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ABSTRACT

The incorporation of new methods of heritage analysis belonging to other branches of science is
currently providing very useful tools for the examination of preservation products. This paper
outlines the use of spectral images as an alternative to traditional colorimetry measurements
carried out with a spectrophotometer for the evaluation of color changes produced by
consolidation treatments applied on polychromed plasterwork. Thus, for this investigation we
used a total of 18 plaster test specimens which reproduce the techniques and materials present
in plasterwork from the medieval era, on which a selection of six currently-used consolidants
was applied. By doing this, we have proved that the use of this method over traditional
colorimetry has several advantages, such as the analysis of spatial homogeneity or obtaining
colorimetric data of the entire scanned surface.
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1. Introduction

One of the most important preservation problems that medieval plasterwork still presents
nowadays is the discohesion of the polychrome decorations which, if not treated promptly, quite
often leads to the loss of the original appearance. In some monuments, such as the Alhambra
of Granada or the Royal Alcazar of Seville, or in archaeological museums, it is common to see
how little color remains in these sorts of coatings [1, 2, 3]. This loss has occurred as a result of
various factors. The main factor is humidity since these decorations are generally found
outdoors. In these conditions, the plaster base material and the polychromies are continuously
exposed to uncontrolled humidity and temperature fluctuations. This leads to alterations
amongst which we can highlight the crystallization of salts in the plaster, condensation, gum
denaturation or pigments alteration. Together with this issue, it is important to mention as well
the harmful action of the application of subsequent superposed layers over the original
plasterwork, either as a whitewashed or as a repainting. The former were aiming to hide the
original polychromy in order to adopt more classicist aesthetics, or as a restructuration. The
latter were aiming to highlight the lost colors due to degradation, or to change them due to new
trends in aesthetics. The problem here is that these actions were usually carried out with oils
and resins forming a waterproof layer which avoids the perspiration of the underlying materials,
accelerating thus their degradation. Moreover, harsh cleansing over the years performed with
inadequate materials and not following the current restoration criteria, has also contributed to
the degradation and loss of the original color of this type of decorations. All these factors lead to
our knowledge being very scarce about what the original color of these decorations was. (Fig.1)

S

Figure 1: PoI.)}chrome residues in medieval plasterwork. Left: Royal Chamber of Santo Domingo, Granada. Center: The
oratory in the Madrasa, Granada. Right: Royal Alcazar of Seville.
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Thus, even though there are numerous studies regarding these sorts of decorations, most of
them focus either on typological or historical matters and there are very few on specific
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treatments for the preservation of the original color [4, 5, 6]. Studies and publications related to
the preservation of plasterwork are limited, although it seems the interest in researching these
kinds of consolidants as well as their behavior in plaster is growing. However, so far interest has
generally focused on the effectiveness on the base material [7]. Prominent amongst these
studies are the ones carried out by the preservation laboratory of the Alhambra [8], which has
focused its feasibility studies on the base material response to the application of these
treatments against humidity (optic and tactile examination, adsorption tests, desorption test and
humidity-dryness cycles). The results of these studies are relevant and have been taken into
consideration for this paper, yet they fail to address the effect of these treatments on the color of
pictorial layers [9]. Some authors have already drawn attention to the changes produced on
color layers by these kinds of treatments, namely, Luigi Borgioli and Cremonesi, who state that
it is essential to analyze the changes produced by these products on the optic features of the
artwork, as the legibility of the work is crucial when it is being restored [10].

Some authors have also recently studied the color changes in wall paintings due to the
application of consolidants [11]. However they limit their study to the use of area-based
measurement devices such as spectrophotometers.

2. Research aims

The aim of this study is twofold. First, to determine the best consolidant, from a colorimetric
point of view, for the preservation of color in medieval plasterwork. We do so by using
hyperspectral image capturing as an alternative to the color examination with a
spectrophotometer used in previous heritage research [12, 13, 14]. Amongst the advantages
offered by this method is the possibility of carrying out a colorimetric analysis of the entire
scanned surface rather than just specific points. Besides one can access a comprehensive
spatial homogeneity analysis (as explained in section 3.3) that provides information on the
changes that have occurred. The second aim is to propose a hyperspectral imaging framework
to study the effect of applying new treatments to this kind of samples.

