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Almost  all  the  faç ades  of rural  vernacular  constructions  were  rendered  in  order to protect  and  decorate
the  masonry  walls.  Therefore,  this  study  has  been  carried  out in order  to  identify  and  classify  the  differ-
ent  vernacular  techniques  for  producing  mortar  over  history  in  a given  geographical  region  through  the
combination  of  petrophysic,  chemical  and  organoleptic  analysis,  going  on  to  classify  and  date  construc-
tions  for which  there  were  no  recorded  data. The  results  show  that  mortars  do  indeed  contain  a  wealth
of  information,  which  situates  these  constructions  in  a specific  period  of  history  and  allows  relationships
to  be established  between  construction  stages  and techniques.  The  results  have also  demonstrated  that
ypsum mortars
ernacular landscape

mortars  are  mainly  composed  of  lime  rather  than  gypsum  as  was  erroneously  assumed  before  the  study.
So, the  determination  of  components  and techniques  has  been  considered  a  crucial  aspect  to  be  taken
into  account  when  working  on  the  conservation,  of  contemporary  aesthetic  interventions  for  which  the
combination  of  petrophysical,  chemical  and  organoleptic  analysis  is  necessary  to  guarantee  compatibility
between  existing  mortars  and  new  ones.

© 2017  Elsevier  Masson  SAS.  All  rights  reserved.
. Introduction

The characterization of old mortar is of interest for archaeol-
gy and architecture [1–5], specifically in the field of monument
estoration and conservation [6,7]. In the case under study — the
nalysis of mortars in vernacular architecture — our interest is
ocused on ascertaining whether or not the initial hypothesis held
y some authors that time conditioning factors determine the qual-

ty of a given mortar is correct, or whether — as a second theory
peculates — the quality of these mortars depends on the pro-
uction process and/or the availability of natural materials and
esources. In this regard, recent studies such as that by Moropoulou
t al. [8] offer a precise analysis of the technology and incompat-
bilities of contemporary interventions on historic mortars, while

aria et al. [9] focuses on the suitability and durability of certain
ime mortars over others.

∗ Corresponding author.
E-mail addresses: juan.garcia@uji.es (J.A. García-Esparza),

rancisco.pardo@uch.ceu.es (F.P. Fabregat), lpalmero@csa.upv.es (L.M.P. Iglesias).

https://doi.org/10.1016/j.culher.2017.10.013
296-2074/© 2017 Elsevier Masson SAS. All rights reserved.
A third major factor in this study is establishing the exact com-
position of historic mortars in the region studied in order to date
and identify the relationship of the mortar production technique,
and to provide rural vernacular constructions with recognition of a
historic identity, rarely valued or known. Hence the need for further
knowledge and the reversal of external coatings’ removal process
which alters the constitution and external appearance of vernacular
buildings (Fig. 1).

Given the above, the aim of this study is the petrographic
characterization of these materials, identifying composition, tex-
ture and porosity, as well as the relationships between them,
as found in constructions in Historic Centres (HC) or in Periph-
eral Constructions (PC) (Fig. 2). Criteria are selected based on
sample characteristics in order to establish typologies that are
significant as construction mortars. The main aim of this study
is to establish a relationship between the typologies obtained
and the origin of the mortars: origin of the material, pro-
duction process, placement in the building or construction
period.
The characterization of mortars is important since the area
— 28,799.30 Ha — is in the process of being considered of spe-
cial relevance because its vernacular values [10]. The place will

https://doi.org/10.1016/j.culher.2017.10.013
http://www.sciencedirect.com/science/journal/12962074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2017.10.013&domain=pdf
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ig. 1. Example of plundering process of historical coating mortars in Culla (Spain).

ost a joint Territorial Heritage Action Plan between ten munic-
palities. As the map  in Fig. 2 shows, from each village departs a
athway to the Peak of Penyagolosa Mountain. Villages and paths
ost more than 200 Constructions — houses, cottages, watermills,
ermitages, etc. — that have been considered of interest. Thus,
he rationale of the work relies on understanding the historical
volution of the place and its buildings by means of the mortars’
orphology.
In doing so, the authors selected 36 samples of mortars from

he different villages and pathways. Samples were codified — HC-
SE-001 — meaning, HC or CP depending on the location of the
uilding, USE meaning the acronym of the village were the sam-
le was taken, and finally, the number that relates the sample
ith the building. In this regard, from the 36 samples, 14 were

aken in HC and 22 in PC. As regards the location and the impor-
ance of the building, 8 samples were taken from US-les Useres
illage, 11 in CU-Culla, 4 in AT-Atzeneta, 3 in LC-Llucena, 2 in LD-
udiente, 3 in VH-Villahermosa, 4 in PM-Puertomingalvo and 1 in
EU-Vistabella. Samples were taken from those parts of buildings
here they are better preserved, eaves and jambs, notwith-

tanding that surface erosion was intrinsic to the most of the
amples.

