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Natural stone has long been used as a building material because of its physical-mechanical
resistance and its esthetic appeal. However, over the last century increasing industrial activity
has produced more acidic environments, such as polluted urban areas, that can cause
serious damage tomany buildings and historicmonuments, and in particular thosemadewith
carbonate rocks, which are most prone to decay. In order to mitigate the physicochemical
processes that degrade these buildings, a number of phosphate-based consolidants have
been developed, which are highly compatible with the carbonated substrate. Research about
the role of the surface and its different possible finishes in the transmission of the agents that
damage or protect the stone would therefore be very useful, both when choosing the most
suitable stone for new constructions andwhen restoring historic buildings. Themain objective
of this researchwas to determine whether the roughness of three types of surface finish (saw-
cut, honed and bush-hammered) influences the durability of four types of natural stone (two
calcarenites, one travertine and one sandstone) widely used in Andalusia (Spain). The efficacy
of a calcium phosphate-based consolidant as a mitigator of deterioration in polluted urban
environments was also studied and to this end the physical properties of untreated and
treated samples were measured and compared. The samples were exposed to artificial
atmosphereswith SO2 pollution in order to assess the damage caused to each surface finish.
The results indicate that all the surface finishes were vulnerable to the decay caused by acidic
atmospheres, although the saw-cut finish was less affected, perhaps because it did not
require additional industrial processing. The mineral composition and texture of the rocks
were critical factors in terms of the amount and type of decay they suffered, and the travertine
and sandstone were more resistant to deterioration than the calcarenites. Similarly, the pore
system of each rock was decisive in the penetration of the consolidant. Application of the
consolidant improved the behavior of the treated samples by making them more resistant to
acid attack without significantly altering the water vapor permeability, the color or the
roughness of the surface.
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INTRODUCTION

Natural stone must satisfy a series of esthetic and durability
requirements to enable it to be used as a building or ornamental
material in both the restoration of historic buildings and in new
constructions. Durability is one of the most important, most
complex concepts that must be considered when choosing the
type of stone to be used in a building project. An accurate
assessment of the intrinsic properties (mineralogy, texture and
pore system, etc.) of the stone and of its alterability is therefore
required to enable quality criteria to be established regarding its
use (Vázquez et al., 2013a). Various different authors have
analyzed, via a range of accelerated aging tests, the
relationship between a stone’s intrinsic properties and its
resistance to decay (Tamrakar et al., 2007; Fort et al., 2013;
Molina et al., 2013; De Kock et al., 2017; Fatah et al., 2018;
Saba et al., 2019). However, less research has been done on the
effects of the surface properties of the stone on its durability (e.g.,
Schiavon, 2000; Turkington et al., 2003; Vázquez et al., 2011;
Urosevic et al., 2013; Vázquez et al., 2013b; Martinez-Martinez
et al., 2019).

In architecture, the artistic and historic values of the stone are
conveyed through its surface, which can be finished in different
ways (Delgado Rodrigues, 2007). With the exception of granites
and marbles, most of the rocks used in construction, and
especially those of sedimentary origin, cannot be polished due
to the fact that they have clastic textures and high porosity. These
kinds of rock include limestones and sandstones, which have long
been a popular choice for builders due to their abundant supply
and the ease with which they can be worked. They were frequently
used in historic buildings with surface finishes with varying
degree of roughness, many of which have suffered decay over
the centuries. The decay processes affecting rocks normally begin
on the surface, which often suffer significant damage long before
the interior is affected (Vázquez et al., 2011; Moses et al., 2014).
The type and degree of decay suffered by a rock surface will
depend on the alteration processes associated with external
agents, both natural and anthropic, such as salt efflorescence,
ice, biodeterioration, graffiti, acid rain, etc. (Přikryl and Smith,
2007; Price and Doehne, 2011; La Russa et al., 2013; Pinheiro
et al., 2019; Hatir, 2020, and references therein). The increase in
the concentration of certain chemical species in the atmosphere
due to industrial activity and the combustion of fossil fuels in the
20th and early 21st century has become a very common cause of
decay (Hamilton et al., 2009). The esthetic beauty of the surface of
the stone is also impaired due to the development of crusts
(Brimblecombe and Grossi, 2004). It is difficult to quantify the
influence of atmospheric pollution on decay compared to other
causes but the irreversible damage it can cause to rock has been
demonstrated (Cultrone et al., 2000; McKinley et al., 2001; Behlen
et al., 2008; Török, 2008; Unterwurzacher and Mirwald, 2008)
and its impact is intensified by the presence of pollutant acids.
One of these pollutants is SO2, which reacts with the moisture in
the atmosphere, together with other pollutants, to produce acid
rain, which in turn reacts quickly with the carbonated materials
forming patinas and crusts (composed above all of gypsum
crystals) on the surface of the stone (Saiz Jiménez et al., 2004;

La Russa et al., 2017). Other authors established a relationship
between the roughness of the surface and the likelihood of it being
covered by black crusts or particles (Pio et al., 1998; Grossi et al.,
2003), which indicates that in addition to external and internal
factors, the roughness of this exposed area must also be
considered when assessing the durability of natural stone.

In an attempt to slow down the stone decay process, research
has been conducted since at least the end of the 19th century on a
wide range of consolidant products (both organic and inorganic)
for use in new construction and in stone restoration and
conservation work (Wheeler, 2005). These include ethyl
silicates, silicone resins, oligomeric siloxanes, silanes, organic
aluminum compounds, phosphates, acrylic resins, vinyls,
epoxy resins, waxes, fluosilicates, barium-hydroxide, limewater,
etc. (e.g., Amoroso, 2002; Price and Doehne, 2011; Burgos-Cara
et al., 2017; Sierra-Fernandez et al., 2017). Some of these
consolidants also include biocide treatments to reduce the
impact of micro-organisms (Fidanza and Caneva, 2019).
Today there are numerous studies about the consolidant
products used to protect stone (e.g., Miliani et al., 2007;
Maravelaki-Kalaitzaki et al., 2008; Zárraga et al., 2010; Ferreira
Pinto and Delgado Rodrigues, 2012; Slavíkova et al., 2012; Pinho
and Mosquera, 2013; Bonazza et al., 2017; Delgado Rodrigues
et al., 2018). However, most of these products are designed for use
with silicate rocks and have proved less effective on carbonate
stone. In recent years, they have begun to use consolidants based
on calcium phosphates, such as dibasic ammonium phosphate,
which reacts with the calcium carbonate in the stone causing the
precipitation of different phosphate phases that help consolidate
the carbonate rocks (Sassoni et al., 2011). Various recent studies
have shown the beneficial effects of this form of consolidation
against a range of different alteration factors (Matteini et al., 2011;
Naidu et al., 2011; Sassoni et al., 2012; Sassoni et al., 2013; Naidu
and Scherer, 2014; Franzoni et al., 2015a; Franzoni et al., 2015b;
Naidu et al., 2015; Naidu et al., 2016; Graziani et al., 2016;
Barriuso et al., 2017; Sassoni et al., 2020 and references
therein; Murru and Fort, 2020). It has even been proposed
that the gypsum-rich decay crust could be used as an
alternative source of calcium for the consolidation process
while at the same time helping remove the crust, so reducing
its impact on the carbonate substrate (Snethlage et al., 2008;
Molina et al., 2017; Sassoni et al., 2018).

