the mortar layers in the coatings, etc.
(EN 17187:2020) (Figure 3).

In this stage of macroscopic survey, spraying a phenolphthalein (C0H1404) solution (14%) on air-lime
mortars, and specifically on binder areas, provides a rapid, visual, and simple test frequently used
(Cazalla et al. 2004; Lawrence 2006) to obtain an idea of the degree of binder carbonation, which is
highly responsible for the final properties of aerial lime mortars. When phenolphthalein reacts with
mediums with a pH of between 8.2 and 9.8, it turns magenta (where alkali Ca(OH), is present) (Cazalla
et al. 2004); when the pH is below 9, the magenta is very pale; the phenolphthalein remains white or
undyed in less alkaline and more neutral media in which CaCOs is more abundant.

Whenever possible, the binder and aggregates should be analysed separately. The acid method uses
hydrochloric acid (8-10% HCI), which reacts with air-lime mortars and decomposes mainly calcitic
compounds (CaCOs) by causing effervescence (due to CO; release). This treatment is only suitable for
air-lime mortars with silica aggregates. For mortars with carbonate aggregates, Casadio et al. (2005)
assessed the efficacy of various separation methods, concluding that the use of
ethylenediaminetetraacetic acid (EDTA) in concentrations between 0.1 M and 0.05M is valid.
Mechanical separation, although time-consuming, can also provide good results by determining at
which point the fraction passing through a 150-um mesh sieve can be considered binder. The

mechanical component separation method guarantees the conservation of both components, whereas

an attack with acids damages the binder, meaning it cannot be studied.

Figure 3. a) Example of an aerial lime plaster fragment (17t century) in which lime lumps (white) and
plant remains (partially or totally decomposed; elongated shapes, dark-coloured) can be observed; b)
Example of a two-layer plaster, light on top and dark on the bottom (17-18" centuries), encapsulated
in resin due to its low cohesion, and ready to obtain thin sections for petrographic study.

3.1 Physical properties
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Physical testing of mortars predominantly encompasses determination of pore structure. Due to the
porous nature of their binder, historic aerial mortars are soft materials with a density below 2.0 g/cm3
(1.5-1.8 g/cm3) (Stefanidou 2010; Ergenc and Fort, 2019). One of the most frequent physical properties
analysed in building materials is porosity because of its significant role on core properties like strength
and durability. In general, the more extensive the mortars’ carbonation process, the lower the porosity
and the higher the compressive strength (Schaffer et al 1993; Cazalla et al 2004). In addition to the
binder is the mortar compound, which accounts for most porosity, more than aggregates. In plasters,
porosity is usually lower than in bedding and pointing mortars (Pavia and Caro 2007).

The most appropriate techniques for measuring porosity in these mortars are as follows:

a) Porosity — and the different pore sizes and shapes, percentages, and types — can be characterized
using various microscopic techniques (stereomicroscopy, petrographic and scanning electron
microscopy, from low to high magnification). Image analysis techniques may also be used (Caro et al
2006; Stefanidou 2010) (see Section 3.3). Image analysis on photomicrographs permits 2D examination
of pores and the pore network using image-processing software, some of which is freely available (such
as Imagel or JmicroVision). The data obtained can be also processed using software packages like
MATLAB.

b) Open porosity (accessible to water) and total porosity can be determined by vacuum-assisted water
absorption and hydrostatic weighing (in accordance with EN 1936:2007). Open porosity is defined as
the ratio (as a percentage) of the volume of the open pores to the apparent volume of the specimens,
while total porosity is the ratio (as a percentage) of the pore volume (open and closed) to the apparent
volume of the specimen. The standard, which is focused on natural stone, recommends the testing of
at least six specimens (cylindric, cubic or prismatic, with a minimum volume of 60 ml), requirements
that it is not always possible to fulfil in the field of cultural heritage. With this test it is also possible to
obtain the real and bulk densities of the mortar. The porosity of lime mortars from different historic
periods measured using this method ranges from 12 to 31% (Stefanidou 2010), 26 to 39 % (Ergeng and
Fort, 2019), and 29 to 44% (Ferreira Pinto et. al 2021).

c) Mercury intrusion porosimetry (MIP): This technique provides information such as porosity
accessible to mercury, pore size distribution, microporosity, apparent density, mean pore size, specific
surface and tortuosity in a pore diameter range between 0.001 and 400 um, depending on the
equipment. MIP is based on the fact that mercury is a liquid that does not wet solids. It consists of
intruding mercury at increasing pressure (usually from 1.4 kPa to 414 MPa) into the pore system of a
porous material. The volume of mercury intruded at low pressure relates to fine pores, while the
volume intruded at high pressure relates to large pores. Although the ASTM D4404 (2018) standard is

intended for soils and rocks, it can also be used for this test. In carbonated air-lime pastes, most pores



©CO~NOOOTA~AWNPE

are reported to range between 0.4 um and 1.0 um (Arandigoyen et al 2005). When there is a
predominance of large pores — a characteristic feature of air-lime plasters — they will accommodate
the stresses induced by freeze-thaw and salt crystallization cycles (Ordofiez et al 1997; Stefanidou
2010). As it is a destructive test (samples are ultimately impregnated with mercury), representative
samples of the mortar type(s) should be selected for analysis. At least two samples (preferably prisms
of approximately 2 x 0.5 x 0.5 cm?) should be analysed, although smaller and irregular-shaped samples
can be also measured. The toxicity and scarceness of mercury, combined with the associated
environmental issues, are some of the disadvantages of this technique. The results of this test have
been questioned due to the possible damage caused to the pores by the injection of mercury,
especially at high pressure.

d) Air permeability test: Gas permeability correlates with open porosity — the connected pores
available for fluid flow. Portable and non-destructive handheld air permeameters have become an
important analytical tool both in the laboratory and in situ (Filomena et al. 2014). The test is based on
the time that a specific volume of air takes to cross a specific volume of porous material. Measurement
using an air permeameter provides insights into the volume of pores with diameters of between 1 um and
1 mm since there is a direct relation between air permeability and capillary absorption (Ergeng and Fort
2018). One of the main limitations of this technique is the need for standardized experimental
conditions.

e) Capillarity water test: Absorption by capillarity, which is a non-destructive test, provides information
about capillary porosity (EN 15801, 2009), which plays an important role in capillary rise in mortars (in
pore diameters ranging between 1 um and 1 mm; Thomson et al 2004). The above-mentioned
standard determines the amount and rate at which a test specimen absorbs water by capillary action
through a test surface when in contact with water. It is recommended to test a minimum of 3 regular-
shaped specimens (i.e. cubes or cylinders with minimum dimensions of 10 mm per side or diameter
and a minimum height of 10 mm). In the specific case of mortars containing coarse aggregates, the
dimensions should be at least three times (and preferably five times) the size of the coarsest aggregate.
If anisotropy exists, the specimens should be orientated in the same direction. The parameters
obtained by this test are the capillary water absorption curve and coefficient, the height reached by
the capillary rising front and the capillary water penetration coefficient. Damas et al. (2018) show

1/2

capillary absorption coefficients ranging from 0.1 to 0.2 kg:-m2s¥2 for aerial lime mortars from

buildings dating back to the 18" and 19" centuries. Magalh3es and Veiga (2009) recorded similar
values (0.2 to 0.3 kg:-m?s*?) in historic mortars dating from between the 4™ and 18" centuries in

1/2;

Portugal, while Ferreira Pinto et al. (2021) reported values ranging from 0.2 to 0.6 kg:-m2:s¥2in mortars

dating back to the 14" and 18" centuries, also in Portugal.
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f) X-ray computed tomography (CT): This non-destructive method permits 2D and 3D high-resolution
visualization of the internal structure of aerial mortars and plasters up to 4.5-16 um, depending on
the equipment. Total porosity (including open and closed pores) and pore size distribution are
calculated from each CT scan (Divya Rani et al. 2021 refer to 100 CT scan slices in a mortar specimen
of 10 x 10 x 10 mm; 3D reconstruction is then performed using image analysis techniques on all the CT
scan slices); water movement can be followed as well (Bultreys et al 2016). Micro and nano CT systems,
which have greater spatial resolution, have been increasingly used (Bugabi et al 2007; Sallam et al
2019; Rodriguez et al 2020). Because, in addition to the reasons above, they permit detection of very
large or macropores and facilitate distinction between pores and fissures. Divya Rani et al (2021)
analysed the porosity of ancient Indian lime mortars, recording 19% for a bedding mortar and 12% for
a plaster sample. The main drawbacks of this method are its limited availability compared to other
porosity analysis techniques (although availability has increased recently) and that it cannot detect the
finest pores (nanopores).

