
A thermal study approach to roman age wall painting mortars

A. Duran • L. A. Perez-Maqueda • J. Poyato •

J. L. Perez-Rodriguez

MEDICTA2009 Special Issue
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Abstract Roman ancient mortars have been widely

studied, in connection with both diagnosis and application

required for restoring. Thermoanalytical experiments per-

formed on mortars from Pompeii and Herculaneum pro-

vided a very good understanding of the technology

employed. The mortars from Pompeii were obtained by the

proper mixing of lime and marble grains while mortars of

Herculaneum by lime and silicates compounds. The posi-

tion of the endothermic peak of calcite decomposition

showed important variations in the different samples

studied, which was assigned to the different crystallinity

and particle sizes. Experiments under CO2 flow confirmed

the presence of magnesium calcium carbonates.
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Introduction

Mortar is a composite material employed to assemble

bricks or stone or as a finishing layer. The characterisation

of ancient mortars provides useful information about how

the complex architecture structures were built [1–5]. Lime

was used in the antiquity as non-hydraulic cement mixed

with pozzolane, specially to build duct drains, cistern and

swimming pools [6, 7]. The hydraulic compounds are

obtained from the reactions of Ca(OH)2 with natural

pozzolanes or artificial ones (such as ground fired bricks

and tiles or ceramic shreds). The presence of aluminium

and iron oxides together with the lime binder contributes to

the mortar hydraulic character [8–11].

The function of natural or artificial pozzolanes, sand or

marble grains (also frequently used) are to improve the

mechanical properties of the resulting material and to

reduce, as much as possible, the shrinkage occurring during

the hardening. The binder, usually lime or hydraulic lime,

is responsible for the hardening process [12].

Recently, raw material compositions, as well as the

physical, mineralogical and microstructural characteristics

of mortar samples from some historic buildings were

determined to understand their technology and to produce

compatible repair mortars with the existing ones in

masonry structures [8, 13–15]. Literature reports [1, 4, 5, 8,

12] allow to group ancient mortars in two main categories:

lime and hydraulic ones. In the first case, the hardening

process arises from carbonation of dry or wet lime [16].

Wall painting may be defined as any painted design or

composition applied directly to the surface of a building.

Ranging from simple decorative patterns to more complex

figurative or even narrative schemes, wall paintings form

integral part of the monuments [13, 17–19]. The art of

fresco in wall paintings was described by Vitruvius and

Pliny the Elder [20, 21]. The wall is coated with a fresh

mortar of lime and sand mixed with powdered marble.

Coloured pigments are applied whilst the wall is still damp.

DTA/TG/DTG thermoanalytical investigations and

X-ray diffractometry analyses allow the characterisation of

the binding mortar materials, by specifying their main

mineralogical components, as shown in other studies on
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ancient mortars [22–24]. References cited in literature

indicate that DTA, along with TG, X-ray diffraction tech-

niques, electron microscopy and high-temperature

microscopy, are indispensable for the identification of

mortars and for the determination of the degree of hydra-

tion and carbonation of limes in mortars. Furthermore, the

recarbonation properties of limestones can be systemati-

cally and dependably studied using controlled atmosphere

techniques [9].

Carbonates show distinctive endothermic peaks: at

around 840 �C (calcite) and doublets at around 780 and at

860 �C (dolomite), whose position may vary depending on

grain size, atmosphere and other concomitant factors. They

are due to the escape of CO2 during the breakdown of their

structure. DTA is also capable of differentiating high-

calcium limestones, dolomites and intermediate materials

such as dolomitized limestones [9, 25–28].

The aim of this study implies the characterisation of

mortars from Pompeii and Herculaneum, on which wall

paintings ‘on fresco’ of the highest pictorial quality were

found. Carbonate content variations and comparison

between mortars collected in both archaeological sites are

discussed.

Materials and methods

Mortars samples were collected during an archaeological

rescue mission carried out by members of Fine Arts Fac-

ulty of Seville in Pompeii and Herculaneum cities.

Three mortars from the House of the Golden Bracelet in

Pompeii (samples 15, 16 and 18 in the work) and two from

Villa of Papyri in Herculaneum (samples 6 and 7 in the

work), all of them samples dating back to 2nd B.C. in an

excellent state of conservation and which have not been

submitted to any restoration, were collected for this study.

