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Abstract

Different ancient mortar samples of Pamplona cathedral have been analysed to characterize their binder and aggregate

fractions. A complete characterization has been carried out including chemical (complete macrochemical analysis, analysis of

the soluble fraction in hot HCl (1:5) and of the insoluble residue, trace elements and soluble salts, using traditional chemical

procedures, ion chromatography and spectrophotometry techniques), mineralogical (structural characterization, granulometric

studies and X-ray diffraction) and thermal studies (simultaneous DTA and TG analysis). A lime binder with a silica aggregate

has been established. The approximate original compositions of the classes of mortars have been determined using the TG

results. A good agreement with the other characterization techniques has been showed by the thermoanalytical techniques. An

incomplete carbonation in a sample has been discovered by the thermal analysis. # 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction and objectives

In some previous papers the importance of char-

acterizing the binding materials and mortars used by

ancient builders has been highlighted [1±4]. In this

study different samples were taken from the mortars of

walls and domes from the inside of the cathedral of

Pamplona (1415±1512). A further group of samples

taken from the foundations of the old Romanesque

cathedral, destroyed in 1390, are also taken into

consideration. The seven zones classi®ed with differ-

ent types of mortar have already been established in a

previous study [5] using a method proposed which

consisted of

Grouping the mortars and analysis of all the sam-

ples.

1. Examination:

� macroscopic examination with the naked eye

with the help of a magnifying glass.

� microscopic examination using microphotogra-

phy with magnification �65.

2. X-ray diffraction: in order to establish the

mineralogical phases present.

3. Rapid approximate chemical analysis with hot

HCl (1:5) volume ratio (2 M) which has proved to

be the most appropriate for attack [6]. Determina-

tion of the insoluble residue, the calcium carbo-

nate fraction calculated by calcimetry and soluble

fraction by difference to 100.
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4. Classi®cation of the types of mortars taking into

consideration the aforementioned criteria and

using as well the relationship between insoluble

residue/soluble fraction

In this study the second part of the proposed

methodology (complete characterization of the

mortars) has been carried out. The characteristics of

the previously determined types of mortars and of

their component materials are presented. The accor-

dance among different analytical techniques is also

studied.

2. Experimental

The sampling procedure for mortars has been car-

ried out taking a part of the mortars with a chisel and

throwing away the external portion of the joints, with

the aim of obtaining non-altered material. Fig. 1 shows

the sampling areas with a different type of mortar, just

as there has been indicated.

A representative sample of each different zone has

been selected in order to apply the complete charac-

terization. The criteria followed have been: the state of

aggregation and structure, the available quantity and

the representativity on the set.

After, the aforementioned complete characteriza-

tion has been carried out. This one includes:

1. Chemical study:

1.1. Chemical composition:

1.1.1. Chemical analysis of the majority

components. This analysis has been

carried out by attack with a sodium

carbonate±borax alkaline ¯ux.

1.1.2. Chemical analysis of the soluble frac-

tion and the insoluble residue resulting

from the attack of the mortar with hot

HCl (1:5).

The sample ground in an agate mortar was dried in a

heater until constant weight was achieved and then 1 g

of sample was taken for its subsequent analysis. A

titration with EDTA (using murexide and eriochrome

black T as indicators) has been used for the analysis

of calcium and magnesium in the soluble fraction.

The contents of soluble silica, Fe and Al have

been determined by atomic emission spectroscopy

with inductively coupled plasma (ICP). When the

amounts of Fe2O3 and Al2O3 were higher than 1%,

the determinations were carried out by titrations using

barium diphenylaminosulphonate and ditizone as

indicators. Sodium and potassium have been deter-

mined by ¯ame emission atomic spectroscopy. The

contents of elements after an alkaline fusion of the

samples were determined by traditional chemical

methods.

1.2. Trace elements: the chemical nature of the

trace elements and their relative concentra-

tions have been determined using the ICP

technique, after an alkaline attack of the

sample. Detection limits were 2.7 ng gÿ1 for

cadmium, 6.1 ng gÿ1 for chromium,

5.4 ng gÿ1 for copper, 1.4 ng gÿ1 for manga-

nese, 7.9 ng gÿ1 for molybdenum, 10 ng gÿ1

for nickel, 42.0 ng gÿ1 for lead and

1.8 ng gÿ1 for zinc.