All the porosity analysis techniques listed above — except for c) (MIP) — are non-destructive tests
(provided that water, involved in some of them, does not interfere with mortar sample integrity),
therefore allowing further analyses to be performed on the samples. For the techniques described in
b), d), e) and f), when it is not possible to meet the size requirements set in the standards due to
sampling limitations, three cubic mortar samples measuring 3—5 cm per side would be enough to
perform all the tests.

Each of the techniques used to measure porosity encompasses different pore size intervals; the pores
accessible from the outside are the most relevant for the weathering and fluid transport processes.
Thomson et al (2004) and Divya Rani et al (2021) present extended studies about how to characterize
the porosity of aged mortars. Historic aerial lime mortars have high porosity (> 20%) with a small
volume of pores with diameters < 1 um (Thomson et al. 2004). High-quality mortar shows a low volume
of micropores and a small volume of larger pores (< 50 um diameter) to prevent water absorption due
to water vapour permeability (Barbero Barrera et al 2013).

The colour of mortars can be quantitatively measured using a spectrophotometer, a portable and non-
destructive technique. Although there are various colour systems, the CIE L*a*b* one (International
Commission on lllumination) is the most widely used in the cultural heritage field. The EN 15886:2010
standard details the testing techniques for colour measurement of surfaces. The standard describes
the chromatic parameters to be measured (chroma, luminosity, hue and chromatic coordinates a* and
b*) and the operating conditions (i.e. observer angle and illuminating reference) and specifies a
minimum number of five specimens and a minimum of five readings for each of the specimens, when

possible.
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To measure the original colour of the mortar for both characterization and replacement purposes (not
for partial or one-off restoration but for complete replacement of all the mortar), a non-exposed or
inner surface should be selected. In the case of one-off restoration of a section or area of severely
decayed mortar, the colour of the aged mortar surface should be selected so as to match the external
chromatism as much as possible. The smoother the surfaces to measure, the better, as roughness
affects chromatic values, especially the lightness parameter (L), which in the CIELAB space is
dependent on the roughness of the surface (Lopez et al 2018); therefore, the measured surfaces should
show similar roughness. Whitish-cream Roman aerial lime mortars from Spain are reported to have
high luminosity (70-85 units) and low chroma (saturation) (6—15 units) (Ergenc, 2017).

Ultrasound pulse velocity (UPV) testing is a portable and non-destructive technique used to measure
the ultrasound propagation velocity of longitudinal or P waves (Vp), which can be used in air-lime
mortars to check, mainly, their compactness (Cazalla et al 1999, 2004). The higher the compactness of
the mortar, the higher the values of this velocity, based on the fact that ultrasound travels faster
through solids than through gases (air contained in pores and fissures). In situ tests require indirect or
surface mode measurement (both transducers — ultrasound emitter and transmitter — are placed on
the same plane), while in laboratory measurements direct transmission can be used (transducers are
placed in parallel and on opposite planes of a cubic or prismatic mortar specimen) and anisotropy
indices can be calculated (difference between the values obtained when measuring along each of the
three spatial axes). According to Cazalla (2000), the total anisotropy index (AM, Guyader and Denis
1986) accounts for variations due to changes in porosity and compaction, among others, while relative
anisotropy (Am) results from variations in the compaction plane. The lowest Vp values usually
correspond to the direction perpendicular to the compaction of the mortar (applicable to both bedding
and pointing mortars, and plasters). To ensure the best contact between the transducers and the
mortar surface, and to minimize the effect of surface roughness on the measurement, it is advisable
to use a plastic membrane.

With UPV measurement, especially when ultrasound S or transverse waves are used, it is possible to
calculate the elasticity modulus of the mortars, which identifies the deformation capacity of a material
under stress (Tungoku and Caner-Saltik 2006; Giiney 2012). Historic aerial lime mortars dating back to

the 12" and 13" centuries show an elasticity modulus of 1-3 GPa (Tungoku and Caner-Saltik 2006).

3.1.1 Hydric properties
Water movement and hydric properties can be determined by the following tests:
- water absorption at atmospheric pressure (as a percentage), in accordance with EN 13755
(2008). The specimen, once dried and after recording its weight, is completely immersed in

water (keeping a 25-mm layer of water over its top surface) until it acquires a constant weight
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(its weight is recorded every 24 hours). The standard, which is intended for natural stone,
recommends measuring a minimum of 6 specimens of geometric shape (cubes, prisms or
cylinders) of about 50-70 mm per side or diameter.

- water absorption by capillarity, in accordance with EN 15801 (2009), already described in
Section 3.1.e. There is also another standard (EN 1015-18, 2002) for determining the water
absorption coefficient due to capillary action of hardened mortar for masonry, although it is
intended for fresh mortars (including aerial lime mortars).

- water absorption by the pipe method (EN 16302, 2013): The purpose of this test is to measure
the penetration of water into the material under a pressure analogous to that exerted by
rainwater. The method can be used both in the laboratory and in situ due to its non-destructive
nature (and on both vertical and horizontal surfaces), and consists of determining the amount
of water (ml) transferred from the pipette (or Karsten tube) through a given test area (cm?)
over a set time, expressed in ml/cm?. At least three specimens or mortar surfaces (for each
type of mortar) should be measured, and for mortars containing coarse aggregates the area
diameter to be measured should be at least three times (and preferably five times) the size of
the coarsest aggregate. If anisotropy exists, the specimens should be orientated in the same
direction. The Karsten tube must be firmly fixed to the measuring surface (which must be
smooth and without visible cracks) by mechanical methods or by using a suitable removable
sealing material to avoid water leakage.

- water vapour permeability, in accordance with EN 15803 (2009). In this test, penetration of
water vapour through the thickness of a specimen is measured by subjecting the specimen to
different partial water vapour pressures (reached using the different saturated saline solutions
and gels proposed by the standard). The standard recommends two possible types of cuvette
or device for the test, with the dimensions of the three specimens (the minimum number
recommended) depending on this choice. If anisotropy exists, the specimens should be
orientated in the same direction. Maximum specimen thickness should be 20 mm; in the case

of mortars with coarse aggregates, it should be at least twice the size of the coarsest aggregate.

Not only are these water absorption tests of interest when studying these mortars, it is also of interest
to examine how the absorbed water evaporates during the drying stage (EN 16322, 2013). The drying
properties of materials can be calculated from a curve indicating the weight loss of the mass of water
inside the test tube (previously saturated with water), as a function of time, during a drying
experiment. The number of specimens, the dimensions and the orientation in the event of anisotropy

are the same as described in Section 3.1.e (capillary water test).
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In the case of low cohesion of the mortar samples, it is not advisable to carry out tests in which water
is involved, which may lead to crumbling of the mortar, as well as producing erroneous results. Arizzi
and Cultrone (2014) suggest considering the possible alteration of mortar microstructure due to
reactions with water when interpreting the hydric behaviour of mortars, although this occurs mainly

in fresh mortars.

3.2 Mechanical properties

Analysing the mechanical properties of mortars is crucial for evaluating the structural performance of
historic masonry since raw material characteristics and lime mortar production technologies
contribute to variability in structural conditions and composition. The reaction products in the matrix
and the integration of the newly formed crystals are what give mortar its mechanical strength. The
microstructure (i.e. the size, shape and orientation of the crystal phases) of the binder essentially
determines the engineering properties of the material.

Mechanical testing includes measuring the strength characteristics of the mortar (compression, tensile
and shear strength, EN 1015-11: 2019), the elasticity modulus, and the adhesive strength of hardened
rendering and plastering mortars on substrates (EN 1015-12: 2016). Both standards refer to the testing
of moulded mortars.

These characteristics cannot always be measured directly due to difficulties in obtaining sufficient
material volume for some of the standardized tests (compression and flexural tests, adhesive strength;
due to their destructive nature they are more appropriate when designing new air-lime mortars for
replacement, which is not the focus of this TC chapter). Velosa et al. (2010) emphasize the difficulty of
working with archaeological mortar samples because of their insufficient amounts and irregular
shapes. Therefore, mechanical and physical tests cannot be conducted using engineering standards.
Air-lime mortars show compression strengths of between 1.5 and 2.5 MPa and are therefore used in
building applications that do not provide a support function (Stefanidou 2010; Ferreira Pinto et al.
2021). Dolomitic lime is reported to exhibit more shrinkage and lower carbonation, resulting in lesser

mechanical properties (Arizzi and Cultrone 2012).

