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Abstract

The effects of the four common commercial finishes (polished, honed, disc cutting and bush hammering) on several
properties of ornamental granites were evaluated. Two granites of different texture, widely used as ornamental stones in
NW Iberian Peninsula, were selected. Roughness, colour and reflectance (properties used as cleaning indicators of cultural
heritage objects) of the surfaces subjected to each finish were characterized and the correlations among these parameters were
obtained.

The results show that the roughness generated by disk cutting and polishing is higher in Vilachdn than in Rosa Porrifio,
showing that the finer the grain size, the higher the roughness generated. The lightness parameter (L*) in CIELAB space
is dependent on the roughness of the surface. The rest of the colour parameters (a*, b* , C> and hgp,) does not depend on
roughness and they are related mostly with the colour of the surface by itself. Reflectance features are not affected by the
different content of forming minerals and superficial colour which condition the reflectance intensity of each commercial
finish. Reflectance is directly related with the roughness of the granite; the rougher the surface the higher the reflectance
intensity. In addition, the lightness L* and the reflectance are directly related while the other colour parameters do not show
any relation with the reflectance.

These results can be used as an aesthetical criteria in order to standardize an objective methodology to evaluate the

cleaning effectiveness in the conservation of cultural heritage objects.

Introduction

In cultural heritage constructed with stones, the in-
teraction between rock materials, the environment
and other building materials originates the forma-
tion, among other forms of alteration, of patinas and
superficial crusts [1-3]. These patinas and crusts
(together with graffiti paintings as vandalism) are re-
moved by different cleaning procedures which must
be carefully controlled to preserve the characteristics
of the stone. In order to evaluate the efficiency of
different cleaning procedures it is important to know
the characteristics of the original stone free of deposit
or coatings. Then, the general effectiveness can be
obtained taking into account, not only the degree of
extraction, but also the modi.cations that the cleaning
procedures by themselves could induce on the origi-
nal surface. Among the most important parameters
to be considered in the evaluation of the cleaning
there are the colour and the roughness of the stone
surface [2,4-7]. Recently, it has been demonstrated
that the differences in reflectance spectra of cleaned
granite surfaces with respect to surfaces without any
kind of deposit [8-11] can be used to obtain a quan-
titative index of the cleaning level. reflectance mea-
surement were also used to evaluate the bio-cleaning
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with different lipases of acrylic marker pen inks from
unglazed ceramic substrates [12].

Granites are the main construction materials of cul-
tural heritage in NW Iberian Peninsula. Despite their
low porosity, granites have a sufficient capillary ab-
sorption coefficient to be bio-receptive [13]. For this
reason, it is usual, in a temperate humid climate as
that of the NW Iberian Peninsula, to find the surfaces
of buildings built with granite affected by biogenic
patinas (green algae and cyanobacteria — [14 and ref-
erences therein]). Likewise, although less receptive
to the deposition of SO, than carbonate rocks, sul-
phated black crust is also reported in granite [15,16].
So, biogenic patinas, black crusts, together with graf-
fiti (considered as vandalism) are therefore the usual
causes of the cleaning interventions in the granitic
heritage of NW Iberian Peninsula. On the other hand,
the low porosity and the grained texture of granites
make this rock to admit different superficial finishes
(e.g. polished, honed, disc cutting and bush ham-
mering) that increase its demand in the stone market.
However, it has been reported that these different
finishes affect to the colour, gloss and roughness of
the stone [17]. Owing that some of these parameters
are used to evaluate the cleaning effectiveness, it is
of great interest to study the influence of different
finishes on the superficial properties of the granite,
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particularly colour, roughness and reflectance. Be-
sides, the knowledge of the relationship between the
superficial properties for each finish could provide
a standardized information for characterizing the
granite finishes, which will be useful in the .eld of
conservation and restoration of cultural heritage. In
this sense, studies focused on this topic can be found
in the literature, but mainly concerned the relation-
ship between roughness and colour of the stone [17].
However, to the best of our knowledge, there is not
any research on the relation between reflectance of
the stone surface and its colour or roughness.

