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Abstract: After subjecting Zamora building stones to accelerated ageing tests, colour changes were
studied, namely: (a) freezing/thawing and thermal shock (gelifraction and thermoclasty), and (b) com-
bination of freezing/thawing plus thermal shock and salt crystallisation (sulphates or phosphates)
(gelifraction, thermoclasty and haloclasty). Zamora building stones are silicified conglomerates
(silcretes) from the Cretaceous that show marked colour changes due to the remobilisation of iron
oxyhydroxides. In this work, four varieties were: white stone; ochreous stone; white and red stone;
and purple stone Their micromorphological characterization (skeleton, weathering plasma and
porosity/cutan) is formed of grains and fragments of quartz and quartzite as well as by accesory
minerals muscovite and feldspar (more or less altered), and some opaque. Quartz, feldspar and
illite/mica were part of the skeleton; kaolinite, iron oxyhydroxides, and CT opal were part of the
weathering plasma or cutans; their porosity were 11.7–8.7%. Their chromatic data have been sta-
tistically analysed (MANOVA-Biplot). They showed higher variations in ∆E*, ∆L*, ∆a* and ∆b*on
combined freezing/thawing plus thermal shock and sulphates crystallisation leading to rapid al-
teration of the building stones. Chromatic differences between the other two artificial ageing tests
were less evident and were not detected in all samples. The global effect of ageing on the Zamora
building stones darkened them and reduced their yellowing. The ochreous stone suffered the least
variation and the purple stone the most. This study of the colour by statistical analyse may be of
interest for the evaluation and monitoring of stone decay, which is an inexpensive, simple, easy and
non-destructive technique.

Keywords: colour; building stones; silicified conglomerates; artificial ageing test; freezing/thawing;
thermoclasty; salt crystallisation; MANOVA-Biplot

1. Introduction

Zamora is a “Romanesque city” with 24 Romanesque churches, the Castle, the Cathe-
dral and City Walls from the 12th and 13th centuries built in silicified sandstones and
conglomerates called Zamora building stones. These stones have been used in monuments
of Zamora, in the masonry wall, and in the lower parts of religious and civil monuments of
the cities of Salamanca and Avila, which were designated World Heritage Cities by UN-
ESCO in 1988 and 1985 respectively [1]. Building stone monuments represent a significant
part of the World Heritage, enclosing a historical, aesthetic and constructive material value.
The architectural heritage of a city is strongly influenced by its geological context and by
the place where the building stones were quarried in the surroundings of the urban centre.
Thus, cities are often characterised by distinctive chromatic features that reflect those of
the locally available building stones, as is the case with Villamayor sandstone in the city of
Salamanca, whose natural alteration in monuments is accompanied by the development
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of a golden-reddish patina. Hence, the term ‘golden sandstone’ is one of the signatures of
monuments and buildings constructed with this building stone [2,3].

The durability of building stone is its behaviour against decay processes that depend
on the mineralogical composition, texture and structure of the stone (intrinsic factors), its
location in the monument and environmental conditions (extrinsic factors). Its prediction
is complex, given the variety of factors involved, and the great forms of decay that can
occur [4]. Foreseeing the expected decay processes of stone materials is of paramount
importance to anticipate problems arising from the accelerated ageing test; and currently
climatic chambers under controlled conditions are used for this. In this work, different ac-
celerated ageing tests simulating the conditions of the city of Zamora with a Mediterranean
climate with a continental tendency and low polluted, with a mean annual temperature
of 11–12 ◦C were carried out. The range of daily temperature fluctuations may be as large
as 30 ◦C. The absolute maximum temperature measured based on a historical data series
(15 years) is 37 ◦C, while the absolute minimum is −19 ◦C. Average annual rainfall is about
395 mm, mainly in spring and autumn, with July and August typically characterised by
severe droughts [5–8].