Some authors employed the point-load test to measure the compression strength of small (> 25 mm
thickness) fragments of ancient lime mortars (Tungoku and Caner-Saltik 2006; Giiney 2012). Drdacky
and Slizkova (2007) describe non-standard tests for small samples of historic mortars that allow them
to study the mechanical strength of these materials.

The strength of an aerial lime mortar is proportional to the strength of the weakest component — the

binder — in our case aerial lime (Lawrence 2006).
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A DRMS (drilling resistance measurement system, a minimally destructive technique) measures the
resistance offered by a material when drilled. It is therefore possible to measure changes in this
resistance from the surface to the interior of the mortar, either through mortars or across plasters
(Rodrigues et al 2002). The force that is required to drill an orifice (a few millimetres in diameter,
depending on the drill bit) under specific operating conditions correlates to the compressive strength
of the measured material (and with ultrasound velocity according to Costa et al 2012). Nevertheless,
the heterogeneity of mortars deriving from their characteristic granular texture (binder and
aggregates) sometimes produces very irregular drilling curves that are hard to interpret, especially in
aerial lime mortars with siliceous aggregates due to the strong contrast between the
hardness/resistance of the soft lime-based pastes and the siliceous particles of the aggregates (Ferreira
Pinto et al. 2021). A minimum of 3-5 drillings is recommended, although more drillings should be

performed when the results obtained are too widely dispersed.

Aerial lime mortar hardness can be measured using the rebound hardness test (Pinto et al 2012).
Today, these measurements can be taken with portable and non-destructive equipment (Ergeng and
Fort 2018; Ergencg et al 2018a) thanks to recently developed low-impact surface hardness testers such
as Equotip by Proceq (Wilhelm et al. 2016), a device as small as a pen (and with the shape and
appearance of one). The contact diameter of the probe (inside which is the metal sphere that impacts
the surface) is 0.5 mm. This means that the area of the mortar surface to be measured has to be known
in advance, indicating when we are measuring an aggregate (or an area enriched in aggregates) or
binder. This, together with the rough surface of mortars, and the significant difference in the case of
siliceous aggregates in contrast to lime paste, can result in low reading repeatability, which has to be
balanced with a high number of measurements (starting with a minimum of 5-10 readings). In general,
hardness values measured on the external surface of aerial lime mortars are higher than those taken
inside, given that carbonation is usually completed in the external areas and may not be so in the
internal ones (Lawrence 2006). Roman aerial lime mortars are reported to have surface hardness

values of between 170 and 442 LH (Leebs Hardness) (Ergeng, 2017).

3.3 Petrographic characterization

Petrographic analysis provides valuable information on the technology of manufacturing lime and its

mortars, as well as on their composition, texture and state of development and conservation (Hughes
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and Cuthbert 2000; Pavia and Caro 2006, 2007, 2008; Elsen 2006; Karkanas 2007; Ergeng, 2017;

Balksten et al 2019). It is a destructive technique that needs a sample size larger than 1 cm?3.

Although there are different types of microscopes, petrographic microscopes (polarizing light optical
microscope) have been the most widely used in Europe to study lime mortars since the 1970s due to
their accessibility and high efficiency (Elsen 2006; Balksten et al 2019). The different microscopic

techniques for characterizing aerial lime mortars are described below.

3.3.1 Stereomicroscopy

Stereomicroscopy allows detailed macro-observation — complementary to naked-eye observation — of
aerial lime mortar samples, specifically the distribution, morphology and size of the aggregates, pore
shape and size, the presence of fissures and cracks, as well as of contact between layers, if present,
and between mortar and substrates. A rough estimation of the binder/aggregate ratio can be obtained
with this technique. Portable and handheld digital microscopes (e.g. Dino-Lite) with up to 900x
magnification, 5-megapixel resolution and specific illumination — such as ultraviolet or infrared — are

now commercially available.

3.3.2 Polarized optical microscopy

Petrographic microscopy (and, specifically, transmitted polarized light optical microscopy-POM,;
reflected light optical microscopy permits identification of pigments in mortars in accordance with EN
17187:2020) is considered the most useful analytical tool for studying the mineralogy and texture of
mortars (Barnett 1991; Goren and Goldberg 1991; Lindqvist and Sandstrém 2000; Hughes and
Cuthbert 2000; Affonso and Freiberg 2001; Hughes et al 2001; Degryse et al 2002; Elsen 2006;
Middendorf et al 2005; Karkanas 2007; Blaeuer and Kueng 2007; Pavia and Caro 2008; Balksten et al
2019). It also provides information about the complexity of the chemical and physical changes in the
mortars during setting and carbonation (hardening and curing). It is likewise a useful tool in the

diagnosis of degradation of historic mortars (Elsen 2006; Pavia and Caro 2007).

For the petrographic study, thin sections of mortar samples must be prepared. Preferably, these
sections will be cut perpendicular to the external surface of the mortar to obtain the whole picture
and the variation from the surface to the interior. If soluble salts are present, production of the thin
sections will use oil instead of water. Frequently, the loss of cohesion in historic aerial lime mortars
makes it necessary to encapsulate them in resin beforehand to prevent them crumbling when
obtaining the thin sections (Figure 3b). Once the resin has hardened, the mortar sample can be cut

into 5-mm-thick slices; the most common thin-section area is 3 x 2 cm?. This mortar slice is glued to a
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glass sample holder on one side, and the other side is ground down into a standard 30-um-thick
(0.03 mm) thin section; this is the necessary thickness to observe the optical properties of minerals.
The thin sections can be protected with lacquer or a coverslip. They are then labelled and are ready to
be examined under the polarizing microscope. Goren (2014) describes the process in detail, using a
portable petrographic thin-section laboratory for microscopic analysis of archaeological artifacts. The
technique for the preparation of thin sections and for petrographic description is included in the EN
12407:2019 and EN 17187:2020 standards. Although the technique is destructive, for a thin section

only a small centimetre-size sample is required.

Staining techniques can be applied to thin sections to highlight and differentiate between various
minerals. Red alizarin is one of the dyes most widely used to stain lime mortars to differentiate

between carbonates (calcite versus dolomite): calcite stains red while dolomite either does not stain,

or stains blue if it contains Fe?* (Dickson 1966).




©CO~NOOOTA~AWNPE

Figure 4. POM images of aerial lime mortars in parallel (PPL) or cross-polarized (CPL) light mode. A-B-
C. Mortars in PPL with a brown cryptocristalline binder and siliceous aggregate (Q-quartz and/or Mr-
metamorphic rock fragments). A. Mortar with abundant vascular porosity (semi-circular, P2) and
irregular (P3), many aggregates, not much binder and lime lumps (L) that may contain fissural porosity.
B. Mortar with abundant fissural porosity (P1) and highly fractured quartz aggregate. C. Appearance of
the binder in PPL during its carbonation process. D. The birefringence of the binder (CPL) indicates its

degree of carbonation (portlandite-grey to black and calcite-dark brownish).

Analysis of thin sections of aerial mortars can provide answers to a wide variety of questions. The
method requires experience and expertise from both the technician who prepares the thin sections
and, especially, from the analyst (the petrographer), often a trained specialist. There are many
petrographic atlases, which are excellent tools for identifying the different components of these
mortars under the microscope (Blaeuer and Kueng 2007; Ingham 2011; Pecchioni et al 2013; EN

17187:2020).