. Area of study

The place of study is the Penyagolosa mountain range, in the
rovince of Castellón, Spain. The scattered medieval settlements in

he highlands, articulated throughout pathways (Fig. 1) took place
ue to necessity, and subsequently by self-sufficiency exploiting

and resources. The vernacular dwelling, an epitome of a medieval
ulture based on mobility and a hand-to-mouth way of life, came
ltural Heritage 31 (2018) 83–96

to be seen as a symbol of stability [10]. Despite major economic and
social changes, the autonomous households, the surviving spatial
patterns, the buildings’ arts and crafts, and the territorial histories
contributing to the context persist to this day. So, it is believed that
the most of the buildings that still remain in the landscape belong
to the 16th–18th century [11].

Pre-industrial mortars-making activity had defined specific
duties: limekiln worker, mortar mixer, sand carriers, etc. . . [12].
As regards the characteristics of mortars, previous authors estab-
lished the optimum combination of lime binders [13,14], while
others established the conditions of hydraulicity of lime [15] and
others the importance of the addition of small fragments of cooked
clay and its dosage; mortars that are poor in lime in 1/3 to 1/5
[16,17].

Nonetheless, the normal production of common lime in pre-
industrial rural settings was  done in a rural kiln when the stone
was very close to the construction site or the wood was near the
quarries. This was cheaper than resorting to kilns in urban cen-
tres. As a result, mortar often contained saltpetre, badly slaked
lime, excessively coarse aggregate and vegetable remains including
wood carbon or other fibres. Other mortars found near Penyagolosa
are mortars with clay or earth mixes. But, it has not yet been estab-
lished whether these mortars have a high index of hydraulicity by
calcination as established by Vicat or are simply bastard mortars
made up of clay earth [18].

The aggregate size comes in two categories, fine or coarse,
depending on whether it resembles dust or a seed [19]. The aggre-
gates are defined according to the type and quality of the closest
stone material: siliceous or quartz, sandy, clay, grained stone, gyp-
sum, or calcareous limestone. Cavanilles (1792–1793) described
the mountains of the kingdom of Valencia as calcareous or sandy
with small outcrops of gypsum [20]. It is therefore clear that the
dosage of the different materials available and how they were pro-
duced greatly conditioned the mortar quality.

In 1785, due to excessive cutting and thinning for charcoal pro-
ductions, an order by the National Council requested that Economic
Societies give preference to locations in which coal stone quarries
could be found. This is why Cavanilles sees gypsum as a widespread
resource in construction [20]. The gypsum used in rural settings
was known as rough or black, also mixed with sand, lime and metal
oxides. Mixed with sand this gypsum could double its volume and
become extremely hard [19]. Bastard mortars were obtained that
were one part gypsum with three parts lime-sand mix, with the
increased volume neutralizing the reduction undergone by the lime
and used to render external walls avoiding the cracks produced
with the exclusive use of lime.

In general, the bonding agent used in the samples collected
made use of clay, lime and gypsum, which bonded the mortar
through different manufacturing, firing or alteration processes.
Among these it is worth noting the binders that only suf-
fer physical changes, such as those with clay, or those which
experience chemical transformations such as binders containing
calcium oxide (CaO) which in the presence of carbon oxide (CO2)
transforms into calcium carbonate (CaCO3) and crystallizes as
calcite [21].

The samples of the study were taken from the foothills of the
Iberian System. The climate in the area is marked by seasonal and
daily thermal oscillations, which cause major stress in the inter-
stices of the mortars, especially those exposed to solar radiation,
which is intense in the summer with peaks of more than 30 ◦C in
July and August. Moreover, these tensions worsen in this region
with the high number of days with freezing temperatures at night
with peaks of −5 ◦C mainly in January; a mean of temperatures
below zero practically 30 days a year (Table 1) [22]. These condi-

tions are especially important in the case of these porous materials
[23].
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Fig. 2. Map with the dispersion of the samples.
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Table  1
Climate data for Vistabella del Maestrat, Penyagolosa Mountain.

Climate data Jan Feb Mar  Apr May  Jun Jul Aug Sep Oct Nov Dec

Mean temperature ◦C 2.8 3.5 5.7 8.0 11.7 15.9 19.3 19.5 16.1 10.9 6.3 4.2
Mean  maximum temperature ◦C 6.6 7.6 10.4 12.8 16.6 20.8 24.4 24.5 20.9 15.3 10.7 8.7
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Mean  minimum temperature ◦C −1.0 −0.6 1.0 3.2 

ational Agency of Climate

. Methodology

.1. Characterization of the mortars

In terms of composition, the mortars can either have pet-
ographic components or a mineral composition. In the case of
etrographic components a distinction was made between the
ggregates from the bonding phase, determining their mineral-
gy and identifying ceramic, coal, and vegetable fragments. The
hemical binder can be homogeneous in appearance or show a ten-
ency to form lumps, pellets, and nodules or diffuse grains. This is
onnected with the purity of the lime and the degree of homoge-
ization of the mix  during the mortar production process.

The dosage or bonding agent ratio allows the texture type to be
dentified as granular, floating or massive. In this regard the pet-
ographic characterization executed incorporates the observations
pon sight and those made using the binocular loupe [24], a semi-
uantitative chemical analysis and a petrophysical analysis. The
etrophysical one examined porosity and size and shape charac-
eristics. Following the petrographic characterization, five mortar
ypes were established, subsequently sorted into three typologies
nd two sub-typologies. The characteristics and frequency of each
ype allow their representation within the total analyzed sample
o be assessed.

