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Abstract

Different ancient mortar samples of Pamplona's San Cernin church have been analyzed to characterize their binder and aggregate

fractions. A complete characterization has been carried out including chemical (rapid approximate analysis, soluble salts and trace elements,

using traditional chemical procedures, ionic chromatography and spectrophotometry techniques), mineralogical±petrographic, (structural

characterization and X-ray diffraction) and thermal studies (simultaneous differential thermal and thermogravimetric analysis). These studies

have established that a type of lime mortar with silica aggregate was employed in the building of the tower. Three different classes of this type

of mortar and their approximate original composition have been determined. Recommendations about the employment of new materials in a

possible restoration are given. D 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Church of San Cernin is located in the ancient

municipal heart of Pamplona and it is flanked by its so-

called `̀ North Tower''. The church dates from the XIII

century, with vestiges from the XII.

This study has realized a morphological examination of

the samples (visually and using optical microscopy), a

mineralogical study using DRX and rapid approximate

chemical analysis, following the standards established in

some previous studies [1±3]. The objective was to group and

classify the mortars, thus attempting to establish the consti-

tuent types. This was followed by a complete characteriza-

tion (chemical: total composition, soluble salts, traces

elements; mineralogical±petrographic: aggregate granulo-

metric fractions, DRX; and thermal studies) with the purpose

of characterizing the materials and their origin. The final

conclusion being the approximate indication of the original

make-up of the materials and to establish standards for the

employment of new materials in the process of restoration.

2. Material and methods

The sampling procedure for the mortars was carried out

by 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 materials. The structural characteriza-

tion was carried out using an optical macroscope (Wild

M420) obtaining the results through a previously described

specification [1]. The diffraction of X-rays was undertaken

using a Siemens D-500 (Karlsruhe, Germany) Kristalloflex

810 diffractometer, according to the diffraction in powder

method, with a CuKa1 radiation and a speed of 5° /min,

sweep 2 to 70, 2q.

The sample ground in an agate mortar is dried until

constant weight in a heater and then 1 g of sample is taken

for its subsequent analysis. The chemical study was carried

out after attack with hot HCl 1:5 volume ratio (2 M) [3],

followed by traditional chemical procedures. A titration with

ethylenediaminetetraacetic acid (EDTA) (using murexide

and eriochrome black T (eBT) as indicators) was used for

the analysis of calcium and magnesium in the soluble

fraction. The contents of soluble silica, Fe, and Al were

determined by atomic emission spectroscopy with induc-

tively coupled plasma (ICP) (Jobin Ybon JY 38S Plus

Sequential, Instruments, France). When the amounts of
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Fe2O3 and Al2O3 were higher than 1%, the determinations

were carried out by titrations using barium diphenylamino-

sulphonate and ditizone as indicators. Sodium and potas-

sium were determined by flame emission atomic

spectroscopy (Perkin Elmer 460, Perkin Elmer, UÈ berlingen,

Germany). The contents of elements after an alkaline fusion

of the samples were determined by traditional chemical

methods. The anions were determined by ionic chromato-

graphy (chromatograph Dionex QIC Analyzer, Dionex,

Idstein, Germany). Thermal studies were carried out using

a simultaneous DTA-TGA Stanton-Redcroft STA-780.

A total of 24 mortar samples were studied, belonging

to the various thirds of the tower and to the adjoining

exteriorly accessed staircase (Fig. 1). At least three

samples of each architectural zone were taken to assure

representative results.

3. Results and discussion

3.1. Classification of the mortars

3.1.1. Morphological study

The bibliographical study undertaken [4] concluded that

none of the restorations carried out in San Cernin had

affected the North Tower mortars. The structural±morpho-

logical study, with the help of a magnifier and an optical

macroscope, revealed the following mean results: in the AZ

and AD zones, mortars of middle to low compactness, with

finely crushed white aggregate, not very variable and with a

high degree of insert in the matrix, and white binder.

