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Earthen mortars have been widely used in low and high status architectures of Cremona (Northern Italy) since
Roman times until the XIXth century. The mineralogical, petrographic and geochemical study of XVIIIth century
earthenmortars fromCremona allowed to have insights on the typology of silicate rawmaterials utilized for their
production. The occurrence of CaO-rich levels with abundant neogenic phases and widespread dissolution tex-
tures suggests that small amounts of lime and other additiveswere blendedwith the silicate mixture. The results
of this work help answer archeological questions about these poorly known masonry materials and provide in-
sights for restoration purposes.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Masonrymortars have been used since protohistoric times through-
out history in constructions and buildings designed for various func-
tions (e.g. [1]). Different raw materials, generally a mixture of sandy
aggregates, one ormore binders, water and, possibly, organic and/or in-
organic additives, were utilized depending on their availabilities and on
local traditions (e.g. [1–4]). The most common typologies of air binders
traditionally used before the invention of natural and Portland cements
are mud, gypsum and lime [5]. The use of lime mortars was extremely
common in Italy and all over Europe [5,6]. The use of earth as a binder
in mortars, with or without the addition of small amounts of lime, was
common (but not limited to) where limestone was available only
through trade [6]. This technique has been frequently considered as a
cheap one which was limited to low status building for residential use
(e.g. [7]).

The binding function is not attributable to gypsumand lime in earth-
en mortars and many questions are still open on what gives good cohe-
sive properties to these materials. Traditionally, the fine fraction of the
mortars (b63 μm) is considered to contain high binder concentrations
whereas the fractionwith particle size N63 μm represents the aggregate
(e.g. [1,8,9]). Themineralogical and petrographic characterization of the
tù).
fine fraction is therefore necessary to better understand the physical–
mechanical properties of earthen mortars.

1.1. Earthen mortars of Cremona

Earthenmortars have been extensively used in the town of Cremona
(Fig. 1A) since the Roman times till the first decades of the XXth century
[10]. They are found also in important edifices: noble residences,
churches, monasteries and institutional buildings were built using
bricks bound by earthen mortars [11–15] contradicting theories which
considered these as a materials limited to low status building.

Despite discontinuous information on the adoption of this technique
is provided by ancient treatises, due to the large time span considered, a
wide use of earthen mortars during the XVIth century emerges from
various factory contracts, which report the adoption of “terra da
murare” (which can be translated as “earth formasonry”) and claymor-
tars [16]: the composition and provenance of the material were not re-
ported because this information was taken for granted in the contracts
probably indicating a well established technique which in general was
transmitted orally. The only clear information is that the raw materials
were supplied from outside the city walls, as it was necessary to pay
duty for “earth, gravel, sand and pebbles” depending on the number of
beasts of burden [17].

The common practice of building with earth is also reflected in the
local vocabulary [15,18,19]: the words “bazàna” and “robba”, indicate
the mix made of lime, sand and earth which was used to produce
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Fig. 1. The town of Cremona and earthenmortars of Palazzo Soldi: (A) the town of Cremo-
na in Lombardy (Northern Italy); (B) the façade of Palazzo Soldi; (C) a mortar joint with
thin white levels occurring at the brick–mortar interfaces.
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mortars to bind bricks; “mòlta” indicates a mixture of sand and earth
without lime addition. These definitions also highlight that a clayey
fraction was added to a sandy aggregate indicating the use of a mixture
of two distinct raw materials. According to Capra [20] both sands from
the Po river bed and from local caves are suitable to produce good qual-
ity mortars [13–15].

It is not clear whether or not earthenmortars in Cremonawere used
instead of limemortars due to difficulties in supplying lime and/or to its
high costs. Good quality hydraulic lime was available from the nearby
Piacenza and Parma areas but less good quality lime could also be ob-
tained by calcareous pebbles from the bed of the Adda, Brembo or Treb-
bia rivers [21,22]. However the intermittence of lime supply was a
common problem in large geographical areas until the eighteenth cen-
tury and this could have encouraged the adoption of local materials
when it was necessary to ensure continuity of work [15]. Moreover,
the adoption of earth (which does not require high temperature
heating) instead of lime reduced setting times of mortars.