1.3. Soluble salts: conductivity and concentra-

tions of anions have been calculated using an

ion chromatograph, after an extraction with

distilled water. The instrumental detection

limits were 0.084 mg gÿ1 for chloride,

0.475 mg gÿ1 for nitrate and 0.330 mg gÿ1

for sulphate.

2. Mineralogical study:

2.1. Mineralogical aggregate composition: the

mineralogical phases contained in the aggre-

gate were determined by X-ray diffraction.

2.2. Aggregate granulometric fractions: the grad-

ing of the aggregate was obtained after

dissolution of the binding material with HCl

1:1 and sieving through a tower of sieves.Fig. 1. Plan of Pamplona cathedral. Sampling areas.
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3. Thermal studies: the differential thermal and

thermogravimetric analysis were carried out using

a simultaneous DTA±TGA Stanton Redcroft

STA-780 thermoanalyser, using Pt crucibles, at

108C minÿ1 heating rate, under 50 ml minÿ1 gas

¯ow of air.

3. Results and discussion

The previous results of the X-ray diffraction ana-

lyses are showed that in the mortars of cathedral of

Pamplona, calcite is the main component [7]. The

other mineralogical phase presents in a large quantity

was a-SiO2. Several samples had complex silicates in

their composition, although in small amounts. Gyp-

sum phases have not been detected in the mortars.

3.1. Chemical characterization

3.1.1. Chemical composition

� The complete characterization turns out to be the

valid reference in order to compare results achieved

by others techniques of characterization. Table 1

shows the results from the complete chemical

analysis of the major components. Calcium carbo-

nate (calcium oxide and calcination loss) and silica

were the main components determined. Silica con-

tent was highest in the Romanesque zone (MC6)

(39.13%), whilst the two zones of the southern

lateral nave (first and last sections) (MC3 and

MC4) have lower values (19.75 and 19.11%).

Practically no differences with regard to composi-

tion can be seen between these two areas. Only the

amount of CaO (and consequently, of CaCO3)

seems to be greater in the MC4 than in the MC3

zone. The sample from the central nave (MC5) was

that which in this analysis had lowest values for

MgO. In contrast, the sample from the Romanesque

foundations had the largest amounts of Fe, Al and

Ti oxides (R2O3 � 7:23%). The values of sulphates

were low. This indicates that there are not gypsum

phases (dihydrated calcium sulphate), which was

also confirmed by the X-ray diffraction results.

Magnesium amounts were low values, therefore

it seems it could discard the presence of dolomite

limestone.

� Chemical analysis of the soluble fraction and the

insoluble residue. Tables 2 and 3 summarize the

results of the chemical analysis of the soluble

fraction and the insoluble residue resulting from

the attack of the samples using the method pro-

posed. It was observed that soluble SiO2 had low

values. Soluble silica is one the most important

parameters in order to establish the hydraulic effect

in the samples [8,9]. The low values in soluble

silica could indicate a low hydraulic effect. High

values in alkaline metals (sodium and potassium) in

the samples of zones MC3 and MC4 were

observed. This fact may indicate a higher amount

of soluble salts. It has already been pointed out that

Mg presents low percentages. In the soluble frac-

tion analysis, the MgO values confirm the former

results. Percentages of Fe2O3 and Al2O3 turn out to

be very low. These elements have a important

relation with the hydraulic effect. As mentioned

previously, this effect coulds present low values.

The objective of the analysis of the insoluble

residues is to give a full characterization of the

aggregate fraction and to obtain the quantitative

chemical composition especially of those compo-

Table 1

Complete chemical analysis of the samplesa

Zone Lossb SiO2 (%)c CaO (%) MgO (%) Fe2O3 (%) Al2O3 (%) TiO2 (%) SO3 (%) Na2O (%) K2O (%)

MC1 27.48 29.37 32.98 2.49 5.18 0.30 0.15 0.81 0.28 0.55

MC2 32.27 22.18 37.56 2.49 3.32 0.99 0.48 0.63 0.26 0.47

MC3 34.50 19.75 36.90 3.48 2.81 0.69 0.48 0.69 0.28 0.45

MC4 34.01 19.11 38.42 4.08 2.30 0.86 0.39 0.65 0.17 0.42

MC5 30.43 23.66 37.42 0.98 5.50 0.27 0.18 0.78 0.19 0.59

MC6 23.35 39.13 26.34 2.12 6.60 0.49 0.14 0.82 0.22 0.66

a Sodium carbonate±borax alkaline ¯ux; percentages related to original dry mortar.
b Calcination loss at 975±10008C.
c Total silica in the sample.
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nents which, due to their low percentages or

their non-crystalline nature, could not be detected

by X-ray diffraction. The results obtained are simi-

lar in the samples analysed. It can be seen that the

major component of the insoluble residue is SiO2

(80±85%). Fe, Al and Ti oxides accounts for 7±9%

and the remainder are minor components, which do

not exceed 2%. The aggregate used is fundamen-

tally siliceous and probably associated with it are

the non-hydraulic silicates and the clays which are

not soluble in acid Ð those elements responsible

for the Fe2O3 and Al2O3 contents.