The two main research goals stated before can be developed into the following secondary aims:

- Describe the production of test specimens that reproduce materials and implementation
techniques representative of medieval plasterwork on which colorimetric analysis can
be carried out.

- Make a representative selection of consolidant treatments and later apply them to the
pictorial surface of the colour samples.

- To examine the repeatability of the color of the pigment samples by means of using the
different pigment samples before applying the consolidant to each of them. The
colorimetric and spectral differences we might find in this analysis will allow us to adopt
an estimate tolerance for each pigment, based on the variability of the samples’ own
application process.

- To examine the effect of applying the consolidant in the spatial homogeneity and the
color of the sample in order to determine whether there are consolidants that might alter
the sample to a greater extent than others.

3. Material and methods
3.1 Plaster probes

For this study, we used plaster test specimens that reproduce the original technique of medieval
plasterwork. In order to determine the technique and material used, we took into account
previous research on these types of coatings [15, 9]. We also took into account other studies
conducted by our team on heritage works of a similar age, particularly the Royal Chamber of
Santo Domingo [16], the oratory in the Madrasa [17] in the city of Granada and the plasterwork
in the Royal Alcazar of Seville. Thus, we made a total of 18 test specimens (see Fig. 2 d)), each
with an area of 6.5 x 13 cm and a thickness of 1.5 cm. They were positioned in consecutive
sheets from which specimens of the desired size were subsequently removed. For the supports
we decided to use semi-hydrated or hydrated plaster (Ca SO,-1/2H,0) as the main component



as it appears in this type of decoration, to which a certain amount of calcium hydroxide was
added (Ca OH,) 5 %, which has generally been used in these decorations as setting retardant.

For the polychromy of the test specimens we selected three pigments (see Fig. 2, a), b) and c))
which have been frequently identified in these decorations (azurite (AZ, Ref K.10200), cinnabar
(CN, Ref, K.42000) and lead red (LR, Ref, K.42500) manufactured by Kremer Pigmente [18]),
and we decided to use animal glue as a binder (rabbit-skin glue manufactured by CTS [19])
since it is one of the most commonly used in these types of decorations. In order to facilitate the
application of the polychromy as well as the homogeneity of the samples we applied the first
layer using only animal glue, followed by two consecutive layers of pigment and binder with a
soft bristle brush (as can be seen in figure 3).

Flgure 2: Identlflcatlon of the orlglnal polychromy in samples extracted from the plasterwork of the Courtyard of the
Maidens in the Royal Alcazar of Seville. a) Stereoscopic microscope image of natural azurite. b) Optical microscopy
image of lead cinnabar. c) Optical microscopy image of lead red. d) general image of non-polychromed plaster test
specimens.

Figre 3: Left: LR test probes. Right: applicaton of binder.
3.2 Consolidants

To help us decide on the types of consolidants to use we examined the available bibliography
on interventions carried out on these types of coatings. We chose six consolidants including the
ones used traditionally as well as the most recently incorporated to the market.

The products we chose for this test were ethyl silicate (Estel 1200, BE), ethyl silicate
(Nanoestel, NE), acrylic resin (Paraloid® B72, PAB72), hydroxypropyl cellulose (Klucel®G, KL),
polyvinyl butyral (Mowital® B60H, MW) and thermoplastic polymer (Aquazol®, AQ). Thus, six
plaster probes were made, on which the pigments and binder, and afterwards the above-
mentioned products were applied. As to the method, each product was applied by means of
impregnation, using a brush on the pictorial surface and following the preparation procedures
detailed in Table 1.