Capra [20] suggested the use of earthen mortars due to both the
aforementioned shortage of lime and the abundance of a good quality
reddish earth in Cremona surroundings. However Capra [20] did not
spot any substantial economic saving ascribable to the use of earthen
mortars instead of lime mortars and Pegoretti [23] evidenced that the
former materials required longer construction times than the latter.
Sonsis [21] suggested that a good quality mortar could be obtained by
mixing a reddish earth from Cavatigozzi (a village nearby Cremona)
with weak lime.

Bonazzi and Fieni [13] and Fieni [14] asserted that the use of earthen
mortars instead of lime mortars was intentional at Cremona. The au-
thors stated that due to the presence of clay minerals (illite, montmoril-
lonite and smectite), which are able to retain in their structures water
molecules, earthen mortars are more hygroscopic than the classical
lime mortars, which are subjected to continuous dissolution cycles
and, as a consequence, they aren't affected by the wet climate of the
Po plain. Winnefeld and Böttger [24] demonstrated that the presence
of clay minerals in the sandy aggregates of lime mortars improves the
freshmortarworkability but has a negative influence on their durability.

Fieni [14] performed some petrographic and mineralogical investi-
gations of jointmortars and plasters from historical buildings in Cremo-
na and made comparisons with samples of soil and fluvial sands (from
the Po and Adda Rivers; Fig. 1A) in order to identify the raw materials
utilized for the production of the mortars. Satisfactory results were not
obtained leaving open the question on the nature of raw materials
utilized.

An archeometric study of earthen mortars from Palazzo Soldi
(Cremona— Northern Italy; Fig. 1B) is here reported.

Results of mineralogical, microchemical and textural investigations
here presented are part of the study of historical buildings of the town
of Cremona, founded by Fondazione Cariplo, for restoration purpose.
The aim of this work is to acquire a deeper understanding of historical
earthenmortars and of their cohesive properties by identifying their dif-
ferent components. This also improves the definition of the mechanical
properties of these masonries, also in relation to seismic risk. The final
objective is to provide insights on ancient recipes which in turn would
set the bases to establish good practices in reproducing these materials
for restoration purposes.
Table 1
Details of the studied samples. The sampling location is shown inAppendixA: Supplemen-
tary material.

Sample Provenance Type Assignable age

PSm01 Ground floor Mortar Late 18th century
PSm02 Ground floor Mortar Late 18th century
PSm05 Basement Mortar Late 18th century
PSm06 Ground floor Mortar Late 18th century
PSm07 Main floor Mortar Late 18th century
PSl01 Ground floor White level Late 18th century
PSl03 Ground floor White level Late 18th century
PSl04 Main floor White level Late 18th century
2. Materials and methods

2.1. Sampling

Mortar specimens were collected at Palazzo Soldi from parts of
the building (Table 1 and Appendix A: Supplementary material —
Figs. S1–S2–S3) which, based on historical sources and architectural ev-
idences, are ascribable to a construction phase during the last decades of
the XVIIIth century.
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Even though mortar joints resemble each other all over the building
and do not show evident differences, local textural and compositional
heterogeneities are observable at the centimeter scale [10]. Sand-rich
levels or pockets, fragments of charcoal and fragments of bricks are
well recognizable within the joints and sub-millimeter-thick white
levels are generally observable at the contact between the mortar
joint and the bricks (Fig. 1C). Five mortar samples (few grams each)
and three white level samples were mounted in epoxy resin and thin
sections were prepared.
2.2. Methods

Preliminary microtextural and mineralogical investigations were
performed with an optical microscope (OM).

Carbon coated sampleswere then investigatedwith a Field Emission
Scanning Electron Microscope (FESEM) TESCAN Mira 3 XMU-series,
equipped with an EDAX energy dispersive spectrometer (EDS).
Backscattered electron (BSE) images and secondary electron (SE) im-
ages were collected at a working distance of 15.8 mmwith an accelera-
tion voltage of 20 kV. In-situ EDS analyses (on spots and on areas of
about 25 μm2) were done with the accelerating voltage and working
distance above mentioned, beam current of 20 μA and spot diameter
of about 5 μm, for 100 s/analysis. Chemical compositions were collected
considering a 100% oxide content on a H2O- and CO2-free basis. In order
to highlight any major variation in the set of compositional data, a sta-
tistic approach (cf. [25,26]) was applied using Principal Component
Analysis (PCA).

