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Abstract

The characterization of historical mortars, ranging in age from Roman to Romanesque, was
performed by a combination of microscopic, wet chemical, XRD diffraction and DTG techniques. The
samples were taken from remnants of different constructions that were exposed under the present-
day floor-level of the Romanesque Cathedral ‘Notre Dame’ at Tournai.

Roman mortars were found to differ significantly from their older homologues by the use of a high
proportion of lime and the addition of ceramic fragments of well-defined size. From a mineralogical-
geochemical point of view, both the lime binder and the lime lumps have evolved since their original
application, but these systems must have been subjected to quite different processes.
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1 Introduction

Since 1986, important archaeological excavations have been carried out under the present-day floor-
level of the Romanesque Cathedral ‘Notre Dame’ at Tournai. The excavations, which have recently
been integrated into a larger research program of the UCL (Université Catholique de Louvain) that is
financed by the ‘Direction de I'’Archéologie en Region Wallonne’, have exposed different levels and
construction periods. The aim of this interdisciplinary project is to clarify the transition of ancient
Roman cities and their rural territories to the post-Roman and the Romanesque society (Brulet &
Verslype 2001). The earliest structures present, dating from the Roman Empire Period (about 3-5"
century AD), are covered by more recent Palaeo-Christian (about 6-7" century AD) construction. In
the Carolingian Period (about 8-10" century AD), a church was already present at this specific area.
Different floor levels of the church and a relatively well-preserved baptismal font (Figure 1) can be
distinguished. Later, around the year 1000, the church was rebuilt and the foundations of the new
building more or less resemble that of the present-day Romanesque (about 12" century AD)
Cathedral.

Fiqgure 1: Carolinaian baptismal font (external diameter #1.2m)

In general terms, there seems to be a noticeable decline in the quality of construction methods and
materials after the Roman Period (Blézard 1981). However, only limited information is available on
post-Roman construction, partly due to the frailty of the materials that were used, and partly because
they are often situated on the emplacements of ancient Roman buildings. As a consequence, most
excavations are oriented towards uncovering the splendor of the Roman Period, without paying much
attention to overlying construction (Perkins 1996). Given the successive periods of urban activity and
the material traces they left, the site of Tournai enables clarification of the transition. In addition to the
archaeological methods of relative dating, based on sediments and macroscopic observations,
compositional studies have been carried out on a selected set of mortar samples. These studies
facilitate identification of different structures, examine the mineralogical-geochemical evolution of lime
mortars, and discover the long-term processes to which the mortars are subjected.

2 Materials and methods

Mortar samples from the different construction types and time periods are listed in Table 1. After
completing the inventory, one part of each sample was used to prepare a fluorescent epoxy-
impregnated thin section, and the other part was preserved for chemical, thermal and XRD analysis.

Mortars are mainly composed of a binder, lime and hydraulic lime in this case, and an aggregate.
Sometimes, additional ingredients are added to the mortar recipe; these are the pozzolans, which can
be artificial or natural. The distinction between pozzolans and aggregates is not always
straightforward, but the former may be recognised by the specific reactions that they induce with the
binder (Deloye 1993). However, the deliberate use of pozzolans may not always be clear. The
possible use of such additives can be recognised by combined microscopical, chemical and XRD
analysis.

Page 2



From observation of the thin sections using a polarizing microscope, a brief microscopic description
was established and is presented in Table 1. A point-counting operation was also performed to extract
more information from the thin sections.

Chemical analysis of the main elements of the binder is necessary to quantify the hydraulicity of the
mortars and, if local limestone is assumed to have been used, to compare both chemical
compositions and look for evolution of the binder since its application. The XRD analysis is used to
identify the lime binder composition from a mineralogical point of view. Aside from possible hydrated
minerals, the presence of unhydrated substances should be able to be detected. XRD analysis may
also be useful to check for the use of crystalline pozzolan-like zeolites. Callebaut et al. (2001) and
Bernard et al. (1975) even suggested that identification of minerals and specific mineral associations
in lime can be used to retrieve the burning temperature of the limestone.