3.3. Colorimetric and spectral analysis method

The recording system used for obtaining the spectral image data was a hyperspectral camera
Pika L (Resonon Inc., Canada). This line-scan camera allows the capture of spectral information
of the samples (in our particular case, spectral reflectance). Its operating spectral range is from
380 up to 1080 nm. Its sampling interval is of approximately 4 nm after applying the hardware
spectral binning technique to increase the signal to noise ratio within the capture. The lighting
used was halogen (incorporated to the recording system), and the white sample used as
reference was a calibrated Teflon plate. The recording system also incorporates dark signal
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correction as part of the image processing before obtaining the reflectance data for each
spectral image. To adjust the focus position, we used the central area of the visible spectrum as
reference (i.e. 550 nm). The exposure time was fixed using the white reference.

Name Consolidant Trade name Preparation
BE Silicic acid ethers modified with preservers Bloe(ét.T_IS%ZOO Undiluted
. . . . Nanoestel Concentration: 1 nanoestel
NE Nano dimensions Silicon dioxide (CTS) 13 distilled water
. ; TACOS (45%, 32% y 23%,
Acrylic Copolymer Paraloid® B- .
PAB72 isopropyl alcohol, octane
(Ethylmethacrylate / methylacrylate, EMA/MA) 72 (CTS) and acetone) solution 5%
KL Hvdroxvoropvicellulose KLUCEL® G 1% in a solution (20%
Y ypropy ) (CTS) water and 80% ethanol)
. Mowital® . 0
MW Polyvinyl butyral B60H (CTS) Ethanol solution/5%
AQ Thermoplastic polymers r_nade of poli (2-ethyl-2- AQUAZOL® Distilled water solution/5%
oxazoline). (CTS)

Table 1: Chemical composition, commercial brand names and preparation procedures of the six consolidants applied on
the polychrome layers of the test specimens.

We analyzed both the spatial homogeneity as well as the colorimetric and spectral information
based on both the total amount of captured data and the average spectral reflectance of such
data. In this article, the spatial homogeneity is calculated as the band-wise standard deviation of
the spectral image values. Other authors have used a similar approach in previous studies
related to a different application field [20]. Our approach is based only in a first order statistical
parameter (the standard deviation), as described within the framework of first-order statistical
texture metrics in [21]. This method does not make use of the specific spatial coordinates of the
pixels for the calculation, as it is typically done when computing texture metrics based on Grey
Level Co-occurrence matrices (GLCM, [22]). However, information from different spatial
locations throughout the entire studied area is compared. This analysis is simpler and faster
than, for instance, GLCM-based texture analysis, in which more spatially-related parameters are
included in the calculations (such as spatial coordinates, orientations, etc). Yet it suffices to
adequately describe the sample variations that are of interest for the application presented in
this study.

We extracted an area of roughly uniform appearance from each complete sample, sized 224 x
224 pixels. We used the 50,176 spectral reflectance vectors of the selected area for the spectral
and colorimetric analysis. Afterwards we calculated the colorimetric data for each vector and
then we computed the standard deviation from the full set of reflectance vectors, for each
wavelength. The standard deviation data were used to estimate the degree of spatial
homogeneity of the samples, which might be altered if the consolidants are applied.

The color space we chose for the graphic representation of the samples was CIELAB [23] under
D65 illuminant. The spectral range used was from 400 to 700 nm. Spatial homogeneity was also
studied by analyzing the color coordinate distributions obtained by computing the L*, a*, b*
values for each reflectance vector, as the most homogeneous samples tend to present smaller
distributions (point clouds) in the L*, a*, b* color space.

We also determined the average spectral reflectance of each sample, by computing the mean
of the reflectance values of the 50,176 pixels for each spectral band. This average reflectance
would be similar to the reflectance obtained with a conventional spectrophotometer that
measured a similarly sized (224 x 224 pixels) spatial area. Since this device operates by
integrating the light received from the measurement area, the reflectance obtained can be
assumed to be very close to the average reflectance that we have computed from the individual
pixel spectral reflectance vectors, save for the differences inherent to the measurement
geometry and the instrument design.

For the average reflectances we also analyzed the differences in the colorimetric attributes L*,
C* and h* (lightness, chroma and hue), which were calculated from its coordinates L*, a*, b*.
These attributes are related with our color perception and thus help us understanding in which
of them the main differences are found.