On the exposed exteriors of monuments, thermoclasty and gelifraction are responsible
for the decay of Zamora building stones (silicified conglomerates) leading to microfissures,
plates, flakes, and surface arenisation. Additionally, outwards areas of the lower parts of
the monuments, affected by capillary damping of polluted water, are subject to a synergistic
effect between these factors and salt crystallization (haloclasty/gelifraction/thermoclasty).
Inwards of monuments, the most extensive and commonly decay of silicified conglomerates
is due to the presence of salts in microenvironments, which crystallise inside the pore
network (sub-efflorescences) or outside it (efflorescences) [5–8].

The main water-soluble salts studied in the efflorescences and/or subefflorescences of
historical stones of the buildings are composed of the following anions Cl−, NO3

−, SO4
2−,

CO3
2−, PO4

3− etc. The source of the salts may be multiple, from the mortar of the wall
and from the outside e.g., bird droppings which, being very soluble, migrate easily to
the surface. In the high parts of the building it is due to infiltration by rain off, which
dissolves the soluble species in mortars, while in the lower parts the source of salts come
from capillary damping (polluted urban groundwater) [9].

One of the aesthetic parameters of a building stone is its colour, which contributes
greatly to its ornamental value. As with other properties, colour monitoring is of great
importance to evaluate treatment effectiveness when the stone is subjected to conservation
or restoration treatment [10–16], to assess changes by accelerated ageing tests [16–22] and
to in situ deterioration in the building [3,23–29]. In most of the works cited, stone building
materials, after the application of conservation treatments (waterproofing, consolidation,
desalination, etc.), accelerated artificial ageing, or deterioration in situ in monuments,
produce a greater darkness and more reddish and/or yellowish tones, depending on
the case.

The purpose of this study was to quantify the colour changes in building stones
that were submitted to three different accelerated ageing treatments (freezing/thawing
and two combined freezing/thawing and salt crystallisation), to allow a rationale use of
these building stones and to anticipate their behaviour in advance, in order to succeed
in restoration. In the combined tests with salt crystallisation, sulphates were selected on
the one hand, because they are soluble in water, which increases more in volume when
crystallising, and their deterioration is greater through the so-called wedge effect (physical);
and on the other hand, phosphates, because they give a very alcaline medium to the
dissolution (pH > 11), and although the decay process is much slower, it would be by
chemical dissolution, and the wedge effect (physical) would be lesser.
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2. Materials and Methods
2.1. Zamora Building Stone

The Zamora building stones (silicified conglomerates and sandstones) correspond to
the upper part of Salamanca Sandstone Formation (SSF). Remnants of silicifications appear
in the SW border of the Tertiary Duero basin, on both the Iberian Hercynian basement
deeply weathered and/or a sedimentary cover of siderolithic nature. Silicification repre-
sents an alteration of the parent minerals which gave rise to a relative concentration of
silica as CT opal, a partial release of aluminum, the almost complete leaching of the other
components and local concentrations of minerals of the alunite group This silicification
process produces a silcrete, that is a variety of highly indurated duricrust formed as a
result of the near-surface accumulation of silica within a soil, sediment, rock or weathered
material [30–32]. The strength of the sedimentary cover increases towards the E and NE,
thus separating vertically from the mantle of weathering and silicification process. Accord-
ing to their lithological characteristics, they are arranged in three lithostratigraphic units,
the differentiating elements being the presence of iron and silica, colour and sequential
organization. The upper section (Zamora building stones), presents a clearly prograding
stratigraphic grain and strato-growth architecture generated by the activity of alluvial
fan systems. Sedimentation took place within wide, shallow and highly mobile channels
through which streams flowed with very high bottom loads and fine suspended material
during a Mesozoic period [30–32].

This stone shows marked changes in colour due to the remobilization of iron oxy-
hydroxides under ancient hydromorphic and acid conditions, with local precipitation of
sulphates of the allunite-jarosite group [30,31].