Some researchers working on more homogeneous
substrates than granite, both in composition and
colour (painting mock-ups or coloured metal), found
that colour becomes lighter and less saturated when
the surface becomes rougher [18,19]. This effect is
more remarkable for darker or more saturated colour
[18]. L* coordinate was very sensitive to surface
roughness in the specular component-excluded (SCE)
measurement configuration, whereas it presented al-
most no change in the specular componentincluded
(SCI) mode [20,21]. Relationships between a* and
b* colour parameters and roughness differed regard-
ing the substrate; also, a* and b* seemed to be more
sensitive against roughness changes under the SCE
measurement mode [20,21]. Chroma (C};) is much
more sensitive to changes in roughness than hue ()
following [18,20]. In the case of granites, differences
in colour, especially in the lightness parameter (L*),
were reported for the same granite with different sur-
face finishes [17]; however, no relationship was found
between the roughness and the global colour change
(AE?,). In the same study and in agreement with [18],
changes in colour related to roughness modi.cations
are higher in stones with lowest L* values [17].

Regarding the influence of roughness and colour
on reflectance, only a work centred on commercial
welding mask glass was found [21]. In this work,
a direct relation between roughness and reflectance
was reported measuring with SCE mode; the sensi-
tivity of reflectance to increases in roughness when
measuring in the SCI mode was, however, not so
high. However, there are works that relate rough-
ness with the capacity of a surface to reflect more
light in directions close to the specular than in others,
ie., gloss [22]. Therefore, agreeing with works on
materials different to granite [23,24], Sanmartin et
al. [17] found an inverse relationship between gloss
and roughness in granite; this relationship was only
found for surfaces that are not too rough (Ra < 5 um)
because, if the roughness is very high, gloss seemed
more sensitive to colour of the surface. Therefore,
the authors advise the need to consider the mineral
composition (which determines the colour of granite)

when evaluating the relationship between roughness
and reflectance. In this context, characterized by
the absence of works about the relationship between
reflectance and roughness in ornamental stones, it
is undoubted that the roughness would generate a
deviation (scattering) around the mean angle of re-
flectance. A surface with zero roughness would only
show specular reflectance, appearing glossy. Con-
versely, for a surface with certain roughness, the
light would be reflected in all directions and the
intensity of this reflection would depend on the an-
gle between the surface normal and the illuminant
(Lambert’s law) [25]. Therefore, specular reflectance
depends only on superficial roughness while diffuse
reflectance also depends on the crystals orientation
or particles disposition on the surface [21].

In the current study, the relationship between the
roughness, the colour measured in the CIELAB and
CIELCH spaces and the reflectance of four different
commercial finishes of two commonly used gran-
ites from NW Iberian Peninsula were performed.
Roughness was characterized by means of confocal
microscopy and scanning electron microscopy. The
colour of each surface was measured in CIELAB and
CIELCH colour spaces and the total reflectance was
measured by a hyperspectral camera.

Materials and methods

Rocks and surfaces finishes

Two commercial quality ornamental granitic rocks
quarried on the NW Iberian Peninsula were selected,
called Vilachan and Rosa Porrifio. Vilachén is a
.ne-grained panallotriomorphic heterogranular gran-
ite [26]. The modal analysis obtained under petro-
graphic microscope, following [27] is: quartz (47%),
K-feldspar (10%), plagioclase (15%), biotite (7%),
muscovite (18%) and mineral accessories (3%). The
grain sizes of the different minerals range between
2 mm and 0.3 mm. Water accessible porosity fol-
lowing [28] is 2.82%. Rosa Porrifio is a two-mica
coarse-grained granite with a panallotriomorphic het-
erogranular texture [26]. The mineralogical compo-
sition is quartz (40%), K-feldspar (27%), plagioclase
(14%), biotite (8%), chlorite (4%), muscovite (2%) and
mineral accessories (5%) following [27]. Grain sizes
range through 10 mm (K-feldspar grains), 3.8-1.2
mm (quartz grains) and 2.0-0.3 mm (biotite grains).
Water accessible porosity following [28] is 0.84%.
For both granite samples, four of the most common
commercial finishes were used: polished, honed, disc
cutting and bush hammering (Fig. 1). For each
granite and finish, one slab of 10 cmx10 cmx2 cm
was used. Polishing is the finishing process by which
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the surface is abraded by successively finer particles
in order to obtain a .atty and glossy surface. By
honing, a surface very similar to polished one is
obtained, but without gloss. By means of this method,
coarser particle size particles than in polishing are
used, in order to obtain a matte surface. Disc cutting
is a finish resulting from cutting the granite with
steel sheets or diamond disks; it constitutes the finish
on which the rest of the surface .nishes is usually
applied. The appearance of disc cutting finish is
matte and rough. Bush hammering is carried out by
beating the stone with a bush hammer, producing
a homogeneous roughness. The hammer used was
designed by a peak-valley high of 4 mm and a peak
width of 8 mm.

