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Abstract
The documentation of archaeological sites requires the adoption of non-destructive techniques to
safeguard the unique legacy coming from prehistoric periods. This paper tackles the assessment
of the lightfastness properties on a rock art site to determine the behaviour of motif’s colour
deterioration over time in Remigia Cave, Castellón (Spain), which is considered part of a
UNESCO World Heritage Site. The measurements were performed using a micro-fade testing
(MFT) device to analyse the spectral characteristics and the ageing properties of the colourant
system and various substrates on site. Two scenarios have been identified depending on whether
the lightness (L*) parameter of the rocky substrate changes or not in relation with the painted
motifs. If the substrate remains stable without any change, red motifs containing iron oxide
pigments will become more visible. If the substrate becomes lighter, the pigments will experience
similar changes. Therefore, the contrast between paintings and support will be considerably
enhanced.
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1. Introduction
In recent years, conservation and protection of rock art has drawn the attention of professional
archaeologists and researchers. Preventive conservation has been established as one of the
most suitable tools for an effective protection of cultural heritage objects. Therefore, preserving
and controlling the threats that affect our cultural heritage are a priority line in both management
and research. Mitigating these effects is expected to be a priority for the cultural heritage sector
and the societies around the world 1,2.
On the one hand, it is possible to classify threats in a practical way by a distinction between manmade and natural threats. However, two different categories can be defined, those threats having
an immediate effect in a short time and those having slow and cumulative effects. Palumbo (2002)
noted that slower natural effects such as erosion, material decay, and pests could be very
destructive. On the other hand, once identified and classified threats and damage affecting
heritage monuments, it is important to develop reliable protection plans for rock art paintings.
There are several reports and studies that identified the importance of preventive conservation of
rock art sites. For example, the International Council on Monuments and Sites (ICOMOS)
published a report that identifies the dangers that affect our cultural heritage and suggests
procedures for different types of threats promoting the maintenance, monitoring and promotion of
traditional and modern preventive technologies 4.
Rock art is one of the most ill-treated cultural heritage due to its open-air location. In particular,
rock art paintings of the Mediterranean basin on the Iberian Peninsula World Heritage were
declared World Heritage by UNESCO in 1998. Prehistoric Levantine rock art paintings normally
occur on vertical walls inside shelters and they are subject to deterioration mainly by weathering
conditions, lichens, vandalism and specific local elements, which accelerate their degradation. In
addition, the moisture conditions and the geological features are some of the local factors that
can cause an increase of the deterioration 5,6. Furthermore, Díez-Herrero et al. (2009) have
demonstrated that sunlight can have adverse effects on these type of paintings due to thermal
and photochemical degradation. Thermal deterioration is caused by the non-uniform distribution
of temperature between the rock’s surface and the core, causing fissures or damages in the rock.
On the other hand, the rock art painting system is formed by patina / pigment / binder / substrate