The Zamora building stone shows a chemical composition of the major elements with
high contents in SiO2, together with the presence of Al2O3 and H2O.

In this work, four natural silicified conglomerates (Zamora building stones) from
Zamora quarries (Figure 1) have been tested: Z1, white stone, microconglomerate; Z2,
ochreous stone conglomerate; Z3B, white and red stone conglomerate and Z3R, purple
stone conglomerate.
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pear. The appearance of an isotropic mass quite called the weathering plasma (Figure 2a). 
Iron oxyhydroxides can appear attached to the 1:1 phyllosilicate (Figure 2c,d), called 
weathering plasma, giving ocher and/or reddish tones and it is common to find minerals 
such as small accordion-shaped kaolinites (1:1 phyllosilicates) that are considered neofor-
mation (Figure 2b) By visual samples, the concentration of these iron oxyhydroxydes 
gives zones with shades from intense red to purple. 

Study of thin samples of silicified conglomerates has been observed that: (i) the walls 
of some cavities appear covered by fibrous silica with their optic axes in different positions 
in relation to the elongation of the fibers called cutan (Figure 2e,f), and, (ii) most of the CT 
opal are located lining the walls of cavities (Figure 2e,f), these being interpreted as the 
traces of roots (bioturbation) of old palaeosols (pedogenic silcretes). In strongly silicified 
samples, quartz grains encompassed within a brown and more or less anisotropic mass 
compose of clay, iron oxyhidroxides and CT opal [30–34]. 

Figure 1. Macroscopic view of the Zamora Building Stones. (Z1) white stone, silicified microconglom-
erate. (Z2) ochreous stone, silicified conglomerate. (Z3B) white and red stone, silicified conglomerate.
(Z3R) purple stone, silicified conglomerate.
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Figure 2 shows the most remarkable micromorphology results of the four selected
varieties, following the methodology published by the authors [32,33]. In all the samples
studied, quartz is the dominant mineral in the skeleton, presenting many of its grains,
corrosion gulfs on their edges (Figure 2a). Likewise, more or less altered potassium
feldspars, muscovites flakes with loss of interference colours (Figure 2c,d), opaque (Fe
and Ti oxyhydroxides, Figure 2e), tourmalines, epidote group minerals, and few zircons
may appear. The appearance of an isotropic mass quite called the weathering plasma
(Figure 2a). Iron oxyhydroxides can appear attached to the 1:1 phyllosilicate (Figure 2c,d),
called weathering plasma, giving ocher and/or reddish tones and it is common to find
minerals such as small accordion-shaped kaolinites (1:1 phyllosilicates) that are considered
neoformation (Figure 2b) By visual samples, the concentration of these iron oxyhydroxydes
gives zones with shades from intense red to purple.

ChemEngineering 2022, 6, x FOR PEER REVIEW 5 of 12 
 

 
Figure 2. (a) Natural Light (NL) microphotograph. Skeleton of polycrystalline quartz grains (yellow 
arrows) with corrosion gulfs set in a weathering plasma of CT opal and 1:1 phyllosilicate (birefrin-
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and (f) microphotograph (CN) of isotropic mass called weathering plasma formed by CT opal and 
iron oxyhydroxides (which gives a purple hue to the Zamora building stone), in addition, the partial 
filling of the porous system (cutan, to designate a modification of the texture, structure or fabric at 
natual surfaces in soil materials, due to concentration of particular soil constituents or in situ mod-
ification of the plasma) by fibrous silica or CT opal (yellow arrows), which have originated by traces 
of roots (bioturbation) in the tropical palaeosoil (pedogenic silcretes). 