Zone B also presented similar characteristics with respect

to the binder and to the aggregate. The mortars of zones TE

and C frequently present splits and lumps in the binding, in

zone C a darker superficial crust was common, with a

different patina. The mortars of the TE zone contain beige

binding. The aggregate was very small. The mortar defined

was of quite different characteristics from those of the zones

AZ, AD, and B. It was also different to zone C, which had a

clear beige binding, but contained a middle size aggregate

which was quite heterogeneous.

3.1.2. Mineralogical study

The mean results of the mineralogical study using DRX,

semi-quantitative, are reflected in Table 1.

In the tower of San Cernin, lime mortar was established

to be the mortar type. Hexagonal calcite appears as the

prevailing phase in most of the samples. And together with

a -quartz made up practically 70% to 90% of all the

samples. Complex silicates were observed, probably from

clay phases, whose determination has been complicated

because:

(a) the most intense diffraction peaks of most of these

compounds appear within a narrow range, and

generally the samples contain mixtures of those

compounds in different proportions;

(b) the small quantity usually present has meant that

either the diffraction peaks may not have stood out

sufficiently, or they may have been masked by the

majority components.

The samples that contain plaster in small quantities

could indicate the presence of this material as an additive

with functions as indicated in the literature [5,6]. Alter-

natively, it could be evidence of sulphatation. The plaster

should not have been added at the same time as the

limestone, nor part constitute of these mortars, since it

could not have rehydrated to form CaSO4�2H2O, upon

reaching temperatures around 1000°C in the calcination of

the limestone.

The quantities of silicates found in the studied samples

are very scarce. Such a very high burning point in the

limestone materials implies that these compounds detected

through DRX could only originate from aggregate added

`̀ a posteriori'' or an intentional addition, since at high

temperatures most of the compounds of the clay phase

Fig. 1. Areas of sampling in the North Tower of San Cernin church.

Table 1

Results of X - ray diffraction in original mortar sample

Sample Calcite

Silica

(a - SiO2)

Gypsum

(CaSO4�2H2O)

Anhydrite

(CaSO4) Silicates

AZ a b ± ± t

AD a b ± ± ±

B a b ± ± ±

TE a b t ± ±

C a b ± ± ±

t: traces ( < 5%); ± : absent.
a 40% ±75%.
b 20%± 40%.
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(kaolinite and montmorillonite, for example) lose their

crystalline structure [7]. The minuscule quantity present

excludes intentional addition; therefore, it is probable that

the clays present come from the added siliceous aggregate

[8±10].

From the DRX study of the IR in acid, it can be

concluded that the aggregate of the studied mortars is of a

silica nature. More than 75% of its composition is a -SiO2.

It presents an important number of complex silicates in

small quantity, the most frequent phases being muscovite,

anorthite, and albite.

3.1.3. Rapid chemical analysis and classification

The results of the chemical analysis with hot HCl 1:5

volume ratio (Table 2) have allowed the grouping of the

mortars, with the help of triangular graphs and of the

relationship IR/SF (insoluble residue /other compounds in

soluble fraction). The `̀ outlier'' values were eliminated from

the results via an aberrant test employing the t of Student's,

giving a 99% confidence level.

The results shows a good grouping of the samples of the

zone AZ around the average value, the same occurs in the

zones AD and B (adequate coefficients of variation). It is

complicated, in a common representation of the three groups

of samples, to establish a distinction since the areas of the

three architectural zones overlap, even though it can be

deduced that zone AD had a smaller percentage of CaCO3,

but this does not seem sufficient to configure a different

class of mortar.

The zone TE is clearly different from the three pre-

vious zones, as zone C. This situation can be observed in

the representation of the average values of the samples of

each zone. The following figure represents the grouping

of the average values of CaCO3, insoluble residue, and

soluble fraction analysis of the diverse architectural zones

(Fig. 2).