that may vary over time due to photochemical degradation experienced by their components. In
addition, the presence of oxalates encrustations on the substrate can also cause alterations
making it more whitish. Several authors have reported on oxalate layers and how they affect rock
art 8–10
Frequently, the rock support is very important in the configuration of rock art paintings. The threedimensional (3D) documentation is the basis for a better understanding of rock art and serves as
a starting point for diagnosing how to conserve and prevent its degradation 11–15. In addition,
techniques such as infrared, ultraviolet or multispectral photography and digital image processing
are contributing to achieve an improvement in the visibility and enhancement of the paintings in
a non-invasive way 16–20.
In particular, the Cova Remigia rock art shelter, Castellón is part of the Spanish Levantine rock
art; the paintings are located in a complex opened-air rock site and contains a large variety of
motifs. Thus, it is an ideal case study due to the degradation that is suffering. In addition, it is
being studied in several research projects to document and determine right preservation
measures at different levels. Molada-Tebar, Lerma, and Marqués-Mateu (2017) employed
rigorous colorimetric techniques to record properly the colour of rock art paintings using digital
photography. Del Hoyo-Meléndez et al. (2015) studied the photo-stability of a couple of areas
containing red and black pigments on a rock art scene and revealed how useful the physical
information about the photostability of a pigment is for better understanding of archaeological
sites. However, the latter research is presented as a preliminary study to validate the micro-fade
testing (MFT) technique. This paper enhance the knowledge of this promising research area by
making a contribution that will help to make informed decisions for future archaeological site
preservation.
The MFT technique can help us to extrapolate changes in colour over time. Moreover, MFT is a
technique that provides not only information about the current state of the material, but also gives
information about the potential colour changes that the material may experience because of
uncontrolled and long light exposure. Whitmore, Bailie, and Connors developed the MFT
technique in the late 1990s (1999, 2000). The instrument combines reflectance spectroscopy and
accelerated ageing and has been extensively used in the field of conservation and restoration of
cultural heritage 25–28. Therefore, it can be considered a useful technique for studying the surface
characteristics and the radiation behaviour of features. In recent years, the study of pigments has
become more relevant, since it is possible to know about the chemical composition, the origin of
materials, the mixtures preparation and the photostability of the pigments 8,22,29–31. Thanks to the
research of some authors on the characterization of Levantine rock art pigments today we know
more about the pigments used for this type of paintings. Although, it is not known how the colour
will change over time. The main objective of this study is to analyse the impact of direct solar
irradiation in the Cova Remigia rock art paintings by undertaking in situ lightfastness
measurements by means of the MFT technique. Previous campaigns revealed that the paintings
receive direct sunlight around two three hours daily, early in the morning, depending on the time
of the year 22. For this purpose, black/red painted areas and their surroundings were selected in
order to obtain reliable data from the pigmented zones. Furthermore, the results can be
considered complementary to other pigment studies previously conducted at Cova Remigia or on
other archaeologically related sites 30.

2. Materials and methods
MFT measurements
MFT experiments were performed using a device developed by researchers at the Krakow
National Museum and at the Faculty of Chemistry of the Jagiellonian University 32 and it is a
variation of the original prototype designed by 23. This instrument consists of a high-power light
source, a 0˚/45˚geometry optical setup, and a VIS reflectance spectrometer. The high power light
source employed is a HPLS 30-04 solid-state plasma light source (LIFI) from Thorlabs (New

Jersey, USA). The system uses fiber optics to provide non-contact measurement and detection.
The size of the illuminated spot is about 0.5 mm, while the estimated intensity measured at the
spot was 6.0 Mlx. The spectrometer used is an Ocean Optics (Florida, USA) Jaz miniature device.
The first visible reflectance spectrum was used as reference and subsequent spectra were
collected every 10 s for a total testing time of 600 s. The integration time was 100 milliseconds
and 10 spectra were averaged. The MFT setup contains a high power light source that illuminates
a small area and determines the size of the sample, an optical setup and a VIS-spectrometer (Fig.
1).

Figure 1. MFT setup used for the light stability evaluation of rock art paintings.
MFT measurements provide discretely collected curves that represent the potential light colour
changes over a long exposition time. These functional observations can be considered as artificial
curves where the longitudinal axes (X-axis) represent an artificial scale of time and the response
axis (Y-axis) represent the Delta E* values. However, the MFT instrument may lead to sub-optimal
outcomes when it works on the distinctive rock art surfaces. Hence, it is important to note that the
rock substrate may also present a glossy layer that can introduce a specular reflection component
producing unstable subsequent spectra if recorded in real time. In fact, the MFT instrument is
very sensitive to movement and glossy surface effects. Therefore, in some cases extremely large
fluctuations in Delta E* values can be registered during measurements. In order to remove these
fluctuations and for a better an easier interpretation of the curves, a smoothing procedure is
recommended (Ruppert et al. 2009). Moreover, as in-situ MFT data acquisition on rock art
shelters cannot be easily isolated from ambient solar radiation, MFT measurements can be
affected by non-uniform and small amounts of external illumination, causing non-linear distortions
along the MFS measurement. These distortions can cause that basic and simple smoothing
procedures yield with some non-desired features, such as curves neither being increasingly
monotonic nor reaching stabilization over time. Furthermore, these distortion effects in addition to
large fluctuations, can result in smoothed curves that do not have a zero-valued colour
degradation at the first time measurement. These properties are supposed to affect the fading
curves. In order to take into account these likely artefacts, some constraints are recommended to
be included for smoothing. In the work presented herein, we have added three constraints to the
smoothing procedure by means of modelling the MFT measurements as Gaussian processes
with derivative information (Riihimäki and Vehtari, 2011): a) being zero at the first time point; b)
being curves always increasingly monotonic; and c) reaching a stabilization level at the end.