Table 1 shows the average results obtained from the physical properties of the four 
varieties of Zamora building stones, following the methodology published by the authors 
[35]. It is observed that the real density varies between 2.56 and 2.60 g/cm3 and the appar-
ent density between 2.28 and 2.33 g/cm3. On the other hand, the order of the values ob-

Figure 2. (a) Natural Light (NL) microphotograph. Skeleton of polycrystalline quartz grains (yellow
arrows) with corrosion gulfs set in a weathering plasma of CT opal and 1:1 phyllosilicate (birefrin-
gent, silcretes); (b) Microphotograph (NL). Small accordion-shaped kaolinites (1:1 phyllosilicates of
neoformation(yellow arrows); (c) Microphotograph (NL) and (d) microphotograph (crossed nicols,
CN) of muscovites flakes with loss of interference colour (yellow arrows); (e) Microphotograph (NL)
and (f) microphotograph (CN) of isotropic mass called weathering plasma formed by CT opal and
iron oxyhydroxides (which gives a purple hue to the Zamora building stone), in addition, the partial
filling of the porous system (cutan, to designate a modification of the texture, structure or fabric
at natual surfaces in soil materials, due to concentration of particular soil constituents or in situ
modification of the plasma) by fibrous silica or CT opal (yellow arrows), which have originated by
traces of roots (bioturbation) in the tropical palaeosoil (pedogenic silcretes).
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Study of thin samples of silicified conglomerates has been observed that: (i) the walls
of some cavities appear covered by fibrous silica with their optic axes in different positions
in relation to the elongation of the fibers called cutan (Figure 2e,f), and, (ii) most of the
CT opal are located lining the walls of cavities (Figure 2e,f), these being interpreted as the
traces of roots (bioturbation) of old palaeosols (pedogenic silcretes). In strongly silicified
samples, quartz grains encompassed within a brown and more or less anisotropic mass
compose of clay, iron oxyhidroxides and CT opal [30–34].

Table 1 shows the average results obtained from the physical properties of the four va-
rieties of Zamora building stones, following the methodology published by the authors [35].
It is observed that the real density varies between 2.56 and 2.60 g/cm3 and the apparent
density between 2.28 and 2.33 g/cm3. On the other hand, the order of the values obtained
for free and total porosity, imbibition coefficient and capillary absorption and permeability
in the four varieties studied is as follows: Z1 > Z2 ≈ Z3B ≈ Z3R. However, the order of
values in the absorption coefficient is Z1 < Z2 ≈ Z3B ≈ Z3R.

Table 1. Physical characterisation of Zamora building stones by water.

Samples FP (%) TP (%) AC (%) RD (g/cm3) AD (g/cm3) IC (%) CAC (g/cm2S
1
2 ) P (Kg/m2s)

Z1 11.7 14.3 82 2.57 2.28 5.4 0.001075 0.000221
Z2 9.6 10.1 95 2.60 2.33 3.8 0.000844 0.000195

Z3B 8.7 9.2 95 2.57 2.33 4.2 0.000927 0.000179
Z3R 9.1 9.2 99 2.56 2.33 3.7 0.000866 0.000164

FP = Free porosity, TP = Total porosity, AC = Absorption coefficient, RD = Reel density, AD = Apparent density,
IC = Imbibition coefficient, CAC = Capillary adsorption coefficient, P = Permeability.

2.2. Experimental and Statistical Methods

The durability of four Zamora building stones (ZBS) was determined by accelerated
artificial ageing treatments. Two cubic samples (6 × 6 × 6 × 6 cm) were selected for each
of the ZBS varieties, the chromatic coordinates of five of the faces were measured, and they
were subjected to the following accelerated ageing treatments in a simulation chamber
under controlled conditions. Five cycles were performed:

T1: Freez/thaw and cool/heat cycles (−20 to 110 ◦C) according to the following
procedure: After a drying period at 60 ◦C to reach a constant weight, the blocks were
immersed in distilled water for 16 h (the rocks were saturated), after which they were
cooled to −20 ◦C and kept at that temperature for 3 h. The temperature was then raised to
110 ◦C (rate = 2 ◦C/min), and the blocks were kept at that temperature for 3 h. Finally, the
blocks were left for 2 h at room temperature and the process was restarted [16].