The study focuses on distinguishing the components of the mortar (Figures 4 and 5) (Elsen 2006; Pavia

and Caro 2007; Balksten et al 2019):

- Lime binder. The petrographic study can identify the provenance of the carbonate rock (raw material-
limestones, dolostones), degree of calcination, slaking and hardening, as well as the presence of
fragments of incompletely calcined limestone and of lime lumps (Hughes and Cuthbert 2000; Pavia and
Caro 2008). It is also possible to determine the calcitic or dolomitic nature of the binder since dolomite
does not stain red. In POM, the binder of an aerial lime mortar is seen as a cryptocrystalline mass
(crystal size < 4 um) of dark brown or green colour (PPL; Figures 4A-C and 5), highly similar to the so-
called micritic limestones of sedimentary origin, from which the binder may have come (Goren and
Goldberg 1991; Leslie and Hughes 2002; Karkanas 2007). The binder may show processes of dissolution
and dissolution-recrystallization, recognizable by analysing the grading of the binder crystal sizes and
shapes. It is also possible to establish the degree of carbonation reached by the binder, considering
the transition of textures (the texture being the set of intergranular or intercrystalline spatial
relationships and morphological characteristics — size and shape — of the mortar components), which
can be detected using POM and that is related to both the degree of crystallinity and the degree of
birefringence (an optical property of minerals related to interference phenomena of polarized light
with anisotropic media) of these crystalline masses (Karkanas 2007; Balksten 2019). The greater the
presence of calcite (calcium carbonate, CaCOs) versus portlandite (calcium hydroxide, Ca(OH),), the

more extensive the carbonation process achieved by these mortars. In POM, hydrated or slaked lime
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(portlandite, CaOH,) is poorly crystallized, showing a lower degree of birefringence than calcite
(calcium carbonate, CaCOs), which is better crystallized and shows medium birefringence (Figures 4C-
D). On many occasions, to determine the shape of these microcrystals it is necessary to use scanning
electron microscopy (SEM), as this technique offers higher magnification and resolution (Elsen 2006).
An optical light microscope with a 50x objective lens allows relatively good observation down to crystal

or grain sizes of 50—60 pm.

In aerial lime mortars it is very common to find lime nodules (lime lumps) of different sizes (Figures 33,
4A, 5B, 5D-E and 5G-H). Up to 35% lime lumps (ranging in size from 50 um to 10 mm) can be found in
the binders of historic mortars (Leslie and Hughes 2002, Ingham 2011). Poorly burnt limestone
fragments preserve internal geological features characteristic of the original limestones (e.g. fossils or
sedimentary structures). These fragments are formed either because the kiln did not reach the
calcination temperature (800 °C) or because of the location of these fragments in the kiln, in which
heat distribution was uneven. These lime lumps may also be a result of poor slaking of quicklime or
poor mixing of the mortar components, thus providing information about the techniques used to
produce these mortars in different historical periods in a region (Affonso 1996; Hughes et al 2001;
Karkanas 2007; Pavia and Caro 2007; Balksten et al 2019). These lime lumps can be identified under a

microscope as follows:

1. When they have explicit boundaries, it can be inferred that they are uncalcined limestone
(Figure 5B).
2. When they show poorly defined boundaries, it implies a lack of slaking water during mortar

manufacture (Figures 5D-E).

3. Their shape enables identification and separation, since lime nodules are more rounded
(Figures 4A and 5G-H) than poorly burnt limestone fragments (Figure 5B) and their internal

composition is more homogeneous (lime lumps have fewer coloured halos due to calcination).

- Aggregate: Historically, aggregates were cleaned of salts and clays both so that they would adhere
well to the lime binder and to prevent decohesion. The nature of the aggregates can vary: a) natural
(silicates and/or carbonates), depending on the regional geology surrounding the location of the
mortars, or b) artificial (ceramics, recycled material from other building works) (Figures 4 and 5;
Ingham 2010). Among the silicates, quartz, feldspar and mica are the most abundant minerals and can
appear as isolated grains or as part of rock fragments (igneous, metamorphic and/or sedimentary
polymineral grains; e.g. granite, basalt, shale, slate, sandstone). According to EN 17187 (2020),
aggregates are divided into reactive or hydraulic (crushed ceramics or volcanic rocks — pozzolans and

ashes), and inert or non-reactive (other rocks and geological sediments, excluding volcanic and other
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recycled artificial materials). It should also be noted that the shape (angular or rounded) of the
aggregate grains indicates whether the aggregate was extracted directly from the banks of a river
(rounded or sub-rounded shapes) or whether it comes from the crushing of quarried or artificial stone
(angular shapes) (Bustillo-Revuelta et al. 2014) (Figures 3, 4 and 5, Fort et al. 2004). The presence of
rounded and poorly sorted aggregates (from 0.063 mm to 4 mm) facilitates the workability of the
mortars (Ingham, 2011). In historic plasters, it is common to find well sorted and sub-angular
aggregates that can reduce drying shrinkage problems (Ingham, 2011). The high reactivity of the lime
and its high adhesion to the aggregate results in unclear contacts between the two components
(Figures 4 and 5; Leslie and Hughes, 2002; Elsen, 2006; Pavia and Caro, 2008; Rafanelli et al. 2017,
Gliozzo et al. 2021, this TC).

- Pores: The morphology, size, distribution, quantity and structure of the pores can be measured in
thin sections. These data can provide information about the manufacturing process of these mortars.
The porosity of these mortars mainly affects the binder (Figures 4 and 5). The following types of pores

are frequent in aerial lime mortars (Hughes and Cuthbert 2000; Leslie and Hughes 2002; Elsen 2006):

a) Rounded or sub-rounded pores (vascular pores), which are produced by the techniques used to
manufacture and/or place the mortars on site, where fluids — entrained or entrapped air — are trapped

in the mixture (Balksten et al 2019).

b) Fissures and cracks, which appear frequently both in the binder and inside the lime lumps, and/or
in the binder-aggregate contact in these mortars. They are due to shrinkage of the aerial lime during
setting and carbonation (Affonso 1996; Leslie and Hughes 2002; Karkanas 2007; Pavia and Caro 2007,
2008). They may also be due to the presence of salts and clays, mainly related to the edges of the

aggregates.

c) Irregular or secondary porosity (frequently composed of irregular-shaped pores), which mainly
affects the binder and is due to post-carbonation dissolution processes related to changes in and
degradation of the mortar (Elsen 2006; Pecchioni et al 2013). Subsequent recrystallization at pore
margins leads to angular and lenticular pores becoming rounded (Leslie and Hughes 2002). This filling
of some fine cracks and capillary pores by recrystallization of calcite, the so-called “self-healing”

capacity of lime mortars, increases the mortars’ durability (Lubelli et al 2011).

- Binder/aggregate relationship: By estimating the binder/aggregate ratio it is possible to indicate the
proportion of binder and aggregates used to manufacture these mortars. The ratio is usually given in
volume. A very rough visual estimation can be made by manually counting points under the

microscope. Recently, it can be made by using image-processing tools (Caro et al 2006). The contact
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between binder and aggregates can also be analysed, especially in terms of degree of
adhesion/bonding of the two mortar components, fissured contacts, or the existence of crystal

neoformation (recrystallization processes) in between them.

The binder/aggregate ratio and the percentage, average size and distribution of both aggregate and
pores and fissures can be determined using image-processing software (Elsen 2006; Pavia and Caro

2007, 2008; EN 17187:2020).

- Additives/admixtures: Compounds added to the mortars to enhance specific properties such as
strength, waterproofing, aesthetics and durability can be distinguished by petrographic analysis.
Organic additives include charcoal particles (which could also be a result of kiln contamination) and
plant fibres and remains (Figures 3A and 5B). Carbonaceous compounds are observed as irregular
grains, of variable size, which may appear with fissures in their perimeter. Plant remains may be whole
or partially/completely decomposed. In the former case their cell structure is well defined, and in the

latter they leave the shape of their moulds as pores. Inorganic additives like ceramic fragments,

volcanic ash, furnace slag or ferric compounds may also exist (EN 17187:2020) (Figure 5C).
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Figure 5. POM images of historic aerial lime mortars (17" century), in parallel (PPL) or cross-polarized
(CPL) light mode. A to I. Siliceous aggregates can be very abundant (Q: quartz; F: feldspar; M: mica; Mr:
metamorphic rock fragments), along with different types of lime lumps (L). Porosities — fissural (P1),
circular-vacuolar (P2) and irregular (P3) — abound in the dark microcrystalline binder. B, C and D. There
may be organic inert additives (V) and/or inorganic (ceramic fragments, C) additives. E and H. The
average birefringence of the binder (CPL) indicates its degree of carbonation. F and I. Fluorescence
microscope images (FL), where the green intensity reflects the degree of porosity, which affects the
binder and the lime lumps.