For the study, each mortar was divided by a scalpel

(mechanical methods) in three parts, corresponding to the

external, medium and internal layers, and studied sepa-

rately. Cross-sections of the different samples, showing the

different component layers and their thickness, and also the

determination of pigments and binders using synchrotron

radiation-high resolution X-ray powder diffraction, micro-

XRD and conventional spectroscopy chromatography are

shown in previous articles by the authors [18, 29].

Thermal Analysis was performed by means of a simul-

taneous TG/DTA, STD Q600 (TA Instruments). Measure-

ments were conducted under flow of air or CO2 and heated

at a linear heating rate of 10 �C min-1. The morphology of

the different components of the mortars was observed in a

HITACHI S-4800 Scanning Electron Microscope. The

elemental analyses were performed using an X-ray energy

dispersive spectrometer EDX Quantax 400 coupled to

SEM. X-ray diffraction experiments were performed using

a Siemens Kristalloflex D-5000 and analysis of XRD dia-

grams by the EVA package software. FTIR spectra were

recorded by a Nicolet 510 spectrometer (source: Global,

detector: DTGS) employed in transmission mode (using

powder samples mixed with KBr) in the 4000–400 cm-1

range, with a resolution of 4 cm-1. For each spectrum, at

least 200 scans were accumulated and peak positions were

determined using the Nicolet Omnic software, based on a

polynomial least square method.

Results and discussion

SEM and EDX study

The results from these techniques showed important dif-

ferences between the samples taken from the House of the

Golden Bracelet in Pompeii (samples 15, 16 and 18) and

those from Villa of Papyri in Herculaneum (samples 6

and 7). SEM images from the internal layers of samples

15, 16 and 18 showed large marble grains with irregular

borders produced by grinding. Together with these grains

appear small particles constituted by calcium carbonate

produced by lime carbonation (Fig. 1a) according to EDX

analysis, which only showed the presence of calcium

(Fig. 1a). This calcium carbonate cements the grains of

marble (primary calcite used as aggregate). Other com-

pounds such as silicates were not found. The external and

medium layers showed similar composition to the inter-

nals; however, mercury and sulphur were detected in the

external layer of sample 16, and also small amounts of

iron in 15 and 18, and copper in 18. Primary calcite

inclusions are uncalcined calcium carbonate, which is a

limestone containing coarse-grained calcite crystals. This

material possibly has been ground and added to the slaked

mixture (or it was not calcined properly in the first place).

The addition of uncalcined calcium carbonate to plaster

mixtures was known in later periods (Roman plaster)

where marble dust, essentially uncalcined calcium car-

bonate, was recommended by Vitruvius to be added to

plaster to give it an improved white shine and lustre

[18, 20, 30].

The samples 6 and 7 showed different morphology to

the previously studied samples. Marble grains did not

appear being only present small particles attributed to

carbonation of the original binder (lime putty) (Fig. 1b).

The EDX analysis of the internal layers showed the pres-

ence of calcium and small proportion of magnesium

(Fig. 1b); in addition, silicium, aluminium, potassium and

iron were detected, possibly from silicate compounds that

could be attributed to hydraulic components. In the exter-

nal layers only calcium was found.
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FT-IR study

FT-IR spectra of the external, medium and internal layers

of sample 6 are shown in Fig. 2a. Similar IR absorption

bands at 1790–1797, 1425–1428, 874 and 710–712 cm-1

assigned to calcium carbonate [31, 32] were detected in the

three layers of this mortar. In the internal layer, a band at

1018 cm-1 assigned to silicate [31] has been found. These

data showed that the internal layer was carried out using a

siliceous mineral (evidence of the presence of hydraulic

components) and a binder (lime). Similar results were

observed in the three layers of sample 7, with calcium

carbonate and silicates in the internal one. Both types of

compounds were also present in the medium layer of this

sample, but with lower proportion of silicate compounds.

The different layers of the three mortars from The House

of the Golden Bracelet in Pompeii (samples 15, 16 and 18)

showed IR spectra with similar absorption bands which

were assigned to calcite. No other compounds were

detected by FT-IR spectroscopy (Fig. 2b).

XRD study

This technique confirmed the differences in composition

between the mortars collected from the House of the

Golden Bracelet in Pompeii and those from Villa of Papyri

in Herculaneum.