3.1.2. Trace elements

The chemical nature of the trace elements and their

relative concentrations indicate the geological history

of the material, in function of the parameters that have

conditioned them [10,11]. Fig. 2 shows the graphs of

trace metals.

The critical study of these graphs indicates that

there are not large differences in the composition of

the trace metals analysed among the mortars of the six

studied classes. Therefore, it is probably that the

materials used proceed from the same quarry. This

is logical if one considers the history of the construc-

tion of the cathedral of Pamplona.

However, the classes MC3 and MC4 have almost

identical microchemical composition, their raw mate-

rial proceeds from the same quarry and zone. This also

is adjusted to the other results obtained previously in

this work.

3.1.3. Soluble salts

In this study a measure of overall conductivity was

taken in representative samples from different zones.

The aim was to evaluate overall activity in soluble

salts that may affect the state of the sample [12].

Results refer to a suspension that contains 1 mg of

sample for ml, expressed in mS cmÿ1 (Fig. 3). The

results show low conductivity in general in the mortars

analysed, which is indicative of very low levels of total

salinity in the samples in comparison with those values

found in [1] (68±149 mS cmÿ1).

The samples from zones MC3, MC4 and MC5,

which belong to the central and southern lateral naves

have the highest values of total salinity, and coincide

Table 2

Chemical analysis of the soluble fraction after hot HCl attacka

Sample SiO2 (%)b CaO (%) MgO (%) Fe2O3 (%) Al2O3 (%) Na2O (%) K2O (%)

MC1 0.50 32.67 2.71 4.34 0.66 0.035 0.098

MC2 0.57 37.20 2.23 3.23 0.56 0.037 0.062

MC3 0.55 36.90 2.40 2.98 0.60 0.151 0.138

MC4 0.62 38.41 2.28 2.86 0.70 0.114 0.191

MC5 0.89 36.65 0.96 3.46 0.79 0.048 0.125

MC6 0.37 31.23 1.70 6.92 0.69 0.031 0.095

a Percentages related to original dry mortar.
b Acid soluble silica.

Table 3

Chemical analysis of the insoluble residue obtained after hot HCl attacka

Sample Loss (%)b SiO2 (%)c CaO (%) MgO (%) Fe2O3 (%) Al2O3 (%) TiO2 (%) SO3 (%) Na2O (%) K2O (%)

MC1 1.91 85.78 ± 1.19 7.22 1.31 0.26 0.57 1.09 1.29

MC2 3.31 84.31 ± 2.02 6.32 2.15 0.64 0.61 0.60 0.27

MC3 2.80 85.19 ± 1.84 5.68 1.73 0.64 0.66 0.72 0.61

MC4 2.73 85.66 ± 1.58 5.28 1.96 0.89 0.64 0.70 0.56

MC5 4.21 83.27 ± 1.37 6.85 1.77 0.23 0.56 0.89 0.85

MC6 2.00 88.16 ± 1.26 6.17 0.70 0.14 0.72 0.47 0.73

a Sodium carbonate±borax alkaline ¯ux; percentages related to the sample of dry insoluble residue.
b Calcination loss at 975±10008C.
c Total silica in the sample.
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with the previous observations on the degree of

homogeneity and the characteristics of the samples,

which are in comparatively poor condition and very

deteriorated.

The values for conductivity in the aqueous extract

and the anion values are shown in Fig. 3.

The results of the determination of anions show

quite low Clÿ content in comparison to some studies

(0.67±2.27%) [1], although without reaching the

extremevalues recorded insome studies (<0.06%, [13]).