This research has two fundamental objectives. Firstly, to assess
which type of surface finish (saw-cut, honed and bush-
hammered) has least impact on the durability of four varieties
of natural stone currently used in the building industry (two
calcarenites, a travertine and a sandstone) in an acid-polluted
environment. By considering three surface finishes with different
degrees of roughness, we were also seeking to determine whether
there was any relationship between the roughness of the surface
and its gradual decay. The second aim was to determine the
degree of consolidation produced by the DAP in each type of rock
and surface finish. To this end, four varieties of fresh (as received
from the supplier), natural stone with different surface finishes
were analyzed and characterized, together with similar samples
that had been treated with DAP. Once they had been
characterized, all the samples were subjected to an accelerated
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aging test with SO2 in the presence of moisture. The changes that
took place were analyzed in relation to the surface finish, so as to
identify decay patterns and assess the effectiveness of the
consolidant treatment. The influence of the pore system and
the changes to it were also assessed, as this is the route by which
liquids, gases and even salts can move within the stone, so causing
decay. Finally, all the data were statistically processed to ascertain
whether the differences in the results obtained depending on the
type of rock, the surface finish and/or the presence of consolidant
could allow us to conclude that these were determining factors in
the decay.

MATERIALS AND METHODS

Selected Stones and Surface Finishes
For this study four varieties of natural stone were selected, which
are currently available on the market as building materials. Three
of them have been quarried for centuries for use in the historic
monuments in the cities of Granada, Ronda and Montoro
(Andalusia, Spain):

- Calcarenita de Santa Pudia (SP). This is a bioclastic calcirudite-
to-calcarenite from the Tortonian age which was quarried in
Escuzar (Granada). It is very porous (it can reach up to 33% of
porosity), with very little cement andwith a clast size that varies
from just a few micrometers to 2–5 mm (Molina et al., 2011).
The most common finishes on sale are saw-cut and bush-
hammered. This building material was used in many of the
best-known monuments in the city of Granada, such as
the Cathedral, the Palace of Charles V in the Alhambra, the
Monastery of San Jerónimo and the Royal Chancellery.

- Travertino Amarillo (TA). This yellow travertine has a
porosity of around 8% and a large abundance of macropores
(centimetric size). It has a banded texture and a high degree of
compactness, which allows any kind of surface finish to be
applied (Molina et al., 2011). This carbonate rock is from Albox
(Almeria) and dates from the Pliocene age. The research interest
in this stone is due to the fact that it can be used as an alternative
for the travertine from Alfacar (Granada), which was exhausted
decades ago and was used in the construction of important
historical buildings inGranada such as theHospital Real (the seat
of the rectorate of the University of Granada) and the Church of
San Justo y Pastor.

- Arenisca Ronda (AR). This is a calcarenite from the Late
Miocene, which has a pinkish color, a medium grain size
and a porosity of around 17% (Molina et al., 2015). It is
quarried in Ronda (Malaga). It does not acquire a shine
when polished, and the main finishes on sale are saw-cut,
honed and bush-hammered. It has been widely used in the
city’s architecture, such as the New Bridge (Puente
Nuevo), the Islamic walls and the Churches of Padre
Jesús, Santa Catalina and Espíritu Santo.

- Molinaza Roja (MR). This is a reddish-colored arkosewith a fine-
medium grain size from the Buntsandstein age. It owes its color
to the presence of iron oxides. It has a laminated texture with a
preferential orientation of the clasts. It has a porosity of 15% and

three types of cement can be identified, namely ferruginous,
siliceous and calcitic (Molina et al., 2015). It is quarried in
Montoro (Cordoba) and is commercialized with different
finishes (saw-cut, honed, bush-hammered and aged). This
stone has been used in the construction of various historical
buildings in Montoro, such as for example the Donadas Bridge,
most of the churches and the Town Hall (Clementson Lope,
2012).
According to the glossary on stone deterioration patterns

(Vergès-Belmin, 2008), the main degradation phenomena
affecting these sedimentary rocks can be divided into two
types (Figure 1): firstly, the processes that take place in SP, AR
andMR due to their clastic texture and structures, such as blistering,
scaling, delamination, crumbling, sanding, alveolization, differential
erosion, or black crust, among others related with human activities;
and secondly the processes of crumbling, splintering, fragmentation,
microkarst, pitting and black crust witnessed in TA, due to its
crystalline texture. The photographs of SP and TA are of stones used
in historic buildings (several centuries old), while the ashlars of AR
and MR rocks are relatively modern (less than 30–40 years). These
images illustrate that even though some of these ashlars are not very
old, they can suffer from serious deterioration processes due to their
exposure to the elements, and even damage caused by the capillary
rise of fluids, as can be seen for example, in the facademadewithAR.
These examples highlight that building stone can be vulnerable to
deterioration even in relatively recent constructions.

Three surface finishes were selected for this study: “saw-cut
(S),” which is obtained by direct sawing of the stone to produce a
more or less flat surface with a rough feel; “honed (H),” which is
obtained by applying abrasives with a progressively finer grain
size, without reaching a polished finish; and “bush-hammered
(BH),” a finish obtained by hitting the stone with hammers with
steel teeth, so creating a rougher finish. These finishes were
applied in the factories where the stones are processed and
prepared for sale.

FIGURE 1 | Photographs showing some of the main deterioration
phenomena, such as sanding, peeling, scaling, blistering, flacking, differential
erosion in Calcarenita de Santa Pudia (SP), Arenisca Ronda (AR) andMolinaza
Roja (MR), and microkarst, pitting and black crust in Travertino Amarillo
(TA).
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METHODS

Consolidation Conditions
The samples were treated in a solution in distilled water with a
concentration of 1 M of DAP. The treatment was applied to
eight samples per surface finish and lithotype (96 samples in
total) by placing the surface finish directly in contact with the
solution so that the consolidation process could occur due to
capillarity. This would enable us to identify any differences
between the samples caused by the different finishes. This
process lasted for 24 h at a temperature of 20°C and was
performed in closed vessels so as to prevent the solution
from evaporating. Once this process had been completed,
any excess phosphate that had not reacted was removed by
washing the samples with distilled water once a day for a further
3 days. Lastly, the samples were allowed to dry at a constant
temperature of 20°C and were tested again a month later, so as to
make sure that the reaction had completely finished.

Mineralogical and Textural Characterization
The mineralogy of the rocks and of the new phases formed by the
reaction between the DAP and the rocky substrate was
characterized using X-ray diffraction (XRD). This was done
with a PANanlytical X’Pert PRO diffractometer with the
following measurement conditions: radiation CuKα (λ �
1.5405 Å), voltage 45 kV, current 40 mA, scanning angle 3–60°

2θ and goniometer speed 0.1 2θ s−1.
The textural changes were observed with a Quanta 400

environmental scanning electron microscope (ESEM), coupled
with energy dispersive x-ray microanalysis (EDX).

Characterization of the Pore System
The pore system is the main way in which fluids and decay agents
circulate around the stone (Benavente et al., 2007). The external
surface of the rock with its different possible finishes acts as an
interface between the rock itself and the atmospheric conditions
to which it is exposed. Mercury injection porosimetry was used to
assess the changes in the pore system before and after
consolidating the fresh samples. For this purpose, a
Micromeritics Autopore III 9410 porosimeter was used, which
can generate a pressure of 414 MPa and covers a pore diameter
range from approximately 0.003–360 μm. The fragments of the
treated samples had a base area of approximately 1 × 1 cm and
were 0.5 cm thick. This thickness was chosen with a view to
observing and recording the changes in the pore system near the
surface of the rock, given the penetration capacity of the
consolidant. Three Mercury injection porosimetry
measurements were made per lithotype.