The X-ray diffraction diagrams of internal layer of

sample 6 showed diffraction peaks at d = 3.03, 2.28 and

2.10 Å
´

attributed to calcite (CaCO3). In addition, other

peaks were detected at 3.19 and 3.18 Å
´

, which were

assigned to anorthite (CaAl2Si2O8) (Fig. 3a). This experi-

ment confirmed that this layer was made using a siliceous

material and lime as binder. However, the medium and

external layers were constituted only by calcite. Similar

results were found previously by SEM and FT-IR studies.

In sample 7, the internal and medium layers showed dif-

fractions attributed to calcite and anorthite by XRD. In the

external, only calcite was found (Fig. 3b).

Only calcite appeared in the internal and medium layers

of samples 15, 16 and 18. In the external layers, calcite was

accompanied by other phases attributed to the coloured

pigments applied to the wall, as was described in previous

articles of the authors [18, 29]. In sample 15, haematite

(d = 2.70, 2.52 Å
´

) (Fe2O3) and aragonite (d = 3.39,

3.27 Å
´

) (CaCO3) were found. Haematite is a red pigment

frequently used and aragonite has been applied as a white

pigment because of its higher hiding powder in comparison

with calcite [33]. In sample 18, cuprorivaite (d = 3.28,

3.78 Å
´

) (CaCuSi4O10) was detected together with haema-

tite and aragonite (Fig. 3c). Cuprorivaite is the crystalline

Fig. 1 SEM images and EDX analysis of internal layers of: a Mortar

18 from Pompeii; b Mortar 6 from Herculaneum
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phase corresponding to the pigment Egyptian blue, also

called Pompeian blue, which is an artificial pigment, pre-

pared by heating of a mixture that contains silica (SiO2), a

compound of copper (possibly malachite), calcium car-

bonate and sodium carbonate [18, 34], although this is also

a rare mineral that it is present as a natural component in

the lava of Vesuvio. In the external layer of sample 16,

vermilion (HgS), a red colour pigment, was found

(d = 3.36, 2.86, 1.98 Å
´

) (Fig. 3d), and also calcite and

aragonite. Vermilion originally derived from the powdered

mineral cinnabar. The cinnabar mines used by the Romans

were Spanish, as Theophastur asserted 200 years before

Vitruvius [35].

Thermal study

The mass loss between 620–640 �C and 780 �C of TG

curves was used to calculate the carbonate content of the

studied samples (Table 1). The internal layer of sample 6

showed the presence of 34% of carbonate accompanied of

66% of siliceous material. However, in the medium and

external layers only carbonate was present (100%). In the

internal layer of sample 7, the carbonate content was 67%,

higher than in the former sample, being also present about

33% of silicates material. In the medium layer, the per-

centage of silicates material was lower, about 11%.

In the other studied samples, carbonate was practically

the only present compound, except in the external layer of

sample 16 where carbonate percentage only reached a

value of 78.4%. The TG curve of this external layer, where

the pigment layer is included (10–20 lm), showed a mass

loss (*10%) between 310 and 375 �C corresponding to an

exothermic effect in the DTA curve (Fig. 4), which was

also present in the thermal study carried out in CO2

atmosphere. This effect has been attributed to the process

of dissociation–sublimation of HgS [36]. Cinnabar was

previously detected by XRD.

In all the samples studied in this work, except in the

external layer of sample 16, a continuous mass loss of

about 1.2–2.5% has been found between room temperature

and 620 �C. For mortars, in the temperature range from 30

to 120 �C the mass loss is due to adsorbed water, from 120

to 200 �C the mass loss of water from hydrated salts

occurs, between 200 and 600 �C the mass loss is due to

structurally bound water from the hydraulic compounds

and, finally, the loss of CO2 as a consequence of the

decomposition of calcium carbonate (CaCO3) takes place

at temperature range between 650 and 850 �C [13, 25]. In

this form, the small amount of mass loss between room

temperature and 620 �C of the samples studied in this work

showed the small content of adsorbed water, hydrated salts

and bound water; only in the internal layer of sample 6 was

a little higher, 2.5%, probably due to the presence of sili-

ceous material, hydraulic components, in this mortar.