T2: A combined freez/thaw treatment with sulphates crystallisation, following the
method in T1 [16], but using a 14% (weight) solution of Na2SO4 × 10 H2O instead of
distilled water.

T3: Same as T1 but using a 1% (weight) solution of Na3PO4 × 10 H2O instead of the
distilled water [16].

Colour was measured with a MINOLTA MODEL CR-310 colourimeter for solids
using the (L*,a*,b*) colour coordinates. Total colour difference (∆E*ab) defined by the
equation [36,37]: ∆Eab* = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2.

To study changes in the colour, increments ∆E*, ∆L*, ∆a*, and ∆b* have been defined
as the difference of the parameter values between that for the untreated sample and those
of the sample after each ageing treatment.

The statistical analysis was performed using the MANOVA-Biplot technique (Mul-
tivariate Analysis of Variance). The MANOVA-Biplot is a multivariate analysis method,
complementary to MANOVA which permits to obtain simultaneous plots of the different
groups to be compared, and the different variables being analysed, by also involving the
specific Biplot characteristics [38,39]. The results are summarised on several factorial planes,
where the variables are represented as vectors that start out from a hypothetical origin
and the means of the different groups as star markers in the same reference system. If two
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variables are represented with a very small angle, then the variables are highly correlated,
and are inversely correlated if they are opposite. Additionally, if the angle is close to perpen-
dicular, their correlation is minimal. When projecting all the star markers perpendicularly
onto the directions of any of the variables, the order of the projections in the direction of
those variables is equivalent to the value that the population means take on for that variable.
These interpretations are subject to a series of measurements of the quality of representation
for the different planes (inertia absorption of the planes, the goodness of the projections of
the measurements on the variables for the dimensions selected, etc.). Depending on these
qualities of representation, it is or is not possible to interpret the position of the variables
(or the means of the different groups) in the corresponding factorial plane.

The MANOVA-Biplot analysis was applied to a matrix consisting of 16 variables (4 for
each chromatic parameter, i.e., ∆E*, ∆L*, ∆a*, and ∆b*) and 120 rows in 12 groupings
accounting for the different combinations of silicified conglomerates with the three ageing
treatments applied.

The different groupings of samples were named as follows:
* Type of sample: Four types of samples tested (Z1, Z2, Z3B and Z3R).
* Artificial ageing, corresponding to aged (T1, T2 and T3).
The 12 groupings have been labelled by combining the four types of stones and the

different ageing treatments: ZWTY, where W = 1, 2, 3B and 3R (type of sample), and Y = 1,
2, and 3 (type of artificial ageing treatment). The average values for ∆E*, ∆L*, ∆a*, and ∆b*
for each aging cycle are included in Tables 2–5.

Table 2. Average values for ∆E* for every ageing treatment cycles.

Sample and Treatment
∆E1* ∆E2* ∆E3* ∆E4* ∆E5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 0.505 0.133 0.657 0.175 0.918 0.172 1.199 0.194 1.011 0.198
Z1, T2 1.032 0.197 1.054 0.193 1.836 0.248 1.475 0.272 1.316 0.185
Z1, T3 0.643 0.236 0.835 0.296 0.962 0.329 0.721 0.349 0.914 0.208
Z2, T1 0.410 0.065 0.595 0.101 0.628 0.107 0.743 0.148 0.691 0.123
Z2, T2 0.539 0.061 0.623 0.113 0.948 0.102 1.533 0.155 2.079 0.607
Z2, T3 0.549 0.228 0.621 0.179 0.831 0.267 0.794 0.299 0.818 0.266

Z3B, T1 0.653 0.065 0.694 0.072 0.835 0.090 0.953 0.086 0.821 0.083
Z3B, T2 1.189 0.128 1.181 0.167 1.228 0.242 1.317 0.178 2.423 0.279
Z3B, T3 0.695 0.169 0.548 0.166 0.891 0.278 0.640 0.230 0.760 0.135
Z3R, T1 0.666 0.061 0.577 0.065 0.854 0.149 0.621 0.096 0.695 0.077
Z3R, T2 1.377 0.130 0.621 0.081 1.251 0.149 1.092 0.101 1.687 0.066
Z3R, T3 0.735 0.154 0.645 0.193 0.618 0.177 0.655 0.152 0.725 0.132

S.E. = Standard Error.