Analytical techniques

Roughness characterization The roughness of each
10 cmx 10 cm x2 cm-slab with different finishes was
quantitatively characterized with a confocal micro-
scope (PLu 2300 Sensofar®). For each sample, six
extended profile of 8 mm with 10 and 2.5 objectives
were performed in order to obtain the roughness
parameters following [29]: R, (average roughness),
R4 (root mean square roughness), Ry, (average max-
imum peak heigh), Ry, (average maximum valley
depth) and R, (average maximum pro.le height).

Moreover, a qualitative characterization of the
roughness was made by means of scanning electron
microscopy (SEM; using a JEOL JSM-6700F and a
Philips XL30) equipped with Energy Dispersive x-ray
Spectroscopy (EDS), working in both modes, sec-
ondary electrons (SE) and backscattered electrons
(BSE). For each sample, 2cmx2 cm-fragments were
carbon coated and visualized. The optimum condi-
tions of observation were obtained at an accelerating
potential of 15-20 kV, a working distance of 9-11 mm
and specimen current of 60 mA.

Colour Colorimetric analysis of each 10 cmx10
cmx2 cm-slab was accomplished by a Minolta CM-
700d® spectrophotometer and a PC equipped with
SpectraMagicTM NX software. Colour was expressed
in the CIELAB and CIELCH spaces [20]. A total of 20
measurements were made for each surface to obtain
statically representative results [30]. The measure-
ments were made in Specular Component Included
(SCI) mode with a spot diameter of 8 mm, D65 illu-
minant and an observer angle of 10°. The parameters
measured were L*, which is the lightness varying
from black (0) to white (1 0 0); a*, which varies from
+a* (red) to —a* (green) and b* * , which ranges
from +b* (yellow) to —b* (blue). Also, C;;,, chroma

or saturation or colour purity (C, = Va*2+ b*?)
and h,y, hue, (h,, = tan~!(b*/a*)) were computed.
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Colour of the disc cutting sur-faces was considered
as a reference in order to calculate the colour differ-
ences AL*, Aa*, Ab*, ACY, and AH}; and the global
colour change, AE, = \/(AL*)2 + (Aa*)2 + (Ab*)2).
In order to detect statistical differences between the
colour parameters of the superficial finishes a one-
way analysis of variance and a post-hoc Tukey HSD
test were performed.

Reflectance The hyperspectral imaging technique
was applied in each 10 cmx10 cm X2 cm-slab using a
system that integrates an imaging spectrograph with
a monochrome matrix array sensor. The spectral sen-
sor used is a Pulnix TM-1327 GE with readout mode
(1392x1040) and with an objective lens (10 mm focal
length). The spectrograph used is an ImSpector V10
model 2/3” with nominal spectral range 400-1000
nm and nominal spectral resolution 4.55 nm. The sys-
tem incorporates a CINEGON 1.9/10 mm COMPACT
optics and a Schott DCR® III light source with cylin-
drical lens, producing an illuminated area of 51 mm
length and 0.89 mm width. The object under analysis
can be moved vertically. So that the camera scans
the surface, line by line, to obtain an image at each
wavelength. The ratio pixel/mm is estimated as a
function of the object-camera distance and, combined
with the vertical displacement of the object, allows
to accurately assign a hyperspectral image to each
point of the surface. The spectra data obtained was
referenced to an ideal white (maximum reflectance)
and corrected by the camera signal background. The
450-680 nm ranged VIS reflectance spectra was ob-
tained for all the different surfaces.

Results and discussion

Roughness characterization

Table 1 shows the values for the roughness parame-
ters (Rq, Rg, Rpm, Rom and R;) of Vilachan and Rosa
Porrifio granites with the four commercial finishes
studied (polished, honed, disc cutting and brush
hammering). Firstly, it was observed that, in both
granites, the finish that showed the highest roughness
values is the bush hammering. Regarding the other
three finishes (polished, honed and disc cutting),
slightly different results on the two granites were
obtained: 1) polished-and honed-Vilachdn showed
similar values of roughness parameters, being lower
than those of the disc cutting surface; 2) in Rosa Por-
rifio, conversely, honed finish gave higher roughness
values than polished-and disc cutting-finishes. The
values of the roughness parameters of polished-and
disc cuttingsurfaces were generally lower in Rosa Por-
rifio than in Vilachdn granite; in this sense, grain size
could be the determining property of this difference,
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since it is the property that most differs between both
rocks. On the contrary, the values of roughness pa-
rameters of bush hammering were higher in Rosa
Porrifio than in Vilachdn.