Nitrate content is very disparate from sample to

sample, ranging from low values, of the order of

0.05% for zones MC2 and MC5, to values under

detection limit for zones MC1 and MC6. The mortars

from the MC3 and MC4 show extremely high nitrate

values between 1.5 and 2%. This fact means that the

high values in alkaline metals in these zones could be

related with these results of nitrate values, and con-

®rms the higher amount of soluble salts expected. This

also leads to the hypothesis that the origin of the raw

material in the two samples was similar. Indeed, these

two samples have similar amounts of sulphate ion,

which, generally, is present in quite low levels in all

the mortars analysed (from 0.007 to 0.089%).

In the ®gure it can be seen that conductivity varies

with the amount of chloride ion in the sample, except

Fig. 2. Concentrations of trace elements (�concentrations are expressed in mg gÿ1 of sample, Zn and Mn concentrations are divided by 2 and

10, respectively, in order to balance the scales).

Fig. 3. Results of sample conductivity and anions concentration determined by ion chromatography (conductivity, expressed in mS cmÿ1 is

given for a suspension of 1 mg of the sample per millilitre; the concentrations of anions are expressed as percentages of the samples).
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in those samples from the MC3 and MC4 zones, with

large amounts of nitrates, which alter this re-

lationship. The greater effect of the chloride ion on

the total conductivity of the samples is logical if the

following two aspects are borne in mind:

1. Its presence in larger amounts (of the order of a

higher scale in percentage terms), except the

nitrates in the zones mentioned. This fact has

already been highlighted in [1], where the

chlorides appear as the most frequent soluble salts

in the mortars analysed, and even as the only salts

to be detected. However, it is not possible to

generalize from this, although in mortars from

maritime environments a higher content of these

anions is to be expected [14].

2. The second aspect to be considered is the high

load density of the chloride ion, due to its small

ionic radius, which leads it to have a notable effect

on conductivity.

One objective of this study was to analyse the

association between these variables and to this end

a correlation analysis was made of the variables. The

matrix is shown in Table 4.

There is a strong association between the percen-

tage of nitrates and sulphates (r � 0:827; p � 0:022)

and an association of moderate strength between

conductivity and chlorides (r � 0:703; p � 0:078)

and nitrates (r � 0:739; p � 0:058) (both on the limits

of statistical signi®cance), and somewhat less with

sulphates (r � 0:603; p � 0:152).

Indeed, the contribution of the cations of these

soluble salts to total conductivity has not been taken

into consideration; hence the moderate degree of

association as these other variables have an effect

on total salinity.

In order to establish a mathematical relationship

between conductivity and the percentages of anions, a

multiple regression analysis was performed, with

conductivity as the dependent variable. The formula

that relates total conductivity to the amounts of anions

is Eq. (1):

Total conductivity

� ÿ2:43� 98:79 �%Clÿ� � 18:72 �%NOÿ3 �;
�R2 � 0:987; p � 0:0002���� (1)

The squared multiple regression coef®cient R2 gives

the proportion of the total variance of the dependent

variable (total conductivity) which is explained by the

independent variables (percentages of anions) with a

highly signi®cant probability associated with the

model proposed. In the samples analysed, sulphates

so not signi®cantly in¯uence conductivity, probably as

a result of their low percentages. This model corro-

borates the fact that chloride ion exerts a greater effect

than the other two anions on the total salinity of the

mortars from cathedral of Pamplona.

3.2. Mineralogical study

3.2.1. Mineralogical aggregate composition

In this study X-ray diffraction of the insoluble

residue from the proposed chemical attack was per-

formed. The results obtained were compared with data

from the ICDD powder diffraction ®le. The results, as

shown in Table 5, show that the composition of the

insoluble residue, attributable to the aggregate fraction

of the sample, is principally a-SiO2. Non-hydraulic

silicates that exhibit diffraction peaks were studied

and no differences were found in types or quantities of

mica derivatives (ICDD pattern 78±1928) and others

silicates. Slight variations were detected in clays of the

smectite group and also in kaolinites (Al2(OH)4Si2O5)

(ICDD pattern 83±971). Tobermorite (hydraulic

silicate Ca2.25(Si3O7.5OH1.5)�(H2O) (ICDD pattern

83±1520) was not found within the insoluble residue

of the attacks. In general, the complex silicates

Table 4

Matrix to correlation of the anions

Parameters Clÿ (%) NOÿ3 (%) % SO2ÿ
4 (%) Conductivity (mS cmÿ1)

Clÿ (%) 1

NOÿ3 (%) 0.055 1

SO2ÿ
4 (%) ÿ0.036 0.827 1

Conductivity (mS cmÿ1) 0.703 0.739 0.603 1
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diffraction peaks occur very closely together as a

result of which individual identi®cation of these com-

ponents is dif®cult.