In addition, prismatic samples measuring 20 × 20 × 10 mm
were used to measure the water vapor permeability according to
the UNE-EN15803 (2010) standard, a test that was carried out on
both untreated (UT) and treated (T) samples to determine the
changes in their pore systems. The vapor permeability coefficient
(KV, in kg/m×s×Pa) was obtained as follows:

KV � ΔM
A × Δt × Δpv × D

where ΔM is the difference between the final and initial mass of
the device used in the experiment (in kg), A is the surface area of
the samples (in m2), Δt is the time (in s), Δpv is the difference in
water vapor pressure across the sample (in Pa), and D is the
thickness of the sample (in m). Δpv was calculated according to
UNE-EN ISO 12572 (2002) as follows:

Δpv � ϕ × 610.5 × e
17.269×θ
237.3×θ

where φ is the relative humidity (0.35) and θ is the temperature
(20°C).

Color Changes and Roughness
The characterization was carried out using a Konica-Minolta
CM-700d portable spectrophotometer equipped with a xenon
lamp and diffuse reflectance geometry. The UNE-EN 15886
(2011) standard was followed. The CIELab system (1976) was
used and the L* (lightness, from 0 to 100), a* and b* (chromatism,
from −60 to +60) parameters were calculated using reflectance
values. The measurement conditions were: measurement area of
8 mm, D65 standard illuminant and observer 10° with SCI mode
and a wavelength range from 360 to 740 nm with a wavelength
interval of 10 nm. Twenty measurements per stone were
performed and the color difference (ΔE*) was calculated as
follows (UNE-EN 15886, 2011):

ΔEp �
�����������������������������
(Lp

1 − Lp
2)2 + (ap1 − ap2)2 + (bp1 − bp2)2

√

To characterize the roughness, the differences between the
four varieties of rock and their different finishes were recorded.
For this task, a Leica VDM2000 videomicroscope was used and
the data and images were processed using the Leica Application
Suite v.3.8.0 and Leica Maps Start v.6 (Leica Microsystems©)
software. The main geometric element of texture was the area and
the following height parameters: Sa (mean arithmetic value of the
absolute values of height within a specific area in mm), Sku
(kurtosis value for the surface) and Sz (sum of the maximum
peak height and the maximum trough depth within a defined
area, in mm), as defined in the UNE-EN ISO 25178-2 (2013) and
UNE-EN ISO 25178-3 (2013) standards.

Surface Resistance and Penetration of the
Consolidant
To evaluate the degree of consolidation achieved in the samples
on the basis of the different surface finishes, the resistance to
penetration test was performed using micro-drilling (RD, in N).
Fifteen perforations were made per finish and per lithotype before
and after application of the consolidant. This was done with a
DRMS Cordless drill (SINT Technology) equipped with a 5 mm
diameter flat edge drill-bit with a diamond covered tip under the
following working conditions: 600 rpm (revolution speed),
10 mm/min (penetration rate) and 10 mm (hole depth).
Measurements were constantly controlled using a calibration
standard (ARS, Sint Technology) so as to correct possible
deviations due to wear on the bit, and when the value
obtained with respect to the calibration standard was not
acceptable, the worn bit was replaced with a new one. The
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results were divided by the diameter of the bit and expressed in
N/mm (Pamplona et al., 2007).

Decay Test by Acid Attack
This test assesses the resistance to decay of the four types of stone
when exposed to the effects of SO2 in the presence of moisture
and was performed in accordance with the UNE-EN 13919
(2003). The samples, measuring 20 × 20 × 10 mm, were
placed in hermetically sealed vessels with a volume of 50 L.
Two solutions were prepared. The first (Solution A) had a
concentration of 500 ml of H2SO3 per 150 ml of distilled water
while the second (Solution B) had a concentration of 150 ml of
H2SO3 per 500 ml of distilled water. A small glass with a solution
was placed in each vessel. The samples were then placed inside the
vessels at a distance of 100 mm from the solution. In each vessel
there were three untreated samples and three treated samples for
each surface finish and lithotype so as to enable us to assess the
possible differences between them under identical test conditions.
A total of 72 samples were analyzed for each solution. The vessels
were kept closed for 21 days at a constant temperature of 25°C. To
evaluate the changes produced by the acid attack, the test was
divided into three stages.

Stage 1) The fresh samples were weighed after spending 72 h at
40°C in a ventilated oven so as to ensure total elimination of any
possible moisture retained inside them. The color was measured
using spectrophotometry and the roughness was also measured.

Stage 2) After performing the aging test, the samples were
dried in a ventilated oven at low temperature (30°C) for 120 h so
as to remove any excess moisture. After that, the weight of the
samples (rock plus alteration product) was measured again, as
were the roughness of the surface and the color difference,
comparing the values with those for fresh samples. At the
same time, samples were taken of the crust that had formed
so as to analyze its mineralogy using XRD.

Stage 3) The aged samples were desalinated by immersion in
distilled water, which was changed every day. By measuring the
conductivity of the water in which the samples had been
desalinated, it was found that after 20 days all the surface crust
had been removed. The samples were then analyzed again,
measuring the total weight loss, the water vapor permeability,
the color and the roughness. Small fragments were taken from the
samples during Stages 2 and 3 for ESEM analysis.

Data Analysis
All the data were subjected to analysis of variance (ANOVA)
using SPSS statistical software (version 22.0). In particular, the
vapor permeability coefficient, the micro-drilling resistance, the
difference in the color of the samples after desalination and the
change in the weight of the samples altered by acid attack (both
with and without a gypsum crust) were subjected to ANOVA as
dependent variables, while the type of natural stone, the surface
finish, the application of consolidant and the SO2 aging test were
used as independent variables.

To highlight the results of the analysis, only the level of
significance was included, which quantifies whether a
dependent variable varied in relation to the independent
variables and the interactions between the variables

(Supplementary Table S1, in Supplementary Material). The
level of significance of the p-value was classified below 0.001, 0.01
and 0.05. No significant dependence (ns) was also shown and
when the degree of freedomwas zero, analysis of variance was not
carried out.

RESULTS AND DISCUSSION

Characterization of Untreated and Treated
Stones
Newly Formed Phases: Mineralogy and Microtexture
XRDwas used to identify themineral phases that had precipitated
on the fresh samples of rock after the dissolution of DAP 1 M.
Hydroxyapatite (HAP) was identified in low concentration with
respect to the calcite in SP, TA and AR or the quartz in MR
(Figure 2). Octacalcium phosphate (OCP) was also detected in
MR. This phase is considered a precursor of HAP (Dorozhkin,
2009) and its presence is probably due to the fact that MR has a
lower concentration of Ca compared to the carbonate rocks. The
presence of OCP has no negative impact on the protective
properties of the consolidant and sooner or later (these
reactions can take from hours to months) it will be
transformed into HAP (Sassoni, 2018).