Untreated fragments of mortars were platinum coated and high
magnification images (InBeam mode) were collected with a working
distance of 5 mm to show the morphologies of aggregates at the nano-
meter scale.

Portions of samples were crushed (but not milled) and were then
sifted with a 63 μm sieve in order to separate sand from silt and clay.
The b2 μmfractionwas obtained by centrifugation and successive depo-
sition on Millipore filters. The fine fractions (silt, 2–63 μm, and clay,
b2 μm) were analyzed with X-ray powder diffraction (XRDP) and
Fourier transform infrared spectroscopy (FTIR).

XRPD measurements were carried out by means of a Panalytical
X'Pert Pro diffractometer using Cu-Kα radiation (λ = 1.5406 Å). Data
were collected in the range 2–65 °2θ with a step width of 0.01 °2θ and
time per step of 5 s. Peak profile analyses were performed using X'Pert
Score software (Panalytical).

Approximately 0.4 g of the silty fraction of each sample, which was
pressed under vacuum to produce a pellet, and the clayey fraction de-
posited on Millipore filters were studied with FTIR.
Fig. 2. Grain size distribution in weight percent of the mortar samples from Palazzo Soldi.
FTIR spectra were collected at room temperature, for wavelengths
between 680 and 4000 cm−1, with a 4 cm−1 resolution, using Thermo
Scientific Nicolet iN10MXmicro-spectrometer. Spectra, whichwere re-
corded in Attenuated Total Reflectance (ATR) with mercury cadmium
telluride (MCT) array detector cooled with liquid nitrogen, were calcu-
lated by Fourier transformation of 256 interferometer scans and total
scanning time of 90 s. A germanium hemispherical internal reflection
crystal (IRE) with a diameter of 300 μm was used. The ATR accessory
is mounted on the X–Y stage of the FTIR microscope, the contact pres-
sure between the IRE crystal and the samples was 2 Pa and a
100 × 100 μm2 aperture size was used.
Fig. 3. Petrography of mortar joint samples at different scales: (A) SEM-BSE overall view
shows an angular to sub-angular aggregate into a silty–clayey matrix; (B) angular quartz
and very fine grained minerals form the matrix (SEM-BSE image); (C) highmagnification
morphological image of the matrix. Ab = albite; Cc = calcite; Qtz = quartz; R.F. = rock
fragment.
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3. Results

3.1. Grain size distributions

The grain-size distributions of mortar samples were calculated after
sifting and centrifugation procedures (Fig. 2). The amounts of
granulometric fractions (expressed as wt.% on the y-axis) are reported
for each grain-size range (x-axis) in Fig. 2. Each sample shows unimodal
grain size distributions, with modes in the 0.125–0.5 mm range. All
samples consist of 78–92 wt.% of sandy fractions (mainly very fine to
medium grained sand) with smaller amounts of silty (~8–20 wt.%),
clayey (b1 wt.%) and gravelly (0–3 wt.%) fractions.

Due to their exiguity and compactness, white levels could not be
properly sifted and no grain size distribution could be provided for
them.

3.2. Petrographic investigation

Petrographic investigations (with optical microscopy and SEM-BSE)
of themortar joints allowed to assert that the framework (75–85 vol.%)
consists of a fine to medium grained (≤0.6 mm) moderately sorted
sand (Fig. 3A). Grains have angular to sub-angular shape and are
scattered in a silty–clayey (b63 μm)matrix (binder and fine aggregate;
15–25 vol.%; Fig. 3B). The aggregate/matrix ratios were estimated with
Fig. 4.Petrographyofwhite level samples at different scales: (A) SEM-BSEoverall viewof thewh
thematrix (SEM-BSE image); (C) neogenic tabular phases and veryfine grained acicular phases
nification morphological image showing dissolution of preexisting silicate minerals and occur
neogenic phases which locally form networks among grains.
image analyses performed using the free software ImageJ [27–29]. Lo-
cally sand rich portions with greater amounts (up to 90 vol.%) of medi-
um grained aggregate and clay rich portions (aggregate b 65 vol.%)
occur, confirming the local textural heterogeneities observed at the
naked eye during sampling.