In order to determine the differences between samples from the obtained average reflectance
data, we used a set of three metrics: one colorimetric and two spectral (based on the
reflectance curves). The metric for color differences is the standard one recommended by CIE,
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CIEDE2000 [24]. The two spectral metrics are RMSE (Root-Mean-Square-Error) and cGFC
(complement of the Goodness-of-Fit coefficient, [25], defined as shown in the equations (1) and
(2) respectively, where n is the number of wavelengths, 4; is the jth wavelength, and R, and Ry,
are the two reflectance vectors compared.
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The metric RMSE is more sensitive to scale differences between measurements, and cGFC is
more sensitive to shape differences between spectra.
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4. Experimental data and results

4.1. Repeatability of the pigments’ application process

Using the CIEDE2000, RMSE and cGFC values (explained in section 3.3) computed from the
average spectral reflectance of the samples, we are able to empirically set tolerance thresholds,
to establish if there has been a significant alteration in the sample as a result of applying the
consolidant. We consider the alteration as significant if it surpasses the inherent change due to
the heterogeneities generated by the pigment and binder application process. Specifically, we
will set the empirical threshold as the average plus two standard deviations of the set of
comparisons between pair of samples before applying the consolidants, as described below.
Assuming a gaussian distribution, this criterion leaves within the tolerance threshold around
95% of the samples. We must take into account that applying the initial binder, assuming it is
not too homogeneous, might also have an effect on the estimated color differences.

We proceed now to study the changes in color and spectral reflectance that are produced by the
deposition of the pigments and binder in our test samples, before the application of the
consolidants. In Table 2, we present the color and spectral difference values, which are an
average of all the comparisons between pairs of original samples (i.e., with pigment and binder
but not consolidant). We averaged a total of 15 comparisons for each pigment (six different
samples compared two by two without repetitions). We also included in Table 2 the standard
deviation data for the set of 15 comparisons.

Average (STD) AZ CN LR
CIEDE2000 1.1582 (0.6224) 0.2740 (0.1153) 0.4662 (0.2316)
cGFC 0.00015 (0.00012) 0.000031 (0.000029) 0.000029 (0.000030)
RMSE 0.0035 (0.0014) 0.0064 (0.0042) 0.0082(0.0038)

Table 2: Average and standard deviation (STD) for the comparisons 2 to 2 of the 6 samples for each pigment (azurite
(AZ), Cinnabar (CN) and lead red (LR) before the application of the consolidant.

The results of Table 2 show that the most colorimetrically-homogeneous pigment (the one with
the lowest CIEDE2000 color difference) is CN. LR is the second most colorimetrically
homogeneous and AZ the least homogeneous, showing average color differences which exceed
the observable threshold of 1 CIEDE2000 unit, and thus would be visually perceptible [26]). The
changes produced in the reflectance of the samples, evaluated by the spectral differences data,
show that the main changes occur in the reflectance scale, and there are very few changes in
its shape (i.e. cGFC values near to zero and with a high relative standard deviation). AZ is also
the least homogeneous for the cGFC values. Despite this, the AZ is slightly more homogeneous
than the other pigments in the RMSE values, which could also be related to the fact that the
maximum reflectance values for AZ are lower than for the other two pigments.

With the threshold criterion described above (average plus two standard deviations), the
empirical threshold for CIEDE2000 color differences for AZ is 2.4 units. For CN, the threshold is
0.5 units and, for LR, one unit.



For the spectral differences, the same criterion as before for considering the differences
relevant was used. We then set the thresholds as 0.006, 0.014 and 0.016 for AZ, CN and LR,
respectively in RMSE. In cGFC, the thresholds are set at 0.0004, 0.00009 and 0.00009 for the
three pigments respectively.

We also studied the spatial homogeneity of the samples before the application of the
consolidants. In Figure 4, we show the standard deviation curves for all the six samples of each
pigment. The curve for each analyzed sample from 1 to 6 (S1 to S6) is plotted in a different
color. This gives us information about how the gray levels are distributed for each sample
individually (i.e. how homogeneous the distributions of spectral values are for each spectral
band in each of the six samples). It can be seen that the standard deviation values we obtained
are similar for the three pigments, although slightly higher for CN, especially in the area where
the reflectance of this pigment is higher. It can also be seen how the spatial homogeneity is
lower for the wavelengths in the near infrared (from 800 nm).This may be caused partly
because of a lower signal to-noise ratio for these wavelengths, since even though the lighting
source emits strongly in the infrared the spectral responsiveness of the silicon sensor of the
spectral camera is rather low within this range of wavelengths.