.1.1. Petrophysical analyses
These tests help us understand the behaviour of stone materials

hen in contact with water, and their capacity to absorb it or cause
t to evaporate. As in most cases, alteration processes depend on

ater circulation inside porous solids, these tests are important
or ascertaining the age and durability of mortars depending on
heir exposure. These tests were performed on all mortar samples.
ome samples did not provide results given the lack of coherence,
specially in the case of samples rich in clay and low in chemical
inder as they lost their consistency when introduced in water.

The petrophysical analyses were performed on irregular sam-
les, always using portions as compact as possible in order to avoid
he loss of high percentages of sample when submerging them.
ue to their irregularity, the samples were prepared in paralleliped

hapes following international guidelines [25–29]. The test tubes
est suited to the test were chosen taking into account the specific

imitations of these samples. The tests for determining the physi-
al properties of the samples were performed in accordance with
uropean norms UNE EN 1097-3 for determining apparent den-
ity and porosity; UNE-EN 1097-6 for determining particle density
nd water absorption and UNE-EN 1097-7 for determining the real
ensity of the filler using the pycnometer method (Table 2).

According to Table 2, the absorption coefficient, Cabs (%), is calcu-
ated by deducing the weight of the dry sample from the weight of
he saturated sample. The result is divided by the weight of the dry
ample and the value is multiplied by 100. It is used to characterise
he behaviour of mortars in contact with water. The freezing coef-

cient, Kh (%), is calculated by deducing open Porosity from total
orosity and the value is multiplied by 100. If the result is equal
r higher than 75% it can be said that the sample of mortar can be
otentially frozen.
.9 11.0 14.3 14.6 11.3 6.6 2.0 −0.2

As can be observed in Table 2, the porosity of mortars tends
to be high, although very variable, ranging between 10% and 40%,
with some samples even reaching 50% in this study. The pores are
often intergranular, due to the low content of bonding agent or
the relatively low quality of the mortar production. The porosym-
metrical distribution of mortars is complex and there are usually
several maximum radii of access to the pores. By analyzing data
from Table 2 and a previous work from de la Torre [30] with sim-
ilar samples, mortars with high lime dosages and clay minerals in
its dosage, type 2 in this study, have a maximum of very small
sizes, less than 0.1 �m.  and their porous volume percentage is low,
between 7 and 28%. Other mortars with lower dosages, type 1 with
gypsum as the main bonding element together with lime and type
3 with lime as bonding agent but without clay minerals in their
composition, as suggested by de la Torre [30], have their maximum
in larger sizes (1 to 0.1 �m).

3.1.2. Chemical analysis
3.1.2.1. X-ray fluorescence. The chemical composition of the total
sample in a mortar can be poorly representative given the hetero-
geneous samples. As already stated, the aggregate is made up of
different types of rock. In addition the bonding agent ratio is not
constant in all samples, as the production for pre-industrial mate-
rials and processes could have varied greatly. Despite the number
of mortar samples studied and the variety of constructions and
periods to which these belong, the characteristics found in them
could be considered relatively uniform.

Trace element content is also important when examining mor-
tars, their groups and classification. However, this is greatly
influenced by the heterogeneity of these materials and possible
contamination processes which may  have occurred between the
time of execution and the present [30]. Twenty chemical elements
were analyzed, although the tables only feature those above detec-
tion levels, so that differences between the various samples can be
identified. Therefore, the values in Fig. 3 are a semi-quantitative
approximation to mortar composition which, although somewhat
homogenous, still displays the intrinsic heterogeneity of mortar, as
can be observed in the organoleptic analysis.

The semi-quantitative assessment of the chemical analysis was
executed using X-Ray Fluorescence (XRF) – S4 Pioneer spectrom-
eter, Bruker from Universitat Jaume I. A margin of error of +5%
was assumed for the analysis [31]. The semi-quantitative analysis
method was  chosen as it provided a very approximate quantifica-
tion of the concentration of the different elements in the samples
using algorithms based on fundamental parameters of exciting,
emitting and detecting X-rays.

3.1.2.2. X-ray diffraction. X-ray diffraction was used to obtain a
structural characterization using the Bruker D4-Endeavor diffrac-
tometer to characterize the crystalline components. The crystalline
phases of sample components were identified and quantified
according to temperature, dehydration and phase transitions. Dia-
grams have made it possible to compare the results obtained from

the samples of this study with others previously analyzed, and
also to date and classify them accurately. The interpretation of
the mineralogical analysis was performed by semi-quantitative
analysis and following a percentage of approximation. The
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Table  2
Petrophysic properties of the samples.