Ry and R, showed similar trends in both granites
regarding the finishes but it is noteworthy that R,
parameter, which is more sensitive than R, to the
presence on the surface of localized irregularities,
showed higher values than R; in all the cases. This
fact would confirm that the irregularities are not
uniformly distributed along the profile. This would
fit with the intrinsic textural heterogeneity of these
rocks: 1) on the one hand, the resistance offered by
each granite forming-mineral to the finishing process
is different; 2) on the other hand, the distribution of
minerals in the rock is random, both in terms of the
spatial relationship of each other and the grain size.

Generally, Rym, Rom and R; showed similar trends
to R,; however, on polished-, honed- and disc cutting-
surfaces, Ry, showed higher values than Ry, while
for the bush hammering surface, an inverse trend
was detected: Ry, was slightly higher than Ryy,. The
difference between Ry, and Ry, was higher in Rosa
Porrifio than in Vilachdn. Finally, it was detected that
R, was higher in Vilachan.

Abbot-Firestone curves are useful to discuss these
parameters as they allow to represent the cumulative
probability density function of the surface profile’s
height [31]. Fig. 2 shows the Abbot-Firestone curves
of the surfaces with the different commercial finishes.
These curves confirmed 1) a different behaviour of
the bush hammering surfaces regarding roughness
comparatively to the other finishes; and 2) on Vi-
lachédn (Fig. 2A) roughness increased from polished
-and honed-(similar roughness) surfaces to disc cut-
ting surface while whereas on Rosa Porrifio (Fig. 2B),
roughness increased from polished-, disc cutting- and
honed-surfaces.

In Fig. 2A and B, the probability density was
higher for the negative z values, which indicates
that there was a higher concentration of valleys (neg-
ative values of z) than of peaks (positive values of z).
In Fig. 2C, the Abbot-Firestone curves of the bush
hammering surfaces of both granites are shown. In
general terms, their behaviour was similar; the main
feature on both curves was the existence of a higher
probability density for negative z values than for pos-
itive z values (i.e., the pro.le is characterized by a
higher concentration of valleys than peaks). How-
ever, two subtle differences between the two granites
were found: 1) the curves of Rosa Porrifio have less
slope at their ends, which means that the height of
the peaks and the depth of the valleys are lower than
in Vilachan; and 2) in Vilachan granite, the curves
of the four finishes, but specially of the disc cutting

and the bush hammering, extended towards more
negative z values than the curves of Rosa Porrifio
surfaces, indicating that valleys on Vilachdn surfaces
are deeper than those of Rosa Porrifio surfaces. This
different behavior could be related to the different
water open porosity of these rocks: Vilachan shows
a higher porosity than Rosa Porrifio, so, its mechani-
cal strength is lower. In this sense, Vilachdn granite
would show a greater susceptibility to the most ag-
gressive surface finishes, which would cause, in this
granite, a greater degree of granular extraction and
mineral fracture. The greater height of the peaks
and depth in the valleys could reflect this higher
susceptibility.

SEM observations (Fig. 3) allowed to qualitatively
illustrate the quantitative characterization performed
with confocal microscopy. Note that the roughness
measurements were performed in wider areas (six
extended profile of 8§ mm) than SEM-SE observations
(50x magnification). Regarding the polished finish,
the surface of Rosa Porrifio is smoother (Fig. 3B)
than that of Vilachédn (Fig. 3A) which showed more
voids and .ssures. These features would be in ac-
cordance with data of Table 1 and Abbot-Firestone
curves (Fig. 2A and B): polished Rosa Porrifio R,
is approximately half of Vilachan polished R,, and
the curves showed deeper valleys on Vilachan than
on Rosa Porrifio. As was reported before, the forma-
tion of deeper valleys in Vilachdn granite could be
related to its lower mechanical strength derived from
its higher water accessible porosity comparatively to
Rosa Porrifio.

The honed surface showed a similar appearance in
both granites (Vilachén: Fig. 3C and Rosa Porrifo:
Fig. 3D) which is in agreement with the roughness
parameters R, and R;, which were quite close to each
other. In both granites, irregularities not uniformly
distributed were clearly observed, in agreement with
the fact that R; values was higher than R,.