3.3.3 Scanning electron microscopy

Due to its higher resolution (up to 10,000x magnification), SEM is the other significant step in the
process of microscopically characterizing lime mortars (Gourdin and Kingery 1975; Kingery et al 1988,
1991; Elsen 2006; Karkanas 2007). SEM analyses can be performed on mortar fragments (< 1 cm3) or
on thin polished sections (the same thin sections previously prepared for POM can be used, but
without any lacquer or coverslip). A scanning electron microscope equipped with an EDS (energy-
dispersive X-ray microanalysis device) and SE (secondary electron) and BSE (back-scattered electron)
detectors provides significant qualitative and semi-quantitative information about crystal morphology
and the chemical composition of the binders and lime lumps, as well as size measurements of crystals
and grains (for quantitative analysis, use of an electron microprobe is required, which is much more
expensive and time-consuming, but much more accurate) (Figure 6). It also offers the possibility of
element mapping and of obtaining information about the changes in lime binders while they are
carbonating (Randonjic et al. 2001; Cultrone et al. 2005; Elsen 2006; Stukovnik et al. 2016; Ergeng et
al. 2018b). It likewise allows further study of recrystallization and dissolution processes within the
binders. Study of the aggregates using SEM-EDS complements and deepens the analysis (which must
be carried out previously using POM, especially in the case of ceramic aggregates or aggregates
recycled from other artificial materials, or even from other mortars), or when differentiating between

the various types of feldspar (microcline, albite, etc.) or determining the nature of rock fragments.

SEM analysis requires the metal sputtering of the sample to be electron-conductive; environmental
scanning electron microscopy (ESEM) does not require this prior step, and samples can be used for

other analyses as the technique is non-destructive.

The data and images obtained can be digitally processed using the same image-processing and
statistical software used in POM in order to confirm, complete and improve the same types of
information (binder/aggregate ratio; percentage, average size and distribution of both aggregate and

pores, etc.).
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Figure 6. SEM images in BSE mode of an aerial lime mortar fragment from the 17" century. Pores can
be observed as irregular (P3) and fissural (P1), which affect the binder of these mortars and the edges
of the siliceous aggregates. The degree of crystallinity of the binder improves with its carbonation,
forming well defined crystals (calcite - CaCOs; white crystalline aggregates).

1. 3.3.4. Other microscopy techniques

Fluorescence microscopy (FM) combines the use of POM with fluorescence microscopy (Figures 5D-I).

FM can be described as POM to which an illumination source that emits ultraviolet light has been
coupled. Fluorescence is the property of some organic or inorganic compounds to absorb ultraviolet
light and partially re-emit it. Therefore, mortar samples that are to be analysed using FM but that are
not naturally fluorescent need to be impregnated with a fluorescent substance (fluorescein). This is
added to a resin that is then inserted into the sample during thin-section preparation (Varas-Muriel
2012). The FM method is suitable for identifying both inorganic and organic components, and also for
examining the porosity of mortar (Elsen 2006; Pavia and Caro 2007; Ingham 2011; Balksten et al. 2019).
Organic compounds show a certain natural fluorescence when irradiated with ultraviolet light, which
is especially of interest in detecting the presence of organic additives. On the one hand, the fluorescein
substance incorporated in the resins used to make the thin sections of these mortars stains the most
porous areas a very intense green when ultraviolet light is reflected on them (Figures 5F and 5l). It can
also be seen that the binder itself and its lime lumps have a certain fluorescent mottling due to their
internal microporosity (Figures 5F and 51). On the other hand, the grains that constitute the aggregate,
when dense, with no pores or fissures, remain black, without any fluorescence. Using this technique,
the distribution, size and quantity of aggregates and of existing pores and fissures in any component
of the mortars can be calculated with the help of image analysis software (Pavia and Caro 2007; Ingham

2011).
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Cathodoluminescence coupled to a polarized optical microscope (POM-CL) allows the identification of

the components and geological/mineralogical transformation processes that carbonate rocks have
undergone (Walkden and Berry 1982; Machel 2000; Chapoulie et al. 2005). This technique uses the
same thin section as POM, but not the one used in FM, as in the latter an impregnating fluorescent
substance is required. These components emit luminescences of different wavelengths when
irradiated with an electron beam. The ability to differentiate between different carbonate phases (or
carbonate of different origins) is the reason for using this technique to study historic mortars, as it
makes it possible to differentiate calcium carbonate (CaCOs) of geological/natural origin (original
grains) from that generated by the pyrogenic process (Elsen 2006; Lindroos et al 2007; Michalkska and
Czernik 2015; Hayen et al 2016), namely replacement calcite (or calcite recrystallized after mortar
setting) (Hiatt ad Pufahl 2015) or calcium carbonate formed by calcium hydroxide carbonation. The
use of POM-CL therefore makes it possible to assign a fragment composed of calcite to a natural

aggregate or to a neo-formed crystal due to dissolution-precipitation processes.

Cathodoluminescence coupled to a scanning electron microscope (SEM-CL) allows resolutions at a
micrometric level and, above all, allows intensity and wavelength values to be obtained for each point
(not possible with POM-CL), with the possibility of mapping the wavelengths emitted by the mortar
components in the range between 300 and 900 nm (Toffolo et al 2020). Under this technique, CaCOs
of geological origin emits at about 620 nm, resulting in orange tones, while the carbonated lime mortar

binder emits at 450 nm, producing a blue tone (Toffolo et al 2019).

Lime lumps can also be differentiated by their luminescent areas, which are usually orange-red; dark
red to purple colours are observed in under-burnt limestone fragments (Lindroos 2005; Lindroos et al

2007; Murakami et al 2013, Lindroos et al 2014).

2. 3.4. Mineralogical characterization using X-ray diffraction

X-ray diffraction (XRD) permits identification of the different minerals in aerial mortars and plasters
(Elsen 2006; Balksten et al 2019). One of the main disadvantages is that there are minerals in these
mortars that overlap and are masked in the diffractograms, with some of them sharing XRD peaks,
making it difficult to identify each of them (Igea et al 2012; Jordan et al 2019). To analyse samples using
this technique, approximately 2 g of sample (depending on the equipment) is required. This has to be
ground to a powder with a particle size of < 53 um. After analysis, the sample can be used in other

analyses.

Historic aerial lime mortars contain a number of characteristic minerals: calcite (the-main component
of both the carbonated binder and/or the carbonate aggregate), and quartz (common component of

the siliceous aggregate). This simple mineralogy can get more complex when the lime is dolomitic (we
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will find dolomite), the aggregates are not only quartz (feldspars, micas, rock fragments), and
subsequent alteration products are added (saline compounds such as gypsum) (Alvarez et al 2000;
Biscontin et al 2002; Mota-Ldpez et al 2016).

This analytical technique can only detect mineral phases present in more than 4% wt. If the hydraulic
phases are below this amount, they cannot be detected. For this reason, to determine whether the
mortar is hydraulic or aerial, the binder is also analysed by separating the aggregate, if possible.
Nevertheless, in most historic mortars, physical separation of their different components is difficult to
achieve without damaging them or causing any of them to disappear. It is therefore highly common to
carry out the mineralogical study on the powder fraction of the whole sample. When this happens,
prior microscopic analysis is mandatory to assign the obtained mineralogy to each of the mortar
components. Figure 7 shows an example of XRD analysis of a historic aerial lime mortar with siliceous
aggregates. Identification of carbonate minerals is as follows: main calcite peak at 3.03 A; main
dolomite peak at 2.88 A. These two minerals are associated with the binder and/or the carbonate
aggregate, the presence of the latter having to be previously confirmed by POM. The presence of
portlandite (main hydrated lime peak at 2.63 A) is associated with incomplete carbonation of the lime
binder. The siliceous minerals identified (quartz 3.34 A, feldspars 3.24-3.18 A and micas 10-9.9 A,
mainly) can be considered as part of the aggregate, which may appear as grains composed of a single
mineral (e.g. quartz, feldspars or micas) or as rock fragments — composed of more than one mineral —
of different origins (sedimentary, igneous and/or metamorphic; e.g. granite is composed mainly of
quartz, feldspars and micas). Rock fragments, which are so useful for provenance studies, must be
studied using POM. Organic compounds (e.g. additives) cannot be detected by this technique, as they
do not constitute crystalline phases. The absence in the binder of minerals such as wollastonite,
gehlenite, belite-larnite, alite-hatrurite (calcium silicates, calcium aluminosilicates and calcium
aluminates, in the 2.97-2.61 A interval) rules out the presence of hydraulic binders and is therefore

indicative of aerial lime binders.
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Figure 7. XRD pattern of a historic aerial lime mortar (17" century), total powder sample, without
previous separation. The minerals identified are quartz and micas (muscovite, chlorite and biotite) and
feldspars (microcline and plagioclase), which account for the aggregate mineralogy, as isolated
minerals or in a rock fragment. The calcite identified corresponds to the binder, and not to the
presence of carbonate aggregate (after confirmation by POM).