Table 3. Average values for ∆L* for every ageing treatment cycles.

Sample and Treatment
∆L1* ∆L2* ∆L3* ∆L4* ∆L5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 −0.295 0.098 −0.409 0.118 −0.703 0.124 −0.892 0.123 −0.703 0.094
Z1, T2 −0.587 0.224 0.375 0.319 0.914 0.660 0.376 0.444 −0.005 0.211
Z1, T3 −0.346 0.219 −0.394 0.303 −0.588 0.332 −0.445 0.309 −0.428 0.261
Z2, T1 −0.324 0.061 −0.397 0.102 −0.528 0.101 −0.506 0.124 −0.482 0.108
Z2, T2 −0.329 0.093 −0.006 0.026 −0.549 0.114 −0.569 0.097 −1.017 0.570
Z2, T3 −0.082 0.253 −0.020 0.263 −0.265 0.358 −0.101 0.355 −0.154 0.318

Z3B, T1 −0.534 0.090 −0.614 0.092 −0.673 0.125 −0.828 0.088 −0.698 0.104
Z3B, T2 −1.028 0.181 −0.932 0.183 −0.751 0.310 −0.972 0.170 −2.177 0.280
Z3B, T3 −0.610 0.195 −0.449 0.132 −0.763 0.260 −0.502 0.168 −0.676 0.123
Z3R, T1 −0.580 0.080 −0.516 0.082 −0.616 0.116 −0.534 0.085 −0.573 0.083
Z3R, T2 −1.310 0.128 −0.332 0.166 −0.983 0.286 −0.573 0.220 −1.347 0.191
Z3R, T3 −0.420 0.236 −0.177 0.294 −0.189 0.288 −0.151 0.279 −0.161 0.263

S.E. = Standard Error.
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Table 4. Average values for ∆a* for every ageing treatment cycles.

Sample and Treatment
∆a1* ∆a2* ∆a3* ∆a4* ∆a5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 0.000 0.019 0.096 0.024 0.251 0.027 0.326 0.030 0.166 0.026
Z1, T2 −0.080 0.032 −0.013 0.049 0.067 0.068 0.055 0.047 −0.008 0.037
Z1, T3 −0.190 0.050 −0.067 0.061 0.056 0.038 −0.064 0.031 −0.124 0.030
Z2, T1 0.017 0.025 0.079 0.029 0.080 0.029 0.095 0.032 0.033 0.039
Z2, T2 0.009 0.025 0.040 0.049 0.135 0.030 0.291 0.039 0.451 0.079
Z2, T3 0.099 0.043 0.147 0.031 0.208 0.042 0.170 0.052 0.108 0.068

Z3B, T1 0.176 0.028 0.121 0.028 0.182 0.034 0.140 0.030 0.077 0.035
Z3B, T2 0.350 0.110 0.473 0.108 0.499 0.135 0.515 0.119 0.660 0.097
Z3B, T3 −0.107 0.042 0.009 0.036 0.164 0.048 0.044 0.035 0.070 0.050
Z3R, T1 0.093 0.034 0.040 0.025 0.262 0.030 0.039 0.030 0.000 0.040
Z3R, T2 −0.240 0.106 −0.320 0.075 −0.305 0.154 −0.232 0.125 −0.108 0.165
Z3R, T3 −0.305 0.068 −0.214 0.083 −0.135 0.041 −0.287 0.050 −0.322 0.075

S.E. = Standard Error.