The disc cutting finish showed a clear different
appearance in both granites. Rosa Porrifio surface
appeared less rough (Fig. 3F) than Vilachédn surface,
which is in agreement with roughness parameters:
R, of disc cutting Rosa Porrifio surface was approxi-
mately half of R, of disc cutting Vilachan surface. In
addition, the Abbott-Firestone curves depicted higher
probability density of irregularities in the case of Vi-
lachén (i.e., higher negative and positive z-values)
than Rosa Porrifio.

On the bush hammering finish surfaces (Vilachan:
Fig. 3G and Rosa Porrifio: Fig. 3H), SEM confirmed
the clear difference of these surfaces regarding the
other finishes, seen as a notable increase of peaks
and valleys.

SEM-EDS also allowed to confirm different sensi-
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tivities of the minerals to the procedure of the com-
mercial finishes (Fig. 4). On the disc cutting finish
surfaces, the deep valleys were mainly associated to
quartz grains which broke according to a cleavage
fracture (Fig. 4A). To a lesser extent, holes were also
observed affecting K-feldspar and biotite grains; the
planes of rupture are clearly conditioned by the exfo-
liation planes of these minerals, laminar in the case
of biotite (whose 001 planes appeared separated and
open) and almost orthogonal in the case of K-feldspar
and plagioclase.

On polished surfaces, holes also affected mainly to
quartz grains; the appearance of valleys was similar
to that of disc cutting finish. The rest of the minerals
was apparently intact, however, that does not mean
that they have not suffered stress from the mechanical
process and even that they have not been broken or
extracted (Vilachan: Fig. 4B and Rosa Porrifio: Fig.
4C).

On honed surfaces, although the largest part of the
holes is generated in the quartz (Fig. 4D, E), there
are also holes in K-feldspar and plagioclase grains,
but not as large or deep as in quartz. These holes are
in a greater quantity than in the polished and disc
cutting samples. Deformations are observed in the
phyllosilicates (opening of exfoliation planes in the
biotite-Fig. 4E).

On bush hammering samples (which was the fin-
ish that produced the highest roughness increase)
holes in quartz, K-feldspar and plagioclase grains
were observed; the shape of these holes is clearly
conditioned to the exfoliation planes of each mineral
(Fig. 4F and G).

Colour

Table 2 shows the colorimetric differences for each
commercial finish taking as reference the colour of
the disc cutting surface. For all the cases except for
the colour of the polished Rosa Porrifio, the colour
change was mainly affected by L*. This parameter
exhibited increases for bush hammering surfaces of
both granites and for honed Rosa Porrifio. However,
for polished surfaces of both granites and for honed
Vilachan, L* decreased. Analysing the relationship
between roughness and colour, it can be seen that
the rougher the surface the lighter (higher AL*) the
colour, as was reported by other authors in other sub-
strates [18,19] and also on granites [17]. Regarding a*
and b*, these coordinates increased with all the fin-
ishes on both granites except for honed Rosa Porrifio.
Therefore, polished-, honed-and bush hammering-
Vilachdn and polished-and bush hammering-Rosa
Porrifio surfaces showed more reddish and yellowish
colourations than the disc cutting .nish. However, for
honed Rosa Porrifio a slight decrease on coordinate
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a* was registered resulting in a decrease of the red-
dish colour and in an increase of the yellowish colour.
No relations between the roughness and these pa-
rameters were observed. Choma (C},) increased in
both granites after being subjected to honing, polish-
ing and bush hammering, resulting in a more vivid
colours, except in honed Vilachan; in this last, chroma
showed a reduction and, in consequence, colour be-
came greyish. C}, suffered a higher increase in Rosa
Porrifio than in Vilachén, reaching values of AC’,
higher than 4 CIELAB units in the former. Hue also
increased on the two granites after being subjected
to honing, polishing and bush hammering; the high-
est increase occurred on polished Rosa Porrifio and
the lowest increase occurred on honed Rosa Porrifio.
Therefore, neither a* and b* nor chroma and hue
showed a relation with the roughness; similar results
were obtained in [17,21].