The microtextural characterization using ESEM (Figure 3)
showed that in SP and TA there were large areas in which the
consolidant appeared as a film (Figures 3A,E) with variations in
the morphology of the HAP crystals. For example, in SP, pseudo-

FIGURE 2 | Diffractograms for the treated samples of Calcarenita de
Santa Pudia (SP), Travertino Amarillo (TA), Arenisca Ronda (AR) and Molinaza
Roja (MR). Legend: Cal, calcite; Qz, quartz; Fsp, feldspar; HAP,
hydroxyapatite; OCP, octacalcium phosphate. The value of the 2θ angle
is indicated on the X-axis.
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spherical crystals were observed with a size of between 1 and 5 µm
(Figure 3B), and plate-like crystals of less than 5 µm (Figure 3C);
while in TA there were above all botryoidal/globular habits of
approximately 5 µm (Figures 3F,G). In AR, the HAP was mainly
associated with the clasts with micrite (Figure 3I -red arrows- and
Figure 3J) or with a clay matrix (Figure 3K). The habit observed
in these crystals was fundamentally plate-like. In MR, HAP was
observed in greatest abundance in areas rich in carbonated
cement or in the clayey matrix, and showed greater
morphological variety, with crystals with needle-shaped
(Figure 3M), massive (Figure 3N), and plate-like (Figure 3O)
habits. In general, the different habits found (spherules, plate-like,
needles) corresponded to HAP crystals (Naidu and Scherer, 2014;
Possenti et al., 2016) and the average thickness of the HAP filmwas
no more than 5 µm after identifying phosphorus (P) using EDX
microanalysis at the various analysis points (Figures 3D,H,L and
P), while the presence of other elements such as Si,Mg, Al and/or K
was due to the proximity of areas rich in clayey cement.

Changes in the Pore System
The pore system of each rock has certain intrinsic values that can
be measured. These include the porosity (percentage of total
volume occupied by pores), the pore size distribution (Figure 4A,
black lines) and the degree of interconnection (Molina et al., 2011;
Molina et al., 2015). In SP the pore system led to higher
permeability values while TA by contrast was the least
permeable (Figure 4B). AR and MR showed similar values to
each other, falling between those obtained by the other two rock
varieties (Figures 4A,B).

In the pore size distribution of the treated samples (Figure 4A,
black lines), a general trend could be observed in which there was
an increase in the number of pores measuring between 1 and
2 μm, and a proportional fall in the pores of between 0.1 and 1 μm,
and to a lesser extent in those of over 5 µm. The reduction
observed in the latter groups was due to the precipitation of
the consolidant in these pores, as previously observed by ESEM
(Figure 3). This change in the pore size distribution is of

FIGURE 3 | ESEMmicrophotographs of the different habits of the HAP crystals in the samples of Calcarenita de Santa Pudia (SP,A–C), Yellow travertine (TA, E–G),
Arenisca Ronda (AR, I–K) and Molinaza Roja (MR, M–O). The EDX microanalyses that corroborate the presence of HAP are shown in images (D, H, L, and P).
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particular interest in that the quantity of pores of between 0.1 and
1 µm can enhance or mitigate the damage produced by salt
crystallization (Rodríguez-Navarro and Doehne, 1999), so
affecting the durability of these lithotypes. A reduction in the
number of pores in these size ranges, and in particular in the
smallest pores, would therefore make these lithotypes more
durable. After consolidation, the KV value (Figure 4B, A) fell
slightly in all cases and no particular trends could be observed on
the basis of the type of finish. The minimal fall noted in the water
vapor permeability value was consistent with the values obtained
by other authors working with similar rocks treated with DAP
(Shekofteh et al., 2019; Sassoni et al., 2020).

Chromaticity and Roughness
Table 1 shows the mean lightness (L*) values and the chromatic
parameters (a* and b*) for the different surface finishes in the
treated (T) and untreated (UT) samples. In the untreated
samples, the highest lightness values were observed in SP

(L* � 86), due to the characteristic whitish tone of this variety
of rock, while MR showed the lowest values (L* � 58). In general,
the different stones had very homogeneous L* values, except for
TA, the rock with the greatest dispersion from the mean. This
dispersion is due to the heterogeneous texture of TA, a
characteristic feature of many travertines (García-del-Cura
et al., 2017). As regards chromaticity, the general trend is
toward yellowish tones (positive b* values), a trend that is
particularly notable in TA, with values of between 17 and 31.

The chromatic parameters for the different surface finishes
show that the honed (H) finish has the most intense color tones
(higher a* and b* values) and darker hues (lower L* values). Given
that the differences in color are very low, the values for the saw cut
finish (S) were considered as the reference to calculate the
difference in color between the different finishes (ΔE* columns
UT, Table 1), as this finish does not require any additional
processing. The results show that the bush-hammered finish
(BH) is the one that most differs in color from S, although

FIGURE 4 | Pore size distribution curves (A) for untreated (black line) and treated specimens (red line), and (B)water vapor permeability values (KV, in Kg/m×s×Pa)
for the samples exposed to Solution A with regard to each surface finish (S: saw-cut, H: honed and BH: bush-hammered) in Calcarenita de Santa Pudia (SP), Travertino
Amarillo (TA), Arenisca Ronda (AR) and Molinaza Roja (MR). Legend: Po, open porosity (in %); a and a′, fresh samples and desalinated samples without HAP,
respectively; A and A′, fresh samples and desalinated samples with HAP, respectively; the black, red and green bars show the KV value for the S, H and BH surface
finishes, respectively.
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these differences were between 1 and 3 units, and could not
therefore be perceived by the human eye (Berns, 2000; Völz,
2001; Benavente et al., 2003; Grossi et al., 2007). The only
exception was in TA in which the ΔE* value was 15 units for
the H finish and 10 units for the BH finish, which means that the
differences can be observed with the naked eye. This means that
with the exception of the travertine from Albox, the consolidant
has no obvious visual impact, which is a positive finding when it
comes to its possible application in the restoration of
Architectural Heritage.

The roughness of the untreated (UT) and treated (T) samples
was measured using the parameters Sa, Sku and Sz (Table 2). No
important differences were observed between UT and T in this
case either, which means that the application of this consolidant
does not alter the roughness of the samples and it would seem to
precipitate above all in the interior of the samples and less on the
surface (Sa). The degree of heterogeneity in the roughness is
therefore due exclusively to the textures of each variety of rock
and is not affected by the consolidant.

Degree of Consolidation
The microdrilling test is a quick way to find out how well the
product has been absorbed and how deep it has penetrated
(Ferreira Pinto and Delgado Rodrigues, 2012). The fact that
the consolidant was applied by capillarity enables us to
directly assess the effects of the surface finish and of the pore
system of each lithotype on the consolidation process. The results

obtained for treated (T) and untreated (UT) samples can be seen
in Figure 4.

Of the various untreated samples, SP obtained the lowest
average RD values (RD ≈ 0.7 N/mm) because its clasts are
poorly cemented (Molina et al., 2011). These values were also
quite heterogeneous due to the perforation of different fossils. AR
showed a slightly higher level of resistance (≈1.1 N/mm) because
it is better cemented than SP (Molina et al., 2015). For their part,
TA and MR obtained the highest values (RD ≈ 5.7 and 3.3 N/mm,
respectively), although their results were quite heterogeneous. In
the case of TA its high resistance was due to the compactness of
the rock itself, while the heterogeneity could be due to the
appearance of vuggy porosity. The resistance in MR was due
to its mineralogy, above all the abrasive capacity of the quartz.
Likewise, the heterogeneity of the values was due to the banded
texture and to the mineralogical composition of the cement which
varied from ferruginous to siliceous, carbonated or argillic.