The framework consists of abundant quartz grains (~45%), meta-
morphic rock fragments (micaschists and quartz-rich rocks ~20%),
phyllosilicates (partially to totally weathered white mica, biotite and
chlorite and clay minerals; ~15%), partially weathered feldspars
(~13%), carbonates (~3%), brick fragments (~2%), rare lime lumps
(~2%) and accessory amphiboles. The fine fraction of mortars consists
of predominant quartz, fresh andweatheredmuscovite, chlorite and ac-
cessory biotite, but locally the grain size is too small (i.e. b1 μm) to fully
identify themineralogical composition (Fig. 3B). Rare micrometer sized
tabular crystals were identified as neogenic phases but high magnifica-
tion morphological analyses did not reveal the occurrence of binding
phase networks among minerals and rock fragments (Fig. 3C).

On the contrary, in thewhite levels (Fig. 4A), SEM-BSE investigations
allowed to identify reaction textures between silicate grains and the
matrix (Fig. 3B). An intergranular binder and other neogenic phases
with different habitus were identified. Tabular and prismatic phases
are observed (Fig. 4C) and acicular to tread-shaped phases occur at
the rim of silicates and locally connect the different particles (Fig. 3C–
D). Dissolution textures of pre-existing silicates were observed also by
ite level at the brick–mortar interface; (B) reaction textures between the silicate grains and
(SEM-BSE image); (D) detail of acicular neogenic phases (SEM-BSE image); (E) highmag-
rence of neogenic phases; (F) high magnification morphological image showing acicular
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means of high magnification morphological investigations (Fig. 4E)
which confirmed the widespread occurrence of acicular and/or thready
phases forming sorts of network among the grains (Fig. 4F).

3.3. XRPD investigation

X-ray powder diffractograms were obtained for the separated fine
fractions (silt, 2–63 μm, and clay, b2 μm) of two mortar samples and
for the bulk of a white level sample (Fig. 5). Crystalline phases were
identified using the X'Pert HighScore software.

The most predominant detected phases in the mortar joints are
quartz (peaks at 26.6, 20.9 and 50.2 °2θ) and muscovite (peaks at 8.8,
26.8 and 17.8 °2θ). Clinochlore (12.5, 6.2 and 18.8 °2θ), albite (27.9,
22.1 and 23.6 °2θ) and calcite (29.4, 39.4 and 36.0 °2θ) can be identified
inminor amounts (Fig. 5). Other phases such as amphiboles, biotite and
clayminerals, whichwere observed at the electronmicroscope, were not
detected unequivocally with this technique. No differences occur be-
tween diffractograms of different granulometric fractions. Diffractograms
of the white levels are similar to those of the mortar joints, but calcite
peaks subtend higher areas whereas muscovite and chlorite peaks are
quite weak (Fig. 5).

3.4. FTIR investigation

The separated fine fractions (silt, 2–63 μm, and clay, b2 μm) of two
samples were investigated by FTIR spectroscopy. All mortar samples
have nearly identical spectra and no differences can be observed be-
tween the two granulometric fractions. The total absence of bands in
the 2800–3000 cm−1 region of FTIR spectra (Fig. 6), corresponding to
C–Hvibration stretching in the CH3 and CH2 groups, suggests that no or-
ganicmedia occur or, at least, are preserved (e.g. [30]). All spectra reveal
Fig. 5. X-ray powder diffractograms of mortar samples (top) and of the white levels (bot-
tom). a = albite; c = calcite; ch = clinochlore; f = potassium feldspar; m = muscovite;
p = pargasite; q = quartz.

Fig. 6. FTIR spectra of mortars (top) and white levels (bottom) for wavelengths between
680 and 4000 cm−1.
the abundance of silicates which can be identified thanks to the strong
990–1020 cm−1 band, which correspond to the Si–O asymmetric
stretching vibrations (cf. [31]). However, it is not possible to unequivo-
cally attribute this band to a specific silicate. Peaks at 3600–3700 cm−1

and those at about 1600 cm−1 are ascribable respectively to OH− asym-
metric stretching and H–O–H bending vibrations in hydrated phases.
Sharp peaks at about 870 cm−1 and broad ones at 1375–1450 cm−1

fit with CO3
2− stretching vibrations in carbonates.