Table 1: List of Mortar Samples and Brief Microscopic Descriptions

Age Construction type Sample Porosity Coarse Fine “aggregates”
and code N° Binder Porosity (BP) “aggregates”
Wall 1802 RQO1 some round pores Q-sand (£250um)
BP high + glauconite
Romanesque Wall 2003 RQO02 not much but small Q-sanq (i250gm)
(about 12" pores + glauconlj[e + 1 piece of
century AD) BP low ceramic material
Wall 2003 RQO03 not much but small Q-sand (+200-250um)
pores + glauconite
BP very low
Pre- Wall 1903 PRQO1 very low 1 piece of Q-sand (+200-250um)
Romanesque BP low limestone + glauconite
(about 11"
century AD)
Baptismal font CAO01 pores filled up Q-sand (x200-250um)
BP very low + glauconite
Floor 1827 CA02 some irregular very fine ceramic (low amount)
small pores + glauconite
Carolingian BP medium
(about 8-10" Floor 1814 CAO03 irregular small pores ceramic (low Q-sand (+100-250um) + 1
century AD) (0.2-0.5mm) amount) fragment of micritic
BP variable limestone + glauconite
Wall CA04  irregular small pores Q-sand (£100-250um)
(0.2-0.5mm) + glauconite
BP variable
Wall 1811 GRO1 well rounded ceramic Q-sand fine (x200um)
macropores (0.2- (£0.5-1cm) no glauconite
1mm) ceramic (fine)
BP relatively high
Gallo-Roman Wall 1808 GRO02 well rounded ceramic Q-sand fine (iZ'OOpm)
th macropores (0.2- (£0.5-1cm) no glauconite
(Ci?]?ﬂrt_ 3,-6\5D 1mm) ceramic (fine)
y AD) BP high
Wall 1807 GRO03 well rounded ceramic Q-sand fine (x200um)
macropores (0.2- (£0.5-2cm) no glauconite
1mm) ceramic (fine)
BP high

Page 3



Some mortars may not be entirely carbonated, meaning that portlandite is still present in the binder.
The presence of portlandite can be detected and quantified by the use of thermogravimetrical
methods. In addition, thermogravimetry may have the potential to better quantify the hydraulicity of
mortars, because it is more related to the intrinsic presence of specific hydraulic compounds than to
the general chemical composition that is classically used for this purpose.

3 Results

3.1 Microscopy

The results of the point-counting operation are presented in Figure 2. These data should not be
interpreted as real quantitative results, but rather as a semi-quantitative estimation because some
objects like lime lumps or ceramic fragments may be very large and occupy a significant portion of the
thin section. As a result, no margin of error has been calculated because it only has significance if
objects are counted not more then once. In spite of this limitation, we can clearly see that the Roman
mortars have a quite similar composition, with a very high binder proportion and ceramic fragments as
the main ‘aggregate’. The few quartz-grains that were counted have probably been torn away from
the ceramic fragments while they were crushed to be put into the mortar. Their provenance is often
revealed by small slices of burned clays still sticking to them. Another peculiarity is the presence of
bright red grains. These grains have probably also been detached from the ceramic fragments that
are present, and are probably quartz grains (transparent) covered with a thin layer of hematite (red).

RaQ01 :-:-:-:-:-:-:-li-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-l:-:-:-:-:-:-:-:-:-:-:-::-:-:-:-:-:| = quartz
7 I AN g a & binder
el ;- T I N @ lime lump
PROOY T | | =macroporosity
col | O e e e m ceramic fragments
can2 077777718 | | sunknoun
C,em_ NN T T T 8 it
| 2limestane
mrecrystallised
calcite

0% 2DI% 40'% EDI% BDI% 1 DID%
Figure 2: Point counting results

Because of their exclusive and well-proportioned presence, the ceramic fragments are thought to
have been added as a pozzolan. Even if no reaction rim could be observed in these samples, a few
were identified in a previous study of similar Roman mortars from Tournai (Elsen et al., 2003). There
is a possibility that potsherds, which are characteristic for the Roman Era (Coutelas et al., 2000), were
first sieved and further crushed, if necessary, before they were added to the mortar (Perkins 1996).
These mortars confirm what is stated in the literature (Furland and Bissinger 1995) and show that,
after the Roman Era, ceramic fragments were less-frequently used. The initial purpose of their
addition by the Romans, which was to make strong, hydrophobic mortars, fades away through time
and their use possibly becomes limited to that of an aggregate. As an aggregate, the pozzolanic
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properties no longer matter but perhaps they ensure fast carbonation by entraining additional air
through pore spaces.