The treated samples behaved in a similar way to the untreated
ones but with slightly higher RD values. This indicates that
consolidation took place independently of the mineralogy and
the texture and was not affected by the roughness of the surface,
because the consolidant could penetrate several millimeters.
Apparently, this process was most effective from the surface
down to a depth of 2 mm in SP and AR, while in TA and MR
the consolidating effect penetrated more deeply (Figure 5), as can
be observed from the fact that the curves for these two varieties of
rock present a similar trend to the untreated ones,

TABLE 1 | Spectrophotometry results for untreated (UT) and treated samples (T) of Calcarenita de Santa Pudia (SP), Travertino Amarillo (TA), Arenisca Ronda (AR) and
Molinaza Roja (MR) with saw-cut (S), honed (H) and bush-hammered (BH) surface finishes. Legend: L*, lightness; a* and b*, chromatic parameters; ΔE*: color difference.
The mean value (Φ) and its standard deviation (σ) and the maximum (Max) and minimum (min) values were obtained by taking 20 measurements for each surface finish. ΔE*
values of 3 units or more are highlighted in bold type.

Spectrophotometry

UT T

L* a* b* ΔE* L* a* b* ΔE*

SP S Φ (σ) 85 (3) 2 (1) 14 (2) 88 (2) 2 (0) 12 (1) 1
Max - min 90 77 4 1 19 9 88 87 4 2 17 10

H Φ (σ) 86 (2) 2 (1) 13 (2) 1 87 (1) 1 (0) 11 (1) 2
Max - min 89 81 4 1 20 9 89 85 2 1 14 9

BH Φ (σ) 86 (3) 2 (1) 12 (2) 2 86 (3) 2 (0) 12 (1) 2
Max - min 90 79 4 1 17 10 90 86 2 1 14 10

TA S Φ - σ 69 (4) 8 (2) 17 (3) 72 (3) 8 (1) 17 (3) 3
Max - min 76 57 11 5 24 12 75 59 11 5 22 13

H Φ (σ) 65 (3) 12 (2) 31 (4) 15 64 (4) 13 (2) 32 (3) 3
Max - min 74 57 16 9 36 12 69 63 13 10 36 21

BH Φ (σ) 69 (5) 10 (3) 27 (4) 10 68 (5) 10 (2) 27 (4) 3
Max - min 80 60 15 5 34 13 80 67 10 5 32 22

AR S Φ (σ) 77 (2) 6 (1) 13 (1) 78 (1) 5 (0) 12 (1) 1
Max - min 79 71 8 4 16 10 78 77 6 5 14 13

H Φ (σ) 76 (2) 6 (1) 13 (1) 1 77 (1) 6 (0) 13 (0) 1
Max - min 79 70 8 5 15 11 78 75 7 5 14 12

BH Φ (σ) 74 (2) 6 (1) 13 (1) 3 75 (1) 6 (0) 13 (0) 1
Max - min 77 69 8 5 14 12 75 73 7 6 14 12

MR S Φ (σ) 58 (2) 9 (1) 14 (1) 59 (1) 9 (1) 14 (1) 0
Max - min 61 54 11 8 16 12 59 54 10 8 14 12

H Φ (σ) 58 (3) 10 (1) 14 (1) 1 58 (2) 10 (1) 15 (1) 2
Max - min 64 52 12 8 16 12 64 57 11 8 16 12

BH Φ (σ) 57 (1) 10 (1) 13 (1) 2 57 (1) 10 (0) 13 (0) 1
Max - min 60 55 11 9 14 10 60 57 10 9 13 10
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i.e., approximately parallel, but with slightly greater resistance in
the treated samples due to the effect of the consolidant. This
different trend between SP-AR and TA-MRmay be due to a faster
drying effect in the two calcarenites, which have a higher drying
index, and to the anisotropic behavior exhibited by TA and MR
due to their lamination (Molina et al., 2011; Molina et al., 2015).
These characteristics enhance performance throughout the entire
thickness of the samples rather than concentrating the
consolidant effect in the first few millimeters near the surface.
To enhance this process, some authors propose the use of ethanol,
and/or other additives, which favor the precipitation and
formation of HAP, simultaneously avoiding capillary suction
toward the drying surface of the consolidant (e.g., Sassoni,
2017). These results suggest that capillarity is therefore a
viable method of application for all these surface finishes
although further research on the effects of the additives would
be advisable.

Evaluating the Decay Caused by the SO2

Aging Test
Changes in Surface Properties at Macro and
Microscale
After the samples had been subjected to the aging test, various
notable differences could be appreciated with the naked eye,
depending on the type of rock and the type of solution applied (A
and B), and to a lesser extent also due to the type of surface finish
and to consolidation with DAP. Samples were tested with
Solutions A and B according to the UNE standard
recommendations and similar results were obtained for both
solutions. We therefore decided only to present the results for
Solution A, which was slightly more aggressive.

In hand samples, one of the main changes observed by the
naked eye was the presence of a whitish powdery material in most
of the samples (Supplementary Figure S1). This was later
identified by XRD as gypsum, a result that might be expected

given that gypsum is produced by the reaction between the SO2

and the calcite of which three of the rock varieties are formed (SP,
TA and AR) and which is also present in the cement in MR.

Specifically, SP did not develop a gypsum crust. In TA, gypsum
crystals with more or less well-defined habits were formed in both
the treated and untreated samples. These crystals were
concentrated in particular regions of the surface, while in
other areas a fine gypsum crust developed. In most of the AR
samples, a significant gypsum crust appeared across the whole
surface. In the treated samples, darker areas appeared within the
gypsum crust, related with the development of organic matter,
which also appeared in other lithotypes. In the untreated samples
of MR, the gypsum crystals appeared in occasional aggregates
across the whole surface, while in the treated samples these
clusters were larger and more abundant. In the latter, it was
possible to observe with the naked eye that the H finish had the
highest proportion of gypsum aggregates followed by BH and S.
Additionally, in the SP samples ochre/yellowish-colored areas
appeared that had not been observed on the fresh samples, and in
MR, these were also visible once the gypsum crust had been
removed. These yellowish stains could be caused by dyes
produced by the release of oxides. According to Haneef et al.
(1992) these dyes appear due to the simultaneous release during
the acid attack of the iron and manganese oxides contained in the
carbonated and ferruginous cements and/or in the clayey matrix.

Figure 6 shows the changes in the weight of each sample. The
weight gain due to the precipitation of the gypsum was slightly
higher in the treated samples, but after removing the gypsum crust,
a generalized weight loss was noted in all the samples. The textural
characteristics of the rocks help them resist the decay process,
irrespective of the different surface finishes, although in general the
H finish obtained the poorest results, especially in AR and MR.