As indicated before, AE”, were computed consid-
ering the colour of the disc cutting surfaces as the
reference. The trends of the AE}, were similar for all
the surfaces in both granites; AE, values were lower
for honed surface, followed by polished samples and
the highest values of AE}; were detected for the bush
hammering samples. The AE?; of polished surfaces
were similar on both granites; conversely, the magni-
tude of the colour change after being subjecting to
honing and bush hammering differed between gran-
ites, especially for bush hammering (DE* 5.4 CIELAB
units for Vilachan and ab: AE}, did not show any
ab:11. 61 CIELAB units for Rosa Porrifio). DE* clear
relation with the roughness, but it was easy to de-
tect that the surfaces which suffered the highest AE},
were those that showed the highest increase on rough-
ness. The visible perception of the AE}, depends on
the criteria applied; following [32] and [33], all the
colour changes obtained for both granites after being
subjected to all the finishes, except honed Rosa Por-
rifio, would be detectable for a human eye. However,
only colour changes suffering by bush hammering
surfaces would be outside of the acceptable threshold
in conservation of cultural heritage (AE”, < 5 [34]).

In Fig. 5, scatter L*"C}, graphs are shown, rep-
resenting the ab colour data for each granite with
different commercial finishes (A: Vilachan, B: Rosa
Porrifio). This figure clearly depicts the direct rela-
tionship between roughness and lightness for both
granites. Moreover, in the case of Vilachédn a direct
relationship between roughness and chroma was also
found.

Reflectance

The VIS reflectance spectra (450-680 nm range) of the
surfaces evaluated are shown in Fig. 6. There were no
difference in the reflectance features for the studied
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finishes; also, the spectra features are in agreement
with previous data about one of the studied granite
(Rosa Porrifio) with disc cutting surface [9,11]. In
these spectra, six spectral signatures were identified
(Fig. 6):

The first two signatures correspond to bands at the
blue region (460 nm and 470 nm) in which reflectance
suffered slight increases. These bands would be re-
lated with the Fe absorption: iron reflects energy
in the red portion of the electromagnetic spectrum
and absorbs it in the blue portion [35,36]. Harris et
al. assigned these spectral features to the presence
of Fe-rich minerals present in the psammites (sand-
stone) [36]. In Rosa Porrifio and Vilachén granites, Fe
is present in biotite grains (Vilachdn 7% biotite and
Rosa Porrifio 8% biotite). It also very important to
highlight that this higher content in biotite for Rosa
Porrifio is also reflected in the reflectance spectra,
because the bands at 460 nm and 470 nm are slightly
more intense for Rosa Porrifio than for Vilachén.

A third signature corresponds to a steep slope
between 480 nm and 620 nm (green and yellow region
respectively), which is assigned by other authors
to the presence of quartz in other stones, such as
monzogranite and quartzite [36]. As a consequence
of the steep slope, an intense reflectance peak centred
at 620 nm was detected.

A fourth signature is reflected by an intense trough
at 670 nm, due to the high absorption of both granites
at this wavelength.

The fifth relevant feature corresponds to a very low
intense trough at 675 nm that can be attributed to the
presence of quartz [36].

Finally, a slight higher reflectance in the VNIR
wavelengths was detected.

Harris et al. working with silicate stones with
higher content in quartz assigned higher intensi-
ties, particularly in the VNIR, to the higher content
in quartz; quartzite (100% quartz) and monzogran-
ite (>50% quartz) are characterized by higher in-
tensities than others with less quartz content, e.g.
psammite (sandstone) and metatonalite (granodior-
ite) with quartz content <30% [36]. The same authors
stated that the reflectance of high quartz-content
stones throughout the whole spectrum (but espe-
cially in VNIR region) presented around 10-15%
higher intensities than other stones with less content
of quartz. They suggested that these higher intensi-
ties are due to the higher albedo of quartz. In the
current study, Vilachan has 47% quartz and Rosa Por-
rifio 40% quartz. Therefore, based on the results of
the authors previously cited, the higher intensity of
reflectance on these bands in Vilachédn (a 15% higher
than Rosa Porrifio) could be due to its higher quartz
content. This occur for all the surfaces except for

the bush hammering surfaces in the blue and green
regions (450-550 nm): in this region, the reflectance
intensity of Vilachan is lower than in Rosa Porrifio.
This can be related to the greater amount of quartz
in Vilachan and also to the differential behaviour of
this mineral compared to the other minerals under
bush hammering procedure. Quartz is the most sen-
sitive mineral to this surface finish (as previously
commented): in the SEM micrographs, many holes
appear on quartz, suggesting that the quartz breaks
into pieces and is extracted from the surface. Because
Vilachan has more amount of quartz, the loss of this
mineral will be greater in this granite, being reflected
in a lower reflectance in the 450-550 nm.