One sample of the white level at the contact between mortar joints
and the bricks was investigated too (Fig. 6). Spectra are similar to
those of the mortar joints but stronger peaks at about 870 and
1420 cm−1 suggest greater amounts of carbonates. The broad band at
3000–3700 cm−1 is ascribable to OH− stretching vibrations.

3.5. SED-EDS micro-chemical investigation

Becausemost of the crystals and amorphous phases are smaller than
the beam size, EDS semiquantitative analyses of the fine fraction were
performed both on single crystals and on areas (25 μm2 wide) in mor-
tars (160 analyses) and white levels (130 analyses). Average composi-
tions (with relative standard deviations) of the matrix in mortars and
of lumps and neogenic phases in mortars and in thewhite levels are re-
ported in Table 2.

All the chemical compositions of the fine fractions (minerals, matrix,
lumps and neogenic phases) of mortar samples and white levels were
plotted on ternary diagrams (Fig. 7) together with those of the most
commonphyllosilicates (muscovite–phengite, biotite–phlogopite, chlo-
rite, kaolinite, montmorillonite, illite, saponite, nontronite, beidellite,
vermiculite) reported in Deer et al. [32]. The fine fractions of mortars
and of the white levels mostly plot in different portions of the diagrams
and can be easily distinguished. Most of the analyses of mortars plot
close to those of phyllosilicates. The intergranular binder and the



Table 2
Compositions (wt.%) of different constituents of mortars and white levels.

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO FeO

Constituents Av. σ Av. σ Av. σ Av. σ Av. σ Av. σ Av. σ Av. σ Av. σ Av. σ

Mortars Matrix 1.5 1.0 3.5 1.0 21.7 3.8 51.1 7.3 2.1 1.5 0.1 0.3 0.4 0.2 5.0 1.4 4.9 3.0 8.9 3.5
Neogenic phases 13.7 3.3 3.9 0.7 12.2 2.4 27.8 7.8 1.5 0.7 1.3 0.3 1.6 0.1 8.5 0.7 26.0 7.3 4.2 1.4
Lumps 1.4 0.2 2.0 0.5 2.0 0.5 2.6 1.0 3.5 2.1 1.6 0.9 1.0 0.5 1.1 0.4 82.6 4.5 1.5 1.7

White levels Mg rich phases 1.5 0.7 28.4 4.2 8.3 1.0 51.6 3.9 0.0 0.0 1.0 0.8 2.2 0.8 1.9 0.6 2.9 1.3 3.3 1.3
Ca rich phases 1.1 0.6 7.7 5.1 4.4 2.3 31.9 8.2 0.5 0.5 1.8 0.9 0.8 0.7 1.6 0.7 48.5 9.9 1.9 0.8
lumps 1.7 0.6 3.2 2.0 2.9 0.9 6.5 2.5 2.2 0.4 3.2 1.4 0.7 0.2 1.2 0.4 76.8 3.8 1.0 0.4
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other neogenic phases in the white levels form twomain clusters in the
Al2O3–SiO2–CaO and MgO–SiO2–CaO diagrams (Fig. 7B–C), one being
close to the CaO vertex and the other being close to the Al2O3–SiO2

and MgO–SiO2 sides respectively. Analyses of mortars have generally
higher Al2O3/SiO2 and lower CaO/SiO2 and MgO/SiO2 ratios than those
of neogenic phases and intergranular binder in the white levels. High
normalized alkali contents in the Al2O3–SiO2–K2O + Na2O diagram
mostly correspond to neogenic phases, but also to carbonates (lumps
and primary calcite) in which the normalization of the composition
leads to an overestimation of the alkali content.