The DTG curves corresponding to carbonate decompo-

sition of the internal layers of mortars from Villa of Papyri
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Table 1 Carbonate content of the samples calculated from the mass loss between 620–640 �C and 780 �C

Sample 6i 6m 6e 7i 7m 7e 15i 15m 15e 16i 16m 16e 18i 18m 18e

% Carbonate content 34 100 100 67 89 95 99 100 100 97 100 78 97 100 100

i internal; m medium; e external

Fig. 4 TG/DTA/DTG curves of the external layer of mortar 16
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in Herculaneum (samples 6 and 7) and from the House of

the Golden Bracelet in Pompeii (sample 18) are shown in

Fig. 5a. Differences in the maximum of DTG peaks are

shown: in sample 6 the maximum appeared at 695 �C with

a shoulder at 712 �C, at 720 �C in the sample 7, and the

highest value appeared in sample 18 at 745 �C. The

decomposition of calcite materials in fact may vary in a

large temperature range as a function of the history of the

material (it may contain recarbonated lime), experimental

conditions, degree of fragmentation and crystallinity of the

material. Monocrystalline calcite undergoes complete

decarbonation at temperatures higher than 750 �C while

polycrystalline materials, such as limestone or chalk, in

some cases, start to decompose at temperatures lower than

650 �C [9, 12, 37]. The peak for a calcium carbonate

sample prepared by recarbonation of calcium hydroxide

occurs at a lower temperature than that for the original

carbonate from which the hydroxide was prepared. This

fact is attributed to the finer particle size of the secondary

carbonate [26]. The highest value of the DTG peak that

appeared in the internal layer of sample 18 should be

attributed to the presence of monocrystalline calcite,

whereas the presence of polycrystalline calcite in the

internal layer of sample 6 was responsible for the lowest

value (Fig. 5a).

A decrease in the temperature maximum of DTG peaks

appeared comparing the internal, medium and external

layers of samples 15, 16 and 18 (Fig. 5b). The original

sample was only disaggregated before carrying out the

thermal study not to decrease the particles’ size by grind-

ing. This fact should be attributed to a decrease of particle

size of material and crystallinity of material [38–40], being

the finest particles present in the external layers.

Two peaks appear in dolomite decomposition curves.

The first peak is due to the decomposition of the carbonate

ions associated with magnesium and the second peak to the

decomposition of those associated with calcium. The low

substitution of calcium by magnesium in calcite structure is

difficult to characterise by thermal analysis. In this case,

the two possible peaks are more clearly resolved in a car-

bon dioxide atmosphere. The use of a carbon dioxide

atmosphere during the heating raises the calcite peak

temperature and considerable sharpens [9, 25–28].

The thermal study performed on all the layers of mortars

15,16 and 18 and on the external layers of 6 and 7, heating

in air, only showed a shift at lower temperature in the mass

loss than under flow of CO2 (Fig. 6a). The TG curve of

internal layer of mortar 6, carried out in air atmosphere

showed only a mass loss between 625 and 740 �C. How-

ever, the heating in CO2 atmosphere shifted the mass loss

Fig. 5 DTG curves showing

the carbonate decomposition

peaks of: a Internal layers of

mortars 6, 7 and 18; b Internal,

medium and external layers of

mortar 18

Fig. 6 TG curves under air and

CO2 flows of: a External layer

of mortar 6; b Internal layer of

mortar 6
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peak at higher temperature and showed a splitting of the

curve in comparison with the heating in air atmosphere

(Fig. 6b). This fact was attributed to the decomposition of

carbonates in several steps, magnesium being present in the

calcite structure. The presence of magnesium together with

calcium was confirmed by EDX analysis as was previously

described in this article.

Conclusions

The mortars from Villa of Papyri in Herculaneum were

obtained by the proper mixing of a binder, lime, with a

material as silicate (anorthite). The mortars from the House

of the Golden Bracelet in Pompeii were obtained by the

mixing of a binder like lime, however, as aggregate

material was used marble grains prepared by grinding.

The thermal analysis showed differences in the temper-

ature of the carbonate thermal decomposition. The temper-

ature was higher in mortars that contained marble grains

than carbonate produced by lime carbonation. This fact

should be attributed to the higher monocrystallinity of the

marble particles. The use of smaller grains and more content

of lime in the external layers of samples from the House of

the Golden Bracelet in Pompeii produced a shift at lower

temperature of the carbonate thermal decomposition.

The thermal study on the internal layer of mortars from

Herculaneum, conducted under flow of CO2, showed a

splitting of the TG curve attributed to carbonate thermal

decomposition, confirming the presence of some magne-

sium in the lime used as binder in agreement with the

results obtained by SEM–EDX.

The presence of cinnabar (HgS) used as pigment in the

wall paintings on the external layers of the mortar (sample

15) was detected by DTA/TG study and also by XRD.
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