Data analysis

The International Commission on Illumination (Commission Internationale de l’Éclairage) details
that CIE standard illuminants are used in colourimetry to compute the tristimulus values of
reflected or transmitted object colours under specified conditions of illumination 33. The Standard
illuminant D65 has been approved by CIE and ISO and should be used in all colourimetric
calculations to represent average daylight illumination conditions. Moreover, the CIE standard
colourimetric observer is representative of the colour-matching properties of observers 34.
Regarding this, the illuminant and observer combination used was D65 and 2 degree,
respectively.
Colour changes were evaluated using the CIELAB 1976 standard space colour as some authors
claimed that this standard is the most convenient for studying archaeological sites 21. This colour
space is composed by three values: L* (lightness of the colour), a* (position between red and
green), b* (position between yellow and blue). Thus, colour differences were calculated using de
difference colour formula ΔE*ab (1) (CIE76).
ΔE* = [(L2 − L1)2 + (a2 − a1)2 + (b2 − b1)2]½ (1)
On the other hand, by using the Blue Wool (BW) standards, it is possible to estimate the
lightfastness of a dyed fabric or paint 35, with BW 8 being the most and BW 1 the least stable. Due
to the sensitivity range of MFT technique, higher stability than BW 3 is considered approximately
stable to light. The reaction rates of the surveyed areas are compared to those observed for BW
standards 1-3 under the same experimental conditions since they are still considered the only
reasonable reference materials for evaluating the lightfastness of unknown colorants. Therefore,
the colour differences on both pigments and substrate are obtained and compared with the BW
standards 1, 2 and 3 under the same conditions (Table 1). In particular, the fading rates of the
tested areas are compared to the ones obtained for the BW standards after a 10-minute test 36.
Table 1. MFT results obtained for BW standards 1-3 at the same conditions employed during
the testing of the rock art scene.
ΔE*ab
Reference Material

(CIE76)

BW 1

5.5

BW 2

3.0

BW 3

0.5

3. Results
MFT measurements were conducted on 18 samples (Table 2). The purpose was to study the
spectral characteristics and the ageing properties of the colourant system and various substrates.
Therefore, measurements were taken in two pre-selected areas of the rock art site with painting
motifs available, corresponding to two areas of the rock art site (Figs. 2 and 3). The evaluated
areas were those containing dark red pigments, red pigment areas, and rocky support areas with
different shades close to the paint spots. The measured points were different from those
measured in 22, they were not found in the same panel. In such a way, the number of samples
would increase with the aim to getting a bigger corpus of data considering the difficulty of
measuring on site in the shelter.
In this case, we can affirm that the samples are measured on a rock-base substrate, sometimes
covered on top with pigments depicting the rock art motifs. However, it is necessary to distinguish
two types of samples between the painted ones. In fact, painted samples are divided in two: a)
red-dotted areas; and b) areas with dark red pigments. The first sampling area (Area 1) is around
30 cm x 30 cm, and hosted the first 13th measurements (Fig. 2). The second area (Area 2), with
measurements 14th up to 18th covers approximately an area of 40 cm x 40 cm (Fig. 3). It is

important to note that the roughness of the support, full of irregularities, increases the difficulty at
the time of arranging the measurements; ones setup the MFT device, the measurement itself
lasts around 10-15 minutes. Therefore, each measurement on site must be thought carefully to
optimise the resources and minimise the time.
Table 2. Summary of measurements samples on site.
Samples