Two data matrixes, one for mortars and one for the white levels, of
some composition parameters (Na2O–MgO–Al2O3–SiO2–P2O5–SO3–Cl–
K2O–CaO–FeO) of all the analyses, were prepared and treated by multi-
variate analysis (Principal Component Analysis, PCA). This has allowed
todiscriminate clusters of compositionparameters andhighlight relation-
ships among them. Superimposed score and loading plots in the subspace
of Principal Component 2 (PC2) vs. Component 1 (PC1) are reported in
Fig. 8. The first two components account for about 47% and 64% of the
total variance of data in mortars and in the white levels respectively.

In mortars PC1, which is dominated by Al2O3 and SiO2 and by CaO,
allows to discriminate two clusters of compositional parameters:
MgO–Al2O3–SiO2–K2O–FeO and Na2O–P2O5–SO3–Cl–CaO. Lumps and
neogenic phases plot close to the latter cluster. PC2, which is dominated
by SiO2 and by MgO and FeO, allows to discriminate different primary
minerals. Most of the analyses of the matrix plot in the subspace
among the plots of these primary minerals. Neogenic phases have
anomalously high alkali contents (Table 2).

Analyses of primaryminerals frommortar jointswere inserted in the
datamatrix of thewhite levels to allow comparisons between their com-
positions and those of neogenic phases and the intergranular binder.

In the white levels, PC1 allows to discriminate between the Al2O3–

SiO2–K2O–FeO–MgO–Cl group and the P2O5–SO3–CaO group. Na2O
plots in the middle of these two clusters. PC2 is dominated by MgO
and Cl and by Al2O3, K2O and FeO. This component allows to recognize
a direct relationship between contribution of MgO and Cl. In the score
plot, three great clusters of analyses of neogenic phases and intergranu-
lar binder are observed, one being close to that of lumps (towards high
contributions of P2O5–SO3–CaO), the other two being close to high con-
tribution of K2O and SiO2 and of MgO and Cl respectively. Primary min-
erals from mortars form a separate cluster indicating significant
differences between their compositions and those of intergranular
binder and other neogenic phases in the white levels. Analyses plotting
in clusters close to high contribution of SiO2 and high contribution of
CaO generally correspond to Ca-rich phases (Table 2) with acicular hab-
itus. Analyseswhich plot towards high contributions ofMgO and Cl gen-
erally correspond to the intergranular binder and tabular and prismatic
neogenic phases (generically indicated as Mg-rich phase in Table 2).
Tabular Mg-rich phases locally seem to represent pseudomorphs after
phyllosilicates.

4. Discussion

Petrographic investigations of mortars allowed to identify an angu-
lar to subangular quartz-rich aggregate in a fine grained matrix which
consists of the same angular shaped minerals as the aggregate (Fig. 3).
It is not unequivocally clearwhether themortarwas obtained by amix-
ture of a sandy aggregate and silty/clayey earth or it was derived by a
sediment/soil as it is. Both procedures are reported in nineteenth centu-
ry documents [18,21]. However, considering both themineralogical and
micro-morphological analogies between the aggregate and the matrix,
it is likely that a sediment/soil as it is was used.

Based on themorphology of the aggregate it is possible to formulate
two hypotheses on the typology of raw materials. The former is that
sediments/soils of fluvial origin were crushed to reduce the grain size
of the aggregate, determining the angular shape of lithic fragments.
The latter hypothesis is that the grain size and shape of the aggregate
are primary features of the raw material. This is likely considering the
widespread occurrence of loess deposits on uplands and humps, in the
surroundings of Cremona, which typically have mineralogical and tex-
tural properties similar to those of the aggregate inmortars here studied
[33–35].

Lumps, secondary carbonates and neogenic phases occur as accesso-
ry components inmortars, whereas abundant secondary calcite and Ca-
rich and Mg-rich neogenic phases were observed in the white levels.
XRPD investigations allowed to recognize the minerals forming the ag-
gregate but did not allow to identify peaks ascribable toneogenic phases
(apart from secondary calcite in the white level; Fig. 5). This is probably
because neogenic phases are poorly crystalline and, at least in part,
amorphous. Most of the neogenic phases in the white levels, which
have tabular or prismatic habitus, possibly represent pseudomorphs
after primary silicates.