The mean values of the relationship IR/SF obtained for

each architectural zone studied in the tower of San Cernin

are collected in Table 3. This parameter also makes possible

discrimination among the zones previously indicated: the

zones TE and C are differentiated between themselves and

the others.

Through the application of these discrimination stan-

dards, the existence of a lime mortar with silica aggregate

type of mortar in the tower of San Cernin has been

established. Within this mortar, three different classes of

lime mortars can be grouped into various architectural

zones: MCB1 (zones AZ, AD and B), MCB2 (zone TE),

and MCB3 (zone C).

Representative samples B13 (MCB1), TE19 (MCB2),

and C23 (MCB3) have been chosen of each class of

mortar, whose mean values appear in the Table 4. The

criteria followed have been: the state of aggregation and

Table 2

Results of the rapid chemical analysis in original sample of dry mortar. Average values in percentages for the various zones

Soluble fraction

Insoluble residue (IR) CaCO3 Other compounds SF

Zone X (%) n S.D. C.V. X (%) n S.D. C.V. X (%) n S.D. C.V.

AZ 33.10 7 3.02 9.13 55.11 7 3.63 6.60 11.79 7 1.84 15.64

AD 34.33 3 2.91 8.47 49.10 3 1.31 2.66 16.57 3 2.27 13.71

B 30.94 3 0.26 0.85 55.11 3 1.60 2.90 13.95 3 1.72 12.36

TE 44.62 3 1.77 3.97 52.94 3 1.54 2.91 2.45 3 0.33 13.58

C 37.95 6 2.78 7.33 57.86 6 2.23 3.85 4.19 6 2.79 66.6

X: average; n: population; S.D.: standard deviation; C.V.: coefficient of variation.

Fig. 2. Triangular diagram. Average values.

Table 3

Average values of the relationship IR /SF

Zone Relation IR / SF

AZ 2.87

AD 2.11

B 2.24

TE 18.49

C 14.41
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structure, the available quantity, and the representativity

on the set.

3.2. Complete characterization of representative samples

3.2.1. Chemical study

3.2.1.1. Chemical composition. Table 5 includes the re-

sults of the chemical analysis of the majority components of

the three representative samples of the classes of mortars

used in the tower of the Church of San Cernin. In Table 6

are the results of the chemical analysis of the solution

(soluble fraction) after acid attack.

The representative sample MCB2 contains a high per-

centage of MgO, this perhaps could be due to the utilization

in this area of dolomites. In the same way, there is an

increase in the contents in SO3 determined in the sample

MCB2, indicating a material of different origin to the other

two samples. This fact could be related to some high

alkaline metal values (Na especially), therefore the presence

of this sort of soluble sulphate is probable. The percentages

of soluble silica in acid are, as a rule, low; therefore some

hydraulic properties of the mixture are not expected [11].

This fact maintains the relationship with the low content

determined in clays and hydraulic silicates.

3.2.1.2. Trace elements. The chemical nature of the trace

elements and their relative concentrations indicate the geo-

logical history of the material, in function of the parameters

that have conditioned them [12,13]. Fig. 3 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

analyzed among the mortars of the three studied classes.

Therefore, it is probable that the materials used came from

the same quarry. This is logical if one considers the size of

the tower of the Church of San Cernin, which was built,

furthermore, in a continuous form.

The classes MCB1 and MCB3 have almost identical

micro-chemical composition, their raw material came

from the same quarry and zone. This also is adjusted

to the distribution found for the classes of mortars

within the tower of the Church of San Cernin (MCB1,

superior and center thirds of the tower; MCB3 inferior

third). Air pollution could be responsible for the high

contents of lead.

3.2.1.3. Soluble salts. The results of total conductivity in

the aqueous extract (Table 7) show a low conductivity in the

analyzed mortars, something that supposes, with reference

to the bibliographical data, a scarce total salinity [14].

Nevertheless, the sample MCB2 shows a more marked

salinity.