The results of the textural study performed with ESEM on the
samples exposed to Solution A without and with HAP
(Supplementary Figures S2 and S3, respectively) were similar

TABLE 2 | Mean roughness values for intact samples (Fresh) and for altered samples from which the gypsum crust has been removed (Desalinated), untreated (UT) and
treated (T) in relation to each surface finish (saw-cut - S, honed - H and bush-hammered - BH) of Calcarenita de Santa Pudia (SP), Travertino Amarillo (TA), Arenisca
Ronda (AR) and Molinaza Roja (MR). Legend: Sa, is the arithmetic mean value of the absolute values of the heights within a defined area (in mm); Sku, is the kurtosis value for
the surface; Sz, is the sum of the maximum peak height and the maximum trough depth within a defined area (in mm).

Roughness

Fresh Desalinated

UT T UT T

Sa Sku Sz Sa Sku Sz Sa Sku Sz Sa Sku Sz

SP S 0.27 3.31 2.6 0.25 3.67 2.80 0.27 3.40 2.54 0.27 3.47 2.79
H 0.23 3.36 2.57 0.25 3.56 2.55 0.25 3.35 2.66 0.25 3.60 2.59
BH 0.42 5.27 3.24 0.39 4.97 3.05 0.46 3.81 3.76 0.39 5.04 3.16

TA S 0.24 1.75 1.08 0.24 2.10 1.40 0.26 1.89 1.14 0.25 1.89 1.57
H 0.22 1.86 1.11 0.21 2.03 1.24 0.24 1.75 1.47 0.27 2.15 1.49
BH 0.38 3.81 2.24 0.35 2.68 2.34 0.39 3.27 2.59 0.42 2.93 2.56

AR S 0.18 2.29 0.67 0.19 2.21 0.73 0.20 2.32 0.80 0.20 2.45 0.79
H 0.16 2.32 0.88 0.17 2.26 0.75 0.18 2.57 1.01 0.19 2.61 0.82
BH 0.28 2.39 1.84 0.30 2.36 1.77 0.31 3.08 1.99 0.31 2.87 2.01

MR S 0.23 2.44 1.21 0.22 2.38 1.15 0.25 2.53 1.36 0.25 2.42 1.29
H 0.21 2.71 1.17 0.22 2.89 1.19 0.25 2.69 1.31 0.27 2.76 1.37
BH 0.30 2.39 1.79 0.30 2.56 1.83 0.38 2.50 2.01 0.36 2.69 1.99

(Non)Treated surface-finishes in acidic atmosphere
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to those for the samples exposed to Solution B, albeit more
intense. Although to the naked eye, the only changes observed
in the altered samples of SP were the yellow-stained areas on the

surface, ESEM revealed that large gypsum crystals with a
prismatic habit had developed (as confirmed by EDX analysis)
above all in the intraclastic pores (Supplementary Figures S2-a

FIGURE 5 | Diagrams for resistance to drilling (RD) of fresh samples (Fresh) and of altered samples exposed to Solution A (Sol. A) untreated (black line) and treated
(red line) for the four varieties of rock and the three different surface finishes (S-saw-cut, H-honed and BH-bush-hammered). The resistance values are represented on
the y-axis (RD, in N/mm) and the depth of penetration (in mm) on the X-axis. Legend: SP, Calcarenita de Santa Pudia; TA, Travertino Amarillo; AR, Arenisca Ronda; MR,
Molinaza Roja. The numbers inside the plots represent the average value of RD and their respective standard deviation (in brackets).
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and S3-a). Some of these gypsum crystals penetrated between the
calcite crystals (Supplementary Figure S3-b), so giving rise to
incipient intraclastic fissuring. In TA the gypsum crust was more
abundant than in SP (Supplementary Figures S2-c and S3-f−g).
In AR a large quantity of gypsum crystals precipitated with an
acicular habit, forming flower-like structures (Supplementary
Figure S2-e and Supplementary Figure S3-k−l) and fissures
began to appear. These were above all intraclastic fissures, as
happened in SP. In both rocks there were small chambers of
fossils which led to over-saturation and the precipitation of
gypsum crystals. Lastly, gypsum crystal aggregates developed
in MR with an acicular habit, forming flower-like structures.
In the untreated samples these crystals were equidimensional
(Supplementary Figure S2-g), while in the treated samples
growth was more heterogeneous in that some of the crystals
reached a size of approximately 500 µm long and 80 µm wide
(Supplementary Figure S3-p−q).

After removing the gypsum crust, a slight sanding of the clasts
could be observed in the untreated samples of SP
(Supplementary Figure S2-b), while in the treated samples it
was also possible to observe that organic matter had developed on
the surface (Supplementary Figure S3-c, darker-colored areas),
clasts had been lost due to sanding (Supplementary Figure S3-d)
and in some areas the film of HAP had come off (Supplementary
Figure S3-e). These forms of damage were similar to those
described by Cardell et al. (2008) and were caused above all

by the crystallization of gypsum. In TA, dissolution of the calcite
crystals was observed giving rise to a V-in-V etching morphology
(Supplementary Figures S2-d and S3-i, respectively). In some
areas there was superficial scaling of the HAP film
(Supplementary Figure S3-h), while in other areas it
remained intact (Supplementary Figure S3-j). The alteration
observed in AR was a cross between that observed in SP and TA,
in that there was slight sanding and dissolution of the calcite in
etched cleavage and V-in-V etching (Supplementary Figure S2-
f), while in the treated samples the most obvious change was the
fissuring in the film of HAP (Supplementary Figure S3-m−n).
Given that these forms of dissolution of the calcite appeared in
both untreated and treated samples (Supplementary Figure S3-
o), they must have been produced by the acid attack and it is
impossible to establish whether or not the consolidant enhanced
or mitigated the dissolution process in any way. Crumbling was
also evident in MR due to the loss of interclastic material, the
appearance of small fissures associated with the splitting of the
grains, and a slight increase in the spacing between the laminas of
the phyllosilicates, the presence of organic matter
(Supplementary Figure S2-h), corroded and decayed
potassium feldspar crystals (Supplementary Figure S3-r) with
an incipient process of argillization (Supplementary Figure S3-
s). In the areas with a high presence of clayey matrix, the loss of
material was more evident in the treated samples than in the
untreated ones (Supplementary Figure S3-s−t).

FIGURE 6 | Difference in weight (ΔM/M, in %) of the four varieties of rock depending on the saw-cut (S), honed (H) and bush-hammered (BH) finishes exposed to
Solution A of the non-consolidated (a and a′) and consolidated (A and A′) samples. Legend: SP, Calcarenita de Santa Pudia; TA, Travertino Amarillo; AR, Arenisca
Ronda; MR, Molinaza Roja; a and a′, Difference in weight between the altered samples before and after removal of the gypsum crust compared to the fresh samples,
respectively; A and A′, Difference in weight between the altered samples before and after removal of the gypsum crust compared to the fresh and consolidated
samples, respectively.
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The different forms and processes of decay observed in the
four types of rock show that these are strongly influenced by the
texture and mineralogy of each rock, and to a lesser extent by the
presence of consolidant. In fact, various authors have suggested
that the forms of decay, the habits of the gypsum crystals and the
development of the gypsum crust depend on the intrinsic (crystal
size, mineralogical composition, pore system, surface finish) and
extrinsic (degree of relative humidity, atmospheric composition,
temperature, etc.) properties of the rock (Elfving et al., 1994a;
Malaga-Starzec et al., 2003; Charola et al., 2007; Thornbush and
Viles, 2007; Urosevic et al., 2013). In particular, the clast/crystal
size could be an important factor in the different alteration
processes observed in the four types of rock studied (Gauri
et al., 1982): in the rocks with a smaller grain size such as TA,
AR and especially MR, more gypsum appeared, something that
seemed to occur regardless of the type of rock, given that in MR
much smaller amounts of calcite were available compared to any
of the other three types. According to Müller (2008), under
exposure to acid conditions calcium may also be released by
feldspars and clays, phases of which are present in MR, so
favoring the precipitation of gypsum. It has also been shown
that when the solution contains iron oxides, these facilitate the
absorption of the SO2 and act as catalysts (Charola and Ware,
2002), so giving rise to calcium sulfate (Elfving et al., 1994b). This
catalyst effect could explain, at least in part, the differences
between SP and MR with regard to the amount of gypsum.
Lastly, it was also observed that the treated samples suffered
partial loss of the film of consolidant, especially in SP, TA and AR,
due to the crystallization of the gypsum. This suggests that the
decay affects the consolidant rather than the rocky substrate, and
that the consolidant is therefore an effective way of protecting the

natural stone, although further applications may be required over
the course of time.