Neither in mortars nor in white levels, FTIR spectra showed bands
characteristic of organic molecules, suggesting that organic additives
were not utilized or, more likely, are not preserved (Fig. 6). However,
this technique allowed to identify abundance of carbonates in white
levels as well as the occurrence of broad bands ascribable to hydrated
neogenic phases (e.g. [36]).

PCA of EDS analyses of themortarmatrix (Fig. 8) allows to recognize
two groups of compositional parameters which we interpret to repre-
sent two distinct sources: that of silicate minerals (MgO–Al2O3–SiO2–

K2O–FeO) and that of lime and other additives (Na2O–P2O5–SO3–Cl–
CaO). In spite of the low concentration of CaO in mortar matrix, the
presence of rare lumps suggests that little amounts of lime were
added to the mixture, probably with the aim to improve mortar com-
pactness and reduce crumbling risks. Reaction textures in the white
levels suggest that CaO was added in the form of quicklime rather
than slaked lime which is less chemically aggressive.

Based on the modal abundances of secondary carbonates and Ca-
rich phases in mortars (less than 3 vol.% in lumps and white levels) es-
timates of the amount of lime added to the mixtures were performed.
Even though these calculations were based on rough approximations,
we assert that less than 5 wt.% of lime (probably less than 3 wt.%) was
added.

The slightly elevated concentration of P2O5 in mortar matrix, com-
pared to the average phosphorus content of fluvial and eolian sediments
e.g. [37,38]), and the occurrence of alkali- and/or chlorine-rich neogenic
phases (Table 2) suggest the employment of components relatively
enriched in P2O5, alkali and chlorine.
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Fig. 7. In-situ SEM–EDS analyses of the components of mortars andwhite levels plotted in
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The occurrence of charcoal fragments in mortars (possibly wood
and/or agricultural waste ashes) could account for the high concentra-
tions of those elements (cf. [39] for the chemical composition of
ashes). These components could have been involuntarily added, derived
from fuels for carbonate calcinations, especially if draw kilns were uti-
lized [1]. However, the addition of wood/agricultural waste ashes
could also have been intentional as it improved hydraulic and insulating
properties of mortars ([1] and references therein). This technique is not
uncommon in the production of ancient [1] and modern mortars and
concrete (e.g. [40–42]).

In this frame, the dissolution textures of primary minerals (Fig. 4)
and the widespread occurrence of MgO-Cl-rich and of CaO-rich
neogenic phases (including the intergranular binder) in thin white
levels (Figs. 7–8), suggest that aggressive fluids enriched in these ele-
ments (derived from chemical interaction between the matrix of mor-
tars and additive components) circulated in the system. The pressure
applied to mortars due to the weight of masonries is likely to have en-
hanced the circulation of fluids from joints towards porous bricks caus-
ing the precipitation of neogenic phases at the mortar–brick interface.

Acicular CaO-rich phases in the white levels (Table 2) have compo-
sitions similar to CSH gels described by Katayama [43] and Hodgkinson
and Hughes [44]. Mg-rich phases (intergranular binder and prismatic
and tabular phases) have compositions close to those of MSH gels de-
scribed by Katayama [43,45].

5. Conclusions

Amineralogical, petrographic and geochemical study of XVIIIth cen-
tury earthen mortars from Cremona is here presented aiming to give
hints on the typology of rawmaterials utilizedmanufacturing thesema-
sonry materials. The results of this work will be the basis to study the
production of earthenmortars throughout centuries at Cremona and as-
sess the evolution of a well established tradition for the historical archi-
tecture of the town.

The better awareness of ancient recipes provided by this work could
furnish essential hints for producing compatible repair mortars for res-
toration projects.

Even though the use of crushed fluvial sediments/soils cannot be
excluded a priori, we propose that sediments/soils of eolian origin out-
cropping in the neighborhood of Cremona could be utilized as rawma-
terials. Based on the occurrence of secondary carbonates and neogenic
phases and on the observed textural features we assert that small
amounts (less than 5 wt.%) of quicklime were mixed with the com-
pound. Findings of charcoal fragments and geochemical evidences testi-
fy that wood and/or agricultural waste ashes were added involuntarily
(i.e. as fuel remains after carbonate calcination) or voluntarily (to im-
prove hydraulic and insulating properties) to the mixture.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matchar.2015.03.018.
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