Table 5. Average values for ∆b* for every ageing treatment cycles.

Sample and Treatment
∆b1* ∆b2* ∆b3* ∆b4* ∆b5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 0.143 0.135 0.260 0.172 0.345 0.159 0.619 0.180 0.504 0.218
Z1, T2 0.759 0.148 0.684 0.243 0.607 0.402 1.092 0.290 1.222 0.218
Z1, T3 0.000 0.264 −0.108 0.351 −0.233 0.357 0.098 0.320 −0.303 0.332
Z2, T1 0.114 0.059 0.251 0.089 0.146 0.082 0.362 0.129 0.146 0.133
Z2, T2 0.367 0.081 0.613 0.111 0.733 0.083 1.385 0.139 1.535 0.469
Z2, T3 −0.142 0.229 −0.058 0.229 −0.177 0.278 −0.131 0.323 −0.186 0.339

Z3B, T1 −0.170 0.034 0.105 0.040 0.234 0.051 0.397 0.045 0.204 0.069
Z3B, T2 −0.041 0.173 0.218 0.216 0.142 0.336 0.541 0.216 0.653 0.242
Z3B, T3 −0.014 0.116 0.107 0.175 0.073 0.228 0.366 0.171 −0.007 0.172
Z3R, T1 −0.106 0.050 0.015 0.038 0.288 0.149 0.205 0.071 0.006 0.092
Z3R, T2 −0.251 0.068 0.094 0.121 0.319 0.132 0.725 0.132 0.797 0.193
Z3R, T3 −0.301 0.092 −0.219 0.129 −0.292 0.086 −0.133 0.138 −0.299 0.138

S.E. = Standard Error.

3. Results and Discussion

The global analysis of the MANOVA-Biplot provides a lambda (Wilks) value of 5.6205,
with p < 0.01, indicating that significant differences among the different groupings exist.
The inertia absorption of the first five factorial axes is 87.47%. The effect of artificial ageing
on the global analysis of colour changes is important because great angles between the
variables are observed, Figures 3 and 4 (∆E*1–∆E*5, ∆L*1–∆L*5, ∆a*1–∆a*5 and ∆b*1–∆b*5).

Figure 3 shows that in Z1 silicified conglomerate, T2 ageing gives rise to higher values
in ∆E* and ∆L*, bringing about to the samples greater darkness. With T3 ageing, darkening
also occurs, but of lesser magnitude. Furthermore, in Z2 silicified conglomerate, T2 ageing
gives rise to higher values ∆E*, compared to T1 and T3, with no differences in ∆L*. In the
Z3B silicified conglomerate, T3 ageing has no variations in ∆L* or in ∆E* and in T1 and T2
ageing the effect on ∆L* is similar, these aging produce higher clarity. In the Z3R silicified
conglomerate, T2 ageing produces higher values in ∆E*, with T1 and T3 exhibiting similar
outcomes, but in the opposite direction. At T1 and T2 there is no variation in ∆L*, but at
T3 ∆L* is higher, resulting in a darkening. In general terms, for ∆L* the order among all
the ageing treatments is T2 > T3 > T1. Moreover, it is observed that the ageing test that
produces the greatest variations in the different silicified conglomerates studied is T2. The
Zamora building stone that suffers less variation is the Z2 silicified conglomerate and the
one that suffers more variations is the Z3R silicified conglomerate.
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Figure 4. MANOVA-Biplot representation of the different Zamora building stones studied on the
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In the plane 1–2 (Figure 3) the variables ∆a* and ∆b* have low qualities of representa-
tion, they can be interpreted in the plane 1–4 (Figure 4).