Azurite
0.08—
0.06 [~
o
004
0.02—
o L 1 | | | | |
400 500 600 700 800 900 1000
Wavelength (nm)
Cinnabar
0.08—
—si1
006 —52
s3]
-
& 004 54
55|
Doz e 86
o - | | | |
400 500 600 700 800 900 1000
Wavelength (nm)
Lead red
008
0.06 - ya
F 004 -
-
0.0z S
oL T I 1 1 I ]
400 500 600 700 800 900 1000

‘Wavelength (nm)

Figure 4: Standard deviation across pixels (STD curves) as a function of wavelength for the six samples (S1 to S6) of
each of the three pigments analyzed.

The standard deviation average data (i.e. the mean value for each curve shown in figure 3,
averaged as well across the six samples) are 0.0107 for AZ, 0.0162 for CN and 0.0136 for LR.
In general, we can see how the samples with less of a variation in terms of spatial homogeneity
amongst the different test specimens of reference are AZ and LR. The spatial homogeneity in
each test specimen is not related with the color homogeneity between the different test
specimens, as we may conclude if we remember that AZ was the less colorimetrically-
homogeneous pigment, and CN the most colorimetrically-homogeneous one. The spatial
variation across pixels in each test sample may be relatively noticeable and, at the same time,
however, the average color obtained from each sample by averaging data for all pixels may be
rather similar between different test specimens. This adds value to the proposed method for the
study on spatial homogeneity presented in this paper.

4.2. Effect of the application of the consolidant
4.2.1. Effects on the average color and spectral reflectance of the samples

Table 3 shows the data of spectral and color differences between the average reflectances both
before and after applying the consolidant to the three pigments and six consolidants studied.
Results show the three pigments separately (blue, orange and red color bands for AZ, CN and
LR respectively), and the average of the three (gray color band in Table 3).

Regarding the average differences (gray section in Table 3), we found that the differences
caused after applying the consolidants surpass the empirical thresholds set in section 4.1, and



thus can be considered as higher than the color variations inherent to the pigment and binder
deposit procedures. The consolidant which most altered the color of the sample was
Mowital®B60H, followed by Aquazol® and Bioestel1200. The consolidant which least altered
the color of the sample was Klucel® G, followed by Nanoestel.

Regarding the spectral metrics, we also found that the changes induced by the application of
the consolidant are above the empirical thresholds set in section 4.1. Mowital®B60H was also
the consolidant that produced the highest changes in the shape of the spectral reflectance. As
we can see, the cGFC values are higher than those for the rest of consolidants. This implies
that the spectra are less similar in terms of shape, as two identical spectra would result in a null
cGFC. This consolidant is also the one that has the highest values of RMSE. This means that,
on average, it has affected the spectral reflectance of the samples to a greater extent. For the
three pigments, the metric that presented the lowest relative variation was cGFC.

For AZ (blue color band in Table 3), the consolidant which caused the highest differences was
Bioestel1200 followed by Nanoestel. These consolidants also seem to cause differences in
terms of shape and scale in the average reflectance. The ones that least altered the color of the
sample were Klucel® G and Aquazol®. For CN and LR, however, Mowital®B60H and Aquazol®
were the consolidants that caused the largest number of changes in the color of the sample,
and Klucel® G and Nanoestel the ones that least influenced the average color. The spectral
metrics are in agreement with the results of color difference.