Designation VR (cm3) Da (g/cm3) DR (g/cm3) C (%) P (%) Cabs (%) Kh (%)

2015CH-US-001 2.00 − 2.63 − − − −
2015CH-US-002 2.89 1.36 2.38 57.23 42.77 25.91 85.04
2015CH-US-003 1.53 1.47 2.60 56.46 43.54 23.06 82.15
2015CH-US-004 2.45 2.35 2.72 86.27 13.73 2.40 63.11
2015CH-US-005 0.66 1.11 2.63 42.31 57.69 30.64 70.78
2015CH-US-006 1.28 1.72 2.72 63.37 36.63 12.97 71.64
2015CH-CU-001 2.79 1.37 2.58 53.24 46.76 24.34 77.78
2015CH-CU-002 7.62 1.62 2.63 61.35 38.65 14.26 71.23
2015CH-CU-003 2.84 2.06 2.59 79.55 20.45 13.72 161.14
2015CH-CU-004 0.69 1,14 2.54 44.95 55.05 4.54 52.49
2015CH-CU-005 11.04 1.76 2.51 70.36 29.64 9.11 68.59
2015CH-CU-006 6.68 1,52 2.59 58.74 41.26 20.62 80.66
2015CH-CU-007 7.74 2.52 2.68 93.82 6.18 0.48 55.46
2015CH-CU-008 3.59 1.65 2.53 65.15 34.85 13.55 73.59
2015CH-CU-009 11.30 1.80 2.53 71.25 28.75 5.01 59.30
2015CP-AT-001 3.45 1.45 2.65 54.85 45.15 21.20 75.96
2015CP-AT-002 3.31 1.66 2.63 63.17 36.83 18.58 86.28
2015CP-AT-003 1.98 1.52 2.54 60.00 40.00 23.26 89.68
2015CP-AT-004 2.30 1.41 2.44 57.79 42.21 26.20 88.70
2015CP-CU-001 4.46 1.49 2.52 59.31 40.69 23.95 89.23
2015CP-CU-002 2.59 1.43 2.56 55.94 44.06 22.62 78.97
2015CP-LC-001 3.50 1.35 3.07 44.03 55.97 28.03 75.56
2015CP-LC-002 2.85 1.72 2.59 66.59 33.41 14.91 81.20
2015CP-LD-001 3.35 1.61 2.61 61.58 38.42 15.89 74.97
2015CP-LD-002 2.55 1.28 2.91 44.04 55.96 28.07 73.63
2015CP-LD-003 2.10 1.19 2.60 45.85 54.15 37.50 84.83
2015CP-TEU-001 5.89 1.51 2.61 57.75 42.25 24.84 89.86
2015CP-US-001 2.32 1.68 2.52 66.48 33.52 17.78 89.94
2015CP-US-002 2.69 1.40 2.55 54.79 45.21 28.61 89.36
2015CP-US-003 0.41 1.42 2.56 55.41 44.59 22.86 78.50
2015CP-VH-001 3.66 1.35 2.60 51.77 48.23 27.70 81.57
2015CP-VH-002 5.28 1.63 2.58 63.31 36.69 16.30 78.53
2015CP-VH-003 4.92 1.70 2.56 66.22 33.78 15.23 80.93
2015CP-PM-001 2.69 1.46 2.59 56.28 43.72 24.71 84.97
2015CP-PM-002 2.08 1.52 2.72 56.06 43.94 24.07 85.65
2015CP-PM-003 6.95 − 2.77 − − − −
2015CP-PM-004 4.63 − 2.70 − − − −
2015CP-PM-005 4.57 − 2.69 − − − −
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R: real volume; Da: apparent density; DR: real density; C: compactness; P: porosit
id  not provide relevant results due to their lack of coherence.

iffractograms have been interpreted with the help of the com-
uter application EVA of the firm Socabim and the JCPDS cards,
ntil identifying the minerals present in each one of the samples.

.1.3. Petrographic-mineralogical analysis
XRD was used to obtain the first approximation to a mortar

omposition identifying the bonding agent. However, it is nec-
ssary to use organoleptic methods, which allow the physical
haracteristics of lime and gypsum mortars to be understood upon
ight and touch – hardness and tint. Visual analysis, supplemented
ith a Leica MZ  APO microscope and subsequently XRF, allowed
umerous intermediate cases to be recognised. These included lime
ortars attacked by altered gypsum, bastard mortars of lime and

ypsum or gypsum mortars with small amounts of calcite.
Visual examination was used to identify the variations in gran-

lometry of the aggregate used in different samples. The types of
ggregate observed were diverse, from nearby limestone and sand-
tone. During the extraction of samples considerable petrographic
imilarities could be observed between the masonry and the aggre-
ate of the mortars. Some exceptions were found in certain samples,
hich were thought to be from relatively recent mortars given the

ppearance of the constructions.
Visual examination of the samples made it possible to identify

omponents, such as remains of terracotta or fired clay, the pres-

nce of clay, remains of carbonised matter and even remains of
rganic structures — hyphae or fungal mycelium — whose presence
ay  have been due to an alteration resulting from biodeterioration.

here was a wide range of tones of the samples as they were affected
: absorption coefficient; Kh: freezing coefficient. Samples CP-PM-003, 004 and 005

by the type of chemical binder, aggregate, and the small impurities
of clays or iron oxides (Fig. 4).