In the plane 1–4 (Figure 4), in all silicified conglomerates studied, T2 ageing gives
rise to higher values in ∆b*, than T1 and T3, leading to a decrease of the b* parameter.
Between T1 and T3 ageing there are no differences in ∆b* values, but the samples aged
with the T3 become more reddish than those treated with T1. On the other hand, in Z1
silicified conglomerate, T2 ageing gives rise to higher ∆b* and ∆a* values, than T1 and T3,
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thus giving rise to samples with less reddeningness and yellowing. The order among all
ageing treatments would be T2 > T3 ≈ T1. In the Z2 silicified conglomerate, T2 ageing gives
rise to higher ∆b* values compared to T1 and T3, giving rise to less yellowish samples,
with no great differences in ∆a* between the three ageing treatments. In the Z3B silicified
conglomerate, the T2 ageing produces higher in ∆a* and ∆b* values compared to T1 and
T3. The order of the ∆a* values, among all ageing treatments would be T2 > T1 > T3, while
for ∆b* the order would be T2 > T3 ≈ T1. In the Z3R silicified conglomerate, the T2 ageing
produces higher values in ∆b* than T1 and T3, giving rise to less yellow samples, while
the variable ∆a* has higher values at T3 and T2, but with a more reddish colour. This
same figure also shows that the ageing that produces the greatest variations in the different
silicified conglomerates studied is T2. The Zamora building stone that suffers the least
variations is Z2 and the one that suffers the most variations is Z3R.

All these data indicate that the samples treated by a combined freezing/thawing and
cooling/heating treatments with sulphates crystallisation (T2 ageing) undergo larger colour
changes than with the other artificial ageings T1 (freezing/thawing and cooling/heating)
and T3 (freezing/thawing treatment with phosphates crystallisation), due to the T2 ageing
is the most aggressive of the three artificial ageings tested [6]. Furthermore, the increase
in volume of sulphates (haloclasty process) when crystallising from solutions that contain
them is greater than in the case of water (gelifraction process) and phosphates (haloclasty
process), respectively.

Sulphate crystallisation produces the complete arenisation of almost all the cubic
samples in the fifth cycle, but this does not happen for the other ageing treatments. The T2
treatment accelerates the changes in colour on the surface of Z1, Z3B and Z3R stones, be-
cause it develops a larger diameter size porosity which can be partly filled up by sulphates.
All this due to successive crystallisation/dissolution processes of these salts in each of the
cycles performed.

The effect of the T1 artificial ageing cycles (freezing/thawing and cooling/heating) on
the chromatic parameters is very weak, as already reported by [2,20].

4. Conclusions

Changes in colour can determine the trends of the different groupings according to
the positions from the variables in each artificial ageing cycle.

A significant interaction has been found between some of the groupings, due to T2
artificial ageing (a combined freezing/thawing and thermoclasty treatment with sulphate
crystallisation), although some sort of interaction has also been observed in T1 and T3
artificial ageing.

The overall effect of T1, T2 and T3 ageings on the four Zamora building stones turned
them darker and with less yellowing for most of the samples studied.The changes produced
in ∆E*, ∆L*, ∆a* and ∆b* depend on the type of building stone variety, the ochreous stone
suffered the least variation and the purple stone the most. There are following variations
according to accelerated ageing tests:

(a) Z1: ∆E* (T2 > T1 ≈ T3), ∆L* (T2 > T3 > T1), ∆a* and ∆b* (T2 > T1 ≈ T3)
(b) Z2: ∆E* (T2 > T1 ≈ T3) and ∆b* (T2 > T1 ≈ T3)
(c) Z3B: ∆L* (T2 ≈ T1 > T3), ∆a* (T2 > T1 > T3) and ∆b* (T2 > T1 ≈ T3)
(d) Z3R: ∆E* (T2 > T1 ≈ T3), ∆L* (there are only differences in T3), ∆a* (T2 ≈ T3 > T1)

and ∆b* (T2 > T1 ≈ T3).

This study of the colour by statistical analyse may be of interest for the evalua-
tion and monitoring of stone decay, which is an inexpensive, simple, easy and non-
destructive technique.
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