03.5. Chemical characterization

3.5.1. Thermal analyses

Thermal analysis (TA) is a group of techniques that study the changing crystallographic properties of
materials as temperature changes. Thermogravimetric analysis (TGA) measures the mass change that a
mineral undergoes with temperature, commonly while raising it up to 1200 °C in a controlled
environment. Another thermal analysis is differential thermal analysis (DTA), in which the material
under study and an inert reference are subjected to identical thermal cycles. Any temperature
difference between the sample and the reference is recorded. In this technique, the heat flow to the
sample and the reference remain the same rather than the temperature. It is a destructive technique
in which 10 mg of ground sample is heated. TGA and DTA are used together (quantitative/semi-
guantitative techniques) to perform chemical characterization and analyse the crystallographic
thermal stability of mortar components (binder and aggregate) (Schueremans et al. 2011). Figure 8

shows an example of an aerial mortar analysed using TGA-DTA.



©CO~NOOOTA~AWNPE

In aerial lime mortar, weight loss due to release of hygroscopic water occurs below 120 °C, release of
interstitial water occurs up to 150 °C, water release in hydrated salts occurs between ~120 and ~200
°C and water chemically bound to the hydraulic phases is released at between ~200 and ~600 °C
(Lawrence 2006; Genestar et al. 2006; Schueremans et al. 2011; Ergeng 2017). If the amount of the
latter accounts for less than 3%, the mortar can be considered an aerial lime mortar (non-hydraulic)
(Moropoulou et al. 2000). Weight loss above 600—650 °C is attributed to the release of carbon dioxide
gas — CO; (decarboxylation process) — during CaCOs; decomposition (Figure 8), although Bakolas et al.
(1995) indicate that this decomposition can occur at lower temperatures (500-600 °C) when there are
salts in the mortar. In addition, portlandite can also be detected (at between ~350 and ~450-550 °C)

in historic mortars located in the inner parts of the masonry.
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Figure 8. TGA/DTA thermal analysis of a historic aerial lime mortar from the 17" century. The red line
refers to TGA and the blue line to DTA.

3.5.2. Chemical analyses using vibrational spectroscopy: Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy mainly makes it possible to identify the organic
compounds intentionally added to these mortars (additives and admixtures), such as tallow, wax,
nopal, animal glue, hair, blood, olive oil, linseed oil, egg, sticky rice, etc. (Yang et al 2009; Ingham 2011;
Ventold et al 2011; Zhang et al 2018; Artioli et al 2019). Detecting organics in historic mortars is not
always possible since they decompose over time. FTIR also identifies inorganic functional groups,

based on the vibration bands of the molecular bonds (Diekamp et al. 2012; Jordan et al. 2019).
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Attenuated total reflectance (ATR) is a spectroscopic method frequently used with FTIR
spectrophotometers due to the advantages of its high accuracy, need for very little sample. For this
destructive technique, either pellets prepared using the KBr method (200 mg) or 1.5 mg of powdered
sample are needed. There are also handheld versions used to perform non-destructive testing in the
field. Although their accuracy is lower than that of laboratory equipment, they can be very useful in
situ as a means of discriminating/grouping samples and selecting the most adequate and
representative ones for analysis in the laboratory. The FTIR technique complements XRD analysis in

the characterization of historic mortars (Jordan et al. 2019).

When analysing these mortars, the resulting spectra allow the identification of the following minerals
(Figure 9) and organic compounds (Derrick, et al 1999; Farcas and Touzé, 2001; Park et al. 2002; Galvan-
Ruiz and Veldzquez-Castillo, 2011; database: The RRUFF™ Project, https://rruff.info):

- Calcite (carbonated binder, or carbonate aggregate) presents Ca-O stretching and bending
vibration bands mainly at 1450, 1800, 876 and 716 cm™.

- Quartz (aggregate) presents Si-O vibration bands at 1090-1050, 1160, 799-788, 699 and 530 cm™.

- Feldspars and micas (aluminium silicates, aggregates) show Si-Al, Al-O or Si-Al-Si vibration bands
at 1007, 800-700, 586 and 540 cm™ (Figure 8).

- Portlandite, when present in more recent mortars or incomplete carbonated mortars, appears at
3640, 1470-1450 and 855 cm™, showing O-H (3640 cm™) and Ca-O (1470-1450 and 855 cm)
calcium hydroxide vibration bands.

- Structural and free water appears at 3440-3430 cm™ (O-H) and at 1640-1620 cm™ (H-O-H)

- Gypsum, either as a decay product or as an original raw material appears, with double bands, at

3525-3401 (0-H), 1682-1627 (H-O-H), 1145-1120 (S-0) and 670-600 (S-0) cm™

- Organic additions can be detected by the presence of the carbonyl (C=0) group absorption bands
between 1630 and 1750 cm™: 1740 cm™ for ester, 1710 cm™ for ketone, 1650 cm™ for amide |,
1550 cm™ for amide 1l and 1450 cm™ for amide IlIl. There is also a C-H stretching vibration double
band in the region of 3000-2800 cm™, which accounts for methyl (CH3, 2962 and 2872 cm™) and
methylene (CH2, 2926 and 2850 cm™) groups. Therefore, in the case of wax addition, there will be
stretching vibration double bands at 2926-2850, 1466—1462 and 730-720 cm™. When oil is
incorporated into the mortar mix, we expect to find bands at 1750-1740, 1464-1464, 1238-1244
and 1165-1154 cm™. When animal proteins are used, they can be detected at 1630-1680, 1520-
1560, 1450 and 1240 cm™ (Derrick et al 1999).


https://rruff.info/
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Figure 9. Interpreted FTIR spectrum of a historic aerial lime mortar from the 17 century.

3.5.3. Other techniques used in chemical analysis

X-ray fluorescence (XRF) investigates the chemical composition of and impurities in binders. The main
purpose of this analysis is to identify quantitatively the elements of materials. An XRF spectrometer
allows determination of the chemical composition of the major elements (SiO,, TiO,, Al>Os, Fe;0s,
MnO, MgO, Ca0, Na,0, K,0, P,0s) and trace elements (Ni, Cr, V, La, Ce, Co, Nb, Y, Sr, Zr, Cu, Zn, Rb)
present in the mortar samples. In addition, loss on ignition (LOI) of the powdered samples provides
insights into the degree of carbonation.
The XRF samples of the powdered binder are analysed using a wavelength-dispersive XRF
spectrometer (Miriello et al 2015). The use of portable XRF equipment allows direct measurements to
be taken on mortars without the need for sampling. This technique has been introduced in recent years
(Frahm and Donan 2013) due to its versatility and the results obtained, although they are semi-
guantitative for materials such as mortar. Although the resolution of this portable technique is low,
the results can be utilized for relative comparison of mortars (Donais et al 2020).

EDS analysis coupled to SEM (SEM-EDS) is a semi-quantitative analytical technique that can be
performed on thin sections or bulk samples coated with conductive graphite, or without any metal
sputtering when an EDS coupled to an environmental SEM (ESEM) is used, which makes it possible to
use the mortar samples in further analyses. By means of EDS, analysis can be performed on a point, a

line or an area, obtaining the results either as percentages of the corresponding chemical elements, or
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as the calculated oxides of the elements. Note that EDS cannot detect elements less than 0.01 wt% or
low atomic number elements (until C). SEM-EDS has been successfully utilized to identify the
composition and texture of aggregates, lime lumps and binder (La Russa et al. 2015, Ricca et al. 2019),
and it is especially useful to confirm that the binder is an aerial one and to detect carbonatic aggregates

(Cultrone et al. 2005).

03.6. Stable Isotope analysis (6 3C and & 20)

In archaeometry, analysis of 1*C and °N isotopic content allows establishment of paleo-diets (Carvalho
and Petchey, 2013) or definition of population migrations by means of the strontium isotopic ratios
(87Sr/88Sr) that exist in the remains of analysed bones, teeth, hair, etc. (Frei et al. 2015). In lime mortars,
stable isotopes 3C and 30 are used to determine their history, including the manufacturing techniques
employed, together with the components used and their physico-chemical reactions during the
carbonation process, and the formation of secondary phases by the action of alteration or

recarbonation/crystallization (Dotsika et al. 2009, 2018).

For this analysis, small fragments of lime binder not subject to alteration processes are extracted from
the mortar sample with a scalpel. They are then ground and diluted in orthophosphoric acid and
analysed using a mass spectrometer. Isotope contents are defined as §'3C and 60 using the isotopic

standard reference for VPDB carbonate (Cretaceous belemnites at Pee Dee, South Carolina, USA),

6 = [(Rsample - Rstandard) /Rstandard] x 1000

where R is the ratio of heavy isotope to light isotope, in this case ¥0/*°0 or 3C/*C.