4. Results and discussion

The results obtained show it is possible to establish an initial
classification depending on the binder. These can be distinguished
into lime mortar and gypsum mortar depending on the chemical
classification obtained using X-ray fluorescence. All samples ana-
lyzed are lime mortar except CP-LC-001, CP-LD-002, CH-US-001,
which are gypsum mortars. It should be noted that among the lime
mortars there are two  samples, CP-PM-004 and CH-CU-003, with a
higher siliceous percentage than calcium oxide (Table 3).

The mineralogical characterization of the samples revealed a
prevalence of certain mineralogical phases. These can be clas-
sified into three types: hydrated calcium sulphate, quartz and
calcite (Table 4). The presence of other mineral phases alongside
the chemical characterization shows the presence of feldspar and
clay minerals or associates. Following an initial organoleptic and
petrophysical examination and taking into consideration the main
mineral phases and chemical composition of the samples, three
major sample typologies with their subtypologies were established.

The SEM/EDX analysis of the sample CP-LC-002 in Fig. 5 shows
spectra with an intense signal of calcium (Ca), sulfur (S) and silicon

(Si). If we look at the mappings of Fig. 5c and d it can be seen the
distribution of these two elements (Ca) in the three layers and (S)
just in the layer 1. Therefore, it would be a gypsum mortar with
siliceous arid. The result is confirmed in another area of the same
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Compactness 55-60% - Presence of clay - 14-15th Century – 13.8% of total sample 
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CaO (% ) Fe2O3 (%) 

Fig. 3. Main charact

ayer, being in this case the largest silicon peak for having selected
n area with a higher concentration of aggregates.

.1. Type 1
The first type corresponds to samples where the gypsum is
he main bonding agent, as interpreted from the X-ray diffraction
here the prevalent crystal phase is hydrated calcium sulphate

ompared to other phases such as orthoclase and quartz. SO3 in
 (%) SO 3 (% ) Al2O3  (%)

s of the typologies.

samples CP-LC-001 and CP-LD-002 is higher than 40%, as confirmed
by X-ray fluorescence. SiO2 and AlO3 maintain the coherence
between both material characterization techniques, showing the
presence of quartz sand. Finally, it should be noted that the pres-
ence of CaO and MgO  forms part of the aggregates making up the

mortars.

In organoleptic terms, within the first typology the role of
gypsum is that of bonding agent alongside lime, CP-LC-001 and
CP-LD-002, or as aggregate or alteration mineral CH-US-001. This
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Fig. 4. Organoleptic cha

ample is different to the previous ones, as the firsts are bastard
ortars of gypsum and lime, while the latter has a bonding agent

hat is made up almost exclusively of lime, and the lime fills the
ores. For this reason it is assumed that the last sample must have

een originally a lime-based mortar, although it is now so dete-
iorated that it has mostly been replaced with alteration gypsum
32]. This is noted especially during optical microscopy and visual
nalysis (Fig. 4). As a bonding agent it appears in the form of a mass
ization of the samples.

of fine acicular crystals. As an aggregate or impurity, in the form of
non-calcinated fragments, it appears with textures characteristic of
natural gypsum and when it is an alteration mineral it fills in pores
and crack. Mortars with a gypsum-bonding agent are noticeably

hard if they are in good condition, and under the microscope they
show a great number of impurities: fragments of non-calcinated
natural gypsum, and overcooked gypsum, as well as clay and marl
nodules [33,34]. In general, type 1 samples present some small and
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Table  3
Identification of descriptive values of samples by X-Ray Fluorescence (XRF).

Designation MgO  AI2O3 SiO2 P2O5 SO3 K2O Cao MnO Fe2O3 Na2O Cl PPC U Sum Observation

CP-LC-001 Typology 1 3.71 3.61 8.98 − 38 1.34 34.4 0.015 1.48 − − 7.52 % 99.7 High rates of
gypsum and
magnesium

CP-LD-002 Typology 1 1.49 3.54 9.73 − 40 1.64 33.9 0.028 1.53 − − 6.98 % 99.5 High rates of
gypsum

CH-CU-001 Typology 2a 0.425 6.91 23.2 − 0.364 4.54 44.9 − 3.02 0.503 1.34 14.3 % 100 High presence of
potassium oxide

CH-US-006 Typology 2b 0.334 2.12 7.19 0.088 1.59 0.914 49.4 0.029 2.02 0.096 0.11 34.26 % 98.4 The only one with
phosphates

CP-AT-002 Typology 2c 0.403 1.83 6.18 − 0.22 0.985 56.6 0.022 2.33 0.038 − 31.30 % 100.2 High rates of
calcium

CH-CU-003 Typology 3 0.379 11.6 40 − 0.206 4.64 27.7 − 4.57 − − 8.52 % 99.0 High rate of silica
CP-TEU-001 Typology 3 0.586 7.11 23 − 0.0728 2.49 39.8 0.28 13.1 − − 14.8 % 102.3 High rates of

Alumina and iron
CP-PM-001 Typology 3 0.491 2.94 16.4 − 0.411 2.32 58.8 − 3.06 0.077 − 15.5 % 100 High rates of

calcium

Table 4
Mineralogical composition of samples by X-Ray Diffraction (XRD).