For both granites, the highest value of reflectance
was exhibited by bush hammering surface. The sur-
faces with disc cutting-, honed-and polished-finishes
showed reflectance spectra very close: 1) in Vilachdn
(Fig. 6A) it is possible to distinguish among the four
spectra (higher reflectance for disc cutting and lower
reflectance for polished); 2) in Rosa Porrifio, the spec-
tra of the honed and the disc cutting are overlapped
(Fig. 6B), whereas the polished surface spectrum ex-
hibited a lower reflectance values. For both granites,
polished samples exhibited the lowest reflectance val-
ues. Therefore, considering R, values of each finish,
the rougher surfaces the higher reflectance intensities.
This fact is in agreement with [21], who reported that
the rougher the surfaces of welding mask glasses the
higher the reflectance. In this paper, the reflectance
measured is the combination of specular and dif-
fuse reflectances. The reflected light (which depends
on the angle between the surface normal and the
illuminant) has higher intensity in rougher surfaces
than in smoother surfaces [25].As the evaluated sur-
faces were not specular, following Lambert “s law [25]
when the surfaces became rougher, the reflectance
will be dependent on the diffuse reflectance due to
the roughness and also on the refractive index of the
forming-minerals [17,23,24].

By summary, comparing the reflectance spectra for
different finishes of the same granite, no different
spectral features were observed. Nevertheless, dif-
ferent intensities were found due the roughness; the
rougher the surface the more intense the reflectance
intensity.

Comparing granites, both rocks showed the same
spectral signatures, but they differed in their inten-
sity. Vilachan granite spectra showed higher inten-
sities than Rosa Porrifio spectra, regardless the fin-
ish. This difference seems to depend more on the
mineralogical composition (specifically on the per-
centage of quartz and ma.c minerals) than on other
properties such as water accessible porosity. As pre-
viously stated, the higher water accessible porosity of
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Vilachédn could explain that valleys and peaks became
more accused after the disc cutting and bush hammer-
ing, due to a lower mechanical strength. However,
no clear relationship between porosity and R, was
found.

Correlation between roughness, colour
and reflectance of granite surfaces with
different finishes.

The influences of the topography of the stone surfaces
in the colour and reflectance have been analysed,
for each granite individually, by linear correlation
techniques. The average roughness R, was used to
characterize the topography or finish of each surface.
First of all, the dependence of colour parameters L*,
C;;, and hg;, with the surface roughness was analysed.
In Fig. 7, CIELAB and CIELCH parameters L*, C,
and h,;, are represented versus R, including a linear
fit. As it can be observed the lightness L* is corre-
lated with R, (correlation coefficients, R? = 0.89 for
Vilachan and R? = 1.0 for Rosa Porrifio). Neverthe-
less, neither C};, nor h,, are correlated with R,.

Secondly, correlation between reflectance and R,
was analysed. Fig. 8 depicts the linear fit in Vilachdn
(Fig. 8A) and Rosa Porrifio (Fig. 8B). In both cases a
correlation coefficient R? of 0.97 was obtained indi-
cating that the higher the roughness of the granite,
the higher the reflectance.

Thirdly, the analysis of the dependence between
colour parameters L*, C;; and h,, and reflectance
was studied. As it is depicted in Fig. 9, the lightness,
L*, measured in CIELAB space is correlated with the
reflectance (correlation coefficient R> > 0.97 for both
granites). However there is no correlation between
the colour parameters C};, h,, and the reflectance.

Conclusions

The study of the influence of the roughness due to
different commercial superficial finishes of granites
on their colour and reflectance revealed that:

1. The roughness generated by disk cutting and
polishing is higher in Vilachan than in Rosa
Porrifio; taking into account the textural differ-
ences of both rocks, grain size could be the main
determining property of this different behaviour.
So that, for these finishes, the finer the grain
size, the higher the roughness generated. How-
ever, this is not fulfiled for bush hammering; in
this case, the highest roughness is generated in
the coarser grained granite. The influence of the
water accessible porosity on the roughness gener-
ated for the superficial finishes studied is unclear.
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Only after treatment of disc cutting and bush
hammering, the height of peaks and the depth of
the valleys are slightly higher in the more porous
granite, which might reflect a lower mechanical
resistance against these specific finishes.