Mowital®

AZ Bioestel1200 Nanoestel Paraloid®B72 Klucel® G B60H Aquazol®
CIEDEOO 9.554 4.216 3.417 3.169 3.587 3.170
cGFC 0.004070 0.000113 0.000051 0.000025 0.000036 0.000144
RMSE 0.073 0.034 0.027 0.025 0.028 0.024
7 " Mowital®
CN Bioestel1200 Nanoestel Paraloid®B72 Klucel® G B60H Aquazol®
CIEDEOO 6.865 6.608 8.349 6.154 16.217 10.684
CGEC 0.002120 0.001760 0.002935 0.001216 0.014356 0.006176
RMSE 0.066 0.066 0.082 0.068 0.167 0.097
CIEDEOO 5.772 4.383 6.880 4.808 10.700 9.498
cGEC 0.001064 0.000464 0.001729 0.000626 0.005518 0.004141
RMSE 0.090 0.082 0.107 0.075 0.165 0.143
Average Bioestel1200 Nanoestel Paraloid®B72 Klucel® G Mgvgggl@ Aquazol®
CIEDEOO 7.397 5.069 6.215 4.710 10.168 7.784
cGEC 0.002418 0.000779 0.001572 0.000622 0.006637 0.003487
RMSE 0.076 0.061 0.072 0.056 0.120 0.088

Table 3: Color and spectral metrics comparing the mean reflectances before and after applying the consolidant for the
three pigments independently (AZ = blue, CN = orange and LR = red), and the average of the three (gray).

The global results we obtained may also be explained by considering the composition of the
different consolidants used. In the case of Klucel® G, it is quite logical that this is one of the
products that least changed the surface of the sample. This is because it is a very flexible
product that does not contain any plasticizer. It has several advantages, for instance, it leaves
no stains or marks and it is very transparent [27]. Besides, we applied the product using a very
low concentration for this test, and this favored its absorption in the plaster supports. In
subsequent phases of this work, we will also check the bonding strength compared to the other
products we used. The feasibility of its use, which has been studied thus far in other supports,
needs to be further analyzed. It should be pointed out that Paraloid®B72 presents an
intermediate behavior in the treated samples, and was not, in any of the cases, one of the
products that most changed the color of the sample. These results therefore agree with
previous colorimetric studies [9, 28, 29]. However, it is worth mentioning that this product
presents some disadvantages when applied, especially in wet environments and at high




concentrations, since the resin tends to reticulate, and then it may lose reversibility, reduce
permeability and may also produce opacity.

We may also consider as positive results those obtained when we globally analyzed the
samples treated with ethyl esters (Nanoestel especially). This product is highly compatible with
the treated substrate, which would make it a suitable product for the treatment of these
decorations and whose effectiveness in plaster supports has already been evidenced in other
studies [28]. As for the Bioestel1200, it seems to produce relatively high differences in color
and spectral metrics for the AZ pigment.

As to the consolidant Aquazol®, we can see that it does produce remarkable changes in terms
of color. Despite it being a product that presents good reversibility and ageing resistance, there
is a chance that, as happens with other resins, the product may have a low penetrating power,
which would make it to stay on the surface forming a film and then it may produce some very
noticeable changes in appearance [30]. Finally, we want to emphasize that the data we
obtained by applying the polyvinyl butyral (Mowital®B60H) are strictly related to its chemical
composition. This product, once applied to the surface, provides a consistent and thermoplastic
film that may be the reason for the above-mentioned color differences compared to other types
of treatments, such as those based on silicon esters (Nanoestel, Bioestel1200) or
hydroxypropylcellulose (Klucel® G).

AZ Bioestel1200 Nanoestel Paraloid®B72 Klucel® G Mcgvgggl@ Aquazol®
AL* 9.879 4.536 3.708 3.470 3.937 3.482
ACH -2.632 1.093 0.765 0.792 0.780 0.097
AR 0.530 -1.087 1.132 -0.099 0.030 0.010
CN Bioestel1200 Nanoestel Paraloid®B72 Klucel® G M(gvg:)tﬁl@ Aquazol®
AL* 6.377 6.285 7.937 5.984 15.793 9.956
ACH -6.037 -4.838 -6.696 -3.399 -15.009 -10.423
AR* -3.415 -2.778 -3.051 -2.107 -5.325 -4.216
AL* 5.651 5.093 7.050 4.478 10.598 9.168
AC* -8.004 -3.191 -9.729 -6.186 -17.523 -15.479
AR* -3.966 -1.629 -4.179 -3.614 -7.317 -6.791
Average Bioestel1200 Nanoestel Paraloid®B72 Klucel® G M%vggal@ Aquazol®
AL* 7.302 5.305 6.232 4.644 10.110 7.535
AC* -5.558 -2.312 -5.220 -2.931 -10.584 -8.602
Ah* -2.283 -1.831 -2.033 -1.940 -4.204 -3.665