CP-LD-002 CH-CU-001 CH-CU-005 CP-TEU-001 CP-PM-001
Typology 1 Typology 2a Typology 2b Typology 3 Typology 3

Quartz + ++++ +++ ++++ ++++
Calcite − ++ ++++ +++ +
Illite/muscovite − (+) − (+) (.)
Orthoclase + (+) + + +
Albite − − − − (+)
Gypsum +++++ − − − −
Kaolinite − + (+) − −

+++++: > 75%; ++++: > 50%; +++: > 25%; ++: > 15%; +: > 10%; (+): presence (5–2%); (.): (< 2%); −: no presence.

y and

m
a
a

t

Fig. 5. CP-LC-002. Type 1. Optical Microscop

edium non-calcinated lime nodules, remains of calcinated coals

nd occasionally fired clay. In terms of appearance, these samples
re predominantly whitish (see Fig. 6).

The lime used in most of the mortars was non-hydraulic. In addi-
ion, it was also rather greasy, that is to say, it had a low content in
 Scanning Electron Microscopy (SEM/EDX).

Mg.  This was  confirmed via a semi-quantitative XRF analysis. Car-

bonated lime tends to take the form of calcite, although in some
instances of mixes with high lime content, a part of it precipitates
in the form of aragonite [35]. Minerals which may  suggest some
degree of hydraulic nature (tobermorite or ettringite) were found
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Fig. 6. XRD patter

nly in samples CP-LC-002, CP-US-001, CH-CU-007, CP-TEU-001
ue to the hardness, the greyish appearance of the chemical binder
nd the addition of vitreous reactive aggregate or ground brick.
hese samples were initially classified as type 4 given the occa-
ional medium-sized lime nodules they presented, and the absence
f vegetable remains except in CH-CU-007, with medium-sized
ggregate and clay nodules. Mineralogical criteria were finally used
o classify the first three samples as type 2 (2b) and CP-TEU-001 as
ype 3 (see Fig. 4).

Within type 1 we find samples with occasional variations in
olour, especially due to the tone of the aggregate. In type 2 and 3,
n sample CP-VH-003 the lime nodules are large, while in samples
P-PM-003 and CP-PM-005 the lime nodules are small and their
ardness and consistency are lower than the rest. Finally, sample
P-VH-002 very occasionally presents vegetable remains, CH-US-
04 shows remains of fired clay and in CP-VH-003 the aggregate

s finer than in the rest. Despite the differences in the organoleptic
haracteristics of the samples, due to the different manufacturing
rocesses and availability of materials, chemical composition and
etrophysical tests, compactness and porosymmetry of the total
ample, a certain similarity could be suggested between the sam-
les of type 2 (2a) and some of type 3.

.2. Type 2

The second typology is that of samples, which have lime as a
onding agent, but the main mineralogical phase is calcite followed
y quartz with a presence of feldspar and kaolinite. These charac-

eristically include large amounts of silica and lime oxide, as well
s potassium oxide and aluminium oxide. This second large group
s characterised by including clay minerals in its composition, as
escribed in the following samples.
mple CP-LD-002.

CH-CU-001 serves as a sample example for the second large
group; lime mortar with a main mineralogical phase of quartz with
a presence of clay; it is characterized by its lime bonding agent but
the main mineralogical phase is quartz followed by calcite with
a presence of orthoclase, illite and kaolinite. These characteris-
tically include large amounts of silica and lime oxide as well as
potassium oxide and aluminium oxide. The mineralogical charac-
terization shows the presence of clay minerals as well as associated
ones, as is confirmed by XRF (see Fig. 7).

CH-CU-005 is an example of samples from the third large group;
lime mortar with a main mineralogical phase of calcite. The sam-
ple studied shows that the lime mortar is due to the widespread
presence of calcite (56%) with a high percentage of quartz (35%)
showing a large presence of quartz sand in the sample. The XRF for
the sample confirms and is in agreement with these analyses as it
shows large amounts of CaO and SiO2. It should be noted that there
is a high presence of KO2 (4.54%) in the sample, which explain the
presence of orthoclase in the XRD. Therefore the presence of clay
or other associated minerals such as the kaolinite provided by AlO3
and SiO2 is also observed (see Fig. 8).

In organoleptic terms the samples of type 2 (2a) and 3 are sim-
ilar in appearance as they are made up of a chemical binder that
is exclusively lime. It can be stated that the petrographic charac-
teristics of lime mortars can be monotonous. The type of aggregate
is almost always the same, subangular or subrounded fragments
of limestone and sandstone. However, following a visual inspec-
tion several characteristic features identified the different samples,
providing further information on their date and form of production.
The samples classified as type 2 (2a) and whose mineralogical com-

position appears in Fig. 3 could be considered better quality lime
mortars, as by touch the sample is surprisingly hard and coherent,
due to the fine aggregate of the granulometric composition, which
in some samples has been mixed with fired clay and in others with
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Figs. 7–8. XRD pattern of samples CH-CU-001 and CH-CU-005.
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lay nodules – except in samples CP-PM-001 and CP-PM-004. The
lay detected in several samples, including CH-CU-005, could be
onsidered a fine aggregate although it does have bonding power.