The contents in Cl ÿ are very low in comparison to some

studies (0.67±2.27%) [14], even the sample MCB2 reaches

limit values (0.06%) [8]. Something similar occurs with the

contents in nitrates, low as a rule and especially in the

sample MCB2. The sulphates present low quantities in the

Table 4

Representative samples and mean values of each class of mortars of SF, IR,

and CaCO3

Sample B13 TE19 C23

Soluble fraction (%)

CaCO3 54.06 54.00 57.38

Other compounds SF 14.84 2.83 2.16

Insoluble residue (%) 31.10 43.17 40.47

Class MCB1 MCB2 MCB3

Soluble fraction (%)

CaCO3 53.72 52.94 57.86

Other compounds SF 13.39 2.45 4.19

Insoluble residue (%) 32.89 44.62 37.95

Percentages related to original dry mortar.

Table 5

Complete chemical analysis of the samples

Sample Lossa

SiO2
b

(%)

CaO

(%)

MgO

(%)

R2O3
c

(%)

SO3

(%)

Na2O

(%)

K2O

(%)

MCB1 30.21 28.24 34.75 1.23 6.05 0.55 0.25 0.44

MCB2 28.06 25.57 24.41 7.01 4.46 4.15 4.99 1.45

MCB3 25.43 36.46 29.27 0.65 7.31 0.98 0.20 0.47

Sodium carbonate±borax alkaline flux.

Percentages related to original dry mortar.
a Loss indicates the loss due to calcination at 975±1000°C.
b The percentage of SiO2 refers to the total silica in the sample.
c R2O3 expresses the percentage of Fe, Al, and Ti as oxides.

Table 6

Chemical analysis of the soluble fraction

Sample

SiO2
a

(%)

CaO

(%)

MgO

(%)

Fe2O3

(%)

Al2O3

(%)

Na2O

(%)

K2O

(%)

MCB1 1.01 35.00 2.80 1.59 0.91 0.089 0.069

MCB2 0.62 19.18 7.83 0.50 0.60 1.254 0.513

MCB3 1.05 31.62 1.76 1.05 1.28 0.099 0.133

Percentages related to original dry mortar.
a The percentage of SiO2 refers to the soluble silica in acid.

Fig. 3. Diagrams in trace elements in representative mortars (mg trace

element /g dry sample).
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samples MCB1 and MCB3, but present an important

percentage in the MCB2.

It is observed that the materials used in the zone

represented by MCB2 are very different from those of the

other two zones that are quite similar.

3.2.2. Mineralogical±petrographic study

The distribution characteristics of the grain size of the

arid through a granulometric study have also been under-

taken. They have configured the following cumulative

granulometric distribution (Figs. 4±6).

It is observed that the clayey fraction ( < 0.1 mm) is

very high in MCB2 (46%), in comparison with MCB1

and MCB3. The fine sand fraction (0.20±0.50 mm) turns

out to be, in MCB1 and MCB3 (65.06% and 73.03%,

respectively) in percentage terms, the most important

fraction. In the intermediate sands (1±1.6 mm), large

differences are not found, although MCB2 presents the

smaller rejected percentages (4.28%). In the bulk sands

fraction (2±4 mm) MCB1 and MCB3 are around 7% of

rejection and 4.5% for MCB2, being, in any event,

percentages not very important.

Via the value of the median (Table 8) we find that the

studied mortars have in their majority fine sand composition

and especially the class MCB2. The S0 (the quotient

between the 3rd and 1st quartile expressed in mm) shows

a sand well selected (under < 2.5) [15] for the classes

MCB1 and MCB3, acceptable for their employment in

mortars, while the aggregate used in MCB2 does not show

an adequate scale in the grain sizes.

It indicates that there is a manifest similarity among the

aggregate of the classes MCB1 and MCB3 that permits the

hypothesis that their origin was identical.