No diffraction peaks for calcite are seen as it has

already supposedly been solubilized after the acid

attack. The diffraction patterns for the samples are

very similar and no differences can be established

between those from different zones. However, this

analysis serves to establish an initial qualitative and

semi-quantitative composition of the aggregate frac-

tion, provided that, as is the case with the samples

analysed, this is siliceous in nature.

3.2.2. Aggregate granulometric fractions

The distribution characteristics of the grain size of

the arid through a granulometric study have also been

undertaken. Fig. 4 shows the granulometric distribu-

tion for MC1 zone. The differences between the others

zones are stated below.

The grading of the aggregate (after dissolution of

the binding material with HCl 1:1) shows that for the

clay fraction (<0.1 mm) all the samples give very high

values, in excess of 20%; with the exception of the

sample from the Romanesque foundations (MC6

zone). Samples from MC3 and MC4 zones offer very

similar percentages.

The ®ne sand fraction (0.25±0.50 mm) is in per-

centage terms the most important fraction of all the

aggregates analysed, especially the material retained

by the 0.25 and 0.50 mm sieves (66% in zone MC1;

55% in MC2; about 50% for MC3 and MC4; 53% in

MC5 zone, and with the highest values, 80% for

Table 5

X-ray diffraction of the insoluble fraction (s � small amount (5±20%); t � traces (<5%); ÿ � absent)

Zone Silica SiO2

ICDD 85±798a

Muscovite (K0.93,Na0.03)

(Al1.54,Fe0.25,Mg0.21,Ti0.04)

((Si3.34,Al0.66) O10) (OH)2

ICDD 82±1852

Anorthite Ca

(Al2Si2O8)

ICDD 76±948

Albite Na

(AlSi3O8)

ICDD 76±898

Feldspar Na0.5K0.5

AlSi3O8 ICDD

84±710

MC1 ***a s ± t t

MC2 *** t ± ± ±

MC3 *** s ± s ±

MC4 *** s ± s ±

MC5 *** s p s ±

MC6 *** s ± t ±

a>75%.

Fig. 4. Granulometric curve MC1.
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MC6). The amount of material retained by the

0.05 mm sieve in MC3 and MC4 was particularly

low.

In the intermediate sand (1±1.6 mm), MC1 contains

the lowest percentage of retained material (Fig. 4).

MC2 offers high values in this fraction, together with

MC5. Intermediate values (4±6%) are present in MC3

and MC4 (with very similar distributions) and MC6

zone. In the coarse sand fraction (2±4 mm) there is

great variability with MC6 and MC1 (1 and 2%,

respectively) offering the lowest percentages.

In order to catalogue the grading distribution curves

of the aggregates two geological parameters were

used: the median and the `̀ sorting index'' (the quotient

between the third and ®rst quartile expressed in mm)

[15]. The results are shown in Table 6.

The median is used to gauge the ®neness of a sand.

Median values ranging from 0.5 to 1.6 mm correspond

to intermediate sands. In this study, all the mortars

analysed have mainly ®ne sands in their composition.

The sorting index gives an idea of the good or bad

choice of a sand for a mortar (an appropriate staging in

the percentages of the different fractions): a S0 < 2:5
would indicate a well chosen sand, whereas a S0 > 4:5
would indicate the contrary. In this study MC2 and

MC5 zones would have a badly distributed sand, and

only MC6 zone could be considered as adequate.

However, both median and S0 must be interpreted

with caution. It is not possible to extrapolate from

them and there must be a full awareness of the

limitations of the information they provide. Any

claims cannot be de®nitive as they only partially

evaluate all the characteristics of the distribution of

the aggregate.

Furthermore, it can be con®rmed that the aggregate

used in zones MC3 and MC4 is, with probability, the

same.

3.3. Thermal studies

Interpretation of the thermoanalytical curves

obtained offers the results contained in Table 7. Dif-

ferential thermal and thermogravimetric analysis are

suitable in order to establish characteristics of the

ancient mortars: it is easy the detection of main

components, the nature of the aggregate and other

aspects, while the small quantity of sample. These

temperature range correspond approximately to the

percentage of humidity (20±1208C), loss of chemi-

cally bound water (indicative of hydraulic com-

pounds) (300±5508C), decarbonation of magnesium

carbonate (550±6108C) and decarbonation of calcite

(610±8808C).