Finally, also for the small and medium-sized lime nodules,
xcept in samples CH-CU-002, CH-CU-005 and CH-CU-009 where
aliches are slightly larger. Its limited porosity is observed — in this
ase fissured — under the microscope, as is the excellent union in
he aggregate-bonding agent contacts of samples CH-US-004, CH-
U-005, CH-CU-007 and CH-CU-009. Cross-referencing this data
ith the petrophysical analyses these samples are among the most

ompact of the total sample. Finally, it should be noted that this
ype does not contain remains of calcination or occasional vegetable
emains possibly resulting from pollution, except for samples CH-
U-002, CH-CU-005, CH-CU-008, CH-US-005 and CH-US006. In
erms of the chemical composition, it should be noted that type

 samples have a high percentage of CaO, above 50%, and below
0% for Al2O3 and SiO2.

.3. Type 3

The third typology corresponds to the samples with lime as
onding agent and a mineralogical phase with quartz followed by
alcite with a presence of feldspar and illite. These characteristically
ontain high amounts of silica and lime oxide, as well as potassium
xide, sodium oxide and aluminium oxide. This third major group
oes not include clay minerals in its composition, as described in
he following samples.

CP-PM-001: the characterization of the sample shows that this
s a lime mortar in which quartz sands predominate over calcite,
ollowed by orthoclase and albite, with the presence of illite also
etected. These mineralogical phases obtained using XRD are in
eeping with the XRF which show a considerable quantity of CaO
hose origin is attributed to calcite as well as of SiO2 coming from

he quartz sand, orthoclase and albite. Just as NaO2 and Al2O3 come
rom albite, illite provides KO2 and Fe2O3. Illite arises from thermal
lteration of muscovite, and is also one of the minerals associated
ith clay (possibly due to onsite contamination or due to the mor-

ar). Orthoclase and albite are feldspars, which contribute silica to
he composition. As regards chemical analysis, it is worth highlight-
ng the major PPC due mostly to the rudimentary procedure with
o thermal control resulting from the production of lime in a kiln. In
rganoleptic terms, remains of coal or inert materials can be found
see Fig. 9).

CP-TEU-001: the sample shows the prevalence of quartz over
alcite in the XRD, these are followed by orthoclase and illite. The
resence of these mineralogical phases is in keeping with the XRF
nalysis showing large amounts of SiO2 and CaO (23% and 29.8%).
he data show the use of quartz sands in the mortars, as well as
arbonates. The presence of orthoclase and illite phases support
he considerable presence of K2O, Al2O3 and Fe2O3. Chemical and

ineralogical characterization shows that the mortar is lime. As
egards chemical analysis, it is worth highlighting the major PPC
ue mostly to the rudimentary procedure with no thermal control
esulting from the production of lime in a kiln (see Fig. 10).

In organoleptic terms two of the main differences identified in
he samples classified within type 3, compared to those of type

 (2a), are the size of the nodules of non-calcinated lime, as they
re medium-sized, large or very large, and abundant. This is also
he case of samples CP-CU-001 and CH-US-003, which do not have
ggregates in the form of fired clay or clay earth in the samples,
xcept in cases such as those of samples CP-AT-001 or CP-CU-001.
herefore, the mortars within this type correspond to a similar

ypology, with medium lime dosages, contrasting with the size of
he lime nodules and not entirely coherent with these samples. This,
ombined with the absence of clay or terracotta, suggests that these
ortars belong to a different construction period to those reflected
ltural Heritage 31 (2018) 83–96 93

in type 2 (2a). The shades of these type 3 mortars are ochre, light
brown and occasionally whitish. In contrast, most of those analysed
visually within type 2 (2a) are a pinkish ochre colour, perhaps due
to a relative content of reddish clay or iron oxides. The chemical
composition of these mortars displays a higher percentage of Al2O3
and SiO2, above 20%, and a lower dosage of CaO, below 50%.

To conclude the visual examination of the mortars it should be
noted that two  samples of mortar that differed greatly from the
rest were found. These were a priori classified as type 5. As regards
the mineralogical compositions no major differences were found,
except that they were two  of the mortars with the highest content
in CaO, between 54 and 57%. However, during organoleptic analysis
two very homogenous samples are observed, as suggested by the
appearance of the constructions, which were probably made in rel-
atively recent mortars, CP-AT-002 and CP-AT-003. When touched,
both appear rather hard, although not as hard as type 2 samples
CH-US-004, CH-CU-005, CH-CU-007 and CH-CU-009. They present
a very regular and varied dosage of aggregate with an almost com-
plete absence of lime nodules, without remains or alterations and
in a homogenous whitish and greyish colour. In any case, as with
type 4 (see the description in typology 1), mineralogical criteria
were finally used to identify mortars of type 5 as a variant of type
2 (2c).

4.4. Synthesis of data

The research has employed complementary analysis, qualitative
and semi-quantitative, that informs one another. That is why the
authors believed that the explanation and analysis of the samples is
better understood by joining the outputs of the different techniques
and explaining them all together through section 4.