Table 4: Variation in chromatic attributes L*, C* and h* when applying the consolidant for the three pigments AZ, CN and
LR. In all cases, we took into account the attribute before the apply as the reference (e.g. AL* = L*after - L*before).

Having analyzed the variation of the chromatic attributes (shown in Table 4), we inferred that
the global variation tendencies of the attributes for chroma and hue differed between AZ and the
two red pigments, although they did not differ for the variation in lightness: the consolidant
tended to generally lighten the samples (positive variations for L*). In the case of chroma, the
consolidant tended to generally make the sample less vivid for red, especially for LR, whereas
for AZ this tendency only occurred with BE. As to the hue, there is a positive, smaller angle
rotation for AZ, and a negative, larger one for the red pigments. This implies that the hue angle
increases very slightly for AZ, whilst it decreases for CN and LR (they would change from a
more orange hue to a redder hue). Out of the three analyzed variations, on average, the biggest
change occurred in terms of lightness, except for Mowital®B60H and Aquazol®, which
produced greater variations in chroma in terms of magnitude.
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4.2.2. Effects on the color distributions of the samples and their color spatial
homogeneity

The consolidants which produced maximum and minimum color differences for each pigment
were identified using the data in table 3. For those two consolidants, we show in Figure 5 the
distributions of L* a* b* values. Each point of these data clouds corresponds to one pixel in the
images. The differences shown in table 3 are computed from the mean color of these
distributions, obtained from the average reflectance data.

The L* a* b* clouds of Figure 5 allow us to further analyze the color variation of the test
specimens when adding the consolidant, and also the homogeneity of the color of the samples
before the application of the consolidants. For AZ, we can see that both for KL (minimum
difference in average color) and BE (maximum difference in color), the major variation is
produced in the lightness of the samples, rather than in the chroma, according to what is shown
in Table 4. But we can also notice that the area of the clouds for this pigment (which is related to
the spatial homogeneity of color in the studied test specimen) is very similar before and after the
application of the consolidant. This goes to show that we mainly found that both KL and BE
lightened the sample, but they did not make it less homogeneous in terms of color, although BE
did introduce some changes in the hue, increasing the value of b*.
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Figure 5: L*a*b* plots for the minimum color difference (left three columns) and maximum color difference (right three
columns). Data for AZ (first row), CN (second row) and LR (third row). Blue before the consolidant application and red:
after. Please note the different scales used in some cases on the plots of the right and left groups.

For CN and LR, the application of the consolidant produced a clear change in the chroma of the
sample, as well as a modification of the lightness and, to a lesser extent, the hue. Furthermore,
we can see that there is a clear change for MW and NE in terms of the size of the color clouds,
which increased within the test specimens when the consolidant was applied. This indicates that
the consolidant provokes a loss of spatial homogeneity in the color of the sample, widening the
cloud in the three dimensions of the color clouds (L* a* and b*). This change is, logically, much
more extreme in the case of MW, which resulted in the highest difference in average color of the
sample.

As to the spatial homogeneity of the samples before applying the consolidant, we can notice
how the color clouds are much more elongated for CN and LR than for AZ. This tells us that for
red pigments the color tends to a greater extent to be distributed in a predictable way. In other
words, there is a higher correlation between the figures for a* and b* found for CN and LR
without consolidant than for AZ. The correlation coefficient values for a* vs b* are -0.517 for AZ,
0.771 for CN and 0.861 for LR. This trend towards higher correlation for the red pigments is
maintained after the application of the consolidant as well, with correlation coefficient values of -



0.605 for AZ, 0.952 for CN and 0.868 for LR.