In the DTA curve obtained for the zone MC1, an

endothermic peak at 5708C has been observed (Fig. 5).

This peak could be related with the transformation

(Eq. (2)).

a-SiO2 ! b-SiO2; Ta � 573�C �16; 17� (2)

because there is not an associated weight loss.

The measured curve is followed by a step between

610 and 8008C (with a minimum at 7058C) due to the

Table 6

Median and sorting-index

Zone Median So (sorting-index)

MC1 0.220 3.05

MC2 0.237 5.34

MC3 0.205 3.69

MC4 0.206 3.38

MC5 0.225 5.07

MC6 0.230 1.51

Table 7

Thermogravimetric analysis: temperature ranges and associated

weight losses

Zone Temperature ranges and associated weight losses (%)

20±1208C 300±5508C 550±6108C 610±8808C

MC1 0.50 1.86 0.83 22.27

MC2 0.25 2.11 0.82 28.29

MC3 0.97 2.68 0.81 28.12

MC4 0.85 2.72 0.87 30.64

MC5 0.30 1.83 0.68 28.61

MC6 1.21 5.49 0.70 18.46

Fig. 5. DTA and TG curves from MC1 mortar.
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decomposition of calcium carbonate which can be

estimated in the order of 22% of the total original

weight (Eq. (3)).

CaCO3 ! CaO� CO2 (3)

A similar step for the sample MC2, related to the

calcite decarbonation, with a minimum at 7248C is

also evaluated. A not clearly marked peak, due to the

change of a-SiO2 in b-SiO2 is observed. For the

measured curves of MC3, MC4 and MC5 zones,

the steps similar to MC1 zone (Fig. 5) for the calcite

decomposition were obtained. In most of cases car-

bonates decompose bellow 6008C, in accordance with

the data of the literature [18±20]. This fact also occurs

for the MC6 curve, but the minimum (at 7068C) is

obtained at a minor temperature (Fig. 6). The decrease

in decomposition temperature has been related to the

presence of soluble salts, for example, that favour

decomposition, and also to the dimension and defec-

tive state crystal lattice, even to the process of carbo-

nation [18,21,22]. The transformation of a-SiO2 in

b-SiO2 is also showed in this MC6 curve.

An important weight loss in the TG curve at 3708C,

and other at 4508C were detected in MC6 curve. These

losses could have an explanation in the fact of the loss

of volatile substances present in the mortar, for the ®rst

loss. The second loss could be related to the combus-

tion of the carbon who had been formed in the pre-

vious carbonization.

Obviously, the loss of this organic matter could give

an weight loss explanation to the results that shows the

highest percentage between 300 and 5508C for all the

samples (5.49%). But the weight losses in this range

may be attributed to the chemically bound water, and

can be indicative of the presence of hydraulic com-

pounds. These hydraulic compounds, probably cal-

cium silico-aluminate hydrates, can have a different

origin: a lime/ceramic reaction, the employment of

limes of marly nature, or the aggregate added after

lime calcination, with an intentional or unintentional

addition.

The loss value shows an agreement with the results

of a previous study that refers this weight loss to the

hydraulic water [17,18]. Besides, these hydraulic sili-

cates (CSH) might con®rm the previous results of

chemical analysis for MC6, with the highest percen-

tage of Fe, Al and Ti oxides.

Signi®cant amounts of MgCO3 have not been

detected in any samples, because low weight losses

have been found between 550 and 6108C. Further-

more, the three endothermic peaks at 250, 384 and

4418C, caused by the decomposition of the hydro-

magnesite have not been detected, together with a loss

weight between 220 and 4608C in the TG curve. When

the shrinkage occurs, the MgCO3 hydrolysis should

generate hydromagnesite (Mg5(CO3)4(OH)2�4H2O).

The three endothermic peaks are related to the hydra-

tion water loss, the residual hydration water loss and

the OHÿ loss [23±25].

In the case of presence of hydromagnesite an

exothermic peak at 5508C, due to the crystallization

of xMgCO3�yMgO phase should be observed. How-

ever, it has been observed that the presence of impu-

rities, such as Ca2� or Clÿ decreases the intensity of

this peak. In the analysed mortars the absence of this

crystallization peak is most probable due to the pre-

sence of Ca2�.