The Roman mortars generally present remarkable round macropores with radiating shrinkage cracks
(Figure 3). These cracks are probably the result of very high matrix density combined with the 0.35%
shrinkage to which lime mortars are subjected (Adams et al., 1992). Due to the process of dissolution
and re-precipitation of the binder (Hofkens 2003) in the vicinity of these more permeable zones, the
binder around the pores and cracks is darker and denser compared to the remaining part of the
matrix. Some pores are coated with 10 micrometer-long calcite crystals that are more or less
perpendicular to the pore surface (Figure 4), which confirms the dissolution-re-precipitation
hypothesis.

Another common feature of the Roman mortars is that the mainly well-rounded lime lumps, with
dimensions up to 4 mm, cannot always be clearly distinguished from the matrix. Often, they present a
well-defined central zone with a lighter, darker or sometimes intermixed white-black tint (Figure 5).
These tainted zones may have dimensions up to 200 um and are also observed in the lime lumps of
post-Roman mortars. The lime lumps do not contain any aggregate. Previous microprobe results
(Elsen et al., 2003) pointed out that certain parts of these zones are made up of hydraulic minerals.
However, Bakolas et al. (1995b) observed homogeneous lime lumps, but could also detect the
presence of both silicon and aluminum, which they concluded to be from the hydraulic minerals. The
lime lumps in the post-Roman mortars don’t have the regular forms and dimensions of those observed
in their slightly older homologues, but are quite similar in other aspects.

Figure 3: Radiation of cracks Figure 4: Calcite crystals on
from pores the pore surface

Figure 5: White zone in lime lump
(above right of the scale bar)

Figure 6: Re-crystallized calcite
matrix (crossed polars)
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From the limited set of post-Roman samples examined in this preliminary study, it is not clear whether
any specific, common recipe was used during a certain period of time. However, the point-counting
results make it evident that the binder-aggregate ratio is considerably lower, and that ceramic
fragments no longer make up an important part of the mortars. Moreover, the proportion of potsherds
(if any) seems to be quite variable and the concern for using a well-defined size of fragment is less
apparent or even absent. The aggregate is probably of local origin, and consists of a glauconite-rich
marine sand. Microscopically, three to four different grain-size distributions can be distinguished.

The binder in these mortars is generally less dense. Their porosity mainly consists of small pores with
dimensions ranging from about 0.2 to 1 mm with an irregular and less rounded appearance.
Exceptions to these general rules, like samples RQ01 and CAO01, may occur.

Not only the age and initial composition, but also the relative position inside a construction influences
the appearance of mortars. Samples RQ03 and RQO02 were taken from the same construction; RQ03
from the exterior part of the wall and RQ02 from an interior part that was not exposed to varying
weather conditions. We can consider that both samples were initially identical, since they originated
from the same construction. In addition, we can clearly see that they are made up of the same
aggregate that is present in the same proportion (see Figure 2). Whereas the matrix in sample RQ02
consists of cryptocrystalline (micritic) calcite, it is rather microcrystalline (Figure 6) in sample RQO03.
The large calcite crystals are cementing the quartz grains together, analogous to a sandstone with
calcite cement. The macroporosity of RQO03 is also more significant than in RQ02, although the
volumetric percentage of lime lumps in the former is considerably less. In their study of ancient Gallo-
Roman mortars, Rasineux et al. (1985) already concluded that there was a considerable decline in the
quality of the mortars due to dissolution and leaching away as a result of their atmospheric exposure.
These microscopic observations clearly show that the exposure had an important influence on the
characteristics of the mortars, but a decline in their quality could not be observed. On the contrary,
their consistency seems to have increased. This information cannot be generalized, however, since
the observations are restricted to only two samples.

A general feature of all mortars is the presence of flint, with dimensions up to 1 cm. The flint is rather
spherical, but certainly not rounded. Their presence in the matrix points towards the burning of local
limestone, which is rich in these inclusions.