Modifications in the Pore System
The water vapor permeability was measured again in order to
assess the influence of the surface finish and the changes that had
taken place in the pore system of the samples after exposure to
SO2 and after being desalinated so as to remove the gypsum crust
(Figures 4B, a9 and A9).

In spite of the reduction in the KV value due to application of
the consolidant, after aging with Solution A no significant
changes were observed in the KV value in any group of
samples, although the samples treated after removal of the
gypsum crust showed a slightly higher increase in KV

compared to the untreated samples.
In SP, TA and AR the BH finish was the most permeable

(green bars, Figure 4B), while in MR it was the H finish (red bars,
Figure 4B), although in general the KV values for each rock were
very similar whatever the finish. This indicates that water vapor
permeability was only very minimally affected by roughness, and
that the pore system of each variety of rock was a much more
decisive factor.

Measuring the Differences in the Chromatic and
Roughness Parameters
The color difference (ΔE*) in the samples exposed to acid attack is
shown in Figure 7. In most cases, the tendency in the ΔE* values
in the altered samples (columns a and A) was maintained after
they were desalinated (columns a’ and A′). The changes were due
to the presence of gypsum, increasing lightness (L*) and a
reduction in the chromatic parameters (a* and b*). In any

FIGURE 7 | Measurements of the color difference (ΔE*) for each surface finish (S: saw-cut, H: honed and BH: bush-hammered) of the four varieties of rock from
Solution A without HAP (a and a′) and with HAP (A and A′). Legend: Calcarenita de Santa Pudia (SP); Travertino Amarillo (TA); Arenisca Ronda (AR); Molinaza Roja (MR); a
and a′, Difference between the altered samples before and after removal of the gypsum crust compared to the fresh and untreated samples, respectively; A and A′,
Difference between the samples before and after removal of the gypsum crust compared to the fresh and treated samples (A and A′, respectively). The broken line
marks the limit for appreciable color difference ΔE* � 3.
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case, the changes that took place were almost always below the
threshold perceivable by the human eye (3 units). After washing
to remove the gypsum crust, AR was the only rock in which there
were no important changes, except in the S finish in which the ΔE*
value was closer to the threshold (black bar, A′). This change was
due above all to an increase in the b* value, in other words there
was a yellowing of the sample, due to staining by the oxides
present in the sample. In SP, the S and H finishes also presented
the same trend, with an increase in b*. This increase in the b*
value due to acid attack on limestone was also described by Grossi
et al. (2007), although according to these authors its implications
on the esthetics of the rock were almost unnoticeable. Vázquez
et al. (2016) reported very similar behavior to that observed in this
study, finding that the total color difference (ΔE*) was also
unappreciable. For their part, Urosevic et al. (2010) and
Benavente et al. (2003) observed that the polished finish
underwent more changes than the rough finish (the H finish
in this study), showing an increase in lightness and a fall in the
chromatic parameters. They also indicated that these changes
were related not only with variations in roughness but also with

chemical reactions. These changes were observed above all in TA
and in the H finish in MR.

The difference in roughness between the fresh samples and the
samples that had been desalinated after the SO2 aging test are
presented inTable 2 and Figure 8. Themost important variations
in SP and TA were due to the deepening of pre-existing trough
areas due to the dissolution of the calcite. In AR and MR, which
have smaller and more homogenously-sized clasts than SP and
TA, the changes in roughness were associated with a sanding
process. In AR, this process occurs at random points, while in MR
the decay on the surface occurs parallel to the lamination, so
causing the material to flake off in layers (Table 2, Desalinated).
When these roughness values are compared with those for fresh
samples (Table 2, Fresh), a slight increase can be observed in all
samples (Sa). There is also an increase in the difference between
the deepest trough and the highest peak (Sz). This is due to the
dissolution of the calcite and the sanding of the samples as
mentioned earlier. As regards the Sku value, it is interesting to
note that it fell in SP and TA, which only suffered alterations by
dissolution, while in the AR and MR rocks, which were also
affected by sanding, the kurtosis value increased. No important
differences could be observed between the treated and untreated
samples. In spite of this, it is important to bear in mind that the
aging test was performed just once over a period of 21 consecutive
days, which means that we should be cautious about reaching the
conclusion that perhaps the treated samples would behave better
over a longer period of time, given that hydroxyapatite is less
soluble than calcite when subjected to acid attack (Dorozhkin,
2011).

If the honed finish (H, with the lowest roughness) is likened to
the most intact surface and the saw-cut (S, intermediate
roughness) and bush-hammered (BH, greater roughness)
finishes to the most deteriorated surfaces, these results were
unable to establish a clear relationship between surface finishes
and the damage that had taken place, which indicated that
increasing roughness did not lead to higher levels of decay. In
fact, the honed finish behaved worse in terms of change in weight
(Figure 5). In spite of this, it would seem that the samples with
honed and bush-hammered finishes underwent greater variation
in their roughness levels than the saw-cut samples, which
indicates that the mechanical treatment applied to the rock in
the factory to produce both these finishes could affect the
durability of the rock.

In the untreated samples (Supplementary Figure S4), no
relation could be observed between roughness and color
change, although it is worth highlighting the inverse
relationship between L* and C*, in that L* values increase
while C* values fall. However, if the difference in roughness
(Sa) is compared with the color difference (ΔE*), the influence of
roughness in color change appears to be minimal, or at least not
the main factor. This is important to note in TA, where the
difference in roughness is practically identical for all the finishes
and the important color change is linked to changes in the
chromophore minerals rather than to roughness. In the other
rocks, the difference in roughness does not appear to affect the
differences in color. In the treated samples (Supplementary
Figure S5), the L* values show that TA is the only rock in

FIGURE 8 | Most representative topographic maps of roughness in 3D
(bush-hammered finish, BH) in Calcarenita de Santa Pudia (SP), Travertino
Amarillo (TA), Arenisca Ronda (AR) and Molinaza Roja (MR). The difference
shown here (in mm or in µm) is between fresh samples (Fresh) and
altered samples after removing the gypsum crust (Altered).
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which there is a direct relationship between increases in
roughness and lightness, while MR displays an inverse
tendency. As regards the C* values, in all the lithotypes there
was an inverse relationship between C* and L* values, as occurred
in the untreated samples. If we compare the last column in
Supplementary Figures S4 and S5, certain differences can be
observed compared to the untreated samples, in which there does
seem to be a certain relationship between roughness and color
change, as can be seen in MR and in particular in TA. However,
this possible relationship could be due to the presence of the
consolidant itself rather than to changes in roughness.