3.2.3. Thermal studies

The examination of the simultaneous DTA±TGA curves

obtained shows the endothermic peaks to be outstandingly

associated with the decomposition of the calcite, and that

they are associated in the three samples studied with the loss

of bulk reflected in Table 9.

The high quantities of Mg found in MCB2 do not

correspond, however, with the low percentages of loss

between 550°C and 610°C (decarbonation of MgCO3),

therefore it seems we could discard the presence of dolomite

limestone. Furthermore, hydrolysis of the MgCO3 in the

setting might have generated the compound hydromagnesite

(Mg5(CO3)4(OH)2�4H2O), that would show a loss of bulk in

the TG curve between 220°C and 460°C, and in the DTA

curve three endothermic peaks, of 250°C, 384°C, and

441°C. These would be related to an initial hydration water

loss, the first, and with the loss of water of hydration

remaining and of ions OH ÿ the other two [16±18]. This

situation has not been observed in the thermal study of

MCB2.

The existence of incomplete carbonation has not been

proven in any of the three studied samples.

Table 7

Conductivity and anionic concentrations in the aqueous extract

Sample

Cl ÿ

(%)

NO3
ÿ

(%)

SO4
2 ÿ

(%)

Conductivity

for 1 mg of

sample for

mL (mS)

MCB1 0.250 0.338 0.158 23.26

MCB2 0.070 0.045 1.579 51.41

MCB3 0.180 0.121 0.151 17.84

Percentages related to original dry mortar.

Fig. 4. Granulometric curve MCB1.

Fig. 5. Granulometric curve MCB2.

Fig. 6. Granulometric curve MCB3.
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The observation of the percentages losses at different

temperature ranges of the samples MCB1 and MCB3 notes

an important similarity among both classes of mortars,

something that would indicate a common source of raw

material origin and a common elaboration recipe.

4. Conclusions

The greater part of the mortars studied in the tower of

San Cernin are mortars with lime binder (they can be

classified by the type of ordinary limes) and a silica

aggregate. The hydraulic effect practically can be consid-

ered to be non-existent in these mortars.

The relationship binder / aggregate determined in the

classes of mortars responds to a normal quotient. The

calculation of the initial weight percentages of raw materials

has given the values collected in Table 10 for each class of

mortar. The formulas used to calculate these percentages are

shown as follows [Eqs. (1)±(3)]. They are based in a

previous study with slight modifications [19].

%Ca�OH�2 �
A

1:351

100 ÿ A ÿ A
1:351

� � 100

�
A

1:351

100 ÿ �0:260A� 100

�1�

where A is %CaCO3 calculated in TG curve (endothermic

peak between 610°C and 880°C, associated with CO2 loss)

(Table 9).

%Aggregate � %IR

100 ÿ A ÿ A
1:351

� � 100

� %IR

100 ÿ �0:260A� 100 �2�

where IR is the insoluble residue calculated in the chemical

analysis (Table 4)

%Water � 100 ÿ �%Ca�OH�2 �%Aggregate�: �3�

The class MCB2 is very interesting in that it has a

relationship binder /aggregate 1:1 in weight in its initial

composition. In the case of this class there remain without

confirmation some interesting aspects that perhaps modify

in some aspects these considerations, such as the high

quantities of sulphates and of magnesium. Even though

the quantities of sulphates can be due to alkaline sulphates,

it has not been able to specify the chemical compound of the

magnesium present.

The conservation state seems good, somewhat worse

in MCB2, it possesses a greater value of total conduc-

tivity (soluble salts) and has a higher risk of deteriora-

tion by disintegration.

MCB1 and MCB3 maintain a very important similar-

ity with reference to the origin of the raw material, and

their differences can be due to not very significant

variations in the recipes. On their employment in recon-

struction, we incline for a mortar akin to that of the

class MCB1, with a relationship binder /aggregate ade-

quate (higher than that of MCB3) and without the

problems of MCB2 (bad distribution of the aggregate

and high quantity of soluble sulphates).
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