2. Among all the minerals of the granite, quartz
seems to be the mineral most sensitive to surface
finishes. reflectance measurements suggest that
this mineral is extracted from the surface, modi-
fying the reflectance of the rock. Other minerals,
such as phyllosilicates, seem to better adapt to
the mechanical procedure, deforming through
their exfoliation planes and remaining on the
rock.

3. In each studied granite, a direct significant corre-
lation between roughness (Ra) and lightness (L*)
was found; the rougher the surface the higher
the L*. However, no significant relation was
stated neither between R, and C}, nor R, and
hap. These parameters do not change with rough-
ness variations.

4. In each granite and finish studied, a direct sig-
nificant correlation between roughness and re-
flectance was found: the rougher the surface the
higher the reflectance.

5. Comparing granites, the differences on the
roughness values and on the intensity of the
reflectance spectra obtained for each finish seem
to be better explained by means of the grain size
and the mineralogical composition (proportion
between quartz and other minerals). The influ-
ence of the water accessible porosity on these
parameters seems not to have, in this case, a
relevant influence.

This information should be considered as an aes-
thetical criterion in order to evaluate cleaning effec-
tiveness achieved by different methods as chemical,
mechanical and laser procedures in the conservation
of granitic cultural heritage. In studies evaluating
the effectiveness of cleaning methods, consistent con-
clusions regarding the harmful effects on colour and
reflectance exerted by each cleaning method can be
drawn only if samples with similar roughness to the
rock under study are used.
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Table 1: Roughness parameters: R, (average roughness), R, (root mean square roughness), Ryy (average maximum peak heigh), Rom
(average maximum valley depth), R, (average maximum pro.le height) measured in the surfaces of Vilachin and Rosa Porrifio granites
with different commercial finishes.

Surface finish R, (mm) R, (mm) Rpm (mm) Rym (mm) R; (mm)
VILACHAN

Polished 58+25 8.1+35 14.8 £ 5.6 340+142 489178
Honed 58 +0.5 83+1.3 270+ 185 33.6+127 60.6 +275
Disc cutting 10.0+12 13.0+210 31.0+136 405116 71.5+133
Bush hammering 509 +19.8 61.1 £20.3 1358285 1299 +61.2 265.7 +67.5
ROSA PORRINO

Polished 30«11 42+ 15 87+22 234 +122 321 +137
Honed 62+1.7 9.1+35 146 = 1.7 448 £279 594 +294
Disc cutting 49 +18 63 +2.1 129 + 3.1 230+ 6.9 359 +9.5

Bush hammering 70.5+11.6 863 +12.5 269.0+484 238.0+33.8 507.0<57.2

Table 2: Colorimetric differences AL*, Aa*, Ab*, AC}, , AH?, and global colour change AE’,; of the surfaces of Rosa Porrifio and
Vilachdn with different finishes. The disc cutting surface data was considered as reference, so the greater the difference, the higher the
colour modification. ¢: Significant differences (n.s. < 0.05).

Surface finish AL* Aa* Ab* ACy  AHy AEY,
VILACHAN

Polished 3.677  0.31 133 034 181 3.91

Honed 2.52%  0.63%? 1929 039 2669 3.23

Bush hammering 4.767 0.57 2.69? 053 3.647 5.49

ROSA PORRINO

Polished 0.69 0.969 3.459 4209 4.09¢ 3.64

Honed 0.74 017 0.65 449¢ 063 1.00

Bush hammering 11.49¢ 0.02 1.63 6.57¢ 179 11.61
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Vilachan

Rosa Porrino

Figure 1: Digital photographs of the granitic samples with the different commercial finishes.
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Figure 2: Abbot-Firestone curves of data for the commercial finishes (bush hammering, honed, disc cutting and polished) of Vilachdn

(A) and RosaPorrifio (B) granites. C shows the Abbot-Firestone curves for the bush hammering surfaces of both granites.
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Figure 3: SEM-SE micrographs of the surfaces of the two granites (Left: Vilachdn and right: Rosa Porrifio) subjected to the four
commercial finishes.
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Figure 4: A: SEM micrographs of the disc cutting surface of Vilachdn. B-G: SEM micrographs of surfaces with different commercial
finishes of Vilachdn (left) and Rosa Porrifio (right).
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Figure 9: Linear correlations between reflectance with the parameters of CIELAB and CIELCH spaces L*, Cy and hg,. A, B:
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