Changes in the 8C and 60 isotopes are determined by the history of mortar: the manufacturing
techniques, together with the components used and their physico-chemical reactions during the
carbonation process, and the formation of secondary phases by the action of alteration or
recarbonation/crystallization (Dotsika et al. 2009, 2018). The content of the §13C isotope may indicate
the existence of geological carbonate — or incomplete calcination of the carbonate to make the lime —
and may overestimate the age of the mortar. It is thus possible to determine whether the lime was
made from marine or continental fossil remains as the §'3C values will be between -1 and +4 °/o0 and

between -8 and -12 °/oo, respectively.

In addition, a lower 8§'3C content may be due to recarbonation processes and, therefore, give more
recent ages. All this requires correction of the values (Van Strydonck et al. 1986; Ambers 1987,

Nawrocka et al. 2005).
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The trend in the isotopic content during carbonation is towards enrichment of both isotopes to reach
the values of the limestone with which the mortars have been made, following the trend identified by
Kosednar-Legenstein et al. (2008).

However, isotope fractionation depends on many other factors, such as environmental conditions and
the type of mortar.

In alkaline environments, as is the case with fresh lime mortar, which is rich in portlandite, the values
are -25% for 6§3C and -20% for 6§30 (Kosednar-Legenstein et al. 2008). These values change as the pH
becomes more neutral during carbonation and portlandite transforms into calcite.

In areas of higher humidity, it is likely that more positive values of 680 and more negative values of
813C will occur, favoured by increased biological activity (Aberg et al. 1995; Michalska and Pawlyta
2019).

Those changes in the isotopic evolution also makes it possible to establish whether the mixing water
used in production of the mortar was the same in the different construction phases, as well as to
identify differences in the raw materials used to produce the mortar (Ergenc et al. 2019). The existence
of consolidation and/or water-repellent treatments makes isotopic characterization of the mortars on
which they were applied unfeasible (Ergenc et al. 2019).

The presence of saline phases can lead to enrichment of 5280 (Dotsika et al. 2018), although it depends
on the type of salt and its concentration, with the processes of dissolution and subsequent

recrystallization or cementation of calcitic phases having more influence (Fort et al. 2021).

03.7. Dating techniques

One of the archaeological challenges is to establish the date of construction of the architectural
elements. Absolute dating of the mortars is crucial when it comes to specifying the phases of
construction. Mortar dating remains one of the most difficult problems to solve as regards obtaining
reliable results. Current research is trying to develop two techniques in particular: isotopic radiocarbon
(*4C) techniques and optically stimulated luminescence (OSL). Each of these techniques focuses on
different components of the mortar. Radiocarbon analyses the content of the *C isotope in the binder

matrix of the mortar, while OSL focuses on the aggregates.

» 3.7.1. Radiocarbon dating
This technique is based on the phenomenon that a certain amount of CO; is lost during the calcination
of carbonate rocks, generating CaO (see Gliozzo et al. 2021 in this TC for a basic description of the

method).
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A large number of variables affect the dating of the binder or of the calcite formed, mainly concerning
the manufacturing technology: firing temperature, type of kiln, characteristics of the lime slaking water
and even the water for mixing the aggregates and the lime.

The most reliable datings are obtained in pure limes (calcitic) (Hajdas et al. 2017; Hayen et al. 2017).
Various sources of contamination of the carbonate phases, unrelated to the initial process of
carbonation of the lime matrix, can modify the dating of the mortar:

- Incomplete calcination of the raw material used to produce quicklime, leaving limestone fragments
insufficiently burnt as the kilns did not reach sufficient temperature (900 °C). This results in older
dating results. 8'3C fractionation has been used to estimate the amount of calcareous contamination
present in mortars (Van Strydonck et al. 1986; Ambers 1987). Fragments of rocks or fossils in
aggregates of a carbonate nature result in older dates.

- Dissolution and recrystallization of carbonate phases from the mortar itself or from other external
materials, which will give more recent dates.

- The presence of plant residues and coal from the combustion of wood in the kilns (Olsen et al. 2013),
or from additives incorporated to improve one or more properties of the mortar (Sickels 1981).

- Biological activity generates CO, that can modify isotopic fractionation and can also generate soluble
salts (Gomez Heras et al. 2004; Pérez-Alonso 2004), rejuvenating the age of the mortar (Lubrittoa et
al. 2018).

- Lime mortars damaged by fire undergo partial decarbonation, reactivating the process due to the CO;
produced and providing more modern ages (Heinemeier et al. 2010; Lindroos et al. 2018).

It should be borne in mind that the mortar hardening process is relatively rapid compared to the
average life of 1*C (5730 * 40 years), and that it is common for the setting of the surface of mortars to
be completed in months (Pachiaudi et al. 1986), while decades may pass before the entire volume of
the mortar is carbonated (Ambers 1987; Van Strydonck and Dupas 1991), causing variations in the
dating of the same element and offering younger ages for the non-carbonated parts. In the same way,
the application of coatings can delay the carbonation process of pointing mortars, resulting in more

recent dating (Pesce et al. 2009).

These conditions, which can be found at the archaeological site, necessitate proper selection of the
samples for analysis in order to obtain reliable results that allow correct interpretation. It is necessary
to have information provided by the archaeology of architecture (Gliozzo et al. 2021 in this TC) and to
use the sampling strategies established in Daugbjerg et al. 2020. Besides, for correct dating, it is
necessary to know the environmental conditions in which the mortars were found, e.g. buried,
submerged or subjected to water filtration. It is advisable to take samples from areas not too far from

the surface to ensure that they are carbonated (Lindroos et al. 2018; Daugbjerg et al. 2021), although
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it should be borne in mind that most historic mortars are fully carbonated. It is very important to carry
out prior petrological and mineralogical characterization of the mortars to be dated so as to ascertain

the compounds and their influence on the results.

The methodology for carrying out radiocarbon dating analysis is presented in Hajdas et al. (2017) and
Hayen et al. (2017). The methodology depends in many cases on the type of mortar, its components
and possible existing contaminants. It is crucial to separate the anthropogenic carbonate from other
lime carbonates, which can be done by acid hydrolysis, principally using orthophosphoric acid HsPO4
(Michalska 2019). The anthropogenic carbonate will react first, while the unburned carbonates will
take longer to dissolve (Sonninen and Jungner 2001; Nawrocka et al. 2005; Lindroos et al. 2014).
Another pre-treatment procedure is cryo-destruction (Nawrocka et al. 2005), which is based on light
crushing, thermal breakage and sieving of the mortar before acid hydrolysis. Other methods are based
on ultrasonic separation and subsequent sieving (Marzaioli et al. 2011; Lubritto et al. 2018; Nonni et
al. 2018). In these methods, *C (with direct measurement of CO,) is measured by mass spectrometry
(MS). Currently, accelerator mass spectrometric (AMS) dating is performed after reduction to graphite,
with the advantage of requiring much less sample quantity and much shorter analysis times
(Heinemeier et al. 2010).

Dating the staged acid hydrolysis mortar makes it possible to determine the changes in CO; in five

successive dissolution increments (Lindroos et al. 2007). Examples of these curves are shown in Figures

10a and 10b.
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Figure 10. Carbonate dissolution profile (F) with mortar dating (dashed line). a) Effects of
contamination of carbonate aggregate fragments and insufficiently burnt remains (adapted from
Lindroos et al. 2014); b) Effects of fire on mortar or of re-carbonation/re-precipitation processes (the
arrow marks the transformation of the mortar) (adapted from Heinemeier et al. 2010). C: Conventional

radiocarbon age, BP: Before present
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Appropriate selection of the mortar to be dated, new techniques for removing contaminants and the
AMS dating technique create the prospect of increasingly accurate dating. The current scientific
approach is to date lumps in the binder which, together with analysis of the binder, improve dating

(Pesce et al. 2012, Lindroos et al. 2018).