In any case, calcite decomposition in the DTA

curves seems to occur in a continuous form, without

steps. This fact can be due to the absence of different

degrees of crystallinity in the CaCO3. Calcitic aggre-

gate should show different steps of decomposition,

because the recarbonated calcite [26], formed after

calcination, losses the CO2 at a lower temperature

than natural calcites. This effect is due to the

large size of the crystals in the calcareous aggregates

compared to the microcrystalline structure of the

recarbonated calcite. In accordance to the XRD

results, peaks of gypsum phases have not been found

in any sample.

It has already been pointed out that the resemblance

between the samples MC3 and MC4. This similarity

was con®rmed by the closeness of the zones in theFig. 6. DTA and TG curves from MC6 mortar.
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building. The difference in CO2 percentage in the TG

curves between the two samples was 2.52%. This

means a difference of 5.72% in CaCO3. This differ-

ence of CaCO3 involves a value of CaO percentage

3.20% higher in the MC4 zone than in the MC3 zone.

However, only a difference of 1.51% in CaO has been

determined in the previous chemical analysis. The

similarity among both samples given (macro- and

microchemical results) it can rule out that the

1.69% of CaO comes from other compounds. There-

fore, it must be pointed out that this Ca was present as

CaO, better hydrated, Ca(OH)2. This means that the

4.5% of the initial Ca(OH)2 in the MC3 zone have not

been carbonated.

4. Conclusions

All mortars studied in the Pamplona cathedral are

mortars with lime binder (they can be classi®ed by the

type of ordinary limes) and a silica aggregate.

1. Only the MC6 sample has shown a certain

hydraulic effect, with a good agreement between

the results from macrochemical and microchemi-

cal analysis and DTA±TGA studies. However, in

the other mortars, the hydraulic effect can be

considered to be non-existent.

2. The calculation of the initial weight percentages

of raw materials has given the values collected in

Table 8 for each class of mortar. The formulas

used to calculate these percentages are showed as

follows (Eqs. (4)±(6)). They are based in a

previous study with slight modi®cations [27].

%Ca�OH�2 �
A=1:351

100ÿ �Aÿ �A=1:351�� 100

� A=1:351

100ÿ �0:260A� 100 (4)

where A is %CaCO3 calculated in TG studies

(temperature ranges between 610 and 8808C,

associated with CO2 loss) (Table 7).

%Aggregate � %IR

100ÿ �Aÿ �A=1:351�� 100

� %IR

100ÿ �0:260A� 100 (5)

where IR is the insoluble residue calculated in the

chemical analysis [7].

%Water � 100ÿ �%Ca�OH�2 �%Aggregate�
(6)

Assuming that the increase in weight of the

original sample to the present sample is due

exclusively to the decarbonation of the slaked

lime, a quite approximate theoretical calculation

can be made as to the initial percentages of the

raw materials used in the elaboration of the

mixtures. Table 8 shows what can be supposed

to be the initial composition by percentage weight

of the type of mortar from each zone.

3. The determined in weight binder/aggregate rela-

tionship in the classes of mortars responds to a

normal quotient (between 0.5 and 2.5 approxi-

mately, according to the results from the literature

[28±30]).

4. Thermal analysis have permitted to establish that

the difference between MC3 and MC4 mortars is

due to an incomplete carbonation in MC3. Also,

the existence of dolomite, gypsum phases and

calcareous aggregate has not been proven by

thermal methods.

5. The samples under study do not show high values

for soluble salts. Chlorides and nitrates are the

anions which affect the total conductivity of the

aqueous extract, according to the correlation

established.

6. The DTA±TGA studies have shown a good

agreement with the other characterization techni-

ques, and they have been checked as a good

method for the analysis of the ancient mortars.

Table 8

Approximate original composition of the classes of mortars (weight

percentages)

Zone Ca(OH)2

(%)

Aggregate

(%)

Water of

constitution

(%)

Relation

binder-aggregate

MC1 43.14 40.66 16.20 1.06

MC2 57.14 31.53 11.33 1.81

MC3 59.40 26.25 14.35 2.26

MC4 62.91 24.29 12.80 2.58

MC5 57.92 33.66 8.42 1.72

MC6 34.84 51.57 13.59 0.68
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7. From the analysis carried out by chemical,

mineralogical and petrographic methods, it can

be concluded that the choice of the raw materials

was made from local sources. MC3 and MC4

classes, with the highest values in soluble salts

(alkaline nitrates) could present an important risk

of deterioration.
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