Description

ΔE*ab (CIE76)

Classification

1

Human figure, area of torso, red
painted and light brown substrate

3.2

2

Orange substrate

0.5

3

Dark red paintings over orange
substrate

1.1

4

Dark red paintings

1.0

5

Red pigment applied on orangepink substrate

0.4

6

Red zone boar’s rump next to an
area of orange-pink substrate

2.2

7

Red zone on middle figure

1.2

Red painting

8

Orange substrate

1.9

Limestone

9

Light brown substrate.

6.2

Limestone

10

Substrate flaked

8.9

Limestone

11

Orange substrate

0.5

Limestone

12

Red zone surrounded by orange
substrate

1.6

13

Light orange substrate

4.9

Limestone

14

Red painted zone

0.4

Red painting

15

Red painted zone

1.1

Red painting

16

Orange substrate

1.6

Limestone

17

Dark red paintings pigments

0.2

Dark red painting

18

Red painted zone

0.3

Red painting

Red painting
Limestone
Dark red painting
Dark red painting
Red painting

Red painting

Red painting

Figure 2. Measurements located in Area 1.

Figure 3. Measurements located in Area 2.

The results are shown grouped by the type of material analysed, i.e. the measurements have
been grouped into three different graphs according to the type of surface measured: samples with
dark red pigment (Fig. 4), red paintings (Fig. 5) and support (Fig. 6). Each of the figures represents
the colour change that the material has undergone throughout the lighfastness measurement.
Further, it is important to take into account which magnitude of the colour change is discernible
by the naked eye. The colour change is noticeable for people when ΔE* (Eq. 1) is higher than 2.3
for the CIE76 colour space. Thus, we will be considering differences of colour below three units,
which are hardly perceptible by the human eye 37,38.
The observed curves are represented in dotted-line style and their corresponding smoothed ones
are represented in a continuous-line style. Smoothing the original observations is needed in order
to remove the large fluctuations in the data, as well as local tendencies likely caused by external
illumination effects, as reported in Section 2. This can be seen in the plots where the smoothed
curves tend to follow the global tendency avoiding to follow local effects. Only the raw MFT data
is presented by dotted lines in Fig. 4; Figs. 5 & 6 present the smoothed curves to ease the
assessment.
The results obtained in dark red sampling areas allow us to confirm that the change of colour
remains quite low. In addition, the colour change is kept constant. There are no sharp slope
changes in the curves, which means that the colour variation is maintained around one over time.
The results obtained in the red sampling points show that the colour changes in a similar way as
the dark red pigments, except for two Points, 1 and 6, as they show a change of colour next to 3,
being this value the highest colour change value obtained in red painted samples.
The results obtained on the support are those that reveal major variety of colour change over
time. In fact, 3 out of 7 present ΔE* > 3, corresponding to Points 9, 10 and 13, all of them

corresponding to pale samples of limestone. Points 2, 8, 11 and 16 of orange support present
ΔE* < 3.
On the other hand, MFT results allowed us to identify four different groups based on their
response to light irradiation, using the BW standards as reference: Group 1, very high sensitivity
(>BW1); Group 2, high sensitivity (BW1-BW2); Group 3, moderate sensitivity (BW2-BW3); and
Group 4, low sensitivity (<BW3).
Firstly, Group 1 contains two very high sensitive zones associated with the substrate including a
light brown (Point 9) and a flaked (Point 10) limestone area, which exhibited fading rates that
exceeded the one recorded for BW1.
Secondly, Group 2 includes a high sensitive sample that corresponds with a light orange area of
the limestone substrate (Point 13) which registered a ΔE value that is between the one recorded
for BW1(5.5) and BW2 (3.0) and was therefore classified as highly sensitive.
Thirdly, moderately sensitive samples of Group 3 correspond to Points 1, 3, 4, 6, 7, 8, 12, 15 and
16. Two out of these points present the highest colour changes of the group, next to 3. They are
the red Points 6 and 1. The rest of the samples are a dark red paint (Points 3 and 4), red paint
(Points 7, 12 and15) and finally, orange substrate zones (Points 8 and 16).
Finally, there are six points in the Group 4, namely 2, 5, 11, 14, 17 and 18, that exhibited
changes comparable to the one recorded for BW3. Points 2 and 11 consisted of areas of
orange substrate, while Points 5, 14 and 18 were red colorant systems containing iron oxide
pigment applied over an orange substrate similar to the one found in Points 2 and 11. Point 17
was a zone of dark red pigment