3.2  X-ray diffraction

After gently crushing the remaining part of the mortars and sieving the <63um fraction that is
assumed to be enriched in the binder fraction (Bakolas et al., 1995a; Middendorf et al., 2000), an XRD
pattern was recorded of all samples except CA02, GRO1 and GR02. From sample RQ02, some lime
lumps were removed and crushed separately (sample RQO2Il). In all patterns, calcite and quartz
seem to be the main components. Portlandite could not be identified in any of the samples, meaning
that all mortars are entirely carbonated. Calcite comes from the transformation of burned lime, and
the quartz peaks must originate from the aggregate that is smaller than 63um. However, from the
XRD analysis of the removed lime lumps, where no aggregate is present (microscopy), quartz peaks
can clearly be identified. In addition, two hydrated minerals, tobermorite (14A) and hibschite, are
present in non-negligible quantities (Figure 7). The broader 14 Angstrom peak of tobermorite could
be due to a limited crystallite size, or to a variable amount of water in the 001-direction. The former
cause seems more probable since the other characteristic peaks are also slightly broader compared
to those of well-crystalline materials. Hydrogrossular or hibschite is present in lesser amounts, but its
peaks are clearly identifiable, with exception of the 3.03A peak that overlaps with that of calcite and
tobermorite.
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Sample CAO1 shows the presence of additional hydrated minerals. In CAO1, a broad diffraction band
without discrete peaks is present in the zone from about 2.85A to 3.03A. According to Ito et al.
(1992), this is the zone where poorly-crystalline CSH is diffracting. Additionally, hydrocalumite, a
hydrated aluminium-rich salt collectively known as one of the Afm phases in the cement literature
(Taylor 1997), could be identified in this sample. Microscopic observations confirm its presence,
which is apparently limited to filling of pore spaces.

Calcite
" Tobermorite + Hibschite

Hibschite

Quartz
Calcite
Quartz
Calcite
Calcite
Calcite
Tobermorite
Calcite

Tobermorite
CAH,?
Tobermorite
Tobermorite + Quartz

k1] Ll

o

Angle 2 Theta

Figure 7: XRD pattern of sample RQO2II

If we logically consider the local hydraulic limestone to be the source of the lime, then hydraulic
compounds should be identified in the binder, just as in the study of 19" century mortar samples from
Leuven (Central Belgium), which contained burned lime from Tournai (Callebaut 2000). However,
with the exception of a few samples, this seems not to be the case, and minerals like C,S, CsS and
gehlenite could not be recognized. Therefore, there might be an important evolution of the binder
mineralogy associated with aging of the mortars. Because of this evolution, estimation of the burning
temperature of the lime, based on specific mineral associations, cannot be applied in this case.

3.3 Geochemistry

The sieved fraction, smaller than 63um and enriched in binder, was analyzed according to the RILEM
procedure (Middendorf et al., 2000) for Ca, Fe, Mg and Al by AAS. CO, was determined using a
Strohlein apparatus, and the soluble silica concentration was measured by AES from the filtrate after
dissolution of 0.5g of sample in 25ml HCI 10% (Callebaut 2000; Degryse 2001). The results are
presented in Table 2. From the oxide concentrations, the Cementation Index (Cl) was calculated
according to Boyton (1980). Most samples, except RQ01, RQO02Il and CAO01, can be classified as non
hydraulic (NH). These results seem to be consistent with the constitutive mineralogy of the samples.
CAO0L1 can be classified as eminently hydraulic, and is situated at the border of the natural cements
(CI>1.1). Table 2 makes it apparent that hydraulic mortars (H) with high SiO, and Al,O3
concentrations contain only small amounts of CO,.

Similar to the results of the XRD analysis, most of the mortars do not present a hydraulic character.
For most samples, there is a rather limited correspondence between the mean composition of the
Tournaisian Limestone (Table 2) and the composition of the lime binders. The same conclusion can
be reached by comparing these binder compositions with that of Callebaut et al. (2001) from 19™
century mortars containing lime from Tournai. If we again consider the local hydraulic limestone as
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the source of the binder, an evolution during the aging process is clear from the chemical point of
view. On the other hand, if we consider the composition of the lime lumps (RQO02lIl), the
correspondence with the limestone and the 19" century mortar binder is better.

The elemental composition of the lime lumps was not obtained by a total-analysis, however, but by
analysis of the HCI-soluble fraction. An XRD analysis of the insoluble residue after reaction showed a
broad maximum rising from the background, which is attributable to an amorphous silica gel, meaning
that a least a part of the SiO, content in the lumps was not measured. Franzini et al. (1999) already
noticed that lime lumps can provide invaluable information about the initial composition of the binder
and about the evolution that takes place during the hardening process. If we compare the
composition of the binder from sample RQO02 with that of its lime lumps (RQO2Il), we can easily see
that there is an important difference, especially when we consider the SiO, concentration. Making the
assumption that both compositions were initially identical, we must conclude that the two systems
have evolved separately. Since the binder is a less closed, less dense and more permeable material
compared to the lime lumps (Hughes et al., 2001), it has a higher susceptibility to change. One of
these changes is the leaching of mainly SiO,, but probably also MgO. Another change is relative
enrichment in calcite, which represents only about 40%wt of the lime lumps but is present up to about
72%wt in the binder fraction of RQ02. Binders and lime lumps from other mortar samples should,
however, be analyzed to confirm these assumptions. Furthermore, efforts to more precisely
determine the provenance of the source rock are being made, in order to get a narrower
compositional range of the limestone. Experimental burning of that limestone will enable us to look at
the mineral phases that are formed and their repartition in the burned rock by means of thin sections.
We assumed that the lime was initially homogeneous, but the hydraulicity could also be concentrated
in specific zones; for example, in the immediate vicinity of former clay flakes or flint nodules, possibly
leading to an inhomogeneous slaked lime.