Resistance to Acid Decay
The results of the drilling test (RD) for the altered samples without
gypsum are shown in Figure 5 (“Sol. A″). In general terms, the
samples treated with HAP were more resistant. This increased
resistance indicates that although the rocks suffered some
damage, the consolidant did have a positive impact by
increasing their resistance, so minimizing at least in part the
damage to the samples. More specifically, in SP and AR the values
for treated and untreated samples were quite similar and there
was little difference between them, although this was not the case
in TA and MR in which greater differences could be observed. In
these two types of rock in addition to the consolidant effect
produced by HAP, textural differences could also be observed,
due to the presence of pores or of a clayey matrix and/or cement.
As in other cases, no noteworthy differences were observed in
terms of surface finish in this test.

Statistical Analysis
The results obtained in the different tests on the fresh, treated and
untreated samples, and on those altered by SO2 aging did not
show any significant differences that could establish a clear
tendency or pattern as regards the resistance of these materials
with respect to their surface finish. For this reason, it was decided
to check the data by performing an ANOVA analysis
(Supplementary Table S1), so as to ascertain whether in
statistical terms there was any variable that was more
significant than others, considering for this purpose the variety
of natural rock (N), the surface finish (F), the consolidant
treatment (C) and the aging test by acid attack (D). The
results obtained in the water vapor permeability test (KV), the
resistance to drilling test (RD), the variation in weight (ΔW) in
samples with and without the gypsum crust and the color
difference values (ΔE) were also considered.

For the permeability test (KV), the type of rock (N) and the
aging test (D) were significantly determinant factors (p < 0.001),
while the surface finish (F) and the application of consolidant (C)
were not. If two independent variables are compared, the
combinations “N*F” and “F*C” did not influence the
permeability results. Quite the opposite is true if the lithotypes
and the application of the consolidant “N*C”, or the combination
“N*D”, are considered, while the combination “C*D” is slightly
significant. Combinations of three of the four variables were also
considered, although these did not produce any significant values
except for the combination “N*C*D”, as the F and C variables
were not significant when analyzed separately. Lastly, when all

four variables were analyzed in combination they were not found
to be different in any statistically significant way. This means that
the pore system of each lithotype is the factor that determines the
weight of the variable N with respect to its hydric behavior This
confirms that the pore system is the decisive factor in the
durability of the four types of rock (Molina et al., 2011;
Molina et al., 2015).

The importance of rock type (N) compared to other variables
is also evident when analyzing the change in weight of the altered
samples with the gypsum crust (“ΔW (%) Altered samples”) and
the altered samples without the gypsum crust (“ΔW (%)
Desalinated samples”). Nonetheless, for the variation in weight
factor (ΔW), the variable F is of relative importance depending on
whether the samples have been treated or not. This is due to the
fact that the H finish showed the worst results, which indicates
that this surface finish is perhaps less recommendable in polluted
environments.

When considering the possible use of consolidants in the
restoration of monuments, the importance of changes in color
and whether or not these are appreciable to the naked eye must
bear in mind. In any case these changes may be due to a wide
range of factors such as for example the precipitation of
secondary phases, patinas of oxides, microbe colonization or
even changes in roughness (Benavente et al., 2003). It is
therefore vital to objectively evaluate the importance of color
change given its possible visual impact on buildings. To this end,
and in spite of the fact that the ΔE* value was less than three units,
it was confirmed that N and C were the most significant variables
in terms of color difference, while the type of surface finish was
irrelevant in terms of the resistance of the rock when exposed to
an acidic atmosphere. This means that the type of surface finish
has no influence on the visual impact of the decay suffered by any
of these lithotypes including those treated with DAP. It is also
important to point out that the ANOVA analysis of color
difference was only performed on the altered samples without
a crust, as in the samples with a crust the color difference was due
to an increase in the L* value caused by the crust.

One last objective was to evaluate the effect of the consolidant
on these four varieties of natural rock. Once again, the variables N
and C proved to be determinant in the results obtained, while F
and D were not. These results show that the degree of
consolidation depends above all on the variety of rock and
that in general the consolidant was effective in protecting the
rock. In the same way, when combinations of two or three
variables were analyzed, the positive effects of the consolidant
were corroborated statistically, as was the important influence of
the lithotype.

CONCLUSIONS

In this research, the durability of two calcarenites, one travertine
and one sandstone with three different surface finishes (saw-cut,
honed and bush-hammered) were evaluated, considering that are
widely used in heritage buildings in Andalusia and also in new
constructions. The efficacy of a consolidant based on DAP has also
been demonstrated by analyzing the changes that took place in the
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different petrophysical properties in treated and untreated samples
that had been exposed to an accelerated aging test by SO2 attack. On
the basis of this comparative study of fresh and altered samples with
and without consolidant the following conclusions were reached:

- The use of the consolidant based on DAP to generate
hydroxyapatite under the conditions applied in this research
led to an improvement in the behavior of the rock when
exposed to acid attack, as compared to the samples that had
not been treated. Application of the consolidant led to a reduction
in water vapor permeability, but it did not significantly alter the
pore system, nor did it affect surface roughness. However, a slight
variation in the color of the treated samples was observed with an
increase in lightness L*, although this change was not appreciable
to the naked eye.

- The study of the samples exposed to the SO2 aging test in the
presence of moisture revealed that the product that developed on
the surface of the rock due to alteration was gypsum in the form of
isolated or aggregated crystals and sometimes crusts. This varied
depending on the type of rock, but was not affected by the surface
finish. At a microscopic level, all the samples suffered damage,
such as incipient interclastic fissuring, the loss of cement material,
dissolution of the calcite and decay due to sanding. These
processes occurred in both the treated and untreated samples.

- There is no clear relation between color difference and the
roughness of the surface. Themost plausible explanation for color
differences between the samples appears to be the presence of
areas with yellowish stains due to the release of oxides.

- The increase in drilling resistance confirmed that HAP had
had a positive effect. However, the method of application by
capillarity may be not recommended due to the rapid drying of
the sample, which can concentrate the consolidant in the part
closest to the surface, so preventing deeper consolidating action.
Consequently, the application of the consolidant with additives
that encourage deeper action or better control of the drying
conditions of the treated samples should be considered.

- As regards the possible influence of different surface finishes,
in the fresh samples the behavior of the petrophysical properties
identified was unaffected by the type of finish. After SO2 attack,
however, the aged samples with the honed finish (H) provided
the worst results, as in most cases more gypsum precipitated,
causing greater loss of material, changes in color, and alterations
in the permeability levels. At the other end of the scale, the finish
that performed best was the saw-cut finish (S), although this
achieved quite similar results to the bush-hammered finish
(BH). As a result, application of the honed finish should not
be recommended if the rocks are to be exposed to acid-polluted
atmospheres. Likewise, the mechanical process used to create
the BH and H finishes could have resulted in lower levels of
resistance compared to the S finish.

- The ANOVA analysis revealed that the most significant
variables in terms of the durability of the rocks studied were the
lithotype (considering the mineralogy, texture and especially the
pore system) and the use of the consolidant, while the surface
finish and the aging test had less statistical influence on the
durability responses of the natural stones.
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