Figure 4. Results for various dark red pigments.

Figure 5. Results for red pigment zones.

Figure 6. Results for the rock substrate.
Besides, the direction of the colour changes can be better appreciated by plotting the CIE
colourimetric parameters a* and b*. For the very high sensitive areas (substrate), it was observed
that there was no change in the lightness parameter L*. Therefore, the change is exclusively
defined by variations in redness (a*) and yellowness (b*) parameters, and points that show
moderate-low sensitivities have low variability in their colourimetric parameters. An example of
such a plot is shown in Fig. 7. This plot can be visually divided into two parts. In the upper area
(A), the changes experienced by the support samples are presented. On the other hand, the area
below (B) shows the changes experienced by pigments. Hence b* parameter is higher in support
samples.
Points 9, 10 and 13 are those reaching colour differences above 2.3 and thus they are
perceivable. It is interesting to note that although the substrate areas related to Points 9, 10 and
13 have different colours, the direction of change is similar to all of them; in all these cases the
redness parameter decreases. Moreover, the red painted area (Point 1) shows a change in the
opposite direction moving towards the red as the test progresses. This is in agreement with
previous MFT results that showed how an area painted with black pigment became darker as a
result of irradiation with high intensity light 22. As shown in Fig. 7, the a* and b* parameters barely
vary in the samples of Group 3 and 4 except for Points 1 and 6 (as it is already stated above).

Figure 7. Plot of yellowness (b*) versus redness (a*) parameter for MFT measurements
conducted on the substrate (A) and red painted pigments (B).
4. Discussion
MFT results on the substrate indicate that it is likely that the concentration of iron oxide pigment
in this area was low and the dominating effect of the substrate was still being observed, but to a
lesser degree due to the presence of the red pigment. Colourant systems containing relatively
higher concentration of pigment are known for producing a light-stable system when applied to
the rock 22.
The presence of a black pigment in dark red samples could explain the lower degree of change
in Points 3, 4, 7 and 17 due to the protective effect of the black light-absorbing pigment. The
higher stability of Point 7 is explained by the higher concentration of iron oxide pigment in this
area resulting in a lesser detectable change due to higher coverage of the rock by the pigment.
Classifying the results according to the sensitivities obtained for the Blue Wool scale, four groups
are obtained. Groups 1 and 2, containing the most sensitive zones (less stable), are composed
by rock substrate samples. It is important to note that these samples are taken in pale areas of
rock due to composition or damages. These samples have colour changes higher than 3, i.e.
they can be detected by human eye. Finally, groups of results that correspond to the most stable
points (Group 3 and 4) contain areas of orange rock substrate, red colorant and dark red pigment
in which probably black is the prevailing pigment. On the other hand, according to the trend of the
red/green (a*) and yellow/blue (b*) values, it is interesting to highlight that the rock support in
Points 9 and 10 will change, the parameters of redness, yellowness and lightness will be lower,
so the colour will be darker. In addition, dark red pigments tend to show a decrease in darkness
(lower L*). Thus, if the rock substrate has a dark tone, this will result in less contrast, meaning
that the paintings can be lost due to lack of contrast.
Reaching this point, it can be stated that two scenarios have been identified. In the first scenario,
1st Scenario, the rock substrate shows no change in the lightness (L*) parameter. If this is the
case, a red painted zone that shows an increase in redness (a*) will become more visible under
natural ageing conditions. Similarly, a dark red painted zone that experiences a decrease in
reflectance (lower L*) with ageing will become more discernible as a result of ageing. In the
second scenario, 2nd Scenario described in Fig. 7, the pigments experience a similar change to
the one described in the 1st Scenario, while the substrate becomes lighter with time. This is even
a more favourable situation as the contrast is considerably enhanced.
Since red pigments are most likely Fe-based, the result obtained for the red zones was somehow
expected, because it is known that Fe-based pigments generally exhibit good lightfastness
properties i.e. they are very stable after long exposures to light. In fact, Druzik (2010) analysed
Fe-based pigments samples by means MFT and colour changes were not detected. This is the
case of points with higher concentration of iron oxide pigment resulting in a high stability of the
point. Based on the results presented by del Hoyo-Meléndez et al. (2015), the red pigment area