Table 2: Results of the chemical analysis
% Ca0 % MgO %Fe203 %AI203 % Si0O2 % CO2 Cementation Index*

RQO1 45.79 1.05 2.51 4.13 4.37 29.57 0.392 H
RQO02 44.84 0.67 2.11 2.07 2.05 31.57 0.207 NH
RQO2lI 48.59 1.47 131 461 10.48 17.39 0.698 H
RQO03 48.63 0.66 2.57 5.07 1.68 36.47 0.244 NH
PRQO1 50.13 0.33 0.85 1.88 0.79 37.07 0.096 NH
CAO01 41.80 0.80 1.50 3.45 15.07 13.22 1.096 H
CAO03 45.88 0.50 1.08 3.10 1.13 36.28 0.157 NH
CAO04 41.61 0.52 1.78 2.98 0.86 35.77 0.164 NH
GRO03 48.78 0.30 0.57 1.70 0.94 37.88 0.100 NH

Limestone from
Tournai (range from 35.6-51 0.7-19 04-18 08-48 75-24
basin)
19th century binder
with lime from
Tournai (Callebaut et
al., 2001)

47.76 0.85 2.59 3.95 15.66

*H denotes hydraulic, NH Non -hydraulic

The lime lumps are less permeable and more closed structures. This is the reason why they may
contain hydraulic components such as tobermorite and hydrogrossular. The main condition for the
long-term conservation of these hydraulic minerals is their confinement to a zone of low permeability
(Rassineux et al., 1989). However, this is clearly not the case for the binder in most mortars. Most of
the aluminum present in the lime lumps is included in hydrogrossular. Ettringite, another aluminium-
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rich phase, could not be identified and is probably only present when SO, concentrations are higher
(Rassineux et al., 1989). Tobermorite probably results from crystallization of a more amorphous
CSH-phase. This poorly-ordered material has a chain structure (Boch 2000; Brough et al., 1994a),
the length of which is dependant on the proportion Ca/Si. The mean chain length is longer when the
proportion of Ca/Si is lower. Other studies (Brough et al., 1994a; Brough et al., 1996) pointed out that
polymerization of the hydrated gel increased through time, even if no discrete diffraction peaks could
be observed in a two-year-old CSH-paste, meaning the substance was still amorphous. More than
once, the link with tobermorite has been made with respect to the structure of the material (Brough et
al., 1994a). This link is emphasized by the consideration that thermal treatment (110-150°C) of
synthetic CSH-gels leads to formation of crystalline tobermorite (Boch 2002; Kurdowski and Nguyen
1990). However, when tobermorite is in contact with CO,, it will transform to vaterite and an
amorphous silica gel (Goto and Ikeda 1990), confirming the need for a confined environment for its
conservation. Tobermorite that is present in these lime lumps is probably the result of a prolonged
crystallization from a well-protected amorphous CSH gel.

3.4 DTG-Study

Thermogravimetry is a technique in which a relatively small amount of sample is heated while the
weight loss is measured. This technique is often combined with a differential thermal analysis that
allows differentiation between endo- and exothermic processes. Compounds that have low
crystallinity and, therefore, cannot be identified with X-ray diffraction techniques, can be conveniently
identified (Adams et al., 1992) and quantified (Brough et al., 1994b). An advantage of this technique
is that more than the total amount of the compound can be determined because water is released at
different temperatures. A disadvantage is that some transformations may overlap so that individual
processes can not always be clearly distinguished and quantified. As a consequence, the boundaries
between processes are often arbitrary and may be rather variable for different mortars. In the
literature, proposed limits for analysis of historic mortars are not only dependant on the nature of the
mortars, but also on the discretion of the authors (Figure 8).
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Figure 8: Repartition of temperature ranges from the literature
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Thermogravimetric measurements were applied to a small sample (30mg) of the <63um fraction of
the mortars, and heated under a N, atmosphere at a rate of 10°C/min from room temperature to
1000°C. The results are presented in Table 3.