The analysis of typology 1 demonstrates that some nodules of
lime present in the samples was badly cooked and that is why their
compactness is the lower of the series – 45%. The presence of gyp-
sum may  have prevented them from being eroded; gypsum was
extensively used at that time as rendering in the major cities [34].
This typology only represents the 8.4% of the total sample, represen-
tative of two  specific places in the countryside. Given the findings
of Cavanilles, as regards the lack of coal for calcinating the lime-
stone, this type could belong to a very specific period, conditioned
by the availability of the material and the widespread occupation
of the territory, both characteristic features of the 18th century.

Typology 2 was the most complex and that is why it was finally
subdivided in three sub-typos. Type 2 (2a) presented a 55-60% of
compactness, nonetheless some of the samples, as sample CH-CU-
001 shows in the phases of the XRD, suffered from decay due to
their exposition; this samples are mainly located in the country
side and in the upper zones of the area of analysis. In this type 2,
fundamental differences in the semi-quantitative analysis of two
samples shows that CU-001 XRD pattern has much more percent-
age of SiO2 than CU-005 XRD pattern which shows more CaCO3.
Nonetheless the two  samples have the two components in their
constitution. Then, the qualitative organoleptic visualization refers
to the samples’ aggregates as limestone (CU-005) and sandstone
(CU-001). Samples of this type did not use gypsum, nonetheless
clay and fibres are present in the most of them. This type represents
the 13.8% of the total sample and, the stratigraphic unit from which
the samples were extracted, possibly dates them in the 14th–15th
centuries.

Type 2 (2b), the most compact samples — 65%–80% —, used clay
but not gypsum in its composition, as type 2 (2a). This samples
did not present severe decay, the most of them are located in HC

and represent the 27.8% of the total sample. By analyzing the type
of buildings and their correlation with typology 3, it can be stated
that this type 2b belongs to the 16th and 17th centuries. Type 2 (2c)
samples may  well be of poorer quality and execution — 55–60% of
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Figs. 9–10. XRD pattern of samples CP-PM-001 and CP-TEU-001.
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ompactness —. Samples do not present gypsum nor clay in their
omposition, besides they were found in both HC and PC represent-
ng just the 11.2% of the total sample. Their origin probably dates
ack to the 19th and 20th centuries.

In typology 3, the nomenclature of the samples establish a link
etween the morphology of mortars and its location, which is
ainly disperse in cottages in PC and warehouses in HC located in

he upper parts of the village of Culla. This type represents almost
he 40% of the total sample and it is characterized by a quite good
tate of decay in spite of the bad quality of the mortar. Typology

 is characterized by the absence of gypsum and clay. The limited
oherence of the mortar suggests a more artisanal and less rigor-
us technique, as it cannot be linked solely to the rural kilns or city
ilns, given that these samples are found in both settings. These
onclusions, and the archive data, prompt us to conclude that they
re connected with a less perfected form of constructions which
as probably later than type 2 (2a) samples, between the 16th and

7th centuries.

. Conclusions

To sum up it can be stated that the mortar used in the region
ince the Middle Ages it has been made of lime mortar. Given
he absence of significant differences between components it is
ssumed that this did not depend on whether the constructions
ere in HC or PC. Exceptions and particularities are observed in

he components of some mortars and their manufacturing pro-
ess, confirmed through tests and analyses. Although we do not
ave an exact date for the mortars, it can be stated that there are
ve different mortar typologies and five differentiated construction
eriods that can be defined by the classes obtained with the origin
f mortars; origin of material, production process, location within
he building or construction period.

According to the classification and dating from this study, the
nitial criterion established regarding 16th and 17th century mor-
ars can be assumed as valid. However, the statement that medieval

ortars are poorer quality cannot be considered as valid. In our
ase we consider the samples to be more heterogeneous as pre-
ious authors indicated, but the dosage and are highly compact
ccording to the chemical analysis undertaken in the study. In fact,
y carefully examining the composition of the different samples, it
an be stated that the main differences are found between Historic
entres (CH) and Peripheral Constructions (CP). The dosage estima-
ion of CH samples is richer in aggregate than CP ones. Proportions

ay  vary from values near to 1/1 CH and 1/2 CP for the 14th to 15th
enturies and 16th to 17th centuries. In this last period the propor-
ion can drop eventually to 1/3 in some CP samples. From the 18th
entury on, mortars do not show such differences. Given the above,
t can be concluded that the period of construction determines the
uality of the mortar, while organoleptic analysis shows that mor-
ar quality also depends on the process of production and/or the
vailability of materials and natural resources; the location.

The characterization of mortars has allowed the researchers to
ap and establish typologies related to a location, to a specific time

n the history, and between themselves. The characterization has
llowed the researchers to understand the origin, the materiality
nd the production process of mortars. This is of utmost impor-
ance since a Territorial Heritage Action Plan will assume some
etrofit actions. These actions will imply the use of new mortars,
osages and compositions. So, what the study has demonstrated

s the importance of heterogeneity in a great rural area looking for

uture material compatibility. Any new sample of mortar in the area
an now be classified and understood inside a more global process
f conservation. The importance of the study then relies on the link-
ges between events and epochs rather than on the materiality of

[

ltural Heritage 31 (2018) 83–96 95

buildings. So, the analysis provides more relevance to the territory,
and to the relationships between buildings, ways of life and space.
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