exhibited low sensitivity to light showing more stable than the black pigment area, that was found
to be very sensitive. Nevertheless, analysing the results obtained, it looks as if the rock substrate
is having a dominating effect in the ageing tests. In other words, when the pigment concentration
is low, the change is greater, e.g. Points 1 and 6. In contrast, if the thickness of the paint layer is
higher (more concentration of pigment), we will see the opposite effect. Therefore, this is
something to consider when making the simulation of future colour changes. MFT results only
offer physical information; characterization of pigments cannot be done with this technique. In this
sense, other techniques such as EDXRF or Raman can complement the MFT technique and
enrich the analysis of pigments behaviour over time in painted rock art motifs.
After applying this non-invasive lightfastness technique, it is rather difficult to identify colour
differences in the two tested areas. When analysing rock art paintings, we deal with a system
formed by patina / pigment / binder / substrate. Therefore, this system varies in each single spot,
so extending this research to other motifs of the same shelter, or even other related rock art
archaeological sites would be of great interest and crucial to confirm whether or not this technique
is highly recommended for long-term documentation and monitoring. After extensive lightfastness
analysis, it will be possible to confirm whether urgent measures need to be considered for better
preservation and conservation.
Finally, it is important to consider that a smoothing procedure (with inclusion of constraints) has
led to more reliable and realistic smoothed curves. In case the application of these constraints
was not available for the users, at least a basic and simple smoothing technique is highly
recommended in order to remove fluctuations. Additionally, careful interpretations are also
recommended in order to detect visually possible systematic artefacts remaining in the smoothed
curves.
5. Conclusion
The MFT technique has been employed for lightfastness analysis on a series of rock art systems
in Cova Remigia (Castellon, Spain). MFT is confirmed as a useful technique to know how
susceptible the rock/paint are to light and how much they are likely to fade over time. Subtle
differences were detected at measurements and were attributed to other chemical components
(e.g. calcite) that interfere with the signal coming from the pigment producing slight changes.
Moreover, MFT results showed that areas containing higher concentration of pigment were more
stable to light in comparison to areas where the pigment was applied using a thinner and
transparent application. This was explained by the significant contribution of the rock substrate
on the overall result. A stabilization effect was found essential when dark red pigments were
analysed. This is due to the high absorption effect of the dark pigment that results in the overall
stabilization of the rock/paint system. Everything indicates that the lighter colour of the rock will
improve the contrast between the rock/paint system.
Future research contemplates the assessment of darker areas of substrate in order to see if we
can detect a change that will result in a negative outcome (i.e. less contrast). In addition, it would
be interesting to increase the number of samples of paintings found in several archaeological
sites in order to compare the results and enrich the data interpretation. Finally, a combination of
meteorological data and hours where the paintings receive direct sunlight are necessary to
estimate the equivalency of the exposure delivered by the instrument with that received naturally.
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