For the rest of the analyzed consolidants, the tendencies were similar to those already
described.

4.2.3. Effects on the spatial homogeneity of the sample in terms of wavelength

In Figure 6, we show the standard deviation curves for different wavelengths corresponding to
the extremes in color variations analyzed in Figure 5.

Generally speaking, except the case of CN with NE, we found a similar dependency of the
spatial homogeneity with wavelength before and after the application of the consolidant. The
consolidant tended to elevate the standard deviation curves for the MW, and did not cause any
changes in these curves for KL. For CN once the NE had been applied, there was an increase
for wavelengths below 600 nm. The data of the spectral standard deviation curves show a clear
agreement with the conclusions inferred regarding spatial homogeneity when we analyzed the
color distributions (Fig.5). However, for the CN with NE applied, the spectral curves can
discriminate a greater change in the area of short wavelengths, which is not clearly shown in the
color distributions, as the expansion in the size of the clouds is relatively similar for coordinates
a* and b*. This change is more remarkable if we take into account that the reflectance of CN is
lower for short wavelengths, which leads to more reduced signal values (in general, the
standard deviation is correlated to the signal level). However, for KL, the standard deviation
curves did not change much, although the reflectance of the consolidated samples was slightly
higher, as deduced from its higher levels of lightness.
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Figure 6: STD plots for the minimum color difference (upper row) and maximum color difference (lower row). Data for AZ
(left column), CN (middle column) and LR (right column). Blue: before the consolidant application and red: after.

5. Conclusions

In this study, we have proven the usefulness of hyperspectral image capture for analyzing the
effect of the application of a consolidant on plaster test specimens prepared with three pigments
(natural azurite, cinnabar and lead red), bound with animal glue, which are the materials usually
used in the polychrome of medieval plasterwork. The spectral imaging system allowed us to
obtain data of spatial homogeneity in the area of the studied test specimen, both in terms of
wavelength and using distribution of points with color clouds in a color space. It also allowed us
to conduct an analysis by using the average color differences (which would be the equivalent to
the data obtained using a spectrophotometer or a conventional colorimeter). The results we
obtained in general terms for the three pigments indicated that the consolidant that least altered
the color of the sample and introduced fewer changes in its reflectance curves was Klucel® G,
whilst the one that most altered the sample was Mowital®B60H. Furthermore, the analysis



derived considered the dependency of the standard deviation with wavelength and allowed us
to detect a slightly higher change in the spatial homogeneity for some wavelengths in the case
of NE for CN. The visualization of the color data clouds in the space L*a*b* allowed a much
more complex and complete characterization than the one we might obtain from a simple
analysis of the data of the average color difference. In general, we found agreement between
the data of the average color difference and the tendencies shown for the spatial homogeneity,
although this combined analysis also revealed some interesting data about the uniformity of the
application of the pigment in each test specimen, which is slightly higher in the case of AZ,
whilst the test specimens with AZ applied have a lower degree of repeatability. When analyzing
data of spatial homogeneity based on spectral standard deviation, it is important to consider,
however, that standard deviation depends, to a certain extent, on the signal level of the sample,
as also happens with the CIEDEOO and RMSE metrics. We also analyzed the main changes
found in the average chromatic attributes of the samples, which helps to better understand the
modifications in the global color made by the application of the consolidant. The global results
we obtained may also be explained in terms of the composition of the different consolidants
used, as well as the concentrations at which they were used.

Nevertheless, the data obtained so far will be complemented in the future by means of a study
of test specimens held in an ageing test chamber, after we will carry out absorption,
determination of the penetration of the consolidant products and resistance to solubility tests.

Moreover, as an additional study in the future, we plan to tackle a more detailed
characterization of the changes in the texture of the samples produced by the application of the
consolidant. In this work, as explained in section 3.3, a simple spatial homogeneity analysis has
been performed, which did not account for spatial coordinates or orientations. We plan to use
an analysis of textures based on statistical parameters extracted from the Gray Level Co-
occurrence matrix [22] and incorporating the analysis in different bands of the spectrum.
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