Table 3 Results of DTG Analysis

TG%<120°C TG%120-540°C TG%>540°C

Mortar Sample Hygroscopic Hydraulic )
Decarbonation
water water
RQO1 2.67 4.96 16.51
RQO02 1.86 3.51 14.73
RQO03 1.69 1.95 9.46
PRQO1 1.17 3.37 25.46
CAO01 5.45 8.26 11.16
CAO03 1.73 3.13 14.89
CA04 1.68 2.72 14.57
GRO3 1.18 2.84 22.46

All mortars seem to be well carbonated, since no peaks could be attributed to dehydroxilation of
portlandite, and the loss of CO, from decarbonation of calcite is well developed in most samples.
Some of the samples show additional loss of water in the lower temperature range. Generally, the
CO,, being bound to carbonates, and the water, being bound to hydraulic components, discern two
groups of mortars, the typical lime and the hydraulic, respectively (Paama et al., 1998). The weight
loss has been divided into different parts. Below 120°C, the change in weight is attributed to the loss
of hygroscopic water, from 120°C to 540°C to the loss of hydraulic water, and above 540°C to
decomposition of the calcite. The loss of weight in the different temperature ranges can help to
differentiate between hydraulic and non hydraulic mortars. However, this repartition has to be
cautiously considered for mortar sample CAQ01, since hydrocalumite was identified from its XRD
pattern. Even if the corresponding diffraction peaks of this layered Ca-aluminate hydrate are very
weak, the weight loss associated with its decomposition is considerable, and can clearly be
recognized in the zone around 280°C, where dehydroxilation is taking place (Vieille et al., 2003). This
shows that thermal analysis can be very helpful in unraveling or in validating the mineralogical
composition of mortar samples.

The boundary between decarbonation (>540°C) and loss of hydraulic water (120-540°C) was
established by comparing the weight loss above different temperatures (DTG) to the amount of CO,
measured with the Strohlein apparatus for each sample. The correlation between weight loss above
540°C and CO,-content measured by Strohlein is a one-to-one correlation, and has correlation
coefficient of 0.96. For mortar sample RQO03, decarbonation starts at a higher temperature than for
the other samples. This may be due to the recrystallized nature of the binder (Moropoulou et al.,
2003), which is also confirmed by the microscopic observations.

From the table of results, a correlation appears to exist between the amount of water released below
540°C and the CO; lost at temperatures higher than 540°C. If a lot of water is present in the mortars,
only a limited amount of CO; is lost at higher temperatures, meaning that only a little calcite is present
compared to a higher amount of hydrated substances. However, given the presence of hydrated salts,
an estimation of hydraulicity from the DTG-curves is not appropriate in this case.
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An attempt has also been made to establish a correlation between the loss of water and the elemental
composition of the <63um fractions. Both the SiO, and the CaO (that remains after combination with
CO,) concentrations show a quite good correlation (correlation coefficients of 0.96 for both), whereas
the correlation for other elements such as Al, Mg and Fe is very poor (correlation coefficients of 0.04,
0.29 and 0.01 respectively). This could indicate that the latter three elements have a more limited
importance with respect to the hydraulic character of mortars.

4 Conclusions

There are considerable differences in the composition of Roman and post-Roman mortars. Roman
mortars have more binder and the intentional addition of ceramic fragments of a well-defined size.
The post-Roman mortars contain less binder and a glauconite-rich sand as the main aggregate. The
use of ceramic fragments is more sporadic.

The position of the mortar samples in a building seems to greatly affect their appearance and physico-
chemical evolution. Prolonged exposure to atmospheric conditions can cause the binder to re-
crystallize to a microcrystalline matrix.

There are important mineralogical and chemical differences between the lumps and the binder in the
mortars. The difference could arise from a distinct evolution starting from an initially-identical
composition. Future work will be designed to unravel the long-term processes affecting this evolution.

This study also shows that a combination of different techniques is necessary to characterize historic
mortars. Nevertheless, difficulties exist in determining the hydraulicity of the binder fraction. Use of
the Cementation Index, based on chemical analysis, does not consider the contribution of salts or
additives like fine ceramic powder. Thermogravimetric methods, XRD and microscopic investigations
help to identify the salts or additives, but cannot enable taking their contribution to the chemical
analysis into account.
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