. 3.7.2. Optically stimulated luminescence dating
Dating of mortar using OSL is possible because over their geological history the quartz grains have
received natural radiation from isotopes of thorium, uranium and potassium, as well as the ionizing
action of cosmic rays, trapping electrons in crystalline defects in the minerals. Quartz and, to a lesser
extent, feldspar are mainly used in OSL dating. When these minerals are extracted from quarries to be
incorporated as aggregates in mortars the solar radiation they receive removes these trapped
electrons. This process is called optical bleaching. When the quartz is incorporated into the mortar mix
and, once it has been put in place, it once again receives the flow of radioactive particles (alpha a, beta
B and gamma y) from radioactive elements from other components in the environment in which it is
found (other minerals in the mortar, such as zircons, biotites from granite ashlars or bricks), thereby
steadily re-accumulating electrons in its structure in what is known as the annual dose.
The relationship between the dose accumulated since the last exposure to light, measured by the
luminescence emitted, and the annual dose emitted in the immediate environment of the sample of
mortar being analysed in the building or on the archaeological site gives us the age of the construction
phase. The study of luminescence in minerals after optical stimulation for absolute dating was
proposed by Huntley et al. (1985). Mortar was first dated using this technique by Bgtter-Jensen et al.
(2000), and subsequently by several other authors (Zacharias et al. 2002; Goedicke 2003, 2011; Jain et
al. 2004; Gueli et al. 2010; Panzeri 2013; Stella et al. 2013; Urbanova et al. 2015; Urbanova and Guibert
2017; Urbanova et al. 2018).
The first papers used the multi-grain technique (MG-OSL), which measures the radiation emitted by
the set of grains in the sample. However, as not all grains have reached optical bleaching, they maintain
a residual geological radiation that produces an older dating result (Jain et al. 2004, Sawakuchi et al.
2011). The single-grain technique (SG-OSL) has improved the results by measuring the luminescence
signals emitted by each grain (Goedicke 2011). Reliable data on 85% are now being obtained (Guibert
et al. 2020).
The problems in OSL dating lie in:
- The degree of bleaching and the presence of a residual dose due to insufficient exposure to solar
radiation during extraction, transport, storage and mixing of the aggregate with the binder during the

production of the mortar and its laying.
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- The differing sensitivity of quartz grains to radiation, as this depends on defects and impurities in the
crystalline network of the quartz (Jacobs et al. 2013).

- The determination of the annual equivalent dose received by the sample from its environment due
to the presence of radioactive elements that emit luminescent signals.

In short, the sensitivity of quartz to OSL stimulus is associated with its geological origin and the intrinsic
conditions in which the mortar is found. Moreover, luminescence concentration may be influenced by
the environmental conditions to which the minerals were exposed, such as incessant cycles of solar
heating, radiation and whitening (Pietsch et al. 2008).

In the OSL data, it is also necessary to carry out prior studies of the mortars in order to determine the
characteristics of the aggregates (fundamentally on quartz and feldspar grains/crystals by POM), the
chemical composition of the components of the mortar (aggregates and binder by SEM-EDS), and
evaluate the luminescence properties of the binder (by CL), the distribution of the grain size of the
aggregates, and the distribution of the radiation emission B beta-emissiens in the mortar matrix.

In general, approximately 100 g of the volume of the mortar not exposed to light makes it possible to
obtain between 200 and 500 mg, of which 5% may have sufficient bleached grains. Less than 8% of all
measured grains exhibit an OSL signal (Urbanova and Guibert 2017; Urbanova et al. 2020).

Although much progress has been made in OSL dating, there are still issues to resolve, such as the
preheating temperature during sample preparation and the most appropriate quartz grain size for

analysis.

Regarding practical issues (sample preparation, quantity/dimensions), the choice of the preheating
temperature is crucial to correct estimation of the equivalent dose. Some authors recommend
preheating between 180 and 200 °C (Jain et al. 2004; Goedicke 2011), while others propose 160-260 °C
(Kiyak and Canel 2006).

Bleaching seems to be better when analysing coarse quartz grains, between 200 and 250 um (Goedicke
2003, Urbanova et al. 2015), although various authors report satisfactory results with finer grain sizes
(Bptter-Jensen et al. 2000; Stella et al. 2013; Panzeria et al 2019).

In short, the reliability of dating archaeological structures based on mortar radiocarbon or OSL depends
on the type of mortar and its constituents. Aerial lime mortars without ceramic additives give nore
sound results. Nevertheless, dating must always be supported by dating of other materials and other
dating techniques, together with archaeological stratigraphic data to ensure the reliability of the
results obtained. Mortar-dating technology is advancing and is obtaining good results when combined
with other dating techniques (Brainn et al. 2011; Urbanova and Guibert 2017; Stella et al. 2018;
Fernandez-Fernandez et al. 2019; Panzeri et al. 2019; Cantisani et al. 2021). It is worth adding that
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although scholarly attention is increasing, those techniques cannot be applied in most archaeological

research because of their high cost.

® 4. FINAL REMARKS

Throughout the history of construction, aerial lime mortars and plasters have been employed due
to the high local availability of the raw materials and the ease of access to them, to their easy and
quick manufacture, to the good resulting quality and to their durability and compatibility.

Their main properties are low mechanical strength, high deformation capacity (plasticity), good
workability, low elasticity modulus, high permeability to water and high porosity.

The archaeometric characterization techniques used make it possible to answer archaeological
qguestions related to past technologies, raw material use and environmental conditions, since the
alteration processes modify the properties of the mortars. This review presents the main methods
for characterizing aerial mortars, including those used to determine physical, hydric, mechanical,
petrographic, mineralogical and chemical properties, as well as isotopic analyses and dating
analyses.

Proper and representative sampling and an adequate method of separating the binder from the
aggregates is necessary for accurate mortar characterization. However, in many cases, this
separation of components may not be possible without damaging the binder to be characterized.
If so, joint characterization should be performed using the most appropriate techniques.

Physical testing of mortars predominantly encompasses the analysis of porosity because of its
significant influence on some of mortars’ chief properties. The most appropriate techniques for
measuring porosity are described, as are those for colour recording and for determining ultrasound
pulse velocity. Hydric properties can be determined by different water absorption tests: at
atmospheric pressure, by capillarity, under vacuum, under low pressure, by water vapour
permeability and by drying or water evaporation. Hydric properties are highly important because
they provide information on the behaviour of mortars and, in particular, on that of their binders
in response to internal circulation of water and its various dissolved ionic compounds.
Mechanical characterization includes measuring the strength of the mortar (compression, tensile
and shear strength), the elasticity modulus, drilling resistance, hardness and modulus of elasticity,
this last one being calculated using ultrasound pulse velocity and density.

Petrographic techniques are indispensable in identifying the constituents, the relationship
between them and the changes they undergo, as well as in determining raw material provenance

and lime and mortar manufacturing techniques. They make it possible to distinguish the different
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construction phases, at both local and historical level, by identifying the changes undergone in the
different mortars. The main microscopic techniques used to study mortar petrography are
reviewed: stereomicroscopy, polarizing optical microscopy, scanning electron microscopy,
fluorescence microscopy and cathodoluminescence devices coupled to different microscopes.
Mineralogical characterization can be obtained by X-ray diffraction, with each mineral showing a
characteristic XRD pattern. This technique can be used with each of the components (aggregates
and binders), either separately or jointly. Generally, it is a complementary technique to
petrographic microscopy, and identifies well-crystallized mineralogical phases.

Chemical characterization of these mortars can be achieved by various techniques. Thermal
analyses play a discriminative role in detecting a binder’s aerial nature, while calculating the
degree of carbonation of aerial mortars using thermal analysis provides archaeometric insights.
Fourier-transform infrared spectroscopy permits identification of both the organic and inorganic
compounds — mainly those related to the additives and binder — of these mortars. X-ray
fluorescence spectrometry, and EDS microanalysis coupled to SEM also contribute towards
determining the chemical elements constituting these materials. The nature and provenance of
the binder can be determined using EDS on the incompletely calcined main rock used in production
of mortar (lime lump).

Stable isotope (5 *3C and & *80) analyses reveal if the processing technology changed between the
different construction phases. The processes of recrystallization and cementation, as well as the
presence of carbonate alteration products, can alter stable isotope content.

Regarding dating techniques, 14C-based dating is more reliable in pure aerial mortars not
containing unburnt limestone fragments or additives. The current trend is to analyse lime lumps.
The OSL dating technique for quartz grains has evolved from multi-grain to single-grain analysis,
although it is still necessary to adjust some measurement conditions such as the size of the grains
to be selected. Dating reliability depends on the type of mortar and has to be previously supported
by sampling protocols and the use of analytical mortar characterization techniques to avoid
contamination of the samples. Whenever possible, use should be made of various dating
techniques.

All the techniques utilized complement one other. A recommended approach is to combine
laboratory analyses and measurements with on-site non-destructive and portable techniques; in
accordance with EN 17187 (2020) non-destructive methods are always preferable to destructive

methods if they can provide the required information.
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